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Carbohydrate-Based Polymer Brushes Prevent Viral
Adsorption on Electrostatically Heterogeneous Interfaces

Ramya Kumar, Domenic Kratzer, Kenneth Cheng, Julia Prisby, James Sugai,

William V. Giannobile, and Joerg Lahann*

Chemical heterogeneity on biomaterial surfaces can transform its interfacial
properties, rendering nanoscale heterogeneity profoundly consequential
during bioadhesion. To examine the role played by chemical heterogeneity in
the adsorption of viruses on synthetic surfaces, a range of novel coatings is
developed wherein a tunable mixture of electrostatic tethers for viral binding,
and carbohydrate brushes, bearing pendant a-mannose, B-galactose, or
B-glucose groups, is incorporated. The effects of binding site density, brush
composition, and brush architecture on viral adsorption, with the goal of for-
mulating design specifications for virus-resistant coatings are experimentally
evaluated. It is concluded that virus-coating interactions are shaped by the

crops, soils, and water purification mem-
branes is a significant problem in agri-
culture and environmental engineering.l
Concerns over the misuse of genetically
modified influenza strains, Ebola and
smallpox viruses as agents of biological
warfare, have triggered investigations of
virus-material interactions.!

Bioadhesion on synthetic materials
has long been treated as a multifaceted
problem, encompassing material design
parameters and biological variables.[®!
While we can seldom control biological

interplay between brush architecture and binding site density, after quanti-
fying the adsorption of adenoviruses, influenza, and fibrinogen on a library of
carbohydrate brushes co-immobilized with different ratios of binding sites.
These insights will be of utility in guiding the design of polymer coatings in

realistic settings where they will be populated with defects.

Interactions between biomaterial surfaces and biomolecules,
bacteria, or viruses instantaneously transform its surface, some-
times resulting in detrimental effects on its performance.!! For
instance, nonspecific adsorption and denaturation of proteins
on the surfaces of biomedical devices, such as insulin pumps,
orthopedic devices, and coronary stents, can adversely impact
their function. Spatiotemporal control of DNA adhesion and
transport in nanopore-based sequencing platforms still pose
engineering challenges to which few solutions exist.”! Beyond
proteins and DNA, bacterial and viral adhesions pose even
more complex challenges. Bacterial adsorption on catheters can
trigger the formation of polymicrobial biofilm communities
incorporating drug-resistant species.! Adsorption of viruses to

variables such as the pH, ionic strength,
the size, orientation, and surface character-
istics of the biological adsorbate, material
properties can be specifically designed to
elicit the desired outcome. In order to elu-
cidate the complex relationships between
interfacial properties, such as surface
charge, hydrophilicity, roughness, topo-
graphical and nanomechanical features, or chemical heteroge-
neity on the interfacial behavior of proteins, viruses, or bacteria,
model surfaces are required.”] Model surfaces, such as self-
assembled monolayers (SAMs), possess tunable composition
and structural features, thereby enabling systematic hypothesis
testing and elucidation of relationships between material design
features and adsorption outcomes, ultimately generating design
guidelines and heuristics for engineered interfaces.[®*!
Although SAM-based model surfaces have been useful in
evaluating the molecular mechanisms of protein adhesion,
their practical utility has been limited by instability and incom-
patibility with polymer-based materials.'®!! Polymer brushes
enjoy distinct advantages over SAMs since the substrate scope
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for polymer brushes is almost unlimited, and the instability
associated with SAMs can be circumvented.'”] The advent of
controlled radical polymerization techniques (CRP), such as
surface-initiated atom transfer radical polymerization (SI-
ATRP), have enabled the creation of tailored zwitterionic and
carbohydrate polymer brushes.[3]

