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ABSTRACT: We explored the use of self-assembled micro-
gels to inhibit the bacterial colonization of synthetic surfaces
both by modulating surface cell adhesiveness at length scales
comparable to bacterial dimensions (~1 pm) and by locally
storing/releasing an antimicrobial. Poly(ethylene glycol)
[PEG] and poly(ethylene glycol)-co-acrylic acid [PEG-AA]
microgels were synthesized by suspension photopolymeriza-
tion. Consistent with macroscopic gels, a pH dependence of
both zeta potential and hydrodynamic diameter was observed
in AA-containing microgels but not in pure PEG microgels.

Un-modified surface

Microgel Modified Peptide Loaded

The microgels were electrostatically deposited onto poly(L-lysine) (PLL) primed silicon to form submonolayer surface coatings.
The microgel surface density could be controlled via the deposition time and the microgel concentration in the parent
suspension. In addition to their intrinsic antifouling properties, after deposition, the microgels could be loaded with a cationic
antimicrobial peptide (LS) because of favorable electrostatic interactions. Loading was significantly higher in PEG-AA microgels
than in pure PEG microgels. The modification of PLL-primed Si by unloaded PEG-AA microgels reduced the short-term (6 h) S.
epidermidis surface colonization by a factor of 2, and the degree of inhibition increased when the average spacing between
microgels was reduced. Postdeposition LS peptide loading into microgels further reduced bacterial colonization to the extent
that, after 10 h of S. epidermidis culture in tryptic soy broth, the colonization of L5-loaded PEG-AA microgel-modified Si was
comparable to the very small level of colonization observed on macroscopic PEG gel controls. The fact that these microgels can
be deposited by a nonline-of-sight self-assembly process and hinder bacterial colonization opens the possibility of modifying the
surfaces of topographically complex biomedical devices and reduces the rate of biomaterial-associated infection.

KEYWORDS: microgels, PEG, self-assembly, patterning, antifouling, bacteria, biofilms, infection

1. INTRODUCTION

Biomaterial-associated infection occurs when bacteria colonize
the surface of a tissue-contacting biomedical device and
chronically infect the surrounding tissue. A colonized device
typically must be removed and replaced, and the required
revision surgery can have a very significant impact on both the
patient and the health-care system. A number of strategies are
thus being explored to inhibit bacterial colonization of synthetic
surfaces. Among these are: antibiotic tethering to or controlled
antibiotic release from surfaces and coatings;' > the incogpo-
ration of Ag or Cu to locally promote metal-ion release;” "
surface presentation of antimicrobial peptides and qouaternary
ammonium compounds rich in positive charge;l4_ and the
creation of antifouling coatings that resist bacterial adhe-
sion.”' 7" In this latter category, hydrogels and gel-like surfaces
have been and continue to be widely studied for use in
biomaterial applications because of their ability to control
surface interactions with various types of cells.

Among the various materials used for antifouling applica-
tions, poly(ethylene glycol) (PEG) is particularly well-known
for its resistance to nonspecific protein adsorption and cell
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adhesion.>' ~>® PEG-based materials also resist the adhesion of
many bacteria.”***3%*~*! PEG-based materials have been used
extensively in the form of continuous films or monolayers to
modify surfaces but less so in the form of discontinuous
coatings. We have recently shown that discontinuous PEG
coatings are nevertheless able to resist the adhesion of bacteria
when the length scale of the discontinuities is comparable to
that of the bacteria.*> Specifically, we used a variation of
electron-beam lithography to precisely pattern submicrometer-
sized microgels of pure PEG on glass substrates at highly
controlled intergel spacings. We found that the adhesion rate of
staphylococcal bacteria, which are spherically shaped and
approximately 1 ym in diameter, decreased substantially relative
to the unpatterned glass control when the intergel spacing was
1.5 pym and below. Significantly, however, we found that
osteoblast-like cells are still able to adhere to these patterned
surfaces despite the nonadhesive microgels.
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Here, we explore an alternate method to create surfaces with
modulated adhesiveness to cells, bacteria, and proteins. Rather
than use electron-beam patterned microgels, we modulate
surface adhesiveness using suspension-polymerized PEG-based
microgels deposited by electrostatic self-assembly. In contrast
to the electron-beam approach, this self-assembly method gives
up the ability to precisely control both the microgel size and
spacing on a surface. However, since it is a nonline-of-sight
deposition method, self-assembly provides the ability to coat
topographically complex surfaces such as the roughened
implants often used in implanted hip and knee prostheses.
Furthermore, self-assembly is a parallel deposition process that
can simultaneously modify large areas of surface, whereas
electron-beam patterning is a serial process better suited for a
small area. Suspension polymerization also affords greater
flexibility in defining the microgel composition, and here, we
study not only pure PEG microgels but also microgels made by
copolymerizing PEG and acrylic acid (AA). At physiological
pH, the deprotonated AA acid groups facilitate electrostatic
deposition, and they enhance the microgel adsorption to
poly(i-lysine) primed silicon substrates. This electrostatic
charge also promotes postdeposition microgel loading by a
cationic antimicrobial peptide. We find that the loading is
significantly higher in the PEG-AA microgels than in the pure
PEG microgels. Surfaces modified by self-assembled microgels
all exhibit a reduced susceptibility to bacterial colonization, the
extent of which can be tuned by controlling the extent of
surface modification and antimicrobial loading inside the
microgels.

