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ABSTRACT:	While	host/guest	 interactions	are	widely	used	to	control	molecular	assembly	on	surfaces,	quantitative	 infor-
mation	on	the	effect	of	surface	chemistry	on	their	efficiency	is	lacking.	To	address	this	question,	we	combined	electrochemical	
characterization	with	quartz	crystal	microbalance	with	dissipation	monitoring	to	study	host/guest	interactions	between	sur-
face-attached	ferrocene	(Fc)	guests	and	soluble	β-cyclodextrin	(β-CD)	hosts.	We	identified	several	parameters	which	influ-
ence	the	redox	response,	β-CD	complexation	ability	and	repellent	properties	of	Fc	monolayers,	including	the	method	of	Fc	
grafting,	the	linker	connecting	Fc	with	the	surface	and	the	diluting	molecule	used	to	tune	Fc	surface	density.	The	study	on	
monovalent	β-CD/Fc	complexation	was	completed	by	the	characterization	of	multivalent	interactions	between	Fc	monolayers	
and	β-CD-functionalized	polymers,	with	new	insights	being	obtained	on	the	interplay	between	the	surface	chemistry,	binding	
efficiency	and	reversibility	under	electrochemical	stimulus.	These	results	should	facilitate	the	design	of	well-defined	func-
tional	interfaces	and	their	implementation	in	stimuli-responsive	materials	and	sensing	devices.

1.	INTRODUCTION	
Controlling	 molecular	 assembly	 on	 surfaces	 through	

host/guest	 chemistry	 is	 a	 rapidly	 growing	 research	 field	
with	a	wide	range	of	approaches	developed	for	the	design	
of	 nanostructured,	 stimuli-responsive	 and	 biomimetic	 in-
terfaces.1–4	A	particularly	attractive	feature	of	host/guest	in-
teractions	 is	 the	 possibility	 to	 modulate	 their	 binding	
strength	reversibly	and	on-demand,	which	can	be	achieved	
through	 a	 variety	 of	 stimuli,	 including	 electrochemistry,	
light,	temperature,	pH,	soluble	competitors	and	their	com-
binations.4,3,5–7	Combined	with	multivalent	 interactions,2,8–
10	stimuli-responsive	host/guest	complexation	allows	to	de-
sign	surfaces	with	advanced	properties	such	as	strong	bind-
ing,	 on-demand	 switching,	 self-sorting	 and	 regeneration.	
Determining	 the	 factors	 which	 govern	 these	 dynamic	
host/guest	interfaces	is	therefore	important	for	various	ap-
plications	in	material	sciences	(e.g.,	controlled	assembly	of	
molecules/nano-objects,1–3,5,6,10	 patterning,1–3,5,6	 cataly-
sis,3,11	 mechanical	 actuators4),	 sensing	 (e.g.,	 small	 chemi-
cals,	biomolecules,	cells)5,6,12,13	and	biotechnology	(e.g.,	con-
trolled	adhesion	of	cells/bacteria/viruses,3,5,6,10	biomimetic	
(nano-)interfaces5,9,10,14).		
Despite	the	wide	use	of	host/guest	interactions,	our	un-

derstanding	of	the	parameters	determining	their	efficiency	
at	 interfaces,	 and	 in	 particular	 of	 the	 role	 of	 the	 surface	
chemistry,	 remains	 limited.	 Previous	 studies	 highlighted	
the	importance	of	the	parameters	related	to	the	host/guest	
moieties	 (surface	 density,10,15–18	 concentration	 in	 solu-
tion,17,19	affinity,17	valency17,20–25	and	lateral	mobility),26	the	
surrounding	 liquid	 medium	 (presence	 of	 competing	
guests27,28	or	anions29)	and	the	underlying	substrate	(Au,	Si,	

doping	level).30	In	particular,	it	has	been	shown	that	the	af-
finity	of	host/guest	complexes	is	altered	at	the	surface	com-
pared	to	that	in	solution,	with	both	higher	and	lower	asso-
ciation	constants	being	reported.18,27,29,31	There	are	studies	
suggesting	that	these	effects	are	related	to	different	chemi-
cal	 structures	 of	 guest	 derivatives,	 resulting	 in	 different	
combinations	 of	 binding	 forces	 during	 the	 formation	 of	
host/guest	 complexes	 (hydrophobic,	 electrostatic,	 hydro-
gen	bonding	).27,32	Other	studies	showed	that	electrolyte	an-
ions	interact	with	host	cavities	with	different	affinities	and,	
in	 some	 cases,	 interfere	with	host/guest	 binding.18,29	One	
can	 expect	 that	 the	parameters	 of	 the	 interface,	 including	
the	arrangement	of	host/guest	groups,	the	linkers	connect-
ing	them	to	the	surface	and	the	nature	of	diluting	molecules,	
can	also	affect	the	efficiency	of	host/guest	complexation	and	
on-demand	 dissociation,	 an	 aspect	 that	 has	 not	 yet	 been	
studied	thoroughly.	
To	investigate	the	role	of	surface	chemistry,	self-assem-

bled	monolayers	(SAMs)	are	among	the	best	candidates,	as	
they	are	 frequently	used	 for	 implementing	host/guest	 as-
sembly	 on	 a	 surface,2,5,6,33	 while	 providing	 versatile	 plat-
forms	to	study	host/guest	interactions	with	different	tech-
niques	and	in	a	wide	range	of	experimental	conditions.	In-
deed,	SAMs	can	be	formed	on	various	solid	supports,	includ-
ing	metal/metal	oxide,	transparent/opaque,	conducting/in-
sulating	 substrates,	and	 combined	with	different	conjuga-
tion	 chemistries	 to	 tune	 their	 functionality	 such	 as	
acid/amine	coupling34	and	 click	 reactions.16,17,35–38	Moreo-
ver,	 formation	 of	 multicomponent	 SAMs	 consisting	 of	
host/guest	derivatives	mixed	with	diluting	molecules	of	in-
terest	 (e.g.,	 thiols	 on	 metal	 surfaces)	 allows	 to	 tune	 the	
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surface	density	of	host/guest	groups,16,17,28,35,38–41	to	control	
their	 2D	organization40,41	 and	to	 suppress	undesired	non-
specific	 interactions.15,16,20,21,42,43	 Typically,	 host/guest	 as-
semblies	are	realized	by	immobilizing	one	of	the	host/guest	
moieties	in	SAMs,	with	the	other	present	in	solution	in	the	
mono-	 or	 multivalent	 form.	 More	 complex	 architectures	
composed	of	different	molecules	and/or	nano-objects	have	
been	constructed	by	alternate	deposition	of	layers	contain-
ing	host	and	guest	moieties.2,44,45	The	possibility	to	detach	
SAM	adlayers	by	exposing	them	to	external	stimuli	such	as	
redox,	photo,	pH	or	others,	depending	on	the	host/guest	na-
ture,	has	been	demonstrated	for	both	mono-	and	multi-lay-
ered	systems.2,3,5–7,11,44	For	all	these	different	architectures,	
understanding	 the	 correlations	 between	 the	 interfacial	
properties	 of	 SAMs	 and	 the	 resulting	 host/guest	 interac-
tions	is	critical	for	achieving	both	efficient	assembly	and	on-
demand	detachment.	
To	 perform	 such	 study,	 we	 chose	 as	 a	 model	 system	

host/guest	 interactions	 between	 cyclodextrins	 and	 their	
hydrophobic	 guests.	 Cyclodextrins	 belong	 to	 the	 class	 of	
naturally	occurring	receptors,	which	are	cyclic	glucopyra-
nose	oligomers	of	toroidal	shape.	Cyclodextrins	have	an	af-
finity	for	hydrophobic	molecules	in	their	inner	cavity,	while	
their	outer	surface	 is	hydrophilic.	The	choice	of	cyclodex-
trins	was	motivated	 by	 several	 reasons.	 First	 of	 all,	 their	
stimuli-responsive	 complexes	 are	 widely	 used	 to	 design	
tunable	 and/or	 dynamic	 functional	 surfaces.2,5,46	 In	 addi-
tion,	numerous	synthetic	strategies	have	been	developed	to	
graft	 cyclodextrins	 and	 their	 guests	 to	 inorganic,	 organic	
and	biomolecular	scaffolds.33,47,48	This,	combined	with	well-
established	 surface	 chemistries	 (e.g.,	 thiol,	 silane,	 diazo-
nium,	lipid	bilayers33,39,46)	and	the	possibility	to	use	differ-
ent	stimuli	(e.g.,	electrochemistry15,22,34,35,42–44	or	light49–54),	
made	cyclodextrin/guest	chemistry	a	powerful	tool	to	con-
trol	surface	binding	of	various	molecules	and	nano-objects	
from	 linear	 polymers35	 and	 dendrimers2,44	 to	 nanoparti-
cles,44	 proteins,5,22,42,49	cells5,15,34,43,52,53	 and	pathogens.5,50,51	
Furthermore,	 the	 solubility	 of	 cyclodextrin	 complexes	 at	
physiological	conditions	and	their	wide	affinity	range	(Kd	=	
0.01	-	100	mM55)	allowed	their	use	for	mimicking	and	stud-
ying	biological	interactions	at	functional	interfaces.46		
Similar	 to	other	host/guest	systems,	SAMs	composed	of	

cyclodextrins	or	their	guests	are	commonly	used	to	apply	
cyclodextrin	chemistry	at	interfaces,	with	the	most	ubiqui-
tous	being	 thiolated	derivatives	 immobilized	on	gold	 sur-
faces.	Indeed,	most	studies	on	cyclodextrin	monolayers	are	
performed	on	gold	surfaces,2,25,27,29,35,56–59	but	also	on	other	
types	 of	 substrates	 such	 as	 silicon,	 silicon	 oxide	 and	
mica.19,30,52,53	 Studies	 on	 thiolated	monolayers	 highlighted	
the	dependence	of	cyclodextrin	orientation	on	the	number	
of	thiol	ligations	made	between	the	cyclodextrin	cavity	and	
the	metal	 surface.58,59	Guest	 SAMs	can	be	 formed	through	
different	chemistries,	including	thiol,	silane	and	diazonium,	
with	the	most	common	substrates	being	gold	and,	to	a	lesser	
extent,	silicon	and	silicon	oxide.5,11,33,39	In	addition	to	the	di-
rect	formation	of	SAMs,	i.e.,	using	surface-interacting	deriv-
atives	of	cyclodextrins	or	their	guests,	a	two-step	approach	
based	on	the	formation	of	reactive	SAMs	followed	by	their	
post-functionalization	 with	 cyclodextrins/guests	 (e.g.,	 via	
acid/amine	 or	 click	 reactions)	 has	 been	 intro-
duced.16,35,37,38,60	 This	 two-step	 protocol	was	 shown	 to	 be	

efficient	for	the	design	of	tunable	surfaces	with	quantitative	
control	 of	 the	 density	 and	 affinity	 of	 surface	 binding	
sites.16,17,35,38	Whether	direct	grafting	or	post-functionaliza-
tion,	the	use	of	diluting	molecules	was	shown	to	be	crucial	
for	achieving	desired	SAM	properties,	including	tunable	cy-
clodextrin/guest	surface	density,16–18,35,38,40,41,61	homogene-
ous	distribution	of	cyclodextrin/guest	groups	in	the	mono-
layer40,41,61	 and	 suppressed	 nonspecific	 interac-
tions.16,34,35,42,43	 Based	 on	 these	 studies,	 we	 included	 the	
method	of	SAM	formation	and	the	type	of	diluting	molecule	
in	the	list	of	tunable	parameters	and	selected	ferrocene	(Fc)	
SAMs	 on	 gold	 as	 a	model	 system	 to	 study	 their	 effect	 on	
host/guest	interactions.	
Using	 redox-active	 guests	 such	 as	 Fc	 enables	 advanced	

