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Glycan-lectin interactions drive a diverse range of biological signaling and recognition processes.
The display of glycans in multivalent format enables their intrinsically weak binding affinity to lectins to
be overcome by the cluster glycoside effect, which results in a non-linear increase in binding affinity. As
many lectins have multiple binding sites, upon interaction with glycosylated nanomaterials either
aggregation or surface binding without aggregation can occur. Depending on the application area,
either one of these responses are desirable (or undesirable) but methods to tune the aggregation state,
independently from the overall extent/affinity of binding are currently missing. Herein, we use gold
nanoparticles decorated with galactose-terminated polymer ligands, obtained by photo-initiated RAFT
polymerization to ensure high end-group fidelity, to show the dramatic impact on agglutination
behaviour due to the chemistry of the polymer linker. Poly(N-hydroxyethyl acrylamide) (PHEA)-coated
gold nanoparticles, a polymer widely used as a non-ionic stabilizer, showed preference for aggregation
with lectins compared to poly(N-(2-hydroxypropyllmethacrylamide) (PHPMA)-coated nanoparticles
which retained colloidal stability, across a wide range of polymer lengths and particle core sizes. Using
biolayer interferometry, it was observed that both coatings gave rise to similar binding affinity and hence
provided conclusive evidence that aggregation rate alone cannot be used to measure affinity between
nanoparticle systems with different stabilizing linkers. This is significant, as turbidimetry is widely used to
demonstrate glycomaterial activity, although this work shows the most aggregating may not be the
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DOI: 10.1039/c9tb02004g most avid, when comparing different polymer backbones/coating. Overall, our findings underline the
potential of PHPMA as the coating of choice for applications where aggregation upon lectin binding

rsc.li/materials-b would be problematic, such as in vivo imaging or drug delivery.

giving a non-linear increase in the observed binding affinity
(K4 can be nM or below). Due to this enhancement, there is

Introduction

Carbohydrates control and direct a myriad of biological processes
including: cellular recognition, inflammation, signal transmission
and infection of pathogens displayed by them.'” However, the
intrinsic affinity of a glycan for a lectin target is typically very weak
(K4 ~ mM), which is compensated for on cell surfaces (or for
example in glycan arrays®) by the multivalent presentation of
multiple copies of the same glycan, which due to the cluster
glycoside effect® results in entropy-enthalpy compensation
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significant interest in the development of polymeric and nano-
particulate glycosylated materials that benefit from the tune-
able display of multiple glycans on scaffolds. For example,
sialic acid polymers have been used as decoys for the influenza
hemagglutinins enabling nM affinity,”” galactosylated polymers
as inhibitors of the cholera toxin®® and dendrimers to target
galectins'® and has been extensively reviewed.'* ™
Glycomaterials are emerging as tools to modulate complex
cellular function: Godula and co-workers remodelled neural
progenitor cells with sulphated glycans to control their
differentiation,’® mannosylated nanoparticles can potentiate
vaccines'® and glycosylated nanomaterials have been used to
aid cellular delivery."®° For instance, glucose- and galactose-
coated iron oxide nanoparticles have been prepared and the
influence of the glycan versus poly(ethylene glycol)-coating on
the cellular uptake by several cell lines has been studied.'”

This journal is © The Royal Society of Chemistry 2020
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Glycomaterials have been extensively explored for their applica-
tion in anti-adhesion therapy to block infectious agents before
they can engage the cell.'>*! Kitov et al. used starfish dendrimers
to neutralize Shiga-toxin infection,?* and sialic acid polymers
can inhibit hemagglutination by influenza.>® Many other glyco-
conjugates have been explored including galactosylated polymers
for their interaction with the cholera toxin,>***** fucosylated
dendrimers with LecB*® (from Pseudomonas aeruginosa) and
mannosylated polymers to target DC-SIGN, DC-SIGN-R and
Langerin, which are all found on dendritic cells and form a
key part of immune responses.”” >’

In addition to binding or delivery, incorporating glycans into
materials that can generate a signal output is a promising
approach to develop new diagnostics and biosensors.***! Gold
nanoparticles (AuNPs) in particular offer unique optical properties
that have seen them widely employed for the design of biosensors
and imaging agents.’*>* Their optical property of localized
surface plasmon resonance (LSPR) is determined by the particle
size and shape. As the interparticle distance decreases to less
than that of the particle diameter, coupling and dipole-dipole
interactions between the plasmons of neighboring particles
result in a broadening and a shift to longer wavelengths of
the surface plasmon absorption band, resulting in the AuNPs
appearing blue as opposed to red when not aggregated.

