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There is an unmet need for simple, reliable, and portable devices for the early detection of pathogens and
toxins. In this research work, we explored the development of a rapid carbohydrate-based assay for the
detection of glycan-binding proteins, lectins, in relation to the detection of the Ricinus communis phyto-
toxin ricin due to its potential as a bioterrorism agent. To allow a visual read-out of the test, gold nano-
particles were applied on a paper-based diagnostic device in the format of a dipstick assay. A small collec-
tion of carbohydrates was modified with an azidopropyl tether, allowing the functionalisation of alkyne-
modified bovine serum albumin through Cu()-catalysed alkyne—azide cycloaddition. To further under-
stand the impact of the nanoparticle size and the presentation of glycans on the assay, ca. 150 nm gold
nanoshells and ca. 40 nm gold nanoparticles covalently functionalised with glycans were investigated for
their performance in the dipstick assays. The detection of a selection of lectins, including R. communis
agglutinin 120, a surrogate for ricin, was carried out. The results presented in this work highlight the
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Introduction

The phytotoxin ricin from Ricinus communis, present in readily
available castor beans,' has attracted interest due to its poten-
tial as a bioterrorism agent.>* Ricin is fifty times more toxic
than cyanide, with a lethal dose in humans estimated at under
20 mg kg™',* depending on the exposure route (injection, inha-
lation through aerosols or ingestion through contaminated
food and water).>” Ricin is a heterodimeric protein, consisting
of two subunits - the ribosome-inactivating A subunit (RTA)
and the galactose/N-acetylgalactosamine binding B subunit
(RTB), which are linked through a disulfide bond. The widely
studied mechanism of action of ricin begins with the binding
of the RTB subunit to terminal p-galactoside residues on host
cell membranes, allowing the endocytosis of the RTA subunit.
This provides RTA with access to ribosomes, which become
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toxins bearing surface carbohydrate-binding lectins.

inactive by selective cleavage of bases from ribosomal RNA,
thereby inhibiting protein synthesis.®

The detection of ricin, including in samples from crime
scenes, is typically achieved by sandwich enzyme-linked
immunosorbent assay (ELISA); a combination of gel electro-
phoresis (SDS-PAGE) and mass spectrometry (MALDI-TOF);” or
alternatively by lateral flow assays (LFAs), including antibody-
based assays with gold nanoparticles (AuNPs)*° or latex par-
ticles.’® Given that RTB is a lectin, efforts have been made to
compare the performance of antibodies and glycans for the
detection of ricin."* For instance, films of either glycosphingo-
lipids or anti-ricin antibodies exposed to RTB showed changes
in the infrared spectrum indicating the appearance of amide
bonds due to the presence of the lectin. The use of GM1 as a
detection probe improved the limit of detection (0.04 uM com-
pared to 0.1 puM with antibodies) and extended the linear
range of the assay (0.1-2 pM for the glycan-based assay, com-
pared to 0.5-1 pM for the antibody). Other studies have
employed ELISA and surface plasmon resonance (SPR), or SPR
imaging of glycan arrays to identify and optimise glycan
ligands for use in ricin sensors.'>'? Such studies often rely on
non-toxic R. communis agglutinin 120 (RCA;,,) as a practical
surrogate for ricin.'*™'® For convenience, albeit still lab-based,
glyconanoparticles have been deployed in colorimetric aggre-
gation-based bioassays for the detection of ricin'”'®* and
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cholera toxin," and for the detection and discrimination
between human and avian influenza viruses,?® for instance.

Glyconanoparticle-based flow assays have been developed
for the detection of pathogens, such as SARS-CoV-2.>'">* These
assays are based on nitrocellulose strips with a deposited cap-
turing agent (test line) and a AuNP-based detection agent. A
sample containing the target analyte runs along the strip and,
in the presence of a specific analyte, a visual test line appears
upon formation of a sandwich-like interaction between the
capturing agent, the given lectin or pathogen analyte, and the
AuNPs. Glyconanoparticle-based dipstick assays have also
been optimised in terms of galactose presentation®* for the
detection of RCA;,, and soybean agglutinin, providing limits
of detection around 0.5 mg mL ™.