electrochemical	characterization	of	guest	SAMs,	namely	the	
evaluation	of	the	areal	density	and	2D	organization	of	guest	
moieties.	 Thus,	 the	presence	of	 several	 guest	 populations	
has	been	revealed	in	the	Fc	SAMs,	which	are	directly	formed	
on	gold	surfaces,	reflected	by	multiple	redox	peaks	in	cyclic	
voltammograms	(CVs),	the	 latter	being	 interpreted	as	 iso-
lated	and	clustered	guest	moieties.40,41,61–63	This	heteroge-
neity	 was	 associated	 with	 several	 parameters,	 including	
surface	roughness,62	SAM	properties	(Fc	linkers,	Fc	density,	
Fc	 packing,	 diluents)40,41,62	 and	 liquid	 phase	 composition	
(solvent,	 present	 anions,	 added	 molecules).61–64	 Further-
more,	 studies	 on	 Fc	 SAMs	 reveal	 a	 complex	 interplay	be-
tween	their	2D	organization,	charge	transfer	efficiency	and	
interfacial	characteristics	such	as	 the	 linker	connecting	Fc	
to	the	surface,	Fc	surface	density	and	the	diluting	thiol	used	
to	tune	Fc	surface	density.18,40,60,65,66	Typically,	one	of	these	
parameters,	e.g.	the	length	of	the	Fc	linker,60,65	is	tuned	and	
its	effect	on	Fc	organization	and/or	charge	transfer	is	stud-
ied.	An	extensive	study,	in	which	the	effects	of	different	in-
terfacial	parameters	are	compared	under	the	same	condi-
tions	(i.e.,	same	surface,	same	host/guest	derivatives,	same	
electrolyte)	 is	 missing.	 More	 importantly,	 the	 number	 of	
studies	on	the	effect	of	 these	parameters	on	 the	resulting	
host/guest	interactions	is	very	limited.18,67	In	addition,	not	
only	 the	 length	and	 fraction	of	 the	host/guest	 linkers	and	
diluents,	 but	 also	 their	 nature	 (hydrophilicity,	 flexibility)	
may	affect	host/guest	assembly	by	changing	the	strength	of	
host/guest	complexation	and/or	non-specific	interactions.	
This	complexity	raises	 the	 important	question	of	the	rela-
tionship	 between	 the	 chosen	 surface	 chemistry,	 the	 ex-
pected	characteristics	of	the	host/guest	interfaces,	and	the	
efficiency	of	the	resulting	host/guest	interactions.	
Here,	we	addressed	this	question	by	analyzing	the	inter-

action	of	β-CDs	with	Fc-displaying	SAMs	while	varying	sev-
eral	interfacial	parameters	systematically	(i.e.,	one	parame-
ter	at	 a	 time).	We	compared	direct	 formation	of	Fc	 SAMs	
through	self-assembly	of	Fc-terminated	thiols	with	a	two-
step	procedure	involving	the	formation	of	azide-terminated	
SAMs	 and	 their	 post-functionalization	 with	 Fc-alkyne	
through	click	reaction.	We	examined	the	role	of	the	linker	
that	connects	Fc	to	the	gold	surface	and	of	the	diluting	thiol	
used	to	adjust	the	surface	density	of	Fc.	The	results	obtained	
for	free	β-CD	in	solution	were	completed	by	the	study	of	Fc	
SAM	interaction	with	multivalent	β-CD	scaffolds.	This	study	
highlights	 the	 importance	 of	 surface	 chemistry	 in	
host/guest	interactions	and	demonstrates	how	this	can	be	
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exploited	for	the	rational	design	of	stimuli-responsive	inter-
faces.	

2.	EXPERIMENTAL	SECTION	
Materials.	HS-(CH2)11-EG6-N3	(EG	-	ethylene	glycol),	HS-

(CH2)11-EG4-OH,	HS-(CH2)11-Fc	 (Fc	 -	 ferrocene,	 Fig.	 2)	 and	
HS-(CH2)11-N3	were	purchased	 from	Prochimia.	HS-EGn-N3	
(600	g/mol)	and	HS-EGn-CH3	(350	g/mol)	were	purchased	
from	Nanocs.	HS-(CH2)10-CH3,	(tris[(1-benzyl-1H-1,2,3-tria-
zol-4-yl)-methylamine	(TBTA),	sodium-L-ascorbate,	copper	
sulfate,	ethynylferrocene	(Fig.	2),	β-CD,	1-adamantanecar-
boxylic	acid	(AD-COOH),	bovine	serum	albumin	(BSA)	and	
other	chemicals	were	purchased	from	Sigma-Aldrich-Fluka.	
HA-β-CD	was	synthesized	by	grafting	β-CD	onto	hyaluronic	
acid	(HA,	20	kg/mol,	Lifecore	Biomedical)	via	esterification	
of	HA	hydroxyl	groups	with	pentenoic	anhydride,	followed	
by	reaction	with	the	 thiol	derivative	of	β-CD	as	described	
previously.16	The	degree	of	substitution,	DSβ-CD	=	13%	(i.e.,	
the	fraction	of	disaccharides	functionalized	with	β-CD),	was	
determined	by	integrating	the	NMR	signals	arising	from	the	
HA	and	β-CD	protons.16	From	the	Mw	of	HA	and	the	DSβ-CD,	
the	average	molecular	weight	of	the	modified	polymer	(Mw	
of	HA-β-CD),	the	average	distance	between	β-CDs	along	the	
contour	of	the	polymer	chain,	and	the	average	number	of	β-
CDs	 per	 polymer	 chain	 (nβ-CD)	 were	 calculated	 to	 be	 26	
kg/mol,	7	nm	and	7,	respectively.	The	water	used	in	all	ex-
periments	was	purified	to	achieve	a	resistivity	of	18.2	MΩ	
cm.	Gold-coated	QCM-D	sensors	with	a	4.95	MHz	resonance	
frequency	were	 purchased	 from	Quantum	Design	 S.A.R.L.	
(Biolin	Scientific).		
SAM	formation	and	click	reaction.	SAMs	were	formed	

using	the	protocol	described	previously.35	Briefly,	gold	sur-
faces	were	rinsed	with	water	and	dried	with	nitrogen,	fol-
lowed	by	a	UV-ozone	treatment	for	10	min.	After	that,	the	
surfaces	 were	 immersed	 in	 ethanol	 solutions	 containing	
one	or	several	thiols	(1	mM	total	concentration).	The	next	
day,	 the	 functionalized	 surfaces	 were	 thoroughly	 rinsed	
with	ethanol	and	dried	with	nitrogen.	Fc	grafting	to	the	pre-
formed	N3-terminated	SAMs	was	done	through	click	reac-
tion	 via	 Cu(I)-catalyzed	 alkyne	 azide	 cycloaddition.68	 The	
previously	established	protocol	involved	in	situ	generation	
of	 Cu(I)	 stabilized	 by	 TBTA	 in	 t-butanol/water	mixture.35	
Briefly,	30	μL	of	20	mM	aqueous	CuSO4	solution	was	 first	
added	 to	 200	 μL	 of	 t-butanol	 solution	 containing	 3	 mM	
TBTA,	followed	by	the	addition	of	170	μL	of	25	mM	aqueous	
solution	of	sodium-L-ascorbate	and	200	μL	of	3	mM	t-buta-
nol	solution	of	ethynylferrocene.	N3-terminated	SAMs	were	
incubated	for	at	least	2	hours	in	the	resulting	mixture.	Then,	
the	functionalized	surfaces	were	rinsed	with	t-butanol:wa-
ter	 (2:1)	mixture	 and	water.	 The	 obtained	Fc-terminated	
SAMs	were	characterized	by	cyclic	voltammetry,	contact	an-
gle	and	QCM-D	measurements	the	same	day.	
Electrochemistry.	 Electrochemical	 experiments	 were	

performed	 with	 a	 three-electrode	 potentiostatic	 system	
(CHI	440	potentiostat,	CH-Instruments,	Inc.).	Electrode	po-
tentials	were	measured	with	reference	 to	Ag/AgCl,	KCl	 (3	
M).	The	counter	electrode	was	platinum,	and	the	working	
electrode	was	 the	gold	sensor	 functionalized	as	described	
above.	The	electrochemical	cell	was	home-made,	with	 the	
working	electrode	being	at	the	base	covered	with	the	elec-
trolyte	 solution	 in	which	 the	 counter	 and	 reference	 elec-
trodes	were	immersed.	The	electrolyte	solution	was	0.1	M	

aqueous	 solution	 of	 KPF6.	 Cyclic	 voltammograms	 (CVs)	
were	recorded	at	the	scan	rate	of	0.1	V/s.	The	surface	den-
sity	of	ferrocene	(Fc)	molecules	(ΓFc)	was	calculated	from	an	
anodic	peak	using	Faraday’s	equation:	

Γ"# =
%

"∙'∙(
	 	 	 	 	 (1)	

where	Q	is	the	electric	charge	transferred	through	the	elec-
troactive	layer	(C),	F	is	the	Faraday	constant	(96485	C/mol),	
z	is	the	number	of	electrons	transferred	per	molecule	(zFc/Fc+	
=	1)	and	A	is	the	surface	area	of	the	electrode	(A	=	1.01	cm2	
as	previously	determined35).	The	formal	potentials	were	es-
timated	from	the	mean	of	the	oxidation	and	reduction	peak	
potentials,	𝐸*+	and	𝐸*#,	as:	𝐸,- = (𝐸*+ + 𝐸*#)/2.	The	peak-
to-peak	splitting	was	calculated	as	Δ𝐸* = 𝐸*+ − 𝐸*# .	
Quartz	 crystal	microbalance	with	 dissipation	moni-

toring	 (QCM-D).	 QCM-D	 measurements	 were	 performed	
using	QCM-D	D300	one	chamber	system	(Q-Sense,	Sweden).	
Resonance	frequency	(f)	and	dissipation	(D),	were	recorded	
at	24	°C	 for	 the	 fundamental	resonance	as	well	as	 for	 the	
other	overtones	(n	=	3,	5,	7,	9,	11,	13).	A	combination	of	elec-
trochemical	and	QCM-D	measurements	(E-QCM-D)	was	per-
formed	using	the	electrochemical	QCM-D	module	(Q-Sense,	
Sweden)	 connected	 to	 a	 CHI	 440	 potentiostat	 (CH-
Instruments,	Inc.)	as	described	above.	Electrode	potentials	
were	measured	with	reference	to	Ag/AgCl,	KCl	(3	M).	The	
counter	electrode	was	platinum,	and	the	working	electrode	
was	the	gold	sensor.	The	working	electrode	mounted	in	an	
electrochemical	QCM-D	module	was	covered	with	the	elec-
trolyte	solution	in	which	the	counter	and	the	reference	elec-
trodes	were	immersed.	The	flow	rate	during	QCM-D	meas-
urements	was	20-50	μL/min,	while	flow	was	stopped	dur-
ing	recording	CVs.	The	mass	of	the	attached	host	probe,	in-
cluding	the	solvent	molecules	(Γ5678	:;6<=

5>?;@8=? ),	was	determined	
by	fitting	QCM-D	data	to	a	continuum	viscoelastic	model	im-
plemented	in	the	software	QTM	(D.	Johannsmann,	Technical	
University	 of	 Clausthal,	 Germany).	 Viscoelastic	 properties	
were	parameterized	in	terms	of	the	shear	storage	modulus	
G'(f)	and	the	shear	loss	modulus	G''(f).	Their	frequency	de-
pendencies	were	assumed	to	follow	power	laws	within	the	
range	of	15	to	65	MHz,	with	exponents	α'	and	α'',	such	that	
G(f)	 =	 G0(f/f0)α.	 The	 film	 density	 was	 assumed	 to	 be	 1.0	
g/cm3.	The	fitting	procedure	is	described	in	detail	in	previ-
ous	studies.69		
Contact	 angle	 measurements.	 Contact	 angles	 were	

measured	using	an	OCA	35	instrument	(DataPhysics	Instru-
ments	GmbH,	Germany).	Measurements	were	performed	on	
the	gold	sensors	in	contact	with	5	μL	drops	of	ultrapure	wa-
ter.	Contact	angle	values	(θ)	were	calculated	as	mean	±	SE	
from	at	least	3	measurements,	with	drops	being	positioned	
on	different	places	on	the	surface.	For	the	binary	SAMs,	the	
fractions	of	their	components	were	estimated	using	the	Cas-
sie's	law:70	
𝑐𝑜𝑠	𝜃	 = 	 𝑓F𝑐𝑜𝑠	𝜃F + 𝑓G𝑐𝑜𝑠	𝜃G	 	 	 (2)	
where	θ,	θ1,	θ2	are	the	contact	angles	on	the	mixed	SAM	and	
the	two	pure	SAMs,	respectively,	and	f1	and	f2	are	the	frac-
tions	of	each	component	present	in	the	mixed	SAM.	
Atomic	force	microscopy	(AFM).	The	roughness	of	the	

gold	 surface	 was	 studied	 by	 AFM.	 Topography	 images	 of	
gold-coated	quartz	crystals	were	obtained	with	a	Bruker	Di-
mension	Icon	microscope	in	peak	force	tapping	mode	using	
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aluminum-coated	silicon	nitride	cantilevers	having	a	spring	
constant	of	0.4	N/m	and	a	resonance	frequency	of	70	kHz.	
AFM	images	(SI,	Fig.	S1)	were	recorded	in	air	and	analyzed	
using	Gwyddion	software.	The	obtained	root	mean	square	
(rms)	roughness	was	1.1	±	0.1	nm	(average	±	SE	from	3	in-
dependent	measurements).	

