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ABSTRACT: Biofilm-associated infections stemming from medical
devices are increasingly challenging to treat due to the spread of
antibiotic resistance. In this study, we present a simple strategy that
significantly enhances the antifouling performance of covalently
cross-linked poly(ethylene glycol) (PEG) and physically cross-
linked agar hydrogels by incorporation of the fouling-resistant
polymer zwitterion, poly(2-methacryloyloxyethyl phosphorylcho-
line) (pMPC). Dopamine polymerization was initiated during -
swelling of the hydrogels, which provided dopamine and pMPC, an !
osmotic driving force into the hydrogel interior. Both PEG and agar

Ultra-low fouling hydrogels synthesized
using swelling-assisted polymerization

hydrogels were synthesized over a broad range of storage moduli

(1.7—1300 kPa), which remained statistically equivalent after being functionalized with pMPC and polydopamine (PDA).
When challenged with fibrinogen, a model blood-clotting protein, the pMPC/PDA-functionalized PEG and agar hydrogels
displayed a >90% reduction in protein adsorption compared to hydrogel controls. Further, greater than an order-of-magnitude
reduction in Escherichia coli and Staphylococcus aureus adherence was observed. This study demonstrates a versatile material
platform to enhance the fouling resistance of hydrogels through a pMPC/PDA incorporation strategy that is independent of the
chemical composition and network structure of the original hydrogel.
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B INTRODUCTION

Indwelling medical devices are indispensable tools in modern
healthcare. However, the insertion of any foreign object into
the human body carries an inherent risk of infection.' > Over
one-quarter of all healthcare-associated infections in the
United States are attributed to central line-associated blood-
stream infections and catheter-associated urinary tract
infections.*™ Hydrogel coatings are typically applied to
catheters to improve patient comfort while also mitigating
nonspecific protein adsorption and bacterial adhesion.””” The
gold standard hydrophilic polymer used for antifouling
coatings is poly(ethylene glycol) (PEG),'" since it hydrogen
bonds with water to create a hydration layer that prevents
nonspecific protein adsorption.'”'” Surface hydration limits
bacterial adherence to PEG coatings. Although surface
chemistry is critical to controlling bacterial adhesion, the
morphological and mechanical properties of a material will also
influence bacterial surface interactions. Previously, we and
others demonstrated that independent of hydrogel chemistry
softer hydrogels experience a slower rate bacterial colonization
by Escherichia coli (E. coli) and Staphylococcus aureus (S.
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aureus).">~'° This work determined that the fouling resistance
of PEG hydrogels can be improved further by harnessing
fundamental structure—property relationships. However, given
sufficient time, bacteria will colonize on low-fouling hydro-
philic coatings, including PEG. To combat these micro-
organisms, commercial antibiotic treatments have been
overused, which has accelerated the evolution of resistant
genes in bacterial species.'”'® Thus, new materials that delay
the initial attachment of proteins and microorganisms, while
avoiding the spread of resistant genes, are in demand.
Polymer zwitterions have emerged as a promising class of
antifouling polymers due to their enhanced stability and
excellent fouling resistance.'”” Carrying both positive and
negative charges on each monomer subunit, polymer
zwitterions induce a tight and stable surface hydration layer
of “surface-bound” water that effectively resists protein
adsorption.”"”” Although previously synthesized zwitterion-
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containing hydrogels effectively decreased biofouling, many
exhibited poor mechanical strength.”*™>® Thus, clay-nano-
composites,27 double-networks,”® functional cross-linkers,”
and pH-responsive monomers have been incorporated into
zwitterion-containing hydrogels, which enhanced their me-
chanical strength by 2—3 times.”” However, these strategies
require designer synthesis, limiting their compatibility with
existing hydrogels. The ability to integrate zwitterionic
functionality into any hydrogel, irrespective of its chemistry
or cross-linking structure, would extend the benefits of polymer
zwitterions across the entire class of hydrogels.

