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exploited as sensitive readouts for quantifying MLGI affinities and

thermodynamics, while their nanoscale size and high electron microscopy contrast are exploited for probing binding modes and
binding site orientation. Despite this success, how design features such as glycan type, density, and linker flexibility govern glycan-NP
MLGI properties remains underexplored. In this work, we coated gold nanoparticles (GNPs) with varying densities of a lipoic acid-
oligo(ethylene glycol)-a-manno-a-1,2-biose (DiMan) or fucose (Fuc) ligand of varying linker lengths and studied their MLGIs with
DC-SIGN, an important tetrameric lectin viral receptor found on dendritic cells. Using our recently established GNP fluorescence
quenching assay, we reveal that displaying DiMan or Fuc polyvalently on a GNP surface greatly enhances their DC-SIGN affinity,
with low nanomolar apparent Kys, ~480 000-fold tighter than the corresponding monovalent binding. Their binding is driven by
enthalpy, with favorable enthalpic but unfavorable entropic terms, and their absolute values depend on linker flexibility and glycan
density. At high glycan densities, a short and less flexible linker is favored by maximizing enthalpic gains while minimizing entropic
penalties, whereas at low glycan densities, a long and flexible linker is favored by increasing the reach and adaptivity of terminal
glycans to maximize favorable enthalpic gains. These results reveal a delicate balance between glycan density and flexibility in
controlling glycan-NP MLGI properties and their underlying thermodynamic mechanisms. Finally, we demonstrate that GNP-
glycans potently block DC-SIGN-augmented viral entry into host cells with subnanomolar ICsss, which are positively linked to their
DC-SIGN MLGI affinity.

KEYWORDS: multivalent lectin—glycan interaction, DC-SIGN, glycoconjugate, gold nanoparticle, fluorescence quenching,
thermodynamics, viral inhibition

B INTRODUCTION

with equilibrium binding dissociation constant (K,) often in the

Lectin-glycan interactions (LGIs) are central to a wide range of
biological processes, including pathogen recognition, immune
regulation, and cell—cell communication.'™* In nature, these
interactions play critical roles in orchestrating immune
responses, where lectins expressed on immune cells recognize
specific glycan patterns on pathogens to trigger defense
mechanisms, or conversely, where pathogens exploit host
glycans or lectins to initiate infection.”® Due to the structural
diversity of carbohydrates, LGIs are typically characterized by
high specificity but relatively low affinity at the monovalent level,
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millimolar range. Such level of binding is usually too weak to be
considered biofunctional. Therefore, strong and bioactive

interactions often rely on exploiting multivalency and spatial
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matches to enable the simultaneous engagement of multiple
binding sites to drastically enhance affinities.” The overall
strength and specificity of multivalent LGIs (MLGIs) are thus
determined not only by the monovalent binding affinity but also
by the spatial arrangement, binding mode, valency, and
flexibility of the interacting partners.”

In multivalent systems, the spatial match between the lectin’s
carbohydrate recognition domains (CRDs) and the glycan
presentation on the opposing surface determines whether
binding occurs via simultaneous engagement of all binding
sites or through less efficient cross-linking which leads to large
scale assemblies. Spatially perfectly matched systems can
maximize favorable enthalpic terms while minimize entropic
penalties, leading to the formation of small, uniform lectin-
ligand complexes with high affinities.” ' In contrast, spatially
mismatched systems often cross-link each other to maximize
enthalpic terms and form extended networks or assemblies, but
this typically yields large entropic penalties, giving rise to weaker
overall affinities than the former.”'"'” Understanding how
molecular design parameters dictate these binding modes is
therefore critical for rationally designing glycan-based ther-
apeutics and probes to target specific lectin-mediated processes,
such as viral attachment, immune signaling modulation, or
cancer cell recognition.

Moreover, precise knowledge of the thermodynamic con-
tributions to binding strength can further guide the design of
agents to target specific MLGIs. Knowing whether the
interactions are driven by entropic and/or enthalpic terms can
direct choices based on scaffold size, shape, ligand density and
flexibility to give the optimal agent for the desired applications.
Despite their importance, information concerning the MLGI
binding modes, and how these modes influence affinity and
underlying binding thermodynamics, remains largely underex-
plored. This knowledge gap is primarily attributed to the
limitations of current biophysical techniques in probing these
inherently complex and flexible interactions. For instance,
isothermal titration calorimetry (ITC) and surface plasmon
resonance (SPR) are two of the most commonly employed
techniques for studying the thermodynamics of binding
interactions, including MLGIs.'*'* However, ITC faces
challenges in determining the accurate affinities of cross-linking
and/or very strong interactions, which can complicate the
interpretation of ITC data.'”"® Similarly, SPR struggles to
dissect the individual contributions of LGIs to the overall MLGI
affinity and specificity, as these are heavily influenced by the
density and orientation of the immobilized binding partner on
the surface.'* Therefore, while these conventional biophysical
techniques can provide some key kinetic and thermodynamic
information, they cannot offer structural information such as
binding modes, and binding site orientations, which are crucial
for developing multivalent therapeutics against specific MLGIs.

Over the past two decades, a broad range of nanoscale
scaffolds, such as polymers,’ dendrimers,"**° lipo-
somes,” proteins,zs_25 and inorganic nanoparticles
(NPs),”*** have been developed for displaying multivalent
glycans to probe and manipulate MLGIs. Additional useful
properties can also be offered by the inorganic NP cores, such as
fluorescence, superparamagnetism, or photothermal proper-
ties.”" ™! This affords these NPs extra capabilities which can be
harnessed to provide further therapeutic benefit, or readout
signals for probing binding behaviors. This multifunctionality is
present in semiconductor quantum dots (QDs) and gold
nanoparticles (GNPs), which have strong fluorescence (with

6,17

1,22

QDs)*” or strong fluorescence quenching (with GNPs)****

properties, allowing them to partake in fluorescence resonance
energy transfer (FRET, with QD) or nano surface energy
transfer (NSET, with GNP) as readout signals for binding
quantification.””**™** Among these scaffolds, inorganic NPs,
especially GNPs, have emerged as particularly versatile scaffolds
owing to their well-defined size and synthesis methods, ease of
functionalization via robust gold—thiol chemistry, excellent
biocompatibility, and unique optical properties. The high
electron density and strong fluorescence quenching ability of
GNPs make them powerful tools for both structural and
quantitative studies of biomolecular interactions by combining
electron microscopy imaging and fluorescence analysis.””**

Recent studies have demonstrated that polyvalent glycan
coated GNPs and QDs can amplify their MLGI affinities by >10°
fold over the corresponding monovalent bindings.****** Using
tetrameric lectins such as DC-SIGN* and its closely related
homologue DC-SIGNR"' as model systems, our group has
employed glycan-functionalized GNPs/QDs to reveal key
structural determinants of glycan-NPs” MLGI specificity and
viral recognition.””*”~****" Despite sharing high sequence
identity (~80%), identical CRD-mannose monovalent binding
motifs,” and similar tetrameric architectures**** DC-SIGN and
DC-SIGNR exhibit distinct multivalent glycan binding proper-
ties and biological functions. For example, DC-SIGN is more
effective than DC-SIGNR in enhancing the cellular entry of
viruses such as Ebola and HIV, whereas only DC-SIGNR, but
not DC-SIGN, can promote West Nile Virus infection,**™**
Using glycan-NPs as new biophysical probes, we have previously
revealed that DC-SIGN and DC-SIGNR bind glycan-NPs
differentially, where DC-SIGN typically engages all four of its
CRDs simultaneously in binding to a single glycan-NP,**~**
while DC-SIGNR tends to cross-link with multiple glycan-NPs,
leading to the formation of large sué)ramolecular assemblies with
weaker overall MLGI affinities.”* " These different MLGI
binding behaviors may contribute to the different biological
activities of these lectins.**™**

While our previous studies have highlighted the importance of
nanoparticle size’®*” and shape*” in controlling glycan-NPs
binding with multimeric lectins such as DC-SIGN, several
critical molecular-level parameters remain poorly understood.
First, our previous glycan-NP probes were all based on
mannose/@-manno-a-1,2-biose (DiMan)-, but not fucose
(Fuc)-, containing glycans. While both are natural glycan
ligands for DC-SIGN, they exhibit different binding profiles with
DC-SIGN CRD. Fuc exhibits relatively simple binding, by
coordinating to a Ca®* ion in the CRD primary binding via its 3,
4-OH groups.”” Whereas DiMan exhibits extended binding
interactions, besides coordinating to the Ca** ion in the CRD
primary binding site via 3, 4-OH groups and van der Waals
interactions with Val351 via its first mannose unit, it also forms
hydrogen bonding with Ser360 and Glu358 and van der Waals
interactions with Phe313 via the second mannose unit.'" Hence
how different glycan types with different CRD binding motifs
control glycan-NP MLGI properties remain to be explored.
Second, the length and flexibility of the linker connecting the
glycan to the nanoparticle surface and the surface glycan density
are expected to have profound effects on the spatial presentation
and dynamic accessibility of the glycans. The linker acts as a
molecular “spacer,” defining the effective reach and orientational
freedom of the terminal glycan relative to the solid, non-
deformable nanoparticle core. A short and relatively rigid linker
may restrict glycan accessibility, hindering the optimal align-
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ment with multiple CRDs, whereas a long and flexible linker may
facilitate multivalent binding by affording glycans with extra
accessibility and adaptivity, but it may also introduce extra
entropic penalties, due to increased conformational restriction
upon binding. Similarly, surface glycan density determines the
average interglycan distance and steric crowding on the scaffold
surface. Extremely high glycan densities can create a rigid glycan
surface unable to adapt to the binding surface of target lectins,
especially on cell surfaces where spatial movements of
membrane bound lectins are constrained in ways that do not
exist in solution, whereas an overly sparse glycan surface may
limit simultaneous engagement of multiple CRDs from one
lectin with one glycan-NP, both cases can lead to suboptimal
multivalent binding. Despite their evident importance, system-
atic investigations of how glycan type, surface density and linker
flexibility govern glycan-NP MLGI affinity, thermodynamics,
and binding mode are still scarce.

To address these knowledge gaps, we have systematically
designed and synthesized a series of lipoic acid-oligo(ethylene
glycol) (LA-EG,-) based ligands appending a terminal DiMan or
Fuc as the target glycan because of their different binding
profiles with DC-SIGN CRD. Using these glycan ligands, we
have prepared a series of glycosylated GNPs (glycan-GNPs)
with varying flexible linker lengths and surface glycan densities
to elucidate how these parameters impact their multivalent
binding with DC-SIGN. By employing dynamic light scattering
(DLS) and GNP fluorescence quenching assays, we quantify
both the binding strength and structural consequences of linker
length and density variations on DC-SIGN MLGI properties
with glycan-GNPs. Additionally, temperature-dependent bind-
ing affinity measurements in combination with van’t Hoff
analysis allow us to extract binding enthalpy and entropy
changes, providing new insights into how glycan flexibility and
density modulate the thermodynamic driving forces of such
MLGIs. Finally, we evaluate the potential of such glycan-GNPs
as entry inhibitors to block augmentation of Ebola virus
glycoprotein (EBOV-GP) driven viral entry by DC-SIGN at
the cell surface, revealing that our glycan-GNPs have high
antiviral potencies (sub-nM ICg, values), which are positively
linked to their DC-SIGN binding affinities measured by the
solution-based GNP fluorescence quenching assay.

B RESULTS AND DISCUSSION
Ligand Design and Synthesis

The GNP-glycans were designed with considerations such as
core material, carbohydrate type, linker length, ligand density
and scaffold size in mind. These design features are known to
play critical roles in modulating the avidity and selectivity of
MLGIs. Here, gold nanoparticles with an average core diameter
of ~ 5 nm (denoted as GS hereafter, see SI, Figure S1B) were
coated in multifunctional ligands containing three functional
domains: a lipoic acid (LA) group for strong binding to the GNP
surface via the formation of 2 strong Au—S bonds to impose high
stability, a terminal a-manno-a-1,2-biose (DiMan) or a-L-
fucose (Fuc) for specific binding to DC-SIGN, and to connect
them, a flexible oligo(ethylene glycol) linker of varying length to
enhance water solubility, resist nonggeciﬁc interactions and
explore terminal glycan flexibility.’’~>* We chose DiMan and
Fuc as the two target glycans here because of their different
binding profiles with DC-SIGN CRD,""* allowing for probing
their impact on glycan-NP MLGI properties. Three oligo-
(ethylene glycol) linkers with EG repeat units (EG,) of n =2, 6,

and 12 were chosen. The reasons for choosing such flexible,
hydrophilic EG,, linkers are 3-fold, first they enable observation
of the role of ligand flexibility on binding strength; second, they
form a design feature to protrude the terminal glycan head
groups away from the GNP surface, minimizing any steric
clashes that may hinder lectin binding; and third, they can
enhance water solubility and colloidal stability of the GNPs and
reduce nonspecific interactions,”’~>” ensuring that all binding
interactions observed are due to specific MLGIs only.

The schematic structures of the glycan-GNP conjugates and
the chemical structures of the glycan ligands employed in this
study are shown in Figure 1. The synthetic routes to the LA-
EG,-glycan multifunctional ligands are shown in Scheme 1-2.

(A) \ﬂi /ﬂ/i (8) Y (© !
N N
77\ %E/?&? AR

o
O Fonn = 1IN *AM
Glycan - --- s
1o OH EGn LA
o HOTo L2 n=2,6 12
R = WOH or go 9%
HoH HO
Fuc DiMan

Figure 1. (A—C) Schematic structures of the GNP-glycan conjugates
used in this study. The GNP with an average diameter of ~5 nm (GS5) is
coated with LA-EG, -glycan ligands containing either a terminal DiMan
or Fuc. The valency of the LA-EG,-glycan ligand (with three EG, linker
lengths of n = 2, 6, and 12) on each GS is varied to probe their impacts
on GS-glycan MLGI properties with DC-SIGN. (D) Chemical
structures of the glycan ligands employed in this study.

Briefly the azido-EG, modified fucoside was prepared in a
protecting group free Fisher glycosylation with L-fucose and the
acceptor, monochlorinated triethylene glycol, in the presence of
the Appel reagent (CBr, PPh,). Acetylation followed by
azidation afforded the protected a-anomer and deprotection
gave the desired azido fucoside ligand (N;-EG,-Fuc). Detailed
synthesis procedures and their spectroscopy characterization
data are given in the Experimental section and also in the
Supporting Information (SI). The azido-EG,-modified DiMan
(N;-EG,-DiMan) was prepared via our previously reported
procedures.’*’

LA-EG, based linker molecules were prepared using a
standard dicyclohexylcarbodiimide (DCC)/ N’N’-dimethyla-
minopyridine (DMAP) mediated amide coupling between
commercial HC=C-EG,-NH, and lipoic acid (LA) to give
LA-EG,-C=CH linkers. They were then coupled efficiently to
the N3-EG,-Fuc or N;-EG,-DiMan via Cu catalyzed click
chemistry to §1ve the desired LA-EG,-Fuc/DiMan as reported
previously.’