3.	RESULTS	AND	DISCUSSION	
Several	parameters	were	tuned	to	study	the	influence	of	

surface	 chemistry	 on	 the	 electrochemical	 behavior	 of	 Fc	
SAMs	and	their	complexation	with	β-CD.	Table	S1	summa-
rizes	 thiolated	 molecules	 and	 SAM	 compositions	 used	 in	
this	work	to	study	the	role	of	Fc	grafting	method	(direct	self-
assembly	versus	post-functionalization),	Fc	linker	(alkyl,	EG,	
mixed	 alkyl/EG),	 Fc	 surface	density	 (ΓFc)	 and	the	diluting	
thiol	 used	 to	 tune	ΓFc	 (alkyl	 versus	mixed	 alkyl/EG).	 The	
studied	Fc	SAMs,	β-CD	derivatives	and	tunable	parameters	
are	illustrated	in	Fig.	1.	
Redox	properties	 of	 SAMs	were	 characterized	by	 cyclic	

voltammetry	 (Figs.	 2-4).	 	 E-QCM-D	 measurements	 were	
performed	 on	 selected	 samples	 to	 characterize	 the	 effi-
ciency	and	redox	sensitivity	of	host/guest	interactions	be-
tween	Fc	SAMs	and	soluble	β-CD	(Fig.	5)	and	HA-β-CD	(Figs.	
5-7).	 Additional	 QCM-D	 experiments	 were	 performed	 to	
characterize	the	repellent	properties	of	SAMs	(Fig.	4C,	Fig.	
S2)	and	to	confirm	the	specificity	of	host/guest	complexa-
tion	(Fig.	5B	and	E).	Hydrophilic/hydrophobic	properties	of	
Fc	SAMs	were	characterized	by	contact	angle	goniometry.	
The	representative	images	and	mean	values	of	contact	an-
gles	 are	 provided	 in	 Figs.	 2-4.	 Below	 we	 discuss	 the	 ob-
tained	results	with	a	 focus	on	 the	 influence	of	studied	pa-
rameters	 on	 the	 physico-chemical	 properties	 of	 Fc	 SAMs	
and	 on	 the	 resulting	 host/guest	 interactions	 between	 Fc	
SAMs	and	soluble	β-CD	derivatives.	

	

Fig.	1.	Tunable	β-CD/Fc	system	to	study	the	role	of	surface	
chemistry	 in	 host/guest	 interactions.	 (A)	Schematic	 of	 Fc	
SAMs	 formed	 on	Au	 surfaces.	 An	 example	 corresponding	 to	
SAMclick	FcC11/EG-OHC11/EG	is	shown.	Fc	chemical	structure	is	shown	
in	red.	(B)	Chemical	structures	of	β-CD	and	HA-β-CD	synthe-
sized	by	thiol–ene	coupling	between	HA-pentenoate	and	β-CD-
thiol.16	An	average	number	of	β-CD	per	HA,	nβ-CD	=	7,	was	calcu-
lated	based	on	the	initial	Mw	of	HA	(20	kg/mol)	and	DSβ-CD=0.13	
determined	by	1H	NMR.	(C)	List	of	tunable	parameters.	

3.1.	Effect	of	surface	chemistry	on	Fc	SAM	properties		
We	coupled	cyclic	voltammetry,	QCM-D	and	contact	angle	

measurements	to	study	the	effect	of	surface	chemistry	on	
the	organization,	surface	density	and	repellant	properties	of	
Fc	SAMs.	Three	interfacial	parameters	were	tuned	system-
atically	(i.e.,	one	parameter	at	a	time):	i)	Fc	grafting	method,	
ii)	nature	of	the	Fc	linker	and	iii)	nature	of	the	diluting	thiol	
(Fig.	1).		
3.1.1.	Fc	grafting	method.	Direct	self-assembly	on	sur-

faces	and	post-functionalization	of	pre-formed	monolayers	
are	the	most	common	methods	to	form	guest	SAMs.	Previ-
ous	studies	on	directly	formed	Fc	SAMs	revealed	the	pres-
ence	of	several	Fc	populations,	including	isolated	and	clus-
tered	 guest	moieties.40,41,61–63	 Such	behavior	was	reported	
not	only	on	polycrystalline	but	also	on	single	crystal	metal	
surfaces,61	 highlighting	 that	 surface	 roughness	 is	 not	 the	
only	 parameter	 which	 governs	 this	 heterogeneity.	 It	was	
suggested	that	the	interchain	interactions	of	Fc	alkanethiols	
in	solution	and	on	surfaces	both	contribute	to	their	2D	clus-
tering.41,62	Different	strategies	have	been	tested	to	improve	
SAM	homogeneity,	including	dilution	of	guest	fraction	in	so-
lution,40,41,61	replacement	of	water	by	organic	solvents63	and	
addition	of	physisorbed	diluents.62	Post-functionalization	of	
SAMs	could	be	a	more	versatile	approach,	avoiding	such	ad-
justments.	Although	the	formation	of	heterogeneous	SAMs	
was	 not	 reported	 in	 the	 case	 of	 post-functionaliza-
tion,16,35,37,38	a	direct	comparison	between	the	two	methods	
is	needed	to	assess	their	benefits	and	drawbacks	under	the	
same	conditions.	
Using	cyclic	voltammetry	and	contact	angle	goniometry,	

we	compared	surface	density,	homogeneity	and	hydropho-
bic	 properties	 of	 Fc	 SAMs	 formed	 on	 polycrystalline	 gold	
surfaces	(rms	roughness	=	1.1	±	0.1,	Fig.	S1)	by	direct	self-
assembly	and	by	SAM	post-functionalization.	Same	Fc	link-
ers	and	diluting	thiols	were	used	in	both	approaches	so	that	
the	 only	 difference	between	 the	 two	 systems	 is	 the	 addi-
tional	step	of	Fc	grafting	by	click	chemistry	(Fig.	2A).	In	the	
case	of	direct	grafting	(Fig.	2A	left),	Fc	SAMs	were	formed	
by	self-assembly	of	HS-(CH2)11-Fc	or	its	mixture	with	the	di-
luting	 thiol	 HS-(CH2)10-CH3	 on	 gold	 surfaces,	 resulting	 in	
SAM	FcC11	or	SAM	FcC11-CH3C10,	respectively.	 In	 the	case	of	
post-functionalization	(Fig.	2A	right),	Fc	SAMs	were	formed	
in	two	steps.	First,	azide-displaying	SAMs	were	obtained	by	
self-assembly	 of	 HS-(CH2)11-N3	 or	 its	 mixture	 with	 HS-
(CH2)10-CH3	 on	 gold	 surfaces,	 followed	by	Cu(I)-catalyzed	
click	reaction	with	Fc-alkyne,	 resulting	 in	 SAMclick	FcC11	or	
SAMclick	FcC11-CH3C10,	respectively.	

The	efficiency	of	the	Fc	SAMs	 formation	via	the	two	ap-
proaches	was	monitored	by	contact	angle	goniometry.	The	
representative	images	of	a	water	drop	deposited	on	the	sur-
faces	 functionalized	using	 the	 two	methods	are	 shown	 in	
Figs.	 2A.	 The	 data	 correspond	 to	 the	 diluted	 SAM	 FcC11-
CH3C10	and	SAMclick	FcC11-CH3C10	formed	using	20%	of	func-
tional	 thiols	 in	 solutions.	 The	 data	 for	 100%	 Fc	 SAMs	 is	
shown	in	Fig.	S3A.	The	calculated	contact	angles	are	listed	
in	 Fig.	 2C.	 Regarding	 the	 mono-component	 monolayers,	
SAM	CH3C10	exhibits	more	hydrophobic	properties	as	com-
pared	to	SAM	N3C11	and	SAM	FcC11.	Contact	angles	obtained	
for	HS-(CH2)11-N3/HS-(CH2)10-CH3	 SAMs	 are	 in	 agreement	
with	those	reported	for	similar	systems	such	as	HS-(CH2)11-
N3/HS-(CH2)9-CH3	and	HS-(CH2)12-N3/HS-(CH2)9-CH3.36,38	As	
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expected,	the	contact	angles	of	the	mixed	SAMs	lie	between	
those	 of	 single-component	 SAMs,	 confirming	 that	 both	
methods	allow	tuning	Fc	surface	density	(Fig.	2C).	

The	organization	and	surface	density	of	Fc	moieties	in	the	
Fc	SAMs	obtained	by	the	two	methods	were	characterized	
by	cyclic	voltammetry.	Fig.	2B	shows	characteristic	CVs	ob-
tained	 for	 the	 20%-diluted	 SAM	 FcC11-CH3C10	 and	 SAMclick	
FcC11-CH3C10.	The	data	obtained	for	the	100%	SAM	FcC11	and	
SAMclick	FcC11	are	shown	in	Fig.	S3B.	The	shape	of	the	redox	
response	 obtained	 for	 the	 directly	 formed	 Fc	 SAMs	 (red	
curves	in	Figs.	2B,	S3B)	indicate	the	presence	of	several	dis-
tinct	 Fc	 populations,	 in	 agreement	 with	 previous	 stud-
ies.40,41,61,62	In	contrast,	only	one	redox	peak	is	observed	in	
the	case	of	post-functionalized	Fc	SAMs	(blue	curves	in	Figs.	
2B,	 S3B).	 Considering	 that	 the	 two	 grafting	 methods	 are	
compared	under	the	same	conditions	(same	Fc	linker,	same	
diluting	thiol,	same	solvent),	one	can	conclude	that	homo-
geneity	 of	guest	 SAMs	 can	be	drastically	 improved	by	 ex-
tending	 surface	 functionalization	 protocol	 from	 one-step	
self-assembly	to	two-step	grafting	via	SAM	post-functional-
ization.	

	

Fig.	 2.	 Dependence	 of	 Fc	 SAM	 properties	 on	 Fc	 grafting	
method.	(A)	Schematic	of	SAM	FcC11-CH3C10	and	SAMclick	FcC11-
CH3C10	formed	on	Au	through	direct	self-assembly	or	post-func-
tionalization,	with	characteristic	contact	angle	images.	Chemi-
cal	 structures	of	 thiols	 and	Fc-alkyne	are	 shown	on	 top.	(B)	
Representative	CVs	obtained	 for	 the	diluted	Fc	SAMs	 (0.1	M	
KPF6,	scan	rate:	0.1	V/s).	(C)	Contact	angles	and	ΓFc	determined	
for	different	SAM	compositions;	mean	±	SE	are	calculated	by	
averaging	results	from	different	samples	(n=2-5).	

Fig.	2C	lists	ΓFc	values	derived	from	the	integration	of	the	
Fc/Fc+	 oxidation	 peaks	 (eq.	 1).	 Regarding	 the	 directly	
formed	SAMs,	ΓFc	obtained	for	100%	SAM	FcC11	gives	the	av-
erage	Fc	surface	area	of	38.8	Å2,	which	is	in	good	agreement	
with	 the	 reported	 footprint	 for	 HS-(CH2)11-Fc	 self-assem-
bled	 on	 polycrystalline	 gold	 surface.62	 By	 modelling	 Fc	
groups	as	spheres	of	0.66	nm	diameter,	a	surface	coverage	
of	450	pmol/cm2	is	calculated,71	leading	to	a	theoretical	Fc	
footprint	 area	of	 36.9	Å2.	 This	 slightly	 smaller	 value	 com-
pared	to	the	measured	one	can	be	linked	to	the	poor	organ-
ization	 of	 SAM	 FcC11,	 reflected	 in	 different	 orientations	 of	

alkyl	 chains,	 as	 has	 been	 suggested	 previously.62	 As	 ex-
pected,	 lower	 ΓFc	was	 obtained	 for	 the	 20%-diluted	 SAM	
FcC11-CH3C10,	corresponding	to	40	%	of	the	Fc	coverage	ob-
tained	 for	 SAM	 FcC11	 (Fig.	 2C).	 Assuming	 HS-(CH2)10-CH3	
footprint	 equal	 to	 21.4	 Å2,71	 and	 HS-(CH2)11-Fc	 footprint	
equal	to	38.8	Å2	(in	the	case	of	clusters)	or		21.4	Å2	(in	the	
case	of	isolated	moieties),	one	can	estimate	the	HS-(CH2)11-
Fc	fraction	on	the	surface	as	22-27	%,	which	is	close	to	that	
in	solution	(20%).	On	the	other	hand,	higher	fractions	of	Fc-
terminated	thiols	on	the	surface	as	compared	to	that	in	so-
lution	were	reported	for	other	alkylthiolate	binary	Fc	SAMs	
such	 as	 HS-(CH2)12-Fc/HS-(CH2)9-CH3	 and	 HS-(CH2)16-
Fc/HS-(CH2)10-OH.40,41	This	discrepancy	can	be	attributed	to	
the	equal	 length	of	 the	 two	alkyl	chains	 in	 our	 system,	 in	
contrast	to	the	longer	Fc	thiols	in	the	reported	studies,	a	pa-
rameter	that	is	likely	to	be	important	in	adjusting	the	sur-
face	density	of	Fc	in	the	directly	generated	Fc	SAMs.		

