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"#"#!$%&!2%$$3$%&!24-! +59!

"#+#!$%&!2%$$3$%&!24-!,7%"C%>?(! +59!

"#*#!$%&!2-/)'.'-/&!)%!23$.3,%! +HF!

=-+$9$0'#(3/9*!'&()+ =,2!

+#"#!%$%2.,-(3$&7.%3,!J!.,AK!>4.!"+;HK!G-37/! +HF!

+#+#!$%&!%$%2.,-)%&! +H"!

+#*#!$%!1'$'%3!)%!(3$&7.'-/! +H"!

;-+$9$0'#(3$#6$!"&9&*!'&()+ =,1!

*#"#!1-$%23$%!)%!)%.%2.'-/!)%!$7!(%,1%76'$'&7.'-/! +H*!

*#+#!(,-.-2-$%!)@%$%2.,-(%,1%76'$'&7.'-/!)%&!2%$$3$%&! +H*!

*#+#"#!2%$$3$%&!%/!&3&(%/&'-/! +H*!

*#+#+#!2%$$3$%&!%/!1-/-2-324%&! +H*!

@-+#$'(/#+!+9C$'!'+&63$#6$!"9$+.$+9!+6$6"#!)$+ =,@!

A-+&)'$#!0'&()+!.)F6$6"#!)$+ =,@!

0#"#!($7&1')%!(%>?(C2"! +H<!

0#+#!(,-)32.'-/K!%A.,72.'-/!%.!(3,'?'27.'-/!)3!($7&1')%!(%>?(C2"! +H0!

0#*#!$7!1-$%23$%!)%!)%.%2.'-/!)%!$@'/.%,72.'-/!($7&1')%I1%16,7/%! +H0!

0#0#!(,-.-2-$%!)L'/.%,72.'-/!($7&1')%I1%16,7/%! +9*!

>-+$9$0'#('#!)*8$0'&()+ =?;!

5#"#!(,-.-2-$%!)@%$%2.,-.,7/&?%2.'-/!)%&!2%$$3$%&! +9*!

5#"#+#!2%$$3$%&!%/!&3&(%/&'-/! +9<!

5#"#*#!2%$$3$%&!%/!1-/-2-324%&! +9<!

,-+%&!"&9&'$+0$99/9!&#$+ =?@!

?-+'$0<)&7/$*+.I!)!95*$+ =?A!

9#"#!1'2,-&2-('%!)%!?$3-,%&2%/2%! +90!

9#"#"#!:')%-1'2,-&2-('%!)%!?$3-,%&2%/2%! +9H!

9#"#"#"#!(,%&%/.7.'-/!)%!$7!&.7.'-/! +9H!



!"#$%&'%(&)"*+,-%(!

!5!

9#"#"#+#!72=3'&'.'-/!%.!.,7'.%1%/.!)%!$@'17>%! +9H!

?-1-1-;-+/'&9&*!'&()+$)+6(.$+;.+ =?B!

9#"#+#!1'2,-&2-('%!2-/?-27$%! +;F!

9#"#*#!28.-1%.,'%!)%!?$3A! +;F!

3!#'&$+&&-+6$'<(.$*+*3$0&8&7/$*+ =BA!

1-+$'/.$+.$+9!+6("&9&'$+'#!)*%$#*$+.$*+3<(*3<(9&3&.$*+ =BA!

"#"#!&3':'!)%!$@'/.%,/7$'&7.'-/!)3!25C/6)C(2! +;0!

"#"#"#!$%!25C/6)C(2! +;0!

"#"#+#!(,%(7,7.'-/!)%&!:%&'23$%&!?$3-,%&2%/.%&! +;0!

"#"#*#!17,=37>%!)%&!2%$$3$%&! +;0!

"#+#!&3':'!)%!$7!.,7/&$-27.'-/!)%&!(4-&(4-$'(')%&!247,>%&! +;H!

"#+#"#!$%!?1!"C<*! +;H!

"#+#+#!17,=37>%!)%&!2%$$3$%&! +;H!

=-+$'/.$+.$+9!+6("&9&'$+9!'$#!9$+.$*+3#('$&)$*+6$6"#!)!&#$*+ =B,!

;-+!)!95*$*+*'!'&*'&7/$*+ =B?!

%&-+#J8J#$)0$*+"&"9&(:#!3<&7/$*+ ;22!

%&&-+3/"9&0!'&()*+ ;=@!

3!#'&$+&-+$9$0'#(3$#6$!"&9&*!'&()+.$+%$*&0/9$*+:$!)'$*+ ;=>!

3!#'&$+&&-+$9$0'#('#!)*8$#'+.$+39!*6&.$*+ ;A@!

"#!'/!:'.,-! *0<!

+#!'/!:':-! <+0!



.#-/0+"*+12(&

! H!

!"#$%&'(&)*+,

77:!! ! B7MNOPCQRRPSTQUVM!WTXYRB!
767%! ! 2VZZYZVR!VOMPU[NZTQZVR!M@QPXUV!MV!\PVY]!
7)/!! ! 7STMV!MNRP^_XT\POYSZNT`YV!
7,/! ! 7STMV!XT\POYSZNT`YV!
7.(! ! 7MNOPRTOV!UXTCa[PRa[QUV!
6"5?"F!! 2VZZYZVR!MV!bNZQOPbV!bYXTO!
27,! ! B2P^RQScTV!QOM!QMVOPWTXYR!XVSVaUPXRB!
22)!! ! B2[QXdVM!SPYaZVM!MVWTSVB!
24-!! ! [2VZZYZVR!M@]!PWQTXV!M@[QbRUVX!S[TOPTR!
21:!! ! 2_UPbNdQZPWTXYR!
2((! ! B2VZZ!(VOVUXQUTOd!(VaUTMVB!
25C/6)C(2! "CaQZbTUP_ZC+CDHCOTUXP\VOeC+CP^QC"K*CMTQePZC<C_ZC[V^QOP_ZECROCdZ_SVXPC*C(2!!
2+2"+! ! 1_P\ZQRUV!bYXTO!
)! ! 2PV]]TSTVOU!MV!MT]]YRTPO!
M! ! )TRUQOSV!TOUVXCNZVSUXPMVR!
)'>! ! ?XQSUTPO!bVb\XQOQTXV!VOXTS[TV!VO!dZ_SPZTaTMVRCTORPZY\ZV!QY^!MNUVXdVOUR!
)-!! ! )VORTUN!PaUT`YV!
)-(2! ! "K+CMTPZVP_ZCROCdZ_SVXPC*Ca[PRa[PS[PZTOV!
),1! ! ?XQSUTPO!bVb\XQOQTXV!XNRTRUQOUV!QY^!MNUVXdVOUR!
).&! ! B)/7!UQXdVUTOd!RV`YVOSVB!
%!! ! 7baZTUYMV!MY!S[Qba!NZVSUXT`YV!
%#!SPZT! ! 3(45%-+45+"&41$+!
%2.!! ! %ZVSUXPS[TbTPU[NXQaTV!
%).7!! ! 7STMV!NU[_ZfOVMTQbTOVUNUXQQSNUT`YV!
%]!! ! &VYTZ!MV!]YRTPO!
V>?(!! ! BVO[QOSVM!dXVVO!]ZYPXVRSVOU!aXPUVTOB!
%>.! ! %ZVSUXPdNOPU[NXQaTV!
%a!! ! &VYTZ!MV!aVXbNQ\TZTRQUTPO!
%(,!! ! ,NQRRTdOVbVOU!MVR!a[PUPOR!
%U!! ! &VYTZ!MV!UXQOR]VSUTPO!
%^U! ! %^UNXTVYX!
]! ! ?XN`YVOSV!MVR!TbaYZRTPOR!NZVSUXT`YVR!
?! ! 2PORUQOUV!MV!?QXQMQ_!
?2&! ! B?ZYPXVRSVOSV!2PXXNZQUTPO!&aVSUXPRSPa_B!
?)7! ! B?PPM!QOM!MXYd!QdVOS_B!
?>?! ! B?T\XP\ZQRU!>XPgU[!?QSUPXB!
?1"C<*! ! /CD*CUXTVU[_ZQbbPOTYbaXPa_ZEC<CD<CDMT\YU_ZQbTOPERU_X_ZEa_XTMTOTYb!MT\XPbTMVE!
?,7(!! ! B?ZYPXVRSVOSV!,VSPWVX_!7]UVX!([PUP\ZVQS[TOdB!
>)'! ! B>YQOTOV!)TC([PRa[QUV!)TRRPSTQUTPO!:VSUPXB!
>%1! ! ?XQSUTPO!bVb\XQOQTXV!VOXTS[TV!VO!dZ_SPZTaTMVR!
>1C2&?!! B>XQOYZPS_UV!bQSXPa[QdVCSPZPO_!RUTbYZQUTOd!]QSUPXB!
>('! ! >Z_SPR_ZC([PRa[QUTM_Z'OPRTUPZ!
>.(QRV! ! B>YQOTOV!.XTa[PRa[QUV!4_MXPZQRVB!
>3:! ! :NRTSYZQTXV!YOTCZQbVZZQTXV!dNQOUV!
47!! ! B4VbQddZYUTOTOB!
42.C""5! 2VZZYZVR!MV!SQXSTOPbV!MV!SPZPO![YbQTO!
4$:! ! B4_MXPM_OQbTS!ZTb\!WVTOB!
4&:! ! B4VXaVR!RTbaZV^!WTXYRB!
4.:! ! B4_MXPM_OQbTS!UQTZ!WVTOB!
'! ! 'OUVORTUN!MY!SPYXQOU!NZVSUXT`YV!
'?! ! 'OUVORTUN!MV!]ZYPXVRSVOSV!
'OU! ! 'OUNXTVYX!
ca\!! ! hTZP!aQTXV!MV!\QRV!
c)Q!! ! hTZP!)QZUPO!
$7.(! ! B$QUVOS_C7SUTWV!(XPbPUVXB!
$S! ! ([QRV!ZT`YTMV!SXTRUQZ!
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!9!

$M! ! ([QRV!ZT`YTMV!MNRPXMPOONV!
$P! ! ([QRV!ZT`YTMV!PXMPOONV!
$3:! ! $QXdV!WNRTSYZV!YOTCZQbVZZQTXVR!
1%1! ! 1TZTVY!bTOTbYb!M@%QdZV!
1$:! ! :NRTSYZV!bYZUTCZQbVZZQTXV!
1P1$:!! B1PZPOV_!1YXTOV!$VYcVbTQ!:TXYRB!
bR(%?! ! 1TZZTRVSPOM!(YZRVM!%ZVSUXTS!?TVZM!
i! ! 2PV]]TSTVOU!MV!bTdXQUTPO!NZVSUXPa[PXNUT`YV!
/!! ! /Pb\XV!M@TbaYZRTPOR!NZVSUXT`YVR!
/6)!! ! /C<COTUXP\VOePC+CP^Q"K*CMTQePZV!
/$&!! ! B/YSZVQX!$PSQZTeQUTPO!&V`YVOSVB!
OR(%?! ! /QOPRVSPOM!(YZRVM!%ZVSUXTS!?TVZM!
(6&!! ! .QbaPO!a[PRa[QUV!RQZTO!
(6! ! (YZRQUTPO!6Y]]VX!
(2!! ! ([PRa[QUTM_ZS[PZTOV!
(2$! ! B(QScTOd!SVZZ!ZTOVRB!
(%!! ! ([PRa[QUTM_ZNU[QOPZQbTOV!
(%'! ! (PZ_NU[_ZNOTbTOV!
('!! ! (XPaTMTYb!'PMTMV!
(&?! ! ?POSUTPO!M@NUQZVbVOU!MY!aPTOU!
1! ! ?XQSUTPO!bP\TZV!
(&!! ! ([PRa[QUTM_ZRNXTOV!
,! ! ,NRTRUQOSV!
,-'! ! ,NdTPO!M@TOUNXjU!
&?:! ! B&VbZTcT!?PXVRU!:TXYRB!
&4&808!! 2VZZYZVR!MV!OVYXP\ZQRUPbV![YbQTO!
&'/! ! B&TOM\TR!WTXYRB!
&1!! ! &a[TOdPb_NZTOV!
&/7,%! ! B&PZY\ZV!/CNU[_ZbQZVTbTMVCRVORTUTWV!]QSUPX!7UUQS[bVOU!(XPUVTO!,VSVaUPXRB!
&P! ! ([QRV!RPZTMV!PXMPOONV!
&(.! ! B&TOdZV!aQXUTSZV!UXQScTOdB!
&(4:! ! B&[PXU!(YZRV!QOM!4Td[!:PZUQdVB!
&.(!! ! &UXYSUYXV!UXQORTUPTXV!MV!aVXbNQUTPO!
&3:! ! (VUTUVR!WNRTSYZVR!YOTCZQbVZZQTXVR!
&:<F! ! B&TbTQO!WTXYR!<FB!
.!! ! )YXNV!MVR!TbaYZRTPOR!NZVSUXT`YVR!
.7%!! ! .QbaPO!.XTRC7SNUQUVC%).7!
.b! ! .VbaNXQUYXV!MV!UXQORTUTPO!MV!a[QRV!
./?Ck! ! B.YbPYX!OVSXPRTR!]QSUPXCQZa[QB!
.-.-C"!! )TbfXV!MV!\VOeTU[TQePZTYbC<C`YTOPZTYb!
.($! ! B.PUQZ!([PRa[P$TaTMRB!
3! ! .VORTPO!NZVSUXT`YV!
Y#Q#!! ! 3OTUN!QX\TUXQTXV!
3'! ! 3OTUN!'OUVXOQUTPOQZ!
:%%! ! B:VOVeYVZQO!V`YTOV!VOSVa[QZTUTR!WTXYRB!
:%>?! ! B:QRSYZQX!VOMPU[VZTYb!dXPgU[!]QSUPXB!
:'4C"! ! :TXYR!M@'bbYOPMN]TSTVOSV!4YbQTOVC"!
l..! ! lTZM!U_aV!.PXPOUP!
mnF!! ! )T]]NXVOSV!MV!aPUVOUTVZ!UXQORbVb\XQOQTXV!OQUTWV!
mnT!! ! )T]]NXVOSV!MV!aPUVOUTVZ!UXQORbVb\XQOQTXV!NZVSUXPCTOMYTUV!
obQ^DV^STUQUTPOE!! $POdYVYX!M@POMV!bQ^TbQZV!M@V^STUQUTPO!
obQ^DNbTRRTPOE!! $POdYVYX!M@POMV!bQ^TbQZV!M@NbTRRTPO!
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$Q!KLKMNOPL+QROSKTUVL!VRU!YOV!MONNTWNL+QXYSTUVL!LZ!S[RL\ZT]L!`YT!VbajS[V!

ZQ! UXQOR]VXU! MV! aVUTUVR! bPZNSYZVR! DV#d#! bNMTSQbVOUR! QOUTCUYbPXQY^E! VU! MV!

bQSXPbPZNSYZVR! DV#d#! aZQRbTMVE! [_MXPa[TZVR! VUIPY! S[QXdNVR! QY! RVTO! MVR! SVZZYZVR#! (QX!

SPORN`YVOUK! RQ! MNRUQ\TZTRQUTPO! UXQORTUPTXV! VRU! ONSVRRQTXV! Q]TO! MLQYdbVOUVX! RQ!

QLNK[OMTRTZ[+ p! SVR! MTWVXR! SPbaPRNR#! 3OV! SPOOQTRRQOSV! QaaXP]POMTV! MVR! bVb\XQOVR!

\TPZPdT`YVR! RYX! ZVR! aZQOR! RUXYSUYXQZK! M_OQbT`YV! VU! ]POSUTPOOVZ! VRU! ONSVRRQTXV! p! ZQ!

SPbaXN[VORTPO!MVR!bNSQOTRbVR!MV! UXQORaPXU! MV!bPZNSYZVR! V^PdfOVR! MQOR! ZVR! SVZZYZVR!

8329%$)"2:&;<<=>&?"41#(12&%*&"$@:&;<<AB!VU!ZQ!bTRV!VO!aZQSV!MV!RUXQUNdTVR!p!ZQ!]PTR!RqXVR!VU!

V]]TSQSVR!MV!UXQOR]VXU!MV!bPZNSYZVR#!

!

2V!S[QaTUXV!\T\ZTPdXQa[T`YV!RV!MNSPbaPRV!VO!STO`!aQXUTVRr!!

8CB&D*-74*7-%:&'E2")+F7%&%*&G124*+12(&'%(&)%)#-"2%(&#+1$19+F7%(H!/PYR!MNSXTXPOR!

ZQ!bVb\XQOV!aZQRbT`YV!SPbbV!YO!QRRVb\ZQdV!bYZUTbPZNSYZQTXVK!RUXYSUYXNK!M_OQbT`YV!

VU!]POSUTPOOVZ#!!

8;B&I"&J%-)/"#+$+*/&)%)#-"2"+-%H!/PYR!Q\PXMVXPOR!ZVR!]PXSVR!TbaZT`YNVR!MQOR!ZQ!

SP[NRTPO! bVb\XQOQTXV! VU! ZVR! bNSQOTRbVR! TbaZT`YNR! MQOR! ZV! UXQORaPXU! MVR! aVUTUVR!

bPZNSYZVR!VU!MVR!bQSXPbPZNSYZVR#!

8KB&I"&0%4*1-+("*+12&'%&9,2%(&+2&0+*-1&%*&+2&0+01H!/PYR!]PSQZTRVXPOR!OPUXV!QUUVOUTPO!

RYX! ZVR! RUXQUNdTVR! bTRVR! VO! aZQSV! aPYX! YO! UXQOR]VXU! RqX! VU! V]]TSQSV! MV! bPZNSYZVR! MV!

aZQRbTMV!+2&0+*-1!VU!+2&0+01#!

8LB& IM/$%4*-1J%-)/"#+$+("*+12H&/PYR! ]VXPOR!YO!NUQU! ZTVY^!MV! SV!`YT! VRU! SPOOY! DPY!

aQRE!MV!Z@NZVSUXPaVXbNQ\TZTRQUTPO#!!

8=B& IM/$%4*-1*-"2(G%-*& '%& J$"()+'%H! /PYR! aXNRVOUVXPOR! Z@NUQU! MV! Z@QXU! MV!

Z@NZVSUXPUXQOR]VXU!MV!aZQRbTMVr!MVR!bNSQOTRbVR!\TPa[_RT`YVR!TbaZT`YNR!MQOR!ZV!UXQOR]VXU!

MV!aZQRbTMV!p!UXQWVXR!MV!ZQ!bVb\XQOV!aZQRbT`YV!QY^!QaaZTSQUTPOR!+2&0+01#!
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!"+!

!

8T^VNL+&G1_+6`aWRL+aL+KLKMNOPL+QROSKTUVL+8D17-4%H&PPP@P+Q%J%'+"@G-B@&
&
&

&

8T^VNL+ &G=_+ 0ROSSTbT\OZT`P+ aLS+ QX`SQX`RTQTaLS-! ([PRa[PZTaTMVR! ($! DdZ_SNXPa[PRa[PZTaTMVRK!
Ra[TOdPZTaTMVRE!VU!RUNXPZR!OPO!VRUNXT]TNR!RPOU! TZZYRUXNR!aQX!MVR!V^VbaZVR#!$VR!dZ_SNXPa[PRa[PZTaTMVR!RPOU!
]PXbNR! p! aQXUTX! M@YO! QZSPPZ! a[PRa[QUTM_ZK! MY! dZ_SNXPZ! VU! MVY^! ZPOdYVR! S[QsOVR! M@QSTMVR! dXQR#! $Q! aQXUTV!
aPZQTXV! DQZSPPZ! a[PRa[QUTM_ZE! VU! ZQ! aQXUTV! OPO! aPZQTXV! DQSTMV! dXQRE! RPOU! XVZTNVR! dXtSV! QY! dZ_SNXPZ#! $V!
R`YVZVUUV!MVR!Ra[TOdPZTaTMVR!SPOUTVOUK!p! ZQ!aZQSV!MY!dZ_SNXPZK! ZQ!Ra[TOdPRTOV#!$VR!Ra[TOdPZTaTMVR!POU!aPYX!
UjUV! OPO! aPZQTXVK! ZQ! a[PRa[PUTM_ZS[PZTOV! PY! ZQ! a[PRa[QUTM_ZNU[QOPZQbTOVK! QZPXR! `YV! ZVR!
dZ_SPRa[TOdPZTaTMVR!POU!YO!RYSXV!8RM"J-,(:&S"2*+2+&%*&"$@:&;<<;B#!
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! "*!

9'#(&E,;.,<(#78(7#E=,6F*'G&H7E,E(,I)*8(&)*+,6E+,GEG"#'*E+,"&)J)K&H7E+,

;.,C',8)GL)+&(&)*,"&)8M&G&H7E,6E+,GEG"#'*E+,"&)J)K&H7E+,

$VR!SPbaPRQOUR!bQuPXTUQTXVR!M@YOV!bVb\XQOV!RPOU! ZVR! RTQTaLS! VU! ZVR!QN`Z[TPLS+

D?TdYXV! 'C"E#! $VR! SV\NLS! RPOU! dNONXQZVbVOU! QRRPSTNR! QY^! ZTaTMVR! VU! QY^! aXPUNTOVR! RPYR!

]PXbV! MV! dZ_SPZTaTMVR! VU! MV! dZ_SPaXPUNTOVR#! $@LOV! XVaXNRVOUV! *Fv! MY! aPTMR! RVS! MV! ZQ!

bVb\XQOV#!$Q! SPbaPRTUTPO!M@YOV!bVb\XQOV!WQXTV!M@YO!PXdQOTRbV!p! Z@QYUXVK!M@YO! U_aV!

SVZZYZQTXV!p!Z@QYUXV!VU!M@YOV!bVb\XQOV!p!YOV!QYUXV!8T%%-&%*&"$@&;<<UB#!!

!"!"#$%&#'()(*%&#

$Q! ]TdYXV! 'C+! XVaXNRVOUV! ZVR! MTRUTOSUVR! SQUNdPXTVR! MV! ZTaTMVR! RVZPO! ZVYX! OQUYXV!

S[TbT`YV!8S"2*+2+&%*&"$@:&;<<;B#!$VR!RTQTaLS!RPOU!MVR!bPZNSYZVR!Qba[Ta[TZVR!`YT!MPOOVOU!

ZTVY! p! MVR! QXXQOdVbVOUR! RYaXQbPZNSYZQTXVR! RaNST]T`YVR! VO! bTZTVY! Q`YVY^#! $VR!

^RY\[N`QX`SQX`RTQTaLS! VU! ZVR! SQXTP^`RTQTaLS! aXNRVOUVOU! YO! R`YVZVUUV! ]QTRQOU!

TOUVXWVOTXK! XVRaVSUTWVbVOUK! ! ZV! dZ_SNXPZ! VU! ZQ! Ra[TOdPRTOV#! &VZPO! ZQ!OQUYXV!MY! R`YVZVUUVK!

MT]]NXVOUVR! ZTQTRPOR! [_MXPdfOVR! aVYWVOU! jUXV! NUQ\ZTVR#! $Q! UjUV! aPZQTXV! MVR! ZTaTMVR! aVYU!

ZVYX!SPO]NXVX!YOV!S[QXdV!dZP\QZVbVOU!OVYUXVK!PY!ONdQUTWV!D?TdYXVR!'C+!w!'C*E#!$VR!aQXUTVR!

[_MXPa[P\VR! MVR! QSTMVR! dXQR! aVYWVOU! aXNRVOUVX! MVR! TORQUYXQUTPOR#! %O! V]]VUK! ZVR!

TORQUYXQUTPOR!2x2!MV!U_aV!4+(&MTbTOYVOU!ZVR!TOUVXQSUTPOR![_MXPa[P\VR!MV!:QO!MVX!lQQZR!

VOUXV! ZVR! aQXUTVR! [_MXPSQX\PONVR! MVR! ZTaTMVR! VU! QYdbVOUVOU! QTORT! ZQ! ]ZYTMTUN!

bVb\XQOQTXV#! $VR! SZ[N`RS! RPOU! YOV! QYUXV! SZQRRV! MV! ZTaTMVR! `YT! aPRRfMV! YOV! RUXYSUYXV!

bQuPXTUQTXVbVOU![_MXPa[P\V#!$V!\X`RLSZ[N`R! XVaXNRVOUV!*F! C!<Fv!MVR!a[PRa[PZTaTMVR!

MVR!bVb\XQOVR!MV!SVZZYZVR!QOTbQZVR!8T"VG+%$'&"2'&!"#"(:&;<<=B#!

$Q!UPaPdXQa[TV!MVR!ZTaTMVR!bVb\XQOQTXVR!MVR!NX_U[XPS_UVR!bPOUXV!YOV!QR_bNUXTV!

MV! ZQ! MTRUXT\YUTPO! MVR! ZTaTMVR! D?TdYXV! 'C<E#! %O! V]]VUK! ZV! ]VYTZZVU! V^UVXOV! RV! SPbaPRV!

bQuPXTUQTXVbVOU! MV! a[PRa[QUTM_ZS[PZTOV! VU! Ra[TOdPb_NZTOV! QZPXR! `YV! ZVR!

a[PRa[QUTM_ZNU[QOPZQbTOVR! VU! ZVR! a[PRa[QUTM_ZRNXTOVR! RPOU! aXN]NXVOUTVZZVbVOU!

ZPSQZTRNVR! RYX! ZV! ]VYTZZVU! TOUVXOV! 8W1*5)"2& "2'& I%2"-':& CXAA& >& Y"451P(Q+:& CXXKB#! 2VUUV!

OSYK[ZNTL+ KLKMNOPOTNL4! aXPMYTUV! ZPXR! MV! ZQ! R_OU[fRV! MVR! bVb\XQOVR! MQOR! ZV!

XNUTSYZYb! VOMPaZQRbT`YVK! VRU! bQTOUVOYV! aQX! MVR! aXPUNTOVR! UXQORaPXUQOU! MVR! ZTaTMVR!

D?ZPaaQRVRK! QbTOPa[PRa[PZTaTMVR! UXQORZPSQRVRyE! PY! RYaaXTbNV! aQX! ZQ! aXPUNTOV!

RSXQb\ZQRV!8Z")"[+\]"(%9"P"&"2'&!(7[+)1*1:&;<<^B#!!
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!"<!

!

8T^VNL+ &G;_+ :RY\[N`QX`SQX`RTQTaLS-+ &UXYSUYXV! MVR! MT]]NXVOUVR! UjUVR! aPZQTXVR! MV! dZ_SNXPa[PRa[PZTaTMVR!
8D17-4%H&PPP@#+145%)@"-+_12"@%'7B@&

!

8T^VNL+ &G@_+ '`Q`^NOQXTL+ aLS+ RTQTaLS+ KLKMNOPOTNLS-+ $Q+ XNaQXUTUTPO! MVR! ZTaTMVR! MQOR! ZVR! bVb\XQOVR!
M@NX_U[XPS_UVR! [YbQTOR! VRU! MPOONV! aPYX! ZQ! SPOSVOUXQUTPO! UPUQZV! VO! a[PRa[PZTaTMVR! D.($EK!
dZ_SNXPa[PRa[PZTaTMVR! D(2K! a[PRa[QUTM_ZS[PZTOVz! (%K! a[PRa[QUTM_ZNU[QOPZQbTOVz! (&! a[PRa[QUTM_ZRNXTOVE!
VU! MVR! Ra[TOdPZTaTMVR! MV! U_aV! Ra[TOdPb_NZTOV! ! D&1EK! aPYX! S[Q`YV! ]VYTZZVU! MV! ZQ! bVb\XQOV! aZQRbT`YV!
8RM"J-,(:&W1*5)"2&%*&"$@:&CXAAB@&
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! "0!

2VUUV!QR_bNUXTV!ZTaTMT`YV!SPXXVRaPOM!p!YO![ZOZ+aC[UVTRTMNL!TbaPXUQOU!RYX!ZV!aZQO!

]POSUTPOOVZ#!%O!V]]VUK!ZQ!aXNRVOSV!M@YOV!S[QXdV!MV!RYX]QSV!MT]]NXVOUV!MVR!MVY^!S{UNR!MV!ZQ!

bVb\XQOV!VRU!YOV!SPORN`YVOSV!MV!Z@QR_bNUXTV!bVb\XQOQTXV#!2VUUV!MT]]NXVOSV!MV!S[QXdV!

aQXUTSTaV!p!ZQ!SXNQUTPO!MY!Q`ZLPZTLR+ZNOPSKLKMNOPOTNL+POZTb#!!

$PXR`YV! ZLQR_bNUXTV! bVb\XQOQTXV! VRU! XPbaYVK! ZVR! QX`SQXOZTaYRS[NTPLS! RPOU!

XQaTMVbVOU! V^aPRNVR! 8`"((/& %*& "$@:& CXXKB#! )fR! ZQ! bTRV! VO! XPYUV! MY! XVbPMVZQdV!

bVb\XQOQTXVK! ZLTO]ZY^! SPbaVORQUPTXV! UQXMT]! MV! a[PRa[QUTM_ZS[PZTOVR! PY! MV!

Ra[TOdPb_NZTOVRK! QaXfR! V^aPRTUTPO! MV! a[PRa[QUTM_ZRNXTOVR! VUIPY! MV!

a[PRa[QUTM_ZNU[QOPZQbTOVR!aXPWP`YV!YOV!RYXS[QXdV!UXQORTUPTXV!MV!a[PRa[PZTaTMVR!MQOR!

ZV! ]VYTZZVU! V^UVXOV#! 2V! MNRN`YTZT\XV! SXNV! YOV! QYdbVOUQUTPO! MV! ZQ! SPYX\YXV! MV! ZQ!

bVb\XQOV!`YT!]PXbV!MVR!\PYXdVPOR!p!aQXUTX!MVR`YVZR!MVR!bTSXPaQXUTSYZVR!RPOU!ZT\NXNVR!

8S1V& %*& "$@:& CXX<B#! $LV^aPRTUTPO! MV! ZQ! a[PRa[QUTM_ZRNXTOV! p! ZQ! RYX]QSV! SVZZYZQTXV! VRU!

SPORTMNXNV!SPbbV!YO!NWNOVbVOU!aXNSPSV!MV!ZLOQ`QZ`SLK!RYTWT!MLYOV!ZT\NXQUTPO!MQOR!ZV!

bTZTVY! V^UXQSVZZYZQTXV! MV! bTSXPaQXUTSYZVR! aPXUVYRVR! MV! a[PRa[QUTM_ZRNXTOVR! VU! MV!

bQX`YVYXR!aXPUNT`YVR!RaNST]T`YVR!MV!ZQ!SVZZYZV!MLPXTdTOV!`YT!RPOU!MVR!MNUVXbTOQOUR!aPYX!

ZVYX! NZTbTOQUTPO! aQX! a[QdPS_UPRV! 8T"-*+2& %*& "$@:& CXX=B#! $LV^aPRTUTPO! MV!

a[PRa[QUTM_ZRNXTOVR!VRU!NdQZVbVOU!TbaZT`YNV!MQOR!ZQ!N[Q`PSL+X[K`SZOZTUVL#!%O!V]]VUK!

VZZVR!aVXbVUUVOU! ZV! XVSXYUVbVOU!VU! ZQ! SPOSVOUXQUTPO!MVR! ]QSUVYXR!MV! ZQ! SPQdYZQUTPO!p! ZQ!

RYX]QSV! bVb\XQOQTXV! MVR! SVZZYZVR! 8!1*+& %*& "$@:& CXX^B#! $Q! QX`SQXOZTaYR[ZXOP`ROKTPLK!

QbTOPa[PRa[PZTaTMV!bQuPXTUQTXV!MVR!bVb\XQOVR!aZQRbT`YVRK!VRU!ZLYOT`YV!a[PRa[PZTaTMV!

`YT!OV!aXNRVOUV!aQR!YOV!RUXYSUYXV!VO!\TSPYS[V!86(-"%$"450+$+&%*&"$@:&CXU<B#!2VUUV!aXPaXTNUN!

ZYT!SPO]fXV!YOV!TbaPXUQOUV!bP\TZTUN!UXQORWVXRQZV!VU! ]QSTZTUV! ZQ!bVST`P+KLKMNOPOTNL!MV!

R_RUfbVR!bPMfZVR! 8a%-Q$%+[& %*& "$@:& CXUL&>& 3$$%2(& %*& "$@:& CXUXB#! 'Z! Q! NUN! NdQZVbVOU!bPOUXN!

`YLYOV!]PXUV!SPOSVOUXQUTPO!MV!a[PRa[QUTM_ZNU[QOPZQbTOVR!MQOR!ZV!]VYTZZVU!V^UVXOV!MV!ZQ!

bVb\XQOV!aZQRbT`YV!MVR!b_P\ZQRUVR!QYdbVOUV! ZQ! ]YRTPO!MV!SVR!MVXOTVXR!aPYX! ]PXbVX!

ZVR!b_PUY\VR!8]%-P+*_:&CXUC&>&D"2*+2+&%*&"$@:&CXX<B#!!

!"+"#$%&#),-./(0%&#

$VR! aXPUNTOVR! bVb\XQOQTXVR! uPYVOU! MVR! X{ZVR! bQuVYXR! MQOR! ZV! UXQOR]VXU!

M@TO]PXbQUTPO! DXNSVaUVYXREK! ZV! UXQORaPXU! MV! bQUTfXV! DUXQORaPXUVYXR! VU! SQOQY^E! VU! ZQ!

UXQOR]PXbQUTPO!M@NOVXdTV#!$VR!aXPUNTOVR!aVYWVOU!jUXV!aQXUTVZZVbVOU!TORNXNVR!MQOR!YO!MVR!

MVY^! ]VYTZZVUR!bVb\XQOQTXVR! VO! dQXMQOU! YOV! aQXUTV! [_MXPa[TZVr! SV! RPOU! RLS+ QN`Z[TPLS+

LcZNTPSWUVLS!DPY!aNXTa[NXT`YVRE#!2VUUV!TORVXUTPO!bVb\XQOQTXV!VRU!XVOMYV!aPRRT\ZV!aQX!
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!"5!

ZQ!aXNRVOSV!M@YOV!aQXUTV!QZc_ZNV![_MXPa[P\VK!UVZ!`Y@YO!QSTMV!dXQR!b_XTRUP_Z!PY!aQZbTUP_Z#!

$VR! QN`Z[TPLS+ ZNOPSKLKMNOPOTNLS! DPY! TOUNdXQZVRK! TOUXTORf`YVRE! RPOU! TORNXNVR! QY!

OTWVQY! MVR! MVY^! ]VYTZZVUR! aQX! ZVR! MPbQTOVR! [_MXPa[P\VR! MVR! aXPUNTOVR! D?TdYXV! 'C"E!

8W1*5)"2&"2'&I%2"-':&CXAAB#!$VR!QN`Z[TPLS+aV+\YZ`SUVLRLZZL!RPOU!VO!TOUVXQSUTPO!QWVS!

ZQ!bVb\XQOV! aZQRbT`YV! D?TdYXV! 'C"E#! $V! S_UPR`YVZVUUV! M@QSUTOV! VRU! TbaZT`YN! MQOR! MVR!

aXPSVRRYR!bVb\XQOQTXVR! UVZZVR!`YV! Z@VOMPS_UPRV!8O%Q)"2(&"2'&]%$%2+7(:&;<<;& >&O"-*12&

"2'& W+45"-'(:& ;<<KB#! $VR! aXPUNTOVR! bVb\XQOQTXVR! MT]]YRVOU! ZQUNXQZVbVOU! MQOR! ZVR!

bVb\XQOVR!\TPZPdT`YVR#!$VR!aXPUNTOVR!bVb\XQOQTXVR!V^UXTORf`YVR!POU!YO!SPV]]TSTVOU!MV!

MT]]YRTPO! ZQUNXQZV! MV! Z@PXMXV! MV! "! ib+IR! QZPXR! `YV! ZVR! aXPUNTOVR! bVb\XQOQTXVR!

TOUXTORf`YVR! POU! YO! SPV]]TSTVOU! MV! MT]]YRTPO! ZQUNXQZV! SPbaXTR! VOUXV! FK"! VU! FK0! ib+IR!

8bP%2&%*&"$@:&;<<XB#!

N.,CE+,+F+(OGE+,6E,GEG"#'*E+,G)6OJE+,

)VWQOU! ZQ! SPbaZV^TUN! MVR! bVb\XQOVR! SVZZYZQTXVRK! TZ! VRU! QaaQXY! ONSVRRQTXV! MV!

MNWVZPaaVX! MVR! R_RUfbVR! MV! bVb\XQOVR! bPMfZVR#! 2VR! bVb\XQOVR! bPMfZVR! RPOU! MVR!

SYSZWKLS+STKQRTbT[S!aQX!XQaaPXU!QY^!bVb\XQOVR!\TPZPdT`YVR#!%O!V]]VUK!SVR!bVb\XQOVR!

RPOU!SPbaPRNVR!M@YOV!`YQOUTUN!SPOOYV!MV!"!PY!aZYRTVYXR! ZTaTMVR!QRRPSTNR!PY!OPO!p!MVR!

aXPUNTOVR#! 2VR! R_RUfbVR! RTbaZT]TNR! QaaPXUVOU! MV! aXNSTVYRVR! TO]PXbQUTPOR! RYX! ZVR!

aXPaXTNUNR!MVR!bVb\XQOVR!VU!ZVYXR!TOUVXQSUTPOR!QWVS!Z@VOWTXPOOVbVOU#!

+"!"#$%&#1-0-2-324%&#

$V!MNa{U!MV! ZTaTMVR!p! Z@TOUVX]QSV!QTXCRPZWQOU!Q`YVY^!SPOMYTU!p! ZQ! ]PXbQUTPO!M@YOV!

K`P`\`V\XL!MV!ZTaTMVR#!$VR!bPOPSPYS[VR!RPOU!YUTZTRNVR!aPYX!Z@NUYMV!MV!Z@TOUVXQSUTPO!VU!

MV! Z@TORVXUTPO!MV! SPbaPRNR! QWVS! ZVR! ]VYTZZVUR!M@YOV!bVb\XQOV! ZTaTMT`YV! 8T%2'%_& %*& "$@:&

;<<U&>&S%-2"2'%_\`1*%$$1&%*&"$@:&;<<UB#!

+"+"#$%&#'()-&-1%&#

$VR! ZTaPRPbVR! RPOU! MVR! WNRTSYZVR! VPTROKLRROTNLS! PY!KVRZTROKLRROTNLS! D1$:K!

bYZUTZQbVZZQX! WVRTSZVE#! $VR! WNRTSYZVR! YOTZQbVZZQTXVR! RPOU! SPORUTUYNVR! M@YOV! RVYZV!

MT\`V\XL! ZTaTMT`YV! ]VXbNV! QZPXR! `YV! ZVR! WNRTSYZVR! bYZUTZQbVZZQTXVR! RPOU! ]PXbNVR! MV!

\TSPYS[V!VO!aVZYXVR!M@PTdOPO!PY!VO!bYZUTaZVR!SPbaQXUTbVOUR!D?TdYXV!'C07E#!%O!]POSUTPO!

MY!aXPUPSPZV!MV!]PXbQUTPO!MVR! ZTaPRPbVRK! ZVR!]VYTZZVUR!V^UVXOV!VU! TOUVXOV!aVYWVOU!QWPTX!

MVR!SPbaPRTUTPOR!WQXTQ\ZVR#!!



62*-1'74*+12&N&O"-*+%&C@&D*-74*7-%:&'E2")+F7%&%*&G124*+12(&'%(&)%)#-"2%(&#+1$19+F7%(&

! "H!

!

8T^VNL+&GA_+9LS+RTQ`S`KLS-++
!-!:NRTSYZVR!YOTZQbVZZQTXVR!D]ZfS[V!SPOUTOYVE!VU!bYZUTZQbVZZQTXVR!D]ZfS[V!MTRSPOUTOYVE!MV!)-(2#!!
"-+,Q_PO!bP_VO!MVR!MT]]NXVOUR!ZTaPRPbVR#!
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!"9!

2POUXQTXVbVOU! QY^! &3:! DRbQZZ! YOTZQbVZZQX! WVRTSZVEK! ZV! XQ_PO! bP_VO! MVR! $3:!

DZQXdV!YOTZQbVZZQX!WVRTSZVE!VU!MVR!>3:!DdTQOU!YOTZQbVZZQX!WVRTSZVE!SPO]fXV!p!SVR!MVXOTVXR!

MVR!aXPaXTNUNR!bNSQOT`YVR!VO!UVXbV!MV!XQ_PO!MV!SPYX\YXV!aZYR!aXPS[VR!MY!XQ_PO!bP_VO!

MVR! SVZZYZVR! D?TdYXV! 'C06E! 8]-+(*10"& %*& "$@:& ;<<;B#! &YTWQOU! ZV! U_aV! MV! WNRTSYZVR!

YOTZQbVZZQTXVR! YUTZTRNVRK! ZVR! TOUVXQSUTPOR! VOUXV! MVR! bPZNSYZVR! VU! ZQ! bVb\XQOV! PY! ZV!

]POSUTPOOVbVOU! MVR! aXPUNTOVR!bVb\XQOQTXVR! XVSPORUTUYNVR! aVYWVOU! jUXV!bPMT]TNR#! $VR!

$3:!RPOU!dNONXQZVbVOU!YUTZTRNVR!aPYX! Z@NUYMV!MVR!aXPaXTNUNR!MV!MT]]YRTPO!MV!SPbaPRNR!

PY! ZQ! WVSUPXTRQUTPO! MV! SPbaPRNR! QSUT]R! 8!%+((+/:& CXUAB#! $VR!>3:! SPORUTUYVOU! YO!bPMfZV!

TMVOUT`YV!VO!UQTZZV!VU!VO!]PXbV!p!YOV!SVZZYZV!VO!RYRaVORTPO#!(QXSV!`Y@VZZVR!aXNRVOUVOU!YOV!

dXQOMV! RYX]QSV! bVb\XQOQTXVK! ZVR! >3:! RPOU! YUTZTRNVR! MQOR! Z@NUYMV! MVR! bTSXPMPbQTOVR!

bVb\XQOQTXVR!8'%&.$)%+'"&%*&"$@:&;<<ABK!ZQ!WVSUPXTRQUTPO!MV!bQSXPbPZNSYZVR!8`%-%_52"&%*&

"$@:&;<<=B!PY!Z@NUYMV!MV!]POSUTPOR!SVZZYZQTXVR!8c5"$+G"*&%*&"$@:&;<<U&>&R%$"*17-&%*&"$@:&;<<UB@!

P.,3F*'G&H7E,+(#78(7#'JE,E(,6)G'&*E+,GEG"#'*'&#E+,

5"!"#6.,32.3,%#*%&#1%17,80%&#%.#'9-.,-)(&1%#*%&#'()(*%&#

$VR! aXPaXTNUNR! OKQXTQXTRLS! MVR! ZTaTMVR! SPO]fXVOU! p! SVR! MVXOTVXR! ZQ! SQaQSTUN! p!

QMPaUVX!MT]]NXVOUVR!PXdQOTRQUTPOR!VO!bTZTVY!Q`YVY^#!%O!V]]VUK! ZV!bPMfZV!M@&SNOLRO\X]TRTK!

aVXbVU! MV! aXNMTXV! ZVR! MT]]NXVOUVR! PXdQOTRQUTPOR! QMPaUNVR! aQX! ZVR! ZTaTMVR! DbTSVZZVRK!

\TSPYS[VR!aZQOVR!PY!WNRTSYZVRE!VO!bTZTVY!Q`YVY^!aQX!SPbaQXQTRPO!MVR!WPZYbVR!PSSYaNR!

aQX! ZVR! aQXUTVR! [_MXPa[P\VR! VU! [_MXPa[TZVR! MVR! ZTaTMVR#! 2VR! QXXQOdVbVOUR!

RYaXQbPZNSYZQTXVR! POU! aPYX! P\uVSUT]! MV! bTOTbTRVX! ZVR! TOUVXQSUTPOR! MVR! aQXUTVR!

[_MXPa[P\VR!QWVS! Z@VOWTXPOOVbVOU!Q`YVY^!VU!MV!]QWPXTRVX! ZVR! TOUVXQSUTPOR![_MXPa[TZVR!

MVR! aQXUTVR! aPZQTXVR! QWVS! SVZYTCST#! 2V! Q`RYK`NQXTSKL+ RTQTaTUVL! VRU! ]POSUTPO! MV!

OPb\XVY^!aQXQbfUXVR!a[_RTSPCS[TbT`YVRK! UVZR! `YV! ZQ! UVbaNXQUYXVK! ZQ! ]PXSV! TPOT`YV!PY!

VOSPXV!ZV!a4!86(-"%$"450+$+&%*&"$@:&CXU<B#!!

$VR! bVb\XQOVR! MVR! SVZZYZVR! ]PXbVOU! MVR! MT\`V\XLS+ RTQTaTUVLS#! 1QTR! SVR!

MVXOTfXVR!RPOU!SPORUTUYNVR!NdQZVbVOU!MV!a[PRa[PZTaTMVR!MTUR!BOPO!\TSPYS[VRB!M@QaXfR!ZV!

bPMfZV!M@'RXQVZQS[WTZT! 86(-"%$"450+$+& %*& "$@:& CXU<B#! $@V^TRUVOSV!MV! SVR! RUXYSUYXVR! VO! BOPO!

\TSPYS[VB!DV#d#!bTSVZZVK!a[QRV![V^QdPOQZVyE!QY!RVTO!MV!ZQ!bVb\XQOV!aZQRbT`YV!VRU!ZTNV!p!

MVR! aXPSVRRYR! MV! ]YRTPO! VU! MV! MTWTRTPO! SVZZYZQTXVR#! 2VR! RUXYSUYXVR! QYXQTVOU! YO! X{ZV! QY!

WPTRTOQdV! TbbNMTQU! MVR! aXPUNTOVR! UXQORbVb\XQOQTXVR! MPOU! ZQ! aQXUTV! [_MXPa[P\V! OV!

SPXXVRaPOMXQTU!aQR!p!ZQ!aQXUTV![_MXPa[P\V!M@YO!]VYTZZVU!PY!MV!ZQ!\TSPYS[V!DO+Q210"&%*&"$@:&

CXXKB#!!



62*-1'74*+12&N&O"-*+%&C@&D*-74*7-%:&'E2")+F7%&%*&G124*+12(&'%(&)%)#-"2%(&#+1$19+F7%(&

! ";!

5"+"#:-3;%1%0.&#1-'/23'8(,%&#*%&#'()(*%&#

$@NMT]TSV!bVb\XQOQTXV! O@VRU! aQR! YOV! RUXYSUYXV! ]TdNV!bQTR!aYPOKTUVL#! %O! V]]VUK!

ZVR!ZTaTMVR!RPOU!QOTbNR!MV!bPYWVbVOUR!D?TdYXV!'C5E#!$VR!S[QsOVR!M@QSTMVR!dXQR!MVR!ZTaTMVR!

OPO! RUNXP|MTVOR! RY\TRRVOU! MVR! \XOP^LKLPZS+ \`Pb`NKOZT`PPLRS! UVZR! `YV! ZVR! XPUQUTPOR!

MVR! ZTQTRPOR! 2C2! VU! ZVR!bPYWVbVOUR! M@TS`K[NTSOZT`P! 4+(\*-"2(! D"FC"F! R! p! ! "FC""! RE#! $VR!

ZTaTMVR!RPOU!QOTbNR!MV!bPYWVbVOUR!MV!N`ZOZT`P!RYX!VY^CbjbVR!D"FC;!R!p!"FC""!RE!VU!MV!

aTbbVST`P+ROZ[NORL!D"FC9!Sb+#RC"!p!"FC;!Sb+#RC"E#!%O]TOK!ZVR!ZTaTMVR!POU!ZQ!SQaQSTUN!MV!aQRRVX!

M@YO!]VYTZZVU!bVb\XQOQTXV!p!Z@QYUXV!D`YVZ`YVR![VYXVR!p!`YVZ`YVR!uPYXRE#!2VUUV!aTbbVST`P+

ZNOPS]LNSORL!DPY!]ZTaC]ZPaE!VRU!YO!a[NOPbfOV!UXfR!ZVOU!SQX!ZQ!UjUV!aPZQTXV!MVR!ZTaTMVR!RV!

[VYXUV!p!ZQ!\QXXTfXV!NOVXdNUT`YV!QY!OTWVQY!MVR!aQXUTVR![_MXPa[P\VR!8`%0%-(&%*&"$@:&CXXXB#!

$VR! bPYWVbVOUR! p! SPYXUV! NS[VZZV! MVR! ZTaTMVR! QUUXT\YVOU! p! ZQ! bVb\XQOV! YOV! SVXUQTOV!

]ZYTMTUN#!!

!

7Y!RVTO!M@YOV!\TSPYS[V!SPbaPRNV!M@YO!RVYZ!ZTaTMVK!ZV!ZXLNK`ZN`QTSKL+RTQTaTUVL!

RV! UXQMYTU! aQX! ZQ! UXQORTUTPO! M@YOV! a[QRV! PXMPOONV! dVZ! DRPZTMV! &PE! p! YOV! a[QRV! ZT`YTMV!

SXTRUQZZTOV! DZT`YTMV! MNRPXMPOONV! $M! PY! SXTRUQZ! ZT`YTMV! $SE! ZPXR`YV! ZQ! UVbaNXQUYXV! VRU!

QYdbVOUNV! 8`-1P2& "2'& I12'12:& CXXUB#! 2VUUV! UXQORTUTPO! MV! a[QRV! Q! ZTVY! p! YOV! SVXUQTOV!

UVbaNXQUYXV!MTUV!ZLKQ[NOZVNL+aL+ZNOPSTZT`P+aL+QXOSL!MY!ZTaTMV!D.bE#!$VR!S[QOdVbVOUR!

MV! SPO]PXbQUTPO! MV! S[QsOVR! [_MXPSQX\PONVR! TOMYTUVR! aQX! ZQ! UXQORTUTPO! MV! a[QRVK!

SPOMYTRVOU! p! YOV! ]XQdTZTRQUTPO! MVR! TOUVXQSUTPOR! [_MXPa[P\VR! MV! :QO! MVX! lQQZR! `YT!

SPXXVRaPOM! p! YOV! QYdbVOUQUTPO! MVR! bPYWVbVOUR! bPZNSYZQTXVR! VU! MV! ZQ! ]ZYTMTUN!

bVb\XQOQTXV#!!

!

$@VORVb\ZV! MV! SVR! OPUTPOR! MV! M_OQbT`YV! POU! MPOON! OQTRRQOSV! QY! SPOSVaU! MY!

bPMfZV!bVb\XQOQTXV!MV!ZQ!K`SOdUVL+bRVTaL!MV!&TOdVX!VU!/TS[PZRPO!8D+)12(&"2'&6Q12%2:&

CXXAB#!!

!
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!+F!

!

8T^VNL+ &G>_+ 9LS+ aTbb[NLPZS+ K`V]LKLPZS+ K`R[\VROTNLS+ aLS+ RTQTaLS-! D"E! ,PUQUTPO! MVR! ZTaTMVR! RYX! VY^C
bjbVRK!D+E!?ZTaC?ZPa!MVR!ZTaTMVRK!D*E!2[QOdVbVOUR!SPO]PXbQUTPOOVZR!MVR!S[QsOVR!M@QSTMVR!dXQR!MV!ZTaTMVRK!
VU!D<E!)T]]YRTPO!ZQUNXQZV!MVR!ZTaTMVR!8RM"J-,(&D5%*45%-:&;<<<B&D'ZZYRUXQUTPO!XNQZTRNV!dXtSV!p!&VXWTVX!1VMTSQZ!
7XUK!ggg#RVXWTVX#]XE@&
&

!

8T^VNL+ &G,_+ #LQN[SLPZOZT`P+ S\X[KOZTUVL+ aV+ K`aWRL+ aC`N^OPTSOZT`P+ aLS+ KT\N`a`KOTPLS+
KLKMNOPOTNLS+LZ+aLS+\O][`RLS-+O-+$VR!bTSXPMPbQTOVR!SPOUTVOOVOU!MVR!aXPUNTOVR! ! QRRPSTNVR!QY! ]VYTZZVU!
V^UVXOV! MV! ZQ! bVb\XQOV! aZQRbT`YV! aQX! ZVYX! QOSXV! >('K! MVR! aXPUNTOVR! ZTNVR! QY! ]VYTZZVU! TOUVXOV! aQX! MVR!
dXPYaVbVOUR!QS_ZVR!DaXPUNTOV!8VR!QaaQXUVOQOU!p!ZQ!]QbTZZV!MVR!cTOQRVR!&SXE!PY!MVR!aXPUNTOVR!QRRPSTNVR!aQX!
ZVYXR! MPbQTOVR! UXQORbVb\XQOQTXVR! D47E#! M-! $VR! bTSXPMPbQTOVR! bVb\XQOQTXVR! RPOU! VOXTS[TR! VO!
Ra[TOdPb_NZTOVR! VU! ZVR! dZ_SPRa[TOdPZTaTMVR! DVO! XPYdVE! RYX! ZV! ]VYTZZVU! V^UVXOV! VU! ZVR! dZ_SNXPZTaTMVR!
Da[PRa[QUTM_ZRNXTOV!VU!a[PRa[QUTM_ZNU[QOPZQbTOV!DVO!WVXUE!RYX!ZV!]VYTZZVU!TOUVXOV#!$V!S[PZVRUNXPZ!DVO!dXTRE!
VRU! aXNRVOU! MQOR! ZVR! MVY^! ]VYTZZVUR#! \-! $VR! SQWNPZVR! RPOU! ]PXbNVR! aQX! Z@QRRPSTQUTPO! QY^! bTSXPMPbQTOVR!
bVb\XQOQTXVR!MV!bPZNSYZVR!MV!SQWNPZTOVR!8RM"J-,(&D+)12(&d&6Q12%2:&CXXAB@&

!
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! +"!

5"5"#$%&#1(2,-*-18(0%&#1%17,808(,%&#

?QSV!p!MV!OPb\XVYRVR!NWTMVOSVRK!YO!SPORVORYR!RSTVOUT]T`YV!Q!aVXbTR!MV!XVMN]TOTX!

ZVR! bVb\XQOVR! \TPZPdT`YVR! SPbbV! YOV! RUXYSUYXV! ZT`YTMV! VO! MVY^! MTbVORTPOR!

XOVZLKLPZ+aYPOKTUVL! VU!aXNRVOUQOU!YOV!X[Z[N`^[P[TZ[+ ROZ[NORL!MV!RVR!SPbaPRQOUR!

8T7Q5%-[%%&"2'&T"VG+%$':&;<<L&>&c7(7)+&"2'&D7_7Q+:&;<<=B#!2VUUV!OPYWVZZV!MN]TOTUTPO!]QTU!

QaaQXQsUXV!ZQ!OPUTPO!MV!KT\N`a`KOTPLS+KLKMNOPOTNLS+8D+)12(&"2'&a"_:&;<<LB#!!

!

)VR! NUYMVR! SPbaQXQUTWVR! MV! bNU[PMVR! \TPa[_RT`YVR! aVXbVUUQOU! M@NUYMTVX! ZQ!

M_OQbT`YV! MVR! bVb\XQOVR! \TPZPdT`YVR! POU! aVXbTR! MV! bVUUXV! VO! NWTMVOSV! MVR!

SPO]TOVbVOUR! MV!bPZNSYZVR! QY! RVTO! MV! RUXYSUYXVR! MN]TOTVR! SPbbV! MVR!bTSXPMPbQTOVR!

bVb\XQOQTXVR#! 2VR! SPbaZV^VR! SPOMVORNR! RPOU! SQXQSUNXTRNR! aQX! ZVYX! XTS[VRRV! VO!

S[PZVRUNXPZK! Ra[TOdPZTaTMVR! VU! aXPUNTOVR! p! QOSXV! >('#! %O! UVXbV! MV! M_OQbT`YVK! SVR!

bTSXPMPbQTOVR! SPXXVRaPOMVOU! p! YOV! QXOSL+ RTUVTaL+ `Na`PP[L! D$PE! VOUPYXNV! M@YOV!

QXOSL+RTUVTaL+a[S`Na`PP[L!D$ME!8S"2*+2+&%*&"$@:&;<<;&>&.$)%+'"&%*&"$@:&;<<=B#!)VY^!U_aVR!

MV!bTSXPMPbQTOVR!aQXUTSYZTVXR!POU! NUN! TMVOUT]TNRr! ZVR!\O][`RLS! VU! ZVR!NObZS+ D?TdYXV! 'CHE!

8e"#+&"2'&I%:&;<<KB#!!

!

)V! aQX! ZVYX! RUXYSUYXV! VU! ZVYX! M_OQbT`YVK! TZR! RPOU! MN]TOTR! SPbbV! N[STSZOPZ+ OVc+

a[ZLN^LPZS+P`P+T`PTUVLSK!UVZR!`YV!ZV!.XTUPO!AC"FF!8`"#+E457Q&"2'&R-"%9%-:&;<<^B#!2VR!

]XQSUTPOR! TORPZY\ZVR! QY^! MNUVXdVOUR! SPORUTUYVOU! ZVR! ),1R! D)VUVXdVOUCXVRTRUQOU!

bVb\XQOVREK! )'>R! D)VUVXdVOUCTORPZY\ZV! dZ_SPZTaTM! ]XQSUTPORE! PY! >%1R! D>Z_SPZTaTMC

VOXTS[VM!bVb\XQOVRE#! 2VUUV! QaaXPS[V! O@VRU! aQR! RQOR! QXUN]QSUR#! %O! V]]VUK! Z@QMMTUTPO! MV!

MNUVXdVOU!OPO!TPOT`YV!RYX!ZVR!bVb\XQOVR!\TPZPdT`YVR!SPOMYTU!p!YOV!XNPXdQOTRQUTPO!MVR!

ZTaTMVR! MYXQOU! ZQ! RPZY\TZTRQUTPO! DSPQZVRSVOSV! MVR!bTSXPMPbQTOVRE#! (QX! SPORN`YVOUK! ZVR!

RUXYSUYXVR! bVb\XQOQTXVR! XN]XQSUQTXVR! p! ZQ! RPZY\TZTRQUTPO! MQOR! ZV! MNUVXdVOU! RPOU!

MT]]NXVOUVR! MV! SVZZVR! aXNRVOUVR! QWVS! Z@V^UXQSUTPO! QY! MNUVXdVOU#! $VR! bTSXPMPbQTOVR!

bVb\XQOQTXVR! RVXQTVOU! MVR! MPbQTOVR! MV! Z@PXMXV! MV! A2+ PK+ aL+ aTOKWZNL#! %O!

SPORN`YVOSVK! TZR! RPOU! UXPa! aVUTUR! aPYX! jUXV! WTRYQZTRNR! VO! bTSXPRSPaTV! PaUT`YV#! $V!

MNWVZPaaVbVOU!SPOuPTOU!MV!bNU[PMVR!\TPa[_RT`YVR!D&(.K!?,7(K!?2&yE!8T"-97%*&%*&"$@:&

;<<^>&]"$7(Q"&%*&"$@:&;<<UB&VU!MV!RPOMVR!]ZYPXVRSVOUVR!8R%)45%2Q1&%*&"$@:&;<<XB!aVXbVU!MV!

ZVR!MNUVSUVXK!M@VRUTbVX!ZVYX!UQTZZV!VU!ZQ!M_OQbT`YV!MVR!SPbaPRNR!`YT!ZVR!SPORUTUYVOU#!
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$VR! bTSXPMPbQTOVR! bVb\XQOQTXVR! RPOU! TbaZT`YNR! MQOR! ZV! ZNOPSQ`NZ+

KLKMNOPOTNL! DRNSXNUTPOK! VOMPS_UPRVyE! 8]%$)(& "2'& Y7-_1$1:& ;<<LB! VU! MQOR! ZQ!

ST^PORTSOZT`P+ \LRRVROTNL+ 8D+)12(& "2'& 6Q12%2:& CXXA& >& D+)12(& "2'& !11)-%:& ;<<<B#! )V!

XNSVOUR! UXQWQY^!RYddfXVOU!`YV!SVR!bTSXPMPbQTOVR!RVXQTVOU!MVR!WPTVR!M@VOUXNV!aPYX! ZVR!

QdVOUR! aQU[PdfOVR! SPbbV! ZVR! \QSUNXTVR! 8f"29& %*& "$@:& ;<<UB! VU! ZVR! WTXYR! 8!"29& %*& "$@:&

;<<UB#!!

5"<"#$%&#),-),(/./&#1/280(=3%&#*%&#1%17,80%&#

$VR! bVb\XQOVR! \TPZPdT`YVR! aPRRfMVOU! UXPTR! dXQOMVR! aXPaXTNUNR! bNSQOT`YVRr!

Z@NUTXVbVOU!DRUXVUS[TOdEK!ZQ!SPYX\YXV!D\VOMTOdE!VU!ZV!STRQTZZVbVOU!DR[VQXTOdE!QY!RVTO!M@YO!

PY! MVR! MVY^! ]VYTZZVUR! ZTaTMT`YVR! 8T"4T"512& "2'& g"$$1J:& ;<<=& >& ?"2)%E& "2'& c+2272%2:&

;<<^B#!2VR!aXPaXTNUNR!RPOU!TbaZT`YNVR!MQOR!MV!OPb\XVY^!aXPSVRRYR!\TPZPdT`YVR!SPbbV!

ZQ!MTWTRTPO!SVZZYZQTXVK!Z@V^PS_UPRVK!VU!Z@VOMPS_UPRV#!

Q.,CE+,K#'*6E+,I)*8(&)*+,6E+,GEG"#'*E+,"&)J)K&H7E+,

$VR! bVb\XQOVR! \TPZPdT`YVR! SPORUTUYVOU! YO! SQXQSUfXV! PbOTaXNRVOU! MQOR! ZVR!

SVZZYZVR! aXPSQX_PUVR! PY! VYSQX_PUVR#! $V! X{ZV! ]POMQbVOUQZ! MVR!bVb\XQOVR! VRU! M@QRRYXVX!

YOV!\`KQONZTKLPZOZT`P!bNUQ\PZT`YV!VU! S[TbT`YV!VO!bQTOUVOQOU!MVR! SPbaPRTUTPOR!VU!

MVR! SPOSVOUXQUTPOR! MT]]NXVOUVR! ! MQOR! ZVR!bTZTVY^! `YV! SVR! MVXOTfXVR! MNZTbTUVOU! 83'+'+2:&

;<<KB#!!

$VR! bVb\XQOVR! \TPZPdT`YVR! OV! RPOU! aQR! MVR! \QXXTfXVR! Q\RPZYVR#! %O! V]]VUK!

Z@[PbNPRUQRTV! SVZZYZQTXV! ONSVRRTUV! MVR! [\XOP^LS+ \`PZTPVLRS! VU! \`PZNeR[S! MV! bQUTfXV!

DbQSXPbPZNSYZVRK! TPORyEK! M@NOVXdTV! D7.(yE! VU! M@TO]PXbQUTPO! D[PXbPOVRK!

OVYXPUXQORbVUUVYXRyE#
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&

8T^VNL+&G?_+3LNK[OMTRTZ[+KLKMNOPOTNL+aL+aT]LNSLS+\OZ[^`NTLS+aL+K`R[\VRLS+LZ+aCT`PS+f+ZNO]LNS+RLS+
MT\`V\XLS+RTQTaTUVLS+ONZTbT\TLRRLS+8RM"J-,(&D5%*45%-:&;<<<B&D'ZZYRUXQUTPO!XNQZTRNV!dXtSV!p!&VXWTVX!1VMTSQZ!
7XUK!ggg#RVXWTVX#]XE@&
&

&

&

8T^VNL+ &GB_+ .TO^NOKKL+ [PLN^[ZTUVL+ aLS+ b`N\LS+ aL+ \`X[ST`P+ LZ+ aL+ SZOMTRTSOZT`P+ QN[SLPZLS+ OV+
]`TSTPO^L+aL+ RO+KLKMNOPL+QROSKTUVL-+$@QaaXPS[V!MVR!bQSXPbPZNSYZVR!QY!WPTRTOQdV!M@YOV!bVb\XQOV!
VRU!XNdYZNV!aQX!ZVR!]PXSVR!QUUXQSUTWVR!PY!XNaYZRTWVR#!$VR!MVY^!bTOTbQ!M@QM[NRTPOR!RNaQXNR!aQX!YOV!\QXXTfXV!
NOVXdNUT`YVK! aVXbVUUVOU! Z@QM[NRTPO! MVR! bPZNSYZVR! p! ZQ! bVb\XQOV! aZQRbT`YV#! $Q! MNR[_MXQUQUTPO! MV! ZQ!
RYX]QSV!bVb\XQOQTXV!VRU!Z@NUQaV!YZUTbV!p!]XQOS[TX!aPYX!YOV!TOUVXQSUTPO!RUQ\ZV!bQSXPbPZNSYZVRIbVb\XQOV!
aZQRbT`YV!8.'"J*/&'%&$"&*5,(%&'%&h/4+$%&S"7-+%B@&
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9'#(&E,N.,C',LE#G$'"&J&($,GEG"#'*'&#E,

$Q! aXVbTfXV! ]POSUTPO! MVR! bVb\XQOVR! aZQRbT`YVR! VRU! RPO! X{ZV! MV! MONNTWNL+

QXYSTUVL!VOUXV!ZVR!bTZTVY^!V^UXQSVZZYZQTXV!VU!TOUXQSVZZYZQTXV#!$VR!bVb\XQOVR!\TPZPdT`YVR!

aXNRVOUVOU!YO!SQXQSUfXV![_MXPa[P\V!`YT!R@PaaPRV!p! ZQ! ZT\XV!MT]]YRTPO!M@TPORK!MV!RPZYUNR!

[_MXPa[TZVR!VU!MV!bQSXPbPZNSYZVR#!2VUUV!aXPaXTNUN!MVR!bVb\XQOVR!RVb\ZV!R@PaaPRVX!QY!

RVSPOM! X{ZV! MVR! bVb\XQOVRK! SVZYT! M@QRRYXVX! MVR! [\XOP^LS! VOUXV! ZVR! bTZTVY^!

V^UXQSVZZYZQTXV! VU! TOUXQSVZZYZQTXV#! %O! V]]VUK! ZQ! RYXWTV! SVZZYZQTXV! MNaVOM! MVR! NS[QOdVR! MV!

bQUTfXV! VOUXV! SVR! MVY^! SPbaQXUTbVOURr! TbaPXUQUTPO! MV! bQUTfXVR! aXVbTfXVR! VU!

V^aPXUQUTPO!MVR!MNS[VUR!SVZZYZQTXVR#!7]TO!M@QRRYXVX!SVR!MVY^!]POSUTPORK!ZQ!SVZZYZV!Q!bTR!VO!

aZQSV!YO!SPOUX{ZV!RUXTSU!MVR!]ZY^!M@VQYK!M@TPORK!VU!MV!bPZNSYZVR!QY!OTWVQY!MV!ZQ!bVb\XQOV!

aZQRbT`YV!D?TdYXV!'C9Er!PO!aQXZV!QZPXR!MV!QLNK[OMTRTZ[+S[RL\ZT]L#!

;.,C',8)M$+&)*,GEG"#'*'&#E,

$Q! SP[NRTPO! bVb\XQOQTXV! VRU! ZV! bTOTbYb! XV`YTR! aPYX! bQTOUVOTX! ZQ!

SPbaQXUTbVOUQUTPO! VOUXV! ZVR!bTZTVY^! V^UNXTVYX! VU! TOUNXTVYX! D?TdYXV! 'C;E#! $LPXdQOTRQUTPO!

VO!\TSPYS[V!MV!ZQ!bVb\XQOV!aXPWTVOU!MV!ZLV^TRUVOSV!r!DTE!MV!b`N\LS+XYaN`QX`MLS!VOUXV!

ZVR! S[QsOVR! QZTa[QUT`YVR! MVR! QSTMVR! dXQR#! $LQUUXQSUTPO! `YT! V^TRUV! VOUXV! MVY^! RYX]QSVR!

[_MXPa[P\VR!aVXbVU!MV!bTOTbTRVX!QTORT!ZVYXR!SPOUQSUR!QWVS!MVR!bPZNSYZVR!MLVQY!z!DTTE!MV!

b`N\LS+ aL+ N[QVRST`P! MV! U_aV! NZVSUXPRUQUT`YV! VOUXV! ZVR! UjUVR! [_MXQUNVR! MVR!

a[PRa[PZTaTMVR!`YT!RV!MTRaPRVOU!p!ZLV^UNXTVYX!VU!QRRYXVOU!ZLTOUVX]QSV!QWVS!ZLVQY!D?TdYXV!'C

;E#!

$Q! RUQ\TZTUN! MV! SVU! NMT]TSV!bYZUTbPZNSYZQTXV! VRU! QRRYXNV! aQX! YO! XNRVQY!MV! ]PXSVR!

TOUVXbPZNSYZQTXVR! `YT! bQTOUTVOOVOU! ZQ! SP[NRTPO! bVb\XQOQTXV!86(-"%$"450+$+:& CXXK&>&

6(-"%$"450+$+&%*&"$@:&CXU<Br!!

DTE!9LS+b`N\LS+OZZNO\ZT]LS+aL+%OP+.LN+gOORSK!XVdXPYaVOU!UPYUVR!ZVR!TOUVXQSUTPOR!

MTa{ZVRCMTa{ZVR! RLV^VX}QOU! VOUXV! MVY^! bPZNSYZVR#! %ZZVR! MNaVOMVOU! VO! aQXUTSYZTVX! MVR!

aXPaXTNUNR! NZVSUXPRUQUT`YVR! MVR! bPZNSYZVR! DaPZQTXVRK! OPO! aPZQTXVRK! PY! S[QXdNVRE#!

$LNOVXdTV! MLTOUVXQSUTPO! MYV! QY^! ]PXSVR! MV!:QO!)VX!lQQZR! MV! ZPOdYV! aPXUNV! VOUXV! MVY^!

RYX]QSVR!RLV^VXSV!RYX!MVR!MTRUQOSVR!MV!*!p!"F!Ob#!!

DTTE!$VR!b`N\LS+aL+N[QVRST`PS+[RL\ZN`SZOZTUVLS!RLV^VXSVOU!p!ZPOdYV!aPXUNV!VOUXV!

MVY^! RYX]QSVR#! &T! MVY^! RYX]QSVR! aZQOVR! aPXUVOU! MVR! S[QXdVR! MV! bjbV! RTdOVK! ZLNOVXdTV!

MLTOUVXQSUTPO!XNaYZRTWV!NZVSUXPRUQUT`YV!VRU!MYV!p!ZQ!XNaYZRTPO!MV!SVR!S[QXdVR#!$VR!SVZZYZVR!
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aPXUQOU! YOV! MVORTUN! RYX]QST`YV! MV! S[QXdVR! dZP\QZVbVOU! ONdQUTWVK! V^VXSVOU! MPOS! YOV!

XNaYZRTPO!NZVSUXT`YV!bYUYVZZV#! $VR! S[QXdVR!MV! RYX]QSV! RPOU! N`YTZT\XNVR!aQX!YOV! SPYS[V!

MLTPOR! MV! S[QXdVR! PaaPRNVR! DSPOUXV! TPORE! MTRUXT\YNV! MQOR! ZQ! RPZYUTPO! RYX! YOV! aVUTUV!

MTRUQOSV!MLQaXfR!ZV!bPMfZV!MV!>PY_C2[QabQO!8!14"22%&"2'&!%+((+%:&CXX<B#!2VUUV!MTRUQOSV!

VRU!SQXQSUNXTRNV!aQX! ZQ!MTRUQOSV!MV!)V\_V!DhE#!$VR!]PXSVR!MV!XNaYZRTPOR!NZVSUXPRUQUT`YVR!

RLV^VXSVOU!QYRRT!RYX!YOV!MTRUQOSV!MV!*!p!"F!Ob#!!

DTTTE! $VR! b`N\LS+ N[QVRST]LS! `YT! XNRYZUVOU! MV! RITPZLNO\ZT`P+ SZ[NTUVL+ LPZNL+ RLS+

K`R[\VRLS+ aL+ SVNbO\L#! $PXR`YV! MVY^! SVZZYZVR! RV! XQaaXPS[VOUK! ZQ! XNaYZRTPO! aXPWTVOU!

aXTOSTaQZVbVOU! MLTOUVXQSUTPOR! RUNXT`YVR! MVR!bPZNSYZVR! MY! dZ_SPSQZT^! 8`%$$& %*& "$@:& CXULB#!

$PXR`YV!MVY^!RYX]QSVR!VOUXVOU!VO!SPOUQSUK!ZVR!SPYS[VR!MV!aPZ_bfXVR!RLTOUVXaNOfUXVOU!VU!

YOV!aQXUTV!MV!ZLVQY!VRU!V^UXQTUV!MV!ZLVRaQSV!TOUVXSVZZYZQTXV#!$VR!]PXSVR!XNaYZRTWVR!XNRYZUVOU!

MPOS!MV!ZQ!SPbaXVRRTPO!RUNXT`YV!MVR!S[QsOVR!MV!aPZ_bfXVR!VU!MV!ZQ!aXVRRTPO!PRbPUT`YV!

MQOR!ZLVRaQSV!TOUVXSVZZYZQTXV#!%ZZVR!RLV^VXSVOU!p!aZYR!]QT\ZV!MTRUQOSV!D~!0!ObE#!!

DTWE! $VR! b`N\LS+ N[QVRST]LS+ aIXYaNOZOZT`P! RPOU! TRRYVR! MV! ZLPXdQOTRQUTPO!

TOUVX]QSTQZV! MVR! bPZNSYZVR! MLVQY! QY! WPTRTOQdV! MVR! UjUVR! aPZQTXVR! 86(-"%$"450+$+& "2'&

f%22%-(*-1):& CXX^B#! $LTOUVX]QSV! bVb\XQOQTXV! VRU! VO! SPOUQSU! MTXVSU! QWVS! MVR! a[QRVR!

Q`YVYRVR!MVR!MVY^!SPbaQXUTbVOUR!`YV!ZQ!bVb\XQOV!RNaQXV#!$LTOUVXQSUTPO!MVR!bPZNSYZVR!

MLVQY!QWVS!ZLTOUVX]QSV!VRU!RYRSVaUT\ZV!MLTO]ZYVOSVX!MVR!S[QbaR!NZVSUXT`YVR!ZPSQY^!QRRPSTNR!

QY^! UjUVR! aPZQTXVR! MVR! a[PRa[PZTaTMVR! VU! VRU! p! ZLPXTdTOV! MVR! ]PXSVR! ML[_MXQUQUTPO#! $Q!

OQUYXV!MV! ZQ! UjUV!aPZQTXV!MVR!a[PRa[PZTaTMVRK! ZVYX!bNU[_ZQUTPOK! ZVR!NUQUR!a[_RT`YVR!MVR!

S[QsOVR![_MXPSQX\PONVR!VU!ZV!bNZQOdV!MV!MT]]NXVOUR!ZTaTMVR!Q]]VSUVOU!ZL[_MXQUQUTPO!MV!ZQ!

bVb\XQOV#! $VR! ]PXSVR! XNaYZRTWVR! ZTNVR! p! ZL[_MXQUQUTPO! RV! bQOT]VRUVOU! p! UXfR! SPYXUVR!

MTRUQOSVR!D~"!ObE#!!

DWE! $VR! b`N\LS+ aI`PaVROZT`P! RaPOUQONV! MVR! bVb\XQOVR! MNaVOMVOU! MV! ZQ!

SPOUXT\YUTPO! MV! ZQ! ]ZYSUYQUTPO! U[VXbT`YV! MV! ]PXSVR! XNaYZRTWVR! VOUXV! ZVR! \TSPYS[VR#! 2V!

bPYWVbVOU! VRU! XVZQUTWVbVOU! MV! dXQOMV! QbaZTUYMV! VU! bQTOUTVOU! ZVR! \TSPYS[VR!

bVb\XQOQTXVR! p! YOV! SVXUQTOV! MTRUQOSV#! 2VR! ]PXSVR! MV! XNaYZRTPO! MLPXTdTOV! VOUXPaT`YVK!

RPOU! MPOS! RPYR! ZQ! MNaVOMQOSV! MV! ZQ! XTdTMTUN! MVR! \TSPYS[VR! 8]%$G-+45:& CXAUB#! %ZZVR!

aXPWTVOOVOU!MV! ZQ!XNaYZRTPO!PRbPUT`YV!VOUXV! ZVR!dXPYaVR!MV!RYX]QSVR!bP\TZVR!VU!POU! ZQ!

bjbV!PXTdTOV!`YV!ZVR!]PXSVR!RUNXT`YVR#!%ZZVR!POU!dNONXQZVbVOU!YOV!]QT\ZV!aPXUNV#!

!
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! +H!

!

8T^VNL+&G12_+9O+)OhFih+!'3OSL-+!-+2VUUV!aPbaV!VRU!p!Z@PXTdTOV!MV!ZQ!MT]]NXVOSV!MV!SPOSVOUXQUTPOR!TPOT`YVR!
VO!h�!VU!VO!/Q�!VOUXV! ZV!S_UPaZQRbV!VU! ZV!bTZTVY!V^UNXTVYX#!2VUUV!RNaQXQUTPO!MV!S[QXdV!VU! ZQ!MT]]NXVOSV!MV!
aVXbNQ\TZTUN! MV! ZQ! bVb\XQOV! QY^! TPOR! h�! VU! /Q�! RPOU! ZVR! SQYRVR! bQuVYXVR! MY! aPUVOUTVZ! SQaQSTUT]!
bVb\XQOQTXV!D'ZZYRUXQUTPO!XNQZTRNV!dXtSV!p!&VXWTVX!1VMTSQZ!7XUK!ggg#RVXWTVX#]XE#!"-!2V!UQ\ZVQY!aXNRVOUV!ZVR!
SPOSVOUXQUTPOR! V^UXQSVZZYZQTXVR! VU! TOUXQSVZZYZQTXVR! MVR! aXTOSTaQY^! TPOR! TbaZT`YNR! MQOR! Z@[PbNPRUQRTV!
SVZZYZQTXV!8RM"J-,(&D5%*45%-:&;<<<B#!
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!+9!

N.,0#'*+L)#(,6E,LE(&(E+,G)J$87JE+,

$VR! bVb\XQOVR! aZQRbT`YVR! RPOU! aVXbNQ\ZVR! p! MVR! aVUTUVR! bPZNSYZVR! VU!

TbaVXbNQ\ZVR! p! MVR! TPOR! PXdQOT`YVR! PY! bTONXQY^#! $V! UXQORaPXU! MV! SVR! MVXOTVXR! VRU!

QRRYXN!aQX!MVR!R_RUfbVR!MV!UXQORaPXUR!aXPUNT`YVR!DSQOQY^K!aPbaVRK!VU!aVXbNQRVE#!!

+"!"#:-'/23'%&#0-0#248,>/%&#

)QOR! ZV!SQR!MV!bPZNSYZVR!OPO!S[QXdNVRK! ZQ! ZPT!a[_RT`YV!aXVbTfXV!MNUVXbTOQOU! ZV!

RVOR!MY!UXQORaPXU!VRU!SVZZV!MV! ZQ!aTbbVST`P#!2V!bPYWVbVOU!R@V]]VSUYV!RVZPO! ZV!^NOaTLPZ+

aL+\`P\LPZNOZT`P!MV!SVR!bPZNSYZVR!OVYUXVR!VU!OV!ONSVRRTUV!aQR!M@QaaPXU!NOVXdNUT`YVr!TZ!

R@QdTU! MY! ZNOPSQ`NZ+QOSSTb#! 2VaVOMQOUK! ZVR! SVZZYZVR!aVYWVOU! R@PaaPRVX! p! ZQ!MT]]YRTPO! VO!

SPORPbbQOU!MV!Z@NOVXdTV!D[_MXPZ_RV!MV!Z@7.(Er!TZ!R@QdTU!MY!ZNOPSQ`NZ+O\ZTb#!!

+"+"#?(@@3&(-0#*A(-0&#%.#)-.%0.(%'#.,80&1%17,808(,%#

$V!bPYWVbVOU!MV!UPYU!T`P!p!UXQWVXR!YO!aPXV!PY!YO!SQOQZ!VRU!SPYaZN!QY!^NOaTLPZ+

[RL\ZN`\XTKTUVL!MV!SVU!TPO!z!SVZYTCST!RV!MNaZQSV!RVZPO!RPO!^NOaTLPZ+aL+\`P\LPZNOZT`P!VU!

aV+Q`ZLPZTLR+ZNOPSKLKMNOPOTNLK!!"#!!

$V! aPUVOUTVZ! UXQORbVb\XQOQTXV! VRU! ZQ! XNRYZUQOUV! MV! UXPTR! SPbaPRQOUVRr! ZV!

aPUVOUTVZ!MTaPZQTXVK!ZV!aPUVOUTVZ!MV!RYX]QSV!VU!ZV!aPUVOUTVZ!SQaQSTUT]!Mq!p!ZQ!RNaQXQUTPO!MVR!

S[QXdVR#!$VR!ZTaTMVR!aXNRVOUVOU!YO!bPbVOU!MTaPZQTXV!8D*"-Q%\O%*%-Q10+4&%*&"$@:&;<<^B#!$Q!

RYaVXaPRTUTPO! MVR! ZTaTMVR! QY! OTWVQY! MV! ZQ! bVb\XQOV! RVZPO! YOV! MTXVSUTPO! MPOONV!

QMMTUTPOOV!ZVR!bPbVOUR!MTaPZQTXVR!MV!S[Q`YV!ZTaTMV#!7TORTK!YO!Q`ZLPZTLR+aTQ`ROTNL!dZP\QZ!

VRU!SXNN#!$Q!bVb\XQOV!aZQRbT`YV!Q!dNONXQZVbVOU!MVR!S[QXdVR!ONdQUTWVR!p!RQ!RYX]QSV#!%O!

V]]VUK! "F! p! +Fv! MVR! ZTaTMVR! RPOU! QOTPOT`YVRK! VO! aQXUTSYZTVX! ZVR! dQOdZTPRTMVR! VU! ZVR!

aXPUNTOVR! aVYWVOU! jUXV! S[QXdNR#! 2VR! S[QXdVR! RPOU! aQXUTVZZVbVOU! OVYUXQZTRNVR! aQX! ZVR!

SPOUXVCTPOR!MV!ZQ!a[QRV!Q`YVYRV#!(QX!SPORN`YVOUK!YOV!RNaQXQUTPO!MV!S[QXdVR!VRU!TOMYTUV!

VU! YO!Q`ZLPZTLR+ aL+ SVNbO\L! VRU! SXNN#! %O]TOK! ZQ!bVb\XQOV! aZQRbT`YV! VRU! YOV! \TSPYS[V!

ZTaTMT`YV! TbaVXbNQ\ZV!QY^! TPOR!Dp! Z@V^SVaUTPO!MV!aVUTUR! TPORE#!2VUUV!aXPaXTNUN! ]QTU!MV! ZQ!

bVb\XQOVK!YOV!\OQO\TZ[+ + [RL\ZNTUVL#! 2VUUV! S[QXdV! SQaQSTUTWV!VRU!MYV!VO!bQuPXTUN! p! ZQ!

MT]]NXVOSV! MV! SPOSVOUXQUTPOR! MVR! TPOR! h�! VU! /Q�! MQOR! ZV! bTZTVY! V^UXQSVZZYZQTXV! VU! ZV!

S_UPaZQRbVK!TOMYTUV!aQX!ZQ!/Q�Ih�!7.(QRV!D?TdYXV!'C"FE#!(QX!SPORN`YVOUK!SV!UXQORaPXUVYX!

VRU!p!Z@PXTdTOV!MV!ZQ!]PXbQUTPO!VU!MY!bQTOUTVO!MV!ZQ!aTbb[NLP\L+aL+Q`ZLPZTLR+[RL\ZNTUVL+

ZNOPSKLKMNOPOTNL+!"2K!OPbbN!QYRRT!aPUVOUTVZ! UXQORbVb\XQOQTXV!OQUT]!PY!aPUVOUTVZ!
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MV!XVaPR!MV!ZQ!SVZZYZV#!7TORTK! Z@N`YQUTPO!MV!>PZMbQOC4PMdcTOChQUe!XVZTV! ZQ!MT]]NXVOSV!MV!

aPUVOUTVZ!NZVSUXT`YV!UXQORbVb\XQOQTXV!VU!ZQ!SPOSVOUXQUTPO!MVR!MT]]NXVOUR!TPORr!

!

! 
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Eq.I +1( ) !

!

.0%4&W:&412(*"2*%&'%(&9"_&J"-G"+*(H&C:XUA&4"$@ic\C@)1$\C&>&!:&*%)J/-"*7-%&%2&c%$0+2&>&S:&h12(*"2*%&'%&S"-"'"EH&
;K<<<&4"$@)1$\C@a\C&>&j&k%:&h124%2*-"*+12&%V*%-2%&%2&+12&>&j&k+:&h124%2*-"*+12&+2*%-2%&%2&+12@&

!

2VUUV! N`YQUTPO! aVXbVU! M@QaaXNSTVX! ZQ! SPOUXT\YUTPO! MVR! MT]]NXVOUR! TPOR! QY! aPUVOUTVZ!

NZVSUXT`YV! UXQORbVb\XQOQTXV#! %O! V]]VUK! SV! RPOU! ZVR! SPOSVOUXQUTPOR! MV! Z@TPO! h�! ZV! aZYR!

aVXbNQOU! `YT! MNUVXbTOVOU! ZQ! WQZVYX! MV! ZQ! MT]]NXVOSV! MV! aPUVOUTVZ! NZVSUXT`YV#! 7TORTK! ZV!

aPUVOUTVZ!MV!XVaPR!UVOM!WVXR!ZV!aPUVOUTVZ!MV!/VXORU!MN]TOT!aQX!Z@N`YQUTPO!+!D%`#!'C+Er!

!
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"# $
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Eq. I + 2( )!

!

.0%4&W:&412(*"2*%&'%(&9"_&J"-G"+*(H&C:XUA&4"$@ic\C@)1$\C&>&!:&*%)J/-"*7-%&%2&c%$0+2&>&S:&h12(*"2*%&'%&S"-"'"EH&
;K<<<& 4"$@)1$\C@a\C& >& jclk%:& h124%2*-"*+12& %V*%-2%& %2& +12& J1*"((+7)& >& jclk+:& h124%2*-"*+12& +2*%-2%& %2& +12&
J1*"((+7)@&

!

&T! ZQ! aVXbNQ\TZTUN! QY^! aVUTUVR! bPZNSYZVR! XVaPRV! RYX! ZV! aXTOSTaV! dNONXQZ! MV! ZQ!

MT]]YRTPOK!SVZZV!MVR!bQSXPbPZNSYZVR!]QTU!QaaVZ!p!M@QYUXVR!bNSQOTRbVR#!

P.,0#'*+L)#(,6E+,G'8#)G)J$87JE+,

$VR! SVZZYZVR! RPOU! SQaQ\ZVR! NdQZVbVOU! M@Q\RPX\VX! VU! MV! RNSXNUVX! MVR!

bQSXPbPZNSYZVR! DaXPUNTOVRK! aPZ_RQSS[QXTMVRyE#! 2VXUQTOVR! SVZZYZVR! aVYWVOU! TOdNXVX! MVR!

aQXUTSYZVR!MV!aZYR!dXQOMV!UQTZZV!UVZZVR!`YV!MVR!\QSUNXTVR#!$VR!SVZZYZVR!bVUUVOU!VO!aZQSV!MVR!

bNSQOTRbVR! MV! ]XQOS[TRRVbVOU! MV! ZQ! bVb\XQOV! aZQRbT`YV! `YT! XVaPRVOU! RYX! ZQ!

]PXbQUTPO! MV! WNRTSYZVR#! )VY^! dXQOMR! aXPSVRRYR! RPOU! p! MTRUTOdYVXr! RCLc`\YZ`SL! `YT!

SPOMYTU! p! ZQ! ZT\NXQUTPO! MVR! bQSXPbPZNSYZVR! MQOR! ZV! bTZTVY! V^UXQSVZZYZQTXV! VU!

RCLPa`\YZ`SL! `YT! aVXbVU! Z@TOUVXOQZTRQUTPO! MVR! bQSXPbPZNSYZVR! 8g72'%$G+29%-& %*& "$@:&

;<<KB#!

!
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+

8T^VNL+&G11_+9L+ZNOPSQ`NZ+aL+KO\N`K`R[\VRLS-+!-!$@V^PS_UPRV!8RM"J-,(&h5"J)"2:&;<<;B@&"-!$@VOMPS_UPRV!
8RM"J-,(&T"E1-&"2'&O"9"21:&;<<AB@&
&
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! *"!

5"!"#$A%B-29.-&%#

$@V^PS_UPRV! VRU! YO! aXPSVRRYR! QRRYXQOU! ZV! aQRRQdV! MV! SPbaPRNR! MY! S_UPaZQRbV!

WVXR! ZV! bTZTVY! V^UXQSVZZYZQTXV#! 2V! bNSQOTRbV! aVXbVU! QTORT! ZQ! ZT\NXQUTPO! MV! RY\RUQOSVR!

D[PXbPOVRK!VOe_bVRK!OVYXPUXQORbVUUVYXRyE!QaXfR!]YRTPO!MV!ZQ!bVb\XQOV!MVR!WNRTSYZVR!

M@V^PS_UPRV! QWVS! ZQ! bVb\XQOV! aZQRbT`YV! D?TdYXV! 'C""QE#! 'Z! V^TRUV! MVY^! U_aVR!

M@V^PS_UPRVr! ZQ+]`TL+aL+S[\N[ZT`P+\`PSZTZVZT]L!VU! ZQ!]`TL+aL+S[\N[ZT`P+QN`]`UV[L#!$Q!

aXVbTfXV! WPTV! QS[VbTOV! SPOUTOYVZZVbVOU! SVXUQTOVR! aXPUNTOVR! RNSXNUNVR! PY!

bVb\XQOQTXVR!VU!MVR!a[PRa[PZTaTMVR!p!ZQ!bVb\XQOV!aZQRbT`YV#!)QOR!ZQ!MVY^TfbV!WPTVK!

ZQ! ]YRTPO! QWVS! ZQ!bVb\XQOV! aZQRbT`YV! O@VRU! V]]VSUTWV! `YV! ZPXR`YV! ZQ! SVZZYZV! Q! XV}Y! YO!

RTdOQZ! V^UXQSVZZYZQTXV#! $VR!bNSQOTRbVR! XNdTRRQOU! ZV! aXPSVRRYR! M@V^PS_UPRV! ]POU! QaaVZ! p!

OPb\XVY^!aQXUVOQTXVR!aXPUNT`YVR! D>.(QRVK!>)'K!WC&/7,%!VU! UC&/7,%yE!VU! XVRUVOU!bQZ!

SPOOYR!8g72'%$G+29%-&%*&"$@:&;<<KB#!

5"+"#$A%0*-29.-&%#

$@VOMPS_UPRV! VRU! YO! aXPSVRRYR! `YT! aVXbVU! Z@TOUVXOQZTRQUTPO! MV! RY\RUQOSVR! MY!

bTZTVY! V^UXQSVZZYZQTXV! WVXR! ZV! S_UPaZQRbVr! ZQ! bVb\XQOV! aZQRbT`YV! R@TOWQdTOV!

aXPdXVRRTWVbVOU! QY! RTUV! M@Q\RPXaUTPO! MVR! SPbaPRNR! V^UXQSVZZYZQTXVR! aYTR! YOV! WNRTSYZV!

SZPRV! RV! ]PXbV! VU! RV! MNUQS[V! MV! ZQ! bVb\XQOV#! 'Z! V^TRUV! UXPTR! ]PXbVR! M@VOMPS_UPRVr! ZQ!

aTOPS_UPRVK!ZQ!a[QdPS_UPRVK!Z@VOMPS_UPRV!D?TdYXV!'C""\E#!

$Q!QTP`\YZ`SL!VRU!YO!a[NOPbfOV!SPORUTUYUT]!`YT!Q! ZTVY!VO!Z@Q\RVOSV!MV!ZTdQOM!VU!

`YT! VRU! P\RVXWN! dNONXQZVbVOU! MQOR! UPYUVR! ZVR! SVZZYZVR! QOTbQZVR! 8c+-Q5")& "2'& O"-*12:&

;<<=B#!%ZZV!VRU!MTWTRNV!VO!MVY^!SQUNdPXTVRr!$Q!KT\N`QTP`\YZ`SL!DWNRTSYZVR!MV!FK+CFK<!�b!

MV! MTQbfUXVE! VU! ZQ!KO\N`QTP`\YZ`SL! DWNRTSYZVR! MV! "C+! �b! MV! MTQbfUXVE! aVXbVUUVOU!

Z@VOUXNV! MV! RY\RUQOSVR! MV! UQTZZVR! WQXTQ\ZVR! MY!bTZTVY! V^UXQSVZZYZQTXV#! 2V! a[NOPbfOV! RV!

UXQMYTU!aQX!ZQ!aXPuVSUTPO!MV!ZQbVZZTaPMVR!WVXR!ZV!bTZTVY!V^UNXTVYX!aYTR!aQX!ZQ!]YRTPO!MV!SVR!

ZQbVZZTaPMVR!aPYX!]PXbVX!MVR!WNRTSYZVR!MV!aTOPS_UPRV!D?TdYXV!'C""\E#!$Q!aTOPS_UPRV!aVYU!

jUXV!TOMYTUV!aQX!ZQ!RUTbYZQUTPO!MV!]QSUVYXR!MV!SXPTRRQOSV#!!

$Q! QXO^`\YZ`SL! VRU! aXPSVRRYR! aQX! ZV`YVZ! MVR! aQXUTSYZVR! MV! dXQOMV! PY! UXfR!

dXQOMVR!UQTZZVR!D\QSUNXTVRK!WTXYRK!SPXaR!QaPaUPUT`YVRyE!RPOU!Q\RPX\NVR!aQX!MVR!SVZZYZVR!z!

ZVR!WNRTSYZVR!QTORT!]PXbNVR!RPOU!QaaVZNVR!QXO^`S`KLS+D"C+!�b+MV!MTQbfUXVE!D?TdYXV!'C

""\E#!2V!aXPSVRRYR!VRU!TOMYTU!aQX!YOV!TOUVXQSUTPO!RaNST]T`YV!VOUXV!ZQ!aQXUTSYZV!p!TOdNXVX!

VU!ZQ!bVb\XQOV!aZQRbT`YV!8]""(:&;<<AB#!2VXUQTOR!U_aVR!SVZZYZQTXVRK!UVZR!`YV!ZVR!QbT\VR!VU!

ZVR!bQSXPa[QdVR!RPOU!RaNSTQZTRNR!MQOR!SV!bPMV!M@TOUVXOQZTRQUTPO#!
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$@VOMPS_UPRV! RV! MNSPbaPRV! VO! MVY^! WPTVR! r! Z@LPa`\YZ`SL+ K[aT[L+ QON+ RLS+

N[\LQZLVNS!`YT!VRU!YO!aXPSVRRYR!M@TOUVXOQZTRQUTPO!UXfR!RNZVSUT]K!V]]TSQSV!VU!RQUYXQ\ZV!QZPXR!

`YV! Z@LPa`\YZ`SL+ LP+ QXOSL+ bRVTaL! VRU! aVY! RNZVSUT]K! aVY! V]]TSQSV! VU! aVY! RQUYXQ\ZV#! $Q!

SPb\TOQTRPO!MVR!MVY^!bNSQOTRbVR!XVaXNRVOUV! RCLPa`\YZ`SL+Z`ZORL#!$@VOMPS_UPRV!aVYU!

QWPTX!ZTVY!QY!OTWVQY!MV!bTSXPMPbQTOVR!RaNST]T`YVRr!ZVR!aYTUR!XVSPYWVXUR!MV!\ROZXNTPL!VU!

ZVR!\O][`RLS+D?TdYXV!'C""\E!8O%Q)"2(&"2'&]%$%2+7(:&;<<;&>&O"-*12&"2'&W+45"-'(:&;<<KB#!!

/NQObPTORK! `YVZZV! `YV! RPTU! ZQ! WPTV! M@TOUVXOQZTRQUTPO! VbaXYOUNVK! ZVR! SPbaPRNR!

V^UXQSVZZYZQTXVR! RPOU! aTNdNR! MQOR! Z@VOMPRPbV! VU! RPOU! RPTU! NL\Y\R[S! p! ZQ! bVb\XQOV!

aZQRbT`YVK!RPTU!aT^[N[S!MQOR!Z@VOMPZ_RPRPbV!QaXfR!]YRTPO!MV!Z@VOMPRPbV!UQXMT]!QWVS!ZVR!

Z_RPRPbVR!8I7_+1&%*&"$@:&;<<AB#!

!

()# *+*,-).+# /0)1*234+# +15# 4.# )11+*,0)6+# *4052*708940)2-+:# 15-4954-8:#

;<.)*234+# +5# =7.9527..+0># ?7.# -@0+# ;+# ,)--2A-+# /B<1234+# +5# 180+952C+# +*/D9B+# 0)#

;802C-).9+#;+#/+525+1#*708940+1# E+>6># 921/0)52.+:# ,087*<92.+F# +5# ;+#*)9-7*708940+1#

E+>6># /-7582.+:# /0)1*2;+F# B<;-7/B20+1# +5G74# 9B)-68+1# )4# 1+2.# ;+1# 9+0040+1# 7H# 1+#

1254+.5# 0+4-1# 92,0+1# 2.5-)9+0040)2-+1># I)-# 97.1834+.5:# 4.+# ;815),2021)527.# ;+# 0)#

*+*,-).+# /0)1*234+# +15# .89+11)2-+# )=2.# ;J)46*+.5+-# 0)# /+-*8),20258#

*+*,-).)2-+#K#9+1#;2C+-1#97*/7181>#
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!*<!

&

!

8T^VNL+ &G1=_!1QZQMTVR! UXQTUNVR!MQOR! ZVR!aXPUPSPZVR!MV! U[NXQaTV!dNOT`YV!MQOR! ZV!bPOMV!VO!+FF;!8D17-4%H&
PPP@P+$%E@41@7Qm9%2%*5%-"JEB@&

!

!

!

8T^VNL+ &G1;_! 1NU[PMVR! MV! UXQOR]VXU! MV! dfOVR! YUTZTRNVR! MQOR! ZVR! aXPUPSPZVR! MV! U[NXQaTV! dNOT`YV! MQOR! ZV!
bPOMV!VO!+FF;!8D17-4%H&PPP@P+$%E@41@7Qm9%2%*5%-"JEB#!

!
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! *0!

9'#(&E,P.,SE8()#&+'(&)*,6E,KO*E+,(0#;(.,-,E(,(0#;(;-,

$Q! ]L\Z`NTSOZT`P! MV! bPZNSYZVR! V^PdfOVRK! SPbbV! MVR! aXPUNTOVR! DQOUTSPXaRK!

aVaUTMVR! QOUTdNOT`YVREK! MVR! MXPdYVR! D\ZNPb_STOVK! STRaZQUTOVE! VU! MVR! QSTMVR! OYSZNT`YVR!

DdfOVK!RT,/7K!PZTdPOYSZNPUTMVR!QOUTCRVORE! +2&0+*-1!VU! +2&0+01!XVaXNRVOUV!YO!VOuVY!bQuVYX!

MQOR!ZVR!XVS[VXS[VR!]POMQbVOUQZV!VU!QaaZT`YNV#!%O!V]]VUK!RYX!ZV!aZQO!SPdOTUT]K!ZV!UXQOR]VXU!

MV! SVR! bPZNSYZVR! VRU! ONSVRRQTXV! p! ZQ! SPbaXN[VORTPO! MVR! bNSQOTRbVR! bPZNSYZQTXV! VU!

SVZZYZQTXV! M@YO! SPOUV^UV! a[_RTPZPdT`YV! VUIPY! aQU[PZPdT`YV#! $VR! QaaZTSQUTPOR!

\TPbNMTSQZVR! MV! ZQ! WVSUPXTRQUTPO! RYRSTUVOU! YO! dXQOM! TOUNXjU! MQOR! ZV! MNWVZPaaVbVOU! MV!

aXPUPSPZVR!MV!ZX[NOQTL+^[PTUVL#!$Q!U[NXQaTV!dNOT`YV!RV!MN]TOTU!SPbbV!Z@QaaPXU!VO!*-"2(!

M@YO! ^WPL+ ZX[NOQLVZTUVL! aQX! YO! ]L\ZLVN! QY! RVTO! MV! \LRRVRLS+ \TMRLS! M@YO! PXdQOTRbV!

VOUTVX!DU[NXQaTV!dNOT`YV!+2&0+01E!PY!MV!SVZZYZVR!ST\ZVR!QWQOU!dXV]]V!MV!SVR!MVXOTfXVR!MQOR!

SVU! PXdQOTRbV! DU[NXQaTV! dNOT`YV! %V& 0+01E#! $Q! U[NXQaTV! dNOT`YV! ZQTRRV! OQsUXV! YOV! ZYVYX!

M@VRaPTX! MQOR! ZQ! aXNWVOUTPO! PY! ZV! UXQTUVbVOU! MV! aQU[PZPdTVR! P�! ZVR! U[NXQaTVR! QSUYVZZVR!

RPOU! RPTU! TOV^TRUQOUVR! RPTU! TOV]]TSQSVRK! SPbbV! ZV! SQOSVXK! ZVR! bQZQMTVR! dNONUT`YVRK! ZVR!

bQZQMTVR!XQXVR!VU!PXa[VZTOVR!D?TdYXV!'C"+E#!!

&T! aZYR!MV!"!0FF! VRRQTR! SZTOT`YVR!MV! U[NXQaTVR! dNOT`YVR! POU! MNup! NUN! XNQZTRNRK! ZQ!

dXQOMV!bQuPXTUN!MV!SVR!VRRQTR!RPOU!QY!RUQMV!aXNZTbTOQTXV!VU!POU!aPYX!P\uVSUT]!MV!WNXT]TVX!

ZQ!]QTRQ\TZTUN!VU!ZLTOOPSYTUN!MV!ZQ!UVS[OT`YV!MV!UXQOR]VXU!aZYU{U!`Y@YO!\NON]TSV!MTXVSU!aPYX!

ZVR! aQUTVOUR! 83'%$(*%+2& %*& "$@:& ;<<AB#! $V! RYSSfR! M@YOV! U[NXQaTV! dNOT`YV! XNRTMV! MQOR! ZQ!

SPb\TOQTRPO! O^LPZ+ ZX[NOQLVZTUVLF]L\ZLVNF\LRRVRL+ \TMRLK! QaaXPaXTNV! p! YO! SPOUV^UV!

aQU[PZPdT`YV! MPOON#! $VR! RTUYQUTPOR! NUQOU! V^UXjbVbVOU! WQXTQ\ZVRK! S[Q`YV! UVOUQUTWV! MV!

U[NXQaTV! dNOT`YV! VRU! YOT`YV#! %ZZV! VRU! XNYRRTV! MfR! ZPXR! `YV! ZV! bNMTSQbVOU! QbfOV! YO!

\NON]TSV!U[NXQaVYUT`YV!QY!aQUTVOU#!7SUYVZZVbVOU!aZYRTVYXR!U_aVR!MV!WVSUVYXR!RPOU!YUTZTRNR!

D?TdYXVR!'C"*E@&/NQObPTORK!ZVR!S[VXS[VYXR!RPOU!SPO]XPOUNR!p!MVR!aXP\ZfbVR!M@V]]TSQSTUN!VU!

MV! RNSYXTUN! MVR! WVSUVYXR#! $V! aXVbTVX! NWfOVbVOU! TOMNRTXQ\ZV! ]qU! ZV! MNSfR! MV! GVRRV!

>VZRTOdVX!QUUVTOU!M@YOV!MN]TSTVOSV!SPOdNOTUQZV!MY!bNUQ\PZTRbV!`YT!Q!VY!ZTVY!VO!";;;!QY^!

%UQURC3OTR!8I%5-)"2:&CXXXB#!2V!MNSfR!VRU!QUUXT\YN!p!YOV!XNQSUTPO!TO]ZQbbQUPTXV! TOMYTUV!

aQX! Z@QMNOPWTXYRK!WVSUVYX!MY!dfOV!bNMTSQbVOU!8W"J%-&%*&"$@:&;<<KB#!%O! uQOWTVX!+FFFK! ZQ!

?)7!3&7!PXMPOOV!Z@QXXjU!MV!aZYRTVYXR!VRRQTR!SZTOT`YVR#!%O!]NWXTVX!+FF0K!ZV!MNaQXUVbVOU!

MV! ZQ! uYRUTSV! QbNXTSQTOV! SPORTMfXV! SPbbV! XVRaPORQ\ZV! Z@YOTWVXRTUN! MV!(VOOR_ZWQOTV! VU!

PXMPOOV! ZV!aQTVbVOU!M@YOV!QbVOMV!0HF!FFF!MPZZQXR! QTORT!`YV!MVR! XVRUXTSUTPOR!MQOR! ZQ!

XVS[VXS[V! bVONV! aQX! ZVR! bNMVSTORK! XVRaPORQ\ZV! MV! SVU! VRRQT! SZTOT`YV! 8h17_+2& %*& "$@:&
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!*5!

;<<=B#! 2VUUV! UXQdNMTV! VRU! YOV! WNXTUQ\ZV! POMV! MV! S[PS! `YT! ]XQaaV! ZQ! SPbbYOQYUN!

RSTVOUT]T`YV!QbNXTSQTOV#!$VR!VRaPTXR! ]POMNR!RYX! ZQ! U[NXQaTV!dNOT`YV!R@QbVOYTRVOU!VU!YO!

bPXQUPTXV!RYX!Z@VORVb\ZV!MVR!VRRQTR!SZTOT`YVR!VRU!TORUQYXN!8Y"$$%2:&;<<<B#!!

%O!?XQOSVK!ZV!aXP]VRRVYX!7ZQTO!?TRS[VX!bVU!VO!aZQSV!QWVS!RYSSfR!YO!VRRQT!SZTOT`YV!

MV! U[NXQaTV! dNOT`YV! aPYX! UXQTUVX! ZV! R_OMXPbV! M@TbbYOPMN]TSTVOSV! RNWfXV! ZTN! QY!

S[XPbPRPbV!A!8h"0"__"2"\h"$01&%*&"$@:&;<<<&>&S+(45%-&%*&"$@:&;<<<B#!2VaVOMQOUK!UXPTR!QOR!

QaXfR! ZV! UXQTUVbVOU! aQX! U[NXQaTV! dNOT`YVK! MVY^! uVYOVR! aQUTVOUR! POU! MNWVZPaaN! YOV!

aXPZT]NXQUTPO! TOSPOUX{ZNV! MVR! Z_ba[PS_UVR! .! bQUYXVR#! 2VUUV! QOPbQZTV! VRU! TOMYTUV! aQX!

Z@TORVXUTPO!bYUQUTPOOVZZV!MY!XNUXPWTXYR!aXPS[V!MY!aXPbPUVYX!MY!aXPUPCPOSPdfOV!$1-+!

SPOMYTRQOU! QTORT! p! YOV! V^aXVRRTPO! Q\VXXQOUV! MV! SV! dfOV! 8]"4%+2\`%E\.#+2"& %*& "$@:&

;<<K":#B#! $V! dPYWVXOVbVOU! ]XQO}QTR! VU! ZQ! ?)7! 3&7! RUPaaVOU! ZVR! VRRQTR! SZTOT`YVR!

RTbTZQTXVR! VU! ZVR! aQUTVOUR! RPOU! UXQTUNR! aQX! S[TbTPU[NXQaTV#! 7aXfR! XNWTRTPO! MY! aXPUPSPZV!

SZTOT`YVK!Z@VRRQT!SZTOT`YV!MY!aXP]VRRVYX!?TRS[VX!VRU!XVaXTR!VO!YUTZTRQOU!MV!]QT\ZVR!MPRVR!MV!

SVZZYZVR! bPMT]TNVR#! 2VaVOMQOU! VO! uQOWTVX! +FF0K! YO! UXPTRTfbV! VO]QOU! Q! MNWVZPaaN! YOV!

ZVYSNbTV!TbaZT`YQOU!YO!QYUXV!POSPdfOV#!3OV!XNbTRRTPO!MV!ZQ!ZVYSNbTV!VRU!P\RVXWNV!S[Ve!

MVY^! VO]QOUR! bQTR! ZV! UXPTRTfbV! MNSfMV! VO! PSUP\XV! +FF<#! /NQObPTORK! MVaYTR! RT^! QORK!

M@QYUXVR! VO]QOUR! POU! \NON]TSTN! MV! SVUUV! U[NXQaTV! VU! YOV! SPXXVSUTPO! MV! ZVYX!

TbbYOPMN]TSTVOSV!Q!NUN!P\RVXWNV!S[Ve!Z@VORVb\ZV!MV!SVR!aQUTVOUR#!&YTUV!p!SVR!MVY^!V]]VUR!

TOMNRTXQ\ZVRK! ZVR! RPSTNUNR!QbNXTSQTOVR!VU! VYXPaNVOOVR!MV! U[NXQaTV!dNOT`YV!aXNSPOTRVOU!

Z@YUTZTRQUTPO!MV!WVSUVYXR! XNUXPWTXQY^!&'/! DRVZ]CTOQSUTWQUTOdE! Q]TO!M@QYdbVOUVX! ZV! XQaaPXU!

\NON]TSVIXTR`YV#!

!

L+1# /-+*2+-1# +11)21# 902.234+1# .741# *7.5-+.5# 0)# .89+11258# ;M)002+-# +==29)9258#

)C+9# 1894-258># (M)11792)527.# +==29)9258G1894-258# .89+1125+# 0)# 97..)211).9+# +5# 0)#

*)N5-21+# ;+1# *89).21*+1# ,27076234+1# *21# +.# O+4# 07-1# ;+# 0)# C+957-21)527.# +5# 0+4-1#

97.1834+.9+1#/B<127076234+1#)4#974-1#;4#5+*/1>#

#

/PYR! aXNRVOUPOR! STCMVRRPYR! ZVR! MT]]NXVOUR! WVSUVYXR! YUTZTRNR! MQOR! ZVR! VRRQTR!

SZTOT`YVR! MV! U[NXQaTV! dNOT`YV#! ?QSV! p! Z@Q\RVOSV! PY! QY! ]QT\ZV! OPb\XV! M@NUYMVR!

SPbaQXQUTWVR! MVR! bNU[PMVR! VOUXV! VZZVR! VO! UVXbV! M@V]]TSQSTUN! VU! M@TOOPSYTUNK! TZ! R@QWfXV!

MT]]TSTZV!MV!ZVR!SPbaQXVX#!
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! *H!

!

8T^VNL+ &G1@_+ %L\Z`NTSOZT`P+ ]TNORL-! (XTOSTaQY^! WVSUVYXR! WTXQY^! YUTZTRNR! MQOR! ZVR! aXPUPSPZVR! MV! U[NXQaTV!
dNOT`YV! MQOR! ZV! bPOMV! VO! +FF;! D7E! VU! ZVYXR! aXTOSTaQZVR! SQXQSUNXTRUT`YVR! D6E! 8D17-4%H&
PPP@P+$%E@41@7Qm9%2%*5%-"JEB@&
&
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!*9!

;.,SE8()#&+'(&)*,%&#'JE,

$VR! WTXYR! TOUXPMYTRVOU! ZVYX! 7)/! MQOR! ZVR! SVZZYZVR! TO]VSUNVR! QWVS! YOV! dXQOMV!

V]]TSQSTUN#! 2POUXQTXVbVOU! QY^! WTXYRK! ZVR! WVSUVYXR! WTXQY^! RPOU! YUTZTRNR! aPYX! UXQOR]NXVX!

V]]TSQSVbVOU! MVR! dfOVR! U[NXQaVYUT`YVR! QY! RVTO! MVR! SVZZYZVR! ST\ZVR! VU! RPOU! MNZNUNR! MVR!

dfOVR! WTXQY^! TbaZT`YNR! MQOR! ZQ! XNaZTSQUTPO! MY! dNOPbVK! ZQ! WTXYZVOSV! VU! Z@TO]VSUTPO#! 2VR!

MNZNUTPOR! XVOMVOU! ZVR! WVSUVYXR! WTXQY^! aZYR! RqXR! bQTR! ZVYX! aXPMYSUTPO! ONSVRRTUV!

Z@YUTZTRQUTPO!MV!ZTdONVR!SVZZYZQTXVR!M@VbaQ`YVUQdV!DB(QScQdTOd!2VZZ!$TOVRBK!(2$E!`YT!RPOU!

bPMT]TNVR!aPYX!XVbaZQSVX!ZVR!]POSUTPOR!MVR!dfOVR!WTXQY^!MNZNUNR#!7SUYVZZVbVOUK!aZYRTVYXR!

U_aVR!MV!WVSUVYXR!WTXQY^!RPOU!YUTZTRNR!D?TdYXV!'C"<E!8g"-'$+Q&%*&"$@:&;<<=B#!!

!"!"#$%&#8*/0-;(,3&#

$VR!QMNOPWTXYR!RPOU!MVR!WTXYR!OPO!VOWVZPaaNR!MV!HF!Ob!MV!MTQbfUXV!VU!MPOU!ZVYX!

dNOPbV!VRU! SPORUTUYN!M@YO!7)/!MPY\ZV!\XTO#!3OV! STO`YQOUQTOV!MV! RNXPU_aVR!MT]]NXVOUR!

RPOU!SPOOYR!bQTR!ZVR!RNXPU_aVR!+!VU!0!RPOU!ZVR!aZYR!]XN`YVbbVOU!YUTZTRNR!8g"-'$+Q&%*&"$@:&

;<<=B#! $VR! ]L\ZLVNS+ Oa[P`]TNOVc! RPOU! aXPMYTUR! +2& 0+*-1! p! UXfR! [QYUVR! SPOSVOUXQUTPOR!

D"F"FC"F""!aQXUTSYZVR!WTXQZVRI!b$E!VU!RPOU!]QSTZVbVOU!YUTZTRQ\ZVR#!$Q!SQaQSTUN!M@TORVXUTPO!

aPYX! YO! dfOV! U[NXQaVYUT`YV! VRU! MV!12+ jM+ f+ ;2+ jM! aPYX! ZVR! WVSUVYXR! QMNOPWTXQY^! MV!

MVXOTfXV!dNONXQUTPO!DBdYUZVRR!WVSUPXRBE!8f"%5$%-&%*&"$@:&;<<AB#!$VR!WVSUVYXR!QMNOPWTXQY^!

aPRRfMVOU! ZQ! SQaQSTUN! MV! UXQORMYTXV! V]]TSQSVbVOU! ZVR! \LRRVRLS+ UVTLS\LPZLS+ LZ+ LP+

aT]TST`P#! 'ZR!aXNRVOUVOU!NdQZVbVOU!YO! ZQXdV!UXPaTRbV!SVZZYZQTXV!VU!O@POU!aQR! ZQ!SQaQSTUN!

MV! R@TOUNdXVX! MQOR! ZV! dNOPbV! MV! ZQ! SVZZYZV! ST\ZV#! 2V! MVXOTVX! QWQOUQdV! VRU! QYRRT! YOV!

ZTbTUQUTPO! SQX! TZR! OV! aVXbVUUVOU! `Y@YOV! V^aXVRRTPO! UXQORTUPTXV! MY! dfOV! U[NXQaVYUT`YV#!

3OV!MVR! ZTbTUQUTPOR!MV!SVR!WVSUVYXR!QMNOPWTXQY^!VRU! ZVYX! TKKVP`^[P[T\TZ[!8I%5-)"2:&

CXXXB#! 7]TO! MV! ZTbTUVX! Z@TbbYOPdNONTSTUN! MVR! aXPUNTOVR! MV! ZQ! SQaRTMVK! SVR! MVXOTfXVR!

aVYWVOU!jUXV!bPMT]TNVR!p!aQXUTX!MV!MT]]NXVOUR!RNXPU_aVR!M@QMNOPWTXYR#!/NQObPTORK!SVUUV!

TbbYOPdNONTSTUN! aVYU! jUXV! YUTZTRNV! MQOR! ZV! SQMXV! M@YOV! U[NXQaTV! QOUTCSQOSNXVYRV! aPYX!

RUTbYZVX!ZQ!XNaPORV!TbbYOTUQTXV!SPOUXV!ZVR!SVZZYZVR!SQOSNXVYRVR!S[Ve!ZV!aQUTVOU!8`%-2*&%*&

"$@:&;<<=B#!

!"+"#$%&#,/.,-;(,3&#%.#'%&#'%0.(;(,3&#

$VR!XNUXPWTXYR!RPOU!MVR!WTXYR!p!7,/!MPOU! ZVR!aQXUTSYZVR!WTXQZVR!POU!YOV! UQTZZV!MV!

"FF! Ob! MV! MTQbfUXV#! (PYX! ZQ! SPORUXYSUTPO! MV! ]L\ZLVNS+ N[ZN`]TNOVcK! ZVR! dfOVR! 9"9!

DSQaRTMVEK!J1$!DXVWVXRV!UXQORSXTaUQRVE!PY!%20!DdZ_SPaXPUNTOV!MV!Z@VOWVZPaaVE!RPOU!MNZNUNR!
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! *;!

VU!XVbaZQSNR!aQX!ZV!dfOV!U[NXQaVYUT`YV!DSQaQSTUN!M@TORVXUTPOK!12+jME#!$V!UXQOR]VXU!ST\ZN!

MV!dfOV!aVYU! jUXV!P\UVOY!aQX! ]YRTPO!MY!dfOV!%20! QWVS!YOV! RN`YVOSV! SPMQOU!YO! ZTdQOM!

XVSPOOY!aQX!YO!XNSVaUVYX!aPXUN!aQX! ZVR!SVZZYZVR!ST\ZVR!8g"-'$+Q&%*&"$@:&;<<=& >&f"%5$%-&%*&

"$@:&;<<AB#!$Q!bQuPXTUN!MV!WVSUVYXR!XNUXPWTXQY^!VRU!\QRNV!RYX!ZV!1P1$:!D1PZPOV_!bYXTOV!

ZVYcVbTQ!WTXYRE#!2V!WTXYR!aPRRfMV!ZQ!SQaQSTUN!OQUYXVZZV!MV!R@TOUNdXVX!MQOR!ZV!dNOPbV!MV!

Z@[{UV#!2VUUV!aXPaXTNUN!VRU!YO!QWQOUQdV!MQOR!ZV!UXQTUVbVOU!MVR!aQU[PZPdTVR![NXNMTUQTXVR!VU!

S[XPOT`YVR#!1QTR! SVUUV!aXPaXTNUN!SPORUTUYV!YO!XTR`YV!MV!KVZOZT`PS+ TPSLNZT`PPLRRLS! VU!
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(VaUTMVRB! D2((RE#! 'ZR! POU! SPbbV! aXPaXTNUNR! SPbbYOVR! M@jUXV! MV! SPYXUR! aVaUTMVR! D*F!
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WVSUVYXR!QWVS!ZVR!NX_U[XPS_UVR!VU!ZVR!SPbaPRQOUR!MY!RQOd!S[QXdNR!ONdQUTWVbVOUK!UVZR!`YV!
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\=2.# ;M2.5-7;42-+# 0+# 6A.+# 5B8-)/+45234+# ;).1# 0)# 9+0040+# 92,0+:# 0+1# /-79+1141#

;M+.;79<571+# 17.5# +P/072581# /)-# 0+1# C+95+4-1# 9B2*234+1>#X)06-8# 0+4-# 2..794258:# 9+1#

*85B7;+1#*72.1#+==29)9+1#34+# 0+1#*85B7;+1#C2-)0+1#.+#-+/-81+.5+.5#1+40+*+.5#34+#

TS#;+1#/-757970+1#)457-2181#+.#+11)21#902.234+1#+.#]RRY#EU264-+#!VQWF>##

V.,SE8()#&+'(&)*,LMF+&H7E,

$VR! bNU[PMVR! a[_RT`YVR! RPOU! \QRNVR! RYX! YOV! aVXUYX\QUTPO! bNSQOT`YV! PY!

a[_RT`YV! `YT! TOMYTU! YOV! MNRUQ\TZTRQUTPO! MV! ZQ! bVb\XQOV! aZQRbT`YV! aPYX! aVXbVUUXV!

Z@QSSVRRT\TZTUN!MVR!aZQRbTMVR!MQOR!ZV!S_UPaZQRbV!PY!ZV!OP_QY!D?TdYXV!'C"HE#!!

O"!"#$8#1(2,-J(0R%2.(-0#

$Q!bTSXPCTOuVSUTPO!MTXVSUV!MV!aZQRbTMVR!SPORTRUV!p!TOuVSUVX!MVR!aZQRbTMVR!MQOR!ZV!

OP_QY! M@YOV! SVZZYZV! p! Z@QTMV! M@YOV! bTSXPaTaVUUV#! 2VUUV! bNU[PMV! ONSVRRTUV! YOV! dXQOMV!

QMXVRRV! VU! YO! MTRaPRTUT]! SPqUVY^#! &T! ZVR! UQY^! MV! UXQOR]VSUTPO! RPOU! aXPS[VR! MV! "FFvK! ZV!

OPb\XV! MV! SVZZYZVR! UXQTUNVR! XVRUV! ONQObPTOR! UXfR! ]QT\ZV! 8h5%)%*& %*& "$@:& ;<<XB#! 2VUUV!

UVS[OT`YV! VRU! aXTOSTaQZVbVOU! YUTZTRNV! aPYX! Z@P\UVOUTPO! M@OPTKOVc+ ZNOPS^[PTUVLS!

8T7-J5E:&;<<UB@&

#
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!

8T^VNL+&G1,_+%L\Z`NTSOZT`P+QXYSTUVL-!(XTOSTaQY^!WVSUVYXR!a[_RT`YVR!YUTZTRNR!MQOR!ZV!UXQOR]VXU!MV!dfOVR!VU!
ZVYXR!aXTOSTaQZVR!SQXQSUNXTRUT`YVR#!
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! 0"!

O"+"#$A(0R%2.(-0#*(,%2.%#

$@YOV! MVR! aZYR! RTbaZVR! bNU[PMVR! MV! WVSUPXTRQUTPO! MY! aZQRbTMV! VRU! Z@TOuVSUTPO!

MTXVSUV!MV!SV!MVXOTVX!MQOR!ZV!UTRRY!ST\ZV!PY!aQX!WPTV!R_RUNbT`YV#!)V!OPb\XVY^!UTRRYR!POU!

NUN!QTORT!UXQOR]VSUNR!aQX!SVUUV!bNU[PMV!UVZR!`YV!ZV!bYRSZV!R`YVZVUUT`YVK! ZV! ]PTVK! ZQ!aVQYK!

ZVR! UYbVYXRy! $@TOuVSUTPO! aQX! WPTV! R_RUNbT`YV! VRU! YOV! QMbTOTRUXQUTPO! SPOWVOUTPOOVZZV!

aPYX! Z@TOuVSUTPO! MV! aZQRbTMVR#! 2VaVOMQOUK! ZQ! XQaTMV! MNdXQMQUTPO! MY! aZQRbTMV! aQX! ZVR!

OYSZNQRVR! MY! RNXYb! VU! RQ! SZVQXQOSV! aQX! ZVR! a[QdPS_UVR!bPOPOYSZNQTXVR! TOMYTRVOU! YOV!

bOTMRL+LbbT\O\TZ[+aL+ZNOPSbL\ZT`P#!2VUUV!V]]TSQSTUN!MV!UXQOR]VSUTPO!aVYU!jUXV!QbNZTPXNV!VO!

QRRPSTQOU!SVUUV!bNU[PMV!QWVS!M@QYUXVR!bNU[PMVR!a[_RT`YVR!8b5$G%(*&%*&"$@:&;<<=B#!

O"5"#$A(0R%2.(-0#49*,-*9081(=3%#

$@TOuVSUTPO![_MXPM_OQbT`YV!VRU!YOV!bNU[PMV!STKQRL!VU!LbbT\O\L!MV!WVSUPXTRQUTPO!

MV!aZQRbTMV!OY!MQOR!ZV!]PTV!VU!ZV!bYRSZV!R`YVZVUUT`YV!MV!aVUTUR!XPOdVYXR!8D7'"&"2'&I+7:&

;<<AB#!$V!UXQOR]VXU!MV!aZQRbTMV!OY!MQOR!ZV!]PTV!M@YOV!RPYXTR!MV!+F!d!VRU!XNQZTRN!aQX!YOV!

TOuVSUTPO! XQaTMV! MQOR! ZQ! WVTOV! SQYMQZV! D4.:K! 4_MXPM_OQbTS! .QTZ! :VTOE! MV! 0! �d! MV!

aZQRbTMV!VO!0!PY!9!R!MQOR!+!b$!MV!RPZYUTPO!RQZTOV!8]%-P%+[%-&%*&f1$GG:&;<<AB#!)QOR!SVR!

SPOMTUTPOR!MV!WVSUPXTRQUTPOK! Z@V^aXVRRTPO!MY! UXQORdfOV!VRU!MNUVSUNV!p!;Fv!MQOR! ZV! ]PTV#!

(PYX! SPbaXVOMXV! Z@TOUVXOQZTRQUTPO! MV! aZQRbTMV! OY! MQOR! ZV! ]PTVK! TZ! ]QYU! RQWPTX! `YV! SVU!

PXdQOV! VRU! XTS[VbVOU! WQRSYZQXTRN! VU! `YV! RVR! WQTRRVQY^! SPOUTVOOVOU! MV! OPb\XVY^! VU!

ZQXdVR!Q`NLS!DPY!]VOVRUXQVE#!$@TOuVSUTPO![_MXPM_OQbT`YV!TOMYTU!YOV!QYdbVOUQUTPO!MV!ZQ!

aXVRRTPO! TOUXQWQRSYZQTXV! SPOMYTRQOU! QTORT! p! Z@PYWVXUYXV! MVR! aPXVR! [NaQUT`YVR! VU! QY!

S[QXdVbVOU!MY!aZQRbTMV!OY!aQX! ZVR![NaQUPS_UVR!D<YaN`Q`NOZT`PE!8Y5"29&%*&"$@:&;<<LB#!

2VUUV! bNU[PMV! a[_RT`YV! VRU! VOWTRQdNV! MQOR! ZV! UXQTUVbVOU! MV! aQU[PZPdTVR! [NaQUT`YVR!

8!"Q%5"-"& %*& "$@:& ;<<AB! QOM! [NbQUPZPdT`YVR! 8R%& T%E%-& %*& "$@:& ;<<UB#! %O! V]]VUK! SVUUV!

bNU[PMV!aVXbVU!YO!UXQOR]VXU!V]]TSQSV!MY!dfOV!SPMQOU!ZV!]QSUVYX!MV!WPO!lTZZV\XQOM!MQOR!

ZV! ]PTV! MV! RPYXTR#! 2VUUV! V^aXVRRTPO! XVRUQYXV! ZQ! ]PXbQUTPO! MY! SZPY! aZQ`YVUUQTXV! MQOR! ZVR!

bPMfZVR!bYXTOR!MY!R_OMXPbV!MV!WPO!lTZZV\XQOM!8R%&T%E%-&%*&"$@:&;<<UB@!

$V! UXQOR]VXU! MV! aZQRbTMV! OY! MQOR! ZV! bYRSZV! R`YVZVUUT`YV! VRU! V]]VSUYN! aQX! YOV!

TOuVSUTPO! XQaTMV! MQOR! ZQ! WVTOV! TXXTdQOU! ZV! UTRRY! bYRSYZQTXV! D4$:K! 4_MXPM_OQbTS! $Tb\!

:VTOE#! )V! aZYRK! ZQ! WVSUPXTRQUTPO! VRU! ]QSTZTUNV! aQX! ZQ! bTRV! VO! aZQSV! MV! dQXXPUR! `YT!

aVXbVUUVOU! M@QYdbVOUVX! UXQORTUPTXVbVOU! ZQ! aXVRRTPO! TOUXQWQRSYZQTXV#! 2VaVOMQOUK! RVYZR!

ZVR! bYRSZVR! MY! bVb\XV! TRPZN! aQX! ZVR! dQXXPUR! RPOU! UXQOR]VSUNR! D"FC<Fv! MVR! ]T\XVR!

bYRSYZQTXVR! RPOU! UXQOR]VSUNVRE! 8I+"29& %*& "$@:& ;<<LB#! $V! XNSVOU! MNWVZPaaVbVOU! MV! ZQ!
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aXPSNMYXV! 4$:! P]]XV! YOV! bNU[PMV! RqXV! VU! V]]TSQSV! MQOR! ZQ! MNZTWXQOSV! MV! dfOVR!

U[NXQaVYUT`YVR!VO!SZTOT`YV![YbQTOV!8]%-P%+[%-&%*&f1$GG:&;<<AB#!!

O"<"#$%#'8&%,#

�VTXQ!VU!SPZZQ\PXQUVYXR!bPOUXVOU!ZQ!aXVYWV!MV!SPOSVaU!RVZPO!ZQ`YVZZV!ZV!UXQOR]VXU!

MV! aZQRbTMV! MQOR! ZVR! bYRSZVR! aVYU! jUXV! QYdbVOUN! aQX! Z@QaaZTSQUTPO! M@YO! ROSLN+ TPbNOG

N`V^L+ bLKZ`SL\`PaL! D0! R! p! *F! blE#! $V! bNSQOTRbV! aQX! ZV`YVZ! ZV! ZQRVX! QYdbVOUV!

Z@V]]TSQSTUN! MV! UXQOR]VSUTPO! RVXQTU! ZQ! ]PXbQUTPO! MV!Q`NLS! MQOR! ZQ!bVb\XQOV! aZQRbT`YV!

8c7-"*"& %*& "$@:& CXU^B#! 62& 0+*-1K! SVUUV! bNU[PMV! TOMYTU! MVR! V]]TSQSTUNR! MV! UXQOR]VSUTPO!

SPbaQXQ\ZV!p!SVZZVR!P\UVOYVR!aQX!bTSXPCTOuVSUTPO!8!"1&%*&"$@:&CXUAB#!3OV!MVR!ZTbTUQUTPOR!

MV!SVUUV!bNU[PMV!VRU!ZQ!aXP]POMVYX!p!ZQ`YVZZV!VRU!]PSQZTRN!ZV!]QTRSVQY!ZQRVX#!%O!V]]VUK!MQOR!

SV!UXQWQTZK!ZV!ZQRVX!VRU!]PSQZTRN!p!+!bb!VO!MVRRPYR!MV!ZQ!aVQY!MV!ZQ!RPYXTR#!$Q!UXQORaPRTUTPO!

MV!SVUUV!bNU[PMV!VO!SZTOT`YV![YbQTOV!ONSVRRTUV!YO!MTRaPRTUT]!bPTOR!SPOUXQTdOQOU!VU!YO!

aPYWPTX! MV! aNONUXQUTPO! aZYR! TbaPXUQOU! MY! ]QTRSVQY! ZQRVX! 8Y%+-"& %*& "$@:& ;<<KB#! $V! ZQRVX!

TOMYTU! MVR! V]]TSQSTUNR! MV! UXQOR]VSUTPO! SPbaQXQ\ZV! p! SVZZVR! P\UVOYR! QWVS!

Z@NZVSUXPaVXbNQ\TZTRQUTPO! MQOR! ZV! bYRSZV! R`YVZVUUT`YV#! 2VaVOMQOUK! SPOUXQTXVbVOU! p!

Z@NZVSUXPaVXbNQ\TZTRQUTPOK! ZV! ZQRVX! O@TOMYTU! aQR! M@TO]ZQbbQUTPO! RNWfXV! MY! UTRRY!

bYRSYZQTXV! 8Y%+-"& %*& "$@:& ;<<KB#! /NQObPTORK! ! SV! dXPYaV! Q! NdQZVbVOU! MNbPOUXN!

Z@QaaZTSQUTPO! MV! SVUUV!bNU[PMV! a[_RT`YV! MQOR! ZV! MPbQTOV! MV! ZQ! WQSSTOQUTPO! dNONUT`YV!

TOUXQMVXbT`YV!SPOUXV!Z@QOUTdfOV!MV!RYX]QSV!MY!WTXYR!MV!Z@[NaQUTUV!6!8Y%+-"&%*&"$@:&;<<AB#!

O"O"#$%&#3'.,8&-0&#

$VR! YZUXQRPOR! RPOU! dNONXQZVbVOU! YUTZTRNR! p! MVR! ]TOR! U[NXQaVYUT`YVR! VU!

MTQdOPRUT`YVR#! )VR! YZUXQRPOR! MV! ]QT\ZVR! TOUVORTUNR! RPOU! YUTZTRNR! MQOR! ZV! MTQdOPRUTS! aQX!

