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ABSTRACT: Multivalent interactions between carbohydrates and
proteins enable a broad range of selective chemical processes of
critical biological importance. Such interactions can extend from
the macromolecular scale (1—10 nm) up to much larger scales
across a cell or tissue, placing substantial demands on chemically
patterned materials aiming to leverage similar interactions in vitro.
Here, we show that diyne amphiphiles with carbohydrate
headgroups can be assembled on highly oriented pyrolytic graphite
(HOPG) to generate nanometer-resolution carbohydrate patterns,
with individual linear carbohydrate assemblies up to nearly 1 pm,
and microscale geometric patterns. These are then photo-
polymerized and covalently transferred to the surfaces of hydrogels.
This strategy suspends carbohydrate patterns on a relatively rigid

surface-templated glycopolymer

glycopolymer display on hydrogel
s ) T .

polydiacetylene (persistence length ~ 16 nm), exposed at the top surface of the hydrogel above the bulk pore structure. Transferred
patterns of appropriate carbohydrates (e.g., N-acetyl-D-glucosamine, GIcNAc) enable selective, multivalent interactions (Kp ~ 40
nM) with wheat germ agglutinin (WGA), a model lectin that exhibits multivalent binding with appropriately spaced GlcNAc
moieties. WGA binding affinity can be further improved (Kp ~ 10 nM) using diacetylenes that shift the polymer backbone closer to
the displayed carbohydrate, suggesting that this strategy can be used to modulate carbohydrate presentation at interfaces.
Conversely, GIcNAc-patterned surfaces do not induce specific binding of concanavalin A, and surfaces patterned with glucuronic
acid, or with simple carboxylic acid or hydroxyl groups, do not induce WGA binding. More broadly, this approach may have utility in
designing synthetic glycan—mimetic interfaces with features from molecular to mesoscopic scales, including soft scaffolds for cells.

B INTRODUCTION

All living cells are decorated by a dense, complex array of
glycans—oligo- and larger polysaccharides that are expressed
on cell surfaces in various forms (e.g., free oligosaccharides,
glycoproteins, and glycolipids). Cell surface glycans are
recognized by glycan binding proteins, also referred to as
lectins."” Lectins have been known in plants since the 1880s,
but over time, it has also become clear that glycan—lectin
interactions mediate or modulate a wide range of cellular
interactions in animals as well (e.g, cell—cell adhesion,
intracellular routing of glycoproteins, differentiation and
tumor metastasis, and viral infections).”’

Understanding and controlling glycan—lectin interactions at
the molecular level is central to the development of diagnostic
and therapeutic tools,"”'" engineering new carbohydrate-
binding proteins,""'> and design of materials to scaffold cell
growth for regenerative medicine.'”” One challenge in
replicating glycan—lectin interactions occurring in vivo is the
relatively weak binding (dissociation constant, Kp, in the mM
range) between individual carbohydrates and lectins."* Bio-
logical systems have evolved to take advantage of this weak
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interaction, creating selectivity for specific glycans by
incorporating multiple receptors in each lectin, shifting K
from the mM to the nM range.

Designing materials that utilize carbohydrate—lectin inter-
actions requires detailed control over placement and
orientation of carbohydrates over scales from 1 to 10 nm for
individual lectins and up to 100 nm or more when lectins
themselves are clustered, as in a viral capsid.s’15 For instance,
the wheat germ agglutinin (WGA) protein exhibits binding
specificity for N-acetyl-D-glucosamine (GlcNAc) and N-acetyl-
p-neuraminic acid (sialic acid, Sia), with a 1.3 nm distance
between receptor sites for GIcNAc (Figure l1a)'* and 3.9 nm
for Sia,"® while concanavalin A (ConA) has a distance of ~6.5
nm between mannose binding sites.'” Carbohydrate linkage
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Figure 1. (a) Schematic illustrating multivalent GlcNAc recognition by WGA (PDB: 2UVO). (b) Schematic of striped phase assembly and
structure on HOPG. (c) Schematic of PDA transfer to PAAm, in relation to PAAm polymerization architecture, and extended glycopolymer display
for selective multivalent binding. (d) Ilustration of binding selectivity for WGA at striped interfaces based on the choice of carbohydrate

amphiphile used for striped phase assembly. Parts of panel (b) adapted with

permission from ref 56. Copyright 2022 American Chemical Society.