Regarding	 post-functionalized	 SAMs	 and	 assuming	 the	
maximal	theoretical	surface	density	of	HS-(CH2)11-N3	equal	
to	776	pmol/cm2,	which	corresponds	to	the	footprint	of	al-
kyl	thiol	of	21.4	Å2	71,	only	44%	of	the	total	azide	population	
appears	to	be	functionalized	with	Fc	in	the	case	of	SAMclick	
FcC11	(Fig.	2C).	This	result	is	in	the	range	with	previously	re-
ported	click	efficiencies,	which	did	not	exceed	50-60%	for	
Fc	SAMs	based	on	azide-terminated	alkyl	thiols.38	A	much	
lower	 ΓFc	 value	 is	 obtained	 for	 the	 diluted	 SAMclick	 FcC11-
CH3C10,	confirming	that	Fc	surface	density	can	be	efficiently	
tuned	by	varying	thiols	ratio	in	solution	(Fig.	2C).	Quantita-
tively,	 reducing	HS-(CH2)11-N3	fraction	 in	solution	 to	20%,	
yielded	14%	of	the	Fc	coverage	obtained	for	the	saturated	
SAMclick	 FcC11.	 	 Given	 quite	 close	 contact	 angle	 values	 ob-
tained	for	pure	and	mixed	SAMs,	the	estimated	surface	frac-
tion	of	HS-(CH2)11-N3	lies	in	the	range	of	3-17	%	(eq.	2).	As-
suming	 the	 total	 coverage	 equal	 to	 776	 pmol/cm2,71	 and	
given	the	obtained	ΓFc	 (Fig.	2C),	the	minimal	click	conver-
sion	efficiency	should	be	equal	to	35%.		

Overall,	 while	 allowing	 better	 organization	 of	 Fc	 SAMs,	
post-functionalization	results	in	lower	Fc	surface	densities	
as	compared	to	the	direct	grafting,	being	limited	to	76	%	of	
the	maximal	theoretical	Fc	coverage.	This	has	been	related	
to	the	steric	bulk	of	the	ferrocenes	that	prevent	further	con-
version	of	azides	to	triazoles.38	As	we	show	in	the	next	sec-
tion,	this	limitation	depends	on	the	nature	of	the	Fc	linker	
and	can	be	overcome	by	increasing	its	flexibility	at	the	solu-
tion-facing	end.	

3.1.2.	Fc	linker.	In	the	next	set	of	experiments,	we	fixed	
the	 Fc	 grafting	method	 to	 the	 SAM	 post-functionalization	
through	azide/alkyne	click	reaction	(Fig.	2A	right)	and	var-
ied	the	nature	of	Fc	linker.	We	compared	three	azide-termi-
nated	 linkers:	 -(CH2)11-	 alkyl	 chain	 (C11-N3),	 -(CH2-CH2-
O)12-	 ethylene	 glycol	 chain	 (EG-N3)	 and	 mixed	 -(CH2)11-
(CH2-CH2-O)6-	chain	(C11/EG-N3)	(Fig.	3A).	We	chose	alkyl	
and	 ethylene	 glycol	 derivatives,	 because	 they	 are	 widely	
used	 in	 SAM	 preparation,	 including	 guest	 monolay-
ers.17,18,38,40–42,60–62	The	three	linkers	were	studied	under	the	
same	conditions	(same	surface	chemistry,	same	Fc	deriva-
tive,	same	solvent)	to	understand	the	effect	of	the	linker	na-
ture,	and	in	particular	its	hydrophobicity	and	flexibility,	on	
the	organization	and	properties	of	Fc	SAMs.	
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Self-assembly	of	the	C11-N3,	EG-N3	and	C11/EG-N3	link-
ers	on	the	gold	surface	and	their	click	functionalization	re-
sulted	in	SAMclick	FcC11,	SAMclick	FcEG	and	SAMclick	FcC11/EG,	re-
spectively.	The	formation	of	N3	SAMs,	their	click	functional-
ization	and	the	 resulting	changes	 in	 their	 hydrophilic/hy-
drophobic	characteristics	were	monitored	by	contact	angle	
measurements.	 Fig.	 3A	 shows	 the	 schematics	 of	 the	 ob-
tained	Fc	 SAMs	together	with	characteristic	 contact	angle	
images.	The	determined	contact	angles	are	summarized	in	
Fig.	3C.	The	hydrophobicity	of	azide-terminated	monolay-
ers	increased	in	the	order	SAMclick	N3EG	<	SAMclick	N3C11/EG	<	
SAMclick	N3C11,	in	accordance	with	the	nature	of	N3	linkers.	All	
three	SAMs	showed	significant	changes	in	wetting	proper-
ties	after	their	click	functionalization,	indicating	successful	
grafting	 of	 Fc.	 More	 specifically,	 conjugation	 with	 Fc	 in-
creased	 hydrophobicity	 of	 EG-terminated	 SAMs	 (SAMclick	
FcEG	 and	 SAMclick	 FcC11/EG),	 while	 opposite	 effect	 was	 ob-
served	for	alkyl	monolayers	(SAMclick	FcC11).	The	latter	could	
be	explained	by	 the	contribution	of	 the	triazole	groups	 in	
the	resulting	hydrophilic/hydrophobic	balance.	The	trends	
observed	on	 single-component	SAMs	 (Fig.	 3)	were	repro-
duced	on	mixed	monolayers	(SAMclick	FcC11-CH3C10	in	Fig.	2	
and	SAMclick	FcC11/EG-OHC11/EG	in	Fig.	4).	

	

Fig.	3.	Dependence	of	Fc	SAM	properties	on	the	nature	of	Fc	
linker.	(A)	Schematic	of	SAMclick	FcEG,	SAMclick	FcC11	and	SAMclick	
FcC11/EG	formed	on	Au	surfaces	through	post-functionalization	
of	azide-terminated	SAMs,	with	characteristic	contact	angle	im-
ages.	Chemical	structures	of	different	linkers	are	shown	on	top.	
(B)	 Representative	 CVs	 obtained	 for	 Fc	 SAMs	with	 different	
linkers	(0.1	M	KPF6,	scan	rate:	0.1	V/s).	(C)	Determined	contact	
angles,	ΓFc,	∆Ep	and	E0';	mean	±	SE	are	calculated	by	averaging	
results	obtained	on	different	samples	(n=2-4).	

The	 effect	 of	 Fc	 linker	 on	 the	 organization	 and	 redox	
properties	of	Fc	SAMs	was	characterized	by	cyclic	voltam-
metry	(Fig.	3B).	In	addition	to	the	Fc	surface	density	ΓFc,	the	
formal	 potential	 E0'	 and	 anodic/cathodic	 peak	 difference	
∆Ep	have	been	determined	from		the	recorded	CVs	(Fig.	3C).	
Fig.	3B	shows	the	examples	of	CVs	recorded	for	SAMclick	FcEG	

(black),	SAMclick	FcC11	 (blue)	and	SAMclick	 FcC11/EG	 (red).	All	
systems	show	one	oxidation	and	one	reduction	peak,	indi-
cating	the	absence	of	clustered	Fc	domains	in	post-function-
alized	SAMs,	regardless	of	the	Fc	linker.	Fitting	the	oxidation	
peaks	to	a	Gaussian	distribution40	showed	that	all	systems	
exhibit	symmetric	responses	with	larger	peak	widths	com-
pared	 to	 the	 ideal	 electrochemical	 response	 of	 diluted	Fc	
SAMs	 (about	90	mV71),	with	 the	 stronger	deviation	being	
obtained	in	the	case	of	SAMclick	FcC11	(Fig.	S4).	The	latter	can	
be	 attributed	 to	 the	 rigidity	 of	 the	 alkyl	 SAMs,	which,	 to-
gether	with	the	non-complete	azide	conversion,	may	result	
in	the	presence	of	populations	with	different	local	densities	
of	Fc.	The	larger	distribution	of	distances	between	Fc	moie-
ties	could	result	the	larger	differences	in	the	electron	trans-
fer	process,	which	has	been	shown	to	involve	hopping,39,60,66	
leading	to	broader	redox	peaks	comprising	numerous	pop-
ulations	with	slightly	different	peak	positions.	

One	can	note	a	strong	relation	between	the	nature	of	the	
Fc	linker	and	the	resulting	Fc	surface	density.	Indeed,	when	
EG-N3	is	replaced	by	C11-N3,	ΓFc	increases	from	18	to	76	%	
of	the	theoretical	Fc	coverage	(450	pmol/cm2	71),	while	val-
ues	even	exceeding	this	theoretical	maximum	(128	%)	are	
obtained	in	the	case	of	the	C11/EG-N3	linker.	Similar	trend	
was	detected	for	the	hydrophobicity	of	Fc	SAMs	(Fig.	3A,	C),	
in	 agreement	with	 the	obtained	differences	 in	 ΓFc.	 In	 con-
trast	 to	 C11	 chains,	 which	 are	 known	 to	 form	 densely	
packed	 SAMs,	 hydrophilic	 and	 flexible	 EG	 chains	 are	 ex-
pected	 to	 form	more	 diluted	 monolayers.	 Indeed,	 the	 re-
ported	 densities	 of	 ferrocene	 in	 directly	 formed	Fc	 SAMs	
composed	of	EG	chains	are	 in	 the	 range	 from	200	to	300	
pmol/cm2,60	which	is	considerably	lower	than	that	obtained	
for	the	directly	formed	SAMs	composed	of	alkyl	chains	stud-
ied	 here	 (~	 430	 pmol/cm2,	 Fig.	 2B,	 C)	 and	 by	 other	
groups.40,62	The	surface	density	of	azide	groups	is	thus	ex-
pected	to	be	higher	in	the	case	of	the	C11-N3	and	C11/EG-
N3	linkers	as	compared	to	the	EG-N3	linker.	To	confirm	this	
reasoning,	 we	 have	 determined	 the	 density	 of	 the	 azide	
SAMs	by	SPR,	which	yielded	ΓN3	=	382	±	24,	650	±	41	and	
829	 ±	 52	 pmol/cm2	 for	 SAM	N3EG,	 SAM	N3C11/EG	 and	 SAM	
N3C11,	respectively	(Table	S2,	see	SI	for	the	details	of	SPR	ex-
periments).	 The	 value	 obtained	 for	 SAM	 N3C11	 is	 close	 to	
what	 is	 predicted	 theoretically	 for	 alkyl	 SAMs	 (776	
pmol/cm2);	slightly	higher	packing	could	be	related	to	the	
roughness	of	gold	coatings	(Fig.	S1).	Somewhat	lower	cov-
erage	was	obtained	for	SAM	N3C11/EG,	which	can	be	related	to	
the	presence	of	OEG-N3	extremities.	Given	the	ΓN3	values	de-
termined	by	SPR	and	ΓFc	values	determined	electrochemi-
cally,	 the	conversion	efficiency	of	azide	 in	 triazole	 can	be	
calculated	as	21,	87	and	41	%	for	SAM	N3EG,	SAM	N3C11/EG	and	
SAM	N3C11,	respectively.	

Because	of	the	formation	of	dense	SAMs,	as	confirmed	by	
the	 obtained	 ΓN3	 (Table	 S2),	 both	C11-N3	 and	 C11/EG-N3	
linkers	 should	 be	 extended	 towards	 the	 solution,	making	
the	azide	groups	available	for	the	click	reaction.	In	contrast,	
some	azide	groups	may	be	hidden	inside	the	more	diluted	
monolayer	composed	of	EG-N3,	as	EG	chains	are	assumed	to	
be	less	stretched	than	C11	and	C11/EG.	Therefore,	the	low-
est	ΓFc	obtained	for	SAMclick	FcEG	(Fig.	3B,	C)	may	be	due	to	
both	the	low	density	and	poor	availability	of	azide	groups	in	
this	 system.	 Furthermore,	 the	 higher	 ΓFc	 obtained	 for	
SAMclick	 FcC11/EG	 as	 compared	 to	 SAMclick	 FcC11	 (Fig.	 3B,	 C),	
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despite	the	lower	ΓN3	obtained	for	C11/EG	(Table	S2),	can	
be	related	to	the	greater	flexibility	of	the	EG	terminus,	which	
allows	 the	 C11/EG-N3	 linker	 to	 overcome	 steric	 barriers	
more	easily	and	accommodate	more	Fc	moieties	in	the	mon-
olayer	as	compared	to	the	rigid	C11-N3	linker.		

