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ABSTRACT: Carbohydrates dictate many biological processes

including infection by pathogens. Glycosylated polymers and

nanomaterials which have increased affinity due to the cluster

glycoside effect, are therefore useful tools to probe function,

but also as prophylactic therapies or diagnostic tools. Here, the

effect of polymer structure on the coating of gold nanoparticles

is studied in the context of grafting density, buffer stability,

and in a lectin binding assay. RAFT polymerization is used to

generate poly(oligoethyleneglycol methacrylates) and poly(N-

vinylpyrrolidones) with a thiol end-group for subsequent

immobilization onto the gold. It is observed that poly(oligo-

ethylene glycol methacrylates), despite being widely used par-

ticle coatings, lead to low grafting densities which in turn

resulted in lower stability in biological buffers. A depression of

the cloud point upon nanoparticle immobilization is also seen,

which might compromise performance. In comparison poly(vi-

nylpyrrolidones) resulted in stable particles with higher graft-

ing densities due to the compact size of each monomer unit.

The higher grafting density also enabled an increase in the

number of carbohydrates which can be installed per nanoparti-

cle at the chain ends, and gave increased binding in a lectin

recognition assay. These results will guide the development of

new nanoparticle biosensors with enhanced specificity, affinity,

and stability. VC 2017 Wiley Periodicals, Inc. J. Polym. Sci., Part

A: Polym. Chem. 2017, 00, 000–000
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INTRODUCTION Gold nanoparticles (AuNPs) are widely used
as biosensors, due to their ease of functionalization with thio-
lated binding ligands and characteristic optical properties.1–4

Due to local surface plasmon resonance causing collective
oscillations of the conduction-band electrons of the gold core,
AuNPs exhibit an intense color in the visible region. The color
is strongly correlated with their size, shape, dispersion in
media, and degree of aggregation and can thus be used to
monitor their interactions. Particles larger than 10 nm and
smaller than 100 nm exhibit a red coloration and upon aggre-
gation a dramatic color change, from red to blue, can be
observed. Therefore, a suitably functionalized gold nanoparti-
cle will give a color change in the presence of a target which
can lead to cross linking,5 or break an already formed cross-
link.6 Surface quenched fluorophores can also be released due
to ligand binding, generating a fluorescence output.7 Stevens
and coworkers have developed an ultra-sensitive assay format
based on gold nanoparticle formation by an amplification
route using an enzyme to catalyze silver nucleation around

gold nanostars, enabling near single-molecule detection.8 With
any nanoparticle sensor intended for contact with biological
fluid it is essential to ensure that it is both colloidally stable
to prevent unwanted aggregation and resistant to unwanted
protein adhesion (e.g., opsonization) which both compromise
performance.9 This is typically achieved by the addition of
uncharged polymer coatings, which can repel proteins or cells
due to their significant surface hydration layer.10 Messersmith
and coworkers used surface-initiated radical polymerization
to generate poly(ethylene glycol methacrylate) polymer
brushes which could reduce cellular adhesion and spreading11

although delamination can limit their application.12 Linear or
branched poly(ethylene glycol)s are also widely used as coat-
ings.13,14 Other commonly employed polymers for this include
poly(betaines) and poly(zwitterions).15 For in vivo applications
the stability, integrity, and ability of the coating to resist opso-
nization are crucial to avoid off-specific effects.16

One particularly useful method to generate gold-capped
nanoparticles is RAFT (reversible additional fragmentation

Additional Supporting Information may be found in the online version of this article.
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chain transfer) polymerization. In this method, the use of thi-
ocarbonyl compounds results in masked thiols at each chain
end, and hence allows facile conjugation onto gold particles
(or surfaces) in a fashion similar to self-assembled mono-
layer formation.17 A RAFTed polymer can be directly conju-
gated to small (sub 5 nm) gold nanoparticles by in situ
reduction with an appropriate gold salt.18,19 However, to
obtain larger nanoparticles, suited to colorimetric detection
(typically above 10 nm) preformed gold particles must be
used, followed by either grafting-from or grafting-to poly-
merization.20 The advantages of grafting-to are that the poly-
mer and nanoparticles can be independently characterized
(and, if needed, re-synthesized) to enable fine-tuning of
properties, but at the expense of low grafting densities.