Polydopamine offers an attractive universal approach to
surface functionalization. Lee et al. reported that under alkaline
conditions, dopamine undergoes oxidative polymerization into
an ultrathin surface-adherent polydopamine film on virtually
any abiotic or biotic surface.’”*” With the utilization of the
functionality of polydopamine, the facile immobilization of
molecules containing carboxyl, amine, thiol, quaternary
ammonium, and/or catechol groups has been immobilized
into functional coatings.”> >’ Further studies have demon-
strated the superior antifouling performance of similar coatings
applied to a diverse array of solid materials including glass,
silicon, steel, and polymer nanofibers.’**** Although catechol
cross-linkers, including dopamine, have been examined in
numerous hydrogel formulations,””™*' the versatility of
polydopamine-containing coatings presents a potentially
universal hydrogel modification strategy.

In this work, we demonstrate a simple and robust approach
to enhance the antifouling performance of PEG and agar
hydrogels that uses the polymerization of dopamine to
immobilize the fouling-resistant polymer zwitterion, poly(2-
methacryloyloxyethyl phosphorylcholine) (pMPC). By initiat-
ing dopamine polymerization while swelling the hydrogels,
dopamine and pMPC are osmotically driven into the hydrogel
interior and become immobilized. The incorporation of pMPC
statistically improves the fouling resistance of PEG and
transforms agar from a high-fouling to a fouling-resistant
hydrogel. This simple technique represents a versatile
approach to improve the antifouling performance of hydrogels,
irrespective of their chemistry, network structure, and
mechanical properties.

B MATERIALS AND METHODS

Materials and Chemicals. Poly(ethylene glycol) dimethacrylate,
(PEG, My = 750 Da), dopamine hydrochloride (dopamine), 3-
(trimethoxysilyl)propyl methacrylate, ampicillin (BioReagent grade),
chloramphenicol (BioReagent grade), M9 minimal salts (M9 media),
D-(+)-glucose, calcium chloride (anhydrous), phosphate buffered
saline (PBS, 10X sterile biograde), tryptic soy broth (TSB), Luria—
Bertani broth (LB), fibrinogen, and Bradford reagent were purchased
from Sigma-Aldrich (St. Louis, MO). Irgacure 2959 was obtained
from BASF (Ludwigshafen, Germany). Anhydrous magnesium sulfate
and molecular grade agar were obtained from Fisher Scientific (Fair
Lawn, NJ). Deionized (DI) water was obtained from a Barnstead
Nanopure Infinity water purification system (Thermo Fisher
Scientific, Waltham, MA).

Fabrication of pMPC/PDA-Modified PEG and Agar Hydro-
gels. PEG hydrogels were prepared using previously established
protocols.16 Briefly, 8.3, 28, and 55 wt % PEG dimethacrylate in 10
mM PBS (pH = 7.4) was filtered through a sterile 0.2 4m membrane
and then degassed using nitrogen. For UV-curing, Irgacure 2959 (0.8
wt %) was added to the polymer precursor solution with induction
under a longwave UV light (365 nm) for 10 min. The PEG solution
(75 pL) was sandwiched between two 22 mm UV-sterilized coverslips
(Fisher Scientific) functionalized with 3-(trimethoxysilyl)propyl
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methacylate.”” Fabricating the hydrogel between coverslips enabled
all hydrogels to have a uniform thickness of ~150 pm and limited
their oxygen exposure. Agar hydrogels were prepared by dissolving
1.0, 3.0, and 9.0 wt % agar in sterile DI water for 30 min before
uniformly heating the solution in a liquid autoclave at 250 °C for 30
min. The hot solution was cast into glass Petri dishes (Pyrex,
Tewksbury, MA) and allowed to gel at a uniform height of 2 mm.
After the agar cooled, a flame-sterilized punch (Spearhead 130 Power
Punch MAXiset, Cincinnati, Ohio) was used to create circular 25.4
mm diameter agar hydrogels.

pMPC was synthesized as previously described.**** The
unmodified PEG and agar hydrogels were placed into 6-well
polystyrene plates (Fisher Scientific) and immersed in S mL of Tris
buffer (10 mM, pH 8.5) containing only dopamine (2 mg/mL) or
solutions containing both dopamine (2 mg/mL) and pMPC (2 mg/
mL) for 6 h. Under these basic conditions, dopamine undergoes
oxidative self-polymerization to form polydopamine (PDA) when
alone in solution or forms composites through noncovalent
interaction when in the presence of pMPC.** All hydrogels were
removed from the reaction solution and washed 3 times with DI water
before being placed in a new 6-well plate at 23 °C with DI water until
further testing. In the Results section, PEG and agar hydrogels are
referred to as unmodified, PDA (if functionalized only with
dopamine), or pMPC/PDA (if functionalized with dopamine and
pMPC).