Researchers have investigated the effect of brush architecture
on cell adhesion and migration, '3 bacterial adhesion,'®l and
nonspecific protein adsorption,l'”) with the goal of identifying the
optimal polymer brush design space. For instance, the hemocom-
patibility of zwitterionic sulfobetainel'® and phosphorylcholine
brushes!!” was found to be strongly correlated with grafting den-
sity, while sufficiently dense PEG layers resisted the adsorption
of serum proteins.?*! The relationships between bacterial adhe-
sion and brush density,??l composition, 3 thickness,** and archi-
tectures®! have been extensively examined. Despite methodolog-
ical contrasts between these studies, they reached consensus on a
few aspects: high brush densities are required to completely sup-
press protein, cellular, and bacterial adhesions. Another finding
is the critical role played by polymer conformation; vast differ-
ences in bioadhesion between highly stretched polymer brushes
and mushroom-like polymer coils have been repeatedly observed.
Model surfaces such as SAMs, peptidomimetic brushes,?°l and
PEG-PLL brushes® 2l have led to the formulation of design
heuristics for surfaces with improved antifouling abilities and
bacterial resistance. However, the majority of these studies have
focused on protein adsorption, and to a limited extent bacterial
adhesion, to the exclusion of adsorption processes involving
viruses. Moreover, interfacial behavior of proteins is not helpful
in predicting the adsorption levels of the other adsorbates. For
instance, while some zwitterionic and glycopolymer brushes per-
form well against both bacteria and proteins, PEG brushes get
colonized by bacteria despite repelling proteins. Recent studies
have conclusively established that design rules for protein-
resistant surfaces cannot be directly applied to prevent bacterial
adhesion and vice versa.?%32 Similar investigations probing the
overlap in design criteria between virus-resistant surfaces and
protein-resistant surfaces are lacking. Though methods to con-
trol viral attachment to synthetic surfaces are scarce, interactions
between viruses and material surfaces have not yet been studied,
except in the development of biosensors.*334

In this contribution, we have developed a a novel library of
polymer coatings wherein electrostatic tethers for virus binding
are co-immobilized with well-defined carbohydrate brushes. We
have examined the effects of brush architecture and binding
site density on viral adhesion and determined design criteria
for virus-resistant surfaces.

Chemical vapor deposition (CVD) polymerization is a versa-
tile process that offers several benefits: not only is it solvent-
free, pinhole-free, and substrate-independent, this process
produces reactive coatings with exceptional stability.* Our
group has developed a library of [2,2]paracyclophanes, which
allows multifunctional copolymer coatings of desired com-
positions to be accessed.’®! Using a custom-designed CVD
system, orthogonal co-presentation of SI-ATRP initiators with
either alkynes, amines, activated esters, or aldehydes can be
achieved.®37) CVD copolymerization has enabled the prepara-
tion of binary copolymer gradients and subsequent co-immobi-
lization of sugar molecules,*¥! peptides, and growth factors.!
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CVD copolymerization is unique in its capacity to produce sur-
faces that not only serve as model systems well-suited for basic
research, but also bridge the gap between fundamental insights
and technological translation.[*0]

While synthesizing polymer brushes, impurities, contami-
nants, and processing limitations inevitably introduce defects
on the surface, which often take the form of positively charged
regions, compromising the ability of these brushes to resist
bacterial and protein adsorption.*!l The electrostatic forces
originating from defects assume significance since most bac-
teria and viruses and many protein molecules bear a nega-
tive surface charge at physiological pH.*** Recognizing the
importance of electrostatics in viral adsorption, we investigated
the viral resistance of carbohydrate brushes when populated
with positively charged defects. We combined CVD copolymeri-
zation and SI-ATRP to create a library of surfaces composed of
positively charged binding sites and polymerization initiation
sites for the growth of polymer brushes bearing carbohydrate
residues (o-mannose, B-glucose, and B-galactose). Binding sites
introduced in the form of ionizable aminomethyl groups create
positive charges that can influence viral and protein binding.

The synthetic route adopted to prepare carbohydrate func-
tional monomers is displayed in Figure 1A. This synthetic
strategy allows for conjugation of carbohydrates in their pyra-
nose form to a polymerizable moiety, 2-hydroxy ethyl acryla-
mide, while still maintaining glycan bioactivity.*] We opted
for deprotection of the pyranose ring prior to polymerization
instead of post-polymerization deprotection since the latter is
seldom quantitative. Additionally,*! we reported unsuccessful
polymerization outcomes and incomplete deprotection when
the protected monomer was employed.

After the monomer was synthesized, we proceeded to graft
polymer brushes through SI-ATRP. First, substrates were
functionalized with the ATRP initiator bearing bromosiobu-
tyryl groups via chemical vapor deposition polymerization.3¢!
Subsequently, poly(2’-acrylamidoethyl-o-d-mannopyranoside)
brushes were grafted from the initiator coatings. Similar
procedures for monomer synthesis and polymer brush
growth were employed for preparing poly(2’-acrylamidoethyl-
B-d-glucopyranoside) and poly(2’-acrylamidoethyl-B-d-
galactopyranoside) brushes.