2. EXPERIMENTAL METHODS

2.1. Microgel and Bulk Gel Synthesis. Microgels were
synthesized using surfactant-free suspension polymerization. Pure
PEG microgels and PEG containing 10 vol % AA (denoted here as
PEG-AA) were studied. Prior to use, in order to remove inhibitor,
poly(ethylene glycol) diacrylate (PEGDA, average M, 575, Sigma
Aldrich) was washed S times in hexane, and AA (Acros Organics) was
distilled at 50 °C under reduced pressure. PEGDA (200 uL), AA (0 or
20 uL), and photoinitiator (10 pL, Darocur 1173, Ciba) were
dissolved in dichloromethane (1 mL, DCM, Acros Organics) to obtain
a precursor solution. Deionized water (DI water, 10 mL, Millipore,
182 MQ-cm) was dripped into the precursor solution while
magnetically stirring (1000 rpm) until an inverse emulsion formed,
and the resulting emulsion was further refined by sonication (Cole-
Parmer; 100 W) for 20 min. The emulsion was then exposed to light
from a low-pressure ozone-producing ultraviolet (UV) grid lamp for
1S min to drive the free-radical polymerization under continuous
sonication. The resulting microgels were washed in ethanol 3 times
and DI water 3 times. The final suspension was filtered with a 1.0 ym
pore size glass fiber membrane (Corning) to remove larger microgels.

Bulk gel was synthesized from the same precursor solution used in
the microgel synthesis. Instead of forming an emulsion, however, the
precursor solution was covered with a layer of water to minimize DCM
evaporation during polymerization, and the solution was exposed to
UV light for 15 min. The resulting gels were dried overnight (50 °C)
to remove DCM. These gels typically had a dry mass of ~0.2 g with
dimensions on the order of millimeters, and we refer to them here as
bulk gels to differentiate them from the microgels with microscopic
dimensions.

2.2. FTIR Analysis. Fourier-transform infrared (FTIR) spectros-
copy was used to confirm the PEG-AA microgel composition.
Standard compositions were prepared by mixing poly(acrylic acid)
homopolymer (PAA, M,, =1800, Sigma Aldrich) and PEG bulk gel
(synthesized from PEGDA §75) with mole ratios of AA monomer to
ethylene glycol (EG) monomer of 0, 0.02, 0.0, 0.1, and 0.2. Note that
each PEGDA 575 molecule on average contains 10 ethylene glycol
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monomer units. These samples, as well as samples of pure PAA
homopolymer, pure hydroxy-terminated PEG homopolymer (M, =
6800, Scientific Polymer Products), and dried PEG-AA microgels were
blended with KBr. The infrared absorbance was measured (Perkin-
Elmer Paragon 1000PC) at wavenumbers between 900 and 4000
cm™.

2.3. Gel Swelling and Zeta Potential Measurement. Microgel
and bulk gel swelling in 0.01 mol/L phosphate buffer within the pH
range of 2 to 9 was studied. Microgels were suspended in buffer at a
specific pH for 2 h, and then their hydrodynamic diameter and zeta
potential were measured using a Malvern Zetasizer. Bulk gel swelling
behavior was characterized by the volume swell ratio, q. As-synthesized
gel was dried overnight at S0 °C. Each gel was then rehydrated by
soaking overnight in buffer at a specific pH, and the hydrated weight,
wy, was measured. After again drying, the dry weight, w, was
measured. The swell ratio was calculated from:

(Wh ~ “ﬁ)/ Proater T wy/ PpEGpA

Wi/ Pogcpa

(1)

where p,..r and pprapa are the density of water and PEGDA (1.12 g/
cm?), respectively. Three gels were studied at each pH value examined.