Mirkin et al. exploited DNA-functionalized AuNPs for the
colorimetric detection of bacterial DNA based on the ‘red-blue’
color shift upon aggregation of AuNPs.?® The display of glycans
on the surface of AuNPs can mimic the cell-surface glycocalyx
and hence are ideal probes of glycan recognition processes. In
particular, lectins often display multiple binding sites, and
hence multivalent glyconanoparticles readily aggregate in the
presence of their lectin partner, enabling a simple, label-free
read out of binding.*”*® A key challenge, however, in the
design and application of colloidal biosensors is retaining
colloidal stability in complex media and hence avoiding false
positives. Field and co-workers used short PEG linkers to install
sialic acids onto AuNPs for the discrimination between avian
and human influenza.?® Gibson and co-workers have exploited
reversible addition-fragmentation chain transfer (RAFT) polymeri-
zation to generate stabilizing poly(N-hydroxyethyl acrylamide)
(PHEA) ligands for AuNPs: RAFT installs sulfur containing end-
groups which have high affinity for gold surfaces.*'"** By using
RAFT agents, with a pentafluorophenyl ester end-group, amino-
glycans can be easily attached. The advantage of this controlled
radical polymerization** method is that the length of the linker
can be tuned to achieve the delicate balance between stability
(favored by longer chain length polymers) and aggregation-
response (favored by shorter chain lengths).*>™*% This strategy is
highly tunable, and has been used to probe the binding of a
range of lectins, and also to probe carbohydrate-carbohydrate
interactions.*’

The above examples make use of the aggregation of AuNPs
to give a colorimetric response, but aggregation is not always
desirable in other applications such as in vivo, where lectin
binding, without macroscopic aggregation would be preferable.
Hence there is a need to explore other polymeric coatings,
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to engineer the glycoparticle interface, and to optimize the
solution stability. Biocompatible poly(N-(2-hydroxypropyl)-
methacrylamide) (PHPMA) is an important and frequently
employed hydrophilic polymer which has been shown to be a
viable alternative to PEG in many nanomedicine applications.>*>
PHPMA demonstrates similar biocompatibility profiles to PEG
while also displaying pendent secondary hydroxyl groups that
allow, for example, conjugation of targeting moieties and/or
drugs via degradable linkages.>>>* PHPMA can be synthesized
by a variety of polymerization techniques including conventional
free radical polymerization,® and reversible deactivation radical
polymerization (RDRP) techniques such as atom transfer radical
polymerization (ATRP),*® and reversible addition-fragmentation
chain transfer (RAFT) polymerization of N-(2-hydroxypropyl)-
methacrylamide (HPMA).”” Some examples of employing HPMA
to synthesize glycan-decorated block-copolymers have already
been reported.>®*°

This work critically compares how methacrylamide, versus
acrylamide-based polymer linkers impact the aggregative versus
non-aggregative outcomes for glycosylated nanoparticles, with
the aim to tune the aggregation independently from the extent
of binding. Photo-initiated RAFT polymerization was used to
synthesize variable molecular weight galactosamine-functional
polymers which were assembled onto gold nanoparticles to give
a library of 30 glyconanoparticles. Using the N-acetyl galactos-
amine binding lectin, soybean agglutinin (SBA), aggregation
and binding were investigated using biolayer interferometry
and UV-visible analysis. This revealed that PHPMA coatings
result in nanoparticles with identical binding affinity to PHEA
but avoided all aggregation, showing that subtle changes in the
polymer linker can be used to tune the macroscopic response
for specific applications. A detailed X-ray photoelectron spectroscopy
(XPS) study indicated that intrinsic grafting density differences
contribute to this tuneable behaviour, influenced by the chemistry
of the linker.

Experimental section
Materials and methods

Materials and characterization techniques used are given in
detail in the ESL{

Synthetic procedures

Synthesis of 2-(dodecylthiocarbonothioylthio)-2-methylpropanoic
acid (DMP). 2-(Dodecylthiocarbonothioylthio)-2-methylpropanoic
acid chain transfer agent (DMP CTA) was synthesized according to
a previously described process.®® In particular, dodecane thiol
(4.00 g, 4.73 mL, 19.76 mmol) was added dropwise to a stirred
suspension of K;PO, (4.20 g, 19.76 mmol) in acetone (60 mL) over
25 minutes. Carbon disulfide (4.10 g, 3.24 mL, 53.85 mmol) was
subsequently added dropwise over 10 min and the solution
turned bright yellow. After stirring for ten minutes 2-bromo-
2-methylpropionic acid (3.00 g, 17.96 mmol) was added to the
reaction medium and a precipitation of KBr was noted. After
stirring for 16 hours, the solvent was removed under reduced

J. Mater. Chem. B, 2020, 8, 136-145 | 137


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9tb02004g

Open Access Article. Published on 28 November 2019. Downloaded on 2/2/2026 1:42:30 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry B