TbQdVXTV!QZPXR!`YV!MVR!POMVR!MV!S[PSR!YZUXQRPOPXVR!RPOU!YUTZTRNVR!MQOR!ZV!UXQTUVbVOU!MV!

aQU[PZPdTVR! XNOQZVR! VU! MQOR! ZQ! MVRUXYSUTPO! U[VXbT`YV! MV! UYbVYXR#! $@V^aPRTUTPO!

M@YZUXQRPOR! VO! aXNRVOSV! MV! KT\N`MVRRLS! DQdVOUR! MV! SPOUXQRUV! YUTZTRNR! VO! TbQdVXTV!

YZUXQRPOPXVE! QYdbVOUV! MV! aZYRTVYXR! PXMXVR! MV! dXQOMVYX! Z@V]]TSQSTUN! MV! UXQOR]VSUTPO! MV!

aZQRbTMVR! +2& 0+*-1& 8T%5+%-\]7)#%-*& %*&"$@:& ;<<="& >&R70(5"2+\3(5%*& %*&"$@:& ;<<^B@!7RRPSTN!

QWVS! ZV! SQWTUQUTPO!QSPYRUT`YVK! ZQ! ]PXbQUTPO!MV!Q`NLS! MV!"FF!Ob!MV!MTQbfUXV!QWVS!YOV!

MYXNV! MV! WTV! MV! `YVZ`YVR! RVSPOMVR! QY! RVTO! MV! ZQ! bVb\XQOV! aZQRbT`YV! RVXQTU! ZV!

bNSQOTRbV! aXNMPbTOQOU! MV! aNONUXQUTPO! MVR! aZQRbTMVR! D*`P`Q`NOZT`PE! 8T%5+%-\

]7)#%-*&%*&"$@:&;<<=#B#!62&0+01K! ZVR!bYRSZVR!R`YVZVUUT`YVR!VU!SQXMTQ`YVR!8I+&%*&"$@:&;<<K&>&
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! 0*!

h5%2&%*&"$@:&;<<KBK! ZV!]PTV!8T+"1&%*&"$@:&;<<=B!VU! ZV!SVXWVQY!8]E2E2%2&%*&"$@:&;<<KB!POU!NUN!

UXQTUNR!QWVS!RYSSfR!QWVS!SVUUV!bNU[PMV!MV!UXQOR]VXU!8e%P)"2&%*&`%**+29%-:&;<<AB#!!

O"Q"#$%&#2481)&#18>0/.(=3%&#

$@YUTZTRQUTPO! MV! S[QbaR! bQdONUT`YVR! TOUVORVR! ]PYXOTU! YOV! RPYXSV! M@NOVXdTV!

RY]]TRQOUV! aPYX! ZV! UXQOR]VXU! MV! aZQRbTMVR! SPYaZNR! p! MVR! POP`QONZT\VRLS+

QONOKO^P[ZTUVLS! aQX! Z@TOUVXbNMTQTXV! MV! WVSUVYXR! S[TbT`YVR! D(%'K! $TaP]VSUQbTOVyE!

8D45%-%-& %*& "$@:& ;<<;B#! 3OV! TOuVSUTPO! ZPSQZV! MV! OQOPaQXUTSYZVR! D6O^P[Z`bL\ZT`PE! RYTWTV!

M@YOV!QaaZTSQUTPO!MV!S[QbaR!bQdONUT`YVR!QYdbVOUV! Z@V]]TSQSTUN!MV!UXQOR]VSUTPO! +2&0+*-1!

8c")"7&%*&"$@:&;<<^&>&h51-2E&%*&"$@:&;<<AB!VU!+2&0+01&8n%2"-+17&%*&"$@:&;<<^B#!7SUYVZZVbVOUK!ZV!

]XQOS[TRRVbVOU!MV! ZQ!bVb\XQOV!aZQRbT`YV!MVR!OQOPaQXUTSYZVR!O@VRU!aQR!MNSXTU!MQOR! ZQ!

ZTUUNXQUYXV#! /PYR! aPYWPOR! RYaaPRVX! `YV! ZVR! S[QbaR! bQdONUT`YVR! VUIPY! ZVR!

OQOPaQXUTSYZVR! TOMYTRVOU!YOV!aVXUYX\QUTPO!a[_RT`YV!VUIPY!bNSQOT`YV!MV! ZQ!bVb\XQOV!

aZQRbT`YV#!/NQObPTORK!2[PXO_!VU! SPZZQ\PXQUVYXR!POU!aY!MNbPOUXVX!`YV! Z@YUTZTRQUTPO!MV!

OQOPaQXUTSYZVR!MV!*H0!Ob!MV!MTQbfUXV!aVXbVUUQTU!M@NS[QaaVX!p! ZQ! WPTV! Z_RPRPbTQZV! VU!

M@QYdbVOUVX! Z@V]]TSQSTUN!MV! UXQOR]VSUTPO!8h51-2E&%*&"$@:&;<<AB@!2VaVOMQOUK! Z@QbNZTPXQUTPO!

MY!UXQOR]VXU!MV!aZQRbTMVR!QRRPSTNV!QWVS!ZVR!S[QbaR!bQdONUT`YVR!O@QaaQXQsUXQTU!aQR!QYRRT!

TbaPXUQOUV! `YV! SVZZV! TOMYTUV! aQX! Z@TOuVSUTPO! [_MXPM_OQbT`YV! PY!

Z@NZVSUXPaVXbNQ\TZTRQUTPOK! \TVO! `YV! MVR! SPbaQXQTRPOR! MTXVSUVR! O@POU! aQR! NUN! XNQZTRNVR#!

$@YOV! MVR! ZTbTUQUTPOR! MV! SVUUV! bNU[PMV! VRU! RPO! MTRaPRTUT]! UXfR! SPOUXQTdOQOU! VU! `YT!

XV`YTVXU! YOV! bTOTQUYXTRQUTPO! 8c")"7& %*& "$@:& ;<<^& >& h51-2E& %*& "$@:& ;<<AB#! $V!

bQdONUPUXQOR]VXU!TOUXQMVXbT`YV!MY!dfOV!:%>?!aVXbVU!ZV!UXQTUVbVOU!MV!ZLTRS[NbTV!MV!ZQ!

aVQY!8]1$_#"45&%*&"$@:&;<<UB#!)QOR!ZV!SQMXV!MLYO!VRRQT!SZTOT`YV!Da[QRV!'EK!4YUUTOdVX!VU!QZ#K!

bPOUXVOU!`YV! ZV! UXQOR]VXU!MY!dfOV!>1C2&?!aQX!bQdONUP]VSUTPO!MQOR! ZVR! ]T\XPRQXSPbVR!

]NZTOR!TOMYTU!ZLNXQMTSQUTPO!MV!SVR!MVXOTVXR!8]7**+29%-&%*&"$@:&;<<UB#!

O"S"#$8#7(-'(&.(=3%#

$V!\Pb\QXMVbVOU!MV!bTSXPaQXUTSYZVR!PY!ZQ!\TPZTRUT`YV!aVXbVU!YO!UXQOR]VXU!MTXVSU!

MV!aZQRbTMVR!MQOR!ZVR!SVZZYZVR!VU!ZVR!UTRRYR#!$V!\Pb\QXMVbVOU!MV!QONZT\VRLS+aC`N+`V+aL+

ZVP^SZWPL! SPYaZNVR! p! MVR! aZQRbTMVR! aVXbVU! YOV! aNONUXQUTPO! MTXVSUVK! p! UXQWVXR! ZQ!

bVb\XQOV! aZQRbT`YVK! MQOR! ZV! S_UPaZQRbV! aYTR! ZV! OP_QY! VO! NS[QaaQOU! p! ZQ! WPTV!

VOMPRPbTQZV#!62&0+*-1K!SVUUV!bNU[PMV!TOMYTU!MVR!V]]TSQSTUNR!MV!UXQOR]VSUTPO!SPbaQXQ\ZV!p!

SVZZVR!P\UVOYVR!aQX!NZVSUXPaVXbNQ\TZTRQUTPO!8T7-J5E&"2'&T%((%-:&;<<CB#!)YXQOU!SVR!STO`!

MVXOTfXVR! QOONVRK! ZV! \Pb\QXMVbVOU! MV! bTSXPaQXUTSYZVR! Q! NUN! YUTZTRN! MQOR! ZV!
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MNWVZPaaVbVOU!MV! RUXQUNdTVR!MV!WQSSTOQUTPO!dNONUT`YV!VU!M@TbbYOPU[NXQaTV!QY!OTWVQY!

MV!ZQ!aVQY!8g5145+QE"2&%*&"$@:&;<<K&>&R+%*-+45&%*&"$@:&;<<^B#!2VaVOMQOUK!YOV!MVR!ZTbTUQUTPOR!

MV!SVUUV!bNU[PMV!VRU!ZQ!]QT\ZV!aNONUXQUTPO!MVR!aZQRbTMVR!MQOR!ZV!UTRRYK!ZTbTUQOU!QTORT!RPO!

YUTZTRQUTPO! MQOR! ZQ! MNZTWXQOSV! MV! aZQRbTMVR! MQOR! ZQ! aVQY#! /NQObPTORK! )TZVP! VU!

SPZZQ\PXQUVYXR!POU!bTR!QY!aPTOU!YO!OPYWVQY!aXPUPSPZV!`YT!aVXbVU!Z@TOuVSUTPO!RPYR![QYUV!

aXVRRTPO! MVR!bTSXPaQXUTSYZVR#! 7TORTK! ZVR! UTRRYR! RPYRCSYUQONR! UVZR! `YV! ZVR!bYRSZVR! VU! ZVR!

UYbVYXR!aVYWVOU!jUXV! UXQOR]VSUNR!8R+$%1&%*&"$@:&;<<KB#!)V!XNSVOUR! UXQWQY^!POU!MNbPOUXN!

Z@YUTZTRQUTPO! MV! SVUUV! bNU[PMV! VO! U[NXQaTV! dNOT`YV! SPOUXV! MVR! aQU[PZPdTVR! PSYZQTXVR!

8Y"912&%*&"$@:&;<<^B!VU!YXPCdNOTUQZVR!8h57"29&%*&"$@:&;<<KB@!!

O"T"#$A/'%2.,-)%,1/87('(&8.(-0#

$@NZVSUXPaVXbNQ\TZTRQUTPO! aVXbVU! ZV! UXQOR]VXU! MV! aZQRbTMVR! MQOR! MV! OPb\XVY^!

U_aVR!SVZZYZQTXVR!PY!MVR!UTRRYR!aQX!QaaZTSQUTPO!M@YO!S[Qba!NZVSUXT`YV!V^UVXOV#!2V!MVXOTVX!
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Membrane perturbation by an external electric field:
a mechanism to permit molecular uptake
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Abstract Electropermeabilisation is a well established

physical method, based on the application of electric pul-
ses, which induces the transient permeabilisation of the cell

membrane. External molecules, otherwise nonpermeant,

can enter the cell. Electropermeabilisation is now in use for
the delivery of a large variety of molecules, as drugs and

nucleic acids. Therefore, the method has great potential in

the fields of cancer treatment and gene therapy. However
many open questions about the underlying physical

mechanisms involved remain to be answered or fully elu-

cidated. In particular, the induced changes by the effects of
the applied field on the membrane structure are still far

from being fully understood. The present review focuses on

questions related to the current theories, i.e. the basic
physical processes responsible for the electropermeabili-

sation of lipid membranes. It also addresses recent findings

using molecular dynamics simulations as well as experi-

mental studies of the effect of the field on membrane
components.

Abbreviations
PC Phosphatidyl-Choline

PS Phosphatidyl-Serine

PE Phosphatidyl-Ethanolamine
SM Sphingomyelin

DOPC 1,2-Dioleoyl-sn-Glycero-3-Phosphocholine

DOPS 1,2-Dioleoyl-sn-Glycero-3-Phosphoethanolamine
NBD 7-Nitrobenz-2-oxa-1,3-diazol-4-yl

Introduction

The cell membrane acts as a barrier that hinders the free

entrance of most hydrophilic molecules into the cell. Their

permeability can however be transiently increased by
applying an electric field. This process, called electroper-

meabilisation and also named electroporation, has received

increasing attention, particularly as an elegant and conve-
nient means to gain access to the cytoplasm (Neumann

1989; Teissie et al. 2002; Weaver 1995). The phenomenon
of electropermeabilisation has been observed for decades.

Early reports were related with the death of cells caused by

the irreversible permeabilisation of the cell membranes
(Sale and Hamilton 1968). Studies in the 1970s revealed

that short electric pulses in the ls and kV/cm range could

induce transient vesicle as well as cell membrane perme-
abilisation leading to the transport of small molecules.

Studies in the 1980s and 1990s showed that cells submitted
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to longer electric pulses, i.e. in the ms range, can be

transfected (Rols 2006; Teissie et al. 2005). Recent studies,
coming from new technologies, concerns nanosecond

pulsed electric fields, indicate that very short (10–300 ns)

but high pulses (up to 300 kV/cm) induce effects that
primarily affect intracellular structures and functions

(Beebe et al. 2003). Therefore, the use of electric pulses to

deliver therapeutic molecules has been rapidly developed
over the last decade. This technology is relevant in a

variety of researches and clinical settings including cancer
therapy, modulation of pathogenic immune responses,

delivery of therapeutic proteins and drugs (Gehl et al.

1999; Gilbert et al. 1997; Miklavcic et al. 2000; Rols 2006;
Bigey et al. 2002). Electrochemotherapy, a new cancer

treatment modality, has emerged (Belehradek et al. 1993;

Mir et al. 1991a, b) and beside drugs, many other poten-
tially therapeutic agents such as DNA can be electro-

transfered (for review see Favard et al. 2007).

Whatever is the potentiality of this technique, there is a
general agreement that very little is known about the

underlying mechanisms brought into play in the cell and

its membranes, following electropermeabilisation. Under-
standing these mechanisms is of vital importance, first to

enhance the efficiency in in vitro use and secondly in order

to optimise the safety of the method in its in vivo use. The
major technical difficulties in the study of electroperme-

abilisation arise from the extreme complexity of the cell

membrane and the lack of techniques available to study
molecular phenomenon in living cells. The aim of this paper

is to review current understanding of permeabilisation

phenomena, i.e. the basic physical processes on lipid
membranes. We will describe the classical electromagnetic

theory behind the phenomenon and point out its limitations

in its ability to give a full description of electroporation. The
basic idea behind the semi-phenomenological theory for the

formation of electropores is discussed, recent results com-

ing from numerical simulations and effects of the external
electric field at the molecular level are also reviewed.

The theory of electropermeabilisation

In developing a theory, it is helpful to start from a simplified
model of cell membranes. In what follows, the term vesicle

will be use for any kind of object constituted of an external

medium and an internal medium separated by a lipid
membrane (containing or not proteins) as depicted in Fig. 1.

Transmembrane electric potential modification

Most analytical theories of electropermeabilisation are
based on a continuum point of view and do not take into

account the precise details of the system at a molecular

level. Here we will review the basic electrical theory of
these systems and point out some of the underlying

assumptions behind it.

At the simplest level, the interaction of a vesicle with
the applied electric field can be modelled by associating

macroscopic electric properties with, in the simplest case,

the three underlying materials of the system: the medium
exterior to the vesicle, the vesicle membrane and the ves-

icle interior. Assuming that these components are homo-

geneous and have linear electromagnetic responses to
applied fields the relevant electrical properties of a com-

ponent are k the electrical conductivity and ! the dielectric
constant. In what follows we will denote the corresponding
quantities by the subscripts e (exterior), m (membrane) and

i (interior). The relevant Maxwell equation to compute the

electrostatic potential for this system is (see for example
Landau and Lifshitz 1975)

r ! !
o
ot
r/þ kr/

! "
¼ 0 ð1Þ

and the boundary conditions are fixed away from the

vesicle by the externally applied field. The local electric

field E and current density j are then given by:

E ¼ &r/ ; j ¼ kE ð2Þ

The second equation is simply Ohm’s law and assumes a
linear relationship between the induced current density and

the local electric field. In most studies the local conduc-

tivity is taken to be a scalar but in principle for anisotropic
systems such as a membrane it should be a tensor, there

being a clear difference in the direction perpendicular to

the membrane and that transverse in the membrane. The
dielectric properties of the membrane are also anisotropic,

we recall that the dielectric response of a material is due to

the distribution and properties of its component dipoles and
we thus expect different properties depending on whether

we are in the region of the hydrophilic heads or the

hydrophobic tail region within the bilayer. Another

E

θ

r

a

d

Fig. 1 Vesicle of radius a with membrane thickness d in an
externally applied field E (direction of field indicated). r is the
distance from the center of the vesicle
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important point is that the phenomenon of electroperme-

abilisation indicates a change in membrane structure at

sufficiently high electric fields, this implies that the
assumption of linear electrical response breaks down at this

point and that nonlinear effects become important. How-

ever we can assume that up to this point the above set of
equations gives a reasonable description of the electrical

properties of the system.

The steady state equation in the presence of an applied
field is the Laplace equation:

r !ð kr/sÞ ¼ 0 ð3Þ

This equation is difficult to solve for an arbitrary geometry

due to the spatial variation of k but can be analysed in
certain geometries and limits (Bernhardt and Pauly 1973;

Cartree 1992; Neumann et al. 1989; Schwann 1957;

Zimmermann 1974). For a planar membrane it is easily
solved. If E is the applied field outside a flat membrane, the

field within (perpendicular to its surface) the membrane is

given by the continuity equation for the normal (in this case
the only non-zero) component of the electric field

Em ¼ ke
km

E ð4Þ

This is a very simple result but has far reaching conse-
quences. The external conductivity ke (which is for

example of the order of 5 S/m for a weak electrolyte) is
much greater than that of the membrane—typically the

order of 10–6 S/m. This leads to a huge magnification effect

with respect to the applied field. It is the creation of this
large electric field within the membrane which is the basic

reason for the electropermeabilisation phenomenon.

Another example which can be treated analytically is for
a spherical vesicle placed in a uniform field [the case of an

ellipsoidal vesicles can also be treated analytically (Bern-

hardt and Pauly 1973; Kotnik and Miklavcic 2000)]. The
geometry is shown in Fig. 1, we denote by r the distance

from the centre of the vesicle (the origin), by a the radius of
the vesicle (distance from the centre of the vesicle to the
middle of the membrane) and by d the thickness of the

membrane. The angle h at a given point is the angle be-

tween the position of that point from the origin and the
direction of the applied field. The Laplace equation can be

solved in this geometry and we find that the steady state

jump in the electric potential, in the normal direction,
across the membrane is given by

D/sðhÞ ¼
3

2
gaE cosðhÞ ð5Þ

where g is a so called form factor dependent on a, d and the
three electrical conductivities. In the limit where d ' a, g
is given by Neumann et al. (1989)

g ¼
2kike d

a

kmðki þ 2keÞ þ 2 d
a ðki & kmÞðke & kmÞ

ð6Þ

In the limit where the membrane has an extremely low
conductivity with respect to the other conductivities, the

dielectric limit, we find that g = 1 and from (6) we see that
the average electric field across the membrane is amplified,

with respect to the applied field E by the factor a/d and its

magnitude is maximal at the faces of the vesicle opposite
the electrodes. Indeed it has been established for some time

that it is in these electrode facing regions that the mem-

brane becomes permeabilised. It is widely accepted that
beyond a certain critical threshold D/c permeabilisation

occurs. This value of D/c is found to be typically of the

order of 100 mV (see later).
Experimentally, the vesicle or the cell is not perma-

nently submitted to the external electric field. Therefore the

variation of the transmembrane potential depends on the
time t after which the pulse is applied. For a constant pulse

the time dependent solution for the spherical vesicle gives

the potential drop across the membrane to be

D/ðh; tÞ ¼ D/sðhÞ 1& exp & t

sm

! "! "
ð7Þ

where D/s is the steady state potential given by (5) and sm
is the charging time of the membrane given by

sm ¼ aCm
ki þ 2ke

2kike þ a
d kmðki þ 2keÞ

! "
ð8Þ

where Cm is the membrane capacitance per unit area. If the

membrane is purely dielectric, km = 0, the charging time is
maximal and increases as the radius a is increased.

In order to achieve the steady state in potential drop, the

external field should be applied for a time longer than sm.
As an example, conventional electropermeabilisation pro-

tocols involve pulses of 0.1–1 kV/cm longer than 100 ls.
Typically these pulses durations are much higher than the
charging time constant of the outer membrane, i.e. tpulse (
sm (with sm ~ 1 ls).

As stated above, when a critical value of D / is achieved
across the membrane it has been observed that the lipid

membrane becomes permeable (Hibino et al. 1993; Kotnik

and Miklavcic 2000). The critical value has been experi-
mentally determined to be of the order of 200–300 mV for

cells (Gabriel and Teissie 1997; Teissie and Rols 1993).

Clearly this critical value may be achieved before the
system reaches its steady state. Thus intense but short

pulses can induce the permeabilisation of the vesicle

without reaching the steady state in the induced po-
tential. For instance, recent technology authorise the use

of nanosecond pulsed electric fields (nsPEFs), used in

Eur Biophys J (2007) 36:973–983 975
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so-called supra-electroporation, which consist in large

external electric fields, i.e. 10–300 kV/cm applied in pulses
shorter than 1 ls. As a confirmation of what is expected

above when nsPEFs are applied to cell suspensions, they

induce conduction currents in the cytoplasm exponentially
decreasing with the charging time constant of the outer

membrane. They also induce a corresponding displacement

current through inner vesicular membrane structures
(Gowrishankar et al. 2006; Vernier et al. 2004, 2006b) .

For pulse durations shorter than or equal to the charging
time of the outer membrane (i.e. tpulse £ sm), a transient

cytosolic field can develop membrane voltages across

intracellular organelles and vesicles in excess of their
critical transmembrane potential (Tekle et al. 2005; Beebe

and Schoenbach 2005; Kolb et al. 2006).

The case where an electric field is applied across a
suspension of cells or a tissue is more difficult to analyse,

the electric field seen by a single cell is modified, with

respect to the single cell case, by the presence of the others.
This problem can be studied numerically and analytically

using effective medium approximations (Susil et al. 1998;

Pavlin et al. 2002; Yurong et al. 2005). The spirit of the
effective medium approximation is that the presence of the

other cells modifies the conductivity of the effective

medium seen by a given cell. However for nearly dielectric
membranes the potential difference generated is only

weakly dependent on the conductivity of the external

medium and thus the effect is not too drastic and the size
the induced potential drop is not significantly changed.

In this section we have considered the effect on a vesicle

of the distribution of the electric field. Of course the vesicle
should be expected to react to the field at some point. Later

we will discuss the theory of pore formation and it is

interesting to consider how the field across a vesicle
changes when pores are formed. Shown in Fig. 2 (bottom)

is a spherical vesicle placed in a uniform field (from left to

right) with a membrane conductivity one hundred time
smaller than that of the external and internal media km =

ke/100. The colours on the figure (obtained by numerical

solution of the Laplace equation) show the magnitude of
the local electric field |E|. We see clearly that the magni-

tude of the electric field is maximal at the two faces

opposite the electrodes. In Fig. 2 (top) is the same vesicle
but with two holes cut out at the poles opposite the elec-

trodes. We see that the magnitude of the field within the

pore regions collapses to the order of the applied field and
that the maximal potential drop is across the membrane

around the pore edges, however this potential drop is sig-

nificantly lower than the initial drop at the poles for the
membrane without holes. From these figures we see that

the permeabilisation of one region of the membrane will

prevent the permeabilisation of other regions by lowering
the strength of the local electric field in these regions.

Electromechanical effects on membranes—continuum

description

Varying the different parameters of the applied electric
field (value, duration, number and delay between pulses)

can lead to different effects such as a slight increase in

membrane conductivity, reversible electrical breakdown or
irreversible breakdown leading to vesicle destruction. This

latter phenomenon is often happening in systems subjected

to extremely large applied electric field and was first ob-
served in the early 1970s (Crowley 1973; Neumann and

Rosenheck 1972). The electrically generated forces on the

membrane can be calculated using the Maxwell stress
tensor (see for instance Landau and Lifshitz 1975) and

these forces will be balanced by the elastic and bending

forces generated by the membrane. Deformations of the
membrane are therefore determined by its mechanical

properties. The elastic behaviour of a lipid membrane is

generally characterised by a bending modulus and a
stretching modulus. Typically bending a lipid membrane

involves energy of the order of 1–10 kBT while stretching

requires much larger energy.
The first class of theories to explain electropermeabili-

sation were based on a continuum electrostatic and elastic

description of the membrane (Crowley 1973). A perfectly
flat dielectric membrane in a field is subject to an elec-

trostatic compression. The field polarises the membrane
and leads to a negative/positive polarisations charge on the

surface of the membrane. The electrostatic compression

Fig. 2 Vesicles without (bottom) and with (top) pores, placed in a
uniform electric field (applied horizontally), shown is the magnitude
of the field |E| (red high, blue low)
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can be thought of as being generated by the attraction of

these two surface charges across the membrane and this
compression leads to an elastic response of the membrane.

If the elasticity of the membrane (and its dielectric con-

stant) are assumed to be independent on the thickness there
is a critical field strength beyond which no equilibrium

between the electrical and elastic forces is possible. This

critical field strength only indicates that the model needs to
be modified at high field strengths or becomes unphysical.

It is however an indication that some new physics comes
into play but does not tell us what it is. This model has a

number of other drawbacks, the field necessary for the

breakdown is too large with the experimentally observed
permeabilisation threshold. Also a high degree of com-

pression is predicted before the breakdown (40% com-

pression), however this means that the membrane
capacitance should vary up to the breakdown point but this

is not observed.

For curved membranes the situation is however quite
different, the stresses on spherical vesicles have been

studied (Isambert 1998) and the resulting asymmetry leads

to net lateral forces (which in the flat case above cancel
exactly) and an increase in the surface tension G which is of

the order

DC ) 9!m
8d

E2a2 ð9Þ

This increased surface tension is a result of the curved and

closed geometry of the vesicle. In a planar membrane any

local curvature, for example due to thermal fluctuations,
induced asymmetry between the two sides and lead to net

lateral stresses which can induced undulation instabilities

beyond a critical field strength and these instabilities are
again associated with an unspecified breakdown but not

necessarily permeabilisation (Sens and Isambert 2002). We

should however note that the lateral stress in this case leads
to a negative contribution to the surface tension.

There seems to be a number of scenarios under which a

membrane model can be destabilised by the application of
an electric field. This destabilisation could be identified as

the onset of electropermeabilisation. A common criticism

made of this point of view is that this approach predicts an
instability at a well defined field strength, however experi-

mental evidence strongly suggests that there is a stochastic

component in electropermeabilisation. Permeabilisation is
seen to be achieved with a certain probability or after a

certain time dependent on the applied field and other factors.

The creation of pores

When amembrane cannot be compressed or deformed it will

need another way to minimise the electric stress. One solu-

tion is to become permeable, the defaults (or holes or pores)

created in the membrane decrease the area of the membrane
and strongly increase the membrane conductivity.

The theory of electroporation for cell membranes is

similar to the theory of soap film rupture (Derjaguin and
Gutop 1961). If one imagines a membrane with surface

tension G0 and then one cuts a circular hole in it of radius r,
the energy change in the system due to the hole is

WðrÞ ¼ &C0pr2 þ 2pc0r ð10Þ

where c0 is a line tension associated with the pore, where

the hydrophobic membrane interior is in contact with

the water in the pore. Strictly speaking c0 should be r
dependent as for large pores the hydrophilic lipid heads can

line the pore interior and the energy cost is more associated

with a bending one than a hydrophobic one. For pore radii
smaller than rc = c0/G0 the effective force on the pore tries

to close it while for r > rc the pore expands

indefinitely—this scenario is associated with membrane
rupture. In this simple model, pore formation in the

membrane is clearly favoured by increasing the membrane

surface tension G0. In fact membrane pore formation has
been observed in vesicles when the surface tension is

increased by applying mechanical stress or even using
intense light (Sandre et al. 1999). In these experiments the

pore formation was seen to be temporary, pores open until

leak-out of internal fluid relaxes the tension and the pores
close. In order to slow down the time scale of this process

to one over which it is observable the vesicles were

immersed in a viscous environment. The line tension c0 in
giant vesicles has been experimentally measured to be

10–11 N (Zhelev and Needham 1993). The energy function

W(r) can be interpreted as the energy of a particle at
position r and in the limit where inertial and hydrodynamic

effects can be neglected one can write a Smoluchowski

equation for the number density of pores of radius r,
denoted by n(r) (Pastushenko et al. 1979; Powell and

Weaver 1986)

on
ot

¼ o
or

D
on
or

þ n

kBT

oW
or

! "# $
ð11Þ

where D is the pore radius diffusion constant. This equa-

tion, although some what idealised, can be used to compute

properties such as the number of pores "n(r) dr and the area
occupied by the pores "n(r)r2 dr. This is by no means a

unique model for pore dynamics (although it is certainly

the most popular) and versions dominated by inertial ef-
fects and hydrodynamics have also been studied (Wilhem

et al. 1993; Karatekin et al. 2003).

The key point in electroporation theory is to quantify the
dependence of the pore energy function W(r) as a function
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of r and also how to distinguish between small hydro-

phobic pores and larger hydrophilic pores. In most models
the pores are taken to be nonconducting (Abidor et al.

1979; Barnett and Weaver 1991) and the energy change is

taken into account by considering the change of the pores
specific capacitance as water replaces lipid in a cylindrical

region of radius r through the membrane thickness. This

then gives a pore energy which depends on the potential
drop across the membrane D/ and effectively increases the

surface tension term G to G(D/) which is given by

CðD/Þ ¼ C0 þ
1

2

!m
d

!e
!m

& 1

! "
D/2 ð12Þ

where !e is the dielectric constant of the external medium,

water or salt solution. The typical values of these dielectric
constants are !e = 80!0 and !m = 2!0, where !0 is the vac-

uum permittivity. This increase in the effective surface

tension then lowers the energy barrier for pore formation
and also decreases the critical radius rc beyond which the

pore becomes unstable.

However the situation when the pores are considered to
be conductive is quite different (Wilhelm 1993; Winter-

halter and Helfrich 1987). Here the effect of the field de-

creases the surface tension (thus inhibits pore formation),
however it decreases the line tension c thus favouring the

formation of pores for small radii. Explicitly it was shown

CðD/Þ ¼ C0 &
1

2
!m

D/2

d
ð13Þ

cðD/Þ ¼ c0 &
1

2
!e
D/2

p
ð14Þ

This means that conductive pores favour the early stage of

pore formation but tend to stabilise larger pores and so the
behaviour of conductive and non-conductive pores is quite

different. It seems that a model reconciling these two limits

is still to be proposed. Clearly we expect that the dielectric
description is most relevant for small pores but beyond a

certain radius conductive effects become dominant.

Equations of the form (10) describe hydrophilic pores
where the lipid head groups are assumed to line the pore

interior. These head groups will tend to repel each other

due to steric and/or electrostatic interactions. These effects
can be taken into account by including an interaction term

of the pore with itself Wint(r) = C/r4 where C is positive
(Barnett and Weaver 1991). This repulsive interaction

stabilises hydrophilic pores (gives a local minimum of W
at r „ 0). This modified potential cannot be valid at very
small r as we know that the state with no pores exists. Thus

there is a critical value R* below which W must take an-

other form. This is the radius below which there is no space

to line the pores with the hydrophilic heads and thus the

pore is hydrophobic. The simplest model for a hydrophobic
pore is just to take WðrÞ ¼ 1

2 jr
2 for r < r*. This form can

be derived from microscopic modelling (Glaser et al. 1988)

but in physics this simple harmonic oscillator form for the
energy about a stable point is rather generic. The coeffi-

cients of the model can be taken to assure that W is con-

tinuous at r* and that the minimum in the potential of W for
r > r* occurs before r* thus giving (meta-)stable hydro-

philic pores.
The exposition above is applicable for single pores and

does not take into account their interaction. Even without

an applied field the pores should be coupled by the mem-
brane tension, as a pore opens up it relaxes the tension of

the others. This tension coupling can be taken into account

in terms of Ap the total area occupied by the pores in a
model proposed by Neu and Krassowska (2003). Apart

from this the effective potential drop D/ should also be

modified by the presence of pores and the electrostatic
energy for a hydrophilic toroidal pore is also different to

that of a cylinder (Neu et al. 2003).

Despite some impressive success in describing experi-
mental results the above theories still need to be tested at a

molecular level, for instance by molecular dynamics sim-

ulations. While they have more microscopic details than
continuum models they still rely on certain continuum

concepts such as line and surface tensions.

Molecular dynamics simulation

Advantages and limitations

Biophysical and biological methods used to study the

electropermeabilisation process present kinetics and sen-
sitivities which, respectively, permit only millisecond and

micrometre scale resolution of post-pulse membrane

modifications. Moreover, these methods are rather indirect
and only permit the visualisation of the consequences of

permeabilisation such as the entrance or efflux of mole-

cules. Therefore, they can not be used to visualise molec-
ular phenomena with nanosecond resolution. Recently (for

instance see the review by Tieleman 2006) these small

distance and short time aspects has however been studied
using molecular dynamics simulations. Nevertheless,

molecular simulations present some limitations. Indeed, the

complexity (one or two lipids components) and size of the
simulations systems are still rather limited and certain

quantitative aspects found in these simulations, for instance

the critical permeabilisation field threshold, do not agree
with experimental data. However these simulations give

vital insight into the permeabilisation process and we may
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have some confidence in the qualitative results of such

simulations. In addition simulations can also be used to test
the validity of theoretical models of pore formation by

evaluating the energy change associated with a pore

(Leontiadou et al. 2004; Wohlert et al. 2006).

Pore formation under applied tension

In a typical atomistic molecular dynamics simulation the

system consists of 500 lipids in the bilayer and there are 20
or so water molecules in the system for each lipid. Before

examining the effect of an electric field on these bilayers it
is interesting to examine the effect of membrane surface

tension on pore formation. In these systems a negative

surface tension is applied, this can be achieved by choosing
the area occupied per lipid be less than the equilibrium one

(Leontiadou et al. 2004; Wohlert et al. 2006). For instance

imposing an area per lipid of 0.60 nm2 rather than the
simulation equilibrium one of 0.62 nm2 imposes a surface

tension of about –10 mN/m (Wohlert et al. 2006). It is

found that beyond a critical lateral pressure (–50 to
–10 bar) pores form in the simulations and are stable over

the life time of the simulations. The pores that are formed

in these simulations are hydrophilic : when a hole is formed
through the hydrophobic chains of the lipids, the lipid head

groups reorientate in order to face the water entering the

membrane. In Leontiadou et al. (2004) the line tension c of
(10) is estimated to be 3 · 10–11 N, and is the same order

of magnitude as the experimental estimate mentioned in

Sect. ‘‘Creation of pores’’.

Electropermeabilisation

Simulations involving electric fields across a membrane is

a heavy computational task in molecular dynamics simu-
lations as the field must be calculated from the charge

distribution and acts not only on charged components of

the system but also on the dipole moments of the system,
and in particular the solvent water. The force acting on a

dipole of moment d is given by

f ¼ d !rE ð15Þ

and is zero in a constant field. However where the field

varies strongly the dipole is subjected to strong forces. In
the simulations of Tieleman (2004), on phospholipid bi-

layers, it was shown that the initial step in the electropo-

ration process is quite different to that of electroporation
under an applied lateral tension. The field applied were of

the order of 0.5 V/nm and the poration proceeds by pene-

tration of water molecules into the lipid bilayer due to the
strong electrical forces acting on their dipole moments. As

the water molecules penetrate the bilayer the local varia-

tions of the electric field in these defects lead to further

forces on the dipoles, thus accelerating the process of pore

formation. In this initial step of pore formation the pores
are hydrophobic but eventually are lined with the phos-

pholipid head groups and thus become hydrophilic. The

presence or absence of salt is found to have little effect on
the initial process of pore formation. Indeed simulations on

an octane layer in water, with no charged head groups or

salt, shows exactly the same behaviour. Similar results
were found in the simulations of Tarek (2005), where wire-

like chains of water were seen to penetrate the bilayer. The
pores are then again stabilised by a lining of lipid head

groups.

Vernier et al. (2004) showed that when an electric field
of 0.45 V/nm is applied on DOPC-DOPS bilayer, the

poration is observed on time scales shorter than 5 ns and

PS translocation occurred only along pore walls (see
Fig. 3). PS lipids do not facilitate water pore formation,

consistent with the idea that interactions in the hydrophobic

interior of the membrane govern the relative ease of spread
of water column into the bilayer (Tieleman 2004). When

the field polarity is changed, PS translocation is reversed.

This result suggested that pulse-driven PS externalisation
appears to be an electrophoretic transport of PS head

groups through hydrophilic pores (Vernier et al. 2006a).

Gene electrotransfer

DNA is an anionic and hydrophilic molecule which under

normal circumstances can not cross the plasma membrane.

However, electropermeabilisation allows an increased
membrane permeability with respect to DNA. The molec-

ular basis behind this process of gene electrotransfer is

highly debated. Indeed, there are two hypotheses: the first
suggests that DNA is transported through large stable pores

that form without significant interaction with DNA mole-

cules and then reseal. Krassowska’s theoretical model and
Tieleman’s molecular simulation back up this hypothesis

PS

PC

E0

Fig. 3 Phosphatidylserine translocation: pulse-driven PS externalisa-
tion appears to be an electrophoretic transport of PS headgroups
through hydrophilic pores
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(Krassowska and Filev 2007; Smith et al. 2004; Tieleman

2004). The second hypothesis, which is more widely sup-
ported, is as follows. Experimental investigations (Golzio

et al. 2002; Sukharev et al. 1992) and molecular simula-

tions suggest that DNA molecules migrate into cells by
direct interaction with lipids and by forming intermediates

that involve lipid/DNA complexes. In this hypothesis,

electric field application induces many pores of a diameter
which is too small to allow DNA transport (steric, entropic

and image charge forces prevent the passage). However,
when the electric field is switched off, structural modifi-

cations can assure DNA translocation into the cytoplasm.

Indeed, plasma membrane is a dynamic and functional
assembly which consists of several molecules and presents

heterogeneity of lateral and transversal distribution of these

molecules. Consequently, one can suggest that such
induced-electric field perturbations on membrane compo-

nents distribution could promote DNA translocation.

Electric field effect on membrane components

We have previously seen how analytical theories and

molecular simulation can predict the existence of pores in

idealised or simplified vesicles. Nevertheless, in order to
fully understand the effect of electric field on membranes,

it is necessary to analyse its effects on the membrane

components.

Transbilayer mobility

Phospholipid distribution in two leafs of plasma membrane

is asymmetric. Indeed, PE and PS phospholipids are pre-
sents in the inner leaf whereas PC phospholipids set in the

outer leaf of plasma membrane. Transmembrane asymmetry

is supported by proteins like flippases and floppases (Janmey
and Kinnunen 2006). Some investigations showed that this

transmembrane asymmetry is lost when electric field is

applied in cells (Dressler et al. 1983; Haest et al. 1997).
Haest et al. (1997) described that the passive transbilayer

mobility of fluorescently labeled (using NBD) lipids in

erythrocytes increase with the strength, the duration and the
number of field pulses (Fig. 3). Moreover, this study re-

vealed that the enhanced mobilities induced by electroper-

meabilisation differ for the NBD-lipids used (the following
mobility ordering is observed: SM ' PS < PC < PE).

These enhanced transbilayer mobilities of the phospholipid

probes do not return to their normal values even during the
prolonged resealing of field-pulse-treated cells (24–27 h at

37#C, Haest et al. 1997). Moreover, ATP-dependent com-

ponents of the flip-flop of lipid probes are suppressed in
electroporated and resealed cells. This inhibition is partly

due to loss of cellular Mg2+ during the electropermeabili-

sation. Indeed, the electropermeabilisation induces the entry

and the exit of, respectively, water and ATP. Translocated
lipids contribute to the stabilisation of water channels

(Kotulska et al. 2007; Tarek 2005). Moreover, Devaux

showed that membrane lipids translocation can induce
microvesicles formation (100–200 nm) (Devaux 2000).

Consequently, one can suppose that electro-translocated

lipids play also a role in endocytosis mediated by electric
field. Such electroendocytosis process has been observed on

cells several hours after the electropermeabilisation
(Mahrour et al. 2005; Antov et al. 2005). The key point in

these investigations is that if the electropermeabilisation

phenomenon is very fast (induced at the nanoseconds to
milliseconds time range of order) its consequences can

persist for a long time (from minutes to hours).

Lateral diffusion

Several investigations have suggested that when low

electric fields (LEFs) are applied on cells, electrophoretic

segregation of charged lipids and proteins occurs in the
plane of the cell membrane (McLaughlin and Poo 1981).

Indeed, the tangential electric field (Eh) in the cell mem-

brane is a driving force which induces electromigration
towards the anode or cathode sides of the cell, either by

electrophoretic mobility of charged components or by

electrophoresis (Fig. 4). For weakly conducting membranes
this tangential components is given by

Eh ¼
3

2
E sinðhÞ: ð16Þ

An asymmetric distribution of acetylcholine receptors in
embryonic muscle cells or Concanavalin A receptors in

Eex

Eθ

Fig. 4 Proteins and lipids electromigration: the external Eex and
tangential electric field, Eh, is a driving force which induce
electrophoretic mobility of proteins and/or lipids toward cathodic
sides of the cell. Green lines represent electric field lines
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Xenopus myoblasts, is induced when a DC electric field of

10 V/cm is applied for 45 min up to 3 h (Lin-Liu et al.

1984; McLaughlin and Poo 1981). McLaughlin and Poo
1981 have described that the the additional exposure of

Xenopus myoblasts to the same strength of field but with

opposite polarity for 10 min completely reverses the
asymmetric accumulation of Con A receptors towards

other side of the cell. Moreover, the lateral electromigra-

tion of epidermal growth factor receptors on corneal epi-
thelial cells (Zhao et al. 1999) and Fc! receptors on rat

basophilic leukaemia cells toward the cathodic sides of the
cell occurs when a DC electric field of 1.5 V/cm is applied

for 12 h and when a 10 V/cm field is applied for 30 min to

1 h. The common point made in these investigations is that
protein electromigration occurs only when electric fields of

these orders are applied over a relatively long period of

time. Consequently, one can speculate that low electric
field application during short time scale causes limited

electrophoretic motility which induces limited and revers-

ible protein aggregation, as opposed to what happens for
long exposure times. These results may have direct con-

sequences on subsequent transport process across the

membrane. Antov et al. (2005) have suggested that the
electrophoretic segregation of charged components (e.g.,

glycolipids and glycoproteins) in the outer leaflet on the

cell membrane is responsible for both enhanced adsorption
and stimulated uptake via changes in the membrane elastic

properties that enhance budding and fission processes. This

phenomenon is called electroendocytosis.

Protein conformations

Several investigations have suggested that membrane

proteins (i.e. voltage-sensors in skeletal muscle fibers)
may undergo some structural and functional damage

during the electric injury (Teissie and Tsong 1980; Chen

and Lee 1994). Membrane proteins consist of amino acids
which carry electrical charges (Tsuji and Neumann 1983)

and each peptide unit is an electric dipole with a moment

of about 3.5 Debyes. The major functional structure of the
membrane protein is a-helical. In this structure, many

peptide dipoles are aligned to form larger dipoles of the

order of 120 Debyes across the plasma membrane (Hol
1985). In response to physiological membrane potential

changes, these electric dipoles are perturbed in voltage-

dependent membrane proteins (i.e. channel proteins,
voltage sensors). An external electric field will strongly

affect the electric dipoles in membrane proteins and this

may cause conformational and functional damage (Chen
2005). Indeed, a 4 ms transmembrane potential pulse of

–600 mV results in a reduction of both Na+ and K+

channel conductivities, and a reduction of ionic selectivity
of the K+ channels against Na+ ions. This phenomenon

induces a depolarisation of the membrane resting potential

in frog skeletal muscle membrane. The kinetics of the
spontaneous reversal of the electroconformational damage

of channel proteins was found to be dependent on the

magnitude of imposed membrane potential pulse (Chen
and Lee 1994).

Conclusion

The current state of our theoretical understanding of
membrane permeabilisation due to electromagnetic fields,

and the associated transport of molecules, is some what
incomplete and limited. Certain effects of the electric field

parameters on membrane permeabilisation, and the asso-

ciated transport of molecules, are well established but a
great deal of what happens at the molecular level remains

speculative. Molecular dynamics simulations are now

giving interesting new insight into the process. However, a
cell membrane is highly complex and can not be consid-

ered as the simple assembly of one or two classes of lipids.

Electroinduced destabilisation of the membrane includes
both lateral and transverse redistribution of lipids and

proteins, leading to mechanical and electrical modifications

which are not yet fully understood. One may suggest that
such modifications can be involved in the subsequent

transport of molecules interacting with them such as the

DNA molecules. Experimental verification of the basic
mechanisms leading to the electropermeabilisation and

other changes in the membrane remain a priority given the

importance of these phenomena for processes in cell biol-
ogy and in medical applications.
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Abstract Cell membranes can be transiently permeabi-
lized under application of electric pulses. This treatment

allows hydrophilic therapeutic molecules, such as anti-

cancer drugs and DNA, to enter into cells and tissues. This
process, called electropermeabilization or electroporation,
has been rapidly developed over the last decade to deliver

genes to tissues and organs, but there is a general agree-
ment that very little is known about what is really occurring

during membrane electropermeabilization. It is well

accepted that the entry of small molecules, such as anti-
cancer drugs, occurs mostly through simple diffusion after

the pulse while the entry of macromolecules, such as DNA,

occurs through a multistep mechanism involving the elec-
trophoretically driven interaction of the DNA molecule

with the destabilized membrane during the pulse and then

its passage across the membrane. Therefore, successful
DNA electrotransfer into cells depends not only on cell

permeabilization but also on the way plasmid DNA

interacts with the plasma membrane and, once into the
cytoplasm, migrates towards the nucleus. The focus of this

review is to describe the different aspects of what is known

of the mechanism of membrane permeabilization and
associated gene transfer and, by doing so, what are the

actual limits of the DNA delivery into cells.

Keywords Gene transfer ! Gene expression ! Membrane !
Electric field ! Electroporation ! Electropermeabilization

Introduction

The administration of naked nucleic acids into cells and

tissues can be considered as the simplest and safest method

for gene delivery [1]. However, one drawback of the
method for gene therapy is the low efficiency of gene

expression. Therefore, different strategies have been

developed for years in this field, based on the use of virus
as biological vectors and on the development of chemical

or physical methods. The common aspect of these methods
is to transfer DNA into cells via cell membrane modifica-

tion. Virus and chemical vectors fuse with the plasma

membrane and/or are endocytosed. Physical approaches
transiently destabilize the membrane creating leaky struc-

tures or ‘‘pores’’. One of the most successful, but indeed

the only one, clinical trials of gene therapy has been
obtained with virus for the treatment of severe combined

immunodeficiency disease, but this clinical trial had to be

suspended because the virus caused leukaemia due to the
insertion of the gene near an oncogene [2–4]. Therefore,

there is still nowadays a challenging need to develop an

efficient and safe method for gene transfer.
The use of electric pulses as a safe tool to deliver

therapeutic molecules to tissues and organs has been
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rapidly developed over the last decade. The method refers

to the transient increase in the permeability of cell mem-
branes when submitted to electric field pulses. This process

is commonly known as electropermeabilization or elec-
troporation [5]. Hydrophilic molecules that are otherwise
non-permeant, such as the highly toxic drug bleomycin,

can gain direct access to the cytosol of cells. A cancer

treatment modality, electrochemotherapy (ECT), has
emerged [6–8]. It is successfully used in clinical trials for

cancer treatment [9–12]. Beside drugs, electropermeabili-
zation can be used to deliver a wide range of potentially

therapeutic agents including proteins, oligonucleotides,

RNA and DNA [13]. Nowadays, it represents one of the
most widespread techniques used in molecular genetics.

In vivo gene electrotransfer is of special interest since it is

the most efficient non-viral strategy for gene delivery and
also because of its low cost, easiness of realization and

safety. The most widely targeted tissue is skeletal muscle.

The strategy is not only promising for the treatment of
muscle disorders, but also for the systemic secretion of

therapeutic proteins. Vaccination and oncological gene

therapy are other fields of application [14]. Electrogene-
therapy (EGT) is relevant in a variety of researches and

clinical settings including cancer therapy, modulation of

pathogenic immune responses, delivery of therapeutic
proteins and drugs [15]. This, together with the capacity

to deliver large DNA constructs, greatly expands the

research and clinical applications of in vivo DNA elec-
trotransfer [16–22].

However, the mechanisms underlying cell membrane

permeabilization and associated gene transfer are not
completely understood. This is of high importance for

in vitro use in terms of efficiency but also for in vivo use in

terms of security. The successful electrotransfer of plasmid
DNA into cells depends on the way the cell membrane has

been permeabilized, reversibly or not, and on the way DNA

interacts with the membrane and is transported from the
plasma membrane towards the nuclear envelope. The focus

of this review is to describe the different aspects of what is

known (and still not known) on the mechanism of mem-
brane electropermeabilization and associated gene transfer

and by doing so, reviewing what are the actual limits for

DNA delivery into cells.

Basics of Cell Membrane Electropermeabilization

Membrane Electropermeabilization or Membrane

Electroporation?

As its name suggests, the basic theory of electroporation
is that the electric field causes the formation of pores in
the membrane [23, 24]. Theoretical models have been

proposed to explain the mechanism of this reversible

membrane electropermeabilization and its potentiality to
allow the access of non-permeant molecules inside the

cells [25]. The formation of pores is supported by a

thermodynamic approach because it allows the reduction
of the electrostatic energy of the system. It is hindered

by the line tension needed to create the associated

transbilayer hole (assumed to be a cylinder). It is thus
only at a critical value of the field strength (energy

threshold) that their formation is possible. Roughly
speaking, the poration process is an activated one, sim-

ilar to nucleation, where the surface tension term favours

pores formation while the line tension tends to suppress
it. The effect of the electric field is to effectively

increase the surface tension and thus lower the activation

barrier [26].
It is widely accepted however that the standard theory of

electroporation has limits [27]. These pores have never

been observed. Large post pulse pores, arising from pri-
mary pores have indeed been detected in red blood cells

pulsed under hypoosmotic conditions [28]. An alternative

theory, which is less familiar because of conflicts with
experimental results, is based on an electromechanical

instability where the electric field compresses the mem-

brane. Molecular dynamics and coarse grain simulations
are the newest approaches. Computer simulations at the

microscopic length scale are becoming possible, however

the complexity and more importantly the size of the system
that can be simulated are still rather limited [29]. Molecular

dynamics has suggested that electropores (in fact water

leaks) could be generated but they have been obtained only
under field conditions larger than those experimentally

required to induce reversible membrane permeabilization

[30]. The geometry of the membrane and its mechanical
properties such as surface to volume ratio, rigidity and

composition, for example the role played by microdo-

mains, must be taken into account as well as the surface
tension and line tension associated with the pores. Indeed,

only a few experimental data concerning the molecular

changes involved in membrane electropermeabilization
have been reported. 31P NMR studies performed both

on model membranes and on mammalian cells sug-

gested a reorganization of the polar head group region
of the phospholipids leading to a weakening of the

hydration layer [31, 32]. Transbilayer reorientation of

phospholipid probes has been reported in the human
erythrocyte membrane suggesting an increase in the flip-

flop of phospholipids as a direct consequence of electrop-

ermeabilization [33].
Altogether, and even if the term electroporation is

commonly used among biologists, the term electroper-

meabilization should be preferred in order to prevent any
molecular description of the phenomenon.
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Membrane Electropermeabilization is Controlled by the

Transmembrane Voltage

It has been known for more than 30 years that, as far as

membrane permeabilization is concerned, the key effect of

electric field on cells is a position-dependent change in the
resting transmembrane potential difference DWo of their

plasma membrane. If we model the cell membrane as a thin

spherical dielectric shell, the electrically induced potential
difference DWE, which is the difference between the

potential inside the cell Win and the potential outside the

cell Wout, at a point M on the cell surface is given by:

DWE tð Þ ¼ Win %Wout ¼ %g kð ÞrE cos h Mð Þ 1% e%t=s
h i

ð1Þ

where t is the time after the onset of the electric pulse, g
depends on the conductivities k of the membrane, of the

cytoplasm and of the extracellular medium, r is the radius

of the cell, E the field strength, h(M) the angle between the
normal to the membrane at the position M and the direction

of the field and s is the membrane charging time [34]. The

field-induced potential difference is added to the resting
potential [35, 36]

DW ¼ DWo þ DWE: ð2Þ

Being dependent on the angular parameter h, the field

effect is position-dependent on the cell surface. Therefore,

the side of the cell facing the anode is going to be
hyperpolarized while the side of the cell facing the cathode

is depolarized (Fig. 1a). This theoretical prediction has

been experimentally validated by using a voltage-sensitive
fluorescent dye [37]. The transmembrane potential differ-

ence of a cell exposed to an electric field is therefore a critical

parameter for successful cell permeabilization, whatever the

size of the cell, its shape or orientation [38, 39]. It defines the
sites (location, extend) where molecules uptake can take

place.

Membrane Electropermeabilization is Controlled

by Electric Field Parameters

Permeabilization indeed occurs only on the part of the cell

membrane where potential difference has been brought at
its critical value [36, 40]. This value has been evaluated in

the order of 200–300 mV independently of the cell type

[41, 42]. Permeabilization is therefore controlled by the
field strength. This means that field intensity E larger than a

critical value, Ep, must be applied. Ep is dependent on the

size of the target cells. It ranges from values close to
200 V/cm in the case of large cells such as myotubes to

1–2 kV/cm in the case of bacteria [41]. Large cells are

therefore more sensitive to lower field strengths than
smaller ones. Electric field values have therefore to be

adapted to each cell line in order not to affect their via-

bility. The field strength triggers permeabilization: when E
is larger than Ep, it controls the area of the cell surface

which is affected [43]. From Eq. 1, it is clear that for field

intensities close to Ep, permeabilization is only present for
h values close to 0 or p. Under that condition, only the

localized parts of the membrane surface facing the elec-

trodes are affected. However, within these permeabilized
cell caps, the extent of permeabilization is not a function of

the field strength [42, 44, 45], whereas, it is controlled by

the number and duration of electric pulses [45]. So,
membrane permeabilization only occurs for electric field

values E higher than the threshold value Ep, whatever the

pulse number and the pulse duration. Increasing E, above
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Fig. 1 Physical principle of electropermeabilization. a The plasma
membrane is the site of native transmembrane potential difference,
DW0 (Blue arrow). If we consider the cell like a sphere and the
plasma membrane like a dielectric spherical shell, when we apply an
electric pulse, an induced transmembrane voltage DWE is created
(Red arrow). Being dependent on the angular parameter h, the DWE

effect is position-dependent on the cell surface; therefore, the side of
the cell facing the anode is hyperpolarized while the side of the cell
facing the cathode is depolarized. b The localization and asymmetry
of electropermeabilization can be detected by propidium iodide
uptake in a CHO cell submitted to a train of 10 pulses, 5 ms, 1 Hz at
0.7 kV/cm. Scale bar: 10 lm
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Ep, leads to an increase in the area where permeabilization

takes place and, in that particular area, the extent of per-
meabilization is determined by the number and duration of

electric pulses.

This electro-induced permeabilization of the cell mem-
brane can be quantified in terms of the flow FS of

molecules S diffusing through the plasma membrane.

Fick’s law and experimental data obtained in the case of
the release of ATP from mammalian cells allowed to

establish that:

FS tð Þ ¼ PSx N; Tð ÞA=2 1% Ep=E
! "

DS e%k N;Tð Þt ð3Þ

where PS is the permeation coefficient of the molecule S

across the membrane, x is a function which depends on
the pulse number N and the pulse duration T, it represents
the probability of permeabilization (0\ x\ 1), A is the

cell surface, E is the applied electric field intensity, Ep the
threshold for permeabilization, DS is the concentration

difference of S between cell and external medium, k is the

time constant of the resealing process and t is the time
after the pulse [44]. Such a concept leads to the notion of

membrane domains involved in electropermeabilization:
macrodomains where permeabilization can take place,

which area is determined by the pulse intensity according

to: A/2 (1 - Ep/E), and, within that macrodomains,
microdomains (defects, permeant structures) where per-

meabilization actually takes place, which density depends

on the pulse number and on the pulse duration according
to the x function. The molecular characteristics of these

domains in terms of lipid and proteins composition,

structures and dynamics remain an open question.

Membrane Electropermeabilization is a Fast and

Localized Process

The use of videomicroscopy allowed visualization of the

permeabilization phenomenon at the single cell level.
Propidium iodide, a fluorescent non-permeant molecule,

can be used as a probe for small molecules. Its uptake in

the cytoplasm is a fast process that can be detected during
the seconds following electric pulses application. In less

than 1 min, it appears at the nucleus level. Moreover,

exchange across the pulsed cell membrane is not homo-
geneous on the whole cell membrane. It occurs at the

sides of the cells facing the electrodes on an asymmetrical

way (Fig. 1a). It is more pronounced at the anode-facing
side of the cells than at the cathode one, i.e. in the hy-

perpolarized area than in the depolarized one [46], in

agreement with the above theoretical considerations and
Eqs. 1 and 2.

Electropermeabilization can therefore be described as a

3-step process in respect with electric field (EF):

(i) Before EF: membrane acts as a barrier that prevents

the free exchange of hydrophilic molecules between

cell cytoplasm and external medium.
(ii) During EF: when reaching a threshold value, the

transmembrane potential increase induces the forma-

tion of local Transient Permeable Structures facing
the electrodes that allow the exchange of molecules.

(iii) After EF: resealing is occurring. Membrane perme-

ability to small molecules is present with a lifetime
ranging from seconds to minutes depending on EF

conditions and on the temperature [44, 47]. After

resealing, the uptaken solutes are sequestered inside
the treated cell.

However, in the case of larger molecules (MW above

4 kDa), direct transfer to the cytoplasm is only observed if
macromolecules (proteins, DNA) are present during the

electric pulse. Proteins added after the permeabilizing

electric field can indeed enter the cell by macropinocytosis
[48, 49]. Gene expression is only obtained when DNA is

present during application of the pulses. Therefore, the

mechanism of macromolecules uptake is different from the
one observed for small molecules.

Basics of Plasmid DNA Electrotransfer and Expression

Theoretical Considerations

Although the first pioneering report on plasmid DNA
electrotransfer in cells has been published more than

20 years ago by E. Neumann [23], the mechanisms that

mediate DNA electrotransfer remain to be elucidated.
Different scenario can be proposed [50]. The simplest one

is that the membrane is permeabilized, then the DNA is

pushed through the putative electropores by the electro-
phoretic effect, which may be necessary to overcome the

problem of passing a charge into the relatively low

dielectric medium of the membrane. Another possibility is
that the electric field leads to an aggregation of ion pumps

which open and permit the passage of the DNA. Finally,

another scenario is that the DNA forms a charged vesicle
which is internalized by the cell in an endocytic process.

IIn the context of studies on model membranes, DNA

interactions with lipid bilayers have indeed been studied.
DNA injection by a micropipette, to a part of a giant uni-

lamellar vesicle, resulted in membrane topology

transformations which can be monitored using phase con-
trast microscope [51, 52]. DNA-induced endocytosis was

observed in the absence of any electric field. A possible

mechanism for DNA/lipid membrane interaction is DNA
encapsulation within an inverted micelle included in the

lipid membrane. High-molecular mass DNA that was

Mol Biotechnol (2009) 41:286–295 289



efficiently taken up by large unilamellar vesicles exposed

to a short pulse of electric field (0.1–1 ms) with an inten-
sity as high as 12.5 kV/cm indicated that DNA was taken

up as a result of the electrostimulated formation of endo-

some-like vesicles rather than via field-induced membrane
pores [53]. Other data report that electrotransfer of DNA

through lipid bilayer could be mediated by transient com-

plexes between DNA and the lipids in the pore edges of
elongated, electropercolated hydrophilic pore zones [54].

Moreover, the association of DNA with a lipid bilayer
greatly facilitates the transport of small ions. This suggests

a locally conductive DNA/lipid interaction zone where

parts of the DNA strand may be transiently inserted in the
bilayer, leaving other parts of the DNA probably protrud-

ing out from the outer surface of the bilayer. DNA is not

only transiently inserted in, but also actually electropho-
retically pulled through, the permeabilized zones onto the

other membrane side leaving finally the bilayer structure

basically intact [55].

DNA Electrotransfer Depends on Membrane

Permeabilization but also on DNA Electrophoresis

Electrotransfection, i.e. plasmid DNA electrotransfer into

cells and then its expression, is detected for electric field
values leading to plasma membrane permeabilization.

Millisecond pulses are generally required to obtain efficient

gene expression i.e. keeping intact the cell viability, by
limiting the electric field intensities required when short

pulses are used [47, 56, 57]. Nevertheless electrotransfec-

tion can be obtained with short strong pulses [23].
Transfection threshold values are the same as those for cell

permeabilization [58].

The transfection efficiency TE obeys the following
equation:

TE ¼ KNT2:3 1% Ep=E
! "

f ADNð Þ ð4Þ

where K is a constant. The dependence on the plasmid

concentration f(ADN) is rather complex and it is observed
that high levels of plasmids are toxic [59]. The effect of

pulse duration appears to be crucial. Pulse duration appears

to be a key parameter for efficient gene expression in cells
and tissues [23, 60].

Electrically induced DNA uptake by cells is a vectorial

process with the same direction as DNA electrophoresis in
an external electric field [61, 62]. The transfection effi-

ciency is significantly higher in cell monolayers facing the

cathode compared to those exposed to field pulses of the
reverse direction. This is due to contribution of the elec-

trophoresis to the translocation of the polyanionic plasmid

DNA across the electropermeabilized cell membrane [63].
The polarity of the electric field has therefore a direct effect

on transfection. Adherent cells facing the cathode exhibit

much higher transfection yield as well as gene expression

than cells facing the anode [63]. This dependance of the
transfection efficiency on the direction of the field might be

due to the involvement of the electrophoretic force in the

translocation of the negatively charged DNA molecule
[61]. While cell permeabilization is only slightly affected

by reversing the polarity of the electric pulses or by

changing the orientation of pulses, transfection level
increases are observed. These last effects are due to an

increase in the cell membrane area where DNA interacts
[64].

The use of a two-pulse technique allowed the separation

of the two effects provided by an electric field: membrane
electropermeabilization and DNA electrophoresis. The first

pulse (high voltage, ls time range duration) creates per-

meabilization efficiently. The second pulse of much lower
amplitude, but substantially longer (ms time range), does

not cause permeabilization and transfection by itself but

enhances TE in muscles by about one order of magnitude.
In vivo, the effect of electrophoresis is not completely

understood. A recent publication indicates that electro-

phoresis may not be instrumental in electro-gene transfer
[65]. But several studies from the group of Mir show the

benefit of the combination of short high-voltage and long

low-voltage pulses allowing to evidence the necessity of
association of cell electropermeabilization and convenient

electrophoretic transport of DNA towards and/or across the

permeabilized membrane within the tissue [66–68]. DNA
electrotransfer has indeed been achieved in tibialis cranialis

muscles of C57BL/6 mice by using such long but low-

intensity pulses [69, 70]. Other data performed in the skin
also demonstrate that the combination of such electric

pulses is an efficient protocol to enhance DNA expression

[71].

DNA Electrotransfer is a Multistep and Localized

Process

Fluorescent plasmids indeed allow to monitor the interac-

tion of nucleic acids with field treated cells. DNA
molecules, negatively charged, migrate when submitted to

an electric field. In low electric field regime, the DNA

simply flows around the membrane towards the anode.
However beyond a critical permeabilizing field value

(Ec[Ep) the DNA interacts with the permeabilized

membrane, but only at the pole facing the cathode (as
opposed to the case for small molecules that are observed

to enter the cells through both poles) [46]. Clusters or

aggregates of DNA are formed, but once the field is turned
off the growth of these clusters is stopped. The DNA/

membrane interaction is not homogeneously distributed on

the permeabilized areas facing the cathode (macrodomains)
but is present into membrane competent sites whose size
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range from 0.1 to 0.5 lm. These observations are consis-

tent with a process where plasmids interact with
electropermeabilized part of the cell surface, following

their interfacial electrophoretically driven insertion [5, 72].

Due to the good correlation between visualization of DNA
insertion in the membrane and gene expression, these

results are consistent with a multistep process of DNA

electrotransfer (Fig. 2):

(i) Before EF: membrane acts as a barrier that prevents

the entrance of plasmid DNA into the cell.
(ii) During EF, the plasma membrane is permeabilized on

the sides of the cell facing the electrodes and the

negatively charged DNA migrates electrophoretically
towards the plasma membrane on the cathode side

where it is inserted in particular domains.

(iii) After EF, a translocation of the plasmid to the
cytoplasm takes place leading to gene expression.

This second step, including plasmid DNA diffusion
in the cytosol and its passage through the nuclear

pores, remains rather poorly understood.

New directions of research are needed to characterize
membranes domains involved in molecule electrotransfer.

DNA transfer occurs through competent domains present

in the electropermeabilized cell membrane. Their size is
in the same range of order than the so-called rafts

domains. Lipid rafts are plasma membrane microdomains

enriched in sphingolipids and cholesterol. These domains
have been suggested to serve as platforms for various

cellular events, such as signalling and membrane

trafficking [73, 74]. One can wonder if they are involved

in DNA electrotransfer.

DNA Expression from DNA Electrotransfer

is Hindered by Internal Membrane

If the first steps of gene electrotransfection, i.e. migration

of the plasmid DNA towards the electropermeabilized
plasma membrane and its interaction with it, are starting to

be described and therefore represent guidelines to improve
gene electrotransfer, the successful expression of the

plasmid depends on its subsequent migration into the cell.

Therefore, diffusional properties of plasmid DNA, meta-
bolic instability of plasmid DNA in cells and tissues as well

as plasmid DNA nuclear translocation represent cell lim-

iting factors that have to be considered [75].
The cytoplasm is composed of a network of microfila-

ment and microtubule systems, and a variety of subcellular

organelles bathing in the cytosol. The mesh-like structure
of the cytoskeleton, the presence of organelles and the high

protein concentration impose an intensive molecular

crowding of the cytoplasm which limits the diffusion of
large sized macromolecules. The translational mobility of

macromolecule smaller than 500–750 kDa is only 3–4 fold

slower than in water, but it is markedly impeded for larger
molecules [76]. Mobility of plasmid DNA is negligible in

the cytoplasm of microinjected myotubes [77]. But, suc-

cessful in vivo DNA expression can be obtained by electric
fields. These discordant results might be explained by the

disassembly of the cytoskeleton network that may occur
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Fig. 2 DNA electrotransfection: Electrotransfection mechanism is a
multistep process. a Before electric pulses application: DNA mole-
cules are labelled with fluorescent marker, rhodamine. DNA
molecules are incubated with CHO cells. No natural adsorption of
DNA molecules on plasma membrane is observed. b During electric
pulses application: Plasma membrane is electropermeabilized (step 1;
in green). DNA molecules undergo the electrophoretic migration
(step 2) and interact with permeabilized membrane. DNA aggregates

are formed (step 3). This interaction takes place only on the
membrane facing the cathode. c After electric pulses application:
DNA translocation into the cytoplasm occurs 30 min after application
of electric pulses (step 4). Then, DNA molecules migrate into the
cytoplasm (step 5). About 2 h after electric pulses application, DNA
molecules are present at nucleus level (step 6). Finally, 24 h after
electrotransfection, eGFP expression is detected under fluorescence
microscopy (step 7)
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during electropermeabilization [78] and reinforces the idea

that the cytoplasm constitutes a diffusional barrier to gene
transfer.

Stability of plasmid DNA can be quantitatively assessed

by microinjection. Such experiments revealed that 50% of
the DNA is eliminated in 12 h from HeLa and COS cells

and in 4 h from myotubes [79]. Cytosolic elimination of

plasmid DNA cannot be attributed to the only cell division,
since degradation is observed in cell cycle arrested cells. In

the case of tissues, radiolabelled plasmid indeed progres-
sively leave muscles and is degraded as soon as 5 min after

plasmid injection, with or without electrotransfer. While a

major part of plasmid DNA is rapidly cleared and degra-
ded, the electrotransferable pool of plasmid DNA

represents a very small part of the amount injected and

belongs to another compartment where it is protected from
endogenous DNAses [80].

Finally, beside cytoskeleton, the nuclear envelope rep-

resents the last physical obstacle to the expression of the
plasmid DNA. The inefficient nuclear uptake of plasmid

DNA from the cytoplasm was recognized more than

20 years ago. While molecules smaller than 40 kDa can
diffuse through the nuclear pore complexes, larger mole-

cules must carry a specific targeting signal, the nuclear

localization sequence to traverse. The significant size of
plasmid DNA (2–10 MDa) makes it unlikely that the

nuclear entry occurs by passive diffusion. Dividing cells

are highly transfectable compared to quiescent ones, sug-
gesting that DNA enter the nucleus upon the disassembly

of the nuclear envelope during mitosis. Cell synchroniza-

tion indeed affects gene delivery by electric field [81–83],
reinforcing the statement that the melting of the nuclear

membrane facilitates direct access of plasmid DNA to the

nucleus.
Therefore, clear limits of efficient gene expression by

electric pulses are due to cytoplasm crowding and transfer

through nuclear envelope. New challenges are to overcome
these limiting steps. The dense latticework of the cyto-

skeleton impedes free diffusion of DNA. However, since

transfections do work, there must be mechanisms by which
DNA circumvents cytoplasmic obstacles. One possibility is

that plasmids become cargo on cytoskeletal motors, much

like viruses do, and move to the nucleus in a directed
fashion. Electrotransfered plasmid DNA, containing spe-

cific sequences, like most viruses, could then utilize the

microtubule network and its associated motor proteins to
traffic through the cytoplasm to the nucleus [84, 85].

Another alternative could come from nanosecond pulsed

electric fields. New findings indeed indicate that very short
(10–300 ns) but high pulses (up to 300 kV/cm) extend

classical electropermeabilization to include events that

primarily affect intracellular structures and functions. As
the pulse duration is decreased below the plasma

membrane charging time constant (see Eq. 1), plasma

membrane effects decrease and intracellular effects pre-
dominate [86, 87]. When used in conjugation with classical

electropermeabilization, nanopulses can increase gene

expression. The idea is to perform classical membrane
permeabilization allowing plasmid DNA electrotransfer,

and then 30 min later to permeabilize specifically the

nuclear envelope by using short nano pulse EF. By this
way, it will become possible not only to electropermeabi-

lize cells but also to electromanipulate them.

Conclusions

Clear differences of processes by which molecules of

different sizes translocate across the electropermeabilized
membrane have been observed. While small soluble

molecules could rather freely cross the permeabilized

membrane for a time much longer than the duration of
the electric pulse application, DNA transfer involves

complex steps including interaction with the permeabi-

lized membrane and migration into the cytosol. If the
effects of the electric field parameters are about to be

elucidated (pulse strength higher than a threshold value,

long pulse duration for efficient gene expression), the
associated destabilization of the membrane which is a

stress for the cells and may affect the cell viability has

still to be clearly described. Moreover, it becomes evi-
dent that extracellular as well as intracellular barriers

compromise the transfection efficiency. Clearly, DNA

electrotransfer through an electropermeabilized cell
membrane is much more complex than the passage of a

thread through the eye of a needle. The challenge for

electro-mediated gene therapy is to pinpoint the rate
limiting steps in this complex process and implement

strategies to overcome the barriers encountered by ther-

apeutic plasmid DNA.
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Abstract Electropulsation is one of the nonviral methods
successfully used to deliver genes into living cells in vitro
and in vivo. This approach shows promise in the field of
gene and cellular therapies. The present review focuses on
the processes supporting gene electrotransfer in vitro. In the
first part, we will report the events occurring before, during,
and after pulse application in the specific field of plasmid
DNA electrotransfer at the cell level. A critical discussion
of the present theoretical considerations about membrane
electropermeabilization and the transient structures in-
volved in the plasmid uptake follows in a second part.

Keywords Electropermeabilization . Electroporation . Gene
electrotransfer . Biophysical mechanisms .Membranes

Introduction

Electropermeabilization results from a controlled applica-
tion of electric pulses to cells, leading to their transient and

reversible membrane permeabilization (Neumann et al.
1989; Teissié et al. 2005; Escoffre et al. 2007). This
process brings new properties to the cell plasma membrane,
which, besides being permeabilized, becomes fusogenic
and allows exogenous proteins to be inserted in it. Electro-
permeabilization is used to introduce a large variety of
molecules into many different cells in vitro (Orlowski and
Mir 1993; Eynard et al. 1997). Clinical applications of the
method are now under development as results of the EU
Cliniporator and ESOPE programs. A local anti-tumoral
drug delivery to patients (a method called electrochemo-
therapy) is in clinical trials in tens of hospitals through
Europe (Mir et al. 1995; Cemazar and Sersa, 2007; Sersa et
al. 2008; Mir et al. 1998, 2006). The most frequent
application of electric field-induced membrane permeabili-
zation is the transfer and expression of genes into
mammalian cells. However, this application not only
involves the introduction of DNA into cells, but also
depends on subsequent cellular processes (Weaver and
Chizmadzhev 1996). The transfer of naked DNA plasmid
and the expression of the gene of interest are enhanced by
electropulsation into different tissues, including the skeletal
muscle (Aihara and Miyazaki 1998; Mir et al. 1999), liver
(Heller et al. 1996; Liu and Huang 2002), skin (Titomirov
et al. 1991; Vandermeulen et al. 2007), and tumors (Rols et
al. 1998a). The transfection efficiency of this physical
method in vivo is still low compared to the viral vectors.
However, due to the ease with which it is performed and its
speed, reproducibility, and safety, gene electrotransfer holds
a great potential for clinical application.

One of main limits of the widespread use of electro-
permeabilization is that very little is known about the
biophysical mechanisms supporting the reorganization of
the cell membrane (pore, electropore, defects?). The
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molecular target of the field effect remains unclear (Teissié
et al. 2005). The other main limit in gene electrotransfer
comes from the transfer inside the nucleus. In nondividing
cells, the nuclear envelope is an especially problematic
hurdle to gene transfer, which should take place through the
nuclear pore complex (Van der Aa et al. 2006, 2007;
Pouton et al. 2007). No direct biophysical method to alter
the nuclear envelope or pore has been reported (yet). A
successful approach is in modifying plasmid (pDNA)
vectors to enhance nuclear import through the NPC (Miller
and Dean 2009).

The present review focuses on the processes supporting
gene electrotransfer in vitro. The events occurring before,
during, and after pulse application leading to gene electro-
transfer will be described. Theoretical considerations about
membrane structures involved in the plasmid uptake will be
described in a (very) critical manner. In a companion paper,
in vivo gene electrotransfer and its clinical applications will
be addressed.

Biophysical mechanisms

In vitro biophysical considerations

Gene electrotransfer to mammalian cells is obtained by
mixing cells and plasmids in a biocompatible buffer
(control of pH, osmolarity, conductivity), then by applying
a well-controlled electric field pulse train (shape of pulses,
choice of field strength, pulse duration, number of pulses,
delay between pulses) and finally bringing the mixture into
a culture medium. Expression of the coded activity can be
detected after a couple of hours but reaches a high level
after 24 h (Golzio et al. 2004). Transfer of a large
polyelectrolyte across the membrane requires a transient
loss of cohesion of the proteolipidic assembly. This
dramatic event should nevertheless preserve the cell
viability to observe the expression of the activity coded
by the plasmid.

Experimental facts: events before, during,
and after electropulsation

The plasma membrane is not permeable to hydrophilic
molecules such as nucleic acids. Plasmid molecules, due to
their negative charge, cannot interact with the cell plasma
membrane that bears the same charge. DNA molecules
therefore cannot get access to the cytoplasm. No transfected
cells are detected in the absence of plasmid or when
plasmid is added after the electropulsation. The prepulse
incubation time is not very important but to avoid a
negative effect of exogenous nucleases should be kept
short and processed at a low temperature (Rols et al. 1994).

Indeed, gene expression is obtained after applying electric
pulses to plasmid/cell mixture after a short incubation
(Neumann et al. 1982; Klenchin et al. 1991; Wolf et al.
1994). These results are the same whatever the cell types
(bacteria, yeast, and mammalian cells) (Golzio et al. 1998;
Eynard et al. 1992; Ganeva et al. 1995). Preadsorption of
DNA on the mammalian cell surface is not requested and
was indeed reported to prevent expression (Neumann et al.
1982).

Gene electrotransfer is only detected for electric field
values leading to membrane permeabilization (Ec > Ep).
Transfection threshold values are the same as the ones for
cell permeabilization when millisecond pulses are applied
(Rols and Teissié 1998). Field strength is observed to have
a critical role. Plasmid molecules, negatively charged,
migrate when submitted to an electric field (Wolf et al.
1994; Neumann et al. 1992). In the “low” electric field
regime (i.e., Ec < Ep), plasmid simply electrophoretically
flows along the cell membrane towards the anode. It can be
trapped when divalent ions are present (Frantescu et al.
2005; Xie and Tsong 1993).

However, beyond a critical permeabilizing field value
(Ec > Ep), two main processes occur: (1) plasma membrane
is permeabilized (at the microsecond scale); (2) plasmid
undergoes the electrophoretic migration (at the millisecond
scale) and interacts with permeabilized membrane (Golzio
et al. 2002). Metastable plasmids/membrane complexes are
formed and grow as local aggregates (at the millisecond
scale). But once the field is turned off, the growth of the
plasmid aggregates is stopped. The plasmid/membrane
interaction is not homogeneously distributed on the
permeabilized areas but is detected in association with
membrane competent-like sites whose sizes range from 0.1
to 0.5 μm. This interaction takes place only when the
plasma membrane is under permeabilization (a field over
Ec must be present) (Golzio et al. 2002). It does not occur if
the plasmid molecules are added after electropermeabilizing
cells (Neumann et al. 1982; Tsong 1991; Klenchin et al.
1991). Recent works on electric field vectoriality show that
the plasmid/membrane interaction is not a simple accumu-
lation of plasmid at the membrane surface level, but a
plasmid “irreversible” insertion occurs into the permeabi-
lized membrane. No free plasmid diffusion into the
cytoplasm is detected as was proposed in older works
(Klenchin et al. 1991).

Under permeabilizing field conditions, the pulse duration
plays a critical role in the formation of the plasmid/
membrane complexes. These complexes are easily detected
when the pulse duration is at least 1 ms, but highly sensitive
technologies show that they are formed with shorter pulses
(unpublished data). This suggests that the density of defects
is critical in the plasmid/membrane interaction. Further-
more, this interpretation is supported by the observation
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that the plasmid content in the complex is under the control
of the field strength (E), the number of successive pulses
(N), and the pulse duration (T) (Golzio et al. 2002). The
time for reaction with the membrane of the plasmid dragged
against permeabilized membrane under the electrophoretic
migration is increased by long pulse durations. This again is
involved in the positive role of the pulse duration in gene
electrotransfer. This contribution of the pulse duration to
the plasmid/membrane interaction has already been illus-
trated by a complex dependence of the gene expression
(Wolf et al. 1994). The associated gene expression Expr is
shown to obey the following equation:

Expr ¼ KNT 2:3 1"
Ep

E

! "
f DNAð Þ

as long as the cell viability is not affected to a large extent by
the pulse duration (Golzio et al. 2002). All parameters are as
described above, with K being a constant and N, the number
of electric pulses. Its dependence on the plasmid concen-
tration is rather complex, as high levels of plasmids appear to
be toxic (Rols et al. 1992). The practical conclusion is that in
vitro an effective transfer is obtained by using long pulses in
order to drive the plasmid towards the permeabilized
membrane but with low field strength to preserve the cell
viability (Rols and Teissié 1998; Kubiniec et al. 1990).
Nevertheless, the gene transfection was obtained with short
long pulses in the pioneering experiments (Neumann et al
1982), in a very recent report (Kanduser et al. 2009), and
with stem cells (Ferreira et al. 2008).

Plasmid/membrane complex remains accessible to DNase
I, up to 60 s after the pulsation in the case of CHO cells. The
plasmid aggregates, which are anchored in the membrane
after the electric field application, remain sensitive to the
degrading action of the nucleases that were added externally
post-pulse, which are known not to cross the membrane
(Eynard et al. 1997). Nevertheless, the opposite observation,
reported as a protective effect against DNAse, was detected
when using a different protocol (Klenchin et al. 1991). More
than 2 s appears to be needed to get a stable plasmid/
membrane complex after a 5 ms pulse (Phez et al. 2005).
Several minutes after the electropulsation, plasmids are still
present on/in the cell surface. The biophysical structure of
the membrane plasmid complex has to be explained.
Plasmids leave the complex and diffuse in the cytoplasm.
Then, plasmids are present at the nucleus surface, but only a
small fraction cross the nuclear envelope to be expressed a
few hours after the electropulsation (Golzio et al. 2002).
These intracellular steps remain rather poorly understood as
already mentioned. A positive effect of working at 37°C in
all these post-pulse steps was observed (Rols et al. 1994).
Hypo-osmolar buffers gave an increase in expression (Golzio
et al. 1998). Starving cells prevented expression, suggesting

an active contribution of the cell metabolism in transfer and/
or expression (Rols et al. 1998b) (Table 1).

Theories of DNA plasmid electroentry

Although the first pioneering report on gene electrotransfer
in cells was published more than 25 years ago by E.
Neumann, the molecular basis behind the process of gene
electrotransfer is highly debated. Different scenarios have
been proposed (Fig. 1):

(i) Krassowska’s model supports the simplest mechanism,
in which plasmid enters the 5 nm thick membrane
through stable macropores (i.e., 20 to 200 nm Ø)
(Smith et al. 2004; Krassowska and Filev 2007). The
electrically induced defects result from the field-
associated membrane potential changes. Their model
relies on tension-coupled pores that do not bring
membrane rupture [a dramatic feature of the classical
Chizmadzhev model (Weaver and Chizmadzhev
1996)]. It predicts a post-pulse growth of macropores
on the seconds time scale fairly consistent with
experimental evidence (Neu and Krassowska 2003).
This model predicts pores large enough to permit the
plasmid uptake, even in its circular or supercoiled
conformation (Blackburn and Gait 1996). These pores
remain open for the entire duration of electropulsation
providing adequate time for the plasmid to enter the
cell (Sukharev et al. 1994).

Table 1 Steps in gene electrotransfer. The central column describes
the events that occur before, during, and after the electropulsation. The
right column reports their time scale

Steps Events Time scale

Before
electropulsation

Plasma membrane is not permeable.
Plasmid cannot get access to the
cytoplasm.

During
electropulsation

Electropermeabilization takes place. Microseconds

Plasmid molecules are
electrophoretically driven into
contact with the cell surface.

Milliseconds

Metastable complexes are formed
between plasmid molecules and the
localized electropermeabilized part
of cell membrane.

Milliseconds

After
electropulsation

Stable complexes result. Seconds

Plasmids leave the complexes and
diffuse in the cytoplasm.

Minutes

A small fraction of the plasmid
molecules cross the nuclear
envelope to be expressed.

Hours

Gene expression occurs. Days
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This model remains an attractive model in spite of the
existence of many experimental contradictions. Indeed,
until now, no study made it possible to visualize these
membrane pores. This validation appears impossible
(Weaver and Chizmadzhev 1996). Moreover, the resealing
time of pores appears to be shorter in this model than in
experiments (e.g., seconds rather than minutes) (Bier et al.
1999; Golzio et al. 1998; Satkauskas et al. 2002; Tekle et al.
1991). In addition, in the case of CHO cells, plasmid
accessibility to DNAase I in the minute following the end
of electropulsation shows that the plasmid transfer inside
the cell occurs after the electropulsation (Eynard et al.
1997). Of course, no selectivity of the macropore is

predicted meaning that DNAases have free access. To date,
theoretical models could predict stable pores of only a few
nanometers in radius; larger pores are unstable (Freeman et
al. 1994; Joshi and Schoenbach 2000) These models are
confirmed by some experiments in which high-voltage,
short pulses are used that must have created a large number
of pores with radii of about 1 nm (Glaser et al. 1988;
Kakorin and Neumann 2002; Schwister and Deuticke
1985). To reconcile these results with the experimental
evidence of plasmid translocation after electropulsation,
some researchers postulated that plasmid entry into cells
relies on the plasmid/membrane interactions, which may be
facilitated by a coalescence of many small, 1 nm pores

Fig. 1 Differents models of gene electrotransfer. Model i: a The
electric pulse induces a macrodefect (2r>20 nm) and an electropho-
retically mediated DNA accumulation. b After the pulse, a free
diffusion of DNA takes place across the long-lived macropore. Model
ii: a DNA is preadsorbed with the plasma membrane by an interaction
with cationic lipids, sphingosines. b DNA is transiently inserted in
plasma membrane. c DNA is electrophoretically pulled through the
permeabilized zones. d DNA leaves the membrane and enters into the
cell. Model iii: a The electric pulses induce the membrane permeabi-
lization. b DNA is concentrated near the membrane surface and

pushed through the putative electropores by electrophoretic forces. c
The mechanical interaction between the pores and the DNA driven by
electrophoretic forces induces an adjustment of pore sizes. c DNA
enters into the cell. Model iv: a DNA remains at the interfacial region
when no pore is present. b Under high electric field, the DNA diffuses
towards the interior of the bilayer after a pore is created beneath it. c
Diffusion of the strand toward the interior of the membrane leads to a
complex DNA/lipid in which the lipid head groups encapsulate the
DNA. d After the electric field pulse, the DNA is translocated. e DNA
enters into the cell
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(Neumann et al. 1996; Rols and Teissié 1998; Rols et al
1998b; Sukharev et al 1992, 1994). The slow transport of
DNA across the electropermeabilized membrane reflects a
highly interactive electrotransfer, where many small pores
coalesced into large pores that were transiently occluded by
DNA (Neumann et al. 1999).

(ii) Other data report that gene electrotransfer through
lipid bilayer could be mediated by transient complexes
between plasmid and the lipids in the pore edges of
elongated, electropercolated hydrophilic pore zones
(Hristova et al. 1997). This is present with specific
lipids. Moreover, the plasmid association with a lipid
bilayer greatly facilitates the transport of small ions.
This suggests a locally conductive plasmid/lipid
interaction zone where parts of the plasmid may be
inserted in the bilayer, leaving other parts of the
plasmid probably protruding out from the outer
surface of the bilayer. Plasmid is not only transiently
inserted in, but also actually electrophoretically pulled
through the permeabilized zones onto the other
membrane side ultimately leaving the bilayer structure
basically intact (Spassova et al. 1994). With such a
model, in the case of mammalian cells, the resting
potential difference should be the driving force for
plasmid translocation after the pulse-induced insertion.
This has not been checked yet.

(iii) Previous works suggested that electric pulses induce
the membrane permeabilization, then plasmid mole-
cules are concentrated near the membrane surface and
pushed through the putative electropores by electro-
phoretic forces (Winterbourne et al. 1988; Klenchin et
al. 1991; Sukharev et al. 1992; Tekle et al. 1994). The
mechanical interaction between the pores and the
plasmid driven by electrophoretic forces induces an
adjustment of pore sizes and/or lifetimes to allow
plasmid entry in the cell. The plasmid may interact
with the electropermeabilized membrane in three
possible ways: (1) The plasmid coil is aligned in an
electric field, and at the appropriate pulse polarity it
moves toward the permeabilized membrane. The
plasmid may interact with a single membrane defect;
it becomes enhanced upon plasmid interaction by the
action of electrophoretic forces. (2) The passage of
the (linearized) plasmid coil can be initiated by
penetration of one end of the thread, which then
leads the whole molecule through one pore. (3) The
plasmid molecule can be involved in two pores (or
more) and moving with electrophoretic forces, it cuts
the membrane between these pores as a sharp thread
can do (Sukharev et al. 1992). Transfer is dependent
on electrophoretic forces and is complete at the end of
the pulse. Interestingly, hypothesis (1) suggests a

deformation of the electric field distribution close to
the membrane. The large membrane defect is associ-
ated with enhanced membrane conductivity. The
electric field lines will focus on the defect carrying
more plasmids to it. This is in agreement with the
formation of the experimentally detected plasmid
aggregates (Golzio et al. 2002).

If the electrophoretic forces are the only driving forces of
the plasmid transfer into the cell, similar transfection
efficiencies should be obtained for equal ET values (i.e.,
E, field strength and T, pulse duration). However, in the
case of HeLa cells, the number of transfected clones as a
function of ET values is different according to whether
short or long electric pulses are used (Hui 1995). Then,
when the ENT value is constant, transfection rate depends
preferentially on T (Rols and Teissié 1998). Therefore, the
electrophoretic migration cannot be the only driving force
of the plasmid transfer into the cells but clearly supports the
formation of aggregates.

(iv) A molecular dynamic approach gives a mechanism by
which plasmids do not translocate across the mem-
brane during the electropulsation (Tarek 2005). The
DNA/lipid system simulation was undertaken starting
from a well-equilibrated 12 bp DNA duplex placed
near a model POPC bilayer. The perturbation of the
system under a 1.0 V nm−1 transverse electric field is
followed for 2 ns. Under this high electric field, the
DNA duplex diffuses towards the interior of the
bilayer only after the creation of a pore beneath it,
and within the same timescale, it remains at the
interfacial region when no pore is present. Diffusion
of the strand toward the interior of the membrane leads
to a DNA/lipid complex in which the lipid head groups
encapsulate the strand. The partial charges carried by
the zwitterionic phosphatidylcholine groups of the
lipids are known to be efficient for neutralizing the
charges carried by the DNA (Bandyopadhyay et al.
1999). Such interactions between the plasmid and the
lipids contribute to the effective screening of DNA
charges and therefore to the stabilization of the
complex.

The process described herein provides support to the
gene delivery model by Golzio and collaborators (Golzio et
al. 2002), in which it is proposed that only localized parts
of the cell membrane brought to the permeabilized state are
competent for transfer and that the proper transfer of
plasmid—that does not require that the electric pulse be
maintained—is preceded by an “anchoring step,” connect-
ing the plasmid to the permeabilized membrane, which
takes place during the pulse. One should not forget that
electropulsation-mediated gene delivery concerns much
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larger supercoiled plasmids than the 12 bp construct
considered here. Transfer of such plasmids is certainly a
complex process and all aspects may not be addressed by
simulations (Tarek 2005). Nevertheless this model shows
that the plasmid is stabilized in the membrane core after
electropulsation in agreement with the overall experimen-
tally observed process of DNA translocation. DNA migra-
tion from the outer side of the cell membrane to the
cytoplasm is beyond this simulation study, and no calcula-
tion was carried out to follow the resealing process.

Conclusions

The molecular mechanisms involved in the phenomenon of
gene electrotransfer remain poorly understood. The study of
the mechanisms of gene electrotransfer shows that perme-
abilization is necessary but that the mechanism of the
transfer of the DNA molecules is different from that of the
small molecules (Table 1) (Teissié et al. 2005). The current
models described in this review are sometimes contradic-
tory and do not always fit the experimental facts (Fig. 1).
Indeed, experimental observations showed that the electro-
transfer is a slow mechanism. This is in contradiction with
the prediction of models i and iii. Models iii and iv are in
agreement with a localized plasmid/membrane interaction
(so-called competent membrane sites). These sites appear to
be created by the electropermeabilization process by
altering the field distribution (Freeman et al. 1994). This
occurs through the perturbation of the transmembrane
voltage by a conducting defect. A spatially inhomogeneous
electric field is expected within the outer buffer near
electrodefects (Pastushenko and Chizmadzhev 1982;
Powell and Weaver 1986; Barnett and Weaver 1991 ;
Weaver 1993). This brings a nonzero component of the
electric field parallel to the membrane surface, i.e., the
equipotentials near the membrane have significant, nonlin-
ear gradients. For this reason, the current flowing through a
membrane electrodefect not only results in a potential drop
within the membrane, but also in the buffer near the defects
(Weaver and Chizmadzhev 1996). Model ii suggests a
putative method for transmembrane transfer and needs
further investigations. One major problem with these
theoretical models is that they consider only the lipid
assembly description of a membrane while the presence of
membrane proteins may affect the electropermeabilization
of lipid bilayers by changing their mechanical properties
(Troiano et al. 1999).

The knowledge and the control of the biophysical
mechanisms of gene electrotransfer are necessary to
evaluate their consequences in biological and physiological
terms and their effectiveness for the development of clinical
and biotechnological protocols.
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Abstract Gene electrotransfer can be obtained not just on
single cells in diluted suspension. For more than 10 years,
this is a quasi routine strategy in tissue on the living animal
and a few clinical trials have now been approved. New
problems have been brought by the close contacts of cells
in tissue both on the local field distribution and on the
access of DNA to target cells. They need to be solved to
provide a further improvement in the efficacy and safety of
protein expression. There is a competition between gene
transfer and cell destruction. Nevertheless, present results
are indicative that electrotransfer is a promising approach
for gene therapy. High level and long-lived expression of
proteins can be obtained in muscles. This is used for a
successful method of electrovaccination.

Keywords Electropermeabilization . Electroporation .

Gene electrotransfer . In vivo applications

Introduction

Although the applications of tissue electropermeabilization
are compelling, success has been limited by a poor
understanding of the differences between electropermeabi-

lization of single cells and intact tissues. In simple systems,
such as isolated cells in suspension, plasmid transport into
cells has been shown to be under control of electrical
parameters. More than two decades of studies have
provided theoretical models of electropermeabilization at
the membrane level and largely phenomenological under-
standing at the cellular level. This was summarized in the
companion paper. But relatively little basic approach has
been done at the tissue level. Because there are different
physical barriers and heterogeneous geometries within
tissue, in vitro pseudo-tissue models such as dense cell
suspensions (Pucihar et al. 2007) and multi-cellular tumor
spheroid (Wasungu et al. 2009; Canatella et al. 2004) have
been developed to understand the biophysical processes of
electropermeabilization and gene transfer in tissues. These
studies showed a perturbation of local electrical field on dense
cell suspensions (Pucihar et al. 2007) and a limitation of gene
delivery (Wasungu et al. 2009) related to the self-
organization of cells in pseudo-tissues. Indeed, close contacts
between cells and extracellular matrix may: (1) modify the
electric field distribution, and (2) act as physical barriers that
limit the diffusion of DNA plasmid (steric hindrance) and
therefore its access to cells present in the core of the tissue.
The systematic comparison of biophysical studies from
isolated cells to 3D spheroid model allows the development
and the optimization of in vivo gene electrotransfer
procedures. In vivo biophysical mechanisms and applications
of gene electrotransfer can now be addressed (Gehl 2008).

In vivo biophysical considerations

Plasmids are injected in the tissue and electric field pulses
are generated in situ by an electrode system (so-called
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applicators) (Luxembourg et al. 2007). Expression is
obtained when suitable electrical parameters are applied.
The in vivo mechanism is still to be elucidated. However,
most results bring evidence that in vivo gene electrotransfer
is a multi-step process where plasmid distribution, cell
permeabilization and plasmid electrophoresis act synergically
as predicted from experiments at the single cell level (Golzio
et al. 2002).

In vitro studies showed that electropermeabilization and
electrophoretic forces are involved in the process of gene
electrotransfer. As a consequence, Mir and collaborators
proposed the combination of short intense pulses (termed
HV pulses for high-voltage pulses) and low long pulses
(termed LV for low-voltage pulses) for gene delivery
(Satkauskas et al. 2002, 2005; Andre et al. 2008). The
current data suggest that the HV+LV pulse combination
does not bring significant improvement to gene delivery in
vitro (Kanduser et al. 2009), whereas it is able to boost
gene transfer into skeletal muscle (Satkauskas et al. 2005).
Indeed, they showed that, under appropriate pulses con-
ditions, the HV permeabilize the cells and the LV, which
cannot permeabilize the muscle fibers, are supporting the
migration of plasmid towards or across the permeabilized
membrane of muscle fibers. The HV+LV combination was
extended to other tissues such as liver and skin in rodent
models (André et al. 2008). Striking differences between
the different tissues were found, likely related to cell size
and tissue organization (Hojman et al. 2008). This study
has revealed differences in the electrical parameters needed
to ensure efficient gene electrotransfer in various tissues. In
each tissue, transfection efficiency depends on the plasmid
distribution and electric field distribution within the tissue.
In particular, plasmid distribution is different in different
types of tissue (Andre et al. 2006; Mesojednik et al. 2007).
Plasmids distribute easily in muscle; in small rodents,
plasmids are dispersed all across the whole muscle. In liver,
on the other hand, they found it necessary to perform
intravenous injection in order to avoid the hydrodynamic
effect of the injection of fluid directly in the tissue (Liu et
al. 1999). Moreover, in agreement with the theory of
electropermeabilization, higher HV field strengths are
required to permeabilize small cells like tumor and skin
cells compared to large cells like muscle fibers (Valic et al.
2003). However, no HV is necessary to obtain efficient
gene transfer in the liver. Hepatocytes are electrically
connected through gap junctions. These junctions permit
viewing a cluster of hepatocytes as one large cell, such that
the electric potential drop induced by the external field
involves a large amplification factor. In consequence, small
external field strengths might become effective in electro-
permeabilizing the hepatocyte membrane. Nevertheless, LV
parameters must be adapted in each case to the specific
tissue. Optimal gene expression with the HV and LV pulse

combination in muscle and skin is obtained with a rather
large range of field intensities for the HV pulses. Because
the transfection efficiency appears to be due largely to the
electrophoretic displacement during LV pulse, this pulse
combination is less susceptible to the lack of homogeneity
in the field distribution. In fact, in a large part of the tissue,
the local electric field intensity of the HV pulse will remain
within the window of efficiency over a wide range of field
strengths. Thus, using the HV and LV pulse combination
allows manipulation over a range of therapeutic field
strengths. Moreover, Hojman and collaborators showed
that slight cell disturbances occur with the HV+LV
combination used for gene transfer. This is highly important,
as minimal perturbation of cell physiology is essential for
efficient transgene expression (Hojman et al. 2008).

A key parameter of gene electrotransfer is the local
electric field strength. As the field results from a voltage
applied between two electrodes, the electrode configuration
is obviously controlling the field distribution and transfection
efficiency (Gehl and Mir 1999). Electrode configurations for
therapeutic purposes are parallel plates and wire and contact
plate electrodes as well as needle electrodes and arrays
(Jaroszeski et al. 1997; Ramirez et al. 1998; Gilbert et al.
1997; Mazères et al. 2009). Electrode configuration controls
electric field distribution in tissue. However, due to its
anatomy and its electrical properties, tissue reacts to the
applied external electric field. If the applied external electric
field is high enough, local permeabilization of the tissue
occurs, i.e., electric field distribution strongly controls
permeabilization (Miklavcic et al. 1998). If the local electric
field is too high, an irreversible alteration in cell membrane
occurs. This may result in local burns. In gene therapy, it is
very important to obtain a large volume of permeabilized
tissue, covering whole tissue being subjected to electro-
pulsation and preserving cell viability. Therefore, it is
necessary to choose optimal electrode configuration and
pulse parameters for particular target tissue. A safe approach
is to compute in advance the electric field distribution in
tissues by means of numerical modeling. Modeling of
electric field distribution in tissue is difficult due to
heterogeneous material properties of tissue and its shape
(Mossop et al. 2006). Numerical modeling has been
successfully used and is also validated by comparison of
computed and measured consequences of electric field
distribution (Miklavcic et al. 1998, 2000). Tissue electrical
heterogeneity was never taken into account in the simulation,
since tissues were always considered as an amorphous
(ohmic) conducting gel (Gowrishankar and Weaver 2003).
Electropermeabilization induces a membrane conductance
change as previously described (Kinosita and Tsong 1979;
Abidor et al. 1994) and observed in tissue (Miklavcic et al.
2000). Due to the swelling, the volume fraction is affected
(Deng et al. 2003). Such a geometrical change should affect
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the field distribution in tissue and the value of the field at the
cell level in the tissue (Pavlin et al. 2002). A precise
simulation of the time dependent field distribution in the
tissue is clearly needed for different electrode geometries to
optimize this electro-technical aspect of the biological
treatment (Pucihar et al. 2009).

Plate parallel electrodes and needle arrays are the most
popular electrodes to in vivo gene electrotransfer. Plate
electrodes offer the advantages that electric pulses can be
applied transcutaneously and that electric field between
the electrodes is quite homogeneous (Gehl et al. 1999). The
two main limitations are (1) the small gap between the
electrodes, which is limited by the electrical power of
electropulsators, and (2) high field at the contact of the
electrode with the skin, which can induce burns. The needle
electrodes enable deeper penetration of the electric field
into the tissue. However, the electric field distribution is not
as homogenous resulting in higher field intensity around
the needles. This may lead to local tissue necrosis. The
heterogeneous field distribution is under the control of the
diameter of each electrode. As a consequence, new electrodes
have been designed and tested to minimize tissue damages
(Dona et al. 2003; Babiuk et al. 2003).

The various biophysical studies of in vitro and in vivo
gene electrotransfer processes allowed the development
and the optimization of protocols for routine clinical
applications.

In vivo gene electrotransfer

The use of electropulsation for introducing naked DNA
plasmid in vivo is a growing field. Several works report the
gene electrotransfer into the skeletal (Aihara and Miyazaki
1998; Mir et al. 1999) and cardiac muscle (Dean 2005;
Harrison et al. 1998), liver (Heller et al. 1996; Liu and
Huang 2002), skin (Titomirov et al. 1991; Vandermeulen et
al. 2007), tumors (Rols et al. 1998), spleen (Tupin et al.
2003), kidney (Isaka et al. 2005), lung (Zhou et al. 2007),
brain (Saito and Nakatsuji 2001), and joints (Khoury et al.
2006). The feasibility of electropulsation as a nucleic acid
delivery method was demonstrated using reporter or
therapeutic genes into specific tissues in vivo (Mir et al.
2005).

Gene electrotransfer procedure

Endotoxin-free plasmid solutions are injected in the target
tissue localized between the electrodes, where electric
pulses are applied. Gene expression depends on the amount
of injected plasmid (range of plasmid amount: 20–100 μg)
(Mir et al. 1999; Mathiesen 1999) and on the volume of
injection (Dupuis et al. 2000). For clinical applications,

different routes of injection are defined on the target:
intramuscular (i.m.), intradermal (i.d.), intratumoral (i.t.),
and intravenous (i.v.) (Lucas et al. 2002). The volume of
injection is limited by the size of the target to avoid a
dramatic and damaging swelling. The injection speed is
seldom taken into account. But a recent work suggested that
the injection speed is a key parameter to gene delivery into
skeletal muscle and liver (André et al. 2006). In case of
mice skeletal muscle, injection speed of 1.5 μL/s is
associated with a high level expression (Golzio et al. 2004).

The delay between injection and electropulsation
depends on the tissue. In the case of murine B16 melanoma
tumors, a short delay (<1 min) leads to a high level of
transfection (Rols et al. 1998). Whereas, in murine skeletal
muscle, a delay between a few seconds and 4 h does not
change the transfection efficiency (Satkauskas et al. 2001).

The electric pulse parameter used in gene electrotransfer
varied between the studies (Mir et al. 1999; Cemazar et al.
2009). Gene expression is detected only when an overcrit-
ical voltage to electrode distance is applied bringing about
electropermeabilization. This threshold is dependent on the
target tissues (Heller et al. 1996; Rols et al. 1998). In the
case of skeletal muscle, lowest values are found. As
explained, the geometry of electrodes technically controls
this threshold. It is higher with contact electrodes than with
needle electrodes (Gehl et al. 1999). Electric pulse duration
must be adjusted with the origin of the tissue. Indeed, an
efficient transfection into skeletal muscles and tumors
required the application of limited number of long pulses
(several ms) at a low frequency (1 Hz). But, a very high
number of repetitive short but stronger pulses (several μs)
at a high frequency (kHz) give a high level of gene
expression into the same tissues (Lucas et al. 2002; Vicat et
al. 2000; Rizzuto et al. 1999; Mir et al. 1999; Durieux et al.
2002). A suitable protocol using a short high voltage pulse
(kV/cm, μs) followed by several longer low voltage pulses
(V/cm, ms) at a low frequency (1 Hz) has been proposed to
aid gene delivery into skeletal muscle (Bureau et al. 2000).
The first pulses permeabilize the tissue while the other ones
act on plasmid electrophoresis (Satkauskas et al. 2002). In
the case of liver, low numbers of short (several μs) stronger
pulses at a low frequency (1 Hz) efficiently transfect this
tissue (Heller et al. 1996).

Electropulsation on live animals may cause side effects
such as reversible inflammation (Hartikka et al. 2001),
burns of the skin (Lee et al. 2000), vasocontrictory reflex
(Gehl et al. 2002), or tissue destruction depending on the
type of electrodes and electric field parameters.

Optimization of the experimental procedures is clearly
needed. An empirical approach may be used (Molnar et al.
2004). A more systematic investigation of physical as well
as biochemical parameters may bring a more rational
evaluation.
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In vivo applications

Secreted therapeutic proteins

The skeletal muscle is the most transfected tissue by gene
electrotransfer. Indeed, the skeletal muscle has interesting
physiological properties such as multi-nucleated (i.e., high
number of expression machineries) and long-lived fibers
(i.e., long-lasting gene expression), which open several
applications in gene therapy (Aihara and Miyazaki 1998;
Mir et al. 1999). This organ is composed of long-lived
fibers, which allow long-lasting gene expression. Moreover,
its rich vascularization makes it a secreting organ of
therapeutic proteins (Trollet et al. 2008). Indeed, the i.m.
electrotransfer of plasmid-encoding erythropoietin (EPO)
induces the production of EPO therapeutic doses in order to
treat the anemia related to kidney diseases (Rizzuto et al.
1999; Hojman et al. 2007) or β-thalassemy (Payen et al.
2001). In the same way, TGFR-β2 receptor and VEGF-164
factor expressions treat respectively, the lung injury and
fibrosis (Yamada et al. 2007) and diabetic neuropathy
(Murakami et al. 2006).

Gene electrotransfer allowed the development of anti-
tumoral immunotherapies. Indeed, electrotransfer of plasmid-
encoding suicide gene (e.g., ePNP/fludarabine) (Deharvengt
et al. 2007), cytokines (e.g., IL-12) (Daud et al. 2008), anti-
angiogenesis factors (e.g., vasostatin) (Jazowiecka-Rakus et
al. 2006), tumor suppressors (e.g., p53) (Kusumanto et al.
2007) into skeletal muscle or tumors stimulated or activated
the immune responses against the tumours. This immuno-
therapy induced a decrease of tumor growth and limited the
tumor recovery and metastasis progression in the case of
melanoma, hepato-carcinoma, and colon and mammary
carcinoma.

Electrovaccination

Gene electrotransfer allowed the development of genetic
electrovaccination. Genetic vaccination rests on the
principle of direct injection of plasmid encoding vaccinal
protein into the muscle or the skin (Wolff et al. 1990;
Rice et al. 2008). This protein induces host response and
activates the immune system. Compared to the gene
therapy, genetic vaccination requires only low and
transient gene expressions in few cells (Rice et al. 2008).
Several works showed that the gene electrotransfer
increase the immune response against the antigen com-
pared to the injection alone (Dupuis et al. 2000; Widera et
al. 2000; Babiuk et al. 2002; Dayball et al. 2003). The
electrovaccination allowed the development of genetic
vaccines against bacterial infections such as Mycobacterium
tuberculosis (Zhang et al. 2007) and viral infections such
as HIV (Hirao et al. 2008). Recently, electrovaccination

showed its efficiency to induce immune response against
tumors such as melanoma, and colon and mammary
carcinoma (Kalat et al. 2002; Buchan et al. 2005; Curcio
et al. 2008).

RNA interference

In the last 10 years, RNA interference (RNAi) has rapidly
become an important tool for studying gene functions and
holds promise for the development of therapeutic gene
silencing (Cheng et al. 2003). RNAi is a post-
transcriptionnal process triggered by the delivery of
plasmid encoding short hairpin RNA (shRNA) that induces
genes silencing in a sequence-specific manner (Takahashi et
al. 2009). Recently, Escoffre et al. (2008). demonstrated
that the electrotransfer of plasmid encoding shRNA induces
a long-lasting reporter gene silencing into mice muscle.
Moreover, this strategy induces an efficient silencing of
endogenous genes such as myostatin and TLR-4 involved
in the myopathies and inflammatory diseases (Magee et al.
2006; Eefting et al. 2007).

Conclusions

Electropulsation, a biophysical approach, is one of the non-
viral methods successfully used to transfer plasmid DNA
into living cells in vitro and in vivo. It has the main
advantages of being easy to perform, fast, reproducible and
safe (Golzio et al. 2004). Currently, it is described by an
empirical model supported by direct experimental evidences
in which gene electrotransfer appears as a multistep process
(see the companion paper). Its further development need a
better understanding of the basic effects induced at the
membrane, cellular and tissue levels by electrical events and
the plasmid entry in the cell. Gene electrotransfer appears
promising for gene and cell therapies (Daud et al. 2008). But
if the effects of the electric field parameters are under control
(electric pulse strength higher than a threshold value,
millisecond pulse duration for efficient gene expression),
the associated membrane destabilization, which is a stress for
the cells and may affect the cell viability, has still to be
clearly described (see the companion paper). Moreover, it
becomes evident that extracellular barriers, e.g., extracellular
matrix and exogenous nucleases, and intracellular barriers,
e.g., cytoplasm crowding, endogenous nucleases, and
nuclear envelope, compromise the transfection efficiency.
Studies will also be necessary to understand the cascade of
events triggered by electropermeabilization at the tissue
levels where new constraints coming from tissue organ-
izations are present, such as the inhomogeneity of the
electric field strength and the intercellular distribution of
plasmid DNA.
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)V! aZYRK! Z@VORVb\ZV! MV! SVR! UXQWQY^! VRU! ZTbTUN! QY^! NX_U[XPS_UVR! `YT! SPXXVRaPOMVOU! p! YO!

bPMfZV!MV!SVZZYZV!QOYSZNNVK!QWVS!YO!S_UPR`YVZVUUV!UXfR!aQXUTSYZTVX#!

!

$@P\uVSUT]! MV! SV! UXQWQTZ! VRU! M@NUYMTVX! ZVR! SPORN`YVOSVR! bVb\XQOQTXVR! MV!

Z@NZVSUXPaVXbNQ\TZTRQUTPO!QY!OTWVQY!MV!SVZZYZVR!QOTbQZVR!OYSZNNVR#!/PUXV!RUXQUNdTV!SPORTRUV!p!
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! ! ""*!

UXQWQTZZVX! p! Z@NS[VZZV! MV! ZQ! SVZZYZV! YOT`YV! aQX! WTMNPCbTSXPRSPaTV! MV! ]ZYPXVRSVOSV! Q]TO!

M@P\UVOTX! MVR! TO]PXbQUTPOR! p! ZQ! ]PTR! UVbaPXVZZV! VU! RaQUTQZV! MVR! a[NOPbfOVR! MV! bP\TZTUN!

UXQORWVXRV!MVR!a[PRa[PZTaTMVR!MV!ZQ!bVb\XQOV!aZQRbT`YV!MVR!SVZZYZVR!24-#!

!

$@VORVb\ZV!MVR!XNRYZUQUR!P\UVOYR!MQOR!SVUUV!NUYMV!]VXQ!Z@P\uVU!M@YOV!aY\ZTSQUTPO!VO!

+F"F#!

N.,97"J&8'(&)*,

!
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! !""<!

'#!)*%$#*$+ 6(%$6$)'*+ (8+ 3<(*3<(9&3&.*+ &)+ 39!*6!+ 6$6"#!)$+ (8+

6!66!9&!)+0$99*+*/"E$0'$.+'(+$9$0'#&0+8&$9.+3/9*$*+

+

ELOPG6T\XLR+$S\`bbNLl4+0[\TRL+8OVNTLm4+*ONNO+0+*[MOd!4+$RTSOMLZX+"LRRONal4+6VNTLR+:`RnT`l4+

EVSZTP+'LTSST[l+OPa+6ONTLG3TLNNL+#`RSlo+

!

�2/,&z!'(6&!D'ORUTUYU!MV!([QXbQSPZPdTV!VU!MV!6TPZPdTV!&UXYSUYXQZVEz!+F0!XPYUV!MV!/QX\POOVK!

?C*"FHHK!.PYZPYRVK!?XQOSVz!3OTWVXRTUN!MV!.PYZPYRVz!3(&z!'(6&z!?C*"FHHK!.PYZPYRVK!?XQOSV#!

�2QOSNXPaPZV!>&-! 'ORVXb!305*z!243!(YXaQO!6(!*F+9K!*"F+<!.PYZPYRV!2VMV^!*K!?XQOSV#!
!$Q\PXQUPTXV!MV!([_RTSPCS[TbTV!MVR!aPZ_bfXVR!VU!MVR!bTZTVY^!MTRaVXRVRK!%&(2'K!2/,&!31,!

H5"0K!"F!XYV!:QY`YVZTOK!?CH0FF0!(QXTRK!?XQOSV#!

!

�2PXXVRaPOMVOSVr!XPZR�Ta\R#]X!

!

hV_gPXMRr! %ZVSUXPaPXQUTPOK! VZVSUXPaYZRQUTPOK! ZTaTM! QR_bbVUX_K! a[PRa[PZTaTM! ]ZTaI]ZPaK!

bQbbQZTQO!SVZZK!]ZYPXVRSVOSV!TbQdTOd#!
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! ! ""0!

!"*'#!0'+

+

%ZVSUXTS! ]TVZM!aYZRVR! SQO! TOMYSV! Q! UXQORTVOU!bVb\XQOV!aVXbVQ\TZTeQUTPOK! Q! aXPSVRR!

SQZZVM!VZVSUXPaYZRQUTPO!DPX!VZVSUXPaPXQUTPOE#!:VX_!ZTUUZV!TR!cOPgO!Q\PYU!U[V!SPORV`YVOSVR!P]!

U[V! bVb\XQOV! VZVSUXPaYZRQUTPO! QU! U[V! bPZVSYZQX! QOM! SVZZ! ZVWVZR#! (XPdXVRRVR! TO! U[V!

cOPgZVMdV! P]! U[V! VZVSUXPaYZRQUTPO! aXPSVRR! QOM! PO! TOWPZWVM!bPZVSYZQX!bVS[QOTRbR! QXV! Q!

\TPa[_RTSQZ! S[QZZVOdV#! 7R! Q! UXQORTVOU! ZPRR! P]! U[V!bVb\XQOV! SP[VRTPO!bYRU! \V! QRRPSTQUVM!

gTU[!aVXbVQ\TZTeQUTPOK!gV!TOWVRUTdQUVM!U[V!PSSYXXVOSV!P]!VO[QOSVM!UXQORWVXRV!bPWVbVOU!P]!

a[PRa[PZTaTMR!YOMVX!VZVSUXTSQZ!SPOMTUTPOR!aXVRVXWTOd! U[V!SVZZ!WTQ\TZTU_#!-YX!bQTO!P\uVSUTWV!

gQR!UP!MVUVSU!QOM!WTRYQZTeVK!QU!U[V!RTOdZV!SVZZ!ZVWVZK!UXQORWVXRV!MT]]YRTPO!P]!a[PRa[PZTaTMR#!lV!

aVX]PXbVM!RUYMTVR!\_!YRTOd!MTdTUTeVM!]ZYPXVRSVOSV!bTSXPRSPa_!QOM!25C/6)C(2!QOM!?1"C<*!

QR!]ZYPXVRSVOU!aXP\VRK!UP!bPOTUPX!a[PRa[PZTaTM!UXQORZPSQUTPO#!lV!P\RVXWVM!U[QU!bTZZTRVSPOM!

aVXbVQ\TZTeTOd! VZVSUXTS! aYZRVR! TOMYSVM! Q! XQaTM! a[PRa[PZTaTM! ]ZTaI]ZPa!gTU[TO! ZVRR! U[QO! "R!

RUXTSUZ_!XVRUXTSUVM!UP!U[V!aVXbVQ\TZTeVM!XVdTPOR!QSSPXMTOd!UP!QO!7.(CTOMVaVOMVOU!aXPSVRR#!

-YX! XVRYZUR! RYaaPXU! U[V! V^TRUVOSV! P]! MTXVSU! TOUVXQSUTPOR! \VUgVVO! U[V! bPWVbVOU! P]! U[V!

bVb\XQOV!a[PRa[PZTaTMR!QOM!U[V!VZVSUXTS!]TVZM#!.[TR!bPWVbVOU!QaaVQXR!QR!Q!MTXVSU!V]]VSU!P]!

VZVSUXTS!]TVZM!aYZRVR!QOM!OPU!QR!Q!RVSPOMQX_!POV!QR!aXVWTPYRZ_!XVaPXUVM!TO!U[V!VX_U[XPS_UVR#!

l[TZV!S[QXdVM!a[PRa[PZTaTMR!RYS[!QR!a[PRa[QUTM_ZRVXTOV!QXV!UXQORTVOUZ_!bPWVM!UP!U[V!PYUVX!

ZVQ]ZVUK!U[TR!TR!OPU!QRRPSTQUVM!UP!QaPaUPRTR!QR!YRYQZZ_!P\RVXWVM!TO!PU[VX!]ZTaI]ZPa!QRRPSTQUVM!

aXPSVRRVR#!



W/(7$*"*(&N&O"-*+%&6@&3GG%*(&'%&$M/$%4*-1J%-)/"#+$+("*+12&(7-&$"&415/(+12&)%)#-"2"+-%&

! !""5!

&)'#(./0'&()+

.[V!SVZZ!aZQRbQ!bVb\XQOV!QSUR!QR!Q!a[_RTSQZ!QOM!RVZVSUTWV!\QXXTVX!U[QU![TOMVXR!U[V!

]XVV!MT]]YRTPO!P]![_MXPa[TZTS!QOM!S[QXdVM!bPZVSYZVR!\VUgVVO!U[V!V^UVXOQZ!bVMTYb!QOM!U[V!

S_UPRPZ! D"E#! 'UR! SPbaPRTUTPO! TO! bPRU! [VQZU[_! bQbbQZTQO! SVZZR! TR! QR_bbVUXTS! D+K! *E#!

([PRa[QUTM_ZRVXTOV!D(&E!QOM!a[PRa[QUTM_ZVU[QOPZQbTOV!XVRTMV!TO!U[V!TOOVX!ZVQ]ZVU!P]!aZQRbQ!

bVb\XQOVK! g[TZV! a[PRa[QUTM_ZS[PZTOV! D(2E! QOM! Ra[TOdPb_VZTO! QXV! ]PYOM! bPRUZ_! TO! U[V!

PYUVX!ZVQ]ZVU#!.[TR!QR_bbVUX_!TR!Q!RUQUTPOQX_!RUQUVK!g[TS[!TR!SXYSTQZ!]XPb!Q!]YOSUTPOQZ!aPTOU!P]!

WTVg!D<C5E#!7O_!aXPSVRR! U[QU!QZUVXR! U[V!(&!QR_bbVUXTS!MTRUXT\YUTPO!YRYQZZ_!Q]]VSUR! U[V!SVZZ!

WTQ\TZTU_K! \_! QaPaUPUTS! aXPSVRRVR#! .[V! bQTOUVOQOSV! P]! U[TR! bVb\XQOV! QR_bbVUX_! TR!

dPWVXOVM!\_!Q!\QZQOSV!\VUgVVO!QSUTWV!aXPUVTOCbVMTQUVM!aXPSVRRVR!QOM!\_!aQRRTWV!MT]]YRTPO!

DT#V#!]ZTaI]ZPaE!DHE#!&VWVXQZ!RUYMTVR![QWV!R[PgO!U[QU!RaVST]TS!bVb\XQOV!aXPUVTOR!bVMTQUV!U[V!

7.(CMVaVOMVOU! UXQORaPXU! P]! a[PRa[PZTaTMR! QSXPRR! U[V! aZQRbQ!bVb\XQOV!D9C"+E#! (QRRTWV!

MT]]YRTPO!TR!QRRYbVM!UP!aZQ_!Q!bTOPX!XPZV!TO!U[V!UXQORWVXRV!bPWVbVOU!P]!a[PRa[PZTaTMR!TO!

U[V! aZQRbQ! bVb\XQOV#! .[TR! MT]]YRTWV! aXPSVRR! TR! WVX_! RZPg! MYV! UP! U[V! VOVXd_! \QXXTVX!

aXVRVOUVM!\_!aQRRQdV!P]!Q![_MXPa[TZTS![VQMdXPYa!QSXPRR!U[V![_MXPa[P\TS!bVb\XQOV!SPXV#!

.[V! UTbV! UQcVO! ]PX! Q! a[PRa[PZTaTM! UP! ]ZTaI]ZPa! TR! S[QXQSUVXTeVM! \_! QO! QWVXQdV! ZT]VUTbV! P]!

RVWVXQZ![PYXR!UP!RVWVXQZ!MQ_R!D"*K!"<E#!l[VO!bPZVSYZQX!aQScTOd!MV]VSUR!QXV!aXVRVOU!QU!U[V!

a[QRV! UXQORTUTPO! P]! ZTaTM! QRRVb\ZTVRK! XQaTM! UXQOR\TZQ_VX! bPWVbVOU! PSSYXXVM! D"FK! "0E#!

%^UVXOQZ!VZVSUXTS! ]TVZM!aYZRVR!SQO!TOMYSV!aQScTOd!MV]VSUR!QZPOd!aVXbVQ\TZTeQUTPO!QOM!\XTOd!

SVZZ!MVQU[!D"5C"9E#!4PgVWVXK!YOMVX!SPOUXPZZVM!SPOMTUTPORK!U[V!SVZZ!WTQ\TZTU_!SQO!\V!aXVRVXWVM!

QOM!U[V!VZVSUXPaYZRQUTPO!SQO!\V!XPYUTOVZ_!YRVM!]PX!V]]TSTVOU!QOM!RQ]V!MVZTWVX_!D";E#!

-ZMVX! gPXcRK! aVX]PXbVM! PO! VX_U[XPS_UVRK! QMMXVRRVM! U[V! V]]VSU! P]! VZVSUXTS! aYZRVR!

MVZTWVX_!PO!a[PRa[PZTaTM!QR_bbVUX_!D9K!+FC+0E#!%X_U[XPS_UVR!VZVSUXPaYZRQUTPO!TR!Q!UgPCRUVa!

aXPSVRR! SPbaPRVM!\_!Q! XQaTM!bVb\XQOV!aVXbVQ\TZTeQUTPO! RUVa! ZVQMTOd! UP! TPO!V^S[QOdVRK!

QOM! ]PZZPgVM! TO! U[V! bTOYUVR! ]PZZPgTOd! aYZRV! MVZTWVX_K! \_! Q! MXQbQUTS! PRbPUTS! RgVZZTOd#!

&gVZZTOd! TR!QSSPbaQOTVM!\_!U[V![QVbPdZP\TO! ZVQcQdV! ZVQMTOd!UP!QO! TOSXVQRV! TO!U[V!RTeV!P]!

VX_U[XPS_UVR! QOM! S[QOdVR! TO! U[VTX! R[QaV! D+"K! ++E#! .[V! TOMYSVM! [VbPZ_RTR! \XTOdR! UP! U[V!

]PXbQUTPO!P]!d[PRUR!QOM!U[VXV]PXV!aXVWVOUR!UP!QMMXVRR!U[V!`YVRUTPO!P]!SVZZ!WTQ\TZTU_#!'O!U[VRV!

RUYMTVRK!VZVSUXPaYZRQUTPO![QR!\VVO!SPXXVZQUVM!gTU[!QO!TOSXVQRV!P]!U[V!UXQORWVXRV!bP\TZTU_!P]!

a[PRa[PZTaTMR! ZVQMTOd! UP! Q! aVXUYX\QUTPO! P]! U[V! a[PRa[PZTaTM! QR_bbVUX_! D9K! +FC++E#!

([PRa[PZTaTM!]ZTaI]ZPa![QR!OPU!\VVO!MVUVSUVM!MYXTOd!U[V!QaaZTSQUTPO!P]!VZVSUXTS!]TVZM!aYZRVR!

\YU! QZPOd! U[V! PRbPUTS! RgVZZTOd! D+FK! +<K! +0E#! .[TR! ZPRR! TO! QR_bbVUX_! TR! QO! TXXVWVXRT\ZV!

aXPSVRR#!.[VRV!aXVWTPYR!gPXcR!QXV!\QRVM!PO!MQUQ!P\UQTOVM!PO!SVZZ!aPaYZQUTPOK!Q!ZPOd!UTbV!
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! ! ""H!

Q]UVX!aYZRV!MVZTWVX_#!/P!MTXVSU!P\RVXWQUTPO!P]!g[QU!PSSYXR!QU!U[V!aZQRbQ!bVb\XQOV!ZVWVZ!TR!

QWQTZQ\ZV#! /P! MTXVSU! SPXXVZQUTPO! \VUgVVO! U[V! a[PRa[PZTaTM! ]ZTaI]ZPa! RTUVR! QOM! U[V!

aVXbVQ\TZTeVM!RTUVR!SPYZM!\V!P\UQTOVM#!1PXVPWVXK!VX_U[XPS_UVR!QR!Q!RTbaZV!QOM!SPOWVOTVOU!

gQ_!UP!RUYM_!VZVSUXPaYZRQUTPO!aXPSVRR![QWV!RVWVXQZ!ZTbTUR#!.[VRV!SVZZRK!gTU[!OP!OYSZVYR!QOM!

gTU[! Q! \TCMTbVORTPOQZ! QSUTOIRaVSUXTO! S_UPRcVZVUPOK! [QWV! Q!S_UPaZQRbTS! PXdQOTeQUTPOK! WVX_!

MT]]VXVOU!P]!U[QU!P]!bQbbQZTQO!SVZZR#!!

7! cV_! aXP\ZVb! TO! U[V! VZVSUXPaYZRQUTPO! TR! TOMVVM! U[V! ZQSc! P]! cOPgZVMdV! Q\PYU!

RUXYSUYXQZ! QOM!M_OQbTSQZ! S[QOdVR! TOMYSVM!\_! U[V! VZVSUXTS! ]TVZM! PO! U[V!aZQRbQ!bVb\XQOV!

D"HE#!'OMVVM!WVX_!ZTUUZV!TR!cOPgO!Q\PYU!g[QU!TR!XVQZZ_!PSSYXXTOd!TO!U[V!SVZZ!bVb\XQOV!QU!U[V!

bPZVSYZQX!ZVWVZ!D"HE#!1QuPX!RUXYSUYXQZ!S[QOdVR!DV#d#!WTZZTE!QOM!MV]PXbQUTPOR!DV#d#!\ZV\RE![QWV!

\VVO! P\RVXWVM! TO! U[V! aZQRbQ! bVb\XQOV! P]! VZVSUXPaVXbVQ\TZTeVM! SVZZR! D+5K! +HE#! .[VRV!

QZUVXQUTPORK! g[TS[! QXV! UQcVO! QR! VWTMVOSV! ]PX! Q! XVPXdQOTeQUTPO! P]! U[V! S_UPRcVZVUPOK! QXV!

XVWVXRT\ZV!YOMVX!SPOUXPZZVM!SPOMTUTPOR!D+9K!+;E#!7]UVX!Q!]Vg!bTOYUVRK!U[V!SVZZR!XVSPWVX!U[VTX!

bVb\XQOV! TOUVdXTU_#!.[V!VZVSUXTS! ]TVZM!QZUVXR! U[V!PXdQOTeQUTPO!QOM!SP[VRTPO!P]! U[V!aZQRbQ!

bVb\XQOV#! .[V! ]TXRU! V]]VSU! P]! U[V! VZVSUXTS! aYZRVR! TR! PO! U[V! ZTaTM! bQUXT^! D*FC*+E#! .[V!

aXPUVPZTaTMTS! bQUXT^! TR! MTRXYaUVMK! QOM! Q! XVPXdQOTeQUTPO! P]! U[V! aPZQX! [VQMdXPYaR! P]!

a[PRa[PZTaTMR! ZVQMR! UP! Q! MVRUQ\TZTeQUTPO! P]! U[V! [_MXQUTPO! ZQ_VX! D*FK! *"E#! .[VRV! aXVWTPYR!

V^aVXTbVOUQZ! RUYMTVR! SPORUTUYUV! PYX! ZTbTUVM! aXVRVOU! RUQUV! P]! cOPgZVMdV! P]! SVZZ!

VZVSUXPaYZRQUTPO! QU! U[V! bPZVSYZQX! ZVWVZ#! .[V! \PUUZVOVSc! TO! RYS[! RUYMTVR! TR! U[V! ZQSc! P]!

SPOWVOTVOU! V^aVXTbVOUQZ! RUXQUVdTVR! UP! WTRYQZTeV! bPZVSYZQX! aXPSVRRVR! TO! RYS[! Q! SPbaZV^!

VOWTXPObVOU!U[QU!TR!Q!ZTWTOd!SVZZ#!?ZYPXVRSVOSV!WTMVPbTSXPRSPa_!QU!U[V!RTOdZV!SVZZ!ZVWVZ!TR!OPg!

aXPWTMTOd!Q!SPOWVOTVOU!QaaXPQS[!D**K!*<E#!

.[V! QTb! P]! U[V! aXVRVOU! gPXc! gQR! UP! ]YXU[VX! TOWVRUTdQUV! U[V! SPORV`YVOSVR! P]! U[V!

QaaZTSQUTPO! P]! bTZZTRVSPOM! aYZRVM! VZVSUXTS! ]TVZM! DbR(%?E! PO! U[V! SVZZ! bVb\XQOV! \PU[! QU!

bPZVSYZQX! QOM! SVZZ! ZVWVZR#! 7O_! MTXVSU! TOWVRUTdQUTPO! gTU[! \PU[! RaQUTQZ! QOM! UVbaPXQZ!

XVRPZYUTPOR!P]!U[V!V]]VSUR!P]!bR(%?R!PO!UXQORWVXRV!bP\TZTU_!P]!a[PRa[PZTaTMR!SPYZM![VZa!UP!

YOMVXRUQOM! bVS[QOTRbR! P]! VZVSUXPaYZRQUTPO#! -YX! RUXQUVd_! SPORTRUVM! PO! bPOTUPXTOd! U[V!

UXQORWVXRV!bP\TZTU_! PO! 2[TOVRV! [QbRUVX! PWQX_! SVZZR! D24-! SVZZRE#! .P! MVUVSU! a[PRa[PZTaTMR!

TOUVXOQZTeQUTPO!QOM!UXQORZPSQUTPOK!24-!SVZZR!gVXV!RUQTOVM!gTU[!U[V!]ZYPXVRSVOU!aXP\VRK!25C

/6)C(2! DT#V#! "CaQZbTUP_ZC+CDHCOTUXP\VOeC+CP^QC"K*CMTQePZC<C_ZC[V^QOP_ZECROCdZ_SVXPC*C(2E!

QOM! ?1"C<*! DT#V#! /CD*CUXTVU[_ZQbbPOTYbaXPa_ZEC<CD<CDMT\YU_ZQbTOPERU_X_ZEa_XTMTOTYb!

MT\XPbTMVEK! XVRaVSUTWVZ_#! .[TR! QaaXPQS[! aXPWTMVR! Q! MTXVSU! WTRYQZTeQUTPO! P]! UXQORTVOU! ZTaTM!

bPWVbVOUK! gTU[! RaQUTPCUVbaPXQZ! TO]PXbQUTPO! PO! U[V! QRRPSTQUTPO! \VUgVVO! U[V!
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! !""9!

aVXbVQ\TZTeQUTPO! P]! XVdTPOR! QOM! a[PRa[PZTaTMR! ]ZTaI]ZPa! RTUVR! gTU[TO! U[Vb#! .[TR! a[_RTSQZ!

QaaXPQS[! QZZPgVM! YR! UP! QMMXVRR! RVWVXQZ! `YVRUTPORr! DTE! )TM! U[V! QaaZTSQUTPO! P]! U[V! VZVSUXTS!

aYZRVR!TOMYSV!QO!TOSXVQRV!P]!a[PRa[PZTaTM!]ZTaI]ZPa!TO!WTQ\ZV!OYSZVQUVM!SVZZR�!DTTE!lQR!U[VXV!Q!

MTXVSU!QRRPSTQUTPO!\VUgVVO! U[V!bVb\XQOV!aVXbVQ\TZTeQUTPO!XVdTPOR!QOM! U[V!a[PRa[PZTaTM!

]ZTaI]ZPa!RTUVR�!DTTTE!)TM!U[V!VZVSUXTS!]TVZM!aZQ_!U[V!XPZV!VTU[VX!P]!Q!MTXVSU!QSUPX!PX!P]!Q!RTbaZV!