GNP-glycan Preparation

Gold nanoparticles (GNPs) were prepared via our previously
established protocols by heating gold(III) chloride trihydrate in
water with trisodium citrate in the presence of potassium
carbonate and tannic acid to ~ 75 °C, forming citrate stabilized
GNPs of roughly S nm in diameter (denoted as GS-citrate, SI,
Figure S1).” By exploiting the strong Au—S interactions, the
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Scheme 1. Synthetic Route to Azido-EG,-Modified Fucose (N;-EG,-Fuc)
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Scheme 2. Synthetic Route to LA-EG,-DiMan and LA-EG,-Fuc Ligands (where n = 2, 6, or 12)
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GS-citrates were coated with the desired ligands in a simple one-
pot self-assembly procedure by stirring air stable LA-EG,-
ligands with the GS-citrate directly in water for 48 h. The
disulfide bonds in the LA based ligands are cleaved upon binding
to gold surfaces, and displace the weakly bound citrate ions,
forming self-assembled monolayers on the GS surfaces that are
identical to their reduced dihydrolipoic acid counterparts.’”
Three batches of each GS-glycan conjugates were prepared
under three different LA-EG,-glycan ligand: GS molar ratios
(LGMRs) of 1000, 500, and 300. We have shown previously that
1000 LGMR with LA-EG,-glycan ligands can create a densely
packed, saturated glycan coating on GS surface.”” The lower
LGMRs of 500 and 300 were used to reduce glycan valencies to
investigate their impact on glycan-GNP MLGI properties. Any
free unbound ligands were removed by ultrafiltration using 10K
MWCO filter tubes and washing with pure water. Using the
ligand amount difference between that used and that remained
unbound in the supernatant and washup water after conjugation
(measured by a phenol-sulfuric acid based carbohydrate
quantifying assay),””*” the numbers of glycan ligands bound
on each GS were estimated as ~ 600, ~ 360, ~ 170 for GS-
glycans prepared under the LGMR of 1000, 500, and 300 (SI,
Table S2), translating into LA-EG,-glycan ligand conjugation
efficiencies of ~ 60%, ~ 72% and ~ 57%, respectively.
Consistent with this result, the negative zeta potential of GS-
ctriate (—25.5 + 1.0 mV) was reduced progressively after
treatment with increasing LGMRs of both LA-EG,-DiMan/Fuc
ligands (SI, Figure S2), indicating that the negatively charged

21546

citrate ions on GS-citrate surface were increasingly displaced by
neutral LA-EG,-glycan ligands. The reduction of negative zeta
potential was especially pronounced for GS-glycans prepared at
1000 LGMR, at ~ =7.5 mV for both ligands, indicating that
almost all citrate ions were completely displaced. This result is
fully consistent with the increasing glycan valencies for GS5-
glycans made at higher LGMRs described above.

The GS-glycans were characterized by UV—visible absorption
spectroscopy. Compared to the GS-citrate, a small but
discernible red shift (~4—5 nm) in the characteristic SPR
absorption peak of GS was observed in all GS-glycans (SI, Figure
S3). This result is fully consistent with literature for GNPs after
coating with thiolated ligands, due to a change of GNP local
refractive index after coating of the LA-glycan ligands.””** All
GS-glycan conjugates were found to be highly stable, showing no
visible color changes (an indication of aggregation)37 or
precipitation after extended storage in a fridge at 4 °C for
several months. All GS-glycans were found to form uniform and
monodisperse particles in a binding buffer (20 mM HEPES, 100
mM NaCl, 10 mM CaCl,, pH 7.8, SI, Figures S4—S6) measured
by dynamic light scattering (DLS). Their hydrodynamic
diameters (Dys) were found to be in the range of 10.4 to 17.8
nm, depending on the glycan valency (LGMRs used in
preparation), type and EG, linker length (SI, Table S1). For
GS-glycans prepared at the highest LGMR of 1000, those with
the longest EG,,- linkers tended to display largest Dys among all
GS-glycans with the same terminal glycan, matching well to what
expected for GS surface being densely coated with LA-glycan

https://doi.org/10.1021/acsami.5c25677
ACS Appl. Mater. Interfaces 2026, 18, 21543—21561


https://pubs.acs.org/doi/suppl/10.1021/acsami.5c25677/suppl_file/am5c25677_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c25677/suppl_file/am5c25677_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c25677/suppl_file/am5c25677_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c25677/suppl_file/am5c25677_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c25677/suppl_file/am5c25677_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c25677/suppl_file/am5c25677_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.5c25677?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c25677?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c25677?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c25677?fig=sch2&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.5c25677?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

254 204
25 A1) G5-EG,-DiMan (1000) 55 A2) A3) A4)
20 -
20 20 G5-EG,-DiMan G5-EG,-DiMan 154 G5-EG,-DiMan
g D,=127+28nm & POR4:A £ 45 PGR8:1 g ReR16:1
g 15 R2 =0.968 515 D, =29.3£67 nm E Dy =34.7 £8.3 nm Em_ D;=39.6113.2 nm
3 3 R?=0.981 3 - 3 R?=0.985
3 10/ 310 3 101 R?=0.983 3
54
5 5 5
ol . ) — mUNEEEER 0 mIBIRE IS [) = i .
10 100 10 100 10 100 10 100
Dy, (nm) D, (nm) Dy, (nm) Dy, (nm)
751 B) 75 - c ®  G5-EG,-Fuc
) ® Gb5-EGg-Fuc
60 - 60 4 A G5-EG,-Fuc
= 45
£ = 45+
5 g 45
g 30- pr
d= 30 4
% B G5-EG,-DiMan
a8 ® G5-EGg-DiMan 154 i
o G5-EG,4,-DiMan ;
0 T T T
0 4 12 16 0 T

8
PGR

0 4 12 16

8
PGR

Figure 2. Representative Dy, (volume population) histograms and Gaussian fits for GS-EG,-DiMan (LGMR = 1000) binding with DC-SIGN at varying
protein:GS ratios (PGRs): (A1) PGR = 0, (A2) PGR = 4, (A3) PGR = 8, and (A4) PGR = 16. Comparison of D, (mean + 1/2 fwhm)—PGR
relationships for DC-SIGN binding with (B) GS-EG,-DiMan (n = 2, 6, and 12; all made at LGMR = 1000) and (C) GS-EG,-Fuc (n =2, 6, and 12; all

made at LGMR = 1000).

ligands, allowing their terminal glycans being extended further
away from GS surface by the longest linkers. However, this trend
does not apply for those prepared at the lowest LGMR of 300,
where the Dy for GS-EGg-glycans and GS-EG,-glycans are
almost identical. This result indicates that under such
conditions, the density of LA-EG,-glycan ligands on the GS
surface is sparse enough to allow the EG, linkers to fold up,
adopting a collapsed conformation with compact Dys which can
impact the availability of the terminal glycans for lectin binding,
Using the Dy values, glycan valency (SI, Table S2) and the
method reported by the Mirkin group,”” the average interglycan
distances for all GS-glycans were calculated to be in the range of
0.85 — 1.9 nm, depending on the linker length, glycan valency
and type. A general trend here is that increasing the EG,, linker
length or decreasing glycan valency results in greater interglycan
distances as expected (SI, Table S3). Interestingly, for GS-
glycans prepared at 1000 and 500 LGMRs, their average
interglycan distances (e.g, 0.85—1.46 nm) are comparable to
the major interglycan sequon spaces (e.g, 0.7—1.3 nm) found
on the HIV surface heavily glycosylated gp160 trimer,”* the
glycoprotein that is responsible to DC-SIGN facilitated HIV
infection. Therefore, such GS-glycans may act as good mimics
for probing gp160-DC-SIGN interactions which facilitate the
HIV infection.

Probing DC-SIGN-G5-EG,-glycan Binding Mode by
Dynamic Light Scattering (DLS). Previously, the binding
mode between DC-SIGN and GS-EG,-DiMan was studied by
monitoring the hydrodynamic diameter (D,) of the GS-DiMan-
DC-SIGN complex as varying ratios of DC-SIGN molecules
were added to a fixed concentration of GS-EG,-DiMan. This
revealed that multiple copies of DC-SIGN can bind to a single
GS-EG,-DiMan particle, forming small lectin-GS5 assemblies of
approximately 40 nm in Dy when saturated.”” This size is
consistent with a single G5-EG,-DiMan particle coated with a
monolayer of DC-SIGN molecules, suggesting that all four
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CRDs in each DC-SIGN molecule engage with a single GS-EG,-
DiMan. To further extend our knowledge on the binding
between GS5-glycans and DC-SIGN, the binding modes of GS-
glycans made in LGMRs of 1000, 1:500 and 1:300 were studied
to determine if the EG,, linker length and/or glycan valency can
impact DC-SIGN binding mode and if a lower saturation point
may be reached for GS-glycans with the lower valencies. The
concentration of GS-glycans was fixed at 20 nM and the
concentration of DC-SIGN was increased from 20—320 nM
(i.e., protein to GS ratio (PGR) of 1 — 16). DC-SIGN alone
displayed a single narrow Gaussian distribution with a Dy, of ~
14.0 + 2.0 nm (mean + 1/2 fwhm; fwhm = full width at half-
maximum of Gaussian fit, see SI, Figure S8B). Representative Dy,
histograms for GS-EG,-DiMan (LGMR = 1000) binding with
varying PGRs of DC-SIGN are shown in Figures 2A1—4. The Dy,
histograms with Gaussian fits for all GS-glycan (LGMR = 1000)-
DC-SIGN complexes under a variety of PGRs are given in SI,
Figures S10—15. The corresponding Dy-PGR relationships for
DC-SIGN binding with GS-EG,-DiMan and GS-EG,-Fuc are
shown in Figures 2B and 2C, respectively.

In general, the Dy, of the GS-EG,-glycan (LGMR = 1000) +
DC-SIGN mixtures increased gradually with the increasing
PGR, reaching a plateau at a PGR of around 8—12, after which
the Dy values remained roughly constant. This behavior is
similar to that observed previously for DC-SIGN binding with
GS-EG,-DiMan. The saturated Dys for GS-glycans with the
longest EG,-linkers were generally larger than those with the
shorter EG, linkers (maximal D;: 52 + 10 nm vs. 40 + 13 forn =
12 and 2, respectively). In the absence of DC-SIGN, the Dys of
GS-EGjy-glycans are ~ S nm larger than their GS-EG,-glycan
counterparts, but the Dy differences of their DC-SIGN
complexes at saturation are ~ 12 nm, suggesting more DC-
SIGN molecules are bound to each GS-EG,-glycans than to
GS-EG,-glycans. This result is consistent with the larger total
glycan surface areas (i.e., larger Dys, see SI, Table S1) of GS-
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Figure 3. Hydrodynamic diameter (D}, volume population) distribution histograms and Gaussian fits for GS-EG,-DiMan (LGMR 300) (A1) before
and after mixing with DC-SIGN at PGRs of (A2) 6 and (A3) 12, GS-EG¢-DiMan (LGMR 300) (B1) before and after mixing with DC-SIGN at PGRs
of (B2) 6 and (B3) 12, and GS-EG,-DiMan (LGMR 300) (C1) before and after mixing with DC-SIGN at PGRs of (C2) 6 and (C3) 12. The Dj, peaks
corresponding to single GS-glycan particles (A1—C1), single GS-glycan particles coated with a monolayer of DC-SIGN molecules (A2—C2), and large
scale GS-glycan-DC-SIGN cross-linked assemblies (A3—B3) are depicted next to the corresponding peaks.

EG),-glycans over GS-EG,-glycans, allowing the former to
accommodate more DC-SIGN molecules before surface
saturation and hence Dy, plateauing at higher PGRs.

Although the Dys of the complexes appear to plateau at PGRs
of 8—12, this does not necessarily reflect the true saturation of
the G5-EG,-glycans with DC-SIGN. Using a surface binding
footprint of ~ 35 nm? per DC-SIGN tetramer, > and the surface
areas of GS-EG,-glycans calculated from their Dys (~510, ~
540, ~ 995 nm?, for EG,-, EGg-, and EG,,- DiMan respectively,
and ~ 410, ~ 540, and ~ 640 nm” for EG,-, EG4-, and EG,,- Fuc,
respectively) then PGRs of ~ 12—30 with DC-SIGN were
estimated to be able to fully saturate the surface of GS-EG,-
glycans, depending on linker lengths. For GS-EG,,-glycans
prepared at LGMR of 1000, saturation binding with 30 DC-
SIGN molecules on each G5-EG,-glycan should be possible.
This would require 120 surface glycans which is considerably
fewer than the 550+ surface glycans found on each GS surface as
described in the earlier section and SI, Table S2. Consequently,
the Dy plateauing at 12 DC-SIGN molecules per GS-EG,-
glycan may be a result of an even distribution of these DC-SIGN
molecules on the GS surface, forming a roughly spherical GS5-
DC-SIGN core—satellite like complex with relatively large gaps
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between bound DC-SIGN molecules. Further binding of DC-
SIGN molecules only occupies the gaps between bound DC-
SIGN molecules without increasing the overall complex size.
The Dy, plateauing at a lower PGR of 8 for the GS-EG,-glycans
may be a combination of the same effect and steric hindrance, as
crowding at near-saturation prevents further DC-SIGN
molecules from binding.

Repeating the DC-SIGN binding studies with GS-EG,-
glycans made in LGMRs of 500 and 300 largely followed the
same trend, with the D, of the species corresponding to single
GS-glycan particles coated with a monolayer of DC-SIGN
molecules plateauing at PGRs of around 6:1. The Dys of the DC-
SIGN monolayer coated GS-glycan species at each PGR along
with their Gaussian fits are shown in SI, Figures S16—29. Less
variations in the saturated Dy, values were observed for the 500
and 300 LGMR GS-glycans than the 1000 LGMR ones with the
three different EG,, linker lengths, consolidating the assumption
that the GS-glycans made at lower LGMRs are less sterically
hindered than those at 1000. Therefore, they have sufficient
space to fold up upon the linkers, giving a smaller Dy even after
binding with DC-SIGN. Representative Dy, histograms for GS5-
EG,-DiMans (n =2, 6, and 12, LGMR = 300) binding with DC-
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Figure 4. (A) Schematic principle of the GNP fluorescence quenching assay for quantifying DC-SIGN-GS-glycan binding. Before binding, the Atto-
643 labels on free DC-SIGN are separated far from the GS surface, giving off strong fluorescence upon excitation. After binding, the Atto-643 labels on
DC-SIGN are brought into the proximity of the GS surface, leading to efficient quenching of Atto-643 fluorescence by G5 in the proximity via the
NSET mechanism. Therefore, the quenching efficiency (QE) is positively linked to the portion of DC-SIGN molecules bound to GS-glycans, making it
areliable readout for binding quantification. (B—F) QE—C relationships for DC-SIGN binding to various GS-glycans prepared at LGMR of 1000: (B)
GS-EG,-DiMan, (C) GS-EG¢-DiMan, (D) GS-EG,-DiMan, (E) GS-EG,-Fuc, (F) GS-EG¢-Fuc, and (G) GS-EG;,-Fuc at three different temperatures
(22, 27, and 32 °C) fitted by Hill’s equation (eq 2). The fitting parameters are given in Table 1.

SIGN at three different PGRs of 0, 6, and 12 are shown in Figure
3.

All samples showed the presence of D, values corresponding
to the DC-SIGN monolayer coated single GS-glycan particles,
especially at the low PGRs of < 8, which are often the only or the
dominant species. Interestingly, for the GS-EG,,c-DiMan
prepared at LGMR of 300, some much larger structures with
Dys of ~ 4000 nm were also observed at a high PGR of 12,
indicating that a second cross-linking mode of binding occurred.
Such large cross-linked species were almost absent at the lower
PGR of 6. This result is likely due to a spatial mismatch between
the binding surface of the DC-SIGN tetramers and the GS5-
glycans under such low surface glycan valencies and large
interglycan distances, rendering it less likely that glycans on one
GS surface can bridge all four CRDs for every bound DC-SIGN
tetramer, especially at the high PGR of 12. If one or more DC-
SIGN CRDs remain unbound by one GS5-glycan, a second GS-
glycan may bind to such unoccupied CRDs to maximize the
favorable binding enthalpy term, creating a large, cross-linking

network. The relative abundance of the cross-linked to
monolayer DC-SIGN coated GS-glycan species is reduced as
the linker length increases from EG, to EGy, (Figure 3, A3-C3,
especially for GS-EG,,-DiMan where the cross-linked species is
almost diminished), indicating that the increased flexibility of
the longer linkers affords GS-EG,-glycans better ability to
bridge all four CRDs in one DC-SIGN tetramer, making it more
likely to form small monolayer DC-SIGN coated single GS-
glycan particles. This result highlights the importance of linker
length and flexibility on GS-glycans in controlling the spatial
constraints of the DC-SIGN CRDs and hence its binding mode.