Regarding	other	 electrochemical	 parameters,	 higher	E0'	
values	were	obtained	for	SAMclick	FcC11	and	SAMclick	FcC11/EG	
as	 compared	 to	 SAMclick	 FcEG	 (Fig.	 3B,	 C).	 This	 difference	
could	be	related	to	the	less	polar	environment	(due	to	the	
presence	of	C11	chains),	which	requires	a	higher	polariza-
tion	energy,	leading	to	the	positive	shift	of	the	formal	poten-
tial.41,62	This	is	consistent	with	the	much	higher	hydrophilic	
properties	of		SAMclick	FcEG	as	compared	to	SAMclick	FcC11	and	
SAMclick	 FcC11/EG	 (Fig.	 3A,	 C).	 In	 addition,	 the	 presence	 of	
neighboring	 ferrocenium	 cations	 impedes	 the	 removal	 of	
electrons	 from	 the	 remaining	 Fc	 during	 oxidation,	 which	
should	be	more	pronounced	in	SAMs	with	higher	ΓFc.40,41,63	
The	latter	explanation	is	in	line	with	the	increase	of	E0'	with	
ΓFc	at	fixed	SAM	composition:	342	±	8	and	380	±	11	mV	are	
obtained	 for	 20%	 SAMclick	 FcC11-CH3C10	 (ΓFc	 =	 47	 ±	 4	
pmol/cm2,	Fig.	2B,	C)	and	100%	SAMclick	FcC11	(ΓFc	=	343	±	8	
pmol/cm2,	Fig.	3B,	C),	respectively.	Besides,	an	increase	in	
∆Ep	is	observed	in	the	order	SAMclick	FcEG	<	SAMclick	FcC11/EG	<	
SAMclick	FcC11.	Previous	studies	pointed	out	the	importance	
of	 Fc	 interactions	 with	 hydrophobic	 anions	 (here	 PF6-),	
which	were	shown	to	form	organized	monolayers	at	high	Fc	
densities,	 slowing	 down	 the	 electron	 transfer	 kinetics.64	
This	effect	should	be	more	pronounced	on	alkyl	SAMs	due	
to	their	hydrophobic	nature	and	rigidity,	which	may	explain	
the	drastic	increase	of	∆Ep	in	the	case	of	SAMclick	FcC11.	This	
interpretation	is	supported	by	considerably	lower	∆Ep	value	
obtained	for	the	diluted	SAMclick	FcC11-CH3C10	(9	±	2	mV,	ex-
ample	is	shown	in	Fig.	2B,	blue).	

Taken	together,	our	results	show	that	mixed	linkers	like	
C11/EG-N3	are	preferable	for	the	formation	of	Fc	SAMs	as	
they	provide	both	homogeneous	distribution	of	Fc	moieties	
and	 high	 Fc	 surface	 density.	 In	 our	 previous	 studies,	we	
showed	that	guest	surface	density	can	be	varied	in	a	wide	
range	by	mixing	C11/EG-N3	with	diluting	thiols	of	similar	
nature.16,17	Below	we	describe	our	study	of	the	effect	of	the	
type	of	the	diluting	thiol	on	the	interfacial	properties	of	Fc	
SAMs.	

3.1.3.	Diluting	thiol.	For	the	next	series	of	experiments,	
we	 fixed	Fc	 linker	 to	C11/EG-N3	 and	prepared	diluted	Fc	
SAMs	through	the	post-functionalization	approach	(Fig.	2A,	
right),	while	tuning	the	nature	of	the	diluting	thiol.	Two	di-
luting	thiols	were	compared:	-(CH2)11-	alkyl	chain	(C11)	and	
mixed	 -(CH2)11-(CH2-CH2-O)4-	 chain	 (C11/EG)	 (Fig.	 4A).	
SAMclick	 FcC11/EG-CH3C10	 and	 SAMclick	 FcC11/EG-OHC11/EG	 were	
obtained	 by	 co-immobilization	 of	 C11/EG-N3	 (20%)	 with	
C11	or	C11/EG	(80%),	followed	by	Fc	grafting	by	azide/al-
kyne	click	reaction	(Fig.	4A).	The	successful	formation	of	N3	
SAMs	and	their	click-functionalization	were	confirmed	by	
contact	 angle	 measurements,	 which	 also	 allowed	 to	 esti-
mate	the	fraction	of	azide	thiols	on	the	surface	(eq.	2).	Rep-
resentative	water	drop	images	and	the	determined	contact	
angles	before	and	after	click	reaction	are	shown	in	Fig.	4A	
and	D.	

The	 contact	 angle	 values	 obtained	 for	 the	 diluted	 SAM	
N3C11/EG-CH3C10	 and	 SAM	 N3C11/EG-OHC11/EG	 (Fig.	 4D)	 lie	

between	that	of	pure	SAM	N3C11/EG	and	SAM	CH3C10	or	SAM	
OHC11/EG,	 respectively	 (Fig.	 4E).	 One	 can	 note	 the	 good	
agreement	between	the	obtained	contact	angles	and	previ-
ously	 reported	 values	 for	 the	 pure	 SAM	 N3C11/EG,	 SAM	
OHC11/EG,	 SAM	CH3C10	 and	mixed	 SAM	N3C11/EG-OHC11/EG.35,36	
Compared	to	SAM	N3C11/EG-OHC11/EG,	the	wetting	properties	
of	 SAM	 N3C11/EG-CH3C10	 are	 closer	 to	 those	 of	 pure	 SAM	
N3C11/EG	(Fig.	4D).	Quantitatively,	applying	Cassie's	law	(eq.	
2)	to	the	two	cases	yields	69	and	14%	of	C11/EG-N3	in	SAM	
N3C11/EG-CH3C10	 and	 SAM	 N3C11/EG-OHC11/EG,	 respectively.	
Higher	fraction	of	C11/EG-N3	in	SAM	N3C11/EG-CH3C10	can	be	
explained	 by	 the	 preferential	 adsorption	 of	 the	 longer	
C11/EG-N3	linker	when	mixed	with	the	shorter	C11	diluting	
thiol.	

	

Fig.	4.	Dependence	of	Fc	SAM	properties	on	the	nature	of	
the	diluting	thiol.	(A)	Schematic	of	SAMclick	FcC11/EG-CH3C10	and	
SAMclick	FcC11/EG-OHC11/EG	formed	on	Au	surfaces	through	post-
functionalization	of	azide-terminated	diluted	SAMs,	with	char-
acteristic	 contact	 angle	 images.	 Chemical	 structures	 of	 thio-
lated	derivatives	are	shown	on	top.	(B)	Representative	CVs	reg-
istered	for	Fc	SAMs	obtained	using	different	diluting	thiols	(0.1	
M	KPF6,	scan	rate:	0.1	V/s).	(C)	QCM-D	response	(negative	Δ𝑓	
and	positive	Δ𝐷)	recorded	for	the	binding	of	β-CD,	AD-COOH,	
HA-β-CD	and	HA-AD	(HA	functionalized	with	AD,	see	Fig.	S2	for	
details)	to	SAM	CH3C10	(red)	and	SAM	OHC11/EG	(blue).	Examples	
of	raw	QCM-D	data	and	experimental	conditions	are	given	in	
Fig.	S2.	(D)	Contact	angles,	ΓFc,	E0'	and	∆Ep	determined	for	the	
diluted	 SAMs.	 (E)	 Contact	 angles	 determined	 for	 the	mono-
component	SAMs.	Mean	±	SE	shown	in	(D-E)	are	calculated	by	
averaging	results	obtained	on	different	samples	(n=2-4).	

Cyclic	voltammetry	was	used	to	characterize	the	organi-
zation	of	Fc	SAMs	and	to	quantify	their	redox	characteris-
tics,	while	tuning	the	nature	of	the	diluting	thiol	(Fig.	4B,	D).	
Fig.	 4B	 shows	 the	 examples	 of	 CVs	 obtained	 for	 SAMclick	
FcC11/EG-CH3C10	(red)	and	SAMclick	FcC11/EG-OHC11/EG	(blue).	A	
single	redox	peak	was	detected	in	both	cases,	indicating	a	
homogeneous	 distribution	 of	 Fc	 moieties,	 irrespective	 of	
the	diluting	thiol.	ΓFc,	E0'	and	∆Ep,	determined	from	voltam-
mograms,	 are	 listed	 in	 Fig.	 4D.	 Assuming	 the	 maximal	
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coverage	 of	 the	 surface	 by	 C11/EG	 chains	 equal	 to	 776	
pmol/cm2	(at	the	theoretical	footprint	of	alkyl	chains	of	21.4	
Å2),71	the	ΓFc	value	obtained	for	SAMclick	FcC11/EG-OHC11/EG	cor-
responds	 to	14	%	of	 functionalized	C11/EG	chains.	Given	
the	contact	angles	obtained	for	the	mixed	SAMclick	FcC11/EG-
OHC11/EG	and	pure	SAM	N3C11/EG	and	SAM	OHC11/EG	 (Fig.	4D,	
E),	the	estimated	fraction	of	C11/EG-N3	in	SAMclick	FcC11/EG-
OHC11/EG	is	14%	(eq.	2).	The	perfect	match	between	the	cal-
culated	 fraction	of	C11/EG-N3	on	 the	surface	and	the	esti-
mated	fraction	of	C11/EG	chains	functionalized	with	Fc	sug-
gests	that	the	yield	of	the	click	reaction	approaches	100%	in	
the	diluted	SAMclick	FcC11/EG-OHC11/EG.		

Surprisingly,	1.5-times	lower	ΓFc	values	were	obtained	for	
SAMclick	 FcC11/EG-CH3C10	 as	 compared	 to	 SAMclick	 FcC11/EG-
OHC11/EG	 (Fig.	 4B,	 D),	 despite	 the	 higher	 density	 of	 azide	
groups	expected	in	the	case	of	SAM	N3C11/EG-CH3C10	based	on	
its	wetting	properties.	We	hypothesize	that	this	decrease	is	
due	to	the	lower	accessibility	of	azide	groups	for	click	reac-
tion	in	SAMclick	N3C11/EG-CH3C10.	Indeed,	in	the	absence	of	the	
diluting	EG	chains,	 flexible	EG-N3	 extremities	 can	 twist	 in	
SAMclick	FcC11/EG-CH3C10,	allowing	azide	groups	to	hide	in	the	
hydrophobic	 part	 of	 the	monolayer	 (Fig.	 4A	 left).	 In	 con-
trast,	 in	 the	 case	 of	 SAMclick	 FcC11/EG-OHC11/EG,	 C11/EG-N3	
linkers	are	blocked	between	C11/EG	diluting	thiols,	which	
orient	OEG-N3	extremities	 towards	 the	click	 solution	 (Fig.	
4A	right).	Besides,	an	increase	in	E0'	and	decrease	in	∆Ep	are	
observed	when	replacing	C11/EG	by	C11	diluting	thiol	(Fig.	
4B,	D).	The	positive	shift	of	E0'	can	be	related	to	a	less	polar	
environment	due	 to	 the	higher	 fraction	of	C11	versus	EG	
chains	in	SAMclick	FcC11/EG-CH3C10	(Fig.	4A),41,62	which	is	con-
sisted	 with	 higher	 contact	 angles	 obtained	 for	 SAMclick	
FcC11/EG-CH3C10	(Fig.	4A,	D).	The	slight	difference	in	∆Ep	could	
be	 due	 to	 the	 different	 organization	 of	 the	 Fc	 moieties,	
which	are	supposed	to	be	more	ordered	and	extended	away	
from	the	electrode	in	the	case	of	the	C11/EG	diluting	thiol	
(Fig.	4A).	