Characterization of pMPC/PDA-Modified PEG and Agar
Hydrogels. The chemical compositions of unmodified, PDA, and
pMPC/PDA PEG and agar hydrogels were determined using a
PerkinElmer Spectrum 100 Fourier transform infrared spectrometer
(FTIR, Waltham, MA). All spectra were recorded from 4000 to SO0
cm™' by accumulation of 32 scans and with a resolution of 4 cm™.
Scans were performed in duplicate on three replicates for each
hydrogel. To monitor if the fabrication method had diffusion
limitations, hydrogels were fabricated in cylindrical molds (2 mm
thick and 22 mm in diameter) from 8.3 and 55 wt % PEG, as well as
from 1.0 and 9.0 wt % agar. Following polymerization, hydrogels were
swollen in S mL of Tris buffer containing 2 mg/mL of dopamine.
After 1, 6, and 24 h, the hydrogels were removed from solution and
gently rinsed with DI water. The hydrogel's top surface, bottom
surface, and cross section were photographed (Nikon D5200 camera
with an AF-S NIKKOR 18—35 mm 1:3.5—5.6G lens) and the red-
green-blue (RGB) color values were quantified using Adobe
Photoshop CC 2017.

Equilibrium swelling experiments were performed to determine the
volumetric swelling ratio, Q, of unmodified, PDA, and pMPC/PDA
PEG hydrogels. The unmodified, free-standing PEG hydrogels were
swollen in PBS for 24 h at 23 °C until equilibrium swelling was
achieved and were then weighed to obtain their equilibrium swelling
mass, M. These hydrogels were lyophilized (Labconco, FreeZone
Plus 2.5 Liter Cascade Console Freeze-Dry System, Kansas City,
MO) for 72 h and then weighed to determine their dry mass, Mp,. Q
was calculated by dividing Mg by Mp. To quantify Q for PDA and
pMPC/PDA hydrogels, the unmodified PEG hydrogels were weighed
directly following polymerization to obtain the weight of the
unmodified PEG hydrogel. Following the 6 h functionalization,
hydrogels were washed 3 times with DI water and immersed in PBS
for 48 h before being weighed to determine M. Hydrogels were then
lyophilized and weighed to determine My, Four replicates were tested
for each hydrogel.

Small amplitude oscillatory shear (SAOS) measurements were
acquired on the PEG and agar hydrogels using a plate—plate geometry
with a diameter of 20 mm and a gap of 1 mm (Kinexus Pro
rheometer, Malvern Instruments, U.K.). Prepared hydrogels (circular
25 mm diameter X 1 mm height) were loaded into the rheometer and
trimmed to size using a razor blade. A strain amplitude sweep was
performed to ensure that experiments were conducted within the
linear viscoelastic region at a strain of 0.1%. Oscillation frequency
sweeps were conducted over an angular frequency domain 1.0 and
100 rad/s at 23 °C.
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The size of PDA aggregates on the surface of hydrogels was
measured using an atomic force microscope (Cypher ES AFM,
Asylum Research/Oxford Instruments, Santa Barbara CA) equipped
with a PerFusion attachment for complete sample immersion.
Topographic imaging was performed in DI water at room temperature
(~23 °C) using TR800PSA (k = 183.54 pN/nm) cantilevers
(Olympus, Tokyo, Japan). Hydrogels were prepared on 15 mm
glass coverslips and remained hydrated throughout the entire AFM
preparation and testing process. Micrographs of hydrogels and
hydrogel cross sections were acquired using a Magellan 400 XHR
scanning electron microscope (FEI, Hillsboro, OR). Cross sections
were obtained by flash-freezing the hydrogels using liquid nitrogen
and then cracking the sample. Hydrogels were sputter-coated for 60 s
with platinum before SEM imaging (Cressington 208 HR,
Cressington Scientific Instruments, Watford, U.K.).