The optical properties of metal nanoparticles, which arise
from the oscillation of surface electrons interacting with an
electromagnetic field,>” are affected by the metal core, its size
and shape.’**® Experimental and theoretical studies have
shown that nanoparticles of increasing sizes can improve the
sensitivity of LFAs.”>*® However, although a higher diameter/
surface area enables a higher degree of functionalisation, this
also brings technical issues related to the diffusion of the par-
ticles throughout the nitrocellulose strip. Examples of the use
of core-shell silica-gold nanoshells (AuNSs) for LFAs have
been reported, where antibodies were used for the functionali-
sation of ca. 100 nm AuNSs for the detection of nematode
immunogenic peptides® or myxovirus resistance protein A.*>

The application of carbohydrates in a rapid detection plat-
form based on the principle of LFAs was recently reviewed by
Gibson et al.,'® and includes reports on the translation of gly-
conanoparticle aggregation assays into a nitrocellulose-based
chromatographic assay format. Toyoshima et al.**** reported
the detection of Shiga toxin 1 and Concanavalin A (ConA) with
mannose-functionalised nanoparticles, while Baker et al.*"*
reported the detection of SARS-CoV-2 virus from clinical
samples using N-acetyl neuraminic acid-functionalised poly
(hydroxyethyl acrylamide) AuNPs, and Kim et al.*® used glyco-
saminoglycans as the capturing agent on a test line for a
SARS-CoV-2 LFA.

AuNPs can be functionalised with synthetic approaches
that result in the covalent or non-covalent functionalisation of
the gold surface with the glycans. All such functionalisation
strategies reported to date present advantages and disadvan-
tages,*® and the choice will depend on the final application
and wuse of the glyconanoparticles. Thiol-derivatised
carbohydrates'®?”*° and thioctic acid derivatives*® have been
extensively reported for AuNPs functionalised with well-
defined glycans. A different approach on the assembly of glyco-
nanoparticles is the use of AuNPs functionalised with a non-
glyco-ligand to which the desired carbohydrate is reacted to
form a covalent bond via, for example, simple carbodiimide
chemistry,”® or reductive amination.*” Non-covalent
approaches to the functionalisation of AuNPs include the use
of glycopeptides,*® direct incorporation of polysaccharides
through their hydroxyl groups via oxygen-to-gold dative
bond,** or functionalisation with proteins as reported in this
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paper. One of the disadvantages of non-covalent functionalisa-
tion is that the interactions between the gold surface and the
ligand rely on electrostatic interactions, which can be influ-
enced by pH or ionic strength. Therefore, any assay condition
that may impact on such electrostatic interactions could inter-
fere with the functionalisation and stability of the nano-
particles. The non-covalent functionalisation also offers less
control of the ligand orientation and, consequently presen-
tation to the target protein/lectin or pathogen is harder to
predict.*®

In the present study, we report a comparison between
40 nm AuNPs and 150 nm AuNSs for the detection of RCA;,,
in a simple dipstick assay format, in lieu of a full LFA. We also
present a comparison of three types of nanomaterials: bovine
serum albumin (BSA)-functionalised 40 nm AuNPs; 40 nm
AuNPs and 150 nm AuNSs decorated with galactose residues.

The comparison and binding assessment of the carbo-
hydrate panel provided an evaluation of the selectivity against
the chosen lectins and could be used to rationalise and rule
out cross-reactions, hence interference, in the final assay of
RCA;,, detection. The evaluation also provided a basis for
further development of LFA-based assays for toxins or patho-
gens detection.

Results

For initial studies, we selected a range of carbohydrates that
could serve as appropriate controls, with known and well
characterised carbohydrate-lectin interaction. Besides galac-
tose and lactose, to be employed for the detection of RCA;,,
we selected mannose and a3,a6-mannotriose, to be tested
against ConA but also relevant to bacterial adhesion, and 3"-
sialyllactose to be tested against WGA and potentially relevant
to respiratory viruses. A glucose derivative was included in the
panel as a negative control against all the employed lectins. To
standardise the evaluation process, we selected a simple and
short azidopropyl linker for all the carbohydrate moieties, for
use with copper-catalysed azide-alkyne cycloaddition (CuAAC)
“click chemistry” functionalisation.*®*’

