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ABSTRACT: The development of new analytical tools to probe
pathogenic infection processes and as point-of-care biosensors is crucial
to combat the spread of infectious diseases or to detect biological
warfare agents. Glycosylated gold nanoparticles that change color due to
lectin (carbohydrate-binding protein) mediated aggregation may find
use as biosensors but require a polymer coating between the particle
surface and sugar to ensure stability in complex media. Here, RAFT
polymerization is employed to generate glycosylated polymers to coat
gold nanoparticles. Rather than being a passive component, it is shown
here that the polymer coating has to be precisely tuned to achieve a
balance between saline (steric) stability and speed of the readout. If the
polymer is too long it can prevent or slow aggregation and hence lead to
a poor readout in sensing assays. The optimized glyco-nanoparticles are
also demonstrated to be useful for rapid detection of a ricin surrogate.
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Protein—carbohydrate interactions mediate a multitude of
important biological processes, including cell—cell signal-
ing, inflammation, and fertilization; "> however, bacteria, toxins,
and viruses also use the carbohydrate moieties on cell surfaces
for cell adhesion as the first stage in infection. Lectins are
carbohydrate-binding proteins (other than enzymes and
antibodies) that interact with carbohydrates noncovalently
and reversibly with a high level of specificity.”* The binding
affinity of a carbohydrate to its lectin target is typically very
weak (10°-10° M™'). This is circumvented in nature by the
presentation of multiple copies of the saccharide on the cell
surface, this is known as “the cluster-glycoside effect” and,
hence, macromolecular structures with a polyvalent presenta-
tion of carbohydrates are of interest.”®

Examples of pathogens that exploit the protein—carbohy-
drate interactions are the FimH adhesin found on the fimbriae
of some pathogenic Escherichia coli (E. coli) that bind to
mannose residues on the cell surface of the urinary tract.”®
Vibrio cholerae secretes a carbohydrate-binding toxin that binds
to the GM1 ganglioside on intestinal epithelial cells.”"" Ricin
is a toxic lectin that presents a potential security threat. It is a
lethal, type 2 ribosome-inactivating protein found in the castor
bean plant Ricinus communis."* It is an A-B toxin whereby its B-
chain adheres to terminal galactose residues on mammalian cell
surfaces, facilitating the delivery of the toxic A-chain into the
cytosol of the cell. The A-chain catalyzes the hydrolytic cleavage
of a single base from eukaryotic rRNA, leading to a shutdown
in protein synthesis and ultimately cell death.'* The median
lethal dose (LDs,) of ricin for an adult is estimated to be
around 22 pugkg™ of body weight (>1.8 mg for an average
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adult). Due to its high toxicity and accessibility, its potential as
a biowarfare agent has long been recognized, with several recent
incidents in the UK. and the U.S. resulting in threats to public
safety; therefore, its rapid detection is highly desirable.

Gold nanoparticles (AuNPs) have been extensively studied
as potential biosensors due to their characteristic optical
properties and ease of functionalization with a number of
biological molecules.'*™>* AuNPs exhibit an intense color in
the visible region due to local surface plasmon resonance, which
arises due to the collective oscillations of the conduction-band
electrons of the gold core.">*>™” These optical properties are
strongly correlated with their size, shape, dispersion media, and
degree of aggregation. Particles larger than 10 nm and smaller
than 100 nm exhibit a red coloration; upon aggregation
dramatic color change can be observed from red to blue. This is
attributed to electric dipole—dipole interactions and coupling
between the plasmons of neighboring particles.'%** Glyco-gold
nanoparticles (glycoAuNPs) are attractive biosensors due to
the inherent multivalency of the particles and lectins. The
presence of lectins should lead to an optical response as a result
of AuNP aggregation, providing the platform for new sensors
without the need for expensive equipment and fluorescent- or
radio-labeling of proteins. The colorimetric change associated
with the aggregation of AuNPs using protein—carboh%rdrate
interactions has been exploited in the detection of lectins' %>’
and different strains of influenza®® We have shown that
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mannosylated glycoAuNPs can be used to distinguish between
bacteria with and without Type 1 fimbriae, but that the mode of
presentation of the carbohydrates and their distance from the
gold surface impacts the detection read-outs, with very slow
responses (aggregation) being observed, with polymer coatings
limiting their application as point-of-care diagnostics.>"

Herein we employ RAFT polymerization to generate
heterotelechelic polymers that can be conjugated with a glycan
at one end and the RAFT-derived thiol at the other to
immobilize onto AuNPs. By varying the chain length, the
crucial balance between stability in saline media and speed of
colorimetric detection is probed for the rapid detection of a
series of lectins, including Ricinus communis Agglutinin
(RCA,,p), a surrogate for ricin.