Quantifying G5-EG,-glycan-DC-SIGN Binding Affinity.
To investigate how glycan type, density and linker length affect
their MLGI with DC-SIGN, we quantified their binding
affinities using GNP’s strong fluorescence quenching proper-
375556 We have demonstrated previously that our GNP
fluorescence quenching assay is not only sensitive but also
robust in quantifying DC-SIGN based MLGI biophysical data: it
gave effectively the same AH® values as those by isothermal

ties.
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Table 1. Summary of the Apparent Binding K, and QE,,,, of DC-SIGN Binding to Various GS-EG,-glycan Conjugates at 22 °C*

K, (nM) QE,,,, (%)
LGMR = 1000 LGMR = 500 LGMR = 300 LGMR = 1000 LGMR = 500 LGMR = 300
GS5-EG,-DiMan 1.9 + 0.4 2.0+ 0.5 43+08 87.5 + 0.5 716 + 1.3 70.1 £ 1.0
G5-EG¢-DiMan 3.5+ 07 2.1+07 38405 753+ 16 702 + 1.4 678 + 1.1
GS5-EGy,-DiMan 58+ 1.0 37+08 47 04 642 + 34 509 + 12 68.5 + 0.9
GS5-EG,-Fuc 44402 5.6+ 04 54+ 1.0 81.6 + 0.7 770 + 1.2 723408
GS-EG¢-Fuc 39406 41406 6.0+ 06 69.8 + 2.1 794 + 1.2 67.8 + 1.1
GS-EG,-Fuc 139+ 34 79+19 11.6 + 2.6 57.6 3.0 594 +32 537 +03

“Data were derived from Figure 4 and Figures S31—-S33.

titration calorimetry (ITC).”” GS has a relatively low molar
absorption extinction coefficient (1.1 X 10" M~ cm™), it can
offer a relatively wide concentration range (e.g., 1—100 nM) for
affinity quantification without introducing significant inner-filter
effects.>”*® Here, varying concentrations (3—100 nM) of
Atto643 labeled DC-SIGN were mixed with 1 mol equiv of
GS-glycans (prepared under three different LGMRs of 1000,
500 and 300) in a HEPES binding buffer (20 mM HEPES, 100
mM NaCl, 10 mM CaCl,, pH 7.8) containing large excess of a
nontarget serum protein, bovine serum albumin (BSA, 1 mg/
mL).”” BSA serves to minimize any possible nonspecific
interactions and reduce nonspecific adsorption of proteins
and/or GNPs on surfaces, which can be a major source of
experimental errors for binding assays performed at low
concentrations (<10 nM).57 Moreover, serum proteins are of
high abundance in vivo, therefore, this also makes the binding
environments resemble real biological situations more closely.
The GS5-glycans + labeled DC-SIGN samples were incubated in
the binding buffer for 20 min at room temperature before their
fluorescence spectra (650 to 800 nm) were recorded under a
fixed excitation wavelength, 4., of 630 nm. Atto643, a strongly
hydrophilic, far-red emitting fluorophore, is employed here to
minimize any interference to fluorescence measurement by
GNP’s inner filter effect (GNP has low absorption in the far-red
region of the visible spectra).”® Binding of labeled DC-SIGN to
GS-glycans will bring the labeled Atto-643 fluorophores on DC-
SIGN to the proximity to the G5 surface, leading to efficient
quenching of Atto-643 fluorescence via GNP based NSET
quenching mechanism, whereas unbound free DC-SIGN
molecules are separated far away from GS surface, leading to
no fluorescence quenching (Figure 4A). Labeled DC-SIGN only
samples (without GS-glycans) were also recorded under
identical conditions, which serve as controls to determine the
quenching efficiency (QE) at each concentration via eq 1, where
IF, and IF are the integrated fluorescence of labeled DC-SIGN
in the absence and presence of 1 mol equiv of GS-glycans,
respectively.”’

QE (%) B —1F 100
) = ——
IF,

0

(1)

From this, K3 was calculated by fitting with Hill's Equation (eq
2; where QE,,,., is the maximum quenching efficiency, [P] is the
protein concentration, Ky is the apparent equilibrium binding
dissociation constant (or effective concentration for 50% of
binding/maximal quenching) and 7 is the Hill coefficient. Here,
n = 1 was assumed for all fittings as no cooperativity was
expected to occur since the affinity assays were performed under
a PGR of 1. Where each G5-glycan should be bound with just
one lectin, hence no intermolecular lectin—lectin interactions
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were expected to inhibit or promote further lectin-GS-glycan

binding.‘W_39
E__[P]"
Q= LslPV
K" + [P] 2)

Representative fluorescence spectra of labeled DC-SIGN
before and after mixing with 1 mol equiv of GS-EG,-DiMan
(LGMR 1000) under varying concentrations (Cs) are shown in
SI, Figure S30. It reveals that in the absence of GS-EG,-glycan,
DC-SIGN fluorescence increases linearly with C, whereas in the
presence of 1 mol equiv of G5-EG,-DiMan, its fluorescence is
greatly quenched and deviates increasingly more from the linear
relationship with the increasing C, suggesting an increasingly
higher portion of the added DC-SIGN molecules are bound to
GS-EG,-DiMan and get quenched. The QE - C relationships and
their best fits with eq 2 for DC-SIGN binding to GS-EG,-DiMan
and GS-EG,-Fuc (LGMR = 1000, n = 2, 6, and 12) under three
different temperatures, 22°,27° and 32°, are given in Figures 4B-
4D and 4E-4G, respectively.

It is apparent that the maximal quenching (QE,,,,,) is reduced
with the increasing EG, linker length and temperature,
signifying weakened binding affinity. The resulting apparent
binding Kys and QE,,,, values derived from fitting the QE-C
plots are summarized in Table 1. The QE - C relationships and
fittings for DC-SIGN binding to other GS-glycans (LGMRs =
500 and 300), and their fitting parameters are shown in SI,
Figures S31—33 and Tables S4—S6, respectively. Based on the
apparent Ky and QE,,,, values shown in Table 1 above, five
conclusions can be drawn:

(1) The binding interactions between DC-SIGN and all GS-
glycans are strong, with low nM apparent Kgs (e.g., 1.9—
14 nM), which translates into up to ~ 480,000-fold tighter
binding than the corresponding monovalent binding
between DiMan and DC-SIGN CRD (K, = 0.9 mM)
measured by ITC.>® This result suggests that a polyvalent
display of the glycan ligands on a G5 scaffold surface
greatly enhances their MLGI affinity for DC-SIGN.

(2) QE,.x generally decreases with the increasing EG,, linker
length. Although GNPs can quench fluorescence almost
completely when they are in close proximity,” the QE
decays rapidly with the increasing distance (inversely
proportional to fourth power of distance).””** Since the
GS coated with glycan ligands of longer linkers have larger
hydrodynamic radii, Ry, (R, = 1/2 Dy, SI, Table S1) than
shorter linkers, the bound DC-SIGN molecules (hence
fluorophores) are placed further away from the GNP
surface, leading to reduced QE_, as expected. For
example, the QE,_, obtained with GS-EG,,-DiMan
(LGMR 1000, R, ~ 8.9 nm) was ~ 64%, which is
considerably lower than ~ 88% obtained with G5-EG,-
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Table 2. Summary of the Standard MLGI Thermodynamic Parameters for DC-SIGN Binding with GS5-glycans of Varying EG,
Linker Lengths Prepared at Different LGMRs (1000, 500, and 300) at 298 K*

AH® (k] mol™)

AS° (J K™ mol™) AG® (k] mol™)

LGMR = LGMR = LGMR = LGMR =
1000 500 300 1000

GS-EG,-DiMan —97+3 —-95+3 —71+1 —162 + 8
GS-EGg- DiMan ~ —109+12  —112+2  —109+8 —209 + 41
GS-EG,,- DiMan ~ —126+2 —118+1  —109+6 —271+38
GS-EG,-Fuc 105 +3 —86+17  —48+4 ~195 + 10
GS-EG¢-Fuc 77 + 4 —11+£10 -96+13 —101+13
GS-EG,,-Fuc 137+ 1 —125+15  —139+1 314+ 4

“SDs represent fitting errors.

LGMR = LGMR = LGMR=  LGMR=
LGMR = 500 300 1000 500 300
-158 £100  —82%5 49+ 4 —48430  —47%2
211477 210425  —47+17 49423  —47%11
-239+36 21018  —46+3 —47+11  —46+38
—132 £ 58 —5+13 —47+4 —46+25  —47+5
—2104£33  —168+42  —47+6 —49+14  —46+18
—269+40  -318+3 —44+2 —45+21 441

DiMan (LGMR 1000, R, ~ 6.4 nm). The same trend was
also observed for the G5-EG,-Fuc prepared at the highest
LGMR of 1000. Although some deviations from this trend
were observed for GS5-glycans prepared at the lower
LGMRs, especially at the lowest LGMR of 300. This is
likely due to that, under such sparse ligand coating
conditions, the long EG, -linkers can fold up, affording the
GS-EG,-glycans with almost the same Ry, values, despite
variations in the EG, linker length. As a result, the
fluorophores on DC-SIGN molecules are placed at almost
a constant distance from the GS surface after binding,
leading to similar QEs.

(3) DC-SIGN binds more strongly to GS-DiMans than to
their G5-Fuc counterparts. This is likely due to DiMan’s
more extended binding profiles over Fuc with DC-SIGN
CRD, allowing DiMan to exploit not only the CRD’s
primary (via coordination to the Ca®" ion via its 3,4-OH
groups, the same as Fuc)'"*’ but also secondary bindin$
sites (via hydrogen bonding to Ser360 and Glu358),'
alongside the ability of forming further van der Waals
interactions with residues lying outside the primary
binding pocket, such as Phe313, giving rise to a greater
MLGI affinity enhancement.'" While Fuc has previously
been identified to be a binding ligand for DC-SIGN, most
previous studies have been based on DC-SIGN binding to
Fuc containing oligosaccharides, such as the Lewis
glycans and blood group A/B antigens,"***~°" not
the monosaccharide Fuc itself. Here, we have demon-
strated that a polyvalent display of the monosaccharide
Fuc alone can produce a strong DC-SIGN binder with
apparent Kgs as low as 3.9 nM. This affinity is considerably
stronger (~9 fold) than that of GS-EG,-Man (apparent
Ky =33 + 2 nM),” its monosaccharide mannose ligand
coated GS counterpart with identical LA-anchoring group
and EG, linker length. This finding is consistent to the
literature result that DC-SIGN binds more strongly to
Lewis—giycans than to oligomannose in glycan micro-
arrays.

(4) Increasing the EG, linker length generally weakens GS-
glycan’s MLGI affinity for DC-SIGN (e.g,, K3 = 1.9 vs. 3.5
vs. 5.8 nM for G5-/EG,-, EG4- and EG,- DiMan, LGMR
= 1000, respectively). The decrease in apparent binding
affinity with the increasing linker length is not unexpected,
due to the longer EG, linkers causing a more flexible and
disordered display of terminal glycans which have more
conformational and rotational degrees of freedom. Hence
there is a greater entropic penalty upon DC-SIGN
binding,36 reducing the overall favorable Gibbs free
energy change (AG). The only exceptions are GS-
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DiMans prepared at the lowest LGMR of 300, where their
DC-SIGN affinities are almost independent of EG,, linker
length. This result might be due to the presence of both
simultaneous tetravalent binding and cross-linking
interactions for G5-EG,/EG¢-DiMan, but mainly simul-
taneous tetravalent binding for GS-EG),-DiMan as
indicated by the Dy, histograms of the formed complexes
(see Figure 3).

(S) Varying glycan density (within the range studied here)
does not significantly impact GS-glycans’ binding affinity
with DC-SIGN. This is likely due to the fact that the
glycan densities in all GS-glycans here (from 0.57 to 2.9
nm?/ glycan, see SI, Table S2) are above the minimal
glycan density threshold (~7 nm?/per glycan, assuming
all flexibly presented glycans beneath the footprint of a 3
nm spherical CRD are available for binding)*’ required to
form multivalent binding with DC-SIGN CRDs, making
their DC-SIGN binding strong and comparable. While
this assumption may not be true for GS5-EG,-glycans
which have the shortest linker, in that case, their
suboptimal binding AH terms (due to <4 CRDs engaged
in binding) are compensated by a notable reduction of
entropic penalty (i.e, less negative AS), leading to
comparable overall binding AG values and hence affinities
(AG=RT In(K}), see later thermodynamic section, Table
2).

Previously, we have probed the MLGI thermodynamics of
DC-SIGN binding with QD-DiMan (~4 nm CdSe/ZnS core/
shell quantum dots coated with DHLA-EG;;-DiMan)*” or Gx-
DiMan (x = 5, 13, and 27 nm GNPs coated with the LA-EG,-
DiMan ligand)** by measuring their temperature-dependent
K;s viaa QD-FRET (Forster resonance energy transfer) or GNP
based NSET (nano surface energy transfer) readout followed by
van’t Hoff analysis of the In(K;)—(1/T) plots.””*® We have
revealed that DC-SIGN binding with QD/Gx-DiMan is
enthalpy-driven with a standard binding enthalpy change,
AH®, of ~ — 100 kJ/mol, approximately four times that of the
monovalent binding (AH,.,.° = — 25.8 kJ/mol),”” indicating
that all four CRDs in each DC-SIGN molecule are engaged in
binding to the QD/GNP-DiMan.””*® Furthermore, the
unfavorable binding entropic change, AS°, was found to
decrease with the increasing GNP size, attributed to larger
scaffolds having a higher proportion of unbound free surface
ligands that have retained their conformational and rotational
degrees of freedom.*® The lesser entropic penalty (less negative
AS°®) can explain DC-SIGN’s stronger affinity for the larger
GNPs over the smaller ones bearing the same glycan.”®

To investigate the impact of linker length and glycan density
on DC-SIGN MLGI thermodynamic parameters, we further
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Figure S. van’t Hoff analyses of the In(K;)—(1/T) relationships for DC-SIGN binding with GS-EG,-glycans prepared at a LGMR of 1000: (A) GS-
EG,-DiMan (gray), GS-EG¢-DiMan (red), and GS-EG,-DiMan (blue) or (B) GS-EG,-Fuc (gray), GS-EG¢-Fuc (red), and GS-EG,-Fuc (blue). (C)
Comparison of the standard enthalpy (orange), entropy (green), and Gibbs free energy (purple) changes of GS-EG,-DiMan (LGMR = 1000) binding
with DC-SIGN at 298 K. (D) Comparison of the standard enthalpy (orange), entropy (green), and Gibbs free energy (purple) changes of GS-EG,-Fuc
(LGMR = 1000) binding with DC-SIGN at 298 K. SDs represent fitting errors.

measured the apparent K;s for DC-SIGN binding with G5-EG,-
glycans (prepared at LGMRs of 1000, 500 and 300) under three
different temperatures (e.g., 22, 27, and 32 °C). We then applied
the van’t Hoff analysis (eq S) to derive their binding
thermodynamics by combining the two Gibbs free energy eqs
(egs 3 and 4):*7%*

AG = AH — TAS’ &)

AG = —RT In(K,) = RT In(K,) )
AH 1 AS

In(K;) = —— — —

where AG® is the change of the binding Gibbs free energy, K, is
the equilibrium association constant, K is the equilibrium
dissociation constant (where K, = 1/K;), T is the absolute
temperature in degrees Kelvin, and R is the ideal gas constant.

Figure SA-B show the van’t Hoff plots and linear fits of the
In(Ky) - (1/T) relationships for the DC-SIGN binding with GS-
glycan (LGMR = 1000). The In(Ky) - (1/T) plots for DC-SIGN
binding with GS-glycans made at LGMRs of 500 and 300 are
given in SI, Figures $34—35. The slope and intercept obtained
from the linear fits correspond to the (AH°/R) and (-AS°/R)
terms, respectively, allowing us the derive the AH® and AS°
values of DC-SIGN binding with various GS-glycans. The MLGI
thermodynamic parameters obtained for DC-SIGN binding to
GS-glycans (LGMR = 1000) are shown in Figure SC—D. The
detailed thermodynamic parameters for DC-SIGN binding with
GS-EG,-glycans prepared at all three LGMRs are summarized in
Table 2.
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Three notable conclusions can be drawn from the results
shown in Table 2.

(1) GS-EG,-glycan conjugates binding with DC-SIGN were
found to be thermo-dynamically favorable (with large
negative binding AG® values) and exhibited both negative
binding AH® and AS°® values, indicating favorable binding
enthalpy but unfavorable entropy terms. Therefore, their
bindings are all enthalpically driven. Their binding AG®
values are similar, all within error of each other, indicating
the overall energy release from binding is not drastically
affected by linker length, glycan density or glycan identity
under our experimental conditions.