and ring orientation are also important factors'® (e.g, a2,3-
linked Sia is associated with avian influenza viruses and a2,6-
linkages with human viruses'”). Such interactions can also span
larger scales when lectins are clustered for recognition. For
example, the diameter of a typical hemagglutinin lectin
expressed on the influenza A virus (IAV) surface is ca. 14
nm, while the virus diameter is 100—150 nm;”’ the targeted
glycan length is ca. 2—20 nm, with multiple glycans binding to
lectins across the IAV surface.”’ More broadly, the distribution
of glycans across a cell surface can lead to pattern formation
over length scales from nanometers to micrometers,””
extending to even larger scales across tissues.

Materials designed for carbohydrate display have become
increasingly important over the past two decades, as the
breadth of function of the glycocalyx has become more broadly
appreciated. Glycopolymers based on a number of scaffolds
(e.g., linear synthetlc polymers, Y dendrimers, ** other
branched oligomers,”* peptides,” and proteins*®) have been
shown to provide aspects of control over carbohydrate display,
including valency, nanometer-scale binding group spacing, and
architecture.””

Monosaccharides and glycans may also be displayed at
interfaces, providing convenient readouts of binding inter-
actions as well as the potential for longer-range ensemble
interactions. Glycan microarrays have been designed to screen
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glycan—lectin interactions, with functionalized

monosaccharides, glycans, or glycopolymers typically derivatiz-
ing solid surfaces such as glass, silicon, and gold over
microscopic areas.”** More recently, there have been growing
efforts to design synthetic glycocalyx mimics that recreate
specific glycan functions in more biological environments
including cell membranes,”>° softer interfaces that reveal the
importance of surface curvature, mechanical coupling, and
dynamics, among other factors.’

In designing glycomaterials for interactions with biological
systems, it is also important to consider routes for controlling
interfaces of soft synthetic materials such as those used in
implantation. Here, we report an unconventional and
potentially broadly applicable route to control glycan display
from molecular to microscopic scales, on both hard and soft
substrates, combining desirable aspects of polymer and surface-
based approaches to bridge length scales. Our approach is
based on lying-down phases of diacetylene (DA) amphi-
philes,””~*" which assemble with the amphiphile alkyl chains
parallel to the HOPG surface (Figure 1b), creating 1 nm wide
stripes of polar headgroups with a tunable pitch (5—10 nm)
based on alkyl chain length.** Individual molecular rows can
extend to lengths >10 um, depending on molecular
architecture.*® Topochemical photopolymerization of the
DAs generates stripes of conjugated polydiacetylenes

https://doi.org/10.1021/jacs.2c09937
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(sPDAs) that link functional headgroups™ along the relatively
rigid PDA backbone (persistence length ~ 15 nm),**** with an
alkyl segment of controlled length between the PDA and the
patterned functionality. Previously, using simple functional
headgroups (e.g, COOH, NH,), we have demonstrated that
patterning can be controlled over large areas (several cm? with
individual molecular domains >10* um? for some mole-
cules).*™* We have also used microcontact printing to
achieve geometric control over positioning of nanoscale
pattern elements over microscopic areas suitable for control-
ling interactions with cells and other biological entities.**™>"
Hierarchical surface patterns generated in this way influence
both interfacial wetting*">>>” and further assembly at the
interface.”>*>> Recently, we have shown that sPDAs on
HOPG can be utilized in a reaction process that transfers the
nanometer-resolution functional patterns to soft, biocompat-
ible substrates (Figure 1c) such as polydlmethylsﬂoxane
(PDMS)* ™" and polyacrylamide (PAAm) hydrogels.*® Func-
tional patterns are suspended above the porous gel structure,
enhancing steric accessibility.