The carbohydrate probes in this study were first conjugated
to BSA, which serves as a versatile support allowing multi-
valent presentation of the sugars and, exploiting its hydropho-
bicity, for immobilisation of the glycoconjugates onto nitrocel-
lulose or nanoparticles by passive adsorption.’® The CuAAC
conjugation methodology*>® enabled coupling of the azide
installed on the sugar and an alkyne counterpart on the BSA.
The installation of the alkyne functional group on the BSA was
achieved by using the glycidyl propargyl ether, a readily avail-
able and low-cost reagent that has been little used to date in
this context. Although bioconjugation methods targeting
lysine had been extensively investigated in recent years,”™>
epoxy-based derivatisation agents are not widely used, with
only sporadic recent examples. In the context of carbohydrates,
the glycidyl propargyl ether has been used to generate functio-
nalised mannose polymers after the polymerisation of the

This journal is © the Partner Organisations 2023
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epoxide, which generated a multi-alkyne functional polyethyl-
ene glycol, followed by CuUAAC with mannose azide.>® Epoxides
can react with primary amines, sulfhydryl or hydroxyl groups
to create secondary amines, thioethers or ether bonds, respect-
ively. The epoxide opening reaction in the presence of a
primary amine results in the formation of a secondary amine,
for example when reacted with a lysine side chain, providing a
lower impact on the surface charge of a protein if compared
with the more popular amide-forming NHS-activated reagents.
Considering that cysteine residues in BSA are engaged in disul-
phide and are buried internally, epoxide reagents are likely to
target mainly the more reactive primary amine on the protein
surface. For the installation of glycans on the surface of BSA,
available lysine residues have been targeted in the past
through direct glycation®® leading to BSA with glycans
directly attached through their reducing ends. Recently, BSA
has been functionalised with galactose employing very short
spacers such as thiophosgene®® or squaramide,”” as well as a
longer PEG.”® These approaches often aim at forming a
neutral amide linkage between the ligand and BSA, whereas
epoxide-opening chemistry leads to the formation of a proto-
natable secondary amine and a primary alcohol, which is less
disruptive in terms of hydrogen bond-forming and solubility
of the resulting glycoconjugate.

Synthesis of glycosides and bovine serum albumin
glycoconjugates

Azidopropyl glycoside derivatives of galactose (Gal, 1), lactose
(Lac, 2), glucose (Glc, 3), mannose (Man, 4) and 3,6-di-O-
a-mannopyranosyl-a-mannopyranose («3a6-Man, 5) were pre-
pared following published synthetic routes and the final struc-
tures are shown in Fig. 1A. Briefly, peracetylated galactose,
lactose and glucose® were coupled to 3-azidopropan-1-ol via
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BF;-OEt,-promoted glycosylation® to afford acetylated azido-
propyl galactoside (1), lactoside (2), and glucoside (3), respect-
ively, which were deprotected via Zemplen deacetylation.

The mannoside derivative was obtained following a
different methodology, to afford higher chemical yields.
Briefly, the synthesis was performed starting from perbenzoy-
lated mannose® and subsequent bromination at the anomeric
position® to obtain the corresponding benzoylated mannosyl
bromide donor that was directly used for glycosylation with
3-azidopropan-1-ol promoted by AgOTf.°" This gave the desired
glycoside (4) after deprotection under Zemplen conditions.
Selective partial benzoylation of (4) was achieved through
ortho-ester chemistry,®! to afford azidopropyl 2,4-di-O-benzoyl
mannoside. "H-NMR allowed the unambiguous identification
of the desired product, based on the diagnostic chemical shift
of the protected 4-position at 5.5 ppm, in comparison with an
analogous compound reported by Oscarson et al,** with a
chemical shift of the 4-position at 5.8 ppm. That work also
reported the data for the 2,6-di-O-benzoyl mannoside, with a
chemical shift of the 4-position at 3.9 ppm, which allowed to
distinguish between both isomers. The partially protected
mannoside was successively submitted to AgOTf-promoted gly-
cosylation with benzoylated mannosyl bromide to afford ben-
zoylated azidopropyl mannose-a-1,3-(mannose-o-1,6-)manno-
side (5a, in ESIf), which was then deprotected to afford the
1,3/6-linked azidopropyl mannotrioside (a3a6-Man, 5). Specific
installation of sialic acid at the 3’ position of lactoside 2 was
performed using Trypanosoma cruzi trans-sialidase and fetuin
as the sialic acid donor,* affording azidopropyl 3'-sialyllacto-
side (3'SL, 6).