SQUQZ_RU�!DTWE!.P!g[QU!V^UVOU!MTM!U[TR!aXPSVRR!ZVQM!UP!SVZZ!MVQU[�!DWE!l[QU!SPYZM!bPZVSYZQX!

bPMVZDRE!RYaaPXU!U[V!a[PRa[PZTaTM!UXQORZPSQUTPO!TOMYSVM!\_!bR(%?R�!

!

6!'$#&!9*+!).+6$'<(.*+

L+00#94054-+#

2[TOVRV! [QbRUVX! PWQX_! SVZZR! DlTZM! ._aV! .PXPOUP! SZPOVE! gVXV! RVZVSUVM! ]PX! U[VTX!

Q\TZTU_! UP!dXPg! TO!RYRaVORTPO!PX!aZQUVM#!.[V_!gVXV!dXPgO! TO!1%1!bVMTYb!QR!aXVWTPYRZ_!

MVRSXT\VM!D*<E#!

!

_0+95-7/401)527.#)//)-)541#

%ZVSUXPaYZRQUTPO! gQR! PaVXQUVM! \_! YRTOd! Q! 2/,&! SVZZ! VZVSUXPaYZRQUPX! DGPYQOK! &U!

4VX\ZQTOK!?XQOSVEK!g[TS[!MVZTWVXVM!R`YQXVCgQWV!VZVSUXTS!aYZRVR#!7O!PRSTZZPRSPaV!D%OVXUVSK!&U!

%UTVOOVK!?XQOSVE!bPOTUPXVM!aYZRV!R[QaV#!&UQTOZVRR!RUVVZ!XPMR!aQXQZZVZ!VZVSUXPMVR!DMTQbVUVX!

F#0!bbK!ZVOdU[!"F!bbK!TOUVXCVZVSUXPMV!MTRUQOSV!H!bbE!gVXV!SPOOVSUVM!UP!U[V!WPZUQdV!aYZRV!

dVOVXQUPX! D**E#! 24-! SVZZR!gVXV! VZVSUXPaYZRVM!\_! QaaZTSQUTPO!P]!bR(%?R!cOPgO! UP! TOMYSV!

bQSXPbPZVSYZVR!ZPQMTOd!TOUP!24-!SVZZR#!"F!aYZRVR!ZQRUTOd!0!bR!QU!Q!]XV`YVOS_!P]!"!4e!gVXV!

QaaZTVM!YOMVX!F#H!c:ISb!QU!XPPb!UVbaVXQUYXV!D*0K!*5E#!

!

_0+95-7/401)527.#

2VZZR! gVXV! SYZUYXVM! PO! bTSXPRSPaV! dZQRR! SPWVXRZTa! S[Qb\VX! D$Q\UVSc! ''! R_RUVbK!

/YOS.1E!QU!F#0!"F5!24-!SVZZR!aVX!gVZZ!"[!\V]PXV!VZVSUXPaYZRQUTPO!UP!dVU!U[Vb!QUUQS[VM!UP!U[V!

SPWVXRZTa! \YU! cVVaTOd! U[VTX! Ra[VXTSQZ! R[QaV#! 2VZZR! gVXV! VZVSUXPaYZRVM! TO! "!b$! aYZRQUTPO!

\Y]]VX! D(6E! D"F!b1!h+4(-<Ih4+(-<K! "!b1!1d2Z+K! +0F!b1! RYSXPRVK! a4! H#<E! SPOUQTOTOd!

aXPaTMTYb! TPMTMV!D('E! D"FF!�1E!D&TdbQC7ZMXTS[�K!&UC$PYTRK!1-E#!('!YaUQcV!gQR!bVQRYXVM!

POZ_!TO!U[V!XVdTPOR!P]!U[V!SVZZ!S[Qb\VX!g[VXV!U[V!VZVSUXTS!]TVZM!gQR![PbPdVOVPYR!D*HK!*9E#!

.P! MVUVXbTOV! U[V! WQZYV! P]! �aK! ]ZYPXVRSVOSV! TOUVORTU_! aXP]TZV! TR! MXQgO! QZPOd! U[V! SVZZ!

bVb\XQOV#!7!aZPU!P]!]ZYPXVRSVOSV!TOUVORTU_!QR!Q!]YOSUTPO!P]!U[V!aPZQX!QOdZV!TR!P\UQTOVM!QOM!TU!

XVQMTOd!dTWVR!YR!U[V!WQZYV!P]!�a!D*;E#!!
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! ! "";!

!

L+00#C2),2025<#

2VZZ!WTQ\TZTU_!gQR!MVUVXbTOVM!\_!U[V!Q\TZTU_!P]!SVZZR!UP!dXPg!QOM!MTWTMV!PWVX!Q!+<[!

aVXTPM#!2VZZR!gVXV!aYZRVMK!cVaU!]PX!"F!bTO!QU!*F�2!QOM!U[VO!dXPgO!TO!(VUXT!MTR[VR!Q]UVX!

QMMTOd! "!b$! P]! SYZUYXV!bVMTYb! ]PX! +<[! QU! *H�2! TO! Q! 0v!2-+! TOSY\QUPX#! :TQ\TZTU_!gQR!

bVQRYXVM!\_!bPOTUPXTOd!SVZZR!dXPgU[!U[XPYd[!Q!SPZPXQUTPO!bVU[PM!D<FE#!

!

\%I#;+/0+527.#7=#LZ'#9+001#

24-!SVZZR!gVXV!TOSY\QUVM!gTU[!RPMTYb!QeTMV!D&TdbQC7ZMXTS[�K!&UC$PYTRK!1-E!QOM!+C

MVP^_C)CdZYSPRV!D&TdbQC7ZMXTS[�K!&UC$PYTRK!1-E!QU!+!b1!QOM!"F!b1K!XVRaVSUTWVZ_K!TO!(6&!

QU!+"�2!MYXTOd!"0!bTO#!.[TR!PaUTbYb!SPOMTUTPO!XVRYZUVM!Q!MVSXVQRV!P]!7.(!SPOUVOU!\_!

H0v!P]!TUR!TOTUTQZ!WQZYV!gTU[PYU!Q]]VSUTOd!SVZZ!WTQ\TZTU_!QR!aXVWTPYRZ_!MVRSXT\VM!D<"E#!

!

L`V"[cVIL#*+*,-).+#/-7,+#

25C/6)C(2! D7WQOUT! (PZQX! $TaTMRK! 'OS#! 7ZQ\QRUVXK! 7ZQ\QbQE! TR! Q! bPZVSYZV! P]!

a[PRa[PS[PZTOV!g[VXV! POV! P]! U[V! QS_Z! S[QTOR! TR! RY\RUTUYUVM! \_! Q! ]ZYPXVRSVOU! dXPYaK! /<C

OTUXP\VOePC+CP^QC"K*CMTQePZV! D/6)E#! 'UR! TOSPXaPXQUTPO! TOUP! U[V!PYUVX! ZVQ]ZVU!P]! U[V!aZQRbQ!

bVb\XQOV! P]! 24-! SVZZR! TR! ]QSTZTUQUVM! \_! TUR! R[PXU! QS_Z! S[QTO! DPOZ_! 5! SQX\PO! QUPbRE!D<+E#!

?ZYPXVRSVOU! WVRTSZVR! gVXV! P\UQTOVM! \_! bT^TOd! P]! "F! �$! MTCPZVP_ZCa[PRa[QUTM_ZS[PZTOV!

RPZYUTPO! D+F!bdIb$E! QOM!+F!�$!25C/6)C(2! RPZYUTPO! D"!bdIb$E#!7!bT^VM! ZTaTM! ]TZb!gQR!

P\UQTOVM!\_!S[ZPXP]PXb!VWQaPXQUTPO!TO!Q!dZQRR!WTQZ!YOMVX!OTUXPdVO!]ZPg#!.[V!WTQZ!gQR!aZQSVM!

TO! Q! WQSYYb! ]PX! POV! [PYX#! .[V! ZTaTM! ]TZb!gQR! XVRYRaVOMVM!gTU[! Q! "F!b$!(6&C2Q+�I1d+�!

\Y]]VX!QU!<�2#!.[V!RPZYUTPO!gQR!RUTXXVM!MYXTOd!"!bTOYUV!]PZZPgVM!\_!Q!RPOTSQUTPO!]PX!H!bTO!QU!

5Fv!P]!+0!l!D:T\XQ2VZZK!6TP\ZPSc!&STVOUT]TSE!D<+E#!2VZZR!gVXV!SYZUYXVM!PO!Q!bTSXPRSPaV!dZQRR!

SPWVXRZTa!S[Qb\VX!gTU[!F#0!"F<!24-!SVZZR!aVX!gVZZK!"[!\V]PXV!ZQ\VZTOd#!7]UVX!*!gQR[VR!gTU[!Q!

"!b$!(6&C2Q+�I1d+�!\Y]]VX!QU!<�2K!24-!SVZZR!gVXV!TOSY\QUVM!gTU[!"!b$!P]!]ZYPXVRSVOU!WVRTSZV!

RPZYUTPO! ]PX! "F! bTOYUVR! QU! <�2! UP! ZTbTU! VOMPS_UPRTR#! 7]UVX! U[V! ZQ\VZTOdK! 24-! SVZZR! gVXV!

gQR[VM!*!UTbVR!gTU[!U[V!(6!UP!VZTbTOQUV!U[V!V^SVRR!P]!]ZYPXVRSVOU!WVRTSZVR!D<+E#!!

!

UXQVdW#*+*,-).+#/-7,+#

?1"C<*!M_V!D1PZVSYZQX!(XP\VRK!'OS#K!%YdVOVK!-XVdPOE!TR!Q!ZTaPa[TZTS!RU_X_Z!SPbaPYOM!

YRVM! TO!RUYMTVR! TOWPZWTOd!U[V!aZQRbQ!bVb\XQOV#!.[V!gQUVXCRPZY\ZV!?1"C<*!M_VK!g[TS[! TR!

OPOCUP^TS!]PX!SVZZR!QOM!WTXUYQZZ_!OPOC]ZYPXVRSVOU!TO!Q`YVPYR!bVMTQK!TR!XVaPXUVM!UP!TORVXU!TOUP!
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! !"+F!

U[V! PYUVX! ZVQ]ZVU! P]! U[V! RYX]QSV!bVb\XQOV!g[VXV! TU! \VSPbVR! [Td[Z_! ]ZYPXVRSVOU!D<*K! <<E#!

2VZZR!gVXV! SYZUYXVM!PO! Q!bTSXPRSPaV! dZQRR! SPWVXRZTa! S[Qb\VX!gTU[!F#0!"F<!24-! SVZZR! aVX!

gVZZK!"[!\V]PXV!ZQ\VZTOd#!24-!SVZZR!gVXV!gQR[VM!U[XVV!UTbVR!QOM!U[VO!bT^VM!gTU[!*!�1!?1"C

<*!TO!(6!]PX!"0!bTO!QU!*H�2#!2VZZR!gVXV!MTXVSUZ_!aYZRVM!TO!(6!gTU[!?1"C<*K!gTU[PYU!gQR[TOd!

QR!aXVWTPYRZ_!MVRSXT\VM!D<0E#!!

!

\..+P2.V$#

7aPaUPRTR! gQR! MVUVSUVM! \_! QOOV^TOC:! QRRQ_! D1PZVSYZQX! (XP\VRK! 'OS#K! %YdVOVK!

-XVdPOE#! "[! \V]PXV! VZVSUXPaYZRQUTPOK! SVZZR!gVXV! SYZUYXVM! PO! Q!bTSXPRSPaV! dZQRR! SPWVXRZTa!

S[Qb\VX!gTU[! F#0! "F<! 24-! SVZZR! aVX!gVZZ#! 7]UVX! VZVSUXPaYZRQUTPOK! 24-! SVZZR!gVXV!gQR[VM!

U[XVV!UTbVR!gTU[!QOOV^TOC:!\TOMTOd!\Y]]VX!QOM!U[VO!ZQ\VZVM!gTU[!0F!�$!QOOV^TOC:!?'.2!TO!

U[V!(6!]PX!"0!bTO!QU!XPPb!UVbaVXQUYXV!TO!U[V!MQXc#!2VZZR!gVXV!QOQZ_eVM!\_!]ZPg!S_UPbVUVX!

QOM!]ZYPXVRSVOSV!bTSXPRSPa_!D<5E#!

!

U047-+19+.9+#2*)62.6#

?PX!bTSXPRSPaTS!P\RVXWQUTPORK!U[V!bTSXPRSPaV!dZQRR!SPWVXRZTa!S[Qb\VX!SQXX_TOd!U[V!

VZVSUXPMVR!gQR!aZQSVM!PO!U[V!RUQdV!P]!QO! TOWVXUVM!MTdTUTeVM! ]ZYPXVRSVOSV!WTMVPbTSXPRSPaV!

D$VTSQ! )1',6K! lVUeZQXK! >VXbQO_E#! 2VZZR! gVXV! P\RVXWVM! gTU[! Q! $VTSQ! "FF%K! "#*F! PTZ!

TbbVXRTPO!P\uVSUTWV#!.[V!gQWVZVOdU[R!gVXV!RVZVSUVM!\_!YRTOd!U[V!$VTSQ!$<!]TZUVX!\ZPSc!]PX!

U[V!25C/6)C(2!QOM!?1"C<*!ZQ\VZVM!SVZZR!QOM!U[V!$VTSQ!/+#"!]TZUVX!\ZPSc!]PX!('CZQ\VZVM!SVZZR#!

'bQdVR!gVXV!XVSPXMVM!gTU[!Q!([PUPbVUXTSR!SPPZVM!22)!SQbVXQ!D(XTOSVUPO!TORUXYbVOUK!'OS#E!

QOM! Q! SPbaYUVXCSPOUXPZZVM! V^STUQUTPO! ZTd[U! R[YUUVX! D$VTSQK! %$! 5FFFE#! .[TR! R[YUUVX! ZTbTUR!

a[PUP\ZVQS[TOd#!)TdTUTeVM! TbQdVR!gVXV!aXPSVRRVM!gTU[!Q!1VUQ1PXa[!7S`YTRTUTPO!RP]UgQXV!

D:VXRTPO! H#F<X<! �! ";;+C+FF5! 1PZVSYZQX! )VWTSVRE! XYO! PO! Q! )%$$! SPbaYUVX! D1TSXPRP]U!

lTOMPgR!A(E#!!

)QUQ!QOQZ_RTR!

.P! `YQOUT]_! 25C/6)C(2! TOUVXOQZTeQUTPOK! ]PX! VQS[! SVZZK! U[V! bVQO! ]ZYPXVRSVOSV!

TOUVORTUTVR!P]!U[V!bVb\XQOV!QOM!P]!U[V!S_UPaZQRb!gVXV!MVUVXbTOVM!QZPOd!Q!aXP]TZV!ZTOV!RSQO!

QR!]PZZPgR#!.[V!UgP!bQ^TbQ!P]!U[V!ZTOV!RSQO!SPXXVRaPOMTOd!UP!U[V!bVb\XQOV!gVXV!MVUVSUVM!

QOM! U[VTX! TOUVORTU_!QWVXQdVM!Q]UVX!RY\UXQSUTPO!P]! U[V!\QScdXPYOM#!7]UVX! ZPSQZTeQUTPO!P]! U[V!

bQ^TbQK!\QRVM!PO!Q!aXVWTVg!P]!ZTOV!RSQORK!Q!R[T]U!P]!"F!aT^VZR!]XPb!U[VRV!bQ^TbQ!TOMV^VR!TO!

MTXVSUTPO!P]!U[V!SVZZ!VOUVX!gQR!VRUQ\ZTR[VM!UP!XVQS[!U[V!S_UPaZQRb#!.[YRK!Q]UVX!RY\UXQSUTPO!P]!

U[V!\QScdXPYOMK!bVQRYXVbVOU!P]!U[V!bVQO!]ZYPXVRSVOSV!TO!U[V!S_UPaZQRb!QZPOd!U[V!ZTOV!RSQO!
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! ! "+"!

TR!SQZSYZQUVM!\VUgVVO!U[VRV!UgP!ZTbTUR#!?TOQZZ_K!gV!SQZSYZQUVM!U[V!bVQO!]ZYPXVRSVOSV!XQUTP!,!

\VUgVVO! S_UPaZQRb! QOM! bVb\XQOV#! .[TR! XQUTP! gQR! SQZSYZQUVM! \V]PXV! QOM! Q]UVX!

VZVSUXPaYZRQUTPOK!QU!F#0K!0K!"F!bTOYUVR!QOM!WQZYVR!Q]UVX!VZVSUXPaYZRQUTPO!gVXV!SPXXVSUVM!\_!

RY\UXQSUTPO!P]!aXVCaYZRV!WQZYV#!

.P! `YQOUT]_! S[QXdVM! a[PRa[PZTaTM! DV#d#! (&E! UXQORZPSQUTPOK! RYX]QSV! aZPUR! TO! aRVYMPC

SPZPX! P]! ?1"C<*! VbTRRTPO! gVXV! aXPSVRRVM! \_! 'bQdV! G! RP]UgQXV! D<9E#! .[VOK! bVQO!

]ZYPXVRSVOSV! TOUVORTUTVR! P]! aZQRbQ!bVb\XQOV! ]QSTOd! U[V! QOPMV! D'7E! QOM! U[V! SQU[PMV! D'2E!

\VUgVVO!\V]PXV!DOxFE!QOM!MYXTOd!DOx"FE!VZVSUXPaYZRQUTPO!gQR!MVUVXbTOVM#!1VQO!TOUVORTUTVR!

gVXV!SPXXVSUVM!]XPb!U[V!\QScdXPYOM!]ZYPXVRSVOSV#&

!

?5)521529)0#).)0<121#

lV!QOQZ_eVM!]XPb!"FF!SVZZR!aVX!QRRQ_#!.[TR!gQR!P\UQTOVM!\_!Q!MVZQ_VM!TbQdV!QOQZ_RTR!

P]!U[V!RUPXVM!]TZVR#!-O!VQS[!]TdYXV!P]!U[TR!bQOYRSXTaUK!gV!MTRaZQ_VM!Q!XVaXVRVOUQUTWV!SVZZ!P]!

P\RVXWVM! SVZZR#! %XXPXR! \QXR! XVaXVRVOUVM! U[V! RUQOMQXM! VXXPX! P]! U[V! bVQO#! .[V! RUQUTRUTSQZ!

RTdOT]TSQOSV!P]!MT]]VXVOSVR!\VUgVVO! U[V!bVQOR!gQR!VWQZYQUVM!\_!QO!YOaQTXVM!&UYMVOU@R! UC

UVRU#!7ZZ!RUQUTRUTSR!UVRUR!gVXV!RTMVM!D/&K!OPU!RTdOT]TSQOUz!�(~F#F0z!��(~F#F"z!���(~F#FF0E#!

!

#$*/9'*+

%B+7-<#

.[V!bQTO!V]]VSU!P]!U[V!QaaZTSQUTPO!P]!VZVSUXTS!]TVZMR!PO!SVZZR!TR!U[V!bPMYZQUTPO!P]!U[VTX!

UXQORbVb\XQOV!aPUVOUTQZ!MT]]VXVOSV!D"HK!"9E#!.[TR!aPUVOUTQZ!MT]]VXVOSVK!!"bK!SPORTRUR!P]!UgP!

bQuPX!SPOUXT\YUTPORK! U[V!XVRUTOd!D!"FE!QOM! U[V!VZVSUXPCTOMYSVM!aPRTUTPO!MVaVOMVOU! D!"%E!

bVb\XQOV!aPUVOUTQZ!MT]]VXVOSVR#!l[VO!Q!SVZZ! TR!MVRSXT\VM!QR!QO! TORYZQUTOd!Ra[VXTSQZ! R[VZZK!

U[V!V^aXVRRTPO!P]!U[V!RUVQM_!RUQUV!VZVSUXPCTOMYSVM!bVb\XQOV!aPUVOUTQZ!MT]]VXVOSVRK!!"%K!SQO!

\V!gXTUUVO!QRr!!

! 

"#E t( ) = #in $#out = $g %( )rE cos &M( ) 1$ e
$ t

'
( 

) 
* 

+ 

, 
- (1)!

g[VXV!U!TR!U[V!UTbV!Q]UVX!U[V!PORVU!P]!U[V!VZVSUXTS!aYZRVK!dD&E!MVRTdOQUVR!Q!SPbaZV^!]YOSUTPO!P]!

U[V!RaVST]TS!SPOMYSUTWTUTVR!P]!U[V!bVb\XQOVK!U[V!aYZRQUTPO!QOM!U[V!S_UPaZQRbK!X!TR!U[V!XQMTYR!

P]!U[V!SVZZK!%!U[V!]TVZM!TOUVORTU_K!'!U[V!QOdZV!\VUgVVO!U[V!MTXVSUTPO!P]!U[V!]TVZM!QOM!U[V!OPXbQZ!

UP! U[V!bVb\XQOV! QU! U[V! aPTOU!1! SPORTMVXVM! PO! U[V! SVZZ! RYX]QSV! QOM! �! TR! U[V!bVb\XQOV!

S[QXdTOd! UTbV! D�! iR! TO! PYX! SPOMTUTPORE! D?Td#! &"7E#! ?PX! 24-! SVZZRK! U[V! XVRUTOd! bVb\XQOV!

aPUVOUTQZ! MT]]VXVOSVK! !"FK! TR! Q\PYU! C<F! QOM! C5F! b:! D<;E#! 2PORV`YVOUZ_K! WQZYVR! P]! U[V!
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! !"++!

UXQORbVb\XQOV! aPUVOUTQZ! MT]]VXVOSV! D!"bE! QXV! [Td[VX! QU! U[V! aPZV! ]QSTOd! U[V! aPRTUTWV!

VZVSUXPMV!U[QO!QU!U[V!aPZV!]QSTOd!U[V!OVdQUTWV!POV#!1Vb\XQOV!aVXbVQ\TZTeQUTPO!UQcVR!aZQSV!

g[VO!!"b!XVQS[VR!U[XVR[PZM!SZPRVM!UPr!

!

! 

"#
m

= "#
0

+ "#
E

= 0.2 $ 0.3V (2) !

!

7! cV_! SPORV`YVOSV! P]! U[TR! V^UVXOQZ! ]TVZM! V]]VSU! TR! U[V! PSSYXXVOSV! P]! Q! RUXPOd! ]TVZM!

V]]VSU!QSXPRR!U[V!bVb\XQOV!DT#V#!F#F0!:IOb!]PX!0!Ob!ZQ_VXE#!.[V!VZVSUXTS!]TVZM!bPMYZQUTPO!P]!

U[V!aPUVOUTQZ!MT]]VXVOSV!D*9K!*;K!0FK!0"E!QSXPRR!U[V!SVZZ!bVb\XQOV!ZVQMR!UP!QO!QR_bbVUXTSQZ!

]TVZM! MTRUXT\YUTPO#!3OMVX!bR(%?R! ZVQMTOd! UP! dVOV! UXQOR]VX!D<HEK! U[V! aVXbVQ\TZTeQUTPO!gQR!

MVUVSUVM! QU! U[V! bVb\XQOV! XVdTPOR! ]QSTOd! UgP! VZVSUXPMVR! D*HK! *9EK! U[V! bVb\XQOV!

aVXbVQ\TZTeQUTPO!]QSTOd!U[V!QOPMV!Q]]VSUTOd!Q! ZQXdVX!SQa!U[QO!U[QU! TO!U[V!XVdTPO!]QSTOd!U[V!

SQU[PMV!D?Td#!&"6E#!.[VRV!MQUQ!RYddVRUVM!U[QU!UXQORTVOU!QOM!aVXbVQOU!RUXYSUYXVR!QXV!SXVQUVM!

TO!bVb\XQOV! XVdTPOR! ]QSTOd! U[V! UgP!VZVSUXPMVR! D?Td#! &"6E! D"HK! "9K! *HE#!/VWVXU[VZVRRK! U[V!

bPZVSYZQX!PXdQOTeQUTPO!P]!U[V!RYaaPXU!]PX!aVXbVQ\TZTeQUTPO!XVbQTOR!YOcOPgO!D0+E!QOM!bQ_!

\V! MT]]VXVOU! PO! U[V! UgP! RTMVR! P]! U[V! SVZZ! D0*K! 0<E#! 7! WVSUPXTQZ! S[QXQSUVX! P]! U[V!

UXQORbVb\XQOV! ]TVZM!V]]VSU!PO!U[V! TOUVX]QSTQZ!MTaPZVR!QaaVQXR! UP!\V!aXVRVOU!D00K!05E#!.[V!

UPX`YV!DSPORV`YVOSV!P]!Q!]TVZM!PO!Q!MTaPZVE!dTWVR!bPWVbVOUR!P]!PaaPRTUV!MTXVSUTPOR!PO!

U[V! UgP! RTMVR! P]! U[V! bVb\XQOV#! -O! POV! RTMVK! U[V! MTaPZV! TR! aYZZVM! TO! QO! VXVSUVM!

SPO]TdYXQUTPO! g[TZV! PO! U[V! PU[VX! TU! TR! aYR[VM! UPgQXMR! U[V! bVb\XQOV#! .[V!

UXQORbVb\XQOV!MTXVSUTPOR!P]!U[V!VZVSUXTS!]TVZM!QXV!PaaPRTUV!PO!U[V!UgP!SVZZ!SQaR!D0HE#!.[TR!

XVRYZUR!PO!QO!VXVSUVM!SPO]TdYXQUTPO!PO!U[V!PYUVX!ZQ_VX!P]!POV!SQa!QOM!PO!U[V!RUTScVM!POV!PO!

U[V!PU[VX!SQa#!

!

.[V! ]TXRU! UQXdVU! P]! U[V! ]TVZM! TR! PO! U[V! S[QXdVM! RaVSTVR! aXVRVOU! TO! U[V! aXPUVPZTaTMTS!

bVb\XQOV#!'O!U[V!SQRV!P]!ZTaTM!QRRVb\ZTVRK!ZTaTM![VQMdXPYa!PXTVOUQUTPO!TR!Q]]VSUVM!MYXTOd!U[V!

]TVZM! QaaZTSQUTPO! D*FE#! .[TR! QaaVQXR! QR! POV! P]! U[V! RUVaR! UXTddVXTOd! U[V! VZVSUXPaYZRQUTPO!

aXPSVRR! D09E#! 6YU! TO! U[V! SQRV! P]! bQbbQZTQO! SVZZRK! U[TR! UTZU! TO! U[V! aPZQX! [VQM! PXTVOUQUTPO!

XVbQTOR! aXVRVOU! Q]UVX! U[V! aYZRV! QR! ZPOd! QR! U[V! SVZZR! QXV! aVXbVQ\TZTeVM!D*"E#! 1PZVSYZQX!

M_OQbTSR!RTbYZQUTPO!P]!U[V!cTOVUTSR!P]!VZVSUXPaYZRQUTPO!R[PgVM!U[QU!U[TR!UTZU!SQO!\V!TOMYSVM!

gTU[! UXQORbVb\XQOV! ]TVZMR! QR! ZPg! QR! F#F0! :IOb! D0+E#! .[V! XVZQ^QUTPO! UTbV! ]PX! U[TR!

XVPXTVOUQUTPO! TR!P]! U[V!PXMVX!P]!bTSXPRVSPOMR!\YU! TO!XVQZ!bVb\XQOVRK! U[TR!R[PYZM!\V!VWVO!

RZPgVX#! 'OMVVM! Q! RUQ\TZTeTOd! V]]VSU! P]! aXPUVTOR! PO! a[PRa[PZTaTM! \TZQ_VXR! gQR! ]PYOM! TO!
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! ! "+*!

RTbYZQUTPOR! \_! U[V! MVSXVQRVM! U_aTSQZ! aPXV! ]PXbQUTPO! UTbVR! ]PX! Q! aXPUVTOC]XVV!bVb\XQOV!

gTU[!XVRaVSU!UP!Q!dXQbTSTMTOCZTaTM!R_RUVb!D0;E#!?XPb!U[TR!RTbYZQUTPO!RUYM_K!TU!QaaVQXR!U[QU!

ZPg! V^UVXOQZ! ]TVZMR! Q]]VSU! U[V! MTaPZV! PXTVOUQUTPO! bYS[! RZPgZ_! U[QO! SPbaQXVM! UP! SQRV!

g[VO!Q!RUXPOd!]TVZM!TR!QaaZTVM#!7!]TVZMCTOMYSVM!QR_bbVUX_!TO!ZTaTM!MTaPZV!MTRUXT\YUTPO!TR!

aXVRVOU!\VUgVVO!U[V!UgP!ZTaTM!ZVQ]ZVUR#!.[V!cTOVUTSR!P]!U[V!MTaPZV!PXTVOUQUTPO!gTZZ!OPU!\V!

U[V!RQbV!PO!\PU[!RTMVR!P]!U[V!SVZZ#!.[TR!TR!P\RVXWVMK!g[VO!SVZZR!QXV!V^aPRVM!UP!OQOPRVSPOM!

aYZRVM!VZVSUXTS! ]TVZMR! DOR(%?REK!!"b!WQZYV!QU! U[V! QOPMTS!aPZV! SVZZ! XVQS[VM!WQZYVR!P]!"#5!:!

Q]UVX!"0!ORK!QZbPRU!]TWV!UTbVR!U[V!WPZUQdV!ZVWVZ!dVOVXQZZ_!XV`YTXVM!]PX!bR(%?R#!!"b!WQZYV!PO!

U[V! RTMV! ]QSTOd! U[V! SQU[PMV! XVQS[VM!WQZYVR!P]!F#5!:! TO! U[V! RQbV! UTbV!aVXTPMK! TOMTSQUTOd!Q!

RUXPOd!QR_bbVUX_! TO! SPOMYSUTPO!bVS[QOTRbR! TO! U[V!bVb\XQOVR!P]! U[V! UgP!PaaPRTUV! SVZZ!

[VbTRa[VXVR! D5FE#! 1PZVSYZQX! RTbYZQUTPOR! R[PgVM! U[QU! gTU[! QaaZTSQUTPO! P]! OR(%?RK! U[V!

MTaPZVR!P]!(2!PO!U[V!PYUVX!ZQ_VX!QU!U[V!QOPMV!RTMV!XVPXTVOU!ZVQMTOd!U[V!MV]VSU!TOTUTQUTPO!QU!U[V!

PYUVX!bVb\XQOV! RYX]QSV#!/P!(2! UXQORZPSQUTPO! TR!MVRSXT\VM#!4PgVWVXK! T]! �aPXVR�! ]PXbK! U[V!

OVdQUTWVZ_! S[QXdVM! ZTaTMR! DRYS[! QR! (&E! \VdTOR! UP! MXT]U! QOM! MT]]YRV! UPgQXMR! U[V! V^UVXTPX!

RYX]QSV!D5"E#!&TbYZQUTPOR!MVRSXT\VM!(&! UXQORZPSQUTPO!QR!Q!OQOPaPXV! ]QSTZTUQUVM!DT#V#!WVX_!

]QRUE!VWVOUK!XQU[VX!U[QO!U[V!XVRYZU!P]!bPZVSYZQX!UXQORZPSQUTPO!QSXPRR!U[V!UXQORbVb\XQOV!

VOVXd_!\QXXTVX#!'U!QaaVQXR!QR!Q!MTXVSU!V]]VSU!P]!U[V!]TVZM!PO!U[V!S[QXdVM!dXPYa!D(&E#!-O!Q!

OQOPRVSPOM!UTbV!RSQZVK!(&!UXQORZPSQUTPO!MPVR!OPU!XVRYZU!TO!Q!RTbYZUQOVPYR!UXQORZPSQUTPO!P]!

RVWVXQZ!a[PRa[PZTaTMRK!MVRSXT\VM!YOMVX!U[V!UVXb!P]!Q!aVXTPMTS!ZTaTM!\ZPScK!g[TS[!bQ_![QWV!

V^aZQTOVM! U[V! (2! UXQORZPSQUTPO! QR! Q! \_! V]]VSU!D5+E#! /QOPRVSPOM! (&! UXQORZPSQUTPO! TR! U[V!

XVRYZU!P]!QO!VZVSUXPa[PXVUTS!bTdXQUTPO!P]!U[V!OVdQUTWVZ_!S[QXdVM!(&![VQMdXPYa!QZPOd!U[V!

RYX]QSV! P]! OQOPbVUVXCMTQbVUVX! BVZVSUXPaPXVRB! D<5E#+ /VWVXU[VZVRRK! YOMVX! OR(%?RK!

bVb\XQOV!aVXbVQ\TZTeQUTPO!QOM!(&!UXQORZPSQUTPO!QXV!MVUVSUVM!]PX!!"b!SQZSYZQUVM!WQZYV!P]!

*#<!:!D5*EK!\YU!UP!\V!SPXXVSUVM!]XPb!U[V!MTXVSU!V^aVXTbVOUR!D5FE#!!

!

-OV!PaVO!`YVRUTPO!TR!U[V!MVRSXTaUTPO!P]!U[V!MTaPZV!P]!(2!QR!TU! TR! TOMVVM!Q![_MXQUVM!

ZTaTM![VQMdXPYa#!lQUVX!bPZVSYZVR![QWV!\VVO!MVRSXT\VM!QR![Td[Z_!RVORTUTWV!UP!U[V!VZVSUXTS!

]TVZM!QOM!Q\ZV!UP!TOMYSV!U[V!OQOPbVUVX!bVb\XQOV!MV]VSUR!MYXTOd!U[V!OQOPRVSPOM!aYZRV!

D0+K!5*E#!.[TR!PSSYXR!Q]UVX!U[V!UTZU!P]!U[V!aPZQX!dXPYaR!D0+E!QOM!R[PYZM!UQcV!aZQSV!YOMVX!

PYX!V^aVXTbVOUQZ!!SPOMTUTPOR!DbR(%?RE#!?PZZPgTOd!U[V!UTZUK!Q!SPZZVSUTWV!V]]VSU!P]!U[V!gQUVX!

MTaPZVR!P]!U[V![_MXQUVM!(2![VQMdXPYa!bQ_!TOMYSV!TUR!UXQORZPSQUTPO#!

+

+
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! !"+<!

?5-)5+6<#

lV! TOWVRUTdQUVM! U[V! V]]VSUR!P]!bR(%?R!PO! UXQORWVXRV!bP\TZTU_!P]!a[PRa[PZTaTMR!\_!

]ZYPXVRSVOSV! WTMVPbTSXPRSPa_! QU! U[V! RTOdZV! SVZZ! ZVWVZ! \_! YRTOd! UgP! SPbaZVbVOUQX_!

QaaXPQS[VRr!DTE!.P!WTRYQZTeV!U[V!aYUQUTWV!a[PRa[PZTaTMR!TOUVXOQZTeQUTPO!gTU[TO!U[V!24-!SVZZR!

RY\uVSUVM!UP!bR(%?RK!gV!ZQ\VZVM!U[V!SVZZR!gTU[!25C/6)C(2!D<+K!5<E#!-OSV!TORVXUVM!TOUP!U[V!

bVb\XQOVK!25C/6)C(2!MPVR!OPU!RaPOUQOVPYRZ_!UXQORZPSQUV!]XPb!U[V!PYUVX!ZVQ]ZVU!UP!TOOVX!

ZVQ]ZVU#!6YU! T]! UXQORWVXRV!bPWVbVOU!PSSYXRK!25C/6)C(2!SQO! U[VO! ]XVVZ_!V^S[QOdV!gTU[! U[V!

a[PRa[PZTaTMR!P]! TOUXQSVZZYZQX!PXdQOVZZVR#!7R!SPORV`YVOSVK! U[V!MVUVSUTPO!P]!U[TR!aXP\V!TOUP!

U[V! TOUXQSVZZYZQX! bVb\XQOV! OVUgPXcK! T#V#! gTU[TO! U[V! S_UPaZQRbK! gTZZ! \V! TOMTSQUTWV! P]! TUR!

TOUVXOQZTeQUTPO!D5<E#!DTTE!.P!]YXU[VX!TOWVRUTdQUV!a[PRa[PZTaTM!UXQORZPSQUTPO!TO!U[V!24-!SVZZR!

Q]UVX!U[V!QaaZTSQUTPO!P]!bR(%?RK!?1"C<*!gQR!YRVM!UP!MVUVSU!U[V!S[QXdVM!a[PRa[PZTaTM!DV#d#!

(&E! UXQORZPSQUTPO#! .[V! SPbbPO! UVRU! UP! MVUVSU! S[QXdVM! a[PRa[PZTaTM! UXQORZPSQUTPOK! U[V!

QOOV^TOC:!QRRQ_!gQR!OPU!RYTUQ\ZV!D50E#!.[V!bQTO!ZTbTUQUTPOR!P]!QOOV^TOC:!QRRQ_!]PX!XVQZCUTbV!

P\RVXWQUTPOR!QU!U[V!RTOdZV!SVZZ! ZVWVZ!QXV!U[QU! ZPOd! TOSY\QUTPO!QOM!gQR[TOd!QXV!XV`YTXVM#! 'O!

SPOUXQRUK!?1"C<*!SQO!\V!P\RVXWVM!MTXVSUZ_!gTU[PYU!QO_!TOSY\QUTPO!PX!gQR[TOd!\VSQYRV!TUR!

]ZYPXVRSVOSV!`YQOUYb!_TVZM!TR!POV!U[PYRQOM!UTbVR!ZQXdVX!TO!U[V!ZTaTM!VOWTXPObVOU!P]!aZQRbQ!

bVb\XQOV!U[QO!TU! TR!TO!U[V!Q`YVPYR!RPZWVOU!D<<E#!.[V!bVb\XQOV!TORVXUTPO!P]!?1"C<*!TR!Q!

]QRU!aXPSVRR!MYV!UP!DTE!Q!MVSXVQRV!P]!ZTaTM!aQScTOd!D55E!QOM!DTTE!QO!VZVSUXPRUQUTS!aXPSVRR!g[VXV!

OVdQUTWVZ_!S[QXdVM!a[PRa[PZTaTM!DV#d#!(&E!UXQORZPSQUTPO!QUUXQSUR!U[V!aPRTUTWV!S[QXdVM!?1"C

<*! ]XPb! U[V!bVMTYb! TOUP! U[V!aZQRbQ!bVb\XQOV#!.[V! TOSXVQRV!P]!bVb\XQOV! TORVXUTPO!P]!

?1"C<*!TOMYSVR!Q!]ZYPXVRSVOSV!PWVXR[PPU!QU!U[V!bVb\XQOV!ZVWVZ!D<9E#!!

!

_==+951#7=#*1I_U1#7.#L V̀"c[VIL#2.5+-.)02e)527.#

'O!Q\RVOSV!P]!QO_!VZVSUXTS!aYZRVRK!uYRU!Q]UVX!U[V!ZQ\VZTOdK!U[V!25C/6)C(2!gQR!MVUVSUVM!

POZ_! QU! U[V! aZQRbQ! bVb\XQOV! ZVWVZ! D?TdR#! "7! QOM! ")E#! .[V! ZTd[U! aZPU! R[PgVM! U[QU! U[V!

bQ^TbQZ!TOUVORTU_!gQR!bVQRYXVM!QU!U[V!aZQRbQ!bVb\XQOV!ZVWVZ!D?TdR#!"7!QOM!")E#!7]UVX!"F!

bTOK!U[V!25C/6)C(2!XVbQTOVM!ZPSQZTeVM!QU!U[V!aZQRbQ!bVb\XQOV!ZVWVZ!D?TdR#!"7!QOM!")E#!/P!

\ZVQS[TOd!gQR!aXVRVOU!YOMVX!PYX!V^aVXTbVOUQZ!aXPUPSPZ#!/P!25C/6)C(2!TOUVXOQZTeQUTPO!gQR!

P\RVXWVM!PWVX!UTbV#!.[V!QaaZTSQUTPO!P]!Q!OPOCaVXbVQ\TZTeTOd!VZVSUXTS!]TVZM!DT#V#!F#"!c:ISbE!PO!

SVZZR!V^[T\TUVM!U[V!RQbV!aXP\V!MTRUXT\YUTPO!PWVX!UTbV!D.Q\ZV!"E#!.[V!QaaZTSQUTPO!P]!VZVSUXTS!

]TVZM! aYZRVRK! g[TS[! MTM! OPU! aVXbVQ\TZTeV! U[V! aZQRbQ! bVb\XQOVK! MTM! OPU! TOMYSV! QO_!

MVUVSUQ\ZV!25C/6)C(2!TOUVXOQZTeQUTPO!TO!24-!SVZZR#!
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! ! "+0!

l[VO!SVZZR!gVXV!RY\uVSUVM!UP!Q!UXQTO!P]!"F!VZVSUXTS!]TVZM!aYZRVR!DT#V#!F#H!c:ISbK!0!bRK!"!

4e!]XV`YVOS_EK!QZZ!U[V!SVZZR!gVXV!aVXbVQ\TZTeVM!QR!aXVWTPYRZ_!P\RVXWVM!\_!PYX!dXPYa!]XPb!

U[V! YaUQcV! P]! ('! D";E#! 3a! UP! *F! R! Q]UVX! QaaZTSQUTPO! P]! U[V! ]TXRU! aYZRVK! U[V! 25C/6)C(2!

ZPSQZTeQUTPO! XVbQTOVM! QZbPRU! YOS[QOdVM#! .[V! XQMTQZ! ZTd[U! aZPUR! SPO]TXb! U[V! bVb\XQOV!

ZPSQZTeQUTPO! P]! U[V! aXP\V#! /VWVXU[VZVRRK! Q! RZTd[U! QOM! MT]]YRV! ZQ\VZTOd! gQR! RVVO! TO! U[V!

S_UPaZQRb!P]!aVXbVQ\TZTeVM!SVZZR!D?TdR#!"6!QOM!")E#!-WVX!UTbVK!U[V!aXP\V!gQR!bPXV!aXVRVOU!

TO! U[V!PXdQOVZZV!bVb\XQOVRK! VO[QOSTOd! U[V!MVUVSUTPO!P]! TOUXQSVZZYZQX!bVb\XQOV!OVUgPXc!

D?TdR#!"6!QOM!")E#!7U!"F!bTO!aPRUCaYZRVK!U[V!ZTd[U!aZPU!R[PgVM!Q!MVSXVQRV!P]!U[V!bVb\XQOV!

]ZYPXVRSVOSV!ZVWVZ!gTU[!QO!TOSXVQRV!TO!U[V!TOUXQSVZZYZQX!]ZYPXVRSVOSV!ZVWVZ!D?TdR#!"6!QOM!")E#!

$Q\VZTOd!P]! U[V!OYSZVQX!VOWVZPaV!gQR!P\RVXWVM!"F!bTO!Q]UVX!bR(%?R!QaaZTSQUTPO! D?Td#!"6!

(QOVZ!2E#!.PUQZ!SVZZ!]ZYPXVRSVOSV!MVSXVQRVM!RZTd[UZ_!Q]UVX!VZVSUXPaYZRQUTPO!D?Td#!"6E#!lV!dPU!

U[V! RQbV! XVRYZUR! PO! 7.(CMVaZVUVM! 24-! SVZZR! D.Q\ZV! "E#! .[VRV! XVRYZUR! QXV! VWTMVOSV! ]PX!

VZVSUXPaYZRQUTPO! TOMYSVM! 25C/6)C(2! TOUVXOQZTeQUTPO! QSSPXMTOd! UP! QO! 7.(CTOMVaVOMVOU!

aXPSVRR#!

l[VO! 25C/6)C(2! RUQTOTOd! gQR! aVX]PXbVM! Q]UVX! U[V! QaaZTSQUTPO! P]! VZVSUXTS! ]TVZM!

aYZRVR! DT#V#! MYXTOd! U[V! bVb\XQOV! XVRVQZTOdEK! OP! ZQ\VZTOd! P]! U[V! TOUXQSVZZYZQX! bVb\XQOV!

OVUgPXc! SPYZM! \V! P\RVXWVM! D?TdR#! "2! QOM! ")E#! .[TR! XVRYZU!gQR! TOMTSQUTWV! U[QU! U[V! aYZRVC

TOMYSVM! ZPOdCZTWVM! aVXbVQOU! RUXYSUYXVR! gVXV! OPU! QRRPSTQUVM! gTU[! (2! ZTcV! a[PRa[PZTaTM!

TOUVXOQZTeQUTPO#!!

!

_==+951#7=#*1I_U1#7.#9B)-6+;#/B71/B702/2;#5-).1079)527.#

2[QXdVM! a[PRa[PZTaTM! UXQORZPSQUTPO! QOMIPX! a[PRa[PZTaTM! RSXQb\ZTOd! gVXV!

bPOTUPXVM!\_!UTbVCZQaRV! ]ZYPXVRSVOSV!bTSXPRSPa_!QU! U[V!RTOdZV! ZTWTOd!SVZZ! ZVWVZ!D?Td#!+E#! 'O!

Q\RVOSV!P]!QO_!VZVSUXTS!aYZRVRK!PX!Q]UVX!OPOCaVXbVQ\TZTeTOd!VZVSUXTS!aYZRVR!DT#V#!F#"!c:ISbEK!

U[V!?1"C<*!gQR!POZ_!MVUVSUVM!QU!U[V!aZQRbQ!bVb\XQOV!QOM!TOUXQSVZZYZQX!OVUgPXc!D.Q\ZV!"!

QOM!?Td#!+7K!O!x!FE!QR!`YQOUT]TVM!\_!U[V!RYX]QSV!aZPU!D?Td#!+6K!O!x!FE#!)YXTOd!U[V!QaaZTSQUTPO!P]!

Q!aVXbVQ\TZTeTOd!VZVSUXTS!aYZRV!UXQTOK!Q!]QRU!TOSXVQRV!P]!]ZYPXVRSVOSV!TOUVORTU_!QaaVQXVM!QU!U[V!

bVb\XQOV!XVdTPOR!]QSTOd!U[V!VZVSUXPMVR!D?Td#!+K!O!x!"!UP!O!x!"FE#!.[TR!]ZYPXVRSVOSV!TOUVORTU_!

TOSXVQRVM!gTU[!U[V!OYb\VX!P]!VZVSUXTS!aYZRVR!D?Td#!+E#!1PXVPWVXK! U[V!]ZYPXVRSVOSV!TOSXVQRV!

]QSTOd!U[V!QOPMV!gQR!UgTSV!U[QU!P]! U[V!POV! ]QSTOd!U[V!SQU[PMV!D?Td#!+2E#!.[TR! ]ZYPXVRSVOSV!

TOUVORTU_!PWVXR[PPU!MVSQ_VM!"!bTO!Q]UVX!U[V!QaaZTSQUTPO!P]!VZVSUXTS!aYZRVR!D?TdR#!+7!QOM!+6E#!

lV!dPU!U[V!RQbV!XVRYZUR!PO!7.(CMVaZVUVM!24-!SVZZR!D.Q\ZV!"E#!$TUUZV!PX!OP!VOUX_!P]!U[V!?1"C

<*! aXP\V! TORTMV! U[V! SVZZ! gQR! P\RVXWVM! D?Td#! +E#! bR(%?R! TOMYSVM! Q! XQaTM! S[QXdVM!
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! !"+5!

a[PRa[PZTaTM!UXQORZPSQUTPO!QOMIPX!a[PRa[PZTaTM!RSXQb\ZTOd!POZ_!TO!U[V!bVb\XQOV!XVdTPOR!

]QSTOd!U[V!VZVSUXPMVRK!g[VXV!aVXbVQ\TZTeQUTPO!UPPc!aZQSV!!

!

_==+951#7=#*1I_U1#7.#9+00#C2),2025<#

.[V! 24-! SVZZR! gVXV! RY\uVSUVM! UP! bR(%?RK! g[TS[! QZZPgVM! U[VTX! UXQORTVOU! QOM!

XVWVXRT\ZV! aVXbVQ\TZTeQUTPO#! 3OMVX! RYS[! V^aVXTbVOUQZ! SPOMTUTPORK! aVXbVQ\TZTeQUTPO! UPPc!

aZQSV! ]QSTOd! U[V! VZVSUXPMVR! QOM! gQR! R[PgO! [VXV! UP! \V! QRRPSTQUVM! UP! QO! TOSXVQRV! P]!

UXQOR\TZQ_VX!bPWVbVOUR!P]!a[PRa[PZTaTMR!D?Td#!&"6E#!.[TR!aVXbVQ\TZTeQUTPO!gQR!ZTOcVM!UP!Q!

+Fv!MVSXVQRV!TO!SVZZ!WTQ\TZTU_!DbVQRYXVM!+<[!]PZZPgTOd!VZVSUXTS!aYZRVR!QaaZTSQUTPOE!\YU!gTU[!

OP!MVUVSUTPO!P]!QaPaUPUTS!SVZZR!DZVRR!U[QO!0v!P]!U[V!SVZZR!\VTOd!aPRTUTWV!UP!U[V!QOOV^TOC:!UVRUE!

D?Td#!&+E#!1PXVPWVXK!OP!bPXa[PZPdTSQZ!QZUVXQUTPOR!RYS[!QR!bVb\XQOV!\ZV\R!gVXV!P\RVXWVM!

DMQUQ!OPU!R[PgOE#!+

+

.&*0/**&()+

'O! U[V! aXVRVOU! RUYM_K! U[V! V]]VSUR! P]! aVXbVQ\TZTeTOd! VZVSUXTS! ]TVZM! aYZRVR! PO! U[V!

UXQORWVXRV! bP\TZTU_! P]! a[PRa[PZTaTMR! gVXV! MTXVSUZ_! QMMXVRRVM! PO! RTOdZV! 24-! SVZZR#!

%ZVSUXPaYZRQUTPO! TR! Q! ZPSQZTeVM!aXPSVRRK! UQcTOd!aZQSV!PO! U[V! SVZZ! SQaR! ]QSTOd! U[V!VZVSUXPMVR!

D";K! <HEK! YOMVX! U[V! SPOUXPZ! P]! U[V! VZVSUXTS! ]TVZM! RUXVOdU[#! .P! MVUVXbTOV! U[V! \TPa[_RTSQZ!

bVS[QOTRbR! TOWPZWVM! TO! U[TR! aXPSVRRK! gV! bPOTUPXVM! QOM! `YQOUT]TVM! U[V! aYZRVCTOMYSVM!

UXQORWVXRV!bP\TZTU_!P]!25C/6)C(2!QOM!?1"C<*K!\_!OPOCTOWQRTWV!]ZYPXVRSVOSV!MTdTUTeVM!UTbVC

ZQaRV! WTMVPbTSXPRSPa_#! lV! gTR[VM! UP! QORgVX! U[V! ]PZZPgTOd! `YVRUTPORr! DTE! )TM! U[V!

QaaZTSQUTPO! P]! U[V! VZVSUXTS! aYZRVR! TOMYSV! QO! TOSXVQRV! P]! a[PRa[PZTaTM! ]ZTaI]ZPa! TO! WTQ\ZV!

OYSZVQUVM!SVZZR�!DTTE!lQR!U[VXV!Q!MTXVSU!QRRPSTQUTPO!\VUgVVO!U[V!bVb\XQOV!aVXbVQ\TZTeQUTPO!

XVdTPOR!QOM!U[V!a[PRa[PZTaTM!]ZTaI]ZPa!RTUVR�!DTTTE!)TM!U[V!VZVSUXTS!]TVZM!aZQ_!U[V!XPZV!VTU[VX!P]!

Q!MTXVSU!QSUPX!PX!P]!Q!RTbaZV!SQUQZ_RU�!DTWE!.P!g[QU!V^UVOU!MTM!U[TR!aXPSVRR!ZVQM!UP!SVZZ!MVQU[�!

DWE! l[QU! \TPa[_RTSQZ! bPZVSYZQX! bPMVZDRE! SPYZM! RYaaPXU! U[V! a[PRa[PZTaTM! UXQORZPSQUTPO!

TOMYSVM!\_!bTZZTRVSPOM!aYZRVM!VZVSUXTS!]TVZM�!

!

lV!P\UQTOVM!U[V!]PZZPgTOd!P\RVXWQUTPOR!QOM!SPOSZYRTPOR#!DTE!7aaZTSQUTPO!P]!bR(%?R!

TOMYSVR! \PU[! a[PRa[PZTaTM! TOUVXOQZTeQUTPO! D?Td#! "6E! QOM! V^UVXOQZTeQUTPO! D?Td#! +E#! .[VRV!

V]]VSUR! XVRYZU! ]XPb! U[V! aVXbVQ\TZTeTOd! OQUYXV! P]! VZVSUXTS! aYZRVR! \VSQYRV! a[PRa[PZTaTMR!

]ZTaI]ZPa!PSSYXXVM!POZ_!g[VO!U[V!VZVSUXTS!aYZRVR!gVXV!aVXbVQ\TZTeTOd!D?Td#!&"!QOM!.Q\ZV!"E#!

.[VRV!XVRYZUR!R[PgVM!U[QU!U[V!QaaZTSQUTPO!P]!VZVSUXPaVXbVQ\TZTeTOd!aYZRVR!MTXVSUZ_!QZUVXVM!
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! ! "+H!

U[V! a[PRa[PZTaTM! PXdQOTeQUTPO! P]! U[V! aZQRbQ! bVb\XQOV! \_! TOSXVQRTOd! U[V! UXQORWVXRV!

M_OQbTSR! P]! a[PRa[PZTaTMR! QOM! QSSPXMTOd! UP! QO! 7.(CTOMVaVOMVOU! aXPSVRR! D.Q\ZV! "E#! 7O!

VO[QOSVM! UXQORWVXRV! M_OQbTSR! P]! a[PRa[PZTaTMR! gQR! XVaPXUVM! TO! Q! aXVWTPYR! gPXc! PO!

VX_U[XPS_UVR!D9E#!6YU!U[V!aXVRVOU!P\RVXWQUTPOR!gVXV!P\UQTOVM!PO!bQbbQZTQO!SVZZRK!g[VXV!

U[V! bVb\XQOV! XVRVQZTOd! gQR! aXVRVOU! DTO! SPOUXQRU! UP! XVM! \ZPPM! SVZZR! g[VXV! TXXVWVXRT\ZV!

aVXbVQ\TZTeQUTPO! gQR! TOMYSVM! dTWTOd! d[PRUR! gTU[! MXQbQUTS! S[QOdVR! TO! R[QaV! QOM!

S_UPRcVZVUPO! MTRXYaUTPOE#! DTTE! 'O! V^aVXTbVOUR! aVX]PXbVM!gTU[! OQOPRVSPOM! VZVSUXTS! aYZRVRK!

S[QXdVM! a[PRa[PZTaTM! DV#d#! (&E! UXQORZPSQUTPO! QOMIPX! a[PRa[PZTaTM! RSXQb\ZTOd! gQR! QO!

QR_bbVUXTS!aXPSVRR! U[QU!gQR!XVRUXTSUVM! UP! U[V!bVb\XQOV!QXVQR! ]QSTOd! U[V!QOPMV!D5*K!5HK!

59E#! 'O! PXMVX! UP! MVUVXbTOV! g[VU[VX! S[QXdVM! a[PRa[PZTaTM! UXQORZPSQUTPO! QOMIPX!

a[PRa[PZTaTMR! RSXQb\ZTOd!gQR! ZTbTUVM! UP! VZVSUXPaVXbVQ\TZTeVM! XVdTPORK!gV!bVQRYXVM! U[V!

V^aVXTbVOUQZ!WQZYV!P]!SQa!QOdZV!'a!]XPb!VZVSUXPaYZRQUTPO!DQRRQ_VM!\_!('!YaUQcVE!D?Td#!&"6E!

QOM!S[QXdVM!a[PRa[PZTaTM!UXQORZPSQUTPO!DQRRQ_VM!\_!?1"C<*E!V^aVXTbVOUR!QOM!SPbaQXVM!

U[VRV!UgP!WQZYVR#!?PX!\PU[!aXPSVRRVRK!U[V!V^aVXTbVOUQZ!WQZYVR!P]!QOdZV!'a!gVXV!RTbTZQX!D00�!

�! 0�! QOM! 0F�! �! 0�! XVRaVSUTWVZ_E#! .[VRV! MQUQ! RYaaPXUVM! U[V! SPOSZYRTPO! U[QU! S[QXdVM!

a[PRa[PZTaTM!UXQORZPSQUTPO!QOMIPX!a[PRa[PZTaTM!RSXQb\ZTOd!gVXV!RUXTSUZ_!XVRUXTSUVM!UP!U[V!

aVXbVQ\TZTeVM! bVb\XQOV! XVdTPOR! D?Td#! +E#! DTTTE! .[V! a[PRa[PZTaTM! ]ZTaI]ZPa! gQR! Q! MTXVSU!

SPORV`YVOSV! P]! VZVSUXTS! ]TVZM! aYZRVR! QOM! gQR! OPU! MYV! UP! U[V! XVRYZUTOd! ZPOdCZTWVM! ZVQc_!

bVb\XQOV! PXdQOTeQUTPO! D?Td#! "6C2E#! 'OMVVMK! TO! U[V! SQRV! P]! 25C/6)C(2! TOUVXOQZTeQUTPOK! Q!

aXPdXVRRTWV!RUQTOTOd!P]!TOUXQSVZZYZQX!bVb\XQOV!OVUgPXc!gQR!P\RVXWVM!Q]UVX!U[V!QaaZTSQUTPO!

P]!VZVSUXTS!]TVZM!D?Td#!"6E#!6YUK!g[VO!U[V!25C/6)C(2!RUQTOTOd!P]!SVZZR!gQR!aVX]PXbVM!Q]UVX!U[V!

QaaZTSQUTPO! P]! bR(%?R! DT#V#! MYXTOd! bVb\XQOV! XVRVQZTOdEK! OP! ZQ\VZTOd! P]! TOUXQSVZZYZQX!

bVb\XQOV! OVUgPXc! DT#V#! aXP\V! TOUVXOQZTeQUTPOE! gQR! MVUVSUVM! D?Td#! "2E#! ?YXU[VXbPXVK! U[V!

?1"C<*! V^aVXTbVOUR! R[PgVM! U[QU! Q! ]ZYPXVRSVOSV! TOUVORTU_! PWVXR[PPU! UPPc! aZQSV! TO! U[V!

aVXbVQ\TZTeVM! XVdTPOR! QR! Q! MTXVSU! XVRYZU! P]! U[V! QaaZTSQUTPO! P]! bR(%?R! D?Td#! +E#! .[TR!

]ZYPXVRSVOSV!TOSXVQRV!MTRRTaQUVM!TO!U[V!bTOYUVR!aPRU!bR(%?R!D?Td#!+E!U[QU!SPYZM!\V!V^aZQTOVM!

\_! ZQUVXQZ! MT]]YRTPO! P]! U[V! M_V! QZPOd! U[V! SVZZ! aZQRbQ! bVb\XQOV! PX! \_! U[V! bVb\XQOV!

XVRVQZTOd#! .[VRV! XVRYZUR! RYaaPXU! U[V! SPOSZYRTPO! U[QU! Q! MTXVSU! TOUVXQSUTPO! \VUgVVO! U[V!

V^UVXOQZ!VZVSUXTS! ]TVZM!aYZRV!QOM!U[V!a[PRa[PZTaTMR! UPPc!aZQSV!QR!aXVWTPYRZ_!aXPaPRVM!QOM!

MVRSXT\VM! YOMVX! [Td[! ]TVZM! YZUXQCR[PXU! SPOMTUTPOR! D5"K! 5HE#! .[VRV! aXVWTPYR! XVaPXUR! gVXV!

YOMVX!bPXV!RUXTOdVOU!SPOMTUTPOR!g[VXV!U[V!PXdQOTeQUTPO!P]! TOUVX]QSTQZ!gQUVX!gQR!RUXPOdZ_!

Q]]VSUVM!D5;E!\YU!QXV!aXVMTSUVM!DRVV!U[V!U[VPXVUTSQZ!XVRYZURE!PO!Q!RZPgVX!UTbV!RSQZV!YOMVX!PYX!

SPOMTUTPOR!D0+E#! DTWE!(VXbVQ\TZTeQUTPO!UQcVR!aZQSV!PO!SVZZ!SQaR! ]QSTOd!U[V!VZVSUXPMVRK!QXVQR!



W/(7$*"*(&N&O"-*+%&6@&3GG%*(&'%&$M/$%4*-1J%-)/"#+$+("*+12&(7-&$"&415/(+12&)%)#-"2"+-%&

! !"+9!

R[PgO![VXV! UP! \V! QRRPSTQUVM! UP! S[QXdVM! a[PRa[PZTaTM! UXQORZPSQUTPO! QOMIPX! a[PRa[PZTaTM!

RSXQb\ZTOd#!7ZZ!U[V!SVZZR![QWV!\VVO!aVXbVQ\TZTeVM!YOMVX!U[V!QaaZTVM!VZVSUXTS!]TVZM!SPOMTUTPOR!

DMQUQ!OPU!R[PgOE#!.[TR!aVXbVQ\TZTeQUTPO!gQR!UXQORTVOU!QOM!ZTOcVM!UP!Q!+Fv!MVSXVQRV!TO!SVZZ!

WTQ\TZTU_! \YU! gTU[! OP! MVUVSUTPO! P]! QaPaUPUTS! SVZZR#! /P! bPXa[PZPdTSQZ! QZUVXQUTPOR! RYS[! QR!

bVb\XQOV! \ZV\R! gVXV! P\RVXWVM#! .[V! ZPSQUTPO! P]! U[VRV! bPZVSYZVR! TO! aQXUTSYZQX! MPbQTOR!

XVbQTOVM!QO!PaVO!`YVRUTPO#!2VZZR! QXV!OPU!MVUVSUVM!QR!QaPaUPUTS! SVZZR! TO!PaaPRTUTPO! UP! U[V!

XVRYZUR!MVRSXT\VM!TO!aXVWTPYR!gPXcR!DHFE#!DWE!7U!Q!bPZVSYZQX!aPTOU!P]!WTVgK!PYX!MQUQ!SPYZM!\V!

TOUVXaXVUVM!WTQ!UgP!aPRRT\ZV!bVS[QOTRbRr!VTU[VX!DTE!bVb\XQOV!MV]VSUR!SXVQUVM!\_!VZVSUXTS!

aYZRVR! aXPWTMVM! Q! OVg! aQU[gQ_! ]PX! a[PRa[PZTaTMR! UP! bTdXQUV! \VUgVVO! U[V! bVb\XQOV!

ZVQ]ZVUR! D9K! +FE! \_! SXVQUTOd! Q! ZTaTM! SPOUTOYTU_! \VUgVVO! U[V! PYUVX! QOM! TOOVX! ZVQ]ZVUR! QR!

aPRUYZQUVM!\_! U[V! BVZVSUXPaPXQUTPO! U[VPX_B!D"5E!PX! DTTE! VZVSUXTS!aYZRVR! SQYRV!a[PRa[PZTaTM!

UXQORZPSQUTPO! \_! Q! MTXVSU! UPX`YV! PO! U[V! [VQMdXPYa! MTaPZV! D<5K! 5"E#! 'O! U[V! ]TXRU! bPMVZK!

BVZVSUXPaPXVRB! R[PYZM! \V! SXVQUVM! TO! aVXbVQ\TZTeVM! XVdTPOR! D?Td#! +E! TO! QdXVVbVOU! gTU[!

aVXbVQ\TZTeQUTPO!XVRYZUR!\YU!XVbQTOVM!aXVRVOU!MYXTOd!U[V!XVRVQZTOd!DQR!ZPOd!QR!BaPXVRB!gVXV!

aXVRVOUE#!4PgVWVXK!OP!UXQORbVb\XQOV!bPWVbVOU!gQR!P\RVXWVM!Q]UVX!U[V!aYZRV!QR!R[PgO!

\_! U[V! aPRU! QMMTUTPO! P]! U[V! 25C/6)C(2K! QZU[PYd[! aVXbVQ\TZTeQUTPO! TR! RUTZZ! aXVRVOU! ]PX! "F!

bTOYUVR#!.[VXV]PXVK! U[TR!Q\RVOSV!P]!a[PRa[PZTaTM! ]ZTaI]ZPa!Q]UVX!U[V!QaaZTSQUTPO!P]!bR(%?R!

\XPYd[U!V^aVXTbVOUQZ!VWTMVOSVR!U[QU!VTU[VX!U[V!aYZRVCTOMYSVM!ZPOd!ZTWVM!�aPXVR�!SPYZM!OPU!

\V! U[V! aQU[gQ_R! P]! a[PRa[PZTaTMR! V^S[QOdV! \VUgVVO! U[V! UgP! bVb\XQOV! ZVQ]ZVUR! TO! U[V!

aVXbVQ\TZTeVM!XVdTPOR!D+FK!H"Ez!PX!aYZRVCTOMYSVM!�MV]VSUR�!aXVRVOU!MYXTOd!aYZRV!QaaZTSQUTPO!

gVXV! U[V! aQU[gQ_R! P]! a[PRa[PZTaTM! ]ZTaI]ZPaK! \YU! U[V! aPRUCaYZRV! �VZVSUXPaPXVR�! aXVRVOU!

MYXTOd!U[V!bVb\XQOV!XVRVQZTOd!SPYZM!OPU!RYaaPXU!a[PRa[PZTaTM!UXQORZPSQUTPO!TO!QdXVVbVOU!

gTU[! aXVWTPYR! gPXc! DH+E#! .[V! RVSPOM! bPMVZ! RYddVRUR! Q! MTXVSU! TOUVXQSUTPO! \VUgVVO! U[V!

V^UVXOQZ! VZVSUXTS! ]TVZM! QOM! U[V! a[PRa[PZTaTMR! QR! aXVWTPYRZ_! MVRSXT\VM! D0+K! 5"K! 59E#!

([PRa[PZTaTMR! QXV! U[V! cV_! UQXdVU! P]! VZVSUXTS! ]TVZM!bVMTQUVM! aVXbVQ\TZTeQUTPO!D*+E#! 'O! PYX!

VZVSUXTSQZ!SPOMTUTPORK!U[V!UXQORbVb\XQOV!]TVZM!TR!QXPYOM!F#F0!:IOb!D]PX!0!Ob!\TZQ_VXE#!.[TR!

UXQORbVb\XQOV! ]TVZM! SQO! TOMYSV! U[V! UTZU! TO! U[V! aPZQX! [VQM! PXTVOUQUTPO! QR! aXVWTPYRZ_!

MVRSXT\VM!TO!bPZVSYZQX!M_OQbTSR!RTbYZQUTPOR!D0+E!QOM!V^aVXTbVOUQZ!MQUQ!D*FK!*"E#!'OMVVMK!

TO!U[V!SQRV!P]!(2K!U[V![_MXQUVM![VQMdXPYa!SPOUQTOR!Q!MTaPZV!gTU[!aPRTUTWV!S[QXdV!PO!S[PZTOV!

QOM!OVdQUTWV!S[QXdV!SQXXTVM!\_! U[V!a[PRa[QUV!dXPYa#! 'O!Q\RVOSV!P]!V^UVXOQZ!VZVSUXTS! ]TVZMK!

ZTaTM! MTaPZVR! aXVRVOU! QO! PXTVOUQUTPO! MYV! UP! U[V! TOUVX]QSTQZ! S[QXdVR! D5"K! H*E#! )YXTOd! U[V!

TOMYSUTPO! RUVa! P]! VZVSUXPaYZRQUTPOK! U[V! VZVSUXTS! ]TVZM! SPYZM! TOMYSV! bVb\XQOV! MV]VSUR! \_!

UTZUTOd!U[V!ZTaTM!MTaPZVR!XVZQUTWV!UP!U[V!RYX]QSV!P]!U[V!bVb\XQOV!D"HK!H<E#!lQUVX!bPZVSYZVR!
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[QWV! \VVO! MVRSXT\VM! QR! [Td[Z_! RVORTUTWV! UP! U[V! VZVSUXTS! ]TVZM! DH0E! QOM! Q\ZV! UP! TOMYSV!

bVb\XQOV!MV]VSUR!YOMVX!VZVSUXTS!]TVZM!D0+K!5*K!59E#!?PZZPgTOd!U[V!UTZU!P]!ZTaTM!MTaPZVR!D0+K!

H5K!HHEK! Q! SPZZVSUTWV! V]]VSU! P]!gQUVX!MTaPZVR! P]! [_MXQUVM!(2![VQMCdXPYaR! R[PYZM! TOMYSV!

U[VTX! UXQORZPSQUTPO! YOMVX! PYX! V^aVXTbVOUQZ! SPOMTUTPOR! DbR(%?RE! D?Td#! "6E#!4PgVWVXK! T]!

aPXV!]PXbK!U[V!OVdQUTWVZ_!S[QXdVM!ZTaTMR!D(&E!\VdTO!UP!MXT]U!QOM!MT]]YRV!UPgQXMR!U[V!V^UVXTPX!

RYX]QSV!D5"E#!&TbYZQUTPOR!MVRSXT\VM!(&! UXQORZPSQUTPO!QR!Q!OQOPaPXV! ]QSTZTUQUVM!DT#V#!WVX_!

]QRUE!VWVOUK!XQU[VX!U[QO!U[V!XVRYZU!P]!bPZVSYZQX!UXQORZPSQUTPO!QSXPRR!U[V!UXQORbVb\XQOV!

VOVXd_!\QXXTVX#!.[VXV]PXVK! U[V!S[QXdVM!a[PRa[PZTaTMR! UXQORZPSQUTPO!SQO!POZ_!PSSYX! TO! U[V!

aVXbVQ\TZTeVM! XVdTPO! ]QSTOd! U[V! QOPMV! MYXTOd! U[V! QaaZTSQUTPO! P]! VZVSUXTS! aYZRVR! D?Td#! +E#!

/VWVXU[VZVRRK! ?1"C<*! ]ZYPXVRSVOSV! PWVXR[PPU! gQR! MVUVSUVM! TO! U[V! aVXbVQ\TZTeVM! XVdTPO!

]QSTOd! U[V! SQU[PMV! D?Td#! +E#! .[TR! ]ZYPXVRSVOSV! PWVXR[PPU! SPYZM! \V! TOUVXaXVUVM! \_! ?1"C<*!

TORVXUTPO! TOUP!Q!MTRPXMVXVM!bVb\XQOV! DT#V#!MVSXVQRV!P]! ZTaTM!aQScTOdE!\_! U[V!VZVSUXTS! ]TVZM!

D*+K!55E#!.[TR!XVRYZU!bQ_!TOMTSQUV!U[QU!bR(%?R!TOMYSV!bVb\XQOV!MTRPXMVX!QOM!a[PRa[PZTaTM!

RSXQb\ZTOd! TO! U[V!aVXbVQ\TZTeVM!XVdTPOR! ]QSTOd! U[V!VZVSUXPMVR!\YU! U[V!S[QXdVM! ZTaTMR! D(&E!

UXQORZPSQUTPO! TR!QMMVM!UP!U[V!aXVSVVMTOd!aXPSVRRVR! TO!U[V!aVXbVQ\TZTeVM!XVdTPO!]QSTOd!U[V!

QOPMV! D<*E#! .[TR! aYUQUTWV!bVS[QOTRb! RYaaPXUR! Q! MTXVSU! TOUVXQSUTPO! \VUgVVO! U[V! V^UVXOQZ!

VZVSUXTS!]TVZM!QOM!U[V!a[PRa[PZTaTMR!D?Td#!*E#!!

1PXVPWVXK! TO! U[V! ZTd[U! P]! VQXZTVX! RUYMTVRK! U[V! QR_bbVUXTS! OQUYXV! P]! U[V! P\RVXWVM!

]ZYPXVRSVOSV! TOUVORTU_! PWVXR[PPU! SPYZM! RYddVRU! U[QU! U[V! RUXYSUYXV! P]! U[V! aVXbVQ\TZTeVM!

bVb\XQOV!QU!U[V!QOPMV!aPZV!TR!MT]]VXVOU!]XPb!U[QU!]PYOM!QU!U[V!SQU[PMV!aPZV!D*9K!*;K!H9E!QR!
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P]! ,! ]PX! BOP! VZVSUXPaYZRQUTPOB! SPOMTUTPO! QOM! ]PX! BVZVSUXPaYZRQUTPOB! SPOMTUTPO! D/&K! OPU!

RTdOT]TSQOUz!�(~F#F0z!��(~F#F"z!���(~F#FF0E!QOM!U[V!bVQOR!P]!,!]PX!BVZVSUXPaYZRQUTPOB!QOM!]PX!

B25C/6)C(2! RUQTOTOd! Q]UVX! VZVSUXPaYZRQUTPOB! SPOMTUTPO! D/&K! OPU! RTdOT]TSQOUz! �(~F#F0z!

��(~F#F"z!���(~F#FF0E!gQR!VWQZYQUVM!\_!QO!YOaQTXVM!&UYMVOU@R!UCUVRU#!!

+

8T^VNL+ =_+ $bbL\Z+ `b+ KS3$8S+ `P+ \XON^La+ QX`SQX`RTQTa+ ZNOPSR`\OZT`P+ OPaF`N+

QX`SQX`RTQTa+S\NOKMRTP^+`P+0<(+\LRRS-++

7#!24-!SVZZR!gVXV!ZQ\VZVM!gTU[!?1"C<*#!24-!SVZZR!gVXV!P\RVXWVM!QU!U[V!RTOdZV!SVZZ!ZVWVZ!\_!

]ZYPXVRSVOSV! WTMVPbTSXPRSPa_! MYXTOd! U[V! VZVSUXPaYZRQUTPO! D"F! aYZRVR! ZQRUTOd! 0! bR! QU! Q!

]XV`YVOS_!P]!"!4eK!QU!F#H!c:ISbE#!!
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! !"<F!

6#!.[V!RYX]QSV!aZPU![TRUPdXQbR!TO!aRVYMPCSPZPX!gVXV!MVUVXbTOVM!\_!'bQdV!G!RP]UgQXV#!

2#! =YQOUT]TSQUTPO! P]! S[QXdVM! a[PRa[PZTaTM! UXQORZPSQUTPO! QOMIPX! a[PRa[PZTaTM! RSXQb\ZTOd#!

.[V! bVQO! ]ZYPXVRSVOSV! TOUVORTUTVR! P]! bVb\XQOV! ]QSTOd! U[V! VZVSUXPMVR! \V]PXV!

VZVSUXPaYZRQUTPO!DOxFE!QOM!MYXTOd!VZVSUXPaYZRQUTPO!DOx"FE!gVXV!MVUVXbTOVM!QOM!V^aXVRRVM!

TO!aVXSVOUQdV!D,E#!%XXPXR!\QXR!XVaXVRVOUVM!U[V!RUQOMQXM!VXXPX!P]!U[V!bVQO#!.[V!RUQUTRUTSQZ!

RTdOT]TSQOSV!P]!MT]]VXVOSVR!\VUgVVO!U[V!bVQOR!P]!,!]PX!U[V!QOPMV!QOM!U[V!SQU[PMV!D/&K!OPU!

RTdOT]TSQOUz!�(~F#F0z!��(~F#F"z!���(~F#FF0E+gQR!VWQZYQUVM!\_!QO!YOaQTXVM!&UYMVOU@R!UCUVRU#!+

+

8T^VNL+;_+3VRSLGTPaV\La+ZNOPS]LNSL+K`]LKLPZS+`b+QX`SQX`RTQTaS-+

7#!'O!Q\RVOSV!P]!V^UVXOQZ!VZVSUXTS!]TVZMK!ZTaTM!MTaPZVR!aXVRVOU!Q!XQOMPb!XV]ZVSUTOd!U[V!VZVSUXTSQZ!

aXPaVXUTVR!P]!U[V!bVb\XQOV!TOUVX]QSV!DH*E#!7!ZPSQZ!PXMVX!P]!U[V!TOUVX]QSTQZ!gQUVX!bPZVSYZVR!

TR!aXVRVOU#!!

6#!)YXTOd!U[V!TOMYSUTPO!RUVa!P]!VZVSUXPaYZRQUTPOK!U[V!bTZZTRVSPOM!aYZRVM!VZVSUXTS!]TVZM!TOMYSV!

Q!UPX`YV!PO!U[V!ZTaTM!MTaPZVR!QOM!UTZU!U[Vb!XVZQUTWV!UP!U[V!RYX]QSV!P]!U[V!bVb\XQOV!D*FK!0+E#!

1PXV!PXMVX!TR!aXVRVOU!PO!U[V!gQUVX!MTaPZVR#!.[V!]TVZM!V]]VSU!TR!QbaZT]TVM!\_!SPZZVSUTWV!V]]VSU!P]!

gQUVX!MTaPZVR!P]![_MXQUVM!(2![VQMdXPYaR#!.[V!V]]VSU!PO!gQUVX!MTaPZVR!TR!PaaPRTUV!PO!U[V!UgP!

ZQ_VXR!P]!U[V!bVb\XQOV#!!

2#! ?PZZPgTOd! U[V! UTZU! P]! ZTaTM! MTaPZVRK! bVb\XQOV! MV]VSUR! QXV! aXVRVOU! RYaaPXUTOd! ZTaTM!

UXQORZPSQUTPOR#!!

)#!([PRa[PZTaTM!UXQORZPSQUTPO!PSSYXXVM!QSSPXMTOd!UP!Q!RUTZZ!OPU!cOPgO!bVS[QOTRb!D"HE#!!

%#!7]UVX!VZVSUXPaYZRQUTPO!QZPOd!U[V!XVRVQZTOd!aXPSVRRK!(2!QOM!(&![QWV!\VVO!UXQORZPSQUVM!PO!

U[V! TOOVX! QOM! PYUVX! ZVQ]ZVURK! XVRaVSUTWVZ_K! P]! Q! RUTZZ! aVXUYX\VM! bVb\XQOV! D(2K! PXQOdV!

a[PRa[PZTaTMz!(&K!\ZYV!a[PRa[PZTaTMz!gQUVX!bPZVSYZVK!XVM!bPZVSYZVE#!7!S[QOdV!TO!U[V!PXMVX!

P]! U[V! TOUVX]QSTQZ! gQUVX!bPZVSYZVR! TR! aXVRVOU! XVZQUTWV! UP! U[V! MTRUXT\YUTPO! aXVRVOU! TO! 7! QR!

R[PgO!\_!U[V!ZPOd!ZTWVM!]YRPdVOTS!RUQUV!DH;K!9FE#!
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*VQQ`NZTP^+6OZLNTOR+

+

'NOPS]LNSL+K`]LKLPZS+`b+QX`SQX`RTQTaS+ TP+QROSKO+KLKMNOPL+`b+KOKKORTOP+\LRRS+

SVMKTZZLa+Z`+LRL\ZNT\+bTLRa+QVRSLS-+

+

GVQOC1TS[VZ! %RSP]]XVK! 2NSTZV! ?QYXTVK! &QXXQ! 2! &N\Q|K! %ZTRQ\VU[! 6VZZQXMK!1YXTVZ! >PZeTPK! GYRUTO!

.VTRRTN!QOM!1QXTVC(TVXXV!,PZR#!

!

8T^VNL+*1_+$RL\ZN`QLNKLOMTRTnOZT`P-!7#!([_RTSQZ!aXTOSTaZV!P]!VZVSUXPaVXbVQ\TZTeQUTPO#!.[V!

aZQRbQ! bVb\XQOV! TR! U[V! RTUV! P]! OQUTWV! UXQORbVb\XQOV! aPUVOUTQZ! MT]]VXVOSVK! mnF! D\ZQSc!

QXXPgE#! ']!gV! SPORTMVX! Q! SVZZ! UP!\V! Q!MTVZVSUXTS! Ra[VXTSQZ! R[VZZK!g[VO!gV!QaaZ_! QO! VZVSUXTS!

aYZRVK!QO!TOMYSVM!UXQORbVb\XQOV!WPZUQdV!mn%!TR!SXVQUVM!DXVM!QXXPgE#!6VTOd!MVaVOMVOU!PO!

U[V!QOdYZQX!aQXQbVUVX!�K!U[V!mn%!V]]VSU!TR!aPRTUTPOCMVaVOMVOU!PO!U[V!SVZZ!RYX]QSVz!U[VXV]PXVK!

U[V!RTMV!P]!U[V!SVZZ! ]QSTOd!U[V!QOPMV!TR![_aVXaPZQXTeVM!g[TZV!U[V!RTMV!P]!U[V!SVZZ! ]QSTOd!U[V!

SQU[PMV! TR! MVaPZQXTeVM#! 6#! %ZVSUXPaVXbVQ\TZTeQUTPO! P]! 24-! SVZZR! QU! U[V! RTOdZV! SVZZ! ZVWVZ#! 'O!

aXVRVOSV!P]!"FF!�1!('!TO!aYZRQUTPO!\Y]]VXK!24-!SVZZR!gVXV!VZVSUXPaVXbVQ\TZTeVM!D"F!aYZRVR!

ZQRUTOd!0!bR!QU!Q!]XV`YVOS_!P]!"!4eK!QU!F#H!c:ISbE#!$Td[U!aZPUR!XVaXVRVOUVM!U[V!]ZYPXVRSVOSV!

aXP]TZV! Dg[TUV! ZTOVE! MXQgO! aQXQZZVZ! UP! U[V! VZVSUXTS! ]TVZM! ZTOVR! QU! aVXbVQ\TZTeVM! RTUVR! ZVWVZ#!

'bQdVR!gVXV!UQcVO!"F!RVSPOMR!Q]UVX!U[V!QaaZTSQUTPO!P]!U[V!VZVSUXPaVXbVQ\TZTeQUTPO!aYZRVR#!

.[TXU_!SVZZR!gVXV!QRRQ_VM#!
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QU! Q! ]XV`YVOS_! P]! "! 4eK! QU! F#H! c:ISb#! .[V! SVZZ! WTQ\TZTU_! TR! MVUVXbTOVM! +<[! Q]UVX! U[V!

VZVSUXPaYZRQUTPO!\_!SPZPXTbVUXTS!bVU[PM#!.[V!QaPaUPRTR!TR!MVUVSUVM!F#0!bTOK!*!bTO!QOM!"F!

bTO!Q]UVX!U[V!VZVSUXPaYZRQUTPO!\_!]ZPg!S_UPbVUVX#!
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! !"<5!

P.,3&+87++&)*,E(,5)*8J7+&)*+,

$@QaaZTSQUTPO! M@TbaYZRTPOR! NZVSUXT`YVR! bTZZTRVSPOMVR! VU! aVXbNQ\TZTRQOUVR! QZUfXV!

Z@PXdQOTRQUTPO! MVR! a[PRa[PZTaTMVR! MV! ZQ! bVb\XQOV! aZQRbT`YV! VO! TOMYTRQOU! YO! MNRPXMXV!

bVb\XQOQTXV! VU! VO! QYdbVOUQOU! ZVYX! bP\TZTUN! UXQORWVXRV! VOUXV! ZV! ]VYTZZVU! V^UVXOV! VU! ZV!

]VYTZZVU!TOUVXOV#!2VR!P\RVXWQUTPOR!XNQZTRNVR!RYX!MVR!SVZZYZVR!QOTbQZVR!OYSZNNVR!SPO]TXbVOU!ZVR!

XNRYZUQUR! P\UVOYR! RYX! MVR! ]QOU{bVR! M@NX_U[XPS_UVR! 8R-%(($%-& %*& "$@:& CXUK>& D45P+(*%-& %*&

R%7*+4Q%:& CXU=>& ]"%(*& %*& "$@:& CXXA>& ]%2(_%2& %*& "$@:& CXXA>& D45P"-_& %*& "$@:& CXXXB#! )V! aZYRK! TZR!

aVXbVUUVOU! MV! bPOUXVX! `YV! SVUUV! aVXUV! M@QR_bNUXTV! UXQORWVXRV! NZVSUXPCTOMYTUV! VRU! YO!

aXPSVRRYR!XQaTMV!DT#V#!bPTOR!M@YOV!RVSPOMVE!`YT!RV!aXPMYTU!MQOR!ZVR!XNdTPOR!bVb\XQOQTXVR!

aVXbNQ\TZTRNVR#!

!

)@YO! aPTOU! MV! WYV!bPZNSYZQTXVK! OPR! XNRYZUQUR! aVYWVOU! jUXV! TOUVXaXNUNR! RVZPO! MVY^!

bNSQOTRbVR! aPRRT\ZVRr! DTE! RPTU! ZVR! MN]QYUR!bVb\XQOQTXVR! PY! BNZVSUXPaPXVRB! SXNNR! aQX! ZVR!

TbaYZRTPOR!NZVSUXT`YVR!RPOU!MVR!RUXYSUYXVR!QWVS!YOV!SPOUTOYTUN!ZTaTMT`YV!`YT!aVXbVUUVOU!QY^!

a[PRa[PZTaTMVR!MV!bTdXVX!M@YO!]VYTZZVU!p!Z@QYUXV!8]"%(*&%*&"$@:&CXXA>&R-%(($%-&%*&"$@:&CXUKB&VO!

QSSPXM! QWVS! ZQ! U[NPXTV! MV! Z@NZVSUXPaPXQUTPO! 8e%7)"22:& CXU;BK! DTTE! RPTU! ZVR! TbaYZRTPOR!

NZVSUXT`YVR! TOMYTRVOU! ZQ! UXQORZPSQUTPO! MVR! a[PRa[PZTaTMVR! aQX! YOV! QSUTPO! MTXVSUV! RYX! ZVR!

MTa{ZVR!MVR!UjUVR!MVR!a[PRa[PZTaTMVR!8]7&%*&"$@:&;<<=>&a%-2+%-&%*&"$@:&;<<^B#!)QOR!ZV!aXVbTVX!

bPMfZVK!ZVR!BNZVSUXPaPXVRB!RVXQTVOU!SXNNR!MQOR!ZVR!XNdTPOR!aVXbNQ\TZTRNVR!VO!QSSPXM!QWVS!ZVR!

XNRYZUQUR!MV!aVXbNQ\TZTRQUTPO!bQTR! XVRUVXQTVOU!aXNRVOUR!MYXQOU! ZQ!a[QRV!MV!XVUPYX!p! Z@NUQU!

OPO! aVXbNQ\ZV! DQYRRT! ZPOdUVbaR! `YV! ZVR! BaPXVRB! RPOU! aXNRVOURE#! 2VaVOMQOUK! QYSYOV!

QYdbVOUQUTPO! MVR! bPYWVbVOUR! UXQORWVXRVR! MVR! a[PRa[PZTaTMVR! O@VRU! P\RVXWNV! aVOMQOU!

SVUUV!a[QRV#!(QX!SPORN`YVOUK!SVR!XNRYZUQUR!RYddfXVOU!`YV!SVR!BNZVSUXPaPXVRB!p!MYXNV!MV!WTV!

ZPOdYV! OV! RPOU! aQR! MVR! RUXYSUYXVR! MV! aQRRQdV! VOUXV! ZVR! ]VYTZZVUR!bVb\XQOQTXVR! aPYX! ZVR!

a[PRa[PZTaTMVR! 8R-%(($%-& %*& "$@:& CXUK>& g7-*10%2Q1& %*& a"**7$"+2%2:& ;<<ABz! PY! `YV! ZVR!

BNZVSUXPaPXVRB!aXNRVOUR!aVOMQOU!Z@QaaZTSQUTPO!MVR!TbaYZRTPOR!NZVSUXT`YVR!RPOU!MT]]NXVOUR!MV!

SVY^!aXNRVOUR!aVOMQOU! ZQ!a[QRV!MV! XNTOUNdXTUN!bVb\XQOQTXV#!)POSK! RVYZR! ZVR!NZVSUXPaPXVR!

aXNRVOUR! aVOMQOU! Z@QaaZTSQUTPO! MVR! TbaYZRTPOR! NZVSUXT`YVR! aVXbVUUXQTVOU! ZQ! UXQORZPSQUTPO!

MVR!a[PRa[PZTaTMVR!8O74+5"-&%*&"$@:&;<<UB#!$V!RVSPOM!bPMfZV!RYddfXV!YOV!TOUVXQSUTPO!MTXVSUV!

MY!S[Qba!NZVSUXT`YV!RYX!ZVR!a[PRa[PZTaTMVR!VO!QSSPXM!QWVS!MV!aXNSNMVOUVR!NUYMVR!8]7&%*&"$@:&

;<<=>& a%-2+%-& %*& "$@:& ;<<A>& `14Q)"22& %*& "$@:& ;<<UB#! %O! Q\RVOSV! MV! S[Qba! NZVSUXT`YVK! ZVR!

MTa{ZVR! MVR! (2! aXNRVOUVOU! YOV! PXTVOUQUTPO! SPOUX{ZNV! aQX! ZVR! S[QXdVR! TOUVX]QSTQZVR!8D%%$+9:&
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CXUA>&]7&%*&"$@:&;<<=B#!(VOMQOU!ZQ!a[QRV!M@TOMYSUTPO!MV!Z@NZVSUXPaVXbNQ\TZTRQUTPOK!ZV!S[Qba!

NZVSUXT`YV! UXQORbVb\XQOQTXV! MV! FKF0! :IObK! dNONXN! MQOR! OPR! SPOMTUTPOR! V^aNXTbVOUQZVRK!

aPYXXQTU!TOMYTXV!Z@TOSZTOQTRPO!MVR!UjUVR!aPZQTXVR!MVR!a[PRa[PZTaTMVR!aQX!XQaaPXU!p!ZQ!RYX]QSV!

MV!ZQ!bVb\XQOV!8D*7$%2:&CXUC>&I1J%_&%*&"$@:&CXUU>&`14Q)"22&%*&"$@:&;<<UB#!7aXfR!Z@TOSZTOQTRPO!

MVR!MTa{ZVR!MVR!(2!8!+%$%)"2:&;<<L>&!"-%Q:&;<<=>&`14Q)"22&%*&"$@:&;<<UBK!YO!V]]VU!SPZZVSUT]!MVR!

MTa{ZVR!MVR!bPZNSYZVR!M@VQY!DUXfR!RVORT\ZVR!QY^!S[QbaR!NZVSUXT`YVR!8!%+((+/:&;<<ABE!MVR!UjUVR!

[_MXQUNVR!MVR!(2!aPYXXQTU!TOMYTXV!ZQ!UXQORZPSQUTPO!MVR!(2#!)V!aXNSNMVOUVR!NUYMVR!bPOUXVOU!

`YV!ZQ!UXQORZPSQUTPO!MV!a[PRa[PZTaTMVR!S[QXdNR!UVZR!`YV!ZVR!(&!VRU!YO!NWNOVbVOU!]QSTZTUN!aQX!

ZQ!aXNRVOSV!MV!BOQOPaPXVRB!aZYU{U!`YV!ZV!XNRYZUQU!M@YOV!UXQORZPSQUTPO!bPZNSYZQTXV!p!UXQWVXR!

YOV!\QXXTfXV!M@NOVXdTV!UXQORbVb\XQOQTXV!8]7&%*&"$@:&;<<=B#!(QX!SPORN`YVOUK!ZQ!UXQORZPSQUTPO!

MVR!(&!OV!aVYU!QWPTX! ZTVY!`YV!MQOR! ZQ! XNdTPO!bVb\XQOQTXV! ]QTRQOU! ]QSV!p! Z@QOPMV!aVOMQOU!

Z@QaaZTSQUTPO!MVR!TbaYZRTPOR!NZVSUXT`YVR#!!

!

7! ZQ! ZYbTfXV! MV! aXNSNMVOUVR! NUYMVRK! OPR! XNRYZUQUR! SPO]TXbVXQTVOU! `YV! ZVR! MN]QYUR!

bVb\XQOQTXVR! SXNNR! aQX! Z@QaaZTSQUTPO! MVR! TbaYZRTPOR! NZVSUXT`YV! RVXQTVOU! MV! OQUYXV!

MT]]NXVOUV!]QSV!p!Z@QOPMV!VU!]QSV!p!ZQ!SQU[PMV!8!%-7%$&%*&T%E%-:&CXXA>&g"#-+%$&%*&!%+((+/:&CXXU>&

g"#-+%$& %*& !%+((+/:& CXXXB#! %O! V]]VUK! MV! aXNSNMVOUR! UXQWQY^! RYddfXVOU! `YV! MV! OPb\XVY^! VU!

aVUTUR!BNZVSUXPaPXVRB!RVXQTVOU!SXNNR!MQOR!ZQ!XNdTPO!bVb\XQOQTXV!]QTRQOU!p!Z@QOPMV!QZPXR!`YV!

`YVZ`YVR! ZQXdVR! BNZVSUXPaPXVRB! RVXQTVOU! SXNNR! MQOR! ZQ! XNdTPO! bVb\XQOQTXV! ]QTRQOU! p! ZQ!

SQU[PMV! 8!%Q$%& %*& "$@:& CXXLB#! 2VUUV! QR_bNUXTV! VRU! QRRPSTNV! p! YO! V]]VU! WVSUPXTVZ! MY! S[Qba!

NZVSUXT`YV! RYX! ZQ!bVb\XQOV#! $Q! UXQORZPSQUTPO! NZVSUXPCTOMYTUV!MVR!a[PRa[PZTaTMVR!aPYXXQTU!

SPOUXT\YVX!YOV!MTRUXT\YUTPO!QR_bNUXT`YV!MY!aPUVOUTVZ!QY^![NbTRa[fXVR!PaaPRNR!8O"Q51)10&

%*&"$@:&;<<L>&S-%E&%*&"$@:&;<<^B#!!

!

(M)//029)527.#;M2*/40127.1#80+95-234+1#*20021+97.;+1#+5#/+-*8),2021).5+1# 2.;425#

4.# ;817-;-+# *+*,-).)2-+# +5# 4.+# -)/2;+# 5-).1079)527.# ;+1# /B71/B702/2;+1# ;).1# 0+1#

-8627.1#/+-*8),20218+1>#L+55+#5-).1079)527.#1+*,0+#D5-+# 2.;425+#/)-#4.#+==+5#;2-+95#;4#

9B)*/# 80+95-234+# 14-# 0+1# ;2/@0+1# ;+1# 5D5+1# ;+1# /B71/B702/2;+1# +5# .7.# /)1# 4.# +==+5#

1+97.;)2-+#97**+#20#)#858#-)//7-58#;).1#;+#/-898;+.51#5-)C)4P#14-#0+1#8-<5B-79<5+1>#()#

5-).1079)527.# 80+95-7V2.;425+# ;+1# /B71/B702/2;+1# .M+15# /)1# )117928+# K# 4.+# /+-5+# ;+# 0)#

C2),20258#9+0040)2-+>#

,



&

! !"<9!



W/(7$*"*(&

! ! "<;!

,

,

,

,

,

,

,

,

,

,

,

9!10-:,--,

5!1!50R1-<!0-2/,3:,CU-/0:1!50-2/,

9C!<?-3:[?:?B1!/:,9:1?R!B-C-<R:,

,



W/(7$*"*(&N&O"-*+%&66@&h"-"4*/-+("*+12&#+1J5E(+F7%&'%&$M+2*%-"4*+12&J$"()+'%m)%)#-"2%&

! !"0F!

9'#(&E,--.,5'#'8($#&+'(&)*,6E,JU&*(E#'8(&)*,LJ'+G&6E[GEG"#'*E,LE#G$'"&J&+$E,

;.,:(76E,6F*'G&H7E,6E,JU&*(E#'8(&)*,LJ'+G&6E[GEG"#'*E,LE#G$'"&J&+$E,

;.;.,-*(#)678(&)*,

$VR!bNSQOTRbVR!\TPa[_RT`YVR! TbaZT`YNR!MQOR! Z@NZVSUXPUXQOR]VXU!MV!bPZNSYZVR!MV!

aZQRbTMV!RPOU!\TVO!aZYR!SPbaZV^VR!`YV!SVY^!TbaZT`YNR!MQOR!Z@NZVSUXPUXQOR]VXU!MV!aVUTUVR!

bPZNSYZVR!8!%+((+/&%*&"$@:&;<<=B#!%O!V]]VUK!Z@NZVSUXPUXQOR]VXU!MV!aVUTUVR!bPZNSYZVR!UVZZVR!`YV!

ZV!('!VRU! TOMYTU!aQX!YO!aXPSVRRYR!MV!bTdXQUTPO!NZVSUXPa[PXNUT`YV!aVOMQOU! Z@QaaZTSQUTPO!

MVR! TbaYZRTPOR! NZVSUXT`YVR! 8O74+5"-& %*& "$@:& ;<<UB! VU! aQX! RTbaZV! MT]]YRTPO! QaXfR!

Z@QaaZTSQUTPO!MVR!TbaYZRTPOR!NZVSUXT`YVR!8!%+((+/&%*&W1$(:&CXXK>&g"#-+%$&%*&!%+((+/:&CXXAB#!%O!

XVWQOS[V! MQOR! ZV! SQR! MV! Z@NZVSUXPUXQOR]VXU! MV! bPZNSYZVR! MV! aZQRbTMVK! SVR! MVXOTfXVR!

WTVOOVOU!TOUVXQdTX!QWVS!ZQ!bVb\XQOV!aZQRbT`YV!aVXbNQ\TZTRNV!RPYR!ZQ!]PXbV!M@QdXNdQUR!

ZPSQZTRNR! 8g1$_+1& %*& "$@:& ;<<;B#! $Q! SPbaPRQOUV! M_OQbT`YV! MV! SV! aXPSVRRYR! O@VRU! aQR! PY!

aVY! SPOOYV! SQX! ZVR! PYUTZR! \TPa[_RT`YVR! YUTZTRNR! aXNRVOUVOU! YOV! XNRPZYUTPO! RaQUTQZV! p!

Z@NS[VZZV!MY!bTSXPbfUXV!VU!YOV!XNRPZYUTPO!UVbaPXVZZV!p!Z@NS[VZZV!MV!ZQ!RVSPOMV#!!

!

$@P\uVSUT]!MV!SV!UXQWQTZ!WTRV!p!NUYMTVX!Z@TOUVXQSUTPO!MVR!bPZNSYZVR!MV!aZQRbTMVR!QWVS!ZQ!

bVb\XQOV! aZQRbT`YV! QWVS! YOV! XNRPZYUTPO! UVbaPXVZZV! MV! Z@PXMXV! MV! +!bR! aVXbVUUQOU! MV!

WTRYQZTRVX!SV!a[NOPbfOV!aVOMQOU!RQ!]PXbQUTPO#!/PYR!S[VXS[POR!p!MNUVXbTOVX!ZV!aXPSVRRYR!

TbaZT`YN!MQOR!ZQ!SXNQUTPO!MVR!RTUVR!SPbaNUVOUR!aPYX!ZQ!]PXbQUTPO!MV!SPbaZV^VR!MV!aZQRbTMV!

VU!p!SQXQSUNXTRVX!RYX!ZV!aZQO!M_OQbT`YV!SVR!SPbaZV^VR#!

!

$@VORVb\ZV!MVR!XNRYZUQUR!P\UVOYR!MQOR!SVUUV!NUYMV!]VXQ!Z@P\uVU!M@YOV!aY\ZTSQUTPO!VO!

+F"F#!

;.N.,97"J&8'(&)*,

!



Electromediated formation of DNA nano-complexes on cell
membranes and their role in gene delivery

Jean-Michel Escoffre† a, Thomas Portet† b,a, Cyril Favard† c, Christelle Rosazza a,
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Abstract

Electroporation is a physical method to induce the uptake of therapeutic drugs and DNA, by eukaryotic cells
and tissues. The phenomena behind electro-mediated membrane permeabilization to plasmid DNA have been
shown to be significantly more complex than those for small molecules. Small molecules cross the permeabilized
membrane by diffusion whereas plasmid DNA first interacts with the electropermeabilized part of the cell surface,
forming localized aggregates. The dynamics of this process is still poorly understood because direct observations
have been limited to time scales exceeding several seconds. Here, cells are electropermeabilized in the presence
of plasmid DNA and monitored with a temporal resolution of 2 ms. This allows us to show that during the first
pulse application, plasmid complexes, or aggregates, start to form at distinct sites on the cell membrane. FRAP
measurements show that the positions of these sites are remarkably immobile during the application of further
pluses. We find that the actin cytoskeleton does not seem to play a role in the initial formation of DNA/membrane
interaction sites but it may be important in the subsequent intracellular DNA traffic. A theoretical model is
proposed to explain the appearance of distinct interaction sites, the quantitative increase in DNA and also their
immobility, leading to a tentative explanation for the success of electro-mediated gene delivery.
Keywords: electroporation; DNA; actin cytoskeleton; membrane biophysics; molecule uptake; fast digital
microscopy.
Abbreviations: FRAP, fluorescence recovery after photobleaching; PI, Propidium Iodide; CHO, Chinese
Hamster Ovary.

Electropermeabilization is the phenomena by which the application of an electric field across a lipid membrane
renders it permeable to the passage of small and even macro molecules such as DNA [1,2]. It is exploited in
the clinical context where the permeabilization of cells to a therapeutic agent is required, for example in gene
therapy and chemotherapy [3,4,5]. Despite the use of electropermeabilization in medical science, many questions
remain open as to the underlying biophysical phenomena which underpin its success. This is especially the case
for the permeabilization of membranes to DNA where a number of interesting biological and physical factors
remain to be understood. Given the size of the DNA, if the permeabilization is due to pores, as suggested by
the standard theory of electroporation [6,7], the pores must be relatively large due to (i) the relatively large size
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of the DNA and (ii) the large charge of DNA as dielectric exclusion must be overcome [8]. The cell membrane
is very heterogeneous and one expects that the location of regions permeabilized to DNA will be determined
not only by the local electric field but also by the local membrane composition. In cell membranes, the regions
most susceptible to permeabilization may be those containing certain types of transmembrane proteins or at the
boundary between differing types of lipid domains [9]. Another key, physical factor is how the field not only modifies
the permeability of the membrane, but also influences the movement of the DNA by electrophoresis. While for
small molecules, with little electric charge, thermal diffusion dominates the transport, large charged molecules
will be strongly advected by the electric field [10]. Experimental study [11] has demonstrated that the physical
phenomena involved in electro-mediated membrane permeabilization to plasmid DNA are indeed significantly
more complex than those for small molecules. Small molecules cross the permeabilized membrane directly by
diffusion whereas plasmid DNA first interacts with the electropermeabilized part of the cell surface resulting in
the formation of localized aggregates. However the dynamics of this initial interaction is only partially understood
because the direct observations of [11] were limited to time scales exceeding several seconds. In this paper, we
have analyzed the interaction between the cell membrane and strongly charged macromolecules (4.7 kbp plasmid
DNA) upon the application of a permeabilizing electric field, at a temporal resolution of 2 ms. This enables us to
address the following unresolved, and key, questions (i) What is the phenomenon leading to formation of the sites
where the DNA aggregates? (ii) What is the underlying dynamics behind their formation? (iii) To what extent are
the sites localized in space, and over what time scales? and (iv) What is the mechanism behind this localization?
We put forward a model for the transport of charged molecules in the presence of the electric field which provides
an interpretation for most of our experimental findings on DNA and whose validity is also tested via additional
experiments using the, much smaller, charged molecule Propidium Iodide. Furthermore, we also demonstrate that
the actin cytoskeleton has no measurable influence on the formation of the DNA membrane/interaction spots but
we find evidence that it may be involved in the subsequent intracellular DNA traffic.

Results

Electropulsation experiments. To study membrane permeabilization by electric fields, and the associated pro-
cesses of molecular uptake, we used PI and fluorescent plasmid DNA. Membrane permeabilization was induced
by applying 20 ms electric pulses of intensity 0.5 kV/cm. This protocol is known to induce both membrane per-
meabilization and DNA transfer, accompanied by an associated gene expression [11]. Membrane permeabilization
was observed at the single cell level at a rate of 500 frames per second. This image acquisition frequency made it
possible to monitor the entire process of molecular uptake, both during and after pulse application, with a good
spatial resolution using confocal microscopy. Particular attention was paid to the molecular uptake occurring after
a single permeabilizing pulse and a series of 10 pulses.
Electropulsation experiments with PI. As shown in Figs. 1A and 1C, and in agreement with previous studies
[11], membrane permeabilization, as detected by the uptake of PI, was observed at sites of the cell membrane
facing the two electrodes. The influx into the cells of PI, deduced from the associated fluorescence intensity,
suggests free transport across the permeabilized regions of the membrane into the cytoplasm (no trapping in the
region near the membrane is observed). The uptake of PI into cells started at the moment the pulse was applied
and the concentration of PI in the cell increased for up to a minute (Fig. 1E), showing that the permeabilized
membrane state, due to defect regions such as metastable pores, persists for some time after the field is cut.
Indeed, the majority of molecules which were taken up entered the cell after the pulses. Analyzing the molecular
uptake image by image led to the observation that PI uptake was both asymmetric and delayed: it was higher at
the anode facing side of the cell and its entrance at the cathode facing side occurred after a 4-5 second delay. This
asymmetry can be explained by the fact that PI has a charge +2e in solution and thus the electrophoretic force
drives it toward the cathode. The post-pulse diffusion of PI into the cytoplasm of the permeabilized cell can be
seen in Movie 1 (published in supporting information).
Electropulsation experiments with DNA. Electro-induced uptake by cells in presence of plasmid DNA
showed results that differed considerably from those for cells pulsed in presence of PI. DNA was only observed
to interact with the membrane for electric fields greater than a critical value (0.25 kV/cm) which induces their
permeabilization, i.e. leading to PI uptake. In the low field regime DNA simply flowed around the cells towards
the anode. For permeabilizing fields, plasmid DNA was not observed to enter the cell during pulse application or
during the minute that followed. However, DNA was seen to accumulate at distinct sites on the cathode facing
side of the permeabilized cell membrane (Fig. 1D). At these sites the DNA appeared to form aggregates, which
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became visible as soon as the electric pulse was triggered (Fig. 2A, 2B). Intriguingly, the number and apparent
size of these sites did not increase with the number of pulses applied. During the application of a single pulse,
the fluorescence of the sites increased linearly in time showing that the quantity of DNA at each site increased
linearly (Fig. 1F), but no such fluorescence increase was observed in the absence of the electric field. Therefore
the accumulation of DNA at the interaction sites must be principally due to electrophoresis.

The presence of stable sites, where membrane plasmid DNA interaction occurred, was observed across the entire
cell population (Fig. 1D) (see Movie 2 in supporting information). The average distance between a site and its
nearest neighbor was found to be about 1 µm. The diameter of the individual sites was found to be in the range
of 0.2-0.6 µm (lower range limit due to optical diffraction). As shown in Fig. 2C, the total amount of DNA in the
membrane region also increased linearly with the number of electric pulses. The final average amount of DNA
localized in the membrane region correlated with the amount of DNA reaching the nucleus, as estimated by the
rate of GFP expression, between 2 and 24 hours after pulse application (see supporting information).

As shown in Figs. 1E and 1F, part of the DNA interacting with the membrane was observed to be desorbed
after the pulses but a large proportion stayed fixed, this could be due to an interaction between the membrane
and DNA but also because the DNA forced into the pore electrophoretically is virtually immobile in the cell in
the absence of the electric field. This last observation shows that the observed DNA membrane interaction could
be, at least partially, due to (i) electrophoretic accumulation along with (ii) reduced mobility of the DNA in the
pore region within the cell.

We also studied the mobility of the DNA complexes at the interaction sites. In order to measure the in-membrane
or lateral diffusion constant of the complexes, we carried out Fluorescence Recovery After Photobleaching (FRAP)
experiments. The FRAP results showed that no exchange between DNA aggregates or with the bulk DNA took
place and that the DNA was, on experimental time scales, totally immobile, its lateral diffusion coefficient being
less than 10−16m2s−1. This could be explained by the reduced mobility of individual DNA molecules within the
cell or because DNA forms large aggregates which are immobile due to their large size. It is unlikely that this
immobility is due to an intrinsic immobility of pores, as the measured diffusion constant is orders of magnitude
smaller than the typical values reported in the literature for transmembrane objects, such as proteins.
Experiments on the role of the actin cytoskeleton in DNA uptake. To attempt to understand the origin of
the immobility of the DNA in interaction with the membrane, we explored the role of the actin cytoskeleton on the
uptake of DNA after its insertion into/ interaction with the permeabilized membrane. We combined two approaches
(i) direct – using actin-EGFP expressing CHO cells that can be directly electropulsed under the microscope and
give direct access to the kinetics of actin polymerization and (ii) indirect – combining fixation of pulsed cells at
various times following electropulsation and their labeling with fluorescent phalloidin to visualize the distribution
of polymerized actin. As shown in Figs. 3B and 3E, in the minutes following their electropermeabilization, CHO
cells pulsed in absence of DNA did not present any obvious difference in the organization of their cytoskeleton
compared to control cells which had not been pulsed (Figs. 3A and 3D). However, when they were electropulsed
in the presence of plasmid DNA, actin spot formation was seen (a few minutes after pulsation) in the region
of the DNA membrane interaction sites (Figs. 3C and 3F). This result was obtained whichever protocol was
used to observe the cytoskeleton. The colocalization of DNA and actin spots is clearly seen in Figs. 3G, 3H and
3I, which respectively show DNA spots (red), actin spots (green), and the superposition of the two acquisition
channels (yellow). One could argue that actin polymerization around inserted DNA may be responsible for its
immobilization at the membrane level as well as in its subsequent traffic inside the cytoplasm. However, actin
cytoskeleton perturbation with Latrunculin A did not seem to modify the features of DNA spot creation, their
stability or immobility (see supporting information). This implies that, despite the fact that actin causes a drastic
decrease in the mobility of individual large DNA molecules inside cells, the initial formation of DNA spots and
their immobility is not caused by the actin network.

Theory

In order to better understand the features of the electro-mediated DNA uptake, we developed a theoretical model
that we used to carry out numerical simulations. We assumed that the cell membrane was an infinitesimally thin
non-conducting surface. This approximation is valid where the membrane thickness is small compared to all other
length scales and the conductivities of the cell interior σi and exterior electropulsation solution σe are much
greater than the conductivity σm of the cell membrane. An electric field of magnitude |E0| = E0 is applied in the
z direction, perpendicular to the electrodes, and the local electric potential φ is given, in the steady state regime,
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by the solution to Laplace’s equation [12]
∇ · σ∇φ = 0, (1)

with the boundary conditions φ = −E0z as |z| →∞. In what follows we will assume that the DNA is advected by
the field given by the solution of Laplace’s equation (1) and will neglect additional fields that would be caused by
local accumulation of charge due to the DNA. This is because the applied fields are relatively large and because
we expect the DNA to be strongly screened. Once the electric field has been computed the DNA is advected by
the field but also diffuses. The local concentration of DNA c(x, t) obeys the electrodiffusion equation

∂c
∂t

= −∇ · j (2)

where j is the thermodynamic current j = −D∇c + µcE, with D the local diffusion constant of the DNA, which
depends on its environment, and is denoted by De outside the cell, Dm in the membrane and Di in the cell
interior. The term µ is the electrophoretic mobility and is defined via the velocity v of the molecule in a (locally)
uniform field E = −∇φ as

v = µE. (3)

As for the diffusion constant, the value of µ will also depend on the local environment as it depends on electrolyte
concentration and viscosity. As the electrode system is in contact with a bath of the transported molecule we
impose the boundary conditions ∇c = 0 as c→∞ on equation (2) (note that this is compatible with the Ohmic
behavior j = µcE far from the cell). We assume that Dm and µm = 0, which means that DNA cannot move into
intact regions of membrane.
Modeling pores. We will assume that when the field is applied, the membrane becomes permeabilized and pores
are formed. For the ease of computation we will investigate what happens when a circular pore is formed at each
face of the cell facing the electrodes, that facing the anode in the angular region θ ∈ [0, θp] and that facing the
cathode in the region θ ∈ [π − θp, π]. In this region we assume that the conductivity is σi and that the diffusion
constant is Di, effectively we have taken away the membrane from these regions and replace it by the cellular
interior. We numerically compute the evolution of the concentration of marker molecules as a function of time
using the experimental applied field protocols (we assume that the membrane charging process is much quicker
that any of the diffusion processes and thus change the electric field instantaneously).
Estimation of theoretical parameters. We were able to follow the fluorescence of the DNA in the buffer
solution in a uniform electric field and thus measure its velocity. Using equation (3). we estimated the elec-
trophoretic mobility in solution to be µe = 10−8m2V −1s−1. This agrees with more precise measurements reported
in the literature [13]. The diffusion constant of DNA in aqueous solution is estimated from the literature to be
De = 10−12m2s−1[14].

The charge of the PI is taken to be q = +2e and its diffusion constant in aqueous solution is estimated to be
De = 10−10m2s−1 (by estimating its effective radius and using the Stokes formula for the diffusion constant of a
solid sphere). The electrophoretic mobility for PI is estimated via the Stokes Einstein relation µ = qD

kBT where kB

is Boltzmann’s constant and T is the temperature.
In the cell interior we estimate that for PI the effective diffusion constants and electrophoretic mobilities are

smaller than their external values by a factor of 10 but for the larger DNA molecules they are smaller by a factor
of 1 000 (in fact this factor is a lower bound) due largely to the interaction between the DNA and the actin
network of the cell interior [14,15]. Finally we took the radius of the spherical vesicle to be R = 8 µm as estimated
from the average cell size.
Theoretical results and comparison with experiments. We assume that the marker fluorescence is propor-
tional to the concentration c(x, t). For the comparison with the experiments we took a pore angle θp = 3.6o as
estimated by the size of the DNA/membrane interaction sites we observed. We computed the average fluorescence
intensity inside the cell using Icell ∝ ccell. In Figs. 1G and 1H we show the predicted behavior for PI fluorescence
for one pulse with applied field 0.5 kV cm−1 applied for 20 ms and see that it compares very well with that
measured experimentally (Fig. 1 E). Similarly we see in the same figures the comparison between theory and
experiment is also good for DNA (with the same pulse protocol), with the exception that the slight decrease in
DNA fluorescence after the pulse has been applied is less pronounced in the theoretical curve of Fig. 1F. However
some of the experimentally observed decrease may be due to photo bleaching of the fluorescent marker. Note
that although we have only simulated one pore, if we assume that the pores behave independently (as conduction
channels in parallel) the overall form of the increase in fluorescence for several pores should be approximately of
the same form, up to an overall change in the fluorescence levels, as that for single pore.

In the case of PI, our model also reproduced the other qualitative behavior seen in the experiments. Numerical
calculations showed that the PI enters through the anode facing side of the vesicle during the pulse application
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and that its entry into the cathode facing side is delayed, as expected from the physical arguments given in the
Results section.

For DNA, computations showed that just after the field application there is virtually no uptake of DNA at the
anode facing side of the cell, but that at the cathode facing side there is an accumulation of DNA near the surface
of the cell in the region where the pore is. In our model the DNA accumulation, apparently, at the surface of the
cell, is due to the strong (as compared to the case of PI) electrophoretic force which pushes the DNA into the
hole opposite the cathode and then the much reduced mobility of the DNA in this region. For DNA most of the
contribution to the total cell fluorescence comes from the region close to the membrane surface, thus justifying
our comparison of Figs. 1E, 1F with Figs. 1G, 1H.
Constant number of interaction sites. The experimental results show that after the first interaction sites
become visible, no further sites appear during subsequent pulsation. An explanation for this is that the pores
formed are conducting and thus the electric field across the membrane is lowered in the non-conducting regions
of the membrane. A simple criterion for determining whether a membrane can be locally permeabilized is if the
stress caused by the electric field causes the local surface tension to exceed the lysis tension of the membrane. In
a simple electric model for the membrane this turns out to be equivalent to the local transmembrane voltage ∆φ
exceeding a critical value ∆φc, which has values typically between 250−1000 mV [16,17]. To see how the presence
of a pore reduces the transmembrane potential elsewhere we consider the simplified case of an infinitesimally
thin, non-conducting, infinite flat membrane with a conducting pore of radius a. The potential drop across the

membrane at a distance r from the center of the pore is [18] ∆φ(r) = 2∆φo
π arctan(

√
r2−a2

a ), where ∆φo is the
potential drop far from the pore (or in the absence of the pore) and we assume that ∆φo > ∆φc . If pores can
only be formed in regions where ∆φ > ∆φc one sees that this critical potential drop cannot be exceeded within
in a radius rc = a

cos
(

π∆φc
2∆φo

) from the center of the pore. Although a very approximate estimate, this shows that

we should expect pores to be separated from each other by a distance of the order of the pore size. This is indeed
the case as can be seen in Fig. 2B, where the fluorescence peaks widths are of the same order as the inter-peak
distance.

Discussion

Despite the complexity of the system studied here, a number of our experimental observations can be explained
qualitatively and to an extent quantitatively on a largely physical basis. According to the standard theory of
electropermeabilization, the effect of the electric field is to render the cell membrane permeable to external
molecules via the formation of pores. Another effect of the electric field on the DNA is an electrophoretic one,
DNA is pushed toward the cathode facing side of the cell and, as our numerical calculations have shown, if a
sufficiently large pore is present the DNA can be forced through it. However once the DNA is inside the cell it
stays, on experimental time scales, very close to the surface either due to the reduced electrophoretic mobility and
diffusion constant of individual DNA molecules caused by the actin cytoskeleton or because it forms aggregates
which are immobile due to their large size. Results on cells where the actin cytoskeleton is disrupted also show
spot formation and so we conclude that the principal mechanism for spot formation is the formation of aggregates
where the DNA molecules are bound together and thus diffuse as a macroscopic object with a very small diffusion
constant. A possible mechanism for this aggregation is the presence of multivalent cations induced by the high
concentration of DNA in the pore region [19].

In untreated cells the presence of a high concentration of actin filaments close to the DNA spots could be
interpreted as a possible first step in the mechanism by which these DNA aggregates enter into the cell. The
role of actin has been shown to be important in a number of modes of exogenous molecular uptake (endocytosis,
phagocytosis, macropinocytosis) and is also expected to play a role in clathrin or caveolin independent endocytosis
[20,21]. Perimembranar actin polymerisation is known to occur when a high amount of PIP2, of high negative
charge, is present in the membrane [22]. It is possible that the high local density of negative charge in the DNA
spots could trigger a similar response from the actin network. As is the case for extracellular pathogens, membrane
invaginations could form due to the DNA spots, without any assistance from the cell machinery [23]. As reported
for cationic vectors [24] a growing network of cortical actin may pull the DNA aggregates into the cell. Thus,
binding to the membrane and a subsequent connection to the actin network could be a very general means for
particle engulfment and transport which could be exploited by both pathogens (bacteria, viruses) and non-viral
vectors.
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To conclude we have been able to provide a detailed explanation of why gene therapy using electroporation is
successful. In principle large aggregates of DNA or vesicles filled with DNA could be too large to pass through the
pores formed by electroporation. However individual DNA molecules, while they can pass through electropores,
have a limited mobility within the cell and may well be totally degraded before reaching the nucleus. Our results
indicate that the actin cytoskeleton reacts to the presence of DNA aggregates and may play an important role in
the subsequent intracellular transport, it seems reasonable that only aggregates beyond a certain size can induce
this cytoskeletal response and can be transported by the cell. In addition, the fact that the DNA is in aggregate
form means that the DNA in the center of the aggregate is relatively protected from degradation by the cellular
environment. Therefore, for gene therapy purposes, it is optimal for DNA to enter the cell as single molecules,
but the subsequent transport toward the nucleus is, for biological (inducing a response of the actin cytoskeleton)
and physical (diminishing enzymatic degradation) reasons, optimized if the DNA is in aggregate form. We thus
see that a rather beautiful and subtle, and to an extent fortuitous, combination of biological and physical factors
underpin the success of gene therapy via electroporation. As our understanding of these underlying phenomena
advances we should be able to refine and optimize the protocols used in electro-mediated gene therapies.
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Materials and methods

Cells. Chinese hamster ovary (CHO) cells were used. The WTT clone was selected for its ability to grow in
suspension or plated on Petri dishes or on a microscope glass coverslip. Cells were grown as previously described
[25]. For microscopy experiments, 105 cells were put on a Lab-tek chamber 12 hours before electric pulse treatment
with 1 ml of culture medium.
DNA staining. A 4.7 kbp plasmid (pEGFP-C1, Clonetech, Palo Alto, CA) carrying the green fluorescent protein
gene controlled by the CMV promoter was stained stoechiometrically with the DNA intercalating dye TOTO-1 (or
alternatively POPO-3) (Molecular Probes, Eugene, OR ) [26]. The plasmid was stained with 2.3x10−4 M dye at a
DNA concentration of 1µg/µl for 60 minutes on ice. This concentration yields an average base pair to dye ratio of
5. Even if the labeling is not covalent, the equilibrium is dramatically in favor of the linked form. Plasmids were
prepared from E. Coli transfected bacteria by using Maxiprep DNA purification system (Qiagen, Chatsworth,
CA).
Electropermeabilization apparatus. Electropulsation was carried out with a CNRS cell electropulsator (Jouan,
St Herblain, France) which delivers square-wave electric pulses. An oscilloscope (Enertec, St. Etienne, France) was
used to monitor the pulse shape. The electropulsation chamber was built using two stainless-steel parallel rods
(diameter 0.5 mm, length 10 mm, inter-electrode distance 5 mm) placed on a Lab-tek chamber. The electrodes
were connected to the voltage generator. A uniform electric field was generated. The chamber was placed on the
stage of an inverted digitized videomicroscope (Leica DMIRB, Wetzlar, Germany) or a confocal microscope (Zeiss,
LSM 5 life, Germany).
Electropermeabilization. Permeabilization of cells was performed by application of long electric pulses required
to transfer genes and to load macromolecules into cells. Cell viability was preserved when using long pulse duration
by decreasing the electric field intensity [27,28]. Penetration of PI (100 µM in a low ionic strength pulsing buffer:
10 mM phosphate, 1 mM MgCl2, 250 mM sucrose, pH 7.4) was used to monitor permeabilization. 10 pulses of
20 ms duration and 0.5 kV/cm amplitude were applied at a frequency of 1 Hz at room temperature. For plated
cells, the culture medium was removed and replaced by the same buffer described above.
Microscopy. Cells were observed with a Leica 100×, 1.3 numerical aperture oil immersion objective. Images
(and optical sections) were recorded with the CELLscan System from Scanalytics (Billerica, MA) fitted with a
cooled CCD camera (Princeton Instrument, Trenton, NJ). This digitizing set up allowed a quantitative localized
analysis of the fluorescence emission as described previously [11]. This was done along the cell membrane. Images
were taken at a 1 Hz frequency. For fast kinetics studies, a Zeiss LSM 5 Live confocal microscope was used. All
measurements were performed at room temperature. Image sequences were acquired at a frequency of 500 fps.
FRAP experiments. FRAP experiments were performed on a Zeiss LSM 510 confocal microscope. The 488 nm
line of the Arg+ laser was used for excitation of TOTO-1. We used a sequential mode of acquisition with a 63×,
1.4 numerical aperture water immersion lens. After 50 pre-bleach scans, a region of interest (ROI) with a radius
w = 1µm was bleached, and fluorescence recovery was sampled on 150 scans, i.e. 40 s [29].
Cytoskeleton experiments. Actin-EGFP expressing CHO cells: CHO cells were transfected by electropulsation
with 2 µg of pEGFP-Actin plasmid encoding the human beta actin fused with EGFP protein (Clonetech, Palo Alto,
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CA). After electropulsation, cells were cultured at 37o C. Rhodamine Phalloidin labelling: after electropulsation,
CHO cells were washed twice with PBS. Then, cells were fixed in 4% paraformaldehyde solution (InvitroGen)
and permeabilized with 0.01% Triton X-100 (Sigma) in PBS for 10 min. Then, cells were washed twice with PBS.
To reduce nonspecific background staining, cells were incubated with 1% BSA (Sigma) in PBS for 20 min and
labelled with Rhodamine Phalloidin (1U/coverslip) (InvitroGen). Finally, cells were washed twice with PBS and
air dried, then mounted in permanent mountant (Moviol, Fluka). Actin cytoskeleton destabilization: cells were
incubated at 37o C for 1 hour with 1 µM Latrunculin A (Sigma) in culture medium. This protocol is known to
efficiently disrupt the actin cytoskeleton [30].
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Figure 1. Results and theoretical predictions of uptake of PI and DNA by electropulsed cells. 1A and 1B: cells in the presence of PI
and DNA before electropulsation, there is clearly no uptake of either marker. 1C: uptake of PI by cells after being electropulsed. 1D:
interaction of DNA and cells after being electropulsed. 1E: long time behavior of PI (red) and DNA (green) uptake measured from
the corresponding fluorescence. 1F: same data shown over a shorter time scale. 1G: long term uptake of PI and DNA as predicted
by the electrodiffusion model. 1H: corresponding behavior over shorter time scale.
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Figure 2. Evolution of DNA fluorescence at interaction sites as a function of the number of electropulses. 2A raw imaging data. 2B:
quantified increase in DNA fluorescence based on a digital analysis of 2A. 2C: experimentally measured increase of total fluorescence
due to DNA uptake as a function of the number of applied pulses. 2D: increase in DNA fluorescence as a function of the number
of pulses as predicted by the electrodiffusion model.
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Figure 3. Visualization of actin and DNA spots 10 minutes after electric treatment. A, B and C: Fixed CHO cells, whose cytoskeleton
was labeled with Rhodamine Phalloidin. D, E and F: Live CHO cells expressing actin-EGFP. A,D: control cells. B,E: cells pulsed
without DNA. C,F: cells pulsed in presence of DNA, actin spots are indicated by white arrows. G: cell showing DNA/POPO
aggregates. H: same cell showing actin-EGFP spots. I: superposition of G and H. On frames G, H and I, scalebars are 5 µm.

11



W/(7$*"*(&N&O"-*+%&66@&h"-"4*/-+("*+12&#+1J5E(+F7%&'%&$M+2*%-"4*+12&J$"()+'%m)%)#-"2%&

! !"5+!



W/(7$*"*(&N&O"-*+%&66@&h"-"4*/-+("*+12&#+1J5E(+F7%&'%&$M+2*%-"4*+12&J$"()+'%m)%)#-"2%&

! ! "5*!

;.P.,3&+87++&)*,E(,5)*8J7+&)*+,

$Q!aNONUXQUTPO!MV!bPZNSYZVR!MV!('!MQOR! ZVR! SVZZYZVR! SPbbVOSV!MfR! Z@QaaZTSQUTPO!

MVR!TbaYZRTPOR!NZVSUXT`YVR#!$Q!SPOSVOUXQUTPO!MV!('!MQOR!ZVR!SVZZYZVR!QYdbVOUV!aVOMQOU!VU!

MQOR!ZVR!bTOYUVR!`YT!RYTWVOUK!Z@NZVSUXPaYZRQUTPO#!$Q!bQuPXTUN!MVR!bPZNSYZVR!MV!('!aNOfUXV!

MQOR! ZVR! SVZZYZVR! QaXfR! Z@NZVSUXPaYZRQUTPO#! 2VR! XNRYZUQUR! SPO]TXbVOU! `YV! Z@NUQU!

aVXbNQ\TZTRN! MV! ZQ! bVb\XQOV! aZQRbT`YV! Mq! p! MVR! MN]QYUR! bVb\XQOQTXVR! aVXRTRUV!

aVOMQOU!`YVZ`YVR!bTOYUVR!QaXfR!Z@QaaZTSQUTPO!MVR!TbaYZRTPOR!NZVSUXT`YVR!8W1$(&%*&!%+((+/:&

CXX<"E#! $Q! aNONUXQUTPO! MVR! bPZNSYZVR! MV! ('! MQOR! ZVR! SVZZYZVR! VRU! YO! a[NOPbfOV!

QR_bNUXT`YVr!VO!QSSPXM!QWVS!ZVR!ZPTR!MV!a[_RT`YVRK!ZVR!MVY^!XNdTPOR!bVb\XQOQTXVR!MV!ZQ!

SVZZYZV!`YT! ]POU! ]QSV!QY^!NZVSUXPMVR!RPOU!NZVSUXPaVXbNQ\TZTRNVR#!2VaVOMQOUK! Z@VOUXNV!MVR!

bPZNSYZVR!MV!('!VRU!aZYR!TbaPXUQOUV!MQOR!ZQ!XNdTPO!bVb\XQOQTXV!]QTRQOU!]QSV!p!Z@QOPMV#!

%O!XVWQOS[VK!RPO!VOUXNV!MQOR!ZQ!XNdTPO!bVb\XQOQTXV!RTUYNV!]QSV!p!ZQ!SQU[PMV!Q!ZTVY!QaXfR!

0!R!MV!MNZQT#!2VUUV!QR_bNUXTV!R@V^aZT`YV!aQX! ZV! ]QTU!`YV! ZV!('!`YT!aXNRVOUV!MVY^!S[QXdVR!

aPRTUTWVRK! aNOfUXV! MQOR! ZVR! SVZZYZVR! ]QSV! p! ZQ! SQU[PMV! RPYR! Z@V]]VU! MVR! ]PXSVR!

NZVSUXPa[PXNUT`YVR!8O74+5"-&%*&"$@:&;<<UB#!%O!XVWQOS[VK!QaXfR!Z@QaaZTSQUTPO!MVR!TbaYZRTPOR!

NZVSUXT`YVRK!RQ!aNONUXQUTPO!MQOR!ZVR!SVZZYZVR!VRU!YO!aXPSVRRYR!MV!MT]]YRTPO!8!%+((+/&%*&W1$(:&

CXXK>&g"#-+%$&%*&!%+((+/:&CXXAB#!

!

$Q!aNONUXQUTPO!MV!bPZNSYZVR!MV!aZQRbTMV!MQOR!ZVR!SVZZYZVR!VRU!YO!aXPSVRRYR!aZYR!

SPbaZV^V! `YV! SVZYT! MVR! aVUTUVR! bPZNSYZVR! SPbbV! ZV! ('#! $@QaaZTSQUTPO! M@TbaYZRTPOR!

NZVSUXT`YVR! aVXbNQ\TZTRQOUVR! OV! aVXbVU! aQR! YOV! VOUXNV! MTXVSUV! MVR! bPZNSYZVR! MV!

aZQRbTMV! MQOR! ZVR! SVZZYZVR#! )fR! `YV! ZVR! TbaYZRTPOR! NZVSUXT`YVR! aVXbN\TZTRQOUVR! RPOU!

QaaZT`YNVRK! ZVR!bPZNSYZVR! MV! aZQRbTMV! WTVOOVOU! TOUVXQdTX! QWVS! ZQ! XNdTPO!bVb\XQOQTXV!

aVXbNQ\TZTRNV!RTUYNV!]QSV!p!ZQ!SQU[PMV#!2VUUV!TOUVXQSUTPO!aZQRbTMVIbVb\XQOV!Q!ZTVY!MQOR!

MVR!RTUVR!MTRUTOSUR!MV! ZQ!bVb\XQOV!aVXbNQ\TZTRNV#!2V!XNRYZUQU!bPOUXV!`YV! Z@QaaZTSQUTPO!

M@TbaYZRTPOR!NZVSUXT`YVR!aVXbNQ\TZTRQOUVR!TOMYTU!ZQ!]PXbQUTPO!MV!RTUVR!SPbaNUVOUR!aPYX!

Z@TOUVXQSUTPO!aZQRbTMVIbVb\XQOV#!$Q!MTRUQOSV!bP_VOOV!VOUXV!SVR!RTUVR!SPbaNUVOUR!VRU!

MV!Z@PXMXV!MV!"!ib#!$V!MTQbfUXV!MV!SVR!SPbaZV^VR!aZQRbTMVIbVb\XQOV!VRU!MV!Z@PXMXV!MV!

FK+CFK5! ib! 8g1$_+1& %*& "$@:& ;<<;B#! )V! ]Q}PO! RYXaXVOQOUVK! ZV! ]QTU! `YV! Z@QYdbVOUQUTPO! MY!

OPb\XV! M@TbaYZRTPOR! NZVSUXT`YVR! O@VOUXQsOVOU! aQR! YOV! QYdbVOUQUTPO! MY! OPb\XV! MV!

RaPUR! ]ZYPXVRSVOUR! TOMT`YV! `YV! MQOR! ZVR! SPOMTUTPOR! V^aNXTbVOUQZVR! YUTZTRNVRK! ZVR! RTUVR!

SPbaNUVOUR! aPYX! Z@TOUVXQSUTPO! MVR! bPZNSYZVR! MV! aZQRbTMV! p! ZQ! bVb\XQOV! aZQRbT`YV!



W/(7$*"*(&N&O"-*+%&66@&h"-"4*/-+("*+12&#+1J5E(+F7%&'%&$M+2*%-"4*+12&J$"()+'%m)%)#-"2%&

! !"5<!

aVXbNQ\TZTRNV! RPOU! aXNRVOUR! MfR! ZQ! aXVbTfXV! TbaYZRTPO! NZVSUXT`YV#! %O! XVWQOS[VK! ZV!

OPb\XV!M@TbaYZRTPOR!NZVSUXT`YVR!MN]TOTU!ZQ!`YQOUTUN!MV!bPZNSYZVR!MV!aZQRbTMV!aXNRVOUVR!