Using RAFT polymerization Gibson and coworkers have
developed glycan end-functionalized polymers as stabilizing
ligands for colorimetric detection of carbohydrate-binding
proteins and bacteria.21,22 This strategy enables the polymer
coating to be optimized independent of the glycan (as
opposed to having a linear glycopolymer).23 Using poly
(hydroxyethyl acrylamide) as the stabilizing polymer, it was
observed that a precise balance must be maintained in the
polymer chain length; too long and the particles are too sta-
ble so do not aggregate (and hence no color change); too
short and they aggregate even without a binding partner,
due to low colloidal stability.24

In the development of glyconanoparticle sensors such as
this, the control of the grafting density is crucial; each poly-
mer chain introduced gives only a single sugar. The affinity
of a glycan for its target lectin is inherently weak25 and is
enhanced in nature by presentation of multiple copies, giving
rise to a nonlinear increase in binding affinity known as the
cluster glycoside effect.26 For example, whilst galactose has a
relatively low affinity for the cholera toxin (responsible for
the symptoms associated with Vibrio cholerae infection) mul-
tivalent glycopolymers, glyconanoparticles, and glycopeptides
have dramatically enhanced binding affinity.27–29 This strate-
gy has been applied to bind and target many pathogens.30

Such glyco-materials approaches could help provide innovative
solutions to combat the growing problem of antimicrobial
resistance as new biosensors31 or prophylactic anti-adhesion
therapies.32

Considering the above, the aim of this work was to critically
evaluate the grafting-to of commonly used, water soluble,
stabilizing polymers derived from RAFT, for glyconanopar-
ticles. Poly(oligo (ethyleneglycol) methacrylate (OEGMA)
which is widely used due to its similarities to linear poly
(ethylene glycol). However, it is a rather sterically hindered
polymer, especially when compared with a less sterically hin-
dered poly(N-vinylpyrrolidone), which has been chosen as a
model alternative polymer. The role of polymer chain length
on the grafting-to efficiency is probed and the stability of the
resulting conjugates in a range of relevant media (buffers) is
studied. Finally, the utility of these polymers as lectin bind-
ing agents is evaluated and rationalized in the context of
their grafting-to efficiency.

EXPERIMENTAL

Materials
All reagents and solvents were used as received from the
supplier. Laboratory solvents were purchased from Fisher
Scientific. Buffer solutions were prepared as follows:
phosphate-buffered saline (PBS) solution was prepared by
dissolving a pre-formulated tablet (Sigma-Aldrich) in 200 mL
ultra-high quality water. The resulting PBS solution has a
composition of 0.01 M phosphate, 0.0027 M potassium chlo-
ride, and 0.138 M sodium chloride, pH 7.4. 10 mmol HEPES
(Sigma-Aldrich) buffer, containing 0.1 mmol CaCl2, pH 6.5,
was prepared in 250 mL ultra-high quality water. MES buffer
(Sigma-Aldrich) was prepared at 100 mmol. S-sec propionic
acid O-ethyl xanthate (CTA-1) was synthesized from potassi-
um ethylxanthate and 3-bromopropionic acid (both pur-
chased from Sigma-Aldrich) according to the procedure
described in the Supporting Information.

Fluorescently labeled lectin (ConA) was purchased from
Vector Labs (Fluorescein FLK-2100 labeled). 2-
(dodecylthiocarbonothioylthio)22-methylpropanoic acid (CTA-
2), 2-bromopropionic acid, potassium O-ethyl dithiocarbonate,
4,40-Azobis(4-cyanovaleric acid), and N-vinylpyrrolidone, oli-
go(ethyleneglycol methyl ether methacrylate) were purchased
from Sigma-Aldrich. 2-deoxy-2-amino glucose and 2-deoxy-2-
amino-galactose were purchased from Carbosynth. Gold nano-
particles were obtained from BBI Solutions. High-binding
96-well microtiter plates were purchased from Greiner
Bio-one.

