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Carbohydrate-based membranes that show molecular recognition
ability are interesting mimics of biointerfaces. Herein, we prepared
glycopolymer membranes on QCM-D sensor chips using a solvent-
assisted method and investigated their interactions with a target
lectin. The membrane containing the glycopolymer with a random
arrangement of the carbohydrate units adsorbed more lectin than
that containing the glycopolymer with an organized block of
carbohydrate units.

Carbohydrates play important roles in biological activities (e.g:,
pathogen infection, immune response, and cell-to-cell commu-
nication) through molecular recognition on cell surfaces, where
carbohydrates selectively interact with corresponding proteins
(lectins)."™ Since monovalent interaction between a carbohy-
drate unit and a lectin binding site is generally weak, multi-
valent binding is important to strengthen carbohydrate-lectin
interactions.>® Glycoconjugates exist as clusters on cell sur-
faces and exhibit multivalent binding with multiple lectin
binding sites. A glycopolymer contains multiple carbohydrate
units in a single molecule.” ™ Glycopolymers exhibit multi-
valent interactions with target lectins and have been used as
pathogen inhibitors and biosensors."***

Since the molecular recognition of carbohydrates occurs on
cell surfaces, material interfaces modified with carbohydrates
have attracted much attention as biointerface mimics and
analysis platforms.'**” Carbohydrates can be immobilized by
thiol-gold interactions on gold surfaces'*'® and silane cou-
pling reactions on glass substrates.'®"'® Locally dense immobi-
lized carbohydrates on solid surfaces can form strong
multivalent interactions with the target lectin. For example,
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Percec and co-workers fabricated a glycodendrimer surface with
a precisely controlled arrangement of carbohydrate units.>® The
well-defined distance between the carbohydrate units deter-
mined the multivalency and strengthened the interaction of the
glycodendrimer surface with lectins. Furthermore, while not
related to carbohydrate interactions, there have been reports
indicating that the method of immobilizing enzymes on the
surface can impact their activity.>'>* These examples demon-
strate the substantial impact that the immobilization method
for functional groups can have on the properties of biointerface
interactions.

Molecular recognition of fluid membranes formed through
non-covalent interactions is attracting increasing attention. For
example, Ritcher and co-workers reported highly selective
molecular recognition between adamantane units and cyclo-
dextrin polymers on a fluid lipid bilayer supported on a
substrate.>* Such fluid lipid bilayers are formed by the lipo-
some shaping and the Langmuir-Blodgett method.”>*° In
addition to these traditional methods, the solvent-assisted
method was reported by Cho and co-workers.””>° This method
enabled the facile preparation of a uniform lipid bilayer
membrane. Furthermore, Meier and co-workers demonstrated
that the solvent-assisted method can be applied to synthetic
polymer membranes.®® In this pioneering work, the authors
also demonstrated the molecular recognition of the formed
polymer membrane.

In this context, we hypothesized that the solvent-assisted
method would be wuseful for obtaining a glycopolymer
membrane-based molecular recognition platform. However,
the applicability of the solvent-assisted method for this purpose
and the effects of polymer structures on surface molecular
recognition remain unclear. Herein, we investigate the
bottom-up formation of glycopolymer membranes on a quartz
crystal microbalance with dissipation (QCM-D) sensor chips
using the solvent-assisted method and the molecular recogni-
tion behavior of the glycopolymer membranes toward a target
lectin (Fig. 1). QCM-D is an excellent tool for analyzing
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Fig. 1 Schematic illustration of polymer membrane formation on a quartz
crystal microbalance with a dissipation (QCM-D) sensor chip by the
solvent-assisted method. B is butyl acrylate and D is N,N-dimethyl acry-
lamide. In the lower half, membrane formation using glycopolymers with a
random arrangement (a) and a block arrangement (b).

interactions between biomolecules.”® While there have been
several reports on the interaction between glycopolymer inter-
faces and proteins using QCM-D,*** this work focuses on
observing the in situ formation of non-covalent polymer mem-
branes using the solvent-assisted method and their interactions
with proteins. In this work, we use the term ‘“membrane” to
describe the “membrane-like” solid-supported polymer assem-
blies for simplicity.*°

First, we investigated the amphiphilic polymer structures
required to form polymer membranes. The block copolymers
were synthesized by reversible addition-fragmentation chain
transfer (RAFT) polymerization, which is a type of living radical
polymerization. Hydrophobic and hydrophilic blocks were pre-
pared with butyl acrylate (BA) and N,N-dimethylacrylamide
(DMA) monomers, respectively. The target degree of polymer-
ization for each block was varied (Tables S1 and S2, ESIT). The
compositions of the obtained polymers were determined by
'"H NMR (Fig. S1-S9, ESIf). Size exclusion chromatography
(SEC) analysis demonstrated that the peaks of the hydrophobic
BA polymers (polyBA,,, m = 50, 100, and 200) shifted to higher
molecular weight (M,,) after polymerization with the hydrophi-
lic DMA (polyBA,,-b-DMA,,, B,,D,,), confirming successful chain
extension (Fig. S10 and S11, ESIt).

