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ABSTRACT: Carbohydrate-carbohydrate interactions are proposed to be biologically significant but have lower affinities 
than the well-studied carbohydrate-protein interactions. Here we introduce multivalent glyco-nanostructures where the 
surface-expression of lactose can be triggered by an external stimulus, and a gold nanoparticle core enables colorimet-
ric signal outputs to probe binding. Macromolecular engineering of a responsive polymer ‘gate’ enables the lactose 
moieties to be presented only when an external stimulus is present, mimicking of how Nature uses enzymes to dynam-
ically regulate glycan expression. Two different carbohydrate-carbohydrate interactions are investigated using this tool.

Cells	from	across	all	kingdoms	of	life	are	coated	with	glycans	
(polysaccharides,	glycolipids,	glycoproteins)	which	provide	in-
ternal	and	external	cues	for	recognition,	disease	state,	signal	
transduction	and	more.1	The	protein	 ‘readers’	of	glycans	are	
termed	 lectins,	which	 engage	 in	 relatively	weak	 interactions	
with	individual	glycans	with	mM	affinity.2,3	To	overcome	this,	
glycans	are	presented	on	cells	in	a	multivalent	format,	enabling	
a	non-linear	 increase	 in	binding	affinity	 (often	<nM),	 termed	
the	‘cluster	glycoside	effect’4	leading	to	dramatic	increases	in	
affinity.4	Inspired	by	this,	synthetic	materials	bearing	multiple	
carbohydrates	have	been	developed	which	also	have	high	af-
finity5	 and	 can	 compete	 for	 native	 ligands	 in	 anti-adhesion	
therapy,6–8	or	as	biosensors.9,10		
Whilst	 carbohydrate-lectin	 interactions	 have	 been	 exten-

sively	studied	and	a	huge	variety	of	tools	exist	to	probe	them,	
carbohydrate-carbohydrate	 interactions	 (CCI)	where	the	sug-
ars	directly	engage	with	each	other	are	much	less	studied	and	
their	biological	importance	is	not	entirely	clear.11	Glycosphin-
golipid	CCI’s	have	been	implicated	in	the	initial	stages	of	cell-
cell	 recognition12	 and	 the	 aggregation	 of	 marine	 sponges	 is	
linked	 to	 sulfated	 glycan	 CCI’s.13,14	 The	 affinity	 of	 CCIs	 is	 ex-
tremely	weak,	even	compared	to	carbohydrate-lectin	interac-
tions	(~mM)	and	require	divalent	metal	ions	to	bridge	the	gly-
cans;	multivalent	presentation	is	essential	to	enable	significant	
interaction	forces	to	be	generated.11,15,16	Murthy	et	al	have	syn-
thesized	lactose-functional	b-cyclodextrin	which	engages	with	
GM3	glycolipid	via	a	CCI	to	enable	successful	delivery	of	doxo-
rubicin	and	may	contribute	to	the	lactose	‘trojan	horse’	effect	
for	gaining	entry	 into	mammalian	cells.17,18	Dendritic	and	na-
noparticle	 based	 systems	 have	 been	 synthesized	 and	 evalu-
ated	 for	 CCIs.11,16,19	 These	 extremely	weak	 interactions	 have	
been	measured	 using	 solution	NMR,20	 interfacial	 techniques	
such	as	Langmuir-Blodget19	and	scanning	probe	microscopy21	
and	also	by	surface	plasmon	resonance	(SPR).14	Seeberger	and	
co-workers	developed	multivalent	4	nm	silica	glyco	nanoparti-
cles	to	study	GM3-Gg3	interactions.16	Penades	and	co-workers	
have	 used	 glycan-functional	 gold	 nanoparticles	 with	 SPR	 to	

demonstrate	 strong	 CCI	 multivalent	 effects.15	 Russel	 and	
coworkers	used	PEG-lactose	 functional	 gold	particles	 for	 the	
plasmonic	detection	(red-blue	colour	change)	of	CCIs,22	enable	
simple	and	accessible	read-outs,	which	have	also	found	appli-
cation	in	biosensing.10		
A	challenge	in	studying	CCIs	is	that	many	of	these	are	self-