Physical and Analytical Methods
1H and 13C NMR spectra were recorded on Bruker DPX-
300 and DPX-400 spectrometers using deuterated sol-
vents obtained from Sigma-Aldrich. Chemical shifts are
reported relative to residual non-deuterated solvent. Size
exclusion chromatography (SEC) was used to determine
the molecular weights and polydispersities of the synthe-
sized polymers. The THF SEC system comprised of a Var-
ian 390-LC-Multi detector suite fitted with differential
refractive index (DRI), light scattering (LS), and ultra-
violet (UV) detectors equipped with a guard column (Var-
ian Polymer Laboratories PLGel 5 mm, 50 3 7.5 mm) and
two mixed D columns of the same type. The mobile phase
was THF with 5% triethylamine (TEA) eluent at a flow of
1.0 mL min21, and samples were calibrated against Varian
Polymer Laboratories Easi Vials linear poly(styrene) and
poly(methylmethacrylate) standards (162–2.4 3 105 g
mol21) using Cirrus v3.3. The DMF SEC system comprised
of a Varian 390-LC-Multi detector suite fitted with a dif-
ferential refractive index (DRI) detector equipped with a
guard column (Varian Polymer Laboratories PLGel 5 mm,
50 3 7.5 mm) and two mixed D columns of the same
type. The mobile phase was DMF with 5 nM NH3BF4
eluent at a flow of 1.0 mL min21, and samples were
calibrated against Varian Polymer Laboratories Easi-Vials
poly(methylmethacrylate) standards (162–2.4 3 105 g mol21)
using Cirrus v3.3.
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Synthesis of PVPX (X580, 110, 250) Using S-sec
Propionic Acid O-Ethyl Xanthate RAFT Agent (CTA-1)
As a representative example N-vinylpyrrolidone (VP) (1.00 g,
0.009 mol), CTA-1 (8.7 mg, 0.045 mmol), and ACVA
(0.273 mL of 4.62 mg mL21 dioxane) were dissolved in 1,4-
dioxane (1 mL) in a vial. The resulting solution was purged
with a stream of dry nitrogen for 15 min and then heated at
80 8C for 7 h after which an aliquot was taken from the mix-
ture for 1H NMR conversion analysis. Conversions were cal-
culated using 1H NMR spectroscopy by comparing the
integrations of the heterocycle signals on the VP monomer
(d 5 3.49 ppm) with those of the corresponding signals of
the polymer (d 5 3.20 ppm). The colorless solution was then
quenched with ice. The crude mixture was concentrated in
vacuo, diluted with nanopure water, and dialyzed against
nanopure water (MWCO5 1 kDa) to remove any unreacted
VP and small molecule byproducts. Poly(N-vinylpyrrolidone)
(PVP60) was recovered as an off-white powder (0.3 g, ca.
71% based on 42% conversion) after being freeze-dried. 1H
NMR (400 MHz, CDCl3): d 5 3.79 (ANCH, br, 1H), 3.20
(ANCH2A, br, 2H), 2.70–0.88 (O@CACH2A, ACH2A on
heterocycle, ACH2A on polymer backbone, br, 6H).
MnSEC(DMF)5 7.2 kDa, Mw/Mn 5 1.46.

