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ABSTRACT: Using glycopolymer surfaces, we have stimulated
Shewanella oneidensis bacterial colonization and induced where the
bacteria attach on a molecular pattern. When adherent bacteria were
rinsed with methyl @-p-mannopyranoside, the glycopolymer-function-
alized surfaces retained more cells than self-assembled monolayers
terminated by a single mannose unit. These results suggest that the three-
dimensional multivalency of the glycopolymers both promotes and
retains bacterial attachment. When the methyl a-D-mannopyranoside
competitor was codeposited with the cell culture, however, the mannose-
based polymer was not significantly different from bare gold surfaces.
The necessity for equilibration between methyl @-p-mannopyranoside
and the cell culture to remove the enhancement suggests that the
retention of cells on glycopolymer surfaces is kinetically controlled and is
not a thermodynamic result of the cluster glycoside effect. The MshA
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lectin appears to facilitate the improved adhesion observed. Our findings that the surfaces studied here can induce stable initial
attachment and influence the ratio of bacterial strains on the surface may be applied to harness useful microbial communities.
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B INTRODUCTION

microbial chassis can produce high-value chemicals by

Interactions of microorganisms and surfaces are fundamental
components of their lives and activity. Surface sensing and
adhesion to surfaces by planktonic cells are the first steps of
surface colonization and formation of microbial biofilms; a
biofilm is a collection of microbes and the surrounding
material that symbiotically forms on surfaces. As such,
understanding adhesion, surface sensing, and colonization are
crucial to understanding biofilms, which are often the natural
and scientifically relevant state of bacteria and other microbes."
In addition to providing physical connections, surface
interactions by bacteria produce cellular responses that
influence colonization behaviors, including modulation of
motility appendages and production of secreted adhesives.”
Colonization can be affected by bacterial interactions with
surfaces, even when the microbe is no longer in close
proximity.” Where a robust biofilm and microbial colony are
desirable, irreversible attachment of cells after surface
interaction is essential.* Unstable biofilms may disperse or
become nonactive, particularly in the event of temporary
nutrient insufficiency.’

There are several examples of beneficial types of microbial
biofilms. Microbes, frequently bacteria, are used in biocatalytic
systems, which exploit the microbe’s metabolism to perform
anodic or cathodic processes. Anabolic processes harnessed by
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biosynthesis,"~” and catabolic processes can capture energy
or remove unwanted materials from the environment.'’
Colonization of solid electrodes to couple the microbial
metabolism to the rest of the device is an essential part of the
development of such systems. The metabolically critical
members of a biofilm may be desired in high abundance.
Electroactive biofilms can be exposed to large ranges of cell
voltages possible from various soil microbiomes."" Further-
more, a single family within a microbial consortium may
inordinately increase electroactivity.'” Ancillary microbes may
be incorporated into a biofilm, as one species may not be
sufficient for maximal performance.'” Therefore, microbe
selection is essential to form useful biofilms. Selective microbial
adhesion could also prevent colonization of pathogens or
otherwise deleterious microbes through promotion of adhesion
of benign species used as an inert layer."”
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In addition to technological advances, manipulation of
surface colonization can advance the fundamental study of
microorganisms.'* Inducing spaces between cells facilitates
measurement of nanoscale features, which can be buried or
hidden in clusters of cells. Intercellular interactions can be
instigated by patterning different cell types next to one
another. Figure 1 shows the features of colonization control
through rational surface design—enrichment of desired cells
on the surface or spatial patterning of cells into well-defined
geometries.
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Figure 1. Control over microbe surface colonization. Higher densities
of cells and cells of a strain of interest can be introduced on
functionalized surfaces. Rather than unpredictable and erratic
positioning of cells, well-defined systems can be created by promoting
and reducing adhesion selectively.

The properties of a surface can determine whether or not a
bacterium attaches and the composition of a bacterial colony
that forms on the surface.'™'® Physical properties of surfaces,
such as positively charged surfaces, have been used to promote
bacterial adhesion.'”~* However, physical properties are
susceptible to adulteration by the adsorption of a conditioning
layer of the material. Specifically recognized chemical motifs
may be less influenced by changing general properties of the
overall surface. Saccharides are specifically recognized by
microbes and have the advantages of water solubility, large
stereochemical space, and abundant biosynthetic availability.
Bacterial bonds to saccharides have the ability to become even
more adherent to a surface under high shear force.”!
Accordingly, saccharides are known to be used by bacteria to
mark surfaces for colonization.”” The secretion of the
exopolysaccharide (EPS) matrix is among the aspects of
surface colonization affected by the internal signaling cascade
in bacteria that is activated upon surface contact and
detection.” Mannose and other saccharide monomers, such
as galactose and glucose, are common motifs found in EPS
molecules.”

Saccharide-binding proteins, known as lectins, may be
presented by bacteria on the ends of hair-like appendages,
known as pili. Several attachment pili, known as fimbriae, have
been discovered that recognize surfaces and contribute to
biofilm formation.”* One well-studied fimbria is the type I pili
that is composed mostly of FimA proteins and terminated with
the FimH lectin.”>*® This type I pilus binds the sugar mannose
and is known to exist in Escherichia coli and several other
gammaproteobacteria.”**”** The attachment of bacteria that
express FimH-terminated type I pili can be enhanced by

engineering mannose-presenting surfaces. Whitesides and co-
workers demonstrated the ability to attract E. coli to a surface
covered with alkanethiols terminated with a mannose
residue.””

The presence of multivalency can increase binding strength
or rate more than the sum of an equivalent number of
monovalent bonds.”® The results of multivalent interactions
between saccharides and their targets have been referred to as
the cluster glycoside effect.’’ Between saccharides and isolated
proteins, multivalency has been widely studied and thermody-
namics and kinetics have been characterized.’”*> On the scale
of bacteria, it has been reported that increasing the density of
mannose on a flat surface nonlinearly increases the number of
E. coli cells that are adsorbed.”**

Assembly on two-dimensional surfaces provides multiple
binding sites of the saccharide of interest across the surface.
However, these sites are limited in how densely they can be
packed before steric crowding prevents further insertion of
saccharides or occludes binding to the biological targets. To
increase the valency of saccharides beyond the limit of a planar
conformation, polymer scaffolding can be used. By extending
the molecular layer further away from the surface, more of the
three-dimensional space is occupied by saccharide units in a
given surface area. The increased multivalency may then
augment the interactions to saccharide binding partners. Such
extension of mannose residues into three dimensions has been
accomplished using branching oligosaccharides. Textor and co-
workers reported that multivalent branched trimannose
molecules adhered much more E. coli compared to monolayers
of monovalent mannose-terminated molecules.>* However, the
size of the mannose cluster was optimal as a trimer and less E.
coli attached to branched oligosaccharides with six or nine
mannoses. The lower binding by the longer molecules may be
due to the a-1,2 glycosidic bonding used on the outer mannose
residues or because FimH is well fitted to trisaccharides, as has
been described previously.” It has not yet been determined
whether the increased adhesiveness of oligosaccharide
mannose is due to increased valency, moiety density, or
shape and receptor binding fit.

A glycopolymer can be constructed to present multiple
monosaccharides rather than linking saccharide units in the
manner of a polysaccharide, which is created by binding
saccharide units directly to each other. This repeating
monosaccharide polymer construction avoids the convolution
between the alterations to the saccharide structure and the
effects of multivalency. The availability of each of the
saccharide unit’s four hydroxyl groups is preserved, and the
multivalent saccharide binding can be tested independently of
effects due to modification of the saccharide structure. Surfaces
functionalized with tethered polymers decorated with mono-
saccharide mannose pendants have been shown to enhance E.
coli attachment while not enhancing attachment of Staph-
ylococcus aureus.’®” These observations did not compare
adhesion to mannose monomer layers that were not a part of
polymeric protrusions.