(2) Most of the GS-EG,-glycans binding with DC-SIGN
display a AH® value of around 4-fold that of the
corresponding monovalent binding measured by ITC
(—25.6 kJ mol™),*" indicating all four CRDs in each DC-
SIGN molecule are engaged in binding to GS-glycans. At
LGMR of 300, however, the G5-EG,-glycans binding with
DC-SIGN display a AH® value of —71 or —48 k] mol ' for
DiMan and Fug, respectively, implying that fewer than
four DC-SIGN CRDs might be engaged in binding. Here,
the density of the glycans (with the shortest EG, linker)
on the GS surface may be too sparse to effectively engage
all four CRDs in one DC-SIGN molecule simultaneously.
For GS-EG,-glycans at LGMR 300 with longer linkers
(EGg and EGy,), their DC-SIGN binding AH® values
returned to ~ —100—140 kJ mol ™!, suggesting that the
longer and more flexible linker can adapt well to bind all
four CRDs of one DC-SIGN successfully, even allowing
for enthalpically enhanced binding where NAH® .., <

AHC, (where N is the number of interactions). This
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Figure 6. Plot of normalized luciferase activities of DC-SIGN- or DC-SIGNR-expressing 293T cells after treatment with varying concentrations of (A)
GS-EG,-DiMan, (B) GS-EG¢-DiMan, (C) GS-EG,,-DiMan, (D) GS-EG,-Fuc, (E) GS-EG¢-Fuc, and (F) GS-EG;,-Fuc as inhibitors to block VSV/
EBOV-GP cell entry. Graphs were fitted by eq 6, and error bars represent the standard deviations (SDs) of technical quadruplicates at each
concentration. Experiments were repeated twice, and data from one representative experiment are shown.

result matches that of the binding mode studies described
in the previous section, where G5-EG,-DiMan (LGMR
300) was found to cross-link with DC-SIGN molecules to
form large scale GS-lectin assemblies, indicating the
existence of bi- or tri- valent binding for DC-SIGN
molecules under such conditions. Moreover, the relative
abundance of the cross-linked to monolayer species is
reduced with the increasing EG,-linker length (see Figure
3).

(3) For GS-glycan based MLGIs engaging DC-SIGN’s all four
CRDs, their binding AS° values generally became
increasingly more negative with the increasing EG, linker
length, indicating the increased entropic penalty in
constraining such more flexible and hence more
disordered linkers upon binding to DC-SIGN. This result
is consistent with, and likely the cause of, the weaker
affinities observed for GS-glycans with the longer EG,,-
linkers over the shorter, less flexible EG,-linker, as their
AH?° values are similar across the different linker lengths.
When fewer than four CRDs in one DC-SIGN are
engaged in binding as indicated by their AH® values, their
AS° value is less negative than those engaging all 4 CRDs;,
due to the lower entropic penalty of constraining only 2 or
3 linkers per DC-SIGN molecule.

Relating to the last two points, the weaker binding AH®
observed for the G5-EG,-glycans at the lowest glycan densities
was offset by the lower entropic penalty associated with binding
fewer linkers per G5-EG,-glycan. As a result, the overall binding
affinities remained relatively constant across all GS-glycans
prepared under different LGMRs, despite their distinct
underlying thermodynamic profiles. This highlights the

importance of detailed investigation into the mechanisms
behind MLGIs, as the binding affinity alone would suggest little
impact of changing valency. This result also shed light on how
binding affinity is a fine balance between the binding AH® and
AS° terms which are affected by both glycan density and linker
flexibility.

Overall, G5-EG,-glycans made in LGMRs of 1000 and 500
show great consistency between apparent binding affinity,
maximum enthalpy enhancement and minimum entropic cost,
indicating that glycans with short linkers and a valency of > 350
per GS provides an optimal combination of spatial topology,
linker entropy and local concentration for statistical rebinding to
generate strong MLGI to DC-SIGN. To improve the potency of
drugs and/or therapeutic interventions, it is important to
enhance the drug—target binding affinity. This can be achieved
by maximizing their favorable binding enthalpy terms while
reducing unfavorable entropic terms. Our results show that
creating a suitable polyvalent display of glycans with a suitable
short linker which is well spatially matched to target lectin’s
binding sites could be a suitable solution.

Blocking DC-SIGN/R-Mediated Augmentation of
Ebola Virus Glycoprotein-Driven Transduction. The
above MLGI studies between GS-glycans and DC-SIGN were
all performed in a buffer solution, which is different from DC-
SIGN’s native environment on dendritic cell membranes. To
investigate how DC-SIGN-GS-glycan solution binding behav-
iors are correlated to those on cell membranes, a cellular viral
inhibition assay was conducted. The strong affinities of the G5-
glycans with DC-SIGN suggests that they should be able to bind
strongly to DC-SIGN molecules on cell surfaces, effectively
blocking DC-SIGN from binding to viral glycoproteins and
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Table 3. Summary of the Inhibition Data for GS-glycans (LGMR = 500) against DC-SIGN/R-Mediated EBOV-GP-Driven

Infection of 293T Cells”

DC-SIGN DC-SIGNR
GS-EG,-glycan ICy, (nM) P R* ICs, (nM) p R?
EG,-DiMan 0.14 + 0.008 0.82 + 0.04 0.940 0.46 + 0.04 0.77 + 0.05 0.985
EG4-DiMan 0.16 + 0.009 0.81 + 0.04 0.973 031 +0.13 0.66 + 0.17 0.959
EG,,-DiMan 0.21 + 0.03 0.79 + 0.08 0.974 0.34 + 0.06 0.72 + 0.08 0.967
EG,-Fuc 0.17 + 0.03 0.84 + 0.13 0.957 - - -
EG¢-Fuc 0.39 + 0.05 0.92 + 0.09 0.994 - - -
EG,-Fuc 0.25 + 0.05 0.67 + 0.09 0.982 - - -

“Errors represent the SDs of the fitting.

augmentation of viral entry into host cells. Here, a second
tetrameric lectin viral receptor, DC-SIGNR,*" was also
employed as a control lectin to investigate their antiviral
selectivity. DC-SIGN and DC-SIGNR (collectively referred to
as DC-SIGN/R) are closely related, sharing 77% amino acid
homology, and have almost identical tetrameric architecture and
monovalent CRD-mannose binding motifs.**** Despite close
similarity in binding to mannose containing glycans, only DC-
SIGN, but not DC-SIGNR, was found to bind strongly to fucose
containing glycans in glycan microarrays.44

To investigate whether GS-glycans (prepared at a LGMR of
500 as they show the highest consistency in DC-SIGN binding
behaviors) can effectively block DC-SIGN/R- mediated viral
entry into host cells, human embryonic kidney 293T cells were
transfected to express DC-SIGN or DC-SIGNR on their surface.
Single cycle vesicular stomatitis virus (VSV) particles encoding
the luciferase gene and bearing the Ebola virus surface
glycoprotein (EBOV-GP) were used to model Ebola virus
entry into the transfected cells. VSV particles bearing the
vesicular stomatitis virus glycoprotein (VSV-G) were employed
as a specificity control.”” ~>” The specific binding of the EBOV-
GP to cell surface DC-SIGN/R receptors should promote viral
attachment and entry into host cells, as indicated by enhanced
luciferase signals. Binding high-affinity GS-glycans to cell surface
DC-SIGN/R receptors should prevent them from being able to
bind EBOV-GP, thereby blocking virus entry into host cells. We
have previously demonstrated that this cellular model for viral
entry is highly robust.”’ =’

VSV/EBOV-GP particles were added to mock treated cells
(293T cells transfected with empty plasmid) or 293T cells
transfected with either DC-SIGN or DC-SIGNR encoding
plasmid. As expected, cells transfected to express DC-SIGN/R
showed a 10+ fold increase in luciferase activity compared to the
mock cells, indicating VSV/EBOV-GP entry into cells was
significantly enhanced by DC-SIGN/R. Mock cells still showed
a small increase in luciferase activity compared to those not
exposed to VSV/EBOV-GP particles, as expected since DC-
SIGN augments but is not essential for EBOV-GP-driven entry
into 293T cells. Moreover, VSV/VSV-G particles, which cannot
employ DC-SIGN/R for augmentation of cell entry, were
unaffected by DC-SIGN/R transfection as expected (see SI,
Figure S36).

The raw viral inhibition data are presented in SI, Figures S37—
$38. All GS-glycans significantly and dose-dependently inhibited
DC-SIGN-dependent augmentation of VSV/EBOV-GP entry,
while only GS-DiMan, but not GS-Fug, significantly inhibited
DC-SIGNR-dependent viral entry. This is not unexpected,
because GS-EG,-Fuc (prepared at a LGMR of 500) gives no
measurable specific interactions with DC-SIGNR assessed by
the GNP fluorescence quenching assay. It gives the same low
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levels of QEs as the GS-EG,—OH negative control (GS coated
with the LA-EG,—OH ligand) showing no specific binding with
DC-SIGN/R,* across the whole range of concentrations
studied (SI, Figure S39). This result is consistent with literature
that Fuc (presented in multivalent glycan microarrays) does not
bind to DC-SIGNR, while DiMan binds to both DC-SIGN and
DC-SIGNR.* The normalized viral inhibition data were well
fitted by a logarithmic dose response model (eq 6) and shown in
Figure 6.

1

NA =
1+ IO(IDSICSO_IOSC)P (6)

where NA is the luciferase activity normalized to the
corresponding control collected in the absence of the GS-
glycans, ICs, is the concentration giving 50% inhibition, C is the
GS-glycan concentration, and p is the Hill slope.

While the ICs, value is important in determining the efficacy
of viral inhibition, the Hill slope p is also of great importance: it
determines how quickly an inhibitor can achieve complete
inhibition with the increasing C. For example, if two inhibitors
have the same IC;, but different p values of 0.5 or 1, respectively,
then the inhibitor concentration required to achieve 99%
inhibition will be 9801- or 99- times the ICj, value, respectively.
Therefore, an inhibitor with p = 0.5 would be much less effective
than that with p = 1, requiring almost 100-fold higher
concentrations to achieve the same 99% inhibition despite
having the same ICj, value.

GS-DiMan were able to effectively block both DC-SIGN and
DC-SIGNR mediated viral entry while GS-Fuc only effectively
blocked DC-SIGN-, but not DC SIGNR-, dependent
augmentation of viral entry, even at high concentrations. This
result is fully consistent with literature that DC-SIGN binds
strongly to both mannose- and fucose- containing glycans, DC-
SIGNR however, only binds strongly to mannose-, but not
fucose-, containing glycans.** Importantly, compared to VSV/
EBOV-GP, luciferase activities of the control VSV/VSV-G
particles which do not use DC-SIGN/R for cell entry, were not
significantly affected by GS-glycan treatment, confirming that
the observed inhibitory effects were specific (SI, Figures S37/
38). Furthermore, all GS-glycans were found to exhibit no
measurable cytotoxicity against 293 T cells across the
concentration range used in antiviral studies, confirming that
the observed viral inhibition effects are not artifacts of cellular
toxicity (SI, Figure S40). The ICsy, p, and R? values from the best
fits for each GS-glycan are summarized in Table 3.

While GS5-EG,-DiMan were able to effectively block both DC-
SIGN and DC-SIGNR-dependent cell entry, their activity
against DC-SIGNR-dependent viral entry was weaker (in-
dicated by higher ICj, values). These results are consistent with
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our previous data showing that mannose based GS-glycans bind
more strongly to DC-SIGN than to DC-SIGNR,**** due to
different orientations of their four CRDs.*® In DC-SIGN, all four
CRDs face upwardly, hence one GS-glycan can simultaneously
bind to all 4 CRDs in each DC-SIGN, completely blocking their
ability to interact with EBOV-GPs on the virion surface to
mediate viral entry. In contrast, the four outwardly positioned
CRDs in each DC-SIGNR molecule only allow each GS-DiMan
to bind divalently via two outward facing binding sites, making it
difficult to fully block all cell surface DC-SIGNR receptors from
binding to viral surface EBOV-GPs to achieve complete
inhibition.””

Interestingly, the inhibition potency of GS-EG,-DiMan
against DC-SIGN-dependent viral entry showed a degree of
dependence on the linker length, where their IC;, values were
found to increase (become less potent) with the increasing EG,,
linker length. This result correlates well with their relative DC-
SIGN affinities measured by GNP based NSET quenching
experiment described in the previous section, where increasing
the EG,, linker length in G5-EG,-DiMan generally results in a
weaker DC-SIGN binding affinity. Alongside this, a decrease of
the Hill slope p was also observed for G5-EG,-DiMan with the
increasing EG, linker length, indicating markedly higher
inhibitor concentration is required to completely block viral
inhibition.

All GS-Fuc glycans strongly inhibited viral entry mediated by
DC-SIGN as expected from their strong DC-SIGN binding
affinity described in the previous section. Unexpectedly, the ICs,
for GS-EGg-Fuc was found to be slightly higher (less potent)
than that of GS-EG,-Fuc (0.39 + 0.05 vs. 0.25 + 0.05 nM)
despite a stronger apparent DC-SIGN binding affinity (K4 4.1 +
0.6 vs. 7.9 + 1.9 nM). A careful examination revealed that the
lack of inhibition at the two lowest concentrations for GS-EG-
Fuc (Figure 6E) was responsible for this discrepancy. However,
after considering the Hill slope, the concentrations required to
achieve a 99% inhibition for GS-EG,-Fuc were calculated to
follow a single pattern with the increasing EG, linker length
(ICy = 40, 58, and 238 nM for EG, EG, and EGy,
respectively). This result further highlights the importance of
considering both the ICy, and the Hill slope p. Importantly, Fuc
coated GSs showed minimal inhibition to DC-SIGNR mediated
viral transduction (Figure 6D-F). This result is not unexpected
because GS-EG,-Fuc shows no measurable specific interactions
with DC-SIGNR (S, Figure $39) and is fully consistent with the
previous literature results.”

While ICs, and K values cannot be compared directly as they
do not describe the same thing and were obtained under
different binding environments, on cell membrane vs. in buffer
solution. Nevertheless, a positive correlation between ICy, and
K4 was observed, where a lower Ky generally equaled a lower
ICsy, and their relative values for the shorter (EG,, EG4) and
longer (EGy,) linkers showed the same fold differences. For
example, GS5-EG,/¢-DiMan exhibited 1.4—2-fold stronger
affinity with DC-SIGN (lower K;) than GS-EG,-DiMan and
the ICs, of EG, s-DiMan is ~ 1.5-fold lower (stronger inhibitor)
than GS-EG,,-DiMan. Furthermore, GS-EG -DiMans were
found to be both stronger DC-SIGN binders and better
inhibitors against DC-SIGN mediated viral infection than their
GS-EG,-Fuc counterparts. Overall, the excellent potency of the
GS-EG,-glycans, especially for the ones with the shortest EG,
linker, in blocking DC-SIGN mediated augmentation of EBOV-
GP-dependent viral entry is highly promising. Their impressive,
sub-nM ICj, values (0.14 + 0.01 and 0.17 + 0.03 nM for G5-

EG,-DiMan and Fuc, respectively) are comparable or even
better than some of the most potent glycoconjugate inhibitors
against DC-SIGN-mediated pseudo-Ebola virus entry of host
cells reported in literature, including the giant globular
multivalent glycofullerenes (ICs,: 0.67 nM),* the virus-like
glycodendrinanoparticles (ICsy: 0.91 nM)°* and the QD-EG;-
DiMan reported by our group (ICsy: 0.70 + 0.2 nM).*° This is
important because glycoconjugate based viral entry inhibitors
can offer two key advantages over other antiviral approaches.
First, they can prevent viral mutations by blocking the virus from
entering host cells. Second, their antiviral effectiveness is less
likely to be affected by viral mutations than other antiviral
strategies, since viral surface glycans are mostly conserved across
different viral variants.”” Therefore, the GS5-EG,-glycans
reported herein, with their excellent potency in blocking DC-
SIGN-mediated EBOV-GP driven viral infection of host cells,
appear to be a potential promising antiviral agent against a range
of viruses exploiting DC-SIGN for host cell entry.