Synthesis of POEGMAX (X570, 120, 230) Using RAFT
Agent (CTA-2)
As a representative example, oligo(ethyleneglycol methyl
ether methacrylate) (OEGMA) (1.00 g, 0.0033 mol), CTA-2
(12.1 mg, 0.033 mmol), and ACVA (1.01 lL of 1.85 mg mL21

dioxane) were dissolved in 1,4-dioxane (3 mL) in a vial. The
resulting solution was purged with a stream of dry nitrogen
for 15 min and then heated at 70 8C for 4 h after which an
aliquot was taken from the mixture for 1H NMR conversion
analysis. Conversions were calculated using 1H NMR spec-
troscopy by comparing the integrations of the AC @
O(O)CH2A signals on the OEGMA monomer (d 5 4.30 ppm)
with those of the corresponding signals of the polymer side
chain (d 5 4.03 ppm). The colorless solution was then
quenched with ice. The crude mixture was then precipitated
from methanol into diethylether three times until – residual
monomer and small molecules were undetectable by 1H
NMR spectroscopy. Poly(oligo(ethyleneglycol methyl ether
methacrylate)) (POEGMA70) was recovered as a yellow waxy
solid (0.5 g, ca. 74% based on 68% conversion). 1H NMR
(400 MHz, CDCl3): d 5 4.03 (AC@O(O)CH2H2A, br, 2H), 3.61
(AOCH2A, br, 16H), 3.51 (AC @ O(O)CCH2H2A, br, 2H), 3.33
(AOCH3, br, 3H), 2.13–1.52 (ACH2A on polymer backbone,
br, 2H), 1.31–0.59 (ACHCH3A on polymer backbone, br, 3H).
MnSEC(THF)5 56 kDa, Mw/Mn5 1.51.

General Procedure for the Synthesis of Polymer-Coated
Gold Nanoparticles
A solution of gold nanoparticles (40 nm, 40 mL) was added
to a falcon tube. The desired polymer (ca. 8 mg) was then
added to the above red solution which was then agitated
until all the polymer was dissolved. The resulting solution
was then allowed to stand at ambient conditions in the dark
overnight. To remove excess polymer, the particles were

centrifuged for 15 min at 11,000 rpm. The colorless super-
natant was decanted and the pellet was then resuspended in
nanopure water (10 mL). This centrifugation-resuspension
cycle was then repeated for two more times. After the final
cycle the particles were dispersed in 10 mL of MES buffer
(0.1 M) for storage or the desired buffer (PBS, HEPES, nano-
pure water) for further studies. Assuming complete transfor-
mation of naked gold particles into the polymer-coated
particles, the total concentration of gold in the final solution
was 0.2332 mg mL21.

RESULTS AND DISCUSSION

To enable a critical comparison with be made between the
commonly employed oligo(ethyleneglycol)methacrylate
(OEGMA) based polymers and a less sterically hindered,
water-soluble alterative (N-vinylpyrrolidone) (PVP), RAFT/
MADIX polymerization was employed. This method enables
the synthesis of well-defined polymers with masked thiol
end groups to enable direct conjugation onto citrate-
stabilized gold nanoparticles, Scheme 1. Following RAFT
polymerization, the degree of conversion for each polymer
was estimated by 1H NMR (assuming quantitative incorpora-
tion of the RAFT mediating agent). SEC of PVP is well known
to underestimate its molecular weight, due to poor solvation
(accept in fluorinated solvents which are very rarely
employed),33 which also means that observed dispersity val-
ues are above what might be expected from RAFT. The same
is true for the POEGMAs, whose comb-like structure results
in hydrodynamic radii that are significantly different from
linear polymers. In all cases monomodal distributions were
obtained. The results of these analyses are shown in Table 1
and example SEC traces shown in Figure 1, showing the
sequential library of polymers ranging from 70 to 250 repeat
units.

With these polymers to hand, they were employed to coat
citrate-stabilized 40 nm gold nanoparticles (Au40). Surface

SCHEME 1 (A) Synthesis of polymers. CTA 5 chain transfer

(RAFT) agent; ACVA 5 4,4-Azobis(4-cyanopentanoic acid); VP 5 N-

vinylpyrrolidone; (B) Assembly of polymers onto pre-formed

gold nanoparticles. [Color figure can be viewed at wileyonline-

library.com]
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modification of the particles was achieved by a simple mix-
ing protocol using an excess of the polymer overnight with
the exclusion of light. Purification was achieved by repeated
centrifugation/resuspension cycles to remove excess polymer
and the isolated nanoparticles had a burgundy-red coloration
in aqueous solution, indicative of no aggregation. Dynamic
light scattering analysis revealed the obtained particles had
increased diameters ranging from 55 to 90 nm, compared
with the precursor particles, as shown in Figure 2. The

longer polymers (DP >200) gave slightly larger (�10 nm)
hydrodynamic diameters relative to the shorter ones, as
would be expected.