Given	that	the	formation	of	host/guest	SAMs	is	often	fol-
lowed	 by	 host/guest	 assembly,	 suppression	 of	 unwanted	
non-specific	 interactions	 is	 one	of	 the	crucial	 steps	 in	 the	
formation	 of	 stimuli-responsive	 interfaces	 and	 should	
therefore	be	considered	in	the	choice	of	diluting	thiol.	With	
this	in	mind,	we	tested	the	non-specific	binding	of	several	
soluble	probes	on	the	SAMs	composed	of	the	two	diluting	
thiols,	 i.e.	 SAM	 CH3C10	 and	 SAM	 OHC11/EG.	 Given	 the	 well-
known	repelling	properties	of	EG	coatings	and	strong	hy-
drophobic	properties	of	C11	thiol	(Fig.	4E),	one	would	ex-
pect	 stronger	 non-specific	 binding	 to	 SAM	CH3C10.	 Fig.	 4C	
shows	the	results	of	QCM-D	monitoring	of	binding	of	mono-
valent	(β-CD,	AD-COOH)	and	multivalent	(HA-β-CD,	HA-AD)	
host/guest	derivatives	as	well	as	protein	BSA	on	SAM	CH3C10	
and	SAM	OHC11/EG.	The	presented	shifts	in	frequency	(Δ𝑓)	re-
flect	the	mass	uptake	on	the	QCM-D	sensors	functionalized	
with	SAM	CH3C10	or	SAM	OHC11/EG	upon	their	exposure	to	the	
soluble	probes	(see	Fig.	S2	 for	QCM-D	profiles).	Remarka-
bly,	no	binding	was	detected	on	SAM	OHC11/EG,	while	almost	
all	probes	showed	binding	to	SAM	CH3C10,	in	particular	HA-
AD	 representing	 hydrophilic	 polymer	 (hyaluronic	 acid)	
bearing	hydrophobic	units	(AD)	and	BSA.	The	latter	could	
be	 explained	 by	 hydrophobic	 interactions	 between	 these	
two	 probes	 and	 SAM	 CH3C10.	 These	 different	 repellent	

properties	 should	 be	 considered	 when	 constructing	
host/guest	 assemblies	 on	 surfaces,	 especially	 on	 strongly	
diluted	SAMs.	

	3.2.	Effect	of	surface	chemistry	on	β-CD/Fc	binding	
The	effect	of	surface	chemistry	on	host/guest	interactions	

was	studied	using	QCM-D	in	situ	coupled	to	electrochemis-
try	(E-QCM-D).	Fc	SAMs	were	exposed	to	two	soluble	host	
probes:	 monovalent	 β-CD	 and	 multivalent	 HA-β-CD	 (Fig.	
1B).	 Incubation	with	β-CD	probes	and	subsequent	rinsing	
were	done	in	a	flow	mode	at	20	µL/min.	Several	parameters	
were	 compared	 while	 tuning	 interfacial	 properties	 of	 Fc	
SAMs,	including	the	efficiency	of	β-CD/Fc	binding	and	its	re-
versibility	 under	 redox	 stimuli.	 Viscoelastic	 modeling	 of	
QCM-D	data	was	used	to	determine	the	amount	of	attached	
β-CD	probe	and	to	estimate	the	efficiency	of	its	detachment	
upon	Fc	oxidation.	
3.2.1.	Monovalent	β-CD	versus	multivalent	HA-β-CD.	

The	choice	of	β-CD	and	HA-β-CD	was	motivated	by	the	sim-
plicity	of	monovalent	complexation	on	one	side	and	a	wide	
use	of	various	multivalent	scaffolds	in	material	and	life	sci-
ences	on	another	side.	In	order	to	compare	the	suitability	of	
these	 two	probes	 for	 our	 study,	Fc	 SAM	composition	was	
fixed	 to	 SAMclick	 FcC11/EG-OHC11/EG,	 which	 was	 expected	 to	
suppress	undesired	non-specific	interactions	(Fig.	4C),	and	
its	interactions	with	β-CD	(Fig.	5A)	and	HA-β-CD	(Fig.	5D)	
were	monitored	by	E-QCM-D.	The	fraction	of	HS-(CH2)11-N3	
in	solution	was	fixed	to	10-20	%	resulting	in	ΓFc	=	55	-	115	
pmol/cm2.	SAM	OHC11/EG	was	used	as	a	control	surface	lack-
ing	 guest	moieties.	Based	on	 the	affinity	 of	 β-CD/Fc	 com-
plexation	(reported	Kd	values	 in	solution	vary	 from	0.2	 to	
0.7	mM),72–75	β-CD	concentration	was	fixed	to	5	mM.	Assum-
ing	much	higher	binding	strength	due	to	the	multivalency	of	
HA-β-CD	(nβ-CD	=	7,	Fig.	1B)	and	based	on	the	binding	assays	
described,16,17	 HA-β-CD	 concentration	 was	 fixed	 to	 50	
µg/mL,	which	corresponds	to	1.9	μM	of	HA-β-CD	chains	and	
12	µM	of	β-CD	moieties	displayed	by	HA-β-CD	chains	(based	
on	 DSβ-CD	 =	 13%).	 The	 characteristic	 QCM-D	 profiles	 to-
gether	with	the	CVs	recorded	in	parallel	are	shown	in	Figs.	
5B,	C	for	β-CD	and	in	Figs.	5E,	F	for	HA-β-CD.		
One	can	note	similar	frequency	(Δ𝑓)	and	dissipation	(Δ𝐷)	

shifts	 upon	 injection	 of	 5	 mM	 β-CD	 to	 SAMclick	 FcC11/EG-
OHC11/EG	(Fig.	5B,	solid	lines)	and	to	the	control	surface	SAM	

OHC11/EG	 (Fig.	5B,	dashed	 lines).	The	 fact	that	no	response	
was	detected	on	SAM	OHC11/EG	at	10-times	lower	β-CD	con-
centration	(Fig.	4C,	blue)	suggests	that	the	observed	shifts	
on	SAM	OHC11/EG	(Fig.	5B,	dashed	lines)	are	most	likely	due	
to	the	increase	in	density	and	viscosity	of	the	electrolyte	so-
lution	 in	 the	 presence	 of	 concentrated	 5	 mM	 β-CD.	 This	
means	that	Δ𝑓	=	-3.4	Hz,	Δ𝐷	=	0.9×10-6	obtained	for	SAMclick	
FcC11/EG-OHC11/EG	 upon	 β-CD	 injection	 (Fig.	 5B,	 solid	 lines)	
are	partially	 induced	by	changes	 in	 the	solvent	properties	
and	thus	are	not	entirely	specific	 to	β-CD	binding.	In	con-
trast,	QCM-D	shifts	obtained	upon	injection	of	diluted	HA-β-
CD	(1.9	µM	of	HA-β-CD	chains	vs	5	mM	β-CD)	can	be	fully	
attributed	 to	 its	 binding	 to	 SAMclick	FcC11/EG-OHC11/EG,	 since	
no	response	was	observed	on	SAM	OHC11/EG	(Fig.	5E,	dashed	
lines).	Higher	Δ𝑓	=	-	10.8	Hz	and	Δ𝐷	=	1.8×10-6	obtained	in	
the	case	of	HA-β-CD	are	expected	(Fig.	5E,	solid	lines),	given	
its	higher	mass	compared	to	β-CD	and	the	ability	to	 form	
soft	hydrated	films	with	loops	and	tails	thanks	to	the	flexi-
bility	of	polymer	chains.	
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Fig.	5.	E-QCM-D	monitoring	of	interactions	between	Fc	SAMs	and	soluble	β-CD	probes.	(A,	D)	Schematic	of	interactions	between	
SAMclick	FcC11/EG-OHC11/EG	and	β-CD	(A)	or	HA-β-CD	(D).	(B,	E)	Representative	Δ𝑓	(blue)	and	Δ𝐷	(red)	shifts	recorded	during	exposure	
of	SAMclick	FcC11/EG-OHC11/EG	(solid	lines)	and	SAM	OHC11/EG	(dashed	lines)	to	β-CD	(B)	or	HA-β-CD	(E).	The	solutions	in	contact	with	
the	surfaces	at	different	moments	of	time	are	indicated	on	the	top	of	QCM-D	profiles;	solid	and	dashed	arrows	in	(E)	correspond	to	
SAMclick	FcC11/EG-OHC11/EG	and	SAM	OHC11/EG.	Vertical	arrows	of	different	colors	and	horizontal	black	arrows	indicate	the	moments	of	
recording	CVs	and	applying	Eox,	respectively.	(C,	F)	CVs	recorded	on	SAMclick	FcC11/EG-OHC11/EG	in	pure	electrolyte	(black),	in	the	pres-
ence	of	β-CD	(C)	or	HA-β-CD	(F)	(red)	and	after	rinsing	the	surface	with	the	electrolyte	solution	(blue).	The	moments	of	recording	
CVs	are	indicated	by	vertical	arrows	of	corresponding	colors	in	QCM-D	profiles	(B,	E).	Conditions:	Γ"#	=	113	pmol/cm2	(B,	C)	or	71	
pmol/cm2	(E,	F),	electrolyte	=	0.1	M	KPF6,	scan	rate	=	0.1	V/s,	Eox	=	0.45	V,	cβ-CD	=	5	mM,	cHA-β-CD	=	50	µg/mL	(1.9	µM	of	polymer	
chains),	flow	rate	during	β-CD/HA-β-CD	injection	and	rinsing	=	20	µL/min	(flow	stopped	during	CVs	and	Eox).	

The	recorded	QCM-D	profiles	show	that,	contrary	to	the	
reversible	binding	of	β-CD	(Fig.	5B),	the	majority	of	HA-β-
CD	remains	attached	to	SAMclick	FcC11/EG-OHC11/EG	upon	rins-
ing	 (Fig.	 5E),	as	expected	 in	 the	 case	of	multivalent	 bind-
ing.16,17	This	 conclusion	 agrees	with	 the	recorded	CVs.	 In-
deed,	the	small	positive	shift	of	redox	peaks	upon	β-CD	in-
jection	(ΔE0'	=	+4	mV)	disappeared	after	rinsing	(Fig.	5C),	
whereas	in	the	case	of	HA-β-CD,	similar	shift	of	ΔE0'	=	+7	mV	
persisted	(Fig.	5F).	We	note	that	the	slight	decrease	in	the	
current	is	due	to	the	limited	stability	of	Fc	monolayers	dur-
ing	 relatively	 long	E-QCM-D	measurements	and	 is	 not	re-
lated	 to	host/guest	 interactions.	The	 anodic	 shift	 of	E0'	 is	
thus	 the	 only	 electrochemical	 manifestation	 of	 β-CD/Fc	
binding	 in	 our	 system.	The	observed	positive	 shift	 is	 less	
pronounced	than	those	reported	for	β-CD/Fc	binding	in	so-
lution,32,72	which	is	probably	due	to	the	steric	hindrance	lim-
iting	all	Fc	to	form	host/guest	complexes	on	the	surface.	
The	decrease	of	β-CD/Fc	affinity	upon	Fc	oxidation	is	well	

known,	making	β-CD/Fc	complexation	responsive	 to	elec-
trochemical	stimuli,	which	has	been	utilized	for	reversible	
assemblies	of	various	molecules	and	nano-objects.2,5	Appli-
cation	of	electrochemical	stimuli	to	SAMclick	FcC11/EG-OHC11/EG	
induced	characteristic	QCM-D	shifts,	showing	similar	trends	
in	the	case	of	β-CD	and	HA-β-CD	(Figs.	5B,	E).	In	the	absence	
of	host	probes,	Δ𝑓	 of	 -	0.8-1.0	Hz	was	observed	upon	re-
cording	 CVs	 and	 applying	 Eox	 to	 SAMclick	 FcC11/EG-OHC11/EG	
(Figs.	5B,	E).	This	fast	and	reversible	response	is	specific	to	
Fc	and,	according	to	previous	studies,76	can	be	attributed	to	
the	flow	of	PF6-	anions	(together	with	associated	water	mol-
ecules)	 towards	 SAMclick	 FcC11/EG-OHC11/EG	 upon	 Fc/Fc+	

oxidation.	Interestingly,	this	shift	disappeared	in	the	pres-
ence	of	β-CD	(Fig.	5B,	red	arrows)	and	became	positive	in	
the	presence	of	HA-β-CD	 (Fig.	 5E,	 red	arrows),	 indicating	
the	detachment	of	host	molecules	upon	Fc	oxidation,	occur-
ring	in	parallel	with	the	uptake	of	PF6-.	Although	the	fraction	
of	detached	hosts	cannot	be	deduced	in	the	case	of	β-CD,	due	
to	 the	 solvent	 contribution	 to	 the	 binding	 response	 (Fig.	
5B),	we	can	clearly	conclude	that	the	detachment	of	HA-β-
CD	is	partial	(Fig.	5E).	The	latter	means	that	the	decrease	of	
the	affinity	of	β-CD/Fc+	complexes	is	not	sufficient	to	brake	
multivalent	 bonds	 between	 SAMclick	 FcC11/EG-OHC11/EG	 and	
HA-β-CD	at	a	given	ΓFc	=	71	pmol/cm2.	
	The	obtained	E-QCM-D	results	prove	successful	binding	