B CONCLUSIONS

In summary, by exploiting the versatile robust gold—thiol
chemistry, tunable architecture and powerful fluorescence
quenching properties of GNPs, we have developed polyvalent
glycan-GNPs as biophysical probes to investigate how glycan
type, linker lengths and surface glycan densities control their
MLGI behaviors with DC-SIGN. Using the GNP based NSET
fluorescence quenching assay, we have shown that binding of
DC-SIGN with GS-EG,-glycans is enthalpy driven, with large
negative binding AH® values of ~ 4 times that of the
corresponding monovalent binding, suggesting that all four
CRDs in each DC-SIGN molecule are engaged in binding to one
GS-glycan at relatively high glycan valencies (i.e., > 350 per GS).
Moreover, we have revealed that increasing EG,, linker length
(from EG, to EG,,) weakens GS-glycan’s MLGI affinities with
DC-SIGN, due to an increased entropic penalty. Interestingly, at
lowest glycan densities (<180 glycans per GS), GS-glycans with
the shortest EG, linkers give significantly lower negative AH®
values, being ~ 2—3 times that of the corresponding monovalent
binding, suggesting that this GS-glycan architecture presents a
mismatch with the binding surface of tetrameric DC-SIGN.
Nevertheless, their binding AH® value was returned to ~ 4 times
that of the monovalent binding as linker length is increased to
EG,,, highlighting how linker flexibility can allow for deviation
from spatial constraints of the DC-SIGN CRDs. This result
agrees well with the binding mode studies, where dominant
cross-linking binding (indicative of <4 DC-SIGN CRDs
engaged in binding to one GS-glycan) was observed for GS-
DiMan with the lowest density and shortest linker length, while
dominant DC-SIGN monolayer binding species (indicative of
all 4 CRDs binding to one GS-glycan) were observed for all
other GS-EG,-glycans. Interestingly, a reduction of favorable
binding AH® term was found to be compensated by a reduction
of unfavorable binding AS° term (and vice versa), giving rise to a
very similar overall binding AG® value (hence overall K, as AG®
= RT In(K;)). Overall, this work has revealed useful rules for
designing glycoconjugates for targeting multivalent lectins. First,
reducing glycan flexibility (via short, less flexible linkers) can
reduce binding entropic penalty, thereby enhancing afhinity.
However, to retain optimal binding enthalpy, glycans presented
on rigid linkers must match closely the spatial organization of
lectin’s binding sites. Second, lowering glycan density reduces
the ability of glycans to simultaneously bind to all CRDs in one
lectin, but this can be reinstalled by introducing long flexible
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linkers. Therefore, finding the right balance between enthalpic
and entropic factors is vital.

Finally, we have demonstrated that GS-EG,-DiMans are
highly potent inhibitors against both DC-SIGN and DC-SIGNR
mediated pseudo-Ebola virus cellular infection with sub-nM
level IC, values, whereas GS-EG,-Fucs are efficient only against
DC-SIGN, but not DC-SIGNR, mediated viral cellular entry.
Their viral inhibition data showed good consistency with their
solution MLGI affinities, where stronger binding (lower
apparent K;) equated to a stronger inhibitor (lower ICsp).
This trend, however, was reversed for inhibiting DC-SIGNR-
mediated viral infection where GS-glycans with a longer linker
tended to display a stronger inhibition. This is likely due to the
longer and more flexible linkers afford the terminal glycans
better adaptivity, allowing them to bind simultaneously to four
outwardly facing CRDs in one DC-SIGNR, making it a more
effective antiviral agent. This result highlights the importance of
tailoring nanoparticle design for targeting specific lectins.

B EXPERIMENTAL SECTION

8-Azido-3,6-dioxaoctyl-2,3,4-tri-O-acetyl-a-L.-fucopyrano-
side (N5-EG,-FucOAc)

L-Fuc (1.0 g, 6.08 mmol), 2-[2-(2-chloroethoxy)ethoxy]ethanol (4.4
mL, 30.4 mmol), PPh; (158 mg, 0.6 mmol) and CBr, (200 mg, 0.6
mmol) were placed in a 10 mL round-bottom flask. The mixture was
heated at 65 °C for 4 h. The reaction was then cooled to room
temperature (RT) and loaded on a short silica gel column to remove the
excess of acceptor (EtOAc, then EtOAc:MeOH = 10:1). The crude
fucoside was subjected to acetylation with Ac,O (10 mL) and pyridine
(10 mL). The reaction was stirred at RT overnight then concentrated in
vacuo and dissolved in EtOAc (80 mL). The organic layer was washed
with H,O (40 mL), 1 M HCI (40 mL), saturated NaHCO; (40 mL)
and brine (40 mL). The organic layer was dried over Na,SO,, filtered
and concentrated in vacuo. The crude mixture (1.5 g, 3.41 mmol) was
then subjected to azidation by adding NaN; (1.11 g, 17.0 mmol),
nBu,N* I~ (125 mg, 0.34 mmol) and DMF (12 mL) and stirring at 65
°C overnight. The reaction mixture was concentrated in vacuo to
remove the DMF then diluted with EtOAc (80 mL) and washed with
saturated NaHCOj; (40 mL) and the aqueous layer was extracted with
EtOAc (3 X 20 mL). The combined organic extracts were dried over
Na,SO,, filtered and concentrated in vacuo. The crude product was
then purified by flash column chromatography (silica, PE: CHCl;:
CH,(C = O)-CH; = 7:2:12) to afford the desired N;-EG,-a-
fucosideOAc (750 mg, 1.60 mmol, 26% overall yield after three
synthetic steps): 'H NMR (501 MHz, CDCI3) (a anomer) § 5.41 —
5.33 (m, 1H, H-2), 5.29 (dd, ] = 3.4, 1.3 Hz, 1H, H-4), 5.14 — 5.07 (m,
2H, H-3,H-1),4.22 (qd, J = 6.5, 1.3 Hz, 1H, H-5), 3.85 — 3.72 (m, 1H,
-OCH,-), 3.70 — 3.60 (m, 9H, -OCH,—), 3.39 (t, J = 5.4 Hz, 2H,
CH2N3), 2.15 (s, 3H, COCH;), 2.06 (s, 3H, COCH3), 1.97 (s, 3H,
COCHS3), 1.13 (d, ] = 6.6 Hz, 3H, CH3). *C NMR (126 MHz,
CDCI3) 5 170.78(C = 0), 170.58 (C = 0), 170.20 (C = O), 96.38(C-
1), 71.34(C-4), 70.89 (OCH,), 70.86(OCH,), 70.38(OCH,), 70.24-
(OCH,) 68.30(C-3), 68.15(C-2), 67.61(OCH,), 64.45(C-5) 50.80-
(CH,N;) 29.98(COCH,), 20.85(COCH,;), 20.80(COCH,), 15.97(C-
6). MS: caled m/z for C;sH,0N3;0,Na (M + Na)* 470.18; found
469.93.

8-Azido-3,6-dioxaoctyl-O-a-L-fucopyranoside (Fuc-EG,-N;)

To a solution of a-azido fucosideOAc (370 mg, 0.83 mmol) in MeOH
was added NaOMe and the reaction stirred at RT for 1 h. The reaction
was then neutralized with amberlist H+ resin, filtered and concentrated
in vacuo. Purification by flash column chromatography (silica,
CH,Cl,:MeOH = 20:1 then 10:1) afforded the desired N;-EG,-a-
Fuc (240 mg, 0.75 mmol, 90%) as a clear oil: '"H NMR (400 MHz,
CDCl;) §4.90 (d, ] = 3.3 Hz, 1H, H-1), 4.00 (q, ] = 6.6 Hz, 1H, H-5),
3.90 — 3.75 (m, 4H, H-2, H-3, H-4, -OCH,—), 3.71 — 3.62 (m, 9H,
-OCH,-), 3.40 (t, J = 5.2 Hz, 2H, CH,N;,), 1.28 (d, ] = 6.6 Hz, 3H,

CH,). 3C NMR (101 MHz, CDCl;) § 99.15(C-1), 71.87, 71.53,
70.80(OCH,), 70.63(OCH,), 70.33(OCH,), 70.18(OCH,), 69.58,
67.64(OCH,), 66.26(C-5), 50.80(CH,N;), 16.37(C-6). HRMS:
calculated m/z for C;,H,;N;0,Na (M+Na)* 344.1428; found
344.1420

General Protocol for Preparing LA-EG,-C=CH Linkers by
Amide Coupling:37%°

A solution of H,N-EG,-C=CH (1 equiv), lipoic acid (1 equiv) and
DMAP (0.2 equiv) in dry CH,Cl, was cooled to 0 °C under an N,
atmosphere and stirred for 10 min. DCC (1.3 equiv) in dry CH,Cl, was
added dropwise and the reaction was stirred at 0 °C for another hour
and then left to gradually return to RT and stirred for 24 h. The reaction
mixture was filtered through Celite and the solid washed with CHCl,.
The combined filtrate and washings were concentrated in vacuo and
purification by flash column chromatography (silica, CH,Cl,:MeOH =
20:1) afforded the desired products as a yellow oils.

Lipoamide-hexa(ethylene glycol)-propargyl
(LA-EG4-C=CH)

Yield: 1.57g, 3.09 mmol, 99%; "H NMR (400 MHz, CDCl,) 6 6.28 (s,
1H, NH), 4.20 (d, ] = 2.4 Hz, 2H, CH,C=CH), 3.72 — 3.58 (m, 18H),
3.58 — 3.52 (m, 3H), 3.44 (td, ] = 5.6, 4.4 Hz, 2H), 3.22 — 3.06 (m,
2H), 2.50 — 2.41 (m, 2H), 2.22 — 2.16 (m, 2H), 1.96 — 1.84 (m, 4H),
1.77 — 1.61 (m, 4H), 1.52 — 1.39 (m, 2H). *C NMR (101 MHz,
CDCly) 6 172.94(C = O), 106.6(CCH), 74.69(CCH), 70.72, 70.56,
70.36, 70.11, 69.25, 58.55 (CH,CCH), 56.58(CH), 40.38, 39.31,
38.61, 36.47, 34.82, 29.08, 25.53. MS: calcd m/z for C,;H,NO,S, (M
+H)* 508.24; found 508.21.

Lipoamide-dodeca(ethylene glycol)-propargyl
(LA-EG,,-C=CH)

Yield: 262 mg, 0.34 mmol, 40%; "H NMR (400 MHz, CDCL,) 6 6.37 (s,
1H,NH), 4.19 (d, ] = 2.4 Hz, 2H), 3.71 — 3.57 (m, 44H), 3.54 (dd, ] =
5.6,4.4 Hz, 3H), 3.43 (q, ] = 44 Hz, 2H), 3.21 — 3.05 (m, 2H), 2.49 —
2.40 (m,2H),2.22 — 2.16 (m, 2H), 1.90 (dq, J = 12.7, 7.0 Hz, 1H), 1.76
— 1.58 (m, 4H), 1.53 — 1.38 (m, 2H). 3C NMR (101 MHz, CDCl,) §
172.94(C = 0), 79.67, 74.56(CCH), 70.57, 70.52, 70.41, 70.21, 69.92,
69.11, 58.40 (CH,CCH), 56.44(CH), 40.24, 39.22, 38.47, 36.25,
34.67,28.93,25.41. MS: calcd m/z for C3sHgNO,5S, (M+H)* 772.39;
found 772.62.

General Protocol for Preparing LA-glycan Ligands via Click
Chemistry

To a 1:1 (v:v) THF: H,O solution (2.0—5.0 mL) containing the N;-
EG,-glycan (1.1 equiv) and LA-EG,-C=CH linker (1 equiv), was
added CuS0,.5H,0 (0.036 equiv), Tris(benzyltriazolylmethyl)amine
(TBTA, 0.063 equiv) followed by sodium ascorbate (0.135 equiv) and
the resulting solution was stirred at RT. After 3 h, TLC confirmed the
complete consumption of all starting materials. The solvent was then
evaporated, and the crude product was purified by size exclusion
chromatography using Biogel P2 column and 20 mM ammonium
formate solution as the eluent to afford the pure products.””*°

LA-EG,-a-L-fucopyranoside (LA-EG,-Fuc)

Yield: 9.2 mg, 0.014 mmol, 15%; '"H NMR (400 MHz, D,0) & 8.41 (s,
1H, NH), 8.02 (s, 1H, triazole-H), 4.80 (d, J = 3.9 Hz, 1H, Fuc-H1),
4.62 (s,2H), 4.57 (t,] = 5.1 Hz, 2H), 4.01 — 3.94 (m, 1H), 3.90 (t,] =
S.1Hz,2H), 3.81 — 3.48 (m, 19H), 3.30 (t, J = 5.4 Hz, 2H), 3.11 (qt, =
114, 6.4 Hz, 2H), 2.39 (dq, J = 12.3, 6.1 Hz, 1H), 2.16 (t, ] = 7.2 Hz,
2H), 1.88 (dd, J = 13.2, 6.7 Hz, 1H), 1.64 (dq, ] = 13.8, 7.3 Hz, 1H),
1.52 (hept, J=7.5, 6.8 Hz,2H), 1.31 (p, J = 7.7 Hz,2H), 1.12 (d, ] = 6.8
Hz, 3H). *C NMR (101 MHz, D,0) § 176.68 (C = 0), 125.44(CCH),
98.61(Fuc-Cl1), 71.80, 69.73, 69.66, 69.58, 69.52, 69.46, 69.02, 68.91,
68.79, 68.08, 66.82, 66.59, 63.15, 56.57, 50.05, 40.27, 38.92, 38.15,
35.48,33.76,27.88,25.07,15.36. HRMS: calcd m/z for C,;HoN,O4,S,
(M+Na)* 675.2710; found 675.2707.

LA-EG4-a-L-fucopyranoside (LA-EGg-Fuc)

Yield: 28.3 mg, 0.034 mmol, 58%; '"H NMR (400 MHz, D,0) 5 8.12 (s,
1H, triazole-H), 4.89 (d, ] = 3.9 Hz, 1H, Fuc-H1), 4.72 (s, 2H), 4.66 (t,
J=5.0Hz,2H), 4.07 (q,] = 6.7 Hz, 1H), 4.00 (t, ] = 5.0 Hz, 2H), 3.89 —
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3.60 (m, 33H), 3.40 (t, ] = 5.3 Hz, 2H), 3.22 (qt, ] = 11.2, 6.4 Hz, 2H),
249 (dq, J = 12.0, 5.9 Hz, 1H), 2.27 (t, ] = 7.2 Hz, 2H), 1.99 (dq, ] =
13.5,6.8 Hz, 1H), 1.76 (dq, ] = 13.5, 7.2 Hz, 1H), 1.70 — 1.56 (m, 3H),
1.42 (p,J = 7.6 Hz, 2H), 1.21 (d, ] = 6.5 Hz, 3H). *'CNMR (101 MHg,
D,0) 6§ 176.80(C = O), 125.48(CCH), 98.60(Fuc-C1), 71.80, 69.71,
69.66, 69.60, 69.56, 69.49, 69.44, 68.94, 68.89, 68.77, 68.07, 66.81,
66.59, 63.10, 56.54, 50.04, 40.27, 38.91, 38.10, 35.48, 33.74, 27.87,
25.04, 15.32. HRMS: caled m/z for C;sHg,N,O.,S, (M+Na)*
851.3758; found 851.3782.

LA-EG,,-a-L.-fucopyranoside (LA-EG;,-Fuc)

Yield: 29.5 mg, 0.027 mmol, 69%; "H NMR (400 MHz, D,0) 5 8.12 (s,
1H), 4.89 (d, ] = 3.8 Hz, 1H, Fuc-H1), 4.71 (s, 2H), 4.66 (t, ] = 5.0 Hz,
2H), 4.07 (q,] = 6.6,5.9 Hz, 1H), 4.00 (t, J = 5.0 Hz, 2H), 3.87 (dd, J =
10.4, 3.2 Hz, 2H), 3.79 (s, 3H), 3.77 — 3.58 (m, 54H), 3.40 (t, ] = 5.3
Hz, 2H), 3.30 — 3.15 (m, 1H), 2.57 — 2.45 (m, 1H), 2.28 (t,] = 7.1 Hz,
2H), 2.07 — 1.94 (m, 1H), 1.82 — 1.72 (m, 1H), 1.71 — 1.57 (m, 3H),
1.49 — 1.38 (m, 2H), 1.21 (d, J = 6.5 Hz, 3H). *C NMR (101 MHz,
D,0) 6 98.60(Fuc-C1), 71.80, 69.59, 68.91, 68.77, 68.07, 66.81, 66.59,
63.08, 56.54, 50.02, 40.27, 38.91, 38.10, 35.48, 33.75, 27.87, 25.04,
15.31. HRMS: caled m/z for C,;HgoN,O0,0S, (M+H)* 1094.56014;
found 1094.5608.