Our polymer coatings (Figure 1 B) were prepared in two
steps. First, the base layer was deposited on the substrates
using CVD copolymerization and carbohydrate brushes were
grafted subsequently. The base layer is a copolymer presenting
both aminomethyl groups (AM) and ester bromide (EB) groups.

The ratio of AM to EB groups on the surface of the copolymer
can be tuned and we have demonstrated compositional con-
trol in previous work.*!l We employed thermodynamic models
(Figure S1, Supporting Information) to predict how surface
attributes impacted the degree of viral adsorption, and identified
brush architecture and aminomethyl density as the key design
variables. Our models predicted that viral adhesion would be pro-
moted by AM groups and inhibited by the carbohydrate brushes.

Four different types of surfaces were synthesized (Figure 2A)
using CVD (co)polymerization and SI-ATRP of o-mannose
acrylamides. Fourier-transformed infrared (FTIR) spectroscopy
was used to verify the presence of functional groups associated
with each surface. The ester bromide groups were characterized
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Figure 1. A) Synthesis of 2"-acrylamidoethyl-2,3,4,6-tetra-O-acetyl-0.-d-mannopyranoside from o-d-mannose pentaacetate and the subsequent depro-
tection to synthesize 2’-acrylamidoethyl-o-d-mannopyranoside. B) Polymer coating synthesis: in the first step, we employed CVD copolymerization to
co-immobilize polymerization initiators (bromoisobutyryl groups or EB) and aminomethyl groups (CH,NH, groups or AM). The positively charged AM
groups serve as binding sites for electrostatically driven adsorption of viral species and protein molecules. The ratio between AM and EB functional
groups was controlled by varying CVD operating parameters. In the second step, polymer brushes with pendant carbohydrate residues (a-glucose,
B-galactose, or a-mannose) were grafted from the EB groups using surface-initiated atom transfer radical polymerization (SI-ATRP). Reference poly-
mers devoid of AM groups were used as controls. Our two-step synthetic strategy affords control over brush density, thickness, composition, and
binding site density. Finally, the effects of each of these variables on protein and viral adsorption were examined.

by bands in the 1730 cm™ and 1100 cm™ regions, which corre-
spond to C=0 and C—O stretches. In addition to these two bands,
the copolymer coatings also displayed a broad N—H band at
3400 cm™!, signifying the presence of AM groups. After SI-ATRP,
mannose brushes grafted from the copolymer and the initiator
were analyzed using ellipsometry, FTIR spectroscopy (Figure 2B)
as well as X-ray photoelectron spectroscopy (Figures S2- S4,
Supporting Information). We observed the appearance of two
new signals in the FTIR spectra upon grafting mannose poly-
mers from the surface: the 3300 cm™ band that is typical of the
hydroxyl group and the N—C=0 amide stretch at 1658 cm™!, both
of which confirm the formation of the mannose polymer brush.
We treated the reference and copolymer coatings to identical
SI-ATRP conditions by performing the polymerization in the
same experiment. Ellipsometric measurements indicated that

Macromol. Rapid Commun. 2019, 40, 1800530

1800530 (3 of 9)

the mean thickness of mannose brushes grafted from the refer-
ence polymer and copolymer coatings were 17.4 and 1.4 nm,
respectively (Table S1, Supporting Information). We attribute
this difference in brush thickness to the reduced initiator den-
sity on the copolymer coatings, which results in the formation
of dilutely bound polymer chains with lowered thickness as
opposed to densely grafted and thicker brushes on reference
polymer coatings.

Next, we examined the effect of surface composition on the
resistance to nonspecific adsorption of fibrinogen, influenza
HIN1, and adenoviruses.We measured fibrinogen adsorption
on four different surfaces (reference and copolymer coatings,
with and without o-mannose brushes) using a QCM. As seen in
Figure 2 C, the fibrinogen adsorption on the the copolymer and
reference polymer (2000 and 1500 ng cm™2, respectively) was
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Figure 2. A) Reference polymer, copolymer, and corresponding mannose brushes. B) FTIR confirms the chemical structures of these coatings. Effect of
surface composition on the adsorption kinetics of C) fibrinogen and D) influenza HIN1 particles. In both (C) and (D), aminomethyl-containing surfaces
promoted adsorption while the mannose brushes reduced adsorption levels. E) Quantification of adenovirus attachment on surfaces. F) Representative
SEM images. Scale bar: 5 pm.
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greatly reduced when decorated with mannose brushes (750
and 50 ng cm™, respectively). This represents a 63% reduction
in protein adsorption for the copolymer and a 97% reduction
for the reference polymer. However, protein adsorption was 15
times higher on copolymer coatings bearing mannose brushes
compared to reference surfaces grafted to mannose brushes.
Overall these results suggest that while the mannose brushes
prevent fibrinogen deposition, the incorporation of AM groups
promotes fibrinogen adsorption.