Evaluation of Protein Adsorption and Bacterial Resistance
of pMPC/PDA-Modified PEG and Agar Hydrogels. Protein
adsorption was quantified using a fluorescent protein assay. Circular
15 mm diameter PEG and 12.7 mm diameter agar hydrogels were
placed at the bottom of 24-well plates, to which 55 uL of fluorescently
tagged fibrinogen (~2 tags per protein)*** in PBS (655 ug/mL) was
added and agitated at 100 rpm for 48 h at 23 °C. The hydrogels were
surface rinsed 3 times with PBS; then the adsorption of fibrinogen was
assessed using a Zeiss Microscope Axio Imager A2M (20X
magnification, Thornwood, NY). Experiments were conducted in
triplicate.

Bacterial adhesion was evaluated using the model Gram-negative
strain Escherichia coli K12 MG1655 (E. coli, DSMZ, Leibniz-Institut,
Germany) containing a GFP plasmid and the model Gram-positive
strain Staphylococcus aureus SH1000 (S. aureus) containing the high-
efficiency pCM29 sGFP plasmid.*® Circular 22 mm diameter control
and pMPC/PDA PEG and agar hydrogels were placed at the base of
6-well polystyrene plates, to which S mL of M9 media with 100 ug/
mL of ampicillin, or 10 yg/mL of chloramphenicol, were added for E.
coli or S. aureus, respectively. The growth media in each well was
inoculated with an overnight culture with a working concentration of
1.00 X 10% cells/mL (E. coli or S. aureus), which were washed and
resuspended in M9 media*” and then placed in an incubator at 37 °C
for 24 h. Hydrogels with attached bacteria were removed from the 6-
well polystyrene plates and rinsed lightly using PBS to remove loosely
adhered bacteria. E. coli and S. aureus attachment was evaluated using
a modified adhesion assay that monitored bacteria colony coverage
(Zeiss Axio Imager, 20X magnification). The particle analysis function
in Image] 1.48 software (National Institutes of Health, Bethesda,
MD) was used to calculate the bacteria colony area coverage over the
acquired 58 716 um? area.*®* Significant differences between samples
were determined using an unpaired student t-test.

B RESULTS AND DISCUSSION

Characteristics of pMPC/PDA-Modified PEG and Agar
Hydrogels. Chemically and physically cross-linked hydrogels
were successfully synthesized from PEG dimethacrylate (8.3,
28, and SS wt %) and from agar (1.0, 3.0, and 9.0 wt %),
respectively. Chemical functionalization of these hydrogels was
achieved through a process we coined “swelling-assisted
polymerization”. By immersing the hydrogels in Tris buffer,
containing 2 mg/mL of dopamine and poly(2-methacryloylox-
yethyl phosphorylcholine) (pMPC), the resulting concen-
tration gradient induced an osmotic driving force into the
hydrogel that facilitated pMPC/PDA formation throughout
the polymer network.

The successful polymerization of dopamine to polydop-
amine (PDA) throughout the PEG and agar hydrogels was
apparent due to their brown color, which is characteristic of
the melanin-like structure of PDA, Figure 1. Fourier transform
infrared spectroscopy (FTIR), Figure S1, acquired on the
pMPC/PDA-functionalized PEG and agar hydrogels did not
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Figure 1. Photographs of a PEG hydrogel before and after pMPC/
PDA functionalization. Scales bars are 1 mm.

show pronounced peaks after functionalization, likely a result
of the low concentration of the pMPC/ PDA.** Thus, to
evaluate the diffusion of dopamine into the interior of the PEG
(150 pm thick) and agar (1 mm thick) hydrogels, their color
change was monitored as a function of time, Figure S2. Red-
green-blue (RGB) color values at the surface and the center of
the hydrogels were determined, where higher RGB values
indicate darker colors corresponding to PDA formation. RGB
analysis determined that PDA formation occurred rapidly
(within 1 h) at the hydrogel surface. After a reaction time of 6
h, a uniform brown color was observed indicating the presence
of PDA throughout the entire cross section of all hydrogels,
independent of their composition. Three methods of PDA
incorporation into PEG and agar hydrogels are highlighted in
the Supporting Information and Figure S2; they were found to
provide similar results after a reaction time of 6 h. Thus, while
any of the three methods could be used, for the remainder of
this study, dopamine polymerization was initiated following
hydrogel formation but before swelling the hydrogels because
this method was facile and provided samples with a consistent
physical appearance.