MQOR! ZVR! SPbaZV^VR! aZQRbTMVIbVb\XQOV#! (QX! SPORN`YVOUK! SVR! XNRYZUQUR!bPOUXVOU! `YV!

Z@TORVXUTPO!MVR!bPZNSYZVR!MV!aZQRbTMV!MQOR! SVR! RTUVR!MPTU! jUXV!aXTOSTaQZVbVOU!MYV! p! ZQ!

bTdXQUTPO!NZVSUXPa[PXNUT`YV#!$VR!SPbaZV^VR!aZQRbTMVIbVb\XQOV!RPOU!aQXUTSYZTfXVbVOU!

RUQ\ZVR!VU!RPOU!WTRT\ZVR!aZYRTVYXR!bTOYUVR!QaXfR!Z@QaaZTSQUTPO!MVR!TbaYZRTPOR!NZVSUXT`YVR#!

$VR!XNRYZUQUR!MV!?,7(!bPOUXVOU!Z@Q\RVOSV!M@NS[QOdVR!MV!bPZNSYZVR!MV!aZQRbTMV!VOUXV!ZVR!

SPbaZV^VRK! VU! VOUXV! ZVR! SPbaZV^VR! VU! ZV! bTZTVY! V^UNXTVYX! PY! ZV! S_UPaZQRbVK! MQOR! ZVR!

bTOYUVR!`YT!RYTWVOU!Z@NZVSUXPaYZRQUTPO#!)V!aZYRK!MQOR!OPR!SPOMTUTPOR!V^aNXTbVOUQZVRK!\LS+

SPbaZV^VR!QaaQXQTRRVOU!TbbP\TZVR!D)~"FC"5!b+RC"E#!2V!XNRYZUQU!aPYXXQTU!R@V^aZT`YVX!aQX!

ZV!]QTU!`YV!ZVR!bPZNSYZVR!MV!aZQRbTMVR!aXNRVOUVOU!YOV!bP\TZTUN!XNMYTUV!MQOR!ZVR!SVZZYZVR!

ZTNV! p! ZQ! aXNRVOSV! MY! S_UPR`YVZVUUV! 8I7Q"4(& %*& "$@:& ;<<<& >& R"7*E& %*& "$@:& ;<<=B#! $V!

S_UPR`YVZVUUV! M@QSUTOV! OV! RVb\ZV! aQR! jUXV! TbaZT`YN! MQOR! ZQ! ]PXbQUTPO! VU! MQOR!

Z@TbbP\TZTUN! MVR! SPbaZV^VR! aZQRbTMVIbVb\XQOV#! /NQObPTORK! Z@V^TRUVOSV! M@YOV!

aPZ_bNXTRQUTPO! MV! Z@QSUTOV! QY! OTWVQY! MVR! RTUVR! SPbaNUVOUR! aPYX! Z@TOUVXQSUTPO!

aZQRbTMVIbVb\XQOV! MQOR! ZVR! 0! p! "F!bTOYUVR! UVOMXQTU! p!bPOUXVX! `YV! ZV! S_UPR`YVZVUUV!!

M@QSUTOV!aPYXXQTU! uPYVX!YO!X{ZV!MQOR! ZV!UXQ]TS! TOUXQSVZZYZQTXV!MVR!bPZNSYZVR!MV!aZQRbTMV#!

%O!V]]VUK!ZQ!aXNRVOSV!M@QdXNdQUR!MV!aZQRbTMVR!]ZYPXVRSVOUR!MQOR!ZV!S_UPaZQRbV!RYddNXQOU!

ZQ!]PXbQUTPO!MV!WNRTSYZVR!M@VOMPS_UPRV!Q!MNup!NUN!XQaaPXUNV!8g1$_+1&%*&"$@:&;<<;&>&?/-p)%&

%*&"$@:&;<<XB#!

!

I+.;).5# 0M)//029)527.# ;+# 0)# /-+*2A-+# 2*/40127.# 80+95-234+:# 0+1#*708940+1# ;+#

/0)1*2;+#*26-+.5#/)-#80+95-7/B7-A1+#+5#C2+..+.5# 2.5+-)62-#;).1#;+1#125+1#;2152.951#

;+# 0)# -8627.# *+*,-).)2-+# =)21).5# =)9+# K# 0)# 9)5B7;+># (+1# 97*/0+P+1#

/0)1*2;+G*+*,-).+#)2.12#=7-*81#.+#;2==41+.5#/)1#0)58-)0+*+.5#;).1#0)#*+*,-).+>#

(+#9<57134+0+55+#;M)952.+#.M+15#/)1#2*/02348#;).1#0)#=7-*)527.#;+#9+1#97*/0+P+1#*)21#

/74--)25#D5-+#2*/02348#;).1#0+#5-).1/7-5#2.5-)9+0040)2-+#;+1#*708940+1#;+#/0)1*2;+1>#

N.,:IIE(,6E, JU&*(E*+&($,67, 8M'GL,$JE8(#&H7E,E(,67,*)G"#E,6U&GL7J+&)*+,$JE8(#&H7E+,

+7#,JU$JE8(#)(#'*+IE#(,6E,LJ'+G&6E,

N.;.,-*(#)678(&)*,

)QOR! ZQ! bQuPXTUN! MVR! V^aNXTVOSVRK! Z@NZVSUXPaVXbNQ\TZTRQUTPO! VRU! XNWNZNV! aQX!

Z@TOSPXaPXQUTPO! MV! SPbaPRNR! ]ZYPXVRSVOUR! DV#d#! TPMYXV! MV! aXPaTMTYbK! \XPbYXV!



W/(7$*"*(&N&O"-*+%&66@&h"-"4*/-+("*+12&#+1J5E(+F7%&'%&$M+2*%-"4*+12&J$"()+'%m)%)#-"2%&

! ! "50!

M@NU[TMTYbyE#!$@TO]ZYVOSV!MVR!aQXQbfUXVR!NZVSUXT`YVR!RYX!Z@V]]TSQSTUN!MV!aVXbNQ\TZTRQUTPO!

Q!NUN!NUYMTNV!p!Z@NS[VZZV!MV!ZQ!aPaYZQUTPO!SVZZYZQTXV!aQX!S_UPbNUXTV!VO!]ZY^K!bTSXPRSPaTV!PY!

RaVSUXPRSPaTV!MV!]ZYPXVRSVOSV#!$@QYdbVOUQUTPO!MV!Z@TOUVORTUNK!MY!OPb\XV!PY!MV!ZQ!MYXNV!

MVR! TbaYZRTPOR! NZVSUXT`YVR! VOUXQsOVOU! YOV! QYdbVOUQUTPO! MY! UQY^! MV! aVXbNQ\TZTRQUTPO!

DT#V#! aPYXSVOUQdV! MV! SVZZYZVR! aVXbNQ\TZTRNVRE! VU! MV! Z@V]]TSQSTUN! MV! aVXbNQ\TZTRQUTPO! DT#V#!

TOUVORTUN!MV!]ZYPXVRSVOSV!QRRPSTNVE!8I+"29&%*&"$@:&CXUU>&cP%%&%*&"$@:&CXUX>&W1$(&%*&"$@:&CXX<4>&

W1$(&%*&!%+((+/:&CXXUB#!$@YUTZTRQUTPO!MV!ZQ!WTMNPCbTSXPRSPaTV!VO!STONUT`YV!XQaTMV!Q!aVXbTR!

MV!WTRYQZTRVX! Z@VOUXNV!MVR!SPbaPRNRK!QY!OTWVQY!bVb\XQOQTXV!VU!p! Z@NS[VZZV!MV! ZQ!SVZZYZV!

YOT`YV#! $VR!bPZNSYZVR! aNOfUXVOU! MQOR! ZQ! SVZZYZVK! aVOMQOU! Z@QaaZTSQUTPO! MVR! TbaYZRTPOR!

NZVSUXT`YVRK! QY!OTWVQY!MVR! XNdTPOR!bVb\XQOQTXVR!aVXbNQ\TZTRNVR! ]QTRQOU! ]QSV!QY^!MVY^!

NZVSUXPMVR#! $@TOUVORTUN! MVR! TbaYZRTPOR! NZVSUXT`YVR! MN]TOTU! ZQ! RYX]QSV! bVb\XQOQTXV!

aVXbNQ\TZTRNV! 8g"#-+%$& %*& !%+((+/:& CXXA>& CXXXB#! $Q! MYXNV! MVR! TbaYZRTPOR! NZVSUXT`YVR!

QaaZT`YNVR!OV!bPMT]TV!aQR!ZQ!RYX]QSV!aVXbNQ\TZTRNV!bQTR!TO]ZYVXQTU!RYX!ZV!OPb\XV!VUIPY!

ZQ!UQTZZV!MVR!RUXYSUYXVR!MV!aVXbNQ\TZTRQUTPO!SXNNVR!8g"#-+%$&%*&!%+((+/:&CXXA>&W1$(&%*&!%+((+/:&

CXX<B#!

!

$@NZVSUXPUXQOR]VSUTPO! VRU! XNWNZNV! aQX! Z@V^aXVRRTPO! MV! ZQ! aXPUNTOV! SPMNV! aQX! ZV!

aZQRbTMV! UXQOR]NXNV#! $@QOQZ_RVK! p! Z@NS[VZZV! MV! ZQ! aPaYZQUTPO! SVZZYZQTXVK! MV! Z@V]]TSQSTUN! MV!

UXQOR]VSUTPO!VO!]POSUTPO!MVR!aQXQbfUXVR!NZVSUXT`YVR!Q!NUN!NUYMTNV#!$Q!UXQOR]VSUTPO!O@VRU!

MNUVSUNV!`Y@QY!MVZp!MV!WQZVYXR!M@TOUVORTUNR!MV!S[Qba!NZVSUXT`YV!RYaNXTVYXVR!QY!RVYTZ!MV!

aVXbNQ\TZTRQUTPO! D%aE! 8f1$G& %*& "$@:& CXXLB#! $@QYdbVOUQUTPO! MV! ZQ! WQZVYX! MV! %! VOUXQsOV!

Z@QYdbVOUQUTPO! MY! UQY^! MV! UXQOR]VSUTPOK! uYR`Y@p! YO! bQ^TbYbK! aYTR! S[YUV! aPYX! MVR!

WQZVYXR!MV!S[Qba!NZVSUXT`YVR!aZYR!NZVWNVR!8h57&%*&"$@:&CXUA>&f1$G&%*&"$@:&CXXL>&]7+:&CXX=B#!

$@PaUTbYb!MV!UXQOR]VSUTPO!SPXXVRaPOM!p!MVR!WQZVYXR!MV!%!aPYX!ZVR`YVZZVR!ZQ!WTQ\TZTUN!VRU!

aXNRVXWNVK!VO!!dNONXQZ!RYaNXTVYXV!p!0Fv#!$V!UQY^!MV!UXQOR]VSUTPO!MNaVOM!NdQZVbVOU!MV!ZQ!

MYXNV! VU! MY! OPb\XV!M@TbaYZRTPOR! NZVSUXT`YVR#! (PYX! YOV! TOUVORTUN! MV! S[Qba! NZVSUXT`YV!

MPOONVK!ZV!UXQOR]VXU!MV!aZQRbTMV!QYdbVOUV!QWVS!ZQ!MYXNV!MV!Z@TbaYZRTPO!NZVSUXT`YV!8h57&

%*&"$@:&CXUA>&c7#+2+%4&%*&"$@:&CXX<>&f1$G&%*&"$@:&CXXL>&]7+:&CXX=>&W1$(&%*&!%+((+/:CXXUB#!)QOR!ZV!

SQR! MVR! SVZZYZVR! 24-K! TZ! V^TRUV! YOV! MNaVOMQOSV! ZTONQTXV! VOUXV! ZV! OPb\XV! M@TbaYZRTPOR!

NZVSUXT`YVR!VU!ZV!UQY^!MV!UXQOR]VSUTPO!8f1$G&%*&"$@:&CXXLB#!

!
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! !"55!

!

8T^VNL+ &&&G1_+$bbLZ+aL+ RCTPZLPSTZ[+aV+\XOKQ+[RL\ZNTUVL+SVN+ RO+QLNK[OMTRTSOZT`P+aLS+\LRRVRLS+0<(-+"F!
TbaYZRTPOR! NZVSUXT`YVR! MV! 0! bR! MV! "! 4e! POU! NUN! QaaZT`YNVR! p! YOV! RYRaVORTPO! SVZZYZQTXV! D"#"F5!
SVZZYZVRIaPTOU! V^aNXTbVOUQZE! XVaXTRV! MQOR! MY! UQbaPO! MV! aYZRQUTPO! SPOUVOQOU! "FF! i1! MV! ('#! 7aXfR! "F!
bTOYUVR! p! *F�2K! ZVR! SVZZYZVR! RPOU! QOQZ_RNVR! VO! S_UPbNUXTV! MV! ]ZY^#! $V! aPYXSVOUQdV! MV! SVZZYZVR!
aVXbNQ\TZTRNVR! VU! Z@TOUVORTUN! MV! ]ZYPXVRSVOSV! QRRPSTNV! p! ZQ! aVXbNQ\TZTRQUTPO! RPOU! XVaXNRVOUNR! RYX! SV!
dXQa[T`YV#!D/x*z!bP_VOOV!�!&%1E#!

!
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! ! "5H!

$V!bQX`YQdV!MY!aZQRbTMV!aQX!Z@TOUVXSQZQUTPO!M@YOV!RPOMV!]ZYPXVRSVOUVK!.-.-C"K!VU!

Z@YUTZTRQUTPO!MV!ZQ!WTMNPCbTSXPRSPaTV!MV!]ZYPXVRSVOSV!POU!aVXbTR!MV!WTRYQZTRVXK!p!Z@NS[VZZV!

MV!ZQ!SVZZYZV!YOT`YVK!ZQ!aXVbTfXV!NUQaV!MV!Z@NZVSUXPUXQOR]VXUr!Z@TOUVXQSUTPO!MY!aZQRbTMV!p!ZQ!

bVb\XQOV!aZQRbT`YV!aVXbNQ\TZTRNV!8g1$_+1&%*&"$@:&;<<;>&S"7-+%&%*&"$@:&;<<L>&O5%_&%*&"$@:&

;<<=>&S"7-+%&%*&"$@:&;<C<B#!$V!aZQRbTMV!TOUVXQdTU!YOV!MTeQTOV!MV!bTOYUVR!QY!OTWVQY!MV!ZQ!

XNdTPO!bVb\XQOQTXV!aVXbNQ\TZTRNV!]QSV!p!ZQ!SQU[PMV!VU!MV!bQOTfXV!OPO![PbPdfOVK!RPYR!

ZQ! ]PXbV! M@QdXNdQUR! PY! MV! SPbaZV^VR#! $VR! XNRYZUQUR!bVONR! RYX! ZV! X{ZV! MVR! aQXQbfUXVR!

NZVSUXT`YVR! RYX! Z@TOUVXQSUTPO! MY! aZQRbTMV! QWVS! ZQ! bVb\XQOV! aZQRbT`YV! aVXbNQ\TZTRNV!

XVRUVOU!aXNZTbTOQTXVR#!

!

$@TO]ZYVOSV! MV! Z@TOUVORTUN! MY! S[Qba! NZVSUXT`YV! VU! MY! OPb\XV! M@TbaYZRTPOR!

NZVSUXT`YVR! RYX! ZQ! aVXbNQ\TZTRQUTPOK! Z@TOUVXQSUTPO! aZQRbTMVIbVb\XQOV! VU!

Z@NZVSUXPUXQOR]VXU!MV!aZQRbTMV!RPOU!QOQZ_RNR!MQOR!SVUUV!aQXUTV#!$@NUYMV!VRU!bVONV!RYX!MVR!

SVZZYZVR!24-!VO!RYRaVORTPOK!`YT!aXNRVOUVOU!YOV!]PXbV!Ra[NXT`YV!VU!MPOS!aPYX!ZVR`YVZZVR!

ZVR! N`YQUTPOR! U[NPXT`YVR! MV! Z@NZVSUXPaVXbNQ\TZTRQUTPO! aVYWVOU! jUXV! ]QSTZVbVOU!

QaaZT`YNVR#!!

N.N.,1$+7J('(+,

+"+"!"#V@@%.#*%#'A(0.%0&(./#*3#2481)#/'%2.,(=3%#

$VR! SPOMTUTPOR! NZVSUXT`YVR! XVUVOYVR! aPYX! UPYUVR! ZVR! V^aNXTVOSVR! RPOU! MV! "F!

TbaYZRTPOR! NZVSUXT`YVR! MV! 0!bR! p! ZQ! ]XN`YVOSV!MV! "!4e#! 2VR! SPOMTUTPOR! RPOU! PaUTbQZVR!

aPYX!ZV!UXQOR]VXU!MVR!bQSXPbPZNSYZVR!8W1$(&%*&!%+((+/:&CXXUB#!!

+"+"!"!#V'%2.,-)%,1/87('(&8.(-0#

$Q! aNONUXQUTPO! MV! Z@TPMYXV! MV! aXPaTMTYb! MQOR! ZVR! SVZZYZVR! VRU! MNUVSUNV! ZPXR`YV!

Z@TOUVORTUN!MY!S[Qba!NZVSUXT`YV!VRU!RYaNXTVYXV!p!YOV!WQZVYX!RVYTZ!D%aE!SPbaXTRV!VOUXV!FK*!

VU!FK0!c:ISb!aPYX!MVR!SVZZYZVR!24-!VO!RYRaVORTPO!D?TdYXV!'''C"E#!7Y!MVZp!MV!SVUUV!WQZVYX!

RVYTZK! Z@QYdbVOUQUTPO! MV! Z@TOUVORTUN! MY! S[Qba! NZVSUXT`YV! R@QSSPbaQdOV! M@YOV!

QYdbVOUQUTPO!MY!aPYXSVOUQdV!MV!SVZZYZVR!aVXbNQ\TZTRNVR!DMV!";�"v!aPYX!FK0!c:ISb!p!

9"�;v!aPYX!"K"!c:ISbE!VU!MV!Z@TOUVORTUN!MV!]ZYPXVRSVOSV!QRRPSTNV!DMV!0F�!Y#Q#!aPYX!FK0!

c:ISb! p! 59<�05! Y#Q#! aPYX! "K"! c:ISbEK! RVZPO! YO! aXP]TZ! RTdbP|MQZ! D?TdYXV! '''C"E#!

$@PaUTbYb!MY!aPYXSVOUQdV!MV! SVZZYZVR! aVXbNQ\TZTRNVR! VU! WTQ\ZVR! DT#V#! HFvE! VRU! P\UVOY!

aPYX!YOV!WQZVYX!M@TOUVORTUN!MY!S[Qba!NZVSUXT`YV!MV!FKH!c:ISb#!
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! !"59!

!

8T^VNL+&&&G=_+$bbLZ+aL+RCTPZLPSTZ[+aV+\XOKQ+[RL\ZNTUVL+SVN+RCTPZLNO\ZT`P+QROSKTaLFKLKMNOPL+SVN+aLS+
\LRRVRLS+0<(-!"F!TbaYZRTPOR!NZVSUXT`YVR!MV!0!bR!MV!"!4e!POU!NUN!QaaZT`YNVR!p!MVR!SVZZYZVR!24-!Ra[NXT`YVR!
D"#"F0!SVZZYZVRIaPTOU!V^aNXTbVOUQZE!VO!aXNRVOSV!MV!0!id!MV!aZQRbTMV!aV>?(C2"!bQX`YN!QY!.-.-C"!MQOR!
MY!UQbaPO!MV!aYZRQUTPO#!D7E!$VR!SVZZYZVR!RPOU!P\RVXWNVR!VO!bTSXPRSPaTV!MV!]ZYPXVRSVOSV#!$@QS`YTRTUTPO!MVR!
TbQdVR!VRU!XNQZTRNV!p!ZQ!]TO!MV!Z@QaaZTSQUTPO!MVR!TbaYZRTPOR!NZVSUXT`YVR#!$Q!]ZfS[V!OPTXV!TOMT`YV!ZV!RVOR!MY!
S[Qba! NZVSUXT`YV#! D6E! $V! aNXTbfUXV! MV! ZQ! ePOV! M@TOUVXQSUTPO! aZQRbTMVIbVb\XQOV! DV^aXTbN! VO!
aPYXSVOUQdV!MY!aNXTbfUXV!UPUQZ!MV!ZQ!SVZZYZVE!VU!Z@TOUVORTUN!MV!]ZYPXVRSVOSV!UPUQZV!QRRPSTNV!RPOU!MNUVXbTONR#!
D2E!$V!OPb\XV!MV!SPbaZV^VR!MV!aZQRbTMV!aQX!SVZZYZV!VRU!MNUVXbTON#!D/SVZZYZVRx*Fz!bP_VOOV!�!&%1E#!

!

!

!

8T^VNL+&&&G;_+0`NN[ROZT`P+LPZNL+RO+n`PL+QLNK[OMTRTS[L+LZ+RO+n`PL+aCTPZLNO\ZT`P+QROSKTaLFKLKMNOPL-!
"F! TbaYZRTPOR! NZVSUXT`YVR! MV! 0! bR! MV! "! 4e! POU! NUN! QaaZT`YNVR! p! MVR! SVZZYZVR! 24-! Ra[NXT`YVR! D"#"F0!
SVZZYZVRIaPTOU!V^aNXTbVOUQZE!VO!aXNRVOSV!MV!0!id!MV!aZQRbTMV!aV>?(C2"!bQX`YN!QY!.-.-C"!PY!MV!"FF!i1!
MV! ('! MQOR! MY! UQbaPO! MV! aYZRQUTPO#! $VR! SVZZYZVR! RPOU! P\RVXWNVR! VO! bTSXPRSPaTV! MV! ]ZYPXVRSVOSV#! $V!
aNXTbfUXV! MV! ZQ! ePOV! M@TOUVXQSUTPO! aZQRbTMVIbVb\XQOV! PY! MV! ZQ! ePOV! MV! aVXbNQ\TZTRQUTPO! ]QSV! p! ZQ!
SQU[PMV!DV^aXTbN!VO!aPYXSVOUQdV!MY!aNXTbfUXV!UPUQZ!MV!ZQ!SVZZYZVE!VRU!MNUVXbTON#!D/SVZZYZVRx*Fz!bP_VOOV!�!
&%1E#!

!
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! ! "5;!

+"+"!"+"#C0.%,82.(-0#)'8&1(*%W1%17,80%#

$@TOUVXQSUTPO! aZQRbTMVIbVb\XQOV! VRU! MNUVXbTONV! aQX! bTSXPRSPaTV! MV!

]ZYPXVRSVOSV!p!Z@NS[VZZV!MV!ZQ!SVZZYZV!YOT`YV#!$VR!SZTS[NR!RPOU!VOXVdTRUXNR!p!ZQ!]TO!MY!UXQTO!

M@TbaYZRTPOR! NZVSUXT`YVR#! )VR! aXP]TZR! MV! ]ZYPXVRSVOSV! RYX! UPYU! ZV! aPYXUPYX! MVR! SVZZYZVR!

RPOU!UXQSNR#!$V!aNXTbfUXV!M@TOUVXQSUTPO!MY!aZQRbTMV!p! ZQ!bVb\XQOVK!VO!aPYXSVOUQdV!MY!

aNXTbfUXV!SVZZYZQTXV!UPUQZK!VU!Z@TOUVORTUN!MV!]ZYPXVRSVOSV!UPUQZV!MQOR!ZQ!ePOV!M@TOUVXQSUTPO!

RPOU!SQZSYZNR!D?TdYXV!'''C+7E#!!

!

%O! Q\RVOSV! MV! S[Qba! NZVSUXT`YV! PY! aPYX! MVR! WQZVYXR! MV! S[Qba! NZVSUXT`YV!

TO]NXTVYXV!p!FK0!c:ISbK!QYSYOV!TOUVXQSUTPO!MY!aZQRbTMV!p!ZQ!bVb\XQOV!aZQRbT`YV!O@VRU!

WTRYQZTRNV! D?TdYXV! '''C+E#! 7! FK0! c:ISbK! Z@TOUVXQSUTPO! MY! aZQRbTMV! p! ZQ! bVb\XQOV!

aZQRbT`YV!VRU!aXNRVOUV!RPYR!ZQ!]PXbV!MV!*�"!SPbaZV^VR!MV!aZQRbTMVR!]ZYPXVRSVOUR!]QSV!p!

ZQ!SQU[PMV!D"0�"v!MY!aNXTbfUXV!SVZZYZQTXV!UPUQZE!D?TdYXV!'''C+6!VU!+2E#!7!FKH!c:ISbK!5�"!

SPbaZV^VR! MV! aZQRbTMVR! ]ZYPXVRSVOUR! RPOU! WTRYQZTRNR! p! ZQ!bVb\XQOV! ]QSV! p! ZQ! SQU[PMV!

D?TdYXV! '''C+2E!VU! ZV!aNXTbfUXV!M@TOUVXQSUTPO!XVaXNRVOUV!*+�"v!MY!aNXTbfUXV!SVZZYZQTXV!

UPUQZ! D?TdYXV! '''C+6E#! $@TOUVXQSUTPO! MY! aZQRbTMV! p! ZQ! bVb\XQOV! VRU! P\RVXWNV! RYX!

Z@VORVb\ZV! MVR! SVZZYZVR! aVXbNQ\TZTRNVR#! 7! FK;! c:ISb! VU! p! "! c:ISbK! Z@TOUVXQSUTPO! MY!

aZQRbTMV!p! ZQ!bVb\XQOV!aVXbNQ\TZTRNV!RV!aXNRVOUV!RPYR! ZQ! ]PXbV!M@YOV!RYSSVRRTPO!MV!

9�"!SPbaZV^VR!MV!aZQRbTMVR!]ZYPXVRSVOUR!]QSV!p!ZQ!SQU[PMV!D?TdYXV!'''C+2E#!$V!aNXTbfUXV!

M@TOUVXQSUTPO! XVaXNRVOUV! QZPXR! <F�"v! MY! aNXTbfUXV! SVZZYZQTXV! D?TdYXV! '''C+6E#! 7TORTK!

Z@QYdbVOUQUTPO! MV! Z@TOUVORTUN! MY! S[Qba! NZVSUXT`YV! VOUXQsOV! YOV! QYdbVOUQUTPO! MY!

aNXTbfUXV!M@TOUVXQSUTPO!MY!aZQRbTMV!p!ZQ!bVb\XQOV!aZQRbT`YV!VU!YOV!QYdbVOUQUTPO!MY!

OPb\XV!MV! SPbaZV^VR!MV!aZQRbTMVR! ]ZYPXVRSVOUR! D?TdYXV! '''C+E#!2VUUV!QYdbVOUQUTPO!MY!

aNXTbfUXV! M@TOUVXQSUTPO! aZQRbTMVIbVb\XQOV! VRU! SPXXNZNV! p! SVZZV! MY! aNXTbfUXV! MV!

aVXbNQ\TZTRQUTPO!MV! ZQ!bVb\XQOV!aZQRbT`YV!D?TdYXV!'''C*E#!$Q!]ZYPXVRSVOSV!UPUQZV!MQOR!

ZQ!ePOV!M@TOUVXQSUTPOK!VU!MPOS!ZQ!`YQOUTUN!M@7)/!VO!TOUVXQSUTPOK!QYdbVOUV!QWVS!Z@TOUVORTUN!

MY! S[Qba! NZVSUXT`YV! DMV! "H�*! Y#Q#! aPYX! FK0! c:ISb! p! "*"�"H! Y#Q#E! D?TdYXV! '''C+6E#!

2VaVOMQOUK! ZQ! ]ZYPXVRSVOSV! aQX! SPbaZV^V! MV! aZQRbTMVR! ]ZYPXVRSVOUR! RVb\ZV! jUXV!

TOMNaVOMQOUV!MV!Z@TOUVORTUN!MY!S[Qba!NZVSUXT`YV#!

!
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! !"HF!

!

8T^VNL+ &&&G@_+ $bbLZ+ aL+ RCTPZLPSTZ[+ aV+ \XOKQ+ [RL\ZNTUVL+ SVN+ RC[RL\ZN`ZNOPSbLNZ+ aL+ QROSKTaL+ LZ+ SVN+ RO+
]TOMTRTZ[+aLS+\LRRVRLS+[RL\ZN`ZNOPSbL\Z[LS-!"F!TbaYZRTPOR!NZVSUXT`YVR!MV!0!bR!MV!"!4e!POU!NUN!QaaZT`YNVR!
p!YOV!RYRaVORTPO!SVZZYZQTXV!D"#"F5!SVZZYZVRIaPTOU!V^aNXTbVOUQZE!VO!aXNRVOSV!MV!0!id!MV!aZQRbTMV!aV>?(C2"!
MQOR! MY! UQbaPO! MV! aYZRQUTPO#! 7aXfR! "F! bTOYUVR! p! *F�2K! ZVR! SVZZYZVR! RPOU! XVbTRVR! VO! SYZUYXV#! D7E! $V!
aPYXSVOUQdV!MV!SVZZYZVR!UXQOR]VSUNVR!VU!Z@TOUVORTUN!MV!]ZYPXVRSVOSV!QRRPSTNV!RPOU!MNUVSUNR!aQX!S_UPbNUXTV!MV!
]ZY^! +<[! QaXfR! NZVSUXPUXQOR]VXU#! D6E! $Q! RYXWTV! SVZZYZQTXV! VRU! XNWNZNV! aQX! RaVSUXPa[PUPbNUXTV! +<[! QaXfR!
NZVSUXPUXQOR]VXU#!D/x*z!bP_VOOV!�!&%1E#!
!
!
!
!

!

8T^VNL+&&&GA_+$bbLZ+aV+P`KMNL+aCTKQVRST`PS+[RL\ZNTUVLS+SVN+RO+QLNK[OMTRTSOZT`P+aLS+\LRRVRLS+0<(-+"!p!
"F! TbaYZRTPOR! NZVSUXT`YVR!MV!0!bR!MV!"!4e! p! FKH! c:ISb!POU! NUN! QaaZT`YNVR! p! YOV! RYRaVORTPO! SVZZYZQTXV!
D"#"F5!SVZZYZVRIaPTOU!V^aNXTbVOUQZE!XVaXTRV!MQOR!MY!UQbaPO!MV!aYZRQUTPO!SPOUVOQOU!"FF!i1!MV!('#!7aXfR!
"F! bTOYUVR! p! *F�2K! ZVR! SVZZYZVR! RPOU! QOQZ_RNVR! VO! S_UPbNUXTV! MV! ]ZY^#! $V! aPYXSVOUQdV! MV! SVZZYZVR!
aVXbNQ\TZTRNVR! VU! Z@TOUVORTUN! MV! ]ZYPXVRSVOSV! QRRPSTNV! p! ZQ! aVXbNQ\TZTRQUTPO! RPOU! XVaXNRVOUNR! RYX! SV!
dXQa[T`YV#!D/x*z!bP_VOOV!�!&%1E#!
!
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! ! "H"!

+"+"!"5"#V'%2.,-.,80&@%,.#*%#)'8&1(*%#

$V! UXQOR]VXU! MV! aZQRbTMV! MQOR! ZVR! SVZZYZVR! bVRYXN! dXtSV! p! RPO! V^aXVRRTPO! `YT!

MN\YUV!+!p!*![VYXVR!QaXfR!ZVR!TbaYZRTPOR!NZVSUXT`YVRK!VRU!bQ^TbQZV!QY!\PYU!MV!+<![VYXVR#!

'Z!VRU!MNUVSUN! ZPXR`YV! Z@TOUVORTUN!MY!S[Qba!NZVSUXT`YV!VRU! RYaNXTVYXV!p!YOV!WQZVYX!RVYTZ!

SPbaXTRV!VOUXV!FK*!VU!FK0!c:ISb!aPYX!MVR!SVZZYZVR!VO!RYRaVORTPO!D?TdYXV!'''C<7E#!7Y!MVZp!

MV! SVUUV! WQZVYX! RVYTZK! Z@QYdbVOUQUTPO! MV! Z@TOUVORTUN! MY! S[Qba! NZVSUXT`YV! R@QSSPbaQdOV!

M@YOV! QYdbVOUQUTPO! MY! aPYXSVOUQdV! MV! SVZZYZVR! UXQOR]VSUNVR! VU! MV! Z@TOUVORTUN! MV!

]ZYPXVRSVOSV! QRRPSTNVK! aYTR! ZPXR`YV! ZQ! WTQ\TZTUN! SVZZYZQTXV! MVWTVOU! TO]NXTVYXV! p! 0FvK! ZV!

UQY^! VU! Z@V]]TSQSTUN! MV! UXQOR]VSUTPO! S[YUVOU! MV! ]Q}PO! TbaPXUQOUV! D?TdYXV! '''C<7! VU! <6E#!

$@PaUTbYb!MY!UXQOR]VXU!MV!aZQRbTMV!VRU!P\UVOY!aPYX!YOV!TOUVORTUN!MV!S[Qba!NZVSUXT`YV!

MV! FKH! c:ISbK! aPYX! ZQ`YVZZV! ZV! UQY^! MV! UXQOR]VSUTPO! VRU! MV! "5�<v! VU! Z@V]]TSQSTUN! MV!

UXQOR]VSUTPO!VRU!MV!*F*�"+*!Y#Q#!QWVS!YOV!WTQ\TZTUN!SVZZYZQTXV!MV!H<�""v!D?TdYXV!'''C<E#!

$VR!SPYX\VR!MV!WTQ\TZTUN!SVZZYZQTXV!VO!Q\RVOSV!MV!aZQRbTMV!a%>?(C2"!RPOU!`YQRT!

TMVOUT`YVR! p! SVZZVR! P\UVOYVR! VO!aXNRVOSV!MV!aZQRbTMV! DWQXTQ\TZTUN! SPbaXTRV! VOUXV! 0! VU!

"FvE#!2V!aZQRbTMV!O@VRU!aQR!UP^T`YV!aPYX!ZVR!SVZZYZVR!QY^!SPOSVOUXQUTPOR!YUTZTRNVR!MQOR!

ZVR!V^aNXTVOSVR#!

+"+"+"#V@@%.#*3#0-17,%#*A(1)3'&(-0&#/'%2.,(=3%&#

+"+"+"!"#V'%2.,-)%,1/87('(&8.(-0#

$VR!SVZZYZVR!24-!RPOU!RPYbTRVR!p!MVR!UXQTOR!MV!"!p!"F!TbaYZRTPOR!NZVSUXT`YVR!MV!0!

bR! p! YOV! TOUVORTUN! NZVSUXT`YV! MV! F#H! c:ISb! VU! p! ZQ! ]XN`YVOSV! MV! "! 4e! VO! aXNRVOSV!

M@TPMYXV!MV!aXPaTMTYb#!$V! UQY^! VU! Z@V]]TSQSTUN!MV!aVXbNQ\TZTRQUTPO! RPOU!MNUVXbTONR!aQX!

S_UPbNUXTV!MV!]ZY^#!!

%O! Q\RVOSV! MV! S[Qba! NZVSUXT`YVK! QYSYOV! aVXbNQ\TZTRQUTPO! bVb\XQOQTXV! O@VRU!

MNUVSUNV#! %O! XVWQOS[VK! MfR! ZQ! aXVbTfXV! TbaYZRTPO! NZVSUXT`YVK! Z@PaUTbYb! MY! UQY^! MV!

aVXbNQ\TZTRQUTPO! DT#V#! HF�0v! MV! SVZZYZVR! aVXbNQ\TZTRNVRE! VRU! P\UVOY! D?TdYXV! '''C0E#! )V!

aZYRK! ZV! UQY^! MV! aVXbNQ\TZTRQUTPO! OV! WQXTV! aQR! QWVS! Z@QYdbVOUQUTPO! MY! OPb\XV!

M@TbaYZRTPOR! NZVSUXT`YVR! D?TdYXV! '''C0E#! (QX! SPOUXVK! Z@V]]TSQSTUN! MV! aVXbNQ\TZTRQUTPO! DT#V#!

TOUVORTUN!MV!]ZYPXVRSVOSV!QRRPSTNV!p!Z@TPMYXV!MV!aXPaTMTYbE!QYdbVOUV!`YQRT!ZTONQTXVbVOU!

uYR`Y@p! ZQ![YTUTfbV! TbaYZRTPO!NZVSUXT`YV!DMV!"*<�+5!Y#Q#!aPYX!/x"!p!0H"�5H!Y#Q#!aPYX!

/x9E!aPYX!QUUVTOMXV!YO!aZQUVQY!VOUXV! ZQ![YTUTfbV! !VU! ZQ!MT^TfbV!TbaYZRTPOR!NZVSUXT`YVR!

D?TdYXV!'''C0E#!
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! !"H+!

+

8T^VNL+ &&&G>_+ $bbLZ+ aV+P`KMNL+aCTKQVRST`PS+ [RL\ZNTUVLS+ SVN+ RCTPZLNO\ZT`P+QROSKTaLFKLKMNOPL+ SVN+
aLS+\LRRVRLS+0<(-!"!p!"F! TbaYZRTPOR!NZVSUXT`YVR!MV!0!bR!MV!"!4e!p!FKH!c:ISb!POU!NUN!QaaZT`YNVR!p!MVR!
SVZZYZVR!24-!Ra[NXT`YVR!D"#"F0!SVZZYZVRIaPTOU!V^aNXTbVOUQZE!VO!aXNRVOSV!MV!0!id!MV!aZQRbTMV!aV>?(C2"!
bQX`YN! QY! .-.-C"! MQOR! MY! UQbaPO! MV! aYZRQUTPO#! D7E! $VR! SVZZYZVR! RPOU! P\RVXWNVR! VO! bTSXPRSPaTV! MV!
]ZYPXVRSVOSV#!$@QS`YTRTUTPO!MVR! TbQdVR!VRU! XNQZTRNV!QWQOU! D/xFE!VU!aVOMQOU! D/x"!p!/x"FE! ZVR! TbaYZRTPOR!
NZVSUXT`YVR#!$Q!]ZfS[V!\ZQOS[V!TOMT`YV!ZV!RVOR!MY!S[Qba!NZVSUXT`YV#!D6E!�!aQXUTX!MVR!TbQdVR!P\UVOYVRK!MVR!
[TRUPdXQbbVR!MV!]ZYPXVRSVOSV!RPOU!dNONXNR!QWVS!ZV!ZPdTSTVZ!'bQdVG#!D2E!$V!OPb\XV!M@QdXNdQUR!MV!aZQRbTMV!
aQX! SVZZYZV! VU! Z@TOUVORTUN! MV! ]ZYPXVRSVOSV! UPUQZV! QRRPSTN! p! Z@TOUVXQSUTPO! aZQRbTMVIbVb\XQOV! RPOU!
MNUVXbTONR!aQX!ZV!ZPdTSTVZ!1VUQ1PXa[#!D/SVZZYZVRx*Fz!bP_VOOV!�!&%1E#!!

+

8T^VNL+ &&&G,_+$bbLZ+aL+aV+P`KMNL+aCTKQVRST`PS+[RL\ZNTUVLS+ SVN+ RC[RL\ZN`ZNOPSbLNZ+aL+QROSKTaL+LZ+ RO+
]TOMTRTZ[+aLS+\LRRVRLS+[RL\ZN`ZNOPSbL\Z[LS-!"F!TbaYZRTPOR!NZVSUXT`YVR!MV!0!bR!MV!"!4e!p!FKH!c:ISb!POU!NUN!
QaaZT`YNVR! p! YOV! RYRaVORTPO! SVZZYZQTXV! D"#"F5! SVZZYZVRIaPTOU! V^aNXTbVOUQZE! VO! aXNRVOSV! MV! 0! id! MV!
aZQRbTMV!aV>?(C2"!MQOR!MY!UQbaPO!MV!aYZRQUTPO#!7aXfR!"F!bTOYUVR!p!*F�2K! ZVR!SVZZYZVR!RPOU!XVbTRVR!VO!
SYZUYXV#! D7E!$V!aPYXSVOUQdV!MV! SVZZYZVR! UXQOR]VSUNVR!VU! Z@TOUVORTUN!MV! ]ZYPXVRSVOSV!QRRPSTNV! RPOU!MNUVSUNR!
aQX! S_UPbNUXTV! MV! ]ZY^! +<[! QaXfR! NZVSUXPUXQOR]VXU#! D6E! $Q! RYXWTV! SVZZYZQTXV! VRU! XNWNZNV! aQX!
RaVSUXPa[PUPbNUXTV!+<[!QaXfR!NZVSUXPUXQOR]VXU#!D/x*z!bP_VOOV!�!&%1E#!
!
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! ! "H*!

+"+"+"+"#C0.%,82.(-0#)'8&1(*%W1%17,80%#

"F!TbaYZRTPOR!NZVSUXT`YVR!MV!0!bR!p!YOV!TOUVORTUN!NZVSUXT`YV!MV!F#H!c:ISb!VU!p!ZQ!

]XN`YVOSV! MV! "! 4e! RPOU! QaaZT`YNVR! RYX! ZVR! SVZZYZVR! 24-! VO! aXNRVOSV! MV! aZQRbTMV!

]ZYPXVRSVOU#! )VR! SZTS[NR! VO! ]ZYPXVRSVOSV! RPOU! VOXVdTRUXNR! QWQOU! VU! VOUXV! S[Q`YV!

TbaYZRTPO!NZVSUXT`YV#!

!

7WQOU! Z@QaaZTSQUTPO! MY! S[Qba! NZVSUXT`YVK! QYSYOV! TOUVXQSUTPO! RaPOUQONV! MY!

aZQRbTMV! p! ZQ! bVb\XQOV! aZQRbT`YV! O@VRU! WTRYQZTRNV! D?TdYXV! '''C5E#! )fR! ZQ! aXVbTfXV!

TbaYZRTPO! NZVSUXT`YV! VU! aVOMQOU! ZV! UXQTO! M@TbaYZRTPOR! NZVSUXT`YVRK! ZV! aZQRbTMV!

]ZYPXVRSVOU! TOUVXQdTU! p! ZQ! bVb\XQOV! aVXbNQ\TZTRNV! ]QSV! p! ZQ! SQU[PMV! RPYR! ZQ! ]PXbV!

M@VOWTXPO!5�"!SPbaZV^VR!MV!aZQRbTMVR! ]ZYPXVRSVOUR! D?TdYXV! '''C52E#!)VR![TRUPdXQbbVR!

MV! ]ZYPXVRSVOSV! MQOR! ZQ! ePOV! M@TOUVXQSUTPO! MY! aZQRbTMV! p! ZQ!bVb\XQOV! aVXbNQ\TZTRNV!

RPOU! P\UVOYR#! %OUXV! ZQ! aXVbTfXV! VU! ZQ! MT^TfbV! TbaYZRTPO! NZVSUXT`YVK! ZV! aNXTbfUXV!

M@TOUVXQSUTPO! MY! aZQRbTMV! p! ZQ! bVb\XQOV! aZQRbT`YV! D*+�"v! MY! aNXTbfUXV! SVZZYZQTXV!

UPUQZE!VU! ZV!OPb\XV!MV!SPbaZV^VR!MV!aZQRbTMVR! ]ZYPXVRSVOUR!OV!WQXTVOU!aQR! D?TdYXV! '''C

52E#!(QX!SPOUXVK! ZQ! ]ZYPXVRSVOSV!UPUQZV!MQOR! ZQ!ePOV!M@TOUVXQSUTPO!VU!MPOS!ZQ!`YQOUTUN!MV!

aZQRbTMV! TOUVXQdTRRQOU! p! ZQ! bVb\XQOV! aZQRbT`YV! aVXbNQ\TZTRNV! QYdbVOUVOU! `YQRT!

ZTONQTXVbVOU!QWVS!ZV!OPb\XV!M@TbaYZRTPOR!NZVSUXT`YVR!DMV!"KF"<�FKFF0!Y#Q#!aPYX!/x"!p!

"K5"�FKF"! Y#Q#! aPYX! /x"FE! D?TdYXV! '''C52E#! $Q! `YQOUTUN! MV! aZQRbTMV! aQX! SPbaZV^VR!

]ZYPXVRSVOUR!RVb\ZV!MPOS!SPOUX{ZNV!aQX!ZV!OPb\XV!M@TbaYZRTPOR#!!

+"+"+"5"#V'%2.,-.,80&@%,.#*%#)'8&1(*%#

$VR!SVZZYZVR!24-!RPOU!RPYbTRVR!p!MVR!UXQTOR!MV!"!p!"F!TbaYZRTPOR!NZVSUXT`YVR!MV!0!

bR! p! YOV! TOUVORTUN! NZVSUXT`YV! MV! F#H! c:ISb!VU! p! ZQ! ]XN`YVOSV! MV! "!4e! VO! aXNRVOSV! MV!

aZQRbTMV! a%>?(C2"#! $V! UQY^! VU! Z@V]]TSQSTUN! MV! UXQOR]VSUTPO! RPOU! MNUVXbTONR! +<! [VYXVR!

QaXfR!Z@NZVSUXPUXQOR]VXU!MV!aZQRbTMV!aQX!S_UPbNUXTV!MV!]ZY^#!

!

%O! Q\RVOSV! MV! S[Qba! NZVSUXT`YV! PY! MV! aZQRbTMV! a%>?(C2"K! QYSYOV! V^aXVRRTPO!

M@%>?(! VU! MPOS! MV! UXQOR]VXU! MV! aZQRbTMV! O@VRU! MNUVSUNV#! $V! UQY^! D<�"v! aPYX! /x"! p!

+F�0v! aPYX! /x"FE! VU! Z@V]]TSQSTUN! D*;�""! Y#Q#! aPYX! /x"! p! *<"�;"! aPYX! /x"FE! MV!

UXQOR]VSUTPO! QYdbVOUVOU! QWVS! ZV! OPb\XV! M@TbaYZRTPOR! NZVSUXT`YVR! D?TdYXV! '''CH7E#! 3O!

PaUTbYb!MV!UXQOR]VSUTPO!VRU!P\UVOY!aPYX!"F!TbaYZRTPOR!NZVSUXT`YVR!DT#V#!+F�0v!SVZZYZVR!

UXQOR]VSUNVR!QWVS!YOV!TOUVORTUN!MV!]ZYPXVRSVOSV!QRRPSTNV!MV!*<"�;"!Y#Q#E!D?TdYXV!'''CH6E#!!
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! !"H<!

!

8T^VNL+ &&&G?_+ #LQN[SLPZOZT`P+ S\X[KOZTUVL+ aL+ RCLbbLZ+ aV+ P`KMNL+ LZ+ aL+ RCTPZLPSTZ[+ aCTKQVRST`PS+
[RL\ZNTUVLS+ SVN+ RCTPZLNO\ZT`P+ QROSKTaLFKLKMNOPL+ QLNK[OMTRTS[L-! D7E! $@QaaZTSQUTPO! M@TbaYZRTPOR!
NZVSUXT`YVR!M@TOUVORTUN!%"!TOMYTU!ZQ!]PXbQUTPO!MV!SPbaZV^VR!aZQRbTMVIbVb\XQOV!DTST!*E#!2VUUV!TOUVXQSUTPO!
MVR!bPZNSYZVR!MV!aZQRbTMVR!p!ZQ!bVb\XQOV!aVXbNQ\TZTRNV!VRU!aXTRV!SPbbV!XN]NXVOSV#!$@QYdbVOUQUTPO!MV!
Z@TOUVORTUN!MY!S[Qba!NZVSUXT`YV!D%!E!TOMYTU!YOV!QYdbVOUQUTPO!MV!ZQ!ePOV!bVb\XQOQTXV!SPbaNUVOUV!aPYX!
Z@TOUVXQSUTPO! aZQRbTMVIbVb\XQOV#! (QX! SPORN`YVOUK! ZV! OPb\XV! MV! SPbaZV^VR! aZQRbTMVIbVb\XQOV! VU! ZQ!
`YQOUTUN! MV! aZQRbTMV! VO! TOUVXQSUTPO! QWVS! ZQ! bVb\XQOV! aVXbNQ\TZTRNV! QYdbVOUVOU#! D6E! $Q! aXVbTfXV!
TbaYZRTPO!NZVSUXT`YV!SXNNV!ZV!OPb\XV!MV!RTUVR!SPbaNUVOUR!DTST!*E!aPYX!Z@TOUVXQSUTPO!aZQRbTMVIbVb\XQOV!
DXPOMR! XPYdVRE#! $@QYdbVOUQUTPO! MY! OPb\XV! M@TbaYZRTPOR! NZVSUXT`YVR! D/!E! TOMYTU! YOV! QYdbVOUQUTPO!
ZTONQTXV! MV! ZQ! `YQOUTUN! MV! bPZNSYZVR! MV! aZQRbTMV! VO! TOUVXQSUTPO! QWVS! ZQ! bVb\XQOV! aZQRbT`YV!
aVXbNQ\TZTRNV!DXPOMR!WTPZVURE#!D'ZZYRUXQUTPO!XNQZTRNV!dXtSV!p!&VXWTVX!1VMTSQZ!7XUK!ggg#RVXWTVX#]XE#!

!
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! ! "H0!

%O! XVWQOS[VK! ZQ! WTQ\TZTUN! SVZZYZQTXV! MTbTOYV! aXPdXVRRTWVbVOU! QWVS! Z@QYdbVOUQUTPO! MY!

OPb\XV! M@TbaYZRTPOR! NZVSUXT`YVR! D;9v! aPYX! /x"! p! 09v! aPYX! /x"FE#! /NQObPTORK! ZQ!

WTQ\TZTUN! SVZZYZQTXV! XVRUV! RYaNXTVYXV! p! 0Fv! QaXfR! Z@QaaZTSQUTPO! MV! "F! TbaYZRTPOR!

NZVSUXT`YVR#!

N.P.,3&+87++&)*,E(,5)*8J7+&)*+,

$@QaaZTSQUTPO! M@TbaYZRTPOR! NZVSUXT`YVR! QYCMVZp! M@YOV! WQZVYX! RVYTZ! M@TOUVORTUN! MV!

S[Qba! NZVSUXT`YV! D%TE! aVXbVU! Z@TOUVXQSUTPO! MVR!bPZNSYZVR! MV! aZQRbTMV! QY! OTWVQY! MV! ZQ!

bVb\XQOV! ]QSV! p! ZQ! SQU[PMV! VU! RPYR! ZQ! ]PXbV!M@QdXNdQUR! ZPSQZTRNR#! (PYX!"F! TbaYZRTPOR!

NZVSUXT`YVRK! ZV! RVYTZ! M@TOUVXQSUTPO! MQOR! ZV! SQR! MVR! SVZZYZVR! 24-! VRU! SPbaXTR! VOUXV! F#*!

c:ISb! VU! F#0! c:ISb#! 2VUUV! WQZVYX! RVYTZ! %T! SPXXVRaPOM! p! ZQ! WQZVYX! RVYTZ! MV!

aVXbNQ\TZTRQUTPO! D%aE! VU! MV! UXQOR]VSUTPO! D%UE#! $@QYdbVOUQUTPO! MV! Z@TOUVORTUN! MY! S[Qba!

NZVSUXT`YV!QYCMVZp!MV!SV!RVYTZ!VOUXQTOV!YOV!QYdbVOUQUTPO!MV!ZQ!RYX]QSV!M@TOUVXQSUTPO!MVR!

bPZNSYZVR!MV!aZQRbTMV!p! ZQ!bVb\XQOV!aVXbNQ\TZTRNV!VU!MV! ZQ!`YQOUTUN!MV!aZQRbTMV!VO!

TOUVXQSUTPO!D?TdYXV!'''C97E#!

7!FKH!c:ISb!VU!MfR!ZQ!aXVbTfXV!TbaYZRTPOK!Z@TOUVXQSUTPO!MV!bPZNSYZVR!MV!aZQRbTMV!

VRU! WTRYQZTRNV! RPYR! ZQ! ]PXbV! MV! RaPUR! ]ZYPXVRSVOUR! p! ZQ!bVb\XQOV! aZQRbT`YV! ]QSV! p! ZQ!

SQU[PMV#!$Q!]PXbQUTPO!MY!SPbaZV^V!aZQRbTMVIbVb\XQOV!VRU!MPOS!YO!a[NOPbfOV!XQaTMV!

SPbbV! bPOUXN! QY! MN\YU! MV! SV! S[QaTUXV! aQX! Z@NUYMV! M_OQbT`YV#! $@QYdbVOUQUTPO! MY!

OPb\XV!M@TbaYZRTPOR!NZVSUXT`YVR!OV!bPMT]TV!aQR! ZQ!RYX]QSV!M@TOUVXQSUTPO!MVR!bPZNSYZVR!

MV!aZQRbTMV!p!ZQ!bVb\XQOVK!OT!ZV!OPb\XV!MV!RaPUR!]PXbNRK!bQTR!TO]ZYV!RYX!ZQ!`YQOUTUN!MV!

aZQRbTMV!VO!TOUVXQSUTPO!QWVS!ZQ!bVb\XQOV!aZQRbT`YV!aVXbNQ\TZTRNV!D?TdYXV!'''C96E#!

!

L+1# -81405)51# *+55+.5# +.# 8C2;+.9+# 4.# -@0+# ;2152.95# ;+# 0M2.5+.1258# ;4# 9B)*/#

80+95-234+# +5# ;4# .7*,-+# ;M2*/40127.1# 80+95-234+1# p8T^VNL+ &&&G?q># ?2# 0M2.5+.1258# ;4#

9B)*/#80+95-234+#;8=2.25# 0)#14-=)9+#*+*,-).)2-+#7H#0M2.5+-)9527.#;+1#*708940+1#;+#

/0)1*2;+#)#02+4#+5#;+#=)25:#0+#.7*,-+#;+#1/751#;M2.5+-)9527.:#0+#.7*,-+#;M2*/40127.1#

80+95-234+1#;8=2.25#0)#34).5258#;+#*708940+1#;+#/0)1*2;+#/-81+.5+#/)-#97*/0+P+>#c+#

=)f7.# 14-/-+.).5+:# 0+# =)25# 34+# 0M)46*+.5)527.#;4#.7*,-+#;M2*/40127.1# 80+95-234+1#

.M+.5-)N.+#/)1#4.+#)46*+.5)527.#;4#.7*,-+#;+#1/751#=047-+19+.51#2.;234+#34+#;).1#

0+1# 97.;2527.1# +P/8-2*+.5)0+1# 4520218+1:# 0+1# 125+1# 97*/85+.51# /74-# 0M2.5+-)9527.# ;+1#

*708940+1#;+#/0)1*2;+#K#0)#*+*,-).+#/0)1*234+#/+-*8),20218+#17.5#/-81+.51#;A1#0)#

/-+*2A-+#2*/40127.#80+95-234+>#
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! !"H5!

)QOR! ZV! SQR! MV! Z@NZVSUXPaVXbNQ\TZTRQUTPOK! MVR! NUYMVR! aQX! WTMNPCbTSXPRSPaTV! p!

[QYUV! XNRPZYUTPO! DaXTRV! M@TbQdV! UPYUVR! ZVR! *K**! bRE! POU! aVXbTR! MV! MNUVXbTOVX! `YV!

Z@TOUVORTUN!MY!S[Qba!NZVSUXT`YV!%!MN]TOTU!ZQ!RYX]QSV!bVb\XQOQTXV!aVXbNQ\TZTRNV!7aVXb#!
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Eq. III "1( ) &

&
"0%4&.*1*:&(7-G"4%&*1*"$%&'%&$"&4%$$7$%&>&3J:&+2*%2(+*/&'7&45")J&/$%4*-+F7%&(%7+$&J%-)%**%2*&$"&J%-)/"#+$+("*+12&
'%&$"&)%)#-"2%&G"4%&q&$M"21'%&>&3G:&+2*%2(+*/&'7&45")J&/$%4*-+F7%&(%7+$&J%-)%**"2*&$"&J%-)/"#+$+("*+12&'%&$"&
)%)#-"2%&G"4%&q&$"&4"*51'%@&
&

!

$@TOUVORTUN!MY!S[Qba!NZVSUXT`YV!uPYV!MPOS!!ZV!bjbV!X{ZV!RYX!ZQ!aVXbNQ\TZTRQUTPO!

VU! Z@TOUVXQSUTPO! MVR! bPZNSYZVR! MV! aZQRbTMV! p! ZQ! bVb\XQOVK! VO! MN]TOTRRQOU! ZQ! RYX]QSV!

bVb\XQOQTXV! aPUVOUTVZZVbVOU! aVXbNQ\TZTRQ\ZV! PY! SPbaNUVOUV! aPYX! Z@TOUVXQSUTPO! MV!

bPZNSYZVR!MV!aZQRbTMV!D?TdYXV!'''C*E#!

!

$Q!bTdXQUTPO!MVR!bPZNSYZVR!MV!aZQRbTMV!MQOR!YO!S[Qba!NZVSUXT`YV!VRU!MNSXTUV!aQX!

Z@N`YQUTPO!RYTWQOUVr!

! 

L = µENT (Eq. III " 2)!

"0%4&I:&$1297%7-&'7&4E$+2'-%&'12*&$%&412*%27&%(*&"447)7$/&/$%4*-1J51-/*+F7%)%2*&q&$"&(7-G"4%&)%)#-"2"+-%&>&
r:& )1#+$+*/& /$%4*-1J51-/*+F7%& '%& $M.Re& 8C@=& C<\L& 4);ma(B& 8e%7)"22& %*& "$@:& CXU;B& >& 3:& +2*%2(+*/& '7& 45")J&
/$%4*-+F7%&>&e:&21)#-%&'M+)J7$(+12(&/$%4*-+F7%(&>&!:&'7-/%&'%&$M+)J7$(+12&/$%4*-+F7%@&
&

!

)QOR! ZV!SQR!MV! Z@TOUVXQSUTPO!MV!bPZNSYZVR!MV!aZQRbTMV!p! ZQ!bVb\XQOVK! ZV! S[Qba!

NZVSUXT`YVK! VO! aZYR! MV! bPMYZVX! ZQ! RYX]QSV! MVR! RUXYSUYXVR! bVb\XQOQTXVR! SPbaNUVOUVR!

aPYX!Z@TOUVXQSUTPOK!uPYV!YO!X{ZV!MQOR!Z@QSSYbYZQUTPO!NZVSUXPa[PXNUT`YV!MVR!bPZNSYZVR!MV!

aZQRbTMV! p! ZQ! bVb\XQOV! aZQRbT`YV#! (PYX! "F! TbaYZRTPOR! NZVSUXT`YVR! MV! 0! bR! p! FKH!

c:ISbK! ZQ! WQZVYX! VRU! NdQZV! p! 0*! ibK! SV! `YT! SPXXVRaPOM! p! YO! ]QSUVYX! M@QSSYbYZQUTPO!

M@VOWTXPO!0F#!

!

$@QYdbVOUQUTPO! MV! ZQ! WQZVYX! MV! Z@TOUVORTUN! MY! S[Qba! NZVSUXT`YV! VOUXQsOV! YOV!

QYdbVOUQUTPO! MV! Z@V]]TSQSTUN! MV! UXQOR]VSUTPO! 8h57& %*& "$@:& CXUA>& f1$G& %*& "$@:& CXXL& >& ]7+:&

CXX=B#! (PYX! YOV! TOUVORTUN! MV! S[Qba! NZVSUXT`YV! MPOONVK! Z@NZVSUXPUXQOR]VXU! MV! aZQRbTMV!

QYdbVOUV!NdQZVbVOU!QWVS!ZV!OPb\XV!M@TbaYZRTPOR!NZVSUXT`YVR!8h57&%*&"$@:&CXUA&>&c7#+2+%4&

%*&"$@:&CXX<&>&f1$G&%*&"$@:&CXXL&>&]7+:&CXX=&>&W1$(&%*&!%+((+/:&CXXUB#!
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! ! "HH!

!

()#/+-*8),2021)527.#;+#0)#*+*,-).+#/0)1*234+#+15#4.+#97.;2527.#.89+11)2-+#

+5#14==21).5+#/74-#2.;42-+#0M2.5+-)9527.#;+#*708940+1#;+#/0)1*2;+#)C+9#0)#*+*,-).+#

/0)1*234+># (+1# -81405)51# /-81+.581# 97.9+-.).5# 0M2.=04+.9+# ;+1# /)-)*A5-+1#

80+95-234+1# 14-# 0M2.5+-)9527.# ;+# *708940+1# ;+# /0)1*2;+# K# 0)# *+*,-).+# /0)1*234+#

97.=2-*+.5#0+#-@0+#908#;+#9+55+#85)/+#C21VKVC21#;+#0M+P/-+1127.>#_.#-+C).9B+:#;).1#.71#

97.;2527.1#+P/8-2*+.5)0+1:#9+1#;+4P#85)/+1#E2>+>#0)#/+-*8),2021)527.#*+*,-).)2-+#+5#

0M2.5+-)9527.# /0)1*2;+G*+*,-).+F# 17.5# .89+11)2-+1# *)21# /)1# 14==21).5+1# /74-#

7,5+.2-#0+#5-).1=+-5#;4#/0)1*2;+#+5#;7.9#0M+P/-+1127.#68.234+>#

P.,:(76E,8)GL'#'(&%E,6E+,&GL7J+&)*+,$JE8(#&H7E+,<9ZS,E(,:D0,+7#,JU$JE8(#)(#'*+IE#(,

6E,LJ'+G&6E,

P.;.,-*(#)678(&)*,

&PYR! Z@V]]VU! M@TbaYZRTPOR! NZVSUXT`YVR! aVXbNQ\TZTRQOUVRK! ZQ! MYXNV! MVR! TbaYZRTPOR!

uPYV! YO! X{ZV! bQuVYX! MQOR! Z@TOUVXQSUTPO! aZQRbTMVIbVb\XQOV#! 2VUUV! TOUVXQSUTPO! VRU!

SZQRRT`YVbVOU! MNUVSUNV! aPYX! MVR! MYXNVR! M@TbaYZRTPOR! NZVSUXT`YVR! MV! Z@PXMXV! MV! ZQ!

bTZZTRVSPOMV! 8g1$_+1& %*& "$@:& ;<<;B#! 2VST! RYddfXV! `YV! PYUXV! YOV! bTdXQUTPO!

NZVSUXPa[PXNUT`YV!MY!aZQRbTMVK!ZQ!MVORTUN!MVR!MN]QYUR!bVb\XQOQTXVR!NZVSUXPCTOMYTUR!VRU!

SXTUT`YV!MQOR!Z@TOUVXQSUTPO!MVR!bPZNSYZVR!MV!aZQRbTMV!QWVS!ZQ!bVb\XQOV!aVXbNQ\TZTRNV#!

&PYR! Z@V]]VU! M@TbaYZRTPOR! NZVSUXT`YVR! aVXbNQ\TZTRQOUVRK! ZV! UXQOR]VXU! MV! bPZNSYZVR! MV!

aZQRbTMV!QYdbVOUV!]PXUVbVOU!QWVS!ZQ!MYXNV!MVR!TbaYZRTPOR!NZVSUXT`YVR!8h57&%*&"$@:&CXUA>&

c7#+2+%4&%*&"$@:&CXX<&>&]7+:&CXX=>&f1$G&%*&"$@:&CXXL>&W1$(&%*&!%+((+/:&CXXU"B#!)QOR!ZV!SQR!MVR!

SVZZYZVR! 24-K! ZV! ZPdQXTU[bV! MV! ZQ! UXQOR]VSUTPO! D.XE! VRU! YOV! ]POSUTPO! ZTONQTXV! MY!

ZPdQXTU[bV!MV!ZQ!MYXNV!D.E!MV!Z@TbaYZRTPO!DWQdYV!SQXXNVE#!

!

! 

Log Tr( ) = A + BLog T( ) Eq. III " 3( ) !

!

$V! UQY^! MV! UXQOR]VSUTPO! D.XE! VRU! QZPXR! MNSXTU!bQU[NbQUT`YVbVOU! aQX! ZQ! XVZQUTPO!

RYTWQOUr!

! 

Tr = C E( )TB
(Eq. III " 4)!

.0%4&h83B:&'/4-+*& $M%GG%*&'%&$M+2*%2(+*/&'7&45")J&/$%4*-+F7%&8(7-G"4%&J%-)/"#+$+(/%B&%*&'%&$"&4124%2*-"*+12&%2&
J$"()+'%>&`:&72%&412(*"2*%&F7+&"&J17-&0"$%7-&;:K&8f1$G&%*&"$@:&CXXLB@&

!
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! !"H9!

!

8T^VNL+&&&GB_+$ZVaL+\`KQONOZT]L+aLS+\`PaTZT`PS+[RL\ZNTUVLS+*3<%+LZ+$:'+SVN+RO+QLNK[OMTRTSOZT`P+aLS+
\LRRVRLS+0<(-+3OV!RYRaVORTPO!SVZZYZQTXV! D"#"F5! SVZZYZVRIaPTOU!V^aNXTbVOUQZE! XVaXTRV!MQOR!MY! UQbaPO!MV!
aYZRQUTPO!SPOUVOQOU!"FF!i1!MV!('#!%ZZV!VRU!RPYbTRV!RPTU!QY^!SPOMTUTPOR!NZVSUXT`YVR!&(4:r!<^+FF!iRK!"!4e!p!
"K+!c:ISbK!RPTU!QY^!SPOMTUTPOR!NZVSUXT`YVR!%>.r!9^0!bRK!"!4eK!p!FKH!c:ISb#!7aXfR!"F!bTOYUVR!p!*F�2K! ZVR!
SVZZYZVR!RPOU!QOQZ_RNVR!VO!S_UPbNUXTV!MV!]ZY^#!$V!aPYXSVOUQdV!MV!SVZZYZVR!aVXbNQ\TZTRNVR!D7E!VU!Z@TOUVORTUN!
MV! ]ZYPXVRSVOSV!QRRPSTNV!p! ZQ!aVXbNQ\TZTRQUTPO! D6E! RPOU! XVaXNRVOUNR! RYX! SV!dXQa[T`YV#! D/x*z!bP_VOOV!�!
&%1E#!
!
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! ! "H;!

$Q! SPOSZYRTPO! aXQUT`YV! VRU! `YV! +2& 0+*-1:! YO! UXQOR]VXU! V]]TSQSV! VRU! P\UVOY! VO!

YUTZTRQOU! MV! ZPOdYVR! TbaYZRTPOR! NZVSUXT`YVR! aPYX! aVXbVUUXV! ZQ! bTdXQUTPO!

NZVSUXPa[PXNUT`YV! MVR! bPZNSYZVR! MV! aZQRbTMVR! WVXR! ZQ! bVb\XQOV! aVXbNQ\TZTRNV! bQTR!

QWVS!MV!]QT\ZV!TOUVORTUN!MV!S[Qba!NZVSUXT`YV!aPYX!aXNRVXWVX!ZQ!WTQ\TZTUN!SVZZYZQTXV#!%O!]QTUK!

MVR! aXPUPSPZVR! MV! UXQOR]VSUTPO! +2& 0+*-1! bPOUXVOU! `YV! Z@QaaZTSQUTPO! M@TbaYZRTPOR!

NZVSUXT`YVR!MV!`YVZ`YVR!bTSXPRVSPOMVR!QWVS!MV!]PXUVR!TOUVORTUNR!DT#V#!&(4:K!&[PXU!(YZRV!

4Td[!:PZUQdVE! aVXbVUUVOU! ZQ! UXQOR]VSUTPO! V]]TSQSV! QY! RVTO! MVR! SVZZYZVR! 8e%7)"22& %*& "$@:&

CXU;>&Y%-#+#&%*&"$@:&CXU=>&e%+$&%*&Y+))%-)"22:&CXXK>&S-+%'-+45&%*&"$@:&CXXU>&c"2'7(%-&%*&"$@:&

;<<XB!VU!VO!aQXUTSYZTVX!ZVR!SVZZYZVR!RPYS[VR!8S%--%+-"&%*&"$@:&;<<UB#!!

!

)QOR! SVUUV! aQXUTVK! OPUXV! P\uVSUT]! VRU! M@QOQZ_RVX! ZQ! SQaQSTUN! MVR! TbaYZRTPOR!

NZVSUXT`YVR!bTSXPRVSPOMVR! MV! ]PXUVR! TOUVORTUNR! p! TOMYTXV! YOV! UXQOR]VSUTPO! V]]TSQSV! MVR!

SVZZYZVR#!(PYX!SVZQK!YOV!NUYMV!SPbaQXQUTWV!VOUXV!ZVR!SPOMTUTPOR!NZVSUXT`YVR!%>.!D9!^!0!bRK!

"!4e!p!FKH!c:ISbE!VU!&(4:!D<!^!+FF!iRK!"!4e!p!"K+!c:ISbE!VRU!VOUXVaXTRV!RYX!MVR!SVZZYZVR!

24-#!

P.N.,1$+7J('(+,

5"+"!"#V'%2.,-)%,1/87('(&8.(-0#

$VR!SVZZYZVR!24-!VO!RYRaVORTPO!RPOU!RPYbTRVR!RPTU!p!MVR! TbaYZRTPOR!NZVSUXT`YVR!

&(4:!D<!^!+FF!iRK!"!4e!p!"K+!c:ISbEK!RPTU!p!MVR!TbaYZRTPOR!NZVSUXT`YVR!%>.!D9!^!0!bRK!"!

4e! p! FKH! c:ISbE! VO! aXNRVOSV! M@TPMYXV! MV! aXPaTMTYb#! $V! UQY^! VU! Z@V]]TSQSTUN! MV!

aVXbNQ\TZTRQUTPO!RPOU!MNUVXbTONR!aQX!S_UPbNUXTV!MV!]ZY^#!!

!

%O! Q\RVOSV! MV! S[Qba! NZVSUXT`YVK! QYSYOV! aVXbNQ\TZTRQUTPO! bVb\XQOQTXV! O@VRU!

MNUVSUNV#! &YTUV! p! Z@QaaZTSQUTPO! M@YO! UXQTO! M@TbaYZRTPOR! NZVSUXT`YVRK! YO! ]PXU! UQY^! MV!

aVXbNQ\TZTRQUTPO! DT#V#! 9H�"v! VO! SPOMTUTPOR! &(4:! WR! 95�"v! VO! SPOMTUTPOR! %>.E! VRU!

P\UVOY!D?TdYXV!'''C;7E#!2V!UQY^!MV!aVXbNQ\TZTRQUTPO!VRU!RTbTZQTXV!aPYX!ZVR!MVY^!U_aVR!MV!

UXQTO! M@TbaYZRTPOR! NZVSUXT`YVR! QaaZT`YN! D?TdYXV! '''C;7E#! (QX! SPOUXVK! Z@V]]TSQSTUN! MV!

aVXbNQ\TZTRQUTPO! VRU! "#0! ]PTR! aZYR! ]QT\ZV! MQOR! ZVR! SPOMTUTPOR! &(4:! aQX! XQaaPXU! QY^!

SPOMTUTPOR!%>.!DT#V#!+5;�"+!Y#Q#!WR!<"*�+"!Y#Q#E!D?TdYXV!'''C;6E#!

!
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! !"9F!

+

8T^VNL+ &&&G12_+ $ZVaL+ \`KQONOZT]L+ aLS+ \`PaTZT`PS+ [RL\ZNTUVLS+ *3<%+ LZ+ $:'+ SVN+ RCTPZLNO\ZT`P+
QROSKTaLFKLKMNOPL+ SVN+ aLS+ \LRRVRLS+ 0<(-! )VR! SVZZYZVR! 24-! Ra[NXT`YVR! D"#"F0! SVZZYZVRIaPTOU!
V^aNXTbVOUQZE! RPOU! TOSY\NVR! VO! aXNRVOSV! MV! +! id! MV! aZQRbTMV! aV>?(C2"! bQX`YN! QY! .-.-C"! MQOR! MY!
UQbaPO! MV! aYZRQUTPO#! %ZZVR! RPOU! RPYbTRVR! RPTU! QY^! SPOMTUTPOR! NZVSUXT`YVR! &(4:r! <^+FF! iRK! "! 4e! p! "K+!
c:ISb! D7EK! RPTU! QY^! SPOMTUTPOR! NZVSUXT`YVR! %>.r! 9^0! bRK! "! 4eK! p! FKH! c:ISb! D6E#! $@TOUVXQSUTPO!
aZQRbTMVIbVb\XQOV!VRU!P\RVXWNV!MQOR!ZVR!RVSPOMVR!`YT!RYTWVOU!Z@QaaZTSQUTPO!MVR!TbaYZRTPOR!NZVSUXT`YVR!
aQX!bTSXPRSPaTV!MV!]ZYPXVRSVOSV!QaXfR!MNSPOWPZYUTPO!VU!XVSPORUTUYUTPO!VO!*)#!$V!R_b\PZV!"!RTdOT]TV!`YV!ZQ!
]ZfS[V!MY!S[Qba!NZVSUXT`YV!RV!MTXTdV!WVXR!ZV!ZVSUVYX#!

#
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! ! "9"!

5"+"+"#C0.%,82.(-0#)'8&1(*%W1%17,80%#

$VR!SPOMTUTPOR!NZVSUXT`YVR!&(4:!DT#V#!<!^!+FF!iRK!"!4e!p!"#+!c:ISbE!VU!%>.!DT#V#!9!^!

0!bRK!"!4e!p!F#H!c:ISbE! RPOU! QaaZT`YNVR! RYX! ZVR! SVZZYZVR!24-!VO!aXNRVOSV!MV!+!id!MV!

aZQRbTMV! bQX`YN! QY! .-.-C"#! 7aXfR! Z@QaaZTSQUTPO! MVR! TbaYZRTPOR! NZVSUXT`YVRK! YOV!

QS`YTRTUTPO! M@YO! VORVb\ZV! M@TbQdVR! D^K_E! p! MT]]NXVOUR! aZQOR! VO! e! VRU! XNQZTRNV! dXtSV! QY!

aTZPUQdV!aQX!YO!aTVeP!MV! ZQ!aPRTUTPO!M@YO!P\uVSUT]!"FF^!p! TbbVXRTPO#!$@P\UVOUTPO!M@YOV!

RNXTV! MV! aZQOR! D^K_E! aVXbVU! QTORT! YOV! XVSPORUTUYUTPO! *)! MV! Z@P\uVU! P\RVXWN! dXtSV! QY!

bPMYZV! MV! MNSPOWPZYUTPO! aQX! SPXXVSUTPO! MV! (&?! QRRPSTN! QY! MY! ZPdTSTVZ! 1VUQ1PXa[!

D?TdYXV!'''C"FE!8D+#"-+*":&;<<=B#!

!

7WQOU! Z@QaaZTSQUTPO! MY! S[Qba! NZVSUXT`YVK! QYSYOV! TOUVXQSUTPO! RaPOUQONV! MY!

aZQRbTMV! p! ZQ! bVb\XQOV! aZQRbT`YV! O@VRU! WTRYQZTRNV#! $@QaaZTSQUTPO! M@TbaYZRTPOR!

NZVSUXT`YVR! &(4:! SPOMYTU! p! ZQ! ]PXbQUTPO! MV! SPbaZV^VR! aZQRbTMVIbVb\XQOV! ]QSV! p! ZQ!

SQU[PMV!p! Z@TbQdV!MV!SVY^!P\UVOYR!QWVS!MVR! TbaYZRTPOR!NZVSUXT`YVR!%>.!D?TdYXV!'''C"FE!

8g1$_+1& %*& "$@:& ;<<;>& S"7-+%& %*& "$@:& ;<<L>& O5%_& %*& "$@:& ;<<=B#! /NQObPTORK! ZV! OPb\XV! MV!

SPbaZV^VR!]PXbNR!MQOR! ZVR!SPOMTUTPOR!&(4:!VRU!MVY^!]PTR!aZYR!]QT\ZV!`YV!SVZYT!P\UVOYR!

MQOR! ZVR! SPOMTUTPOR!%>.! DT#V#! "F�0!Y#Q#! WR! +F�0E! D?TdYXV! '''C"FE#!)V!aZYRK! Z@TOUVORTUN! MV!

]ZYPXVRSVOSV!UPUQZV!QRRPSTNV!p!SVR!SPbaZV^VR!VRU!*F! ]PTR!aZYR! ]QT\ZV!MQOR! ZVR!SPOMTUTPOR!

&(4:!aQX!XQaaPXU!QY^!SPOMTUTPOR!%>.!D?TdYXV!'''C"FE#!!

!

%O! SPOSZYRTPOK! ZQ! ]PXbQUTPO! MV! SPbaZV^VR! aZQRbTMVIbVb\XQOV! Q! ZTVY! MQOR! MVR!

SPOMTUTPOR!NZVSUXT`YVR!&(4:!DT#V#!QWVS!MVR! TbaYZRTPOR!NZVSUXT`YVR!MV!+FF!iRE!bQTR!QWVS!

YO!OPb\XV!MV!SPbaZV^VR!\VQYSPYa!bPTOR!TbaPXUQOUR!VU!QWVS!YOV!`YQOUTUN!aZYR!]QT\ZV!MV!

aZQRbTMVR#!

5"+"5"#V'%2.,-.,80&@%,.#*%#)'8&1(*%#

$VR!SVZZYZVR!24-!VO!RYRaVORTPO!RPOU!RPYbTRVR!RPTU!p!MVR! TbaYZRTPOR!NZVSUXT`YVR!

&(4:!RPTU!p!MVR!TbaYZRTPOR!NZVSUXT`YVR!%>.!VO!aXNRVOSV!+!id!MV!aZQRbTMV!aV>?(C2"#!+<!

[VYXVR!QaXfR! Z@NZVSUXPUXQOR]VXU!MV!aZQRbTMVK! ZVR!SVZZYZVR! UXQOR]VSUNVR!RPOU!P\RVXWNVR!VO!

bTSXPRSPaTV!MV!]ZYPXVRSVOSV!D?TdYXV!'''C""7E#!(YTRK! ZV!UQY^!VU!Z@V]]TSQSTUN!MV!UXQOR]VSUTPO!

RPOU!MNUVXbTONR!aQX!S_UPbNUXTV!MV!]ZY^#!

!
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! !"9+!
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+

8T^VNL+&&&G11_+$ZVaL+\`KQONOZT]L+aLS+\`PaTZT`PS+[RL\ZNTUVLS+*3<%+LZ+$:'+SVN+RC[RL\ZN`ZNOPSbLNZ+aL+
QROSKTaL+ LZ+ RO+ ]TOMTRTZ[+ aLS+ \LRRVRLS+ [RL\ZN`ZNOPSbL\Z[LS-! 3OV! RYRaVORTPO! SVZZYZQTXV! D"#"F5!
SVZZYZVRIaPTOU!V^aNXTbVOUQZE!VRU! TOSY\NV!VO!aXNRVOSV!MV!+!id!MV!aZQRbTMV!aV>?(C2"!MQOR!MY!UQbaPO!MV!
aYZRQUTPO#!%ZZVR!RPOU!RPYbTRVR!RPTU!QY^!SPOMTUTPOR!NZVSUXT`YVR!&(4:r!<^+FF!iRK!"!4e!p!"K+!c:ISbK!RPTU!QY!
SPOMTUTPO!NZVSUXT`YV!%>.r!9^0!bRK!"!4eK!p!FKH!c:ISb#!7aXfR!"F!bTOYUVR!p!*F�2K!ZVR!SVZZYZVR!RPOU!XVbTRVR!VO!
SYZUYXV#!$VR! SVZZYZVR! UXQOR]VSUNVR! RPOU!P\RVXWNVR!VO!bTSXPRSPaTV!MV! ]ZYPXVRSVOSV! D7E#!$V!aPYXSVOUQdV!MV!
SVZZYZVR! UXQOR]VSUNVR! D6E! VU! Z@TOUVORTUN! MV! ]ZYPXVRSVOSV! QRRPSTNV! D2E! RPOU! MNUVSUNR! aQX! S_UPbNUXTV! MV! ]ZY^!
+<[! QaXfR! NZVSUXPUXQOR]VXU#! $Q! RYXWTV! SVZZYZQTXV! D)E! VRU! XNWNZNV! aQX! RaVSUXPa[PUPbNUXTV! +<[! QaXfR!
NZVSUXPUXQOR]VXU#!D/x*z!bP_VOOV!�!&%1E#!
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! ! "9*!

%O! Q\RVOSV! MV! S[Qba! NZVSUXT`YV! PY! MV! aZQRbTMV! a%>?(C2"K! QYSYOV! V^aXVRRTPO!

M@%>?(! VU! MPOS! MV! UXQOR]VXU! MV! aZQRbTMVK! ZV! SQR! NS[NQOUK! O@VRU! MNUVSUNV#! $V! UQY^! MV!

UXQOR]VSUTPO! VRU! ZNdfXVbVOU! aZYR! ]QT\ZV! MQOR! ZVR! SPOMTUTPOR! &(4:! DT#V#! +0�*vE! aQX!

XQaaPXU!QY^!SPOMTUTPOR!%>.!DT#V#!*H�<vE! D?TdYXV! '''C""6E#!)V!aZYRK!MQOR! ZVR! SPOMTUTPOR!

&(4:K! Z@TOUVORTUN! MV! ]ZYPXVRSVOSV! QRRPSTNV! p! ZQ! UXQOR]VSUTPO! VRU! "F! ]PTR! aZYR! ]QT\ZV! aQX!

XQaaPXU!p!SVZZV!P\UVOYV!MQOR! ZVR!SPOMTUTPOR!%>.!D5<�;!Y#Q#!WR!55+�;*!Y#Q#E!D?TdYXV!'''C

""2E#!

%O! XVWQOS[VK! RT! ZQ! WTQ\TZTUN! SVZZYZQTXV! MVR! SVZZYZVR! UXQOR]VSUNVR! VRU! aVY! Q]]VSUNV!

MQOR! MVR! SPOMTUTPOR! NZVSUXT`YVR! &(4:! D;F�<vEK! VZZV! VRU! MTbTOYNV! MV! <<v! MQOR! MVR!

SPOMTUTPOR!%>.!D05�<vE!D?TdYXV!'''C"")E#!$V!aPYXSVOUQdV!MV!SVZZYZVR!UXQOR]VSUNVR!VRU!MV!

++K0v!VO! SPOMTUTPOR! NZVSUXT`YVR! &(4:!SPOUXV!+"v!VO! SPOMTUTPOR! NZVSUXT`YVR!%>.K! RPTU!

MVR! WQZVYXR! RUQUTRUT`YVbVOU! N`YTWQZVOUVR#! ,QaaVZPOR! `YV! ZV! aPYXSVOUQdV! MV! SVZZYZVR!

aVXbNQ\TZTRNVR! MPOS! RYRSVaUT\ZVR! M@jUXV! UXQOR]VSUNVR! VRU! M@VOWTXPO! 9Hv#! /PUPOR! `YV!

MQOR!MVR!SPOMTUTPOR!NZVSUXT`YVR!%>.K!ZQ!aXNRVOSV!MV!aZQRbTMVR!VOUXQsOV!YOV!]PXUV!S[YUV!

MV! WTQ\TZTUN! SVZZYZQTXV#! 2VZQ! O@VRU! aQR! ZV! SQR! MQOR! MVR! SPOMTUTPOR! NZVSUXT`YVR! &(4:#! 2V!

XNRYZUQU!SPOMYTU!p!aPRVX!ZQ!`YVRUTPO!MY!X{ZV!M@YO!aZQRbTMV!NZVSUXPUXQOR]NXN!RYX!ZV!MVWVOTX!

SVZZYZQTXV!VU!VO!aQXUTSYZTVX!SVZYT!MV!ZQ!`YQOUTUN!MV!aZQRbTMV!TOUXPMYTUV!MQOR!ZQ!SVZZYZV!ST\ZV!

8I+&%*&"$@:&CXXX>&D5+)1Q"P"&%*&"$@:&;<<<B#!

P.Q.,3&+87++&)*,E(,5)*8J7+&)*+,

$@QaaZTSQUTPO! M@TbaYZRTPOR! NZVSUXT`YVR! &(4:! PY! %>.! TOMYTU! MVR! UQY^! MV!

aVXbNQ\TZTRQUTPO! SPbaQXQ\ZVR#! /NQObPTORK! Z@V]]TSQSTUN! MV! aVXbNQ\TZTRQUTPO! VRU! aZYR!

]QT\ZV!aPYX!MVR!TbaYZRTPOR!NZVSUXT`YVR!&(4:!aQX!XQaaPXU!QY^!XNRYZUQUR!P\UVOYR!QWVS!ZVR!

TbaYZRTPOR! NZVSUXT`YVR! %>.! D?TdYXV! '''C;E#! %O! QSSPXM! QWVS! MV! aXNSNMVOUR! UXQWQY^K! OPR!

XNRYZUQUR!bPOUXVOU!`YV!ZQ!aNONUXQUTPO!MV!bPZNSYZVR![_MXPa[TZVR!VRU!RPYR!ZV!SPOUX{ZV!MV!

ZQ! MYXNV! MVR! TbaYZRTPOR! NZVSUXT`YVR#! %O! V]]VUK! ZQ! MYXNV! MVR! TbaYZRTPOR! NZVSUXT`YVR!

SPOUX{ZV! ZQ! MVORTUN! MVR! MN]QYUR! bVb\XQOQTXVR! VU! ZVYX! MYXNV! MV! WTV! 8W1$(& %*& !%+((+/:&

CXXU"B#! /PR! XNRYZUQUR! aPYXXQTVOU! R@V^aZT`YVX! aQX! ZV! ]QTU! `YV! Z@QaaZTSQUTPO! M@TbaYZRTPOR!

NZVSUXT`YVR!&(4:!TOMYTXQTU!YO!]QT\ZV!OPb\XV!MV!MN]QYUR!bVb\XQOQTXVR!VUIPY!MV!SPYXUV!

MV!MYXNV!MV!WTV!aQX!PaaPRTUTPO!QY^! TbaYZRTPOR!NZVSUXT`YVR!%>.!dNONXQUXTSVR!M@YO!aZYR!

dXQOM! OPb\XV! MV! MN]QYUR! VUIPY! MV! ZPOdYV! MYXNV! MV! WTV#! )V! aZYRK! MV! XNSVOUR! UXQWQY^!

bPOUXVOU!`YV!ZQ!aNONUXQUTPO!MY!('!VRU!TOMYTUV!aQX!bTdXQUTPO!NZVSUXPa[PXNUT`YV!aVOMQOU!

Z@QaaZTSQUTPO! MVR! TbaYZRTPOR! NZVSUXT`YVR! 8O74+5"-& %*& "$@:& ;<<U>& 4G@& O"-*+%& 66:& JLB#! /PR!
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! !"9<!

XNRYZUQUR!RPOU!MPOS!VO!QSSPXM!QWVS!ZV!]QTU!`YV!aVOMQOU!ZQ!MYXNV!SYbYZNV!MVR!TbaYZRTPOR!

NZVSUXT`YVR!%>.!D<F!bREK! ZQ!`YQOUTUN!MV!('K!`YT!aNOfUXV!MQOR! ZVR!SVZZYZVR!aQX!bTdXQUTPO!

NZVSUXPa[PXNUT`YVK! VRU! aZYR! dXQOMV! `YV! SVZZV! aNONUXQOUV! RPYR! Z@V]]VU! M@TbaYZRTPOR!

NZVSUXT`YVR!&(4:!DFK9!bRE#!2VaVOMQOUK!ZVR!TOUVORTUNR!]ZYPXVRSVOSV!QRRPSTNVR!p!Z@VOUXNV!MV!

('!OV!RPOU!aQR!M@YO!XQaaPXU!0F!DT#V#!<FIFK9E!SQX!Z@VOUXNV!MY!('!Q!ZTVY!bQRRTWVbVOU!QaXfR!

Z@QaaZTSQUTPO!MVR!TbaYZRTPOR!NZVSUXT`YVR!8O74+5"-&%*&"$@:&;<<U>&4G@&O"-*+%&66&JLB@&

$@QaaZTSQUTPO! M@TbaYZRTPOR! NZVSUXT`YVR! &(4:! aVXbVU! Z@TOUVXQSUTPO! MVR!bPZNSYZVR!

MV!aZQRbTMVR! QY!OTWVQY!MV! ZQ!bVb\XQOV! ]QSV! p! ZQ! SQU[PMV!VU! RPYR! ZQ! ]PXbV!M@QdXNdQUR!

D?TdYXV!'''C"FE#!/NQObPTORK!ZV!OPb\XV!MV!SPbaZV^VR!MV!aZQRbTMV!aQX!SVZZYZV!VU!Z@TOUVORTUN!

MV! ]ZYPXVRSVOSV!QRRPSTNV! RPOU! XVRaVSUTWVbVOU!+!VU!*F! ]PTR!aZYR! ]QT\ZVR!aQX! XQaaPXU!QY^!

XNRYZUQUR!P\UVOYR!QWVS!MVR!TbaYZRTPOR!NZVSUXT`YVR!%>.!D?TdYXV!'''C"FE#!$Q!bTdXQUTPO!MVR!

bPZNSYZVR! MV! aZQRbTMV! MQOR! YO! S[Qba! NZVSUXT`YV! VRU! MNSXTUV! aQX! Z@N`YQUTPO! %`#! '''C+#!

)QOR!ZV!SQR!MV!Z@TOUVXQSUTPO!MY!aZQRbTMV!QWVS!ZQ!bVb\XQOV!aVXbNQ\TZTRNVK! ZQ!MYXNV!MVR!

TbaYZRTPOR!NZVSUXT`YVR!uPYV!YO!X{ZV!RYX!Z@QSSYbYZQUTPO!NZVSUXPa[PXNUT`YV!MVR!bPZNSYZVR!

MV!aZQRbTMV!p!ZQ!bVb\XQOV#!(PYX!MVR!TbaYZRTPOR!NZVSUXT`YVR!&(4:!VU!%>.K!ZQ!WQZVYX!MV!$!

VRU!NdQZV!p!"K0!VU!p!<+!XVRaVSUTWVbVOUK!SV!`YT!SPXXVRaPOM!p!YO!]QSUVYX!M@QSSYbYZQUTPO!MV!

+!VU!MV!<F!XVRaVSUTWVbVOU#!(QX!SPORN`YVOUK!OPYR!P\UVOPOR!YO!XQaaPXU!MV!+F!VO!UVXbV!MV!

MVORTUN! MV! MN]QYUR! bVb\XQOQTXVR! NZVSUXPCTOMYTUR#! /NQObPTORK! TZ! VRU! ONSVRRQTXV! MV!

SPXXTdVX!SVR!]QSUVYXR!M@QSSYbYZQUTPO!aQX!ZQ!RYX]QSV!MV!ZQ!bVb\XQOV!RYRSVaUT\ZV!MV!XNQdTX!

MPOS!M@jUXV!aVXbNQ\TZTRNV!RPYR!ZV!SPOUX{ZV!MV!Z@TOUVORTUN!MY!S[Qba!NZVSUXT`YV!%K!T#V#!aQX!

! 
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' 
( !QWVS!%axFK*!c:ISb!VU!%xFKH!c:ISb!PY!"K+!c:ISb#!(QX!SPORN`YVOUK!VO!UVXbV!MV!

MVORTUN!MV!MN]QYUR!bVb\XQOQTXVR!NZVSUXPCTOMYTURK!OPYR!P\UVOPOR!YO!XQaaPXU!MV!+5#!/PYR!

UXPYWPOR!YO!]QSUVYX!*F!MQOR!ZQ!`YQOUTUN!MV!aZQRbTMVR!VO!TOUVXQSUTPO!QWVS!ZQ!bVb\XQOVK!

SV!`YT!VRU!dZP\QZVbVOU!VO!QSSPXM!QWVS!SVR!]QSUVYXR!M@QSSYbYZQUTPO#!

!
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80+95-234+1# ,-AC+1># ()# ;4-8+# ;+# 0M2*/40127.# 80+95-234+# O74+# +.# /-27-258# 14-#

0M)994*40)527.# 80+95-7/B7-85234+# ;+1# *708940+1# ;+# /0)1*2;+# K# 0)# *+*,-).+#

/+-*8),20218+>#

!

$@QaaZTSQUTPO!M@TbaYZRTPOR!NZVSUXT`YV!&(4:!aVXbVU!ZV!UXQOR]VXU!VU!Z@V^aXVRRTPO!MV!

bPZNSYZVR!MV!aZQRbTMV!MQOR!ZVR!SVZZYZVR!+2&0+*-1&D?TdYXV!'''C""E#!2V!XNRYZUQU!VRU!VO!QSSPXM!
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! ! "90!

QWVS!ZVR!XNRYZUQUR!aTPOOTVXR!P\UVOYR!+2&0+*-1!aQX!/VYbQOO!VU!SPZZQ\PXQUVYXR!8e%7)"22&%*&

"$@:& CXU;B& VU! SPO]TXbNR! aQX& �VX\T\! VU! SPZZQ\PXQUVYXR! 8Y%-#+#& %*& "$@:& CXU=B#! )V! aZYRK! SVR!

SPOMTUTPOR!NZVSUXT`YVR!POU!NUN!WQZTMNVR!+2&0+01!aPYX!ZV!UXQOR]VXU!MV!aZQRbTMV!8]%$$%-&%*&"$@:&

CXX^>&R"7'&%*&"$@:&;<<UB#!)QOR!ZVR!SPOMTUTPOR!NZVSUXT`YVR!&(4:K!ZV!UQY^!MV!UXQOR]VSUTPO!VRU!

ZNdfXVbVOU!aZYR!]QT\ZV!`YV!SVZYT!P\UVOY!VO!SPOMTUTPO!%>.!D?TdYXV!'''C""6E#!%O!XVWQOS[VK!

Z@V]]TSQSTUN! MV! UXQOR]VSUTPO! VRU! "F! ]PTR! aZYR! ]QT\ZV! VO! SPOMTUTPO! &(4:! aQX! XQaaPXU! QY^!

XNRYZUQUR!P\UVOYR!VO!SPOMTUTPO!%>.!D?TdYXV!'''C""2E#!2V!XNRYZUQU!VRU!aQX]QTUVbVOU!SPXXNZN!

QWVS! ZV! ]QTU! `Y@YOV! `YQOUTUN! \VQYSPYa! aZYR! ]QT\ZV! MV! bPZNSYZVR! MV! aZQRbTMV! WTVOU!

TOUVXQdTX!QWVS!ZQ!bVb\XQOV!aVXbNQ\TZTRNV!MQOR!MVR!SPOMTUTPOR!&(4:#!%O!XVWQOS[VK!MQOR!

OPR!SPOMTUTPOR!V^aNXTbVOUQZVRK!Z@QaaZTSQUTPO!M@TbaYZRTPOR!NZVSUXT`YVR!&(4:!O@Q]]VSUV!aQR!

PY! aVY! ZQ! WTQ\TZTUN! MVR! SVZZYZVR! UXQOR]VSUNVR! SPOUXQTXVbVOU! QY^! MPOONVR! MV! ZTUUNXQUYXV!

8Y%-#+#& %*& "$@:& CXU=>& e%+$& %*& Y+))%-)"22:& CXXK>& W1$(& %*& !%+((+/:& CXXU>& S-+%'-+45& %*& "$@:&

CXXUB#&

!

3OV! MVR! aVXRaVSUTWVR! p! SV! UXQWQTZ! WTRVXQTU! p! MN]TOTX! MVR! aQXQbfUXVR! NZVSUXT`YVR!

TOUVXbNMTQTXVR!VOUXV! ZVR! TbaYZRTPOR!NZVSUXT`YVR!&(4:!VU!%>.!Q]TO!M@QRRPSTVX! Z@V]]TSQSTUN!

MV!UXQOR]VSUTPO!p!ZQ!WTQ\TZTUN!SVZZYZQTXV#!

!

"71#-81405)51#*7.5-+.5#/74-# 0)#/-+*2A-+#=721:#34+# 0M)//029)527.#;M2*/40127.1#

?IZ$# 2.;425# 0M2.5+-)9527.# ;+#*708940+1# ;+# /0)1*2;+# )C+9# 0)#*+*,-).+# /0)1*234+#
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+P/-+1127.#;).1# 0+1#9+0040+1#LZ'>#"8).*72.1:#+.#)997-;#)C+9# 0)# 02558-)54-+#+5#;).1#

.71# 97.;2527.1# +P/8-2*+.5)0+1:# 0M)//029)527.# ;M2*/40127.1# 80+95-234+1# _g%# +15# /041#

+==29)9+# /74-# 0+# 5-).1=+-5# ;+# /0)1*2;+# 34+# 0+1# 2*/40127.1# 80+95-234+1# ?IZ$>#

L+/+.;).5:#97.5-)2-+*+.5#K#0)#02558-)54-+#+5#;).1#.71#97.;2527.1#+P/8-2*+.5)0+1:#9+1#

;+-.2A-+1#17.5#/+4#;8085A-+1#/74-#0+1#9+0040+1#5-).1=+958+1>#
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Q., :IIE(, 6E, JU'LLJ&8'(&)*, 6U&GL7J+&)*+, $JE8(#&H7E+, "&L)J'&#E+, '+FG$(#&H7E+, +7#,

JU$JE8(#)(#'*+IE#(,6E,LJ'+G&6E,

Q.;.,-*(#)678(&)*,

$Q! WTRYQZTRQUTPO! MV! Z@VOUXNV! MV! SPbaPRNR! ]ZYPXVRSVOUR! VO! SPOMTUTPOR! NZVSUXT`YVR!

YOTaPZQTXV! DTbaYZRTPOR! NZVSUXT`YVR! MQOR! ZV! bjbV! RVOR! VU! MQOR! ZQ! bjbV! MTXVSUTPOE! Q!

XNWNZN!!YOV!QR_bNUXTV!MV!ZQ!aVXbNQ\TZTRQUTPO!bVb\XQOQTXVr!ZQ!RYX]QSV!aVXbNQ\TZTRNV!p!ZQ!

bVb\XQOV! ]QSV! p! Z@QOPMV! VRU! aZYR! TbaPXUQOUV! `YV! SVZZV! ]QSV! p! ZQ! SQU[PMV! 8!%Q$%& %*& "$@:&

CXXL>&g"#-+%$& %*&!%+((+/:&CXXA:&CXXXB#! 2VUUV!QR_bNUXTV! R@V^aZT`YV!aQX! Z@V]]VU!WVSUPXTVZ!MY!

S[Qba! NZVSUXT`YV#! $@QaaZTSQUTPO! M@TbaYZRTPOR! NZVSUXT`YVR! \TaPZQTXVR! VU! R_bNUXT`YVR!

VOUXQsOV!YOV!R_bNUXTV!MV!ZQ!aVXbNQ\TZTRQUTPOK!SV!`YT!R@QSSPbaQdOV!M@YOV!QYdbVOUQUTPO!

MV! Z@V]]TSQSTUN! MV! aVXbNQ\TZTRQUTPO! 8!%Q$%& %*& "$@:& CXXC>& c1*2+Q& %*& "$@:& ;<<C:& S"7-+%& %*& "$@:&

;<<LB#!!

!

%O! SPOMTUTPOR! YOTaPZQTXVRK! ZVR! bPZNSYZVR! MV! aZQRbTMVK! S[QXdNVR! ONdQUTWVbVOUK!

bTdXVOU! aQX! NZVSUXPa[PXfRV! WVXR! Z@QOPMV! VU! TOUVXQdTRRVOU! YOT`YVbVOU! QY! OTWVQY! MV! ZQ!

XNdTPO!bVb\XQOQTXV!`YT!]QTU!]QSV!p!ZQ!SQU[PMV!8g1$_+1&%*&"$@:&;<<;B#!)V!XNSVOUVR!NUYMVR!POU!

bPOUXN! `YV! Z@QaaZTSQUTPO! M@TbaYZRTPOR! NZVSUXT`YVR! \TaPZQTXVR! VU! R_bNUXT`YVR! DS[Qba!

NZVSUXT`YV! OPO! [PbPdfOVE! TOMYTU! ZQ! aVXbNQ\TZTRQUTPO! VU! Z@TOUVXQSUTPO!

aZQRbTMVIbVb\XQOV! QY! OTWVQY! MVR! XNdTPOR! bVb\XQOQTXVR! ]QSV! QY^! MVY^! NZVSUXPMVR#!

$@QaaZTSQUTPO!MV!SVR!TbaYZRTPOR!QYdbVOUVOU!QTORT!ZQ!RYX]QSV!M@TOUVXQSUTPO!MVR!bPZNSYZVR!

MV!aZQRbTMVR!QWVS!ZQ!bVb\XQOV!aVXbNQ\TZTRNV!8S"7-+%&%*&"$@:&;<<L>&O5%_&%*&"$@:&;<<=B#!2VR!

NUYMVR! POU! XNWNZN! Z@V^TRUVOSV! MV! MVY^! SZQRRVR! MV! aZQRbTMV! VO! TOUVXQSUTPO! QWVS! ZQ!

bVb\XQOV! aZQRbT`YVr! MVR!bPZNSYZVR! MV! aZQRbTMV! VO! TOUVXQSUTPO! ]QT\ZV! VU! M@QYUXVR! VO!

TOUVXQSUTPO!]PXUV!8O5%_&%*&"$@:&;<<=>&S"7-+%&%*&"$@:&;<C<B#!!

!

!

!

$@QaaZTSQUTPO! M@TbaYZRTPOR! NZVSUXT`YVR! aVXbVU! Z@TOUVXQSUTPO! MVR! bPZNSYZVR! MV!

aZQRbTMVR!p!ZQ!bVb\XQOV!DXNQSUTPOR!"!VU!*E#!$@QYdbVOUQUTPO!MV!ZQ!RYX]QSV!M@TOUVXQSUTPO!

aZQRbTMVIbVb\XQOV! TOMYTUV! aQX! Z@QaaZTSQUTPO! M@TbaYZRTPOR! NZVSUXT`YVR! \TaPZQTXVR! VU!
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! ! "9H!

R_bNUXT`YVRK!R@QSSPbaQdOV!M@YOV!QYdbVOUQUTPO!MY!UQY^!VU!MV!Z@V]]TSQSTUN!MV!UXQOR]VSUTPO!

RQOR!`YV!ZQ!WTQ\TZTUN!SVZZYZQTXV!OV!RPTU!Q]]VSUNV!8O5%_&%*&"$@:&;<<=B#!2VaVOMQOUK!VO!TOWVXRTPO!

MV! aPZQXTUNK! QY! OTWVQY! MY! a{ZV! SVZZYZQTXV! ]QSV! p! Z@QOPMVK! ZVR!bPZNSYZVR! MV! aZQRbTMV! VO!

TOUVXQSUTPO!]QT\ZV!aPYXXQTVOU!XVUPYXOVX!MQOR!ZV!bTZTVY!V^UXQCSVZZYZQTXV!DXNQSUTPO!+E!8O5%_&

%*& "$@:& ;<<=>& S"7-+%& %*& "$@:& ;<C<B#! 1QTR! SVUUV! bNUQRUQ\TZTUN! MY! SPbaZV^V!

aZQRbTMVIbVb\XQOV!RVXQTU!UXfR!]YXUTWV!D�!"RE#!!

!

)QOR! SVUUV! aQXUTVK! OPYR! QWPOR! aXPaPRN! MV! MNUVXbTOVX! ZQ! MYXNV! ONSVRRQTXV! p!

Z@NUQ\ZTRRVbVOU! M@TOUVXQSUTPOR! aZQRbTMVIbVb\XQOV! ]PXUVR#! /PUXV! RUXQUNdTV! Q! SPORTRUN! p!

RPYbVUUXV!ZVR!SVZZYZVR!24-!p!MVR!TbaYZRTPOR!\TaPZQTXVR!VU!QR_bNUXT`YVR!D?TdYXV!'''C"+E#!

2VUUV!NUYMV!Q!NUN!XVOMYV!aPRRT\ZV!aQX!ZV!MNWVZPaaVbVOU!RPYR!OPUXV!aTZPUQdV!TOUVZZVSUYVZ!

M@YOV! OPYWVZZV! SZQRRV! M@NZVSUXPaYZRQUVYXR! aQX! ZQ! RPSTNUN! 6VUQUVS[! D$TSVOSV! MV!

SPbbVXSTQZTRQUTPO! MY! 2/,&E#! 'Z! MVWTVOU! QZPXR! aPRRT\ZV! M@QaaZT`YVX! MVR! UXQTOR!

M@TbaYZRTPOR! NZVSUXT`YVR! QWVS! YOV! TOWVXRTPO! UXfR! XQaTMVK! ZV! SQR! NS[NQOU! MV! ZQ! aPZQXTUN!

DQYRRT! SPYXU!`YV!aPRRT\ZV!0!iRE#!/PYR!MTRaPRPOR!M@YO!SPOUX{ZV! SPbaZVU!VU! TOMNaVOMQOU!

MVR! aQXQbfUXVR! NZVSUXT`YVR! MV! S[Q`YV! TbaYZRTPO#! /PUPOR! VO]TO! `YV! Z@NZVSUXPaYZRQUVYX!

SPORVXWV!VO!bNbPTXV!ZVR!aXP]TZR!MV!TbaYZRTPOR!MNZTWXNVR#!$@YO!MVR!QWQOUQdVR!MV!SV!U_aV!

MV! dNONXQUVYXR! VRU! MV! R@Q]]XQOS[TX! MV! XNQSUTPOR! NZVSUXPS[TbT`YVR! QY! OTWVQY! MVR!

NZVSUXPMVRK!aXPSVRRYR!bTR!VO!NWTMVOSV!aQX!hPUOTc!VU!SPZZQ\PXQUVYXR!8c1*2+Q&%*&"$@:&;<<CB#!

3OV!NUYMV!R_RUNbQUT`YV!MV!SVR!XNQSUTPOR!aQX!QOQZ_RV!MTXVSUV!RPYR!WTMNPCbTSXPRSPaTV!Q!

TZZYRUXN!SVU!QWQOUQdV!8!-"0"+$&J1(*\'14*1-"$&'%&a"2%(("&D121+(:&O5@R@:&;<<U\;<<XB#!

!
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! !"99!

+

8T^VNL+ &&&G1=_+ &KQVRST`PS+ [RL\ZNTUVLS+ MTQ`ROTNLS+ LZ+ OSYK[ZNTUVLS-+ $VR! TbaYZRTPOR! NZVSUXT`YVR!
QaaZT`YNVR! RYX! ZVR! SVZZYZVR! 24-! RPOU! \TaPZQTXVR! VU! QR_bNUXT`YVR#! $Q! aXVbTfXV! aQXUTV! MV! Z@TbaYZRTPO!
NZVSUXT`YV! DSQXXN! \ZVY! 7E! VRU! YOV! TbaYZRTPO! aPRTUTWV! aVXbNQ\TZTRQOUV! M@YOV! MYXNV! MV! 0! bR! DT#V#! .OE! VU!
M@TOUVORTUN!NZVSUXT`YV!FKH!c:ISb!DT#V#!3OE#!2VUUV!TbaYZRTPO!aPRTUTWV!aVXbNQ\TZTRV!ZQ!bVb\XQOV!aZQRbT`YV!VU!
TOMYTU! ZQ! bTdXQUTPO! NZVSUXPa[PXNUT`YV! MVR! bPZNSYZVR! MV! aZQRbTMV! DXPOM! uQYOVE! uYR`Y@p! ZQ! bVb\XQOV!
aZQRbT`YV!aVXbNQ\TZTRNV#!)VR!TOUVXQSUTPOR!aZQRbTMVIbVb\XQOV!]QT\ZVR!DXPOM!dXTRE!VU!]PXUVR!DXPOM!XPYdVE!
RPOU! TOMYTUVR! DSQXXN! \ZVY! 6E#! $Q! MVY^TfbV! aQXUTV! MV! Z@TbaYZRTPO! NZVSUXT`YV! DSQXXN! PXQOdV! 2EK! VRU! YOV!
TbaYZRTPO!ONdQUTWV!VU!OPO!aVXbNQ\TZTRQOUV!M@YOV!MYXNV!MV!*0!bR!DT#V#!.aE!VU!M@TOUVORTUN!NZVSUXT`YV!MV!FK"!
c:ISb!DT#V#!3aE#!2VUUV! TbaYZRTPO!NZVSUXT`YV!OV!aVXbNQ\TZTRV!aQR! ZQ!bVb\XQOV!aZQRbT`YV!bQTR!dNOfXVXQTU!
MVR! ]PXSVR! NZVSUXPa[PXNUT`YVR! `YT! aPYXXQTU! MNSXPS[VX! ZVR! bPZNSYZVR! MV! aZQRbTMVR! VO! TOUVXQSUTPO! ]QT\ZV!
DXPOM!dXTRE!QWVS! ZQ!bVb\XQOV!aZQRbT`YV!DSQXXN!PXQOdV!)E#!$V!OPb\XV!VU! ZQ! ]XN`YVOSV!MV!SVR! TbaYZRTPOR!
NZVSUXT`YVR! RPOU! XVRaVSUTWVbVOU! MV! "F! VU! MV! FK"! 4e#! $Q! MYXNVK! .TK! VOUXV! ZVR! MVY^! aQXUTVR! MV! Z@TbaYZRTPO!
\TaPZQTXV!VU!QR_bNUXT`YV!VRU!ZV!aQXQbfUXV!`YV!OPYR!]QTRPOR!WQXTVX!MQOR!OPUXV!NUYMV#!D'ZZYRUXQUTPO!XNQZTRNV!
dXtSV!p!&VXWTVX!1VMTSQZ!7XUK!ggg#RVXWTVX#]XE#!

!
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! ! "9;!

%^aNXTbVOUQZVbVOUK! ZQ!aXVbTfXV!aQXUTV!MV!SV! U_aV!M@TbaYZRTPO!NZVSUXT`YV! DSQXXN!

\ZVY! 7E! VRU! YOV! TbaYZRTPO! aPRTUTWV! aVXbNQ\TZTRQOUV! M@YOV! MYXNV! MV! 0! bR! DT#V#! .aE! VU!

M@TOUVORTUN! NZVSUXT`YV! FKH! c:ISb! DT#V#! 3aE#! 2VUUV! TbaYZRTPO! aPRTUTWV! aVXbNQ\TZTRV! ZQ!

bVb\XQOV! aZQRbT`YV! VU! TOMYTU! ZQ! bTdXQUTPO! NZVSUXPa[PXNUT`YV! MVR! bPZNSYZVR! MV!

aZQRbTMV! uYR`Y@p! SVZZVCST#! )VR! TOUVXQSUTPOR! ]QT\ZVR! VU! ]PXUVR! MV! bPZNSYZVR! MV! aZQRbTMV!

QWVS! ZQ!bVb\XQOV! aVXbNQ\TZTRNV! POU! ZTVY! DSQXXN! \ZVY! 6E! D?TdYXV! '''C"+E#! $Q! MVY^TfbV!

aQXUTV!MV!SVUUV!TbaYZRTPO!NZVSUXT`YV!DSQXXN!PXQOdV!2EK!VRU!YOV!TbaYZRTPO!ONdQUTWV!VU!OPO!

aVXbNQ\TZTRQOUV!M@YOV!MYXNV!MV!*0!bR!DT#V#!.OE!VU!M@TOUVORTUN!NZVSUXT`YV!MV!FK"!c:ISb!DT#V#!

3OE#! 2VUUV! TbaYZRTPO! NZVSUXT`YV! OV! aVXbNQ\TZTRVXQTU! aQR! ZQ! bVb\XQOV! aZQRbT`YV!bQTR!

dNOfXVXQTVOU! MVR! ]PXSVR! NZVSUXPa[PXNUT`YVR! RYX! ZVR! bPZNSYZVR! MV! aZQRbTMVR! MQOR! ZQ!

MTXVSUTPO!PaaPRNV!p!SVZZVR!MV!ZQ!aXNSNMVOUV#!%ZZVR!aPYXXQTVOU!MNSXPS[VX!ZVR!bPZNSYZVR!MV!

aZQRbTMVR! QRRPSTNVR! p! ZQ! bVb\XQOV! MV! bQOTfXV! TORUQ\ZV! aQX! MVR! TOUVXQSUTPOR! ]QT\ZVR!

DSQXXN! PXQOdV! )E! D?TdYXV! '''C"+E! 8!5,(%& '%& g1-"'_& O74+5"-:& ;<<^B#! "F! TbaYZRTPOR!

NZVSUXT`YVR!POU! NUN! QaaZT`YNVR!aPYX!MVR! XQTRPOR! UVS[OT`YVR! p!YOV! ]XN`YVOSV!MV!FK"!4e!

DT#V#!(�+D.O�.aE!VU!(�.O�.T�.aE#!$V!OPb\XV!VU!ZQ!]XN`YVOSV!MV!SVR!TbaYZRTPOR!NZVSUXT`YVR!

RPOU! XVRaVSUTWVbVOU! MV! "F! VU! MV! FK"! 4e#! $Q! WQXTQUTPO! MV! ZQ! MYXNVK! .TK! VOUXV! ZVR! MVY^!

aQXUTVR!MV!Z@TbaYZRTPO!\TaPZQTXV!VU!QR_bNUXT`YV!OPYR!aVXbVUUXQK!ZV!SQR!NS[NQOUK!M@QSSNMVX!

p! ZQ! MYXNV! p! aQXUTX! MV! ZQ`YVZZV! ZVR! TOUVXQSUTPOR! aZQRbTMVIbVb\XQOV! MVWTVOOVOU! ]PXUVR!

D?TdYXV!'''C"+E#!

!
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! !";F!

!

8T^VNL+ &&&G1;_+$bbLZ+aL+'T+ SVN+ RO+QLNK[OMTRTSOZT`P+aLS+ \LRRVRLS+0<(-+3OV! RYRaVORTPO! SVZZYZQTXV! D"#"F5!
SVZZYZVRIaPTOU! V^aNXTbVOUQZE! XVaXTRV! MQOR! MY! UQbaPO! MV! aYZRQUTPO! SPOUVOQOU! "FF! i1! MV! ('#! %ZZV! VRU!
RPYbTRV! RPTU! p! MVR! TbaYZRTPOR! NZVSUXT`YVR! %>.r! "F^0! bRK! FK"! 4eK! p! FKH! c:ISbK! RPTU! QY^! TbaYZRTPOR!
NZVSUXT`YVR! \TaPZQTXVR! VU! QR_bNUXT`YVR! SPORUTUYNVR! M@YOV! TbaYZRTPO! aPRTUTWV! M@YOV! MYXNV! MV! 0! bR! VU!
M@TOUVORTUN!NZVSUXT`YV!MV!FKH!c:ISb!RYTWT!M@YOV!TbaYZRTPO!ONdQUTWV!M@YOV!MYXNV!MV!*0!bR!VU!M@YOV!TOUVORTUN!
NZVSUXT`YV! MV! FK"! c:ISb#! $V! OPb\XV! VU! ZQ! ]XN`YVOSV! MVR! TbaYZRTPOR! \TaPZQTXVR! VU! QR_bNUXT`YVR! RPOU!
XVRaVSUTWVbVOU! MV! "F! VU! MV! FK"! 4e#! $Q! MYXNVK! .TK! VOUXV! ZVR! MVY^! aQXUTVR! MV! Z@TbaYZRTPO! \TaPZQTXV! VU!
QR_bNUXT`YV!VRU!ZV!aQXQbfUXV!`YV!OPYR!]QTRPOR!WQXTVX!MV!0!bR!p!+!R!MQOR!OPUXV!NUYMV#!7aXfR!"F!bTOYUVR!p!
*F�2K! ZVR!SVZZYZVR!RPOU!QOQZ_RNVR!VO!S_UPbNUXTV!MV! ]ZY^#!$V!aPYXSVOUQdV!MV!SVZZYZVR!aVXbNQ\TZTRNVR! D7E!VU!
Z@TOUVORTUN! MV! ]ZYPXVRSVOSV! QRRPSTNV! p! ZQ! aVXbNQ\TZTRQUTPO! D6E! RPOU! XVaXNRVOUNR! RYX! SV! dXQa[T`YV#! D/x*z!
bP_VOOV!�!&%1E#!
!

!

!

+

8T^VNL+&&&G1@_+$bbLZ+aL+'T+SVN+RO+]TOMTRTZ[+\LRRVROTNL+aLS+\LRRVRLS+0<(+QLNK[OMTRTS[LS-+3OV!RYRaVORTPO!
SVZZYZQTXV!D"#"F5!SVZZYZVRIaPTOU!V^aNXTbVOUQZE!XVaXTRV!MQOR!MY!UQbaPO!MV!aYZRQUTPO#!%ZZV!VRU!RPYbTRV!RPTU!p!
MVR!TbaYZRTPOR!NZVSUXT`YVR!%>.r!"F^0!bRK!FK"!4eK!p!FKH!c:ISbK!RPTU!QY^!TbaYZRTPOR!NZVSUXT`YVR!\TaPZQTXVR!VU!
QR_bNUXT`YVR! SPORUTUYNVR!M@YOV! TbaYZRTPO!aPRTUTWV!M@YOV!MYXNV!MV!0!bR! VU! M@TOUVORTUN! NZVSUXT`YV!MV!FKH!
c:ISb!RYTWT!M@YOV!TbaYZRTPO!ONdQUTWV!M@YOV!MYXNV!MV!*0!bR!VU!M@YOV!TOUVORTUN!NZVSUXT`YV!MV!FK"!c:ISb#!$V!
OPb\XV!VU!ZQ!]XN`YVOSV!MVR!TbaYZRTPOR!\TaPZQTXVR!VU!QR_bNUXT`YVR!RPOU!XVRaVSUTWVbVOU!MV!"F!VU!MV!FK"!4e#!
$Q! MYXNVK! .TK! VOUXV! ZVR! MVY^! aQXUTVR! MV! Z@TbaYZRTPO! \TaPZQTXV! VU! QR_bNUXT`YV! VRU! ZV! aQXQbfUXV! `YV! OPYR!
]QTRPOR!WQXTVX!MV!0!bR!p!+!R!MQOR!OPUXV!NUYMV#!7aXfR!"F!bTOYUVR!p!*F�2K!ZVR!SVZZYZVR!RPOU!XVbTRVR!VO!SYZUYXV#!
$Q!RYXWTV!SVZZYZQTXV!VRU!XNWNZNV!aQX!RaVSUXPa[PUPbNUXTV!+<[!QaXfR!NZVSUXPaVXbNQ\TZTRQUTPO#!D/x*z!bP_VOOV!
�!&%1E#!

!
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! ! ";"!

Q.N.,1$+7J('(+,

<"+"!"#V'%2.,-)%,1/87('(&8.(-0#

$VR! SVZZYZVR! 24-! RPOU! RPYbTRVR! RPTU! p! "F! TbaYZRTPOR! NZVSUXT`YVR! \TaPZQTXVR! VU!

QR_bNUXT`YVR!p! ZQ! ]XN`YVOSV!MV!FK"!4e!DSPbaPRNVR!M@YOV! TbaYZRTPO!aPRTUTWV!MV!0!bR!p!

FKH!c:ISb!RYTWTV!QaXfR!YOV!MYXNV!WQXTQ\ZV!.TK!M@YOV!TbaYZRTPO!ONdQUTWV!MV!*0!bR!p!FK"!

c:ISbEK! RPTU! p! MVR! TbaYZRTPOR! NZVSUXT`YVR! %>.! D"F! ^! 0! bRK! FK"! 4e! p! FKH! c:ISbE! VO!

aXNRVOSV! M@TPMYXV! MV! aXPaTMTYb#! $V! UQY^! VU! Z@V]]TSQSTUN! MV! aVXbNQ\TZTRQUTPO! RPOU!

MNUVXbTONR!aQX!S_UPbNUXTV!MV!]ZY^#!2VUUV!SPOMTUTPO!\TaPZQTXV!Q!NUN!S[PTRTV!aPYX!QWPTX! ZQ!

bjbV!S[QXdV!NZVSUXT`YV!MNZTWXNV!ZPXR!MV!S[Q`YV!TbaYZRTPO!NZVSUXT`YV!DbQTR!\TVO!RqX!MV!

aPZQXTUN!TOWVXRNE#!

!

%O! Q\RVOSV! MV! S[Qba! NZVSUXT`YVK! QYSYOV! aVXbNQ\TZTRQUTPO! bVb\XQOQTXV! O@VRU!

MNUVSUNV!D?TdYXV! '''C"*E#!%O!XVWQOS[VK! Z@QaaZTSQUTPO!M@TbaYZRTPOR!NZVSUXT`YVR!%>.! TOMYTU!

YO!UQY^!MV!aVXbNQ\TZTRQUTPO!MV!5*�5v!VU!YOV!V]]TSQSTUN!MV!aVXbNQ\TZTRQUTPO!MV!5*"�"F+!

Y#Q! D?TdYXV! '''C"*E#! =YVZ! `YV! RPTU! ZQ! WQZVYX! MV! ZQ! MYXNV! .TK! Z@QaaZTSQUTPO! M@TbaYZRTPOR!

NZVSUXT`YVR! \TaPZQTXVR! VU! QR_bNUXT`YVR! TOMYTU! YO! UQY^! VU! YOV! V]]TSQSTUN! MV!

aVXbNQ\TZTRQUTPO!`YT!OV!RPOU!aQR!RTdOT]TSQUTWVbVOU!MT]]NXVOUR!MVR!XNRYZUQUR!P\UVOYR!QWVS!

ZVR!TbaYZRTPOR!NZVSUXT`YVR!%>.!D?TdYXV!'''C"*E#!!

!

$Q! WTQ\TZTUN! SVZZYZQTXV! VRU! aVY! Q]]VSUNV! aQX! Z@QaaZTSQUTPO! M@TbaYZRTPOR! NZVSUXT`YVR!

%>.! DT#V#! ;*v! MV! SVZZYZVR! WTQ\ZVRE! VU! aQX! SVZZV! M@TbaYZRTPOR! NZVSUXT`YVR! \TaPZQTXVR! VU!

QR_bNUXT`YVR!DT#V#!�;Fv!MV!SVZZYZVR!WTQ\ZVRE!D?TdYXV!'''C"<E#!

!
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! !";+!

+

8T^VNL+ &&&G1A_+ $bbLZ+ aL+ 'T+ SVN+ RCTPZLNO\ZT`P+ QROSKTaLFKLKMNOPL+ SVN+ aLS+ \LRRVRLS+ 0<(-! )VR! SVZZYZVR!
24-! Ra[NXT`YVR! D"#"F0! SVZZYZVRIaPTOU! V^aNXTbVOUQZE! RPOU! TOSY\NVR! VO! aXNRVOSV! MV! 0! id! MV! aZQRbTMV!
aV>?(C2"! bQX`YN! QY! .-.-C"! MQOR! MY! UQbaPO! MV! aYZRQUTPO#! %ZZV! VRU! RPYbTRV! RPTU! p! MVR! TbaYZRTPOR!
NZVSUXT`YVR!%>.r!"F^0!bRK!FK"!4eK!p!FKH!c:ISbK!RPTU!QY^!TbaYZRTPOR!NZVSUXT`YVR!\TaPZQTXVR!VU!QR_bNUXT`YVR!
SPORUTUYNVR! M@YOV! TbaYZRTPO! aPRTUTWV! M@YOV! MYXNV! MV! 0!bR! VU! M@TOUVORTUN! NZVSUXT`YV! MV! FKH! c:ISb! RYTWT!
M@YOV!TbaYZRTPO!ONdQUTWV!M@YOV!MYXNV!MV!*0!bR!VU!M@YOV!TOUVORTUN!NZVSUXT`YV!MV!FK"!c:ISb#!$V!OPb\XV!VU!ZQ!
]XN`YVOSV!MVR!TbaYZRTPOR!\TaPZQTXVR!VU!QR_bNUXT`YVR!RPOU!XVRaVSUTWVbVOU!MV!"F!VU!MV!FK"!4e#!$Q!MYXNVK!.TK!
VOUXV! ZVR! MVY^! aQXUTVR! MV! Z@TbaYZRTPO! \TaPZQTXV! VU! QR_bNUXT`YV! VRU! `YV! OPYR! ]T^POR! p! 0! iR! PY! p! 0FF!bR#!
$@TOUVORTUN! MV! ]ZYPXVRSVOSV! QRRPSTNV! p! Z@TOUVXQSUTPO! aZQRbTMVIbVb\XQOV! VRU! MNUVXbTONV! aQX! ZV! ZPdTSTVZ!
1VUQ1PXa[#!D/SVZZYZVRx*Fz!bP_VOOV!�!&%1E#!
!
!
!

+

8T^VNL+ &&&G1>_+ $bbLZ+ aL+ 'T+ SVN+ RC[RL\ZN`ZNOPSbLNZ+ aL+ QROSKTaL+ aLS+ \LRRVRLS+ 0<(-+ 3OV! RYRaVORTPO!
SVZZYZQTXV!D"#"F5!SVZZYZVRIaPTOU!V^aNXTbVOUQZE!VRU!TOSY\NV!VO!aXNRVOSV!MV!0!id!MV!aZQRbTMV!aV>?(C2"!MQOR!
MY! UQbaPO!MV!aYZRQUTPO#! %ZZV! VRU! RPYbTRV! RPTU! p! MVR! TbaYZRTPOR! NZVSUXT`YVR!%>.r!"F^0!bRK! FK"!4eK! p! FKH!
c:ISbK! RPTU! QY^! TbaYZRTPOR! NZVSUXT`YVR! \TaPZQTXVR! VU! QR_bNUXT`YVR! SPORUTUYNVR! M@YOV! TbaYZRTPO!aPRTUTWV!
M@YOV!MYXNV!MV!0!bR!VU!M@TOUVORTUN!NZVSUXT`YV!MV!FKH!c:ISb!RYTWT!M@YOV!TbaYZRTPO!ONdQUTWV!M@YOV!MYXNV!MV!
*0!bR!VU!M@YOV!TOUVORTUN!NZVSUXT`YV!MV!FK"!c:ISb#!$V!OPb\XV!VU!ZQ!]XN`YVOSV!MVR!TbaYZRTPOR!\TaPZQTXVR!VU!
QR_bNUXT`YVR!RPOU!XVRaVSUTWVbVOU!MV!"F!VU!MV!FK"!4e#!$Q!MYXNVK!.TK!VOUXV! ZVR!MVY^!aQXUTVR!MV! Z@TbaYZRTPO!
\TaPZQTXV!VU!QR_bNUXT`YV!VRU!ZV!aQXQbfUXV!`YV!OPYR!]QTRPOR!WQXTVX!MV!0!bR!p!+!R!MQOR!OPUXV!NUYMV#!7aXfR!"F!
bTOYUVR! p! *F�2K! ZVR! SVZZYZVR! RPOU! XVbTRVR! VO! SYZUYXV#! $V! aPYXSVOUQdV! MV! SVZZYZVR! UXQOR]VSUNVR! D7E! VU!
Z@TOUVORTUN! MV! ]ZYPXVRSVOSV! QRRPSTNV! D6E! RPOU! MNUVSUNR! aQX! S_UPbNUXTV! MV! ]ZY^! +<[! QaXfR! NZVSUXPUXQOR]VXU#!
D/x*z!bP_VOOV!�!&%1E#!

!



W/(7$*"*(&N&O"-*+%&66@&h"-"4*/-+("*+12&#+1J5E(+F7%&'%&$M+2*%-"4*+12&J$"()+'%m)%)#-"2%&

! ! ";*!

<"+"+"#C0.%,82.(-0#)'8&1(*%W1%17,80%#

$VR! SVZZYZVR! 24-! RPOU! RPYbTRVR! RPTU! p! "F! TbaYZRTPOR! NZVSUXT`YVR! \TaPZQTXVR! VU!

QR_bNUXT`YVR!p! ZQ! ]XN`YVOSV!MV!FK"!4e!DSPbaPRNVR!M@YOV! TbaYZRTPO!aPRTUTWV!MV!0!bR!p!

FKH!c:ISb!RYTWTV!QaXfR!YOV!MYXNV!WQXTQ\ZV!.TK!M@YOV!TbaYZRTPO!ONdQUTWV!MV!*0!bR!p!FK"!

c:ISbEK! RPTU! p! MVR! TbaYZRTPOR! NZVSUXT`YVR! %>.! D"F! ^! 0! bRK! FK"! 4e! p! FKH! c:ISbE! VO!

aXNRVOSV!MV!0!id!MV!aZQRbTMV!bQX`YN!QY!.-.-C"#!$@TOUVXQSUTPO!aZQRbTMVIbVb\XQOV!VRU!

MNUVXbTONV!aQX!bTSXPRSPaTV!MV!]ZYPXVRSVOSV!p!Z@NS[VZZV!MV!ZQ!SVZZYZV!YOT`YV#!$VR!SZTS[NR!

RPOU!VOXVdTRUXNR!p!ZQ!]TO!MY!UXQTO!M@TbaYZRTPOR!NZVSUXT`YVR#!)VR!aXP]TZR!MV!]ZYPXVRSVOSV!RYX!

UPYU!ZV!aPYXUPYX!MVR!SVZZYZVR!RPOU!UXQSNR#!$@TOUVORTUN!MV!]ZYPXVRSVOSV!UPUQZV!MQOR!ZQ!ePOV!

M@TOUVXQSUTPO!aZQRbTMVIbVb\XQOV!VRU!SQZSYZNV#!

$@QaaZTSQUTPO!M@TbaYZRTPOR!NZVSUXT`YVR!\TaPZQTXVR!VU!QR_bNUXT`YVR!QWVS!YOV!WQZVYX!

MV!.T!MV!0!iR!aVXbVU!MV!MNUVSUVX! ZQ!]PXbQUTPO!MV!SPbaZV^VR!aZQRbTMVIbVb\XQOV!bQTR!

QWVS! YOV! MTbTOYUTPO! RTdOT]TSQUTWV! MV! ZQ! `YQOUTUN! MV! aZQRbTMV! VO! TOUVXQSUTPO! QWVS! ZQ!

bVb\XQOV!aZQRbT`YV!aQX!XQaaPXU!QY^!XNRYZUQUR!P\UVOYR!QWVS!YOV!WQZVYX!MV!.T!MV!0FF!bR!

DT#V#! FK90�FKF0! Q#Y#! WR! "K*"�FKF0! Q#Y#E! PY! aPYX! MVR! TbaYZRTPOR! NZVSUXT`YVR! %>.! DT#V#!

FK90�FKF0! Q#Y#! WR! "K*"�FKF0! Q#Y#E! D?TdYXV! '''C"0E#! 3OV! WQZVYX! MV! .T! MV! 0FF!bR! O@Q! aQR!

M@V]]VU!RYX!ZQ!]PXbQUTPO!MVR!SPbaZV^VR!aZQRbTMVIbVb\XQOV#!

<"+"5"#V'%2.,-.,80&@%,.#*%#)'8&1(*%#

)VR!TbaYZRTPOR!NZVSUXT`YVR!\TaPZQTXVR!VU!QR_bNUXT`YVR!PY!%>.!RPOU!QaaZT`YNVR!p!

MVR! SVZZYZVR! 24-! VO! aXNRVOSV! 0! id! MV! aZQRbTMV! aV>?(C2"#! +<! [VYXVR! QaXfR!

Z@NZVSUXPUXQOR]VXU!MV!aZQRbTMVK!ZV!UQY^!VU!Z@V]]TSQSTUN!MV!UXQOR]VSUTPO!RPOU!MNUVXbTONR!aQX!

S_UPbNUXTV!MV!]ZY^#!

!

7! .T! SPYXUK! Z@QaaZTSQUTPO! M@TbaYZRTPOR! NZVSUXT`YVR! \TaPZQTXVR! VU! QR_bNUXT`YVR!

TOMYTU!YOV!MTbTOYUTPO!RTdOT]TSQUTWV!MY!UQY^!VU!MV!Z@V]]TSQSTUN!MV!UXQOR]VSUTPO!aQX!XQaaPXU!

QY^!XNRYZUQUR!P\UVOYR!QWVS!MVR!TbaYZRTPOR!NZVSUXT`YVR!%>.!DUQY^!MV!UXQOR]VSUTPOr!<H�5v!

WR!"FFvz!V]]TSQSTUN!MV! UXQOR]VSUTPOr!FK*�FKFF0!Y#Q#!WR!"!Y#Q#E! D?TdYXV! '''C"5E#!$V! UQY^!MV!

UXQOR]VSUTPO! !QYdbVOUV!RTdOT]TSQUTWVbVOU! uYR`Y@p!YOV!WQZVYX!PaUTbQZV!MV!.T!MV!+FF!bR#!

(PYX! MVR! WQZVYXR! MV! .T! SPbaXTRVR! VOUXV! +FF! bR! VU! "! RK! ZVR! UQY^! MV! UXQOR]VSUTPO! RPOU!

SPbaQXQ\ZVR!p!SVZYT!P\UVOY!aPYX!MVR!TbaYZRTPOR!NZVSUXT`YVR!%>.!DT#V#!�;*�0vE!D?TdYXV!

'''C"57E#!(PYX!YOV!WQZVYX!MV!.T!MV!+!RK!YOV!ZNdfXV!MTbTOYUTPO!bQTR!RTdOT]TSQUTWV!MY!UQY^!MV!

