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Introduction
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Magnetic nanorods:

/

Antibodies Magnetic micro- or nanobeads:
N\ 17 * MR imaging;
 Cell separation;
Adsorbed molecules . Hyperthermia:

Detection of biomolecules by ELISA

» Same applications with enhanced magnetization

> Detection of biomolecules by magneto-optic effects

« Follow light absorption by
nanorod suspension in
response to H

« Relate C_,4, to change of
relaxation time

Start-up CMD (Exeter, UK) absorbance

time

nght .

e

blomolecule




Objectives and State of the Art

We seek for iron oxide nanorods:

» High specific surface - small enough If using B~1 mT
» High interaction with H - large enough } d~5 nm
» Strong MO response - L/d>5 L~25nm
> Well dispersed in water - graft polymers/polyelectrolytes
Milosevic et al. Mohaparta et al. Orza et al.
J. Phys. Chem. (2011) Nanoscale (2015)
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Why nanorods are so unstable as
ey question
compared to nanobeads?

van der Waals interaction is much stronger for rods than for beads
(larger contact area)
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L~30nm, d~6nm;
h ~0.5 nm — two water layers separating particle surfaces

To get U,,4,,~1kgT = separate nanorods at h~7-8 nm using a polymer

Detailed study of nanorod stability is missing

Our work: go further in realization and

understanding of nanorod dispersion Q]




Outline

e Two —step synthesis of iron oxide nanorods
+» Akaganéite
+ Iron oxide

o Water stabilization of iron oxide nanorods
+ Functionalization
+ Characterization
+ Stability diagrams

e Conclusions




Akaganéite -FeOOH Synthesis

T

Hydrolysis of FeClg .6H20 at 80°C The protocol with PEI
Mohaparta et al. Nanoscale (2015)

Fe+sSolution  PEI-polyethyleneimine

° o HAN N ' ' § '

° + " I
° o [ ] '\/N\./PN/\/N\‘ \ ll/'
A =80°C - 4h - 625rpm HN\/\NHQ

NH2 groups - affinity with specific crystal
phases - anisotropic crystal growth

The protocol without PEI
Blesa et al. Reactivity of Solids (1986)




Iron oxide — Reduction of B-FeOOH @

Microwave

i 200 Or 300 W
.
e Y - —

Number of Cycles:

2 mil

-FeOOH 25 mg of 2,30r6
0.23 wt% Hydrazine 78% Time of cycles:
pH7 pH9-10 | 30,450r60s

Dissolution - re-crystallisation (Schwertmann et al. Iron oxydes, 2000)
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Iron oxide — Reduction of B-FeOOH

Effect of number of cycles, duration and microwave power

Number of Time (s) Magnetization TEM
cycles
R | P e o

2 60 200 weak cubic/
rod
6 30 200 strong cubic/
rod
3 30 300 strong cubic/
rod
2 60 300 strong cubic/
rod
3 45 200 strong

rod



Iron oxide — Reduction of B-FeOOH
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Iron oxide — Reduction of B-FeOOH

Effect of number of cycles, duration and microwave power

Number of Time (s) Magnetization TEM
cycles
BT o T,
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2 60 200 weak cubic/
rod
6 30 200 strong cubic/
rod
!Z‘\. .
3 30 300 strong cubic/ £ ‘"3%
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Iron oxide — Reduction of B-FeOOH

Effect of number of cycles, duration and microwave power

Number of Time (s) Magnetization TEM
cycles
R YR
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Iron oxide — Reduction of B-FeOOH

Effect of number of cycles, duration and microwave power

Number of Time (s) Magnetization TEM
cycles
N RN L
e s T

2 60 200 weak cubic/
rod
6 30 200 strong cubic/
rod
3 30 300 strong cubic/
rod
2 60 300 strong cubic/
rod