interactions,	e.g.	 lactose-lactose.	Therefore,	 it	 is	desirable	 to	
prevent	spontaneous	interactions	between	synthetic	multiva-
lent	systems,	by	introducing	an	inducible	‘trigger’	such	that	the	
glycan	is	presented	with	temporal,	or	spacial	control	to	under-
pin	their	study.	In	Nature	this	is	achieved	by	expression	of	gly-
cosyltransferases	which	installs	the	glycan	when	required,	de-
pending	 on	 internal/external	 cues	 such	 as	 disease	 state.23,24	
There	are	many	examples	of	stimuli-responsive	polymers,25	ca-
pable	of	changing	their	form	(e.g.	coli-globule	transition)	in	re-
sponse	to	redox,26	light27	and	metal	ions.28	Mastrotto	et	al	have	
used	the	reversible	collapse	of	poly(N-isopropyl	acrylamide)	to	
present	 folate	on	particle	 surfaces	 for	 cellular	delivery	using	
thermal29	and	pH	stimuli.30	Sequential	revealing	of	ligands	on	
liposomes	has	enabled	improved	deliver	of	liposome	formula-
tions.31	Spain	and	Alexander	have	used	DNA	strand	displace-
ment	for	oligonucleotide-specific	ligand	expression.32	Won	et	
al	demonstrated	responsive	polymers	can	provide	a	reversible	
steric	‘shield’	to	present	glycans	at	gold	nanoparticle	surfaces	
ensuring	 lectin	 binding	 only	 occurs	when	 the	 system	 is	 acti-
vated.33		
Herein	we	describe	dynamic	nanomaterials	where	the	sur-

face	expression	of	glycans	can	be	externally	 triggered,	 to	 in-
duce	a	carbohydrate-carbohydrate	interaction.	We	show	that	
polymeric	 gates	 can	 effectively	 block	 a	 (shorter)	 polymer	
bound	glycan	and	present	it	at	the	surface	of	a	gold	nanoparti-
cle	on	demand,	and	exploit	the	coupling	of	gold	particle	SPRs	
to	monitor	the	interaction	colourmetrically	under	the	control	
of	 a	 small	 temperature	 change.	 By	 engineering	 an	 inducible	
trigger,	these	systems	will	facilitate	the	study	and	exploitation	
of	CCIs	in	biotechnological	fields.	
	



 

	

Figure	 1.	 Synthesis	 of	 gated	 glycoparticles.	 A)	 Synthesis	 of	 glycosylated	
pHEA;	 B)	 Synthesis	 of	 pNIPAM;	 C)	 Homo-and	 hetero-genous	 coating	 of	
gold	nanoparticles;	D)	concept	of	thermo-responsive	polymer	gate	to	con-
trol	expression	of	lactose	at	the	nanoparticle	surface.	Initiator	=	4,4ʹ-azo-
bis(4-cyanopentanoic	acid).		

Table	1.	Polymer	characterization	

Polymer	 [M]/[CTA]/[I]	
[mol]	

Conv.(a)	
[%]	

Mn	Theo(b)	
[g	mol-1]	

Mn	SEC
(c)	

[g	mol-1]	
Đ	
[-]	

CP(d)	
[°C]	

PFP-pHEA15	 15/1/0.2	 93	%	 2100	 4800	 1.10	 -	
pNIPAM50	 50/1/0.2	 86	%	 5200	 7100	 1.10	 38	

	(a)1H	NMR;	(b)	[M]:[CTA]	and	conversion;	(c)	Compared	to	PS	standards;	(d)	
cloud	point	determined	by	turbidimetry	at	1.0	mg	mL-1.	

Our	design	principle	requires	a	non-responsive	polymer	bear-
ing	a	glycan,	and	a	responsive	polymer	to	act	as	the	reversible	
gate:	poly(N-hydroxyethyl	acrylamide)	(pHEA)	and	poly(N-iso-
propylacrylamide)	 (pNIPAM)	 were	 respectively	 chosen.33	
pNIPAM	was	polymerized	using	CTA-2	2-(dodecylthiocarbono-
thioylthio)-2-methylpropionic	acid).	pHEA	was	polymerized	us-
ing	 CTA-1	 (pentafluorophenyl	 2-(dodecylthiocarbonothi-
oylthio)-2-methylpropionic	acid)	which	enables	installation	of	
amino-glycans	onto	the	chain-end	by	displacement	of	the	PFP	