Shewanella oneidensis is a model species of dissimilatory
metal-reducing bacteria.’® It contains the biochemical
machinery to catalyze reactions between electron donors and
a wide range of oxidants, and it is therefore desirable for
bioelectrical systems.”” S. oneidensis has been used to produce
microbial fuel cells and biosynthetic sulfurous compounds.*>*!
Enriching key species, like S. oneidensis, in a microbial
community can make useful genes functionally abundant and
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Scheme 1. The structure of poly(mannose acrylate)thiol, referred to below as polymannose, is shown”
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“The hydroxylethylacrylate center of the polymer has a general nonadhesiveness, while the monosaccharide pendants provide specific adhesiveness.
The polymer is produced by reversible addition-fragmentation chain transfer, which provides a thiol upon aminolysis. Corresponding polymers
with glucose, galactose, and N-acetylglucosamine were prepared by the same process with analogous starting monomers.

make beneficial biofilms more effective. Increased attachment
of Shewanella has been achieved by air plasma pretreatment of
carbon-based electrodes. The attachment concurrently in-
creased current output of the associated fuel cell with a lower
Coulombic efficiency.* S. oneidensis has also been engineered
to express a gold-binding peptide on an outer membrane
protein, LamB-5rGBP, which increased the attachment of the
cells to the surface, but was associated with the loss of certain
outer membrane proteins required for extracellular respira-
tion."”” DNA has been used to direct attachment of S. oneidensis
as well."* Conductivity of complementary DNA strands
appeared to facilitate electron transport between the cells
and gold surfaces, and the current approximately quadrupled
for cells linked to surfaces with DNA duplexes versus cells
deposited without linkers. However, this method of DNA-
facilitated attachment requires the cells to be chemically
conjugated with complementary DNA through cleavage of
bacterial saccharides with sodium periodate.

To promote adhesion specifically, mannosylated surfaces can
be employed for S. oneidensis as it contains a mannose- bindmg
lectin known as mannose-sensitive hemagglutinin (MSH).*
Mannose-sensitive hemagglutinin is a type IV pilus that
extends from the cell body and influences the motility and
surface attachment of bacteria.* It has been described in a
number of other gammaproteobacteria including Vibrio
cholerae,*”*® Pseudoalteromonas tunicata,” and Aeromonas
salmonicida.®® In V. cholerae El Tor, mannose-sensitive
hemagglutinin has been shown to be used in forming biofilms
on borosilicate surfaces.”® Mannosylated surfaces can influence
surface colonization, not only by providing a physical
attachment point but also by modulating cellular colonization
processes.

In this work, we approach the complex behavior of surface
colonization by modifying a key component of surface
interaction: the specific interaction between the MSH pili in
S. oneidensis and mannose sugar motifs. The strength of this
interaction may vary over time in response to an unknown
number of variables. In V. cholerae, MSH pilus biogenesis can
be affected by surface interactions as well as its internal
signaling molecule cyclic-di-GMP, which means that pilus
biogenesis can act as a function of multiple inputs.”' Regardless
of the other factors in MSH—mannose interaction, we found
that it could be exploited by increasing the amount of
accessible mannose. We successfully promoted surface
adhesion of S. oneidensis and enriched the percentage of one

strain over another. These findings are valuable for the rational
design of beneficial biofilms.

B RESULTS AND DISCUSSION

In this work, we synthesized glycopolymers decorated with
various saccharides (Scheme 1) using a reversible addition-
fragmentation chain transfer (RAFT) reaction. A related
method has been reported previously where mannose units
are attached to a polymer scaffold through the hydroxyl on the
sixth carbon of mannose.”> Here, we have attached each
saccharide residue to the acrylate scaffold by the anomeric
carbon. The glycosidic bond formed through the anomeric
carbon not only stabilizes the a isomer of the saccharide but is
also the configuration typically found in natural saccharide
molecules. Nonreducing saccharides, which are bound through
the anomeric carbon, tend to have 1ncreased biological activity
compared to reducing saccharides.”

The polymeric structure is, as described above, intended to
increase the number of saccharide binding sites along the
surface normal as well as along the two dimensions parallel to
the substrate surface. One saccharide residue was incorporated
into the polymer chain per acrylate repeat unit to conserve the
recognizability of the monosaccharide. Mannose, glucose,
galactose, and N-acetylglucosamine saccharides were function-
alized with an acrylate moiety and polymerized. For brevity,
the poly(acrylate saccharide)s are referred to below by their
saccharide type, e.g., polymannose. The polymerizable acrylate
group of the glycopolymer monomer is linked to the
saccharide unit by a hydroxyethyl group. The poly-
(hydroxyethyl acrylate) core structure that results in when
the glycopolymers form is analogous to polymers that have
reported low adhesiveness.”*>*

Methods for producing polymers on a surface include
physisorption, chemisorption of the formed polymer (known
as “grafting to” the surface), and chemisorption of an initiator
from which the polymer is formed in situ (known as “grafting
from” the surface). The method used in this work is grafting to
the surface, where the polymers are formed in solution and
then bound to the surface through chemical bonding. The
covalently bound chemisorption methods provide a stable
bond to the surface that is not susceptible to changes in ion
concentration and other factors of the medium.’® The method
grafting from a surface, although providing higher polymer
density, may suffer from variable reaction completeness.’®*’
Polymer length is more homogeneous across the surface, and
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Table 1. Glycopolymer Weight Average and Number
Average Molecular Weight (M,, and M,, Respectively),
Dispersity (D), and Degree of Polymerization (DP,)

saccharide M, M b“ Dp,* DPnb
glucose 9600 6800 1.42 24 65
galactose 12000 8500 1.41 31 76
mannose 28700 16400 1.75 59 108
N-acetylglucosamine 14200 8400 1.68 27 76

“Aqueous gel permeation chromatography (GPC) relative to pullulan
standards. “Comparison of the chain end and saccharide proton
integrals with 'H nuclear magnetic resonance ("H NMR) spectros-

copy.

surface-recombination side reactions are avoided when %rafting
to the surface rather than grafting from the surface.”® The
grafting to approach provides a known molecular structure and
density of saccharides per polymer. Glycopolymers synthesized
by RAFT featuring lactose and glucose have previously been
grafted to surfaces to study E. coli adhesion.”” Like other
controlled polymerizations, RAFT offers better control over
molecular weight and polydispersity than traditional chain
polymerizations.®

Polymers synthesized by RAFT are conveniently terminated
with a dithioester. The dithioester produces a free thiol upon
aminolysis with ethanolamine, enabling facile self-assembly to
gold surfaces. Gold is useful for electrodes in bioelectrical test
systems because of its resistance to corrosion and high

conductivity.*’ Electrodes of other metals and carbon are also
used—compromising intrinsic conductivity for adhesive-
ness.”' °° By functionalizing gold surfaces with a glycopol-
ymer, we can introduce colony-promoting character to the
conductive surface. The opposite end of the polymer from the
sulfur group is terminated with a carboxylic acid group, which
can be utilized for facile conjugation to amine-terminated
surfaces or additional functionalization of the assembled
poly(saccharide acrylate) layer.®”*®

The degree of polymerization (DP,), weight average and
number average molecular weight (M,, and M,, respectively),
and dispersity (D) of the various glycopolymers used in these
experiments are shown in Table 1. A linear relationship was
observed between the DP,, of the polymers when measured by
gel permeation chromatography (GPC) and when calculated
from 'H nuclear magnetic resonance (‘H NMR) spectroscopy.
The degree of polymerization and molecular weight measure-
ments by 'H NMR spectroscopy were higher than those by
GPC. This difference is likely due to the glycopolymer
backbone and RAFT chain end being more hydrophobic than
any component of pullulan and thus the glycopolymer having a
smaller hydrodynamic volume than the polysaccharide of
similar length. The glycopolymers would be expected to be
more compact to minimize unfavorable interactions between
their hydrophobic components and the aqueous solvent used
in GPC.