The self-assembly behaviour of the synthesized B,,D,, diblock
copolymers was evaluated by dynamic light scattering (DLS)
measurements. The DLS measurements of BsgD,4, BsgDea,
B110Dss5, and By;9D110 polymer solutions in phosphate-buffered
saline (PBS) solution (0.1 g L™ *) showed that the copolymers had
diameters larger than 30 nm, indicating the formation of self-
assembled structures such as micelles in aqueous solution
(Table 1 and Fig. S12, ESIt). BygoD1oo and BygeDyge did not
completely dissolve in ethanol and were excluded from subse-
quent experiments.

To determine the appropriate polymer structure for the
solvent-assisted method, the synthesized diblock copolymers
were applied to form polymer membranes on QCM-D sub-
strates. As a representative example, the QCM-D frequency
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Table 1 Amphiphilic
RAFT polymerization

diblock copolymers prepared by

Polymer M," (g mol™") M,/M,* D.’(nm) Surface coverage® (%)
BsgDsa 8300 1.36 48+5 26
BsgDes 12200 1.21 3241 43
B110Dss 16100 1.33 48 £ 8 39
By1oD1o 22100 1.20 34+4 53

¢ Molecular weight (M,) and dispersity (M,/M,) were determined by
SEC analysis (N,N-dimethylformamide with 10 mM LiBr as an eluent)
calibrated with a polymethylmethacrylate standard. ? Hydrodynamic
diameter was determined by dynamic light scattering (0.1 g L™" in
PBS at 25 °C). Measurements were repeated three times. ¢ Coverage of
the QCM-D sensor surface was determined by: 100% x (1 — AFgsa ON
polymer membrane/AFgs, on bare glass substrate), where AFgs, is the
frequency change caused by the addition of bovine serum albumin.

profile of By1oD110 during membrane formation is shown in
Fig. 2 (profiles for the other polymers are shown in Fig. S13-
S15, ESIf). A silica-coated QCM-D sensor chip was set in the
module, and the signal was stabilized with a flow of PBS solution,
followed by ethanol and polymer solution in ethanol (10 mg L™7).
Then, the solvent was switched from the polymer solution to PBS,
and the frequency change (AF) was observed (step 4 in Fig. 2). The
negative AF indicated polymer adsorption on the QCM-D sub-
strate. To evaluate the polymer membrane coverage of the sensor
surface, the solvent was sequentially changed to bovine serum
albumin (BSA) solution in PBS (0.5 g L"), which led to BSA
adsorption on the uncovered area of the sensor surface. The
surface coverage of the polymer membrane was calculated using

eqn (1):

Surface coverage = 100% X (1 — AFgga on polymer membrane/
AFgss on bare glass substrate) (1)

where AFgs, is the frequency change caused by BSA. A profile
for BSA adsorption onto the bare glass substrate is provided in
Fig. 516 (ESIt). The surface coverage of the polymer membrane
is summarized in Table 1. Surface coverage increased with the
molecular weight and the ratio of hydrophobic to hydrophilic
units of the polymers. The highest coverage of 53% was
obtained for B;;9D110- This trend is attributed to the increase
of hydrophobic interactions, acting as the driving force for
membrane formation. These results revealed that the structure
of B;10D110 Was the most appropriate of those investigated for
the formation of polymer membranes by the solvent-assisted
method.

Next, amphiphilic glycopolymers were synthesized based on
the structure of By10D110- Mannose units were introduced into
the hydrophilic block as side chains in two types of sequence:
random or block. The target degree of mannose acrylamide was
10 and copolymerized with DMA for the random glycopolymer
poly(BA;;¢-b-(DMA-r-Man),o;) (RG). Mannose acrylamide was
polymerized with B;4¢D110 as the macro-RAFT agent to produce
block glycopolymer poly(BA;;o-b-DMA;;o-b-Man;) (BG). The
number of mannose units in each RG and BG was determined
to be nine and seven, respectively, by 'H NMR (Fig. 3 and Fig.
S17, S18, ESIf). Both RG and BG showed similar molecular
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Fig. 2 QCM-D frequency (a) and dissipation (b) profiles for polymer membrane formation with B119D110 Upon addition of PBS (1), ethanol (2), polymer

solution in ethanol (3), PBS (4), BSA solution in PBS (5), and PBS (6).
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Fig. 3 'H NMR spectra of (a) By3oD110, (b) random glycopolymer (RG), and
(c) block glycopolymer (BG) in de-dimethylsulfoxide.

weights (Fig. S19, ESIt). These results indicated that RG and BG
have comparable structures, except for their sequence.