In the case of influenza HIN1 adsorption, we observed sim-
ilar trends (Figure 2D). While a plateau value of around 500 ng
cm™ was reached for the mannose brushes grafted from the
copolymer, we found near-zero mass of adsorbed influenza on
the reference surfaces with mannose brushes.

We also tested these four surfaces against adenoviruses
(Figure 2E). The copolymer had the highest number of adeno-
viruses adsorbed per um?, followed by the reference polymer
and the mannose brushes grafted from the copolymer. In the
absence of amino groups, the mannose brushes effectively
inhibited adsorption of influenzia virus.

Several experimental and theoretical studies have concluded
that in addition to electrostatics, substrate roughness is also
capable of inducing viral adhesion.’->"l In order to ascertain
that viral and protein adsorption was not confounded by topo-
graphical factors, we studied surface roughness using atomic
force microscopy (Figure S5, Supporting Information). Mean
roughness values (R,) below 2 nm were consistently observed
on all CVD surfaces glucose, galactose, and mannose brushes,
indicating that all groups were smooth and topographical
effects can be neglected.

The results from the fibrinogen, influenza, and adenovirus
studies prove that carbohydrate-functional brushes serve as
effective barriers against viruses. Adsorption studies were
repeated for B-glucose and PB-galactose polymer brushes, with
similar results (Figures S6 and S7, Supporting Information).
We further concluded that viral adsorption was largely inde-
pendent of the composition or stereochemistry of the carbo-
hydrate brushes, because neither viral strain displayed specific
affinities for any of the glycans employed."!

We then evaluated the effect of AM surface concentration
and brush architecture on thin and sparse glucose brushes
exemplified by four copolymer surfaces with varying amine
concentrations.

The ratios between aminomethyl and ester bromide repeat
units were varied in copolymer surfaces 1-4. As seen in
Figure 3A, the carbonyl bands at 1730 cm™ are prominent in
copolymer 4, but not as intense in copolymers 1 and 2, indi-
cating that 4 has the highest density of EB groups. Conversely,
the C—H and N—H bands associated with the aminomethyl
are most intense in copolymer 1 and their intensities decline
steadily in copolymers 2—4, implying that copolymer 1 has the
highest proportion of AM repeat units. These observations
from FTIR studies were verified using XPS scans (Figure 3B)
and the nitrogen content was highest in copolymer 1 and
lowest in copolymer 4. Overall, FTIR and XPS results verified
that copolymer coatings with a broad compositional range were
synthesized.

After synthesizing and characterizing copolymer surfaces
using CVD, glucose brushes were grafted from copolymers 1-4.
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All the copolymers underwent SI-ATRP in the same experi-
mental run (reaction time: 1 h) to ensure identical polymeri-
zation conditions. Ellipsometric characterization (Figure 3C )
of the resulting glucose coatings indicated thicknesses ranged
from under 1 nm for AM-rich copolymers 1 and 2 to nearly
5 nm for copolymer 4, which had the least AM groups and
consequently the highest grafting density. These results agree
with previous studies which reported that high grafting den-
sities promote the formation of thicker brush-like polymers,
while lower densities result in thin and sparse mushroom-like
polymers.>2]

Next, we performed QCM measurements of influenza and
fibrinogen adsorption. For fibrinogen, we observed that glucose
brushes grafted from copolymer 1 had the highest adsorbed
mass of protein at around 1200 ng cm™ while those grafted
from copolymer 4 displayed the least fibrinogen adsorption
(650 ng cm2) among the four surfaces compared. We observed
similar trends for influenza adsorption, with copolymer 1-glu-
cose and copolymer 4-glucose surfaces recording the highest
and lowest influenza adsorption, respectively.