As judged by MALDI-TOF mass spectrometry, the propargyl-
functionalised BSA (7) was synthesised with nearly full conver-
sion of its 30-35 available lysine residues (out of 59 lysines)®®

Ho OH OH OH
A ) ) 5,
HO HO |0
HO OR HMOR Q0 Hooc w
OH OH
HO O HO OR
Gal, 1 Glc, 3 iOH AcHN- OH oH
Hd OH
Ho JOH 3'SL, 6
R: CH,CH,N;
OR a3aé-Man, 5
Lac, 2 Man, 4
B lysine a. b
/ONO + HN //\O N o >
z A\ S
on H HO-&,,O,\/\NJ
(7. 90%) (-6
— o /\/\N‘/ﬁ/\o/\/\N _—c . /\/\ /Y\ @
Hoe 0 N=N Ho M @ HO/‘/A
(8-13, 60-75%) (15-20)

Fig. 1 (A) Azidopropyl glycosides synthesised in this work, including a p-galactoside (Gal, 1),°° p-lactoside (Lac, 2),°° p-glucoside (Glc, 3),%°
a-mannoside (Man, 4),! 3,6-di-O-a-mannopyranosyl-a-mannopyranoside (a3a6-Man, 5)%! and «-2,3'-sialyllactoside (3'SL, 6).6% (B) Synthesis of BSA
glycoconjugates following epoxide-opening chemistry, and subsequent passive adsorption on the surface of gold nanoparticles. Reagents and con-
ditions: (a) NaHCOs3 (aq., 10 mM), 37 °C, o.n.; (b) Cu,SO4, THPTA, NaAsc, 37 °C, o.n.; (c) citrate buffer (2 mM, pH 5.3), r.t., o.n.
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Table 1 MALDI-TOF-MS data for all the BSA conjugates synthesised in this work. MW: molecular weight (Da)

Average ligands

Ligand MW ligand AMW per BSA

Average ligands

Ligand MW ligand AMW per BSA

112
263
425
263

3197 29
825 3
3214 8
1626 6

Propargyl ether (7)
Gal (1)
Lac (2)
Glc (3)

to propargyl moieties, following epoxide-opening chemistry
with propargyl glycidyl ether (Fig. 1B). Subsequent CuAAC
afforded the library of BSA glycoconjugates including Gal-BSA
(8), Lac-BSA (9), Glc-BSA (10), Man-BSA (11), a3a6-Man-BSA (12)
and 3'SL-BSA (13). All the BSA glycoconjugates were analysed by
MALDI-TOF-MS, where the average number of glycans per BSA
unit was evaluated by the difference in molecular weight
between product and starting material, as reported in Table 1.
Full MALDI-TOF-MS spectra are reported in the ESI, Fig. S1-S8.t

Functionalisation of citrate-capped 40 nm AuNPs with BSA
glycoconjugates

Standard passive adsorption of the BSA conjugates onto 40 nm
AuNPs was performed (Fig. 1B) to afford propargyl-BSA-AuNPs
(14), Gal-BSA-AuNPs (15), Lac-BSA-AuNPs (16), Glc-BSA-AuNPs
(17), Man-BSA-AuNPs (18), a3a6Man-BSA-AuNPs (19) and 3’
SL-BSA-AuNPs (20). The derivatised nanoparticles were charac-
terised by transmission electron microscopy (TEM), dynamic
light scattering (DLS) and UV-Vis absorption spectroscopy
(refer to Table S3 and Fig. S97t for full characterisation data).
Some variability was found in the size measured by TEM in
the AuNPs 14 (39 + 0.5 nm) and 15 (42 + 0.4 nm); however, this
was in agreement with the specifications given by the provider
of the citrate-capped AuNPs (40 + 4 nm). Analysis of the UV-Vis
spectra of the set of glyconanoparticles showed a shift of the
maximum of absorbance between 2 and 3 nm from the non-
functionalised AuNPs, which is an indication of the successful
functionalisation,®” as the absorbance is directly impacted by
the surface coating of the AuNPs. DLS data for the set of nano-
particles showed an increase in hydrodynamic diameter
between 7 and 8 nm following functionalisation, again indicat-
ing the successful modification of the nanoparticle surfaces
with BSA conjugates.