pressure and the residue was extracted into CH,Cl, (2 x 200 mL)
from 1 M HCI (200 mL). The organic extracts were washed with
water (200 mL) and brine (200 mL) and further dried over MgSO,.
The solvent was removed under reduced pressure and the residue
was purified by recrystallization in n-hexane yielding a bright
yellow solid (2.36 g, 6.47 mmol, 33%)."H NMR (400 MHz,
CDCLy): & (ppm) 3.28 (t, 2H, S-CH,~CH,); 1.73 (s, 6H, S-C~(CH5),);
1.68 (m, 2H, S-CH,~CH,); 1.39 (m, 2H, S~(CH,),-CH,); 1.26 (br s,
S—(CH,)s~(CH,)g); 0.88 (t, 3H, S~(CH,);;-CH3). °*C NMR (400 MHz,
CDCl,): & (ppm) 220.82 (C13); 55.54 (C14); 37.09 (C12); 31.93, 29.65,
29.57, 29.47, 29.36, 29.13, 22.70 (C2-9); 28.98 (C10); 27.82 (C11);
25.23 (C15); 14.14 (C1). FT-IR (neat): v (cm™ ") 2917 (alkyl-H stretch);
1702 (C=O0 stretch); 1064 (S-(C=S)-S stretch). ESIMS: m/z
[C17H3,0,S; + Na]" calc. 387.1 g mol ", exp. 387.61 g mol .
Synthesis of 2-(dodecylthiocarbonothioylthio)-2-methylpropanoic
acid pentafluorophenyl ester (PFP-DMP). 2-(Dodecylthiocarbono-
thioylthio)-2-methylpropanoic acid (1 g, 2.74 mmol), N-3-
dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC)
(0.78 g, 4.1 mmol) and 4-(dimethylamino)pyridine (DMAP) (0.5 g,
4.1 mmol) were dissolved in 80 mL of dry dichloromethane
(DCM). The resulting solution was then purged with N,(g) for
30 min. Pentafluorophenol (1.56 g, 8.48 mmol) in 10 mL DCM was
added. The esterification reaction proceeded with stirring at room
temperature for 18 h under continuous N,(g) flow. The reaction
was washed successively with 3 M HCI (100 mL), 1 M NaHCO;
(100 mL) and 0.5 M NaCl (100 mL). The reaction was then dried
over MgSO,, filtered and then concentrated in vacuo, yielding an
oily-yellow product (0.998 g, 1.88 mmol, 69%). "H NMR (400 MHz,
CDCl,): & (ppm) 3.31 (t, 2H, S-CH,~CH,); 1.86 (s, 6H, S-C~(CH),);
1.69 (m, 2H, S-CH,-CH,); 1.40 (m, 2H, S-(CH,),-CH,); 1.26 (br s,
S—(CH,);~(CH,)g); 0.88 (t, 3H, S—(CH,);;-CHj;). *C NMR (400 MHz,
CDCLy): § (ppm) 219.94 (C13); 55.42 (C14); 37.18 (C12); 31.92,
29.63, 29.56, 29.45, 29.35, 29.24, 29.11, 22.70 (C2-9); 28.98 (C10);
27.83 (C11); 25.44 (C15); 14.12 (C1). *°F NMR (400 MHz, CDCl,):
(ppm) —151.5 (d, 2F, ortho F); —157.7 (t, F, para F); —162.4 (t, 2F,
meta F). FT-IR (neat): v (cm ') 2923 (alkyl-H stretch); 1780
(CeFsC—=0); 1517 (~C¢F); 1064 (S-(C=S)-S).
Photo-polymerization of N-(2-hydroxypropyl)methacrylamide
(HPMA) using 2-(dodecylthiocarbonothioylthio)-2-methylpropanoic
acid pentafluorophenyl ester (PFP-DMP). The following procedure
describes a reaction for [monomer]:[CTA] ratio of 40. In a typical
reaction, N-(2-hydroxypropyl)methacrylamide (HPMA) (0.43 g,
3.01 mmol), 2-(dodecylthiocarbonothioylthio)-2-methylpropanoic
acid pentafluorophenyl ester (PFP-DMP) (0.04 g, 0.075 mmol)
were dissolved in 50:50 dioxane : methanol solution (2 mL) in a
vial. The resulting solution was degassed by sparging with N,(g)
for 15 min and the sealed vial was incubated at 37 °C with
magnetic stirring under 460 nm light irradiation for 120 min.
After that time, an aliquot of crude polymerization mixture was
taken for 'H NMR in methanol-d, for conversion and My, nvr
analysis. The reaction was rapidly cooled in liquid nitrogen and
precipitated into diethyl ether. The polymer was re-precipitated
into diethyl ether from methanol twice to yield a yellow polymer
product that was further dried under vacuum. The same procedure
was followed for [monomer]:[CTA] ratios of 60, 80, 100 and 120.
Conversions were calculated using "H NMR spectroscopy by
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comparing the integrations of the HPMA monomer signals
(0 5.73 ppm) with those of the corresponding signals of the
polymer (6 1.31-1.04 ppm, CH; of PHPMA backbone and CHj; of
PHPMA side chain). M, nvr Was calculated by end-group analysis
by comparing the integrations of the —-CHj signals (6 0.92 ppm) of
dodecyl end-group with those of the corresponding signals of the
polymer (5 1.31-1.04 ppm). "H NMR (400 MHz, CD;0D): J (ppm)
7.53 (br m, NH of PHPMA side chain), 3.88 (br s, CH of PHPMA
side chain), 3.19-3.02 (br m, CH, of PHPMA sidechain), 2.05-1.79
(br m, CH, of PHPMA backbone), 1.31-1.04 (br m, CH; of PHPMA
backbone and CH; of PHPMA side chain), 0.92 (t, 3H, CH,~CH,-
CH; of dodecyl end-group).