The ultimate application of these functionalized nanopar-
ticles is to incorporate glycans at the polymer’s corona for
biosensory applications, meaning that the grafting density
(number of chains per unit area) on surfaces is a key param-
eter in defining their properties.24,31,34 This is especially

TABLE 1 RAFT Synthesized Polymers

Code Con. (a) (%) DPa Mn (theo.) (kDa)a Mn (SEC) (kDa) Mw/Mn

PVP80 42 84 10.9 7.2b 1.46b

PVP110 37 111 12.3 10.4b 1.51b

PVP250 58 247 27.4 19.0b 1.75b

POEGMA70 68 68 20.4 56.0c 1.51c

POEGMA120 57 114 34.2 74.9c 1.57c

POEGMA230 59 236 70.8 134.0c 1.53c

a Determined from the [monomer]:[CTA] ratio and the degree of poly-

merization (DP).

b Determined by SEC in DMF using PMMA standards.
c Determined by SEC in THF using PMMA standards.

FIGURE 2 Dynamic light scattering analysis of polymer-coated

gold nanoparticles. (A) POEGMA-coated nanoparticles; (B) PVP-

coated nanoparticles. [Color figure can be viewed at wileyonline-

library.com]

FIGURE 1 SEC analysis of RAFT-derived polymers. SEC was

conducted in DMF and molecular weights calculated relative to

PMMA standards. (A) POEGMA; (B) PVP. [Color figure can be

viewed at wileyonlinelibrary.com]
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important in the case of end-functionalized polymer-coatings
where ligands (such as sugars or drugs) are incorporated at
the chain end, as the grafting density is directly proportional
to the loading capacity. To estimate the relative grafting den-
sity (rather than the absolute) in this series, X-ray photoelec-
tron spectroscopy (XPS) was performed. It is important to
note that the penetration depth of the X-rays is estimated to
be �10 nm, so it can only be used to measure the relative
grafting density. As all the particles have identical gold cores
(and hence equal gold surface “concentration”) one can esti-
mate the grafting density, from the relative elemental compo-
sitions and MW information, according to eq 1. Samples
were prepared by deposition of the particles from solution
onto silicon surfaces and the results are shown in Figure 3.

G:D5IC=ðNumber Carbons inMonomer3DPÞ

Equation 1 G.D5 relative grafting density; IC 5 intensity of
carbon signals after normalization to gold signal.

As the PVP chain length increased from 80 to 110 there was
no appreciable difference in the grafting density, but once it
was increased to DP 250, the grafting density decreased to
only 25% of that of DP 80. This shift in grafting density will
be due to the increased steric requirements of the polymer,

but one must also remember that at equal mass concentra-
tion, there are less end-groups available for larger polymers
which may also have an influence (although in our case a
huge excess of polymer is employed). When PVP is com-
pared with POEGMA, it is found that POEGMA has signifi-
cantly fewer chains immobilized onto the surface. POEGMA70

(shortest polymer used in this study) had 25% of the poly-
mer chains compared with a similar length PVP, and less
total mass also. The longer POEGMAs also had lower grafting
densities, and they are summarized in Figure 3(B). These
findings are remarkable considering the wide spread use of
POEGMA as a stabilizing agent, and implies that it might not
provide as efficient a steric shield as other “non-fouling”
polymers.