The PEG hydrogels were imaged using atomic force
microscopy (AFM) in a hydrated environment after 6 h of
swelling-assisted pMPC/PDA formation, Figure 2. Following
pMPC/PDA formation and thorough rinsing with deionized
water, the hydrogel surface was decorated with small PDA
aggregates, characteristic of the mechanism of dopamine
polymerization.”>' PDA formation in the presence of
pMPC has been reported to reduce the aggregate size.”* On
the surface of the pMPC/PDA PEG hydrogels, the aggregates
ranged in size from 5 to 150 nm. The aggregates were also
visible on the surface of dry hydrogels that were imaged using
scanning electron microscopy (SEM, not shown). SEM
micrographs acquired on the cross section of PEG and agar
hydrogels suggest that significantly fewer aggregates were
present within the hydrogels than on their surface, Figure S3.
In fact, no aggregates were observed within the agar hydrogels.

The equilibrium swelling ratios (Q) were statistically
equivalent for the control and pMPC/PDA PEG hydrogels
synthesized at all polymer concentrations, Table 1. This
finding is interesting as PDA has previously been shown to
inhibit hydrogel swelling.'” Therefore, the strong interaction of
the zwitterionic polymer with water likely overcame any
swelling inhibition that would otherwise be induced by PDA.
The PEG hydrogels were covalently cross-linked through
methacrylate moieties; their approximate mesh size (£) was
calculated using the Peppas modification of Flory theory.””
The mesh size was determined to be 3.4 + 0.2 nm, 1.9 + 0.1
nm, and 1.0 + 0.1 nm for 8.3, 28, and 5SS wt % PEG hydrogels,
respectively. In contrast, the agar hydrogels are physically
cross-linked networks with large pores. Cyro-SEM has been
used to approximate the pores of 1.0 wt % agar hydrogels to
range from 370 to 800 nm in diameter,” and the equilibrium
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Figure 2. AFM surface topography images of hydrated (A) unmodified and (B) pMPC/PDA-modified PEG hydrogels. Representative micrographs
were acquired on 55 wt % PEG hydrogels that were hydrated throughout the entire imaging process in DI water. A z-scale is provided alongside

each image.

Table 1. Storage Modulus (G’), Loss Modulus (G”), Volumetric Swelling Ratio (Q), and Mesh Size (£) of Unmodified and

pMPC/PDA-Modified PEG and Agar Hydrogels

PEG hydrogels

pMPC/PDA PEG hydrogels

PEG (wt %) G’ (kPa) G” (kPa) Q G' (kPa) G” (kPa) Q & (nm)
8.3 1.7 £ 0.1 0.02 + 0.01 13+ 1.6 20+ 02 0.04 + 0.01 11 £ 0.8 34 +£02
28 77 +3 3+03 3.8 + 0.4 94 + 18 3.8 + 0.4 34+01 1.9 + 0.04
55 1300 + 200 190 £ § 2.2 + 0.05 1300 + 60 60 + 10 22+ 0.1 1.0 £0.1
agar hydrogels pMPC/PDA agar hydrogels
agar (wt %) G’ (kPa) G” (kPa) G’ (kPa) G” (kPa)
1.0 2.5+ 04 0.06 + 0.01 21 +0.1 0.06 + 0.01
3.0 30 + 4 29+ 13 37+ 10 15+ 18
9.0 370 £ SO S2 £ 11 240 + 2§ 60 + 30
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Figure 3. Representative frequency sweeps of unmodified, as well as PDA and pMPC/PDA-modified (A) PEG and (B) agar hydrogels. PEG
hydrogels (8.3, 28, and 5SS wt % PEG) and agar hydrogels (1.0, 3.0, and 9.0 wt % agar) are labeled as soft, intermediate, and stiff, respectively, to

simplify sample labeling.

swelling of other biopolymer hydrogels has been reported to
range from 400—6600% with large deviations.”* Thus, the
effect of pMPC/PDA on the equilibrium swelling of agar
hydrogels could not be determined reliably. In general, the
smallest pore size of agar hydrogels is much larger than that of
the PEG hydrogels and therefore provided no barrier for
pMPC/PDA diffusion. Thus, pMPC/PDA was successfully
incorporated into both PEG and agar hydrogels despite
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substantial differences in their cross-linking chemistry,
architecture, and network construction.