Performance of glycan-BSA-functionalised 40 nm AuNPs in
dipstick assays

The specific interactions between the library of glyconanoparti-
cles (15)-(20) and a selection of lectins were investigated using
a dipstick assay format, schematically reported in Fig. 2 (see
also Fig. S11%). Briefly, the lectin of interest was deposited
onto a nitrocellulose strip, which was then conditioned by
eluting 20 pL of a running solution composed of 10 mM phos-
phate buffer (PB), 1% polyvinylpyrrolidone (PVP), 50 mM NacCl
and 0.05% Tween-20. To assess the binding, a solution of the
functionalised AuNPs was allowed to flow along the strip to
develop a visual signal where the lectin was deposited.

3822 | Org Chem. Front., 2023,10, 3819-3829

Man (4)
a3a6-Man (5)
3'SL (6)

263
587
716

2181 8
1626 3
2354 3

0} () )
# 6
(ii) (iii)

Fig. 2 Workflow scheme of the dipstick assay: (i) the lectin is deposited
on the nitrocellulose strip, (ii) which is conditioned with 20 pL of
running buffer. (iii) The functionalised AuNPs are flown through the
strip, to (iv) develop a visual signal upon interaction with the lectin. (v)
Representative images of a (+) positive and a (—) negative dipstick assay
result.

The range of lectins assessed included RCA;,, (galactose-
binding), wheat germ agglutinin (WGA, sialic acid-binding)
and ConA (mannose-binding; weak glucose-binding). Controls
were performed with propargyl-BSA-AuNPs (14) to exclude non-
specific interactions. Each dipstick was imaged using a gel
imager and the signals were normalised against the dipstick
signal intensity for the detection of RCA;,, (2.5 pg) with Gal-
BSA-AuNPs (15) (OD 1). All the experiments were performed in
triplicate for statistical treatment of the results. Representative
data for the dipstick assays are presented in Fig. 3, underneath
the corresponding data.

Covalent functionalisation of 40 nm AuNPs and 150 nm
AuNSs with galactose

To study the effect of BSA and compare the difference between
passive adsorption and covalent functionalisation, commer-
cially available ca. 40 nm NHS ester-activated AuNPs were
coupled with 3-aminopropyl galactoside 21, obtained by
reduction of 1,°® to afford Gal-AuNPs (22, Fig. 4).

The optimisation of the covalent functionalisation of
AuNSs was performed as a systematic investigation of pH,
time, and ligand concentration (selected data shown in Fig. 5;
refer to the ESIf for the full data). The functionalised AuNSs
were assessed using the same dipstick assay format employed
for the corresponding nanoparticles shown in Fig. 2. Upon
functionalisation at pH 6, the AuNSs did not show any inter-
action with the RCA,,, even after 24 h of functionalisation. At

This journal is © the Partner Organisations 2023
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I
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Fig. 3 Selectivity studies on the detection of lectins, glyconanoparticles (OD 1) functionalised via passive adsorption with either of the different
glycan—BSA conjugates (15-20). The glyconanoparticles were screened for the detection of 2.5 pg of either RCA;,q (blue), WGA (green) and ConA
(yellow). Controls were performed with propargyl-BSA-AuNPs (14) against the respective lectins. Error bars indicate the standard deviation of the tri-
plicates in the experiment. The signal intensities were quantified, divided by the loading of glycans per BSA presented in Table 1, and normalised

against the detection of 2.5 pg of RCA;,o with Gal-BSA-AuNPs (15). Below each set of data, the image of a representative dipstick is presented.