Characterization of the glycopolymers after self-assembly on
a surface was primarily achieved by X-ray photoelectron
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Figure 2. X-ray photoelectron spectra of glycopolymer surfaces. Bare gold (A) and polymannose on gold (B) carbon 1s spectra. C—C/C—H peaks
of adventitious carbon and the deposited polymer are present at 284 eV in the bare gold and glycopolymer spectra. C—O bound carbon, present at
286 eV, and C=0 bound carbon, present at 288 eV, increase in relative and total intensities as the glycopolymer is added to the surface. Bare gold
(C) and polymannose (D) sulfur 2p spectra demonstrate the emergence of surface sulfur as the thiol-containing glycopolymer self-assembles.
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Figure 3. Adhesiveness of S. oneidensis cells to various surfaces as measured by total fluorescence. (A) Adhesiveness was measured by incubating
fluorescent cells over polymer functionalized surfaces and rinsing away nonadherent cells. Fluorescence is plotted relative to the signal of cells
adhered to bare gold. (B) Polymannose enables greater adhesion of S. oneidensis, which is diminished by changing the chirality of the second and
fourth carbons of the poly(acrylate saccharide)s. Error bars indicate standard error of the mean (N = 4). (C) Saccharide motifs of the

glycopolymers.

spectroscopy (XPS). The surfaces were measured after
dissolving the glycopolymer in water with ethanolamine and
exposing the solution to the gold surface for several days.
Figure 2A shows the change in the line shape of the carbon 1s
signal. Adventitious carbon, which adsorbs randomly on
surfaces, is present in the spectrum of bare gold as a single
peak at 284 eV.*” The polymannose spectrum (Figure 2B) has
three peaks corresponding to the C—C, C-O, and C=0
sections of the polymer. The ratio of C—O to O—C—O and
C=0 is about 4:1, which corresponds roughly to the
proportion of carbon species in the polymannose samples.
Sulfur can be observed in the XPS spectra of the thiolated
surfaces in the expected energy region at 162 eV (Figure 2D).
The sulfur peak appears to be split into two doublets, with each
doublet having an intensity ratio of 2:1 due to spin—orbit
coupling. The two signals imply two metal sulfide binding
modalities. Minimal oxidized sulfur is observed in the 166—
171 eV window, even after weeks of storage in air. This result
indicates good stability of the covalent bonding of the
glycopolymers to the surface. No appreciable sulfur peak is
observed on the bare gold substrate (Figure 2C). X-ray
photoelectron spectra of the other glycopolymers show similar
spectra to polymannose, as shown in Figures §7 and S8 in the
Supporting Information. Ellipsometry, electrochemical desorp-
tion, water contact angle, tethered mannose monomer XPS
spectra, and polarization modulation-infrared reflection-
absorption spectra are also presented in the Supporting
Information.

Adhesiveness of various polymers and saccharide moieties is
shown in Figure 3. Monolayers of the glycopolymers were

35771

prepared and exposed to cultures of S. oneidensis that express
green fluorescent protein (GFP). Nonadherent cells were
rinsed away with phosphate-buffered saline (PBS), and the
remaining cells were quantified by measuring the total
fluorescence from the surface. Variances in GFP measurements
as a result of cell proliferation were limited by exposing the
cells to the surfaces while in nutrient poor solution, controlling
the cell density and growth phase of cells applied to the
surfaces, and measuring cells remaining on the surfaces
immediately after rinsing away nonadherent cells. Polyman-
nose shows the highest total fluorescence and is significantly
brighter than the polygalactose and poly(N-acetylglucosamine)
glycopolymers. The polymannose surfaces had 12.1 + 2.3% by
standard error of the mean (SEM) more fluorescence intensity
than bare gold surfaces. Poly(hydroxyethylacrylate), which has
the same core structures of the glycopolymers, showed similar
fluorescence to bare gold surfaces. Poly(2-hydroxyethylacryla-
mide) and poly(ethylene glycol)-treated surfaces demonstrated
lower fluorescence than all other samples.

The greater fluorescence indicates that polymannose
promotes surface adhesion by S. oneidensis on this timescale
of 18 h. Polyglucose has the most similar fluorescence to
polymannose of the series of hexoses tested. Glucose differs
from mannose by the stereochemistry of the hydroxyl on the
second carbon, which faces toward the backbone of the
polymer. Changing the chirality of only the second carbon
hydroxyl is insufficient to significantly change bacterial
recognition of the surface. Galactose, however, has inverted
chirality at both the second and outward-facing fourth carbon
with respect to mannose and binds significantly fewer bacteria.
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Figure 4. Persistence of cell adhesion after rinsing samples with methyl a-pD-mannopyranoside, an analog of the surface-bound mannose units. (A)
Method for testing robustness of cell adhesion using green fluorescent protein (GFP). (B) Both before and after mannoside inhibitor rinsing, more
cells remained adhered to the polymannose surface than either polygalactose or bare gold. Tethered mannose monomer surfaces presenting a single
mannoside residue per thiol head group originally adhered a similar amount of S. oneidensis to polymannose but lost more cells during methyl a-p-
mannopyranoside rinsing. Error bars indicate standard error of the mean (N = 5). (C) Structure of the methyl @-pD-mannopyranoside inhibitor. (D)

Schematic of multivalent detachment.

The N-acetylglucosamine glycopolymer retains an intermediate
number of bacteria between polyglucose and polygalactose.
The stereochemistry of the saccharide residues appears to be
more important than their size and functionality for S.
oneidensis recognition of surface saccharides because the acetyl
group appended to the second carbon substituent of poly(N-
acetylglucosamine) is less impactful than the additional
inversion of the fourth carbon chirality in polygalactose.

The greater influence of the fourth carbon hydroxyl over the
second carbon hydroxyl we observed in S. oneidensis is
consistent with the binding of V. cholerae cytolysin, which
bonds to methyl a-p-mannose through the third and fourth
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carbon hydroxyls.”” The related stereochemical importance
may indicate that the S. oneidensis mannose-binding lectin
(MshA) is homologous to V. cholerae lectins and forms f-prism
domains.”’~"* The importance of fourth carbon hydroxyl also
suggests that glycans with (1,4) glycosidic linkages are not as
impactful for S. oneidensis colonization as saccharides that
maintain a free hydroxyl on the fourth carbon.

Methyl a-p-mannopyranoside is a nonmetabolizable form of

mannose, which can compete for binding of MSH lectin
sites.*® The methyl group is bound to the oxygen on the
anomeric carbon of the mannose residue analogous to the core
of the glycopolymers. Inhibition of binding between E. coli and
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Figure S. Inhibition of initial adhesion. (A) Simultaneous introduction of the inhibitor with cell culture. (B) With no methyl a-p-mannopyranoside,
results are as observed with other measurements and polymannose samples have the greatest fluorescence. Mixing methyl a-p-mannopyranoside
with the original cell culture, before exposure to the substrate surfaces, removes the difference between polymannose, polygalactose, and bare gold
in adhered cells. All samples, particularly the tethered mannose monomer, adhere less S. oneidensis when incubated with methyl a-p-

mannopyranoside. Error bars indicate standard error of the mean (N = 4).

copolymers featuring a poly(mannose methacrylate) arm by
methyl @-p-mannopyranoside has been demonstrated pre-
viously.”> The methyl a-p-mannopyranoside inhibitor dis-
solved in PBS was used to rinse bacteria from the various
surfaces to test the strength of attachment. During these rinses,
the culture medium was removed and replaced with solution
without cells, which greatly diminishes the attachment rate of
the bacteria. The detachment rate thus becomes the governing
factor in the net attachment rate.

Rinsing the bacteria laden surfaces with methyl a-b-
mannopyranoside solution caused a decrease in the total
GFP fluorescence, suggesting that fewer cells were adhered
(Figure 4). The decrease in total fluorescence caused by
rinsing with methyl a-p-mannopyranoside solution was
disproportionately larger for the tethered mannose monomer
(11-[(p-phenyl-a-p-mannopyranosyl)amino-
carbonylmethoxyhexa(ethoxy)Jundec-1-yl-thiol) surfaces,
which have a single mannoside residue per molecule assembled
on the surface. Tethered mannose monomers became
statistically distinguishable from polymannose after rinsing.
Both glycopolymer samples tested retained more of the initially
adhered cells than bare gold surfaces. The percentage
decreases in total fluorescence from before rinsing with methyl
a-pD-mannopyranoside were as follows: 4.2 + 1.6% (SEM) for
polymannose surfaces, 18.1 + 5.8% (SEM) for the tethered
mannose monomer, 2.2 & 2.5% (SEM) for polygalactose, and
7.3 +2.9% (SEM) for bare gold. The decrease in fluorescence
indicates faster detachment of cells adhered to tethered
mannose monomer surfaces than the glycopolymer surfaces.