Building on this powerful chemical patterning approach,
here we synthesize polymerizable amphiphiles with carbohy-
drate headgroups [e.g., N-acetyl-D-glucosamine (GlcNAc) and
glucuronic acid (GlcA)], using sSPDA assembly as a means to
achieve nanometer-resolution carbohydrate patterning that
mimics key aspects of glycan architectures, including molecular
(1—10 nm) and mesoscale (>100 nm) structures. We further
demonstrate that these carbohydrate patterns can be trans-
ferred to the surface of PAAm hydrogels, allowing for binding
interactions to be screened under mechanical conditions more
analogous to those in vivo, in comparison with patterns on
hard materials such as glass and gold. Finally, we show that
GIcNAc sPDAs generate highly selective interactions with
WGA and that modifying the amphiphile structure to increase
local GIcNAc concentration also increases binding avidity.
Together, these findings suggest the utility of this surface-
templated glycopolymer architecture in designing multivalent
glycan—protein interactions for cell scaffold materials or other
applications such as understanding mechanical contributions
to multivalent glycan interactions.

B RESULTS AND DISCUSSION

Synthesis of Amphiphiles. To test for WGA binding
selectivity, amphiphiles with GIcNAc and GlcA headgroups, as
well as OH and COOH functional groups common in glycans,
were prepared (Scheme 1la) through modifications of
previously reported procedures.”” Additionally, to examine
the role of the alkyl chain segment proximal to the headgroup
in spatially constraining carbohydrates for multivalent binding,
two isomeric GIcNAc amphiphiles (10,12-TCD-GlcNAc and
4,6-TCD-GIcNAc) were synthesized. 4,6-TCD-GIcNAc posi-
tions the diyne much closer to the carbohydrate headgroup,
potentially resulting in tighter ligand clustering, which would
be predicted to decrease Kj,.

To generate the polymerizable glycan amphiphiles, first, 4,6-
tricosadiynoic acid (4,6-TCD-COOH) was synthesized by
Cadiot—Chodkiewicz coupling (see detailed Experimental
Methods in the Supporting Information). To generate
amphiphiles with GlcNAc-modified headgroups, 4,6-TCD-
COOH and 10,12-TCD-COOH (commercially available)
were treated with oxalyl chloride [(COCI),] in the presence
of catalytic amounts of DMF to obtain 4,6-TCD-COCI and
10,12-TCD-COC], respectively (Scheme 1b). This process
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Scheme 1. Structures and Syntheses of Diyne Amphiphiles
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activates the carbonyl group toward nucleophilic substitution.
Conjugation of GIcNAc to the diynoyl chloride (e.g, TCD-
COCl) was performed using a trimethyl phosphine (PMe;)-
mediated Staudinger reaction (Scheme 1c). Finally, the O-
acetyl protecting groups were removed from the conjugated
intermediate by Zemplén deacetylation.

For simplicity, since all but one of the amphiphiles has the
10,12-TCD chain structure, we refer to these amphiphiles as
TCD-GIcNA¢, TCD-GlcA, TCD-OH, and TCD-COOH
throughout the manuscript until the final section, in which
the 4,6- and 10,12-TCD-GIcNAc isomers are compared.

Assembly of sPDA Monolayers on HOPG. Patterns of
amphiphiles with carbohydrates or other functional head-
groups were prepared by generating monolayers of diyne
amphiphiles (e.g, TCD-GIcNAc) on HOPG (Figure 2a, left)
through Langmuir—Schaefer (LS) conversion (see Experimen-
tal Methods in the Supporting Information). Briefly, this
approach begins by ordering molecules as a standing phase
Langmuir film on an aqueous subphase; a heated HOPG
substrate is then lowered horizontally into contact with the
Langmuir film, causing a subset of the molecules to reorder
from the standing phase on water into a lamellar (striped)
phase on the HOPG substrate. For TCD-GIcNAc, this
arrangement forms a lamellar structure centered on ~1.7 nm