FT-IR (neat): v (cm™ ") 3300 (N-H and O-H stretch); 2920
(alkyl C-H stretch); 1775 (C¢FsC—0 stretch); 1630 (amide C—0
stretch); 1518 (N-H bend); 1443 (alkane); 1200 (C-O stretch);
1080 (C-O stretch); 993 (C-F stretch).

Photo-polymerization of N-(2-hydroxyethyl)acrylamide (HEA)
using 2-(dodecylthiocarbonothioylthio)-2-methylpropanoic acid
pentafluorophenyl ester (PFP-DMP). The following procedure
describes a reaction for [monomer]:[CTA] ratio of 100 repeat
units. In a typical reaction, N-(2-hydroxyethyl)acrylamide (HEA)
(0.868 g, 7.54 mmol), 2-(dodecylthiocarbonothioylthio)-2-methyl-
propanoic acid pentafluorophenyl ester (PFP-DMP) (0.04 g,
0.075 mmol) were dissolved in 50 : 50 dioxane : methanol solution
(3.6 mL) in a vial. The resulting solution was degassed by sparging
with N,(g) for 15 min and the sealed vial was incubated at 37 °C
with magnetic stirring under 460 nm light irradiation for 120 min.
After that time, an aliquot of crude polymerization mixture was
taken for 'H NMR in methanol-d, for conversion and M, xmr
analysis. The reaction was rapidly cooled in liquid nitrogen and
precipitated into diethyl ether. The polymer was re-precipitated
into diethyl ether from methanol twice to yield a yellow polymer
product which was further dried under vacuum. Same procedure
was followed for [monomer]:[CTA] ratios of 140, 160, 180 and
200. Conversions were calculated using "H NMR spectroscopy
by comparing the integrations of the HEA monomer signals
(6 5.67 ppm) with those of the corresponding signals of the
polymer (6 2.22-2.04 ppm, CH of PHEA backbone). M,, xnmr Was
calculated by end-group analysis by comparing the integrations of
the -CHj; signals (6 0.92 ppm) of dodecyl end-group with those of
the corresponding signals of the polymer (6 2.22-2.04 ppm).
'H NMR (400 MHz, CD;0D): 6 (ppm) 8.15-8.03 (br m, NH of
PHEA side chain), 3.89-3.13 (br m, NH-CH, and CH,-OH of
PHEA side chain), 2.35-2.05 (br m, CH of PHEA backbone), 1.85-
1.31 (br m, CH, of PHEA backbone), 0.92 (t, 3H, CH,~CH; of
dodecyl end-group). FT-IR (neat): v (cm™") 3300 (N-H and O-H
stretch); 2868 (alkyl C-H stretch); 1772 (C¢FsC—0O stretch); 1638
(amide C—=0O stretch); 1544 (N-H bend); 1438 (alkane); 1216
(C-O stretch); 1060 (C-O stretch); 950 (C-F peak on shoulder of
1060 peak).

End-group modification of PFP-poly(N-(2-hydroxypropyl)-
methacrylamide) (PFP-PHPMA) and PFP-poly(N-hydroxyethyl
acrylamide) (PFP-PHEA) homopolymers using galactosamine.
In a typical reaction, PFP-PHPMA,; (100 mg, 0.024 mmol),
galactosamine hydrochloride (26.2 mg, 0.122 mmol) were dis-
solved in 5 mL DMF with 0.05 M triethylamine (TEA) (50 uL).

This journal is © The Royal Society of Chemistry 2020
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The reaction was stirred at 50 °C for 16 h. The polymer was
precipitated into diethyl ether from methanol three times and
dried under vacuum. *F-NMR and IR analysis indicated loss of
C=0O0 stretch corresponding to the PFP ester.

Gold nanoparticle functionalization. Approximately 1 mg
of the desired thiol-terminated polymer (Gal-PHPMA and
Gal-PHEA) was added to a micro-centrifuge tube and dissolved
in 100 pL of high-purity water. 900 pL of the citrate-stabilized
gold nanoparticle solution was added to this tube (20, 30 and
40 nm NP solution) that was then agitated for 30 min in the
absence of light. To remove excess polymer, the particles were
centrifuged and following careful removal of the supernatant,
the particles were then redispersed in 1 mL of MilliQ water and
the centrifugation-resuspension process repeated for a total
of 3 cycles. After the final cycle the particles were dispersed in
1 mL of MilliQ water for future use. TEM, DLS, UV-VIS and zeta
potential analyses were performed on the samples after dilution
to an appropriate analysis concentration.