The three-dimensional multivalency of the glycopolymers
seems to be responsible for slowing the detachment rate of
adherent cells considering that the monovalent mannose-
terminated monolayers were more easily removed. With
multivalent attachment, the rupture of one bond does not
fully detach the binding partners and time is allowed for
rebinding to occur. On the scale of the bacteria, this means
that the detachment of one saccharide-lectin pair does not fully
release a cell from the surface (Figure 4D). Other saccharides
and bacterial recognition sites remain localized, and reattach-
ment of the unbound lectin can occur more rapidly. By having
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multiple binding sites, a cell is therefore kinetically hindered
from releasing from the surface. In addition to the mannose
bonds directly holding a bacterium in place, the multivalent
effect may act indirectly through surface sensing. As more
sensory receptors are bound to target molecules, integration of
their signal over time would be larger. Multivalent attachment
of surface sensory receptors could then increase the
colonization response and more rapidly establish strong
attachment of the cell to the surface through secondary
binding sites.

When methyl a-pD-mannopyranoside was added to the
bacterial culture before exposure to a surface, less adhesion
was observed (—0.62 + 0.09 (SEM) for polymannose, —0.53 +
0.10 (SEM) for tethered mannose monomers, —0.34 + 0.08
(SEM) for polygalactose, and —0.34 + 0.06 (SEM) for bare
gold surfaces, all in arbitrary units of relative fluorescence), and
the difference between adhesiveness of glycopolymers surfaces
and bare gold was no longer significant (Figure S). Tethered
mannose monomer surfaces showed the lowest fluorescence of
all surface types when S. oneidensis is incubated with methyl a-
D-mannopyranoside.

Rinsing with the mannose inhibitor after cells have attached
to the surfaces, as presented in Figure 4, shows the robustness
of S. oneidensis colonization on polymannose, once established.
Concurrent exposure of the methyl @-p-mannopyranoside and
the cell culture to the surface (Figure S) probes the importance
of steady-state mannose binding and sensing and provides
some mechanistic insights. The resistance to methyl a-p-
mannopyranoside-induced detachment observed in Figure 4
appears to be kinetic in nature because the enhanced
persistence of adhered cells on polymannose is removed
when the system is provided time to equilibrate as in Figure 5.
Transiently introducing methyl a-p-mannopyranoside with
rinsing produces a more dynamic system than concurrent
exposure lasting the entire incubation period. Both cell—
surface association rates and dissociation rates of the systems
presented in Figure S are influenced by methyl a-b-
mannopyranoside, whereas in Figure 4, the inhibitor largely
affects the dissociation rate as cells are already attached when
methyl a-p-mannopyranoside is introduced and planktonic
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Figure 6. Demonstration of the ability to control S. oneidensis adhesion to a surface was performed with a molecular pattern of polymannose in a
poly(2-hydroxyethylacrylamide) matrix. The polymannose was deposited in 2 um lines interspersed with poly(2-hydroxyethylacrylamide) with a
periodicity of 10 ym. The attraction of the polymannose retains cells over the area where it is deposited.

cells are removed. Our results suggest that previously reported
kinetic descriptions of multivalency in cluster glycosides also
concern systems on the scale of microbial cells.””*>”*
Mechanistically, the ability of methyl a-p-mannopyranoside
to inhibit the enhanced cellular attachment on polymannose
surfaces implies the structures of the mannoside units as the
causative agents that enhance attachment. The free methyl a-
D-mannopyranoside can occlude recognition sites on the
bacteria; once the receptors are blocked, mannose-dependent
adhesiveness is presumably diminished. Furthermore, it
appears that the attachment enhancement is the result of a
direct physical linkage between the bacteria and the surface,
rather than the result of signaling cascades responding to
sensing of mannoside units, because the addition of dissolved
mannoside units decreased attachment and the addition of
surface-tethered mannoside units increased attachment.
Tethered mannose monomer surfaces appear less adhesive
to S. oneidensis than polymannose or polygalactose with methyl
a-p-mannopyranoside present. One explanation for this result
is that tethered mannose monomer surfaces have lower
mannose-lectin-independent—thus, nonspecific—adhesive-
ness than the glycopolymers. The ethylene glycol linkage in
the tether that attaches the mannose monomer to the gold
surface could reduce surface adhesiveness. Nonspecific multi-
valency between the glycopolymers and non-MSH binding
sites could also contribute to the differences between tethered
mannose monomers and the glycopolymers. The glycopolymer
saccharide pendants could undergo reattachment if multiple
pendants are physisorbed to a particle. In other words,
nonspecific binding sites that are not lectins can allow
reattachment of a severed bond as long as other bacterium—
surface bonds keep the saccharides pendants localized to either
the previous binding location or a new one. If the galactose

units of the polygalactose surfaces are binding to S. oneidensis
nonspecifically, these interactions could also explain the
resistance to methyl a-D-mannopyranoside rinses seen in
polygalactose (Figure 4), which has a similar relative
magnitude to polymannose surfaces. If only nonspecific
interactions were involved, the adhesiveness of the mannose
and galactose units to nonspecific bonding partners is expected
to be very similar as only the stereochemistry differs in the
molecules. Dipole interactions and hydrogen bonding have
similar opportunities for physical attachment in either type of
saccharide pendant. The glycopolymers would then have
similar levels of attached cells when the mannose-binding sites
are filled by methyl a-p-mannopyranoside.

Another possibility for why tethered mannose monomers are
more affected by the addition of methyl a-p-mannopyranoside
is that polymannose may be able to interact with a partially
filled array of lectins more effectively due to its expanded
valency. Mannose-dependent attachment mechanisms may be
present in reduced form if the system is subsaturated.
Polygalactose may interact with other lectins produced by S.
oneidensis and retain adhesiveness relative to tethered mannose
monomers. Galactose-dependent binding could also explain
the resistance to methyl a-p-mannopyranoside rinses in Figure
4. The differences between adhesiveness due to partial
availability of mannose lectins binding to polymannose
surfaces and galactose lectins binding to polygalactose surfaces
is not distinguishable if this is the case.

The inhibition of S. oneidensis adhesion with a soluble
mannoside suggests the activity of mannose sensitive
hemagglutinin (MSH). The ratio of wild type S. oneidensis to
AmshA-D adhered to various surfaces after coculture
deposition is shown in Figure S1. The enrichment of wild

https://dx.doi.org/10.1021/acsami.0c04329
ACS Appl. Mater. Interfaces 2020, 12, 35767—35781


http://pubs.acs.org/doi/suppl/10.1021/acsami.0c04329/suppl_file/am0c04329_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.0c04329?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c04329?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c04329?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c04329?fig=fig6&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c04329?ref=pdf

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

type on polymannose surfaces indicates the influence of MSH
on the attachment mechanism.

S. oneidensis was stimulated into a series of lines by
molecularly patterning a gold surface with polymannose by
conventional photolithography (Figure 6). Polymannose was
self-assembled around a photoresist layer. The photoresist was
removed, and the gaps between the polymannose regions were
backfilled with poly(2-hydroxyethylacrylamide). The increased
adhesion of polymannose enables spatial control over bacterial
surface colonization. With control over colonization, arbitrary
patterns can be used for the fundamental study of cell
interaction with each other, coculture interaction with
successive deposition of various strains or species, or other
spatially important properties such as bacterial appendages,
which can be unidentifiable in a monolayer of cells.

B PROSPECTS

In this work, we employed glycopolymers presenting a
monosaccharide on each of their side chains. These saccharides
conserve hydroxyl groups by binding only with the anomeric
carbon and thus preserve known monosaccharide recognition
by bacteria. Further work could incorporate oligosaccharide
units branching off of the polymeric support. Such
oligosaccharides can be homooligosaccharide units utilizing
the same saccharides or heterooligosaccharides using combi-
nations of different saccharide types. As the trisaccharide motif
has been found to increase E. coli binding significantly, other
oligosaccharide configurations may offer substantial avidity and
specificity for targeted microbes.” Psl is a polysaccharide used
in bacterial surface sensing that may be worth emulating.”” By
multiplexing the design space of saccharide presenting surfaces,
we expect high specificity for chosen microbial targets.