Ho ,OH Ho JOH
al./a2.
o 2 oo AL
oH \/\/NHZ o o>_ Au _{O [e] OH \/\/NH HN—\—
@1) EéN—o o—N;Xj (22, 24)
o o
AU : H0nmAups 22.23) ‘ Au
: NH HN
150 nm AuNSs (24, 25) e o
(23, 25)

Fig. 4 Pathway for the covalent functionalisation of NHS-activated particles with aminopropyl galactoside 21. Reagents and conditions: (al) HEPES
buffer 10 mM pH 8.0, 0.5% PEG-20k, 6 h, r.t.; (a2) propylamine, 10 min; and (b) propylamine, HEPES buffer 10 mM pH 8.0, 0.5% PEG-20k, 6 h.

pH 7.4 the development of a weak signal confirmed binding of
the AuNSs to the deposited lectin with an increase in intensity
with the time of functionalisation. At pH 8.0, weak binding

pH sn‘ 14‘83‘
1h

6h

24h 3

Fig. 5 Dipstick matrix images for the optimisation of the AuNSs func-
tionalisation using different functionalisation times (1 h, 6 h, or 24 h) and
pHs (6, 7.4, or 8).

This journal is © the Partner Organisations 2023

was observed already after 1 h of functionalisation, with an
optimal signal observed after functionalisation for 6 h. After
24 h, the particles performance decreased showing aggregation
and precipitation at the bottom of the nitrocellulose strip.
Overall, the results obtained at pH 8.0 and 6 h were compar-
able to the one obtained at pH 7.4 and 24 h. Given the shorter
reaction time, pH 8.0 and 6 h were selected as optimal con-
ditions for the AuNSs functionalisation.

The conditions for the functionalisation were optimised to
PH 8.0 and 6 h, employing 0.1 mM glycoside (see the ESI{ for
the description of the optimisation process). NHS ester-acti-
vated AuNPs were also directly quenched with propylamine to
obtain propyl-AuNPs (23), to be used as negative control in the
dipstick assay. Gal-AuNPs (22) were characterised by TEM, DLS
and UV-vis (Fig. S10t) and the data were compared to those for
commercial 40 nm NHS ester-activated AuNPs.

To explore the impact of the nanoparticle size in the assay,
a 150 nm glyconanoshell system was also evaluated. The
AuNSs were functionalised with 3-aminopropyl galactoside

Org. Chem. Front,, 2023, 10, 3819-3829 | 3823
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(21), as described above for nanoparticle derivatisation, to
afford galactose-functionalised AuNSs (24) (Fig. 4). The con-
ditions for the functionalisation were optimised to pH 8.0 and
6 h, employing 1 mM glycoside (see the ESI} for the descrip-
tion of the optimisation process). NHS ester-activated AuNSs
were also directly quenched with propylamine to obtain
propyl-AuNSs (25), to be used as negative control in the dip-
stick assay. The Gal-AuNSs (24) were characterised by TEM,
DLS and UV-Vis (Fig. S10t) and the data were compared to
those for commercial 150 nm NHS ester-activated AuNSs.

Sensitivity studies and comparison of particle performance

The sensitivity of the three glyconanosystems was investigated
in a dipstick assay format, with a dilution series of RCA;j
starting from 2500 ng down to 2.5 ng. To assess the perform-
ance of the different detection agents in the dipstick assay,
only the 150-0 ng range was quantified (Fig. 6). Images of the
full range of dipsticks can be found in the ESI (Fig. S17}). We
found that the AuNPs and AuNSs covalently functionalised
with galactose (23 and 24) had a visual limit of detection of ca.
75 ng of RCA;,,, whereas the BSA-Gal-AuNPs could detect
down to 20 ng. Despite most of the available lysine have been
functionalised with an alkyne moiety (average of 29), the
number of glycans that we were able to install on the BSA was