group.34	 PFP-pHEA15	 was	 functionalized	 by	 addition	 of	 2-
amino-2-deoxy-D-galactose	 (GalNH2)	or	1-aminopropyl-D-lac-
tose	(LacNH2),	which	was	synthesized	in	4	steps	from	lactose	
(ESI).	 Addition	 of	 the	 glycans	 also	 results	 in	 cleavage	 of	 the	
RAFT	agent	producing	a	terminal	thiol	suitable	for	immobiliza-
tion	onto	citrate-stabilized	gold	nanoparticles.	To	ensure	that	
the	glycan-bearing	polymer	(pHEA)	can	be	‘hidden’	by	the	re-
sponsive	polymer	(pNIPAM)	the	targeted	degrees	of	polymeri-
zation	 were	 15	 and	 50	 respectively.33	 SEC	 analysis	 showed	
slightly	higher	molecular	weights	than	NMR	for	the	pHEA	and	
that	polymers	were	well-defined,	with	Đ	<1.1.	1H	NMR	and	IR	
spectroscopies	confirmed	installation	of	the	glycan.	pNIPAM50	
had	a	cloud	point	of	38	°C	at	1	mg	mL-1.	Once	immobilised	on	
the	nanoparticle	the	actual	transition	temperature	will	vary,35	
hence	 a	 full	 concentration	 dependent	 study	 on	 this	 well-
known	polymer	was	not	undertaken.26	
	 60	 nm	 Gold	 nanoparticles	 (Au60)	 were	 coated	 with	
the	indicated	(Table	2)	ratios	of	each	polymer	to	generate	par-
ticles	bearing	either	pure	glycan	coatings,	or	mixed	glycan/re-
sponsive	 polymer	 coatings,	 which	 have	 been	 found	 to	 give	
grafting	 densities	 ~	 0.3	 chains/nm-2.36	 Polymer	 coating	 was	
confirmed	by	the	shift	of	the	SPRMAX	peak	to	longer	wavelength	
and		dynamic	light	scattering	showed	an	increase	in	diameter	
from	58	to	~	70	nm.	There	was	also	a	corresponding	increase	
in	the	zeta	potential.	The	particles	had	a	net-negative	charge	
as	is	widely	reported	for	coating	by	this	method,32	but	the	par-
ticles	 (see	below)	 remain	 stable	 in	buffered	 saline	 solutions.	
pNIPAM	containing	polymers	had	cloud	points	above	50	°C	but	
it	is	crucial	to	note	that	the	actual	chain	collapse	occurs	below	
this	temperature,	essential	for	the	present	work.35		
	
Table	2.	Nanoparticle	characterization	

Particle	 SPR(a)	
[nm]	

Diameter(b)	
[nm]	

CP(c)	
[oC]	

z(d)	
[mV]	

Au60	 534	 58	 -	 -41(e)	
pNIPAM50@Au60	 538	 75	 59	 -15	
Lac-pHEA15(9)	
/pNIPAM50(1)@Au60	

538	 67	 52	 -14	

Lac-pHEA15@Au60	 537	 66	 -	 -11	
GalNAc-pHEA15@Au60	 537	 66	 -	 -9	

(a)	Surface	plasmon	resonance	band;	(b)	determined	by	DLS;	(c)	determined	
in	 water	 by	 UV-Vis	 spectroscopy;	 (d)	 Conducted	 in	 HEPES	 buffer	 unless	
noted;	(e)	Conducted	in	water.	Total	gold	particle	concentration	(0.0255	mg	
mL-1)		

With	this	panel	of	nanoparticles	bearing	both	responsive/non-
responsive	units	and	two	different	glycans	to	hand,	control	ex-
periments	were	undertaken	to	demonstrate	glycan-driven	in-
teractions	at	 the	particle	 surface.	 Lac-pHEA15@Au60	 and	Gal-
Nac-pHEA15@Au60	(i.e.	non-responsive	coatings)	were	exposed	
0.1	to	100	mM	of	Ca2+.	Ca2+	is	the	primary	divalent	ion	which	
bridges	 appropriate	 glycans	 to	 initiate	 the	 CCI.	 Following	 30	
min	 incubation	Lac-pHEA15@Au60	showed	distinct	shifts	 in	 its	
UV-Vis	with	the	SPRMAX	decreasing	and	Abs700	increasing,	con-
sistent	with	cross-linking,	Figure	2.36,38	Conversely,	addition	of	
Ca2+	 to	 GalNAc-pHEA15@Au60	 showed	 very	 minor	 spectral	
changes	with	essentially	 zero	aggregation	 (isotherms	 in	 ESI).	
TEM	analysis	confirmed	these	observations	(Figure	2E).	GalNAc	
does	not	undergo	self-self	CCIs	and	hence	excluded	the	possi-
bility	of	non-specific	 interactions	due	to	changes	 in	 the	 ionic	