https://doi.org/10.1021/jacs.2c09937
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Figure 2. (a) Schematic of the carbohydrate sPDA pattern transfer to PAAm. (b,c) Molecular models of (b) unpolymerized and (c) polymerized
TCD-GIcNAc monolayers on HOPG. (d) AFM images illustrating the lamellar structure of the polymerized TCD-GlcNAc monolayer. (e) SEM
image illustrating the presence of microscale domain structure. (f) Fluorescence spectra of TCD-GIcNAc and TCD-GIcA on PAAm. (g) Chemical
structures of GIcNAc and GlcA (left panel) and molecular models illustrating headgroup interactions in striped phases of TCD-GIcNAc and TCD-
GlcA on HOPG (left center panel). AFM micrographs of TCD-GIcNAc and TCD-GlcA on HOPG (right center panel). Fluorescence micrographs
of TCD-GIcNAc and TCD-GIcA on PAAm (right panel). Parts of panel (a) adapted from ref 6 with permission. Copyright 2022 American

Chemical Society.

wide stripes comprising two opposing rows of GIcNAc, with
alkyl chains on both edges, ca. 7 nm in width (Figure 2b,c). In
AFM images (Figure 2d), the measured lamellar periodicity of
6.7 nm is in good agreement with the modeled structure
(Figure 2¢).>® The size scale of molecular domains formed in
this way can exceed length scales that are readily imaged by
AFM; however, previously we have illustrated that SEM can be
used to visualize long-range ordering of molecular domains,*’
as shown in Figure 2e.

Transfer of sPDA Monolayers from HOPG to
Polyacrylamide. Next, we covalently transferred the sur-
face-templated glycopolymers to PAAm, using a covalent
transfer strategy (Figure 2a, center and right) in which PAAm
is cured in contact with the carbohydrate sSPDA on HOPG and
then exfoliated. We have recently demonstrated that this
process is effective in transferring sPDAs with simple
headgroup chemistries (carboxylic acids or amines) to
PDMS* or to PAAm.’® Here, we take advantage of this
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approach to pattern more complex carbohydrate headgroup
chemistries, in order to generate selective multivalent binding
on the amorphous hydrogel surface. See the Supporting
Information for a more detailed discussion of the transfer
process, including cryoEM images of functionalized and
unfunctionalized gel surfaces, and characterization of the
PAAm mesh structure.

To assess whether the functionalized PAAm surfaces yield
specificity for carbohydrates known to bind WGA, we
assembled and photopolymerized monolayers of TCD-GlcNAc
and TCD-GlcA (Figure 2fg). GlcNAc is known to bind to
WGA, while GIcA does not.'* GlcNAc and GlcA differ at two
substituents on the pyranose ring (Figure 2g left): at C2,
GIcNAc has a bulky acetamido (—NHAc) group, while GlcA
has a smaller OH; at C6, GIcNAc has an OH group, and GIcA
has a COOH group.

Minimized molecular models of the two sPDAs indicate that
C6 is one of the pyranose ring positions that mediates

https://doi.org/10.1021/jacs.2c09937
J. Am. Chem. Soc. 2023, 145, 1668—1677
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interactions between opposing rows of headgroups along the
lamellar median, with GIcA forming strong H-bonded COOH
dimers and GIcNAc forming weaker H-bonds between OH
groups. Experimentally, we observed that TCD-GlcNAc forms
smaller ordered molecular domains (typical domain sizes 200—
300 nm, Figure 2g, top right) on HOPG in comparison with
TCD-GIcA (700—900 nm, Figure 2g, bottom right) and other
amphiphiles with simpler head groups (see the Supporting
Information). This would be consistent with the weaker inter-
OH H-bonding and possibly also the presence of the bulky
acetamido group.

Following in situ PAAm curing and exfoliation, confocal
spectroscopy and microscopy (Figure 2fg, far right) illustrate
surface morphological features and spectral emission features
characteristic of sSPDA transfer, including a primary emission
peak centered at 548 nm and sidebands extending up to ~640
nm. While the spectral characteristics for TCD-GlcNAc
emission are similar to those we have observed previously
for other sPDAs with simpler headgroup chemistries, emission
intensity is somewhat lower, pointing to the possibility of lower
transfer efficiency (discussed more extensively in the following
section). TCD-GIcA transfers more efficiently, as evident based
on greater emission intensity; this is potentially consistent with
previous work in which we have shown that monolayer
chemistries that 6produce longer sPDAs also result in more
efficient transfer.”” Transfer is also visible in cryoEM images
(Figures SS5—S7) as a smoothing of the surface gel pore
structure, consistent with a very thin nanoscale surface layer
that is more tightly cross-linked than the bulk gel structure.
PDAs are known to exhibit a polarized excitonic 'B, transition,
oriented along the polymer backbone.®' Polarized fluorescence
emission images (Figure S8) of amphiphiles that exhibit long-
range order also exhibit anisotropic emission consistent with
partial retention of PDA alignment, although presumably
ordering is not as strict as that observed on the HOPG
substrate. Given the relatively open PAAm gel mesh structure,
we anticipate that this results at least in part from the
additional cross-linking in the surface layer, visible in cryoEM.