LA-EG,-a-p-mannopyranosyl-(1—2)-a-p-mannopyranoside
(LA-EG,-DiMan)

Yield: 64.8 mg, 0.078 mmol, 52%; "H NMR (400 MHz, D,0) 6 8.03 (s,
1H, triazole-H), 5.03 (s, 1H, DiMan-H1), 4.95 (s, 1H, DiMan-H1’),
4.63 (s, 2H), 4.58 (t, J = 5.0 Hz, 2H), 3.99 (s, 1H), 3.94 — 3.46 (m,
28H),3.30 (t,J = 5.3 Hz,2H), 3.12 (qt,J = 11.3, 6.4 Hz,2H), 2.39 (dq, ]
=12.3,6.1 Hz, 1H), 2.16 (, ] = 7.2 Hz,2H), 1.88 (dq, J = 13.5, 6.9 Hz,
1H), 1.64 (dq, ] = 13.8, 7.3 Hz, 1H), 1.52 (hept, ] = 7.7, 6.9 Hz, 3H),
1.31 (p,J = 7.6 Hz, 2H). ®*C NMR (101 MHz, D,0) § 176.77(C = O),
170.93(CCH), 125.47(CCH), 102.30(DiMan-C1’), 98.36(DiMan-
Cl), 78.64, 73.25, 72.76, 70.30, 70.17, 69.94, 69.69, 69.54, 69.45,
69.01, 68.89, 68.81, 66.91, 66.87, 66.51, 63.13, 61.13, 60.89, 56.55,
50.07,40.27,38.92, 38.12, 35.47, 33.72, 27.84,25.05. HRMS: calcd m/z
for C33HoN,0,6S, (M+H)" 831.3367; found 831.3367.

LA-EG¢-a-D-mannopyranosyl-(1—2)-a-p-mannopyranose
(LA-EG4-DiMan)

Yield: 35.0 mg, 0.035 mmol, 59%; 'H NMR (400 MHz, D,0) 5 8.12 (s,
1H, triazole-H), 5.12 (s, 1H, DiMan-H1), 5.03 (s, Hz, 1H, DiMan-
HY1’), 4.72 (s, 2H), 4.67 (t, ] = 5.0 Hz, 2H), 4.08 (dd, ] = 3.4, 1.8 Hz,
1H), 4.04 — 3.96 (m, 3H), 3.96 — 3.60 (m, 41H), 3.40 (t, ] = 5.3 Hz,
2H), 3.21 (ddt, J = 17.8, 11.0, 6.0 Hz, 2H), 2.50 (dq, ] = 12.3, 6.0 Hz,
1H), 2.28 (t, ] = 7.2 Hz, 2H), 1.99 (dq, ] = 13.5, 6.9 Hz, 1H), 1.82 —
171 (m, 1H), 1.68 — 1.56 (m, 3H), 1.42 (p, ] = 7.4 Hz, 2H). *C NMR
(101 MHz, D,0) § 176.82(C = O), 125.47(CCH), 102.29(DiMan-
CrI’), 98.35(DiMan-C1), 78.63, 73.25, 72.75, 70.29, 70.16, 69.93,
69.67, 69.60, 69.55, 69.53, 69.44, 68.93, 68.89, 68.80, 66.90, 66.87,
66.50, 63.09, 61.13, 60.89, 56.52, 50.05, 40.27, 38.91, 38.09, 35.48,
33.74, 27.86, 25.04. HRMS: calcd m/z for C,;H,(N,0,0S, (M+Na)*
1029.4236; found 1029.4234.

LA-EG,,-a-p-mannopyranosyl-(1—2)-a-p-mannopyranose
(LA-EG,,-DiMan)

Yield: 27.5 mg, 0.022 mmol, 56%; "H NMR (400 MHz, D,0) 6 8.11 (s,
1H, triazole-H), 5.12 (s, 1H, DiMan-H1), 5.03 (s, 1H, DiMan-H1’),
4.71 (s,2H), 4.66 (t, ] = 5.0 Hz, 2H), 4.08 (s, 1H), 4.04 — 3.96 (m, 3H),
3.95 — 3.82 (m, SH), 3.82 — 3.59 (m, 61H), 3.40 (t, ] = 5.3 Hz, 2H),
3.31 — 3.13 (m, 2H), 2.50 (dq, J = 11.1, 5.5, 4.9 Hz, 1H), 2.32 — 2.23
(m, 3H), 2.00 (dq, ] = 14.0, 7.0 Hz, 1H), 1.84 — 1.70 (m, 1H), 1.69 —
1.56 (m, 3H), 1.43 (p, J = 7.7 Hz, 2H). 3C NMR (101 MHz, D,0) §
176.82(C = 0), 125.46(CCH), 102.29(DiMan-C1’), 98.35(DiMan-
Cl1),78.63,73.25,72.75,70.29,70.15, 69.93, 69.67, 69.58, 69.43, 68.91,
68.79, 66.88, 66.49, 63.06, 61.13, 60.89, 56.53, 50.03, 40.27, 38.91,
38.09, 35.48, 33.7S5, 27.87, 25.04. HRMS: caled m/z for
Cs3H,0,N,0,6S, (M+NH,)* 1288.2654; found 1288.6264.

Gold Nanoparticle Preparation

G5-citrate. Trisodium citrate (97 mg, 0.33 mmol) was dissolved in
150 mL ultrapure water. The solution was then transferred to a freshly
cleaned 250 mL three-necked flask and stirred vigorously. Aqueous
solutions of tannic acid (0.1 mL, 2.5 mM) and K,COj; (1 mL, 150 mM)
were added and the reaction heated to 75 °C for 30 min. HAuCl,.3H,0
(1 mL, 25 mM) was added and the reaction stirred for a further 30 min.
The heating bath was then removed, and the solution was allowed to
cool to room temperature naturally. The prepared GNP solution was
transferred to a clean glass container and stored at RT.*”

G5-glycans. 100 mL of GS-Citrate stock was concentrated to ~ 2
UM using 10 kDa MWCO spin column and washed with H,O (3 x) to
remove any impurities. The concentration of the resulting GS stock
solution was determined from its absorbance at 515 nm using the Beer—
Lambert law using G5’s molar extinction coefficient of 1.1 X 10" M™"-
cm™'*” Then LA-EG,-glycan ligands dissolved in H,O to form 5 or 10
mM stocks were added to the GS solution in a ligand: GS molar ratio
(LGMR) of 1000, 500, or 300. The resulting solution was mixed and
stirred at RT for 2 days to complete the self-assembly process. The
resulting mixture was passed through a 10 kDa MWCO spin column by
centrifugation at 10,000 g for 6 min and the obtained residues were
washed with H,O (3 X 200 uL) to give the GS-glycan stock. The
concentration of the GS-glycan stock was determined from its
absorbance at 515 nm using the Beer—Lambert law and a GS molar
extinction coefficient of 1.1 X 10’ M~ "-em ™%

Determination of Glycan Valency. All the filtrate and washing-
through liquids from the above GS-glycan preparations were collected,
combined, freeze-dried, and redissolved in pure water to determine the
amount of unbound ligand using the phenol-sulfuric acid method as
described previously.>> >’ 35 uL of each solution was mixed with 25 uL
of 5% phenol and 175 uL of H,SO,. Samples were vortexed
immediately then incubated at 90 °C for 20 min. The absorbance of
the solution was recorded at 490 nm, and the dilution factors were then
corrected to calculate the total amount of unconjugated glycan ligand
against a standard calibration curve obtained with pure ligand. The
difference in ligand amount between that added and that remained in
the supernatant was conserved to have conjugated onto the G5 surface,
allowing us to calculate the glycan valency for each GS-glycan
conjugates.36

Protein Production and Labeling. The soluble extracellular
segment of DC-SIGN which faithfully replicated the tetrameric
structure and glycan binding properties of full-length lectin, was
expressed as inclusion body in E. coli and purified by mannose-
Sepharose affinity column chromatography as reported earlier.””*>>%%
The mutant protein, DC-SIGN Q-274C was constructed by site-
directed mutagenesis and labeled with Atto-643 maleimide as described
previously.””*® The dye label site is close to, but not directly inside, the
CRD glycan binding pocket, and hence does not affect DC-SIGN
glycan binding after labeling as confirmed previously.””*” The labeled
proteins were purified by mannose-Sepharose affinity columns. The
proteins were characterized by high-resolution mass spectroscopy
(HRMS, SI Figures S8A, S9A) and DLS (SI, Figures S8B, S9B). The
dye labeling efficiency (per protein monomer) was determined to be ~
82% for DC-SIGN based on the relative peak areas of the labeled and
unlabeled protein peaks measured bg HR-MS (see SI, Figure 9A).>7%

Solution Binding Studies.>”° All fluorescence spectra were
recorded on a Cary Eclipse Fluorescence Spectrophotometer using a
0.70 mL quartz cuvette under a fixed excitation wavelength (4,,) of 630
nm over a range of 650—800 nm. All measurements were performed in
HEPES binding buffer (20 mM HEPES, 100 mM NaCl, 10 mM CaCl,,
pH 7.8) containing 1 mg/mL of BSA. For the apparent Ky
measurement, the concentrations of labeled DC-SIGN and GS-glycans
were varied from 3 to 100 nM in a fixed protein: GS-glycan molar ratio
(PGR) of 1:1. The samples were incubated at the desired temperature
for 20 min before recording their fluorescence spectra. The
fluorescence intensity of the protein in the absence of the G5-glycans,
recorded under identical experiment conditions, were used to
determine the quenching efficiency. The excitation and emission slit
widths and instrument PMT voltages were adjusted to compensate the

36,66
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low fluorescence signals at low concentrations. The instrument setup
was identical for DC-SIGN without and with equal molar of GS-glycan
at the same concentration, ensuring that the change of instrument setup
did not affect quenching efficiency (QE) determination.**** QEs for
DC-SIGN binding to each GS-glycan were calculated at each
concentration and the resulting QE-concentration relationship was
fitted by Hill's Equation to derive the apparent binding K values.

Thermodynamic measurements were obtained by repeating these
measurements at three different temperatures of 22,27, and 32 °C. The
cuvette temperature was maintained by a water pump system. Buffer
and sample temperatures were controlled by incubation in dry bath.>”*°
The standard binding enthalpy and entropy changes were obtained
from the van’t Hoff analysis of the linear fit of In(K) against (1/T),
where the standard binding enthalpy and entropy changes can be
extracted from the slope and intercept of the linear fits.

Dynamic Light Scattering (DLS) and Zeta Potential Measure-
ment.”” All DLS measurements were performed on a Malvern
Zetasizer NanoZS DLS system using a sample volume of 400 uL in 1
mL disposable polystyrene cuvettes. The hydrodynamic diameters (Dy,
all volume populations) of wild-type DC-SIGN, GS-EG,-glycans or GS-
EG,-glycans + DC-SIGN samples were measured in a binding buffer
(20 mM HEPES, 100 mM NaCl, 10 mM CaCl,, pH 7.8). Three to five
consecutive scans were performed for each sample and the mean
volume Dy, distribution histograms for each sample were obtained by
fitting the averaged percentage volume hydrodynamic sizes with
Gaussian distributions. The resulting Dy, values are reported as the
mean + 1/2 full width at half-maximum (fwhm). All protein containing
samples were performed by mixing GS-glycans with DC-SIGN and
incubating at RT for 20 min before taking the measurement. Zeta
potential measurements were performed using a Malvern Zetasizer
Nano. Disposable folded capillary cells (Malvern DTS1070) were
rinsed with ultrapure water and dried under nitrogen. 100 nM GNPs in
pure water were injected into the cells until all air bubbles were fully
displaced. Zeta potential of each sample was measured 3 times, each
containing 10 converged runs, and their average value was calculated
with errors representing the standard deviations of the 3 measurements.

Viral Inhibition Studies. The effects of GS-EG,-glycans (LGMR
500) on Ebola virus glycoprotein (EBOV-GP) driven entry into 293T
cells were assessed using our previously established procedures.**™>’
Briefly, 293T cells seeded in 96-well plates were transfected with
plasmids encoding DC-SIGN or DC-SIGNR or control transfected
with empty plasmid (pcDNA). The cells were washed at 16 h post
transfection and further cultivated at 37 °C, 5% CO, in Dulbecco’s
modified eagle medium (DMEM) containing 10% fetal bovine serum
(FBS). At 48 h post transfection, the cells were exposed to twice the
final concentration of GS-EG,-glycan inhibitors in DMEM supple-
mented with 10% FBS for 30 min in total volume of 50 uL. Thereafter,
the resulting cells were inoculated with S0 uL of preparations of VSV
vector particles encoding the luciferase gene and bearing either EBOV-
GP (which can use DC-SIGN/R for augmentation of host cell entry) or
the vesicular stomatitis virus glycoprotein (VSV-G, which cannot use
DC-SIGN/R for augmentation of host cell entry). At 24 h post
infection, luciferase activities in cell lysates were determined using a
commercially available kit (PJK), following the manufacturer’s
instructions and normalized by the corresponding control collected
in the absence of the GS-glycans. The normalized concentration-
dependent inhibition data were fitted by a normalized variable slope
four-parameter logistic (4PL) curve model using Origin 2019b.

Data Analysis and Fitting. All fluorescence and DLS data were
analyzed using Origin software (version 2019b). The fluorescence
spectra of lectins alone and lectin + GS-glycan samples were integrated
and used to calculate the QEs and presented as mean =+ standard errors
(SEs). The QE vs C plots were fitted by Hill’s equation. The DLS
histograms were fitted by the standard Gaussian function to obtain the
D,, and full-width at half-maximum (fwhm). The results obtained from
the best fits were listed in the relevant tables with the standard fitting
errors. The unprocessed luciferase activity data (indicative of viral entry
efficiency) of samples after treatment with varying doses of GS-EG,-
glycans were compared with their respective control sample in the
absence of GS-EG,-glycan inhibitors.

21558

B ASSOCIATED CONTENT
Data Availability Statement

All data associated with this paper are contained within the
manuscript and the Supporting Information. For the purpose of
open access, the authors have applied a Creative Commons
Attribution (CC BY) license to any Author Accepted Manu-
script arising from this submission.

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.5c25677.