Inspired by the glycocalyx on eukaryotic cell surfaces, which has
a nonfouling membrane component (phospholipid betaines)
with surface immobilized carbohydrates, telechelic polymers
were designed with a conjugatable pentafluorophenyl ester at
one end and masked thiol (RAFT agent) at the other for gold
immobilization, Table 1. The synthetic scheme is shown in

Table 1. pHEA Precursor Polymers

[M]/[1]*  conversion” (%) M, (Theo)” Mn(SEC)d M,/M,* DP®
10 78 1680 2800 1.14 8
15 87 2250 3500 1.19 13
20 82 2850 4100 1.16 16
25 81 3400 6200 1.10 20
S0 80 6300 9400 1.14 40
75 88 9200 12500 1.20 66

“Feed ratio of monomer to initiator. “Determined by 'H NMR
spectroscopy. “Theoretical number-average molecular weight, calcu-
lated from the feed ratio and percent conversion. “Determined by SEC
in dimethylformamide (DMF) using poly(methyl methacrylate)
standards. M,, = weight-average molecular weight, M, = number-

average molecular weight “Theoretical number-average degree of
polymerization.

Figure 1A. Poly(N-hydroxyethylacrylamide) (pHEA) was
chosen for its water solubility and non-LCST behavior (unlike
PEG methacrylates for example).

A pentafluorophenol (PFP) trithiocarbonate RAFT agent
was chosen to enable facile end-group modification with amino-
glycosides® and to afford good control with acrylamide
monomers.>>** The postpolymerization route also means that
all the polymers have the same initial chain length distribution
and therefore reduce the variability between particle types.
Polymers with a degree of polymerization (DP) of 10, 15, 20
25, 50, and 75 were synthesized and their molecular weight
distribution was determined by size exclusion chromatography
(SEC; Figure 2B), indicating low dispersities (<1.2). The
carbohydrates were introduced by a reaction of the PFP end-
group with 2-deoxy-2-amino mannose (ManNH,) and 2-deoxy-
2-amino galactose (GalNH,). Infrared spectroscopy confirmed
the disappearance of the C=O stretch attributable to the
carbonyl of the PFP end-group. An advantage of this route is
that the glycosylation step also cleaves the trithiocarbonate
(RAFT) end group to generate a -terminal thiol group. In a
subsequent step, the glycosylated, thiol-terminated polymers
were incubated with 60 nm AuNPs to enable a monolayer to
form. Excess polymer was removed by simple centrifugation-
resuspension cycles. 60 nm AuNPs were chosen as the core, as
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this size range can give lower detection limits in colorimetric
assays, as shown previously.>"

The key aim of this work is to establish the ideal coating
parameters to enable raf)id and specific sensing of lectins. We
have previously shown®' that saline stability of gold nano-
particle sensors is crucial to avoid false positives and, therefore,
the polymer-coated AuNPS were evaluated by a NaCl titration
starting from 1 M, Figure 2A. It was observed that polymers of
DP 15 or less were unstable at high salt (>0.2 M, which is close
to physiological (0.137 M)) concentrations, making them
unsuitable. While longer polymers (predictably) improved
saline stability, it is important to consider the effects of having
polymers that are too long; these can prevent/slow the rate of
aggregation upon addition of the lectins by steric stabilization.
The kinetics of particle aggregation (red—blue color change)
triggered by the addition of Con A (preferentially binds to a-
mannosides) was measured using UV/vis spectroscopy. The
change in absorbance at 700 nm (Abs,y,) was monitored over a
period of 1 h for ManNH,-pHEA-AuNPs with polymer linker
lengths of DP20, DPSO, and DP7S. It was found that the
shorter linkers resulted in faster aggregation rates (Figure 2B),
with the DP75 polymer having no observable changes even
after a 1 h incubation. This serves to highlight the delicate
balance between stability and sensing for metal nanoparticles,
which are modulated by the polymer coating. Guided by these
results, a panel of mixtures of DP10/DP20 polymer stabilized
particles was synthesized and it was found that a mixture (1:1)
of DP10/DP20 polymers affords a coated particle that is saline
stable up to 1 M NaCl but retains the ultrafast kinetics of
interaction with the partner lectin (blue coloration noted <$
min). Figure 2C shows images of AuNPs with both NaCl and
Con A to highlight the optimal formulation and demonstrating
that macromolecular engineering is essential to obtain precise
and rapid nanobiosensors.