 

strength	 of	 the	 buffers.	 Similar	 results	 were	 obtained	 using	
Mn2+,	also	a	divalent	cation	which	can	drive	CCI	(ESI).	To	further	
corroborate	the	link	between	glycan	presentation	and	aggre-
gation,	 a	 lectin-mediated	 (carbohydrate-protein)	 interaction	
was	also	studied.	SBA	 (soy	bean	agglutinin)	was	chosen	as	 it	
has	high	affinity	for	GalNAc	but	lower	affinity	for	lactose	(i.e.	
opposite	response	to	CCI	expected).39	A	serial	dilution	of	SBA	
was	added	to	both	nanoparticles	from	10	–	100	nM	and	UV-Vis	
spectra	 recorded	 (Figure	 2C/D).	 SBA	 requires	 calcium	 to	 be	
present	in	the	binding	mix,	but	at	concentrations	which	did	not	
cause	CCI	aggregation.	Lac-pHEA15@Au60	showed	no	aggrega-
tion	 but	 GalNAc-pHEA15@Au60	 underwent	 strong	 dose-de-
pendant	binding	to	SBA	.	These	control	experiments	confirmed	
the	 differential	 presentation	 of	 glycans	 on	 the	 nanoparticle	
surface	 that	 the	 end-group	 glycosylations	 provide	 sufficient	
density	on	the	particle	surface	to	induce	a	cluster-glycoside	en-
hancement.	

	

Figure	2.	Calcium	and	lectin	triggered	aggregation	of	homogenous	glyco-
nanoparticles.	 A)	 Lac-pHEA15@Au60	 with	 Ca2+;	 B)	 GalNAc-pHEA15@Au60	
with	 SBA;	 C)	 Lac-pHEA15@Au60	 with	 SBA;	 D)	 GalNAc-pHEA15@Au60	 with	
SBA;	E)	TEM	analysis	of	Lac-pHEA15@Au60	with	and	without	Ca2+	Scale	bar	
=	500	nm.		

The	 above	 data	 demonstrated	 the	 challenge	 of	 self-self	 CCI	
study;	when	lactose-functional	materials	are	placed	in	the	bio-
logical	buffers	spontaneous	self-aggregation	is	always	going	to	
occur.	 This	 complicates	 detailed	 studies,	 especially	 in	 cell	
based	assays	as	the	expression	of	lactose	is	static,	not	control-
lable,	but	has	been	reported	to	drive	cell	uptake	by	unknown	
mechanisms.17	To	evaluate	steric	gating	Lac-pHEA15:pNIPAM50	
ratio	9:1@Au60	was	monitored	for	calcium-mediated	aggrega-
tion	 at	 20	 °C.	 At	 this	 temperature,	 the	 pNIPAM	 is	 fully	 ex-
tended	and	provides	a	steric	block	to	CCIs,	preventing	aggre-
gation	even	at	100	mM	Ca2+,	Figure	3A.	Time-dependent	stud-
ies	by	monitoring	Abs700	showed	only	a	very	slow	change	and	

TEM	revealed	no	evidence	of	aggregation,	Figure	3C/D.	Hence	
it	can	be	seen	that	just	10	mol%	of	pNIPAM	on	the	particle	sur-
face	can	sterically	block	CCIs,	and	is	‘gate	closed’.		

	

Figure	 3.	 Temperature	 –controlled	 gating	 of	 lactose	 expression	 at	 Lac-
pHEA15	:	pNIPAM50	ratio	9:1	@Au60	surfaces.	Ca2+	addition	at	20	°C	A)	full	
UV-vis	and	B)	time-dependence;.	TEM	analysis	C)	without	and	D)	with	cal-
cium	showing	no	aggregation.	Ca2+	addition	at	40	°C	E)	full	UV-vis	and	F)	
time-dependence;.	TEM	analysis	G)	without	and	H)	with	calcium	showing	
selective	CCI	activation.	Scale	bar	=	500	nm.		

Identical	experiments	as	above	were	conducted,	but	this	time	
at	 40	 °C	 which	 is	 above	 the	 chain	 collapse	 temperature	 of	
pNIPAM,	 but	 below	 the	 threshold	 for	 them	 to	 aggregate	
(avoiding	false	positives,	see	Table	2),	Figure	3E/F.	Addition	of	
Ca2+	 lead	 to	 a	 clear	 increase	 in	 Abs700	 and	 time-dependent	
monitoring	 of	 these	 showed	 rapid	 aggregation	 significantly	
faster	and	to	a	greater	extent	than	for	at	20	°C.	TEM	confirmed	
the	formation	of	aggregates	in	the	presence	of	Ca2+,	but	that	in	
the	absence	of	Ca2+	(even	at	40	°C)	there	were	no	non-specific	
particle-particle	interactions.	This	is	the	first	example	of	using	
an	external	trigger	to	control	a	CCI	interaction	and	provides	a	
dynamic	tool	for	studying	this	area	of	glycoscience.	