Microbial bioelectrical systems require interfaces that
exchange electrons with microbes. For such applications, the
improved adhesive qualities of the glycopolymer layer are
balanced against the electrical conductivity of the material.
Mannose-decorated polymers with a conductive backbone,
such as polyaniline or poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS), could be synthesized to
optimize both conductivity and adhesiveness of the biofilm—
electrode interface. The tradeoff in interfacial electrical
conductivity versus increased attachment and cellular meshing
with the surfaces of different types of polymer layers could
then be investigated, first measuring the impedance of various
types of glycopolymer films, then testing the impact of
adulterants in the culture supernatant on the surface’s
conductivity over time, and finally measuring the current
output over time from microbial fuel cells with various types of
mannosylated anodes. The electrical conductivities of these
polymer films may also be increased by allowing electron
transport between the molecules coating the surface. Engineer-
ing the polymer layer to have sub-monolayer coverage and
exposing conductive patches of the substrate are ways to
encourage cellular interactions without obscuring electron
transport.

The time dependence of bacterial attachment and growth
dynamics should also be investigated. The kinetic nature of the
resistance to methyl a@-pD-mannopyranoside inhibition by the
glycopolymers studied here emphasizes the importance of
cellular attachment and detachment rates. Studying the
strength of equilibrium binding alone misses the dynamic
features of microbial surface colonization. Real-time measure-
ments are necessary to compare the dynamics of various

surface types being colonized. Moreover, studies that measure
only initial and final time points have their conclusions limited
by the convolution of cellular growth, death, attachment, and
detachment. By separating the rates of each of these processes,
mechanistic principles are derivable.

The cellular pattern demonstrates the directing capability of
the polymer layer and can be used as a tool for further
experimentation. The fidelity of the bacterial pattern on the
molecular pattern may be further improved by investigating
rinsing techniques. As rinsing is the mechanism used to remove
cells in the undesired areas, it is an important parameter to
understand. Improvements to bacterial patterning are also
expected if the adhesiveness of the glycopolymer is improved,
as suggested above. Providing a more nutritious application
medium and time for the attached cells to divide may increase
the cell packing density on the desired areas.

When one cell type is spatially patterned and another cell
type is placed next to it, interactions between cells, such as
intercellular communication, can be observed. Measurement of
nanoscale features, especially with surface-sensitive techniques,
is facilitated with reproducible, well-defined colonization;
nanoscopic features in microbial communities can be buried
or hidden in clusters of cells. The cellular interactions with
boundaries of surface types can also be observed on the
chemically patterned surface.

Colonization enhancement of WT S. oneidensis and enrich-
ment against the AmshA-D knockout strain (Figure S1)
suggest the possibility of designing a system to enrich S.
oneidensis versus any other microbe that does not express
mannose recognition. Enrichment enhances utilization of
strains in mixed populations of microbes, where a desired
strain might be excluded or have reduced presence against
faster surface colonizers. If a polymannose surface can enrich S.
oneidensis against other endemic microbes in its native
environment, a more electroactive biofilm may be produced
by amplifying the proportion of the key species. The scope of
the ability to enrich a desired strain, species, or functionally
active population from other types of cells should be explored.
To examine the ability of the glycopolymer surfaces to select a
species of interest, S. oneidensis colonization should be tested
against a fast biofilm-forming species that binds to surfaces by a
method that does not use mannose. Selection of a deletable
gene with glycopolymers could be expanded with synthetic
genetic sequences that express a saccharide receptor alongside
useful genes, thus amplifying genes of interest in an area with
the corresponding saccharide. The mshA gene could act as a
reporter if another gene of interest was expressed proximally
on the genome or on a plasmid. In general, controlling
colonization enables modulation of a consortium of microbes
to create designer microbiomes for uses such as biosynthesis or
medical treatment.

Many biotechnologies and further studies may be designed
using saccharides to colonize surfaces selectively with microbial
strains of choice. Beyond promoting functional or useful genes
in the genome of a biofilm, promoting benign microbes could
prevent pathogens or otherwise deleterious microbes from
attaching to a surface. The process of benign fouling of a
surface could be a useful general strategy addressable by
glycopolymer functionalization.

B CONCLUSIONS

We synthesized glycopolymers presenting branching mono-
saccharide units and assembled them onto gold surfaces to

https://dx.doi.org/10.1021/acsami.0c04329
ACS Appl. Mater. Interfaces 2020, 12, 35767—35781


http://pubs.acs.org/doi/suppl/10.1021/acsami.0c04329/suppl_file/am0c04329_si_001.pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c04329?ref=pdf

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

influence the surface colonization by the bacteria S. oneidensis.
The poly(mannose acrylate) glycopolymer promoted adhesion
of 12.1 + 2.3% (SEM) more cells versus bare gold surfaces.
When the wild-type strain was codeposited with a AmshA-D
knockout strain, the fraction of cells that contained the mshA-D
genes was increased by 5.4 + 2.4% (SEM). This enhancement
indicates the strain selectivity of the surface and the
importance of mannose-sensitive hemagglutinin pili’'s MshA
lectin.

The persistence of the cellular attachment was investigated
by rinsing the adhered cells with methyl a-p-mannopyranoside,
an inhibitor for binding to the MSH attachment pili. Following
the rinses with methyl a-p-mannopyranoside, the glycopol-
ymer samples presented the smallest decrease of attached cells
suggesting stable colonization (the decreases in total
fluorescence were 4.2 + 1.6% (SEM) for polymannose surfaces
and 2.2 + 2.5% (SEM) for polygalactose surfaces versus 18.1 +
5.8% (SEM) for tethered mannose monomers and 7.3 + 2.9%
(SEM) for bare gold surfaces). By adding the inhibitor before
surface exposure, the specific adhesiveness of polymannose is
removed relative to polygalactose and bare gold surfaces. This
result indicates that mannose-specific binding is the driving
factor for the augmented S. oneidensis attachment to
polymannose surfaces. The retention of cells adhering to
polymannose in the presence of methyl a-p-mannopyranoside
appears to be a kinetic effect as the inhibitor must be
concurrently incubated for several hours to equalize the
samples. The three-dimensional multivalency of glycopolymer
samples appears to be responsible for the enhanced
adhesiveness because tethered mannose monomer surfaces
do not retain as many cells upon inhibition of surface binding.
The ability to pattern S. oneidensis on polymannose surfaces
was also demonstrated in this work.

Using the glycopolymer surfaces, we have driven bacterial
colonization, enriched one strain of the bacteria against
another, and induced where bacteria attach. These capabilities
enable new experimental design and technological innovation.
Rational design of bioelectrical technologies is reliant on
surface-colonizing microbes. Our model system targets
bioelectrical systems by using the metal-reducing S. oneidensis
as the microbe and conductive, nonoxide forming gold as the
solid surface. Generally, our findings that a poly-
(monosaccharide acrylate)-functionalized surface can produce
stable initial attachment and that saccharide-lectin pairs are
promising for biofilm customization can be applied to other
types of beneficial or benign microbes.

B MATERIALS AND METHODS

Saccharide Acrylate Monomer Syntheses. 2-O-(a-p-
Mannosyl)hydroxyethyl Acrylate. 1,2,3,4,6-Pentaacetyl-a,-p-man-
nose: Acetic anhydride (50 mL, 0.53 mol) was added to a solution
of p-mannose (10 g, S5 mmol) dissolved in pyridine (100 mL) and
stirred for 24 h. The solution was concentrated in vacuo and added to
cold deionized (DI) water. The product was taken up in
dichloromethane (DCM) and washed with a saturated sodium
bicarbonate solution (2x), washed with brine, dried with sodium
sulfate, and concentrated in vacuo (12.7 g 59%). 'H NMR
(300 MHz, CDCL): 6 6.10 (d, H-1a), 5.89 (d, H-18), 5.10—5.50
(m, H-2,3,4), 3.71-4.30 (m, H-Sa, H2-6), 3.83 (m, H-58), 2.00—
2.19 (s, 1SH, 5 CH,).