Mechanical Characteristics of pMPC/PDA-Modified
PEG and Agar Hydrogels. Hydrogel stiffness is intrinsically
tied to polymer concentration, with an increasing concen-
tration leading to an increased cross-link density and
stiffness.”® Small amplitude oscillatory shear (SAOS) measure-
ments indicated that the elastic component dominated the
complex modulus and G’ displayed frequency independence
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for the PEG (8.3, 28, and 55 wt %) and agar (1.0, 3.0, and 9.0
wt %) hydrogels, Figure S4. Based on their dynamic moduli,
and to simplify the naming of the hydrogels, we categorized
them into three regimes: soft (1.7 + 0.1 kPa PEG and 2.5 +
0.4 kPa agar), intermediate (110 + 40 kPa PEG and 30 + 4.0
kPa agar), and stiff (1300 kPa + 200 PEG and 370 + 50 kPa
agar).

Ideally, introducing a second polymer network, such as
pMPC/PDA, would not disrupt the original hydrogel network
and would either improve or mamtam mechanical strength
without sacrificing chemical stability.’® Following PDA or
pMPC/PDA polymerization, the mechanical properties of the
PEG and agar hydrogels displayed minimal variation from the
unmodified hydrogels, Figure 3 and Table 1. For example, the
intermediate PEG hydrogels had statistically equivalent G’
values of 110 + 40 kPa, 100 + 6.0 kPa, and 94 + 18 kPa for
the unmodified, PDA, and pMPC/PDA PEG hydrogels,
respectively.

After PDA incorporation, the stiff PDA PEG hydrogels
displayed a significant loss in mechanical strength: G’
decreased from 1300 + 230 kPa to 710 + 20 kPa and G”
decreased from 190 + 5.0 kPa to 20 + 1.0 kPa. Interestingly,
stiff pMPC/PDA PEG hydrogels displayed a comparable G’ to
the unmodified PEG hydrogels, 1300 + 6.0 kPa, but a smaller
G” of 63 + 13 kPa. Agar hydrogels displayed no difference in
G' or G” following PDA or pMPC/PDA polymerization for
soft, intermediate, and stift hydrogels, Figure 3B. The changes
in the mechanical properties of PEG hydrogels following PDA
formation are likely linked to the mesh size of the PEG
network. The 1.0—3.4 nm mesh size of the PEG hydrogels
generally excluded PDA aggregate diffusion into the hydrogel
interior. SEM imaging of many hydrogel cross sections showed
little evidence of large PDA-aggregates, Figure S2. However,
the larger aggregates arising from PDA-only polymerization
potentially disrupted the network structure of the stifft PEG
hydrogels and contributed to a reduction in G’, whereas the
hydrogel network structure was unaffected by the smaller
(<150 nm) pMPC/PDA aggregates. The similar mechanical
properties of the agar hydrogels, before and after PDA and
pMPC/PDA polymerization, are likely due to their large pore
structure, reducing the effect of PDA aggregates on the
mechanical properties; SEM imaging confirmed that no large
aggregates were observed within the agar hydrogels.

Protein Resistance of pMPC/PDA-Modified PEG and
Agar Hydrogels. The fouling resistance of PEG and agar
hydrogels with and without PDA and pMPC/PDA was
evaluated by a fluorescent protein assay using fibrinogen, a
model serum protein. After 24 h exposure to a solution of 100
ug/cm?® of fibrinogen, a minimal yet quantifiable amount of
protein adsorption was detected via fluorescence microscopy
on the PEG hydrogels, whereas a significant amount of
fibrinogen adsorbed to the agar hydrogels, Figures 4, S5, and
S6 and Table 2. Compared to unmodified hydrogel controls, a
statistically significant improvement was observed for both
PEG and agar hydrogels following PDA formation.> A
nondetectable amount of fibrinogen adhered to the pMPC/
PDA PEG hydrogels; previous literature has benchmarked this
achievement as an “ultralow-fouling” behavior.”>*” The 99%
improvement in antifouling performance following pMPC/
PDA incorporation indicates an impressively synergistic
relationship between PEG and pMPC because PEG hydrogels
are already quite resistant to protein adsorption. On the other

hand, agar hydrogels are high-fouling and well-known to
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Figure 4. Protein adsorption to unmodified and pMPC/PDA-
modified PEG and agar hydrogels following incubation with
fibrinogen. The fluorescence intensity of irreversibly adsorbed
fibrinogen was quantified and normalized against protein-free
controls. Adsorption below the detection limit is labeled not detected
(N.D.). One asterisk (*) denotes p < 0.001 significance.