To	further	demonstrate	the	potential	of	these	responsive	na-
noparticles,	an	assay	was	devised	to	mimic	cell-surface	hetero-



 

CCI	 interactions;	namely	 lactose-GM-3.18	A	polystyrene	plate	
was	modified	by	physiosorption	of	GM-3	glycolipid	to	create	a	
cellular	membrane	mimic	substrate.	This	was	then	incubated	
with	both	static,	and	dynamic	nanoparticles	and	binding	eval-
uated	by	UV-Vis	and	high-resolution	scanning	electron	micros-
copy	(SEM)	after	washing,	Figure	4A.	Due	to	the	low	concen-
tration	(a	monolayer)	low	UV-Vis	signals	were	obtained	but	the	
presence	of	the	SPR	peak	at	~	550	nm	could	be	seen	when	Lac-
pHEA@Au60	was	incubated	with	calcium	at	20	oC,	but	no	SPR	
peak	was	seen	for	the	other	static	particles,	Figure	4B.	Figure	
C	 shows	 the	 dynamic	 particles,	 Lac-
pHEA15(9)/pNIPAM50(1)@Au60,	at	both	20	and	40	 oC	 showing	
nanoparticles	 were	 only	 bound	 at	 the	 higher	 temperature,	
when	the	gate	 is	 ‘open’.	SEM	of	 the	GM-3	surfaces	corrobo-
rated	 the	 observations	 from	 UV-Vis.	 Figure	 4D/E	 show	 that	
static	nanoparticles	are	captured	by	GM-3	only	for	lactose	not	
GalNAc	functionality.	Figure	4F	show	the	dynamic	nanoparti-
cles	with	‘gate	closed’	at	20	oC	(no	binding)	and	Figure	4G	with	
‘gate	open’	at	40	oC	with	significant	Lac-GM-3	interactions	oc-
curring.		

	

Figure	4.	Interactions	between	glyco	nanoparticles	and	GM-3	surface.	A)	
Experimental	concept.	B)	UV-Vis	analysis	of	GM-3	surface	after	incubation	
with	‘static’	nanoparticles	at	fixed	temperature;	C)	U-Vis	with	dynamic	na-
noparticles	 +	 Ca2+.	 False-colour	 SEM	 at	 GM-3	 surfaces	 of;	 D)	 Lac-
pHEA15@Au60	 at	 20	 oC;	 E)	 GalNAc-pHEA15@Au60	 20	 oC;	 F)	 Lac-
pHEA15(9)/pNIPAM50(1)@Au60	 at	 20	 oC;	 G)	 Lac-
pHEA15(9)/pNIPAM50(1)@Au60	at	40	oC.		

Herein	we	have	demonstrated	stimuli-responsive,	‘triggerable’	
multivalent	glyconanoparticles	for	the	study	of	carbohydrate-

carbohydrate	interactions.	At	the	surface	of	gold	nanoparticles	
non-responsive	polymers	were	used	 to	anchor	 lactose	and	a	
responsive	polymer,	which	can	collapse	upon	application	of	a	
thermal	stimulus	used	as	a	steric	‘gate’.	By	exploiting	this	trig-
ger,	and	the	unique	optical	properties	of	the	gold	nanoparticle	
core,	it	was	possible	to	monitor	aggregation	due	to	the	lactose-
lactose	interactions	in	a	label-free	manner,	and	upon	applica-
tion	of	the	external	stimulus.	The	hetero	Lac-GM-3	interaction	
was	also	probed	by	this	method	using	a	binding	assay	which	
mimics	 a	 cell-surface	 interaction,	 demonstrating	 selective	
binding	only	upon	application	of	the	stimulus.	This	method	en-
ables	temporal	control	of	when	the	glycans	are	expressed	on	
the	nanoparticle	surface,	comparable	to	enzymatic	control	in	
Nature	 preventing	 unwanted	 spontaneous	 interactions,	 en-
tirely	under	the	operators	control.	This	will	facilitate	the	study	
and	exploitation	of	multivalent	carbohydrate	interactions.	

ASSOCIATED	CONTENT		
Experimental	procedures	and	characterization	data	plus	ad-

ditional	binding	experiments	are	included	in	the	Supporting	In-
formation.	This	material	is	available	free	of	charge	via	the	In-
ternet	at	http://pubs.acs.org.	
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