UXQOR]VSUTPO!VRU!P\RVXWNV!DT#V#!95�0vE#!2VUUV!MVXOTfXV!aPYXXQTUCjUXV!SPXXNZNV!p!YOV!ZNdfXV!
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! !";<!

MTbTOYUTPO!MV!ZQ!WTQ\TZTUN!SVZZYZQTXV!MVR!SVZZYZVR!UXQOR]VSUNVR#!$@V]]TSQSTUN!MV!UXQOR]VSUTPO!

QYdbVOUV! aPYX! QUUVTOMXV! YO! bQ^TbYb! MV! FK9�FK"<! Y#Q#! p! 0FF! bR#! 2VUUV! V]]TSQSTUN! MV!

UXQOR]VSUTPO! O@VRU! aQR! RTdOT]TSQUTWVbVOU! MT]]NXVOUV! MV! SVZZV! P\UVOYV! aPYX! TbaYZRTPOR!

NZVSUXT`YVR! %>.! D?TdYXV! '''C"56E#! $@V]]TSQSTUN! MV! UXQOR]VSUTPO! MTbTOYV! UXfR! ZNdfXVbVOU!

aPYX! MVR! WQZVYXR! MV! .T! MV! "! R! DT#V#! FK5�FKF"0! Y#Q#E! VU! +! R! DT#V#! FK5�FKF0! Y#Q#E! `YT! VRU!

aXP\Q\ZVbVOU!ZTNV!p!YOV!MTbTOYUTPO!MV!ZQ!WTQ\TZTUN!SVZZYZQTXV#!

Q.P.,3&+87++&)*,E(,5)*8J7+&)*+,

$PXR`YV! MVR! TbaYZRTPOR! NZVSUXT`YVR! YOTaPZQTXVR! %>.! DT#V#! "F! ^! 0!bRK! FK"!4eK! FKH!

c:ISbE!RPOU!QaaZT`YNVR!RYX!MVR!SVZZYZVRK! ZQ!aVXbNQ\TZTRQUTPO!VRU!P\RVXWNV!QY!OTWVQY!MV!

ZQ! bVb\XQOV! ]QSV! QY^! MVY^! NZVSUXPMVR! bQTR! MV! bQOTfXV! QR_bNUXT`YV#! $Q! RYX]QSV!

aVXbNQ\TZTRNV! p! ZQ! bVb\XQOV! ]QSV! p! Z@QOPMV! VRU! aZYR! TbaPXUQOUV! `YV! SVZZV! ]QSV! p! ZQ!

SQU[PMV!8!%Q$%&%*&"$@:&CXXL>&g"#-+%$&%*&!%+((+/:&CXXA:&CXXXB#!$Q!aVXbNQ\TZTRQUTPO!QaaQXQsU!

ZPXR`YV!ZQ!WQZVYX!MY!aPUVOUTVZ!UXQORbVb\XQOQTXV!mn!QUUVTOU!ZQ!WQZVYX!SXTUT`YV!mnS!NdQZV!

p!VOWTXPO!+FFC*FF!b:!D.VTRRTN!VU!,PZRK!";;*E#!

!

! 

"# = "#
0

+ "#E = "#
0
$ fg %( )rE cos &( ) Eq. III $ 5( ) !

"0%4& st<:& '+GG/-%24%& '%& J1*%2*+%$& *-"2()%)#-"2"+-%& 2"*+G>& st3:& '+GG/-%24%& '%& J1*%2*+%$& *-"2()%)#-"2"+-%&
/$%4*-1\+2'7+*%>& G:& G"4*%7-& '%& G1-)%>& 98uB:& G"4*%7-& $+/& "7V& 412'74*+0+*/(& '%& $"& )%)#-"2%& J$"()+F7%:& '7&
4E*1J$"()%:&%*&'7&)+$+%7&%V*-"4%$$7$"+-%>&-:&-"E12&'%& $"&4%$$7$%>&3:& +2*%2(+*/&'7&45")J&/$%4*-+F7%&"JJ$+F7/>&v:&
"29$%&%2*-%&$"&'+-%4*+12&'7&45")J&/$%4*-+F7%&%*&$"&21-)"$%&"7&J1+2*&T&412(+'/-/&(7-&$"&)%)#-"2%&J$"()+F7%&
84G@&S+97-%&C:&J"9%&:&'%&$"&-%07%:&3(41GG-%&%*&"$@:&T1$&`+1*%4521$@:&;<<XB@&
&

!

?QSV! p! Z@QOPMVK! ZV! SPRTOYR! MV! Z@QOdZV! �! VRU! ONdQUT]#! $VR! MT]]NXVOSVR! MV! aPUVOUTVZ!

UXQORbVb\XQOQTXV! OQUT]! VU! NZVSUXPCTOMYTU! R@QuPYUVOUK! VOUXQsOQOU! YOV! [_aVXaPZQXTRQUTPO!

bVb\XQOQTXV#!$V!aPUVOUTVZ!UXQORbVb\XQOQTXV!mn!VRU!MNSXTU!aQX!Z@N`YQUTPO!RYTWQOUVr!

!

! 

"# = "#
0

+ fg $( )rEp Eq. III % 6( )!

"0%4&3J:&(%7+$&'%&J%-)/"#+$+("*+12&G"4%&q&$M"21'%@&

&

?QSV!p! ZQ!SQU[PMVK! ZV!SPRTOYR!MV! Z@QOdZV!�!VRU!aPRTUT]#!$VR!MT]]NXVOSVR!MV!aPUVOUTVZ!

UXQORbVb\XQOQTXV!OQUT]!VU!NZVSUXPCTOMYTU!RV!XVUXQOS[VOUK!VOUXQsOQOU!YOV!MNaPZQXTRQUTPO!

bVb\XQOQTXV! 8g-1((& %*& "$@:& CXU^>& !%Q$%& %*& "$@:& CXXL>& ]+#+21& %*& "$@:& CXXKB#! $V! aPUVOUTVZ!

UXQORbVb\XQOQTXV!mn!aXVOM!ZQ!]PXbV!RYTWQOUVr!

!
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! ! ";0!

! 

"# = "#
0
$ fg %( )rE f Eq. III $ 7( ) !

"0%4&3G:&(%7+$&'%&J%-)/"#+$+("*+12&G"4%&q&$"&4"*51'%@&

!

$@[_aVXaPZQXTRQUTPO!MV!ZQ!bVb\XQOV!S{UN!QOPMV!VU!ZQ!MNaPZQXTRQUTPO!S{UN!SQU[PMV!

aVXbVUUVOU! M@V^aZT`YVX! aPYX`YPT! ZV! RVYTZ! MV! aVXbNQ\TZTRQUTPO! p! ZQ! bVb\XQOV! ]QSV! p!

Z@QOPMV! VRU! aZYR! ]QT\ZV! `YV! SVZYT! p! ZQ!bVb\XQOV! ]QSV! p! ZQ! SQU[PMV#! 7! YOV! TOUVORTUN! MV!

S[Qba! NZVSUXT`YV! MPOONVK! ZQ! RYX]QSV! aVXbNQ\TZTRNV! ]QSV! p! Z@QOPMV! VRU! aZYR! TbaPXUQOUV!

`YV!SVZZV!]QSV!p!ZQ!SQU[PMV#!%O!XVWQOS[VK!Z@QaaZTSQUTPO!M@TbaYZRTPOR!NZVSUXT`YVR!\TaPZQTXVR!

VU! R_bNUXT`YVR! TOMYTU! YOV! aVXbNQ\TZTRQUTPO! R_bNUXT`YV! MV! ZQ! bVb\XQOV! aZQRbT`YV!

8!%Q$%&%*&"$@:&CXXC>&S"7-+%&%*&"$@:&;<<L>&O5%_&%*&"$@:&;<<=B#!2VUUV!QYdbVOUQUTPO!MV!ZQ!RYX]QSV!

MV! aVXbNQ\TZTRQUTPO! aVXbVU! M@QYdbVOUVX! Z@V]]TSQSTUN! MV! ZQ! aVXbNQ\TZTRQUTPO!

bVb\XQOQTXV!8S"7-+%&%*&"$@:&;<<L>&O5%_&%*&"$@:&;<<=B#!!

!

)QOR! ZQ! aXNRVOUV! NUYMVK! MVR! TbaYZRTPOR! NZVSUXT`YVR! \TaPZQTXVR! VU! QR_bNUXT`YVR!

RPOU!QaaZT`YNVR!QY^! SVZZYZVR!24-#!2VR! TbaYZRTPOR!NZVSUXT`YVR! RV!MNSPbaPRVOU!VO!MVY^!

TbaYZRTPOR!NZVSUXT`YVRr!$Q!aXVbTfXV!aQXUTV!VRU!YOV! TbaYZRTPO!aPRTUTWV!aVXbNQ\TZTRQOUV!

M@YOV! MYXNV! MV! 0!bR! VU! M@TOUVORTUN! NZVSUXT`YV! FKH! c:ISb#! $Q! MVY^TfbV! aQXUTV! VRU! YOV!

TbaYZRTPO! ONdQUTWV! OPO! aVXbNQ\TZTRQOUV! M@YOV! MYXNV! MV! *0!bR! DT#V#! .aE! VU! M@TOUVORTUN!

NZVSUXT`YV! MV! FK"! c:ISb! DT#V#! 3aE#! 2VUUV! TbaYZRTPO! NZVSUXT`YV! OV! aVXbNQ\TZTRV! aQR! ZQ!

bVb\XQOV! aZQRbT`YV!bQTR! dNOfXVXQTU! YOT`YVbVOU! MVR! ]PXSVR! NZVSUXPa[PXNUT`YVR#! /PR!

XNRYZUQUR!bPOUXVOU! `YV! Z@QaaZTSQUTPO!M@TbaYZRTPOR! NZVSUXT`YVR!%>.!WVXRYR!\TaPZQTXVR! VU!

QR_bNUXT`YVR! TOMYTU!YO! UQY^!VU!YOV!V]]TSQSTUN!MV!aVXbNQ\TZTRQUTPO!SPbaQXQ\ZVR! D?TdYXV!

'''C"*E#!2VR!XNRYZUQUR!SPO]TXbVOU!`YV!ZQ!SPbaPRQOUV!ONdQUTWV!MV!Z@TbaYZRTPO!\TaPZQTXV!VU!

QR_bNUXT`YV!OV!aVXbNQ\TZTRV!aQR!ZQ!bVb\XQOV!aZQRbT`YV#!!

!

$@QaaZTSQUTPO!M@TbaYZRTPOR!NZVSUXT`YVR!\TaPZQTXVR!VU!QR_bNUXT`YVR!QWVS!YOV!MYXNV!

.T!TO]NXTVYXV!p!0FF!bR!TOMYTU!YOV!MTbTOYUTPO!MY!UQY^!VU!MV!Z@V]]TSQSTUN!MV!UXQOR]VSUTPO!aQX!

QY^!TbaYZRTPOR!NZVSUXT`YVR!YOTaPZQTXVR!%>.#!(QX!V^VbaZVK!aPYX!YOV!MYXNV!.T!MV!0!bRK!ZV!

UQY^! VU! Z@V]]TSQSTUN! MV! UXQOR]VSUTPO! RPOU! MTWTRNR! XVRaVSUTWVbVOU! M@YO! ]QSUVYX! +! VU! *! aQX!

XQaaPXU!QY^!XNRYZUQUR!P\UVOYR!QWVS!MVR! TbaYZRTPOR!NZVSUXT`YVR!YOTaPZQTXVR!%>.!D?TdYXV!

'''C"5E#! 2VR! XNRYZUQUR! XNWfZVOU! `YV! aPYX! MVR! MYXNVR! .T! TO]NXTVYXVR! p! +FF!bRK! ZVR! ]PXSVR!

NZVSUXPa[PXNUT`YVR! dNONXNVR! aQX! ZQ! SPbaPRQOUV! ONdQUTWV! DOPO! aVXbNQ\TZTRQOUVE! MVR!

TbaYZRTPOR!NZVSUXT`YVR!\TaPZQTXVR!VU!QR_bNUXT`YVRK!MNSXPS[VOU!ZVR!bPZNSYZVR!MV!aZQRbTMV!
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! !";5!

VO! TOUVXQSUTPO! ]QT\ZV! QWVS! ZQ! bVb\XQOV! aZQRbT`YV! D?TdYXV! '''C"0E#! (QX! SPORN`YVOUK! ZQ!

`YQOUTUN!MV!aZQRbTMV!VOUXQOU!MQOR!ZVR!SVZZYZVR!VU!aPYWQOU!SPOMYTXV!p!YOV!V^aXVRRTPO!VRU!

MTbTOYNV#! %O! XVWQOS[VK! aPYX! YOV! MYXNV! .T! MV! +FF! bRK! ZVR! XNRYZUQUR! P\UVOYR! RPOU!

SPbaQXQ\ZVR!p!SVY^!QS`YTR!ZPXR!MV!Z@QaaZTSQUTPO!M@TbaYZRTPOR!NZVSUXT`YVR!YOTaPZQTXVR!%>.!

D?TdYXV! '''C"5E#! $VR! XNRYZUQUR! P\UVOYR! VO! UXQOR]VSUTPO! VU! RYX! Z@TOUVXQSUTPO!

aZQRbTMVIbVb\XQOV!RYddfXVOU!`Y@YOV!MYXNV!.T!MV!+FF!bR!DRPTU!FK+!RE!VRU!ONSVRRQTXV!p!

Z@NUQ\ZTRRVbVOU! M@YOV! TOUVXQSUTPO! aZQRbTMVIbVb\XQOV! ]PXUV! OPO! NZVSUXPCMTRRPSTQ\ZVK!

XV`YTRV! aPYX! Z@P\UVOUTPO! M@YOV! UXQOR]VSUTPO! V]]TSQSV#! 3OV! XNSVOUV! NUYMV! Q! bPOUXN! VO!

]QTRQOU! WQXTVX! ZQ! aPZQXTUN! VU! ZQ! ]XN`YVOSV! MVR! TbaYZRTPOR! NZVSUXT`YVR! R_bNUXT`YVR! DVO!

S[Qba! OPO! [PbPdfOVEK! `Y@YOV! MYXNV! MV! "! R! VRU! ONSVRRQTXV! p! Z@NUQ\ZTRRVbVOU! M@YOV!

TOUVXQSUTPO!aZQRbTMVIbVb\XQOV!RUQ\ZV!8S"7-+%&%*&"$@:&;<C<B#!)QOR!SV!UXQWQTZK! ZQ!RVSPOMV!

TbaYZRTPO! SPORVXWQTU! RPO! SQXQSUfXV! aVXbNQ\TZTRQOU! MPOS! Q]]VSUQTU! MV! bQOTfXV!

MXQbQUT`YV! Z@PXdQOTRQUTPO! bVb\XQOQTXV! VO! aQXQZZfZV! MV! ZQ! SPOUXT\YUTPO!

NZVSUXPa[PXNUT`YV#!/PUXV!NUYMV!DZTNV!QY!MNWVZPaaVbVOU!MY!dNONXQUVYX!6VUQUVS[E!aVXbVU!

MV! RV! aZQSVX! MQOR! MVR! SPOMTUTPOR! SZQRRT`YVR! M@NZVSUXPUXQOR]VXU! P�! ZQ!bVb\XQOV! XVZQ^V!

QaXfR! Z@TbaYZRTPO! NZVSUXT`YV! aQX! YOV! STONUT`YV! VO! *! UVbaR! 8O74+5"-& %*& "$@:& ;<<UB#! /PR!

XNRYZUQUR! bVUUVOU! VO! NWTMVOSV! ZQ! RTbTZTUYMV! UVbaPXVZZV! VOUXV! ZQ! RVSPOMV! a[QRV! MV!

XVZQ^QUTPO!DT#V#!XVUPYX!p!Z@NUQU!TbaVXbNQ\ZVE!VU!SVZZV!MV!ZQ!]PXbQUTPO!MY!SPbaZV^V!RUQ\ZV!

aZQRbTMVIbVb\XQOV#!/PUPOR!`YV!4T\TOP!VU!SPZZQ\PXQUVYXR!QWQTVOU!P\RVXWN!`YV!ZQ!S[YUV!

MXQRUT`YV!MV!SPOMYSUQOSV!NZVSUXT`YV!bVb\XQOQTXV!p!ZQ!]TO!MV!Z@TbaYZRTPO!NZVSUXT`YV!NUQTU!

\VQYSPYa! aZYR! XQaTMV! DNS[VZZV! MV! ZQ! bTZZTRVSPOMVE! VU! OV! SPXXVRaPOM! aQR! p! SVUUV!

RUQ\TZTRQUTPO!8]+#+21&%*&"$@:&CXXKB#!

!

L+55+#854;+#;+#0M+==+5#;+#0M)//029)527.#;M2*/40127.1#,2/70)2-+1#+5#)1<*85-234+1#

14-# 0M80+95-75-).1=+-5# ;+# /0)1*2;+# /+-*+5# 4.+# *+200+4-+# 97*/-8B+.127.# ;+#

0M2.5+-)9527.# /0)1*2;+G*+*,-).+:# 85)/+# 908# ;4# *89).21*+# ;M80+95-75-).1=+-5# ;+#

/0)1*2;+># L+# 5-)C)20# 97.=2-*+# 0)# 97--80)527.# 342# +P215+# +.5-+# 0M2.5+-)9527.#

/0)1*2;+G*+*,-).+# +5# 0M+==29)9258# ;+# 5-).1=+9527.># "71# -81405)51# 1466A-+.5# 34+#

0M2.5+-)9527.#;+1#*708940+1#;+#/0)1*2;+#)C+9#0)#*+*,-).+#/+-*8),20218+#1+-)25#4.#

/-79+1141# -)/2;+># (+1# 5-)C)4P# )C+9# 0+1# 2*/40127.1# 80+95-234+1# ?IZ$# *7.5-+.5#

34M+00+1# 17.5# 9-88+1# +.# 4.+# 9+.5)2.+# ;+#*29-71+97.;+1# E74#*72.1F># L+55+# ;+-.2A-+#

/)-52+#*7.5-+#34+#0)#15),2021)527.#;4#97*/0+P+#/0)1*2;+G*+*,-).+#1M+==+954+#+.#4.#

;80)2#;+#]RR#*1>#
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! ! ";H!

V.,:IIE(,6E,J',()L)J)K&E,67,LJ'+G&6E,+7#,JU&*(E#'8(&)*,LJ'+G&6E[GEG"#'*E,

V.;.,-*(#)678(&)*,

)QOR! ZVR! QOONVR! 9F! VU! ;FK! ZVR! aQXQbfUXVR! ZTNR! QY^! bPZNSYZVR! MV! aZQRbTMV! DT#V#!

UQTZZVK! SPOSVOUXQUTPO! VU! UPaPZPdTVE! POU! NUN! NUYMTNR! Q]TO! MV! SPbaXVOMXV! ZVR!bNSQOTRbVR!

M@NZVSUXPUXQOR]VXU!MV!aZQRbTMV!+2&0+*-1#!!

!

$Q! UQTZZV! MVR! bPZNSYZVR! MV! aZQRbTMV! aPYWQOU! jUXV! UXQOR]NXN! p! Z@TOUNXTVYX! MVR!

SVZZYZVR! VRU! WQXTQ\ZV! VU! OV! SPORUTUYV! aQR! YOV! ZTbTUV! SPbbV! MQOR! ZV! SQR! MVR! WVSUVYXR!

WTXQY^#!)VR! ]XQdbVOUR!M@7)/!MV!aZYR!MV!50!c\!POU!aY!jUXV! UXQOR]NXNR!MQOR! ZVR! SVZZYZVR!

/'4C*.*! VU! MQOR! ZVR! SVZZYZVR! MV! ZQ! bPVZZV! PRRVYRV! 8?"(*-%#1GG& %*& "$@:& CXUAB#! $Q! UQTZZV!

bQ^TbQZV! M@7)/! OPO! SPMQOU! aPYWQOU! jUXV! UXQOR]NXN! p! Z@TOUNXTVYX! MVR! SVZZYZVR! VRU!

M@VOWTXPO!"0F!p!+FF!c\!8!12%97__1&%*&"$@:&CXU^B#!$Q!bQuPXTUN!MVR!aZQRbTMVR!SPMQOU!YOV!

bPZNSYZV!M@TOUNXjU!`YT!RPOU! UXQOR]NXNR!MQOR! ZVR!SVZZYZVRK!Q!YOV! UQTZZV!SPbaXTRV!VOUXV!*K0!

ca\! VU! +F! ca\! 8f"29& %*& "$@:& ;<<=B#! 'Z! V^TRUV! NdQZVbVOU! YOV! OPYWVZZV! dNONXQUTPO! MV!

aZQRbTMV! QaaVZN! BbTOTCSTXSZVB! MPOU! ZQ! UQTZZV! VRU! SPbaXTRV! VOUXV! +! ca\! VU! *! ca\! SQX! ZVR!

RN`YVOSVR!\QSUNXTVOOVR!UVZZVR!`YV!Z@PXTdTOV!MV!XNaZTSQUTPO!VU!ZVR!dfOVR!MV!XNRTRUQOSVR!QY^!

QOUT\TPUT`YVRK!POU!NUN!NZTbTONVR!DR"-F7%*&%*&"$@:&CXXA>&g+$$&%*&"$@:&;<<XB#!$@NZVSUXPUXQOR]VXU!

+2&0+*-1!MV!aZQRbTMV!MV!aVUTUV!UQTZZV!VRU!aZYR!V]]TSQSV!`YV!SVZYT!MV!dXQOMV!UQTZZV!8T1$2"-&%*&
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$Q!SPOSVOUXQUTPO!MV!aZQRbTMV!YUTZTRNV!WQXTV!MV!FK"!idIb$!p!"FF!idIb$!RVZPO!ZVR!

V^aNXTVOSVR#! %O! XfdZV! dNONXQZVK! aZYR! ZV! OPb\XV! MV! SPaTVR! MV! aZQRbTMV! VRU! TbaPXUQOUVK!
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!
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&P]TQK!6YZdQXTQ!
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!
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%ZVSUXPaVXbVQ\TZTeQUTPO! TR! Q! OPOCWTXQZ! bVU[PM! U[QU! SQO! \V! YRVM! UP! UXQOR]VX!

aZQRbTM!)/7!TOUP!SVZZR!QOM!UTRRYVR#!4PgVWVX!QOM!VWVO!T]!TU!TR!RQ]VK!U[TR!a[_RTSQZ!bVU[PM!

XVbQTOR! ZVRR! V]]TSTVOU! U[QO! WTXQZ! QaaXPQS[VR#! 6TPa[_RTSQZ! bVS[QOTRbR! P]! dVOV!

VZVSUXPUXQOR]VX!QXV!OPU!VOUTXVZ_!cOPgO#!2POUXQX_!UP!RbQZZ!bPZVSYZVR!U[QU![QWV!MTXVSU!QOM!
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S_UPaZQRb#! 'O!PXMVX! UP!YOMVXRUQOM! U[V!\TPa[_RTSQZ!bVS[QOTRbR!P]!dVOV!VZVSUXPUXQOR]VX!

QOM! \_! U[TR! gQ_! UP! TbaXPWV! TUK! gV! TOWVRUTdQUVM! U[V! MVaVOMVOSV! P]! aZQRbTM!

)/7IbVb\XQOV! TOUVXQSUTPO! QOM! dVOV! V^aXVRRTPO! PO! U[V! UPaPZPd_! P]! aZQRbTM!)/7K! T#V#!

ZTOVQX!0%-(7(!RYaVXSPTZVM#!-YX!XVRYZUR!XVWVQZVM!U[QUr! TE!VWVO!T]!aZQRbTM!)/7IbVb\XQOV!

TOUVXQSUTPOR!QXV!POZ_!RZTd[UZ_!Q]]VSUVM!\_!U[V!UPaPZPd_!P]!aZQRbTM!)/7K!TTE!dVOV!UXQOR]VX!

QOM!V^aXVRRTPO!QXV!RUXPOdZ_!Q]]VSUVM!\_!TU#!'OMVVMK!U[V!ZTOVQXTeQUTPO!P]!aZQRbTM!)/7!ZVQMR!

UP!Q!MVSXVQRV!TO!U[V!UXQOR]VSUTPO!ZVWVZ#!
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.[V! aVXbVQ\TZTU_! P]! SVZZ! bVb\XQOVR! SQO! \V! UXQORTVOUZ_! QOM! ZPSQZZ_! TOSXVQRVM!

g[VO!V^UVXOQZ!VZVSUXTS!]TVZM!aYZRVRK!PWVX!Q!SXTUTSQZ!TOUVORTU_K!QXV!QaaZTVMK!Q!a[VOPbVOPO!
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XPYUTOVZ_! YRVM! TO! SVZZ! QOM! bPZVSYZQX! \TPZPd_K! TO! \TPUVS[OPZPd_K! QOM! bPXV! XVSVOUZ_! TO!

bVMTSTOV#!'U!TR!Q!WVX_!V]]TSTVOU!gQ_!]PX!S_UPUP^TS!MXYdR!MVZTWVX_!TO!SQOSVX!SVZZR!D*C0E#!.[TR!

aXPSVRR! SQZZVM! VZVSUXPS[VbPU[VXQa_! TR! OPg! QSSVaUVM! QR! Q! aQZZTQUTWV! SZTOTSQZ! UXVQUbVOU#!

.[V!YRV!P]! VZVSUXPUXQOR]VX! ]PX!aZQRbTM!)/7!MVZTWVX_! UP! SVZZR! [QR!\VVO!gTMVZ_!YRVM! ]PX!

bQO_! _VQXR#! 'U! [QR! \VVO! V^UVOMVM! UP! R[Pg! U[V! YUTZTU_! P]! U[TR! aXPSVMYXV! +2& 0+01#! 1QTO!

QMWQOUQdVR!P]!U[V!SPOUXPZZVM!YRV!P]!aYZRVM!VZVSUXTS!]TVZM!QXV!U[QU!TU!TR!Q!RQ]VK!XQaTM!QOM!OPO!

V^aVORTWV! aXPSVMYXVK! V`YQZZ_! QaaZTSQ\ZV! UP! `YTVRSVOU! QOM! MTWTMTOd! SVZZR#! >VOV!

VZVSUXPUXQOR]VX![QR!\VVO!aVX]PXbVM!+2&0+01!PO!RVWVXQZ!UTRRYV!U_aVR!TOSZYMTOd!RcTOK!ZTWVXK!

UYbPXK!bYRSZVK!\XQTO!QOM!RaZVVO!D5C""E#!2ZTOTSQZ!UXTQZR!P]!dVOV!VZVSUXPUXQOR]VX!QXV!YOMVX!

TOWVRUTdQUTPO! D"+C"0E#! 7! a[QRV! '! MPRV! VRSQZQUTPO! UXTQZ! P]! aZQRbTM! TOUVXZVYcTO!

VZVSUXPaPXQUTPO![QR!\VVO!SQXXTVM!PYU! TO!aQUTVOUR!gTU[!bVUQRUQUTS!bVZQOPbQK! TOMTSQUTOd!

U[TR!bPMQZTU_!UP!\V!RQ]V!QOM!V]]VSUTWV!D"5E#!

)VRaTUV!OYbVXPYR! RUYMTVRK!bYS[! XVbQTOR!YOcOPgO!Q\PYU! U[V!\QRTS!\TPa[_RTSQZ!

bVS[QOTRbR! D"HE#! (VX]PXbVM! QU! U[V! RTOdZV! SVZZ! ZVWVZK! RUYMTVR! [QWV! _TVZMVM! Q!

a[VOPbVOPZPdTSQZ! MVRSXTaUTPO! P]! dVOV! VZVSUXPUXQOR]VX! D"9E#! &bQZZ! QOM! ZQXdV!bPZVSYZVR!

VOUVX!U[V!SVZZ!U[XPYd[!gVZZ!MV]TOVM!aVXbVQ\TZTeVM!SQaR!P]!U[V!aZQRbQ!bVb\XQOV#!&bQZZ!

bPZVSYZVRK!RYS[!QR!QOUTSQOSVX!MXYdRK![QWV!Q!MTXVSU!QOM!]XVV!QSSVRR!UP!U[V!S_UPaZQRb#!.[V_!

VOUVX! TOUP! U[V! SVZZ! QSXPRR! aQXU! P]! U[V! bVb\XQOV! ]QSTOd! U[V! UgP! VZVSUXPMVR! WTQ! U[V!
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SPYZM! [QWV! QO_! V]]VSU! PO! U[V! VZVSUXPCbVMTQUVM! dVOV! V^aXVRRTPO#! 'U! [QR! \VVO! TOMVVM!
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Q!RY]]TSTVOU!POV#!'U!SQO!TOMVVM!\V!Q]]VSUVM!\_!XVWVXRTOd!U[V!aPZQXTU_!QOM!\_!TOSXVQRTOd!U[V!

XVaVUTUTPO!]XV`YVOS_!P]!aYZRVR!D+5E#!,VSVOU!XVRYZUR!XVWVQZ!U[V!V^TRUVOSV!P]!UgP!SZQRRVR!P]!

aZQRbTM!)/7IbVb\XQOV!TOUVXQSUTPOr!TE!Q!bVUQRUQ\ZV!aZQRbTM!)/7IbVb\XQOV!SPbaZV^!

]XPb! g[TS[! aZQRbTM! )/7! SQO! ZVQWV! QOM! XVUYXO! UP! aYZRQUTPO! \Y]]VXK! QOM! TTE! Q! RUQ\ZV!

aZQRbTM! )/7IbVb\XQOV! SPbaZV^K! g[VXV! aZQRbTM! )/7! SQOOPU! \V! XVbPWVM! VWVO! \_!

QaaZ_TOd!VZVSUXTS!aYZRVR!P]!XVWVXRVM!aPZQXTU_#!-OZ_!aZQRbTM!)/7!\VZPOdTOd!UP!U[V!RVSPOM!

SZQRR! ZVQMR! UP! V]]VSUTWV! dVOV! V^aXVRRTPO! D+<K! +5E#! ']! U[V! ]TXRU! RUVaR! P]! dVOV!

VZVSUXPUXQOR]VSUTPOK!T#V#!bTdXQUTPO!P]!U[V!aZQRbTM!)/7!UPgQXMR!U[V!VZVSUXPaVXbVQ\TZTeVM!

aZQRbQ!bVb\XQOV!QOM!TUR!TOUVXQSUTPO!gTU[!TUK!QXV!RUQXUTOd!UP!\V!MVRSXT\VM!QOM!U[VXV]PXV!

XVaXVRVOU! dYTMVZTOVR! UP! TbaXPWV! dVOV! VZVSUXPUXQOR]VXK! U[V! RYSSVRR]YZ! V^aXVRRTPO! P]! U[V!

aZQRbTM!MVaVOMR!PO!TUR!RY\RV`YVOU!bTdXQUTPO!TOUP!U[V!SVZZ#!.[V!S[QXdV!QOM!U[V!R[QaV!P]!

U[V!aZQRbTM!)/7!SPYZM!U[VXV]PXV!Q]]VSU!U[VRV!MT]]YRTPO!aXPSVRRVR#!-OV!bQ_!gPOMVX!T]!U[V!

UPaPZPd_!P]!aZQRbTM!)/7!SQO!uVPaQXMTeV!VZVSUXTSQZZ_!dVOV!MVZTWVX_!QOM!dVOV!V^aXVRRTPO!

RYSSVRR#!.P!QORgVX!UP!U[TR!`YVRUTPOK!gV!YRVM!UgP!UPaPTRPbVXR!P]!Q!<#H!c\a!aZQRbTM!)/7K!
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! !+F5!

DT#V#! RYaVXSPTZVM! QOM! ZTOVQX! ]PXbRE#! -YX! aXVRVOU! XVRYZUR! XVWVQZ! U[QU! aZQRbTM!

)/7IbVb\XQOV!TOUVXQSUTPO!QOM!dVOV!VZVSUXPMVZTWVX_!UQcV!aZQSV!g[QUVWVX!U[V!UPaPZPd_!

P]! U[V! aZQRbTM! )/7#! 4PgVWVXK! U[V! QbPYOU! P]! aZQRbTM! )/7! TO! TOUVXQSUTPO! gTU[! U[V!

bVb\XQOV!QOM!UXQOR]VSUTPO!V]]TSTVOS_!TR! ZPgVX!g[VO!YRTOd!ZTOVQX!aZQRbTM!)/7!D?TdYXV!

+E#!.[VRV!XVRYZUR!RYaaPXU!Q!bVS[QOTRb!g[VXV!UXQOR]VSUTPO!V]]TSTVOS_!TR!MTXVSUZ_!Q]]VSUVM!

\_!U[TR!TOUVXQSUTPO!D?TdYXV!*E#!!

2POUPYX!ZVOdU[!P]!aZQRbTM!)/7!TO!ZTOVQX!]PXb!TR!$)/7!x!"#5!µb!QOM!U[V!V]]VSUTWV!

ZVOdU[! TO!RYaVXSPTZVM! ]PXb! TR!$)/7!x!F#0"!µb#! ']!POV!RYaaPRV! U[QU!aZQRbTM!)/7!aQRRVR!

]XVVZ_! U[XPYd[! U[V! bVb\XQOV! U[V! bTOTbQZ! UTbV! D!UE! gTU[! MXT]U! WVZPSTU_! DWE! TRr! D!UEx!

$)/7IW!x!$)/7Ir#%V]]K!g[VXV!!r!TR!U[V!VZVSUXPa[PXVUTS!bP\TZTU_!P]!)/7!x!"#0!^"FC<Sb+#:C"#RC

"K! %V]]! x! F#H! :#SbC"K! "F! aYZRVR! gTU[! MYXQUTPO! 0! bR! DUPUQZZ_! 0F!bRE!!U! ]PX! bTdXQUTPO! P]!

aZQRbTM!)/7!U[XPYd[!U[V!bVb\XQOV!SQO!\V!SQZSYZQUVM!QSSPXMTOd!UP!U[V!aXVWTPYR!gPXc!

P]!&aQRRPWQ!VU!QZ#!D**E#!'U!TR!V`YQZ!UP!"#0!bR!]PX!ZTOVQX!]PXb!QOM!UP!F#0!bR!]PX!RYaVXSPTZVM!

aZQRbTM!)/7#!.[V!MTQbVUVX!P]! ZTOVQX! ]PXb!P]!aZQRbTM!)/7!TR! TO!PXMVX!P]!+C*!Ob!g[TZV!

U[QU!P]!U[V!RYaVXSPTZVM!aZQRbTM!)/7!TR!POV!PXMVX!P]!bQdOTUYMV!ZQXdVX!DQ\PYU!+FC*F!ObE#!

7R!TO!U[V!SQRV!P]!U[V!TOUVXQSUTPO!P]!)/7ISQUTPOTS!ZTaPaZV^VR!D*<EK!]PXbQUTPO!P]!VOMPS_UTS!

WVRTSZVR! P]! aZQRbTM! )/7IZTaTM! SPbaZV^VR! XV`YTXV! UP! SXVQUV! ZQXdV! bVb\XQOV! V^UVXOQZ!

DV^UE! QOM! TOUVXOQZ! DTOUE! RYX]QSV! D&V^U<&TOUE! QOM! S[QXdV! D)V^U<)TOUE! QR_bbVUXTVR#! %ZVSUXPO!

bTSXPRSPa_! ]QTZVM! UP! XVWVQZ! U[V! VOMPRPbVCZTcV! ]PXbQUTPO! TO! VYcQX_PUTS! SVZZR! D*0E#!

%ZVSUXPUXQOR]VSUTPO!V]]TSTVOS_! TR![Td[VX! TO!SQRV!P]! U[V!RYaVXSPTZVM!aZQRbTM!)/7!D?TdYXV!

*E#!7ZUPdVU[VXK!U[VRV!XVRYZUR!SPYZM!\V!V^aZQTOVM!\_!U[V!]PZZPgTOd!RYddVRUTPORr!

"#! &YaVXSPTZVM! aZQRbTM! )/7! D]ZV^T\ZV! XPM! ]PXbK! MTQbVUVX! *F! ObE! TOMYSVR! U[V!

ZQXdVX! VZVSUXPa[PXVUTS! TOWQdTOQUTPO! P]! aZQRbQ! bVb\XQOV! QOM! ]QWPXTUVR! U[V!

aVXbVQ\TZTeQUTPO!OVQX!U[V!QMRPX\VM!aZQRbTM!)/7#!!

+#! .[V! XQU[VX! [Td[! MTQbVUVX! P]! QMRPX\VM! aZQRbTM! )/7! TO! RYaVXSPTZVM! ]PXb!

TOSXVQRVR! U[V! VZVSUXTSQZ! XVRTRUQOSV! P]!bVb\XQOV! QOM! ]QWPXTUVR! U[V! ]PXbQUTPO! P]! \TddVX!

aVXbVQ\TZTRVM!aVXSPZQUVM!QXVQ!OVQX!U[V!aZQRbTM!)/7#!!

*#! $TOVQX! ]PXbR! P]! aZQRbTM! )/7! D$)/7! x! "#5!µbE! PSSYa_! \TddVX! QXVQ! QOM! ]PXb!

RPbV!�QXS[TaVZQdP!V]]VSUR�!PO!U[V!RYX]QSV!P]!bVb\XQOV#!.[V!TOWQdTOQUTPO!P]!bVb\XQOV!

OVQX!U[V!QMRPX\VM!aZQRbTM!)/7!gTZZ!\V!XVMYSVM!MYV!UP!U[V!ZPgVX!U[TScOVRR!P]!aZQRbTM!

)/7! QOM! U[V! aVXbVQ\TZTeQUTPO! gTZZ! \V! MVSXVQRVM#! -O! U[V! PU[VX! [QOM! U[V! SQRYQZ!

�QXS[TaVZQdP�! RaXVQMTOd! P]! ZTOVQX! ]ZV^T\ZV! aZQRbTM! )/7! PO! U[V!bVb\XQOV! RYX]QSV!gTZZ!

MVSXVQRV! U[V!aVXSPZQUTPOK!bPUTPO! QOM! SPQZVRSVOSV! P]! aPXVR! OVQX! U[V!aZQRbTM!)/7!QOM!
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! ! +FH!

gTZZ! XVMYSV! U[V! VZVSUXPaPXQUVM! [_MXPa[TZTS! aVXbVQ\TZTeVM! ePOVR! U[XPYd[! g[TS[!

aVOVUXQUV!aZQRbTM!)/7#!

<#! .[V! RUT]]VOVM! QOM! S[QXdVM! bQSXPbPZVSYZVR! gTU[! \TddVX! MTQbVUVX! SPYZM!

VZVSUXPbTdXQUV! QOMIPX! MT]]YRV! U[XPYd[! U[V! bVb\XQOV! VQRTVX#! (ZQRbTM! )/7!

VZVSUXPa[PXVRTR!DP]!RUT]]!bQSXPbPZVSYZVRE!SPYZM!S[QOdV!U[V!aXPaVXUTVR!P]!VZVSUXPaPXQUVM!

QXVQ!\_!RPbV!TOSXVQRVR!P]!RTeVR!PX!ZT]VUTbVR!P]!aPXVR!YOMVX!aZQRbTM!)/7#!

!

.[V! UPaPZPd_! P]! aZQRbTM! )/7! SPYZM! U[VXV]PXV! ]QWPXTUVR! U[V!

VZVSUXPaVXbVQ\TZTeQUTPOK! VZVSUXPMT]]YRTPO! QOM! ]TOQZZ_! VZVSUXPUXQOR]VSUTPO! P]! SVZZR#!

1PXVPWVX!TU!SQO!Q]]VSU!bVb\XQOV!PXdQOTeQUTPO!ZVQMTOd!UP!TUR!MV]PXbQUTPOK!Q!aXPSVRR!U[QU!

bQ_! \V! TOWPZWVM! TO! TUR! RY\RV`YVOU! YaUQcV! TOUP! U[V! SVZZ#! %^aVXTbVOUR! QXV! OPg! UP! \V!

MVWVZPaVM!TO!U[QU!]TVZM#!!

!

!0i)(g9$.:6$)'*!

.[TR!gPXc![QR!\VVO!RYaaPXUVM!\_!dXQOUR! UP!6/K! '.!QOM!1(,! ]XPb! 'OUVXOQUTPOQZ!

&STVOUT]TS! 2PPaVXQUTPO! (XPdXQbb! U[V! 6YZdQXTQO! 7SQMVb_! P]! &STVOSVR! D6YZd#! /QU#! ?YOM!

D)-! F+I"H9E! UP! '#.E! QOM! U[V! 2/,&! QOM! (QYZ! &Q\QUTVX! 3OTWVXRTU_K! UP! 1(,! ]XPb! U[V!

7RRPSTQUTPO!?XQO}QTRV!SPOUXV!ZVR!1_PaQU[TVR!D7?1EK!]XPb!U[V!XVdTPO!1TMT!(_XVOVVR!UP!G.#!

.[V! QYU[PXR! gQOU! UP! U[QOc! 2ZQTXV!1TZZPU! D'(6&K! .PYZPYRVK! ?XQOSVE! ]PX! [VX! [VZa! TO! SVZZ!

SYZUYXV#!!

!

#$8$#$)0$*+

"#! /VYbQOOK! %#K!1#! &S[QV]VXC,TMMVXK! 8#!lQOdK! QOM! (#! 4#! 4P]RS[OVTMVX#! ";9+#! >VOV!

UXQOR]VX!TOUP!bPYRV!Z_PbQ!SVZZR!\_!VZVSUXPaPXQUTPO!TO![Td[!VZVSUXTS!]TVZMR#!3)#1&?!

"r9<"C9<0#!

+#! %RSP]]XVK! G#!1#K!)#!&#!)VQOK!1#!4Y\VXUK!1#!(#!,PZRK!QOM!2#!?QWQXM#!+FFH#!1Vb\XQOV!

aVXUYX\QUTPO! \_! QO! V^UVXOQZ! VZVSUXTS! ]TVZMr! Q! bVS[QOTRb! UP! aVXbTU! bPZVSYZQX!

YaUQcV#!37-&`+1J5E(&?!*5r;H*C;9*#!

*#! 1TXK!$#!1#K!$#!?#!>ZQRRK!>#!&VXRQK!G#!.VTRRTVK!2#!)PbVOdVK!)#!1TcZQWSTSK!1#!G#!GQXPReVRcTK!

&#! -XZPgRcTK! )#! &#! ,VTOUdVOK! �#! ,YMPZ]K! 1#! 6VZV[XQMVcK! ,#! >TZ\VXUK! 1#! (#! ,PZRK! G#!

6VZV[XQMVcK!GX#K!G#!1#!6QS[QYMK!,#!)V2POUTK!6#!&UQ\YSK!1#!2VbQeQXK!(#!2POTO^K!QOM!,#!

4VZZVX#! ";;9#! %]]VSUTWV! UXVQUbVOU! P]! SYUQOVPYR! QOM! RY\SYUQOVPYR! bQZTdOQOU!

UYbPYXR!\_!VZVSUXPS[VbPU[VXQa_#!`-&?&h"24%-!HHr+**5C+*<+#!
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! !+F9!

<#! 6VZV[XQMVcK!1#K!2#!)PbVOdVK!6#!$Y\PTORcTK!&#!-XZPgRcTK!G#!6VZV[XQMVcK!GX#K!QOM!$#!1#!

1TX#!";;*#!%ZVSUXPS[VbPU[VXQa_K!Q!OVg!QOUTUYbPX!UXVQUbVOU#!?TXRU!SZTOTSQZ!a[QRV!

'C''!UXTQZ#!h"24%-!H+r*5;<C*HFF#!

0#! ,PZRK! 1#! (#K! 8#! .QbeQZTK! QOM! G#! .VTRRTV#! +FF+#! %ZVSUXPS[VbPU[VXQa_! P]! [PXRVR#! 7!

aXVZTbTOQX_!SZTOTSQZ!XVaPXU#!`+1%$%4*-145%)+(*-E!00r"F"C"F0#!

5#! .TUPbTXPWK!7#!:#K!&#!&Yc[QXVWK!QOM!%#!hTRUQOPWQ#!";;"#!'O!WTWP!VZVSUXPaPXQUTPO!QOM!

RUQ\ZV! UXQOR]PXbQUTPO! P]! RcTO! SVZZR! P]! OVg\PXO! bTSV! \_! aZQRbTM! )/7#! `+145+)&

`+1J5E(&.4*"!"F99r"*"C"*<#!

H#! 4VZZVXK! ,#K! 1#! GQXPReVRcTK! 7#! 7UcTOK! )#! 1PXQMaPYXK! ,#! >TZ\VXUK! G#! lQOMRK! QOM! 2#!

/TSPZQY#!";;5#!'O!WTWP!dVOV!VZVSUXPTOuVSUTPO!QOM!V^aXVRRTPO!TO!XQU!ZTWVX#!S3`D&I%**!

*9;r++0C++9#!

9#! ,PZRK!1#!(#K!2#!)VZUVTZK!1#!>PZeTPK!(#!)YbPOMK!&#!2XPRK!QOM! G#!.VTRRTV#!";;9#! 'O!WTWP!

VZVSUXTSQZZ_! bVMTQUVM! aXPUVTO! QOM! dVOV! UXQOR]VX! TO! bYXTOV! bVZQOPbQ#! e"*&

`+1*%4521$!"5r"59C"H"#!

;#! 7T[QXQK!4#K!QOM!G#!1T_QeQcT#!";;9#!>VOV!UXQOR]VX!TOUP!bYRSZV!\_!VZVSUXPaPXQUTPO!TO!

WTWP#!e"*&`+1*%4521$!"5r95HC9HF#!

"F#! 2VbQeQXK! 1#K! 1#! >PZeTPK! >#! &VXRQK! 1#! (#! ,PZRK! QOM! G#! .VTRRTV#! +FF5#! %ZVSUXTSQZZ_C

QRRTRUVM!OYSZVTS!QSTMR!MVZTWVX_!UP!UTRRYVR!TO!WTWPr!g[VXV!MP!gV!RUQOM�!h7--&O5"-)&

R%(!"+r*9"HC*9+0#!

""#! 1TXK!$#!1#K!1#!?#!6YXVQYK!G#!>V[ZK!,#!,QOdQXQK!)#!,PY_K!G#!1#!2QTZZQYMK!(#!)VZQVXVK!)#!

6XQOVZZVSK!6#!&S[gQXUeK!QOM!)#!&S[VXbQO#!";;;#!4Td[CV]]TSTVOS_!dVOV!UXQOR]VX!TOUP!

RcVZVUQZ!bYRSZV!bVMTQUVM! \_! VZVSUXTS! aYZRVR#!O-14&e"*$& .4"'& D4+& o& D& .! ;5r<+5+C

<+5H#!

"+#! >V[ZK!G#!+FF9#!%ZVSUXPaPXQUTPO!]PX!MXYd!QOM!dVOV!MVZTWVX_!TO!U[V!SZTOTSr!MPSUPXR!dP!

VZVSUXTS#!T%*51'(&T1$&`+1$!<+*r*0"C*0;#!

"*#! >TQXMTOPK! ,#K! 1#! ?TOTK! :#! 6POQeeTK! ,#! 2QMPRRTK! 7#! /TSPZTOTK! QOM! 7#! 2QXaT#! +FF5#!

%ZVSUXPS[VbPU[VXQa_!Q!OPWVZ!QaaXPQS[!UP!U[V!UXVQUbVOU!P]!bVUQRUQUTS!OPMYZVR!PO!

U[V!RcTO!QOM!RY\SYUQOVPYR!UTRRYVR#!`+1)%'&O5"-)"41*5%-!5Fr<09C<5+#!

"<#! &VXRQK! >#K! )#! 1TcZQWSTSK! 1#! 2VbQeQXK! �#! ,YMPZ]K! >#! (YST[QXK! QOM! 1#! &OPu#! +FF9#!

%ZVSUXPS[VbPU[VXQa_!TO!UXVQUbVOU!P]!UYbPYXR#!37-&?&D7-9&b241$!*<r+*+C+<F#!

"0#! &aYdOTOTK! %#! (#K! >#! 2TUXPK! 7#! )@7WTOPK! QOM! 7#! 6QZMT#! +FF9#! (PUVOUTQZ! XPZV! P]!

VZVSUXPS[VbPU[VXQa_!]PX!U[V!UXVQUbVOU!P]!RP]U!UTRRYV!RQXSPbQr!]TXRU!TORTd[UR!]XPb!

aXVSZTOTSQZ!RUYMTVR!TO!QOTbQZR#!62*&?&`+145%)&h%$$&`+1$!<Fr"0;C"5*#!
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! ! +F;!

"5#! )QYMK! 7#! '#K! ,#! 2#! )V2POUTK! &#! 7OMXVgRK! (#! 3X\QRK! 7#! '#! ,TcVXK! :#! h#! &POMQcK! (#! /#!

1YORUVXK!)#!1#!&YZZTWQOK!h#!%#!3dVOK!G#!$#!1VRRTOQK!QOM!,#!4VZZVX#!+FF9#!([QRV!'!UXTQZ!

P]!TOUVXZVYcTOC"+!aZQRbTM!VZVSUXPaPXQUTPO!TO!aQUTVOUR!gTU[!bVUQRUQUTS!bVZQOPbQ#!?&

h$+2&b241$!+5r09;5C0;F*#!

"H#! .VTRRTVK! G#K! 1#! >PZeTPK! QOM! 1#! (#! ,PZR#! +FF0#! 1VS[QOTRbR! P]! SVZZ! bVb\XQOV!

VZVSUXPaVXbVQ\TZTeQUTPOr! Q! bTOTXVWTVg! P]! PYX! aXVRVOU! DZQSc! P]! �E! cOPgZVMdV#!

`+145+)&`+1J5E(&.4*"!"H+<r+HFC+9F#!

"9#! %RSP]]XVK!G#!1#K!.#!(PXUVUK!$#!lQRYOdYK!G#!.VTRRTVK!)#!)VQOK!QOM!1#!(#!,PZR#!+FF;#!l[QU!

TR!D&UTZZ!OPUE!hOPgO!P]! U[V!1VS[QOTRb!\_!l[TS[!%ZVSUXPaPXQUTPO!1VMTQUVR!>VOV!

.XQOR]VX!QOM!%^aXVRRTPO!TO!2VZZR!QOM!.TRRYVR#!T1$&`+1*%4521$!<"r+95C+;0#!

";#! ,PZRK! 1#! (#K! QOM! G#! .VTRRTV#! ";;F#! %ZVSUXPaVXbVQ\TZTeQUTPO! P]! bQbbQZTQO! SVZZR#!

=YQOUTUQUTWV!QOQZ_RTR!P]!U[V!a[VOPbVOPO#!`+1J5E(&?!09r"F9;C"F;9#!

+F#! (YSK!1#K!.#!hPUOTcK!$#!1#!1TXK!QOM!)#!1TcZQWSTS#!+FF*#!=YQOUTUQUTWV!bPMVZ!P]!RbQZZ!

bPZVSYZVR!YaUQcV!Q]UVX! TO!WTUXP!SVZZ! VZVSUXPaVXbVQ\TZTeQUTPO#!`+1%$%4*-145%)+(*-E!

5Fr"C"F#!

+"#! &YOK!8#K!(#!.#!:VXOTVXK!1#!6V[XVOMK!G#!lQOdK!1#!1#!.[YK!1#!>YOMVXRVOK!QOM!$#!1QXSY#!

+FF5#! ?ZYPXVRSVOSV! bTSXPRSPa_! TbQdTOd! P]! VZVSUXPaVXUYX\QUTPO! TO! bQbbQZTQO!
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)/7! UXQOR]VSUTPO#! :#! %]]VSUR! P]! )/7! UPaPZPd_! PO! RYX]QSV! \TOMTOdK! SVZZ! YaUQcVK!
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aVOMQOU!`YVZ`YVR! uPYXR!8g1$_+1&%*&"$@:&;<<;B#!$VR!SPXXNZQUTPOR!VOUXV! ZQ!aVXbNQ\TZTRQUTPO!

bVb\XQOQTXVK! Z@TOUVXQSUTPO! aZQRbTMVIbVb\XQOV! VU! Z@V^aXVRRTPO! dNOT`YV! POU! NUN!

MNbPOUXNVR!RYX!ZQ!ZTdONV!SVZZYZQTXV!24-#!!



W/(7$*"*(&N&O"-*+%&66@&h"-"4*/-+("*+12&#+1J5E(+F7%&'%&$M+2*%-"4*+12&J$"()+'%m)%)#-"2%&

! ! +"H!

$@P\uVSUT]! MV! SV! UXQWQTZ! VRU! MV! MNUVXbTOVX! RT! MV! UVZZVR! SPXXNZQUTPOR! V^TRUVOU! RYX!

M@QYUXVR! ZTdONVR! SVZZYZQTXVRr! &4C&808K! 6"5C?"FK! 2+2"+K!42.C""5K! VU! 767%#! $VR! SVZZYZVR!

RPOU!UXQOR]VSUNVR!MQOR!ZVR!SPOMTUTPOR!NZVSUXT`YVR!PaUTbQZVR!MV!UXQOR]VXU!MV!aZQRbTMV#!$VR!
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0+01! YRV! TO! UVXbR! P]! RQ]VU_#! 4PgVWVXK! bYS[! XVbQTOR! YOcOPgO! Q\PYU! U[V! \QRTS!

bVS[QOTRbR#!&VWVXQZ!U[VPXVUTSQZ!bPMVZR!aPRUYZQUV!U[QU!aZQRbTM!)/7!SXPRRVR!U[V!aZQRbQ!

bVb\XQOV! MYXTOd! VZVSUXTS! aYZRV! QaaZTSQUTPO! U[XPYd[! �VZVSUXPaPXVR�! D/VYbQOO! VU! QZ#K!

";9;E#!4PgVWVX!RYS[!bPMVZR!QXV!OPU!RYaaPXUVM!\_!V^aVXTbVOUQZ!MQUQ#!(VX]PXbVM!QU!U[V!

RTOdZV! SVZZ! ZVWVZK! RUYMTVR! [QWV! _TVZMVM! Q! a[VOPbVOPZPdTSQZ! MVRSXTaUTPO! P]! dVOV!

VZVSUXPUXQOR]VX! D>PZeTP! VU! QZ#K! +FF+z! ?PX! XVWTVgK! %RSP]]XV! VU! QZ#K! +FF;E#! (ZQRbTM! )/7!

TOMVVM! XV`YTXVR! Q! OYb\VX! P]! SPORVSYUTWV! RUVaRr! VZVSUXPa[PXVUTS! bTdXQUTPO! UPgQXMR!

aVXbVQ\TZTeVM! bVb\XQOVK! TORVXUTPO! TOUP! U[V! bVb\XQOVK! UXQORZPSQUTPO! QSXPRR! U[V!
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bVb\XQOVK! bTdXQUTPO! UPgQXMR! U[V! OYSZVYR! QOM! ]TOQZZ_! UXQOR]VX! QSXPRR! U[V! OYSZVQX!

VOWVZPaV#!.[VXV]PXVK!aZQRbTM!)/7!MPVR!OPU!VOUVX!TOUP!U[V!SVZZ!MYXTOd!VZVSUXTS!aYZRVR!\YU!

TU! TR! �UXQaaVM! TOUP�! U[V!aZQRbQ!bVb\XQOV#! 'U! TR! OPU![PbPdVOVPYRZ_!MTRUXT\YUVM!PO! U[V!

aVXbVQ\TZTeVM!bVb\XQOV!\YU! TR!aXVRVOU! TOUP! �SPbaVUVOU! RTUVR�!g[PRV!RTeV! XQOdV! ]XPb!

F#"!UP!F#0!ib#!

.[VRV! SPXXVZQUTPOR! \VUgVVO! bVb\XQOV! aVXbVQ\TZTeQUTPOK! )/7IbVb\XQOV!

TOUVXQSUTPO!QOM!dVOV!V^aXVRRTPO![QR!\VVO!R[PgO!PO!U[V!24-!SVZZ! ZTOV!DdXPgTOd!\PU[!TO!

RYRaVORTPO! QOM! PO! (VUXT! MTR[VRE#! 'OMVVMK! gTU[PYU! aVXbVQ\TZTeQUTPOK! OVTU[VX!

)/7IbVb\XQOV! TOUVXQSUTPO!OPX!dVOV!V^aXVRRTPO! SQO!PSSYX#!-aVO!`YVRUTPO! TR!g[VU[VX!

U[TR!P\RVXWQUTPO! TR!QaaZTSQ\ZV! UP!QZZ! SVZZ! ZTOVR#! ']! TU! TR! U[V!SQRVK! TU! SPYZM!\V!Q! RTbaZV!QOM!

XQaTM!gQ_!UP!MVUVXbTOV!g[TS[!SVZZ!ZTOVR!gTZZ!\V!UXQOR]VSUVM!\_!VZVSUXTS!]TVZM#!.[V!UPaTS!P]!

U[TR!ZVUUVX!TR!UP!dTWV!QO!QORgVX!UP!U[TR!V^STUTOd!`YVRUTPO#!!

?PX! U[QUK! SVZZR!gQR[VM!QOM! SYZUYXV!bVMTYb!gQR! XVaZQSVM!\_! Q! RaVSTQZ! aYZRQUTPO!

\Y]]VX! D"F! b1! a[PRa[QUV! \Y]]VX! a4! H#<K! +0F! b1! RYSXPRVK! "! b1! 1d2Z+E#! ?PX!

VZVSUXPaVXbVQ\TZTeQUTPO! V^aVXTbVOURK! "FF! i1! aXPaTMTYb! TPMTMV! gQR! QMMVM! UP! TU#! 'UR!

aXVRVOSV! TOUP! U[V! SVZZR! TR! QO! TOMTSQUPX! P]! bVb\XQOV! aVXbVQ\TZTeQUTPO! QR! QZXVQM_!

MVRSXT\VM!D>PZeTP!VU!QZ#!+FF<E#!%ZVSUXPaYZRQUTPO!gQR!aVX]PXbVM!\_!QaaZ_TOd!"F!aYZRVRK!0!

bR! MYXQUTPOK! QU! "! 4e! ]XV`YVOS_K! QOM! QU! WQXTPYR! ]TVZM! TOUVORTUTVR#! (VXbVQ\TZTeQUTPO!

V]]TSTVOS_! QOM! SVZZ! WTQ\TZTU_! gVXV! QOQZ_eVM! "F! bTOYUVR! ]PZZPgTOd! aYZRVR! MVZTWVX_! QR!

aXVWTPYRZ_!MVRSXT\VM!D>PZeTP!VU!QZ#!+FF<E#!?PX!dVOV!UXQOR]VXK!SVZZR!gVXV!aYZRVM!gTU[!+!id!

P]!aZQRbTM!)/7!Da%>?(C2"K!2ZPOVUVS[E#!"F!aYZRVR!ZQRUTOd!0!bR!QU!Q!]XV`YVOS_!P]!"!4e!gVXV!

QaaZTVM! QU! PaUTbQZ! ]TVZM! TOUVORTU_! DT#V#! ]TVZM! TOUVORTU_! ZVQMTOd! UP! U[V! [Td[VRU! aVXSVOUQdV! P]!

aVXbVQ\ZV!QOM!WTQ\ZV!SVZZR!TRE#!7]UVX!Q!0!bTO!TOSY\QUTPOK!SVZZR!gVXV!SYZUYXVM!QU!*H�2!MYXTOd!

+<[#! .XQOR]VSUTPO! V]]TSTVOS_! gQR! QOQZ_eVM! +<[! [PYXR! ]PZZPgTOd! U[V! VZVSUXPaYZRQUTPO! QR!

aXVWTPYRZ_!MVRSXT\VM!D>PZeTP!VU!QZ#!+FF<E#!?PX!)/7IbVb\XQOV!TOUVXQSUTPOK!U[V!aZQRbTM!gQR!

RUQTOVM!gTU[!+#*!"FC<1!.-.-C"!D1PZVSYZQX!(XP\VRK!'OWTUXP>VOE!QU!Q!)/7!SPOSVOUXQUTPO!P]!"!

idIi$!]PX!5F!bTO!PO!TSV#!2VZZR!gVXV!TOSY\QUVM!gTU[!+!id!P]!]ZYPXVRSVOUCZQ\VZVM!aZQRbTM!TO!

aYZRQUTPO! \Y]]VX#! .[VOK! SVZZR! gVXV! RY\bTUUVM! UP! RQbV! VZVSUXTS! ]TVZM! SPOMTUTPO! QR! ]PX! dVOV!

UXQOR]VX#!)/7IbVb\XQOV!TOUVXQSUTPO!gQR!QOQZ_eVM!TO!U[V!bTOYUVR!]PZZPgTOd!VZVSUXTS!aYZRVR!

MVZTWVX_!QR!aXVWTPYRZ_!MVRSXT\VM!D>PZeTP!VU!QZ#!+FF+E#!

,VRYZUR!P]!V^aVXTbVOUR!aVX]PXbVM!PO!MT]]VXVOU!SVZZ! ZTOVR![QWTOd!MT]]VXVOU!PXTdTOR!

QOM! RaVST]TSTUTVR! QXV! XVaPXUVM! TO! .Q\ZV! "#! ,VRYZUR! R[PgR! U[QU! g[QUVWVX! U[V! SVZZ! ZTOVK!

VZVSUXTSQZ!aQXQbVUVXR!SQO!\V! ]PYOM!UP!QZZPg!U[V!aVXbVQ\TZTeQUTPO!P]!bPXV!U[QO!0Fv!P]!
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U[V! SVZZR! g[TZV! aXVRVXWTOd! U[VTX! WTQ\TZTU_#! 7R! QZXVQM_! XVaPXUVM! ]PX! 24-! SVZZRK! dVOV!

V^aXVRRTPO! TR! MVUVSUVM! ]PX! 6"5?"FK! &4C&808! QOM! 767%! SVZZRK! SVZZ! ZTOVR! ]PX! g[TS[!

)/7IbVb\XQOV! TOUVXQSUTPO! UQcVR!aZQSV#!.[VXV]PXVK! U[VXV! TR! Q! ]QTX! SPXXVZQUTPO!\VUgVVO!

VZVSUXPaVXbVQ\TZTeQUTPOK!)/7IbVb\XQOV! TOUVXQSUTPO!QOM!dVOV!V^aXVRRTPO! TO! U[VRV!SVZZ!

ZTOVR#!7!XVSVOU!gPXc!aVX]PXbVM!PO!GYXcQU!SVZZRK!R[PgTOd!U[V!RQbV!]QSU!D1QYScRS[!VU!QZ#!

+FF;E#! 'OUVXVRUTOdZ_K! QZU[PYd[! 42.C""5! QOM! 2+2"+! SVZZR! QXV! aVXbVQ\TZTeVMK! OP!

)/7IbVb\XQOV!TOUVXQSUTPO!OVTU[VX!dVOV!V^aXVRRTPO!gQR!MVUVSUVM#!

.[V! UQcVC[PbV! bVRRQdV! P]! U[VRV! XVRYZUR! R[PgR! U[QU! VZVSUXPaVXbVQ\TZTeQUTPO! T]!

OVSVRRQX_!TR!OP!RY]]TSTVOU!UP!TOMYSV!)/7IbVb\XQOV!TOUVXQSUTPO!QOM!dVOV!V^aXVRRTPO#!!

+

!\jP`rRLa^LKLPZS!

.[V! QYU[PXR! gPYZM! ZTcV! UP! U[QOc! 2#! 1TZZPU! ]PX! [VZa! gTU[! U[V! SVZZ! SYZUYXV! QOM! U[V!

7RRPSTQUTPO!?XQO}QTRV!RYX!ZVR!1_PaQU[TVR!DUP!1(,E#!

!

#LbLNLP\LS!

%RSP]]XV! G1K!(PXUVU!.K!lQRYOdY!$K!.VTRRTN! GK!)VQO!)K!,PZR!1(!D+FF;E!l[QU! TR! DRUTZZ!OPUE!

cOPgO! P]! U[V! bVS[QOTRb! \_! g[TS[! VZVSUXPaPXQUTPO! bVMTQUVR! dVOV! UXQO]VX! QOM!

V^aXVRRTPO!TO!SVZZR!QOM!UTRRYVR#!1PZ!6TPUVS[OPZK!<"r+95C+;0!

%RSP]]XV!G1K!)VQO!)&K!4Y\VXU!1K!,PZR!1(K!?QWQXM!2!D+FFHE!1Vb\XQOV!aVXUYX\QUTPO!\_!QO!

V^UVXOQZ!VZVSUXTS!]TVZM!r!Q!bVS[QOTRb!UP!aVXbTU!bPZVSYZQX!YaUQcV#!%YX!6TPa[_R!GK!*5!r;H*C

;9*!

>PZeTP! 1K! .VTRRTN! GK! ,PZR! 1(! D+FF+E! )TXVSU! WTRYQZTeQUTPO! QU! U[V! RTOdZVCSVZZ! ZVWVZ! P]!

VZVSUXTSQZZ_!bVMTQUVM!dVOV!MVZTWVX_#!(XPS!/QUZ!7SQM!&ST!3&7K!;;r"+;+C"+;H!

>PZeTP! 1K! ,PZR! 1(K! .VTRRTN! G! D+FF<E! 'O! WTUXP! QOM! TO! WTWP! VZVSUXTS! ]TVZMCbVMTQUVM!

aVXbVQ\TZTeQUTPOK!dVOV!UXQOR]VXK!QOM!V^aXVRRTPO#!1VU[PMRK!**!r"+5C"*0!

1QYScRS[!2K!6P[ZQ!7K!4P]]bQO!?K!&S[ZVV]!1K!hYbQX!7OVuQ!1K!%Z]TOdVX!1K!4QXUZ!)K!,YMPZa[!

2#!D+FF;E!.XQORdVOV!V^aXVRRTPO!P]!UXQOR]VSUVM!RYaVXSPTZVM!aZQRbTM!)/7!SPOSQUVbVXR!TO!

bQbbQZTQO!SVZZR#!G!>VOV!1VM#K!""!r<<<C<0*!

.VTRRTN! GK! >PZeTP! 1K! ,PZR! 1(! D+FF0E! 1VS[QOTRbR! P]! SVZZ! bVb\XQOV!

VZVSUXPaVXbVQ\TZTeQUTPO!r! Q! bTOTXVWTVg! P]! PYX! aXVRVOU! DZQSc! P]!�E! cOPgZVMdV#! 6TPS[Tb!

6TPa[_R!7SUQK!"H+<!r+HFC+9F!
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Cell lines 
Optimal electric field 

condition 

Permeabilization 

(% cells) 

DNA/membrane 

interaction 

Transfection 

(% cells) 

CHO (Chinese hamster 

ovary fibroblasts) 
10x5ms 1Hz, 0.3 kV/cm 70%-80% Yes 20%-40% 

B16 (Murine melanoma 

cells) 
10x5ms, 1Hz, 0.7 kV/cm 60%-70% Yes 20-30% 

C2C12 (Murine myoblasts) 10x5ms, 1Hz, 0.2 kV/cm 60%-70% No No 

SH-SY5Y (Human 

neuroblastoma cells) 
10x5ms, 1Hz, 0.4 kV/cm 50%-60% Yes 5%-10% 

HCT116 (Human colon 

cancer cells) 
10x5ms, 1Hz, 0.3 kV/cm 70%-80% No No 

ABAE (Adult Bovine Aortic 

Endothelial cells) 

10x5ms, 1Hz, 0.25 

kV/cm 
70%-80% Yes 10%-15% 

 

'OMRL+1_+0`KQONTS`P+`b+KLKMNOPL+QLNKLOMTRTnOZT`P4+.)!FKLKMNOPL+TPZLNO\ZT`P+

OPa+^LPL+LcQNLSST`P+LbbT\TLP\TLS+b`N+aTbbLNLPZ+\LRR+RTPLS-+

-aUTbQZ! VZVSUXTS! ]TVZM! SPOMTUTPOR! QXV! MVUVXbTOVM! ]PX! VQS[! SVZZ! ZTOV! QOM! XVaPXUVM! D+OM!

SPZYbOE#!.[V!aVXSVOUQdVR!P]!aVXbVQ\TZTeVM!QOM!WTQ\ZV!SVZZR!QXV!MVUVXbTOVM!D*XM!SPZYbOE!

QR! gVZZ! QR! U[V! POV! P]! UXQOR]VSUVM! SVZZR! D0U[! SPZYbOE#! )/7IbVb\XQOV! TOUVXQSUTPO! TR!

MVUVXbTOVM!]PX!RPbV!SVZZ!ZTOVR!D<U[!SPZYbOE#!!

 

!
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! !+++!

\.P.,3&+87++&)*,E(,5)*8J7+&)*+,

/PR! XNRYZUQUR! bPOUXVOU! `YV! ZVR! MT]]NXVOUVR! ZTdONVR! SVZZYZQTXVR! RPOU! UPYUVR!

aVXbNQ\TZTRQ\ZVR! VU! aPUVOUTVZZVbVOU! UXQOR]VSUQ\ZVR#! 2[Q`YV! U_aV! SVZZYZQTXV! Q! RQ! aXPaXV!

XNaPORV! WTRCpCWTR! MVR! TbaYZRTPOR! NZVSUXT`YVRK! MY! UXQOR]VXU! MY! aZQRbTMV! VU! MV! RPO!

V^aXVRRTPO#! $Q! aVXbNQ\TZTRQUTPO! bVb\XQOQTXVK! Z@TOUVXQSUTPO! aZQRbTMVIbVb\XQOV! VU!

Z@V^aXVRRTPO!dNOT`YV!RPOU!SPXXNZNVR!RYX!SVXUQTOVR!ZTdONVR!SVZZYZQTXVR!D24-K!6"5K!&4C&808K!

767%E!`Y@VZZVR!RPTVOU![YbQTOVR!PY!bYXTOVK!SQOSNXVYRVR!PY!OPO#!(QX!SPOUXVK! ZVR! ZTdONVR!

SVZZYZQTXVR!2+2"+!VU!42.C""5!RPOU!aVXbNQ\TZTRQ\ZVR!bQTR!MT]]TSTZVbVOU!UXQOR]VSUQ\ZV#!

!

$@NZVSUXPUXQOR]VXU! MV! aZQRbTMV! VRU! MNaVOMQOU! MV! MVY^! ]QSUVYXR#! 3O! ]QSUVYX!

a[_RT`YVK! QY! OTWVQY! MV! ZQ! bVb\XQOV! aZQRbT`YVK! `YT! aVXbVU! ZQ! aVXbNQ\TZTRQUTPOK!

Z@TOUVXQSUTPO! VU! ZQ! UXQORZPSQUTPO! MY! aZQRbTMV! VU! `YT! SPXXVRaPOM! p! YOV! XNaPORV! p! SPYXU!

UVXbV#! 3O! ]QSUVYX! a[_RTPZPdT`YV! MV! ZQ! SVZZYZV! `YT! aVXbVU! ZV! UXQ]TS! TOUXQSVZZYZQTXV! MVR!

bPZNSYZVR!MV!aZQRbTMVK! Z@V^aXVRRTPO!dNOT`YV!VU! ZQ!RYXWTV!SVZZYZQTXV!VU!`YT!SPXXVRaPOM!p!

YOV!XNaPORV!p!ZPOd!UVXbV#!

!

"71# -81405)51# *+55+.5# +.# 8C2;+.9+# ;+1# 1/892=292581# 9+0040)2-+1# C21VKVC21# ;+#

0M80+95-75-).1=+-5#;+#/0)1*2;+>#!01#97.=2-*+.5#0M+P215+.9+#;M4.#/-79+1141#*4052V85)/+1#

;+# 0M80+95-75-).1=+-5# ;+# /0)1*2;+# ;).1# 9+-5)2.+1# 026.8+1# 9+0040)2-+1>#

(M80+95-7/+-*8),2021)527.# ;+*+4-+# 4.+# 85)/+# .89+11)2-+#*)21# /)1# 14==21).5+# /74-#

0M2.5+-)9527.#/0)1*2;+G*+*,-).+>##

!
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,

9!10-:,---,

:AA:0,3:,CU:C:50129:1?:!B-C-<!0-2/,<41,C!,?2B-C-0:,

C!0:1!C:,3:<,9120:-/:<,?:?B1!/!-1:<,

,
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9'#(&E, ---., :IIE(, 6E, JU$JE8(#)LE#G$'"&J&+'(&)*, +7#, J', G)"&J&($, J'($#'JE, 6E+,

L#)($&*E+,GEG"#'*'&#E+,

;.,-*(#)678(&)*,

$@QaaZTSQUTPO!M@TbaYZRTPOR!NZVSUXT`YVR!TOMYTRQOU!ZQ!aVXbNQ\TZTRQUTPO!UXQORTUPTXV!VU!

XNWVXRT\ZV!MVR! SVZZYZVR! 8e%7)"22&%*&"$@:& CXUX>&!%+((+/& %*& "$@:& ;<<=>&3(41GG-%& %*& "$@:& ;<<ABK!

OPYR! QWPOR! RPY[QTUN! RQWPTX! RT! ZVR! MN]QYUR! bVb\XQOQTXVR! NZVSUXPCTOMYTUR! aPYXXQTVOU!

SPORUTUYVX! MVR! P\RUQSZVR! p! ZQ! MT]]YRTPO! MV! SPbaPRNR! UVZR! `YV! MVR! aXPUNTOVR!

bVb\XQOQTXVR#!)V!aZYRK!SPbbV!OPYR!Z@QWPOR!aXNSNMVbbVOU!MNSXTU!Z@NZVSUXPUXQOR]VXU!MV!

bPZNSYZVR!MV!aZQRbTMV!TOMYTU!ZQ!]PXbQUTPO!MV!SPbaZV^VR!aZQRbTMVIbVb\XQOV!8g1$_+1&%*&

"$@:&;<<;>&S"7-+%&%*&"$@:&;<<L>&O5%_&%*&"$@:&;<<=>&S"7-+%&%*&"$@:&;<C<B#!7!SV! uPYXK! ZQ!aPRTUTPO!

MVR! bPZNSYZVR! MV! aZQRbTMVR! MQOR! ZQ! bVb\XQOV! aVXbNQ\TZTRNV! O@VRU! aQR! SPOOYV#! (QX!

SPORN`YVOUK!MQOR!YOV!MVY^TfbV!aQXUTVK!OPYR!NUYMTPOR!Z@V]]VU!MV!ZQ!aXNRVOSV!MV!SPbaZV^VR!

aZQRbTMVIbVb\XQOV! RYX! ZQ! bP\TZTUN! ZQUNXQZV! M@YOV! aXPUNTOV! bVb\XQOQTXV! MY! ]VYTZZVU!

V^UVXOV!MV!ZQ!bVb\XQOV!aZQRbT`YVK!,QV"CV>?(!8e1)7-"&%*&"$@:&CXX^B#!

!

(PYX! XNQZTRVX! OPUXV! NUYMVK! OPYR! QWPOR! YUTZTRN! YOV! ZTdONV! MV! SVZZYZVR! 24-!

V^aXTbQOU! MV! bQOTfXV! RUQ\ZV! ZQ! aXPUNTOV! bVb\XQOQTXV! ,QVC"! ]YRTPOONV! p! ZQ! aXPUNTOV!

]ZYPXVRSVOU! V>?(#! $Q! aXPUNTOV! ,QVC"! VRU! YOV! dZ_SPaXPUNTOV! TORNXNV! MQOR! ZQ!bVb\XQOV!

aZQRbT`YV! aQX! YOV! QOSXV! dZ_SPR_ZCa[PRa[QUTM_ZTOPRTUPZ! 8e1)7-"& %*& "$@:& CXX^B#! $VR!

SVZZYZVR!24-!,QV"CV>?(!POU!NUN!P\UVOYVR!aQX! ZV!(X#!6VUUTOQ!2PYMVXS! D'ORUTUYU!2ZQYMTYR!

,VdQYMK!.PYZPYRVK!?XQOSVE!VU! ZV!aZQRbTMV!,QV"CV>?(!Q!NUN!dXQSTVYRVbVOU!P]]VXU!aQX! ZV!

)X#!)VOTR!4YMXTRTVX!VU!ZV!)X#!7OOV!7YS[VX!D'(6&C2/,&!31,!0F9;K!.PYZPYRV!?XQOSVE#!$VR!

aQXQbfUXVR! NZVSUXT`YVR! PaUTbQY^! aPYX! ZV! UXQOR]VXU! MV! aZQRbTMVR! MQOR! ZVR! 24-! ,QV"C

V>?(!VO!QM[NRTPO!RPOU!MV!"F!TbaYZRTPOR!NZVSUXT`YVR!MV!0!bR!p!YOV!]XN`YVOSV!MV!"!4e!VU!

p! YOV! TOUVORTUN! NZVSUXT`YV! MV! FK<! c:ISb#! $Q! UVS[OT`YV! MV! ?,7(! DT#V#! ?ZYPXVRSVOSV!

,VSPWVX_!7]UVX!([PUP\ZVQS[TOdE!VRU!YUTZTRNV!aPYX!bVRYXVX!ZVR!UVbaR!MV!MVbTCXVUPYX!MV!ZQ!

aXPUNTOV!bVb\XQOQTXV!,QV"CV>?(!8bP%2&%*&"$@:&;<<XB#!

!
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! !++5!

!

!

8T^VNL+ &&&G1,_+ $bbLZ+ aL+ RC[RL\ZN`QLNK[OMTRTSOZT`P+ SVN+ RO+ K`MTRTZ[+ ROZ[NORL+ aL+ RO+ QN`Z[TPL+
KLKMNOPOTNL+#OL1GL:83+aOPS+RLS+N[^T`PS+KLKMNOPOTNLS+QLNK[OMTRTS[LS+bO\L+f+RCOP`aL+p!q+LZ+bO\L+
f+RO+\OZX`aL+p"q-+)VR!SVZZYZVR!24-!,QV"CV>?(!QM[NXVOUVR!RPOU!RPYbTRVR!p!"F!TbaYZRTPOR!NZVSUXT`YVR!MV!0!
bR!p!YOV!]XN`YVOSV!MV!"!4e!VU!p!YOV!TOUVORTUN!NZVSUXT`YV!MV!FK<!c:ISb!RPYR!YO!bTSXPRSPaV!SPO]PSQZ!�VTRR!
$&1!0"F1#!7WQOU!VU!QaXfR!Z@QaaZTSQUTPO!MVR!TbaYZRTPOR!NZVSUXT`YVRK!MVR!bVRYXVR!MV!?,7(!OPYR!aVXbVUUVOU!
MV! MNUVXbTOVX! ZQ! ]XQSUTPO!bP\TZVK!1! DQCSE! VU! ZV! UVbaR! MV! MVbTCXVUPYXK! U! "I+! DMC]E#! 3OV! MTRUXT\YUTPO! MVR!
WQZVYXR!MV!1!VU!U!"I+!P\UVOYVR!QWQOU!VU!QaXfR!NZVSUXPaVXbNQ\TZTRQUTPO!VRU!XNQZTRNV!DQ!VU!ME#!$@VORVb\ZV!MVR!
WQZVYXR!MV!1!VU!MV!U!"I+!P\UVOYVR!QWQOU!VU!QaXfR!NZVSUXPaVXbNQ\TZTRQUTPO!RPOU!bP_VOONR!VU!ZVR!NSQXUCU_aVR!
RPOU! MNUVXbTONR! D\! VU! VE#! 7]TO! MV! MNUVXbTOVX! ZQ! RTdOT]TSQUTWTUN! MVR! XNRYZUQURK! YO! UVRU! MV!lTZSP^PO! Q! NUN!
XNQZTRN!DS!VU!]E#!

!
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!

! ! ++H!

)VY^!XNdTPOR!M@TOUNXjU!MV!"!ib!MV!XQ_PO!RPOU!MN]TOTVR!MQOR! ZVR! XNdTPOR!bVb\XQOQTXVR!

RTUYNVR! ]QSV! QY^! NZVSUXPMVR! DT#V#! aVXaVOMTSYZQTXVR! QY^! ZTdOVR! MV! S[Qba! NZVSUXT`YVE#! $VR!

bVRYXVR!MV!?,7(!RPOU!XNQZTRNVR!QWQOU!VU!QaXfR!Z@QaaZTSQUTPO!MVR!TbaYZRTPOR!NZVSUXT`YVR!

RYX! ZVR!bjbVR! SVZZYZVR#! $V! UVbaR! MV! MVbTCXVUPYX! DU"I+E! VU! ZQ! ]XQSUTPO!bP\TZV! D1E! RPOU!

MNUVXbTONR!8.V%$-1'&%*&"$@:&CXA^B#!)QOR!SVUUV!NUYMVK!OPYR!OV!S[VXS[POR!aQR!p!MNUVXbTOVX!

ZV! SPV]]TSTVOU! MV! MT]]YRTPOK! bQTR! SVaVOMQOUK! SVZYTCST! aPYXXQTU! jUXV! SQZSYZN! p! aQXUTX! MV!

Z@N`YQUTPO!)!x!�g+I<U"I+!QWVS!�:&YO!SPV]]TSTVOU!UQ\YZN!`YT!VRU!YOV!]POSUTPO!MV!Z@V]]TSQSTUN!

MV!a[PUPMVRUXYSUTPO!aXPWP`YNV!aQX!YO!]QTRSVQY!>QYRRTVO&8Z97%-"#+'%&%*&"$@:&CXU;B#!

N.,1$+7J('(+,

.PYR! ZVR! XNRYZUQUR! aXNZTbTOQTXVR! aXNRVOUNR! STCMVRRPYR! RPOU! XNQZTRNR! MV! ZQ! ]Q}PO!

RYTWQOUVr! ZVR!bVRYXVR! RPOU! ]QTUVR! QWQOU! VU! QaXfR! ZQ! SPOMTUTPO!M@V^aNXTVOSV! DQaaZTSQUTPO!

MVR! TbaYZRTPOR! NZVSUXT`YVRK! QaaZTSQUTPO! MVR! TbaYZRTPOR! NZVSUXT`YVR! VO! aXNRVOSV! MVR!

bPZNSYZVR!MV!aZQRbTMVE#!$VR!XNRYZUQUR!P\UVOYR!RPOU!QZPXR!QOQZ_RNR!aQX!aQTX!DNS[QOUTZZPOR!

QaaQXTNREK! p! Z@QTMV! MV! UVRUR! RUQUTRUT`YVR! MNMTNR! DUVRU! RUQUTRUT`YV! MV! &UYMVOU! VO! SQR! MV!

MTRUXT\YUTPO! OPXbQZV! MVR! WQZVYXRz! UVRU! RUQUTRUT`YV! MV!lTZSP^PO! VO! SQR! MV! MTRUXT\YUTPO!

`YVZSPO`YVE#!$@[_aPU[fRV!MV!\QRV!D4PE!NUQOU!ZQ!OPO!WQXTQ\TZTUN!MVR!MVY^!MTRUXT\YUTPOR#!

+"!"#V'%2.,-)%,1/87('(&8.(-0#

$Q! bP\TZTUN! ZQUNXQZV! MVR! aXPUNTOVR! ,QV"CV>?(! VRU! NUYMTNV! aQX! ?,7(! MQOR! ZVR!

XNdTPOR!bVb\XQOQTXVR!`YT!]POU!]QSV!QY^!NZVSUXPMVRK!T#V#!QOPMV!D?TdYXV!'''C"H7E!VU!SQU[PMV!

D?TdYXV!'''C"H6E!QWQOU!VU!QaXfR!Z@QaaZTSQUTPO!MVR!TbaYZRTPOR!NZVSUXT`YVR#!!

7WQOU! Z@QaaZTSQUTPO! MVR! TbaYZRTPOR! NZVSUXT`YVRK! ZQ! MTRUXT\YUTPO! MVR! WQZVYXR! MV! ZQ!

]XQSUTPO!bP\TZV!D1E!D7OPMVr!FK959�FK"""!WR!2QU[PMVr!FK9H0�FK"F<E!VU!SVZZV!MVR!WQZVYXR!

MY! UVbaR! MV! MVbTCXVUPYX! DU"I+E! D7OPMVr! 0K+9H�+K<"0! R! WR! 2QU[PMVr! 0K<;F�+K055E! RPOU!

RTbTZQTXVR!MQOR!ZVR!XNdTPOR!bVb\XQOQTXVR!RTUYNVR!]QSV!QY^!NZVSUXPMVR!D?TdYXVR!'''C"HE#!%O!

XVWQOS[VK!MQOR! ZVR!*F!RVSPOMVR!`YT! RYTWVOU! Z@QaaZTSQUTPO!MVR! TbaYZRTPOR!NZVSUXT`YVRK! ZQ!

MTRUXT\YUTPO! MVR! WQZVYXR! MV! ZQ! ]XQSUTPO!bP\TZV! RV! MNaZQSV! WVXR! MVR! WQZVYXR! aZYR! ]QT\ZVR!

D7OPMVDC%(Er! FK959�FK"""! WR! 7OPMVD�%(Er! FK90F�FK"F5z! 2QU[PMVDC%(Er! FK9H0�FK"F<! WR!

2QU[PMVD�%(Er!FK9<"�FK"F;E!D?TdYXVR!'''C"H7#Q#!VU!'''C"H6#Q#E!QZPXR!`YV!ZQ!MTRUXT\YUTPO!MVR!

WQZVYXR! MVR! UVbaR! MV! MVbTCXVUPYX! UVOM! WVXR! MVR! WQZVYXR! aZYR! NZVWNR! D7OPMVDC%(Er!

0K+9H�+K<"0R! WR! 7OPMVD�%(Er! 5KH;;�*K**"Rz! 2QU[PMVDC%(Er! 0K<;F�+K055R! WR! 2QU[PMVD�%(Er!

5KH<F�*K"59RE!D?TdYXVR!'''C"H7#M!VU!'''C"H6#M#E#!!



W/(7$*"*(&N&O"-*+%&666@&3GG%*&'%&$M/$%4*-1J%-)/"#+$+("*+12&(7-&$"&)1#+$+*/&$"*/-"$%&'%(&J-1*/+2%(&)%)#-"2"+-%(&

!

! !++9!
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!

8T^VNL+ &&&G1?_+ $bbLZ+ aL+ RCTPZLNO\ZT`P+ QROSKTaLFKLKMNOPL+ SVN+ RO+ K`MTRTZ[+ ROZ[NORL+ aL+ RO+ QN`Z[TPL+
KLKMNOPOTNL+#OL1GL:83+aOPS+RLS+N[^T`PS+KLKMNOPOTNLS+QLNK[OMTRTS[LS+bO\L+f+RCOP`aL+p!q+LZ+bO\L+
f+RO+\OZX`aL+p"q-!)VR!SVZZYZVR!24-!,QV"CV>?(!QM[NXVOUVR!RPOU!RPYbTRVR!p!"F!TbaYZRTPOR!NZVSUXT`YVR!MV!0!
bR!p!YOV!]XN`YVOSV!MV!"!4e!VU!p!YOV!TOUVORTUN!NZVSUXT`YV!MV!FK<!c:ISbK!VO!aXNRVOSV!MV!0!id!MV!aZQRbTMV!
aV>?(C2"!bQX`YN!QY!2_*K!RPYR!YO!bTSXPRSPaV!SPO]PSQZ!�VTRR!$&1!0"F1#!7WQOU!VU!QaXfR!Z@QaaZTSQUTPO!MVR!
TbaYZRTPOR!NZVSUXT`YVRK!MVR!bVRYXVR!MV!?,7(!OPYR!aVXbVUUVOU!MV!MNUVXbTOVX!ZQ!]XQSUTPO!bP\TZVK!1!DQCSE!VU!
ZV!UVbaR!MV!MVbTCXVUPYXK!U!"I+!DMC]E#!3OV!MTRUXT\YUTPO!MVR!WQZVYXR!MV!1!VU!U!"I+!P\UVOYVR!QWQOU!VU!QaXfR!
NZVSUXPaVXbNQ\TZTRQUTPO!VRU!XNQZTRNV!DQ!VU!ME#!$@VORVb\ZV!MVR!WQZVYXR!MV!1!VU!MV!U!"I+!P\UVOYVR!QWQOU!VU!
QaXfR! NZVSUXPaVXbNQ\TZTRQUTPO! RPOU! bP_VOONR! VU! ZVR! NSQXUCU_aVR! RPOU! MNUVXbTONR! D\! VU! VE#! 7]TO! MV!
MNUVXbTOVX!ZQ!RTdOT]TSQUTWTUN!MVR!XNRYZUQURK!YO!UVRU!MV!lTZSP^PO!Q!NUN!XNQZTRN!DS!VU!]E#!
!
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!

! ! ++;!

$V! UVRU! RUQUTRUT`YV! MV! lTZSP^PO! bPOUXV! `YV! ZVR! XNRYZUQUR! P\UVOYR! QaXfR!

Z@NZVSUXPaVXbNQ\TZTRQUTPO! RPOU! RTdOT]TSQUTWVbVOU! MT]]NXVOUR! MV! SVY^! P\UVOYR! QWQOU!

Z@NZVSUXPaVXbNQ\TZTRQUTPO#!2VR!WQXTQUTPOR!RTdOT]TSQUTWVR!MVR!MVY^!MTRUXT\YUTPOR!MVR!WQZVYXR!

MV!1!VU!MV! U"I+!RPOU!P\RVXWNVR!MQOR! ZVR!XNdTPOR!bVb\XQOQTXVR!aVXbNQ\TZTRNVR!`YT! ]POU!

]QSV!p!Z@QOPMV!VU!]QSV!p!ZQ!SQU[PMV!D?TdYXVR!'''C"H7!VU!'''C"H6E#!

+"+"#V'%2.,-.,80&@%,.#*%#)'8&1(*%#

.PYU!M@Q\PXMK!MVR!bVRYXVR!MV!?,7(!RPOU!XNQZTRNVR!MQOR!ZVR!XNdTPOR!bVb\XQOQTXVR!

`YT!]POU!]QSV!QY^!NZVSUXPMVRK!T#V#!QOPMV!D?TdYXV!'''C"97E!VU!SQU[PMV!D?TdYXV!'''C"96E#!(YTRK!

$VR!SVZZYZVR!24-!,QV"CV>?(!QM[NXVOUVR!RPOU!NZVSUXPaVXbNQ\TZTRNVR!VO!aXNRVOSV!MV!0!id!

MV! aZQRbTMV! aV>?(C2"! bQX`YN! SPWQZVbbVOU! QWVS! ZV! ]ZYPXPa[PXV! 2_C*#! %O]TOK! MVR!

bVRYXVR!MV!?,7(! RPOU! XNQZTRNVR!MQOR! ZVR! XNdTPOR!bVb\XQOQTXVR!aVXbNQ\TZTRNVR#! %UQOU!

MPOON! `YV! Z@TOUVXQSUTPO! aZQRbTMVIbVb\XQOV! Q! ZTVY! YOT`YVbVOU! MQOR! ZQ! XNdTPO!

bVb\XQOQTXV! aVXbNQ\TZTRNV! ]QSV! p! ZQ! SQU[PMVK! OPYR! QWPOR! aZQSN! ZVR! ,-'! VOUXV! MVY^!

SPbaZV^VR!aZQRbTMVIbVb\XQOV#!

$PXR`YV! Z@TOUVXQSUTPO! aZQRbTMVIbVb\XQOV! Q! ZTVYK! ZQ! MTRUXT\YUTPO! MVR! WQZVYXR! MV!

]XQSUTPO!bP\TZV!DQWQOU!%(r!FK;FH�FKF;0!WR!QaXfR!%(r!FK990�FKF;*E!VU!SVZZV!MVR!WQZVYXR!MY!

UVbaR! MV! MVbTCXVUPYX! DQWQOU! %(r! <K**+�"K99;! R! WR! QaXfR! %(r! <K<<H�+K"H"! RE! MQOR! ZQ!

XNdTPO! bVb\XQOQTXV! aVXbNQ\TZTRNV! ]QSV! p! Z@QOPMV! OV! RPOU! RTdOT]TSQUTWVbVOU! aQR!

MT]]NXVOUVR!MY!SPOUX{ZV!D?TdYXV!'''C"97E#!&T!ZQ!XNdTPO!bVb\XQOQTXV!aVXbNQ\TZTRNV!RTUYNV!

]QSV!p!ZQ!SQU[PMV!VRU!SPORTMNXNVK!ZQ!MTRUXT\YUTPO!MVR!WQZVYXR!MV!]XQSUTPO!bP\TZV!MQOR!SVUUV!

XNdTPO! bVb\XQOQTXV! UVOM! RTdOT]TSQUTWVbVOU! WVXR! MVR! WQZVYXR! aZYR! ]QT\ZVR! `YQOM!

Z@TOUVXQSUTPO! aZQRbTMVIbVb\XQOV! Q! ZTVY! DQWQOU! %(r! FK;"F�FK"F+! WR! QaXfR! %(r!

FK9HF�FK"+"E!D?TdYXVR!'''C"96#QCSE#!%O!XVWQOS[VK!ZQ!MTRUXT\YUTPO!MVR!WQZVYXR!MY!UVbaR!MV!

MVbTCXVUPYX! OV! RVb\ZV! aQR! jUXV! Q]]VSUNV! aQX! ZQ! aXNRVOSV! MVR! SPbaZV^VR!

aZQRbTMVIbVb\XQOV! MQOR! SVUUV! XNdTPO! bVb\XQOQTXV! DQWQOU! %(r! *K;0F�"K<90! R! WR!

<K55"�+K<"5!RE!D?TdYXVR!'''C"96#MC]E#!
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! !+*F!

!

8T^VNL+&&&G1B_+%TSVORTSOZT`P+aL+RCTPZLNO\ZT`P+QROSKTaLFKLKMNOPL+SVN+aLS+\LRRVRLS+0<(+#OL1GL:83-!
)VR! SVZZYZVR! 24-! ,QV"CV>?(! QM[NXVOUVR! RPOU! RPYbTRVR! p! "F! TbaYZRTPOR! NZVSUXT`YVR! MV! 0! bR! p! YOV!
]XN`YVOSV!MV!"!4e!VU!p!YOV!TOUVORTUN!NZVSUXT`YV!MV!FK<!c:ISbK!VO!aXNRVOSV!MV!0!id!MV!aZQRbTMV!aV>?(C2"!
bQX`YN!QY!2_*K!RPYR!YO!bTSXPRSPaV!SPO]PSQZ!�VTRR!$&1!0"F1#!
!
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P.,3&+87++&)*,E(,8)*8J7+&)*+,

$PXR`YV! MVR! SVZZYZVR! RPOU! RPYbTRVR! p! MVR! TbaYZRTPOR! NZVSUXT`YVRK! SVR! MVXOTfXVR!

TOMYTRVOU!MVR!MN]QYUR!bVb\XQOQTXVR!8!%+((+/&%*&"$@:&;<<=B!PY!BNZVSUXPaPXVRB!8e%7)"22&%*&

"$@:& CXUXB! `YT! RPOU! p! Z@PXTdTOV! M@YOV! aVXbNQ\TZTRQUTPO! UXQORTUPTXV! MV! ZQ! bVb\XQOV!

aZQRbT`YV#! 2VR! MN]QYUR! bVb\XQOQTXVR! NZVSUXPCTOMYTUR! aPYXXQTVOU! SPORUTUYVX! MVR!

P\RUQSZVR!p!ZQ!MT]]YRTPO!ZQUNXQZV!MVR!aXPUNTOVR!bVb\XQOQTXVR#!!

)QOR! ZQ! aXVbTfXV! aQXUTV! MV! SVUUV! NUYMVK! ZVR! XNRYZUQUR! bPOUXVOU! `YV!

Z@NZVSUXPaVXbNQ\TZTRQUTPO! MV! ZQ! bVb\XQOV! aZQRbT`YV! TOMYTU! YOV! QYdbVOUQUTPO!

RTdOT]TSQUTWV! MY! UVbaR! MV! MVbTCXVUPYX! VU! YOV! MTbTOYUTPO! RTdOT]TSQUTWV! MV! ZQ! ]XQSUTPO!

bP\TZV!MVR!aXPUNTOVR!bVb\XQOQTXVR!,QV"CV>?(#!2VR!MPOONVR!aVYWVOU!R@V^aZT`YVX!aQX!ZV!

]QTU!`YV!ZVR!MN]QYUR!bVb\XQOQTXVR!NZVSUXPCTOMYTUR!QZZPOdVOU!QXUT]TSTVZZVbVOU!ZV!aQXSPYXR!

MVR!aXPUNTOVR!bVb\XQOQTXVR!,QV"CV>?(!VU!aQX!SPORN`YVOU!ZVYX!SPV]]TSTVOU!MV!MT]]YRTPO!

ZQUNXQZV! VRU! aZYR! ]QT\ZV#! 'Z! Q! NUN! bPOUXN! `YV! ZQ! aXNRVOSV! M@P\RUQSZVR! TbaNONUXQ\ZVR!

MTbTOYVR!ZV!SPV]]TSTVOU!MV!MT]]YRTPO!bVRYXN!8D"V*12&%*&"$@:&CXU;:&CXXKB#!2VXUQTOVR!MV!SVR!

aXPUNTOVR! bVb\XQOQTXVR! OV! aVYWVOU! aZYR! RPXUTX! MV! ZQ! ePOV! a[PUPMNUXYTUV! MYXQOU! ZV!

UVbaR!MV!Z@V^aNXTVOSV!DT#V#!<F!RVSPOMVRE!p!SQYRV!ZQ!aXNRVOSV!M@YOV!`YQOUTUN!TbaPXUQOUV!

MV!MN]QYUR!bVb\XQOQTXVR!NZVSUXPCTOMYTUR#!2VST!Q!aPYX!SPORN`YVOSV!YOV!MTbTOYUTPO!MV!ZQ!

]XQSUTPO!bP\TZV#!

$PXR`YV!MVR!SVZZYZVR!RPOU!RPYbTRVR!p!MVR! TbaYZRTPOR!NZVSUXT`YVR!VO!aXNRVOSV!MV!

bPZNSYZVR! MV! aZQRbTMVK! SVR! MVXOTfXVR! WTVOOVOU! TOUVXQdTX! RPYR! ZQ! ]PXbV! MV! SPbaZV^VR!

aZQRbTMVIbVb\XQOV! MTRUTOSUR! MQOR! ZQ! XNdTPO! bVb\XQOQTXV! aVXbNQ\TZTRNV! ]QSV! p! ZQ!

SQU[PMV#!$Q!aXNRVOSV!MV!bPZNSYZVR!MV!aZQRbTMVR!TORNXNVR!MQOR!ZQ!bVb\XQOV!aZQRbT`YV!

aVXbNQ\TZTRNV! aVYU! aVXUYX\VX! ZQ! bP\TZTUN! ZQUNXQZV! MVR! aXPUNTOVR! bVb\XQOQTXVR#! /PR!

XNRYZUQUR!bPOUXVOU!`YV! ZV! UVbaR!bP_VO!MV! XVUPYX!O@VRU!aQR! RTdOT]TSQUTWVbVOU!MT]]NXVOU!

aPYX! MVR! aXPUNTOVR! bVb\XQOQTXVR! `YT! MT]]YRVOU! ZQUNXQZVbVOU! MQOR! ZQ! XNdTPO!

bVb\XQOQTXV! aVXbNQ\TZTRNV! `YT! ]QTU! ]QSV! p! ZQ! SQU[PMV#! 2VaVOMQOUK! ZQ! MTbTOYUTPO! MV! ZQ!

]XQSUTPO!bP\TZV! RTdOT]TV! `YV! ZV! OPb\XV! MV! aXPUNTOVR!bVb\XQOQTXVR! `YT! MT]]YRVOU! MQOR!

SVUUV!XNdTPO!bVb\XQOQTXV!VRU!MTbTOYN!aQX!ZQ!aXNRVOSV!MV!bPZNSYZVR!MV!aZQRbTMV#!)QOR!

SV!SQR!MVY^![_aPU[fRVR!aVYWVOU!jUXV!NbTRVRr�!

DTE!$@Q\RVOSV!MV!WQXTQUTPO!MY!UVbaR!MV!MVbTCXVUPYX!VRU!RTdTOT]TSQUTWVK!QZPXR!RVYZ!ZQ!

]XQSUTPO!bP\TZV!MNSXPTU!VU!MQOR!SV!SQRK!RQS[QOU!`YV!ZVR!bPZNSYZVR!MV!aZQRbTMV!aXNRVOUVR!p!

ZQ!RYX]QSV!MVR!SVZZYZVR!QaXfR!NZVSUXPaVXbNQ\TZTRQUTPO!OV!MT]]YRVOU!aQR!MY!UPYUK!MVY^!U_aVR!
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! !+*+!

MV! aXPUNTOVR! aVYWVOU! jUXVR! MTRUTOdYNVRr! )VR! aXPUNTOVR! bP\TZVRK! `YT! POU! ZV! bjbV!

SPV]]TSTVOU!MV!MT]]YRTPO!QWQOU!VU!QaXfR!NZVSUXPaVXbNQ\TZTRQUTPO!VU!MVR!aXPUNTOVR!aTNdNVR!

aQX! ZVR!bPZNSYZVR! MV! aZQRbTMVK! `YT! V^aZT`YV! ZQ! MTbTOYUTPO!MV! ZQ! ]XQSUTPO!bP\TZV#! 2VUUV!

[_aPU[fRV! bPOUXV! Z@V^TRUVOSV! M@YOV! NWVOUYVZZV! TOUVXQSUTPO! aZQRbTMVIaXPUNTOV!

bVb\XQOQTXV#! %ZZV! aPYXXQ! jUXV! SPO]TXbNV! PY! OPO! aQX! YOV! NUYMV! MV! ?,%.! DT#V#! ?�XRUVX!

,VRPOOQOSV! %OVXd_! .XQOR]VXE! VOUXV! ZVR! aXPUNTOVR! ,QV"CV>?(! VU! ZVR! bPZNSYZVR! MV!

aZQRbTMVR!bQX`YNVR!QY!2_C*!D?TdYXV!'''C";E#!

DTTE! $@Q\RVOSV! MV! WQXTQUTPO! MY! UVbaR! MV! MVbTCXVUPYX! VRU! ZTNV! p! YO! RPYR!

NS[QOUTZZPOOQdV!RUQUTRUT`YV!VU!ZQ!UVOMQOSV!P\RVXWNV!bPOUXV!TST!`YV!ZV!UVbaR!MVbTCXVUPYX!

SXPsU!bjbV!RT!SVZQ!O@VRU!aQR!RUQUTRUT`YVbVOU!RTdOT]TSQUT]#!)QOR!SV!SQR!QZPXRK!ZVR!bPZNSYZVR!

MV! aZQRbTMV! uPYVOU! ZV!bjbV! X{ZV! `YV! ZVR! MN]QYUR!bVb\XQOQTXVR! RYX! ZQ! MT]]YRTPO! MV! ZQ!

aXPUNTOV!bVb\XQOV!,QVC"#!

!

'Z! ]QYU!OPUVX!`YV! ZVR!V]]VUR!p! Z@QOPMV!OV!RPOU!aZYR!WY! ZPXR!MV! Z@NZVSUXPUXQOR]VXU!MV!

aZQRbTMV! SVST! VRU! ZTN! p! MVR! aXP\ZfbVR! V^aNXTbVOUQY^#! %O! V]]VUK! QaXfR! QWPTX! XNQZTRN! MVR!

bVRYXVR!MV!?,7(!RYX!YOV!SVZZYZV!QWQOU! Z@NZVSUXPaVXbNQ\TZTRQUTPOK!OPYR!QaaZT`YPOR!MVR!

TbaYZRTPOR!NZVSUXT`YVR!VO!aXNRVOSV!MV!bPZNSYZVR!MV!aZQRbTMVR!]ZYPXVRSVOUR#!2VaVOMQOUK!

Z@TOUVXQSUTPO!aZQRbTMVIbVb\XQOV!O@Q! ]PXSNbVOU!aQR! ZTVY!RYX! ZQ! SVZZYZV!`YV!OPYR!QWPOR!

S[PTRT#!/PYR!S[VXS[POR!MPOS!YOV!SVZZYZV!RYX!ZQ`YVZZV!ZVR!SPbaZV^VR!aZQRbTMVIbVb\XQOV!

RV! RPOU! ]PXbNR#! (QX! SPORN`YVOUK! SPOUXQTXVbVOU! p! Z@NUYMV! aXNSNMVOUVK! ZVR! bVRYXVR! MV!

?,7(!RPOU!V]]VSUYNVR!+!p!<!bTOYUVR!QaXfR!Z@NZVSUXPaVXbNQ\TZTRQUTPO!RYX!YOV!QYUXV!SVZZYZV#!

'Z! VRU! MPOS! aXP\Q\ZV! `YV! ZVR! V]]VUR! MVR! MN]QYUR! bVb\XQOQTXVR! NZVSUXPCTOMYTUR! RYX! ZQ!

bP\TZTUN! ZQUNXQZV! MVR! aXPUNTOVR! MQOR! ZQ! XNdTPO! bVb\XQOQTXV! ]QSV! p! Z@QOPMV! RV! RPOU!

MTRRTaNR#!

!

3OV!MVR!aVXRaVSUTWVR!p!SVUUV!NUYMV!RVXQTU! Z@YUTZTRQUTPO!MY!?,7(!p!XQ_PO!WQXTQ\ZV#!

%O!V]]VUK!YOV!bVRYXV!MVR!WQXTQUTPOR!MV! ]XQSUTPO! !bP\TZV!VU!MV!UVbaR!MV!MVbTCXVUPYX!VO!

]POSUTPO!MV! Z@VRaQSV!aVXbVU!M@QWPTX!YOV! TMNV!RYX! ZVR! UQTZZVR!MV!SPO]TOVbVOU!WYVR!aQX! ZQ!

aXPUNTOV! ,QVC"! 8D"$1)/& %*& "$@:& CXUUB#! 2V! U_aV! M@NUYMVK! SPbaZNUN! aQX! MVR! RTbYZQUTPOR!

OYbNXT`YVRK!aVXbVUUXQTU!M@QWPTX!MVR! TO]PXbQUTPOR! TOMTXVSUVR!RYX! ZQ!MVORTUN!MVR!MN]QYUR!

bVb\XQOQTXVR!VU!NWVOUYVZZVbVOU!ZVYX!UQTZZV!bP_VOOV#!

!
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! !+*5!

9'#(&E,-S.,0#'*+IE#(,6E,LJ'+G&6E,(0#;(.,-,L'#,$JE8(#)]+)*)L)#'(&)*,

;.,-*(#)678(&)*,

$Q!RPOPaPXQUTPO!VRU!YOV!QYUXV!bNU[PMV!a[_RT`YV!`YT!aVXbVU!YO!UXQOR]VXU!V]]TSQSV!

VU!RqX!MV!aZQRbTMVR!MQOR!ZVR!SVZZYZVR!VU!ZVR!UTRRYR 8e%P)"2&%*&`%**+29%-:&;<<A>&b("P"&%*&

"$@:&;<<X>&R%$"$"2'%&&%*&"$@:&;<<XB#!2VUUV!bNU[PMV!SPORTRUV!VO!YOV!QaaZTSQUTPO!XQUTPOOVZZV!

M@POMVR!YZUXQRPOPXVR!VO!aXNRVOSV!M@QdVOUR!MV! SPOUXQRUV! 8c"''7-&%*&"$@:& ;<<AB#! &PYR! ZVR!

V]]VUR! MVR! POMVR! YZUXQRPOPXVRK! ZVR! QdVOUR! MV! SPOUXQRUV! PRSTZZQOUR! QY! SPOUQSU! MV! ZQ!

bVb\XQOV!aZQRbT`YV!TOMYTRVOU!YOV!SPOUXQTOUV!bNSQOT`YV!RYX!ZQ!bVb\XQOV!aZQRbT`YV 

8!-"2& %*& "$@:& ;<<A>& !-"2& %*& "$@:& ;<<UB# 2VUUV! SPOUXQTOUV! TOMYTU! YOV! QYdbVOUQUTPO! MV! ZQ!

aVXbNQ\TZTUN! MV! ZQ! bVb\XQOV! aZQRbT`YV! VO! SXNQOU! aXP\Q\ZVbVOU! MVR! aPXVR!

bVb\XQOQTXVR!VUIPY!VO!RUTbYZQOU!MVR!bNSQOTRbVR!M@VOMPS_UPRV!8T%+[%-+29&%*&"$@:&;<<XB# 

2POUXQTXVbVOU! p! Z@NZVSUXPaVXbNQ\TZTRQUTPOK! ZQ! RPOPaPXQUTPO! aVXbVU! YOV! VOUXNV! MTXVSUV!

MVR! bPZNSYZVR! MV! aZQRbTMV! MQOR! ZV! S_UPaZQRbV! RQOR! TOUVXQSUTPO! aXNQZQ\ZV! QWVS! ZQ!

bVb\XQOV!aZQRbT`YV!aVOMQOU!Z@QaaZTSQUTPO!MVR!POMVR!YZUXQRPOPXVR!8T%5+%-\]7)#%-*&%*&

"$@:&;<<=B#!

!

,NSVbbVOUK! 8QbQR[TUQ! VU! SPZZP\PXQUVYXR! POU! aXPaPRN! MV! SPb\TOVX!

Z@NZVSUXPaVXbNQ\TZTRQUTPO!QWVS!ZQ!RPOPaPXQUTPO!Q]TO!M@QYdbVOUVX!Z@V]]TSQSTUN!MY!UXQOR]VXU!

MV!aZQRbTMV!MQOR!ZV!bYRSZV!R`YVZVUUT`YV!MV!RPYXTR!8Z")"(5+*"&%*&"$@:&;<<;B#!$VR!XNRYZUQUR!

POU! bPOUXN! `YV! Z@NZVSUXPCRPOPaPXQUTPO! TOMYTU! YOV! QYdbVOUQUTPO! MV! Z@V]]TSQSTUN! MV!

UXQOR]VSUTPO!M@YO!]QSUVYX!9!aQX!XQaaPXU!p!Z@NZVSUXPaVXbNQ\TZTRQUTPO!RVYZV!VU!M@YO!]QSUVYX!

5!aQX!XQaaPXU!p!ZQ!RPOPaPXQUTPO!RVYZV#!$VR!QYUVYXR!POU!RYddNXN!`YV!SVUUV!QYdbVOUQUTPO!

MV! Z@V]]TSQSTUN! MV! UXQOR]VSUTPO! aQX! NZVSUXPCRPOPaPXQUTPO! VRU! ZTNV! p! YOV! MTbTOYUTPO! MVR!

MPbbQdVR!MVR!UTRRYR!SQYRNR!aQX!Z@NZVSUXPaVXbNQ\TZTRQUTPO!8Z")"(5+*"&%*&"$@:&;<<;B#!

!

&YX! ZQ! \QRV! MV! XNSVOUR! XNRYZUQUR! P\UVOYR! RYX! ZVR! bNSQOTRbVR! \TPa[_RT`YVR! MY!

UXQOR]VXU!MV!aZQRbTMV!aQX!NZVSUXPaVXbNQ\TZTRQUTPO!8g1$_+1&%*&"$@:&;<<;>&S"7-+%&%*&"$@:&;<<L>&

S"7-+%&%*&"$@:&;<<XB&VU!aQX!RPOPaPXQUTPO!8T%+[%-+29&%*&"$@:&;<<X>&!-"2&%*&"$@:&;<<A>&!-"2&%*&

"$@:&;<<U>&R%29&%*&"$@:&;<<LB:&OPYR!QWPOR!MN]TOT!SPbbV!P\uVSUT]!M@NUYMTVX!Z@V]]TSQSTUN!MV!ZQ!

SPb\TOQTRPO! MV! Z@NZVSUXPaVXbNQ\TZTRQUTPO! QWVS! ZQ! RPOPaPXQUTPO! DQaaVZN! NZVSUXPC

RPOPaPXQUTPOE! MQOR! ZV! UXQOR]VXU! MV! aZQRbTMV! +2& 0+*-1#! /PUXV! RUXQUNdTV! Q! SPORTRUN! p!
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! ! +*H!

SPbaQXVX! Z@V]]TSQSTUN!MV! Z@NZVSUXPCRPOPaPXQUTPO!MQOR! ZV! UXQOR]VXU!MY!aZQRbTMV!aV>?(C2"!

MQOR! ZVR! SVZZYZVR! 24-! QWVS! SVZZVR! MV! Z@NZVSUXPaVXbNQ\TZTRQUTPO! VU! MV! ZQ! RPOPaPXQUTPO!

RVYZVK!aQX!S_UPbNUXTV!MV!]ZY^!VU!aQX!bTSXPRSPaTV!MV!]ZYPXVRSVOSV#!

!

$@VORVb\ZV! MVR! XNRYZUQUR! P\UVOYR! MQOR! SVUUV! NUYMV! Q! ]QTU! Z@P\uVU! M@YOV! aY\ZTSQUTPO!

RPYbTRV!p!o$*-"(172'&+2&T%'+4+2%&"2'& +̀1$19E&VO!uQOWTVX!+F"F#!

N.,C',L7"J&8'(&)*,

!
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! +*9!

!"#$!%&'+:$)$+'#!)*8$#+"5+$9$0'#(G*()(3(#!'&()+

G#1#!%RSP]]XV"K!h#!hQMMYX+K!1#(#!,PZR"�K!7#!6PYQcQe+!

"2/,&z!'(6&!D'ORUTUYU!MV!([QXbQSPZPdTV!VU!MV!6TPZPdTV!&UXYSUYXQZVEz!+F0!XPYUV!MV!/QX\POOVK!

?C*"FHHK!.PYZPYRVK!?XQOSVz!3OTWVXRTUN!MV!.PYZPYRVz!3(&z!'(6&z!?C*"FHHK!.PYZPYRVK!?XQOSV#!

+'ORVXb!3;*FK!2/,&!%,$*"F5C3OTWVXRTUN!?XQO}PTR!,Q\VZQTR!MV!.PYXRK!243!6XVUPOOVQYK!+!

\M!.POOVZZNK!*HF<<!.PYXR!2VMV^!;K!?XQOSV#!

�2PXXVRaPOMTOd!QYU[PXr!

1#(#!,PZR#!2/,&z!'(6&!D'ORUTUYU!MV!([QXbQSPZPdTV!VU!MV!6TPZPdTV!&UXYSUYXQZVEz!+F0!XPYUV!MV!

/QX\POOVK!?C*"FHHK!.PYZPYRVK!?XQOSVz!3OTWVXRTUN!MV!.PYZPYRVz!3(&z!'(6&z!?C*"FHHK!

.PYZPYRVK!?XQOSV#%CbQTZr!XPZR�Ta\R#]Xz!.VZr!�**05""H09""z!?Q^r!�**5""H0;;<!

+

!"*'#!0'+

.P! YaXVdYZQUV! U[V! V^aXVRRTPO! P]! UXQOR]VSUVM! dVOVK! gV! TOWVRUTdQUVM! U[V!

QaaZTSQ\TZTU_!P]!VZVSUXPCRPOPaPXQUTPO#!.[TR!QaaXPQS[!SPORTRUR!P]!Q!SPb\TOQUTPO!P]!VZVSUXTS!

aYZRVR! QOM!YZUXQRPYOM! QRRTRUVM!gTU[! dQR!bTSXP\Y\\ZVR#! 2VZZR!gVXV! ]TXRUZ_! RY\bTUUVM! UP!

VZVSUXTSQZ!aYZRVR!gTU[!aZQRbTM!)/7!VOSPMTOd!V>?(!QOM!U[VO!RPOPaPXQUVM!TO!aXVRVOSV!P]!

SPOUXQRU!bTSXP\Y\\ZVR#!+<!ZQUVXK!SVZZR!U[QU!XVSVTWVM!VZVSUXPCRPOPaPXQUTPOMVbPORUXQUVM!Q!

<C]PZM! TOSXVQRV! TO! UXQOR]VSUTPO! ZVWVZ! DaVXSVOUQdV! P]! V>?(! aPRTUTWVR! SVZZRE! QOM! Q! 5C]PZM!

TOSXVQRV! TO! UXQOR]VSUTPO!V]]TSTVOS_!DQRRPSTQUVM! ]ZYPXVRSVOSV! TOUVORTU_E! TO!SPbaQXTRPO! UP!

SVZZR! [QWTOd! YOMVXdPOV! VZVSUXPaPXQUTPO! QZPOV#! l[TZV! VZVSUXPaPXQUTPO! TOMYSVM! U[V!

TOUVXQSUTPO!P]!)/7!gTU[!U[V!SVZZ!bVb\XQOVK!RPOPaPXQUTPO!TOMYSVM!TUR!MTXVSU!aXPaYZRTPO!

TOUP!U[V!SVZZ!S_UPaZQRb!QOM!U[V!OYSZVYR#!&POPaPXQUTPO!SQO!TbaXPWV!U[V!UXQOR]VX!P]!)/7!

TO! TOUVXQSUTPO!gTU[! VZVSUXPaPXQUVM!bVb\XQOV! \_! QZZPgTOd! TUR! ]XVV! QOM! XQaTM! VOUXQOSV!

TOUP! U[V! SVZZR#! .[VRV! XVRYZUR! MVbPORUXQUV! U[QU! TO! WTUXP! dVOV! UXQOR]VX! \_! VZVSUXPC

RPOPaPXQUTPO!SPYZM!aXPWTMV!Q!OVg!aPUVOU!bVU[PM!]PX!dVOV!UXQOR]VX#!

!

hV_!gPXMRr!&POPaPXQUTPOK!VZVSUXPaPXQUTPOK!YZUXQRPYOMK!SPOUXQRU!QdVOUK!dVOV!UXQOR]VX!
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! +*;!

&)'#(./0'&()+

.[V!SPOUXPZZVM!YRV!P]!VZVSUXTS!aYZRVR!QR!Q!RQ]V!QOM!V]]TSTVOU!UPPZ!UP!MVZTWVX!aZQRbTM!

)/7!UP!UQXdVU!SVZZR!QOM!UTRRYVR![QR!XQaTMZ_!VWPZWVM!PWVX!U[V!ZQRU!MVSQMV!D/VYbQOO!VU!QZ#!

";9+z!)QYM!VU!QZ#!+FF9z!,PRQUT!VU!QZ#!+FF;E#!.[V!bVU[PMK!SQZZVM!VZVSUXPaPXQUTPO!XV]VXR!UP!

U[V! UXQORTVOU! TOSXVQRV! TO! U[V! aVXbVQ\TZTU_! P]! SVZZ! bVb\XQOVR! D/VYbQOO! VU! QZ#! +FFHz!

%RSP]]XV!VU!QZ#!+FFHz!1TX!+FF;E#!)VRaTUV!U[V!MVWVZPabVOU!P]!SZTOTSQZ!UXTQZRK!U[V!\TPa[_RTSQZ!

bVS[QOTRbR! YOMVXZ_TOd! bVb\XQOV! aVXbVQ\TZTeQUTPO! QOM! dVOV! UXQOR]VX! gTU[!

VZVSUXPaPXQUTPO!QXV!RUTZZ!OPU! ]YZZ_!YOMVXRUPPM!D.VTRRTV!VU!QZ#!+FF0E#!%ZYSTMQUTPO!P]! U[VRV!

bVS[QOTRbR!TR!P]![Td[!TbaPXUQOSV!]PX! +2&0+*-1!YRV!TO!UVXbR!P]!V]]TSTVOS_!QOM!QZRP!]PX! +2&

0+01! YRV! TO! UVXbR! P]! RQ]VU_#! (VX]PXbVM! QU! U[V! RTOdZV! SVZZ! ZVWVZK! SYXXVOU! RUYMTVR! [QWV!

_TVZMVM! Q! a[VOPbVOPZPdTSQZ! MVRSXTaUTPO! P]! dVOV! VZVSUXPUXQOR]VX! D>PZeTP! VU! QZ#! +FF+z!

?QYXTV! VU! QZ#! +F"Fz! %RSP]]XV! VU! QZ#! +FF;QE#! 'OMVVMK! aZQRbTM! )/7! XV`YTXVR! Q! OYb\VX! P]!

SPORVSYUTWV! RUVaR! \V]PXV! XVQS[TOd! U[V! SVZZ! OYSZVYRr! bVb\XQOV! aVXbVQ\TZTeQUTPOK!

VZVSUXPa[PXVUTS!bTdXQUTPO!UPgQXMR!U[V!SVZZK!TORVXUTPO!TOUP!U[V!aVXbVQ\TZTeVM!bVb\XQOVK!

UXQORZPSQUTPO!QSXPRR!U[V!bVb\XQOVK!bTdXQUTPO!UPgQXMR!U[V!OYSZVYR!QOM!]TOQZZ_!UXQOR]VX!

QSXPRR!U[V!OYSZVQX!VOWVZPaV!D>PZeTP!VU!QZ#!+FF+E#!.[VXV]PXVK!aZQRbTM!)/7!MPVR!OPU!VOUVX!

TOUP!U[V!SVZZ!MYXTOd!V^aPRYXV!UP!VZVSUXTS!aYZRVR!\YU!TU!TR!�UXQaaVM!TOUP�!U[V!aVXbVQ\TZTeVM!

bVb\XQOV! D?QYXTV! VU! QZ#! +FF<E#! 'U! TR! OPU! [PbPdVOVPYRZ_! MTRUXT\YUVM! PO! U[V!

aVXbVQ\TZTeVM!bVb\XQOV!\YU! TR!aXVRVOU! TOUP! �SPbaVUVOU!RTUVR�!g[PRV!RTeV!XQOdV! ]XPb!

F#"! UP! F#0! ib! D>PZeTP! VU! QZ#! +FF+E#! ,VSVOU! TOWVRUTdQUTPO! XVWVQZVM! U[V! V^TRUVOSV! P]! UgP!

SZQRRVR! P]! aZQRbTM! )/7IbVb\XQOV! TOUVXQSUTPOr! DTE! Q! bVUQRUQ\ZV! aZQRbTM!

)/7IbVb\XQOV! SPbaZV^! ]XPb! g[TS[! aZQRbTM! )/7! SQO! ZVQWV! QOM! XVUYXO! UP! V^UVXOQZ!

bVMTYb!QOM!DTTE!Q!RUQ\ZV!aZQRbTM!)/7IbVb\XQOV!SPbaZV^K!g[VXV!aZQRbTM!)/7!SQOOPU!

\V! XVbPWVM! VWVO! \_! QaaZ_TOd! VZVSUXTS! aYZRVR! P]! XVWVXRVM! aPZQXTU_#! -OZ_! aZQRbTM! )/7!

\VZPOdTOd!UP!U[V!RVSPOM!SZQRR!ZVQMR!UP!V]]VSUTWV!dVOV!V^aXVRRTPO!D?QYXTV!VU!QZ#!+F"FE#!.[TR!

)/7IbVb\XQOV! TOUVXQSUTPO! U[QU! TR! Q! XV`YTRTUV! RUVa! \YU! OPU! RY]]TSTVOU! UP! dVU! dVOV!

V^aXVRRTPOK!R[PgVM!SZVQXZ_! U[QU! U[V!aZQRbQ!bVb\XQOV! TR!Q!a[_RTSQZ!\QXXTVX! UP!aZQRbTM!

)/7!VOUX_#!!

GYRU!ZTcV!VZVSUXPaPXQUTPOK!U[V!RPOPaPXQUTPO!TR!QOPU[VX!aXPbTRTOd!a[_RTSQZ!bVU[PM!

UP!MVZTWVX! U[VXQaVYUTS!dVOVR! TOUP!SVZZR!QOM! UTRRYVR! D/VgbQOO!VU!QZ#!+FFHz!-RQgQ!VU!QZ#!

+FF;z! )VZQZQOMV! VU! QZ#! +F"FE#! .[TR! bVU[PM! SPORTRUR! P]! U[V! XQUTPOQZ! QaaZTSQUTPO! P]!

YZUXQRPYOM!gQWVR!TO!aXVRVOSV!P]!dQR!bTSXP\Y\\ZVR!D:QO!lQbVZ!VU!QZ#!+FF5z!hQMMYX!VU!QZ#!

+FFHz! hQXR[Q]TQO! VU! QZ#! +FF;E#! 3OMVX! U[V! V]]VSU! P]! YZUXQRPYOM! gQWVRK! U[V! PRSTZZQUTOd!
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! +<F!

bTSXP\Y\\ZVR!TO!SPOUQSU!gTU[!aZQRbQ!bVb\XQOV!TOMYSV!Q!bVS[QOTSQZ!SPORUXQTOU!PO!U[V!

SVZZ!bVb\XQOV!D.XQO!VU!QZ#!+FFHz!.XQO!VU!QZ#!+FF9E#!.[TR!bVb\XQOV!RUTbYZQUTPO!VO[QOSVR!

TUR!aVXbVQ\TZTU_!U[XPYd[!ZTcVZ_!U[V!SXVQUTPO!P]!bVb\XQOV!UXQORTVOU!aPXVR!QOM!ZTcVZ_!U[V!

RUTbYZQUTPO!P]!VOMPS_UPRTR!bVS[QOTRbR!D1VTuVXTOd!VU!QZ#!+FF;E#!2YXXVOU!RUYMTVR!TOMTSQUV!

U[QU!TO!SPOUXQX_!UP!U[V!VZVSUXPaPXQUTPOK!U[V!aZQRbTM!bPZVSYZVR!QXV!aXPaVZZVM!MTXVSUZ_!TOUP!

U[V!S_UPaZQRb!SXVQUTOd!\_!U[QU!SZYRUVXR!D1V[TVXC4Yb\VXU!VU!QZ#!+FF;E#!.[V!SPb\TOQUTPO!

P]!\PU[!a[_RTSQZ!bVU[PMR!QR!Q!bVQO!UP! UXQOR]VX!bPZVSYZVR!QOM!dVOVR! TOUP! U[V!SVZZR![QR!

OPU! \VVO! RY]]TSTVOUZ_! V^aZPXVM#! ,VSVOUZ_K! 8QbQR[TUQ! QOM! SPCgPXcVXR! TOWVRUTdQUVM! U[V!

QaaZTSQ\TZTU_! P]! +2& 0+01! VZVSUXPaPXQUTPO! QOM! RPOPaPXQUTPO! DVZVSUXPCRPOPaPXQUTPOE!

D8QbQR[TUQ!VU!QZ#!+FF+E#!.[V!QaaXPQS[!SPORTRUVM!P]!Q!SPb\TOQUTPO!P]!VZVSUXTS!aYZRVR!QOM!

YZUXQRPYOM!gQWVRK! ]PX! dVOV! UXQOR]VX! TOUP! RcVZVUQZ!bYRSZV! P]!bTSV#! .[V_! MVbPORUXQUVM!

U[QU!bTSV! U[QU![QM!YOMVXdPOV!VZVSUXPCRPOPaPXQUTPO! R[PgVM!9C]PZM! QOM!"#5C]PZM![Td[VX!

dVOV! V^aXVRRTPO! ZVWVZ! SPbaQXVM! UP! bTSV! U[QU! YOMVXgVOU! VZVSUXPaPXQUTPO! QZPOV! QOM!

RPOPaPXQUTPO! QZPOVK! XVRaVSUTWVZ_#! .[V! QYU[PXR! RYddVRUVM! U[QU! U[V! YaXVdYZQUTPO! P]! U[V!

dVOV! V^aXVRRTPO! ZVWVZ! TOMYSVM! \_! VZVSUXPCRPOPaPXQUTPO! TR! U[V! SPORV`YVOSV! P]! U[V!

MVSXVQRV!P]!UTRRYV!MQbQdV!D8QbQR[TUQ!VU!QZ#!+FF+E#!!

6QRVM!PO!U[V!SYXXVOU!MQUQ!QOM!U[V!XVSVOU!]TOMTOdR!PO!U[V!\TPa[_RTSQZ!bVS[QOTRbR!

P]!dVOV!UXQOR]VX!\_!VZVSUXPaPXQUTPO!D>PZeTP!VU!QZ#!+FF+z!?QYXTV!VU!QZ#!+F"Fz!?QYXTV!VU!QZ#!

+FF<E! QOM! U[XPYd[! RPOPaPXQUTPO! D.XQO! VU! QZ#! +FFHz! .XQO! VU! QZ#! +FF9z! 1VTuVXTOd! VU! QZ#!

+FF;z!)VOd! VU! QZ#! +FF<EK!gV! TOWVRUTdQUVM! U[V! V]]VSUTWVOVRR! P]! VZVSUXPCRPOPaPXQUTPO! ]PX!

U[V!MVZTWVX_!P]!aZQRbTM!)/7!SPMTOd!V>?(!aXPUVTO! TO!24-!SVZZR#!.[V!dVOV!MVZTWVX_! QOM!

V^aXVRRTPO! gVXV! bPOTUPXVM! TO! ZTWTOd! SVZZR! \_! ]ZYPXVRSVOSV! bTSXPRSPa_! QOM! ]ZPg!

S_UPbVUX_#! .[TR! QaaXPQS[! QZZPgVM! YR! UP! QMMXVRR! RVWVXQZ! `YVRUTPORr! D"E! )PVR! U[V!

RPOPaPXQUTPO!gTU[!dQR!bTSXP\Y\\ZVR! TbaXPWV!U[V!UXQOR]VSUTPO! ZVWVZ!QOM!V]]TSTVOS_!P]!24-!

SVZZR! TOMYSVM!\_! U[V!VZVSUXPaPXQUTPO�! D+E! 'R!QO_! UXQOR]VSUTPO! TbaXPWVbVOU! TOMYSVM!\_!QO!

VO[QOSVbVOU!P]!U[V!YaUQcV!P]!aZQRbTM!)/7!QddXVdQUVR!TOMYSVM!\_!VZVSUXPaPXQUTPO�!

 

6!'$#&!9*+!).+6$'<(.*+

h%$$&47$*7-%&

2[TOVRV![QbRUVX!PWQX_!D24-E!SVZZR!gVXV!YRVM#!.[V!l..!SZPOV!gQR!RVZVSUVM!]PX!TUR!

Q\TZTU_! UP! dXPg! TO! RYRaVORTPO! PX! TO! QM[VXVOSV! PO! (VUXT! MTR[VR! PX! PO!bTSXPRSPaV! dZQRR!

SPWVX!RZTa#!.[V!SVZZR!gVXV!dXPgO! TO!RYRaVORTPO! TO!%QdZV!bVMTYb!D1%1!"F""K!%YXP\TPK!
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! +<"!

$VR!3ZTRK!?XQOSVE!RYaaZVbVOUVM!gTU[!*#0!dI$!dZYSPRV!D&TdbQC7ZMXTS[K!&UC$PYTRK!3&7EK!+#;0!

dI$!UX_aUPRV!a[PRa[QUV!D&TdbQC7ZMXTS[K!&UC$PYTRK!3&7EK!9v!&:?!D$POeQ!>XPYa!$UMK!6QRZK!

&gTUeVXZQOMEK! F#9!bdIb$!$CdZYUQbTOV! D%YXP\TPK! $VR!3ZTRK! ?XQOSVEK! "FF!YIb$!aVOTSTZZTO!

D&TdbQC7ZMXTS[K!&UC$PYTRK!3&7E!QOM!"FF!bdIb$!RUXVaUPb_STOV!D&TdbQC7ZMXTS[K!&UC$PYTRK!

3&7EK!"A!61%!WTUQbTOR!D&TdbQC7ZMXTS[K!&UC$PYTRK!3&7E!D,PZR!VU!QZ#!";;0E#!.[VTX!Q\TZTU_!UP!

dXPg! PO! Q! RYaaPXU! Q]UVX! \VTOd!bQTOUQTOVM! TO! RYRaVORTPO! TR! Q! MTXVSU! VWTMVOSV! P]! U[VTX!

WTQ\TZTU_#!

O$"()+'&Re.&J-%J"-"*+12&"2'&(*"+2+29!

7!<#H!ca\!aZQRbTMK!a%>?(C2"!D2ZPOVUVS[K!(QZP!7ZUPK!3&7EK!SQXX_TOd!U[V!dVOV!P]!U[V!

>XVVO! ?ZYPXVRSVOU! (XPUVTO! YOMVX! U[V! SPOUXPZ! P]! U[V! 21:! aXPbPUVXK! gQR! RUQTOVM!

RUPTS[TPbVUXTSQZZ_!gTU[! U[V!)/7! TOUVXSQZQUTOd! U[TQePZV!PXQOdV![PbPMTbVX!M_V!.-.-C"!

D1PZVSYZQX!(XP\VRK!%YdVOVK!3&7E#!.[V!RUQTOTOd!gQR!SQXXTVM!PYU!MYXTOd!5F!bTO!PO!TSV!QU!Q!

\QRV!aQTX!UP!M_V!XQUTP!P]!0!D,_V!VU!QZ#!";;+z!%RSP]]XV!VU!QZ#!+FF;\E#!(ZQRbTM!gQR!aXVaQXVM!