For comparison, we also created a set of surfaces with higher
glucose brush thicknesses and grafting densities. As seen in
Figure 4A, though the FTIR bands representing the amino-
methyl functionality are prominent in copolymer surface 5,
the remaining surfaces in this set, copolymers 6-8 are mostly
composed of EB repeat units. This finding is reinforced by
XPS measurements (Figure 4B), except for copolymer 5, whose
composition reflects a 75-25% split between the AM and EB
components, respectively.

Again, glucose brushes were synthesized from these four
surfaces under identical reaction conditions (reaction time: 24
h). In Figure 4C, we observed that though the glucose layer
thickness is quite low for co-polymer 5, the remaining samples
(6-8) had thickness values ranging from 3 to 5 nm. We attribute
this contrast between copolymer 5 and the other copolymers to
the higher AM content in copolymer 5 and denser distribution
of ATRP-initiating EB moieties in copolymers 6-8. Addition-
ally, the increase in reaction time compared to the first set of
surfaces (24 h as opposed to 1 h) resulted in higher degree of
polymerization.

Next, we evaluated the interactions between glucose brushes
and fibrinogen using QCM measurements. In case of co-polymer
surfaces with the highest amount of amino methyl groups, we
detected a small decrease in the measured frequency upon the
introduction of fibrinogen at 1800 s, indicating that only a low
quantity of protein had been adsorbed. As for the rest, the devia-
tion of frequency measurements from baseline levels was even
smaller. Similar results were obtained when we assessed influ-
enza HIN1 adsorption on these surfaces, with barely discern-
ible decreases in frequency being recorded upon the injection
of the influenza suspension. Overall, we concluded that both
nonspecific protein and viral adsorption levels were minimal
(100-200 ng cm™2) in the second set of copolymers (5-8).

We note that the adsorption profiles were independent of
binding site density in Figure 4 but varied with AM density in
Figure 3. This suggests that AM density alone cannot influence
adsorption outcomes. Rather, it is apparent that adsorption
behavior is shaped by the complex interplay between binding
site density and polymer conformation.
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Figure 3. Four sets of copolymers (1-red, 2-green, 3-blue, 4-purple) with different concentrations of aminomethyl (AM) and ester bromide (EB) groups
were prepared. A) FTIR and B) XPS measurements together verified that the AM concentration decreased progressively from copolymer 1 to 4. Con-
versely, the EB content increased as shown by the growing intensity of the carbonyl band. C) Ellipsometric thicknesses of glucose polymers grafted from
the copolymer coatings. QCM traces of D) fibrinogen and E) influenza indicate that the adsorption levels of both the protein and the virus particles
are correlated with the AM density.
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Figure 4. Four sets of copolymer coatings (5-red, 6-green, 7-blue, 8-purple) with different ratios of aminomethyl (AM) and ester bromide (EB) groups
were synthesized and differences in adsorption evaluated. A) FTIR spectra and B) X-ray photoelectron spectroscopy (XPS) were jointly employed to
assess variations in AM content. Subsequently, glucose polymer chains (ellipsometric thicknesses tabulated) were grafted from these surfaces using
SI-ATRP. The adsorption kinetics of D) fibrinogen and E) influenza HIN1 on glucose chains grown from copolymers were studied using QCM. For
both fibrinogen and influenza, adsorbed masses were near baseline levels, indicating that the glucose layers prevented nonspecific protein and viral

adsorption.

In this study, we developed an interfacial approach toward
incorporating carbohydrate brushes of tailored composition
and architecture as well as AM groups, which served as binding
sites promoting viral adhesion. Employing a combination of
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CVD copolymerization and surface-initiated atom transfer
radical polymerization, we synthesized multifunctional
polymer coatings where the carbohydrate brushes and posi-
tively charged binding sites were co-immobilized in the
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desired ratio. We concluded that the adsorption of viruses is
a complex function of AM concentration and carbohydrate
brush architecture. By allowing the carbohydrate brushes to
grow to their maximum extent and attain brush thicknesses
of around 3-5 nm, low levels of protein and viral adsorption
were achieved, even when the AM proportion was as high as
25-30%. When carbohydrate polymer chains were sufficiently
thick and dense, the resulting steric and hydration repulsion
effectively blocked the virus from interacting with the posi-
tively charged affinity sites. Virus-resistant coatings retained
their barrier-like properties if the surrounding carbohy-
drate chains suppressed attractive interactions offered by the
defects.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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