Results and discussion

To obtain the desired panel of glycosylated AuNPs, photo-
initiated reversible addition-fragmentation chain-transfer
(photo-RAFT) polymerization was employed. RAFT installs sulfur
containing end-groups suitable for conjugation to AuNPs, and also
enables installation of a glycan conjugation unit at the opposing
end-group.*®? To enable the role of coating on outputs to be
evaluated, two different water soluble, non-ionic, polymers were
chosen; N-hydroxyethyl acrylamide (HEA) and N-(2-hydroxy-
propyl)methacrylamide (HPMA). Rather than traditional thermal
RAFT polymerization, photo-RAFT was chosen as it removes the
need for heating, it is extremely convenient to undertake in the
laboratory and as no external radical source is used, end-group
fidelity is maximized.*>** To the best of our knowledge, this is the
first report of HPMA monomer being used to prepare well-defined
homopolymers by photo-RAFT.

Using 2-(dodecylthiocarbonothioylthio)-2-methylpropanoic
acid (PFP-DMP) chain transfer agent (CTA), (see Experimental

Photo-RAFT

8 2

Dioxane : Methanol (1:1),

PFP-DMP CTA 460 nm, No(g)/ R.T.

F S
F (0] _CqoH
e g ot
(0]
F F
F
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section for detailed synthetic procedure) as the RAFT agent
(suitable for (meth)acrylamide monomers), a range of PHEA and
PHPMA telechelic homopolymers with [M]: [CTA] ratios between 25
and 100 were prepared. The polymerization reactions were carried
out under 460 nm visible-light irradiation at 37 °C (under N,
atmosphere) in the absence of a photoinitiator or catalyst for
2 h using a mixture of methanol:dioxane (1:1) as the solvent
(Scheme 1). Polymerization was stopped at less than 100% conver-
sion to maximise the retention of end-groups. Size exclusion
chromatography (SEC) analysis in DMF with 5 mM NH,BF, revealed
narrow monomodal molecular weight distribution peaks of low
dispersity for both PHPMA and PHEA homopolymers (Fig. 1).

'"H-NMR spectroscopy in methanol-d, was used for the
determination of the average degree of polymerization (DP) of
the final purified homopolymers by comparing the integral
ratio of the peak corresponding to -CH; group of dodecyl end-
group at 0.92 ppm to the peak of -CH proton of PHPMA
side chain at 3.88 ppm or —-CH proton of PHEA backbone at
2.05-2.35 ppm (Fig. S1, ESIt). In all cases, low dispersity values
and control of M, was achieved, indicating a controlled photo-
polymerization. Table 1 shows the polymers synthesized and
their characterization data. Incorporation of the PFP-group into
polymers was confirmed via "F NMR and FT-IR analysis
(Fig. S3I and S4, ESIt), showing retention of the group during
polymerization. Finally, to examine potential lower critical
solution temperature (LCST) behavior for both type of polymers,
absorbance points were collected upon heating up to 60 °C in PBS
buffer (Fig. S2, ESIT). In both cases, no change in absorbance was
detected confirming that the polymers are soluble across a range
of temperature and saline conditions, which is essential for ruling
out false-positives for binding in the lectin binding assays (below).

Glycan installation at the end groups of both PHPMA/PHEA
homopolymers was achieved by reaction of the PFP end-group
at the o-terminus with p-(+)-galactosamine (GalNH,) (Scheme 2).
Successful conjugation of galactosamine was confirmed by
9F-NMR and FT-IR analysis before and after modification
(Fig. S3 and S4, ESIt). FT-IR spectroscopy confirmed the
disappearance of the characteristic bands of PFP-end group at
950 and 1750 cm ™.

OH Fﬁo SJLS,C12H25
\ [e) n
P F PFP-PHPMA,
F n = 25, 36, 50, 62, 74
OH

(0] NH
F S
F o SJLS'CuHZS
n
. 0
F

F PFP-PHEA,,
n = 33, 49, 58, 77, 88

Scheme 1 Schematic of the preparation of poly(N-hydroxypropyl methacrylamide) and poly(N-hydroxyethyl acrylamide)-based homopolymers via
photo-initiated (460 nm irradiation) reversible addition—fragmentation chain-transfer (photo-RAFT) polymerization at 37 °C.

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Size exclusion chromatography analysis. Normalized SEC Rl molecular weight distributions (left) for (A) PHPMA and (B) PHEA homopolymers. M,
and Dy as a function of actual degree of polymerization (DP) for the same polymerizations (right). M,, and Dy values were calculated from PMMA

standards using 5 mM NH4BF, in DMF as the eluent.

Table 1 Polymers synthesized by photo-RAFT

SEC
Conversion” My amr” Mn,SECd
Sample®  [M]:[CTA] (%) (gmol™?) (gmol™) Dy’
PHPMA,; 40 63 4100 6400 1.14
PHPMA;q 60 60 5700 7300 1.16
PHPMA;, 80 61 7700 9400 1.19
PHPMA,, 100 62 9400 10400 1.17
PHPMA,, 120 62 11100 11900 1.22
PHEA;; 100 33 4300 5800 1.16
PHEA,q 140 35 6200 9300 1.14
PHEA;¢ 160 35 7200 10900 1.12
PHEA,, 180 42 9400 16100 1.11
PHEAgg 200 43 10700 20500 1.11

“ Sample names are determined according to the number average
degree of polymerization (DP) determined by 'H NMR analysis in
methanol-d,. ” Monomer conversion calculated by comparing the inte-
grations of the monomer with those of the corresponding signals of the
polymer. © M, nmr Was calculated by end-group analysis by comparing
the integrations of the -CHj; signals (6 0.92 ppm) of dodecyl end-group
with those of the corresponding signals of the polymer. “ M;, and Dy
values calculated from PMMA standards using 5 mM NH,BF, in DMF as
the eluent.