The above experiments clearly demonstrated that the steric
constraints of the polymer side chain affect grafting density,
but this information is only useful in the context of observ-
able properties of the resulting particles. For biosensory
applications nanoparticles must be stable against aggrega-
tion,35 hence this was studied in a range of conditions. Due
to the well-known SPR properties of gold nanoparticles, it is
possible to evaluate aggregation spectrophotometrically by
observing the changes in the UV–Vis spectra of the particles
as they change from dispersed (red) to aggregated (blue),
Figure 4(A,B). A high-throughput method using 96-plates
and microplate readers was employed to evaluate stability in
saline solutions from 0.5 to 2 M and in MES and PBS; two
common buffers. The absorbance at 520 nm reflects the
aggregation state (with high values meaning well dispersed
particles), and the results are shown in Figure 4(C,D) as a
function of the media after 1 h incubation at 37 8C. All the
polymers with DP 70 showed little evidence of aggregation
in saline, and the PVP polymers with DP >100 were perfect-
ly dispersed even up to 2 M NaCl, which is far above physio-
logical concentrations (�0.14 M). Conversely, the POGEMA-
coated particles aggregated to some degree in all NaCl con-
centrations. A similar observation was made in all buffers
apart from PBS, in which limited aggregation was seen for
all the particles employed. This aggregation will be a combi-
nation of the lower grafting density of the polymer brushes,
but could also be due to the OEG side chains coordinating
metal salts, depressing the LCST and hence leading to aggre-
gation.36 This simple test shows that POEGMA particles may
not be suitable in colorimetric bioassays as their premature
aggregation would give rise to false positive results, which
are not acceptable for diagnostics.

A second problem with using POEGMAs is that they show
LCST (soluble to insoluble transition above a critical temper-
ature) behavior that may lead to aggregation if an assay was
run at temperatures close to this transition temperature.
This is an issue, even if the polymers themselves have high
LCSTs, as we have previously shown that immobilization
onto nanoparticle surfaces decreases the transition tempera-
ture, relative to free polymers in solution.37–39 The polymer
library (Table 1) was assessed for LCST behavior by turbi-
dimetry at 5 mg mL21 in both water and PBS, and the traces

FIGURE 3 Grafting density comparison as estimated by XPS

analysis. (A) Comparison of relative (assuming PVP80 5 1) graft-

ing density (chains/unit area) and overall mass of polymer; (B)

Schematic comparing relative grafting densities as a function

of chain length and monomer type. [Color figure can be

viewed at wileyonlinelibrary.com]
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are shown in Figure 5. The POEGMAs all showed cloud
points (CPs) around 55 8C, whereas the PVP showed no tran-
sition up to 90 8C. It should be noted that at higher concen-
trations, the PVP would be expected to show a CP but these
are far beyond what would be employed in this situation.

The polymer-coated nanoparticles were also investigated for
their LCST behavior. Full temperature-dependent UV–Vis

spectra for each of the nanoparticles are included in Figure
6. For all the PVP samples, increasing the temperature from
35 to 85 8C resulted in no observable changes in the absorp-
tion spectra, indicating the nanoparticles are perfectly stable.
Conversely, heating the POEGMA-coated nanoparticles
resulted in a clear decrease in SPRmax, and increase in
Abs700 upon heating above 50 8C. Whilst above the most
likely assay temperatures of 37 8C, the transition tempera-
ture is known to decrease sharply upon addition of higher
salt concentrations. This effect is also observed with other
additives, such as sugars or proteins, which are present in
biological milieu. Hence, the POEGMA particles have poten-
tial for premature aggregation due to this LCST effect as well
as salting out in buffers, as discussed above.

With this detailed understanding of the particle properties
to hand, the final step was to conduct lectin binding experi-
ments to compare the influence of grafting density and poly-
mer structure on a real outcome. The RAFT agents used to
synthesize the polymers were chosen to introduce a carbox-
ylic acid group at its a-terminus, which is available for bio-
conjugation. 2-deoxy-2-amino glucose (GlcNH2) and 2-deoxy-

FIGURE 5 Turbidimetry analysis of polymers in Table 1. All

measurements were conducted in water or PBS at 3 mg mL21.