of	β-CD	probes	to	Fc	monolayers	(shifts	 in	Δ𝑓,	Δ𝐷	and	E0'	
upon	β-CD/HA-β-CD	injection,	Fig.	5)	as	well	as	the	sensitiv-
ity	of	β-CD/Fc	interactions	to	electrochemical	stimuli	(dif-
ferent	Δ𝑓	shifts	in	the	absence/presence	of	β-CD/HA-β-CD,	
Fig.	 5B,	 E).	 Given	 the	 specificity	 of	 QCM-D	 response	 and	
higher	Δ𝑓	and	Δ𝐷	shifts	obtained	in	the	case	of	HA-β-CD	as	
well	as	the	stability	of	HA-β-CD	attachment	during	rinsing,	
this	probe	was	chosen	to	study	the	effect	of	surface	chemis-
try	 on	 β-CD/Fc	 interactions.	 Below	 we	 describe	 the	 ob-
tained	results	with	a	focus	on	the	efficiency	of	β-CD/Fc	com-
plexation	and	its	disassembly	upon	oxidation.	
3.2.2.	 Influence	 of	 surface	 chemistry	 on	 HA-β-CD	

binding	to	Fc	SAMs	and	its	redox-driven	detachment.	To	
understand	 how	 surface	 chemistry	 influences	 β-CD/Fc	
complexation,	we	varied	Fc	SAM	composition	and	studied	
its	effect	on	the	interaction	with	HA-β-CD.	In	the	first	set	of	
experiments,	 we	 formed	 Fc	 monolayers	 by	 SAM	 post-
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functionalization	via	azide/alkyne	click	reaction,	while	var-
ying	Fc	linker	(EG-N3,	C11-N3,	C11/EG-N3,	Fig.	3A)	or	dilut-
ing	 thiol	 (C11	 vs	 C11/EG,	 Fig.	 4A).	 The	 characteristic	 E-
QCM-D	profiles	 are	 shown	 in	Fig.	 6A-C	 for	 the	 tunable	Fc	
linker	and	in	Figs.	5E	and	6C	for	the	tunable	diluting	thiol.	
Fig.	6D	summarizes	the	hydrated	masses	of	bound	HA-β-CD,	
ΓIJKLKMN
5>?;@8=? ,	and	fractions	of	the	detached	HA-β-CD	upon	oxi-
dation	determined	by	viscoelastic	modeling.	
Given	that	multivalent	binding,	and	in	particular	β-CD/Fc	

multivalent	interaction,	is	highly	sensitive	to	the	density	of	
surface	ligands,46	we	maintained	the	same	surface	density	
of	Fc	for	all	investigated	Fc	SAM	compositions	(Γ"#=	50-70	
pmol/cm2,	Fig.	6D).	This	surface	density	corresponds	to	the	
average	distance	between	Fc	groups	lFc	=	1.5	-	1.8	nm	(as-
suming	square	lattice).	 	In	the	case	of	the	EG-N3	linker,	no	
dilution	was	done	(Fig.	6A)	as	such	surface	density	was	ob-
tained	 for	 SAMclick	 FcEG	 consisting	 purely	 of	 EG-N3	 linkers	
(Fig.	3).	In	the	case	of	C11-N3	and	C11/EG-N3,	75-90%	frac-
tion	of	C11	(or	C11/EG)	diluting	thiol	was	used,	resulting	in	
SAMclick	 FcC11-CH3C10	 (Fig.	 6B)	 and	 SAMclick	 FcC11/EG-CH3C10	

(Fig.	 6C)	 (or	 SAMclick	FcC11/EG-OHC10/EG,	 Fig.	 5D,	E)	with	 the	
desired	Γ"#.	Other	conditions	(Fc	derivative,	solvent,	HA-β-
CD	concentration)	were	also	 kept	constant	 to	ensure	 that	
the	observed	effects	are	entirely	due	to	changes	in	Fc	SAM	
composition.	
Remarkably,	no	interactions	with	HA-β-CD	was	detected	

on	SAMclick	FcEG	composed	of	flexible	EG	chains	(Fig.	6A),	in	
contrast	to	all	other	studied	cases	(Figs.	5E,	6B	and	6C).	As	
discussed	above	(see	Section	3.1.2),	the	accessibility	of	az-
ide	groups	for	the	click	reaction	is	likely	to	be	reduced	by	
the	low	packing	density	and	high	flexibility	of	the	EG	chains.	
We	hypothesize	that	the	same	factors	account	for	the	poor	
accessibility	of	Fc	moieties	 for	β-CD	complexation,	so	that	
the	latter	are	hidden	in	these	flexible	coatings	as	schemati-
cally	shown	in	Fig.	6A.	The	fact	that	applying	oxidation	po-
tential	to	SAMclick	FcEG	induces	not	only	negative	Δ𝑓	but	also	
positive	Δ𝐷	(Fig.	6A)	might	mean	that	ion/solvent	exchange	
occurs	across	 SAMclick	FcEG,	matching	 the	picture	when	Fc	
groups	 are	 located	within	 SAMclick	 FcEG	 rather	 than	 on	 its	
surface.	

	

Fig.	6.	Dependence	of	β-CD/Fc	interactions	on	the	nature	of	Fc	linker	and	diluting	thiol.	(A)	Schematic	showing	the	absence	of	
interaction	between	SAMclick	FcEG	and	HA-β-CD	concluded	based	on	the	absence	of	QCM-D	response	during	exposure	of	SAMclick	FcEG	
to	HA-β-CD.	(B-C)	Schematic	of	HA-β-CD	binding	to	SAMclick	FcC11-CH3C10	(B)	and	SAMclick	FcC11/EG-CH3C10	(C)	with	representative	Δ𝑓	
(blue)	and	Δ𝐷	(red)	shifts	recorded	upon	HA-β-CD	injection	and	rinsing	accompanied	by	Eox	application;	Eox	application	was	stopped	
once	signal	is	stabilized.	(D)	List	of	the	studied	SAM	compositions	with	corresponding	masses	of	hydrated	HA-β-CD	films,	ΓIJKLKMN

5>?;@8=? ,	
determined	 by	 viscoelastic	modeling	 of	Δ𝑓<6OP?	 and	Δ𝐷<6OP?,	 and	 fraction	 of	 the	 detached	HA-β-CD,	 calculated	as	 	 (ΓIJKLKMN

5>?;@8=? -
ΓIJKLKMN;=7Q?O@R )/ΓIJKLKMN

5>?;@8=? *100%,	where	ΓIJKLKMN;=7Q?O@R 	is	determined	by	viscoelastic	modeling	of	Δ𝑓;=7Q?O@R	and	Δ𝐷;=7Q?O@R;	examples	of	the	
bound	and	residual	shifts	are	shown	in	(B).	The	case	of	HA-β-CD	binding	to	SAMclick	FcC11/EG-OHC11/EG,	having	the	same	Fc	linker	but	
different	diluting	thiol	compared	to	(C),	is	shown	in	Fig.	5E.		Conditions:	Γ"#=	50-70	pmol/cm2,	electrolyte	=	0.1	M	KPF6,	Eox	=	0.45	
V,	cHA-β-CD	=	50	µg/mL	(1.9	µM	of	polymer	chains),	flow	=	20	µL/min.	The	solutions	in	contact	with	the	surfaces	at	different	moments	
of	time	are	indicated	on	the	top	of	QCM-D	profiles.	Black	arrows	indicate	the	moments	of	applying	Eox.	

Comparing	HA-β-CD	binding	to	SAMclick	FcC11-CH3C10	(Fig.	
6B),	 SAMclick	 FcC11/EG-CH3C10	 (Fig.	 6C)	 and	 SAMclick	 FcC11/EG-
OHC10/EG	(Fig.	5D),	similar	QCM-D	responses	were	observed,	
with	a	slightly	higher	response	in	the	case	of	SAMclick	FcC11-
CH3C10.	Despite	 the	negligible	non-specific	 interactions	be-
tween	HA-β-CD	and	Fc	SAMs	(Fig.	4C),	we	did	not	observe	
complete	 detachment	 of	HA-β-CD	upon	Fc	 oxidation	 (Fig.	
5E,	 Fig.	 6).	 This	 suggests	 that	 the	 residual	 affinity	 of	 β-
CD/Fc+,	 accompanied	 by	 rather	 slow	 kinetics	 of	 polymer	

detachment	 (Fig.	 6),	 is	 sufficient	 to	 maintain	 multivalent	
binding	at	a	given	ΓFc	=	50-70	pmol/cm2.	Quantitatively	(Fig.	
6D),	 one-	 third	of	 host	 probe	was	detached	 in	 the	 case	of	
SAMclick	FcC11-CH3C10	(Fig.	6B).	Similar	detachment	efficiency	
was	observed	 in	 the	case	of	 SAMclick	FcC11/EG-OHC10/EG	 (Fig.	
5D),	 whereas	 it	 was	 1.7-times	 lower	 for	 SAMclick	 FcC11/EG-
CH3C10	(Fig.	6C).		
The	difference	in	HA-β-CD	binding	could	be	due	to	differ-

ent	 numbers	 of	 HA-β-CD	 molecules	 attached	 and/or	
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different	conformations	of	the	HA-β-CD	layers.	It	can	be	hy-
pothesized	that	the	rigid	interfaces	consisting	of	C11	chains	
may	 limit	 the	number	of	β-CD/Fc	bonds	per	HA-β-CD,	re-
sulting	 in	HA-β-CD	 chains	 being	more	 elongated	 towards	
the	 solution	 and	 thus	 forming	 more	 extended	 and	 softer	
coatings,	yielding	somewhat	higher	QCM-D	response	in	the	
case	of	SAMclick	FcC11-CH3C10	(Fig.	6B).	This	explanation	is	in	
line	with	highest	detachment	efficiency	obtained	for	SAMclick	
FcC11-CH3C10	 (Fig.	 6B).	 In	 contrast,	 one	 would	 expect	 the	
highest	flexibility	of	Fc	linkers	in	the	case	of	SAMclick	FcC11/EG-
CH3C10	(Fig.	6C),	which	may	contribute	to	an	increase	in	the	
number	of	bonds	formed	and	hence	make	it	more	difficult	
for	HA-β-CD	to	detach.	

	
Fig.	7.	Dependence	of	β-CD/Fc	interactions	on	the	Fc	graft-
ing	method.	(A-B)	Schematic	of	HA-β-CD	binding	to	SAM	FcC11	
(A)	and	SAMclick	FcC11	(B)	with	representative	Δ𝑓	(blue)	and	Δ𝐷	
(red)	shifts	recorded	upon	HA-β-CD	injection	and	rinsing	ac-
companied	by	Eox	application;	Eox	application	was	stopped	once	
signal	is	stabilized.	(C)	Studied	SAM	compositions	with	corre-
sponding	 masses	 of	 hydrated	 HA-β-CD	 films,	 ΓIJKLKMN

5>?;@8=? 	 and	
fraction	of	the	detached	HA-β-CD,	determined	as	described	in	
Fig.	6.	Conditions:	Γ"#=	335-455	pmol/cm2,	electrolyte	=	0.1	M	
KPF6,	Eox	 =	 0.45	 V,	 cHA-β-CD	 =	 50	 µg/mL	 (1.9	 µM	 of	 polymer	
chains),	 flow	=	20	µL/min.	The	 solutions	 in	contact	with	 the	
surfaces	at	different	moments	of	time	are	indicated	on	the	top	
of	QCM-D	profiles.	Black	arrows	indicate	the	moments	of	apply-
ing	Eox.		