3 45 200 strong
rod



Akaganeite and iron oxide Results

T Aagancie @] 000 Ire de " ey AKA oy MAG {c)
i s e 100 N + 1.00 e
T Akaganéite | ... gn oxyde A YYTONY Y i *f’?
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= 800 44000 E 1 00 . o, iy e L .".\
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%0 ) ’ v, nim-'s ’ - v, mm/s ’
X- ray diffraqtion of akaganeite (a), iron oxide (b) and Nlossbauer _ /
spectroscopylof akaganeite (AKA) and iron oxide (MAQ) (c) I .
ow hyperfine field,
] no hematite

Peaks correspond to:

« monoclinic < more peaks
« tetragonal

Peaks correspond to:
- Magnetite
 Maghemite

- Akaganeite > Only 3 peaks
. Hematite —




Iron oxide )

Magnetization curve at room temperature

80

| =——Mag Ms= 67kA/m

60

Mossbauer spectra:

_ 11 % —> ordered magnetic phase
20 - ~ (ferrimagnetic y-Fe203/Fe304
B / giving remnance)

40

M (kA/m)

25
/ 20] Mr=15,3 kKA/m
20 - ]

M (kA/m)

0
5
0
-40 s
0

89 % - disordered magn. phase
o0 » (superparamagn. y-Fe203/Fe304

-25 -2‘0 -1‘5 -1‘0 -“5 0 é 1IO 1‘5 2b 25
H (kA/m)
T I L

-80 g T ' T ' T L g T '
-400 -300 -200 -100 0 100 200 300 400
H (kA/m)

Saturation magnetization :

Mg =67 kA/m Why so small?
Remnant magnetization :

M= 15kA/m Why remnance?

+ non-transformed weakely
paramagnetic akaganeite
contributing to low Ms)




Water stabilization of iron fm }
oxide nanorods  alisation

Before: pH=1.2 or 6 pH=1.2 pH=1.2

/ OPTIMA 100 \ ( PAA \ / PCP45 \

CH,—p—o0H H, CH, H, H, H,
/\ H,C—+CH,-C CH, H,C i-cuz g CH, j: CHZ—j‘.—CHZ-‘(iI CH,
HC—EO CH,— CH, }—N | [ | | | |
C=0 =0 €=0 C=0 (=0 (=0
N i R
RN Na* N “Nat —~— T Nat T Na* T NaJw

0} OH CH,
|-
bi—phosphonate -PEG || Polyacrylic acid 15k _i:}
2,2k -
e O L & ~il
LV, 3 (olon > Wiy | e, > «%Z,;%
Diphostate ’2 \/\ ,\?I PAA J\ PMA-Na \,\) o
s & %‘3 Polymethacrylateﬁ)ﬁ:(}
N A e R
After: PH=1,.2 or 3 Adjustment of pH to 8-9
chemisorption precipitation-redispersion

phosphonate on iron oxyde [Sehgal, ..., Berret, Langmuir (2005)]




Intensity (%)

Water stabilization of iron

oxide nanorods

DLS intensity-average distribution of diameters

10 4

OPT100-pH 6
Z-Average = 84 nm
PDI=0.16

Bi-phosp-PE

Intensity (%)

14

OPT100 - pH1.2
Z-Average = 65 nm
PDI =0.15

Bi-phosp-PEG

1=0.36

Intensity (%)

Results

Useful method for comparative study

PAA PCP45
Z-Average = 99 nm Z-Average = 82 nm
PDI =0.16 104 PDI =0.27

PAA PMethaCryl-PEG

Intensity (%)
7

Keff=0.48

10° 10° 10
Size (nm)