1784 | J Mater. Chem. B, 2024, 12,1782-1787

Then, polymer membranes containing the glycopolymers
were formed using the solvent-assisted method. Polymer solu-
tions were prepared with either RG or BG (10 or 50 wt%,
respectively) and By19D110 (90 or 50 wt%) in ethanol. As in the
control experiment with only B;10D110, the mixtures of By19D110
and glycopolymers also showed decreased AF after solvent
exchange (step 4 in Fig. 4a and b). The surface coverage of
the glycopolymer membranes was less than 30%, which was
lower than that of By;9D110 (Table 2). The decreased surface
coverage was attributed to the hydrophilic-hydrophobic bal-
ance of the polymers being affected by the presence of mannose
units. The glycopolymer membranes on the QCM-D sensor
chips were observed by atomic force microscopy (AFM) after
drying; no vesicle structure was observed (Fig. S20, ESIt). The
AFM results further confirmed the formation of glycopolymer
membranes on the QCM-D sensor surface using the solvent-
assisted method.

Molecular recognition by the glycopolymer membranes was
then evaluated using concanavalin A (ConA). ConA is a tetra-
meric lectin that specifically binds to mannose units in the
presence of calcium ions.* After blocking the uncovered sensor
surface with BSA, the membranes were exposed to ConA in PBS
with calcium ion (PBS(+)) solution (0.01 g L"), which caused a
AF decrease (step 7 in Fig. 4a and b). The sensor frequency
changes caused by ConA (AFcona) were —18 and —7 Hz for the
membranes with 50 wt% RG and BG, respectively (Fig. 4c and
Table 2). The concentration of ConA solution was sequentially
increased to 0.1 g L' (step 8 in Fig. 4a and b), which caused
AFcona to further decrease to —36 and —17 Hz for RG and BG,
respectively (Fig. 4c). Stated values are the averages of triplicate
experiments (Table S3, ESIt). The dissipation profiles of the
membranes are shown in Fig. S21 (ESIt). In contrast, peanut
agglutinin (PNA), a non-mannose binding lectin did not induce
frequency changes, indicating the retained selectivity of the
mannose units on the glycopolymer surfaces (Table S4 and Fig.
S22, S23, ESIt). Membranes with a lower ratio of glycopolymers
to By10D110 Of 10 wt% adsorbed less ConA than those with a
higher glycopolymer: B;;9D;40 ratio (Table 2 and Fig. S24, S25,

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 QCM-D frequency profiles for polymer membrane formation with
(@) B110D110: RG = 50: 50 (w/w) and (b) By10D110 : RG = 50: 50 (w/w). In the
profiles, PBS (1), ethanol (2), polymer solution in ethanol (3), PBS (4), BSA
solution in PBS (5), PBS(+) (6), ConA solution in PBS(+) (C = 0.01g L™ (7),
ConA solution in PBS(+) (C = 0.1 g L™) (8), and PBS (+) (9). (c) The
frequency change caused by ConA adsorption for each polymer
membrane. (d) AD-AF plots of ConA adsorption for each glycopolymer
membrane (step 5 to step 9).

Table 2 Glycopolymer membrane characteristics

Glyco Glycopolymer/  Surface [ConA]
polymer®  By;oDyi (W/w)  coverage’ (%) (gL7')  —AFgona (Hz)
RG 10:90 24 0.01 4
0.1 12
50:50 28 0.01 18
0.1 36
BG 10:90 26 0.01 2
0.1 7
50:50 27 0.01 7
0.1 17

“RG and BG are poly(BA;;o-b-(DMA--Man),o3) and poly(BA;¢-b-
DMA,1-b-Man;), respectively. ” Surface coverage of QCM-D sensor sur-
face was determined by: 100% X (AFgss on polymer membrane/AFggy
on bare glass substrate).