2-0-(2,3,4,6-Tetraacetyl-a-p-mannosyl)hydroxyethyl acrylate:
Boron trifluoride etherate (2.7 mL, 21 mmol) was added dropwise
to a stirring solution of 1,2,3,4,6-pentaacetyl-a,f-p-mannose (2.7 g,
6.9 mmol) and hydroxyethyl acrylate (1.0 mL, 8.7 mmol) dissolved in

DCM (25 mL) cooled in an ice bath. The solution was allowed to
warm to room temperature after the addition was completed and
stirred for 96 h. The reaction was washed with DI water (3X), a
saturated solution of sodium bicarbonate, and brine. The organic
solution was dried with sodium sulfate, concentrated, and isolated by
silica column chromatography using 11:9 ethyl acetate in hexanes as
an eluent (1.5 g, 49%). '"H NMR (300 MHz, CDCLy): § 6.43 (d, 1H,
CH,=CH), 6.15 (m, CH,=CH), 5.87 (d, 1H, CH,=CH), 5.20—
5.40 (m, H-2,3,4), 4.87 (d, H-1), 4.34 (m, 2H, OCH,CH,0C=0),
4.03—4.27 (m, 3H, H-5, H2-6), 3.78—3.90 (m, 2H, OCH,CH,0C=
0), 1.99-2.17 (s, 12H, 4 CH,).

2-O-(a-p-Mannosyl)hydroxyethyl acrylate: Sodium methoxide
(I1mL, 0.2 M) was added to a solution of 2-O-(2,3,4,6-tetraacetyl-
a-p-mannosyl)hydroxyethyl acrylate (1.5 g, 3.4 mmol) dissolved in
DCM (5 mL) and methanol (4 mL) and stirred for 3 min before
quenching with DOWEX SO0WX8 jon-exchange resin for 30 min. The
glycomonomer was isolated by silica column chromatography using
2:8 methanol in DCM as an eluent (368 mg, 39%). 'H NMR
(300 MHz, MeOD): § 6.40 (d, 1H, CH,=CH), 6.19 (m, CH,=
CH), 590 (d, 1H, CH,=CH), 4.80 (d, H-1), 4.34 (m, 2H,
OCH,CH,0C=0), 3.94 (m, 1H, OCH,CH,0C=0), 3.58—3.81
(m, 7H, H-2,3,4,5, H2-6, OCH,CH,0C=0).

2-O-(p-p-Glucosyl)hydroxyethyl Acrylate. 1,2,3,4,6-Pentaacetyl-f3-
p-glucose: D-Glucose (6 g 33 mmol) was added gradually to a
solution of sodium acetate trihydrate (3 g, 22 mmol) dissolved in
acetic anhydride (42 mL, 0.45 mol) previously heated at 140 °C for
20 min. The reaction was removed from heat after 15 min and
allowed to cool to room temperature before gradually pouring into ice
water and allowed to precipitate at 4 °C overnight. The solid was
collected by vacuum filtration and recrystallized in ethanol (6.9 g,
53%). "H NMR (300 MHz, CDCL,): § 5.73 (d, H-1), 5.10—5.30 (m,
H-2,3,4), 410—4.30 (m, 2H, H2-6), 3.85 (m, H-5), 2.01-2.11 (s,
15SH, 5 CH,).

2-0-(2,3,4,6-Tetraacetyl-f-p-glucosyl)hydroxyethyl acrylate: Boron
trifluoride etherate (2.7 mL, 21 mmol) was added dropwise to a
stirring solution of 1,2,3,4,6-pentaacetyl-f-p-glucose (2.7 g, 7 mmol)
and hydroxyethyl acrylate (1.2 mL, 10.4 mmol) dissolved in DCM
(25 mL) cooled in an ice bath. The solution was allowed to warm to
room temperature after the addition was completed and stirred for
16 h. The reaction was washed with DI water (2X), a saturated
solution of sodium bicarbonate (2X), and brine. The organic solution
was dried with sodium sulfate, concentrated, and isolated by silica
column chromatography using 1:1 ethyl acetate in hexanes as an
eluent (1.7 g, 55%). '"H NMR (300 MHz, CDCL): § 6.42 (d, 1H,
CH,=CH), 6.11 (m, CH,=CH), 5.85 (d, 1H, CH,=CH), 5.00—
520 (m, H-2,3,4), 455 (d, H-1), 410—4.30 (m, 4H, H2-6,
OCH,CH,0C=0), 4.01 (m, 1H, OCH,CH,0C=0), 3.80 (m,
1H, OCH,CH,0C=0), 3.70 (m, H-5), 2.00—2.10 (s, 12H, 4 CH,).

2-0-(B-p-Glucosyl)hydroxyethyl acrylate: Sodium methoxide
(2mL, 0.2 M) was added to a solution of 2-O-(2,3,4,6-tetraacetyl-
p-p-glucosyl)hydroxyethyl acrylate (1.7 g, 4 mmol) dissolved in DCM
(8 mL) and methanol (10 mL) and stirred for 7 min before
quenching with DOWEX SO0WX8 jon-exchange resin for 30 min. The
glycomonomer was isolated by silica column chromatography using
2:8 methanol in DCM as an eluent (207 mg, 20%). 'H NMR
(300 MHz, MeOD): § 6.42 (d, 1H, CH,=CH), 6.19 (m, CH,=
CH), 591 (d, 1H, CH,=CH), 4.35 (m, 3H, H-1, OCH,CH,0C=
0), 412 (m, 1H, OCH,CH,0C=0), 3.88 (m, 2H, H2-6,
OCH,CH,0C=0), 3.69 (dd, 1H, H2-6), 3.31 (m, H-3,4,5), 3.19
(t, H-2).

N-Acetylglucosamine Acrylate Monomer. 2-Acetamido-1,3,4,6-
tetraacetyl-2-deoxy-a-D-glucose: Acetic anhydride (47 mL, 0.5 mol)
was added to a solution of D-glucosamine hydrochloride (10 g,
46 mmol) and 4-dimethylaminopyridine (10 mg) dissolved in
pyridine (50 mL) and stirred for 72 h. The reaction was chilled in
an ice bath, and sodium bicarbonate was gradually added until no gas
evolved. The product was extracted with ethyl acetate, washed with
brine, concentrated in vacuo, and crystallized with ethanol (1S5 g,
84%). '"H NMR (300 MHz, CDCL,): 6 6.18 (d, H-1), 5.61 (d, H-4),
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5.24 (m, H-2,3), 4.52 (m, —=NH), 4.27 (dd, 1H, H2-6), 4.09 (dd, 1H,
H2-6), 4.02 (m, H-S), 1.95-2.21 (s, 15H, 5 CH,).

2-Methyl-2-(3,4,6-triacetyl-1,2-dideoxy-a-p-glucosyl)-[2,1-d]-2-ox-
azoline: Trimethylsilyl trifluoromethanesulfonate (1 mL, 5.5 mmol)
was added to a solution of 2-acetamido-1,3,4,6-tetraacetyl-2-deoxy-a-
p-glucose (2.0 g, 5.1 mmol) dissolved in dichloroethane (9 mL) and
heated at 50 °C for 21 h before quenching with triethylamine (1 mL).
The reaction was washed with DI water (4X) and dried with sodium
sulfate. The product was isolated by silica column chromatography
using 9:1 ethyl acetate in hexanes as an eluent (1.5 g, 88%). '"H NMR
(300 MHz, CDCl;): 6 5.94 (d, H-1), 5.24 (t, H-3), 491 (d, H-4),
4.16 (m, H-5, H2-6), 3.60 (m, H-2), 2.07 (s, 12H, 4 CH,).

2-0-(2-Acetamido-3,4,6-triacetyl-2-deoxy-f-p-glucosyl)-
hydroxyethyl acrylate: Trifluoromethanesulfonic acid (25 uL,
0.3 mmol) was added to a solution of 2-methyl-2-(3,4,6-triacetyl-
1,2-dideoxy-a-p-glucosyl)-[2,1-d]-2-oxazoline (1.0 g, 3 mmol) and
hydroxyethyl acrylate (0.54 mL, 4.7 mmol) dissolved in dichloro-
ethane (8.3 mL) and heated at 60 °C for 6 h before quenching with
triethylamine and diluting with DCM. The reaction was washed with
DI water (2X), washed with brine, dried with sodium sulfate, and
crystallized from diethyl ether (1.0 g, 75%). '"H NMR (300 MHz,
CDCL,): § 6.44 (d, 1H, CH,=CH), 6.14 (m, CH,=CH), 5.87 (d,
1H, CH,=CH), 5.67 (d, H-4), 5.30 (t, H-2), 5.04 (t, H-3), 4.78 (d,
H-1), 443 (m, —NH), 4.25 (m, 2H, OCH,CH,0C=0), 4.15 (dd,
1H, H2-6), 4.02 (m, 1H, OCH,CH,0C=0), 3.86 (m, 2H, H2-6,
OCH,CH,0C=0), 1.91-2.08 (s, 12H, 4 CH,).