Materials, instruments, and methods showing the syn-
thesis and characterization of the LA-EG,-glycans by 'H
and "*C NMR spectra; determination of glycan valency;
surface footprint calculation; production, characteriza-
tion, and labeling of DC-SIGN by HR-MS and DLS; UV—
vis and DLS histograms of citrate-stabilized GS; zeta
potentials of GS-citrate before and after cap exchange
with LA-EG,-DiMan/Fuc ligands at LGMRs of 1000,
500, and 300; DLS histograms of GS-EG,-glycans and
GS-EG,-glycan plus varying ratios of DC-SIGN; plots of
QE versus C for G5-glycans binding with DC-SIGN fitted
with Hill’s equation; van’t Hoff plots with linear fits of the
In(Ky)—(1/T) relationships for GS-glycans (LGMRs of
500 and 300) binding with DC-SIGN; and unprocessed
virus inhibition data and cell cytotoxicity data showing the
relevant cellular luciferase activities after treatment with
varying concentrations of the G5-EG,-glycan inhibitors
(PDF)

B AUTHOR INFORMATION
Corresponding Authors

Yuan Guo — School of Food Science and Nutrition and Astbury
Centre for Structural Molecular Biology, University of Leeds,
Leeds LS2 9] T, United Kingdom; ® orcid.org/0000-0003-
4607-7356; Email: y.guo@leeds.ac.uk

Dejian Zhou — School of Chemistry and Astbury Centre for
Structural Molecular Biology, University of Leeds, Leeds LS2
9JT, United Kingdom; © orcid.org/0000-0003-3314-9242;
Email: d.zhou@leeds.ac.uk

Authors

Maisie Holbrow-Wilshaw — Leeds Institute of Rheumatic and
Musculoskeletal Medicine, School of Medicine, University of
Leeds, Leeds LS2 9] T, United Kingdom; School of Chemistry
and Astbury Centre for Structural Molecular Biology,
University of Leeds, Leeds LS2 9] T, United Kingdom

Darshita Budhadev — School of Chemistry and Astbury Centre
for Structural Molecular Biology, University of Leeds, Leeds
LS2 9T, United Kingdom

Amy Madeleine Kempf — Infection Biology Unit, German
Primate Center—Leibniz Institute for Primate Research, 37077
Gottingen, Germany; Faculty of Biology and Psychology,
University of Gottingen, 37073 Gottingen, Germany

Inga Nehlmeier — Infection Biology Unit, German Primate
Center—Leibniz Institute for Primate Research, 37077
Géttingen, Germany; Faculty of Biology and Psychology,
University of Géttingen, 37073 Gdttingen, Germany

Erin Tait — School of Biomedical Sciences and Astbury Centre
for Structural Molecular Biology, University of Leeds, Leeds
LS2 9JT, United Kingdom

https://doi.org/10.1021/acsami.5c25677
ACS Appl. Mater. Interfaces 2026, 18, 21543—21561


https://pubs.acs.org/doi/suppl/10.1021/acsami.5c25677/suppl_file/am5c25677_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.5c25677?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c25677/suppl_file/am5c25677_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuan+Guo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4607-7356
https://orcid.org/0000-0003-4607-7356
mailto:y.guo@leeds.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dejian+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3314-9242
mailto:d.zhou@leeds.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maisie+Holbrow-Wilshaw"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Darshita+Budhadev"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Amy+Madeleine+Kempf"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Inga+Nehlmeier"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Erin+Tait"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stefan+Po%CC%88hlmann"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.5c25677?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

Stefan Pohlmann — Infection Biology Unit, German Primate
Center—Leibniz Institute for Primate Research, 37077
Gottingen, Germany; Faculty of Biology and Psychology,
University of Gottingen, 37073 Gottingen, Germany

W. Bruce Turnbull — School of Chemistry and Astbury Centre
for Structural Molecular Biology, University of Leeds, Leeds
LS2 9JT, United Kingdom; © orcid.org/0000-0002-7352-
0360

Dennis McGonagle — Leeds Institute of Rheumatic and
Musculoskeletal Medicine, School of Medicine, University of
Leeds, Leeds LS2 9]T, United Kingdom

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsami.5c25677

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors thank the UK Biotechnology and Biological Science
Research Council (Grants BB/R007829/1 and BB/Y005856/
1) for funding this work.

B ABBREVIATIONS

MLGI, multivalent lectin glycan interaction; CRD, carbohydrate
recognition domain; GNP, gold nanoparticle; NSET, nanosur-
face energy transfer; DC-SIGN, dendritic cell-specific inter-
cellular adhesion molecule-3-grabbing nonintegrin; DC-
SIGNR, DC-SIGN-related endothelial cell surface lectin;
fwhm, full width at half-maximum; BSA, bovine serum albumin;
DLS, dynamic light scattering; QE, quenching efficiency; VSV,
vesicular stomatis virus

B REFERENCES

(1) Dambuza, I. M.; Brown, G. D. C-type lectins in immunity: recent
developments. Cur. Opin. Immunol. 2018, 32, 21-27.

(2) Lafouresse, F.; Bellard, E.; Laurent, C.; Moussion, C.; Fournié, J.-
J.; Ysebaert, L.; Girard, J.-P. L-selectin controls trafficking of chronic
lymphocytic leukemia cells in lymph node high endothelial venules in
vivo. Blood 2015, 126 (11), 1336—1345.

(3) Choteau, L.; Parny, M.; Francois, N.; Bertin, B.; Fumery, M.;
Dubuquoy, L.; Takahashi, K.; Colombel, J. F.; Jouault, T.; Poulain, D.;
et al. Role of mannose-binding lectin in intestinal homeostasis and
fungal elimination. Mucosal Immunol. 2016, 9 (3), 767—776.

(4) Cibrian, D.; Sanchez-Madrid, F. CD69: from activation marker to
metabolic gatekeeper. Eur. J. Immunol. 2017, 47 (6), 946—953.

(5) Jarvis, C. M.; Zwick, D. B.; Grim, J. C.; Alam, M. M,; Prost, L. R.;
Gardiner, J. C,; Park, S.; Zimdars, L. L.; Sherer, N. M,; Kiessling, L. L.
Antigen structure affects cellular routing through DC-SIGN. Proc. Natl.
Acad. Sci. U.S.A. 2019, 116 (30), 14862—14867.

(6) Bouckaert, J.; Mackenzie, J.; De Paz, J. L; Chipwaza, B;
Choudhury, D.; Zavialov, A.; Mannerstedt, K.; Anderson, J.; Piérard,
D.; Wyns, L; et al. The affinity of the FimH fimbrial adhesin is receptor-
driven and quasi-independent of Escherichia coli pathotypes. Mol.
Microbiol. 2006, 61 (6), 1556—1568.

(7) Mammen, M.; Choi, S. K; Whitesides, G. M. Polyvalent
interactions in biological systems: Implications for design and use of
multivalent ligands and inhibitors. Angew. Chem., Int. Ed. 1998, 37 (20),
2754-2794.

(8) Branson, T. R.,; McAllister, T. E.; Garcia-Hartjes, J.; Fascione, M.
A.; Ross, J. F.; Warriner, S. L.; Wennekes, T.; Zuilhof, H.; Turnbull, W.
B. A Protein-Based Pentavalent Inhibitor of the Cholera Toxin B-
Subunit. Angew. Chem., Int. Ed. 2014, 53 (32), 8323—8327.

(9) Kitov, P. I; Sadowska, J. M.; Mulvey, G.; Armstrong, G. D.; Ling,
H,; Pannu, N. S; Read, R. J; Bundle, D. R. Shiga-like toxins are

neutralized by tailored multivalent carbohydrate ligands. Nature 2000,
403 (6770), 669—672.

(10) Huskens, J.; Prins, L. J.; Haag, R;; Ravoo, B. J. Multivalency:
concepts, research and applications; John Wiley & Sons, 2018.

(11) Feinberg, H.; Castelli, R.; Drickamer, K.; Seeberger, P. H.; Weis,
W. L. Multiple modes of binding enhance the affinity of DC-SIGN for
high mannose N-linked glycans found on viral glycoproteins. J. Biol.
Chem. 2007, 282 (6), 4202—4209.

(12) Bernardi, A.; Jiménez-Barbero, J.; Casnati, A.; De Castro, C.;
Darbre, T.; Fieschi, F.; Finne, J.; Funken, H.; Jaeger, K. E.; Lahmann,
M,; et al. Multivalent glycoconjugates as anti-pathogenic agents. Chem.
Soc. Rev. 2013, 42 (11), 4709—4727.

(13) Velazquez-Campoy, A.; Freire, E. Isothermal titration calorim-
etry to determine association constants for high-affinity ligands. Nat.
Prot. 2006, 1 (1), 186—191.

(14) Porkolab, V.; Pifferi, C.; Sutkeviciute, I; Ordanini, S.; Taouai,
M.; Thépaut, M.; Vives, C.; Benazza, M.; Bernardi, A.; Renaudet, O.;
Fieschi, F. Development of C-type lectin-oriented surfaces for high
avidity glycoconjugates: towards mimicking multivalent interactions on
the cell surface. Org. Bio. Chem. 2020, 18 (25), 4763—4772.

(15) Liyanage, S. H.; Yan, M. Quantification of binding affinity of
glyconanomaterials with lectins. Chem. Commun. 2020, 56 (88),
13491—-13508.

(16) Otsuka, L; Blanchard, B.; Borsali, R.; Imberty, A.; Kakuchi, T.
Enhancement of Plant and Bacterial Lectin Binding Affinities by Three-
Dimensional Organized Cluster Glycosides Constructed on Helical
Poly(phenylacetylene) Backbones. ChemBioChem. 2010, 11 (17),
2399-2408.

(17) Mitchell, D. A;; Zhang, Q.; Voorhaar, L.; Haddleton, D. M,;
Herath, S.; Gleinich, A. S.; Randeva, H. S.; Crispin, M.; Lehnert, H;
Wallis, R.; et al. Manipulation of cytokine secretion in human dendritic
cells using glycopolymers with picomolar affinity for DC-SIGN. Chem.
Sci. 2017, 8 (10), 6974—6980.

(18) Turnbull, W. B.; Stoddart, J. F. Design and synthesis of
glycodendrimers. Journal of biotechnology 2002, 90 (3—4), 231—25S.

(19) Imberty, A; Chabre, Y. M; Roy, R. Glycomimetics and
glycodendrimers as high affinity microbial anti-adhesins. Chem. - Eur. J.
2008, 14 (25), 7490—7499.

(20) Ribeiro-Viana, R; Garcia-Vallejo, J. J; Collado, D.; Pérez-
Inestrosa, E.; Bloem, K.; van Kooyk, Y.; Rojo, J. BODIPY-Labeled DC-
SIGN-Targeting Glycodendrons Efficiently Internalize and Route to
Lysosomes in Human Dendritic Cells. Biomacromolecules 2012, 13
(10), 3209—-3219.

(21) Mouline, Z.; Mahon, E.; Gomez, E.; Barragan-Montero, V.;
Montero, J. L.; Barboiu, M. Entropy-driven lectin-recognition of
multivalent glycovesicles. Chem. Commun. 2014, 50 (6), 731—733.

(22) Zhou, X.; Jaiswal, M.; Shi, J.; Guo, J.; Kundu, S.; Guo, Z.; Zeng, Y.
Efficient Enzymatic Glycan Engineering of Extracellular Vesicles Using
Nanomaterial-Interfaced Microfluidics. ACS Appl. Mater. Interfaces
2025, 17 (1), 2689—2700.

(23) Rendle, P. M; Seger, A.; Rodrigues, J.; Oldham, N. J.; Bott, R. R ;
Jones, J. B;; Cowan, M. M,; Davis, B. G. Glycodendriproteins: A
synthetic glycoprotein mimic enzyme with branched sugar-display
potently inhibits bacterial aggregation. J. Am. Chem. Soc. 2004, 126
(15), 4750—4751.

(24) Davis, B. G. Synthesis of glycoproteins. Chem. Rev. 2002, 102 (2),
579—-601.

(25) Li, C.; Wang, L. X. Chemoenzymatic Methods for the Synthesis
of Glycoproteins. Chem. Rev. 2018, 118 (17), 8359—8413.

(26) Marradi, M.; Martin-Lomas, M.; Penades, S. Glyconanoparticles:
Polyvalent tools to study carbohydrate based interactions. Adv.
Carbohy. Chem. Biochem. 2010, 64, 211—290.

(27) Hooper, J.; Liu, Y. Y.; Budhadev, D.; Ainaga, D. F.; Hondow, N.;
Zhou, D. J; Guo, Y. Polyvalent Glycan Quantum Dots as a
Multifunctional Tool for Revealing Thermodynamic, Kinetic, and
Structural Details of Multivalent Lectin-Glycan Interactions. ACS Appl.
Mater. Interfaces 2022, 14 (42), 47385—47396.

https://doi.org/10.1021/acsami.5c25677
ACS Appl. Mater. Interfaces 2026, 18, 21543—21561


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="W.+Bruce+Turnbull"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7352-0360
https://orcid.org/0000-0002-7352-0360
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dennis+McGonagle"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c25677?ref=pdf
https://doi.org/10.1016/j.coi.2014.12.002
https://doi.org/10.1016/j.coi.2014.12.002
https://doi.org/10.1182/blood-2015-02-626291
https://doi.org/10.1182/blood-2015-02-626291
https://doi.org/10.1182/blood-2015-02-626291
https://doi.org/10.1038/mi.2015.100
https://doi.org/10.1038/mi.2015.100
https://doi.org/10.1002/eji.201646837
https://doi.org/10.1002/eji.201646837
https://doi.org/10.1073/pnas.1820165116
https://doi.org/10.1111/j.1365-2958.2006.05352.x
https://doi.org/10.1111/j.1365-2958.2006.05352.x
https://doi.org/10.1002/(SICI)1521-3773(19981102)37:20<2754::AID-ANIE2754>3.0.CO;2-3
https://doi.org/10.1002/(SICI)1521-3773(19981102)37:20<2754::AID-ANIE2754>3.0.CO;2-3
https://doi.org/10.1002/(SICI)1521-3773(19981102)37:20<2754::AID-ANIE2754>3.0.CO;2-3
https://doi.org/10.1002/anie.201404397
https://doi.org/10.1002/anie.201404397
https://doi.org/10.1038/35001095
https://doi.org/10.1038/35001095
https://doi.org/10.1074/jbc.M609689200
https://doi.org/10.1074/jbc.M609689200
https://doi.org/10.1039/C2CS35408J
https://doi.org/10.1038/nprot.2006.28
https://doi.org/10.1038/nprot.2006.28
https://doi.org/10.1039/D0OB00781A
https://doi.org/10.1039/D0OB00781A
https://doi.org/10.1039/D0OB00781A
https://doi.org/10.1039/D0CC05899H
https://doi.org/10.1039/D0CC05899H
https://doi.org/10.1002/cbic.201000447
https://doi.org/10.1002/cbic.201000447
https://doi.org/10.1002/cbic.201000447
https://doi.org/10.1039/C7SC01515A
https://doi.org/10.1039/C7SC01515A
https://doi.org/10.1016/S1389-0352(01)00062-9
https://doi.org/10.1016/S1389-0352(01)00062-9
https://doi.org/10.1002/chem.200800700
https://doi.org/10.1002/chem.200800700
https://doi.org/10.1021/bm300998c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm300998c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm300998c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C3CC47941B
https://doi.org/10.1039/C3CC47941B
https://doi.org/10.1021/acsami.4c20294?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.4c20294?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja031698u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja031698u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja031698u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr0004310?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.8b00238?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.8b00238?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0065-2318(10)64005-X
https://doi.org/10.1016/S0065-2318(10)64005-X
https://doi.org/10.1021/acsami.2c11111?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.2c11111?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.2c11111?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.5c25677?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

(28) Singh, K; Mandal, T.; Pandey, U. P.; Singh, V. Emergence of
Fluorescent Glycodots for Biomedical Applications. ACS Biomater. Sci.
Eng. 2025, 11, 742—773.

(29) Kim, M,; Lee, J.-H,; Nam, J.-M. Plasmonic Photothermal
Nanoparticles for Biomedical Applications. Adv. Sci. 2019, 6 (17),
1900471.

(30) Farr, T. D.; Lai, C.-H.; Griinstein, D.; Orts-Gil, G.; Wang, C.-C,;
Boehm-Sturm, P.; Seeberger, P. H.; Harms, C. Imaging Early
Endothelial Inflammation Following Stroke by Core Shell Silica
Superparamagnetic Glyconanoparticles That Target Selectin. Nano
Lett. 2014, 14 (4), 2130—2134.

(31) Smith, A. M.; Duan, H.; Mohs, A. M.; Nie, S. Bioconjugated
quantum dots for in vivo molecular and cellular imaging. Adv. Drug
Delivery Rev. 2008, 60 (11), 1226—1240.

(32) Medintz, L. L,; Uyeda, H. T.; Goldman, E. R;; Mattoussi, H.
Quantum dot bioconjugates for imaging, labelling and sensing. Nat.
Mater. 2005, 4 (6), 435—446.

(33) Jennings, T. L.; Singh, M. P.; Strouse, G. F. Fluorescent Lifetime
Quenching near d = 1.5 nm Gold Nanoparticles: Probing NSET
Validity. J. Am. Chem. Soc. 2006, 128 (16), 5462—5467.

(34) Dulkeith, E.; Ringler, M.; Klar, T. A.; Feldmann, J.; Mufioz Javier,
A.; Parak, W. J. Gold nanoparticles quench fluorescence by phase
induced radiative rate suppression. Nano Lett. 2005, S (4), 585—589.