Selectivity of WGA toward the TCD-GIcNAc Mono-
layer. To assess the selectivity of WGA interaction with TCD-
GlcNAc monolayers, we functionalized PAAm with amphi-
philes having headgroups representing individual functional
groups common in glycans (Figure 3): a hydroxyl group
(TCD-OH) and a carboxylic acid (TCD-COOH). Addition-
ally, we functionalized PAAm substrates with sPDAs generated
from a GlcA amphiphile (TCD-GlcA), with a carbohydrate
headgroup that is not a target for WGA binding. The
fluorescence-based assays described in this section and
following sections are not possible on HOPG substrates,
which quench fluorescence.*’

We exposed sPDA-functionalized PAAm surfaces to rhod-
amine-labeled WGA (S pug/mL). Greater emission intensity
from TCD-GlcNAc-functionalized PAAm (Figure 3a) in
comparison to other functionalized substrates (Figure 3b—d)
exposed to WGA illustrates the preferential binding of WGA to
TCD-GIcNAc. Interestingly, this increased binding occurs in
spite of the relatively modest transfer efficiency of TCD-
GIcNAc (Figure 3e) in comparison with the other surface
chemistries (Figure 3f—h).

To control for differences in the level of surface
functionalization, we quantified fluorescence emission from
monolayers before (Figure 3i) and after WGA exposure
(Figure 3j; note the larger intensity scale following WGA
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Figure 3. (a—d) Fluorescence images of monolayers after exposure to
WGA (S ug/mL). (e—h) Fluorescence images of monolayer on
PAAm. (ij) Fluorescence spectra of monolayers (i) before and (j)
after exposure to WGA (S pg/mL). (k) WGA binding to monolayers
normalized for surface coverage. (1) Fluorescence spectra illustrating
minimal increase in adsorption of rhodamine-labeled ConA (5 ug/
mL) to TCD-GIcNAc/PAAm (red trace) vs unfunctionalized PAAm
(light red). WGA exposed to unfunctionalized PAAm is shown for
comparison (light blue). Higher gain settings were used in (1) to
adequately resolve spectral differences at low emission intensity,
leading to the higher observed fluorescence for the TCD-GIcNAc +
WGA trace in comparison with the intensity in (j). (m—o) uCP
patterned TCD-GIcNAc (m) on HOPG, (n) after transfer to PAAm,
and (o) after transfer to PAAm and exposure to WGA. Inset in (n)
uses enhanced contrast to emphasize square pattern.
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Figure 4. (a,b) Molecular models and dynamics of headgroup regions in polymerized monolayers of (a) 4,6-TCD-GlcNAc/HOPG and (b) 10,12-
TCD-GIcNAc/HOPG. (c) Models following 4 ns dynamics with HOPG removed and PDA frozen, to simulate conditions on sPDAs transferred to
PAAm. (d) Distribution of neighboring GlcNAc—GlcNAc distances along each sPDA. Gray tie line at 13.0 A represents the distance between
dimerized WGA binding sites. (e,f) Fluorescence intensities of 4,6-TCD-GIcNAc/PAAm (gold) and 10,12-TCD-GIcNAc (blue) surfaces, without
(e) and with (f) exposure to 5 pg/mL WGA. (g) Fluorescence intensities of sSPDA/PAAm substrates exposed to specified concentrations of WGA;
images in inset were acquired using a widefield epifluorescence microscope, thus intensities are not directly comparable to values in (e,f).