With this optimal polymer coating composition determined,
the next stage was to investigate these particles with a series of
other lectins to ensure (i) specificity is maintained and (ii) that
the coating is universally applicable. In place of ManNH,,
GalNH, was introduced into the polymers to evaluate their
binding to SBA (soybean agglutinin) and RCAy,, (Ricinus
communis agglutinin). RCA,, is particularly important as it is
safe to handle relative to the biological warfare agent ricin, and
obviously, any new sensory systems for this could find broad
applicability. Figure 3A shows the change in UV—vis spectra of
GalNH,-pHEA-AuNPs upon addition of 0—85 nM SBA, clearly
showing the shift in spectral features from red—blue and an
increase in absorbance at 700 nm. The rapid kinetics of the
process are shown in Figure 3B, highlighting that ultrafast
responses are maintained relative to longer polymer coatings. A
video of this color change is included in the Supporting
Information for clarity. To ensure specificity, the interaction of
SBA with both GalNH, and ManNH, particles was evaluated
and shown in Figure 3C. The GalNH, particles show a clear
dose-dependent response to the SBA with a low Ky of 8 nM,
whereas the ManNH, particles do not show a Ky in the
concentration range tested. Pleasingly, similar results were
found for RCA,,, (Figure 3D), which shows lectin selectivity
toward galactose terminal glycans. The GalNH, functional
particles have a Ky of 17 nM, whereas ManNH, has a far greater
K4 of 61 nM, which is to be expected and agrees well with
microarray data. Dynamic light scattering was also employed to
ensure that aggregation of the particles was the cause of the
color change (rather than just surface-binding or precipitation;
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Figure 1. (A) Synthesis of polymer stabilized glycoAuNPs. (B) SEC traces of various molecular weight pHEA polymers. (C) SBA induced
aggregation of AuNDPs gives rise to color changes with correct lectin glycan pairing.
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Figure 2. Saline stability and kinetics of Con A induced aggregation. (A) NaCl titration to determine saline stability of polymer coated AuNPs. (B)
Kinetics of response of ManNH,-terminated polymer coated AuNP to Con A by UV—vis spectroscopy. (C) Evaluation of the saline stability
determined by color remaining red in buffer and speed of color change determined by the color changing from red to blue after 5 min.

Supporting Information). The size changes of the particles were
monitored following addition of 85 nM SBA, resulting in the
GalNH, particles rapidly aggregating (as seen by UV—vis), but
the ManNH, particles showed no changes, confirming
specificity of this system, which should find broad applicability
for large-scale screening of carbohydrate—lectin interactions

and point of care biosensors.

1006

In this work, it is shown that coating AuNPs with carbohydrate-
functionalized polymers will not always result in a colorimetric
assay for lectin binding due to hindrance from the polymer
coating. It is crucial to ensure that the polymer is sufficiently
long to endow saline stability for use in biological media, but
must be balanced against the competing effect that if the
polymer is too long, no aggregation events occur (in a
reasonable time-scale). Using RAFT polymerization to probe
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Figure 3. Interaction of GalNH, and ManNH, functional AuNPs with SBA. (A) UV—vis spectrum of GaNH,—AuNP upon addition of increasing
concentrations of SBA (0—80 nM) following 30 min of incubation. (B) Kinetics of AuNP responses to SBA by monitoring Abs,q, over 30 min. (C)
Binding isotherms (at 37 °C) of GalNH, and ManNH, AuNPs with SBA. (D) Binding isotherms (at 37 °C) of GalNH, and ManNH, AuNPs with

RCA 5.

this, it was found that glycosylated poly(N-hydroxyethylacyla-
mides) with a DP above 50 were unable to generate a response
to lectins, even with the correct sugar in place due to steric
stabilization. Through an optimization study, it was found that
mixtures of DP10 and DP20 polymers gave rise to stable
particles with rapid colorimetric responses. These optimized
particles were then employed to study the binding interactions
with three different lectins, including a surrogate for ricin, a
biological warfare agent, and may be the basis of new point-of-
care diagnostics, especially for low-resource environments.
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