1.0 1
0.8 -

0.6 -

Dipstick intensity (a.u.)
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relatively low. Prompted by the performance of Gal;-
BSA-AuNPs (15), we decided to focus our effort in trying to
increase the glycan loading on the Gal-BSA glycoconjugate,
which was the key conjugate of interest for the detection of
RCA 5. It has been reported that protecting the reaction
mixture from oxygen can improve the performance of the
CuAAC.* While the catalytic amount of Cu(r) formed in situ by
the reductive action of sodium ascorbate is generally sufficient
to drive the “click” reaction to completion in short time, in our
hands the reaction was left over night, requiring an extended
availability of Cu(1). Degassed water was used to prepare all the
reagent solutions and for the reaction mixture. Using this
approach, we obtained a new BSA-glycoconjugate with a higher
density of galactose (Galy4,-BSA, 8a), which was characterised
through MALDI-TOF showing 14 galactose units instead of 3
(Fig. S8t). This glycoconjugate was employed for the functiona-
lisation of AuNPs through passive adsorption to obtain Gal,,-
BSA-AuNPs (15a), which were applied in the dipstick assay. It
was found that an approximate 4-fold increase in glycan
density on the BSA glycoconjugate improved the sensitivity of
the assay by a similar factor, being able to detect down to 5 ng
of RCAqy (Fig. 6). The comparison shows visually that the
glycan-BSA-AuNP construct out-performs other options investi-
gated in terms of sensitivity.
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Fig. 6 Sensitivity studies using 40 nm AuNPs (OD 1) functionalised via passive adsorption with either Galj4-BSA (15a, blue) or Gals-BSA (15, red),
40 nm AuNPs covalently functionalised with galactose (22, green) or 150 nm AuNSs covalently functionalised with galactose (24, yellow) to detect
different amounts of RCA;,o. The dipsticks were analysed in the 150-2.5 ng range and signal intensities were quantified and normalised against a
dipstick signal for the detection of 2500 ng of RCA;,0 with 15. Error bars show the standard deviation between triplicates.

Table 2 Comparison of limits of detection for RCA;5, RTA, RTB or ricin in flow systems

Absolute amount

Analyte Type of ligand Reported LOD detected (ng,fmol) Tested range Ref.
RCA;5 Glycan 5ng 5,39 2.5-2500 ng This work
RTA Antibody 33ng mL™" 2.372 5-1000 ng mL ™" 10
RCA15 Antibody 135 ng mL™" 9.5!73 5-1000 ng mL ™" 10

Ricin Antibody 35 ug mL™* 9.6!148 0.01-10 pg mL ™ 9

RTB Antibody 870 ng mL™" 60.911791 5-1000 ng mL ™" 10
RCA;50 Glycan 0.5 mg mL~" 500,3846 5-0.1 mg mL™" 24
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Discussion and conclusions

AuNPs with diameters of ca. 40 nm are typically the favoured
colorimetric labels for LFAs. This is due to the convenient
combination of high contrast red colour, available surface area
for functionalisation (as opposed to smaller nanoparticles),
and long stability (as opposed to bigger nanoparticles). In the
present work, we opted for passive adsorption of BSA glycocon-
jugates (8-13) on the surface of commercially available ca.
40 nm AuNPs, to obtain a collection of BSA-glyconanoparticles
(15-20). The results from DLS presented in Fig. S9 and
Table S31 showed an average increase of the particle size of
7-8 nm following functionalisation, which reflects an approxi-
mate single layer of BSA conjugates (BSA dimensions™® 7.5 x
6.5 x 4 nm) on the surface of the nanoparticles.

The binding specificities of the lectins selected for this
work are well known in the literature: RCA,,, interacts with
terminal B-galactosides,”’ WGA interacts with sialic acids,”
and ConA interacts with a-mannosides (more specifically with
a3,a6-mannotrioside).”®> To account for the difference in
glycan loading of each glycoconjugate, the signal intensity of
each dipstick was divided by the number of glycan units of
each BSA glycoconjugate construct used in experiments pre-
sented in Fig. 3. Each of the BSA-bearing glyconanoparticles
(15)-(20) successfully detected the lectin of matching
selectivity.