2.4. Gel Mesh Size. The gel mesh size, ¢, is the average distance
between adjacent cross-links in the gel network. We estimated it using
the classical swelling theory originally developed by Flory and
Rehner;?~*
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where v,,, is the volume fraction of polymer in the swollen gel and is
inversely related to the volume swell ratio, g:
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The average end-to-end distance, (702)1/ ?, can be estimated from:
(702)1/2 — Cnl/znl/zl (4)
Here, | is the average bond length (0.147 nm); C, is the characteristic
. . 4847 .
ratio, which we have taken for PEG to be 4.0; and n is average
number of bonds between cross-links, which for a pure PEG gel is
given as n = 3 X (M,/44 Da). M, is the average molecular weight
between cross-links, and 44 Da is the molecular weight of the PEG
monomer. M, can be determined from:**75°
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where 7 is specific volume of PEG (0.893 cm®/g), v, is molar volume of
water (18 cm®/mol), and y is the Flory—Huggins interaction
parameter, which we assumed to be 0.426.*7°%5!

2.5. Microgel Deposition. Microgels of PEG and PEG-AA were
deposited onto poly (L-lysine) [PLL] primed polished Si single-crystal
wafer substrates (5 X 7 mm, Ted Pella). The wafers were rinsed with
DI water and 70% EtOH, soaked in 98% H,SO, overnight, and rinsed
again with DI water. They were then exposed to 1 mol/L NaOH for
1S5 min to form a negatively charged surface and immersed in aqueous
PLL solution (0.2 mg/mL, PLL M,, >30k, Sigma Aldrich, pH 9) for 2
h. PLL has a pK, of 10.53, and the surface silanol groups on which the
PLL was deposited have a pK, of 9.1-9.4. At pH 9, ~97% of the PLL
amine groups were protonated and thus positively charged, while
~50% of the silanol groups were deprotonated and, hence, negatively
charged.*> The PLL-primed Si wafers were rinsed with phosphate
buffer (pH 7.4, 0.01 mol/L) and DI water and dried with flowing N,
gas. PLL deposition was confirmed by ellipsometry.

To deposit microgels, the PLL-primed substrates were immersed in
a microgel suspension at a concentration of either 1.4 X 10" particles/
mL or 1.4 X 10" particles/mL at pH 7.4 for time periods ranging from
0.5 to 10 h. After deposition, the microgel-modified wafers were rinsed
with pH 7.4 phosphate buffer and DI water, dried in air, and imaged by
scanning electron microscopy (SEM; Zeiss Auriga). The number of
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particles per unit area on each surface was determined by analyzing
SEM images collected at a magnification of 10 kx from nine different
specimen locations. The diameters of approximately 500 microgels,
either PEG or PEG-AA, were measured using the Image] software
platform.>® A Rosin-Rammler model®* was used to model the size
distribution of the deposited microgels:

rewsfi-of (2]

where d is the dry microgel particle diameter; D,, is mean microgel
diameter; 7 is measure of the spread of particle diameter; and P is the
cumulative percentage of microgels smaller than d.

2.6. Antimicrobial Peptide Loading. Loading of an antimicro-
bial agent to surface-bound microgels used an 18-residue cationic
oligopeptide designated as LS with the sequence PAWRKAFR-
WAWRMLKKAA.> It contains 6 cationic amino acids (R and K) and
no anionic amino acids, and it has a molecular weight of 2274 Da. LS
was synthesized by GenScript (Piscataway, NJ) with and without a
fluoroscein isothiocyanate (FITC) label at its N-terminus (designated
as FITC-LS). LS or FITC-LS aqueous solution (20 pL, 1 mg/mL, pH
6.5) was dropped onto a microgel-modified surface, left to stand for 2
h, and then washed with DI water and allowed to dry in air. The
FITC-LS infiltration was demonstrated using confocal laser scanning
microscopy (Nikon E1000 C1). The extent of peptide loading was
quantified using a Bradford protein assay and using atomic force
microscopy (AFM, Pacific Nanotechnology Nano-R) under a
controlled humidity of 25%.

2.7. Peptide Antimicrobial Susceptibility Test. The MIC
(minimum inhibitory concentration) and MBC (minimum bactericidal
concentration) were determined by the broth microdilution method
following a modified M7-A8 ?rotocol of the CLSI (Clinical and
Laboratory Standards Institute). S These tests used a clinical strain (N]J
9709) of S. epidermidis collected from an infected catheter.”” Cation-
adjusted Muller-Hinton broth (CAMHB; 150 uL) with LS was added
to separate wells on 96-well polypropylene microtiter plates. Each well
was then inoculated with S0 uL of bacteria in CAMHB. The final
concentrations of LS were 512, 256, 128, 64, 32, 16, 8,4, 2, 1, 0.5, and
0.25 pg/mL, and the final bacterial concentration was 2.5 X 107 CFU/
mL. The plates were incubated at 37 °C for 24 h, and then the optical
density (OD) of each well was measured at 600 nm. The MIC was
defined to be the lowest concentration at which there was negligible
turbidity. Solutions from concentrations at or above the MIC were
used to inoculate sheep blood agar plates. These agar plates were
incubated for 24 h at 37 °C. The MBC was defined as the
concentration at or above which there was no visible bacteria growth.
Vancomycin (Sigma Aldrich) was used as a control.