In	the	second	set	of	experiments,	we	fixed	the	Fc	linker	to	
the	 rigid	 C11	 chain	 and	 studied	 the	 role	 of	 Fc	 grafting	
method	on	the	β-CD/Fc	interactions.	For	this,	Fc	SAMs	ob-
tained	via	direct	formation	were	compared	to	Fc	SAMs	ob-
tained	through	post-functionalization.	The	two	cases	were	
studied	in	the	absence	of	diluting	thiols,	i.e.	at	maximal	Fc	
surface	 density	 ΓST	 =	 335-455	 pmol/cm2,	 which	 corre-
sponds	to	the	average	distance	between	Fc	moieties	lFc	=	0.6	
-	 0.7	 nm	 (assuming	 square	 lattice).	 The	 characteristic	 E-
QCM-D	profiles	are	shown	in	Fig.	7A	for	SAM	FcC11,	obtained	

by	direct	self-assembly	of	SH-(CH2)11-Fc,	and	in	Fig.	7B	for	
SAMclick	 FcC11,	 obtained	 by	 self-assembly	 of	 SH-(CH2)11-N3	
followed	by	click	reaction	with	Fc	alkyne,	as	schematically	
shown	in	Fig.	2A.	Fig.	7C	summarizes	ΓIJKLKMN

5>?;@8=? 	and	fraction	
of	detached	HA-β-CD	determined	by	viscoelastic	modeling.	
Interestingly,	the	oxidation	of	the	directly	generated	SAM	

FcC11	resulted	 in	quasi-complete	detachment	of	the	bound	
HA-β-CD	(Fig.	7A),	in	contrast	to	the	modest	detachment	ob-
served	for	the	post-functionalized	Fc	SAMs	(Fig.	7B,	Figs.	5,	
6).	As	discussed	in	the	Section	3.1.1,	the	main	feature	of	the	
directly	generated	Fc	SAMs	as	compared	to	those	obtained	
by	 post-functionalization	 is	 their	 heterogeneity,	 including	
regions	with	clustered	Fc	molecules,	facilitated	by	the	inter-
chain	interaction	of	Fc	thiols.40,41,62	The	random	orientation	
of	Fc	moieties	(i.e.	hidden	in	monolayer	or	exposed	to	solu-
tion)	together	with	the	increased	steric	hindrance	inside	the	
clusters	 should	 reduce	 the	 number	 of	 formed	 β-CD/Fc	
bonds	per	HA-β-CD,	resulting	in	more	loosely	attached	HA-
β-CD	chains	 forming	more	extended	HA-β-CD	coating	(re-
flected	by	higher	QCM-D	signal),	thus	facilitating	its	detach-
ment	(Fig.	7A).	Besides,	in	the	case	of	directly	formed	SAM	
FcC11,	 the	presence	of	Fc	clusters	was	shown	to	 induce	an	
increase	 in	 the	positive	charge	around	Fc	moieties	during	
oxidation,	accompanied	by	the	anodic	shift	of	E0'.40	This	lo-
cal	positive	charge	around	β-CD	moieties	may	additionally	
facilitate	the	disassembly	of	β-CD/Fc+	complexes,	despite	a	
certain	 global	 electrostatic	 attraction	 that	 may	 occur	 be-
tween	Fc+	SAMs	and	negatively	charged	HA	backbone.		
The	obtained	E-QCM-D	results	show	that	surface	chemis-

try	strongly	influences	both	host/guest	binding	and	redox-
driven	dissociation	and	that	the	organization	of	guest	SAMs	
and	flexibility	of	guest	linkers	are	among	the	main	parame-
ters	which	determine	the	efficiency	of	these	two	processes.		
3.3.	Summary	of	the	obtained	findings	

Our	main	findings	are	schematically	shown	in	Fig.	8	and	
can	be	summarized	as	follows:	

(i)	The	efficiency	of	SAM	post-functionalization	depends	
on	the	nature	of	the	linkers	connecting	active	groups	to	the	
surface	and	can	be	optimized	by	adjusting	 their	 flexibility	
(Figure	8A).	

(ii)	The	2D	organization	of	guest	SAMs	can	be	improved	
by	 using	 two-step	 post-functionalization	 instead	 of	 direct	
grafting,	and	their	repellent	properties	can	be	optimized	us-
ing	hydrophilic	diluting	molecules	(Figure	8B).	

(iii)	 The	 efficiency	 of	 host/guest	 assembly	 and	 detach-
ment	depends	on	the	availability	of	guest	moieties	on	 the	
surface,	which	 is	determined	by	the	organization	of	guest	
SAMs	and	by	the	flexibility	of	guest	linkers	(Figure	8C).	
Point	 (i)	 requires	proper	consideration	 to	ensure	 inter-

face	functionality	when	modifying	SAMs	via	click	chemistry.	
Among	the	studied	systems,	 the	mixed	alkyl/EG-N3	 linker	
provides	the	highest	conversion	efficiency	of	azides	to	tria-
zoles,	a	fact	we	attribute	to	a	combination	of	sufficient	den-
sity,	accessibility,	and	flexibility	of	the	azide	end	groups	at	
the	top	of	the	SAM.	While	the	EG	end	groups	provide	flexi-
bility,	the	rigid	alkyl	chains	ensure	good	organization	and	
high	density	of	the	SAM	and	consequently	favor	the	orienta-
tion	of	azide	groups	towards	click	solution.
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Fig.	8.	Summary	of	the	obtained	findings.	Schematic	representation	of	the	effects	of	surface	chemistry	on	the	click-functionaliza-
tion	efficiency	(A),	the	properties	of	guest	SAMs	(B)	and	the	resulting	host/guest	interactions	(C).

Special	attention	should	also	be	given	to	the	choice	of	di-
luting	molecules	in	mixed	monolayers	as	this	can	affect	the	
efficiency	 of	 SAM	 functionalization	 (i)	 and	 their	 repellent	
properties	(ii).	Mixed	alkyl/EG	diluting	thiol	appears	opti-
mal	as	it	provides	good	SAM	organization	due	to	the	pres-
ence	of	alkyl	chains	(compared	to	EG	chain	alone),	orienta-
tion	of	functional	groups	towards	solution,	which	increases	
efficiency	 of	 SAM	 post-functionalization	 (in	 the	 case	 of	
mixed	alkyl/EG	guest	linkers,	Fig.	8A),	and	suppression	of	
non-specific	binding	due	to	the	repellent	properties	of	EG	
(compared	to	alkyl	chain	alone,	Fig.	8B).	Another	important	
aspect	to	consider	is	the	correlation	between	the	method	of	
SAM	formation	and	the	2D	organization	of	guest	moieties	
(ii).	Our	data	show	that	the	two-step	post-functionalization	
method	improves	the	homogeneity	of	guest	presentation	in	
the	monolayer	as	compared	to	direct	grafting.	We	hypothe-
size	that	this	is	due	to	the	fact	that	click	grafting	only	takes	
place	at	the	azide	groups	exposed	to	the	solution	phase.	Be-
sides,	 post-functionalization	allows	 to	 improve	 the	repro-
ducibility	 of	 SAM	 characteristics,	 including	 guest	 density	
(Fig.	2C)	and	the	shape	of	the	redox	signatures	(Fig.	S5).	
Furthermore,	this	study	reveals	several	important	corre-

lations	between	the	formation	of	guest	SAMs	(i,	ii)	and	the	
resulting	host/guest	 interactions	 (iii).	Thus,	 SAMs	 formed	
using	alkyl	or	mixed	alkyl/OEG	linkers	appear	to	be	optimal	
for	efficient	host/guest	complexation,	which	we	attribute	to	
their	high	density	and	good	organization,	ensuring	that	the	
guest	groups	are	oriented	towards	the	solution	side.	Much	
weaker	guest	accessibility	is	expected	in	the	case	of	less	or-
ganized	and	more	flexible	SAMs	composed	of	pure	OEG	link-
ers,	which	we	believe	explains	the	lack	of	host/guest	bind-
ing	 (Fig.	 8C).	 In	 addition	 to	 the	 impaired	 accessibility	 of	
guest	molecules,	the	high	flexibility	of	OEG	chains	must	in-
duce	 larger	conformational	changes	required	 for	HA-β-CD	
fixation,	thereby	increasing	the	entropic	cost	at	such	inter-
faces.	A	similar	trend	was	observed	when	studying	the	ef-
fect	 of	 the	 linker	 connecting	 the	 HA	 backbone	 to	 β-CD	
groups:	its	suppression	led	to	an	increase	in	HA-β-CD	bind-
ing	over	a	large	range	of	guest	surface	densities.17	
Another	 interesting	 correlation	 concerns	 the	higher	 de-

tachment	efficiency	of	host	molecules	from	directly	formed	
SAMs	as	compared	to	post-functionalized	SAMs.	We	attrib-
ute	this	to	the	poor	organization	of	guests	in	directly	formed	
SAMs,	which	leads	to	a	lower	effective	density	of	guests	on	
the	surface	and,	consequently,	to	a	lower	number	of	formed	
host/guest	 bonds	 (Fig.	 8C).	 This	 interpretation	 is	 in	 line	

with	weaker	QCM-D	signals	upon	HA-β-CD	binding	and	less	
efficient	HA-β-CD	detachment	at	higher	Fc	surface	density,	
when	 comparing	 diluted	 SAMclick	 FcC11-CH3C10	 (ΓST	 =	 59	
pmol/cm2,	Fig.	6B)	with	saturated	SAMclick	FcC11	(ΓST	=	350	
pmol/cm2,	 Fig.	 7B).	 In	 addition,	 control	 experiments	 on	
highly	diluted	Fc	SAMs	 (ΓST	≤	 10	pmol/cm2)	 showed	that	
limiting	the	number	of	β-CD/Fc	bonds	indeed	allows	com-
plete	detachment	of	HA-β-CD	(Fig.	S6),	confirming	the	cru-
cial	role	of	this	parameter	in	multivalent	systems.46	Besides,	
the	slow	gradual	changes	in	QCM-D	signals	upon	oxidation	
observed	for	the	post-functionalized	Fc	SAMs	(Fig.	6)	sug-
gest	that	polymer	reorganization/release	may	take	consid-
erable	time	when	it	is	attached	to	the	surface	through	many	
β-CD/Fc	bonds,	thus	indicating	the	presence	of	kinetic	limi-
tations	in	these	dynamic	systems.	
These	findings	suggest	that	rational	design	of	stimuli-re-

sponsive	interfaces	requires	considering	not	only	the	aver-
age	density	of	host/guest	moieties,	but	also	their	accessibil-
ity	 and	conformational	 flexibility	 on	 the	 surface,	 together	
with	the	chemical	nature	of	surrounding	molecules.	The	re-
pellent	 properties	 of	 hydrophilic	 linkers	 and	 diluents	
should	 also	 be	 considered,	 since	 the	 specificity	 of	
host/guest	interactions	is	one	of	the	factors	determining	the	
successful	 design	 of	 stimuli-responsive	 host/guest	 inter-
faces.		

CONCLUSIONS	
We	have	performed	a	systematic	study	involving	electro-

chemical,	QCM-D	and	contact	angle	characterization	to	un-
derstand	 how	 surface	 chemistry	 affects	 the	 formation	 of	
guest	monolayers	 and	 their	 subsequent	 interactions	with	
soluble	host	probes.	Using	β-CD/Fc	pair	as	a	model	system,	
we	have	demonstrated	 that	 surface	density,	 homogeneity	
and	 repellent	properties	 of	 Fc	monolayers	are	essentially	
governed	by	the	method	of	monolayer	formation	(direct	as-
sembly	vs	post-functionalization)	and	the	nature	of	chosen	
linkers	and	diluting	molecules	(i.e.,	flexibility,	hydrophilic-
ity).	 In	 particular,	 mixed	 alkyl/OEG	 monolayers	 are	 pre-
ferred	over	rigid	alkyl	chains	because	of	their	ability	to	sup-
press	non-specific	interactions	and	enhance	post-function-
alization	 efficiency,	 with	 quantitative	 azide/alkyne	 click	
conversion	 achieved	 for	 diluted	 alkyl/OEG	 SAMs.	 At	 the	
same	time,	the	accessibility	of	azides	was	impaired	in	mon-
olayers	composed	of	pure	PEG	chains,	indicating	a	subtle	re-
lationship	between	linker	flexibility	and	post-functionaliza-
tion	 efficiency.	 Finally,	 strong	 correlations	 have	 been	
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identified	 between	 the	 2D	 organization	 and	 flexibility	 of	
guest	 monolayers	 and	 the	 efficiency	 and	 reversibility	 of	
host/guest	complexation.	Our	results	show	that	successful	
binding	 and	detachment	 of	 host	 probes	 is	 influenced	 not	
only	 by	 the	 density	 of	 surface	 guests,	 as	 previously	 re-
ported,46	but	also	by	their	conformational	flexibility	and	ac-
cessibility,	which	 in	 turn	 are	determined	by	 the	 choice	of	
grafting	method	and	the	nature	of	molecular	linkers	and	dil-
uents.	
The	 obtained	 findings	 should	 be	 applicable	 to	 different	

host/guest	interactions,	including	photo-	or	redox-sensitive	
complexes	 between	 β-CD	 and	 other	 guests	 (e.g.	 azoben-
zene),49,51,52,54	 Fc	 and	 other	 hosts	 (e.g.,	 cucurbit[7]uril),6,28	
and	 other	 host/guest	 pairs	 (e.g.	 cucurbit[8]uril/viologen,	
pillar[n]arene	complexes),3,6,7	and	thus	promote	the	devel-
opment	of	well-defined	functional	interfaces	for	numerous	
applications	 in	 sensing,13,28	 catalysis,3,11	 material	 sci-
ences2,3,6,7,14,44	 and	 biomedicine.15,34,52,54	 	 Besides,	 the	 ob-
tained	 knowledge	 about	 the	 interplay	 between	 surface	
chemistry,	monolayer	organization	and	supramolecular	in-
teractions	can	be	applied	to	other	ligand/receptor	pairs	and	
thus	 contributes	 to	 the	 general	 understanding	 of	 self-as-
sembly	 and	 multivalent	 interactions	 at	 functional	 inter-
faces,8,9,46,47	facilitating	their	progressive	use	in	material	and	
biochemical	sciences.		
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