(35) Guo, Y.; Sakonsinsiri, C.; Nehlmeier, I; Fascione, M. A.; Zhang,
H. Y; Wang, W. L.,; Pohlmann, S.; Turnbull, W. B.; Zhou, D. J.
Compact, Polyvalent Mannose Quantum Dots as Sensitive, Ratio-
metric FRET Probes for Multivalent Protein-Ligand Interactions.
Angew. Chem., Int. Ed. 2016, 55 (15), 4738—4742.

(36) Guo, Y.; Nehlmeier, 1; Poole, E.; Sakonsinsiri, C.; Hondow, N.;
Brown, A,; Li, Q; Li, S.; Whitworth, J.; Li, Z. J.; et al. Dissecting
Multivalent Lectin-Carbohydrate Recognition Using Polyvalent Multi-
functional Glycan-Quantum Dots. J. Am. Chem. Soc. 2017, 139 (34),
11833—11844.

(37) Budhadev, D.; Poole, E.; Nehlmeier, I; Liu, Y. Y.; Hooper, J;
Kalverda, E.; Akshath, U. S.; Hondow, N.; Turnbull, W. B.; Pohlmann,
S.; et al. Glycan-Gold Nanoparticles as Multifunctional Probes for
Multivalent Lectin-Carbohydrate Binding: Implications for Blocking
Virus Infection and Nanoparticle Assembly. J. Am. Chem. Soc. 2020, 142
(42), 18022—18034.

(38) Basaran, R.; Budhadev, D.; Kempf, A.; Nehlmeier, 1.; Hondow,
N.; Péhlmann, S.; Guo, Y.; Zhou, D. Probing scaffold size effects on
multivalent lectin-glycan binding affinity, thermodynamics and antiviral
properties using polyvalent glycan-gold nanoparticles. Nanoscale 2024,
16 (29), 13962—13978.

(39) Ning, X.; Budhadev, D.; Pollastri, S.; Nehlmeier, I.; Kempf, A.;
Manfield, I.; Turnbull, W. B.; Péhlmann, S.; Bernardi, A.; Li, X,; et al.
Polyvalent Glycomimetic-Gold Nanoparticles Revealing Critical Roles
of Glycan Display on Multivalent Lectin-Glycan Interaction Biophysics
and Antiviral Properties. JACS Au 2024, 4 (8), 3295—3309.

(40) Geijtenbeek, T. B. H.; Kwon, D. S.; Torensma, R.; van Vliet, S. J.;
van Duijnhoven, G. C. F,; Middel, J; Cornelissen, L; Nottet, H,;
KewalRamani, V. N.; Littman, D. R.; et al. DC-SIGN, a dendritic cell-
specific HIV-1-binding protein that enhances trans-infection of T cells.
Cell 2000, 100 (S), 587—597.

(41) Pohlmann, S.; Soilleux, E. J.; Baribaud, F.; Leslie, G. J.; Morris, L.
S.; Trowsdale, J.; Lee, B.; Coleman, N.; Doms, R. W. DC-SIGNR, a DC-
SIGN homologue expressed in endothelial cells, binds to human and
simian immunodeficiency viruses and activates infection in trans. Proc.
Natl. Acad. Sci. U. S. A. 2001, 98 (5), 2670—267S5.

(42) Hooper, J.; Budhadev, D.; Fernandez Ainaga, D. L.; Hondow, N;
Zhou, D.; Guo, Y. Polyvalent Glycan Functionalized Quantum
Nanorods as Mechanistic Probes for Shape-Selective Multivalent
Lectin-Glycan Recognition. ACS Appl. Nano Mater. 2023, 6 (6), 4201—
4213.

(43) Feinberg, H,; Mitchell, D. A,; Drickamer, K; Weis, W. L
Structural basis for selective recognition of oligosaccharides by DC-
SIGN and DC-SIGNR. Science 2001, 294 (5549), 2163—2166.

(44) Guo, Y.; Feinberg, H.; Conroy, E.; Mitchell, D. A.; Alvarez, R;
Blixt, O.; Taylor, M. E.; Weis, W. L; Drickamer, K. Structural basis for

distinct ligand-binding and targeting properties of the receptors DC-
SIGN and DC-SIGNR. Nat. Struct. Mol. Biol. 2004, 11 (7), 591—598.

(45) Guo, Y.; Atkinson, C. E.; Taylor, M. E.; Drickamer, K. All but the
shortest polymorphic forms of the viral receptor DC-SIGNR assemble
into stable homo- and heterotetramers. J. Biol. Chem. 2006, 281 (24),
16794—16798.

(46) Pohlmann, S.; Baribaud, F.; Lee, B.; Leslie, G. J.; Sanchez, M. D.;
Hiebenthal-Millow, K.; Miinch, J.; Kirchhoff, F.; Doms, R. W. DC-
SIGN interactions with human immunodeficiency virus type 1 and 2
and simian immunodeficiency virus. J. Virol. 2001, 75 (10), 4664—
4672.

(47) Chung, N. P. Y,; Breun, S. K. J.; Bashirova, A.; Baumann, J. G;
Martin, T. D.; Karamchandani, J. M.; Rausch, J. W.; Le Grice, S. E. J.;
Wu, L,; Carrington, M.; KewalRamani, V. N. HIV-1 Transmission by
Dendritic Cell-specific ICAM-3-grabbing Nonintegrin (DC-SIGN) Is
Regulated by Determinants in the Carbohydrate Recognition Domain
That Are Absent in Liver/Lymph Node-SIGN (L-SIGN). J. Biol. Chem.
2010, 285 (3), 2100—2112.

(48) Davis, C.W,; Nguyen, H.Y.; Hanna, S. L.; Sinchez, M. D.; Doms,
R. W,; Pierson, T. C. West Nile virus discriminates between DC-SIGN
and DC-SIGNR for cellular attachment and infection. J. Virol. 2006, 80
(3), 1290—1301.

(49) Valverde, P.; Delgado, S.; Martinez, J. D.; Vendeville, J. B;
Malassis, J.; Linclau, B.; Reichardt, N. C.; Canada, F. J; Jimenez-
Barbero, J.; Arda, A. Molecular Insights into DC-SIGN Binding to Self-
Antigens: The Interaction with the Blood Group A/B Antigens. ACS
Chem. Biol. 2019, 14 (7), 1660—1671.

(50) Prime, K. L.; Whitesides, G. M. Adsorption of Proteins onto
Surfaces Containing End-Attached Oligo(Ethylene Oxide) - A Model
System Using Self-Assembled Monolayers. J. Am. Chem. Soc. 1993, 115
(23), 10714—10721.

(51) Zhou, D. J.; Bruckbauer, A.; Abell, C.; Klenerman, D.; Kang, D. J.
Fabrication of three-dimensional surface structures with highly
fluorescent quantum dots by surface-templated layer-by-layer assembly.
Adv. Mater. 2005, 17 (10), 1243—1248.

(52) Zhou, D.; Bruckbauer, A.; Ying, L. M.; Abell, C.; Klenerman, D.
Building three-dimensional surface biological assemblies on the
nanometer scale. Nano Lett. 2003, 3 (11), 1517—1520.

(53) Hill, H. D.; Millstone, J. E.; Banholzer, M. J.; Mirkin, C. A. The
Role Radius of Curvature Plays in Thiolated Oligonucleotide Loading
on Gold Nanoparticles. ACS Nano 2009, 3 (2), 418—424.

(54) Stewart-Jones, G. B.; Soto, C.; Lemmin, T.; Chuang, G.Y.; Druz,
A.; Kong, R;; Thomas, P. V.; Wagh, K.; Zhou, T.; Behrens, A. J.; et al.
Trimeric HIV-1-Env Structures Define Glycan Shields from Clades A,
B, and G. Cell 2016, 165 (4), 813—826.

(55) Dubertret, B.; Calame, M.; Libchaber, A. J. Single-mismatch
detection using gold-quenched fluorescent oligonucleotides. Nat.
Biotechnol. 2001, 19 (4), 365—370.

(56) Jennings, T. L.; Singh, M. P.; Strouse, G. F. Fluorescent lifetime
quenching near d = 1.5 nm gold nanoparticles: Probing NSET validity.
J. Am. Chem. Soc. 2006, 128 (16), 5462—5467.

(57) Zhang, H.; Feng, G.; Guo, Y.; Zhou, D. Robust and specific
ratiometric biosensing using a copper-free clicked quantum dot-DNA
aptamer sensor. Nanoscale 2013, 5, 10307—10315.

(58) Holla, A; Skerra, A. Comparative analysis reveals selective
recognition of glycans by the dendritic cell receptors DC-SIGN and
Langerin. Prot. Eng. Des. Select. 2011, 24 (9), 659—669.

(59) Appelmelk, B. J.; van Die, L; van Vliet, S. J.; Vandenbroucke-
Grauls, C.; Geijtenbeek, T. B. H,; van Kooyk, Y. Cutting edge:
Carbohydrate profiling identifies new pathogens that interact with
dendritic cell-specific ICAM-3-grabbing nonintegrin on dendritic cells.
J. Immunol. 2003, 170 (4), 1635—1639.

(60) van Liempt, E.; Bank, C. M. C.; Mehta, P.; Garcia-Vallejo, J. J;
Kawar, Z. S.; Geyer, R.; Alvarez, R. A.; Cummings, R. D.; van Kooyk, Y.;
van Die, L. Specificity of DC-SIGN for mannose- and fucose-containing
glycans. FEBS Lett. 2006, 580 (26), 6123—6131.

(61) Gringhuis, S. I; Kaptein, T. M.; Wevers, B. A.; Mesman, A. W,;
Geijtenbeek, T. B. H. Fucose-specific DC-SIGN signalling directs T

https://doi.org/10.1021/acsami.5c25677
ACS Appl. Mater. Interfaces 2026, 18, 21543—21561


https://doi.org/10.1021/acsbiomaterials.4c02018?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsbiomaterials.4c02018?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/advs.201900471
https://doi.org/10.1002/advs.201900471
https://doi.org/10.1021/nl500388h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl500388h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl500388h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.addr.2008.03.015
https://doi.org/10.1016/j.addr.2008.03.015
https://doi.org/10.1038/nmat1390
https://doi.org/10.1021/ja0583665?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0583665?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0583665?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl0480969?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl0480969?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201600593
https://doi.org/10.1002/anie.201600593
https://doi.org/10.1021/jacs.7b05104?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b05104?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b05104?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c06793?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c06793?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c06793?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D4NR00484A
https://doi.org/10.1039/D4NR00484A
https://doi.org/10.1039/D4NR00484A
https://doi.org/10.1021/jacsau.4c00610?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacsau.4c00610?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacsau.4c00610?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0092-8674(00)80694-7
https://doi.org/10.1016/S0092-8674(00)80694-7
https://doi.org/10.1073/pnas.051631398
https://doi.org/10.1073/pnas.051631398
https://doi.org/10.1073/pnas.051631398
https://doi.org/10.1021/acsanm.2c05247?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.2c05247?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.2c05247?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.1066371
https://doi.org/10.1126/science.1066371
https://doi.org/10.1038/nsmb784
https://doi.org/10.1038/nsmb784
https://doi.org/10.1038/nsmb784
https://doi.org/10.1074/jbc.M602430200
https://doi.org/10.1074/jbc.M602430200
https://doi.org/10.1074/jbc.M602430200
https://doi.org/10.1128/JVI.75.10.4664-4672.2001
https://doi.org/10.1128/JVI.75.10.4664-4672.2001
https://doi.org/10.1128/JVI.75.10.4664-4672.2001
https://doi.org/10.1074/jbc.M109.030619
https://doi.org/10.1074/jbc.M109.030619
https://doi.org/10.1074/jbc.M109.030619
https://doi.org/10.1074/jbc.M109.030619
https://doi.org/10.1128/JVI.80.3.1290-1301.2006
https://doi.org/10.1128/JVI.80.3.1290-1301.2006
https://doi.org/10.1021/acschembio.9b00458?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschembio.9b00458?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00076a032?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00076a032?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00076a032?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.200401520
https://doi.org/10.1002/adma.200401520
https://doi.org/10.1021/nl0345926?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl0345926?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn800726e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn800726e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn800726e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cell.2016.04.010
https://doi.org/10.1016/j.cell.2016.04.010
https://doi.org/10.1038/86762
https://doi.org/10.1038/86762
https://doi.org/10.1021/ja0583665?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0583665?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c3nr02897f
https://doi.org/10.1039/c3nr02897f
https://doi.org/10.1039/c3nr02897f
https://doi.org/10.1093/protein/gzr016
https://doi.org/10.1093/protein/gzr016
https://doi.org/10.1093/protein/gzr016
https://doi.org/10.4049/jimmunol.170.4.1635
https://doi.org/10.4049/jimmunol.170.4.1635
https://doi.org/10.4049/jimmunol.170.4.1635
https://doi.org/10.1016/j.febslet.2006.10.009
https://doi.org/10.1016/j.febslet.2006.10.009
https://doi.org/10.1038/ncomms4898
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.5c25677?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

helper cell type-2 responses via IKK epsilon- and CYLD-dependent
Bcl3 activation. Nat. Commun. 2014, S, 3898.

(62) Delaunay, C.; Pollastri, S.; Thépaut, M.; Cavazzoli, G.; Belvisi, L.;
Bouchikri, C.; Labiod, N.; Lasala, F.; Gimeno, A.; Franconetti, A.; et al.
Unprecedented selectivity for homologous lectin targets: differential
targeting of the viral receptors L-SIGN and DC-SIGN. Chem. Sci. 2024,
15 (37), 15352—15366.

(63) Munoz, A; Sigwalt, D Illescas, B. M.; Luczkowiak, J;
Rodriguez-Pérez, L.; Nierengarten, I.; Holler, M.; Remy, J.-S.; Buffet,
K; Vincent, S. P.; et al. Synthesis of giant globular multivalent
glycofullerenes as potent inhibitors in a model of Ebola virus infection.
Nat. Chem. 2016, 8 (1), 50—57.

(64) Ribeiro-Viana, R.; Sdnchez-Navarro, M.; Luczkowiak, J.; Koeppe,
J. R.; Delgado, R.; Rojo, J.; Davis, B. G. Virus-like glycodendrinano-
particles displaying quasi-equivalent nested polyvalency upon glyco-
protein platforms potently block viral infection. Nat. Commun. 2012, 3
(1), 1303.

(65) Budhadev, D.; Hooper, J.; Rocha, C.; Nehlmeier, I; Kempf, A.
M.,; Hoffmann, M,; Kruger, N.; Zhou, D.; Pohlmann, S.; Guo, Y.
Polyvalent Nano-Lectin Potently Neutralizes SARS-CoV-2 by Target-
ing Glycans on the Viral Spike Protein. JACS Au 2023, 3 (6), 1755—
1766.

(66) Guo, Y.; Turnbull, B. W.; Zhou, D. Probing Multivalent Protein-
Carbohydrate Interactions by Quantum Dot-Forster Resonance Energy
Transfer. Methods Enzymol. 2018, 598, 71—100.

21561

STOP DIGGING
THROUGH DATA
—START MAKING
DISCOVERIES

CAS BioFinder helps you find the
right biological insights in seconds

Start your search

https://doi.org/10.1021/acsami.5c25677
ACS Appl. Mater. Interfaces 2026, 18, 21543—21561


https://doi.org/10.1038/ncomms4898
https://doi.org/10.1038/ncomms4898
https://doi.org/10.1039/D4SC02980A
https://doi.org/10.1039/D4SC02980A
https://doi.org/10.1038/nchem.2387
https://doi.org/10.1038/nchem.2387
https://doi.org/10.1038/ncomms2302
https://doi.org/10.1038/ncomms2302
https://doi.org/10.1038/ncomms2302
https://doi.org/10.1021/jacsau.3c00163?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacsau.3c00163?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/bs.mie.2017.06.012
https://doi.org/10.1016/bs.mie.2017.06.012
https://doi.org/10.1016/bs.mie.2017.06.012
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.5c25677?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.cas.org/solutions/biofinder-discovery-platform?utm_campaign=GLO_ACD_STH_BDP_AWS&utm_medium=DSP_CAS_PAD&utm_source=Publication_ACSPubs