140 | J Mater. Chem. B, 2020, 8, 136-145

OH

O NH, il H%j/b i
F s HO, WN J\ _CioHgs
F. 0 N CizHzs ns S
07 Sor’

F  PFP-PHPMA, OH Gal-PHPMA,

6@

Au 20, 30, 40 nm

Gal-PHPMA @AuNP,; 3 49
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functionalization onto gold nanoparticles surfaces (AuNP) of 20, 30 and
40 nm diameter.
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20, 30 and 40 nm citrate-stabilized gold nanoparticles (AuNP)
were synthesized by NaBH, reduction of HAuCl, following a seeded
growth strategy (see ESIt for detailed synthetic procedure) and
subsequently functionalized with thiol-terminated glycopolymers
(Gal-PHPMA, Gal-PHEA) by mixing, followed by centrifugation.
The resulting polymer-coated nanoparticles were characterized by
dry-state transmission electron microscopy (TEM), dynamic light
scattering (DLS), zeta-potential and UV-Vis analyses confirming
successful addition of the polymer (Table 2 and Table S1, Fig. S5,
S6, ESIt). Dynamic light scattering analysis revealed the polymer
coated gold particles had increased hydrodynamic diameters
compared with the precursor particles, as would be expected
(Table 2). In all cases higher hydrodynamic diameter (Dy,) and
polydispersity (PD) values were measured for PHEA-coated NPs
compared to PHPMA-coated NPs. UV-vis analysis for the function-
alized AuNPs gave similar results, with ~2-3 nm SPR-shift for
both types of polymer.

To further confirm the presence of glycopolymers on the
surface of the AuNPs, XPS analysis was performed for a series of
30 nm Gal-PHPMA/PHEA coated gold nanoparticles (Fig. S7
and S8, ESIT). The presence of N1s amides, that are not present
on the naked particles or found commonly in background
contaminants, confirmed successful incorporation of the polymers
onto the particle surface (Fig. SOC and S10C, ESIt).

Table 2 Polymer-coated gold nanoparticle characterization

View Article Online
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A deeper consideration of the particle composition ratios,
provided by XPS analysis, highlighted higher grafting densities
on the nanoparticle surface in the PHEA systems versus the
PHPMA systems. This can be seen in the smaller Au 4f:N1s
ratios for PHEA (Table S2, ESIT) compared to the larger PHPMA
ratios (Table S3, ESIf). The ratios further indicate that the
PHEA glycopolymers are approximately three-times as prevalent
on the gold surface than the PHPMA glycopolymers, when
comparing similar chain lengths. Whilst these ratios provide
only rough estimates of relative grafting densities it does
provide evidence for differing surface grafting behaviors between
PHEA and PHPMA and shows how simple modification of the
polymer ligand can tune the surface and the observed properties
(see below).

It is likely that the Gibbs free energy conformations of
the dihedral angles in the polymer backbone are influential
in determining grafting density. The PHEA backbone can poten-
tially access lower Gibbs free energy conformers compared to
PHPMA due to the additional methyl group in the PHPMA back-
bone increasing steric hinderance. The radius of gyration of
PHPMA would therefore be greater than PHEA, leading to less
tight packing in PHPMA. In the context of Hill et al,*® this means
that the deflection angle of PHPMA is greater than PHEA so has a
lower grafting density. This likely explains the molecular weight