exposure). Recently, we have shown that differences in sSPDA
emission intensity relate to the efficiency of sPDA transfer
from HOPG to PAAm.*° Fluorescence emission intensity from
TCD-GIcNAc monolayers prior to WGA exposure (Figure 3i,
blue trace) is substantially lower than that for TCD-COOH
(red), TCD-GIcA (gold), and TCD-OH (green) monolayers.
Thus, the interfacial concentration of GIcNAc on PAAm is
lower in comparison to other functional groups, by up to a
factor of 10 in comparison with TCD-COOH and ~5X in
comparison with TCD-OH and TCD-GIcA.

To establish a ratio of WGA binding normalized for surface
concentration of the functionalization moiety, the maximum
emission intensity (Ig4s) of WGA-treated monolayers was
divided by emission intensity at the PDA emission peak (Igg,).
Figure 3k shows WGA binding normalized for surface
coverage, using this approach. The normalized WGA binding
for the TCD-GIcNAc monolayer is 6 (TCD-OH) to 15 (TCD-
COOH) times greater than other functional moieties, while
binding to GlcA is similar to that observed for the OH and
COOH patterns.

Conversely, the functionalized surfaces do not increase the
adsorption of ConA (Figure 3l); exposure of fluorescence
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ConA to both TCD-GIcNAc-functionalized (red trace) and
unfunctionalized (light red trace) PAAm produces similar
fluorescence emissions, also comparable to that observed from
WGA exposed to unfunctionalized PAAm (blue trace).
Therefore, it appears that the interaction between WGA and
the TCD-GIcNAc monolayer is highly selective.

To illustrate the capability to control lectin—carbohydrate
interactions across geometrically controlled areas of the soft
surface, we generated square patterns of TCD-GIcNAc sPDAs
on HOPG by microcontact printing (#CP) (Figure 3m). After
transfer to PAAm, the squares are visible in fluorescence
images (Figure 3n; inset shows enhanced contrast); a larger
area of the substrate is shown in this panel to facilitate
visualization of the relatively faint pattern. Square patterns
become clearly visible in both green and red channels of
widefield epifluorescence images after exposure to WGA
(Figure 40).

Measurement of Surface Dissociation Constant (Kp).
In principle, varying the length of the alkyl chain segment
joining the carbohydrate to the sPDA backbone represents a
means of controlling local concentration of carbohydrates
along the stripe. In this context, short alkyl chain segments,
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which decrease the volume available to each carbohydrate,
would be expected to produce higher local concentration
(effective molarity) of carbohydrates and potentially decrease
Ky, for a given surface coverage of the same carbohydrate.

To evaluate the effect of proximal chain length on GIcNAc
spatial distribution, we created models of two isomers of TCD-
GIcNAc with different proximal chain lengths: 4,6-TCD-
GlcNAc (3-carbon proximal chain) and 10,12-TCD-GlcNAc
(9-carbon proximal chain). Minimized molecular models of
polymerized 4,6-TCD-GIcNAc and 10,12-TCD-GlcNAc
monolayers on HOPG (Figure 4ab) illustrate the potential
for restrictions on the trajectories of GIcNAc headgroups based
on the position of the PDA (highlighted in gold). The distance
from the end of the GIcNAc to the PDA is ~1.0 nm for 4,6-
TCD-GIcNAg, increasing to ~2.0 nm for 10,12-TCD-GlcNAc.