Water stabilization of iron

Results
()
oxide nanorods
DLS intensity-average distribution of diameters =~ Useful method for comparative study
1 OPT100 - pH 6 14 OPT100-pH1.2| . ] PAA 12 PCPA5
o7 Z-Average = 84 nm ] Z-Average = 65 nm Z-Average = 99 nm 7-Average = 82 nm
] PDI=0.16 124 B. Pﬂzﬂ-ﬁ PEG 12 PDI=0.16 10 PDI=0.27
8 . 1 1-pnosp- ]
_ Bi-phosp-PEG . PHOSP ] PAA |_+/  [PMethaCryl-PEG
j’:; 6 g‘: g_— % 8—, ?%: 6
= | = 4 Y=0.36 | = 4 o Xeff=0.48
" Size (nm) e s.;;(‘n;{‘" o C YSgeem® "
Best dlsper51b111ty of - | 'S
Bi-ph -PEG with y=o0. . _—
p ::Fte d a(t} ey 7; 0.36 Poorest dispersibility of
8 L L2 PMethaCryl-PEG with
Best condition for Y~0.5:
10-phosphonate reaction Poor rniscibilit. v.vith water
[Torrisi et al. Biomacromol. (2014)] e y -




Water stabilization of iron
oxide nanorods

Results

500 ? —m— PCP45
- —e— PAA _ ~m PCP45
E 400 o . X=0,5mg/mg |-«
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Water stabilization of iron Results
oxide nanorods

son-é ? —m— PCP45

E 400 ot eHE i X=0,5mg/mg o
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8 g D
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40
1 —=—PCP45 Bad conformation
Grafting density 1 of PAA and PMethaCryl-PEG

S A Steri 1si T y Adamczyket\dl. (2006)
E eric repulsion T
5 XT p PH‘L SRtk 5 s T *
3 \ Osmotic pressure T \ 18 ST (e )
g depletion attraction T . .
N P conformation of Bi-Phosp-PEG
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Water stabilization of iron
oxide nanorods

Results

Best stabilization: PEG-bi-Phosphonate
grafted at acidic pH at X=0.5 mg/mg

« Smaller aggregates in chryo-TEM pictures
* Lateral aggregation of rods What leads to this aggregation?




Theoretical estimation of

stability — Magnetic interaction m

Two possible cases of remnant magnetization:

S ()
_ mueMZdL? R L
Umag = —27
>4 M =15 kA/m remnant
magnetization of particles

o (b) I
TuoMzd*
Umag = —57 T

Upnag << kgT a




Theoretical estimation of
stability - Depletion interaction

% Free polymer is squeezed out from the contact zone
% Osmotic pressure pushes the particles towards each other

Depletion interaction energy — excluded volume

Udpl =-11 Vex

clu

Udpl — _ CWNAVexclu
kgT M,

Ugpi< kgT at X=0.5mg/mg




Theoretical estimation of m
stability - Electrostatic energy

Brenner & Parsegian, Biophys. J. (1974)

oy 23]
1 ll Uer = / =4 Vied e 7"
L eoe\

Surface charge density

/ HET
{q

Electrophoretic mobility

measured with {-sizer Debye length

estimated by conductivity meas.

Bi-phosp-PEG: U,; < kgT (low charge density q)
PMethaCryl-PEG & PAA: U,; = (2 —-3)kgT (I~0.1M, k' ~1 nm)

50



Theoretical estimation of stability

- van der Waals interaction

van der Waals force between two parallel cylindrical rods :

Van der Schoot & Odjik J. Chem. Phys. [1992]

1 d
Fogw = — = —— AyL|—




Theoretical estimation of
stability - Steric interaction

- Milner et al. Macromolecules (1988)

valid for brush regime
for bi-phosp-PEG at ¥=0.36

2/3 2 5
kgT a 1 u* u
=2—(1-2x)%3N|— —
Use =275~ (1 =2%) (da> [2u+ 2 10]

with u=h/(26)
Fy; = nd|Us(h) — Uge(26)] < Derjaguin approach

- Patel & Russel, Coll. Surf. (1988):

valid for blob regime
for PMethaCryl-PEG at ¥y =0.48

3

2R 1
Fo = ndkgT —2 ke V48,3 | = + u? — 2
d u? :
a with u=h/(2R)




Theoretical estimation of
stability - Total force m

Magnetic, electrostatic and depletion energy are insignificant (<< kzT or ~kzT)

Considered forces : Van der Waals and steric interactions

—— force totale — force totale

—— force de van der Waals —— force de van der Waals

L | Bl-phOSp-PEGF— force strérgiue

—— force strérgine

R,=5nm

Forece F, nN
|
Force F, nN
(=]