2-0-(2-Acetamido-2-deoxy-f-p-glucosyl ) hydroxyethyl acrylate: So-
dium methoxide (1 mL, 0.2 M) was added to a solution of 2-O-(2-
acetamido-3,4,6-triacetyl-2-deoxy-f3-p-glucosyl ) hydroxyethyl acrylate
(511 mg g 1.1 mmol) dissolved in DCM (2.5 mL) and methanol
(1.5 mL) and stirred for 1 min before quenching with DOWEX
SOWX8 ion-exchange resin for 30 min. The glycomonomer was
isolated by silica column chromatography using 2:8 methanol in
DCM as an eluent (106 mg, 29%). 'H NMR (300 MHz, MeOD): §
6.40 (d, 1H, CH,=CH), 6.16 (m, CH,—CH), 5.88 (d, 1H, CH,=
CH), 447 (d, H-1), 428 (m, 2H, OCH,CH,0C=0), 4.04 (m, 1H,
OCH,CH,0C=0), 3.88(dd, 1H, H2-6), 3.78 (m, 1H,
OCH,CH,0C=0), 3.65 (m, 3H, H-3,4, H2-6), 3.46 (t, H-2),
3.32 (m, H-5).

2-O-(p-p-Galactosyl)hydroxyethyl Acrylate. 1,2,3,4,6-Pentaacetyl-
p-p-galactose: D-Galactose (20 g, 111 mmol) was added gradually to a
solution of sodium acetate trihydrate (10 g, 74.5 mmol) dissolved in
acetic anhydride (200 mL, 2.1 mol) previously heated at 120 °C for
30 min. The reaction was removed from heat after an hour and
allowed to cool to room temperature before gradually pouring into a
solution of sodium bicarbonate. Additional sodium bicarbonate was
added until no gas was produced upon addition. The solid was taken
up in DCM and washed with saturated sodium bicarbonate (4X), DI
water, and brine. The organic solution was dried with sodium sulfate,
concentrated, and covered with diethyl ether at —20 °C. The white
crystals were collected by vacuum filtration (24.84 g, 67%). '"H NMR
(300 MHz, CDCL,): § 5.71 (d, H-1), 5.43 (d, H-4), 5.34 (dd, H-2),
5.09 (dd, H-3), 4.15 (m, 2H, H2-6), 4.05 (t, H-5), 2.00—2.17 (s, 15H,
S CHy).

2-0-(2,3,4,6-Tetraacetyl-f-p-galactosyl)hydroxyethyl acrylate:
Boron trifluoride etherate (2.0 mL, 16 mmol) was added dropwise
to a stirring solution of 1,2,3,4,6-pentaacetyl-f-p-galactose (2.0 g,
5.1 mmol) and hydroxyethyl acrylate (1.2 mL, 10.4 mmol) dissolved
in DCM (25 mL) cooled in an ice bath. The solution was allowed to
warm to room temperature after the addition was completed and
stirred for 16 h. The reaction was washed with DI water (3X), a
saturated solution of sodium bicarbonate, and brine. The organic
solution was dried with sodium sulfate, concentrated, and isolated by
silica column chromatography using 7:3 ethyl acetate in hexanes as an
eluent (2.0 g, 87%). 'H NMR (300 MHz, CDCL,): § 6.44 (d, 1H,
CH,=CH), 6.13 (m, CH,=CH), 5.87 (d, 1H, CH,=CH), 5.39 (d,
H-4), 5.21 (dd, H-2), 5.03 (dd, H-3), 4.54 (d, H-1), 4.32 (m, 2H,
OCH,CH,0C=0), 4.15 (m, 3H, H2-6, OCH,CH,0C=0), 3.93
(t, H-5), 3.83 (m, 1H, OCH,CH,0C=0), 1.99-2.16 (s, 12H, 4
CH,).

2-0-(f-p-Galactosyl)hydroxyethyl acrylate: Sodium methoxide
(300 pL, 02 M) was added to a solution of 2-0-(2,3,4,6-
tetraacetyl-f-D-galactosyl)hydroxyethyl acrylate (2.0 g 4.5 mmol)
dissolved in methanol (20 mL) and stirred for 10 min before
quenching with DOWEX 50WX8 ion-exchange resin for 30 min. The
glycomonomer was isolated by silica column chromatography using
2:8 methanol in DCM as an eluent (357 mg, 29%). 'H NMR
(300 MHz, MeOD): § 6.39 (d, 1H, CH,=CH), 6.17 (m, CH,—
CH), 5.87 (d, 1H, CH,=CH), 4.33 (m, 2H, OCH,CH,0C=0),
426 (d, H-1), 4.09 (m, 1H, OCH,CH,0C=0), 3.60—3.80 (m, 4H,
H-4, H2-6, OCH,CH,0C=0), 3.50 (m, H-2,3,5).

4-Cyano-4-(thiobenzoylthio)pentanoic Acid Chain-Transfer
Agent Synthesis. Bis(thiobenzyl) disulfide (BTBD). Carbon
disulfide (5.25 mL, 87 mmol) was added dropwise to a phenyl-
magnesium bromide solution in 2-methyl tetrahydrofuran (30 mL, 2.9
M) diluted with tetrahydrofuran (THF) (15 mL) at 0 °C and stirred
under argon. The solution was stirred for 45 min and quenched by the
dropwise addition of water. The THF was removed in vacuo and the
solution was filtered. The product was extracted with DCM as
hydrochloric acid was added until the aqueous layer was colorless.
The organic layer was washed with brine (2X) and reduced to a red
oil in vacuo. The oil was crystallized with ethanol (10 mL), dimethyl
sulfoxide (DMSO) (2 mL), and catalytic amounts of crystalline iodine
at 0 °C. The magenta crystals were filtered and washed with water
(4.18 g, 31%). 1H NMR (300 MHz, CDCI3): §7.40-8.10 (m, 10H,
).

4-Cyano-4-(thiobenzoylthio)pentanoic acid. 4,4'-Azobis(4-cya-
novaleric acid) (584 mg, 2.1 mmol) and bis(thiobenzyl) disulfide
(425 mg, 1.4 mmol) were dissolved in distilled ethyl acetate (8 mL)
and heated to 80 °C for 18 h. The product was isolated as a magenta
solid by silica column chromatography using 1:1 ethyl acetate in
hexanes as an eluent (470 mg, 60%). '"H NMR (300 MHz, CDC1;):
57.40-8.00 (m, SH, ¢), 2.76 (m, CH,CH,COOH), 2.45-2.63 (m,
CH,CH,COOH), 1.96 (s, CHj).

Reversible Addition-Fragmentation Chain Transfer (RAFT)
Polymerization. Representative Polymerization of Glycomono-
mer Attached through a Glycosidic Bond. Glycomonomer (100
equiv.), 4-cyano-4-(thiobenzoylthio)pentanoic acid (1 equiv.), and
4,4’-azobis(4-cyanovaleric acid) (0.3 equiv.) were dissolved in a
solution of water/ethanol (3:1). The solution was degassed by five
freeze/pump/thaw cycles and heated at 70 °C for 18 h followed by
quenching in liquid nitrogen and exposure to air. The reaction was
diluted with water, and a sample was lyophilized to determine
conversion by '"H NMR. The remainder of the polymer solution was
dialyzed in DI water over 16 h, changing the water every 2 h, and
lyophilized. The resultant polymer was analyzed by '"H NMR and
GPC.

Poly(2-hydroxyethylacrylamide) Synthesis. 2-Hydroxyethylacryla-
mide (Sigma-Aldrich, 97%, St. Louis, Missouri, USA) was used in
place of the glycomonomer following the same procedure as above.