]XPb! UXQOR]PXbVM! %#! SPZT! YRTOd! 1Q^TaXVa! )/7! aYXT]TSQUTPO! R_RUVb! QSSPXMTOd! UP! U[V!

bQOY]QSUYXVXLR!TORUXYSUTPOR!D=TQdVOK!2[QURgPXU[K!3&7E#!!

3$%4*-1J1-"*+12&J-14%'7-%&

%ZVSUXPaPXQUTPO!gQR!aVX]PXbVM!YRTOd!Q!2/,&!SVZZ!VZVSUXPaYZRQUPX!DGPYQOK!&U!4VX\ZQTOK!

?XQOSVEK!g[TS[!MVZTWVXR!R`YQXV!VZVSUXTS!aYZRVR#!.[V!aYZRV!R[QaVR!gVXV!bPOTUPXVM!YRTOd!QO!

PRSTZZPRSPaV!D%OVXUVSK!&UC%UTVOOVK!?XQOSVE#!&UQTOZVRR!RUVVZ!XPMR!aQXQZZVZ!VZVSUXPMVR!DMTQbVUVX!

F#0!bbK!ZVOdU[!"F!bbK!TOUVXCVZVSUXPMV!MTRUQOSV!H!bbE!gVXV!SPOOVSUVM!UP!U[V!WPZUQdV!aYZRV!

dVOVXQUPX#! 24-! SVZZR!gVXV! VZVSUXPaYZRVM! \_! U[V! QaaZTSQUTPO! P]!bTZZTRVSPOM! VZVSUXTS! aYZRVR!

XV`YTXVM! UP! ZPQM!bQSXPbPZVSYZVR! TOUP! 24-! SVZZR#! -aUTbQZ! V^STUQUTPO! aQXQbVUVXR! ]PX! 24-!

SVZZR!gVXV!MVUVXbTOVM! RVaQXQUVZ_! QOM! SPORTRUVM!P]! "F!aYZRVR! ZQRUTOd!0!bR! QU! Q! XVaVUTUTPO!

]XV`YVOS_!P]!"!4e!QU!F#H!c:ISb!QU!XPPb!UVbaVXQUYXV!D,PZR!VU!QZ#!";;+z!4YT!";;0E#!!

24-! SVZZR! TO! U[V! RYRaVORTPO! gVXV! SVOUXT]YdVM! QU! "+F! d! MYXTOd! 0! bTO#! .[V! SVZZ!

aVZZVU!gQR! XVRYRaVOMVM! TO! U[V!aYZRQUTPO!\Y]]VX! D"F!b1!h+4(-<Ih4+(-<K! "!b1!1d2Z+K!

+0F! b1! RYSXPRVK! a4! H#<E! SPOUQTOTOd! +F! idIb$! P]! a%>?(C2"! aZQRbTM! UP! Q! MVORTU_! P]!

0#"F5Ib$#!7!WPZYbV!P]!"FF!i$!P]!SVZZ!RYRaVORTPO!gQR!aZQSVM!\VUgVVO!U[V!VZVSUXPMVR!]PX!

VZVSUXPaPXQUTPO#!7]UVX! VZVSUXPaPXQUTPOK! U[V! SVZZR!gVXV! TOSY\QUVM! MYXTOd! 0!bTOYUVR! QOM!

U[VO! SYZUYXVM! TO! *0!bb! (VUXT! MTR[! D6VSUPO! )TScTORPO! $Q\gQXVK! ?XQOcZTO! $QcVRK! 3&7E!

gTU[!"#0!b$!P]!SYZUYXV!bVMTYb!]PX!+<[!QU!*H�2!TO!Q!0v!2-+!TOSY\QUPX#!!

D121J1-"*+12&J-14%'7-%&
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! +<+!

6,"<!bTSXP\Y\\ZVR! D6XQSSP!,VRVQXS[K!>VOVWQK!&gTUeVXZQOME!dVOVXPYRZ_!aXPWTMVM!

\_!6XQSSP!,VRVQXS[K!gVXV!YRVM#!.[V_!QXV!SPbaPRVM!P]!aVX]ZYPXP\YUQOV!dQR!VOSQaRYZQUVM!

TO!Q!a[PRa[PZTaTM!bPOPZQ_VX#!6,"<!bTSXP\Y\\ZVR![QWV!Q!bVQO!MTQbVUVX!P]!+#5!�b!gTU[!

;;!v![QWTOd!Q!MTQbVUVX! ZVRR! U[QO!"+!�b!D&S[OVTMVX!VU!QZ#!";;Hz!.RYOPMQ!VU!QZ#!+FF0E#!

.[V! bTSXP\Y\\ZVRL! RYRaVORTPO! gQR! aXVaQXVM! ]Vg!bTOYUVR! \V]PXV! V^aVXTbVOUQUTPO! \_!

bT^TOd!U[V!aPgMVX!gTU[!/Q2Z!DF#F;!vE!dTWTOd!QaaXP^TbQUVZ_!+#"F9!bTSXP\Y\\ZVR!aVX!bZ#!

lV!VWQZYQUVM!U[V!V]]VSU!P]!bTSXP\Y\\ZVR!SPOSVOUXQUTPO!V^aXVRRVM!TO!UVXbR!P]!OYb\VX!P]!

\Y\\ZVR!aVX!SVZZ#!3&!gQWVR!gVXV!dVOVXQUVM!]XPb!QO!YO]PSYRVM!RTOdZV!VZVbVOU!UXQORMYSVX!

P]!"0!bb!TO!MTQbVUVX!gTU[!Q!SVOUVX! ]XV`YVOS_!P]!"!14e!D:VXbPOK!.PYXRK!?XQOSVE#!.[V!

OQUYXQZ! ]PSQZ!MTRUQOSV!P]! U[V! UXQORMYSVX!gQR!bVQRYXVM!QU!*F!bb#!.[V! UXQORMYSVX!gQR!

MXTWVO!gTU[!QO!VZVSUXTSQZ!RTdOQZ!dVOVXQUVM!\_!QO!QX\TUXQX_!gQWV]PXb!dVOVXQUPX!D7dTZVOUK!

&QOUQ!2ZQXQK!27K!3&7E!QOM!QbaZT]TVM!gTU[!Q!aPgVX!QbaZT]TVX!D7)%2%K!7XUQOOVRK!?XQOSVE#!

.[V!OVdQUTWV!aVQc!aXVRRYXV!P]! U[V!3&!gQWV!gQR!bVQRYXVM! TO!Q! RVaQXQUV!RVUCYa!gTU[!Q!

SQZT\XQUVM! ():?! OVVMZV! [_MXPa[POV! DMTQbVUVX! x! F#+! bbE! D(XVSTRTPO! 7SPYRUTSR! $UM#K!

)PXRS[VRUVXK!3OTUVM!hTOdMPbE#!!

24-! RYRaVOMVM! SVZZR! D0#"F0! SVZZR! TO! "#0! bZE! gVXV! TOUXPMYSVM! TO! Q! [PZMVX!

SPOUQTOTOd! U[V! SVZZ! bVMTYb! D'OWTUXPdVOK! 2VXd_C(POUPTRVK! ?XQOSVE#! .[V! SVOUVX! P]! U[V!

aZQRUTS!UY\V!RVXWTOd!QR!Q![PZMVX!QOM!SPOUQTOTOd!SVZZR!gQR!aZQSVM!QU!U[V!]PSQZ!MTRUQOSV!P]!

U[V!UXQORMYSVX#!.[TR!UY\V![QM!U[V!]PZZPgTOd!MTbVORTPORr!<0!bb![VTd[UK!"F!bb!TOUVXOQZ!

gTMU[! QOM! "+!bb! V^UVXOQZ!gTMU[#! (ZQRbTM! dVOV! QOM!bTSXP\Y\\ZVR!gVXV! QMMVM! QU! U[V!

XV`YTXVM!SPOSVOUXQUTPO!uYRU!\V]PXV!TORPOQUTPO#!7]UVX!U[V!VOM!P]!YZUXQRPYOM!V^aPRYXVK!U[V!

SVZZR!gVXV!SYZUYXVM! TO!Q!*0!bb!(VUXT!MTR[!D6VSUPO!)TScTORPO!$Q\gQXVK!?XQOcZTO!$QcVRK!

3&7E!gTU[!"#0!b$!P]!SYZUYXV!bVMTYb!]PX!+<[!QU!*H�2!TO!Q!0v!2-+!TOSY\QUPX#!!

3$%4*-1\(121J1-"*+12&J-14%'7-%&

.[V! VZVSUXPCRPOPaPXQUTPO! TR! Q! RYSSVRRTWV! SPb\TOQUTPO! P]! VZVSUXPaPXQUTPO! QOM!

RPOPaPXQUTPO!TO!PXMVX!UP! TbaXPWV!U[V!UXQOR]VSUTPO!V]]TSTVOS_#!.[V!VZVSUXPCRPOPaPXQUTPO!

gQR! SQXXTVM! PYU! \_! XVaXPMYSTOd! U[V! PaUTbQZ! RPOPaPXQUTPO! QOM! VZVSUXPaPXQUTPO!

SPOMTUTPOR#! 24-! SVZZR! gVXV! RY\bTUUVM! UP! VZVSUXTS! aYZRVR! TO! aXVRVOSV! P]! +F! idIb$! P]!

a%>?(C2"! aZQRbTM#! 6V]PXV! U[V! RPOPaPXQUTPOK! VZVSUXPaYZRVM! SVZZR! gVXV! gQR[VM! \_!

SVOUXT]YdQUTPO!D"+F!dK!0!bTOE!UP!XVbPWV!U[V!]XVV!aZQRbTM!TO!U[V!\YZc!RPZYUTPO#!.[VOK!U[V!

SVZZ!aVZZVU!gQR!XVRYRaVOMVM!TO!"#0!b$!P]!SYZUYXV!bVMTYb!gTU[!"v!&:?!\V]PXV!QaaZ_TOd!

RPOPaPXQUTPO#!
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S$71-%(4%24%&)+4-1(41JE&

?PX!bTSXPRSPaTS!P\RVXWQUTPORK!U[V!(VUXT!MTR[!gQR!aZQSVM!PO!U[V!RUQdV!P]!QO!TOWVXUVM!

MTdTUTeVM! ]ZYPXVRSVOSV!WTMVPbTSXPRSPaV! D$VTSQ!)1',6K!lVUeZQXK!>VXbQO_E#!.[V!SVZZR!gVXV!

P\RVXWVM!gTU[!Q!$VTSQ!<F!UTbVR!P\uVSUTWV#!.[V!gQWVZVOdU[R!gVXV!RVZVSUVM!\_!YRTOd!U[V!$VTSQ!

$<! ]TZUVX! \ZPSc! ]PX! U[V! .-.-C"! ZQ\VZVM! )/7!QOM! >?(CV^aXVRRTOd! SVZZR#! .[V! TbQdVR!gVXV!

XVSPXMVM!gTU[!Q!1VUQ1PXa[!QS`YTRTUTPO!RP]UgQXV!D:VXRTPO!H#F<X<!�!";;+C+FF5!1PZVSYZQX!

)VWTSVRE!V`YTaaVM!gTU[!Q!([PUPbVUXTSR!SPPZVM!22)!SQbVXQ!D(XTOSVUPO!TORUXYbVOUK!'OS#K!STU_!

QOM!SPYOUX_E!QOM!Q!SPbaYUVXCSPOUXPZZVM!V^STUQUTPO! ZTd[U!R[YUUVX!D$VTSQK!%$!5FFFK!lVUeZQXK!

>VXbQO_E#!!

S$1P&4E*1)%*%-&

-OZ_! aZQUVM! SVZZR! DT#V#K! WTQ\ZV! SVZZRE! gVXV! UQcVO! TOUP! QSSPYOU! TO! U[V! QRRQ_! ]PX!

`YQOUT]TSQUTPO#! .[V! SVZZR! gVXV! [QXWVRUVM! \_! UX_aRTOTeQUTPO! QOM! QOQZ_eVM! \_! ]ZPg!

S_UPbVUX_! UP! VWQZYQUV! \PU[! U[V! aVXSVOUQdV! P]! UXQOR]VSUTPO! DT#V#K! aVXSVOUQdV! P]! >?(C

V^aXVRRTOd! SVZZRE! QOM! U[V! dVOV! V^aXVRRTPO! DT#V#K! bVQO! ZVWVZ! P]! ]ZYPXVRSVOSV! QRRPSTQUVM!

gTU[!U[TR!UXQOR]VSUTPOE#!

a+"#+$+*E&"(("E&

2VZZ!WTQ\TZTU_!gQR!MVUVXbTOVM!\_!aXPaTMTYb!TPMTMV!D('E!D&TdbQC7ZMXTS[K!&UC$PYTRK!

3&7E! V^SZYRTPO#! .[V! RYaVXOQUQOU! gQR! XVbPWVM! QOM! U[V! SVZZR! gVXV! [QXWVRUVM! \_!

UX_aRTOTeQUTPO#!&YaVXOQUQOU!QOM!UX_aRTOTeVM!SVZZR!gVXV!bT^VM!QOM!ZQ\VZVM!gTU[!"FF!i1!

aXPaTMTYb!TPMTMV#!.[V!RQbaZV!gQR!cVaU!TO!U[V!MQXc!QU!XPPb!UVbaVXQUYXV!]PX!"F!bTO#!('C

ZQ\VZVM!SVZZR!gVXV!QOQZ_eVM!\_!]ZPg!S_UPbVUX_!UP!VWQZYQUV!U[V!aVXSVOUQdV!P]!MVQM!SVZZR#!

 

#$*/9'*+

bJ*+)"$&%$%4*-+4"$&"2'&"417(*+4"$&J"-")%*%-(&G1-&9%2%&*-"2(G%-&+2*1&h]b&4%$$(@&

%ZVSUXPaPXQUTPO! QOM! RPOPaPXQUTPO! aQXQbVUVXR! gVXV! WQXTVM! UP! P\UQTO! PaUTbQZ!

dVOV! UXQOR]VX! TOUP! 24-! SVZZR#! .[V! PaUTbTeQUTPO! P]! VZVSUXPaPXQUTPO! aXVWTPYRZ_! XVWVQZVM!

U[QU!"F!VZVSUXTSQZ!aYZRVR!MYXTOd!0!bR!QU!Q!XVaVUTUTPO!]XV`YVOS_!P]!"!4e!QOM!QU!F#H!c:ISb!

TOUVORTU_! gVXV! U[V! PaUTbQZ! SPOMTUTPOR! UP! TOSPXaPXQUV! aZQRbTM! a%>?(C2"! TOUP! 24-! SVZZR!

D?QYXTV!VU!QZ#!+FF+z!4YT!";;0z!,PZR!VU!QZ#!";;+E#!

.[V!PaUTbQZ!V^aPRYXV!aQXQbVUVXR!]PX!RPOPaPXQUTPO!gVXV!P\UQTOVM!\_!WQX_TOd!U[V!

QSPYRUTS! aQXQbVUVXR! TOSZYMTOd! QSPYRUTS! aXVRRYXVK! V^aPRTUTPO! UTbVK! MYXQUTPO! P]! aYZRV!
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XVaVUTUTPO!QOM!OYb\VX!P]!S_SZVR!D.Q\ZV!"K!SPOMTUTPOR!7C>E!QOM!U[V!SPOSVOUXQUTPO!P]!6,"<!

bTSXP\Y\\ZVR! dTWVO! \_! U[V! OYb\VX! P]! bTSXP\Y\\ZVR! aVX! SVZZ! D.Q\ZV! "K! SPOMTUTPO! 4E#!

?TdYXV!"7!R[PgR!MTXVSU!P\RVXWQUTPO!P]! UXQOR]VSUVM! SVZZR!gTU[! ]ZYPXVRSVOSV!bTSXPRSPa_#!

?TdYXV!"6!R[PgR!U[V!aVXSVOUQdV!P]! UXQOR]VSUVM!SVZZR! DT#V#! UXQOR]VSUTPO! ZVWVZE!QOM!?TdYXV!

"2K!U[V!QRRPSTQUVM!]ZYPXVRSVOSV!TOUVORTU_!DT#V#!UXQOR]VSUTPO!V]]TSTVOS_E!P\UQTOVM!]PZZPgTOd!

RPOPaPXQUTPO#! .[V! XVRYZUR! D?TdYXVR! "6! QOM! "2E! XVWVQZ! U[QU! QO! TOSXVQRV! TO! U[V! QSPYRUTS!

aXVRRYXV!]XPb!F#<!1(Q!DSPOMTUTPO!7E!UP!F#5!1(Q!DSPOMTUTPO!6EK!g[TZV!bQTOUQTOTOd!PU[VX!

V^aPRYXV! SPOMTUTPOR! SPORUQOUK! TOMYSVM! *C]PZM! TOSXVQRV! TO! U[V! UXQOR]VSUTPO! ZVWVZ!

D;#5�F#9v!WR!*+#+�F#;vE!QOM!<C]PZM!VO[QOSVbVOU!P]!U[V!UXQOR]VSUTPO!V]]TSTVOS_!D+H;�<"!

WR!"**5�<+!Q#Y#E#!.[V!QaaZTSQUTPO!P]! QSPYRUTS!aXVRRYXVR!Q\PWV!F#5!1(Q!SQYRVM!Q! RZTd[U!

MVSXVQRV!P]!\PU[!U[V!UXQOR]VSUTPO! ZVWVZ!D+<�+v!QU!F#H!1(Q!QOM!+0K0�"#<v!QU!F#9!1(QE!

QOM!V]]TSTVOS_!D;+9�H+!Q#Y#!QU!F#H!1(Q!QOM!"F;5�9H!Q#Y#!QU!F#9!1(QE#!.[V!aXPZPOdQUTPO!P]!

V^aPRTUTPO! UTbV! ]XPb!"!bTO! DSPOMTUTPO!6E! UP! +!bTO! DSPOMTUTPO! 2E! MTM! OPU! VO[QOSV! U[V!

UXQOR]VSUTPO!ZVWVZ!D*+#*�"v!WR!*<#H�"#*vEK!OPX!U[V!UXQOR]VSUTPO!V]]TSTVOS_!D"**5�<+!Q#Y#!

WR!"<<<�"FH!Q#Y#E#!/VWVXU[VZVRRK!U[V!MVSXVQRV!P]!U[V!MYU_!S_SZV!]XPb!<Fv!DSPOMTUTPO!)E!

UP!F#F+v!DSPOMTUTPOR!?!QOM!>E!TOMYSVM!Q!WVX_!ZPg!UXQOR]VSUTPO!ZVWVZ!QOM!Q!ZPg!V]]TSTVOS_#!

.[TR! gQR! QRRPSTQUVM! UP! QZUVXQUTPO! P]! SVZZR! QR! R[PgO! TO! ?TdYXV! "7! DSPOMTUTPO! >E#! .[V!

OYb\VX!P]!6,"<!bTSXP\Y\\ZVR!aVX!SVZZ! TR!QO!TbaPXUQOU!aQXQbVUVX!]PX!dVOV!UXQOR]VX!\_!

RPOPaPXQUTPO#!'OMVVMK!Q!+C]PZM!MVSXVQRV!P]!U[V!bTSXP\Y\\ZVR!SPOSVOUXQUTPO!DSPOMTUTPOR!6!

QOM!4E! TOMYSVM!Q!XVMYSUTPO!P]! UXQOR]VSUTPO! ZVWVZ!QOM!V]]TSTVOS_!\_!*Fv#!.[VXV]PXVK! U[V!

PaUTbQZ! UXQOR]VSUTPO! ZVWVZ! D*0�"vE! QOM! UXQOR]VSUTPO! V]]TSTVOS_! D"<<<�"FH! Q#Y#E! gVXV!

P\UQTOVM!]PX!U[V!]PZZPgTOd!V^STUQUTPO!aQXQbVUVXRr!QSPYRUTS!aXVRRYXVK!F#5!1(Qz!MYU_!S_SZVK!

<Fvz!XVaVUTUTPO!XQUVK!"FF!iRz!V^aPRTUTPO!UTbVK!+!bTO!QOM!+F!6,"<!bTSXP\Y\\ZVRISVZZ#!

62&0+*-1&9%2%&*-"2(G%-&#E&%$%4*-1\(121J1-"*+12&

%ZVSUXPaPXQUTPO! QOM! RPOPaPXQUTPO! gVXV! QaaZTVM! RYSSVRRTWVZ_! YRTOd! U[V! PaUTbQZ!

VZVSUXTSQZ!SPOMTUTPOR!D"F!aYZRVR!ZQRUTOd!0!bR!QU!Q!]XV`YVOS_!P]!"!4e!QOM!QU!F#H!c:ISbE!QOM!

U[V!PaUTbQZ!QSPYRUTS!SPOMTUTPOR!DF#5!1(QK!<Fv!MYU_!S_SZV!]PX!"FF!iR!P]!XVaVUTUTPO!MYXTOd!+!

bTOYUVRE!TO!aXVRVOSV!P]!+!PX!<0!id!P]!a%>?(C2"#!?TdYXV!"7!MTRaZQ_R!Q!MTXVSU!P\RVXWQUTPO!P]!

UXQOR]VSUVM! SVZZR! gTU[! ]ZYPXVRSVOSV! bTSXPRSPa_#! ?TdYXVR! +6! QOM! +2! R[Pg! U[QU! U[V!

UXQOR]VSUTPO!ZVWVZ!QOM!U[V!V]]TSTVOS_!P]!RPOPaPXQUVM!SVZZR!gVXV!XVRaVSUTWVZ_!+C]PZM!QOM!5C]PZM!

[Td[VX!U[QO!U[PRV!P]!VZVSUXPaPXQUVM!SVZZR!D"<�+v!WR!H�*v!QOM!0F0�+9F!Q#Y#!WR!99�*5!Q#Y#E#!

.[V! RPOPaPXQUTPO! QZPOV! TOMYSVM! UgTSV! bPXV! MVQM! SVZZR! U[QO! U[V! VZVSUXPaPXQUTPO! QZPOV!

D0�+v!WR!+#0�"vE!D?TdYXV!+)E#!.[V!SPb\TOQUTPO!P]!U[V!VZVSUXPaPXQUTPO!QOM!RPOPaPXQUTPO!



W/(7$*"*(&N&O"-*+%&6a@&!-"2(G%-*&'%&J$"()+'%&+2&0+*-1&J"-&/$%4*-1\(121J1-"*+12&

&
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D\YU!gTU[PYU!SVOUXT]YdQUTPO!\VUgVVO!\PU[!aXPSVMYXVRE!TOMYSVM!Q!*C]PZM!QOM!5C]PZM!TOSXVQRV!

P]! UXQOR]VSUTPO! ZVWVZ! QOM! V]]TSTVOS_K! XVRaVSUTWVZ_K! SPbaQXVM! UP! U[V! VZVSUXPaPXQUTPO! QZPOV#!

l[VO!Q!SVOUXT]YdQUTPO!gQR!aVX]PXbVM!\VUgVVO!U[V!VZVSUXPaPXQUTPO!QOM!U[V!RPOPaPXQUTPO!

aXPSVMYXVR!UP!VZTbTOQUV!U[V!]XVV!aZQRbTMR!TO!U[V!\YZc!RPZYUTPO!DT#V#!aZQRbTM!bPZVSYZVR!U[QU!

MTM!OPU! TOUVXQSU!gTU[! U[V! SVZZR! Q]UVX! VZVSUXPaPXQUTPOEK! U[V! UXQOR]VSUTPO! ZVWVZ! QOM! V]]TSTVOS_!

gVXV!+C]PZM!ZPgVX!U[QO!U[PRV!P\UQTOVM!\_!VZVSUXPCRPOPaPXQUTPO!gTU[PYU!SVOUXT]YdQUTPO!\YU!

RUTZZ!+C]PZM![Td[VX!U[QO!U[PRV!P\UQTOVM!\_!VZVSUXPaPXQUTPO!QZPOV#!.[TR!MXPa!gQR!SPXXVZQUVM!

gTU[!Q!+C]PZM! TOSXVQRV!P]!MVQM!SVZZRK! SPbaQXVM! UP!VZVSUXPCRPOPaPXQUTPO!QZPOV!D?TdYXV!")E#!

l[VO! U[V! VZVSUXPaPXQUTPO!gQR! SPb\TOVM!gTU[! RPOPaPXQUTPO!gTU[PYU!6,"<!bTSXP\Y\\ZVR!

QOM!SVOUXT]YdQUTPOK!U[V!UXQOR]VSUTPO!ZVWVZ!QOM!V]]TSTVOS_!gVXV!`YTUV!RTbTZQX!UP!U[PRV!QS[TVWVM!

gTU[! VZVSUXPCRPOPaPXQUTPO! gTU[! SVOUXT]YdQUTPO#! 4PgVWVXK! YOMVX! U[VRV! SPOMTUTPORK! U[V!

aVXSVOUQdV!P]!MVQM!SVZZR!gQR!XVMYSVM!\_!<#0C]PZM!D?TdYXV!+)E#!.[VRV!XVRYZUR!RYddVRUVM!U[QU!

RPOPaPXQUTPO! TbaXPWVM! U[V! UXQOR]VSUTPO! ZVWVZ! QOM! V]]TSTVOS_! P\UQTOVM! \_! VZVSUXPaPXQUTPO!

g[TZV!TbaXPWTOd!SVZZ!WTQ\TZTU_!D?TdYXV!+E#!

!-"GG+4Q+29&1G&G$71-%(4%2*&J$"()+'&"G*%-&%$%4*-1\(121J1-"*+12&

.P! WTRYQZTeV! U[V! aZQRbTM! YaUQcVK! aZQRbTMR! gVXV! ZQ\VZVM! gTU[! U[V! ]ZYPXVRSVOU!

bQXcVXK! .-.-C"#!l[VO! U[V! 24-! SVZZR! gVXV! VZVSUXPaPXQUVM! TO! aXVRVOSV! P]! ]ZYPXVRSVOU!

aZQRbTMRK! )/7! QddXVdQUVR! gVXV! WTRYQZTeVM! QU! U[V! SVZZ! bVb\XQOV! ZVWVZ! QR! aXVWTPYRZ_!

MVRSXT\VM! D>PZeTP! VU! QZ#! +FF+E! DRVV! ?TdYXVR! *7! QOM! *)E#! .[TR! XVRYZU! SPO]TXbR! U[QU! U[V!

aZQRbTM! bPZVSYZVR! MTM! OPU! VOUVX! MYXTOd! U[V! QaaZTSQUTPO! P]! U[V! VZVSUXTS! aYZRVR! QOM!

SPO]TXbR!U[V!XVRYZUR!P]!>PZeTP!VU!QZ!D>PZeTP!VU!QZ#!+FF+E#!'OMVVMK!aZQRbTM!)/7!YaUQcV![QR!

\VVO! MVRSXT\VM! ZTcV! Q! aPRUCaYZRV! aXPSVRR! PSSYXXTOd! RVWVXQZ! UVOR! P]! bTOYUVR! ]PZZPgTOd!

aYZRV! MVZTWVX_! D?QYXTV! VU! QZ#! +F"FE#! 7U! U[V! PaaPRTUVK! U[V! aZQRbTM! bPZVSYZVR! gVXV!

WTRYQZTeVM! TO! U[V! S_UPaZQRb! P]! RPOPaPXQUVM! SVZZR! TbbVMTQUVZ_! Q]UVX! YZUXQRPYOM!

QaaZTSQUTPO! D?TdYXVR! *6! QOM! *%E#! .[TR! XVRYZU! R[PgVM! U[QU! U[V! RPOPaPXQUTPO! TOMYSVM!

aVXbVQOU! RUXYSUYXVR! U[QU! QZZPgVM!Q!MTXVSU! QSSVRR!P]!aZQRbTMR! UP! S_UPaZQRb#!l[VOK! U[V!

VZVSUXPaPXQUTPO!gQR! QRRPSTQUVM!gTU[! U[V! RPOPaPXQUTPOK!)/7! QddXVdQUVR!gVXV! OP!bPXV!

P\RVXWVM!QU!U[V!bVb\XQOV!ZVWVZK!\YU!U[V!]ZYPXVRSVOU!aZQRbTMR!gVXV!WTRYQZTeVM!TOUP!U[V!

S_UPaZQRb! D?TdYXVR! *2! QOM! *?E#! .[TR! MQUQ! [Td[ZTd[UVM! U[QU! RPOPaPXQUTPO! SPYZM! \V!

]QSTZTUQUVM!QOM! U[YR!QSSVZVXQUVR! U[V!YaUQcV!P]!VZVSUXPCTOMYSVM!)/7!QddXVdQUVR! TOUP! U[V!

S_UPaZQRb#!
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.&*0/**&()+!).+0()09/*&()*+

.[V!SZTOTSQZ!MVWVZPabVOU!P]!dVOV!U[VXQa_!XV`YTXVR!U[V!MVWVZPabVOU!P]!OVgR!dVOV!

MVZTWVX_!bVU[PMR! PX! U[V! TbaXPWVbVOU! P]! V^TRUTOd! QaaXPQS[VR#! .[VRV!bVU[PMR![QWV! UP!

QZZPg!QO!V]]TSTVOU!QOM!RQ]V!dVOV!MVZTWVX_!TOUP!UTRRYVR!QOM!PXdQOR#!!

&TOSV! U[V! ZQRU! MVSQMVK! WQXTPYR! TOWVRUTdQUTPOR! aXPaPRVM! U[V! SPb\TOQUTPO! P]!

MT]]VXVOU!MVZTWVX_!bVU[PMR!UP!TbaXPWV!U[V!V]]TSTVOS_!QOMIPX!U[V!RQ]VU_!P]!U[VRV!bVU[PMR#!

7bPOd! U[V! OPOCWTXQZ! bVU[PMR! P]! dVOV! UXQOR]VXK! UgP! a[_RTSQZ! bVU[PMR! \QRVM! PO! U[V!

XQUTPOQZ!YRV!P]!VZVSUXTS!]TVZMR!QOM!YZUXQRPYOM!gQWVR![QWV!\VVO!gTMVZ_!MVWVZPaVM!bQTOZ_!

]PX!U[VTX!VQRTOVRR!UP!YRVK!TOV^aVORTWVOVRR!QOM!RQ]VU_#!.P!YaXVdYZQUV!U[V!V^aXVRRTPO!ZVWVZR!

P]! UXQOR]VSUVM! dVOVK! gV! TOWVRUTdQUVM! U[V! QaaZTSQ\TZTU_! P]! VZVSUXPCRPOPaPXQUTPOK! g[TS[!

SPORTRUR! P]! Q! SPb\TOQUTPO! P]! VZVSUXTS! aYZRVR! QOM! YZUXQRPYOM! gQWVR! QRRTRUVM! gTU[! dQR!

bTSXP\Y\\ZVRK! ]PX!XVaPXUVX!dVOV!UXQOR]VX#!24-!SVZZR! U[QU!XVSVTWVM!VZVSUXPCRPOPaPXQUTPO!

MVbPORUXQUVM!Q!<C]PZM!TOSXVQRV!TO!UXQOR]VSUTPO!ZVWVZ!QOM!Q!5C]PZM!TOSXVQRV!TO!UXQOR]VSUTPO!

V]]TSTVOS_!SPbaQXVM! UP!24-!SVZZR![QWTOd!YOMVXdPOV!VZVSUXPaPXQUTPO!QZPOV!QR!R[PgO! TO!

?TdYXV! +#! .XQ]]TScTOd! XVRYZUR! R[PgVM! U[QU! VZVSUXPaPXQUTPO! TOMYSVM! U[V! ]PXbQUTPO! P]!

aZQRbTM!)/7!QddXVdQUVR! TO!U[V!VZVSUXPaPXQUVM!bVb\XQOVK!g[TZV!RPOPaPXQUTPO!TOMYSVM!

MTXVSU!aXPaYZRTPO!P]!U[V!aZQRbTM!)/7!TOUP!U[V!SVZZ!S_UPaZQRb!QOM!U[V!OYSZVYR!D?TdYXV!*E#!

%ZVSUXPaPXQUTPO! aXPSVRR! TR! cOPgO! UP! \V! Q! bYZUTCRUVa! aXPSVRR! TOSZYMTOd! U[V! UXQORTVOU!

TOUVXQSUTPO!P]!aZQRbTM!)/7!gTU[!U[V!VZVSUXPaPXQUVM!bVb\XQOV!\V]PXV!TUR!VOUXQOSV!TOUP!

U[V!SVZZR#!&POPaPXQUTPO!aXPSVRR!TR!cOPgO!UP!QZZPg!U[V!MTXVSU!QOM!]XVV!VOUXQOSV!P]!aZQRbTM!

)/7!TOUP!U[V!SVZZR#!.[V!MQUQ!XVaPXUVM!TO!U[TR!RUYM_!RYddVRUR!U[QU!RPOPaPXQUTPO!SQO!Q]]VSU!

U[V!MVZTWVX_!P]! U[V! ]ZYPXVRSVOU!aZQRbTM!)/7!QddXVdQUVR!\_! QZZPgTOd! TUR! ]XVV! QOM! XQaTM!

VOUXQOSV!TOUP!U[V!SVZZR!D?TdYXV!<E#!.[VXV]PXVK!UXQOR]VSUTPO!TbaXPWVbVOU!QR!QS[TVWVM!gTU[!

RPOPaPXQUTPO!Q]UVX!U[V!VZVSUXPaPXQUTPO!SPYZM!\V!QRSXT\VM!UP!U[V!TOSXVQRV!P]!aZQRbTM!)/7!

QSSVRRT\TZTU_! TOUP! SVZZR#! .[VRV! XVRYZUR! MVbPORUXQUV! ]PX! U[V! ]TXRU! UTbV! U[QU! +2& 0+*-1! dVOV!

UXQOR]VX!\_!VZVSUXPCRPOPaPXQUTPO!SPYZM!aXPWTMV!Q!OVg!aPUVOU!bVU[PM!]PX!dVOV!UXQOR]VX#!

8QbQR[TUQ! QOM! SPgPXcVXR! TOWVRUTdQUVM! U[V! aPUVOUTQZTU_! P]! VZVSUXPCRPOPaPXQUTPO!

]PX! +2& 0+01! TOUVXZVYcTOC"+! D'$C"+E! dVOV! UXQOR]VX! D8QbQR[TUQ! VU! QZ#! +FF+E#! .[V_!

MVbPORUXQUVM!U[QU!bTSV!U[QU![QM!YOMVXdPOV!VZVSUXPCRPOPaPXQUTPO!R[PgVM!9C]PZM![Td[VX!

RVXYb! bPYRV! '$C"+! XQUV! SPbaQXVM! UP! bTSV! U[QU! YOMVXgVOU! VZVSUXPaPXQUTPO! QZPOV#!

1PXVPWVXK!U[V!MVdXVV!P]!bYRSZV!MQbQdV!P]!VZVSUXPaPXQUVM!bTSV!gQR![Td[VX!U[QO!U[QU!P]!

VZVSUXPCRPOPaPXQUVM! bTSV#! .[V! QYU[PXR! RYddVRUVM! U[QU! U[V! YaXVdYZQUTPO! P]! '$C"+!

V^aXVRRTPO!gQR!SPXXVZQUVM!UP!U[V!XVMYSUTPO!P]!UTRRYV!MQbQdV!U[QU!ZVQMR!UP!SVZZYZQX!MVQU[#!
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/VWVXU[VZVRRK! ]YXU[VX! RUYMTVR! QXV! RUTZZ! OVVMVM! UP! VZYSTMQUV! U[V! bVS[QOTRb! P]! U[V!

XVMYSUTPO! P]! UTRRYV! MQbQdV! XVRYZUTOd! ]XPb! U[V! YRV! P]! VZVSUXPaPXQUTPO! QOM! YZUXQRPYOM!

D8QbQR[TUQ!VU!QZ#!+FF<E#!4PgVWVXK!TO!QdXVVbVOU!gTU[!PYX!XVRYZURK!gV!MTM!OPU!V^SZYMV!U[QU!

UXQOR]VSUTPO! TbaXPWVbVOU! QR! QS[TVWVM! gTU[! RPOPaPXQUTPO! SPYZM! \V! QRSXT\VM! UP! U[V!

TOSXVQRV!P]!aZQRbTM!)/7!QSSVRRT\TZTU_!TOUP!bYRSZV!]T\VXR#!!

.[YRK! YRTOd! Q! MT]]VXVOU! V^aVXTbVOUQZ! aXPUPSPZK! 8QbQR[TUQ! QOM! SPgPXcVXR!

MVRSXT\VM! U[V! UXVQUbVOU! P]! bYXTOV! PXU[PUPaTS! [VaQUPSVZZYZQX! SQXSTOPbQ! D422E! \_!

bYRSZVCUQXdVUVM! bPYRV! TOUVXZVYcTOC"+! Db'$C"+E! dVOV! UXQOR]VX! YRTOd! +2& 0+01! VZVSUXPC

RPOPaPXQUTPO! D8QbQR[TUQ! VU! QZ#! +FF<E#! .[VTX! XVRYZUR! R[PgVM! U[QU! U[V! TOUXQbYRSYZQX!

QMbTOTRUXQUTPO! P]!b'$C"+! dVOV!gTU[! VZVSUXPCRPOPaPXQUTPO! TOMYSVM! QO! VO[QOSVbVOU! P]!

RVXYb!'$C"+!QOM!'?/C�!XQUVR#!.[TR!'$C"+!dVOV!U[VXQa_!TOMYSVM!R_RUVbTS!UYbPX!TbbYOTU_K!

Z_ba[PS_UTS! TO]TZUXQUTPO! TOUP! UYbPXR! QOM! QOUTQOdTPdVOVUTS! V]]VSUR! U[QU! RTdOT]TSQOUZ_!

aXPZPOdVM! P]! U[V! RYXWTWQZ! aVXTPMR! gTU[! \PU[! dXPgU[! TO[T\TUTPO! P]! bYXTOV! PXU[PUPaTS!

[VaQUPSVZZYZQX!SQXSTOPbQ!QOM! TO[T\TUTPO!P]! RaPOUQOVPYR! ZYOd!bVUQRUQRTR! D8QbQR[TUQ!VU!

QZ#!+FF<E#!!

'O! RYbbQX_K! PYX! MQUQ! RYddVRUVM! U[QU! VZVSUXPCRPOPaPXQUTPO! YaXVdYZQUVM! dVOV!

V^aXVRRTPO! SPbaQXVM! UP! U[V! VZVSUXPaPXQUTPO! QZPOV#! .[TR! UXQOR]VSUTPO! TbaXPWVbVOU! QR!

QS[TVWVM! gTU[! RPOPaPXQUTPO! QOM! VZVSUXPaPXQUTPO! SPYZM! \V! QRSXT\VM! UP! U[V! TOSXVQRV! P]!

aZQRbTM!)/7!TOSPXaPXQUTPO!TOUP!U[V!SVZZR#!.[VRV!XVRYZUR!MVbPORUXQUVM!U[QU!dVOV!UXQOR]VX!

\_!VZVSUXPCRPOPaPXQUTPO!bTd[U!\V!Q!OVg!RUXQUVd_!P]!dVOV!U[VXQa_#!

!

!0i)(g9$.:6$)'+

.[V! QYU[PXR! gPYZM! ZTcV! UP! U[QOc! 2#! 1TZZPU! ]PX! [VZa! gTU[! U[V! SVZZ! SYZUYXV#! .[V!

7RRPSTQUTPO!?XQO}QTRV!RYX!ZVR!1_PaQU[TVR!DUP!1(,E![QWV!RYaaPXUVM!U[TR!gPXc#!G1!%RSP]]XV!TR!

U[V!XVSTaTVOU!P]!QO!QZZPSQUTPO!MV!XVS[VXS[V!MY!1TOTRUfXV!MV!ZL%ORVTdOVbVOU!&YaNXTVYX!VU!MV!

ZQ!,VS[VXS[V#!.[V!QYU[PXR!QXV!QZRP!dXQUV]YZ!UP!U[V!]TOQOSTQZ!RYaaPXU!P]!U[V!'ORUTUYU!/QUTPOQZ!

MY!2QOSVX!D'/2Q!aXPuVU!/#!,FHF+0//E!QOM!UP!6XQSSP!,VRVQXS[!>VOVWQ!]PX!RYaaZ_TOd!6,"<!

bTSXP\Y\\ZVR#!

!

!

!
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#$8$#$)0$*+

)QYM!7ZK!)V2POUT!,2K!7OMXVgR!&K!3X\QR!(K!,TcVX!7ZK!&POMQc!:hK!1YORUVX!(/K!&YZZTWQO!)1K!

3dVO! h%K!1VRRTOQ! G$K! 4VZZVX! ,#! ([QRV! '! UXTQZ! P]! TOUVXZVYcTOC"+! aZQRbTM! VZVSUXPaPXQUTPO! TO!

aQUTVOUR!gTU[!bVUQRUQUTS!bVZQOPbQ#!G!2ZTO!-OSPZ!+FF9z+5r09;5C09;F*#!

)VZQZQOMV!7K!6YXVQY!1?K!1TMPY^!(K!6PYQcQe!7K!(TS[PO!2#!3ZUQRPYOMCQRRTRUVM!bTSXP\Y\\ZVR!

dVOV!UXQOR]VX!TO!UVOMPOR!]PX!dVOV!U[VXQa_#!3ZUXQRPOTSR!+F"Fz0Fr+5;C+H+#!

)VOd!2AK! &TVZTOd! ?K! (QO!4K! 2YT! G#!3ZUXQRPYOMCTOMYSVM! SVZZ!bVb\XQOV!aPXPRTU_#!3ZUXQRPYOM!

1VM!6TPZ!+FF<z*Fr0";C0+5#!

%RSP]]XV! G1K! 4Y\VXU! 1K! )VQO! )&K! ,PZR! 1(K! ?QWQXM! 2#! 1Vb\XQOV! aVXUYX\QUTPO! \_! QO!

V^UVXOQZ! VZVSUXTS! ]TVZMr! Q! bVS[QOTRb! UP! aVXbTU! bPZVSYZQX! YaUQcV#! %YX! 6TPa[_R! G!

+FFHz*5r;H*C;9*#!

%RSP]]XV!G1K!(PXUVU!.K!lQRYOdY!$K!.VTRRTN!GK!)VQO!)K!,PZR!1(#!l[QU!TR!DRUTZZ!OPUE!cOPgO!P]!

U[V!bVS[QOTRb!\_!g[TS[!VZVSUXPaPXQUTPO!bVMTQUVR!dVOV!UXQOR]VX!QOM!V^aXVRRTPO!TO!SVZZR!

QOM!UTRRYVR#!1PZ!6TPUVS[OPZ!+FF;Qz<"r+95C+;0#!

%RSP]]XV! G1K! 6VZZQXM! %K! >PZeTP! 1K! .VTRRTN! GK! QOM! ,PZR! 1(#! .XQORdVOV! V^aXVRRTPO! P]!

UXQOR]VSUVM! RYaVXSPTZVM! aZQRbTM! )/7! SPOSQUVbVXR! TO! bQbbQZTQO! SVZZR#! G! >VOV! 1VM!

+FF;\z""r"FH"C"FH*#!

?QYXTV!2K!([Ve!%K!>PZeTP!1K!:PRRVO!2K!$VR\PXMVR!G2K!)VZUVTZ!2K!.VTRRTV!GK!,PZR!1(#!%]]VSU!P]!

VZVSUXTS! ]TVZM! WVSUPXTQZTU_! PO! VZVSUXTSQZZ_! bVMTQUVM! dVOV! MVZTWVX_! TO! bQbbQZTQO! SVZZR#!

6TPS[Tb!6TPa[_R!7SUQ!+FF<z"550r;+C"FF#!

?QYXTV!2K!,V\VXRVc!1K!>PZeTP!1K!hQOMYRVX!1K!%RSP]]XV!G1K!(QWZTO!1K!.VTRRTV!GK!1TScZQWSTS!

)K!,PZR!1(#!%ZVSUXPCbVMTQUVM!dVOV!UXQOR]VX!QOM!V^aXVRRTPO!QXV!SPOUXPZZVM!\_!U[V!U[V!ZT]VC

UTbV!P]!)/7IbVb\XQOV!SPbaZV^!]PXbQUTPO#!G!>VOV!1VM!+F"Fz"+r""HC"+0#!

>PZeTP!1K! .VTRRTN! GK! ,PZR!1(#! )TXVSU! WTRYQZTeQUTPO! QU! U[V! RTOdZVCSVZZ! ZVWVZ! P]! VZVSUXTSQZZ_!

bVMTQUVM!dVOV!MVZTWVX_#!(XPS!/QUZ!7SQM!&ST!3&7!+FF+z;;r"+;+C"+;H#!

4YT!&#!%]]VSUR!P]!aYZRV!ZVOdU[!QOM!RUXVOdU[!PO!VZVSUXPaPXQUTPO!V]]TSTVOS_!D1VU[PMR!1PZ!6TPZ!

00E#! 'Or! 7OTbQZ! 2VZZ! %ZVSUXPaPXQUTPO! w! %ZVSUXP]YRTPO! (XPUPSPZRK! WPZ#! <9K! G#7#! /TS[PZP]]K! VM#!

4YbQOQ!(XVRRK!2ZT]UPOK!/#G#K!";;0K!aa#!+;C<F#!

hQMMYX! hK! (QZQOS[PO! (K! .XQO`YQXU! ?K! (TS[PO! 2K! 6PYQcQe! 7#! &POPaVXbVQ\TZTeQUTPOz!

U[VXQaVYUTS!QZUVXOQUTWV!gTU[!YZUXQRPYOM!QOM!bTSXP\Y\\ZVR#!G!,QMTPZ!+FFHz99r"HHHC"H95#!
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hQXR[Q]TQO! ,K! 6VWQO! ()K! lTZZTQbR! ,K! &QbQS! &K! 6YXOR! (/#! &POPaPXQUTPO! \_! YZURPYOMC

QSUTWQUVM!bTSXP\Y\\ZV! SPOUXQRU! QdVOURr! V]]VSU! P]! QSPYRUTS! V^aPRYXV! aQXQbVUVXR! PO! SVZZ!

bVb\XQOV!aVXbVQ\TZTU_!QOM!SVZZ!WTQ\TZTU_#!3ZUXQRPYOM!1VM!6TPZ!+FF;z*0r9<HC95F#!

1V[TVXC4Yb\VXU! &K! 6VUUTOdVX! .K! 8QO! ?K! >Y_! ,4#! 3ZUXQRPYOMCbVMTQUVM! dVOV! MVZTWVX_r!

cTOVUTSR! P]! aZQRbTM! TOUVXOQZTeQUTPO! QOM! dVOV! V^aXVRRTPO#! G! 2POUXPZ! ,VZVQRV!

+FF0z"F<r+F*C+""#!

1VTuVXTOd!6)K!GY]]VXbQOR!$GK!WQO!lQbVZ!7K!4VOOTOd!,4K!�Y[PXO!'&K!%bbVX!1K!:VXRUVTZVO!

71K!(QYZYR!lGK!WQO!>TZRU!l4K!hPPTbQO!hK!MV!GPOd!/K!1YRUVXR!,GK!)VVZbQO!$%K!hQba!-#!

3ZUXQRPYOM! QOM! bTSXP\Y\\ZVRCUQXdVUVM! MVZTWVX_! P]! bQSXPbPZVSYZVR! TR! XVdYZQUVM! \_!

TOMYSUTPO!P]!VOMPS_UPRTR!QOM!aPXV!]PXbQUTPO#!2TXS!,VR!+FF;z"F<r5H;C59H#!

1TX! $1#!/YSZVTSR! QSTMR! VZVSUXPUXQOR]VXC\QRVM! dVOV! U[VXQa_! DVZVSUXPdVOVU[VXQa_Er! aQRUK!

SYXXVOUK!QOM!]YUYXV#!1PZ!6TPUVS[OPZ!+FF;z<*r"5HC"H5#!

/VYbQOO! %K! &[QV]VXC,TMMVX! 1K! lQOd! 8K! 4P]RS[OVTMVX! (4#! >VOV! UXQOR]VX! TOUP! bPYRV!

Z_PbQ!SVZZR!\_!VZVSUXPaPXQUTPO!TO![Td[!VZVSUXTS!]TVZMR#!%16-!G!";9+z"r9<"C9<0#!

/VYbQOO!%K!&PgVXR!7%K!QOM!GPXMQO!27#!%ZVSUXPaPXQUTPO!QOM!%ZVSUXP]YRTPO!TO!2VZZ!6TPZPd_K!

(ZVOYbK!D";9;E!

/VgbQO! 21K! 6VUUTOdVX! .#! >VOV! U[VXQa_! aXPdXVRR! QOM! aXPRaVSURr! 3ZUXQRPYOM! ]PX! dVOV!

UXQOR]VX#!>VOV!.[VX!+FFHz"<r<50C<H0#!

-RQgQ! hK! -cY\P! 8K! /QcQP! hK! hP_QbQ! /K! 6VRR[P! h#! -RUVPTOMYSUTPO! \_! bTSXP\Y\\ZVC

VO[QOSVM!UXQORSYUQOVPYR!RPOPaPXQUTPO!P]![YbQO!\POV!bPXa[PdVOVUTS!aXPUVTOC+#!G!>VOV!

1VM!+FF;z""r5**C5<"#!

,PZR!1(K!2PYZVU!)K!.VTRRTV!G#!4Td[Z_!V]]TSTVOU!UXQOR]VSUTPO!P]!bQbbQZTQO!SVZZR!\_!VZVSUXTS!]TVZM!

aYZRVR#!7aaZTSQUTPO!UP!ZQXdV!WPZYbVR!P]!SVZZ!SYZUYXV!\_!YRTOd!Q!]ZPg!R_RUVb#!%YX!G!6TPS[Vb!

";;+z+F5r""0C"+"#!

,PZR! 1(K! ?VbVOTQ! (K! .VTRRTV! G#! $POdCZTWVM! bQSXPaTOPS_UPRTR! UQcVR! aZQSV! TO!

VZVSUXPaVXbVQ\TZTeVM!bQbbQZTQO!SVZZR#!6TPS[Vb!6TPa[_R!,VR!2PbbYO!";;0z+F9r+5C*0#!

,PRQUT!1K!6VXdQbQRS[T!2K!:QZVOUTO!7K!hYZcQXOT!:K!GQZQ[!,K!7ZTSVQ!2K!(QUVZ!:K!WPO!>VdVX]VZU!

7&K! 1POUV]TPXT! )2K! :VOePO! )GK! h[QO! 7&K! )XQd[TQC7cZT! ,K! :QO! ,PbaQ_! hhK! ?VZ\VX! 6hK!

(QWZQcTR! >/#! )/7! WQSSTOQUTPO! TO! X[VRYR!bQSQ`YVR! TOMYSVR! aPUVOU! TbbYOV! XVRaPORVR!

QOM!MVSXVQRVR!QSYUV!QOM!S[XPOTS!WTXVbTQ!Q]UVX!&':bQS+0"!S[QZZVOdV#!(XPS!/QUZ!7SQM!&ST!

3&7!+FF;z"F5r"09*"C"09*5#!
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,_V! 4K! 8YV! &K! lVbbVX! )K! =YVRQMQ! 1K! 4QYdZQOM! ,K! 1QU[TVR! ,K! >ZQeVX! 7#! &UQ\ZV!

]ZYPXVRSVOU! SPbaZV^VR! P]! MPY\ZVCRUXQOMVM! )/7! gTU[! \TRCTOUVXSQZQUTOd! QR_bbVUXTS!

S_QOTOV!M_VRr!aXPaVXUTVR!QOM!QaaZTSQUTPOR#!/YSZVTS!7STMR!,VR!";;+z+Fr"9F*C"9"+#!

&S[OVTMVX!1K!6XPTZZVU!7K!6YRRQU!(K!>ZVRRTOdVX!/K!(YdTOTVX!GK!:VOUXPOV!,K!8QO!?#!>XQ_CRSQZV!

ZTWVX! VO[QOSVbVOU! TO! :A+! UYbPXC\VQXTOd! XQ\\TUR! YRTOd! 6,"<K! Q! OVg!YZUXQRPOPdXQa[TS!

SPOUXQRU!QdVOU#!'OWVRU!,QMTPZ!";;Hz*+r<"FC<"H#!

.VTRRTN! GK! >PZeTP!1K!,PZR!1(#!1VS[QOTRbR!P]! SVZZ!bVb\XQOV! VZVSUXPaVXbVQ\TZTeQUTPOr! Q!

bTOTXVWTVg!P]!PYX!aXVRVOU!DZQSc!P]�E!cOPgZVMdV#!6TPS[Tb!6TPa[_R!7SUQ!+FF0z"H+<r+HFC

+9F#!

.XQO!.7K!$V!>YVOOVS! G8K!6PYdOPY^!(K!.XQO`YQXU!?K!6PYQcQe!7#!2[QXQSUVXTeQUTPO!P]! SVZZ!

bVb\XQOV! XVRaPORV! UP! YZUXQRPYOM! QSUTWQUVM! bTSXP\Y\\ZVR#! '%%%! .XQOR#! 3ZUXQRPO!

?VXXP%ZVSUX!2POUXPZ!+FF9z00r<*C<;#!

.XQO!.7K!,PdVX!&K!$V!>YVOOVS!G8K!.XQO`YQXU!?K!6PYQcQe!7#!%]]VSU!P]!YZUXQRPYOMCQSUTWQUVM!

bTSXP\Y\\ZVR! PO! U[V! SVZZ! VZVSUXPa[_RTPZPdTSQZ! aXPaVXUTVR#! 3ZUXQRPYOM! 1VM! 6TPZ!

+FFHz**r"09C"5*#!

.RYOPMQ!&K!1QeMQ!-K!-MQ!8K! 'TMQ!8K!7cQ\QbV!&K!hTR[TMQ!.K!&[TOC8Q!1K!7RQMQ!4K!>PuP!&#!

'bQOTR[T!G#!1QURY\QXQ!4#!8PR[TcQgQ!.#!&POPaPXQUTPO!YRTOd!bTSXP\Y\\ZV!6,"<!aXPbPUVR!

a)/7IRT,/7! UXQORMYSUTPO! UP! bYXTOV! [VQXU#! 6TPS[Vb! 6TPa[_R! ,VR! 2PbbYO!

+FF0z**5r""9C"+H#!

:QO!lQbVZ!7K!hPPTbQO!hK!4QXUVWVZM!1K!%bbVX!1K! UVO!2QUV!?GK! :VXRZYTR!1K! MV! GPOd!/#!

:T\XQUTOd! bTSXP\Y\\ZVR! aPcTOd! TOMTWTMYQZ! SVZZRr! MXYd! UXQOR]VX! TOUP! SVZZR! WTQ!

RPOPaPXQUTPO#!G!2POUXPZ!,VZVQRV!+FF5z""+r"<;C"00#!

8QbQR[TUQ!8'K! &[TbQMQ!1K!.QS[T\QOQ!hK!4QXTbPUP!/#K! .RYuTUQ!%K! &[TXQ\V!hK!1T_QeQcT! G'K!

&YdTbQS[T!h#!'O!WTWP!dVOV!UXQOR]VX!TOUP!bYRSZV!WTQ!VZVSUXPCRPOaPXQUTPO!4Yb!>VOV!.[VX!

+FF+z"*r+FH;C+F9<#!!

8QbQR[TUQ! 8'K! &[TbQMQ! 1K! 1TOQdQgQ! ,K! .RYuTUQ! %K! 4QXTbPUP! /K! .QOQcQ! &K! &[TXQ\V! hK!

1T_QeQcT! G'K! 1QV[QXQ! 8#! 1YRSZVCUQXdVUVM! TOUVXZVYcTOC"+! dVOV! U[VXQa_! P]! PXU[PUPaTS!

[VaQUPSVZZYZQX! SQXSTOPbQ! TO!bTSV! YRTOd! TO! WTWP! VZVSUXPRPOPaPXQUTPO#!1PZ! 2QOSVX! .[VX!

+FF<z*r"HHC"9+#!

!
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'OMRL+

'OMRL+1_+3ZUXQRPYOM!SPOMTUTPOR!]PX!dVOV!MVZTWVX_!TOUP!24-!SVZZR#+

Sonoporation 
Amp 

(MPa) 
N (Cycles) Repetition (µs) 

Duration 

(min) 

Bubbles 

(µL) 

A 0.4 40 100 1 50 

B 0.6 40 100 1 50 

C 0.6 40 100 2 50 

D 0.7 40 100 1 50 

E 0.8 40 100 1 50 

F 0.7 10 50 000 1 50 

G 0.7 10 50 000 2 50 

H 0.6 40 100 1 25 

+

'OMRL+=_+62&0+*-1!dVOV!UXQOR]VX!\_!VZVSUXPCRPOPaPXQUTPO#!+

Condition Protocol 

A Without treatment 

B Sonoporation
¶
 with 50 µL bubbles 

C Sonoporation
¶
 without 50 µL bubbles and with 45 µg DNA 

D Sonoporation
¶
 with 50 µL bubbles and 45 µg DNA 

E Sonoporation
¶
 with 50 µL bubbles and 2 µg DNA 

F Electroporation! alone 

G Electroporation! with 2 µg DNA 

H Electroporation! followed by sonoporation
¶
 with 50 µL bubbles 

I Electroporation! with 2 µg DNA followed by sonoporation
¶
 without 50 µL bubbles 

 J Electroporation! with 2 µg DNA followed by sonoporation
¶
 with 50 µL bubbles 

K 

Electroporation! with 2 µg DNA followed by a centrifugation  

before sonoporation
¶
 with 50 µL bubbles 

!"F!^!0bRK!"!4eK!F#H!c:ISb#!�F#5!1(QK!<F!S_SZVRK!"FF!iRK!+!bTO#!
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8T^VNLS+
8T^VNL+ 1_+ )VUVXbTOQUTPO! P]! PaUTbQZ! QSPYRUTS! aQXQbVUVXR! ]PX! dVOV! UXQOR]VX! \_!

RPOPaPXQUTPO! TOUP! 24-! SVZZR#! 7! RYRaVORTPO! P]! 24-! SVZZR! gQR! RY\bTUUVM! UP! WQXTPYR!

QSPYRUTS!aQXQbVUVXR!D.Q\ZV!"E!TO!aXVRVOSV!P]!6,"<!bTSXP\Y\\ZVR!QOM!aZQRbTM!a%>?(C2"!

QU!]TOQZ!SPOSVOUXQUTPO!P]!*F!idIi$#!.[VOK!+<[!Q]UVX!RPOPaPXQUTPOK!UXQOR]VSUVM!SVZZR!gVXV!

WTRYQZTeVM!\_! ]ZYPXVRSVOSV!bTSXPRSPa_!D7E#!.[V!aVXSVOUQdV!P]! UXQOR]VSUVM!SVZZR! D6E!QOM!

U[V!QRRPSTQUVM!]ZYPXVRSVOSV!TOUVORTU_!D2E!gVXV!MVUVXbTOVM!\_!]ZPg!S_UPbVUVX#+

+

8T^VNL+=_+62&0+*-1!dVOV!UXQOR]VX!\_!VZVSUXPCRPOPaPXQUTPO#!7!RYRaVORTPO!P]!24-!SVZZR!gQR!

RY\bTUUVM! UP!VZVSUXPaPXQUTPO!QZPOVK!RPOPaPXQUTPO!QZPOV!PX!VZVSUXPCRPOPaPXQUTPO!DYRTOd!

SPOMTUTPOR! dTWVO! TO! .Q\ZV! +E! TO! aXVRVOSV! P]! aZQRbTM! a%>?(C2"#! .[VOK! +<[! Q]UVX!

RPOPaPXQUTPOK! UXQOR]VSUVM! SVZZR! gVXV! WTRYQZTeVM! \_! ]ZYPXVRSVOSV! bTSXPRSPa_! D7E#!

(VXSVOUQdV! P]! UXQOR]VSUVM! SVZZR! D6E! QOM! U[V! QRRPSTQUVM! ]ZYPXVRSVOSV! TOUVORTU_! D2E!gVXV!

MVUVXbTOVM! \_! ]ZPg! S_UPbVUVX#! (VXSVOUQdV! P]! MVQM! SVZZR! gQR! MVUVXbTOVM! \_! ]ZPg!

S_UPbVUVX!Q]UVX!aXPaTMTYb!TPMTMV!RUQTOTOd!D)E#+

!

8T^VNL+;-+.XQScTOd!P]! ]ZYPXVRSVOU!aZQRbTM!Q]UVX!dVOV!UXQOR]VSUTPO#!a%>?(C2"!bPZVSYZVR!

gVXV! OPOCSPWQZVOU! ZQ\VZVM! gTU[! U[V! ]ZYPXVRSVOU! aXP\V! .-.-C"#! ?ZYPXVRSVOU! aZQRbTMR!

gVXV!UXQOR]VXXVM!TOUP!SVZZR!\_!VZVSUXPaPXQUTPO!QZPOV!D7K!)EK!\_!RPOPaPXQUTPO!D6K!%E!QOM!

\_!VZVSUXPCRPOPaPXQUTPO!D2K!?E#!.[V!ZPSQZTeQUTPO!P]! ]ZYPXVRSVOU!aZQRbTMR!gQR!aVX]PXbVM!

YRTOd!]ZYPXVRSVOSV!bTSXPRSPa_#+

!

8T^VNL+@-+(YUQUTWV!bVS[QOTRb!P]!dVOV!UXQOR]VX!\_!VZVSUXPCRPOPaPXQUTPO#!%ZVSUXPaPXQUTPO!

D%(E! TOMYSVM! U[V! bVb\XQOV! aVXbVQ\TZTeQUTPO! QOM! U[V! VZVSUXPa[PXVUTS! bTdXQUTPO! P]!

aZQRbTM! bVb\XQOV! UPgQXM! U[V! aVXbVQ\TZTeVM! bVb\XQOV#! (ZQRbTM! )/7IbVb\XQOV!

SPbaZV^VR! gVXV! ]PXbVM#! .[VOK! RPOPaPXQUTPO! D&/E! gTU[! dQR! bTSXP\Y\\ZVR! QZZPgVM! TUR!

]XVV!QOM!XQaTM!VOUXQOSV!P]!aZQRbTM!)/7!QddXVdQUVR!TOUP!U[V!SVZZR#!.[VXV]PXVK!UXQOR]VSUTPO!

TbaXPWVbVOU!QR!QS[TVWVM!gTU[!RPOPaPXQUTPO!Q]UVX!U[V!VZVSUXPaPXQUTPO!SPYZM!\V!QRSXT\VM!

UP!TOSXVQRV!P]!)/7!QSSVRRT\TZTU_!TOUP!24-!SVZZR#!!
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! +0H!

P.,3&+87++&)*,E(,5)*8J7+&)*+,

7]TO! M@QYdbVOUVX! Z@V]]TSQSTUN! MV! UXQOR]VXU! MV! aZQRbTMVRK! OPYR! QWPOR! NWQZYN! ZQ!

aPRRT\TZTUN! MV! SPb\TOVX! Z@NZVSUXPaVXbNQ\TZTRQUTPO! VU! ZQ! RPOPaPXQUTPO#! 2VUUV! QaaXPS[V! Q!

SPORTRUN! p! QRRPSTVX! MVR! TbaYZRTPOR! NZVSUXT`YVR! p! MVR! POMVR! YZUXQRPOPXVR! QRRTRUNVR!

M@QdVOUR! MV! SPOUXQRUV! aPYX! ]QSTZTUVX! ZV! UXQOR]VXU! MV! aZQRbTMVR! MQOR! ZVR! SVZZYZVR#! /PR!

XNRYZUQUR! bPOUXVOU! `YV! Z@NZVSUXPCRPOPaPXQUTPO! TOMYTU! YOV! QYdbVOUQUTPO! MY! UQY^! MV!

UXQOR]VSUTPO! M@YO! ]QSUVYX! <K! VU! YOV! QYdbVOUQUTPO! MV! Z@V]]TSQSTUN! MV! UXQOR]VSUTPO! M@YO!

]QSUVYX!5K! aQX! XQaaPXU! QY^! XNRYZUQUR! P\UVOYR!aQX! NZVSUXPaVXbNQ\TZTRQUTPO! RVYZV! D?TdYXV!

'''CE#!!

!

%O! QSSPXM! QWVS! MV! aXNSNMVOUR! UXQWQY^K! Z@NZVSUXPaVXbNQ\TZTRQUTPO! TOMYTU! ZQ!

]PXbQUTPO! MV! SPbaZV^VR! aZQRbTMVIbVb\XQOV! ZPSQZTRNR! QZPXR! `YV! ZQ! RPOPaPXQUTPO! PY!

Z@NZVSUXPCRPOPaPXQUTPO! TOMYTU! YOV! VOUXNV! MTXVSUV! MVR! bPZNSYZVR! MV! aZQRbTMVR! MQOR! ZVR!

SVZZYZVR!D?TdYXV!'''CE#!2VR!XNRYZUQUR!bPOUXVOU!`YV!ZQ!RPOPaPXQUTPO!aVXbVUUXQTU!YOV!VOUXNV!

XQaTMV! VU! ZT\XV! MVR! SPbaZV^VR! aZQRbTMVIbVb\XQOV! NZVSUXPCTOMYTUR! MQOR! ZV! S_UPaZQRbV!

MVR! SVZZYZVR! UXQOR]VSUNVR! D?TdYXV! '''CE#! (QX! SPORN`YVOUK! Z@QbNZTPXQUTPO! MV! Z@V]]TSQSTUN! MV!

UXQOR]VSUTPO! P\UVOYV! aQX! NZVSUXPCRPOPaPXQUTPO! aPYXXQTU! R@V^aZT`YVX! aPYX! YOV!

QYdbVOUQUTPO!MV!Z@QSSVRRT\TZTUN!MVR!bPZNSYZVR!MV!aZQRbTMV!MQOR!ZVR!SVZZYZVR#!

!

8QbQR[TUQ! VU! SPZZQ\PXQUVYXR! POU! NWQZYN! ZQ! aPUVOUTQZTUN! MV! Z@NZVSUXPCRPOPaPXQUTPO!

MQOR! ZV! UXQOR]VXU! MV! aZQRbTMV! SPMQOU! TOUVXZVYcTOVC"+! MQOR! ZV! bYRSZV! R`YVZVUUT`YV! MV!

RPYXTR! 8Z")"(5+*"& %*& "$@:& ;<<;B#! 'ZR! POU! bPOUXN! `YV! Z@NZVSUXPCRPOPaPXQUTPO! TOMYTU! YOV!

QYdbVOUQUTPO! M@YO! ]QSUVYX! 9! MY! UQY^! RNXT`YV! MV! Z@'$C"+! aQX! XQaaPXU! p!

Z@NZVSUXPaVXbNQ\TZTRQUTPO! RVYZV#! 'ZR! POU! MNbPOUXN! `YV! Z@NZVSUXPCRPOPaPXQUTPO! TOMYTU!

\VQYSPYa!bPTOR! MV! MPbbQdVR!bYRSYZQTXVR! `YV! Z@NZVSUXPaVXbNQ\TZTRQUTPO#! $VR! QYUVYXR!

POU! RYddNXN! `YV! SVUUV! QYdbVOUQUTPO! MY! UQY^! RNXT`YV! M@'$C"+! VRU! SPXXNZNV! p! YOV!

MTbTOYUTPO! MVR! MPbbQdVR! bYRSYZQTXVR#! $VR! bNSQOTRbVR! TbaZT`YNR! MQOR! ZQ! XNMYSUTPO!

MVR!MPbbQdVR!bYRSYZQTXVR!aQX!Z@QRRPSTQUTPO!MVR!YZUXQRPOR!p!Z@NZVSUXPaVXbNQ\TZTRQUTPO!OV!

RPOU!aQR!SPOOYR! 8Z")"(5+*"&%*&"$@:& ;<<;B#!/NQObPTORK! QY! XVdQXM!MV!OPR! XNRYZUQURK!OPYR!

aPYWPOR! RYaaPRVX! `YV! SVUUV! QbNZTPXQUTPO! MY! UQY^! RNXT`YV! M@'$C"+! RPTU! MYV! p! YOV!

QYdbVOUQUTPO!MV! Z@QSSVRRT\TZTUN! MVR!bPZNSYZVR! MV!aZQRbTMV!MQOR! ZVR! ]T\XVR!bYRSYZQTXVR!

aQX!RPOPaPXQUTPO#!
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(M+.1+*,0+# ;+# 9+1# -81405)51# ;8*7.5-+# 34+# 0M)*8027-)527.# ;+# 0M+==29)9258# ;+#

5-).1=+9527.# 7,5+.4+# /)-# 80+95-7V17.7/7-)527.# /74--)25# 1M+P/0234+-# /)-# 4.+#

)46*+.5)527.# ;+# 0M)99+112,20258# ;+1# *708940+1# ;+# /0)1*2;+# ;).1# 0+1# 9+0040+1># (+#

5-).1=+-5# ;+# /0)1*2;+1# 80+95-7V17.7/7-)527.# +15# 4.+# 15-)5862+# /-7*+55+41+# +.#

5B8-)/2+#68.234+#Eh)*)1B25)#+5#)0>:#]RR]i#h)*)1B25)#+5#)0>:#]RRdF>#
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-S.,5)*8J7+&)*+,K$*$#'JE+,E(,LE#+LE8(&%E+,

;.,5)*8J7+&)*+,K$*$#'JE+,

$VR!VRaPTXR!]POMNR!RYX!ZVR!U[NXQaTVR!dNOT`YVR!VU!SVZZYZQTXVR!POU!RUTbYZNK!QY!SPYXR!

MV! SVR! +0! MVXOTfXVR! QOONVRK! ZV! MNWVZPaaVbVOU! MV! bNU[PMPZPdTVR! MV! WVSUPXTRQUTPO! MV!

bPZNSYZVR! U[NXQaVYUT`YVR#! (QXbT! SVR! bNU[PMVRK! Z@[RL\ZN`QLNK[OMTRTSOZT`P! QaaQXQsU!

SPbbV! Z@YOV! MVR! aZYR! RqXVR! VU! V]]TSQSVR#! 6QRNV! RYX! Z@OQQRT\OZT`P+ \`PZNeR[L+

aCTKQVRST`PS+ [RL\ZNTUVLS! DM@TOUVORTUN! VO! dNONXQZ! TO]NXTVYXV! p! "! c:ISb! VU! MV! MYXNV!

WQXTQ\ZV! MV! `YVZ`YVR!bTSXPRVSPOMVR! p! aZYRTVYXR!bTZZTRVSPOMVREK! VZZV! aVXbVU! YOV! aVXUV!

UXQORTUPTXV! MV! ZQ! aVXbNQ\TZTUN! RNZVSUTWV! MV! ZQ! bVb\XQOV! aZQRbT`YV! 8e%7)"22& %*& "$@:&

CXUXB#! 'Z! V^TRUV! QZPXR! QY! OTWVQY! MV! ZQ! SVZZYZV! aVXbNQ\TZTRNV! MVR! bPYWVbVOUR! MV! ]YTUV!

M@TPOR! VU! MV! bNUQ\PZTUVR! TOUXQSVZZYZQTXVRK! QTORT! `YV! MVR! bPYWVbVOUR! M@VOUXNV! MV!

bPZNSYZVR! V^PdfOVR! DbNMTSQbVOUR! QOUTCSQOSNXVY^K! QSTMVR! OYSZNT`YVRyE#! $VR!

aPUVOUTQZTUNR! M@QaaZTSQUTPO! SZTOT`YV! MV! SVUUV! bNU[PMV! M@NZVSUXPaVXbNQ\TZTRQUTPO! RPOU!

OPb\XVYRVRK! QYRRT! \TVO! +2& 0+*-1K! `Y@%V& 0+01! PY! +2& 0+01r! NZVSUXPS[TbTPU[NXQaTVK!

NZVSUXPdNOPU[NXQaTVK!WQSSTOQUTPO!dNONUT`YV!83(41GG-%&%*&"$@:&;<<X4B#!

!

$VR!aQXQbfUXVR!a[_RT`YVR!DOPb\XVK!MYXNVK!]XN`YVOSV!VU!TOUVORTUNE!MVR!TbaYZRTPOR!

NZVSUXT`YVRK!aVXbVUUVOU!MV!bPMYZVX!ZQ!aVXbNQ\TZTRQUTPO!DV]]TSQSTUN!VU!UQTZZV!MVR!bPZNSYZVR!

NZVSUXPUXQOR]NXNVRE!8!%+((+/&%*&"$@:&;<<=B#!$@TOUVORTUN!MY!S[Qba!NZVSUXT`YV!VRU!XVRaPORQ\ZV!

MV! ZQ! SXNQUTPO! MV! RUXYSUYXVR! UXQORTUPTXVR! MV! aVXbNQ\TZTRQUTPO#! $V! OPb\XV! VU! ZQ! MYXNV!

TOUVXWTVOOVOU! RYX! ZVR! a[QRVR! M@V^aQORTPO! DUQTZZV! MVR! RUXYSUYXVR! UXQORTUPTXVR! MV!

aVXbNQ\TZTRQUTPOE! VU! MV! XVZQ^QUTPO! MV! SVR! RUXYSUYXVR! DMYXNV! MV! WTVE! 8W1$(& %*& !%+((+/:&

CXXU">&g"#-+%$&%*&!%+((+/:&CXXXB#!$@NZVSUXPaVXbNQ\TZTRQUTPO!VRU!ZQ!SPORN`YVOSV!MV!ZQ!bTRV!

[PXR!N`YTZT\XV!ZPSQZV!VU!XNWVXRT\ZV!MV!ZQ!bVb\XQOV#!!

!

$VR!a[PRa[PZTaTMVR!MV!ZQ!bVb\XQOV!RPOU!ZQ!ST\ZV!aXTWTZNdTNV!MY!S[Qba!NZVSUXT`YV!

8D*7$%2:&CXUC>&!%+((+/&%*&!(129:&CXUC>&I1J%_&%*&"$@:&CXUUB#!$Q!SXNQUTPO!MV!BaPXVRBK!MV!"!p!"F!

Ob! MV! MTQbfUXVK! Q! NUN! aXPaPRNV!bQTR! ZVYX! V^TRUVOSV! O@Q! uQbQTR! VOSPXV! NUN! XNVZZVbVOU!

MNbPOUXNV!8!%+((+/&%*&"$@:&;<<=B#!$Q!aXNRVOSV!MV!SVR!aPXVR!aPYXXQTU!aVXbVUUXV!M@V^aZT`YVX!

ZV!aQRRQdV!MV!bPZNSYZVR!MV!aVUTUVR!UQTZZVR!DSPbbV!Z@TPMYXV!MV!aXPaTMTYbEK!aQX!bTdXQUTPO!

NZVSUXPa[PXNUT`YV! aVOMQOU! Z@QaaZTSQUTPO! MVR! TbaYZRTPOR! NZVSUXT`YVR! VU! aQX! MT]]YRTPO!
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QaXfR! Z@QaaZTSQUTPO!MVR! TbaYZRTPOR!NZVSUXT`YVR!8W1$(&%*&!%+((+/:&CXXU">&g"#-+%$&%*&!%+((+/:&

CXXX>& O74+5"-& %*& "$@:& ;<<UB#! %O! XVWQOS[VK! SV! bPMfZV! OV! aVXbVU! aZYR! M@V^aZT`YVX! ZV!

UXQOR]VXU! MV! bQSXPbPZNSYZVR! D�<! c)QEK! SPbbV! ZV! aZQRbTMV! `YT! QaaQXQsU! SPbbV! YO!

a[NOPbfOV!\VQYSPYa!aZYR!SPbaZV^V!8g1$_+1&%*&"$@:&;<<;"B#!

!

$@NZVSUXPUXQOR]VXU! MV! aZQRbTMV! ONSVRRTUV! M@QaaZT`YVX! MVR! TbaYZRTPOR! NZVSUXT`YVR!

aVXbNQ\TZTRQOUVR!VU!RY]]TRQbbVOU!ZPOdYVR#!2VR!aQXQbfUXVR!MPTWVOU!jUXV!PaUTbTRNR#!7TORTK!

TZ!VRU!ONSVRRQTXV!MV!MNaQRRVX!ZV!RVYTZ!MV!aVXbNQ\TZTRQUTPO!8f1$G&%*&"$@:&CXXLB#!2VaVOMQOUK!

ZVR!aQXQbfUXVR!NZVSUXT`YVR!aVYWVOU!]PXUVbVOU!bPMYZVX!Z@V]]TSQSTUN!MV!UXQOR]VSUTPO!8g1$_+1&

%*&"$@&;<<LB#!$Q!MYXNV!MV!Z@TbaYZRTPO!NZVSUXT`YV!MPTU!jUXV!RYaNXTVYXV!p!ZQ!bTZZTRVSPOMVK!VU!

MVR! TOUVORTUNR! MV! S[Qba! NZVSUXT`YV! UXPa! NZVWNVR! D�FKH! c:ISbE! aVYWVOU! Q]]VSUVX! ZQ!

WTQ\TZTUN! SVZZYZQTXV! 8f1$G& %*& "$@:& CXXL>&W1$(& %*& !%+((+/:& CXXU"B#! (ZYRTVYXR!bPMfZVR! POU! NUN!

aXPaPRNR! aPYX! V^aZT`YVX! ZV!bNSQOTRbV! M@NZVSUXPUXQOR]VXU! MV! aZQRbTMVR! MQOR! ZQ! SVZZYZV!

83(41GG-%&%*&"$@:&;<<X#B#!'Z!QaaQXQsU!SZQTXVbVOU!`YV!ZV!aZQRbTMV!MPTU!jUXV!aXNRVOU!aVOMQOU!

Z@QaaZTSQUTPO! MY! S[Qba! NZVSUXT`YV! aPYX! `Y@TZ! _! QTU! UXQOR]VSUTPO! 8g1$_+1& %*& "$@:& ;<<<E#! $V!

bNSQOTRbV!M@NZVSUXPUXQOR]VXU!MV!aZQRbTMVR!RV!SQXQSUNXTRV!aQX!YO!aXPSVRRYR!bYZUTCNUQaVR!

QWVS!YOV!NUQaV!M@TOUVXQSUTPO!aZQRbTMVIbVb\XQOV!aVOMQOU!Z@QaaZTSQUTPO!MVR!TbaYZRTPOR!

NZVSUXT`YVR!VU!YOV!NUQaV!MV!UXQORZPSQUTPO!MQOR! ZVR!bTOYUVR!`YT!RYTWVOU! ZVYX!QaaZTSQUTPO!

8g1$_+1&%*&"$@:&;<<;"B#!$@TORVXUTPO!VU!ZQ!UXQORZPSQUTPO!MY!aZQRbTMV!OV!aVYWVOU!MPOS!aQR!RV!

XNRYbVX!p!YOV!RTbaZV!NZVSUXPCTOuVSUTPO!MV!ZQ!bPZNSYZV!MQOR!ZQ!bVb\XQOV#!$Q!bVb\XQOV!

aZQRbT`YV! VRU! YO! aQXUVOQTXV! QSUT]! MVR! aXVbTfXVR! NUQaVR! MY! a[NOPbfOV#! 2V! bPMfZV!

RYddfXV!QYRRT!Z@TbaZTSQUTPO!VU!Z@TbaPXUQOSV!MV!ZQ!bQS[TOVXTV!SVZZYZQTXV!MQOR!ZV!bNSQOTRbV!

M@NZVSUXPUXQOR]VXU!MV!aZQRbTMV#!

!

$VR! UXQWQY^! V]]VSUYNR!MQOR! SV!aXPuVU! MV! XVS[VXS[V!POU!aVXbTR!M@QaaXP]POMTX! ZVR!

SPOOQTRRQOSVR! RYX! ZV! bNSQOTRbV! bPZNSYZQTXV! VU! SVZZYZQTXV! MV! Z@NZVSUXPUXQOR]VXU! MV!

aZQRbTMV!QWVS!aPYX!P\uVSUT]!aXTOSTaQZ!MV!XNQZTRVX!YOV!NUYMV!\TPa[_RT`YV!MY!bNSQOTRbV!

+2&0+*-1#!

!

DTE! $@QaaZTSQUTPO! M@TbaYZRTPOR! NZVSUXT`YVR!bTZZTRVSPOMVR! VU! aVXbNQ\TZTRQOUVR! TOMYTU!

YOV!aVXUYX\QUTPO!M@PXMXV!bVb\XQOQTXV!VU!YOV!XQaTMV!UXQORZPSQUTPO!MVR!a[PRa[PZTaTMVR!MQOR!

ZVR! XNdTPOR!aVXbNQ\TZTRNVR#! 2VUUV! UXQORZPSQUTPO! RVb\ZV! jUXV! TOMYTUV!aQX!YO! V]]VU! MTXVSU! MY!
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S[Qba! NZVSUXT`YV! RYX! ZVR! MTa{ZVR! MVR! UjUVR! MVR! a[PRa[PZTaTMVR#! $Q! UXQORZPSQUTPO! NZVSUXPC

TOMYTUV!MVR!a[PRa[PZTaTMVR!O@VRU!aQR!QRRPSTNV!p!YOV!aVXUV!MV!ZQ!WTQ\TZTUN!SVZZYZQTXV#!

!DTTE! $@V^TRUVOSV! M@YO! aXPSVRRYR! bYZUTCNUQaVR! MV! Z@NZVSUXPUXQOR]VXU! MV! aZQRbTMV!

MQOR!MT]]NXVOUVR!ZTdONVR!SVZZYZQTXVR!Q!NUN!bTRV!VO!NWTMVOSV#!$@NZVSUXPaVXbNQ\TZTRQUTPO!VRU!

YOV! NUQaV! ONSVRRQTXV! VU! aQR! RY]]TRQOUV! aPYX! Z@TOUVXQSUTPO! aZQRbTMVIbVb\XQOV#! 3OV!

SPXXNZQUTPO! NUXPTUV! VOUXV! aVXbNQ\TZTRQUTPO! bVb\XQOQTXVK! TOUVXQSUTPO!

aZQRbTMVIbVb\XQOV! VU! V^aXVRRTPO! dNOT`YV! VRU! aXNRVOUV! MQOR! MT]]NXVOUVR! ZTdONVR!

SVZZYZQTXVR#!

(VOMQOU! Z@QaaZTSQUTPO! MV! ZQ! aXVbTfXV! TbaYZRTPO! NZVSUXT`YVK! ZVR! bPZNSYZVR! MV!

aZQRbTMV!bTdXVOU!aQX!NZVSUXPa[PXfRV!VU!WTVOOVOU!TOUVXQdTX!MQOR!MVR!RTUVR!MTRUTOSUR!MV!ZQ!

XNdTPO! bVb\XQOQTXV! ]QTRQOU! ]QSV! p! ZQ! SQU[PMV#! $Q! ]PXbQUTPO! MV! SPbaZV^VR!

aZQRbTMVIbVb\XQOV!Q!ZTVY!VO!YOV!SVOUQTOV!MV!bTSXPRVSPOMVR#!$Q!MYXNV!MV!Z@TbaYZRTPO!

NZVSUXT`YV! uPYV! YO! X{ZV!bQuVYX! RYX! Z@QSSYbYZQUTPO! NZVSUXPa[PXNUT`YV! MVR!bPZNSYZVR! MV!

aZQRbTMV! QY! OTWVQY! MV! ZQ! bVb\XQOV! aVXbNQ\TZTRNV#! $@TOUVXQSUTPO! MVR! bPZNSYZVR! MV!

aZQRbTMV!QWVS! ZQ!bVb\XQOV!aVXbNQ\TZTRNV!QaaQXQsU!MPOS!SPbbV!YO!aXPSVRRYR! XQaTMV#!

$VR! SPbaZV^VR! aZQRbTMVIbVb\XQOV! RV! RUQ\TZTRVOU! ! VO! YO! MNZQT! MV! +FF! bR#! 3O! X{ZV!

MTRUTOSU!MV!Z@TOUVORTUN!MY!S[Qba!NZVSUXT`YV!VU!MY!OPb\XV!M@TbaYZRTPOR!NZVSUXT`YVR!Q!NUN!

bTR! VO! NWTMVOSV#! &T! Z@TOUVORTUN! MY! S[Qba! NZVSUXT`YV! MN]TOTU! ZQ! RYX]QSV!bVb\XQOQTXV! P�!

Z@TOUVXQSUTPO!MVR!bPZNSYZVR!MV!aZQRbTMV!Q!ZTVY!VU!MV!]QTUK!ZV!OPb\XV!MV!RaPUR!M@TOUVXQSUTPOK!

ZV! OPb\XV! M@TbaYZRTPOR! NZVSUXT`YVR! MN]TOTU! ZQ! `YQOUTUN! MV! bPZNSYZVR! MV! aZQRbTMV!

aXNRVOUV! aQX! SPbaZV^V#! )V! ]Q}PO! RYXaXVOQOUVK! ZV! ]QTU! `YV! Z@QYdbVOUQUTPO! MY! OPb\XV!

M@TbaYZRTPOR! NZVSUXT`YVR! O@VOUXQsOV! aQR! YOV! QYdbVOUQUTPO! MY! OPb\XV! MV! SPbaZV^VR!

TOMT`YV! `YV! ZVR! RTUVR! SPbaNUVOUR! aPYX! Z@TOUVXQSUTPO! MVR! bPZNSYZVR! MV! aZQRbTMV! p! ZQ!

bVb\XQOV!aZQRbT`YV!aVXbNQ\TZTRNV!RPOU!aXNRVOUR!MfR!ZQ!aXVbTfXV!TbaYZRTPO!NZVSUXT`YV#!

$VR!SPbaZV^VR!aZQRbTMVIbVb\XQOV!QTORT! ]PXbNR!OV!MT]]YRVOU!aQR! ZQUNXQZVbVOU!MQOR! ZQ!

bVb\XQOV#! $V! S_UPR`YVZVUUV! M@QSUTOV! O@VRU! aQR! TbaZT`YN! MQOR! ZQ! ]PXbQUTPO! MV! SVR!

SPbaZV^VR!bQTR!aPYXXQTU!jUXV!TbaZT`YN!MQOR!ZV!UXQORaPXU!TOUXQSVZZYZQTXV!MVR!bPZNSYZVR!MV!

aZQRbTMVR#!

DTTTE! $VR! MN]QYUR! bVb\XQOQTXVR! NZVSUXPCTOMYTUR! VU! ZVR! SPbaZV^VR!

aZQRbTMVIbVb\XQOQTXV!aVXUYX\VOU!ZQ!bP\TZTUN!ZQUNXQZV!MVR!aXPUNTOVR!bVb\XQOQTXVR!MY!

]VYTZZVU!V^UVXOV!MV!ZQ!bVb\XQOV!aZQRbT`YV#!!

DTWE! $Q! SPb\TOQTRPO! MV! ZQ! RPOPaPXQUTPO! QWVS! Z@NZVSUXPaVXbNQ\TZTRQUTPO! aVXbVU!

M@QbNZTPXVX!Z@V]]TSQSTUN!MV!UXQOR]VSUTPO!P\UVOYV!aQX!Z@NZVSUXPaVXbNQ\TZTRQUTPO!RVYZV#!2VUUV!
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QbNZTPXQUTPO! aPYXXQTU! R@V^aZT`YVX! aPYX! YOV! QYdbVOUQUTPO! MV! Z@QSSVRRT\TZTUN! MVR!

bPZNSYZVR! MV! aZQRbTMV! aXNRVOUVR! MQOR! ZVR! SPbaZV^VR! aZQRbTMVIbVb\XQOV! aQX!

Z@QaaZTSQUTPO! M@POMVR! YZUXQRPOPXVR! VO! aXNRVOSV! M@QdVOUR! MV! SPOUXQRUV#! $V! UXQOR]VXU! MV!

aZQRbTMVR!aQX!NZVSUXPCRPOPaPXQUTPO!aPYXXQTU!jUXV!YOV!RUXQUNdTV!aXPbVUUVYRV!VO!U[NXQaTV!

dNOT`YV#!

N.,9E#+LE8(&%E+,

%O! XQTRPO! MVR! RaNST]TSTUNR! SVZZYZQTXVR! D42.C""5K! 2+2"+! WR! 24-K! 6"5K! &4C&808K!

767%E! VU! UTRRYZQTXVR! DbYRSZV! R`YVZVUUT`YV! WR! UYbVYXREK! YOV! bVTZZVYXV! SPbaXN[VORTPO!

MVR!bNSQOTRbVR!\TPa[_RT`YVR!TbaZT`YNR!MQOR!Z@NZVSUXPUXQOR]VXU!MV!aZQRbTMVR!VRU!XV`YTRV!

VO!WYV!MV!RPO!YUTZTRQUTPO!VO!SZTOT`YV#!

+"!"#$8#1%17,80%#)'8&1(=3%#

$@TOUVXQSUTPO! aZQRbTMVIbVb\XQOV! VRU! YO! NUQU! M@N`YTZT\XV! `YT! NWPZYV! WVXR! YO!

aTNdVQdV!TXXNWVXRT\ZV!MVR!bPZNSYZVR!MV!aZQRbTMV!p!ZQ!bVb\XQOV!aZQRbT`YV#!2V!aTNdVQdV!

ONSVRRTUV!ZQ!bTRV!VO!aZQSV!MV!RUXYSUYXVR!RY]]TRQbbVOU!RUQ\ZV!aPYX!\ZP`YVX!ZVR!bPZNSYZVR!

MV!aZQRbTMV!p! ZQ!bVb\XQOV! 8O5%_& %*&"$@:& ;<<=>&S"7-+%& %*&"$@:& ;<C<B#! 'Z! VRU!ONSVRRQTXV!MV!

bTVY^! SQXQSUNXTRVX! ZVR! ePOVR! M@TOUVXQSUTPO! aZQRbTMVIbVb\XQOV#! $@TOUVXQSUTPO!

aZQRbTMVIbVb\XQOV! RV! ]QTU! RPYR! ZQ! ]PXbV! M@QdXNdQU! MQOR! MVR! RTUVR! SPbaNUVOUR#! $Q!

OQUYXV!MV!SVR!RTUVR!SPbaNUVOUR!MPTU!jUXV!MNUVXbTONV#!

+"!"!"#$%&#'()(*%&#

$VR!ZTaTMVR!RVb\ZVOU!jUXV!YOV!ST\ZV!aXTWTZNdTNV!MY!S[Qba!NZVSUXT`YV!8D*7$%2:&CXUC>&

I1J%_& %*& "$@:& CXUUB#! $@TOUVXQSUTPO! aZQRbTMVIbVb\XQOV! aPYXXQTU! jUXV! ]QWPXTRNV! RVZPO! ZQ!

OQUYXV!MVR!ZTaTMVR#!

7Y!SPYXR!SV!UXQWQTZK!OPYR!QWPOR!aY!bPOUXVX!`YV!MVR!ZTdONVR!SVZZYZQTXVR!DV#d#!2+2"+K!

42.C""5E! OV! aXNRVOUVOU! aQR! M@TOUVXQSUTPO! aZQRbTMVIbVb\XQOV! VU! OV! RPOU! aQR!

UXQOR]VSUNVR#! $Q! SPbaPRTUTPO! VO! ZTaTMVR! MV! ZVYXR! bVb\XQOVR! aZQRbT`YVR! aPYXXQ! jUXV!

MNUVXbTONV! VU! SPbaQXNV! p! SVZZV! MV! ZTdONVR! SVZZYZQTXVR! aPYX! ZVR`YVZZVR! Z@TOUVXQSUTPO!

aZQRbTMVIbVb\XQOV! VU! UXQOR]VSUTPO! RPOU! MNUVSUNVR! DV#d#! 24-K! 6"5C?"FE#! 2VR!

SPbaPRTUTPOR! RVXPOU! QOQZ_RNVR! `YQZTUQUTWVbVOU! VU! `YQOUTUQUTWVbVOU! aQX!

S[XPbQUPdXQa[TV! VO! a[QRV! dQeVYRV! VU! ZT`YTMV! p! aQXUTX! MV! "! p! 0! bTZZTPOR! MV! SVZZYZVR!

D2PZZQ\PXQUTPO!QWVS!ZV!aZQUVQY!UVS[OT`YV!MV!ZTaTMPbT`YV!MV!Z@'ORVXbK!'?,!*FE#!!
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$@YUTZTRQUTPO! MV! WNRTSYZVR! ZTaTMT`YVR! dNQOUVR! MV! SPbaPRTUTPOR! WQXTQ\ZVR!

aVXbVUUXQTU!MV!UVRUVX!ZQ!OQUYXV!MVR!ZTaTMVR!RYX!Z@TOUVXQSUTPO!aZQRbTMVIbVb\XQOV!8O1-*%*&

%*&"$@:&;<<XB#!!

+"!"+"#$%&#),-./(0%&#%.#'%&#-'(>-&82248,(*%&#

7!bP_VO!UVXbVK!TZ!aPYXXQTU!jUXV!TOUNXVRRQOU!M@NUYMTVX!ZV!X{ZV!MVR!aXPUNTOVR!VU!MVR!

PZTdPRQSS[QXTMVR!RYX!Z@TOUVXQSUTPO!aZQRbTMVIbVb\XQOV#!!

3OV! NUYMV! MV! ?,%.! DT#V#! ?�XRUVX! ,VRPOOQOSV! %OVXd_! .XQOR]VXE! aPYXXQ! jUXV!

VOUXVaXTRV! aPYX! MNUVXbTOVX! RT! YOV! TOUVXQSUTPO! a[_RT`YV! V^TRUV! VOUXV! MVR! aXPUNTOVR!

bVb\XQOQTXVR! ]YRTPOONV!p! Z@V>?(!VU! ZVR!bPZNSYZVR!MV!aZQRbTMVR!bQX`YNVR!QY!2_C*#!)V!

aZYRK!ZVR!SVZZYZVR!aPYXXQTVOU!jUXV!UXQTUNVR!aQX!ZQ!UX_aRTOVK!MVR!aXPOQRVRK!MVR!dZ_SPRTMQRVR!

DV#d#!OVYXQbTOTMQRVE#!'Z!RVXQ!ONSVRRQTXV!MV!WNXT]TVX!`YV!SVR!UXQTUVbVOUR!O@Q]]VSUVOU!aQR!ZQ!

WTQ\TZTUN!SVZZYZQTXV!VU!ZQ!aVXbNQ\TZTRQUTPO!bVb\XQOQTXV#!

$V! X{ZV! MVR! aXPUNTOVR! RYX! Z@TOUVXQSUTPO! aZQRbTMVIbVb\XQOV! aPYXXQ! jUXV! NUYMTN!

RYX!MVR!aXPUNPZTaPRPbVR!dNQOUR!]PXbNR!aQX!NZVSUXP]PXbQUTPO!8g+-"-'&%*&"$@:&;<<LB#!

+"+"#$%#.,8@(2#(0.,82%''3'8(,%#

(ZYRTVYXR! bTOYUVR! QaXfR! Z@TOUVXQSUTPO! aZQRbTMVIbVb\XQOVK! ZVR! bPZNSYZVR! MV!

aZQRbTMVR! bTdXVOU! MQOR! ZV! S_UPaZQRbV! uYR`Y@QY! OP_QY! 8g1$_+1& %*& "$@:& ;<<;"B#! /PYR!

aPYXXPOR! VOWTRQdVX! YOV! NUYMV! MY! UXQ]TS! TOUXQSVZZYZQTXV! MVR!bPZNSYZVR! MV! aZQRbTMV! aQX!

bTSXPRSPaTV!SPO]PSQZV#!$Q!SPZPSQZTRQUTPO!MV!UXQSVYXR!]ZYPXVRSVOUR!RaNST]T`YVR!M@PXdQOTUVR!

TOUXQSVZZYZQTXVR! VU! MV! aZQRbTMVR! ]ZYPXVRSVOUR! RYX! MVR! SVZZYZVR! WTWQOUVR! aVXbVUUXQ! MV!

MNUVXbTOVX! ZQ! WPTV!M@VOUXNV!MVR!bPZNSYZVR!MV!aZQRbTMV! VU!MV! WTRYQZTRVX! ZVYX!bTdXQUTPO!

TOUXQSVZZYZQTXV#! 2V! UXQWQTZ! aPYXXQ! jUXV! SPbaZNUN! aQX! YOV! NUYMV! M_OQbT`YV! MY! UXQ]TS!

TOUXQSVZZYZQTXV! MVR! bPZNSYZVR! MV! aZQRbTMV! aQX! RYTWT! MV! aQXUTSYZV! YOT`YV! D.[fRV! MV!

2[X_RUVZZV! ,PRQeeQE#! 2VUUV! QaaXPS[V! OPYR! MPOOVXQ! MV! aXNSTVYRVR! TO]PXbQUTPOR! RYX! ZQ!

MT]]YRTPO!MVR!bPZNSYZVR!MV!aZQRbTMVR!MQOR!ZV!S_UPaZQRbV!VU!OPYR!aVXbVUUXQ!M@VOWTRQdVX!

MVR!RUXQUNdTVR!aPYX!QSSNZNXVX!RPO!UXQ]TS!VU!XNMYTXV!RQ!MNdXQMQUTPO#!

+"5"#$A%0;%'-))%#032'/8(,%#

$@VOWVZPaaV! OYSZNQTXV! VRU! YOV! OPYWVZZV! \QXXTfXV! bVb\XQOQTXV! `YV! MPTWVOU!

]XQOS[TX!ZVR!bPZNSYZVR!MV!aZQRbTMV!aPYX!`YV!ZVYX!V^aXVRRTPO!QTU!ZTVY#!$Q!R_OS[XPOTRQUTPO!

MVR! SVZZYZVR! VO! a[QRV! >+I1! aQX! Z@Qa[TMTSPZTOV! aVXbVU! M@QYdbVOUVX! Z@V]]TSQSTUN! MV!

UXQOR]VSUTPO!8g1$'(*%+2&%*&"$@&CXUX&>&Z1-+G7[+&%*&"$@&CXUX&>&h-1"Q%-&%*&"$@&CXX<&>&!%(5+9"P"-"&
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"2'&c"*(7-":&CXX;&>&g1$_+1&%*&"$@&;<<;#B@!%O!V]]VUK!ZQ!MTRaQXTUTPO!MV!Z@VOWVZPaaV!OYSZNQTXV!

VO!a[QRV!>+I1!]QSTZTUV!Z@TOUVXOQZTRQUTPO!MY!aZQRbTMV!MQOR!ZV!OP_QY#!!

+"5"!"#$%&#&/=3%02%&#?F6#%.#D$6#

$Q!aXNRVOSV!MV!RN`YVOSVR!OYSZNT`YVR!).&!DT#V#!)/7!.QXdVUTOd!&V`YVOSVE!QY!RVTO!

MY! aZQRbTMV! PY! Z@QRRPSTQUTPO! MV! aVaUTMVR! /$&! DT#V#! /YSZVQX! $PSQZTeQUTPO! &V`YVOSVE! QY!

aZQRbTMV!aQX!MVR!TOUVXQSUTPOR!SPWQZVOUVR!PY!NZVSUXPRUQUT`YVR!aVXbVUUXQTU!QY!aZQRbTMV!MV!

]XQOS[TX! Z@VOWVZPaaV! OYSZNQTXV! aQX! YO! UXQORaPXU! QSUT]! 8R%"2& %*& "$@& ;<<=B#! 2VR! NZNbVOUR!

aVXbVUUXQTVOU!M@QbNZTPXVX!Z@V]]TSQSTUN!MV!UXQOR]VSUTPO!MV!SVZZYZVR!`YTVRSVOUVR!VU!SQaQ\ZVR!

MV!RV!MTWTRVX!8a"795"2&"2'&R%"2:&;<<=&>&T+$$%-&"2'&R%"2:&;<<UB@&

+"5"+"#$%&#0&XVY&#

)VR! UXQWQY^! bPOUXVOU! `YV! Z@QaaZTSQUTPO! MV! UXfR! SPYXUVR! D"FC*FF! ORE! VU! UXfR!

TOUVORVR! DuYR`Y@p! *FF! c:ISbE! TbaYZRTPOR! NZVSUXT`YVR! DT#V#! OR(%?K! OQOPRVSPOM! (YZRVM!

%ZVSUXTS! ?TVZME! aVXbVUUVOU! MV! aVXbNQ\TZTRVX! ZVR! PXdQOTUVR! TOUXQSVZZYZQTXVRK! V#d#!

Z@VOWVZPaaV! OYSZNQTXV! 8D451%2#"45& %*& "$@:& ;<<C>& `%%#%& %*& "$@:& ;<<KB#! /PYR! aXPaPRPOR!

M@QRRPSTVX! MVR! TbaYZRTPOR! NZVSUXT`YVR! %>.! QY^! TbaYZRTPOR! NZVSUXT`YVR! OR(%?! Q]TO!

M@QYdbVOUVX! Z@V]]TSQSTUN! MV! UXQOR]VSUTPO#! $@QaaZTSQUTPO! M@TbaYZRTPOR! NZVSUXT`YVR! %>.!

aVXbNQ\TZTRVXQ! ZQ!bVb\XQOV!aZQRbT`YV!VU!aVXbVUUXQ! ZV! UXQOR]VXU!MV!aZQRbTMVR!MQOR! ZV!

S_UPaZQRbV#! (YTR! QaXfR! YO! SVXUQTO! MNZQT! D`YT! RVXQ! p! MNUVXbTOVXEK! Z@QaaZTSQUTPO!

M@TbaYZRTPOR! NZVSUXT`YVR! OR(%?! aVXbNQ\TZTRVXQ! Z@VOWVZPaaV! OYSZNQTXV! VU! ]QSTZTUVXQ! ZV!

UXQOR]VXU!MVR!bPZNSYZVR!MV!aZQRbTMVR!MQOR!ZV!OYSZNPaZQRbV#!

!

(M+.1+*,0+# ;+# 9+# 5-)C)20# ;+# 5BA1+# *7.5-+# 34+# 0M85)/+# ;M2.5+-)9527.#

/0)1*2;+G*+*,-).+# +15# ,2+.# 4.+# 85)/+# 908# ;4# /-79+1141# *4052V85)/+1# ;4#

*89).21*+#;M80+95-75-).1=+-5#;+#/0)1*2;+1>#%745#/)-)*A5-+#342#/+45#)058-+-# 9+55+#

2.5+-)9527.#*7;40+#0M+==29)9258#;+#5-).1=+9527.>#"8).*72.1:#0+1#85)/+1#4058-2+4-+1#;+#

5-).1079)527.# *+*,-).)2-+:# ;+# 5-)=29# 2.5-)9+0040)2-+:# ;+# =-).9B211+*+.5# ;+#

0M+.C+07//+#.4908)2-+#+5#;M+P/-+1127.#68.234+:#O74+.5#)4112#4.#-@0+#+11+.52+0#;).1#0+#

/-79+1141># ()# C214)021)527.# +5# 0)# 34).52=29)527.# ;4# 9B+*2.+*+.5# ;+1# *708940+1#

/0)1*2;+1# ;).1# 0+1# ;2==8-+.51# 7-6).25+1# 2.5-)9+0040)2-+1# ;+C-)2+.5# )2;+-# ;).1# 0)#

97*/-8B+.127.#;+#9B)94.+#;+#9+1#85)/+1>#

#
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(+1# 854;+1# =454-+1# 342# 1+-7.5# -8)0218+1# 14-# 0M80+95-75-).1=+-5# ;+# /0)1*2;+1#

;).1# 0+1# 9+0040+1# +5# 14-# 0+1# 1/B8-7j;+1# *4052V9+0040)2-+1# Ek)14.64# +5# )0>:# ]RRYF#

;+C-7.5#)*+.+-#;+1#-8/7.1+1#/74-#0)#97*/-8B+.127.#;4#*89).21*+#,27/B<1234+#2.#

C25-7:#*)21#;+C-7.5#14-5745#2.586-+-#0+4-1#-81405)51#/74-#4.+#452021)527.#-)527..+00+#

;+#0M80+95-7/+-*8),2021)527.#2.#C2C7>#

!
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S.,?'($#&EJ,^,?$(M)6E+,

9'#(&E,-.,?$(M)6E+,K$*$#'JE+,

;.,57J(7#E+,8EJJ7J'&#E+,

!"!"#$%&#2%''3'%&#UNH#

$VR!SVZZYZVR!YUTZTRNVR!RPOU!MVR!SVZZYZVR!M@PWQTXVR!MV![QbRUVX!S[TOPTR!D24-K!RPYS[V!

l..E#! 2VUUV! ZTdONV! SVZZYZQTXV! aQXUTVZZVbVOU! UXQOR]PXbNV!MT]]fXV! MV! ZQ! RPYS[V!aQXVOUQZV!

aQX! RPO! QaUTUYMV! p! jUXV! SYZUTWNV! VO! RYRaVORTPO#! 'Z! VRU! MPOS! aPRRT\ZV! MV! SYZUTWVX! SVR!

SVZZYZVR!MV!MVY^!bQOTfXVR!MT]]NXVOUVR!8W1$(&%*&"$@:&CXX=Br!

!

2PYS[V!bPOPSVZZYZQTXVr!MQOR! SVR! SPOMTUTPORK! ZVR! SVZZYZVR! RPOU! SYZUTWNVR!MQOR!MVR!

\PsUVR! MV! (NUXT! MV! *0! bb! D6)! ?QZSPO.1K! &QO! GPRVK! 27EK! MVR! ]ZQRcR! MV! SYZUYXV! PY! MVR!

$Q\UVSc! ''! D/YOS.1K! .[VXbP! ?TRS[VX! &STVOUT]TSK! ,PS[VRUVXK! /8E#! %ZZVR! aXNRVOUVOU! YOV!

TO[T\TUTPO!MV!SPOUQSU!ZPXR`Y@VZZVR!RPOU!p!SPO]ZYVOSV#!

!

&YRaVORTPO! SVZZYZQTXVr! MQOR! MVR! SPOMTUTPORK! ZVR! SVZZYZVR! RPOU! SYZUTWNVR! MQOR! MVR!

]ZQSPOR! VO! WVXXV! MV! FK0! $! D&aTOOVXE! MQOR! "FF!b$! MV!bTZTVY! MV! SYZUYXVK! RPYR! QdTUQUTPO!

MPYSV! VU! SPOUTOYV! DHF! p! "FF! UPYXRIbTOYUVREK! p! *H�2#! $Q! SYZUYXV! VO! RYRaVORTPO! VRU!

V]]VSUYNV! QaXfR! MNUQS[VbVOU! MVR! SVZZYZVR! VO! bPOPSPYS[V! aQX! QSUTPO! MV! ZQ! UX_aRTOV!

D&TdbQC7ZMXTS[�!'OS#K!&QTOUC$PYTRK!1-E#!7aXfR!0!bTOYUVR!M@TOSY\QUTPO!p!*H�2K!Z@QSUTPO!MV!

ZQ! UX_aRTOV!VRU!\ZP`YNV!aQX! Z@QuPYU!MV!bTZTVY!MV!SYZUYXV#!$VR!SVZZYZVR!RPOU!XNSYaNXNVR!VU!

aZQSNVR!MQOR!ZV!RaTOOVX!p!XQTRPO!MV!FK0!"F5!SVZZYZVRIb$#!$Q!MVORTUN!SVZZYZQTXV!bQTOUVOYV!

VOUXV! FK0! "F5! VU! "K0! "F5! SVZZYZVRIb$K! aQX! MTZYUTPO! `YPUTMTVOOVK! aVXbVU! MV! dQXMVX! ZVR!

SVZZYZVR! VO!a[QRV!V^aPOVOUTVZZV!MV! SXPTRRQOSV#!3OV!OPYWVZZV! SYZUYXV! VRU! XNQZTRNV! UPYUVR!

ZVR!*!PY!<!RVbQTOVR!p!aQXUTX!M@QbaPYZVR!MV!SVZZYZVR!SPOdVZNVR#!
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We read with interest the article by Maucksch et al. [1], who analysed
transgene expression of transfected supercoiled 4.7 kb monomeric and 9.4 kb
dimeric plasmid concatemer in Jurkat T cells using electroporation. The
authors reported that the relative number of electrotransferred gene copies
per nucleus and plasmid expression efficiency, respectively, were 1.6- and
3.5-fold higher for enhanced green fluorescent protein (EGFP)-dimer than
for EGFP-monomer. However, the transfection rates considering the number
of transfected cells were significantly lower for EGFP-dimer than for EGFP-
monomer. Their conclusions were that more dimers were introduced in fewer
cells.

The relative number of gene copies introduced in the different cellular
compartments (cytoplasm and nucleus) was evaluated using a fluorescence
approach, which we described some years ago [2]. This took advantage of
the spontaneous binding of TOTO dyes to DNA.

Therefore, Maucksch et al. [1] have used noncovalent markers (SYTO-13
and TOTO-1) to determine the biodistribution of plasmids into the cells after
electroporation. TOTO is virtually nonfluorescent in solution, but forms highly
fluorescent complexes with double-stranded DNA (dsDNA), up to a maximum
dye to DNA bp ratio of 1 : 4, with a 1000-fold fluorescence enhancement.
The dsDNA–TOTO complexes are completely stable to electrophoresis on
agarose and acrylamide gels [3]. However, TOTO-1 is a dye capable of bis-
intercalation, although it interacts with dsDNA and ssDNA with a similar
high affinity. Binding of the dye partially unwinds the DNA by distorting and
elongating the helix. An external binding mode, where the dipole of the dye
molecule is aligned with the DNA grooves, may be more important. TOTO-1
dye will bind to almost any sequence in dsDNA.

TOTO binding with DNA is an equilibrium, where the dye can unbind if free
DNA is added (i.e. equilibrium displacement) [4]. This is indeed the case when
plasmids bearing TOTO enter in the cytoplasm where free DNA is present.
Furthermore, TOTO can freely leak from the cytoplasm to the nucleus (where,
again, free DNA is present) in a way similar to that reported for propidium
iodide [4]. TOTO labelling DNA comprises a good tool for assaying the early
steps of DNA entry into cells but cannot be used to investigate the process
over a long period time. If this method is used to detect plasmid/membrane
interaction (Figure 1), this approach is not adapted to study the intracellular
traffic of plasmid. Indeed, in living or fixed cells, the fluorescent marker can
dissociate from plasmid and label intracellular nucleic acids. This comprises
the traffic of TOTO. Consequently, the visualization and quantification of
plasmid biodistribution into cells can be biased. In our studies, to eliminate
these artefacts, we used a dye covalently bound to the plasmid after checking
that the level of protein expression was not affected. Indeed, we used the
covalently rhodamine-labelled plasmid (pGeneGrip; Gene Therapy Systems,
San Diego, CA, USA) to observe the cell traffic of fluorescent-labelled plasmid
after electroporation [2].

Golzio et al. [2] demonstrated that this plasmid/membrane interaction is
one of the key steps for obtaining gene expression. During the application

Copyright  2009 John Wiley & Sons, Ltd.
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Figure 1. DNA/membrane interaction. A train of ten pulses (5 ms, 1 Hz at 0.7 kV/cm) was applied on Chinese hamster ovary (CHO)
cells in the presence of pEGFP-C1 (4.7 kb) labelled with fluorescent marker, TOTO-1. The DNA/membrane interaction is observed
by digitized fluorescent microscopy after deconvolution and three-dimensional reconstitution (A, top view; B, side view). White
arrows indicate the DNA/membrane aggregates. The dotted line represents the perimeter of the CHO cell

of an electric pulse train, the plasma membrane is
permeabilized in the regions facing the electrodes [5].
Permeabilization is necessary, but it is not a sufficient step.
Indeed, plasmids are electrophoretically driven towards
the cell surface and interact with the electropermeabilized
side of the cell facing the cathode. The plasmid/membrane
interaction results in the formation of localized aggregates
(Figure 1). These complexes are formed within 1 s after
the pulses. Moreover, pulses of reversed polarities cannot
destroy them. Thus, this plasmid/membrane interaction
is a not simple electrophoretic accumulation of plasmid
DNA; instead, plasmids are trapped at the permeabilized
membrane [6].

Maucksch et al. [1] demonstrated that a large fraction
of pDNA is detected extracellularly in association with
the cell membrane in most of the transfected cells,
in agreement with our previous study. It is therefore
surprising that the authors did not mention the work
previously performed by Golzio et al. [2].

DNA plasmids remain trapped at the plasma membrane
for up to 10 min after pulsing. Subsequently, they diffuse
into the cytoplasm and are present around the nucleus
30 min later; for a review on gene electrotransfer,
see Escoffre et al. [7]. We were unable to detect any
transfer in the nucleus, meaning that the number of
copies was very low, in agreement with most previous
studies [8–10].

Experimental investigations [2,11] and molecular sim-
ulations [12] suggest that plasmid molecules migrate into
cells by forming intermediates that involve lipid/plasmid
complexes. Electric field pulses induce many defects,

which cannot support direct plasmid transport (i.e. steric,
entropic and image forces prevent the passage). A com-
plex is formed between the electropermeabilized mem-
brane and the electrophoretically-driven plasmid DNA
during the application of an electric pulse train. When the
electric field is switched off, structural modifications bring
a slow DNA translocation into the cytoplasm. Plasmid
DNA electrotransfer is not mediated by large pores as has
been suggested by theoretical approaches [13–15]. The
putative short-lived pore diameter cannot be considered
as a limit for plasmid DNA transfer. Indeed, it was shown
that very large plasmid DNA could allow expression after
their electrotransfer [16].

Furthermore, we both suggested and demonstrated
[17,18] that varying the pulse polarity and direction leads
to an increase in the amount of plasmid in interaction
with permeabilized membrane and, by doing so, improves
transfection efficiency.

In conclusion, we are pleased that Maucksch et al.
[1] were able to reproduce some of the data (plas-
mid/membrane interaction; cellular traffic of plasmid)
that was previously obtained by our team [2] and/or
other teams [8–10]. However, this is not a new finding
and previous studies should be quoted [2].
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7)/IbVb\XQOV!D?TdYXV!R:''C<6!w!:''C<2E!8g1$_+1&%*&"$@:&;<<;>&S"7-+%&%*&"$@:&;<<L>&O5%_&%*&
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)QOR! UPYUVR! ZVR! V^aNXTVOSVR! XNQZTRNVRK! MVR! SVZZYZVR! UNbPTOR! RPOU! YUTZTRNVR#! 2V!

UNbPTO!VRU! ZV!XN]NXVOUTVZ!MV!Z@NUYMVK! TZ!SPXXVRaPOM!p!YO!aPTOU!V^aNXTbVOUQZ!P�!ZV!S[Qba!

NZVSUXT`YV!O@VRU!aQR!QaaZT`YN!D%!x!F!c:ISbE#!$@VORVb\ZV!MV!SVR!V^aNXTVOSVR!VRU!XNQZTRN!VO!

SPOMTUTPO!RUNXTZV#!

Q"!"#X,-.-2-'%#*A/'%2.,-.,80&@%2.(-0#*%&#2%''3'%&#

$@VOUXNV! MV! Z@7)/! MQOR! ZVR! SVZZYZVR! TOMYTUV! aQX! ZV! S[Qba! NZVSUXT`YV! R@V]]VSUYV!

RVZPO!ZV!bjbV!aXPUPSPZV!`YV!SVZYT!MV!Z@NZVSUXPaVXbNQ\TZTRQUTPO!8g1$_+1&%*&"$@:&;<<LB#!
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$VR! SVZZYZVR! 24-! VO! RYRaVORTPO! MQOR! ZV! bTZTVY! MV! SYZUYXV! RPOU! SVOUXT]YdNVR! 0!

bTOYUVR!p!"+F!d!D%aaVOMPX]!?XQOSV!&7,$K!$V!(VS`K!?XQOSVE#!$V!SYZPU!SVZZYZQTXV!VRU!XVaXTR!

aQX!aTaVUQdV!MPY^!MQOR!"FF!i$!MV!UQbaPO!MV!aYZRQUTPO!SPOUVOQOU!Z@7)/!p!XQTRPO!MV!0!�d!

M@7)/!aPYX!"#"F5!SVZZYZVR#!$VR!NZVSUXPMVR!RPOU!QbVONVR!QY!SPOUQSU!M@YOV!\PsUV!MV!(NUXTK!

ZQ! RYRaVORTPO! SVZZYZQTXV! VRU! MNaPRNV! VOUXV! ZVR! NZVSUXPMVR#! $V! S[Qba! NZVSUXT`YV! VRU!

QaaZT`YN! RPYR! ZQ! ]PXbV! M@YO! UXQTO! M@TbaYZRTPORK! VO! dNONXQZ! "F! ^! 0! bRK! "! 4e#! $VR!

NZVSUXPMVR! RPOU! XVUTXNVR! MY! RYaaPXUK! ZQ! RYRaVORTPO! SVZZYZQTXV! VRU! ZQTRRNV! "F!bTOYUVR! p!

*H�2!Q]TO!MV!aVXbVUUXV! ZV! XVUPYX!p! Z@NUQU!bVb\XQOQTXV! TbaVXbNQ\ZV#! ! $@NS[QOUTZZPO!VRU!

VORYTUV!XVaXTR!MQOR!+!b$!MV!bTZTVY!MV!SYZUYXVK!aYTR!MNaPRN!MQOR!MVR!\PTUVR!MV!(NUXT!MV!*0!

bb!MV!MTQbfUXVK! VU! VO]TO!aZQSN!MQOR! Z@TOSY\QUVYX! p!*H�2! VU! p! 0v!2-+!aPYX!+<![VYXVR!

8g1$_+1&%*&"$@:&;<<LB#!

Q"!"5"#U%''3'%&#%0#1-0-2-324%&#

$V! bTZTVY! MV! SYZUYXV! VRU! XVUTXN! MVR! SVZZYZVR! QM[NXVOUVR! VU! VRU! XVbaZQSN! aQX! ZV!

bTZTVY!MV!aYZRQUTPO!QMN`YQU!SPOUVOQOU!Z@7)/!p!XQTRPO!MV!0!�d!M@7)/IVRRQT#!$V!WPZYbV!MY!

UQbaPO!MV!aYZRQUTPO!VRU!QuYRUN!QY!U_aV!MV!RYaaPXU!YUTZTRN!MV!UVZZV!bQOTfXV!p!XVSPYWXTX!VO!

UPUQZTUN!ZV!UQaTR!SVZZYZQTXV#!$VR!NZVSUXPMVR!RPOU!bTRVR!VO!SPOUQSU!MV!ZQ!bPOPSPYS[V!VU!ZVR!

SVZZYZVR! RPOU! NZVSUXPaVXbNQ\TZTRNVR! SPbbV! MNSXTU! aXNSNMVbbVOU#! 7aXfR! "F! bTOK! ZV!

UQbaPO!MV!aYZRQUTPO!VRU!XVUTXN!aYTR!XVbaZQSN!aQX!+!b$!MV!bTZTVY!MV!SYZUYXV#!$VR!SVZZYZVR!

RPOU!XVaZQSNVR!MQOR!Z@TOSY\QUVYX!p!*H�2!VU!p!0v!2-+!aPYX!+<![VYXVR!8g1$_+1&%*&"$@:&;<<LB#!

!

(+# 5)4P#;+# 5-).1=+9527.# 97--+1/7.;#)4#/74-9+.5)6+#;+# 9+0040+1# 5-).1=+958+1>#

(M2.5+.1258#;+# =047-+19+.9+#*7<+..+# 028+#K# 0M+P/-+1127.#;+# 0)#/-7582.+# =047-+19+.5+#

+gUI# -+=0A5+# 2.;2-+95+*+.5# 0)# 34).5258# ;+# /0)1*2;+1# +.5-8+# ;).1# 0+1# 9+0040+1#
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$Q! WTQ\TZTUN! SVZZYZQTXV! p! ZPOd! UVXbV! QRRPSTNV! p! ZQ! UXQOR]VSUTPO! VRU! \QRNV! RYX! ZQ!

SQaQSTUN! MVR! SVZZYZVR! NZVSUXPUXQOR]VSUNVR! p! QM[NXVX! p! YO! RYaaPXU! VU! p! RV! MTWTRVX#! $Q!

bVRYXV! VRU! V]]VSUYNV! QYCMVZp! M@YOV! dNONXQUTPO! RPTU! +<! [VYXVR! QaXfR! Z@QaaZTSQUTPO! MVR!

TbaYZRTPOR!NZVSUXT`YVR#!
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$V!aXPUPSPZV!QaaZT`YN!aPYX!XNQZTRVX!SVUUV!bVRYXV!VRU!RUXTSUVbVOU!TMVOUT`YV!p!SVZYT!

MNSXTU! aPYX! Z@NZVSUXPUXQOR]VSUTPO#! $Q! bVRYXV! MV! MVORTUN! SVZZYZQTXV! VRU! V]]VSUYNV! aQX!

SPZPXQUTPO!QY!SXTRUQZ!WTPZVU!D1VXScK!)QXbRUQMUK!>VXbQO_E#!$V!SPZPXQOU!MT]]YRV!ZT\XVbVOU!

MQOR!MVR! SVZZYZVR!VU! SPZPXV! TOMT]]NXVbbVOU! ZV!OP_QY!VU! ZV! S_UPaZQRbV!MVR! SVZZYZVR#!3OV!

XVZQUTPO!ZTONQTXV!VOUXV!Q\RPX\QOSV!MV!ZQ!RYRaVORTPO!SPZPXNV!VU!ZV!OPb\XV!MV!SVZZYZVR!Q!NUN!

bPOUXNV! 8g+$$+%(& %*& "$@:& CXU^B#! (XQUT`YVbVOUK! +<! [VYXVR! QaXfR! Z@NZVSUXPUXQOR]VSUTPOK! ZV!

bTZTVY!MV!SYZUYXV!VRU!QRaTXNK! ZV!UQaTR!SVZZYZQTXV!VRU!XTOSN!MVY^!]PTR!QWVS!"!b$!MV!UQbaPO!

(6&#! $VR! SVZZYZVR! RPOU! aZQSNVR! RPYR! YOV! QdTUQUTPO! MPYSV! D"0C+F! XabE! DQdTUQUVYX! MV!

aZQ`YVK!'h7C:T\XQ^K!GQOcV!w!hYOMVZK!>VXbQO_E!aVOMQOU!+F!bTOYUVR!VO!aXNRVOSV!MV!"!b$!

MV! RPZYUTPO! MV! SXTRUQZ! WTPZVU! p! FK"v#! $@V^SfR! MV! SPZPXQOU! VRU! NZTbTON! aQX! UXPTR! XTO}QdVR!

RYSSVRRT]R!MV!"!b$!MV!UQbaPO!(6&#!$V!SPZPXQOU!VRU!V^UXQTU!aQX!Z_RV!SVZZYZQTXV!dXtSV!p!"!b$!

M@YOV! RPZYUTPO! M@QSTMV! QSNUT`YV! p! "Fv#! $Q! bVRYXV! MV! Z@Q\RPX\QOSV! VRU! XNQZTRNV! aQX!

MPRQdV! RaVSUXPa[PUPbNUXT`YV! p! 0;0! Ob! D/PWQRaVS! ''K! ([QXbQSTQ! 6TPUVS[K! 3aaRQZQK!

&gVMVOE!QaXfR!MTZYUTPO!MV!Z@NS[QOUTZZPO!MQOR!MY!UQbaPO!(6&!D)-bQ^~"E#!$@NUQZPO!TOUVXOV!

SPXXVRaPOM! p! YOV! \PsUV! WTMV! `YT! Q! RY\T! ZV! bjbV! UXQTUVbVOU! MV! SPZPXQUTPO#! $Q! )-! MV!

Z@NS[QOUTZZPO! UNbPTO! DOPO! NZVSUXPaYZRNE! SPXXVRaPOM! QY! "FFv! MV! RYXWTV! SVZZYZQTXV! VU!

MVWTVOU!Z@NS[QOUTZZPO!MV!XN]NXVOSV!p!Z@V^aNXTVOSV#!$V!aPYXSVOUQdV!MV!WTQ\TZTUN!SVZZYZQTXV!p!

ZPOd!UVXbV!VRU!QZPXR!MNUVXbTON!MV!ZQ!]Q}PO!RYTWQOUVr!

! 

Viabilité %( ) =100 "
DOéchantillon

DOtémoin

Eq.VII #1( )!

a.,0E8M*&H7E+,6b'*'JF+E,

T"!"#:(2,-&2-)(%#*%#@'3-,%&2%02%#

7]TO!MLP\UVOTX!MVR!SVZZYZVR!Ra[NXT`YVR!bQTR!QUUQS[NVR!QY!RYaaPXUK!ZVR!SVZZYZVR!RPOU!

bTRVR!VO!SYZUYXV!*F!p!5F!bTO!QY!aXNQZQ\ZV!MQOR!YOV!S[Qb\XV!M@P\RVXWQUTPO!MPOU!ZV!]POM!

VRU! SPORUTUYN! aQX! YOV! ZQbVZZV! MV! WVXXV! QMQaUNV! aPYX! ZQ!bTSXPRSPaTV! D$Q\UVSc! R_RUVbK!

/YOS.1K!.[VXbP!?TRS[VX!&STVOUT]TSK!,PS[VRUVXK!/8E#!%O!XVWQOS[VK!MVR!SVZZYZVR!QM[NXVOUVR!

RPOU! P\UVOYVR! aQX! YO! VORVbVOSVbVOU! MVR! SVZZYZVR! <9! [! QWQOU! ZLV^aNXTbVOUQUTPO#! 7Y!

bPbVOU! MV! Z@YUTZTRQUTPOK! ZV!bTZTVY! MV! SYZUYXV! VRU! XVbaZQSN! aQX! ZV!bTZTVY! MV! SYZUYXV! VRU!

XVbaZQSN!aQX!ZV!bTZTVY!MV!aYZRQUTPO!QMN`YQU#!$Q!dNPbNUXTV!MV!SVR!\PsUVR!VRU!aQX]QTUVbVOU!

QMQaUNV!aPYX! Z@YUTZTRQUTPO!MVR!NZVSUXPMVR!S_ZTOMXT`YVR!MNSXTUVR!aXNSNMVbbVOU!8T"_,-%(&

%*&"$@:&;<<XB#!
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T"!"!"#E(*/-1(2,-&2-)(%#*%#@'3-,%&2%02%#

T"!"!"!"#X,/&%0.8.(-0#*%#'8#&.8.(-0#

$Q! RUQUTPO! MV! WTMNPbTSXPRSPaTV! MV! ]ZYPXVRSVOSV! RV! SPbaPRV! M@YO! bTSXPRSPaV!

TOWVXRN! p! ]ZYPXVRSVOSV! $VTSQ! )1',6! D$VTSQ! 1TSXPR_RUVbR! >b\4K! lVUeZQXK! >VXbQO_EK!

M@YO! R_RUfbV! M@QS`YTRTUTPO! M@TbQdV! DSQbNXQ! 22)K! SPOUX{ZVYXK! PXMTOQUVYXE! VU! M@YO!

R_RUfbV!MV! UXQTUVbVOU!M@TbQdV! DPXMTOQUVYXK! RVXWVYXE! D?TdYXV!:''C0E! 8O5%_&%*&"$@:& ;<<=B#!

$@P\UVOUTPO! M@YOV! TbQdV! VO! WTMNPbTSXPRSPaTV! OYbNXTRNV! RV! MNSPbaPRV! VO! `YQUXV!

UVbaRr!QS`YTRTUTPOK!UXQTUVbVOUK!Q]]TS[QdV!VU!RUPScQdV#!

$@QS`YTRTUTPO! RV! ]QTU! aQX! YOV! SQbNXQ! 22)! XV]XPTMTV! D(XTOSVUPO! 'ORUXYbVOU! 'OS#K!

.XVOUPOK! /GE! SPOOVSUNV! QY! bTSXPRSPaV! `YT! SQaUV! ZVR! a[PUPOR! TRRYR! MV! Z@NS[QOUTZZPO!

]ZYPXVRSVOU#! $V! MNUVSUVYX! SPOWVXUTU! ZV! RTdOQZ! a[PUPOT`YV! VO! RTdOQZ! NZVSUXPOT`YVK! ZV!

SPOUX{ZVYX! D&.C"*9K! (XTOSVUPO! TORUXYbVOU! 'OSK! .XVOUPOK! /GE! MNSPYaV! QZPXR! Z@TbQdV! VO!

aT^VZ!DRYX]QSV!bTOTbQZV!NZNbVOUQTXVE!VU!OYbNXTRV!DT#V#!MNSPYaVX!VO!aT^VZE!ZV!RTdOQZ!WTMNP!

MVR! TOUVORTUNR! MV! ZYbTfXVR! aVX}YVR! DOTWVQY! MV! dXTRE#! 7aXfR! UXQTUVbVOUK! Z@TbQdV! VRU!

UXQOR]NXNV!p!Z@PXMTOQUVYX#!$LPYWVXUYXV!MV!ZLP\UYXQUVYX!MY!]QTRSVQY!MV!ZQ!ZQbaV!p!bVXSYXV!

D%$5FFFK!QWVS!YOV!ZQbaV!p!bVXSYXV!4A(!p!QXS!SPYXU!"+F!lE!VRU!SPOUX{ZNV!aQX!ZV!ZPdTSTVZ!

ZPXR!MV! Z@QS`YTRTUTPO#!2VUUV! TORUQZZQUTPO!aVXbVU!QTORT!YOV!V^STUQUTPO!SPOUX{ZNV!MV! ZQ!ePOV!

P\RVXWNV!VU!NWTUV!UPYUV!a[PUPCMNdXQMQUTPO!aXPMYTUV!aQX!YOV!V^STUQUTPO!aXPZPOdNV#!

$Q! aVXbNQ\TZTRQUTPO! DVOUXNV! MV! ('E! VRU! WTRYQZTRNV! QWVS! ZV! ]TZUXV! /+#"! D0"0! Ob! ~!

obQ^DV^STUQUTPOE!~!05F!Obz!obQ^DNbTRRTPOE!�!0;F!ObEK!ZV!aZQRbTMV!bQX`YN!QY!.-.-C"!VU!ZLV>?(!

QWVS! ZV! ]TZUXV! $<! D<0F! Ob! ~! obQ^DV^STUQUTPOE! ~! <;F! Obz! obQ^DNbTRRTPOE! �! 0"0! ObE! D$VTSQ!

1TSXPR_RUVbR!>b\4K!lVUeZQXK!>VXbQO_E#!!

T"!"!"+"#L2=3(&(.(-0#%.#.,8(.%1%0.#*%#'A(18>%#

$@QS`YTRTUTPO!VU!ZV!UXQTUVbVOU!MVR!TbQdVR!VO!WTMNPbTSXPRSPaTV!MV!]ZYPXVRSVOSV!POU!

NUN! XNQZTRNR! QWVS! ZV! ZPdTSTVZ!1VUQ1PXa[#! 2V! ZPdTSTVZ! M@QS`YTRTUTPO! M@TbQdVR! QY! SPYXR! MY!

UVbaR!aVXbVU!ZQ!XNQZTRQUTPO!MV!STONUT`YV!M@QS`YTRTUTPO#!!
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8T^VNL+%&&G>_+3NTP\TQL+aL+RO+a[\`P]`RVZT`P+_+!-+3NTP\TQL+aL+$cXOVSZT]L+3X`Z`P+#LOSST^KLPZ+p$3#q+_+
$VR!a[PUPOR! TRRYR!MY!aPTOU! !MLNbTRRTPO!VU!RTUYNR!RYX! ZVR!aZQOR!QMuQSVOUR!aQX! ZQ!MTRaVXRTPO!a[PUPOT`YV!MV!
ZLPaUT`YV!MY!R_RUfbV!RPOU!XNQRRTdONR!aQX! ZL%(,!RYX! ZVYX!aZQO!MLNbTRRTPO!MLPXTdTOV!VO!YUTZTRQOU! ZQ! ]POSUTPO!
(&?!SPbbV!bPMfZV#!"-+3`TPZ+*QNLOa+8VP\ZT`P+_+$LP\uVSUT]!RV!MNaZQSV!RVZPO!ZLQ^V!MVR!e!QWVS!YO!aQR!MV!*FF!
Ob!aPYX! ZLQS`YTRTUTPO!MVR! TbQdVR!D^z_E#!3O!bPOUQdV!MLYOV!RNXTV!MLTbQdV!VO!e!MLYOV!\TZZV! ]ZYPXVRSVOUV!MV!
"HF!Ob!MV!MTQbfUXV!SPXXVRaPOM!p!ZQ!(&?#!0-+.[bR`VO^L+aIVPL+TKO^L+_+1POUQdV!MLYOV!RNXTV!MLTbQdV!VO!e!
MLYOV!SVZZYZV!24-!MPOU!ZV!aZQRbTMV!aV>?(C2"!bQX`YN!QWVS!ZV!]ZYPXPa[PXV!.-.-C"K!VRU!VO!TOUVXQSUTPO!QWVS!
ZQ!bVb\XQOV!aZQRbT`YV!MV!ZQ!SVZZYZV#!8.'"J*/&'%&$"&*5,(%&'%&T7-+%$&g1$_+1:&CXXXB@!
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$VR! TbQdVR!P\UVOYVR!POU!YOV! UQTZZV!MV!"F*0!^!"*"H! DVO! XNRPZYUTPO!bQ^TbQZ!6TO!