To better simulate the possible arrangement of GlcNAc
when the PDA is suspended above a porous PAAm substrate,
we performed sequential 1 ns molecular dynamics runs in
explicit water, with the HOPG substrate removed from the
model and the PDA backbone frozen (Figure 4c). This set of
constraints was intended to mimic the periodic covalent
linkage of the relatively stiff PDA (persistence length ~16 nm)
to the PAAm mesh, while allowing for the motion of pendant
alkyl chain segments and headgroups. Models after dynamics
illustrate that GIcNAc headgroups in the 4,6-TCD-GIcNAc
layer are more tightly clustered, in comparison with those in
models of 10,12-TCD-GIcNAc. Distances between pyranose
rings along each PDA were evaluated, pooling 4 and 8 ns
timepoints (Figure 4d), producing median values of 11.8 and
10.1 A for C2—OH and C6—CO, respectively, for 4,6-TCD-
GlcNAc. Equivalent calculations for 10,12-TCD-GlcNAc
produced values of 13.8 and 12.5 A, respectively. Although
differences in median values are modest, the dotted gray tie
line illustrates the distance between paired carbohydrate
recognition sites on WGA (13 A). Notably, due to a
combination of the lower median values and tighter
distribution of values for 4,6-TCD-GIcNAc, a much larger
fraction of the distances between adjacent carbohydrates falls
within this range (69 and 87%, respectively, for C2—OH and
C6—CO in the 4,6-TCD-GlcNAc models, in comparison with
values of 46 and 54% for the 10,12-TCD-GIcNAc models).
The differences in lengths of the alkyl linkers connecting the
PDA and carbohydrate headgroups for 4,6- and 10,12-TCD-
GlcNAc may also contribute to differences in affinity in ways
not directly related to local concentration effects, for instance
by influencing the range of possible orientations for the
carbohydrate headgroups.

To evaluate the effect of proximal chain length on GlcNAc—
WGA binding avidity experimentally, we compared binding to
10,12-TCD-GIcNAc and 4,6-TCD-GIcNAc (see Scheme 1 for
structure and synthesis). The transfer efficiency of both
isomers to PAAm was similar within error, as measured by
PDA fluorescence emission (Figure 4e). Following exposure to
WGA (S pg/mL), a large increase in fluorescence emission was
observed for carbohydrate-functionalized surfaces, particularly
near 584 nm, the emission maximum for the rhodamine label
appended to WGA. Spectral distribution also changed to
resemble that for the rhodamine label. Emission intensity from
4,6-TCD-GIcNAc + WGA monolayers is substantially greater
than that from 10,12-TCD-GIcNAc + WGA monolayers at S
ug/mL (Figure 4f), consistent with the prediction of increased
binding to the more localized GIcNAc moieties.
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Past studies have reported dissociation constants (Kp) for
monovalent interactions between WGA and GIcNAc of 1.8
mM, with designed bivalent solution-phase ligands producing
Kp, values from 100 to 700 nM, depending on linker geometry,
and tetravalent solution-phase ligands producing K, values as
low as 1—4 nM.°” Studies of surface binding interactions
between ConA and printed monolayers of mannosides
comprising 1—9 units exhibited Ky values in the range of
80—90 nM for glycan densities sufficient to achieve multivalent
binding (based on stochastic inter-glycan distance <6.5 nm)
and >200 nM for lower surface concentrations of mannosides
at which multivalent interactions should become statistically
less likely.”®

To evaluate whether WGA interaction with TCD-GlcNAc
sPDAs are multivalent or monovalent, we exposed 10,12- and
4,6-TCD-GIcNAc/PAAm surfaces to increasing concentrations
of WGA, maintaining the surface density of GlcNAc in the
sPDA constant (Figure 4g). To calculate K, for the WGA—
GIcNAc surface interaction, we plotted the WGA concen-
tration against the WGA emission intensity, and data were fit
to a Langmuir isotherm,”® which is widely used as a model for
lectin—carbohydrate interfacial binding®**3>*3~