Poly(saccharide acrylate) Self-Assembly. 7.5 nm of titanium
followed by 75 nm of gold was evaporated onto a black polystyrene
96-well microtiter plate or a silicon wafer. Wafer pieces were annealed
for 1 min with a hydrogen flame before self-assembly. Well plates were
visually inspected, and wells that were not fully covered by gold were
excluded from the sample. Glycopolymers were dissolved in water at a
concentration of 3 mg/mL. 100 uL of ethanolamine was added for
each 1 mL of water to the glycopolymer solution. The glycopolymers
reacted with the ethanolamine for 30 min before aliquoting 250 L of
solution to each appropriate well on the microtiter plate or 1 mL or
more, if applying to pieces of gold-covered wafers. Self-assembly
proceeded for 3 days at room temperature. The solution was
removed, and the surfaces were rinsed three times with ethanol
followed by sterile 137 mM NaCl, 2.7 mM KCl, 10 mM Na,HPO,,
1.8 mM KH,PO,, (1x) pH 7.2 phosphate-buffered saline (PBS).

11-[(p-Phenyl-a-p-Mannopyranosyl)amino-
carbonylmethoxyhexa(ethoxy)lundec-1-yl-thiol (Tethered
Mannose Monomer) Assembly and Synthesis. Thiol solutions
of 0.5 mM 2-(2-[2-(11-mercaptoundecyloxy)-ethoxy]-ethoxy)-
ethoxy-acetic acid, 0.5 mM 2-(2-[2-(11-mercaptoundecyloxy)-
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ethoxy]-ethoxy)-ethanol, and 130 mM trifluoroacetic acid were mixed
and added to the gold surfaces for 3 days. Samples were removed
from solution and rinsed with 10% (v/v) triethylamine in ethanol
followed by neat ethanol. 0.0S M N-hydroxysuccinimide with 0.2 M
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide in water was added
to the surfaces for 30 min. The samples were rinsed with water,
nitrogen-dried, and added to 2 mg/mL 4-aminophenyl-a-p-
mannopyranoside in aqueous 25 mM pH 8.0 sodium phosphate for
2 days. Samples were removed from solution, rinsed with water and
ethanol, and then either dried in a nitrogen stream or rinsed with
sterile PBS.

X-ray Photoelectron Spectroscopy. An AXIS Ultra DLD X-ray
photoelectron spectrometer (Kratos Analytical Inc., Chestnut Ridge,
NY, USA) was used for elemental surface analysis. This spectrometer
uses a monochromatic Al Ka X-ray source, with a photon energy of
1486.7 eV, with a 200 pm circular spot size and ultrahigh vacuum
(107 torr). Spectra were acquired at a pass energy of 160 eV for
survey spectra and 20 eV for high-resolution spectra of C 1s, N 1s, O
Is, S 2p, and Au 4f regions using a 250 ms dwell time. The emission
currents were 10 and 20 mA for survey and high-resolution spectra,
respectively. 15 kV was the applied electric potential for both scan
types. Three scans were performed for survey and Au spectra, 10
scans for N, C, and O spectra, and 15 scans for S spectra.

Bacterial Growth. Lysogeny broth (LB) agar plates containing
50 mg/L kanamycin were used for inoculating liquid cultures. Plates
were streaked with S. oneidensis MR-1 WT p519nGFP from a —80 °C
freezer and incubated for 24 h at 32 °C while shaking at 200 rpm and
stored at 4 °C. S. oneidensis was precultured by inoculating 20 mL of
LB medium in a 125 mL flask and incubating at 32 °C for 24 h of
shaking at 200 rpm. 1 mL of the preculture solutions was diluted with
20 mL of LB with 50 mg/L kanamycin. The cultures were incubated
until the optical density at 600 nm reached 0.9 typically after about
2 h. The cells were washed by spinning at 2300g in a centrifuge for
5 min and then resuspending in PBS. Cells were then spun down and
resuspended two more times. The resuspended solutions were diluted
10-fold into PBS and applied to the surface of interest. S. oneidensis
AmshA-D was cultured under the same conditions without
kanamycin.

Microtiter Plate Fluorescence Measurements. Diluted S.
oneidensis MR-1 WT pS19nGFP culture (250 uL) was aliquoted into
each appropriate sample well and incubated at 32 °C for 18 h. For
measurement of adhesion without inhibitors, as presented in Figure 3,
each well was rinsed three times with 250 uL of PBS and imaged with
a fourth addition of 50 uL of PBS.

A Synergy HI microplate reader was used for surface fluorescent
measurements. The excitation was set for 470 nm, and the emission
was set for 507 nm. The gain was set to 100. A xenon flash lamp was
used as a light source with a 100 ms delay. Ten measurements were
used per data point per sample. The read height was 7 mm.

For the experiments measuring the susceptibility of adhered cells to
rinses of methyl @-pD-mannopyranoside, as shown in Figure 4, the cell
culture was prepared and incubated on the surfaces as described
above. Then, the culture solution was removed and replaced with
250 uL of 200 mM methyl a-p-mannopyranoside in PBS. The
solution was left in the wells as the fluorescence was measured as
described above. This measurement constitutes the baseline rinse.
The methyl @-pD-mannopyranoside solution was incubated on the
adhered cells for 5 h before being removed and replaced with another
250 uL of 200mM methyl a@-pD-mannopyranoside in PBS.
Fluorescence was measured again and recorded as the final rinse.

For the experiments measuring the influence of concurrent
incubation with methyl a-p-mannopyranoside, as shown in Figure
S, the cell culture was again prepared as described above. Before
adding the cells to the surfaces, 200 mM methyl @-pD-mannopyrano-
side in PBS was added to the appropriate samples to produce a final
concentration of 180 mM. Control samples were prepared alongside
the methyl a-p-mannopyranoside incubated samples from the same
culture and incubated at the same time in PBS. These samples were
incubated in their respective solutions for 18 h, as done for the other

experiments. The samples were then rinsed one time with 250 uL of
PBS for all samples, and the fluorescence was recorded as above.

Glycopolymer Patterning. Silicon wafers covered with 100 nm
of gold and a titanium adhesion layer were annealed by a hydrogen
flame for 1 min. An AZ nLOF 2020 negative tone photoresist was
used to pattern a series of 2 um lines with a periodicity of 10 um on
the wafers as follows. Wafers were baked at 150 °C for 10 min to
dehydrate. They were exposed to hexamethyldisilazane vapors for
15 min. The photoresist was spin-coated at 500 rpm for S s and then
3000 rpm for 30 s. Wafers were then soft-baked for 1 min at 110 °C.
Total exposure on a Karl Suss contact aligner was 60 m]J. Post-
exposure bake was performed for 1 min at 110 °C. Finally, the
surfaces were descummed with oxygen plasma at 100 °C for 3 min.

Glycopolymers were self-assembled on the patterned surface as
described above for gold-coated wafer pieces. After removing the
glycopolymer solution, the samples were rinsed with water and dried
with nitrogen. The photoresist was removed by placing the sample in
a Baker PRS-3000 photoresist stripper composed of approximately
50% 1-methyl-2-pyrrolidinone, 40% tetrahydrothiophene 1,1-dioxide,
and l-amino-2-propanol. The samples were left in the photoresist
stripper for 1 h with gentle heating, then rinsed three times with
water, and dried with nitrogen. Poly(2-hydroxyethylacrylamide)
(8 mg) was dissolved in 750 uL of water, 200 uL of ethanol, and
50 pL of ethanolamine and was added to the patterned glycopolymer
surfaces for 19 h to backfill the gold areas previously covered by the
photoresist before stripping. The samples were then rinsed with water
and dried with nitrogen.

Application of Bacteria to Glycopolymer Patterns. The
molecularly patterned glycopolymer pieces were rinsed with ethanol
to sterilize and dried with nitrogen. S mL of diluted S. oneidensis MR-1
WT pS19nGFP in PBS was added to each sample and incubated for
18 h at 32 °C. Cell culture solutions were removed and replaced with
S mL of fresh PBS. Just before imaging, the samples were rinsed with
PBS and placed on a glass coverslip.

An upright ZEISS LSM-800 confocal microscope (Carl Zeiss
Microscopy, LLC, White Plains, New York, USA) was used for optical
imaging of cells. Green fluorescent protein was excited at 488 nm.
Bright field was imaged with confocal reflection at 640 nm and
detected at the same wavelength using a photomultiplier tube.

Statistical Analyses. Levels of statistical significance for Figures
3—5 and Figure S1 were determined using unpaired t tests. The
threshold for significance is a 0.05 P value, and values below this
threshold are denoted with a single asterisk. Double asterisks indicate
P values of 0.01—0.001, and triple asterisks indicate P values of 0.001
and below.
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