"^"E! SPMNVR! RYX!<F;5!OTWVQY^!MV! dXTR! D"+!\TUVRE#! 'Z! VRU!aPRRT\ZV!MLQS`YNXTX!MVR! TbQdVR!

DaZVTOV!UQTZZVE!QY!SPYXR!MY!UVbaR!QWVS!YO!MNZQT!MV!"!RVSPOMVR!VOUXV!S[Q`YV!TbQdV!DUVbaR!

ONSVRRQTXV! p! ZLQS`YTRTUTPO! VU! QY! UXQTUVbVOU! MLYO! SZTS[NE#! 2V! MNZQT! aVYU! jUXV! XNMYTU! VO!

MTbTOYQOU! ZV!OPb\XV!MV!aT^VZR!aQX!QYdbVOUQUTPO!MY!\TOOTOd!r!6TO!+^+K!6TO!*^*!DSV!`YT!

VOUXQsOV!YOV!aVXUV!MV!XNRPZYUTPO!RaQUTQZVE!PY!VO!RNZVSUTPOOQOU!YOV!XNdTPO!MLTOUNXjU!RYX!

ZLTbQdV!D,-'!r!,VdTPO!-]!'OUVXVRUE#!$V!ZPdTSTVZ!1VUQ1PXa[!aVXbVU!MV!UXQSVX!MVR!aXP]TZR!RYX!

UPYU!ZV!aPYXUPYX!MV!ZQ!SVZZYZVK!PY!\TVO!MVR!aXP]TZR!XQMTQY^#!$Q!]ZYPXVRSVOSV!ZV!ZPOd!MV!SVR!

aXP]TZR! VRU! TOMT`YNV#! $V! aNXTbfUXV! MLTOUVXQSUTPO! MV! ZL7)/! p! ZQ! bVb\XQOVK! V^aXTbN! VO!

aPYXSVOUQdV!MY!aNXTbfUXV!SVZZYZQTXV!UPUQZK!VRU!MNSXTU!aQX!ZLN`YQUTPO!RYTWQOUV!r!DQI\E!^!"FFK!

P�! Q! VRU! ZV! aNXTbfUXV! MLTOUVXQSUTPO! ML7)/! p! ZQ!bVb\XQOV! VU! \K! ZV! aNXTbfUXV! SVZZYZQTXV!

UPUQZK! MNUVXbTONR! p! aQXUTX! MY! UXQSN! MY! aXP]TZ! RYX! UPYU! ZV! aPYXUPYX! MV! ZQ! SVZZYZV#! $Q!

]ZYPXVRSVOSV! UPUQZV! MQOR! ZQ! ePOV! MLTOUVXQSUTPO! p! ZL7)/! p! ZQ!bVb\XQOV! VRU! P\UVOYV! VO!

]QTRQOU!ZQ!RPbbV!MV!ZQ!]ZYPXVRSVOSV!aQX!aT^VZ!MV!UPYR!ZVR!aT^VZR!SPbaXTR!MQOR!SVUUV!ePOV#!

a.;.;.P.,4(&J&+'(&)*,E*,G)6E,P3,

$V!ZPdTSTVZ!1VUQ1PXa[!aVXbVU!MV!XNQZTRVX!Z@QS`YTRTUTPO!M@TbQdVR!D^K_E!MQOR!ZV!aZQO!

VO!e#!>XtSV!p!YO!aTVeP!D([_RTc!'ORUXYbVOUV!>b\4!w!2P#!h>K!hQXZRXY[VK!>VXbQO_E!MTRaPRN!

RYX!Z@P\uVSUT]!"FF^!D-/r!"K*K![YTZVE!D$VTSQ!1TSXPR_RUVbR!>b\4K!lVUeZQXK!>VXbQO_EK!TZ!VO!

SPOUX{ZV! ZV! MNaZQSVbVOU! VO! e! MV! bQOTfXV! UXfR! aXNSTRV#! 3OV! RNXTV! MV! aZQOR! D^K_E! VRU!

P\UVOYV!aVXbVUUQOU!QTORT!YOV!XVSPORUTUYUTPO!*)!MV! Z@P\uVU!P\RVXWN!dXtSV!QY!bPMYZV!MV!

MNSPOWPZYUTPO!MY!ZPdTSTVZ!1VUQ1PXa[!D?TdYXV!:''C57E#!!

!

$Q! MNSPOWPZYUTPO! VRU! YO! UXQTUVbVOU! bQU[NbQUT`YV! aVXbVUUQOU! M@P\UVOTX! YOV!

VRUTbQUTPO!QYRRT!]TMfZV!`YV!aPRRT\ZV!M@YO!P\uVU!\TPZPdT`YV!p!aQXUTX!MV!Z@TbQdV!P\UVOYV!p!

Z@QTMV!MY!MNUVSUVYXK! VO! RV!\QRQOU! RYX! ZQ! SPOOQTRRQOSV!MVR!MN]PXbQUTPOR! TO]ZTdNVR!aQX! ZV!

R_RUfbV! PaUT`YV#! %O! V]]VUK! p! SQYRV! MV! ZQ! MT]]XQSUTPO! DZTbTUQUTPO! TOUXTORf`YV! MV! ZQ!

bTSXPRSPaTV!a[PUPOT`YVE!Z@TbQdV!TMNQZV!M@YO!aPTOU!VO!bTSXPRSPaTV!a[PUPOT`YV!O@VRU!aQR!

YOV!UtS[V!MV!MT]]XQSUTPO!PY!]POSUTPO!M@NUQZVbVOU!MY!aPTOU!D(&?E#!2VUUV!(&?!SPXXVRaPOM!p!

ZQ!XNaPORV!TbaYZRTPOOVZZV!MY!bTSXPRSPaV!aPYX!YO!P\uVSUT]!MPOON#!$@TbQdV!MV!Z@P\uVU!VRU!

MPOS!YOV!SPZZVSUTPO!MV!(&?R!`YT!RV!S[VWQYS[VOU!SXNQOU!QTORT!SV!]ZPY!VU!O@VRU!MPOS!`Y@YOV!

BXVaXNRVOUQUTPOB!MV!Z@P\uVU#!

!



T"*/-+%$&d&T/*51'%(&N&O"-*+%&6@&T/*51'%(&9/2/-"$%(&

!+;F!

(PYX! XNQZTRVX! YOV!(&?K! PO! TbQdV!MQOR! ZVR! SPOMTUTPOR! MV! Z@NS[QOUTZZPO! DbTZTVY! MV!

bPOUQdVK! P\uVSUT]K! ]ZYPXPa[PXVyEK! YOV! \TZZV! ]ZYPXVRSVOUV! MV! FK"H! ib! D'OWTUXPdVO!

2PXaPXQUTPOK!2QXZR\QMK!27E!MPOU!ZV!MTQbfUXV!VRU!TO]NXTVYX!p!ZQ!XNRPZYUTPO!PaUT`YV!D?TdYXV!

:''C56E#!%O!MNSPOWPZYQOU!Z@TbQdV!MV!Z@P\uVU!QWVS!SVUUV!(&?K!PO!aVYU!XNQRRTdOVX!ZVR!RTdOQY^!

ZYbTOVY^!p!ZVYX!aPRTUTPO!M@PXTdTOV!VU!QTORT!XVRUQYXVX!Z@TO]PXbQUTPO!SPOUVOYV!MQOR!ZV!]ZPY!

aXPWP`YN!aQX!ZV!a[NOPbfOV!MV!MT]]XQSUTPO#!-O!aVYU!QTORT!MNaQRRVX!ZVR!ZTbTUVR!a[_RT`YVR!

MV! XNRPZYUTPO!MV! ZQ!bTSXPRSPaTV!a[PUPOT`YV! VU! P\UVOTX! YOV! XNRPZYUTPO! SPbaQXQ\ZV! QY^!

TbQdVR!QS`YTRVR!VO!bTSXPRSPaTV!SPO]PSQZV#!$V!XNCQRRTdOVbVOU!MVR!a[PUPOR!aVXbVU!YOV!

`YQOUT]TSQUTPO!MV! ZQ! ]ZYPXVRSVOSV!RYX! UPYR! ZVR!aZQOR!`YT!MNSPYaVOU! Z@NS[QOUTZZPO!D?TdYXV!

:''C52E#!

T"!"+"#:(2,-&2-)(%#2-0@-28'%#

$V! bTSXPRSPaV! SPO]PSQZ! �%'&&! $&1! 0"F! VRU! YO! bTSXPRSPaV! TOWVXRN! `YT! aVXbVU!

ZLP\RVXWQUTPO! MV!bQUNXTVZR! ]T^NR! PY! WTWQOUR! D2QXZ! �VTRR! &7&K! $V! (VS`K! ?XQOSVE#! )QOR! RQ!

SPO]TdYXQUTPO!QSUYVZZVK!ZV!bTSXPRSPaV!SPO]PSQZ!MTRaPRV!MLYO!ZQRVX!7XdPO!aVXbVUUQOU!YOV!

V^STUQUTPO!p!<09!Ob!VU!p!<99!Ob!VU!MLYO!ZQRVX!4NZTYbI/NPO!aVXbVUUQOU!YOV!V^STUQUTPO!p!

0<*!Ob#!2V!bTSXPRSPaV!SPO]PSQZ!VRU!N`YTaN!MV!MVY^!a[PUPbYZUTaZTSQUVYXR!MV!MNUVSUTPO!

SPO]PSQZV#! $V! R_RUfbV! MTRaPRV! NdQZVbVOU! VO! bPMV! SPOWVOUTPOOVZ! MLYOV! ZQbaV!

MLV^STUQUTPO!bVXSYXV!46-!0Fl!VU!MV!*!uVY^!MV!]TZUXVR!QMQaUNR!QY^!]ZYPXPa[PXVR!MV!U_aV!

V>?(!VU!TPMYXV!MV!aXPaTMTYb!aPYX!aPRTUTPOOVX!ZLNS[QOUTZZPO!MQOR!ZV!S[Qba!MLP\RVXWQUTPO!

MV! ZLP\uVSUT]#! $Q! OYbNXTRQUTPO! MVR! TbQdVR! SPOWVOUTPOOVZZVR! VRU! ]QTUV! QWVS! YOV! SQbNXQ!

7^TPSQb! 4,b! D2QXZ! �VTRR! &7&K! $V! (VS`K! ?XQOSVE#! $@P\uVSUT]! YUTZTRN! VO! XPYUTOV! RYX! SV!

bTSXPRSPaV! VRU! YO! P\uVSUT]! 5*^! D-/r"K<K! VQYE#! $V!bTSXPRSPaV! SPO]PSQZ! VRU! VOUTfXVbVOU!

TO]PXbQUTRN!r!aTZPUQdV!MY!bTSXPRSPaVK! QS`YTRTUTPO!MVR! TbQdVRK! VU! UXQTUVbVOU!MVR! TbQdVR!

RPOU!XNQZTRNR!QWVS!ZV!ZPdTSTVZ!�VTRR!$&1!'bQdV!6XPgRVX!D2QXZ!�VTRR!&7&K!$V!(VS`K!?XQOSVE#!

$VR!TbQdVR!MV!ZLNS[QOUTZZPO!RPOU!OYbNXTRNVR!RYX!9!\TUR!D+05!OTWVQY^!MV!dXTRE!PY!"+!\TUR!

D<F;5!OTWVQY^!MV!dXTREK!VU!RPOU!RQYWVdQXMNVR!MQOR!YOV!\QRV!MV!MPOONVR#!

T"!"5"#U9.-1/.,(%#*%#@'3B#

$V!S_UPbNUXTV!MV!]ZY^!YUTZTRN!D?7&SQOz!6VScbQO#!'ORUXYbVOURK!'OS#K!?YZZVXUPOK!27E!

VRU!N`YTaN!MLYO!ZQRVX!QXdPO!p!<99!Ob#!$LQOQZ_RV!MV!ZQ!aVXbNQ\TZTRQUTPO!DVOUXNV!MLTPMYXV!

MV! aXPaTMTYbE! VRU! V]]VSUYNV! RYX! ZV! SQOQZ! ?$+! D05F! Ob! ~! obQ^DNbTRRTPOE! ~! 5FF! ObE! VU!

ZLQOQZ_RV!MV!ZQ!UXQOR]VSUTPO!DV^aXVRRTPO!MV!ZLV>?(E!RYX!ZV!SQOQZ!?$"!D0"F!Ob!~!obQ^DNbTRRTPOE!

~! 0<F! ObE#! $V! ZPdTSTVZ! MLQS`YTRTUTPO! VU! MLQOQZ_RV! VRU! 2VZZ=YVRU#! )VR! [TRUPdXQbbVR!
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XVaXNRVOUQOU! ZV! OPb\XV! MV! SVZZYZVR! SPbaUQ\TZTRNVR! VO! ]POSUTPO! MV! ZVYX! TOUVORTUN! MV!

]ZYPXVRSVOSV!RPOU!P\UVOYR!D?TdYXVR!:''CH!w!:''C9E#!-O!aVYU!MN]TOTX!MVY^!XNdTPOR!r!1"!VU!

1+#! $VR! SVZZYZVR! VO!1"! DMPOU! ZLTOUVORTUN! MV! ]ZYPXVRSVOSV! VRU! ]QT\ZVE! SPXXVRaPOMVOU! ZVR!

SVZZYZVR! OPO! aVXbNQ\TZTRNVR! PY! OLV^aXTbQOU! aQR! ZLV>?(#! $LTOUVORTUN! MV! ]ZYPXVRSVOSV! VO!

1"!SPXXVRaPOM!p!ZLQYUP]ZYPXVRSVOSV!MVR!SVZZYZVR#!$VR!SVZZYZVR!VO!1+!DMPOU!ZLTOUVORTUN!MV!

]ZYPXVRSVOSV!VRU!aZYR!NZVWNVE!RPOU!ZVR!SVZZYZVR!aVXbNQ\TZTRNVR!PY!UXQOR]VSUNVR#!$LTOUVORTUN!

MV! ]ZYPXVRSVOSV! VO! 1+! XV]ZfUV! ZQ! `YQOUTUN! MV! ('! TOSPXaPXN! MQOR! ZVR! SVZZYZVR! ZPXR! MV!

ZLNZVSUXPaVXbNQ\TZTRQUTPO!PY!ZQ!`YQOUTUN!MLV>?(!V^aXTbNV!RYTUV!p!ZLNZVSUXPUXQOR]VSUTPO#!%O!

Q\RVOSV! MV! S[Qba! NZVSUXT`YVK! ZV! aPYXSVOUQdV! MV! SVZZYZVR! VO! 1+! VRU! ]QT\ZV!r! Hv! MVR!

SVZZYZVR! RPOU! aVXbNQ\TZTRNVR! DSV! aPYXSVOUQdV! SPXXVRaPOM! QY! aPYXSVOUQdV! MV! SVZZYZVR!

bPXUVRE!VU!Fv!MVR!SVZZYZVR!UXQOR]VSUNVR#!$PXR`YV!"F!TbaYZRTPOR!NZVSUXT`YVR!MV!0!bR!p!FKH!

c:ISb! VU! p! ZQ! ]XN`YVOSV! MV! "! 4e! RPOU! QaaZT`YNVRK! ZV! aPYXSVOUQdV! MV! SVZZYZVR!

]ZYPXVRSVOUVR!VO!1+!QYdbVOUV#!;*v!MVR!SVZZYZVR!RPOU!aVXbNQ\TZTRNVR!VU!<0v!MVR!SVZZYZVR!

RPOU! UXQOR]VSUNVR#! $Q! ]ZYPXVRSVOSV! UPUQZV! aQX! SVZZYZV! aQRRV! MV! *F! p! 5*5! Y#Q#K! ZPXR! MV!

ZLNZVSUXPaVXbNQ\TZTRQUTPO#! $Q! ]ZYPXVRSVOSV! aQX! SVZZYZV! UXQOR]VSUNV! QYdbVOUV! MV! "5! QY!

++50!Y#Q#!
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8T^VNL+%&&G,_+.[ZLNKTPOZT`P+LP+\YZ`K[ZNTL+aL+bRVc+aV+Q`VN\LPZO^L+aL+\LRRVRLS+QLNK[OMTRTS[LS+OV+3&+
LZ+aL+RO+bRV`NLS\LP\L+OSS`\T[L-+$VR![TRUPdXQbbVR!XVaXNRVOUVOU!ZV!OPb\XV!MV!SVZZYZVR!VO!]POSUTPO!MV!ZVYX!
TOUVORTUN!MV!]ZYPXVRSVOSV!P\RVXWNVR!RYX!ZV!SQOQZ!?$+!D05F!ObE#!1"!r!T#V#K!SVZZYZVR!OPO!aVXbNQ\TZTRNVR#!1+!r!
T#V#K! SVZZYZVR! aVXbNQ\TZTRNVR#! $VR! aPYXSVOUQdVR! MV! SVZZYZVR! ]ZYPXVRSVOUVR! VU! ZQ! ]ZYPXVRSVOSV!bP_VOOV! MVR!
MVY^! aPaYZQUTPOR! SVZZYZQTXVR! RPOU! RYXZTdONR! MQOR! ZV! UQ\ZVQY#! !-! %! x! F! c:ISb#! HK"<v! MVR! SVZZYZVR! RPOU!
]ZYPXVRSVOUVR#!$Q! ]ZYPXVRSVOSV!bP_VOOV!MV! ZQ!aPaYZQUTPO! UPUQZV!VRU!MV!+;K9+!Y#Q#!"-!"F!^!0!bRK!"!4eK!F#H!
c:ISb#!(ZYR!MV!;Fv!MVR!SVZZYZVR!RPOU!aVXbNQ\TZTRNVR#!$Q!]ZYPXVRSVOSV!bP_VOOV!VRU!MV!5*0K;*!Y#Q#!8.'"J*/&
'%&$"&*5,(%&'%&T7-+%$&g1$_+1:&CXXXB#!
!

!

8T^VNL+%&&G?_+.[ZLNKTPOZT`P+LP+\YZ`K[ZNTL+aL+bRVc+aV+Q`VN\LPZO^L+aL+\LRRVRLS+LcQNTKOPZ+RIL:83+LZ+
aL+ RO+ bRV`NLS\LP\L+ OSS`\T[L-+ $VR! [TRUPdXQbbVR! XVaXNRVOUVOU! ZV! OPb\XV! MV! SVZZYZVR! SPbaUQ\TZTRNVR! VO!
]POSUTPO!MV! ZVYXR! TOUVORTUNR! MV! ]ZYPXVRSVOSV!P\RVXWNVR! RYX! ZV! SQOQZ! ?$"! D0*F!ObE#!1"!r! T#V#K! SVZZYZVR!OPO!
UXQOR]VSUNVRK!1+!r! T#V#K! SVZZYZVR! UXQOR]VSUNVR#!$VR!aPYXSVOUQdVR!MV!SVZZYZVR! ]ZYPXVRSVOUVR!VU! ZQ! ]ZYPXVRSVOSV!
bP_VOOV! MVR! MVY^! aPaYZQUTPOR! SVZZYZQTXVR! RPOU! RYXZTdONR! MQOR! ZV! UQ\ZVQY#! !-! %! x! F! c:ISb#! FK*+v! MVR!
SVZZYZVR!RPOU!]ZYPXVRSVOUVR#!$Q!]ZYPXVRSVOSV!bP_VOOV!QRRPSTNV!p!SVUUV!aPaYZQUTPO!VRU!MV!"5KH<!Y#Q#!"-!"F!^!0!
bRK! "! 4eK! FKH! c:ISb#! <0v! MVR! SVZZYZVR! RPOU! UXQOR]VSUNVR#! $Q! ]ZYPXVRSVOSV!bP_VOOV! VRU! MV! ++50KF5! Y#Q#!
8.'"J*/&'%&$"&*5,(%&h/4+$%&S"7-+%:&;<<LB#!
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8T^VNL+%&&GB_+8`NKVRLS+\XTKTUVLS+aV+0>G)".G30+LZ+aV+861G@;-+!-+9L+0>G)".G30+_+$V!25C/6)C(2!VRU!
YO! QOQZPdYV! MV! a[PRa[PZTaTMV! ]ZYPXVRSVOU! MPOU! ZVR! SQXQSUNXTRUT`YVR! RaVSUXQZVR! RPOU!r! obQ^DV^E! x! <HF! ObK!
obQ^DVbE!x!0*F!Ob#!$VR!QSTMVR!dXQR!RPOU!SVY^!MV!ZNSTU[TOV!MV!uQYOV!ML�Y]#!"-+9L+861G@;+_+$V!?1"C<*!VRU!YO!
SPbaPRN!RU_X_Z!ZTaPa[TZV!MPOU!ZVR!SQXQSUNXTRUT`YVR!RaVSUXQZVR!RPOU!r!obQ^DV^E!x!0"F!ObK!obQ^DVbE!x!5+5!Ob#!
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9'#(&E,--.,?$(M)6E+,+L$8&I&H7E+,

;.,:(76E,6E,J',G)"&J&($,(#'*+%E#+E,6E+,LM)+LM)J&L&6E+,

!"!"#63(;(#*%#'A(0.%,08'(&8.(-0#*3#UQJDa?JXU#

!"!"!"#$%#UQJDa?JXU#

$V! 25C/6)C(2! VRU! YOV! bPZNSYZV! MV! a[PRa[QUTM_ZS[PZTOV! MPOU! YOV! MVR! S[QsOVR!

M@QSTMVR!dXQR!VRU!RY\RUTUYNV!aQX!YO!dXPYaVbVOU!]ZYPXVRSVOU!ZV!/<COTUXP\VOePC+CP^QC"K*C

MTQePZV! D7WQOUT! (PZQX! $TaTMR! 'OS#K! 7ZQ\QRUVXK! 7$E! D?TdYXV! :''C;7E#! &VR! SQXQSUNXTRUT`YVR!

RaVSUXQZVR!RPOUr!&bQ^DV^STUQUTPOE!x!<HF!Ob!z!&bQ^DNbTRRTPOE!x!0*F!Ob#!&PO!TOSPXaPXQUTPO!]QSTZTUNV!

aQX! YOV! S[QsOV! SPYXUV! aVXbVU! ZV! bQX`YQdV! MY! ]VYTZZVU! V^UVXOV! MV! ZQ! bVb\XQOV!

aZQRbT`YV!MVR!SVZZYZVR!8?7$+%2&%*&"$@:&CXXKB#!

!"!"+"#X,/)8,8.(-0#*%&#;/&(23'%&#@'3-,%&2%0.%&#

$Q! aXNaQXQUTPO! MVR! WNRTSYZVR! ]ZYPXVRSVOUVR! VRU! XNQZTRNV! aQX! bNZQOdV! MV! "F! �$!

M@YOV! RPZYUTPO! MV!)-(2! D+F!bdIb$E! D7WQOUT! (PZQX! $TaTMR! 'OS#K! 7ZQ\QRUVXK! 7$E! p! +F! �$!

M@YOV!RPZYUTPO!MV!25C/6)C(2!D"!bdIb$E#!$V! ]TZb! ZTaTMT`YV!VRU!P\UVOY!aQX!NWQaPXQUTPO!

MY! S[ZPXP]PXbV! RPYR! ]ZY^! M@QePUV! aYTR! aZQSN! RPYR! WTMV! aVOMQOU! YOV! [VYXV#! $V! ]TZb!

ZTaTMT`YV! VRU! XVRYRaVOMY!MQOR!"F!b$!MV! UQbaPO!(6&C2Q+�I1d+�! p! <�2#! $Q! RPZYUTPO! VRU!

VORYTUV!WPXUV^NV!aVOMQOU!"!bTOYUV#!)VR!WNRTSYZVR!bYZUTCZQbVZZQTXVR!RPOU!QTORT!P\UVOYVR#!

$Q! RPZYUTPO! MV! WNRTSYZVR! ]ZYPXVRSVOUVR! VRU! RPOT`YNV! aVOMQOU! H! bTO! p! 5Fv! M@YOV!

aYTRRQOSV! MV! +0! l! D:T\XQ2VZZK! 6TP\ZPSc! &STVOUT]TSK! 'ZZcTXS[K! ?XQOSVE#! )VR! WNRTSYZVR! YOTC

ZQbVZZQTXVR!RPOU!QTORT!P\UVOYVR!8?7$+%2&%*&"$@:&CXXKB#!

!"!"5"#:8,=38>%#*%&#2%''3'%&#

.PYUV!ZQ!aXPSNMYXV!MV!bQX`YQdV!RV!]QTU!p!YOV!UVbaNXQUYXV!MV!<�2!Q]TO!MV!ZTbTUVX!

ZVR!a[NOPbfOVR!M@VOMPS_UPRV#!$VR!SVZZYZVR!RPOU!VORVbVOSNVR!p!YOV!MVORTUN!SVZZYZQTXV!MV!

FK0! "F<! SVZZYZVR! MQOR! YOV! $Q\UVScK! "! [! QWQOU! ZV!bQX`YQdV#!7aXfR! *! XTO}QdVR! RYSSVRRT]R!

QWVS! "! b$! MV! UQbaPO! (6&C2Q+�I1d+�K! VZZVR! RPOU! bTRVR! VO! aXNRVOSV! MV! "! b$! MV!

RYRaVORTPO!MV!WNRTSYZVR!]ZYPXVRSVOUVR!aVOMQOU!"F!bTOYUVR!p!<�2#!7aXfR!ZV!bQX`YQdVK!ZVR!

SVZZYZVR! RPOU! XTOSNVR! *! ]PTR! QWVS! MY! UQbaPO! MV! aYZRQUTPO! Q]TO! M@NZTbTOVX! ZVR! WNRTSYZVR!

]ZYPXVRSVOUVR!VO!V^SfR!8?7$+%2&%*&"$@:&CXXKB#!
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8T^VNL+%&&G12_+9L+8#!3-+$@TOUVORTUN!MV!]ZYPXVRSVOSV!VRU!VOXVdTRUXNV!QWVS!YOV!]QT\ZV!TOUVORTUN!MV!ZQRVX!MQOR!
YOV!XNdTPO!M@TOUNXjU!DSVXSZV!dXTRE#!3OV!TbaYZRTPO!MV![QYUV!TOUVORTUN!MV!ZQRVX!VRU!YUTZTRN!aPYX!a[PUPMNdXQMVX!
ZQ!bQuPXTUN! MVR!bPZNSYZVR! ]ZYPXVRSVOUVR! DaPTOU! XPYdVE! aXNRVOUVR! MQOR! ZQ! XNdTPO! M@TOUNXjU#! $@TOUVORTUN! MV!
]ZYPXVRSVOSV!VRU!VORYTUV!bVRYXNV!QWVS!YOV!]QT\ZV!TOUVORTUN!MV!ZQRVX#!$VR!bPZNSYZVR!]ZYPXVRSVOUVR!MT]]YRVOU!
VU!XVaVYaZVOU!Z@QTXV!a[PUPMNdXQMNV#!$@TOUVORTUN!MV!]ZYPXVRSVOSV!MV!Z@QTXV!a[PUPMNdXQMN!QYdbVOUV#!$V!UVbaR!
MV! XVUPYX! MV! Z@TOUVORTUN! MV! ]ZYPXVRSVOSV! XV]ZfUV! ZV! UVbaR! MV! MT]]YRTPO! MVR! bPZNSYZVR! ]ZYPXVRSVOUVR#! &T!
`YVZ`YVR! bPZNSYZVR! RPOU! TbbP\TZVR! MQOR! ZQ! XNdTPO! a[PUPMNdXQMNVK! Z@TOUVORTUN! MV! ]ZYPXVRSVOSV! QaXfR! ZV!
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Abstract

This review presents an overview of the effects of electric fields on Giant Unilamellar Vesicles (GUVs). The
application of electrical fields leads to three basic phenomena (i) shape changes (ii) membrane breakdown (iii)
uptake of molecules. We describe how some of the above observations can be used to measure a variety of physical
properties of lipid membranes, or to advance our understanding of the phenomena of electropermeabilization. We
also present results on how electropermeabilization and other liposome responses to applied fields are affected by
lipid composition and by the presence of molecules of therapeutic interest in the surrounding solution.

To cite this article: A. Name1, A. Name2, C. R. Physique 6 (2005).

Résumé

Déstabilisation de liposomes géants par des champs électriques :
Un tour d’horizon des applications actuelles
Cette revue dresse un état de la connaissance des effets de champs électriques sur des vésicules unilamellaires

géantes (GUVs). L’application de champs électriques donne lieu à trois classes de phénomènes (i) des change-
ments de forme (ii) un bouleversement de la membrane (iii) l’entrée de molécules. Nous expliquons comment ces
phénomènes peuvent être utilisés pour mesurer diverses caractéristiques de la membrane lipidique, ou comment ils
peuvent aider à améliorer notre compréhension de l’électroperméabilisation. Nous présentons aussi des nouveaux
résultats concernant l’influence de la composition lipidique de la membrane ou la présence de molécules d’intérêt
thérapeutique dans le milieu de pulsation.

Pour citer cet article : A. Name1, A. Name2, C. R. Physique 6 (2005).

Key words: Giant Unilamellar Vesicle ; Electric field ; Deformation ; Poration ; Fusion ; Applications ; Methods Mots-clés :
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1. Introduction

Our conception of the role of lipid molecules in biological membranes has dramatically evolved over the past few
decades. The lipid membrane was first considered as a purely passive barrier and a substrate to house membrane
proteins which carried out the biological functions of the cell membrane. However it is now widely accepted that
lipids play an active role in a number of biological processes. Their physico-chemical properties, confered by their
structure and their amphiphilic nature, have consequences well beyond their self-assembly and ability to form a
barrier. However, the study of the behavior of lipid molecules in a complex environment, such as a living cell,
turns out to be a very difficult task due to the presence of other cell constituents such as the cytoskeleton and
organelles, and also because of the large number of different lipid species present. Another source of complexity
emerges from the presence of various membrane proteins and the cell glycocalyx.

Fortunately, we are now able to form cell-sized artificial membranes with well controlled compositions . These
objects are called Giant Unilamellar Vesicles (GUVs), and are also referred to as giant vesicles or giant liposomes.
Their study has become increasingly popular in chemistry, biology and physics laboratories. Their primary interest
is probably their size which, being of the order of several micrometers, allows their direct observation via optical
microscopy techniques. During the eighties, Angelova and Dimitrov developed an efficient protocol for GUV
production known as electroformation [1], which was later shown to indeed produce unilamellar vesicles [2]. Due
to the ease of their fabrication and their rich phenomenology, artificial vesicles have received an ever growing
interest from the scientific community, as attested by the increasing number of studies using GUVs as membrane
model systems. We anticipate that this tendancy could even accelerate in the future, as a number of obstacles in
the preparation of giant liposomes under physiological conditions have recently been overcome [3,4,5,6].

This paper has for aim the introduction of the various phenomena that occur when GUVs are subjected to
electric fields. Dimova et al have written comprehensive reviews about the effects of electric fields on GUVs [7,8]
and about the physics of GUVs in general [9]. The present paper is a natural sequel to these articles. Being a
review paper, it naturally suffers from a certain subjectivity and is obviously not exhaustive, however we hope
it will be of use to newcomers in the field or to people familiar with Dimova’s reviews and who wish to know
about the most recent developments. It is organized in the following way: we first describe results on the influence
of electric fields on giant liposomes, along with their theoretical explanations when they exist. We then describe
some applications resulting from these behaviors. In addition, we present some preliminary results on the effect
of lipid composition and the presence of poloxamers on the electropermeabilization of GUVs. Some results on the
electromediated uptake of DNA by GUVs are also described.

2. Some effects of electric fields on giant vesicles

Both DC pulses and AC fields can strongly destabilize giant vesicles and influence their behavior. Depending
on the parameters of the applied field, giant vesicles can porate, fuse, deform, or even exhibit domain motion in
the case of multicomponent liposomes. The purpose of this section is to present these phenomena.

2.1. Deformation

To our knowledge, the deformation of giant vesicles by electric fields (or electrodeformation) was first extensively
studied by Kummrow and Helfrich in the early nineties [10]. The authors applied sinusoidal AC electric fields of ∼1
kHz frequency and amplitudes ranging up to 100 V/cm, and found that spherical liposomes deformed into prolate
ellipsoids oriented in the field direction, the degree of deformation increasing with the magnitude of the applied
field. This type of deformation had already been predicted earlier [11]. Monitoring the relative area dilation of the
membrane yielded an experimental estimate for the bending rigidity kc of the lipid bilayer (see subsection 3.1).
A few years later, Mitov et al explained theoretically and observed experimentally a prolate to oblate shape
transition when increasing the field frequency above a few kHz [12]. However, these experiments were limited to
vesicles in pure water (internal-external conductivity ratio x = λin/λout ≈ 1), and to AC field frequencies in the
kHz range. An extensive study of the influence of the media’s electrical conductivities (x > 1 or x < 1) in a wider
range of frequencies f (from 102 to 108 Hz) was published fifteen years later [13]. In [13] Aranda et al observed
that GUVs could attain oblate, prolate or spherical shapes upon varying x or f , and were able to construct a
morphological phase diagram describing four different transitions whose characteristic frequencies depend on the
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conductivity ratio x. At high frequencies (several MHz), all vesicles were found to adopt spherical shapes. At low
frequencies (f < a few kHz), all vesicles deformed into prolate ellipsoids, as predicted in [11]. The prolate to oblate
transition happens at intermediate frequencies for x < 1, i.e. when there is more salt outside the liposomes than
inside. Another transition of this type could also be triggered at a fixed frequency f by varying x, for example by
adding pure water to the sample and thus increasing the conductivity ratio. These behaviors can be qualitatively
understood if one considers the motion of ions and the distance they travel in presence of an AC electric field.
If the field frequency is large they are virtually immobile, while if the frequency is lowered they can be pushed
against the membrane and then modify the vesicle shape. Nevertheless, at that time there was no theory able
to fully describe these four transitions as a function of f and x. Winterhalter and Helfrich’s theory [11] did not
account for the recovery of the spherical shape at high frequencies, and Mitov’s theory could not either [12]. An
analytical theory explaining all the features in the morphological diagram of [13] was finally developed in [14]. In
this approach, vesicle shape was determined by balancing electric, hydrodynamic, bending and tension stresses
exerted on the membrane. This force balance approach also provides information about the kinetics of liposome
deformation, unlike former theories based on energy minimization [11,12].

Winterhalter and Helfrich’s model also predicted that DC pulses should deform spherical vesicles into prolate
ellipsoids too [11]. However, DC pulses usually have durations of the order of several tens or hundreds of microsec-
onds, or at most of some milliseconds. Imaging at such high rates is impossible with classical video cameras, so if
one wants to get insight at what happens during an electric pulse application, one has to work with a fast imaging
setup allowing image acquisition at several thousands frames per second. This approach was first applied by Riske
and Dimova , and they indeed found that GUVs deformed into prolate ellipsoids upon the application of electric
pulses of 50–300 µs duration and 1–3 kV/cm amplitude [15]. They worked with salt-free solutions, but still at a
conductivity ratio of x ∼ 1.3, meaning that the solution inside the vesicle was more conductive that the outer one.
Later, when the same authors wanted to work in conditions closer to physiological ones and to investigate the role
of salts in the exterior medium, it was somewhat surprisingly found, that vesicles subjected to electric pulses in
salt solutions always adopted cylindrical shapes, irrespective of their ionic content (and thus of the conductivity
ratio)[16]. This finding still lacks a quantitative theoretical explanation.

2.2. Electropermeabilization

Electric pulses may also have much more dramatic effects on lipid bilayers than simple deformation. They can
sufficiently disrupt the membrane as to allow the uptake of otherwise nonpermeant molecules such as Propidium
Iodide, plasmid DNA or cisplatin. Depending on the field strength used this can occur in a reversible manner and
without affecting cell viability [17]. This process, called electropermeabilization, has led to biomedical applica-
tions in the fight against cancer, or in the field of gene therapy [18,19]. Despite its increasing popularity among
physicians, biologists and oncologists, no one knows for sure what really happens when subjecting a living cell
to a permeabilizing electric pulse. Uptake mechanisms are triggered by the electric potential difference across the
membrane ∆ψ induced by the field and seem to be dependent on the size and charge of the transfered compounds.
No consensus exists on the way the membrane reorganizes at the molecular level and this question still remains
a challenge. Here again, GUVs are convenient tools to investigate these questions. Some studies have been per-
formed, and have shown that giant vesicles can indeed become permeabilized by DC electric pulses. By coupling
electropermeabilization and the micropipette aspiration technique, it was shown that the critical membrane volt-
age ∆ψc required for breakdown ranged from 1.1 to 1.8 V depending on membrane composition [20]. It was also
observed that a macropore of several micrometers size could be induced [21]. It was later shown by Tekle et al
that the mechanism of pore formation is asymmetric [22]. A macropore is formed on the cathode-facing side of the
vesicle, whereas the presence of many smaller pores on the other hemisphere can be inferred from the size decrease
of the liposome following pulse application. This phenomenon of GUVs shrinkage during electropulsation was then
extensively studied by our team [23]. By applying a sequence of long (5 ms) electric pulses, we found that vesicles
shrank, down to a critical radius beyond which their size no longer changed. We identified three mechanisms for
the lipid loss: formation of macropores on the cathode-facing side as already reported [22], formation of tubular
structures on the anode facing side, and formation of small vesicles at both poles. These three features should
probably not be considered as distinct mechanisms. Macropore and tubules formation probably reflect the same
phenomena, as they were found to occur together. Small vesicles expulsion can be understood as another way of
expelling lipids, and may under certain conditions be more energetically favorable than tubule formation. While
assuming that the area lost per pulse was proportional to the permeabilized area (the area on the vesicle where
the induced transmembrane voltage ∆ψ = (3/2)RE cos(θ) exceeded the critical transmembrane voltage ∆ψc, R
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denoting the radius of the vesicle, E the pulse amplitude and θ the angle with respect to the field direction), we
were able to analytically predict the decrease of the GUV radius as a function of the number of applied pulses.
We fitted our experimental data with the appropriate formula, and finally obtained the values of ∆ψc for DOPC
and EggPC vesicles, 0.85 and 1 V respectively. Later on, we conducted the same experiments with liposomes of
another composition: DOPC/Sphingomyelin/Cholesterol (2/2/1, mol/mol/mol) [unpublished results]. We found
∆ψc ≈ 0.4 V for this composition closer to the actual lipidic composition of a real cell membrane. This finding is
interesting, as to our knowledge, such a low value for permeabilization threshold of GUVs has never previously
been found. Typical values are about 1 V for giant liposomes containing a single phosphatidylcholine, or a simple
two component mixture, while typical critical transmembrane voltages are about 0.2 V for many cell types [24].
Our results thus indicate that the reason for this discrepancy with respect to the case of simple model membranes
may be due to the presence of several lipid phases. Macropore formation was also studied by Riske and Dimova
[15]. The pulses they applied were shorter and more intense than ours, but could still cause macropore formation.
It was shown that poration of the vesicles affected the membrane relaxation dynamics, and that the initial mem-
brane tension had a strong influence on the critical potential difference for porating the GUV. Another recent
study reported that the presence of anionic lipid species in the membrane could cause vesicle bursting, whereas
simple phosphatidylcholine membranes usually reseal after a permeabilizing electric pulse [25].

2.3. Motion of domains

Increasing the membrane complexity by addition of different phospholipids and cholesterol leads to phenom-
ena that can not be observed in single component GUVs. Staykova et al managed to monitor the motion of
liquid ordered domains in giant vesicles made of DOPC/DPPC/Cholesterol (different molar ratios were explored)
subjected to AC electric fields of ∼500 V/cm amplitude in the kHz frequency range [26]. They report that this
movement had characteristic features depending on the field parameters, and that it was caused by the inhomoge-
neous surface tension induced by the field because of the chamber geometry. It was the first time this phenomenon
of induced charge electro-osmosis was observed and studied on a lipid membrane.

2.4. Fusion

Membrane fusion is a key process of life. It is one of the most common ways for molecules to enter or exit
cells. The process of fusion occurs in a variety of important biological processes such as nerve signal transmission
provided by the fusion of synaptic vesicles to the outer membranes of nerve cells. Other processes where fusion
occurs are intracellular trafficking [27,28] and viral infection by membrane-enclosed viruses [29,30].

However, membrane fusion does not occur spontaneously because of large energetic barriers in biological mem-
branes. These energetic barriers are caused by Van der Waals, electrostatic and steric repulsions and by strong
hydration [31,32]. To promote membrane fusion it is essential to overcome these barriers. In biological membrane
systems this process occurs via fusion proteins [33,34] in a multistep process. For most viruses, a fusion event is
achieved in two steps. First, fusion proteins recognise a site for fusion on the membrane of the host cell. Then,
the hydrophobic domain of the fusion protein inserts itself into the membrane of the host cell.

Studies of the fusion pathway have shown two important types of intermediate structures in the fusion mecha-
nism: hemifusion structures and fusion pores [35]. Hemifusion structures form a connection between outer leaflets
but not between inner leaflets which remain distinct. They are transient structures that either dissociate to give
two independent membranes or induce fusion pores [35]. Fusion pores are connections between both outer and
inner leaflets, they form an aqueous connection between the two aqueous compartments. The propensity to obtain
these two intermediates depends on lipid composition, as fusion depends on the ability of the membrane to bend
into these states and thus on the spontaneous curvature and bending rigidity of the associated monolayers and
bilayers [36]. Obviously another condition to induce fusion is the establishment of a sufficiently close inter-bilayer
proximity. As hydration forces contribute to the repulsion between membranes, the fusogenic state can be induced
via bilayer dehydration [37]. In biological systems dehydration can be induced by calcium ions that neutralize the
negatively charged phospholipid head groups, reducing electrostatic repulsion between membranes, and/or help
the formation of Ca2+-phosphate bridges between opposing bilayers [38]. Dehydration can also be induced by the
application of an electric field on membrane systems, which can rearrange the interfacial water molecule network
[39].
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Electrofusion is a very convenient way to control, both spatially and temporally, fusion events. It is thus possible
to trigger and observe the whole fusion process to study the underlying mechanisms. To occur, electrofusion
requires two conditions: (a) electropermeabilization and (b) contact between lipid membranes. When the two
membranes are close enough and lipid perturbation is high enough, fusion occurs; for cells this was demonstrated
by Zimmermann in 1982 [40]. It has been shown that membrane fusion can be obtained, not only by pulsing
cells already in close contact, but also by bringing them into close contact after their permeabilization [41,42,43].
Electropermeabilized membranes are thus fusogenic. For a better understanding of the fundamental processes
involved in membrane fusion, lipid vesicles are often used as model systems [44,17]. An AC field can be used to
align vesicles in the field direction and bring two vesicles into contact. A subsequent application of a DC pulse
induces the permeabilization of the two vesicles and if permeabilization is induced in the contact area fusion is
induced. Membrane fusion is a fast process. It has been shown that the fusion process occurs within two stages
[45]. The first stage is the opening of the fusion neck with an average expansion velocity of about 2 cm/s. In the
second stage, the neck-expansion velocity slows down until complete opening of the fusion neck. In the absence
of salt, the fusion typically occurs at several contact points of the vesicles. In the case of several contact points
(more than two), the coalescence of these fusion necks can lead to small vesicles enclosed in the contact zone [45].
In the presence of salt in the solution outside of the vesicles, the DC pulse induces vesicles deformation and the
vesicles are pushed together and form a flat contact zone. As no enclosed vesicles are observed, one may infer that
only one fusion neck or a small number of such necks has been formed.

In summary, it is possible to control and observe vesicle fusion by the method of electrofusion. Vesicle fusion
has applications that we will discuss in subsection 3.3.

3. Some applications

In the last section, we have reviewed the various possible responses of GUVs subjected to different kinds of
electric fields. These phenomena have led to applications, which we describe in this section. We first describe how
shape analysis of giant liposomes in an AC field can allow the measurement of the lipid bilayer bending rigidity
kc. Then we show how electric pulses can be used to efficiently load GUVs with non permeant molecules. In
subsection 3.3, we highlight some applications of membrane fusion. Finally we explain how to measure the edge
or line tension γ of lipid membranes, and how electric fields can be employed to improve the current measurement
methods.

3.1. Measuring bending rigidities

The bending rigidity kc is a material property of lipid membranes introduced by Helfrich in his theory of the
elasticity of lipid bilayers [49]. It has the dimensions of energy and, roughly speaking, can be related to the energy
price one has to pay in order to bend a membrane. It plays a role in the control of the membrane shape, in the
determination of the amplitude of thermal fluctuations, or in the modulation of membrane proteins activity, and
thus being able to measure it is of interest in the understanding of various biological events. Here we will just
describe the kc measurement method based on electrodeformation. There exist other ways of measuring bending
rigidities which are described in the review of Marsh [46].

Bending rigidity measurements via electrodeformation were first carried out by Kummrow and Helfrich [10].
Giant vesicles were exposed to AC fields of a few kHz frequency and ∼100 V/cm amplitude, and shapes were
recorded while increasing the field amplitude. The liposomes deformed gradually into a more and more elongated
prolate ellipsoid, and also changed their apparent surface area due to the flattening of thermal fluctuations.
The basic idea of the method is first to calculate the lateral tension σ induced by the field using the relation
σ(c1 + c2)e − (Trr)e = σ(c1 + c2)p, where c1 and c2 are the principal curvatures of the ellipsoid, Trr is the stress
exerted on the outer surface of the vesicle by the field which gives rise to the deformation and the flattening of
undulations, and the subscripts e and p indicate that the associated quantities are calculated at the equator and
the poles of the vesicle, respectively. The relative area change α is given by (kBT/8πkc) ln(σ/σ0); one can easily
see that fitting a straight line to the logarithmic plot of α as a function of σ leads to a determination of kc and
of the vesicle’s initial tension σ0. This method was later applied by Gracià et al in order to study the influence
of cholesterol on the rigidity of membranes of various compositions [47]. The authors also employed another
measurement method for kc based on the analysis of membrane fluctuations (see [48] for example). It was found
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Figure 1. Confocal microscopy image of a DOPC GUV fluorescently labeled with Rhodamine-PE (red) in presence of plasmid
DNA labeled with TOTO (green). One can see on the left image that there is no DNA present inside the liposome before electric
treatment, and on the right one that after electropermeabilization the vast majority of electrotransfered DNA is under free form
and not enclosed in endocytosis-like vesicles. Tubules and small vesicles associated with lipid loss, as described in 2.2, can also be
observed. Field polarity is indicated on the left picture.
Image obtenue par microscopie confocale d’un GUV de DOPC marqué à la Rhodamine-PE (rouge) en présence d’ADN plasmidique
marqué au TOTO (vert). On peut voir sur l’image de gauche qu’il n’y a pas d’ADN dans le liposome avant application des impulsions
électriques, et sur l’image de droite qu’après l’électroperméabilisation la grande majorité de l’ADN transféré est présent sous forme
libre, et non dans des vésicules d’endocytose. On peut aussi observer les tubules et petites vésicules associés à la perte de lipides
décrits en section 2.2. La polarité du champ est indiquée sur l’image de gauche.

that the electrodeformation method leads to slightly lower values kc than the fluctuation method (as noted in[10]).
Nevertheless, both methods give the same trends and reproducible results. The results suggest that the effect of
cholesterol addition on the membrane bending rigidity is concentration dependent, but is also higly influenced by
the lipid type to which cholesterol is added. An important point to keep in mind is that the electrodeformation
method using the theoretical analysis described above cannot be applied if one works in salt solutions or with
charged lipid species.

3.2. Loading vesicles

As previously stated, DC pulses are useful tools to enable the entry of nonpermeant molecules into cells. They
can thus also enable one to load a vesicle with compounds of interest. This has applications in drug delivery, where
lipid vesicles play the role of cargo carriers, but is also of interest in fundamental research, for example when trying
to understand the nature of the DNA/membrane interaction occuring during cell electropermeabilization [50]. As
far as we know, two papers focusing on the electromediated DNA uptake by liposomes have been published to
date. In [51], the authors applied a single electric pulse of 12.5 kV/cm amplitude and 300 µs duration to large
unilamellar vesicles (∼100 nm size, two orders of magnitude smaller than GUVs) composed of DPPC/cholesterol
(7/3, mol/mol) in presence of high molecular mass DNA of size similar to that of the plasmid DNA usually
employed in gene transfer protocols. They claim that the uptake mechanism took place via the electrostimulated
formation of endosome-like vesicles rather than via electropores. These conclusions were questioned ten years later
by Lurquin and Athanasiou, who found that DNA could enter DPPC GUVs under free form by a mechanism
involving electro-induced membrane pores [52]. They used longer pulses (12 ms) of smaller amplitude (1500 V/cm),
but which caused greater induced transmembrane voltages than those of Chernomordik et al [51].

In order to resolve these conflicting results, we carried out DNA loading experiments on DOPC GUVs. Our
results clearly favor the second mechanism involving DNA entry via electropores. As can be seen on Fig. 1,
showing a vesicle before (left panel) and after (right panel) electric treatment (15 pulses of 5 ms duration, 370
V/cm amplitude and 0.33 Hz frequency), plasmid DNA stays trapped inside the vesicle, mostly under free form
and not in endocytosis-like vesicles. Tubules and small vesicles associated with lipid loss and vesicle shrinkage, as
described in 2.2, can also be observed. These small vesicles may contain some DNA, but DNA entry under free
form is the predominant mechanism. Using confocal microscopy, we were able to quantify the amount of DNA
entering the liposome after each pulse, and are currently developing a theoretical model able to account for the
increase of DNA concentration inside the GUV [53].
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3.3. Applications of fusion

As membrane fusion induces a mixing of the lipids initially present in each membrane and a mixing of the
aqueous compartments, electrofusion could be used to introduce molecules into a membrane or into an aque-
ous compartment. In the case of the fusion of two vesicles having different lipid compositions, it is possible to
produce multicomponent vesicles of well-defined composition [54,7]. This provides the possibility of studying the
dynamics of domain formation and stability. When giant vesicles are prepared directly with a multicomponent
lipid mixture, the compositions of the different vesicles are dispersed about the composition of the initial lipid
mixture. Electrofusion of two vesicles each made of different components thus allows one to obtain vesicles with
a well specified composition. Fusing two vesicles of non-miscible lipid composition produces micro-domains in the
resulting vesicle’s membrane.

The fusion of two vesicles of different content is a realization of a microreactor. It has been shown that two
vesicles can encapsulate one ore more reagent molecules [55]. When electrofusion is induced between these two
vesicles, the contents of the two vesicles are mixed and a chemical reaction between the two reagent molecules
can occur. This method needs one condition to be efficient: the lipid membranes of the two compartments have
to be impermeable to the reactants. The first use of vesicles as microreactors was demonstrated with a chemical
reaction between the calcium sensitive fluorescent dye fluo-3 and Ca2+ [55]. A batch of vesicles was loaded with
fluo-3 and another was loaded with Ca2+. The two types of containers were mixed, electrofusion was induced and
fluorescence enhancement due to the formation of a complex between fluo-3 and Ca2+ was observed. The method
of electrofusion provides a promising tool for studying and following one chemical reaction at a time where spatial
and temporal localization can be precisely controlled. Furthermore, the small volume used in this technique could
also provide a general chemical or biochemical delivery system.

Based on this previous experiment, electrofusion has been used as a method for nanoparticle synthesis in vesicles
[56]. In this case, one vesicle is loaded with Na2S and the other one with CdCl2. The application of an AC field
allows the bringing of vesicles into contact, DC pulse application then induces fusion and as a consequence mixing
of the two compartments. Fluorescence in the interior of the resulting vesicles indicates the formation of CdS
nanoparticles. Thanks to this approach it is possible to observe and monitor the whole reaction with an optical
microscope. This experiment suggests that nanoparticles could be synthesized in biological compartments even
without the intervention of macromolecules.

3.4. Measuring edge/line tensions

The hydrocarbon chains of lipids are hydrophobic and the energy cost per unit length for leaving the hydrophobic
core of a membrane in contact with water is called the line or edge tension γ. It is often hypothesized that for
large edges the lipid heads can bend over the edge to make the edge hydrophilic, however there is still an edge
tension due to the bending energy associated with this lipid rearrangement. The edge tension is a lipid material
property and depends on the external medium. It is the edge tension that makes a membrane patch embedded in
an aqueous environment spontaneously bend to form a vesicle, and it also generates the force driving pore closure
in lipid bilayers [57,58]. Roughly speaking, the higher the edge tension, the faster the pore closes and one can
deduce γ from the evaluation of the corresponding pore closure times.

We put this idea into practice while studying the influence of a poloxamer molecule on EggPC GUVs. It was
seen in [59] that poloxamers could modify lipid membrane properties under electric pulses. We explored the effect
of the presence of poloxamer in the surrounding solution. Using poloxamer L64 at concentrations of 2.5 and 5 g/L,
we first observed no effect on giant liposomes at rest. Then we applied porating electric pulses of 5 ms duration
and ∼500 V/cm amplitude to these liposomes, and using a fast EMCCD camera we were able to measure the
size of the pores and their closure time. We saw no difference of the pore size between liposomes with or without
poloxamer, regardless of the concentration. A study of pore closure shows a strong effect: the average measured
closure time without poloxamer is 0.2 s while it is 0.4 s with poloxamer, and we did not detect any effect of the
concentration of poloxamer. Pore closure is thus twice as slow with poloxamer, and this seems to indicate that
L64 reduces the edge tension of EggPC membranes, hence helping to maintain the membrane in a permeabilized
state. Since the above results come from very few measurements (6 without poloxamer and 2 for each poloxamer
concentration) they are only preliminary and still need to be corroborated.

It is possible to go beyond these qualitative observations and to accurately measure edge tension values. Harbich
and Helfrich observed open cylindrical EggPC giant vesicles in AC fields and then deduced a value of 20 pN for γ
[60]. Zhelev and Needham obtained values in the same range [21] for SOPC and SOPC/cholesterol (1/1, mol/mol)
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liposomes while coupling the electroporation technique and micropipette aspiration. A more recent edge tension
measurement method emerged from the theoretical work by Brochard-Wyart et al [61]. Considering a spherical
vesicle of size R, it was shown that in the limit corresponding to experiments on giant vesicles, a pore of radius r
spent the vast majority of its lifetime in a so-called slow closure stage during which the quantity R2 ln(r) decreased
linearly with time, the coefficient of proportionality being equal to (−2γ/3πη0), where η0 denotes the external
medium viscosity. The same group later applied this method to pure DOPC GUVs and also to systems containing
cholesterol or a surfactant, opening pores via intense visible light illumination. Adding glycerol to the aqueous
solutions caused slowing down of the dynamics, and they were thus able to measure the pore size during the
slow closure stage using classical fluorescence microscopy. They obtained values of γ for their different vesicle
compositions, and found that cholesterol caused an increase of γ whereas the surfactant led to a decrease [62]. The
main problem of this approach is that glycerol influences the lipid bilayer organization, and that fluorescent dyes
embedded in the membrane behave as impurities and may hence lead to inaccurate edge tension measurements.
We thus proposed an improvement of Brochard-Wyart’s method based on the application of an electric pulse to
porate the vesicle and on ultrafast phase contrast imaging to monitor pore size evolution [63]. This method is
easy to implement, requires little equipment, and does not suffer from the drawbacks related to the presence of
glycerol and fluorescent dye.

4. Conclusions

Giant vesicles provide a useful model system for measuring a variety of physical properties of lipid membranes
and for improving our understanding of the electropermeabilization and electrofusion phenomena. In this review,
we have tried to summarize the presently known effects of electric fields on giant vesicles and some of their
practical applications, and to present current research topics covered by our group. Subjecting GUVs to DC
pulses or alternating AC fields can destabilize the lipid bilayer, inducing different behavior such as deformation of
the vesicles, poration, motion of domains or fusion. An outline of these various behaviors and their applications
is presented in Fig. 2.

It is now known that the deformation of the vesicles depends not only on the frequency and the intensity of
the applied field but also on the solutions conductivities. Furthermore the deformations are not exactly the same
depending on the presence or not of salt in the external medium and on the shape of the applied electric field (AC
or DC). By monitoring the relative area dilatation of the membrane, it is possible to estimate the lateral tension
of the vesicle σ0 and the bending rigidity kc of the lipid bilayer.

Electric pulses have more dramatic consequences than just deformation. With suitable parameters for the electric
field it is possible to electropermeabilize the membrane. This effect can lead to exchange of molecules between the
inside and the outside of the vesicle. If the electropermeabilization is strong enough, membrane macropores can be
visualized via optical microscopy. When a sequence of pulses is used, such observations are in general accompanied
with loss of lipid membrane material and a subsequent GUV size decrease allowing the determination of a critical
transmembrane voltage. Moreover, by monitoring the evolution of the pore radius it is possible to measure another
lipid material property, the edge or line tension γ.

When two vesicles are in close contact, electropermeabilizing them with suitably chosen electric field parameters
can induce their fusion. This electrofusion method allows the control and observation of vesicle fusion, and is thus
useful for insertion of molecules into the membrane or for mixing different chemicals in the resulting vesicle, thus
giving a microreactor.
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Visualization of Membrane Loss during the Shrinkage of Giant Vesicles
under Electropulsation

Thomas Portet,†‡ Franc Camps i Febrer,† Jean-Michel Escoffre,† Cyril Favard,§ Marie-Pierre Rols,†

and David S. Dean‡*
†Institut de Pharmacologie et de Biologie Structurale, Centre National de la Recherche Scientifique, UMR 5089, and ‡Laboratoire de Physique
Théorique, Centre National de la Recherche Scientifique, UMR 5152, Université Paul Sabatier, Toulouse, France; and §Institut Fresnel, Centre
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ABSTRACT We study the effect of permeabilizing electric fields applied to two different types of giant unilamellar vesicles, the
first formed from EggPC lipids and the second formed from DOPC lipids. Experiments on vesicles of both lipid types show
a decrease in vesicle radius, which is interpreted as being due to lipid loss during the permeabilization process. We show
that the decrease in size can be qualitatively explained as a loss of lipid area, which is proportional to the area of the vesicle
that is permeabilized. Three possible modes of membrane loss were directly observed: pore formation, vesicle formation, and
tubule formation.

INTRODUCTION

Electropermeabilization is a commonly used physical
method in which electric pulses are applied to cells and
vesicles, and has been widely reviewed in the literature
(1–7). An effect of major importance is that, under certain
circumstances, the electric pulses can induce the transient
permeabilization of the cell plasma membrane. This perme-
abilization manifests itself via the crossing of the cell
membrane by molecules that would normally not be able
to permeate the cell membrane. When subjected to suffi-
ciently large electric fields, vesicle membranes become
permeable to small molecules (8,9) and flat membranes
show a marked increase in their electrical conductance
(10). Small molecules appear to cross the permeabilized
membranes via simple diffusion. However, complex
processes, such as electrophoresis and direct interactions
with the membrane, come into play for larger molecules
such as DNA. Electropermeabilization is now regularly em-
ployed as a delivery method for a large variety of molecules
such as drugs, antibodies, oligonucleotides, RNA, and DNA
(6,9,11–13). Initial studies were carried out in vitro on cells
in culture, but as the technique has developed, an increasing
amount of data has been obtained in vivo on tissues (14–16);
this method is being adapted to the clinical context (17,18).
Clearly the method has a huge potential in the fields of
cancer treatment and gene therapy, offering, in some cases,
more efficient, more controllable, and safer treatment proto-
cols (when compared to viral transfection methods, for
example). From a purely physical point of view, the applica-
tion of an electric field to a lipid membrane has two notable
effects. The first is a mechanical one in which the stresses
caused by the field can deform the membrane; for instance,
causing a spherical vesicle to deform into an ellipsoidal or

cylindrical one (19–22). This deformation can be thoroughly
understood in terms of a macroscopic continuum description
of the cell membrane in terms of its bulk electrical and
mechanical properties. The second phenomenon of electro-
permeabilization is much less well understood. Despite its
increasing popularity as a therapeutic method, there are still
many open questions about the underlying physical mecha-
nisms involved in electropermeabilization. Indeed, at the
simplest level, the basic structural changes induced by the
field on the membrane structure are still to be fully under-
stood. A number of physical theories have been put forward
to explain the phenomenon of electropermeabilization.
Historically, the first explanations of electropermeabilization
were based on classical continuum theories, which predict
dielectric breakdown of the membrane at a critical field
strength (23–28). The main problem with such theories is
that, although predicting a dielectric/mechanical breakdown
transition, they do not provide a description of the physical
state of the permeabilized membrane. Currently, the most
popular explanation for electropermeabilization is that pores
are formed because of a local increase in the surface tension
due to the electric field (29–33). This increase in surface
tension energetically favors the formation of pores, which
is otherwise energetically defavored by their line tension.
A similar theory was first introduced to explain the rupture
of soap films (34). In this theory, the pores can become stabi-
lized in a hydrophobic-to-hydrophilic pore transition via the
rearrangement of the lipids at the pore edges. Because the
permeabilization is explained by the formation of pores,
the phenomenon described by this theory is referred to as
electroporation. Recently, numerical simulations have
confirmed that pores can be induced by strong electric fields
(35–41); typically, the systems simulated are small, and
no significant lipid loss during pore formation has been
reported.
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When discussing the phenomenon of electropermeabiliza-
tion, we must distinguish between two key stages of the
process:

Step 1. The physical change induced in the membrane by
the field (in the absence of molecules to be trans-
ported).

Step 2. The interaction of the molecules that are to be
transported with the modified membrane.

At the simplest level, combination of Steps 1 and 2 can be
observed experimentally as a transport phenomenon using
marked molecules or via conductivity experiments. In this
article, we demonstrate that Step 1 can be indirectly detected
via a change in the size of giant liposomes under electropul-
sation and an associated direct visualization of the expulsion
of lipids from the liposomes. Concretely we study the effect
of a series of permeabilizing pulses, well separated in time,
on the size of giant unilamellar vesicles (GUVs). In the
experiments, the radius of the GUV is measured after each
pulse and we find that each GUV studied shows, on average,
a decrease in its radius down to a critical radius beyond
which its size no longer changes. This decrease in size points
to the fact that, during the physical processes leading to elec-
tropermeabilization, lipids are lost from the vesicle—thus
leading to a reduction in their size.

Our experiments are not a direct study of permeabiliza-
tion; however, they constitute an indirect method of studying
electropermeabilization that is relatively straightforward to
carry out and interpret in terms of simple physical models
that are relatively well established. From an experimental
point of view, the crucial advantage of using GUVs is that
their composition can be varied and controlled, and in addi-
tion, their membrane is not subjected to internal mechanical
constraints, as is the case for living cells with cellular cyto-
skeletons. Furthermore, their size is similar to that of
mammalian cells, which allows a direct visualization by an
optical microscope.

Lipid loss during electropermeabilization seems likely as
if, for instance, pores are formed the lipids near the edges
of these pores will be subject to strong variations in the local
electric potential and the electric field. Charges and dipole
moments on lipids will interact strongly with the electric
field and variations of the electric field, respectively. The
forces involved may well be capable of tearing lipids from
the membrane structure. However, our experiments suggest
that the mechanism of lipid loss is a collective one, which
involves the formation of small structures such as tubules
and vesicles as well as pores. A simple comparison of elec-
trostatic (dipole electric field interaction) energy and hydro-
phobic free energy suggests that individual lipids cannot be
removed from the membrane.

The phenomenon of lipid loss due to an applied field has
previously been studied in Tekle et al. (42) but from quite
a different point of view (in that study, the effect of single
pulses was examined). DOPC vesicles of sizes of ~20 mm

were subjected to pulsed electric fields of ~1 kV/cm and
duration 700 ms. The vesicles were observed using a standard
fluorescent microscope and at the cathode-facing side, single
pores of the size of ~7 mm were observed. Such pores were,
however, seldom found on the anode-facing side. However,
it was inferred that this side was also permeabilized but that
the pores responsible were too small to be observed. In the
experiments, it was also noted that up to 14% of the vesicle
surface could be lost during the process of pore formation/
permeabilization.

See Table 1 for a list of terms and parameters used in this
article.

EXPERIMENTAL SETUP

We decided to work with two different lipids. However, we wanted phos-

pholipids with identical head groups to obtain the same dipole behavior.

Thus, we used DOPC and EggPC, purchased from Avanti Polar Lipids
(Alabaster, AL). The formation medium is an aqueous solution with 240

mM sucrose. The pulsation buffer is an aqueous solution of 260 mM glucose

TABLE 1 Abbreviations used

a Membrane thickness.
ae Membrane electrical thickness.

A Area of the vesicle.

Ap Permeabilized area.

C Constant depending on R, a, and the various
conductivities of the problem.

DiIC18 1,10-dioctadecyl-3,3,30,30-tetramethylindocarbocyanine

perchlorate.
DOPC 1,2-Dioleoyl-sn-glycero-3-phosphocholine.
EggPC L-a-Phosphatidylcholine (egg, chicken).

E Magnitude of the applied electric field.

l Length of the hydrocarbon chain.
Nc Number of pulses needed to enter the shrinking regime.

p Dipole moment of the PC headgroup.

PR Preshrinking regime.

q Probability that one pulse induces a transition from the
pre-shrinking to the shrinking regime.

Rc Critical radius.

l Fraction of the permeabilized area lost per pulse.

Rhodamine PE L-a-Phosphatidylethanolamine-n-(Egg Lissamine
Rhodamine PE).

R(n) Radius of the vesicle after n pulses.

Wc Rescaled critical radius, Rc/R(0)
SR Shrinking regime.

W(n) Rescaled radius of the vesicle after n pulses, R(n)/R(0)
DJ Transmembrane voltage.

DJ0 Initial transmembrane voltage induced by the first
pulse at the poles of the liposomes.

DJc Critical transmembrane voltage n: number of pulses.

q Angle on the cell surface with respect to the direction

of the applied field.
qc Critical angle.

S0 Initial surface tension.

Sel Surface tension induced by the electric field.
Slys Lysis tension.

3m Membrane dielectric constant.

r Effective radius of the lipid hydrocarbon tail viewed

as a cylinder.
m Lipid tail hydrophobic free energy per unit of area.
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that also contains 1 mM phosphate buffer KH2PO4/K2HPO4 (Merck, Darm-

stadt, Germany) to impose a physiological pH of 7.4, and 1 mM sodium
chloride (Prolabo, Briare, France) to achieve an electrical conductivity in

the range of a few hundreds of mS/cm. Conductivities of internal and

external solutions are measured with an HI 8820 conductimeter (Hanna
Instruments, Lingolsheim, France), and have the values si z 15 mS/cm

and se z 460 mS/cm, respectively. The osmolarities are 285 mOsm/kg

for the formation medium, and 305 mOsm/kg for the pulsation buffer. These

measurements were performed with an Osmomat 030 osmometer (Gonotec,
Berlin, Germany). The different refractive indexes of the internal and

external media yields a contrast which enables the vesicles to be visualized

using a microscope, and the density difference allows the sedimentation of

the vesicles on the bottom of the chamber, thus reducing their distance
from the objective. EggPC liposomes are visualized by phase contrast,

and DOPC liposomes by fluorescence microscopy. We worked with two

different dyes (Rhodamine PE (Avanti Polar Lipids) and DiIC18 (Molecular

Probes, Eugene, OR)) without any noticeable change in our experimental
results. The vesicle formation method employed here is electroformation,

as described in Angelova and Dimitrov (43). We chose this technique

because it is simple, easily reproducible, and has a good yield. Furthermore,
a large amount of the produced vesicles is unilamellar, as demonstrated in

Rodriguez et al. (44).

Electroformation

Lipid solution

The lipids are diluted in chloroform, at a mass concentration of 0.5 mg/mL.
For DOPC vesicles, the fluorescent probe is added at 0.005 mg/mL. This

preparation and the following steps can be performed at room temperature,

because the gel-phase/liquid-phase transition temperature of the lipids used

is much lower.

Formation chamber

The chamber is made of two glass layers covered with Indium Tin Oxide to

ensure the electrical conductivity of the surface. The two layers are separated

by an adhesive silicone joint of 1 mm width. The connection with the gener-
ator (model 128, AC Exact; Hillsboro, OR) is maintained by two wires, each

one soldered on a small copper strip stuck on the ITO slide. Then, 15 mL

of lipid solution is deposited on the conducting sides of the glass slides.

The deposition is carried out slowly and at constant rate in a chamber
held at 4!C to slowly evaporate the chloroform and then the slides are dried

under vacuum for a couple of hours to entirely remove the remaining solvent

molecules.
Finally, the slides are sealed together, and the chamber is filled with the

formation medium.

Voltage application

We apply a sinusoidal voltage of 25 mV peak to peak at 8 Hz. The voltage is

increased by 100 mV steps every 5 min, up to a value of 1225 mV. It is main-

tained under these conditions overnight. Next, we apply a square wave of
same amplitude at 4 Hz for 1 h to detach the liposomes from the slides.

Electropulsation

Pulsation chamber

The chamber where the GUVs are subjected to the electric field is composed

of a glass slide and a coverslip. Two parallel copper strips of thickness 70
mm are stuck on the slide at a distance of 1-cm apart. The coverslip is

then stuck onto the slide and strips with heated parafilm. The chamber is

1-cm long (between electrodes), 2.6-cm wide (width of the coverslip), and

250-mm high (value estimated via measurements with a microscope). We
first introduce 60 mL of pulsation buffer between the slide and the coverslip,

while taking care of filling the whole chamber to ensure the conductivity of

our medium. Next, we add 5 mL of our GUV preparation. Capillarity

phenomena prevent the solution from leaking out of the chamber.
The electrode thickness is about the size of our biggest liposomes, which

represents only a quarter of the chamber height. We could not a priori be

certain of the homogeneity of the field. However, we solved numerically
Laplace’s equation with the finite element software Comsol Multiphysics

(Comsol, Burlington, MA) for the case of our geometry. We found that

the field was almost homogeneous in the bottom part of the chamber

between the electrodes, and that the size and shape of the permeabilized
area were not significantly different from that computed for a geometry

with much bigger electrodes (data not shown).

Pulsation method

Electropulsation is carried out using a CNRS cell electropulsator (Jouan, St.

Herblain, France), which delivered square-wave electric pulses. An oscillo-
scope (Enertec, St. Etienne, France) is used to monitor the pulse shape and

amplitude. The process of electropulsation is performed directly under the

microscope. For the phase contrast visualization, we used an inverted
epifluorescence microscope (Leica model No. DM IRB; Leica Microsys-

tems, Wetzlar, Germany) equipped with a camera (Princeton model No.

RTE/CCD-1317-K/0; Princeton Instruments, Trenton, NJ) and a 40" Leica

phase contrast objective, and an inverted confocal microscope (Zeiss model
No. LSM 510; Carl Zeiss, Jena, Germany) with a 63" Zeiss objective for

fluorescence imaging. Excitation at 543 nm was provided by a HeNe laser,

and emission filter was a 560-nm long-pass. The pulse duration was not set

to a few hundreds of microseconds as in the literature (21,22,42), but to
5 ms, because this value is commonly used for gene transfer protocols in

mammalian cells (9). In most cases, we apply pulses at 0.5 Hz. However,

we sometimes have to interrupt the pulse train for a few seconds to recenter
the image on the liposome of interest. Indeed, the observed vesicle does not

always stay immobile. It often experiences a translational motion toward the

positive electrode, because of which we sometimes have to modify the

centering. This displacement was always directed toward the anode, irre-
spective of the net electric charge of the fluorescent probe that we used

(negative for Rhodamine PE and positive for DiIC18). As we will see later,

the direction of this motion is coherent with the sign of the z-potentials of the

vesicles, which does not depend on the type of dye chosen. Due to the need
to recenter the image from time to time, the frequency of the pulses is not

constant over a whole experiment, but we checked that this did not affect

our results. The time delay between two consecutive pulses is of the same

order of magnitude, ranging from 2 s to a few tens of seconds. This duration
seems to be much longer than the time needed by the vesicle to relax after

one pulse, therefore it does not matter if pulses are separated by 2 or 20 s.

Direct observation showed that vesicles were distorted rapidly after the pulse
application, but as far as the eye could see, there was no visible size or shape

change between two consecutive pulses. The pulse amplitude is chosen

according to the rule ED ¼ (4/3)DJ0 ¼ Const (see details later for this

choice), where E denotes the amplitude of the electric field, and D the initial
diameter of the GUV. The constant is chosen to be 1.7 V. This choice means

that at the beginning of every experiment the potential difference drop, DJ0,

across the GUV membrane at the poles facing the electrodes is theoretically

(see later) equal to ~1.3 V; this value is well beyond the value of 200 mV
typically cited as the permeabilization threshold for Chinese hamster ovary

cells (45,46) and of the order of that cited for artificial vesicles and other cell

types (3,26,47). In the pulsation chamber, the distance between the elec-
trodes is 1 cm and so the potential applied between the electrodes is 1.7/D
V, where D is measured in centimeters or conveniently 17/D kV if we

measureD in mm. The idea behind this large choice of initial transmembrane

potential DJ0 is that the field will initially permeabilize the membrane and
continue to do so until the vesicle size becomes significantly smaller than the

initial one. We note that our protocol yields initial transmembrane potentials

that are slightly lower but of the same order as those in the experiments of

Tekle et al. (42), which varied between 1.4 and 2.5 V.
The experimental strategy is simple. We focus on a liposome and we

measure its initial diameter. We then tune the voltage amplitude according
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to the rule described above, and we apply a pulse train until the GUV does

not shrink anymore. We acquire one image between two consecutive pulses
(~1 s after each pulse), so we are sure that the vesicle has experienced an

electric pulse between two consecutive values of the diameters we measure.

Image processing tasks are performed with ImageJ (National Institutes of
Health, Bethesda, MD).

z-Potentials measurements

We measured the average z-potentials of our GUVs by photon correlation

spectroscopy (Zetasizer 3000 HS; Malvern, Worcestershire, United

Kingdom), using the following method. We diluted 1 mL of the GUV solu-
tion obtained after electroformation in 2 mL of a special buffer containing

240 mM sucrose, 1.5 mM phosphate buffer, and 1.5 mM sodium chloride.

Vesicles are thus suspended in a medium containing 1 mM sodium chloride,

1 mM phosphate buffer, and 240 mM sucrose. This composition is the same
as that of our pulsation medium, except for the 260 mM glucose replaced by

240 mM sucrose to avoid sedimentation of the vesicles, which would make

the measurement impossible. We then split the 3 mL into two samples, on
which we performed two series of 10 measurements each.

THEORY

The basic theory that explains electroporation is based on the
modeling of the vesicle electrode system in terms of a weakly
conductive cell membrane of conductivity denoted by sm,
with external and internal media of much higher conductiv-
ities denoted by se and si, respectively. We denote by R the
radius of the vesicle assumed spherical, and which stays
spherical throughout the experiments. In our experiments,
R lies typically between 10 and 100 mm. The thickness of
the vesicle membrane is denoted by a and typically has the
value of 4 nm. In the steady state, which is achieved on time-
scales much shorter than the time over which the pulse is
applied, the electric potential J obeys Laplace’s equation,
and if q denotes the angle on the cell surface with respect
to the direction of the applied field, which is of magnitude
E, then the potential drop across the membrane at that point
is given by (see (1) for instance for a detailed derivation)

DJ ¼ $CRE cos ðqÞ; (1)

where C is a constant depending on R, a, and the various
conductivities of the problem. In the limits where sm << si,
sm << se, and a << R, the constant C becomes very simple
and takes the value C ¼ 3/2. For the parameters of the exper-
iments carried out here, we are close to the limit whereC takes
this limiting value. The most important point for our analysis
here is that C is independent of R. We thus find that, for a thin
membrane, the electric field inside the membrane and normal
to its surface, denoted by En, is given by

EnðqÞ ¼ CREcosðqÞ
a

: (2)

Equation 2 demonstrates that there is a huge amplification of
the externally applied field across the membrane. This huge
electric field internal to the membrane causes structural
changes. Whether this structural change corresponds to the
formation of pores, dielectric breakdown, or the formation

of defects or vesicles, is still open to debate. However, in
experiments where permeabilization is measured either via
conductivity measurements of planar membranes or by direct
optical observation of the entry of marker molecules,
a consensus exists that permeabilization occurs locally in
the membrane when the magnitude of the potential drop
across the membrane DJ exceeds a certain threshold DJc,
which is estimated to be ~0.25–1.0 V (3,26,45–47). This
corresponds to a field within the membrane of ~50–
250,000 kV/m (for a membrane of thickness 4 nm). This crit-
ical threshold is seemingly quite universal, being largely
independent of cell and vesicle composition. There is an
alternative though largely equivalent physical explanation of
field-inducedbreakdownof themembrane.The effect of a local
potential drop DJ across the membrane is to induce a local
electrical surface tension Sel, which can be computed via the
Maxwell stress tensor and is given by Sel ¼ 3mDJ

2a/2ae
2,

where 3m is the dielectric constant of the membrane, a is its
thickness, and ae its electrical thickness (7,26). If the initial
surface tension of the membrane is S0, then, upon applying
the field, the total tension is S ¼ S0 þ Sel. The tension of
rupture of a lipid membrane is called the lysis tension Slys

and thus, when the local tension S exceeds Slys, we expect
the membrane to be destabilized. This formulation is strictly
equivalent to the existence of a critical value of the local elec-
tric field in the membrane at which breakdown will occur.
However, in this formulation we see that DJc will depend
on the initial surface tension of the vesicle S0. Indeed, such
a dependence on S0 has been reported experimentally (21).
In terms of the initial and lysis tension, the critical potential
is given by

DJc ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2a2e
ema

"
Slys $ S0

#
s

; (3)

and thus, we see that the value of the applied field required to
affect the membrane will depend on the initial tension of the
vesicle. In our study, we are interested in the mechanism of
lipid loss, and the DJc that induces lipid loss does not neces-
sarily correspond to that necessary to induce permeabiliza-
tion; however, it is reasonable to expect that the two critical
potentials have the same order of magnitude. Studies of elec-
tropermeabilization phenomena show that the critical poten-
tial depends on the duration of the applied pulse, the critical
potential being smaller for longer pulses (11). This means
that the underlying physical mechanisms rely on activated
processes such as nucleation events for first-order phase tran-
sitions. This means that an applied pulse may have no effect
with some probability, and this probability should decrease
with the amplitude and duration of the pulse. In our experi-
mental setup, the liposomes are visibly under an initial
tension, and we expect that there is some distribution of
initial tensions even for vesicles of the same composition
and similar sizes. The critical potential for each vesicle
should therefore be expected to vary.
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As we are looking at vesicles, we can neglect any possible
modification of the transmembrane potential due to cellular
activity and thus assume that it is given purely by Eq. 1.
Assuming that the mechanical and electric membrane thick-
ness a and ae remains constant, there is a critical transmem-
brane potential drop beyond which the membrane becomes
permeabilized or susceptible to lipid loss. Clearly, at fixed
electric field parameters (amplitude and duration), a cell
can no longer be permeabilized when its radius is smaller
than a certain critical radius Rc, beyond which no part of
the cell is permeabilized. We thus expect that the permeabi-
lization and thus, vesicle shrinkage will stop once the vesicle
has this critical radius. The region where the magnitude of
DJ is maximal is clearly that facing the electrodes, corre-
sponding to q ¼ 0 and q ¼ p, and so these are the last points
where the membrane is permeabilizable. The value of Rc is
thus given by

DJc ¼ CERc: (4)

If we are in the situation where R> Rc, then about the pole at
q¼ 0 the region where q is between 0 and qc is permeabilized
and qc is given by

qc ¼ arccos

$
DJc

CRE

%
: (5)

This region gives one-half of the total permeabilized area of
the vesicle, which we denote by Ap. We thus find that

1

2
Ap ¼ 2p

Z qc

0

R2sinðqÞdq ¼ 2pR2

$
1$ Rc

R

%
: (6)

Now we consider how the area loss upon a pulsation can be
related to the physical parameters of the system. The simplest
idea is to assume that the area lost is simply proportional to
the permeabilized membrane area. This does not presuppose
the mechanism of lipid loss; we simply assume that, in the
region where the field exceeds the critical value, the
membrane structure is altered. This alteration can be inter-
preted as a form of dielectric breakdown, and where it
occurs, we assume that lipids can be effectively lost from
the membrane surface.

If n denotes the number of pulses, treating n as a contin-
uous variable, we can write that, on average,

dA

dn
¼ $lAp; (7)

that is to say, the average area lost per pulse is simply propor-
tional to the area where the critical membrane potential (or
equivalently surface tension) is exceeded. Note that we
should really use a discrete difference equation rather than
the continuous one above; however, we have, numerically,
checked that the difference behavior is insignificant when
compared to the typical experimental errors. Now if we
assume that DJc remains constant throughout the experi-
ment, Eq. 7 can be solved using A ¼ 4pR2 to obtain

RðnÞ ¼ Rc þ ðRð0Þ $ RcÞexp
$
$l

2
n

%
: (8)

Thus, we expect an exponential decay to the critical value of
Rc, as given by Eq. 4. If we define the dimensionless variable

WðnÞ ¼ RðnÞ
Rð0Þ; (9)

then W(n) obeys

WðnÞ ¼ Wc þ ð1$WcÞexp
$
$l

2
n

%
; (10)

and Wc is the asymptotic value of W after a large number of
pulses have been applied and beyond which the vesicle is no
longer permeabilizable; it is given by

Wc ¼ Rc

Rð0Þ ¼ DJc

CERð0Þ: (11)

Now, in the experiments, if we choose to apply fields E such
that ER(0) is constant, then if DJc and C are constant we
find that

Wc ¼ DJc

DJ0

; (12)

where DJ0 is the initial experimentally imposed potential
drop at the poles of the cells and is by construction (i.e.,
via the choice of E) the same for all vesicles. With this choice
of E, all plots of W as a function of the number of pulses n
should collapse onto the same curve if DJc remains constant
during the experiment and if it is the same for all vesicles. All
plots will have W(0) ¼ 1, and should attain the asymptotic
value Wc after the same characteristic number of pulses (as
we have assumed that l is independent of R).

We stress here that, if ER(0) is taken to be constant, then
the normal component of the electric field within the
membrane is the same for every vesicle studied at the begin-
ning of each experiment and thus, independently of any
theory used to analyze the results, we are always looking
at systems where the local electric fields in the membranes
are the same.

Clearly three sources of additional complexity are ne-
glected in the above analysis:

1. The surface tension will fluctuate during the permeabili-
zation/lipid loss process.

2. The local electric field seen by the vesicles will fluctuate
due to the presence of other vesicles (48).

3. We shall see in the section on experimental results that
several mechanisms can be involved in the process of
lipid loss (pore, vesicle, and tubule formation) and
clearly, the choice of a single fitting parameter for lipid
loss per permeabilized area l is another simplification.
Indeed, l should be interpreted as an average area loss
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parameter due to the (at least) three visualized mecha-
nisms of lipid expulsion.

The initial surface tension (which will have some distribu-
tion about an average value) will also play a role in the initi-
ation of the permeabilization and lipid loss process. The
extent to which the vesicle retains a memory of this initial
tension, is an important point. If, after each pulse, it had
the same tension, then the distribution of the values of Wc

would be a direct reflection of this initial surface tension
distribution. However, it is likely that the tension will vary
after each pulse and indeed, that the tension is a dynamical
variable. Our experimental results imply that the reduction
of the radius is due to expulsion of lipid from the main
vesicle, but that some expelled lipid is still in contact with
the main vesicle (as in the case of tubules). These attached
lipids will constitute a reservoir, which will modify the effec-
tive surface tension of the main vesicle, and this tension itself
will evolve if the system has not had time to equilibrate
between pulses. We conclude that, in fitting the data with
the simple model presented here, we should find a scatter
in the resulting values of l and Wc due to points 1–3,
mentioned above.

EXPERIMENTAL RESULTS

Observations and data fitting

The existence of the critical radius Rc was confirmed by the
two following observations:

Observation 1. After a sufficiently large number of pulses
had been applied, all the vesicles we could find in our
sample had sizes lower than the one of the initial lipo-
some of interest.

Observation 2. We noticed that a liposome that had
reached its critical radius could experience another
shrinkage if the field magnitude was increased.

We should mention that we sometimes saw vesicles
disintegrating, and thus we could not observe the size stabi-
lization. We only kept data corresponding to shrinking and
stabilizing GUVs, and we finally gathered 51 data sets for
DOPC and 47 for EggPC. Another fact that must be
mentioned is the following. In some cases, the size diminu-
tion did not begin immediately after the first pulse. We had to
apply several electric pulses before being able to detect
radius decrease. A possible explanation for this fact is that,
like the permeabilization process, the mechanism for lipid
loss requires a change in the physical state of the
membrane—the formation of defects or pores, for example.
The effect of the field is therefore twofold; it allows for the
formation of defects, and once defects are present, the field,
along with the presence of the defects, allows for lipid loss.
We may assume that the creation of defects is an activated
process, and at each pulse, the membrane develops defects
with some probability q. Note that we assume it is only the

defect creation process that has this probabilistic nature
(once the vesicle size has begun to decrease, lipids are
expelled after each pulse as long as the vesicle radius is
>Rc). To describe this phenomenon, we suppose that one
vesicle can be found either in a preshrinking (no defects)
or in a shrinking (with defects) regime (preshrinking regime,
i.e., PR or shrinking regime, i.e., SR, respectively), the tran-
sition to the SR after a pulse being a stochastic event occur-
ring with constant probability q, independent of the number
of pulses applied before. This hypothesis of a random event
is legitimate because our model should incorporate the
intrinsic stochastic nature of permeabilization processes
(3). The fact that q does not depend on n is justified if we
assume that a vesicle having experienced a harmless pulse
recovers the same state it had in the PR. Within this modified
framework, the former expression of the scaled variableW(n)
(Eq. 10) now reads

WðnÞ ¼ HðNc $ n$ 1Þ þ Hðn þ 1$ NcÞ
&
Wfit

c

þ
"
1$Wfit

c

#
exp

$
$lfit

2
n

%'
; (13)

where H denotes a Heaviside function taking the value 1 for
a positive argument and 0 otherwise, and Nc the critical
number of pulses needed before entrance in the SR. This
means that the fitted curve will be constant up until Nc,
and then decay exponentially after n ¼ Nc. We have denoted
the critical value ofWc given by the fit asWc

fit and the effec-
tive value of l estimated from fitting is denoted by lfit. In
terms of our theory, we expect the average value of Wc

fit to
be concentrated at Wc with fluctuations around this value.
All fits were performed with the formula given by Eq. 13,
so we obtained values of Nc, Wc

fit, and lfit for each of the
51 DOPC data sets. With assumptions described above, the
random variable Nc should follow a geometric (discrete
and memory-less) distribution. We checked this by plotting
the normalized histogram of Nc, and as Fig. 1 shows, the
values of Nc are well fitted by a geometric distribution of
the form

ProbabilityðNc ¼ nÞ ¼ qð1$ qÞn$1: (14)

The shown fit yields the value q¼ 0.33, which means that Nc

has the average value hNci ¼ 1/q ¼ 3. In Fig. 2, we present
four examples of data sets (crosses) and associated fits (full
lines). Diamond marks correspond to the images shown later
in Figs. 5 and 6 depicting the different mechanisms of lipid
loss (see details below). Except for liposome C that immedi-
ately starts to shrink, we can clearly identify the PRs, the
SRs, and the stabilization of sizes. Detailed information
about pulse spacing for data from Fig. 2, which is not
constant over a whole experiment because of the lateral
motion of the vesicles, can be found in Table S1 in the
Supporting Material.
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Quantitative analysis—DOPC

As a first step in our data analysis, we can take the average of
all the experimental curves and then carry out a fit; this yields
the values l ¼ 0.16 and Wc ¼ 0.65. The fit also yields the
number of pulses necessary to put the liposome in the active
state, where lipid loss can be induced, to be Nc ¼ 1.73. The
experimental data was also examined to see whether there
was any correlation between the fitted value of Wc and l
with the initial vesicle radius R(0). No appreciable correla-
tion was seen, thus validating our hypothesis that the vesicle
shrinkage can be well described in terms of the rescaled
(dimensionless) quantity W(n). A second way to estimate
the parameters of the model is to fit l and Wc for each curve
individually to obtain hlfiti, hWc

fiti, and hNci, with the
average value of the fitting parameters averaged over the
individual experiments. The values obtained were hlfiti ¼
0.25, hWc

fiti ¼ 0.58, and hNci ¼ 4.99. This value of hNci

agrees well with that of 3, estimated by the geometric distri-
bution fit to the histogram of the fitted values for Nc.

Figs. 3 and 4 show the histograms of lfit and Wc
fit, respec-

tively. As mentioned in the section called Theory, in fitting
the data with our simple model we should expect to see vari-
ation in the values of l andWc obtained due to fluctuations of
the surface tension (both initial and during the permeabiliza-
tion process), local electric field, and possibly the effective
number of defects created after the Nc pulses needed to enter
into the permeabilized state. We note that it has been demon-
strated in the literature (21,22) that the critical potential
necessary to induce permeabilization is indeed dependent
on the surface tension.

Quantitative analysis—EggPC

The experiments with EggPC were performed first and at that
time, we had not yet made the considerations about the PR
and the SR. We only kept data sets corresponding to imme-
diately shrinking vesicles, therefore in this section Nc¼ 1 for
each liposome. Despite this simplification, we did the same
data processing as that described for DOPC. The fit on the
average of all experimental curves yields the values l ¼
0.27 and Wc ¼ 0.77. The values of the fitting parameters
averaged over the individual experiments are hlfiti ¼ 0.31
and hWc

fiti ¼ 0.69.

About the anode-directed motion of the vesicles

The translational motion we observed was always directed
toward the anode, suggesting that the GUVs could carry
a net negative charge, even with a positively charged fluores-
cent dye. We checked this by measuring the z-potential of
the vesicles in a medium with ionic composition equivalent
to that of our pulsation medium, the sugar composition being
different to avoid vesicle sedimentation making the measure
impossible. We examined four different types of vesicles:
EggPC alone, DOPC alone, DOPC labeled with Rhodamine
PE, and DOPC labeled with DiIC18. We did not use EggPC
vesicles with a fluorescent dye, because our experiments

FIGURE 1 Normalized distribution of the values of Nc obtained after
fitting of experimental data forDOPCvesicles. Solid line is a fit to a geometric

distribution of the form given in Eq. 14, yielding the value q ¼ 0.33.

FIGURE 2 Examples of experimental data and corre-

sponding fits for DOPC liposomes. (Top left) Liposome

A; fit results are Nc ¼ 6, l ¼ 0.13, and Wc
fit ¼ 0.35.

(Top right) Liposome B; fit results are Nc ¼ 9, l ¼ 0.19,
and Wc

fit ¼ 0.69. (Bottom left) Liposome C; fit results are

Nc ¼ 1, l ¼ 0.15, and Wc
fit ¼ 0.51. (Bottom right) Lipo-

some D; fit results are Nc ¼ 16, l ¼ 0.30, and Wc
fit ¼

0.68. Pulse magnitudes are 290, 360, 235, and 300 V/cm,
respectively. Pulse duration is 5 ms. Arrows, if present,

indicate data just before which we had to recenter the image

on the liposome of interest. There is thus a time interval of
z10 s before the indicated point, instead of 2 s as in all

other cases.
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involving EggPC were performed via phase contrast micros-
copy, without any probe.

For all four vesicle compositions, we find an average
z-potential of ~$20 mV, a value in agreement with that
found in Carvalho et al. (49) for DOPC GUVs, and whose
sign is consistent with our observations. This corresponds
to a negligible negative surface charge for the GUVs, <1
elementary charge per thousand of lipids. This residual elec-
tric charge possibly due to lipid impurities manifests itself
only via the anode-directed motion of the vesicles, because
of the large magnitude of the applied electric field.

About the initial pH asymmetry

Internal and external media of our GUVs were not at the
same pH conditions (6.6 and 7.4, respectively). It was thus

questionable whether this pH asymmetry had any significant
influence in our experiments. The answer is no, based on the
three following arguments. First, it is true that local pH gradi-
ents can induce the formation of tubular structures (50).
However, such gradients have a magnitude of ~4 pH units,
much higher than our 0.8 pH units. Second, as can be seen
on our phase contrast images (data not shown), GUVs
become permeabilized during pulsation, and experience
a mixing of their internal and external media. Thus, the initial
pH asymmetry should disappear after a few permeabilizing
pulses. Third, the observation that the vesicles are stable
and do not exhibit any shape changes until the electric field
is applied corroborates the fact that the initial pH asymmetry
of our GUVs has no significant effect.

Mechanisms of lipid loss

One of the most fascinating aspects of the experiments is the
wide variety of mechanisms of lipid loss that can be observed.
Three different mechanisms of lipid loss are observed when
the lipids are fluorescentlymarked, as is the case on our exper-
iments on DOPC liposomes (these observed mechanisms do
not show any appreciable dependence on the probe em-
ployed). (We emphasize here that the term ‘‘lipid loss’’
implies loss of lipid from the bulk spherical part of the vesicle;
the lipid ejected appears, in most cases, to remain attached to
or close to the parent vesicle.)

The three basic mechanisms are shown in Figs. 5 and 6.
Images were taken with the confocal microscope.

The first and most frequent mechanism is the formation of
small vesicles at both the anode-and cathode-facing poles.
Those vesicles are mainly thrown out of the GUVs, but
some of them were also driven inside the GUVs. Liposomes
A and C of Fig. 5 lost their lipids in such a manner (Movie S1
in the Supporting Material shows that mechanism for another
GUV). Interestingly, a similar phenomenon has been re-
ported when high-frequency alternating electric fields are
applied to sea urchin eggs (51)—firstly, the cell is deformed
and elongated by the field; and secondly, this cell splits into
two smaller cells and a number of much smaller vesicles.

The second phenomenon we could observe (see photo-
graphs for liposome B in Fig. 5) was the creation of lipid
tubules on the exterior of the anode-facing hemisphere
(Movie S2 shows that mechanism for liposome B). DOPC
molecules expelled from the membrane rearranged in the
form of tubular structures, whose lengths grew with the
number of applied pulses. These structures initiated from
the pole facing the positive electrode and remained attached
to the vesicle. However, they then appeared to diffuse away
from the pole toward the equator (while remaining attached
to the membrane) and appeared to cover most of the anode-
facing hemisphere, as shown in Fig. 5. We also saw on the
cathode-facing side of Fig. 6 that tubules can grow on the inte-
rior surface of the liposome. These structures also diffuse
toward the equatorial regions, the number and size of tubules,

FIGURE 3 Distribution of the values of lfit obtained after data fitting for

DOPC liposomes.

FIGURE 4 Distribution of the values ofWc
fit obtained after data fitting for

DOPC liposomes.
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however, being smaller. This mechanism of tubule formation
appears to be stronger on the anode-facing hemisphere.

Finally, we also noticed the presence of pores on the
cathode-facing hemisphere (as did (42)). This was a quite
rare observation, but it is normal because our acquisition
times were of a few hundreds of milliseconds, the same order
of magnitude as the lifetimes of such pores (42). Liposome
D, which has entered the SR after 16 pulses, is found to
have pores after 16 and 18 pulses, as shown by images D2
and D4 of Fig. 6. On the next images, we can see the begin-
ning of the formation of the tubular structures described
previously. We thus conclude that those two mechanisms
could occur together for a same vesicle. The fact that we
detected only a few GUVs exhibiting pore formation is
certainly due to the too-low acquisition speed of our experi-
mental setup. Recently, it has been shown that pore forma-
tion can be induced in vesicles by solubilizing the membrane
(52), and that this process of pore formation is also associ-
ated with membrane loss and thus, vesicle shrinkage. An
animation of the shrinkage of liposome D associated with
pores and tubules formation is available in Movie S3.

The eventual long-termevolution of the structures described
above (after pulsation has been stopped) varied from one
experiment to another. The small vesicles, in most cases,

diffused away from the liposome and the vesicle radius stayed
constant. However, the behavior of the tubular structures ex-
hibited wide variation. Some of the tubules broke away from
the GUV and diffused away, sometimes forming vesicles
and sometimes not. Other tubules remained attached to the
vesicles, exhibiting polymerlike fluctuations. In some cases,
they were reabsorbed into the GUV membrane after a time
of approximately minutes. In fact, the eventual fate of tubules
was strongly dependent on their environment, notably on
whether other vesicles came in contact with them or not. In
the cases where tubules were reabsorbed, the volume of the
vesicle they were attached to increased, and the final state of
the vesicle was often nonspherical, and appeared to be under
little tension (in agreementwith the idea that the attached lipids
act as reservoir of lipid for the main vesicle).

DISCUSSION

Giant liposomes subjected to pulsed DC electric fields
diminish in size and lose lipids via several observable mech-
anisms—vesicle ejection, tubule formation, and pore forma-
tion. This is quite different to what is observed in living cells,
which tend to swell under electroporation (53–56). The
experiments, along with the associated model, provide us

FIGURE 5 Images of liposomesA,B,

and C, composed of DOPC and labeled
with Rhodamine PE, at times indicated

by the diamonds in Fig. 2, corresponding

to 0, 12, and 24 applied pulses. Lipo-
somes A and C lose lipids by formation

of vesicles, and liposomeBby formation

of tubules. Scalebars (20-mm length) and

positions of the electrodes appear in the
first photograph of each vesicle. Pulse

magnitudes are 290, 360, and 235 V/cm,

respectively. Pulse duration is 5 ms.

Times in upper-right corners indicate
when images were acquired, the time

origin being the onset of the first pulse.

No time indicationmeans that the picture

was taken before the first pulse.
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with the following picture of lipid loss due to applied pulses.
The lipid loss proceeds by a two-stage process. First, if the
applied field is high enough, a membrane passes from an
inactive state where it has no induced defects to one where
defects are present. We have seen that this process is of an
exponential character reminiscent of radioactive decay.
Secondly, for DOPC composed vesicles, once defects are
present the membrane loss per pulse is ~l z 0.20 of the
area in which the transmembrane potential exceeds the crit-
ical value, denoted here by DJc. From our estimate Wc ¼
0.65 obtained by fitting the average of all curves, we find
that, on average, DJc ¼ Wc " DJ0 ¼ 0.65 " 1.3 V z
0.85 V. If we use the average value of hWc

fiti obtained by
fitting the individual curves, we obtain DJc z 0.75 V.

These values of DJc are to be compared with those
reported for certain cell membranes DJc z 1 V (3,47)
and tension free vesicles (1-stearoyl-2-oleoyl phosphatidyl-
choline and dioleoyl phosphatidyglycerol) (26), where
DJc z 1.1 V. Similar results apply for EggPC but in this
case, l z 0.29 and there is thus, with comparison to
DOPC, more lipid loss per unit area of where the critical
transmembrane potential is exceeded. The estimated value
of Wc obtained by fitting the average of all curves is 0.77,
which gives a critical transmembrane voltage of 1 V. The

estimate from the average values obtained over individual
fits yields a value of 0.69 for Wc, thus leading to a critical
transmembrane voltage DJc z 0.89 V.

Recently numerical simulations have provided much
insight into the membrane organization occurring during
the membrane permeabilization process (35–41). The picture
emerging is one where the strong electric field present in the
membrane causes water molecules (via their dipole interac-
tion with the applied field) to penetrate into the membrane.
There is an initial formation of so-called hydrophobic pores
because the water molecules are in proximity to the hydro-
phobic core of the membrane. Subsequently, the lipid head
dipoles reorient to form hydrophilic pores where the lipid
heads line the inside of the pore. The mechanism behind
this reorientation involves hydrophobic effects and electro-
static effects. For example, dipole moments that are oriented
normal to the membrane surface (which is roughly the case
for DOPC) are favorably aligned on one side of the
membrane but not on the other. This means that, on the
side where they are well oriented, the field keeps them
straight toward the normal. However, on the side where
they are maloriented, they can lower their energy by turning
in toward the core of the membrane. This tendency to turn
inside the membrane lowers their electrostatic energy and

FIGURE 6 Images of liposome D,
composed of DOPC and labeled with

Rhodamine PE, at times indicated by

the diamonds in Fig. 2. Image D1 is
acquired after 15 pulses, D2 after 16

pulses, D3 after 17 pulses, etc. We can

see pores on pictures D2 and D4 on the

cathode-facing hemisphere. Scalebar
(20 mm length) and position of the elec-

trodes appear in the first photograph.

Pulse magnitude and duration are

300V/cmand 5ms. Times in upper-right
corners indicate when images were

acquired, the time origin being the onset

of the first pulse.
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aids the formation of hydrophilic pores. The same effect is
clearly present before water penetration into the bilayer
core, and helps to form defects that favor penetration by
water molecules. This explains why formation appears to
be initiated from a particular membrane side in electrically
neutral membranes. However, in numerical simulations,
lipid loss from the membrane is not generally observed
during pore formation and pore resealing. This could be
because the timescales over which the simulations are carried
out are too short. Indeed, it is difficult to see, if we accept the
above image of the pore formation mechanism, how lipid
loss to the extent observed in our experiments can be ex-
plained by such processes. The main differences between
the experiments here and numerical simulations is that the
system here is much larger and that the pores formed are
an order-of-magnitude larger than those seen in simulations
(which can be interpreted as prepores). We have seen that
vesicle formation seems to make a major contribution to
the observed lipid loss, and there is presumably a minimal
size that a vesicle can have (for thermodynamic and mechan-
ical reasons); thus, if the simulated system contains less
lipids than required to build a vesicle of minimal size, then
lipid loss by vesiculization cannot be observed. Another
possible mechanism for lipid loss is that lipid headgroup
dipoles, which are maloriented, instead of turning into the
membrane to be better oriented, are simply expelled from
the membrane. This expulsion will increase the free energy
of the lipid due to hydrophobic interactions but lower the
electrostatic energy. The hydrophobic component of the
free energy increase could be lowered by the formation of
small vesicles into which these expelled lipids could be
incorporated. We recall that, in smaller vesicles, the electro-
static energy of maloriented lipid headgroup dipoles is much
smaller due to the scaling with R, the vesicle radius, of the
potential drop across the membrane. The idea that single
lipids can be extracted due to the field turns out to be unre-
alistic. The dipole moment p of the PC headgroup is ~20
Debye (see (57) and references therein), which means that
the maximal electrostatic energy of a maloriented dipole
is ~ED z p(DJ/a), where DJ is the potential drop across
the membrane. However, the hydrophobic energy of a lipid
tail placed in water is given by Ehydro z 2prlm, where l is
the total length of the hydrocarbon chain and r is its effective
radius (viewed as a cylinder). Clearly, the tail length is
approximately related to the membrane thickness by l z
a/2. The term m is a hydrophobic free energy per unit of
area and takes a value of ~40 mJ/m2 (58). The effective
cylindrical radius of the lipid hydrocarbon tail is estimated
at 0.8 nm (there is, of course, really two tails each of radius
~0.4 nm (58)). Equating these two energies yields a critical
transmembrane potential beyond which lipids can be torn
out directly by the field as

DJ(z
pa2rm

p
z24 V: (15)

This value of DJ* is to be compared with the value given
typically for the critical potential drop across the membrane
necessary to achieve permeabilization which, as previously
mentioned, is ~200 mV for a wide range of membrane types.
In addition, the electric field seen by the lipid heads is only
the amplified one if we assume that the head region is of
low conductivity, having a value close to that cited for the
total membrane conductivity. We thus conclude that, for per-
meabilization seen in the range of voltages of our experi-
ments, a simple mechanism of tearing out lipids is unlikely
to occur (although this mechanism could conceivably play
a role when high intensity short pulses are applied). The
conclusion of the above estimation is that lipids must be
ejected together in structures that minimize their hydro-
phobic energy such as micelles, tubules, and vesicles, as is
indeed seen in our experimental results.

There is a clear asymmetry in our observations of lipid loss,
in agreement with the observations of Tekle et al. (42); when
we observed pore formation, it was on the cathode-facing side
of the liposome. However, the anode-facing side was the one
where the formation of tubules was favored. The mechanism
of symmetry breaking could well be related to the anisotropic
dielectric structure of the membrane due to the behavior of its
lipid components.

Another interesting feature of our results is that the vesicle
does not always lose lipid material from the first pulse
onwards. This implies that the vesicle needs to be in a partic-
ular state (induced by the field with some probability) to
enter into the shrinking regime (SR). The difference between
the SR and preshrinking regime is unclear, but one could
speculate that, in the SR, the membrane has defects that facil-
itate the loss of lipids. The number and nature of defects
created at the inception of the SR is presumably stochastic
in nature and could be responsible for the variations in the
parameter l seen in our experiments. The continued applica-
tion of pulses then leads to a number of visible modes of
membrane loss, vesicle formation, tubule formation, and
pore formation. In the context of applied DC pulses, only
pore formation had been previously reported (42). Vesicle
formation due to alternating fields has been reported (51),
but the underlying physics appears quite different, as, in
the presence of AC fields, the formation of small vesicles
occurs via the fission of the initial cell into two similar-sized
daughter cells. Perhaps the most striking phenomenon is that
of tubule formation, which leads to a hairlike structure of
tubules around the liposome. Thus repeated application of
short DC pulses leads to the shrinkage of artificial vesicles
and a rich phenomenology of lipid structure formation. As
a final comment, the phenomenon of lipid loss observed
here seems to support aspects of the phase transition model
of electropermeabilization (59). In this model, the electric
field can induce a transition from a state where the bilayer
is thermodynamically stable to one where smaller units, for
example micelles, are thermodynamically preferred. The
fact that the lipid loss process is not always immediately
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initiated when Nc s 1, supports the first-order nature of the
transition.
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Control by osmotic pressure of voltage-induced permeabilization and

gene transfer in mammalian cells. Biophys. J. 74:3015–3022.

57. Pasenkiewicz-Gierula, M., Y. Takaoka, H. Miyagawa, K. Kitamura, and

A. Kusumi. 1999. Charge pairing of headgroups in phosphatidylcholine

membranes: a molecular dynamics simulation study. Biophys. J. 76:

1228–1240.

58. Israelachvili, J. 2000. Intermolecular and Surface Forces, 2nd Ed.

Academic Press, San Diego, CA.
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Abstract 

 

Physical methods represent a promising approach for the safe delivery of 

therapeutic plasmid DNA in genetic and acquired human diseases. However, 

their development in clinics is limited by their low efficacy. At the cellular level, 

efficient gene transfer is dependent on several factors including extracellular 

matrix, plasmid DNA uptake and the nucleocytoplasmic transport. This paper 

reviews the main barriers that plasmid DNA encounters from the extracellular 

environment towards the interior of cell and the different strategies developed to 

overcome these biological barriers. Diffusional and metabolic fences of the 

extracellular matrix and the cytoplasm affect plasmid DNA uptake. These 

barriers reduce the number of intact plasmids that reach the nucleus. Nuclear 

uptake of plasmid DNA further requires either an increase of nuclear 

permeability, or an active nuclear transport via the nuclear pore. A better 

understanding of the cellular and molecular basis of the physical gene transfer 

process may provide strategies to overcome those obstacles that highly limit the 

efficiency and the use of the gene delivery methods.  

 

Keywords: Gene therapy, physical methods, extracellular matrix, plasma 

membrane, cytoplasm, nucleus. 
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Introduction 

The clinical development of gene therapy requires the use of safe and 

efficient methods that deliver a therapeutic gene to target cells where gene 

expression can be achieved. A gene delivery method has to overcome several 

obstacles: (1) it should first protect the transgene against the degradation by the 

nucleases present in the intracellular matrix and ought to increase the 

transgene diffusion through the extracellular matrix (McMahon et al 2001; 

Bureau et al 2004; Mesojednilk et al 2007). (2) Then, it should bring the 

transgene across the plasma membrane of target cells (Stephens and 

Pepperkok 2001). (3) Next, it has to facilitate the intracellular migration of 

transgene until the nucleus and limit the transgene degradation by intracellular 

nucleases (Lukacs et al 2000). (4) Finally, delivery methods should bring the 

transgene across the nuclear envelope (Vaughan et al 2006) (Figure 1).  

In general, recombinant viral vectors have been used preferentially in 

clinical trials due to their high gene delivery efficiency and their ability to induce 

high-level and long-lasting gene expression in various tissues (Gardlik et al 

2005; Waehler et al 2007). The efficiency of these vectors lies in the infectious 

properties of virus that are controlled by viral proteins. Nevertheless, these 

same proteins could induce specific immune responses that would limit the 

ability to re-administer the viral vector and inhibit the efficiency of gene transfer 

(Lehrmann 1999; Marshall 1999). Moreover, retrovirus or lentivirus derived 

vectors could evoke insertional mutations during their integration into the host 

genome (Hacein-Bey-Abina et al 2003a, 2003b). In addition, previous works 

showed that recombination events could lead to the formation of replication 

competent viruses (Broeke and Burny 2003).  

In contrast, plasmid DNA molecules are just covalent closed circles of 

double-stranded DNA with no associated proteins. Plasmid DNA molecules are 

simpler, easier to mass-produce and potentially safer than viral vectors (Wells 

et al., 2004). Low immunogenicity and lack of integration of plasmid DNA make 

it a highly attractive molecule for gene therapy provided that an efficient, safe 

and targeted delivery can be achieved (Wells et al., 2004).  
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In this review, we will describe the different barriers encounter by plasmid 

DNA during gene transfer and we propose various strategies to overcome these 

physico-chemical barriers. Then, we will discuss the mechanisms, the 

advantages and limitations of physical gene delivery approaches that are shown 

to be active for ex vivo and in vivo gene delivery.  

 

1. Extracellular matrix 

The space which surrounds the cells, called the extracellular space, 

contains a set of macromolecules, polysaccharides or glycosaminoglycanes, 

fibrous proteins, salts and water, known as the extracellular matrix (ECM) 

(Berrier and Yamada, 2007). The glycosaminoglycanes are negatively charged 

and are the hyaluronic acid, the chondroitin sulfate, the dermatan sulfate, the 

heparan, heparin and keratin. The main proteins of structure are collagen and 

the elastin as well as the proteins of adhesion, fibronectin and laminin (Berrier 

and Yamada, 2007 ; Kass et al., 2007). According to its composition, the 

extracellular matrix can take various aspects, liquid like interstitial liquid or the 

synovial liquid rich in polysaccharide, gelatinous as the tendons rich in fibrous 

proteins, solid like the bone rich in calcium phosphate (Berrier and Yamada, 

2007). The basal membrane which separates epithelial tissue from conjonctive 

tissue constitutes a kind of ECM. The components of the ECM are synthesized 

and secreted by cells such as fibroblasts and chondroblastes and broken up by 

enzymes called matrix metalloproteinases (Stamenkovic, 2003 ; Berrier and 

Yamada, 2007). 

To reach the plasma membrane of target cells, the plasmid DNA must 

diffuse through the ECM without being degraded by the extracellular nucleases 

(Bureau et al 2004). Compared to the small molecules, diffusion, distribution, 

degradation and uptake of plasmid DNA into cells have been investigated to a 

much smaller extent. Previous works showing that the delivery of 

macromolecules such as plasmid DNA to cells in target tissues such as skeletal 

muscles (Bureau et al., 2004), tumours (Netti et al., 2000 ; Pluen et al., 2001 ; 

Alexandrakis et al., 2004), skin (Vandermulen et al., 2007), and respiratory 

tissues (Walther et al., 2005), is affected by the amount of nucleases, which 
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degrade plasmid DNA, and by the amount of ECM components, such as 

collagen (Netti et al., 2000 ; Pluen et al., 2001) and hyaluronic acid 

(Alexandrakis et al., 2004). Consequently, in order to increase the efficiency of 

gene transfer, some strategies have been developed to increase the diffusion of 

plasmid DNA and to limit its degradation into the target tissues. The main 

strategy to increase the diffusion and distribution of plasmid DNA into the tissue 

consisted in controlled and partial degradation of ECM by using enzymes such 

as hyaluronidase and collagenase. This approach is efficient into skeletal 

muscle (Favre et al., 2000 ; MacMahon et al 2001 ; Mennuni et al., 2002 ; 

Molnar et al., 2004 ; Schertzer et al., 2006 ; Evans et al., 2008), liver (Dubensky 

et al 1984) and tumours (Kuriyama et al., 2001 ; Mesojednik et al 2007) but 

inefficient in skin (Vandermeulen et al., 2007). Indeed, some works showed that 

the pretreatment with hyaluronidase induced a 10- to 25-fold increase of gene 

expression in mice and rabbit skeletal muscle after i.m. injection and 

electroporation compared to without pretreatment (MacMahon et al 2001 ; 

Mennuni et al., 2002 ; Molnar et al., 2004 ; Schertzer et al., 2006). Dubensky 

and collaborators proposed to combine hyaluronidase with collagenase into 

liver and spleen by injecting calcium phosphate-precipitated plasmid DNA. Their 

results showed that these organs were more homogeneously transfected than  

without enzymatic treatment (Dubensky et al 1984).  

To limit the degradation of plasmid DNA, the main approach was to 

protect the plasmid DNA by using chemical formulation or to inhibit the 

exogenous DNAses. Nicol and collaborators showed that plasmid DNA 

formulated with poly-L-glutamate induced a 4- to 12-fold increase of gene 

expression in skeletal muscle after i.m. injection and electroporation in 

comparison to saline injection alone (Nicol et al., 2002). Others works showed 

that the plasmid DNA formulated with poloxamers such as SP1017 increased 

gene expression by about 10-fold and maintained higher gene expression into 

skeletal muscle after i.m. injection compared with naked DNA (Riera et al., 

2004). These data suggested that chemical formulation might enhance plasmid 

DNA uptake by protecting the plasmid DNA to degradation by nucleases 

(Lemieux et al., 2000). The second approach consisted in the use of nuclease 
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inhibitors such as aurintricarboxylic acid (ATA) (Walther et al., 2005). Previous 

works showed that the in vitro and in vivo co-administration of ATA with the 

naked plasmid DNA was able to improve transfer efficiencies in respiratory 

tissues and skin of mice, pigs and macaques (Glasspool-Malone et al., 1999, 

2000, 2002). For example, Walther and collaborators demonstrated that jet-

injection of plasmid containing ATA led to a 3-fold increase in gene expression 

into human colon tumours compared to jet-injection without ATA (Walther et al., 

2005). 

 

2. Plasma membrane 

The cell membrane is a physical barrier that separates the intracellular 

components from the extracellular environment. It contains two main classes of 

molecules, proteins and lipids. Cell membrane hinders the free diffusion of 

plasmid DNA between cell cytoplasm and external medium (Stephens and 

Pepperkok, 2001). 

Direct injection of naked plasmid DNA into a tissue is a simple and safe 

method available to achieve gene delivery and expression. Previous works 

suggested that the mechanism involved in the gene transfer could be based on 

the interaction between plasmid DNA and specific or non-specific receptors on 

the plasma membrane and their internalization into the target cells (Budker et al 

2000). 

The proof of concept has been reported by Wolff and collaborators that 

obtained gene expression into mouse muscle for sixty days (Wolff et al 1990). 

Local injection of plasmid DNA has also been shown to facilitate gene delivery 

into tumour xenografts (Kawase et al 2003), liver (Andre et al 2006), brain 

(Schwartz et al 1996), skin (Choate et al 1996), heart (Ardehali et al 1995), 

thyroid (Sikes et al 1994) and tendons (Jayankura et al 2003).  

The main limitations of this delivery method are low-levels of transgene 

expression, inter-individual heterogeneities and its limited distribution. These 

limitations could reflect the low diffusion and the degradation of plasmid DNA in 

the extracellular matrix and in the cytoplasm of cells. In order to improve the 

efficiency of plasmid DNA delivery, physical methods have been developed 

Page 6 of 38

Springer

Journal of Membrane Biology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

 7 

(Stephens and Pepperkok, 2001). The general principle of physical methods is 

based on the transient disruption of cell membrane in order to facilitate DNA 

uptake (Table 1).  

 

2.1. Electroporation 

The application of controlled electric field pulses induces the transient 

and localized cell membrane permeabilization (Neumann and Rosenheck, 

1972; Escoffre et al 2007), a process that can be used for the enhancement of 

gene uptake into cells of naked plasmid DNA (Neumann et al 1982; Golzio et al 

2005 ; Escoffre et al., 2009). The transfection efficiency depends on electric 

field parameters such as number (up to 10), duration (~ ms) and strength (~ 

V/cm) of electric pulses. These parameters are controlled and can be adjusted 

according to cells and tissues (Golzio et al 2005). Theoretical models have 

been proposed to explain the mechanism of this reversible membrane 

electropermeabilization and its potentiality to allow the access of non-permeant 

molecules inside the cells. Nevertheless, the molecular definition of the 

transient permeable structures is not yet known (Teissie et al 2005). Indeed, 

two hypotheses are defended: the first hypothesis suggests that plasmid DNA 

moves through large and hydrophilic pores without interaction between plasmid 

DNA and plasma membrane. The size of these pores was estimated at between 

1 and 10 nm. Plasmid DNA access directly into the cytosol (Krassowka et al 

2007 ; Smith KC et al 2004 ; Tieleman et al 2004 ; Neumann et al 1982). The 

second hypothesis proposes a plasmid DNA/plasma membrane interaction 

(Golzio et al 2002; Sukharev et al 1992; Tarek 2005). This interaction is the 

result of electrophoretic accumulation of plasmid DNA with permeabilized 

membrane.. Membrane translocation and intracellular migration occur after the 

electric field application (Golzio et al 2002).  

A wide range of tissues have been transfected by electroporation 

including skin (Titomirov et al 1991 ; Vandermeulen et al 2007), kidney (Isaka et 

al 2005), lung (Zhou et al 2007), liver (Heller et al 1996 ; Liu and Lang 2002), 

muscle (Aihara et al 1998 ; Mir et al 1999), joints (Bloquel et al 2007), heart 

(Dean 2005), spleen (Tupin et al 2003), brain (Saito and Nakatsuji 2001), eyes 
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(Bloquel et al 2006) and tumours (Rols et al 1998 ; Goto et al 2000). This 

approach consists in local or systemic injection of plasmid DNA solution 

following controlled application of electric field. Only the tissue placed between 

the electrodes is transfected (Escoffre et al., 2008). In most works, 

electroporation increases the gene expression by a 100- to 1000-fold compared 

to the simple injection of plasmid DNA. Moreover, electrotransfection decreases 

the inter-individual variability compared to direct injection of plasmid DNA (Mir et 

al 1999). In addition, electrotransfection can achieve long-lasting expression 

into tissues. Indeed, gene expression was detected from nine months to one 

year into skeletal muscle (Mir et al 1999). To improve the transfection efficiency 

by electrotransfection, factors such as the size and concentration of plasmid 

DNA, electrode shape, number, orientation and duration of the electric field 

pulses have been optimized (Mir et al 1999; Faurie et al 2003 ; Faurie et al 

2004 ). Previous works showed that the in vivo biodistribution of plasmid DNA 

was slowed down by the complex organization of tissues like skeletal muscle or 

tumours (Bureau et al 2004; Mesojednik et al 2007). Nevertheless, the 

treatment of tissues with hyaluronidase and/or collagenase prior to injection of 

plasmid DNA induced the partial degradation of extracellular matrix (MacMahon 

et al 2001). This treatment improved the plasmid DNA diffusion into the tissues 

and limited the nuclease degradation of plasmid DNA. For consequence, the 

gene transfection was enhanced (MacMahon et al 2001). In addition, the 

application of electric pulses with different polarities and orientations allowed to 

increase gene transfection by enhancing the plasmid DNA/membrane 

interaction around the cells (Faurie et al 2003; Faurie et al 2004). Pre-clinical 

studies showed the therapeutic potentiality of this gene transfer method in the 

treatment of monogenic diseases such as muscular atrophy (Lesbordes et al 

2002), -thalassemy (Payen et al 2001) and ischemic limbs (Nishikage et al 

2004). Moreover, recent works showed that the electrotransfection of vaccine 

DNA into muscle or skin, increased the immune response compared to direct 

injection of vaccine plasmid (Dupuis et al 2000 ; Widera et al 2000 ; Babiuk et al 

2002 ; Dayball et al 2003). Potent immune responses against bacterial (Zhang 

et al 2007) and viral infections (Hirao et al 2008) and cancer (Kalat et al 2002 ; 
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Buchan et al 2005 ; Curcio et al 2008) were obtained by electrotransfection of 

vaccine plasmid into muscle or skin tissues. Then, the expression of suicide 

gene, cytokines, antiangiogenic factors, antitumor suppressors such as, 

thymidine-kinase/ganciglovir (Shibata et al 2002), Il-12 (Heller et al 2006), and 

p53 (Grosel et al 2006) are under investigation for cancer gene therapy. 

 

2.2. Sonoporation 

The sonoporation is a physical method of genes delivery into cells and 

tissues by using ultrasound exposure in the presence of microbubbles 

(Newman and Bettinger 2007 ; Karshafian et al., 2009). Ultrasound frequencies 

used for gene delivery are near range of imaging ultrasound frequencies. 

Therefore, the microbubbles are the same than the ones used for ultrasound 

contrast imaging. The transfection efficiency depends on the acoustic pressure, 

the duty cycle and the time exposure of cells to ultrasounds (Duvshani-Eshet et 

al 2006). Ultrasound exposure is necessary but not sufficient to deliver genes 

into cells. In addition, the nature of microbubbles, their lifetime and their 

concentration are involved in the transfection efficiency (Li et al 2003). The 

mechanism of DNA uptake into cells is not very clear but some work suggests 

that the sonoporation induced the creation of pores in the plasma membrane. 

Imaging studies showed that the microbubbles interacted with the plasma 

membrane (van Wamel et al 2004). Under ultrasound exposure, the 

microbubbles induced mechanic constraints on the plasma membrane and 

increased the membrane permeability by the creation of pores (Tran et al 2006 ; 

Postema et al 2004). Mehier-Humbert and collaborators demonstrated that the 

size of these pores is inferior or equal to 75 nm for rat mammary carcinoma 

cells (Meiher-Humbert et al 2005a). The kinetics of plasmid internalization and 

gene expression showed that sonoporation allowed a rapid and direct transfer 

of naked DNA into the cell cytoplasm probably via ultrasound-induced pores in 

the membrane. The kinetics of protein expression was significantly faster for 

sonoporation than lipofection, the mechanism of which requires endocytosis 

(Mehier-Humbert et al 2005b).  
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 The sonoporation is simple and efficient method to transfer genes into 

skin (Yoon et al., 2009) skeletal muscle (Li et al 2005), cardiac muscle (Condo 

et al 2004), liver (Miao et al 2005) and tumour (Suzuki et al 2008). In addition, 

Hynynen and collaborators showed that intracranial sonoporation induced a 

transient permeabilization of blood-brain barrier of rabbit (Hynynen et al 2003). 

The sonoporation is a non-invasive method to deliver therapeutic genes in the 

treatment of neurodegenerative diseases and brain cancer.  This method has a 

promising future in the treatment of cardiac diseases. For example, Condo et al 

demonstrated that the sonoporation may enable myocardial hepatocyte growth 

factor gene transfer with a systemic administration of naked plasmid, which 

enhances angiogenesis, limits infarction size, and prevents left ventricular 

remodeling after myocardial infarction in rat model (Condo et al 2003). In 

addition, Hauff et al led the proof of concept to transfer therapeutic gene into 

tumours. The delivery of suppressor gene p16 into human pancreatic 

adenocarcinoma by sonoporation induced 2-fold decrease of growth tumour 

after three treatments (Hauff et al 2005).  

 

2.3. Hydrodynamic injection  

Hydrodynamic injection is based on a rapid injection of large volume of 

plasmid DNA solution via the tail vein (eg 5 µg plasmid DNA in 5 to 8s in 1.6 mL 

to 1.8 mL saline solution for a 20 g mouse). Transfection efficiency of the 

hydrodynamic injection is determined by the combined effect of a large volume 

and high injection speeds. This procedure induced gene transfer in highly 

perfused internal organs, especially the liver (Herweijer and Wolff, 2007).  

Previous work has attempted to explain the mechanisms involved in 

hydrodynamic gene transfer. Budker et al suggested that plasmid DNA crossed 

the plasma membrane of hepatocytes by receptor-mediated pathway (Budker et 

al 2000). Whereas, Zhang et al have demonstrated that hydrodynamic injection 

induced a transient irregularity of heart function and a rapid increase in vena 

cava pressure (Zhang et al 2004). Hydrodynamic injection enlarged liver 

fenestrae and enhanced the membrane permeability of the hepatocytes. At the 

cell level, their data suggested that hydrodynamic gene delivery is 
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accomplished by the generation of membrane pores in the hepatocytes. This 

mechanism could allow direct entry of plasmid DNA into cytoplasm without 

endocytosis (Zhang et al 2004 ; Andre et al 2007). 

Such simple and efficient method for gene delivery has been used to 

express therapeutic proteins such as fetal liver kinase-1 (Yazawa et al 2006) 

and IFN- (Takehara et al 2007) in mouse or rat models of liver diseases. 

Moreover, hydrodynamic injection is used to deliver genes into muscle tissues 

in the temporarily isolated limbs of primates and isolated limb perfusion (Zhang 

et al 2001). This procedure is performed via the arterial and venous routes. 

Transfection efficiency is higher than a simple intramuscular injection and only, 

muscles of perfused limb are transfected (Herweijer and Wolff 2007). Previous 

works demonstrated high efficiency delivery of a dystrophin plasmid to 

dystrophic murine model (Liang et al 2004).  

The translation of hydrodynamic injection for gene therapy in human 

clinic supposed to inject up to 8 L (ie 10% of body weight) of saline solution at a 

high rate. Human body would not tolerate this high volume. Nevertheless, to 

overcome this obstacle, balloon catheter-based (Eastman et al 2002) and 

occlusion-assisted infusion (Alino et al 2007) could be used for gene delivery by 

hydrodynamic injection in future clinical applications. 

 

2.4. Gene gun 

Gene gun is a nonviral method whose principle is based on the 

bombardment of small gold particles coated with plasmid DNA accelerated by 

using pressurized gas on tissues. Ballistic gene delivery allows direct 

penetration through the plasma membrane into the cytoplasm and even the 

nucleus, bypassing the endosomal pathway (Cheng et al 1993). 

Gene gun is a simple and efficient method to deliver genes into skin 

(Gaffal et al 2007), mucosa (Wang et al 2003), and interne organs after surgery 

such as liver (Chang et al 2008). Various work reported the use of gene gun to 

introduce plasmid DNA encoding antigens such as A42 (Ghochikyan et al 

2003) or cytokines such as IL-4 (Ghochikyan et al 2003), IL-12 (Dietrich et al 
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2006) for genetic vaccination and immunotherapy against infectious diseases 

and cancer.  

The main limitation of gene gun is the shallow penetration of plasmid 

DNA into the tissue (ie few millimetres). Nevertheless, Dileo and collaborators 

adjusted a new gene gun that allowed shooting microparticles under high 

pressure (Dileo et al 2003). Thus, subcutaneous tissues such as muscle and 

tumours could be transfected and long-lasting expression could be achieved. 

Another limitation is the little knowledge of the becoming and clearance of these 

gold particles in vivo. 

 

2.5. Laser beam gene transduction 

In 1986, Kurata et al demonstrated that the application of a laser beam 

on culture cells incubated with plasmid DNA solution increased the transfection 

efficiency. The mechanism involved in the plasmid DNA uptake could be 

membrane pores that allow direct transfer into the cytoplasm without 

endocytosis (Kurata et al 1986).  

Femtosecond laser beam transduction system is a safe and efficient 

method of intradermal (Zeira et al., 2007 ; Tsen et al., 2009), intratumoral (Tsen 

et al., 2009) and intramuscular (Zeira et al., 2003) nonviral gene delivery in 

mice. Indeed, Zeira et al reported that gene delivery into muscle could be 

enhanced by application of a femtosecond infrared laser (5s at 30 mW). The 

gene transfer was more efficient than a simple intramuscular injection and gene 

expression was detected for 100 days without tissue damages (Zeira et al 

2003). The same group showed the use of laser beam gene transfer in genetic 

vaccination against hepatitis B virus (HBV) surface antigen (HBsAg). High titers 

of HBsAg-specific antibodies were detected lasting 210 days and the activation 

of Th1 and Th2 immune responses were induced (Zeira et al 2007).  

The main limitation of this method is the focus depth of laser beam. 

Indeed, the laser was focused to 2 mm under the mouse skin (Zeira et al 2003). 

The translation of this method in human clinic requires a high power of 

penetration of laser beam. The use of laser beam in gene therapy seems to be 

limited to the muscle and skin tissues.  
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2.6. Magnetofection 

The magnetofection rests on the delivery of paramagnetic nanoparticles 

coated with plasmid DNA into cells or tissues under the effect of strong 

magnetic fields. There was negligible transfection with paramagnetic 

nanoparticles in the absence of magnetic fields (Scherer et al 2002 ; Kamau et 

al 2006). Previous evidence suggested that paramagnetic nanoparticles entered 

via endocytosis pathway. Nevertheless, Chorny et al demonstrated that the use 

of large sized of paramagnetic nanoparticles (ie 375 nm of diameter) exhibited 

higher transfection rates than small sized of nanoparticles (ie 185 and 240 mm 

of diameter). This result can be explained by the fact that the internalization 

large sized of paramagnetic nanoparticles escaped lysosomal pathway and 

released DNA next to the nucleus (Chorny et al 2007).  

Application of magnetic fields following local injection of plasmid DNA 

enhanced in vivo reporter gene transfer to the gastrointestinal tract and 

vasculature of the ear (Scherer et al 2002). In therapeutic strategy for the 

treatment of cystic fibrosis, Xenariou et al showed that the magnetofection can 

enhance the reporter gene transfer into the airway epithelium in vivo (Xenariou 

et al 2006). Recently, Huntinger et al., demonstrated that feGM-CSF applied by 

magnetofection is safe and feasible approach to treatment feline fibrosarcomas 

in veterinary oncology (Huttinger et al., 2008). Nevertheless, it would seem that 

the improvement of transfection efficiency induced by the magnetofection is not 

as high as the improvement induced by the other physical methods.  

 

2.7. Jet-injection 

In 1982, Furth et al., developed the jet-injection that allows gene transfer 

into different tissue types with deeper penetration of the applied naked DNA 

(Furth et al., 1982). The physical method is based on the use of jets with high 

velocity exerting force to penetrate skin and underlying tissues leading to the 

efficient transfection of the jet-injected areas (Furth et al., 1995). Indeed, low-

volume jet injection employed uses compressed air to inject solutions of 3 to 10 

L containing naked or formulated DNA at high speed (>300 m/s) into desired 

tissue. The energy of this high-speed liquid allows the jet to precisely penetrate 
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into tissue associated with a spread distribution of the liquid allowing a more 

effective penetration of the targeted area (Walther et al., 2001). The variation in 

pressure setting has an influence on the penetration depths and transfer 

efficiencies and therefore allows the adaptation of the jet-injection to the specific 

application (Walther et al., 2001). The mechanism involved in the plasmid DNA 

uptake is unknown but probably a membrane disruption took place (Walther et 

al., 2004).  

The jet-injection increased the transfection efficiency into muscle (Furth 

et al., 1995 ; Cartier et al., 2000), skin (Furth et al., 1995 ; Sawamura et al., 

1999 ; Heansler et al., 1999), and tumours (Walther et al., 2001, 2002, 2005, 

2006, 2008 ; Stein et al., 2008 ; Cartier et al., 2000). The transgene expression 

produced by the jet-injection covers broad areas associated with deep 

penetration of 5 to 10 mm within the jet-injected tissue (Walther et al., 2004). In 

vivo application of jet-injection is not associated with tissue damage or 

significant reactions at injection sites (Furth et al., 2005). This method can 

achieve transfer efficiencies that are comparable to gene gun and 

electroporation (Furth et al., 1992 ; Furth et al., 1995). The main applications 

are the cancer gene therapy and DNA vaccination. Indeed, Stein et al., led the 

proof of concept to complete in vivo reversal of multidrug resistance phenotype 

by jet-injection of anti-MDR1 short hairpin RNA-encoding plasmid DNA. Two jet-

injections of anti-MDR1 shRNA vectors into the tumors, combined with two 

intravenous administrations of doxorubicin were sufficient to induce a decrease 

of tumor growth (Stein et al., 2008). Recently, Walther et al., published the first 

results of phase I clinical trial, which evaluated safety, feasibility and efficiency 

of nonviral intratumoral jet-injection gene transfer in patients with skin 

metastases from melanoma and breast cancer. These results showed that 

intratumoral jet-injection of plasmid DNA led to efficient reporter gene 

expression in all patients. No side effects were experienced, supporting safety 

and applicability of this novel physical method (Walther et al., 2008).  