Particle SPRuncoatedlZ (nm) SPRpolymercoateda (nm) Dhb (nm) PDb

Bare gold 20 nm 520 — 19.7 £ 0.1 0.41 £ 0.01
Gal-PHPMA,; @AuNP,, 520 523 29.7 £+ 0.6 0.43 + 0.02
Gal-PHPMA ;s @AuNP,, 520 523 31.2 4+ 0.3 0.44 + 0.01
Gal-PHPMA;,@AuNP,, 520 524 29.0 + 1.1 0.46 + 0.04
Gal-PHPMA,,@AuUNP,, 520 523 30.2 £ 0.5 0.55 + 0.10
Gal-PHPMA,,@AuNP,, 520 524 33.6 + 0.5 0.40 + 0.01
Gal-PHEA;; @AUNP,, 520 523 26.3 + 0.5 0.55 &+ 0.13
Gal-PHEA ,@AuNP,, 520 523 35.7 £ 0.6 0.36 + 0.01
Gal-PHEA;;@AUNP,, 520 523 442 +1.2 0.26 + 0.16
Gal-PHEA,,;@AUNP,, 520 524 52.0 + 7.1 0.37 £ 0.01
Gal-PHEAgz@AUNP,, 520 523 52.3 + 1.1 0.38 + 0.01
Bare gold 30 nm 525 — 28.5 + 0.5 0.25 + 0.01
Gal-PHPMA,; @AuNP;, 525 527 34.6 + 1.1 0.30 £ 0.03
Gal-PHPMA ;s @AuNP;, 525 527 36.3 + 0.6 0.27 £ 0.01
Gal-PHPMA;,@AuNP;, 525 529 35.7 +£ 0.9 0.26 & 0.01
Gal-PHPMA4, @AuNP;, 525 528 38.3 £ 1.0 0.26 + 0.01
Gal-PHPMA;,@AuNP;, 525 530 38.3 £ 0.6 0.29 + 0.01
Gal-PHEA;; @AUNP;, 525 528 38.6 + 0.1 0.19 £ 0.01
Gal-PHEA ,c@AuNP;, 525 528 43.9 £+ 0.5 0.18 + 0.01
Gal-PHEA;;@AuNP;, 525 528 46.4 + 0.5 0.19 + 0.01
Gal-PHEA,,@AUNP;, 525 527 52.2 + 0.8 0.17 £ 0.01
Gal-PHEAgz@AUNP;, 525 529 57.5 + 0.8 0.19 + 0.01
Bare gold 40 nm 530 — 40.8 £ 0.5 0.26 + 0.01
Gal-PHPMA,; @AuNP,, 530 532 38.5 4+ 0.7 0.41 + 0.01
Gal-PHPMA;s@ AuNP,, 530 532 39.4 + 1.1 0.41 + 0.02
Gal-PHPMA;,@ AuNP,, 530 533 404 + 1.7 0.42 + 0.02
Gal-PHPMAg,@ AuNP,, 530 533 43.0 + 1.3 0.38 + 0.01
Gal-PHPMA,,@ AuNP,, 530 532 42.8 £ 1.0 0.39 + 0.01
Gal-PHEA;;@ AuNP,, 530 531 49.4 + 0.6 0.22 + 0.01
Gal-PHEA,,@ AuNP,, 530 531 53.2 £ 0.5 0.20 + 0.01
Gal-PHEA;;@ AuNP,, 530 531 54.8 + 0.3 0.20 £ 0.01
Gal-PHEA,,@ AuNP,, 530 531 61.5 + 0.5 0.18 + 0.01
Gal-PHEAg;@ AuNP,, 530 531 66.1 £ 0.6 0.16 + 0.01

“ SPR maximum recorded by UV-Vis spectroscopy. ” Dy, and PD values determined by DLS (the error represents the standard deviation from 5

repeat measurements).

This journal is © The Royal Society of Chemistry 2020
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effect observed in PHEA. To further understand the complexity in
this matter, Barner and co-workers, have recently shown how
shorter molecular weight polymers more favourably graft to
nanoparticles due to radius of gyration (R,) effects.”® Previous
studies from our group also revealed similar motifs upon compar-
ing water soluble RAFT-derived polymers of poly(vinylpyrrolidone)
(PVP) and poly(oligoethyleneglycol methacrylate) (POEGMA). XPS
revealed that the sterically bulky POEGMA resulted in far lower
grafting densities on gold nanoparticles compared with PVP,
suggesting a greater degree of exposed gold surfaces.®”

As a next step, saline stability was evaluated by a NaCl
titration starting from 0.5 M, Fig. S11 (ESIt). This is essential,
as aggregation assays using lectins are evaluated (below) and
false positives due to colloidal instability need to be removed. It
was observed for PHPMA polymers of DP25 AuNPs of 30 and
40 nm size were unstable and aggregated at high salt (>0.2 M,
which is close to physiological (0.137 M)) concentrations
(Fig. S13, ESIT), while all Gal-PHEA-coated particles remained
stable for all sizes and DPs. This can be understood in terms of
the increased ratio of gold to polymer in case of 30 and 40 nm
AuNPs and considerably lower grafting densities of PHPMA.
While longer polymers (predictably) improved saline stability, it
is important to consider the effects of having polymers that are

View Article Online
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too long; these can prevent/slow the rate of aggregation upon
addition of the lectins by steric stabilization.

With this library of nanoparticles varying in the nature of
the polymer ligand, their binding to lectins could be assessed.
Soybean agglutinin (SBA) was chosen as a model lectin as it has
particularly high affinity for N-acetyl galactosamine, which the
galactosamine used here gives a mimic of once conjugated as
an amide to the polymer end group. Like many members of the
legume lectin family SBA possesses a single carbohydrate
binding site that requires Mn>" or Ca®" for activity.® However
above pH 4.6 (we use pH 7.4 here), SBA is tetrameric allowing
for cross-linking and agglutination.®®”® This makes SBA an
attractive analyte model lectin for testing glycopolymer-based
systems and saccharides for diagnostics of particular interest.””