F = E,_[WGA]/{[WGA] + Ky}

where F,, is the maximum fluorescence intensity (an
observable dependent on the GIcNAc—WGA interaction),
[WGA] is the WGA concentration, and Kj, is the equilibrium
dissociation constant for surface GIcNAc and WGA. The
emission intensity increases as [WGA] is increased from 0.5 to
S ug/mL (Figure 4g) for both isomers, with greater emission
from surfaces functionalized with 4,6-TCD-GIcNAc. 4,6-TCD-
GIcNAc surfaces reach saturation at a lower WGA concen-
tration (3 pg/mL) than 10,12-TCD-GIcNAc (7 pg/mL). As
[WGA] is increased further, the emission intensity remains
similar, typically associated with the saturation of GlcNAc
ligands on the surface. For 4,6-TCD-GIcNAc, the intensity
begins to increase again at 10—15 pug/mL. We observed similar
behavior for 10,12-TCD-GIcNAc at concentrations higher than
15 ug/mL (see the Supporting Information). Previous studies
have found similar binding curve shapes for multivalent
systems in cases in which protein—protein interactions begin
to occur at higher protein concentrations.””  Since these
features do not directly involve GIcNAc—WGA interactions,
we excluded those data points from the binding curve (see
detailed discussion in the Supporting Information). The value
of Kp obtained from the WGA binding curve for 4,6-TCD-
GIcNAc (10.1 + 0.6 nM) is 3.6 times lower than that for
10,12-TCD-GIcNAc (36.1 + 1.3 nM) and 1.8 X 10° times
lower than previously reported K values for monomeric
solution-phase GIcNAc—WGA interactions.’” Values of Ky, in
the nM range are consistent with multivalent binding to the
templated GIcNAc moieties, even when the overall surface
coverage of GIcNAc is low.

B CONCLUSIONS

Here, we have demonstrated that diacetylene amphiphiles with
carbohydrate headgroups can be ordered on HOPG into
striped phases with domain edge lengths from 100 nm to
nearly 1 ym. Following photopolymerization, these unconven-
tional surface-templated glycopolymers can be covalently
transferred to the surfaces of hydrogels and used to generate
selective multivalent binding to appropriate lectins.
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Even at very low overall surface densities of carbohydrate,
the local presentation is maintained by the surface-templated
glycopolymer, resulting in Kp values (10—40 nM) that
compare favorably with other surface binding strategies that
require very high surface densities of carbohydrates.

We suggest that, in part, this may be due to high steric
accessibility of the glycopolymers suspended over the porous
hydrogel mesh. This combination of volume localization and
steric accessibility is uniquely different from both conventional
monolayer chemistries and stochastic hydrogel functionaliza-
tion strategies (which place the majority of the appended
functionalities in pores, where they are less accessible to large
entities such as viruses and cells binding to the interface).
Additionally, the relatively stif PDA backbone (solution
persistence length ~16 nm)**** points to the likely retention
of an extended configuration of the polymers, somewhat
analogous to extended conformations of mucins and other
biological glycopolymers.

Such a capability has potential utility in the design of
surfaces for studying glycan—lectin and other glycan—receptor
interactions that depend on multivalency, particularly those in
which interfacial mechanics may play a role. More broadly, the
capability to pattern extended glycopolymers on soft materials,
with both nanoscale and microscale features, may be useful in
controlling interactions with larger functional structures such
as cells and tissues, which commonly rely on multivalent
interactions with carbohydrates in the extracellular matrix. In
this regard, the capability to generate highly structured patterns
of carbohydrates in the top few nanometers of a hydrogel
surface may be of particular importance in designing mimics of
structured interfacial environments common in the extrac-
ellular matrix. We note that, while in part the presentation of
carbohydrates or other ligands may be altered by flexibility of
the bulk gel (for instance, impacting alignment of adjacent
polymers), the stiffness of the PDA is likely to, in part, offset
the flexibility of the hydrogel mesh.

B EXPERIMENTAL SECTION

See detailed Materials and Methods section in the Supporting
Information.
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The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacs.2c09937.

Detailed materials and methods; large-scale AFM and
SEM images comparing ordering of polymerizable
amphiphiles on HOPG; large-scale fluorescence images
illustrating sSPDA monolayers transferred to PAAm;
large-scale fluorescence images illustrating preferential
binding of WGA with 10,12-TCD-GlcNAc/PAAm
surfaces in comparison with other headgroup chem-
istries; cryoEM images of the unfunctionalized and
functionalized PAAm hydrogel structure; polarized
emission from transferred sSPDA monolayers on PAAm
hydrogels; additional discussion of WGA—WGA inter-
actions observed at higher WGA concentrations; data
analysis for fluorescence emission sampling; larger-scale
SEM images illustrating the use of circular vacancies in
sPDA monolayers as an internal standard for binding
assays; larger images of output from molecular
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spectra for all newly synthesized compounds (PDF)
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