4><1[:F3T .
_osk IPMethaCryl-PEG o |

| LA

] 5 10

Distance h, nm Distance h, nm

U,,+=23 kgT at h=particle diameter = U, ,~1 kgT at h=2 nm (force barrie




Theoretical estimation of
stability - Total force m

Magnetic, electrostatic and depletion energy are insignificant (<< kzT or ~kzT)

Considered forces : Van der Waals and steric interactions

;
il

—— force de van der Waals —— force de van der Waals

hBl-phOSp-PEGF— force strérgme

T 1 T T
—— force totale J | — force totale

—— force strérgine
.

« No aggregation predicted

« In experiments, polymer
unable to separate initial flocs 0™ -

With UVdW=6OkBT _0skF | PMethaCI‘yl-PEG 0 4

V ‘ —4><1[:F3l L

0 3 10 1] 5 10

0.3

R,=5nm

Force F, nN
(=]

-1

Distance h, nm Distance h, nm

U,,+=23 kgT at h=particle diameter = U, ,~1 kgT at h=2 nm (force barrie




Theoretical estimation of
stability - Total force m

Magnetic, electrostatic and depletion energy are insignificant (<< kzT or ~kzT)

Considered forces : Van der Waals and steric interactions

—— force totale — force totale

|
—— force de van der Waals | ) . —— force de van der Waals

1 | Bl-phOSp-PEGF— force strérgiue

| o —— force strérqiue
1) & .
Theory confirms the general trend
of better stability with
bi-phsosp-PEG as compared to
PMethaCryl-PEG

| 0 5 10

0 3 10 1] 5 10

nMN

Foree F,

Distance h, nm Distance h, nm

U,,+=23 kgT at h=particle diameter = U, ,~1 kgT at h=2 nm (force barrie




Conclusions

<+ Two-step nanorod Sfmthesm + grafting of 3 different
polymers/polyelectrolytes

< Optimum polymer ammount for minimal aggregation: interplay
between increasing grafting density and depletion interaction;

< Nanorod with PAA and Polymethacrylate-PEG: stable at S<pH<11
< Nanorod with bi-phosphonate-PEG: stable at 1.5<pH<11

< Best stability with bi-phosphonate-PEG grafted at acidic pH

< Theoretical estimations confirm general tendency of the stability diagrams

L
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Washings

Akaganeite:

After synthesis: centrifuging toremove polymer
+ washing with ethanol

+ drying at 25°C

+ washing with NaOH to increase the pH

Iron oxide:
After synthesis: washing with water to remove hydrasine
+ after washing with HNOS3 to adjust pH to 1.2 or 6 for grafting

- After grafting of PAA, Pmethacrylate washing with ammonia to pH=8-9
- After grafting of bi-phosph-PEG no washing




Estimation of polymer amount adsorbed
on the iron oxide surface

Xtheo = Mseg X Noseg X SBET

Xiheo = 0,1 mg/mg for OPT,,

Xiheo = 0,07 mg/mg for PCP,,,

The quadrupole distribution fitted to room temperature spectrum of
MAG3 sample is more uniform compared with that of akaganeite which
is like to be composed from two parts (Fig. 2). In addition, 11 %
area is attributed to magnetically ordered phase fitted to hyperfine field
distribution P(B) with the average hyperfine field 6.4 T



30 —w— Magnetic Nanorods
| . —o— OPT pH1.2
20 4 \
Yvy I
10 N 'IEP (pH)=6,03
S 7 ) I
£ ' I
= — =
T 0 —
E D= S
n? -10 A | \ q
E - ]
N -20- | V\
| \
- v
Vv—y
-40 ‘ I , . T T T T T T T T
0 2 4 ’ 8 m 12
pH

BET
Akaganeite (d=4 nm, L=29 nm) ~68 m?/g
Iron oxide (d=6 nm, L=31 nm) ~ 135 m2/g (particle porosity?)

Ay=33.102'J [Faure et al., Langmuir (2011)]