To further investigate the optimal distribution of glycans
for the detection system, 3-aminopropyl galactoside (21) was
synthesised following Staudinger reduction of azidopropyl
galactoside 1 and was subsequently coupled to NHS-ester acti-
vated AuNPs, to obtain Gal-AuNPs (22). Due to the similarity
with the aminopropyl ligands employed, propylamine was
chosen as an appropriate reagent to quench unreacted NHS-
ester. Propyl-functionalised AuNPs (23) were also prepared and
tested as a negative control to verify the absence of non-
specific interactions (dipsticks images in Fig. S15Af). In
addition, 150 nm NHS ester-activated AuNSs were chosen to
investigate the effect that the size has on the detection system,
as these exhibit a 14 times bigger surface area than 40 nm
AuNPs, which can lead to up to 25 times improved sensitivity
in immunochromatographic assays.”*”® Propyl-AuNSs (25)
were prepared as negative controls by quenching AuNSs in
absence of the galactoside, to study non-specific interactions
with RCA;,, and WGA. Non-specific interactions were observed
between the nanoshells and both RCA;,, and WGA, which was
overcome by the addition of a combination of 1% Triton X100
and 1% BSA to the dipstick buffer.

Following the optimisation of the three different nano-
systems, a series of experiments were performed to evaluate
their relative sensitivity for RCA;,, detection. For this purpose,
dipsticks were generated with defined amounts of RCA;,,
ranging from 2.5-150 ng. These assays demonstrated that BSA-
mediated presentation of glycans on the surface of AuNPs
allows an optimal presentation of glycans, even though the
sugar loading is expected to be much lower than for direct
covalent attachment of sugars to gold nanoparticles or nano-

This journal is © the Partner Organisations 2023
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shells. It has been noted before that glycan density on the
surface of nanoparticles is a key parameter to tune when
designing a glyconanoparticle-based sensing system and that
more sugar does not necessarily equate with greater assay
sensitivity.”®

Prompted by the performance of the BSA-glyconanoparti-
cles, a new Gal-BSA glycoconjugate was synthesised, Gal;4,-BSA
(8a), containing 14 glycan units instead of 3, as for Gal;-BSA
(8). The glyconanoparticles functionalised with the new glyco-
conjugate (Gal;,-BSA-AuNPs, 15a) were applied to the dipstick
assay, giving rise to a lower limit of detection (5 ng of RCA;,).

In summary, the BSA-based glycan presentation method
presented here resulted in reproducible functionalisation of
nanomaterials which were implemented in a dipstick assay for
the detection of plant lectins. A potential detection system for
ricin has been developed in the format of a dipstick assay,
using RCA;,, as a model of binding due to its lack of toxicity.
Three different glyconanomaterials have been successfully syn-
thesised, including 40 nm AuNPs (functionalised through BSA
via passive adsorption), 40 nm AuNPs (covalently functiona-
lised via NHS ester coupling) and 150 nm AuNSs (covalently
functionalised via NHS ester coupling). All the functionalised
nanoparticles have been tested against different lectins to
demonstrate their specificity in a dipstick format. From these
studies we conclude that BSA-bearing 40 nm AuNPs are
optimal agents for the detection of lectins, with a working
range of 150-2.5 ng and a LOD of 5 ng for RCA;,,, which is
lower than that reported to date for other flow-based RCA;,/
RTA/RTB/ricin assays, including those reliant on antibody for
target engagement (Table 2).

This proof-of-concept study showed the potential of glyco-
nanoparticles as an alternative approach to classic reagents
employed in standard immunochromatographic assays. The
BSA-glycoconjugates can be used as detection reagents on
nanoparticles or as capture reagents deposited onto the nitro-
cellulose strip for a conventional sandwich assay. In the
present work, the direct detection of the analyte deposited on
the nitrocellulose strip provided the proof of concept to vali-
date the achievable limit of detection and operating range as a
combination of functionalisation methodology, nanoparticle
type and size. Although the direct deposition of a clinical or
environmental sample on the dipstick/LFA is possible, it
would require high precision liquid dispensing device in order
to achieve accurate and reliable outcomes, which would be
challenging in the field. The optimisation of the newly
reported epoxy-based approach for protein functionalisation
and the translation of the assay in a full sandwich dipstick/
LFA assay format will, with or without partner antibody
reagents, form the basis of future work.

Methods

The ESIT contains details about the synthesis of glycan deriva-
tives, derivatisation of bovine serum albumin and functionali-
sation of gold nanoparticles and nanoshells.
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