ESIT). The polymer membrane with only By;0D;40 (N0 glycopo-
lymer) showed negligible ConA adsorption (Fig. 4c). These
results demonstrated that using BSA to block uncovered sensor
surfaces worked well to avoid nonspecific adsorption of ConA,
even at low surface coverage, and that ConA adsorption on the

This journal is © The Royal Society of Chemistry 2024
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QCM-D surface was derived from specific molecular recogni-
tion by mannose units of the glycopolymers. Interestingly, the
amount of ConA adsorbed on the sensor surface was larger for
the membrane with RG than that with BG, even though they
had the same surface coverage (Table 2). This indicates that the
glycopolymer membrane containing mannose units with a
random arrangement interacted more strongly with ConA or
had larger capacity for ConA binding. It is noteworthy that our
previous works also reported that the strongest binding of
glycopolymers to lectins was not achieved at the highest
carbohydrate unit density.*>>® Alexander-Katz and co-workers
reported that polymers featuring the functional group in an
alternating fashion demonstrate an advantage in multivalent
interactions with the target compared to those with a block
structure, particularly under high target concentrations. This
phenomenon arises from the competition for multiple binding
sites on the target.’”

The slope of the dissipation change (AD)-AF plots obtained
from QCM-D measurements provides information about the
viscoelasticity of the sensor surface in adsorption experiments.
A higher slope indicates that a surface has a relatively relaxed
structure and high viscosity.*® Fig. 4d shows that the slopes of
the AD-AF plots for ConA adsorption were the same for the
membranes with RG and BG. This indicates that the glycopo-
lymer membranes had comparable elasticity, and the amount
of ConA adsorbed on the membrane was affected by the
statistical arrangement of carbohydrate units on the surface,
and not by dynamic properties such as fluidity.

To demonstrate the advantage of membrane formation by
the solvent-assisted method, we prepared a glycopolymer
membrane on a QCM-D sensor chip by spin coating using the
same polymer solution (By1oDy10:RG = 50:50, 10 mg L' in
ethanol). The spin-coated surface displayed AFcons of —7 Hz
upon exposure to ConA solution (0.1 g L"), which was smaller
than that of the equivalent membrane prepared by the solvent-
assisted method (Fig. S26 and S27, ESIt). The deference on the
adsorption amount of ConA was attributed to the varying
amounts of glycopolymers on the sensor surface. At step 2 in
Fig. S26 (ESIt), the frequency change due to the adsorption of
BSA on the spin-coated polymer was as large as that on a bare
glass surface of the QCM sensor, indicating that the polymer is
sparsely deposited on the sensor surface. Considering that the
adsorption of PNA on the polymer membranes prepared by
the solvent-assisted method was below 3 Hz (Table S4, ESIT),
the adsorption of ConA on the spin-coated surface is likely
specific to mannose units, implying the presence of a certain
amount of polymer on the sensor surface. This experiment
aimed to showcase the effects of different membrane formation
methods at the same polymer concentration, highlighting the
solvent-assisted method’s efficiency in forming a membrane at
lower concentrations. A high polymer concentration in the
spin-coating method could potentially result in more polymer
deposition on the sensor surface.

In conclusion, we prepared synthetic polymer membranes
on QCM-D sensor surfaces using the solvent-assisted method.
The formation of these membranes relies on the self-assembly
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of amphiphilic polymers, where the hydrophobic blocks aggre-
gate in the aqueous solvent, as observed upon replacing the
polymer solution in ethanol to PBS solution. Among the
amphiphilic copolymers tested, By19D110, With a diblock struc-
ture featuring higher molecular weight and hydrophobic unit
ratio, yielded the membrane with the highest coverage of the
QCM-D sensor chip. Introduction of glycopolymers containing
mannose units, arranged either randomly or in organized
blocks, into the By;9D110 polymer membranes revealed that
the arrangement of carbohydrate units at the membrane
surface influences molecular recognition ability. Specifically,
the membrane with randomly arranged mannose units adsorbed
more ConA than its counterpart with organized blocks of the
mannose units, suggesting competition for multiple binding
sites on ConA. Controlled polymerization techniques enable
the precise design of synthetic polymer structures, paving the
way for the development of highly functional interfaces based on
synthetic polymers in the future. Furthermore, the polymer
membrane formed via the solvent-assisted method exhibited
superior ConA adsorption compared to the spin-coating method,
underscoring the advantages of the solvent-assisted approach.
Moving forward, applying this method to create non-covalently
attached membranes on surfaces with amphiphilic polymers
featuring different glass transition temperatures of hydrophobic
blocks could unveil the correlation between polymer membrane
fluidity and functionality.
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