Table 2. Fibrinogen Adsorption on PDA and pMPC/PDA-
Modified Hydrogels Compared to Unmodified Controls

fibrinogen adsorp-

fibrinogen adsorp-
tion (EGFP unit count)

tion (%)

+pMPC/ +pMPC/
hydrogel ~unmodified +PDA PDA +PDA PDA
soft PEG 110 + 30 30 + 4 N.D. 31 <1
stiff PEG 10 + 10 40+ 1 N.D. 36 <1
soft agar 730 + 20 460 + 60 70 £ 10 62 10
stiff agar 360 + 20 190 + 30 40 £ 10 52 11

readily adsorb protein when challenged.”® The improvement in
fibrinogen resistance on agar hydrogels was incredibly
pronounced; pMPC/PDA agar hydrogels adsorbed 10 times
less fibrinogen (70 = 10 EGFP unit count) in comparison to
unmodified agar hydrogels (730 + 20 EGFP unit count).
Remarkably, the inclusion of pMPC/PDA enabled the agar
hydrogels to resist protein fouling almost as effectively as the
PEG hydrogels.

Bacterial Resistance of pMPC/PDA-Modified PEG and
Agar Hydrogels. Unmodified and pMPC/PDA-modified
PEG and agar hydrogels were challenged for 24 h with two
model bacterial species, Gram-positive S. aureus and Gram-
negative E. coli. Glass coverslips, PDA, and pMPC/PDA thin
films (on glass) served as control samples. Despite their
resistance to fibrinogen adsorption, S. aureus and E. coli
adhesion occurred on PEG hydrogels, Figure 5. As expected
from the known prevalence of protein adsorption to agar
hydrogels,” both bacteria adhered more readily to agar than
PEG. Qualitative indications of early biofilm development, i.e.,
the clustering of S. aureus into microcolonies, were observed
on the stiffest unmodified PEG and agar hydrogels, Figure S7.
Consistent with our previous work,'® bacteria coverage
increased with stiffness on the unmodified hydrogels. For
both bacterial species, there was a positive correlation between
bacterial colony surface coverage and hydrogel stiffness on
both hydrogels. For example, E. coli adhesion on soft PEG
hydrogels (0.77%) was significantly less (p value <0.01) than
on the intermediate PEG hydrogels (1.64%), and the
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Figure 5. Adhesion of (A) E. coli and (B) S. aureus on unmodified and
pMPC/PDA-modified PEG and agar hydrogels. Hydrogels are
grouped by their storage moduli: soft, intermediate, and stiff. E. coli
and S. aureus adhesion was statistically different (p value < 0.01) on
unmodified PEG and unmodified agar hydrogels in different stiffness
regimes; for simplicity, these statistical markings are not shown. The
difference between unmodified and pMPC/PDA-modified hydrogels
is statistically significant (p value < 0.01) for all samples and displayed
on the plots. One asterisk (*) denotes p < 0.001 intrasample
significance, and brackets denote p < 0.001 intersample hydrogels
significance. Standard error is displayed.