Initially, the particles were incubated in buffer with SBA
from 0-1 mg mL ™. A red-blue color change occurs upon aggrega-
tion of gold nanoparticles (Fig. S14 and S15, ESIt) due to coupling
of their SPR bands enabling easy read out of aggregation (and
indirectly of glycan-lectin binding). Fig. 2 shows the change in
absorbance at 700 nm (Abs;y) (normalised against the SPR
maxima) as a function of SBA for each particle. Rather interest-
ingly, in the case of Gal-PHPMA particles there was no significant
increase in Abs;q, at any concentration for all the particles, with
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Fig. 2 Binding isotherms of nanoparticles with soybean agglutinin, determined by UV-visible spectroscopy. (A) Gal-PHPMA and (B) Gal-PHEA AuNPs of
20, 30 and 40 nm diameter. All samples were incubated for 30 min at 37 °C. Y-Axis is ratio of absorbance at 700 nm, relative to the SPR maximum

wavelength of the AuNPs.
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the exception for Gal-PHPMA;, coated particles which had a
(small) shift at the highest SBA concentration. Normally, this
would be interpreted as ‘binding not occurring’ and indeed there
exist many examples of polymer systems where turbidimetry is
used as the output for glycan binding.”>””* However, it is perfectly
feasible that binding can occur without cross-linking depending
on the architecture of the glycans.” Fig. 2B shows the same
experiment but using particles coated with Gal-PHEA. In this case,
there was rapid aggregation and clear dose-dependent binding
across the entire series. Smaller nanoparticles resulted in less
aggregation, as did longer polymer linkers, in line with previous
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Fig. 3 Biolayer interferometry analysis of nanoparticles binding to immo-
bilized SBA. (A) Response of (I) Gal-PHPMAz¢@AuUNP,, and Gal-
PHEA33@AUNP40; (B) maximum BLI response vs. AUNP concentration.
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observations.*” This experiment clearly showed that the polymer
ligand, as well as the actual glycan, is a key component in the
outputs of nanoparticle based sensing systems and needs to be
fine-tuned to achieve appropriate outputs.

To ensure that the above observations (no aggregation of
Gal-PHPMA) was not due to inaccessibility of the glycan we
used a complementary technique to assess lectin binding.
Biolayer interferometry (BLI) was used as a label-free, mass-
sensitive method for evaluating biomolecular interactions.”®””
The technology is based on the refraction of white light from
two surfaces: a layer of immobilized protein on a biosensor tip,
and an internal reference layer. Surface binding to the bio-
sensor tip causes a shift in the interference pattern that can be
measured in real-time.”®

SBA was modified with biotin-NHS, and immobilized
onto streptavidin BLI sensors. Then two different particles
were evaluated for dose-dependent binding to the SBA. Gal-
PHPMA;s@AuNP,, was found not to aggregate in the studies,
above, but Gal-PHEA;;@AuNP,, did, enabling us to probe if
lack of aggregation could rule out binding. Fig. 3 shows the
binding data, clearly showing that both particles have affinity
towards the SBA with similar dose-response curves being
obtained. [Note, kinetic analysis is not possible due to the high
valency of these particles.] This experiment proves that the two
polymer coatings both present sufficient Gal for strong SBA
binding but that the PHPMA coating prevents aggregation from
occurring, whereas PHEA encourages it. Taken together this
study demonstrates that the chemical nature, as well as the
molecular weight, of the polymer linker has a dramatic impact
on the outcomes of glyconanoparticle sensing platforms,
enabling control over aggregative versus non-aggregative out-
puts and will help design robust nano-biosensors in the future.

Conclusions

Here we demonstrate the crucial impact that the chemical
nature, not just the molecular weight, of polymer linkers have
in the design of glyconanoparticle sensors. Photo-initiated
RAFT polymerization was used to obtain well-defined poly-
(N-hydroxypropyl methacrylamide), PHPMA and poly(N-hydroxy-
ethyl acrylamide), PHEA bearing pentafluorophenyl ester end
groups. Following introduction of a galactosamine unit at the chain
ends, the polymers were assembled on 20 to 40 nm gold
nanoparticle cores using the terminal thiol group, to give a
library of 30 nanoparticles varying in chain length, core size
and either a methacrylate or acrylate polymeric backbone.
Aggregation assays of these particles using a model lectin
showed that, as previously reported, PHEA led to significant
aggregation due to lectin-induced cross linking. However,
PHPMA nanoparticles showed essentially no response to the
lectin, which in traditional aggregation assays would be inter-
preted as a negative (no binding) result which we show to be
incorrect. Using a complementary biolayer interferometry-
based assay, it was shown that both types of coatings actually
lead to similar lectin binding affinity, even though in the
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colorimetric aggregation assay there were significant differences.
This provides robust evidence that the PHPMA coating approach
can prevent aggregation but still present glycans in a manner for
lectin binding. XPS showed that the subtle change from acryl-
amide to methacrylamide changed the grafting density with
PHPMA having fewer chains/particle at any given chain length
than PHEA, which may contribute to these observations. Overall,
the data presented here provides conclusive evidence that the
polymer linker itself can play a crucial role in controlling the
outputs of glycosylated gold nanoparticles and enable tuning
between aggregative and non-aggregative states whilst retaining
binding affinity. This simple approach enables selection of the
two outputs, depending on the assay or application area (e.g
in vivo versus ex vivo), without requiring significant changes to the
design strategy or the glycan conjugation.
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