 

2.8. Plasma 
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Recently, Jaroszeski and Connolly developed plasma-mediated gene 

delivery. This approach rests on the ions deposit on the cells and tissues 

surface by using DC plasmas. The results showed that in vitro plasma-mediated 

delivery of tracer molecules occurred in a dose dependent manner with the 

optimum condition increasing delivery by up to 60% relative to control. Plasma 

exposure caused no adverse affects cell viability (Connolly et al., 2009). The 

same team investigated the use of a plasma-mediated gene delivery into 

murine skin in vivo. This delivery method included injecting the dermis with 

plasmid DNA and then exposing the outer skin surface to direct current helium 

plasma to increase DNA plasmid uptake into cells. This method did not require 

physical contact between the skin and an electrical source. No involuntary 

muscle contractions were observed during plasma treatment, and no skin 

damages were observed post-treatment. Gene expression was dependent upon 

plasma exposure time, polarity and DNA dose. Maximum expression levels 

were 20-fold higher than control samples that received DNA injections alone. 

Thus, Jaroszeski et al., demonstrated the feasibility of plasma based delivery 

and that it could potentially compete with other DNA delivery methods for the 

skin (Jaroszeski et al., 2009). Plasma-mediated gene delivery has future in 

human clinic for genetic vaccination. 

 

2.9. Combination of physical methods 

The prospects of nonviral delivery methods lie in the combination of 

various nonviral delivery methods to improve the transfection efficiency and the 

development of strategies to overcome physical obstacles such as extracellular 

matrix and nuclear uptake.  

Indeed, Yamashita et al. investigated the efficiency of a combination of 

electroporation and ultrasound (called electro-sonoporation) as a new potent 

nonviral gene transfer method into mouse skeletal muscle using naked plasmid 

DNA encoding luciferase gene as the marker of the local protein expression, 

and mouse interleukin-12 gene as the marker of systemic secretion of 

therapeutic protein. This work demonstrated that luciferase activity and serum 

mIL-12 in mice that had undergone electro-sonoporation were twofold higher 
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after gene transfer than were those in mice having undergone 

electrotransfection alone (Yamashita et al 2002). The electro-sonoporation of 

IL-12 plasmid DNA into skeletal muscle could be used to stimulate or induce 

anti-tumoral immune response. Moreover, Habib et al., proposed the same 

approach to transfer human thrombopoietin plasmid DNA into skeletal muscle to 

treat thrombocytopaenia, which are one clinical frequently encountered in 

patients with chronic liver failure or cancer following treatment with 

chemotherapy. This combination induced a 2.5- and 5-fold increase of 

thrompopoietin compared sonoporation or electroporation alone, respectively. 

This increase is correlated with platelets production (Habib et al., 2004). 

Then, Holzbach et al., investigated the potential of magnetofection of 

magnetic liposphere (called magnetobubbles) containing VEGF-165 encoding 

plasmid DNA, and sonoporation, on survival and perfusion of ischemic skin 

flaps. The magnetic field maintained the magnetobubbles at ischemic skin flaps 

level. Then, the ultrasounds induced the gene transfer. The results showed an 

increased flap survival of 50% and a significant increase of flap perfusion 

compared without ultrasound or without magnetic field. The safe combination 

magnetofection-sonoporation is equally efficient as adenoviral transduction 

(Holzbach et al., 2008). 

 

3. Cytoplasm and nuclear envelope 

3.1. Cytoplasm 

Enclosed within the plasma membane, the cytoplasm contains 

organelles, which are filled with liquid that is kept separate from the rest of the 

cytoplasm by others intracellular membranes. The part of the cytoplasm that is 

not held within organelles is called the cytosol. This cytosol is a complex 

mixture of cytoskeleton filaments (e.g. actin microfilaments and microtubules) 

dissolved molecules, and water that fills much of cell volume. The cytosol can 

be considered as a gel, with a fibers network dispersed through water 

(Lechardeur and Lukacs, 2006). The mesh-like structure of the cytoskeleton, 

the presence of organelles and the high protein concentration impose an 

intensive molecular crowding of the cytoplasm which limits the diffusion of large 
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sized macromolecules (Lechardeur and Lukacs, 2002). The translational 

mobility of macromolecule smaller than 500-750 kDa is only 3-4 fold slower than 

in water, but it is markedly impeded for larger molecules (Seksek et al., 1997). 

Mobility of plasmid DNA is negligible in the cytoplasm of microinjected 

myotubes (Dowty et al., 1995) and HeLa cells (Lukacs et al., 2000). Thus, the 

DNA becomes sensitive to degradation by the intracellular enzymes. Previous 

works revealed that 50% of plasmid DNA is eliminated in 12h from HeLa and 

COS cells and in 4h from myotubes (Lechardeur et al., 1999 ; Pollard et al., 

2001). In the cases of tissues, radiolabelled plasmid DNA indeed progressively 

leave muscles and is degraded as soon as 5 min after plasmid injection (Bureau 

et al., 2004).  

3.2. Nuclear Envelope 

Beside cytoplasm, the nuclear envelope represents the last physical 

barrier to the gene expression (Miller and Dean, 2009). While molecules smaller 

than 40 kDa can diffuse through the nuclear pore complexes, larger molecules 

must carry a specific targeting signal, the nuclear localization sequence to cross 

the nuclear enveloppe (Miller and Dean, 2009). The significant size of plasmid 

DNA (2-10 MDa) makes it unlikely that the nuclear entry occurs by passive 

diffusion (Lukacs et al., 2000). Dividing cells are more transfectable than 

quiescent ones, suggesting than plasmid DNA enter the nucleus after 

disassembly of nuclear envelope during mitosis (Miller and Dean, 2009). 

Indeed, cell synchronization affects gene delivery by physical methods 

reinforcing the statement that the disappearance of the nuclear enveloppe 

facilitates direct access of plasmid DNA to the expression machinery (Chida et 

al., 1998 ; Golzio et al., 2002). 

3.3. Strategies 

New challenges are to overcome the limiting steps represented to the 

cytoplasm crowding and the transfer through nuclear envelope. One possibility 

is that plasmid DNA become cargo on cytoskeletal motors much like viruses do, 

and move to the nucleus in a directed fashion (Vaughan et al., 2006). Indeed, 

the presence of DNA nuclear targeting sequence (DTS) in the plasmid DNA is 
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specifically recognized by cytosolic proteins carrying nuclear localization 

sequence. Thus, it increased the intracellular migration mediated by 

microtubules network and nuclear uptake by using active transport machineries 

of target cells (Vaughan et al 2006). Dean et al., demonstrated that the 

transfection efficiency is improved when plasmid DNA carried DTS are 

transferred in dividing and quiescent cells and tissues by microinjection 

(Vaughan et al., 2006) and electroporation (Vaughan et al., 2006 ; Zhou et al., 

2007). Moreover, the same team showed that given DNA nuclear targeting 

sequences can be used to restrict DNA nuclear import to specific cell types 

providing a new, novel means of cell targeting for gene therapy (Miller et al., 

2008). Indeed, they demonstrated that the Smooth Muscle Cells-specific DNA 

nuclear targeting sequence from the Smooth Muscle Gamma Actin promoter 

drives nuclear accumulation of plasmids and subsequent gene expression 

exclusively in the smooth muscle cell layer of the vessel wall in the intact 

vasculature of rats using electropulsation mediated delivery (Miller et al., 2008 ; 

Young et al., 2008). In the same idea, an approach consisted in complexing 

plasmid DNA with NLS-peptides by electrostatic interactions, in attaching these 

peptides in a random and covalent way to the plasmid DNA and in attaching 

NLS-peptides in specific site to the plasmid by using PNAs (Dean et al., 2005). 

Indeed, NLS-plasmid DNA complexes enhance transfection efficiency mediated 

by electroporation (Mir and Piedrahita, 2004 ; Collins et al., 2007), and 

sonoporation (Duvshani-Eshet et al., 2008). 

Alternatively, it has been shown that the nuclear uptake of 

macromolecules such as plasmid DNA can be enhanced significantly by 

addition of the amphiphilic molecule trans-cyclohexane-1,2-diol (TCHD) 

(Ribbeck and Gorlich, 2002 ; Lentacker et al., 2008). The mechanism by which 

TCHD causes nuclear localization of macromolecules can be explained based 

on the recent finding that the inner channel of the nuclear pore complexes is 

filled with a hydrogel. This hydrogel is build-up by cross-linked nucleoporins. 

The cross-links are formed between hydrophobic phenylalanine-glycine repeats 

present in the nucleoporins. TCHD causes a temporary, non-selective gating of 

the pore by inducing a disruption of the hydrophobic interactions between the 
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hydrophobic repeats of the nucleoporins. Such a disruption is expected to 

increase the mesh-size of the hydrogel present in the NPC and hence nuclear 

entry of macromolecules that are otherwise excluded from the nucleus. It is 

important to mention that the effect of TCHD is reversible and does not cause 

damage to the nuclear pores (Ribbeck and Gorlich, 2002). To improve gene 

transfer mediated by sonoporation, Lentacker et al., proposed to treat the target 

cells by the TCHD. Thus, they induced a 2 fold-increase of transfection 

efficiency (Vandenbroucke et al., 2007 ; Lentacker et al., 2008).  

Another alternative could come from nanosecond pulsed electric fields 

(NsPEFs). Recent works suggested the benefit of the nanosecond pulsed 

electric fields (NsPEFs), called supra-electroporation, in gene transfer 

(Gowrishankar et al 2006). This approach consists in applying intense and short 

electric pulses, ie 10-300 kV/cm lasting tens of ns in order to induce the 

permeabilization of intracellular organelles such as the nucleus (Tekle et al 

2005). The authors reorted that when nsPEFs (ie 10 ns, 150 kV/cm) were 

applied after classical electroporation pulses (ie 3.5 ms, 0.3 kV/cm) transfection 

efficiency was increased by 3-fold compared to classical electroporation, only 

(Beebe et al 2003). 

 

Conclusions 

Adverse effects associated with virus-mediated gene therapy trials have 

stimulated efforts to improve the efficiency of physical vectors. The way 

borrowed by the DNA plasmid during the gene transfer is not a right and direct 

way but a sown way of obstacles. The additive effect of extracellular and 

cellular obstacles, accounting for the poor gene transfer efficiency of physical 

delivery systems, has been largely determined. At the cellular level, the 

trafficking of plasmid DNA between the extracellular environment and the 

nucleus and gene expression are prevented by both physico-chemical and 

metabolic barriers. Thus, improvements in gene transfer protocols to overcome 

these obstacles, will allow to achieve safe and efficient therapeutic transgene 

expression for future clinical applications such as genetic vaccination and 

cancer gene therapy. 
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Biomédicale, Hôpital Xavier Arnozan,
Pessac, France

*Correspondence to:
Marie-Pierre Rols, Institut de
Pharmacologie et de Biologie
Structurale-CNRS UMR 5089, 205
route de Narbonne 31077,
Toulouse, France. E-mail:
marie-pierre.rols@ipbs.fr

Received: 22 June 2009
Revised: 21 August 2009
Accepted: 7 October 2009

Abstract

Background Electroporation is a physical method used to transfer molecules
into cells and tissues. Clinical applications have been developed for antitumor
drug delivery. Clinical trials of gene electrotransfer are under investigation.
However, knowledge about how DNA enters cells is not complete. By contrast
to small molecules that have direct access to the cytoplasm, DNA forms a
long lived complex with the plasma membrane and is transferred into the
cytoplasm with a considerable delay.

Methods To increase our understanding of the key step of DNA/membrane
complex formation, we investigated the dependence of DNA/membrane
interaction and gene expression on electric pulse polarity and repetition
frequency.

Results We observed that both are affected by reversing the polarity and
by increasing the repetition frequency of pulses. The results obtained in
the present study reveal the existence of two classes of DNA/membrane
interaction: (i) a metastable DNA/membrane complex from which DNA can
leave and return to external medium and (ii) a stable DNA/membrane
complex, where DNA cannot be removed, even by applying electric pulses of
reversed polarity. Only DNA belonging to the second class leads to effective
gene expression.

Conclusions The life-time of DNA/membrane complex formation is of the
order of 1 s and has to be taken into account to improve protocols of
electro-mediated gene delivery. Copyright  2009 John Wiley & Sons, Ltd.

Keywords electroporation; gene delivery; electric field; pulse repetition
frequency; electropermeabilization; membrane

Introduction

The cell plasma membrane acts as a selective barrier that regulates the
exchange of molecules between the cell and the external medium. There-
fore, the delivery of therapeutic molecules such as DNA into living cells
and tissues represents an outstanding challenge in molecular biology and
medicine. Delivery can be achieved using biological vectors such as viruses or
using chemical approaches. However, the use of these methods in the field
of gene therapy is limited because of their lack of efficiency and/or safety
[1]. A physical approach, electropermeabilization also named electroporation,

Copyright  2009 John Wiley & Sons, Ltd.



118 C. Faurie et al.

was introduced in the 1970s and was subsequently
developed in the 1980s for gene delivery [2]. This
method has been used with increasing popularity
[3–6]. Applications have been successfully developed
for antitumor drug delivery [7–9] and the transfer of
genes [4,10–14]. Electrochemotherapy is accepted in a
number of countries as a palliative treatment and clinical
trials of gene electrotransfer are under investigation
[15–18]. A phase I dose escalation trial of plasmid
interleukin electroporation was carried out in patients
with metastatic melanoma. Biopsies showed plasmid dose
proportional increases in interleukin-12 protein levels as
well as marked tumor necrosis and lymphocytic infiltrate,
indicating that this modality is safe, effective and titrable
[19].

Despite numerous studies, much remains unknown
about the basic mechanisms of how DNA enters cells [20].
Several theoretical models postulate that DNA crosses
the plasma membrane during electric pulse application
through ‘electropores’ [2,21–23]. However, such models
are not supported by experimental data [24,25]. They
necessitate the creation of pores that have never exper-
imentally been observed. Performed at the single cell
level, studies have yielded a phenomenological descrip-
tion of gene electrotransfer. Small and large molecules
enter the cell through well-defined permeabilized caps
of the plasma membrane. Small molecules enter the cell
across part of the membrane facing the two electrodes
via the concentration gradient difference between the
exterior and cell interior by a diffusion process [26–28].
By contrast, the introduction of DNA only occurs in the
part of the membrane facing the cathode and requires
a number of consecutive steps: electrophoretic migration
of DNA towards the cell, DNA insertion into the mem-
brane, translocation across the membrane, migration of
DNA towards the nucleus and, finally, transfer of DNA
across the nuclear envelope [29–32]. Therefore, DNA
does not enter into the cell during electric pulses but
it is ‘trapped into’ the plasma membrane. Its presence
inside the cytoplasm is only detected several minutes
after pulse application [33]. The electric field induces a
key reaction between the membrane under the electrical
stress and the DNA, which is electrophoretically accumu-
lated at the interface, leading to its insertion [29,34–36].
The present study aimed to characterize the interaction
of the DNA with the membrane. Indeed, the plasmid
DNA has two possibilities: either to penetrate into the
cell or to return into the bulk [29]. However, in our
previous model [33], the plasmid was assumed to move
only towards the cytoplasm, and we therefore changed
the electric field orientation to evaluate the role of the
electropermeabilized caps and the DNA electrophoretic
migration [37]. This was achieved by studying, at the
single cell membrane level, the role of the electromigra-
tion of plasmid DNA towards (or from) the membrane,
as well as the kinetics of DNA interaction with the mem-
brane during the process of its entrance into the cells.
We have designed experiments where the direction of

electric field could be alternated in a way that each con-
secutive pulse was delivered with reversed polarity. If the
interaction of the DNA with the cell membrane is tran-
sient, it must be affected by changing the pulse polarity at
various pulse repetition frequencies. Quantitative obser-
vations of DNA/membrane interactions were made as a
function of pulse polarity and repetition frequency. The
results obtained support the existence of two classes of
DNA interaction with the plasma membrane: one leading
to a metastable DNA/membrane complex from which the
DNA can escape and go back to external medium and
the other leading to a stable DNA/membrane complex,
where the plasmid cannot be removed, even by applying
electric pulses of reversed polarity. These results have to
be taken into account for protocols of electro-mediated
gene delivery.

Materials and methods

Cells

Chinese hamster ovary (CHO) cells were used. The WTT
clone was selected for its ability to grow in suspension
or plated on Petri dishes or on microscope glass cover
slip. They were grown in minimal essential medium as
previously described [37]. Their ability to grow on a
support after being maintained in suspension comprises
direct evidence of their viability.

Plasmid

A 4.7-kb plasmid (pEGFP-C1) carrying the green
fluorescent protein (GFP) gene controlled by the
cytomegalovirus promoter was obtained from Clonetech
(Palo Alto, CA, USA). It was purified from Escherichia coli
transfected cells using the Maxiprep DNA purification
system according to the manufacturer’s instructions
(Qiagen, Courtaboeuf, France). This plasmid was used
both for the direct visualization at the single cell level
of its electrotransfer into the cells (by labeling as shown
below) and for gene expression.

Electropulsation

Electropulsation was performed using a new system of
electroporator developed at the University of Ljubljana.
This electroporator delivers between one and 32 square-
wave electric pulses of 80–400 V amplitude, with a
duration of 10 µs to 1 ms, and a pulse repetition frequency
in the range 0.1–5000 Hz. A particularity of this elec-
troporator is an embedded electrode commutator. This
commutator applies one of three possible states to each of
the electrodes: positive, negative or high impedance state;
thus, the electric field direction between the electrodes
can be changed. Electrode state change is accomplished
within 12 ms. Therefore, for bipolar pulses lasting 1 ms,
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the maximum repetition frequency, corresponding to the
minimum time required for switching the electrodes, is
76.9 Hz. The electrodes were designed as cylindrical rods
made of stainless steel allowing delivery of electric field
in different directions and, at the same time, providing a
relatively homogeneous electric field distribution [38]. In
the present study, two opposite electrodes, 5 mm apart
(diameter 3.5 mm), were used for the delivery of either
unipolar or bipolar pulses. Six electric pulses lasting 1 ms
were applied at 0.8 kV/cm; these parameters allowed
high permeabilization and transfection efficiencies at the
same time as preserving cell viability.

Electropermeabilization

Cells in suspension were centrifuged for 5 min at 120
g and resuspended in 100 µl of pulsing buffer (10 mM

K2HPO4/KH2PO4 buffer, 1 mM MgCl2, 250 mM sucrose,
pH 7.4) at a 0.5 × 106 cells/ml cell density.

Penetration of propidium iodide (100 µM, in pulsing
buffer) was used to monitor permeabilization. Six unipo-
lar or bipolar rectangular pulses lasting 1 ms at various
repetition frequencies were applied at 400 V amplitude
(e.g. at a 800 V/cm voltage to distance ratio) at room
temperature. Accordingly, cells that had already been
pulsed were diluted in 1 ml of phosphate-buffered saline
(PBS) buffer and analysed 10 min after the application
of pulses by flow cytometry (Becton Dickinson FACScan;
Becton-Dickinson Biosciences, Franklin Lakes, NJ, USA)
to determine both the percentage of fluorescent cells (i.e.
the percentage of permeabilized cells) and the level of flu-
orescence associated with this permeabilization (i.e. the
efficiency of permeabilization). In all experiments, cells
treated exactly the same way apart from being exposed to
electric pulses were used as control cells. Cells were resus-
pended in 1 ml of buffer and analysed by flow cytometry,
gating with the scatters (forward scatter and side scat-
ter) to exclude debris. The excitation wavelength was
488 nm (argon laser) and the fluorescence of intracel-
lular propidium iodide was collected in FL-2 channel
(bandpass 585 ± 42 nm). A minimum of 5 × 103 events
were acquired in list mode and analysed with Cellquest
software (Becton Dickinson).

Cell viability

Viability was measured by quantifying the growth of
cells over more than one generation after application
of electric pulses (approximately 24 h) as previously
described [37]. Briefly, cells were pulsed as above in
absence of propidium iodide and kept for 10 min at room
temperature, with the delay allowing the membrane to
become impermeable again. They were then cultured
on Petri dish with 2 ml of culture medium. Viability
was measured by quantifying the number of cells over
24 h after electropulsation (more than one generation)
by crystal violet staining.

Electrotransfection

Cells in suspension were centrifuged for 5 min at 120 g
and resuspended in 100 µl of plasmid DNA containing
pulsing buffer at a 0.5 × 106 cells/ml density. For each
condition, 4 µg of pEGFP-C1 plasmid was used. As in the
electropermeabilization protocol, six unipolar or bipolar
rectangular pulses lasting 1 ms at various repetition
frequencies were applied at a 400 V amplitude (800 V/cm
voltage to electrode distance ratio) at room temperature.
Cells were incubated for 10 min at room temperature and
cultured in Petri dish with 2 ml of culture medium at
37 ◦C in a 5% CO2 incubator. Twenty-four hours later, the
cell monolayer was washed with PBS to remove all non-
adherent cells. Cells were harvested by trypsinization,
resuspended in 1 ml of PBS and analysed by flow
cytometry to evaluate both the percentage of fluorescent
cells (i.e. the percentage of GFP expressing cells) and
the mean level of fluorescence associated with GFP
expressing cells (i.e. the efficiency of gene expression).
The excitation wavelength was 488 nm (argon laser) and
the fluorescence of GFP was collected in FL-1 channel
(bandpass 520 ± 42 nm). A minimum of 5 × 103 events
were acquired in list mode and analysed with Cellquest
software (Becton Dickinson).

DNA staining

Plasmid pEGFP-C1 was stained stoichiometrically with
the DNA intercalating thiazole orange homodimer dye
TOTO-1. The pEGFP-C1 plasmid was stained with TOTO-
1 dye at a DNA concentration of 1 µg/µl for 60 min
on ice. The TOTO-1 concentration was 2.3 × 10−4 M,
yielding an average base pair to dye ratio of 5 [33].
TOTO-1 was obtained from Molecular Probes (Eugene,
OR, USA).

Microscopy

For on line microscopic observations, an electropulsation
chamber was designed using the electrodes in contact with
a microscope glass coverslip chamber (Lab-Tek I system;
Nunc I1, Dutsher SA, Brumath, France). The electrodes
were connected to the voltage generator. The chamber
was placed on the stage of an inverted digitized video
microscope (DMIRB; Leica, Wetzlar, Germany). Cells
were observed with a Leica ×100, 1.3 NA oil immersion
objective. The wavelengths were selected using the Leica
L4 filter block (450 nm ≤ λex ≤ 490 nm; dichromatic
mirror pass band: 515 nm ≤ λem ≤ 560 nm) for the
TOTO-1-labeled DNA. Images were recorded with the
CELLscan System from Scanalytics (Billerica, MA, USA)
equipped with a Photometrics cooled charge-coupled
device camera (Princeton Research Instruments, Inc.,
Princeton, NJ, USA) [33]. This digitizing set up allowed
a quantitative localized analysis of the fluorescence
emission along the cell membrane. Plot histograms

Copyright  2009 John Wiley & Sons, Ltd. J Gene Med 2010; 12: 117–125.
DOI: 10.1002/jgm



120 C. Faurie et al.

detected local increase above the background level outside
of the cells. Two characteristic parameters were used:
the peak intensity and the integral under the peak.
Both were directly related to the number of fluorescent
molecules locally present. The light haze contributed
by fluorescent-labeled structures located above and
below the plane of optimal focus was mathematically
reassigned to its proper places origin (Exhaustive Photon
Reassignment EPR software; Scanalytics) after accurate
characterization of the blurring function of the optical
system [33].

Statistical analysis

Errors bars represent the standard error of the mean. The
statistical significance of differences between the means
of unipolar and bipolar was evaluated by an unpaired
Student’s t-test. All statistics tests were two sided (NS, not
significant; ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.005).

Results

We analysed the effect of electric pulses polarity and
repetition frequency on membrane permeability, gene
transfer and expression by affecting the DNA plasma
membrane interaction. Cells were pulsed under electric
field conditions of strength, number and duration that
were known from previous studies to lead to efficient
gene expression [37,39]. The use of the new square-
wave pulse generator [38] made it possible to deliver
repeated pulses at various frequencies with normal
or reversed polarities (i.e. unipolar or bipolar pulses,
respectively).

In the present study, we compared the effect of a train
of six unipolar or bipolar rectangular electrical pulses
lasting 1 ms delivered with a delay between pulses varying
from 12 ms to 10 s (corresponding to a pulse repetition
frequency of 76.9 Hz to 0.1 Hz, respectively).

Effect of pulse repetition frequency
on membrane permeabilization

The results obtained regarding the uptake of propidium
iodide into cells submitted to unipolar or bipolar electric
pulses as a function of repetition frequency are shown
in Figure 1. The percentage of permeabilized cells was
not affected when frequency of pulse repetition was
increased, regardless of the polarity used (unipolar or
bipolar) (Figure 1A). Almost 80% of cells were propidium
iodide positive (i.e. permeabilized).

The associated fluorescence intensity, related to the
number of molecules incorporated into the electroperme-
abilized cells, was not dramatically affected. Indeed, it
only slightly decreased above 1 Hz under unipolar con-
ditions, whereas it did not significantly change under
bipolar conditions (Figure 1B).

Figure 1. Effect of unipolar and bipolar pulse frequency on
CHO cell permeabilization. (A) Percentage of permeabilized
cells. (B) Mean fluorescence intensity associated with pulsed
cells. Train of six pulses of 1 ms in duration at 400 V
were applied as a unipolar (white symbol) and bipolar
train (black symbol) to cells in pulsing buffer containing
propidium iodide. Permeabilization was quantified by flow
cytometry

Effect of pulse repetition frequency
on cell viability

Cell viability was decreased when increasing the pulse
repetition frequency, regardless of whether the pulses
in the train were unipolar or bipolar (Figure 2).
Under unipolar conditions, 60% of cells were viable at
0.1 Hz, although this percentage decreased to 25% of
survival at 10 Hz to reach a plateau. The same profile
was observed under bipolar conditions. No significant
difference was observed between unipolar and bipolar
conditions.

Effect of pulse repetition frequency
on DNA/membrane interaction

Videomicroscopy at the single cell level offers direct access
to the early events of DNA transfer across the elec-
tropermeabilized membrane. Images of DNA/membrane
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Figure 2. Effect of unipolar and bipolar pulse frequency
on CHO cell viability. Train of six pulses of 1 ms in
duration was applied at 400 V to cells. Cell survival was
assessed by cristal violet staining 24 h after electropulsation.
White symbols, unipolar conditions; black symbols, bipolar
conditions

interactions were obtained by fluorescence microscopy
with the TOTO-1 fluorescent-labeled plasmid DNA in the
minutes after pulse application. As previously described
[33], and as shown in Figure 3, DNA interacted as ‘aggre-
gates’ only with the electropermeabilized part of the
membrane facing the cathode under unipolar conditions.
In bipolar conditions, DNA interacted on both sides of
the cell surface facing the electrodes [37]. DNA does

not enter the cell during electric pulses but it is ‘trapped
into’ the membrane. Its presence inside the cytoplasm is
only detected minutes after pulses delivery. Therefore,
the interaction of plasmid DNA at the membrane level
can be quantified. Moreover, as shown in Figure 3, the
amount of DNA interacting with the membrane varied
according to the pulse repetition frequency. The quantita-
tive analysis of micrographs obtained under unipolar and
bipolar conditions was performed as reported in Figure 4.
Two distinct pieces of information were obtained: the
percentage of positive cells (corresponding to the cells
that DNA interacted with) and the fluorescence intensity
(corresponding to the mean amount of DNA interacting
with cells). Forty-seven percent of cells were positive
under 0.1 Hz unipolar conditions. When increasing the
frequency, this percentage increased by a factor of two
to reach 92% at 10 Hz and decreased to 80% for higher
frequencies. At the same time, a quantitative fluorescence
analysis was performed to determine the quantity of DNA
interacting with the permeabilized membrane. The mean
fluorescence increased with increase in frequency up to
a factor of four. However, under bipolar conditions, the
percentage of cells interacting with DNA decreased from
78% to 40% (a factor of two) when the pulse repetition
frequency was larger than 1 Hz. Under those bipolar con-
ditions, the fluorescence slightly increased from 0.1 Hz to
10 Hz and then decreased with further increases in pulse
repetition frequency.

Figure 3. Effect of pulse polarities on DNA/membrane interaction. CHO cells were incubated in the presence of TOTO-1-labeled
DNA (pEGFP-C1) in the pulsing buffer. Six pulses of 1 ms in duration at 400 V were applied to cells for unipolar and bipolar
pulses sequences at a 0.5 Hz pulse repetition frequency. The time exposure of the camera was set at 1 s. Images of cells where
DNA interacts with are given under phase contrast and fluorescence for different pulse frequencies (i.e. 0.1, 1, 10 and 77 Hz). N,
normal conditions; I, inverted conditions. White arrows show DNA/membrane complexes, black arrows show the corresponding
areas under phase contrast
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Figure 4. Effect of pulse polarities on DNA/membrane inter-
action. CHO cells were incubated in the presence of
TOTO-1-labeled DNA (pEGFP-C1) in the pulsing buffer. Six
pulses of 1 ms in duration at 400 V were applied to cells for
unipolar and bipolar pulses sequences at a 0.5 Hz pulse repe-
tition frequency. The time exposure of the camera was set at
1 s. Percentage of cells where DNA interacts with (A) as well
as the mean fluorescence level of labeled DNA associated with
their membrane (B) were quantified. White symbols, unipolar
conditions; black symbols, bipolar conditions

Effect of pulse repetition frequency
on gene expression

Gene expression was accessed by using a plasmid
carrying the GFP gene. The results of GFP expression,
measured 24 h after pulse application, in cells submitted
to electric pulses of the same or reversed polarity as a
function of repetition frequency are shown in Figure 5.
The percentage of transfected cells was 40% at 0.1 Hz
under unipolar conditions (Figure 5A). The increase of
pulse repetition frequency significantly decreased the
percentage of transfected cells to 10% at 77 Hz. The
same profile was observed under bipolar conditions,
with approximately 40% of transfected cells at 0.1 Hz
and a slight but significant decrease to 25% at 77 Hz
(Figure 5A).

The associated fluorescence intensity, related to the
level of GFP expression in the electrotransfected cells, has
a more complex behaviour (Figure 5B). With respect to
a pulse repetition frequency larger then 1 Hz, the GFP
expression was observed to increase up to two times

Figure 5. Effect of a train of unipolar and bipolar pulses with
a different repetition frequency on CHO cell gene expression.
(A) Percentage of electrotransfected cells. (B) Associated mean
fluorescence level of GFP expressing cells. Six pulses of 1 ms
in duration were applied at 400 V to cells in pulsing buffer
containing a plasmid coding for the GFP reporter gene. GFP
expression was detected 24 h after electric treatment by flow
cytometry. White symbols, unipolar conditions; black symbols,
bipolar conditions

under unipolar conditions (Figure 5B). Under bipolar
conditions, however, pulse repetition frequency values
of approximately 1 Hz appear to be optimal for the gene
expression. Outside this apparent optimum (i.e. pulse
repetition frequencies higher or lower than 1 Hz), GFP
expression was decreased (Figure 5B).

Discussion

To be of use clinically, gene delivery methods have to
be safe and efficient. For that, it is a necessity to be
able to control each step of the DNA delivery process.
Electroporation shows promise in that field because proofs
of concept of its in vivo use and, more recently, of its
first clinical trial have been published [12,19,40]. The
method is safe because DNA is specifically delivered to
the cells and organs in between the electrodes. However,
compared to viral methods, it is less efficient because
higher quantities of plasmid DNA are required. To better
understand the mechanism involved in electro-mediated
DNA transport across the cell membrane, and therefore
to improve efficiency of the method, we designed
experiments where the direction of the electric field was
reversed between each consecutive electric pulse that was
applied. The electric field was thus either delivered in a
single direction (unipolar conditions), or its direction was
reversed between consecutive pulses (bipolar conditions).
The pulses were delivered (and the polarity changed in
bipolar conditions) with different delays between pulses
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by varying pulse repetition frequencies, so that we were
able to experimentally determine the characteristic time of
DNA plasma membrane association and the consequences
in gene expression. Electric pulse parameters (i.e. pulse
intensity, number and duration) were chosen in a regime
where both membrane permeabilization (Figure 1) and
cell viability (Figure 2) were not significantly affected by
the pulse polarities. Indeed, under these experimental
conditions, 80% of cells were permeabilized irrespective
of the pulse repetition frequency. The cell viability
decreased with an increasing pulse repetition frequency,
in agreement with previous studies [41].

Under unipolar conditions, increasing the pulse repeti-
tion frequency (i.e. decreasing the delay between electric
pulses) directly enhances the amount of DNA interact-
ing with electropermeabilized membrane (Figure 4B).
This increase was directly correlated with an increase
in gene expression (Figure 5B), showing a direct relation-
ship between the two phenomena. However, as far as the
percentage of cells is concerned, the data appear to be
contradictory. It would be expected that an increase in
the number of cells with DNA interacting with the mem-
brane would have a higher number of transfected cells.
However, as shown Figure 4A, even if the number of cells
increased with pulse frequency up to 10 Hz, the number
of cells that expressed the reporter gene decreased with
pulse frequency (Figure 5A). These results are a direct
illustration of the complexity of gene delivery phenom-
ena. If DNA interaction with the membrane is a necessary
condition to obtain gene expression, it is not a sufficient
condition. One possible explanation to explain these data
is the loss in cell viability. Cell viability was indeed shown
to decrease by increasing the pulse repetition frequency
(Figure 2) as a direct effect of electric field application.
Moreover, under given pulses parameters, this can also be
the result of a high number of DNA molecules interacting
with the membrane and/or entering cells; the toxicity of
DNA in electroporated cells has been previously shown to
be concentration-dependent [42].

Under bipolar conditions, the effects of pulse repetition
frequency are biphasic: (i) for frequencies below 1 Hz, the
same effects as those observed under unipolar conditions
were observed, but (ii) for frequencies above 1 Hz, the

opposite effects were observed. Namely, under bipolar
conditions, increasing the pulse repetition frequency (and
decreasing the delay between pulses) and pulse inversion
resulted in a reduction of the quantity of DNA interacting
with the membrane (Figure 4B), which was also accompa-
nied by a decrease in gene expression (Figure 5B), but still
showing a direct correlation between the two phenom-
ena. Moreover, in that case, there was a fair agreement
between the percentage of cells with DNA interacting
with the membrane (Figure 4A) and expressing GFP
(Figure 5A) and the efficiencies (Figures 4B and 5B). All
these data can be interpreted by considering that, under
bipolar conditions, a short delay between pulses (i.e. high
pulse repetition frequency) prevents the formation of a
stable DNA/membrane complex by uncoupling DNA with
the membrane, leading to a decrease in gene expression.
The results obtained show that a delay of approximately
1 s, corresponding to the breaking point of the curve, is
necessary for DNA to form this stable complex with the
membrane. This delay indeed varies from 0.1 s to 1 s (i.e.
10 Hz and 1 Hz as shown in Figure 4B and Figures 4A,
5A and 5B, respectively).

From a mechanism point of view, the present stusy
provides new insight into the mechanisms of DNA electro-
transfer by addressing one of the key steps of the process,
namely DNA/membrane complex formation. It demon-
strates the existence of two classes of DNA/membrane
interactions: (i) a metastable DNA/membrane complex
from which the DNA can leave and return to external
medium as a result of electrophoretic stress (caused by the
reversal of the electric field direction within less than 1 s
after the previous pulse) and (ii) a stable DNA/membrane
complex, where the plasmid cannot be removed even
by applying electric pulses of reversed polarity. Only
DNA belonging to the second class may be effective for
gene expression. This suggest the formation of anchor-
ing points/structures within the cell surface, allowing
DNA not to be desorbed to form the stable complex
with the membrane. DNA takes an order of seconds to
become trapped in them. Electro-mediated gene transfer
and expression can therefore be described as a complex
process with different successive steps, with time scales
that can be considered to range from µs to days (Table 1).

Table 1. Kinetics of the different steps involved in DNA electro-mediated delivery into cells

Time scale Steps involved in DNA electro-mediated delivery Reference

Microsecond∗ Plasma membrane permeabilization Kinosita and Tsong (1979)
Neumann et al. [2]

Millisecond∗ Electrophoretic migration of DNA towards the membrane Wolf et al. [29]
DNA/membrane complex formation Hristova et al. [32]

Golzio et al. [33]
Second Conversion of the metastable form of the DNA/membrane complex to a

stable one
Present study

Minute DNA translocation/diffusion across the membrane Eynard et al. [35]
Hour DNA migration towards the nucleus Bertling et al. (J Biochem Biophys Methods,

1987)
Day Gene expression Rols and Teissié (Biophys J, 1998)

Kubiniec et al. [39]

∗Electric field applied.
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These data highlight the role of plasmid DNA migration
towards the membrane and the importance of designing
pulse parameters for electric field-mediated gene delivery
applications. It is possible that, when keeping all the
pulse parameters constant, pulse duration and number,
as well as pulse intensity, alter gene expression. Gene
expression will be improved by increasing the number
of interaction sites between plasmid DNA and the cell
membrane. This can be carried out either by applying
electric pulses of reversed polarity or by changing electric
field direction [38]. However, the delay between pulses
(i.e. pulse repetition frequency) will have to be carefully
chosen to insure DNA/membrane complex formation.
Optimization of the electric pulses parameters (direction,
frequency) has already demonstrated an improvement
of the electroporation method in the field of its
clinical applications. For example, in electrochemotherapy
experiments, reversing the pulse polarity and changing
the electric field orientation was associated with an
improvement of tumor eradication [43,44]. Because a
train of electric pulses with repetition frequency of
1 Hz is usually applied to the tumors, each pulse in
the train excites the underlying nerves and provokes
muscle contractions. Therefore, for patients involved in
electrochemotherapy, the use of pulses with a repetition
frequency higher than the frequency of tetanic contraction
would represent a reduced number of muscle contractions
and the associated unpleasant sensations [45]. Indeed,
this is what is presently carried out, as reported in a
recent clinical study [46] that supports the results of
the ESOPE study [47] where 5 kHz repetition frequency
of electric pulses were used. Electrochemotherapy also
gives excellent results in veterinary medicine [48]. A
very recent study performed on dogs confirms that
electroconvulsive threapy comprises an easy, effective
and safe local treatment for tumors. It represents an
alternative treatment to surgery, specifically for smaller
nodules in which a complete response with long duration
can be obtained after only one treatment session, or
when the nodule is unresectable because of the location
[49]. The possibilities for the clinical use of pulses with
a high repetition frequency in electro-mediated gene
transfer and expression are now considered. However,
as far as the DNA electrotransfer process is concerned,
the data obtained in the present study demonstrate
that the frequency of the pulses when applied under
inverted polarities should be carefully adjusted to lead
to efficient gene expression. Moreover, as shown in the
present study, the correlation between the percentage
of transfected cells and the efficiency of expression (i.e.
level of expression) can be highly affected by electric
field parameters, depending on the way that the electric
pulses (polarity, frequency) are applied and most likely
also on the amount of electrotransfered plasmid DNA. The
DNA concentration has to be adjusted to lead to a high
expression level without any severe cell damage. Once
again, the DNA concentration will have to be adjusted to
each cell type and tissue. For gene therapy applications,
one therefore has to optimize the electrotransfer method

to favor either the percentage of positive cells and/or the
amount of gene expression. Accordingly, a reporter gene
such as GFP is a convenient method that can be used
in vivo in combination with more global detection such as
Luciferase activity [50]. This will be particularly important
in tissues where new constraints are present, such as
the high cell density and the environment of cells in
specific organs. One can expect that, in the near future, by
improving our knowledge of all the steps involved in DNA
electrotransfer, which comprises a process that is more
complex than simply pushing DNA through electropores,
we will be able to define new protocols (based on a
refinement of electric pulses parameters) that will lead
not only to a safer method, but also one of the more
efficient gene therapy protocols.
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a b s t r a c t

Electropermeabilization is a physical method to deliver molecules into cells and tissues. Clinical appli-
cations have been successfully developed for antitumoral drug delivery and clinical trials for gene
electrotransfer are currently underway. However, little is known about the mechanisms involved in this
transfer. The main difficulties stem from the lack of single cell models which reliably replicate the com-
plex in vivo environment. In order to increase our understanding of the DNA electrotransfer process, we
exploited multicellular tumor spheroids as an ex vivo model of tumor. We used confocal microscopy to
visualize the repartition of permeabilized cells in spheroids subjected to electric pulses. Our results reveal
that even if cells can be efficiently permeabilized with electric fields, including those cells present inside
the spheroids, gene expression is by contrast limited to the external layers of cells. Taken together, these
results, in agreement with the ones obtained in tumors, indicate that the spheroid model is more relevant
to an in vivo situation than cells cultured as monolayers. They validate the spheroid model as a way to
study electro-mediated gene delivery processes.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The delivery of therapeutic molecules into cells and tissues
remains a major challenge in pharmacology. This is because the
plasma membrane of the cell acts as a selective barrier that hin-
ders the uptake of small as well as large hydrophilic molecules into
cells. Therefore, efficient and safe delivery methods are essential to
overcome this barrier. Delivery of DNA can be achieved by taking
advantages of natural vectors such as viruses. However efficient,
their use is limited due to their lack of safety (Hacein-Bey-Abina et
al., 2002). For the past 20 years a huge variety of non-viral methods,
including chemical and physical vectors, have been developed. In
recent years, significant efforts have been made to use the poten-
tial of nanotechnology in drug delivery (Hamidi et al., 2008; Brigger
et al., 2002). Amongst physical methods, electropermeabilization,
also named electroporation, which was introduced in the 1970s,
has been further developed in the 1980s for drug and gene deliv-
ery (Neumann et al., 1982; Kinosita and Tsong, 1979). The method,
based on the transient permeabilization of the plasma membrane
by applying electric field pulses, has been used with increasing pop-

∗ Corresponding author at: CNRS, IPBS (Institut de Pharmacologie et de Biologie
Structurale), 205 route de Narbonne, F-31077 Toulouse, France.
Tel.: +33 5 61 17 58 11; fax: +33 5 61 17 59 94.

E-mail address: marie-pierre.rols@ipbs.fr (M.-P. Rols).

ularity (Heller and Heller, 2006; Cemazar et al., 2006b; Gehl, 2003;
Giraud et al., 1996). Applications such as electrochemotherapy, have
been successfully developed for antitumoral drug delivery (Mir et
al., 1998; Belehradek et al., 1993; Rols et al., 2002) as well as others
for the transfer of genes (Titomirov et al., 1991; Heller et al., 1996;
Rols et al., 1998; Aihara and Miyazaki, 1998; Cemazar et al., 2006b;
Mir et al., 1999). At present, electrochemotherapy is accepted in a
number of countries as a palliative treatment (Gehl, 2008). Clinical
trials of gene electrotransfer are currently under investigation. A
phase I dose escalation trial of plasmid interleukin electroporation
has been carried out in patients with metastatic melanoma and has
shown encouraging results (Daud et al., 2008). However, one has
to notice that even if in vitro electrotransfer is usually efficient in
almost all cell lines, in vivo gene delivery and expression faces some
problems. For instance in tumors, efficiency remains low with only
a few percent of transfected cells (Rols et al., 1998). Those cells are
in addition only found at the periphery of the tumors (Mesojednik
et al., 2007).

The mechanisms behind the improved gene delivery in vivo
remain largely unknown. A better understanding of these mech-
anisms, and their efficiencies in overcoming obstacles for in vivo
delivery, is critical to the improvement and advancement of this
therapeutic strategy. While the mechanism of membrane perme-
abilization and pore formation is still a subject of continuous
debate, it is accepted that the driving force behind electroper-
meabilization is the applied field-induced transmembrane voltage

0378-5173/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.ijpharm.2009.03.035
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(Teissie et al., 2005). The transmembrane voltage depends on the
shape and orientation of the cells and the microenvironment sur-
rounding the cells (Valic et al., 2003; Kotnik and Miklavcic, 2000).
Moreover, electromediated drug delivery depends on the nature of
the drugs themselves. Small molecules enter the cell across part of
the membrane facing the two electrodes by a diffusion process (Rols
and Teissie, 1990; Puc et al., 2003; Sun et al., 2006). In contrast, the
introduction of DNA is much more complicated. The electric field
induces a key reaction between the electropermeabilized mem-
brane and the DNA which is electrophoretically accumulated at the
interface. DNA does not enter into the cell during electric pulses
but it is first “trapped into” the plasma membrane before entering
the cell a long time after pulses application (Golzio et al., 2002).
These dependences lead to spatially heterogeneous cellular uptake
of solutes into tumors during electroporation, making it difficult to
achieve a uniform cellular delivery of genes to tissues (Henshaw
and Yuan, 2008). Studies performed on cells in culture, even if
instructive, are of limited use when relating to cells within a tissue
environment since in the former, delivered molecules have direct
access to these cells. Indeed, in tissues, the diffusion of molecules
is impaired with large molecules such as DNA having no direct or
free access to the entire cell population. Thus, an abiding limitation
of studies performed in animals is the lack of reductionist experi-
mental approaches which at a single cell level reliably mirror the
ongoing processes at an organ level.

The aim of the present study was to increase our understanding
of the DNA electrotransfer process. Our adopted strategy used a 3D
in vitro spheroid model as a way to study the mechanisms of elec-
tropermeabilization. To this end, we exploited multicellular tumor
spheroids as an ex vivo model of tumor. Upon growth, spheroids
display a gradient of proliferating cells (Sutherland, 1988). These
proliferating cells are located in the outer cell-layers and the qui-
escent cells are located more centrally. When the central cells
become deprived in oxygen and glucose, cell death and necrosis
occur. This cell heterogeneity is similar to that found in avascu-
lar microregions of tumors. They can be used to evaluate tumor
response to therapeutic agent and are useful to identify new mark-
ers of the response to endocrine treatment and to investigate the
effects of drugs combination (Truchet et al., 2008). We used con-
focal microscopy to visualize the repartition of permeabilized cells
in spheroids submitted to electric pulses. Our results reveal that
despite small molecules, such as propidium iodide, being efficiently
transferred into cells, including cells present in the center of the
spheroids, transfer and expression was limited to the external layers
of cells in agreement with the ones obtained in tumors.

2. Materials and methods

2.1. Cells

The HCT 116 cell line was derived from a human col-
orectal carcinoma and the LPB cell line was derived from
methylcholanthrene-induced C57Bl/6 mouse sarcoma. They were
selected for their ability to grow plated on Petri dishes and to
form spheroids. HCT 116 cells were grown in DMEM media (Gibco)
containing 4.5 g/l glucose, l-glutamine and pyruvate and supple-
mented with 10% (v/v) of heat inactivated fetal calf serum, 100 U/ml
penicillin and 100 mg/ml streptomycin. LPB cells were maintained
in Eagle’s minimum essential medium (EMEM; Gibco-Invitrogen,
Carlsbad, CA, USA) with 10% fetal calf serum (Gibco), peni-
cillin (100 units/ml) (Gibco-Invitrogen), streptomycin (100 mg/ml,
Gibco-Invitrogen) and l-glutamine (0.58 mg/ml; Eurobio, France)
in a 5% CO2 humidified incubator at 37 ◦C (Jouan, St. Herblain,
France). LPB cells were transduced with viral vectors to stably
express eGFP (Cemazar et al., 2006a). To that purpose, a retro viral

vector, MFG-eGFP, encoding the eGFP under the control of 50 long
terminal repeat (LTR) was used. 293T cells, generously provided by
the Genethon (Evry, France), were transiently transfected using the
calcium phosphate co-precipitation protocol with pMDG encoding
VSV-G protein, pGagPol encoding gag and pol and MFG-eGFP. Virus
containing supernatants was collected 36–72 h after transfection,
filtered and concentrated to titers of 1–5109 colony forming units
(c.f.u.)/ml. LPB cells were plated in 35 mm culture dish 24 h prior
transduction. On day 0 cells were transduced with viral vectors at
a MOI of 100:1. After transduction (48 h) cells were harvested for
FACS analysis on a Becton–Dickinson FACScan to select LPB cells
stably expressing eGFP.

2.2. Generation of spheroids

The hanging-drop method has been adapted to produce
spheroids of similar diameter (Del Duca et al., 2004). Drops (20 !l)
containing 500 cells were suspended on the lid of agar coated
24-well dishes containing 500 !l of culture media. After the 72 h
required for cell aggregation, the spheroids were transferred to the
bottom of the well containing 500 !l of culture medium. Multi-
cellular spheroids were then allowed to grow for 10 days and the
spheroids used in the experiments sized in average around 500 !m
of diameter.

2.3. Plasmid extraction

A 4.7 kb plasmid (pEGFP-C1) containing the gene coding for
the Green Fluorescent Protein under control of the CMV promoter
was obtained from Clonetech (Palo Alto, CA). It was purified from
Escherichia coli transfected cells by using Maxiprep DNA purification
system according to Qiagen instructions (Courtaboeuf, France).

2.4. Electropulsation

Electropulsation was achieved by using a CNRS cell electropul-
sator (Jouan, St Herblain, France) which delivered square-wave
electric pulses. An oscilloscope (Enertec, St. Etienne, France) mon-
itored pulse shape. Stainless steel flat parallel electrodes (1 cm
length, 1 cm width) were used.

2.5. Electropermeabilization

Spheroids were resuspended in 200 !l of pulsing buffer (10 mM
K2HPO4/KH2PO4 buffer, 1 mM MgCl2, 250 mM sucrose, pH 7.4).
Permeabilization was performed on Petri dish by application of
long electric pulses required to transfer genes and to load macro-
molecules into cells. Penetration of propidium iodide (100 !M, in
pulsing buffer) was used to monitor permeabilization (Golzio et al.,
2002). Ten pulses lasting 5 ms at a frequency of 1 Hz were applied
at a given electric field intensity at room temperature, conditions
known to induce efficient and transient cell permeabilization (Rols
and Teissie, 1998).

2.6. Electrotransfection

Spheroids were resuspended in plasmid DNA containing pulsing
buffer. For each condition, 10 !g of pEGFP-C1 plasmid was used. As
with the electropermeabilization protocol, 10 pulses lasting 5 ms
were applied at various pulses amplitude. Spheroids were incu-
bated for 5 min at room temperature and cultured in agar coated
wells of 24-wells plate with 500 !l of culture medium at 37 ◦C in a
5% CO2 incubator for 24 h.
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2.7. Confocal microscopy

Spheroids were observed with a Zeiss LSM 510 confocal micro-
scope. For the GFP fluorescence, samples were excited with an
Argon laser set at a 488 nm wavelength and emission was collected
through a band pass filter from 500 nm to 530 nm. PI fluorescence
was excited with a Helium–Neon laser set at 543 nm wavelength
and emitted light was collected through a 560–615 nm band pass
filter. Several sections of the spheroid were imaged until the loss
of fluorescent signal. Images represent the compilation of all the
optical slices in a 3D projection.

3. Results

In an attempt to gain insight into the process of drug deliv-
ery mediated by applied electric pulses, we used multicellular
spheroids as a way to explore the mechanisms of electrotransfer
at the single cell level on an ex vivo tumor model. According to
our previous works, electric pulses were applied in the millisecond
time range. Such conditions are known to allow transfer of macro-
molecules (Rols and Teissie, 1998). Propidium iodide was used as
a marker of membrane permeabilization. A plasmid coding for the
GFP was used to detect DNA delivery and gene expression with time.
In the present study, we used confocal microscopy as a convenient
tool to image the spatial distribution of those molecules which have
been taken up by live cells, i.e. without any fixation or slicing of the
sample.

3.1. Electropermeabilization of multicellular spheroids

Electropermeabilization in the presence of propidium iodide of
spheroids from LPB cells, constitutively expressing GFP, allowed
for the study of both the entry of external molecules (propidium
iodide) and the release of internal molecules (GFP). Spheroids were
subjected to 10 electric pulses lasting 5 ms at the following inten-
sities: control (0 kV/cm), 0.1 kV/cm, 0.3 kV/cm and 0.5 kV/cm. As
shown in Fig. 1, control spheroids showed heterogeneous expres-
sion of GFP in the cells. No detection of propidium iodide was
present indicating the absence of dead cells. Application of elec-
tric pulses led to a decrease of the green intensity associated to
the GFP with a concomitant increase of the red fluorescence asso-
ciated with propidium iodide uptake. At 0.1 kV/cm, only a few cells
were permeabilized. At 0.3 kV/cm, more than 50% of the cells had
taken up propidium iodide. At 0.5 kV/cm, practically the entire cell
population was permeabilized to propidium iodide. The fluores-
cent pictures are a 3D compilation of confocal slices and allowed
for the visualization of cells up to a depth of 140 !m. Permeabilized
cells appeared to be homogeneously distributed in the core of the
spheroids, at least in the regions where their detection has been
performed.

3.2. Electrotransfer of gene to multicellular spheroids

Spheroids from HCT116 cells were transfected by electroper-
meabilization in the presence of a plasmid coding for the green
fluorescent protein (GFP). Electro-gene transfer was performed by

Fig. 1. Electropermeabilization of LPB spheroids with propidium iodide. Spheroids from LPB cells constitutively expressing the GFP (green fluorescence) were electroperme-
abilized (red fluorescence). Electropermeabilization was performed as described in Section 2 and three different intensities were tested: control (A and B); 0.1 kV/cm (C and
D); 0.3 kV/cm (E and F) and 0.5 kV/cm (G and H). The fluorescent images are a 3D compilation of 15 optical slices of up to 140 !m depth in total. A, C, E and G show the image
in the X–Y-axis of the 3D compilation with B, D, F and H showing the image in the Z-axis. The scale bars represent 200 !m. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of the article.)
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Fig. 2. Electro-gene transfer of multicellular spheroids. Spheroids from HCT116 cells were transfected by electropermeabilization with a plasmid coding for the green
fluorescent protein (GFP). The efficiency of expression and its distribution were analyzed by confocal microscopy 24 h after transfection. Electro-gene transfer was performed
as described in Section 2 and three intensities were tested for the applied electric field: 0.3 kV/cm (A–C); 0.5 kV/cm (D–F) and 0.8 kV/cm (G–I). A, D and G show transmitted
light images of the spheroid with B, C, E, F, H and I being the respective fluorescent images. The fluorescent images are a 3D compilation of confocal slices of up to 460 !m,
550 !m and 380 !m in depth for the first, second and third spheroid respectively. B, E, and H are in the X–Y-axis with C, F, and I showing images in the corresponding Z-axis.
The scale bars represent 100 !m.

applying 10 electric pulses lasting 5 ms at the following intensi-
ties: 0.3 kV/cm, 0.5 kV/cm and 0.8 kV/cm. The expression efficiency
and the distribution of the GFP protein were analyzed by confocal
microscopy 24 h after electric pulses application. Fluorescent pic-
tures are a 3D compilation of confocal slices up to 460 !m, 550 !m
and 380 !m in depth for the three electric pulse conditions, respec-
tively. As shown in Fig. 2, gene expression could be detected. The
highest efficiency was obtained at 0.3 kV/cm electric pulses inten-
sity. Under this condition, few cells were transfected. However, in
contrast to propidium iodide uptake experiments, increasing the
pulse intensity did not result in any increase in transfection effi-
ciency. The percentage of green cells dramatically decreased at
0.5 kV/cm and no cells expressing the GFP protein could be detected
at 0.8 kV/cm. This observation correlated well with a decrease in cell

viability as observed by an arrest of the spheroid growth following
application of electric pulses above 0.4 kV/cm (data not shown).
A striking observation is that transfected cells were not homoge-
neously distributed into the spheroids. Indeed, they appeared to be
only localized in the outer layers of the spheroids. Also of note was
that expression was only detected in one cap of the spheroids. This
result was consonant with those obtained in cells in vitro where
only one pole of the cells, the one facing the negative electrode was
competent for DNA delivery (Fig. 3A).

4. Discussion

In this study, we used multicellular tumor spheroids of LPB and
HCT116 cancer cells as a tissue model to assess the distribution
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Fig. 3. DNA transfer in cells and spheroids. (A) Image of cells subjected to electric field in the presence of fluorescent plasmid DNA taken 1 min following pulses application
as in Faurie et al. (2004). White arrows indicate areas of contact between cells where DNA cannot interact with. (B) Schematic representation of cells in a spheroid and their
potential interaction with plasmid DNA (black arrows indicate the direction of DNA diffusion movement in an electric field).

of molecular uptake in a multicellular environment as a function
of electric field strength. These experiments were undertaken to
gain an understanding of, as well as to compare the differences
and similarities of responses between cells in a multicellular envi-
ronment and cells in culture when submitted to electric pulses.
Molecular uptake was consistently dependent on the size of the
molecules to be delivered. Propidium iodide (MW: 668 Da) uptake
could be observed in spheroids for field strengths of 0.3 kV/cm and
higher, with the percentage of permeabilized cells increasing with
an increase in field intensity. The method was highly efficient since
practically the entire cell population was permeabilized. No clear
difference could be detected between cells at the periphery of the
tumor model and the cells located deeper within the spheroid’s
core. Moreover, uptake of exogenous propidium iodide correlated
well with a decay in GFP intensity that could be due to a release of
internal GFP molecules (MW: 27 kDa). Such data are in good agree-
ment with data obtained in vitro in cells cultured in monolayer or
in suspension (Rols and Teissie, 1990). In contrast, differences could
be observed in the case of the uptake of macromolecules as plas-
mid DNA (MW: 3 MDa). Gene expression was lower for cells within
the spheroids than for cells in culture, with only a limited number
of cells expressing the reporter gene. Moreover, transfected cells
were heterogeneously distributed, being only located in the first
outer proliferating cell layers at one particular pole of the spheroids.
Such a well defined localization of transfected cells reaffirms what
was observed with cells in culture (Fig. 3), where only the cap facing
the cathode is susceptible to gene transfer as previously reported
(Golzio et al., 2002). Moreover, as shown by the arrow in Fig. 3A,
close contacts between cells may act as physical barriers that limit
the diffusion of plasmid DNA and therefore its access to cells present
in the core of the spheroid as drawn in Fig. 3B. Taken together, these
results indicate that the spheroid model is more relevant to an in
vivo situation than cells in culture validating the spheroid model as
a useful tool to study electro-mediated gene delivery processes.

Studies using spheroids as models that mimic in vivo situ-
ations have been reported by others groups working on gene
delivery using different vectors. Grill and collaborators studied the
interactions between tumor and adenoviruses using multicellu-
lar spheroids grown from primary brain tumor material. Using
reporter genes expressed by replication-defective adenoviruses,
they showed that infection was restricted to the first layer of cells
(Grill et al., 2002). Using a replication-competent adenovirus, they
showed that transgene expression in the spheroid was consider-
ably enhanced and that viral spreading deep into the 3D structure
took place. They concluded that organotypic spheroids offer a ver-
satile in vitro system for studying distribution, spread, and oncolysis

by adenoviruses in a clinically relevant model. In a study combin-
ing non-viral methods for gene delivery, Mellor and collaborators
showed that PEI-mediated transfection was limited to cells at the
MCTS periphery. Using fluorescent PEI, it was found that complexes
could only penetrate the outer 3–5 proliferating cell layers of the
MCTS, sparing the deeper quiescent cells. This ‘resistance’ to trans-
fection observed in quiescent cells was overcome through the use of
electroporation. However, despite the improved efficacy of electro-
poration in quiescent tissue, the gene expression was still confined
to the outer regions of MCTS. The results suggest that limited access
to central regions of an MCTS remain a significant barrier to gene
delivery (Mellor et al., 2006). Clearly a prominent feature of solid
neoplasms, the avascular regions represent a major obstacle to
achieving widespread gene delivery into tumors. Various strategies
could potentially improve the tissue penetration of vectors such as
PEI for example, by using a receptor-mediated approach to increase
membrane-association and endocytic uptake of polyplexes. Alter-
natively, disruption of tight junctions between adjacent tumor cells
is a further option. Transfection of MCTS, using either PEI or elec-
troporation to deliver the pDNA, resulted in transfection of only a
small proportion (<5%) of total cells (Mellor et al., 2006). The higher
levels of reporter gene expression and increased efficacy in quies-
cent cells afforded by electroporation make it a promising strategy
for tumor gene therapy. However, full exploitation of this approach
will only be possible by improving access to the deeper, avascu-
lar areas of solid tumors. The extracellular reservoir of molecules,
and thus the efficiency of tumor electrochemotherapy, has been
improved by pre-exposure of tumor tissue to the drug. Important
discrepancy between in vitro conventional monolayer cultures and
in vivo tissues is the three-dimensional environments (e.g., cell–cell
and cell–ECM, extracellular matrix, interactions) for the cells. Han
et al. (2007) showed that a reporter gene was expressed even at the
inner region of MCTS where necrosis was considered to be devel-
oped; small spheroids have a relatively weak structure due to their
immature development of cell–cell and cell–ECM interactions. In
contrast, large spheroids have a heterogeneous structure consisting
of outer layers of viable cells and a solid core of necrotic or hypoxic
cells, resembling a monolayer cell culture where the cells adhere to
the hard substrate. Such morphological differences between small
and large spheroids may account for their different sensitivities
against polyplex-induced cytotoxicity. Canatella and collaborators
reported that molecule uptake progressively decreased for cells
located deeper within a spheroid’s interior. Overall reduced levels
of uptake were explained by locally reduced electric field strength
within spheroids due to spatially heterogeneous electrical proper-
ties and a reduced extracellular reservoir of solute within spheroids
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due to dense packing of cells. The dependence of uptake on radial
position within spheroids was explained by an extracellular solute
concentration gradient during transient diffusional lag times and
the observation that cell size decreased for cells located deeper
within spheroids, which in turn led to smaller cell volumes and
smaller transmembrane voltages (Canatella et al., 2004). These
observations suggest that tissue electroporation could be enhanced
by using larger field strengths than those used for cell suspensions
(Canatella et al., 2004). However, as shown in the present work,
increasing electric field strength induced cellular damage resulting
in a decrease in gene expression (Fig. 2). Another interest of the
spheroid model is related to junctions that exist between cells as
well as the extracellular matrix (ECM) that makes it closer to the tis-
sues reality than cells with high density such as cell pellet obtained
by centribugation (Pucihar et al., 2007). In such situation, the influ-
ence of cell density on cell membrane electropermeabilization has
been investigated on dense cell suspensions which represent a
simple model for studying electropermeabilization of tissues. Per-
meabilization decrease was proposed to be due to the changes in
the local electric field, which led to a decrease in the amplitude of
the induced transmembrane voltage. Other barriers can exist that
hinder pDNA transfer and therefore expression (Bureau et al., 2004).
Other strategies have been therefore investigated to modify tissue
ECM for improving interstitial pDNA transport during electric field
application. Muscle pretreated with hyaluronidase was shown to
result in a fivefold increase in reporter gene expression (Molnar et
al., 2004). In tumors, the distance of DNA electrophoresis was cor-
related with tissue collagen content. Pretreatment of tumors with
collagenase has led to an increase in the efficiency of gene deliv-
ery with adenovirus vectors (Henshaw and Yuan, 2008). However,
the ECM modification may facilitate tumor metastasis since matrix
metalloproteinase expression has been associated with metastasis.

Such observations lead us to propose methodological solutions
based on electric field parameters to improve DNA delivery. The
intratumoral electric field, which determines the efficiency of elec-
tric field-mediated drug and gene delivery, is significantly lower
from the applied field (Mossop et al., 2006). Based on analytical and
numerical models of the local electric field distribution, the applied
voltage can be chosen specifically to achieve adequate electric field
inside the target tissue while minimizing damages of the surround-
ing tissue (Corovic et al., 2007). However, in the case of irregularly
shaped tissue structures, such as bulky tumors, electric field homo-
geneity is almost impossible to be achieved with current electrode
arrangements. The use of conductive gels, matched to the conduc-
tivity of the tissues, has been proposed to fill dead spaces between
plate electrodes gripping the tissue so that the electric field distri-
bution becomes less heterogeneous (Ivorra et al., 2008). However,
electric field strength if too high can damage the cells. Another
alternative we can propose is to change the way electric pulses
are delivered. Usually, electric pulses are applied in one direction.
We previously showed that changing the polarity and direction of
electric pulses increased transfection of cells in cultures and also
cells in tissues, where both increases in the area of muscle as the
local gene expression were obtained (Faurie et al., 2003; Faurie et
al., 2004). The fraction of transfected cells can indeed be increased
by changing the electric field direction between electrical pulses
without affecting the cell viability (Rebersek et al., 2007). When
cells are in clusters, which is representative of tissues, only the first
layers of cells facing negative electrode can be transfected (Fig. 3B).
Applying electric field pulses under different directions can there-
fore help DNA to interact with permeabilized cells all around the
tumors. The problem of the access of DNA to the internal layers
of cells still remains. A possible solution is the application of very
low intensity but long pulses to electrophoretically push the DNA
towards the center of the tumors, before applying standard electric
pulses.

As a general conclusion, all these data suggest that the spheroid
can be considered as a good model to study the mechanisms of
electro-mediated molecules delivery. Furthermore, this approach
lends itself to the philosophy of the 3R’s which promotes reliable
alternatives to animal experiments in an attempt to reduce the
numbers of animals used.
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plays also a major role.33
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14.1 Introduction
Plasmid-DNA-based gene transfer is an elegant strategy for gene therapy because it suppresses the 
need for a biological (viral) vector, although its use is limited by the lack of e!cient and safe delivery 
methods (Gill et al., 2009). When compared with viral vector, the advantages include the absence of 
immunogenicity and integration into the host genome (Gill et al., 2009). One physical method that 
has emerged as a way to improve the in vivo delivery of plasmid DNA is electropermeabilization (or 
electroporation). Since its "rst demonstration 25 years ago (Neumann et al., 1982), this method is now 
routinely used for in vitro transfection (Esco#re et al., 2009; Mir, 2009). $e application of controlled 
electric pulses causes a transient permeabilization of the plasma membrane and thus allows exogenous 
molecules to enter the cells (Teissié et al., 2005; Esco#re et al., 2008). In vivo, electropermeabilization 
is e!cient for enhanced plasmid DNA delivery and expression (Heller et al., 1996; Rols et al., 1998). 
In vivo, electropermeabilization is e#ective on many tissues: skeletal muscle (Aihara and Miyazaki, 
1998; Mir et al., 1999), liver (Heller et al., 1996), skin (Vandermeulen et al., 2007), brain (Kondoh et al., 
2000), testis (Huang et al., 2000), and tumor (Rols et al., 1998). $e use of in vivo gene electrotransfer 
has seen tremendous growth, including the initiation of clinical trials (Daud et al., 2008; Horton et al., 
2008; Gehl, 2008).
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14-2 Advanced Electroporation Techniques in Biology and Medicine

Gene expression levels, patterns, and kinetics a&er in vivo gene electrotransfer can be controlled 
by modifying electrode con"gurations, electrical parameters, tissue features, and plasmid constructs 
(Heller and Heller, 2006). $e resulting 'exibility in in vivo expression is a distinct advantage of electro-
pulsation. Most of these parameters should be carefully selected to obtain speci"c gene expression asso-
ciated for desired therapeutic bene"t. $e increased use of in vivo gene electrotransfer has established 
its potential for many therapeutic applications such as cancer therapy and DNA vaccination. Useful 
information on in vivo gene electrotransfer can be found in several recent reviews (Heller and Heller, 
2006; Mir, 2009).

$is chapter focuses on the basic processes involved in preclinical application of gene electrotransfer. 
$e biophysical mechanisms of electrically mediated gene transfer will "rst be described. $e relative 
contributions of physical and biochemical parameters on the e!ciency and safety of in vivo gene 
electrotransfer will also be delineated.

14.2 Biophysical Considerations
14.2.1 Present Knowledge on the In Vitro Electrotransfer

Gene electrotransfer to mammalian cells is obtained by mixing cells and plasmids in a biocompat-
ible bu#er, then by applying a well-controlled electric "eld pulse train (shape of pulses; choice of "eld 
strength, E; pulse duration, T; number of pulses, N; pulse repetition frequency, f), and "nally bringing 
the mixture in a culture medium (Neumann et al., 1982; Klenchin et al., 1991; Wolf et al., 1994). Gene 
electrotransfer is applicable whatever the cell types (bacteria, yeast, and mammalian cells) (Golzio et al. 
1998; Eynard et al., 1992; Ganeva et al., 1995).

14.2.1.1 Electric Field Strength Effects

Gene electrotransfer is only detected for electric "eld values leading to membrane permeabiliza-
tion (Ec > Ep). Transfection threshold values (Et) are the same as the ones for cell permeabilization 
(Ep) when milliseconds pulses are applied (Rols and Teissié, 1998). Field strength is observed to have 
a critical role. Plasmid molecules, negatively charged, migrate when submitted to an electric "eld 
(Neumann et al., 1992; Wolf et al., 1994). In the “low” electric "eld regime (i.e. Ec < Ep), no mem-
brane permeabilization occurs and plasmid simply electrophoretically 'ows along the cell membrane 
toward the anode. However, above the critical permeabilizing "eld value (Ec > Ep), two main processes 
occur: (1) plasma membrane is permeabilized (μs); and (2) plasmid undergoes the electrophoretic 
migration (ms) and interacts with permeabilized membrane (Golzio et al., 2002; Teissié et al., 2008).

14.2.1.2 Timescale

No free plasmid di#usion into the cytoplasm is detected though it was proposed in older reports 
(Klenchin et al., 1991). $e biophysical structure of the plasmid/membrane complex has to be eluci-
dated. In the minutes following pulse applications, plasmids leave the complex and di#use in the cyto-
plasm. $en, plasmids can be observed at the nucleus surface a few hours a&er electropulsation, but only 
a small fraction crosses the nuclear envelope to be expressed (Golzio et al., 2002). $ese intracellular 
steps remain rather poorly understood, as already mentioned (Teissié et al., 2008).

Under permeabilizing "eld conditions, the pulse duration plays a critical role in the formation of the 
plasmid/membrane complexes. $ese complexes are easily detected when the pulse duration is at least 
about 1 ms. Furthermore, this interpretation is supported by the observation that the plasmid content 
in the complex is under the control of the "eld strength (E), the number of successive pulses (N), and 
the pulse duration (T) (Golzio et al., 2002). $e time for reaction with the membrane of the plasmid 
dragged against permeabilized membrane under the electrophoretic migration is increased by long 
pulse durations. $is again is involved in the positive role of the pulse duration in gene electrotransfer. 
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$is contribution of the pulse duration to the plasmid/membrane interaction has already been illus-
trated by a complex dependence of the gene expression (Wolf et al., 1994). $e practical conclusion is 
that in vitro an e#ective transfer is obtained by using long pulses in order to drive the plasmid toward 
the permeabilized membrane but with low "eld strength to preserve the cell viability (Kubiniec et al., 
1990; Rols and Teissié, 1998). But one should keep in mind that plasmids must be mixed with cells before 
the application of electric pulses.

14.2.1.3 Biological Parameters

$e dependence on the plasmid concentration is rather complex. Expression levels increase with the 
plasmid concentrations. But high levels of plasmids appear to be toxic (Rols et al., 1992).

Because there are di#erent physical barriers and heterogeneous geometries within tissue, in vitro 
pseudo-tissue models such as dense cell suspensions (Pucihar et al., 2007) and multicellular tumor 
spheroid (Canatella et al., 2004; Wasungu et al., 2009) have been developed to understand the bio-
physical processes of electropermeabilization and gene transfer in tissues. $ese studies showed a 
perturbation of local electrical "eld on dense cell suspensions (Susil et al., 1998; Pavlin et al., 2002), 
a#ecting both permeabilization and gene expression (Pucihar et al., 2007) and a hindrance to gene 
delivery (Wasungu et al., 2009) related to the self-organization of cells in pseudo-tissues. Indeed, close 
contacts between cells and extracellular matrix (1) modify the electric "eld distribution and (2) act as 
physical barriers that limit the di#usion of DNA plasmid (steric hindrance) and therefore its access to 
cells present in the core of the tissue. $e systematic comparison of biophysical studies from isolated 
cells to 3D spheroid model allows the development and the optimization of in vivo gene electrotransfer 
procedures.

14.2.2 In Vivo Gene Electrotransfer

14.2.2.1 Electropulsation Protocols

$e increased use of in vivo gene electrotransfer is related to both the e!ciency and the 'exibility 
(i.e. easy to perform, fast, reproducible, and safe) of this physical method. Plasmid DNA has been suc-
cessfully delivered to both internal and surface tissues and organs (Heller and Heller, 2006). Because the 
gene expression characteristics (i.e., level and duration) can be varied by meticulous selection of electri-
cal parameters, the selection of those parameters is important to achieve a compatible pro"le of gene 
expression with a therapeutic bene"t. In agreement with in vitro mechanism of gene electrotransfer, 
these electrical parameters have to be adapted to induce cell permeabilization within the tissue, electro-
phoresis of plasmid molecules, and no damage to the tissue. Seven di#erent protocols of electropulsation 
have been reported to obtain suitable gene expression into tissues (Table 14.1). Appropriate electrical 
parameter selection is dependent on the tissue being targeted. One should notice that in most protocols, 
the voltage term (V) while inaccurate is used for the "eld. $is “V” terminology will be retained.

14.2.2.1.1 Long Pulse and Medium Voltage (LPMV)
As for in vitro protocols, the use of square-wave long and medium pulses is the most popular pulse 
design for in vivo gene electrotransfer. $e "rst successful e!cient gene transfer in melanoma tumors 
was obtained with electric pulses of a few ms duration (Rols et al., 1998). Low and long "eld strength 
pulses are shown to induce high and long gene expression in skeletal muscle (Aihara and Miyazaki, 
1998; Mir et al., 1999; Lucas and Heller, 2001), skin (Pedron-Mazoyer et al., 2007), and liver (Suzuki 
et al., 1998). As with in vitro results, DNA plasmid had to be present during the electric pulses. $e 
application of long and low pulses induced the tissue permeabilization and localized electrophoresis of 
DNA plasmid within the target tissues. Muscle damage may be present. Interestingly, a pulse duration 
control of the delivered voltage was demonstrated to reduce muscle damage while maintaining the 
same level of gene transfection (Cukjati et al., 2007).

AQ2
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14.2.2.1.2 Short Pulses and High Voltage (SPHV)
In hepatocellular carcinoma, high expression is obtained with short and high "eld strength pulses 
(Heller et al., 1996). Vicat and collaborators showed that short and high "eld strength pulses also 
induced high gene expression in the skeletal muscle. Gene electrotransfer with short and high "eld 
strength pulses was reported to provide sustained and long-lasting gene expression (Vicat et al., 2000), 
a conclusion in con'ict with a later observation (Lucas and Heller, 2001) where short expression was 
associated to the use of short pulses.

14.2.2.1.3 High Voltage and Low Voltage (HVLV)
$e studies on mechanisms of gene electrotransfer in vitro highlighted that electrically mediated deliv-
ery included a permeabilizing component that permeabilized the plasma membrane and an electropho-
retic component that facilitated transport of molecules to the permeabilized membrane. $ese studies 
suggested that this delivery method should include in vivo two basic components that could be obtained 
by combining two pulse types (Mir, 2009). $is combination includes a short and high "eld strength 
pulse (i.e., permeabilizing component), followed by long and low "eld strength pulses (i.e., electropho-
retic component). $is hypothesis was evaluated for gene transfer to skeletal muscle (Bureau et al., 2000; 
Durieux et al., 2002; Satkauskas et al., 2002, 2005, André et al., 2008), tumor, skin (Pavselj and Préat, 
2005), and liver (André et al., 2008; Cemazar et al., 2009). $e combined pulses allow for the use of 
pulsing parameters, which could reduce potential discomfort from the electropulsation procedure. A 
large range of LV strengths can be used to obtain a signi"cant luciferase gene expression in muscles 
Additional variables that should be considered include pulse number (the LV can be a train of pulses) 
and pulse frequency (which was always 1 Hz).

TABLE 14.1 In Vivo Gene Electrotransfer Protocols

References
No. of 
Pulses

Shape, 
Polarity Electric Field

Pulse Length 
(ms)

Frequency 
(Hz) Tissue

Aihara and Miyazaki 
(1998) and 
Draghia-Akli et al. 
(1999)

4–6 Square, 
monopolar 
(alternate 
polarity)

60–400 V/cm 50 1 Skeletal muscle

Rols et al. (1998), 
Mir et al. (1999), 
and MacMahon 
et al. (2001)

8–10 Square, 
monopolar

100–200 V/cm 20 1–8 Skeletal muscle, 
melanoma

Mathiesen (1999) 
and Rizzuto et al. 
(1999)

8,000–
10,000

Square, 
bipolar

100 V/cm 0.2 1000 Skeletal muscle

Vicat et al. (2000) 
and Heller et al. 
(1996)

5 Square, 
monopolar

1600 V/cm 0.1 1 Skeletal muscle, 
liver

Bureau et al. (2000) 
and Satkauskas 
et al. (2002, 2005)

HV: 1–8
LV: 1–16

Square, 
monopolar

HV: 800 V/cm
LV: 60–100 V/cm

HV: 0.01–0.5
LV: 50–800

HV: 1
LV: 5–100

Skeletal muscle, 
liver, skin, 
tumor

Pavselj and Préat 
(2005)

Liu et al. (2007) and 
Simon et al. (2008)

1–9 Alternating 
current 
sine wave

10–30 V/cm 100–900 60 Skeletal muscle, 
liver, skin, 
tumor

Khan et al. (2005) 
and Hirao et al. 
(2008)

2–3 Square, 
monopolar

0.1–0.5 Aa 20–52 1 Skeletal muscle

a Current.
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14.2.2.1.4 Short Pulse and High Frequency (SPHF)
An alternative approach, which consisted of applying short bipolar pulses (0.2 ms) at high repetition 
frequency (100–1000 Hz), was found to be also e#ective (Mathiesen, 1999; Rizzuto et al., 1999, 2000). 
Rizzuto and collaborator demonstrated that high-frequency trains of electric pulses cause less dam-
age than single long pulses for the same cumulative pulse duration (Rizzuto et al., 1999; Zampaglione 
et al., 2005). On the basis of previous studies, bipolar pulses should be chosen for future applications, 
as they do not in fact cause a net movement of charges and thus side e#ects such as electrochemical 
e#ects should be reduced. SPHF electropulsations are a safe and e!cient method to erythropoietin 
gene transfer into skeletal muscles of mice (Rizzuto et al., 1999, 2000; Mennuni et al., 2002; Cappelletti 
et al., 2003; Fattori et al., 2005), rabbit (Fattori et al., 2005; Zampaglione et al., 2005), and nonhuman 
primates (Fattori et al., 2005; Zampaglione et al., 2005) in preclinical trials of anemia related to kidney 
failure. Moreover, this electropulsation procedure is successfully used in preclinical development of 
genetic vaccination against tumors (Cipriani et al., 2008; Dharmapuri et al., 2009; Peruzzi et al., 2009). 
$is protocol opens a new "eld for basic research, as the electrophoretic long range dri& of DNA is not 
present. $e bipolar "eld gives only a local movement on the submillisecond timescale.

14.2.2.1.5 Alternating Current Sine Waves (ACSW)
Currently, all commercial electropulse generators are designed to provide direct current (DC) square-
wave pulses, which cause membrane permeabilization and are believed to be critical also for provid-
ing the electrophoretic force needed for DNA movement to the cell membrane (Bureau et al., 2000; 
Miklavcic et al., 2000; Satkauskas et al., 2002, 2005). Typically, achieving high levels of gene expres-
sion using the traditional DC square-wave pulses requires electric "eld strengths, prone to result in 
irreversible tissue damage (Muramatsu et al., 1998; Durieux et al., 2004; MacMahon and Wells, 2004). 
Studies in human volunteers on electroporation of skin (Wallace et al., 2001) and muscle (Tjelle et al., 
2006) have shown that the high "eld strength of DC square-wave pulses at 1 Hz leads to an augmented 
sensation of pain. Liu and collaborators showed that e!cient in vivo gene transfer is achieved using the 
low and safe pulses of ACSW with a frequency of 60 Hz (Liu et al., 2007). Compared with traditional 
DC square-wave pulses, the ACSW pulses used in this study established no net electrophoretic force 
but resulted in higher gene transfer e!ciency, supporting their previous "nding that electrophoretic 
forces are not involved in gene electrotransfer in vivo (Liu et al., 2006). Importantly, the "eld strength 
required to obtain high level of gene transfer was with less toxicity observed than with conventional DC 
square-wave pulses.

14.2.2.1.6 Constant-Current Electroporation (CCV)
Conventional electropulsation technologies are based upon constant-voltage concepts. Due to 
decreases in the tissue resistance during the electropermeabilization process, a clamped voltage pulse 
brings an increase in the current 'owing through the tissue during the duration of the pulse and may 
result in loss of the perfect square-wave function, tissue damage, and reduced plasmid transfer and 
expression (Gehl and Mir, 1999; Gehl et al., 1999). Previous studies focused that the tissue resistance 
varies from subject to subject, from tissue to tissue within the same animal and during the electroper-
meabilization due to cellular uptake of the formulation volume (Khan et al., 2005). $e constant-
current electropulsation setup is able to measure the tissue resistance before, between, and during the 
electric "eld pulses and adjust the voltage to account for these individual changes. $is feature allows 
the device to maintain a true constant-current delivery and a square wave through the tissue during 
electropermeabilization, preventing heating of tissue (Bloquel et al., 2004) and consequently reduc-
ing tissue damage and pain, as well as contributing to the overall increase in plasmid transfer and 
expression (Fattori et al., 2005; Khan et al., 2005). Constant-current electropulsation is a very e!cient 
technology to develop DNA vaccination on small and high animals (Curcio et al., 2008; Draghia-Akli 
et al., 2008; Hirao et al., 2008).
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14.2.2.2 Applicator Types

$e choice of applicator types used for electropermeabilization is a crucial step in an e!cient and 
safe gene transfer. A key parameter of gene electrotransfer is the local electric "eld strength. As the 
"eld results from a voltage applied between two electrodes, the electrode con"guration is obviously 
controlling the "eld distribution and resulting transfection e!ciency (Gehl and Mir, 1999). Electrode 
con"gurations for therapeutic purposes are parallel plates, contact wires, contact plates, needle pairs, 
and needle arrays (Gilbert et al., 1997; Jaroszeski et al., 1997; Ramirez et al., 1998; Mazères et al., 2009). 
Electrode con"guration controls electric "eld distribution in tissue. However, due to its anatomy and 
its electrical properties, the tissue reacts to the applied external electric "eld. If the applied external 
electric "eld is high enough, local permeabilization of the tissue occurs, i.e., electric "eld distribution 
strongly controls permeabilization (Miklavcic et al., 1998). But if the local electric "eld is too high, an 
irreversible local alteration of cell membrane occurs. $is may result in local burns. In gene therapy, 
it is very important to obtain a large volume of permeabilized tissue, within the tissue being subjected 
to electropulsation while preserving cell viability. A safe approach in the design of optimal electrode 
con"guration is to compute the electric "eld distribution in tissues by means of numerical modeling. 
Modeling of electric "eld distribution in tissue is di!cult due to heterogeneous material properties 
of tissue and its shape (Mossop et al., 2006; Pavselj and Miklavcic, 2008). $erefore, tissue electrical 
heterogeneity was never taken into account in the simulation, (Gowrishankar and Weaver, 2003). Due 
to the swelling, the volume fraction was a#ected (Deng et al., 2003). Such a geometrical change should 
a#ect the "eld distribution in tissue and the value of the "eld at the cell level in the tissue (Pavlin et al., 
2002). Numerical modeling on homogeneous phantom tissues has been successfully used and also 
validated by comparison between computed and measured consequences of electric "eld distribution 
(Miklavcic et al., 1998, 2000). Electropermeabilization induces a membrane conductance change as 
previously described (Kinosita and Tsong, 1979; Abidor et al., 1994) and observed in tissue (Miklavcic 
et al., 2000). A precise simulation of the time-dependent "eld distribution in the tissue is clearly needed 
for di#erent electrode geometries to optimize this electro-technical aspect of the biological treatment 
(Pucihar et al., 2009).

14.2.2.2.1 Plate Parallel Electrodes
Plate parallel electrodes are the most frequently used in gene electrotransfer of di#erent kinds of tissues 
such as skeletal muscle and tumor. $eir limit is that the tissue must be pinched between the electrodes. 
$ese electrodes o#er the advantages that electric pulses can be applied transcutaneously and that elec-
tric "eld between the electrodes is quite homogeneous (Gehl et al., 1999). Nevertheless, these electrodes 
have two main limitations: (1) the small gap between the electrodes, which is limited by the electrical 
power of electropulsators and (2) high "eld at the contact of the electrode with the skin, which can 
induce electrical burns.

14.2.2.2.2 Needle Electrodes
$e needle electrodes enable deeper penetration of the electric "eld into the tissue. $e electric "eld 
distribution is not homogenous resulting in higher "eld intensity around the needles bringing local tis-
sue necrosis. $e heterogeneous "eld distribution is under the control of the diameter of each electrode 
(Miklavcic et al., 2000). Furthermore, a syringe electrode device for simultaneous injection and elec-
tropermeabilization showed that lower electric "eld strength compared to plate electrodes is required 
for the same transfection e!ciency, also reducing the muscle wound (Liu and Huang, 2002).

14.2.2.2.3 New Designs
$erefore, new electrodes are designed and tested to minimize tissue damages (Babiuk et al., 2003; Dona 
et al., 2003). Spatula electrodes used for electropermeabilization of mouse skeletal muscle were shown 
to induce less tissue damage compared to plate and needle electrodes (Dona et al., 2003). Needle-free 
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patch and Meander contact electrodes were proved to be e#ective and safe for gene delivery in the skin 
(Babiuk et al., 2003). Wire contact electrodes are highly user friendly for the treatment of large skin 
surfaces (Mazères et al., 2009).

14.3 Biological Aspects
14.3.1 Design of Plasmid Vectors

Plasmid DNA molecules are covalent closed circles of double-stranded DNA with no associated pro-
teins. Plasmid DNA molecules are simpler, easier to mass-produce, and potentially safer than viral 
vectors (Gill et al., 2009). Low immunogenicity and lack of integration of plasmid DNA make them a 
highly attractive molecule for gene therapy provided that an e!cient, safe, and targeted delivery can be 
achieved (Gill et al., 2009).

14.3.1.1 Plasmid Sequences

Huge constructs (3.5–20 kbp) can be electrotransferred but the size of the plasmid also has a role in 
e#ectiveness of gene electrotransfer (Wang et al., 2005). Injection of small plasmids alone and in combi-
nation with electropulsation induced better transfection e!ciency compared to larger plasmid (Molnar 
et al., 2004; Wang et al., 2005). $e relationship between the plasmid size and transfection e!ciency 
was linear (Bloquel et al., 2004). Moreover, a new form of supercoiled plasmid DNA, called minicircle 
(1.5–3 kbp), has been developed, without any bacterial sequences and antibiotic resistance markers 
(Darquet et al., 1997; Gill et al., 2009). $e bacterial sequences contain unmethylated bacterial CG 
dinucleotides, which are immunostimulator motives decreasing the duration of gene expression. A 
reduction or elimination of CpGs from plasmid DNA (CpG-free plasmid) leads to improvements in the 
level and persistence of gene expression (Hyde et al., 2008).

14.3.1.2 Nuclear Targeting

$e mechanism, by which DNA migrates toward and into the nucleus in in vivo conditions by elec-
tropermeabilization, still has to be elucidated. To overcome the limitations regarding the migration 
of the plasmid inside the nucleus, several approaches have been used. One example is the inclusion of 
sequence that binds to transcription factor (TF) to facilitate intracellular tra!cking and nuclear import. 
A region of smooth muscle γ-actin (SMGA) promoter that contains a number of smooth muscle-speci"c 
TF-binding sites have been shown to improve the nuclear uptake of plasmid DNA and also dramatically 
increases gene expression in vivo (Miller and Dean, 2008). When plasmid DNA containing the SMGA 
sequence was electrotransferred, gene expression was speci"cally detected into rat smooth muscle vas-
culature compared to plasmid DNA with SV40 sequence (Young et al., 2008).

14.3.1.3 Promoters

Promoter selection is crucial to the level and persistence of gene expression in di#erent tissues. $e 
preference for viral promoters (Vandermeulen et al., 2009), capable of high-level but o&en short-
lived gene expression, has recently shi&ed toward selecting constitutively expressing (Matsuda and 
Cepko, 2007) or tissue-speci"c endogenous promoters (Durieux et al., 2005). Use of the human poly-
ubiquitin C promoter has resulted in sustained expression in the mouse lung, following the delivery 
of naked plasmid DNA through electroporation (Gazdhar et al., 2006). Tissue-speci"c promoters 
may o#er improved speci"city and safety for gene electrotransfer (Durieux et al., 2005). For example, 
skin-speci"c promoters are used to restrict the expression of DNA vaccine to speci"c cell types 
(Vandermeulen et al., 2009). $e use of plasmids with tissue-speci"c promoter resulted in signi"cant, 
but very low protein expression, as compared to that obtained with ubiquitous and strong promoter, 
e.g., CMV and CAG promoters, plasmids. Nevertheless, for the success of gene therapy in clinics, it 
is essential to develop gene regulation systems (Rubenstrunk et al., 2005; Matsuda and Cepko, 2007). 
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Rubenstrunk and collaborators reported a regulation strategy based on the murine metallothionein 
promoter in a plasmid context using electric pulses delivery as an inducer (Rubenstrunk et al., 2005).

14.3.2 Injection and Biodistribution of Plasmid Vectors

Plasmid solutions should reach the target tissue localized between the electrodes, where electric pulses 
are applied. Gene expression depends on the amount of injected plasmid (range of plasmid amount: 
20–100 μg) (Mathiesen, 1999; Mir et al., 1999) and on the volume of injection (Dupuis et al., 2000). 
For preclinical applications, di#erent routes of injection are de"ned on the target: intramuscular (i.m.), 
intradermal (i.d.), intratumoral (i.t.), and intravenous (i.v.) (Lucas et al., 2002). $e volume of injection 
is limited by the size of the target to avoid a dramatic and damaging tissue swelling. $e injection speed 
is seldom taken into account. A recent work suggested that the injection speed is a key parameter to 
gene delivery into skeletal muscle and liver (André et al., 2006). In case of mice skeletal muscle, injec-
tion speed of 1.5 μL/s is associated with a high-level expression (Golzio et al., 2004). $e delay between 
injection and electropulsation depends on the tissue. In the case of murine B16 melanoma tumors, a 
short delay (<1 min) leads to a high level of transfection (Rols et al., 1998). Whereas, in murine skeletal 
muscle, a delay between a few seconds and 4 h does not change the transfection e!ciency (Satkauskas 
et al., 2001).

$e space, which surrounds the cells, called extracellular space, contains several macromolecules, 
polysaccharides, or glycosaminoglycanes, "brous proteins, salts, and water, called extracellular matrix 
(ECM). $is ECM forms a structured gel (Berrier and Yamada, 2007). $e presence of ECM into the 
tissue does not perturb the distribution of electric "eld but limits the di#usion, the electrophoretic 
movement, and the distribution of plasmids into the target tissue (Cappelletti et al., 2003; Henshaw 
and Yuan, 2008). Previous works show that delivery of plasmid DNA to cells in the target tissue such 
as skeletal muscles (Bureau et al., 2004), tumors (Netti et al., 2000; Pluen et al., 2001; Alexandrakis 
et al., 2004), skin (Vandermeulen et al., 2007), and respiratory tissues (Walther et al., 2005), is a#ected 
by the amount of nucleases, which degrade plasmid DNA, and by the amount of ECM components 
such as collagen (Netti et al., 2000; Pluen et al., 2001) and hyaluronic acid (Alexandrakis et al., 2004). 
Consequently, in order to increase the e!ciency of gene transfer, some strategies have been developed 
to increase di#usion of plasmid DNA and to limit its degradation into the target tissues. $e main strat-
egy to increase the di#usion and distribution of plasmid DNA into the tissue consisted in controlled 
degradation of ECM by using enzymes such as hyaluronidase and collagenase. $is approach is more 
e!cient in the gene transfer into skeletal muscle (MacMahon et al., 2001; Mennuni et al., 2002; Molnar 
et al., 2004; Schertzer et al., 2006; Evans et al., 2008) and tumors (Mesojednik et al., 2007) but ine!cient 
in skin (Vandermeulen et al., 2007). Indeed, some works showed that the pretreatment with hyaluroni-
dase induced a 10- to 25-fold increase of gene expression in mice and rabbit skeletal muscle a&er i.m. 
injection and electropulsation compared to without pretreatment (MacMahon et al., 2001; Mennuni 
et al., 2002; Molnar et al., 2004; Schertzer et al., 2006). To limit the degradation of plasmid DNA, the 
main approach was to protect the plasmid DNA by using chemical formulation or to inhibit the exog-
enous DNAses. Nicol and collaborators showed that plasmid DNA formulated with poly-l-glutamate 
induced a 4- to 12-fold increase of gene expression in skeletal muscle a&er i.m. injection and electro-
pulsation in comparison to saline injection alone (Nicol et al., 2002). Other works showed that the plas-
mid DNA formulated with poloxamers such as SP1017 increased gene expression by about 10-fold and 
maintained higher gene expression into skeletal muscle a&er gene electrotransfer compared with naked 
DNA alone (Riera et al., 2004). $ese data suggested that chemical formulation might enhance plasmid 
DNA expression by protecting the plasmid DNA from degradation by nucleases (Lemieux et al., 2000). 
$e second approach consisted in the use of nuclease inhibitors such as aurintricarboxylic acid (ATA) 
(Glasspool-Malone and Malone, 2002).
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14.4 Preclinical Applications
14.4.1 Production of Ectopic Proteins

$e skeletal muscle is the preferred target for gene electrotransfer. Indeed, the skeletal muscle has inter-
esting physiological properties being multinucleated (i.e., high number of expression machineries) and 
presenting long-lived "bers (i.e., long-lasting gene expression), which open several applications in gene 
therapy (Aihara and Miyazaki, 1998; Mir et al., 1999). Moreover, its rich vascularization makes muscle 
a secreting organ of therapeutic proteins (Trollet et al., 2008). Indeed, i.m. electrotransfer of plasmid 
encoding erythropoietin (EPO) induces the production of EPO therapeutic doses to treat the anemia 
related to kidney diseases (Rizzuto et al., 1999, Hojman et al., 2007). In the same way, TGFR-β2 receptor 
and VEGF-164 factor expressions treat respectively, the lung injury and "brosis (Yamada et al., 2007) 
and diabetic neuropathy (Murakami et al., 2006).

Gene electrotransfer allowed the development of antitumoral immunotherapies. Indeed, electro-
transfer of plasmid encoding suicide gene (e.g., ePNP/'udarabine) (Deharvengt et al., 2007), cytokines 
(e.g., IL-12) (Daud et al., 2008), antiangiogenesis factors (e.g., vasostatin) (Jazowiecka-Rakus et al., 2006), 
and tumor suppressors (e.g., p53) (Kusumanto et al., 2007) into skeletal muscle or tumors stimulated or 
activated the immune responses against the tumors. $is immunotherapy induced a decrease of tumor 
growth and limited the tumor recovery and metastasis progression.

14.4.2 DNA Vaccination

Gene electrotransfer allowed the development of genetic electrovaccination. Genetic vaccination 
results from a direct injection of plasmid encoding vaccinal protein into the muscle or the skin 
(Wol# et al., 1990; Rice et al., 2008). $is protein induces the host response and activates the immune 
system. Compared to gene therapy, genetic vaccination requires only low and transient gene expres-
sion in a few cells (Rice et al., 2008). Several works showed that gene electrotransfer increases the 
immune response against the antigen compared to the injection alone (Dupuis et al., 2000; Widera 
et al., 2000; Babiuk et al., 2002; Dayball et al., 2003). $e electrovaccination allowed the develop-
ment of genetic vaccines against bacterial infections such as Mycobacterium tuberculosis (Zhang 
et al., 2007) and viral infections such as HIV (Martinon et al., 2009). Recently, electrovaccination 
showed its e!ciency to induce immune response against tumors (Kalat et al., 2002; Buchan et al., 
2005; Curcio et al., 2008; Seo et al., 2009). Improvement and modulation of the immune response 
induced by DNA vaccines are observed by boosting DNA vaccine expression with plasmid encod-
ing cytokines such as interleukine-12 (Hirao et al., 2009). An open question is the putative positive 
e#ect of muscle "ber electrodamages that may play a role of adjuvants (Widera et al., 2000; Chiarella 
et al., 2008).

14.5 Conclusions
$is chapter attempts to evaluate the contributions of di#erent parameters on the e!ciency of 
nucleic acid delivery by electropulsation. A rather fair control of gene electrotransfer can be obtained 
by selecting appropriate physical as well as biochemical parameters, and optimization can be per-
formed in order to obtain highly e!cient expression both in vitro and in vivo for preclinical studies. 
At the present state of our knowledge, no negative consequence of gene electrotransfer has been 
reported in vivo. Even if clinical protocols now are under trial (Daud et al., 2008), other experimen-
tal studies (such as preclinical research on pets: dog, cat, and horse) are needed to evaluate other 
potential side e#ects.
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RNA interference appears as a promising tool for therapeutic gene silencing.  A key limit 

is the delivery of the siRNA.  A safe approach is to use a physical method such as in vivo 

electropulsation with contact electrodes.  Getting a long lived silencing can be better ap-

proached by using the in situ expression of shRNA.  This is presently obtained by using co-

electrotransfer of specific plasmids coding for expression and silencing of a fluorescent pro-

tein.  Using a non invasive fluorescence imaging assay, electrodelivery in mouse muscles 

is observed to induce complete silencing over more than two months in a specific way.  The 

proper choices of the plasmids (sequence and relative amounts) and of the electric pulsing 

conditions appear as key parameters in the successful silencing.
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Introduction

RNA interference (RNAi) is rapidly becoming an important tool for studying 

gene functions and holds promise for the development of therapeutic gene si-

lencing (1).  RNAi is a post-transcriptional process triggered by the delivery of 

double-stranded RNA (dsRNA) that induces gene silencing in a sequence-spe-

cific manner (2).  An efficient gene silencing required a safe and efficient deliv-

ery, a stability of the silencing agent and long lived effects (3).  RNA interfer-

ence can be achieved by using chemically synthesized siRNA (small interfering 

RNA) or shRNA (short hairpin RNA) expressing plasmid.

Previous works showed that the delivery of chemically synthesized siRNA 

resulted in strong and sequence-specific inhibition of gene expression in vitro 

(4, 5) and in vivo (6, 7).  However, chemically synthesized siRNAs had several 

drawbacks beside their expensive cost such as a transient gene expression si-

lencing due to their short lived stability in vivo (8).  To overcome these limita-

tions, the delivery of shRNA expression cassettes appeared as a more suitable 

approach.  The development of these expression cassettes required safe and 

efficient in vivo targeted delivery methods.  Viral vectors have been reported 

as highly efficient methods for shRNA delivery to several tissues (9, 10).  Un-

fortunately, viral proteins could induce specific immune responses that could 
limit the ability to re-administer the viral vectors (11, 12).  Moreover, the viral 
vectors, like retrovirus or lentivirus could evoke insertional mutations during 

their integration into the host genome (13, 14).  In contrast, DNA plasmids 

were composed entirely of covalently closed circles of double-stranded DNA 

with no associated proteins.  Commercially available efficient, highly trans-

fectable and simple-to-use plasmids have been designed such as psiRNA™ 

and pCpG-siRNA™.  These plasmids were designed by inserting a DNA frag-
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ment of approximately 50 mer, which after transcription 
from the human H1 or 7SK RNA polymerase III promoter, 

generated short RNAs with a hairpin structure (shRNAs) 

(15, 16).  shRNAs were more stable than chemically syn-

thesized siRNAs and their expression within the cells, 

allowed long-lasting silencing of target gene expression 

(17).  Nevertheless, gene delivery with plasmid vectors is 

highly inefficient if DNA plasmids are not associated with 
chemical or physical methods.  DNA plasmids are more 

suitable for large volume production and quality control 

than viral vectors.  Moreover, the most advantages of DNA 
plasmid are lack of integration and low immunogenicity.  

Plasmid DNA could be a highly attractive molecule for 

gene therapy when it is associated with safe, efficient, and 
targeted delivery method (18, 19).

During the 90’s, in vivo electrotransfer appeared as a prom-

ising tool for exogenous drugs delivery.  Moreover, this non 
viral method offered the advantages as reduction of toxic-

ity, safety, and friendly use (20).  In vivo electrotransfer al-

lowed efficient delivery of DNA plasmids and others larges 
molecules like proteins (21) and antisense oligonucleotides 
(22).  DNA plasmid can be easily delivers to the skin and 
liver but skeletal muscle has recently attracted a lot of atten-

tion, muscle being considered as a first choice cellular fac-

tory.  Indeed, expression of the episomal plasmid could be 

long lived in muscle tissue (23, 24).  Indeed, a wide range 
of tissues have been targeted including skin (25), liver (26), 
lung (27), skeletal (23, 24) and cardiac muscle (28), kidney 
(29), joints (30), brain (31), and retina (32).  Delivery was 
targeted to the volume of tissue localized between the elec-

trodes, where the electric field is applied (33, 34).

In living animals, the quantitative follow-up of reporter gene 

expression is very important to monitor the therapeutic gene 

expression in targeted tissues and to assess the effectiveness 

of delivery methods.  In vivo optical imaging is a nonin-

vasive method that can detect and follow the reporter gene 

activity on the same animal as a function of time (35, 36).  

Indeed, working on the same animal brings a reduction of 

the number of experimental animals and increases the ac-

curacy of statistical analysis.  Exogenous gene expression 

of fluorescent proteins such as enhanced green fluorescent 
protein (eGFP) can be detected directly on living animals 
by means of a fluorescence stereomicroscope coupled to a 
cooled charged-coupled device camera (CCD camera).

In this study, we investigated the effectiveness of electro-

transfer for the targeted delivery of DNA plasmid coding 

for shRNA in adult mice using tibialis cranialis muscle 

as a model system. The resulting gene silencing is moni-

tored in living animals by time-lapse fluorescence imag-

ing. Silencing of gene expression was observed over a 

two-month period.

Materials and Methods

Animals

All animal studies were conducted in accordance with the 

principles and procedures outlined by the European conven-

tion for the protection of vertebrate animals used for experi-

mentation.  Seven to 10 weeks old Balb/c female mice were 
used in this study (IFFA CREDO, France).

Plasmids

pCLEF14-EGFP plasmid contains enhanced green fluo-

rescent protein cDNA under the control of the elongation 

factor 1α (EF1α) promoter (InvivoGen, France see www.
invivogen.com/).

pUC18 plasmid contains the cDNA of sub-unit α of LacZ 
under the control of the pLac promoter (InvivoGen, France). 

psiRNA25-EGFP or psiRNA25-SCR (InvivoGen, 

France):  psiRNA25 is an RNA polymerase III-based plas-

mid that contains the human 7SK RNA Pol III promoter.  

The DNA fragments coding for scramble shRNA (SCR) 

or shRNA against eGFP (EGFP) mRNA are designed by a 
siRNA design algorithm of InvivoGen, named siRNA Wiz-

ard (//www.sirnawizard.com/).  DNA sequence of eGFP 
shRNA (relative position to ATG), GCAAGCTGACCCT-

GAAGTTCACCACCTGAACTTCAGGGTCAGCTTGC 

and DNA sequence of scramble shRNA, GCATATGTGC-

GTACCTAGCATTCAAGAGATGCTAGGTACGCA-

CATATGC (Loop in bold).

pCpG76-EGFP ou pCpG76-SCR (InvivoGen, France): 

pCpG76 is a plasmid that combines a CpG-free plasmid 

backbone with shRNA expression cassette of psiRNA25 
plasmids.  In the expression cassette, mCMV enhancer se-

quence is added on upstream of 7SK promoter.  This plasmid 

is designed for long lasting expression of shRNA in vivo as 

the plasmid does not induce inflammatory responses (37) and 
gene silencing by methylation in vertebrates hosts (38).

Plasmids (see Table I) were produced in the Cayla facility.  

Identity was confirmed by agarose gel.  Contamination with 
RNA was not observed and the majority of plasmids was 

present as covalently closed circles.

In vivo Electrotransfer

Two days before the experiments, the hair on leg was re-

moved with hair removal lotion (Nair, France).  During the 
electrotransfer, animals were anesthetized by intraperitoneal 

injection of physiologic saline (10 mL/kg) containing Xyla-

sine (1 mg/mL) and Ketamine (5 mg/mL).
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In total, 5 µg of pCLEF14-EGFP (1 µg/µL) in PBS are mixed 
with 10 µg (Ratio target/shRNA, 1/2), 25 µg (Ratio target/
shRNA, 1/5), 50 µg (Ratio target/shRNA, 1/10) of pUC18 or 
plasmid expressing shRNA.  The DNA mix was adjusted to 

a 25 µL final volume with PBS.  The plasmid solution was 
injected slowly (about 15s) with a Hamilton syringe through 

a 26G needle (Hamilton, Bonaduz, Switzerland) into tibialis 
cranialis muscles in anesthetized mice.

Within 1 min after the intra-muscular injection of plasmids, 

electrical field pulses were applied to the muscle.  A 6 mm 
gap is maintained between plates, which were 10 × 10 mm 
× mm each (.1 cm2).The injected leg was held steady and 

the electrodes (IGEA, Italy) were applied to the lateral sides 

of the hind limb.  The fixed 6 mm gap distance between the 
electrodes allowed to maintain contact with the skin surface.  

Electrode jelly (Comepa, St Denis, France) was used on the 
electrode plates to ensure good electrical contact.  Electrode 

position can be easily changed by a rotation of the electrode 

set around the muscle.  A 90º rotation brings a direction of 
the field in a perpendicular direction, so called crossed direc-

tions.  Electric pulses of 120 V were applied in two sets of 
four rectangular wave pulses of crossed directions, lasting 

20 ms at 1 Hz using a Jouan electropulsator (CNRS, France) 
(24, 39) (Fig. 1).  All parameters were set from the control 
keyboard of the Jouan generator but could be obtained with 

other suitable square wave pulse generators.  Pulse shape was 

monitored online with an oscilloscope (Enertec, St-Etienne, 

France) to control the accurate delivery.

Non Invasive Animal Fluorescent Imaging

The eGFP expression in the mouse muscle was detected 
directly on the anaesthetized animal by digitalized stereo-

microscopy (40).  Fluorescent muscle fibers were observed 
through the skin.  This procedure allows to monitor reporter 

gene expression on the same animal by time-lapse fluores-

cence imaging.

A stereo fluorescence microscope (Leica MZFL III, Germa-

ny) was used for visualization using the ×0.8 magnification.  
The whole muscle was observed as a 12 bits 1.3 M pixels 

image with a cooled CCD Camera (Roper 

Coolsnap fx).  The MetaVue software (Uni-
versal, USA) drives the camera and allowed 
image analysis from a Dell computer.  The 

fluorescence excitation was obtained with a 
Mercury Arc Lamp (HBO, Osram, Germany) 
and either the GFP or the G filters (Leica).  
The GFP fluorescence from the muscle was 
quantitatively evaluated at different days and 

thereafter with weekly intervals until the GFP 
fluorescence was no longer detectable.  A dark 
image (no incident light), a light map with the 

GFP filter (using a reference fluorescent sample (Chroma, 
USA), images of muscle through the GFP filter and the G 
(red) filter were taken.  The picture of muscle with G filter 
(autofluorescence signal) was subtracted from the image of 
muscle with GFP filter.  The resulting image was divided by 
the image of light map corrected from the dark signal.  This 

operation allowed to suppress the autofluorescence and the 
dark signal from the image of muscle through the GFP filter.  
The correction brought by the light map allowed to take into 

account the fluctuations of mercury arc lamp and the opti-
cal defects of the microscope.  On the resulting image, the 
tibialis cranialis muscle was located and gated to give the 

region of interest (ROI) (Fig. 2).  The mean fluorescence in 
the gated area (whole muscle) was quantitatively estimated.

Statistical Analysis

Four to six legs were treated for each condition.  Differences 
between mean fluorescence levels measured in our experi-
ments were statistically evaluated by using an unpaired Stu-

dent t-test using the Prism software (version 4.02, Graphpad).

Results

Gene Electrotransfer and Expression

Mice muscle were electrotransferred with 5 µg of pCLEF14-
EGFP plasmid.  Expression (GFP emission) was detected 
24 hours after electropulsation.  The whole muscle imaging 
method allowed the detection of fluorescent fibers during 
more than 72 days.

Except the muscle contraction during the field pulse, no 
side effect was associated to the treatment as previously 

reported (41).

Gene Silencing in Mice

Mice muscle were electropulsed with a mixture of 
pCLEF14-EGFP plasmid and pUC18, psiRNA25-EGFP, 
psiRNA25-SCR, pCpG76-EGFP, or pCpG76-SCR at vari-
ous ratios (1:2, 1:5, and 1:10) with a constant amount of 

Table I 
The different constructs used in this study are presented in this table. 

 pCLEF14-EGFP pUC psiRNA25- 
EGFP or SCR 

pCpG76- 
EGFP or SCR 

Coding 
sequence EGFP protein Sub-unit  of 

Lac Z protein 
shRNA against 

EGFP mRNA or 
scramble shRNA 

shRNA against 
EGFP mRNA or 
scramble shRNA 

CpG 
motif Yes Yes Yes No 
Enhancer 
/promoter 

No enhancer 
EF1  Promoter 

No enhancer 
pLac promoter 

No enhancer 
7SK promoter 

mCMV enhancer 
7SK promoter 
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pCLEF14-EGFP plasmid (5 µg) achieved by varying the 

quantity of shRNA expressing plasmid to evaluate the ef-

ficiency of these different plasmids.

The co-transfer of pCLEF14-EGFP plasmid and pCpG76-
EGFP or psiRNA25-EGFP plasmid in a ratio 1:2 induced a 
partial silencing of GFP expression during the first 23 days 
(Fig. 3).  However, after the day 23, GFP expression was no 
detected until day 72.  When anesthetised mice were electro-

pulsed after injection of pCLEF14-EGFP plasmid mixed with 
control plasmid (psiRNA25-SCR, pCpG76-SCR, pUC18), 
GFP expression was detected 24h after electrotransfer.  GFP 
fluorescence was quantified by time-lapse fluorescence im-

aging on the same animal.  Fluorescence was present only 
in the tiabialis cranialis muscle that was electropulsed.  It re-

mained detectable during a long period (more than 70 days).  
When the pCLEF14-EGFP plasmid was co-introduced with 

pCpG76-SCR and whatever the ratio between these two plas-

mids, the GFP expression was higher than the co-introduc-

tion with pUC18 or psiRNA25-SCR plasmid during 70 days.  
A specific enhancing effect in expression (fluorescence) was 
associated with the pCpG construct after co-introduction 

with the EGFP coding plasmid.

Promoters of shRNA Plasmid

psiRNA25 and pCpG76 are RNA polymerase III-based plas-

mids that contains the human 7SK RNA Pol III promoter.  

In a series of in vitro previous experiments aimed to com-

pare the strength of the human 7SK, H1, and U6 promot-
ers, InvivoGen found that the best silencing efficiencies of 
various target genes was consistently obtained with the 7SK 

promoter (see invivogen website).  When we co-transferred 

of pCLEF14-EGFP-v01 and shRNA plasmid bearing either 
7SK or H1 promoter in the muscle mice by electropulsation, 

Figure 1:  Experimental procedure.  The animal is under anesthesia dur-

ing all the experimental procedure.  (A) The plasmid solution (25 µl) is 

injected in the tibialis muscle.  The mouse leg was previously shaved.  (B) 

The electrodes are set around the leg and four electric pulses of 120 V 
lasting 20 ms at 1 Hz are applied.  (C) The electrode set is turned to a per-

pendicular position around the leg.  Four electric pulses of 120 V lasting 
20 ms at 1 Hz are delivered.

Figure 2:  Whole muscle fluorescence imaging.  (A) The electrotransfected 

muscle is observed by fluorescence stereomicroscopy with the gfp filter.  
GFP and autofluorescent emissions are detected.  (B) The same muscle is 

observed with the G filter.  Only the autofluorescence emission is detected.  
(C) After the correction protocol (see Materials and Methods), only the 

GFP emission is detected and quantified.
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Figure 3:  Co-transfection: Plasmid Ratio GFP/shRNA 
1/2.  Whole muscle imaging on day 4 after co-transfer 
with pUC18 (A), psiRNA25-SCR (B) and psiRNA25-
EGFP (C), pCpG76-SCR (D), and pCpG76-EGFP (E) 

plasmids.  Mean fluorescence changes after the dif-
ferent treatments pUC18 (t), psiRNA25-SCR (®) 

and psiRNA25-EGFP (n), pCpG76-SCR (°) and 

pCpG76-EGFP (l) plasmids (+/- SD) where plotted 
as a function of time (F).  N = 4 muscles.

Figure 4:  Co-transfection: Plasmid Ratio GFP/shRNA 
1/10.  Whole muscle imaging on day 4 after co-transfer 
with pUC18 (A), psiRNA25-SCR (B) and psiRNA25-
EGFP (C), pCpG76-SCR (D), and pCpG76-EGFP (E) 

plasmids.  Mean fluorescence changes after the dif-
ferent treatments pUC18 (t), psiRNA25-SCR (®) 

and psiRNA25-EGFP (n), pCpG76-SCR (°) and 

pCpG76-EGFP (l) plasmids (+/- SD) where plotted 
as a function of time (F).  N = 4 muscles.

Figure 5:  Co-transfection: Plasmid Ratio GFP/shRNA 
1/5.  Whole muscle imaging on day 6 after co-transfer 
with pUC18 (A), psiRNA25-SCR (B) and psiRNA25-
EGFP (C), pCpG76-SCR (D), and pCpG76-EGFP (E) 

plasmids.  Mean fluorescence changes after the dif-
ferent treatments pUC18 (t), psiRNA25-SCR (®) 

and psiRNA25-EGFP (n), pCpG76-SCR (°) and 

pCpG76-EGFP (l) plasmids (+/- SD) where plotted 
as a function of time (F).  N = 6 muscles.

Figure 6:  Co-transfection: Plasmid Ratio GFP/
shRNA 1/1.  Whole muscle imaging on day 7 after 
co-transfer with pUC18 (A), pCpG76-SCR (B), and 

pCpG76-EGFP (C) plasmids.  Mean fluorescence 
changes after the different treatments pUC18 (t), 

pCpG76-SCR (°), and pCpG76-EGFP (l) plas-

mids (+/- SD) where plotted as a function of time 
(D).  N = 6 muscles.
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we observed that again the shRNA plasmid with 7SK induced 

the best silencing efficiency in vivo (Data not shown).

Dose Effect on Silencing

When we increased by 2.5 or 5 fold the amount of pCpG76-
EGFP or psiRNA25-EGFP plasmid keeping constant the 
amount of pCLEF14-EGFP plasmid (5:1 or 10:1 ratio), GFP 
expression was not detected during the 78 days (Figs. 4 and 
5).  This indicated that gene silencing in muscle was dose-de-

pendent, detectable within 24 hours and complete only three 
days after the electrotransfer.  The specificity of the silencing 
was present with these higher doses The co-introduction of 

pCpG76-SCR or psiRNA25-SCR plasmid and pCLEF14-
EGFP plasmid at 5:1 and 10:1 ratio did not induce a GFP 
fluorescence decrease.  The enhancing effect of the pCpG76-
SCR plasmid was present but was not increased by the in-

crease in the dose of injected plasmids.

In another set of experiments, pCLEF14-EGFP plasmid 
and different forms of “silencing” plasmids were co-elec-

trotransferred (ratio 1:1).  GFP expression silencing was 
present but at a limited extend up to day 33 (Fig. 6).  Then 
complete silencing was present.  Again an enhancing effect 

in expression was present with the pCpG76-SCR plasmid as 

compared with the pUC18.

Discussion

Since its discovery (42), the number of application of RNA 
interference has increased dramatically.  RNA interference 

appeared as an exciting tool to identify news target genes and 

was proposed as a new therapeutic strategy (43).  These two 

applications required long-term silencing of genes.

In this study, we demonstrated that long-term silencing of 

exogenous gene in vivo, by electrically-mediated delivery of 

shRNA expressing plasmids, was possible.

We showed that by intramuscular electrotransfer of plasmid 

expressing GFP protein, in combination with non invasive an-

imal fluorescence imaging, we were able to monitor and quan-

tify the expression of exogenous delivered GFP for at least 
70 days.  This confirmed that electrotransfer was safe, easy 
to implement, and allowed a localized delivery.  Long lived 

gene expression of electrotransfered plasmid has been already 

reported when using similar pulsing conditions (23, 24).  The 
main reason of this long gene expression is known to be linked 

to the physiology of muscle tissue.  Indeed, the myofibers 
were quiescent structures with long life time.  Consequently, 

the DNA plasmid was maintained under episomal form and 

long lasting expression was detected in skeletal muscle Gene 

delivery to skeletal muscle was a promising strategy for the 

treatment of muscle disorders and for the systemic secretion of 

therapeutic proteins.  In the present case, we were expecting a 

long term expression of the shRNA.  This is indeed the case.

Non invasive fluorescence imaging enabled real-time, non-
invasive monitoring of GFP expression in vivo on the same 

mice.  Consequently, the total number of mice used could be 

reduced significantly and the statistic power increased (35, 
36).  This approach complied with the recommendations on 

the use of laboratory animals in experimental research (3Rs 

rule).  Therefore, fluorescence imaging was an interesting 
and reliable method to follow and quantify the silencing ef-

fect of psiRNA25 and pCpG76 plasmids over time.

In this study, we showed that by intramuscular electrotransfer 

of shRNA expressing plasmid, we were able to knock down 

the exogenous expression of co-transferred transgene for at 

least 70 days in mice muscle.  This effect was dose-dependent 
and sequence specific because no silencing effect occurred 
with the scramble shRNA coding plasmid.  shRNA expressing 

plasmid induced more efficient and long-lasting gene silenc-

ing than chemically synthetic siRNA.  Indeed, two groups re-

ported the delivery of chemically synthesized siRNA in mice 

muscles by electrotransfer.  These works showed the maximal 

duration of gene silencing to be, respectively, 7 and 11 days 

(40, 43).  The longest silencing effect was obtained with a pro-

tocol rather similar to the one of the present study.  The present 

study shows that complete silencing was obtained for a 6 to 7 

times longer period by using properly designed shRNA coding 

plasmids.  It suggested that the stability of the chemical form 

was less than that of the plasmid.  The onset of silencing with 

low amount of shRNA vectors was later than with siRNA.  

This could be due to the need of a critical level of expressed 

shRNA to induce the silencing.  This is in agreement with the 

long delay observed with the very low amount of plasmids 

(1/1 ratio reported in Fig. 6).  Of course silencing is present at 
once with high amounts of siRNA or shRNA plasmids.

Using a different experimental protocol (shorter pulse dura-

tion, unidirectional pulses, different mice, 50 µg of plasmid) 

and pHippy siRNA plasmid, Eefting et al. investigated Lu-

ciferase silencing by siRNA expression (45).  Silencing was 

highly present only with a high dose of the “silencing” con-

struct (1:9 ratio).  Complete silencing was not obtained.  Si-
lencing was progressive and the highest level was observed 

only after 30 days but remained present thereafter.  No inflam-

matory reaction was detected.  In our approach, we observed 

a complete gene silencing three days after electrotransfer 

with 1/5 and 1/10 ratio.  The difference in the observations 
may be explained by the choice in the “silencing” plasmids.  

Expression after electrotransfer is known to be controlled by 

the choice in the promoter (46, 47).

In addition, we observed that the co-transfer of pCLEF14-
EGFP and pCpG76-SCR plasmid induced higher GFP 
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expression than the co-transfer of pCLEF14-EGFP and 
psiRNA25-SCR or pUC18.  No significant dose effect was 
observed.  This suggested either that pCpG76-SCR was a 

better DNA carrier than other plasmids or more likely that 

the other constructs induced a reduction of the expression.  

CpG motifs may be immunostimulatory elements leading to 

a rapid decline of transgene expression in vivo (48).

Endogeneous gene silencing was partially achieved in mus-

cles on Toll-like receptor by Eefting et al.  More interestingly, 
shRNA coding for myostatin silencing were electrotransfered 

in rat muscles by a different protocol where 100 µg of shRNA 

coding plasmids were injected into rat tibialis anterior or con-

tralateral muscles (47).  Resulting changes were assayed two 

weeks after the electrotreatment.  RT-PCR and Western blot-

ting were used to determine myostatin expression.  Muscle fi-

ber sizes were measured to assay the physiological response.  

Protein expression was reduced only by 50%.  Expression of 
transgenes decreased by half after 28 days.  The procedure 
was associated to a protocol using needle electrodes known 

to be rather damaging for the muscle.  This is known to in-

duce a negative effect on expression (50-52).

In conclusion, the present study demonstrated that under elec-

trical conditions shown to give a high level in plasmid expres-

sion, electrically-mediated of small amount of pCpG™ and 

psiRNA™ plasmid-based delivery of shRNA resulted in long 

lived silencing of GFP expression for at least 70 days in mice 
muscles.  The prolonged knock-down effect after a single in-

tramuscular electrotransfer suggests that this physical deliv-

ery method is suitable for targeted gene therapy of muscular 

dystrophies, myostatin being proved to be a target gene (52).
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Abstract—RNA interference (RNAi)-mediated gene silenc-
ing approaches appear very promising for therapies based on 
the targeted inhibition of disease-relevant genes. The major 
hurdle to the therapeutic development of RNAi strategies 
remains however the efficient delivery of the RNAi-inducing 
molecules, the short interfering RNAs (siRNAs) and short 
hairpin RNAs (shRNAs), to the target tissue. In this study we 
have investigated the contribution of electrically-mediated 
delivery of siRNA and/or shRNA into muscles or tumors 
stably expressing a green fluorescent protein (EGFP) target 
reporter gene. The silencing of EGFP gene expression was 
quantified over time by fluorescence imaging in the living 
animal. Our study indicate that electric field can be used as an 
efficient method for RNAi delivery and associated gene silenc-
ing into cells of muscle and solid tumors in vivo. 

Keywords— Electroporation, RNA interference, imaging, 
siRNA, ShRNA. 

I. INTRODUCTION  

Since its discovery1, RNA interference has been de-
scribed and extensively characterized in a number of organ-
isms 2-4. The identification of the short interfering RNAs 
(siRNAs) involved in this process and their use for se-
quence specific gene silencing has offered a new approach 
for molecular therapeutics by taking advantages of the 
progress in genomics5, 6.  

This development requires, however, new safe and effi-
cient in vivo siRNA delivery methods 7. SiRNAs appear as 
a very promising new therapeutical agent but besides the 
problem of delivery, an unanswered problem is to know 
how long its effect lasts after a single dose delivery 8. Most 
recently published in vivo results were obtained by « hy-
drodynamic transfection ». This stringent approach (injec-
tion within a few seconds in the tail vein of a volume one 
tenth the mass of the animal) appears to bring siRNA (and 
DNA) delivery mainly targeted to the liver 9-13. Other 
methods were described where a systemic or a localized 
(portal vein injection) delivery was obtained by adding 
different chemical compounds to the siRNA solution 14-17. 
SiRNA gene silencing could be obtained in vivo on reporter 
as well as endogenous genes. Delivery remains a critical 
issue for the development of siRNA as an effective thera-
peutic 7. More recently, fluorescently labelled siRNA were 

injected IV or IP in mice being complexed with cationic 
lipid liposomes 16. Rather high amounts (100 µg) were 
injected in this experiment. Clearly the need for a delivery 
method suitable for targeting a broad range of tissues re-
mains required. The demonstration in 1998 of drug and 
plasmid electrotransfer and gene expression in tumours 18, 

19 led to the proposal that in vivo electropulsation was a 
promising tool for exogenous agents delivery 20. Further-
more it was observed that a very efficient in vivo elec-
troloading of large molecules other than plasmids was 
obtained for proteins 19, dextran 21, and antisense oligonu-
cleotides 22. Electrically mediated gene transfer had been 
shown to be effective on many tissues: liver 23, skin 24, 
muscle 21, 25 and heart 26. Delivery is targeted to the volume 
where the field pulse is applied, i.e. under the control of the 
electrode localization. This technology allows delivery to 
almost all tissues, after a small surgery when needed.  Im-
pressive results were described in the case of muscles 
where treatment with non-invasive contact electrodes 
brought a long lasting expression of therapeutical genes 27.  

Recent developments in optical imaging provide con-
tinuous monitoring of gene delivery and expression in 
living animals 28. Indeed, reporter gene activity can be 
accurately followed of the same animal as a function of 
time with no adverse effects either on the reporter gene 
product or on the animal itself. This increases the statistical 
relevance of a study, while decreasing the number of ani-
mals required. Exogenous gene expression of fluorescent 
reporter proteins such as GFP can be detected by the asso-
ciated emission using a highly sensitive CCD camera. 

II. MATERIALS AND METHODS 

A. siRNAs 

All siRNAs were purchased from Qiagen Xeragon (Ger-
mantown, MD, USA). The egfp22 siRNA (sense: 5’ r(GCA 
AGC UGA CCC UGA AGU UCA U), antisense: 5’ r(GAA 
CUU CAG GGU CAG CUU GCC G)) is directed against 
GFPmRNA. The P76 siRNA (sense: 5’r (GCG GAG UGG 
CCU GCA GGU A)dTT, antisense: 5’ r(UAC CUG CAG 
GCC ACU CCG C)dTT) is directed against an unrelated 
human mRNA and shows no significant homology to 
mouse transcripts. It was used as a control for specificity of 
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the siRNA construct. ShRNA were provided by Cayla 
InvivoGen. 

B.  In vivo Electropulsation 

Saline solution (i.e. PBS containing 40 units of the 
RNAse inhibitor RNAsinR (Promega, Madison, WI) and 
either egfp22 or p76-siRNA were slowly injected (about 
15s) with a Hamilton syringe through a 26G needle (Ham-
ilton, Bonaduz, Switzerland) into the muscle or the tumor, 
under anesthesia (with or without plasmid pEGFPC1). In 
control conditions, the volume of siRNA was replaced by 
the siRNA suspension buffer to keep the injection condi-
tions similar. 30s after injection, an electric pulsation was 
applied. Plate parallel electrodes (length 1 cm, width 0.6 
mm, interelectrode distance 6 mm) (IGEA, Carpi, Italy) 
were fitted around the muscle or the tumor. The skin was 
previously shaved with a cream (Veet). A good electric 
contact was obtained between the skin and the electrodes 
using a conducting paste (Eko-gel, Egna, Italy). The tissue 
was electropulsed with selected parameters using the PS 10 
CNRS Electropulsator (Jouan, St Herblain, France). Square 
waved pulses were delivered. Voltage, pulse duration and 
frequency of pulses were all pre-set on the Electropulsator 
depending on the tissue (see legend of the figures). All 
parameters were monitored on line with an oscilloscope 
(Metrix, Annecy, France).  

C. Non invasive stereomicroscopy fluorescence imaging in 
live animals: 

GFP expression in the tissue cells was detected directly 
through the skin on the anaesthetized animal by digitized 
fluorescence stereomicroscopy. This procedure allowed the 
observation of GFP expression on the same animal during 
several days. High magnification images were obtained 
with an epifluorescence stereomicroscope using the 0.8 
magnification (Leica MZFL III, Germany) and a cooled 
CCD camera (Roper Coolsnap fx). A 15-mm2 part of the 
animal was observed, which was suitable to observe the 
treated tissue. Camera was driven by the MetaVue software 
2.6 (Universal, USA) from a Dell computer. The exposure 
time was set at 1 s. with no binning. The fluorescence exci-
tation was obtained with a Mercury Arc lamp (HBO, Os-
ram, Germany) and a GFP filter (Leica) for emission. The 
GFP fluorescence was quantitatively evaluated at different 
days. A transmission picture and a picture with GFP filter 
were taken on each tissue.  

From the transmission picture, the tissue was located 
and manually gated to give the region of interest (ROI). On 
the picture taken with the GFP filter, the mean fluorescence 
in the gated area was quantitatively estimated. Another 

ROI was defined next to the non treated part of the tissue to 
determine the mean fluorescence background on the skin 
and normal tissue. Numerical values obtained by Metavue 
analysis software were transferred to Microsoft Excel and 
used for data analysis. To quantify the knockdown induced 
by the delivery of the siRNAs, the fluorescence intensity of 
the tissue on day 0 (i.e. before the treatment) was set as the 
100% value for each animal and the " relative fluorescence 
on day X" values were in reference to this initial value. 
This allowed to get rid of the observed variations in the 
initial GFP fluorescence of tissue between the different 
animals.  

III. RESULTS 

A. Electrotransfer of siRNA in muscles 

 
Fig. 2: RNA interference in 9 weeks old C57Bl/6 mouse leg muscle. 
Representative images of the GFP fluorescence from the mouse leg 

(Each image is 1 cm wide). 
A- GFP expression resulting from plasmid alone electrotransfer as ob-

served on days 7 and 23 in the same leg. 
B- GFP expression silencing as observed on days 7 and 23 in the same leg 

when the plasmid was cotransfered with the specific egfp22 siRNA. 
C- GFP expression remained unaffected when an unrelated siRNA (p76) 

was cotransfered with the plasmid. 
D- Changes in the mean fluorescence emission with time. 

Sample standard deviations are shown. (n=4)  
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Plasmid electrotransfer and expression in muscles are 
known to be very efficient. Up to 70-80 % of the fibers can 
be transfected after injection of 25 µg of a GFP coding 
plasmid and by using adequate electrical conditions. Emis-
sion of the green protein was high 7 days after the electrical 
treatment. When the specific siRNA was electro-
transferred (DNA +AntiGFP), significant decrease of the 
GFP expression was observed. Our fluorescence analyses 
also led us to conclude that inhibition of gene expression 
lasts more than 11 days. SiRNA delivery therefore occurs 
in almost all fibers. 

B. Electrotransfer of shRNA in muscles 

Inhibition of GFP expression was observed by the de-
creased of fluorescence emission in the muscle after co-
transfection of a plasmid encoding GFP and the plasmid 

encoding shRNA. The use of shRNA leads to a stronger 
inhibition of the GFP expression (more than 50 days) than 
synthetic siRNA. 

C. SiRNA transfer in tumors 

 
Fig. 4: Time dependence of mean fluorescence intensity  

of the B16F10 GFP tumors 
Time dependence of mean fluorescence intensity of B16F10 GFP tumors 

in control untreated tumors and in tumors treated with;  electric field : 
PBS + EP (!), unrelated siRNA : p76 + EP ("), 12 µg of egfp22 siRNA 

alone : AntiGFP - EP (!) and egfp22 siRNA electro-transferred :  
AntiGFP + EP (") . On each animal, the mean fluorescence of the tumor 

was evaluated on a relative scale using the observation just before 
the treatment as a reference. (N= number of mice per group;  

for days 1 and 2: 7<N<9, days 3 and 4: 4<N<5).  
Differences in fluorescence levels between  

AntiGFP – EP and AntiGFP + EP conditions were statistically compared 
by used an unpaired t-test two-sided using the KyPlot software. 

 * P<0.05 and ** P<0.01 were plotted when observed.  

In vivo imaging was used to follow fluorescent tumors 
and fluorescence intensity as a function of time. GFP fluo-
rescence emission was quantified by digital imaging. Tu-
mor growth was not affected by the treatment (neither 
siRNA intra-tumoral injection nor electric pulses i.e. EP). 
When the specific siRNA was electro-transferred (AntiGFP 
+ EP), significant decrease of the GFP expression was 
observed within 2 days following the treatment. As shown 
in the pictures of the figures 1 and 2, the fluorescence asso-
ciated to the tumor disappeared in the treated group (An-
tiGFP + EP) whereas the fluorescence remained the same 
in the different control groups. 

IV. CONCLUSIONS 

In this study, we defined an experimental system allow-
ing visualizing and quantifying the down regulation of a 
expressed EGFP reporter gene in muscles and subcutane-
ous B16-F10 mouse melanoma tumors using non invasive 
in vivo fluorescence imaging. This allowed us to follow in 
situ the kinetics of siRNA-mediated inhibition of gene 
expression, the topology of the effect and to test the impact 

 
Fig. 3: RNA interference in 9 weeks old C57Bl/6 mouse leg muscle.  
Representative images of the GFP fluorescence from the mouse leg 

 (Each image is 1 cm wide). 
A- GFP expression resulting from plasmid alone electrotransfer as observed 

on days 13. GFP expression silencing was observed when the plasmid 
pEGFPC1 was co-transferred with the specific pCpG 62H1 EGFP_v1 
shRNA (ratio 1/10, respectively). GFP expression remained unaffected 

when an unrelated pCpG 62H1 EGFP_v1 was cotransfered  
with the plasmid. 

B- Changes in the mean fluorescence emission with time. Sample standard 
deviations are shown. (n=4)  
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of electrical treatment on the establishment of gene knock-
down.  
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