intermediate PEG displayed significantly less E. coli adhesion
than the stiff PEG hydrogels (1.97%). The same trend was
displayed for E. coli adhesion on soft agar (1.51%),
intermediate agar (2.69%), and stiff agar (3.68%), as well as
S. aureus on each hydrogel system with increasing stiffness.
Although PDA surface modification reduced bacterial
adhesion, PDA functionalization alone is insufficient to
substantially resist long-term adhesion of either bacterial
species, Figure $8.%%%° For example, although PDA reduced
S. aureus colony coverage from 62 + 1.0% to 3.6 + 1.0%
compared to unmodified glass, pMPC/PDA-functionalized
surfaces much more significantly reduced bacterial surface
coverage, by an additional S times to 0.7 + 0.1%. All of the
pMPC/PDA hydrogels displayed significantly less bacterial
adhesion than the unmodified controls and lacked signs of
colony formation from either bacterial species. Interestingly, E.
coli colony coverage was consistent on all surfaces following
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pMPC/PDA formation, including thin films (on glass) and
normally high-fouling agar hydrogels. Quantitatively, E. coli
adhesion was statistically equivalent on soft, intermediate, and
stiff pMPC/PDA PEG hydrogels with colony area coverages of
0.17 + 0.03%, 0.23 + 0.04%, and 0.23 + 0.03%, respectively. E.
coli attachment was reduced by S, 7, and 9 times on pMPC/
PDA-modified PEG hydrogels compared to unmodified PEG
hydrogels. Our antifouling results compare favorably to the
work by Cheng et al., who found that surfaces grafted via atom
transfer radical polymerization (ATRP) with a long-chain
zwitterionic poly(sulfobetaine methacrylate) significantly re-
duced the colony coverage of Staphylococcus epidermis and
Pseudomonas aeruginosa by greater than 80% compared to glass
controls.®! Further, E. coli colony coverages of 0.22 + 0.07%,
0.37 + 0.13%, and 0.23 + 0.06% were observed on soft,
intermediate, and stiff pMPC/PDA agar hydrogels; values that
are statistically equivalent to pMPC/PDA thin films (on glass)
(022 + 0.07%) and all pMPC/PDA PEG hydrogels. The
improvement in the fouling resistance of pMPC/PDA agar
hydrogels is especially remarkable and demonstrates that the
strong antifouling properties provided by the pMPC can be
applied successfully to either hydrogel composition.
PMPC/PDA-modified PEG hydrogels exhibited superior
resistance to S. aureus adhesion relative to pMPC/PDA-
modified agar or thin films (on glass) (Figures SB and S8). S.
aureus adhesion was statistically equivalent on soft, inter-
mediate, and stiff pMPC/PDA PEG hydrogels with colony
area coverages of 0.25 + 0.06%, 0.37 + 0.02%, and 0.37 +
0.04%, respectively. Notably, soft, intermediate, and stiff
pMPC/PDA agar hydrogels displayed S. aureus colony area
coverages of 0.78 + 0.20%, 1.0 + 0.12%, and 0.65 =+ 0.14%,
respectively. These functionalized agar hydrogels supported 4
times fewer microbes than the unmodified agar hydrogels, but
significantly more microbes than the pMPC/PDA PEG
hydrogels. Further, the pMPC/PDA thin films (on glass)
displayed an impressive 9 times reduction in S. aureus
adhesion, from 6.2 + 1.0% to 0.68 + 0.06% S. aureus
compared to unmodified glass controls, Table SI. Therefore,
the superior performance of pMPC/PDA PEG hydrogels likely
resulted from a combination of the antifouling activity of both
PEG and pMPC. The increased adhesion of S. aureus to
pMPC/PDA agar compared to pMPC/PDA PEG is likely due
to the unique membrane-bound protein-binding adhesins in S.
aureus that facilitates attachment to human tissue, enhancing
interaction with the bioinspired MPC structure.”>®® This is
consistent with literature reports, which demonstrate that the
chemical composition and physical architecture of abiotic
materials are known to induce a greater variation in S. aureus

adhesion than E. coli.®*%°

B CONCLUSION

We have presented a simple and versatile technique to enhance
the fouling resistance of hydrogels with polymer zwitterions,
independent of the network structure and mechanical
properties of the original hydrogel. Using a simple, solution-
based approach, a fouling-resistant polymer zwitterion, pMPC,
was integrated into PEG and agar hydrogels during hydrogel
swelling to facilitate uniform pMPC/PDA incorporation
without sacrificing the integrity of the original hydrogel
network. The inclusion of this fouling-resistant polymer
network successfully reduced fibrinogen adsorption on agar
by over 90%, transforming a culture medium for bacteria into a
fouling-resistant material. Relative to unmodified PEG and agar
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hydrogels, E. coli and S. aureus adhesion was significantly
reduced (up to 91%) on all hydrogels following pMPC/PDA
formation. PDA-mediated integration of polymer zwitterions
offers a simple and versatile platform to enhance the
antifouling performance of hydrogels without altering the
mechanical properties of the original hydrogel.
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