(A) POEGMA; (B) PVP. [Color figure can be viewed at wileyonline-

library.com]

FIGURE 4 Saline stability testing of the nanoparticles. (A) Photo-

graphs showing the effect of addition of salt on citrate-coated

AuNPs, demonstrating the red-blue color change due to aggrega-

tion of AuNPs; (B) Spectrophotometric analysis showing the

absorbance of each differently coated nanoparticle; (C) and (D)

Absorbance of each nanoparticle at 520 nm in each of the six sol-

utions. [Color figure can be viewed at wileyonlinelibrary.com]
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2-amino-galactose (GalNH2) were chosen as biological bind-
ing motifs that can be introduced by simple EDC/NHS activa-
tion of the carboxylic acid, Figure 7(A). Following removal of
excess carbohydrate and coupling reagents by centrifuga-
tion/resuspension, the biological activity of the particles was
tested by a modified surface-binding assay. In brief, high-
binding 96-well plates were coated with concanavalin A
(ConA), a lectin which has higher binding affinity to glucose
than galactose (with an ultimate preference for a-mannose).
The particles were incubated with these surfaces at 37 8C
for 30 min in HEPES buffer (containing Ca21), before being
extensively washed to remove any non-specifically bound
particles. The relative affinity of the interaction was deter-
mined by measuring the absorbance at 520 nm (gold parti-
cle SPR band) on the plates, which is proportional to the
amount of gold particles bound. PVP250 with both galactose
and glucose end-groups showed essentially no particle

interactions even at concentrations as high as 0.2 mg mL21

[Au], Figure 7. Conversely, the shorter PVP (DP5 110) which
was found to have a grafting density 43 as high as the lon-
ger polymer (but identical saline stability), showed a clear
dose dependence increase in surface binding of the glucose-
functional particles, which was significantly higher than the
corresponding galactose particles (which also have weak
ConA affinity). All POEGMAs showed some signs of aggrega-
tion in the binding buffer, preventing analysis. Taken together,
these observations show that designing glyconanoparticles for
biological applications requires substantial consideration of
the nature of the polymer layer, which should not be over-
simplified as a passive, non-interacting layer, but actually as a
key component which needs refinement for each application.
These observations made here will help guide ourselves, and
others, in the design of point-of-care diagnostics or drug deliv-
ery devices which employ carbohydrates.

FIGURE 6 Assessment of the LCST behavior of polymer-coated gold nanoparticles. All measurements were conducted in PBS.

Arrows indicate changes in spectral features and are intended to guide the eye only. [Color figure can be viewed at wileyonline-

library.com]
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CONCLUSIONS

Here a library of polymer-stabilized gold nanoparticles were
synthesized, characterized and critically evaluated for their
utility in biosensing. Two commonly employed classes of
water soluble polymer were used, POEGMA and PVP, as
these are both neutral and are non-fouling toward non-
specific protein adhesion. Using XPS it was shown that the
sterically bulky POEGMA resulted in far lower grafting densi-
ties on gold nanoparticles compared with PVP, suggesting a
greater degree of exposed gold surfaces. Colloidal stability
assays were undertaken, using the aggregation-induced red-
blue color change of gold nanoparticles as the output. This
showed that the PVP colloids were more stable, attributable
to their greater surface coverage. The impact of surface-

grafting on the LCST behavior of the particles was also mea-
sured, and it was shown that in the case of longer POEGMAs,
aggregation occurred at temperatures close to what might be
used in a biosensor. Finally, the polymers were glycosylated
at their end-group and evaluated for binding to a surface-
bound lectin. Owing to the higher grafting density (at equal
degree of polymerization) the PVP polymers resulting in
more surface binding. Taken together, this study shows that
sterically bulky POEGMAs are not suitable stabilizing agents
for gold nanoparticles obtained by “grafting-to” and that
small, sterically less hindered poly(acrylamides) give higher
grafting densities and hence more ligand attachment. These
results will help in the rationale designed of new biosensors,
especially glycobiosensors for infection.
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