2.8. Assessment of Bacteria—Surface Interactions. The ability
of bacteria to colonize both modified and control surfaces was assessed
by evaluating the extent of bacterial colonized area fraction on different
surfaces using the clinical strain (NJ 9709) of S. epidermidis. This strain
was cultivated on sheep blood agar plates overnight at 37 °C. A few
colonies were then suspended in 20 mL of modified tryptic soy broth
(30 g/L tryptic soy broth with 6 g/L yeast extract and 8 g/L glucose)
and cultured in 100 X 15 mm Petri dishes for 18 h at 37 °C. Colonies
on the bottom of the Petri dish were washed with PBS three times,
scraped, suspended in PBS, vortexed, and then passed through a S ym
filter (Millipore). The concentration of bacteria was determined using
a Petroff-Hauser counting chamber.

We studied the bacterial response to seven different surfaces: (i)
cleaned but unmodified Si wafer (Si); (ii) PLL-primed Si (PLL); (iii)
pure PEG bulk gel cut into 1 mm X S mm X 7 mm films (PEG gel);
(iv) low-density (~0.4 particles/um*) PEG-AA microgel-modified Si
(low PEG-AA); (v) peptide-loaded low-density PEG-AA (low PEG-
AA w/L5); (vi) high-density (~1.2—1.4 particles/um?) PEG-AA
microgel-modified Si (high PEG-AA); and (vii) peptide-loaded high-
density PEG-AA (high PEG-AA w/LS). Surfaces (v) and (vii) used
non-FITC-labeled L5 peptide. Each substrate was immersed in an
inoculum of S. epidermidis suspended in PBS (~2.5 X 10’ CFU/mL)
to allow bacterial adhesion. After 30 min, the inoculum was removed,
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and the substrate was gently rinsed with PBS to remove weakly
adhered bacteria. The inoculated surfaces were then incubated in fresh
modified TSB at 37 °C for 2, 6, and 10 h. The medium was changed
every 2 h. At each of three time points, medium was removed, and a
subset of substrates was gently rinsed with PBS, fixed in 4%
paraformaldehyde for 20 min, and stained with SYTO 9 for confocal
imaging. SYT'O 9 provides high contrast with which to threshold such
images between colonized and exposed surface. Nine different
positions were imaged on each substrate surface, and for each time
point, three different copies of each of the seven surfaces were studied.
The area fraction colonized by bacteria was calculated using the Image]
software platform.>®

3. RESULTS AND DISCUSSION

3.1. FTIR Analysis. FTIR spectroscopy confirmed the
composition of the PEG-AA microgel sample. Hydroxy-
terminated PEG homopolymer (PEG—OH) shows absorbance
(Figure 1A) in the region of 990—1220 cm™" centered at 1104
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Figure 1. (A) FTIR spectra of various PEG, PAA, and gel
compositions. (B) Calibration curve relating FTIR peak intensity
ratios (S;730/S1104) to gel composition. Spectra from known
absorbance peak area ratios of AA and EG regions were used to
generate a calibration curve (B), from which the PEG-AA microgel
composition can be calculated.

cm™, which indicates the ether linkage (C—O—C), but there is
no obvious absorbance in the region of 1500—1900 cm™
centered at 1730 cm™" which indicates the carbonyl (C=0).
The PEG bulk gel shows absorbance in both regions, but the
absorbance in the C=0 region, due to the ester-linked acrylate
end groups, is less than that of the pure PAA homopolymer.
We thus used the intensity ratio of the C=0O and C—O—-C
peaks as a means to quantify composition. A standard curve was
created by plotting the ratio of absorbance from 1500 to 1900
cm™! to that from 990 to 1220 cm™' from specimens with
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known ratios of PEG gel and PAA homopolymer (Figure 1B).
From this, the mole ratio of AA monomer to EG monomer in
the PEG-AA microgel sample was determined to be 0.09, which
corresponds to 12 vol % and is close to the 10 vol % value
expected from the microgel synthesis protocol.

3.2. pH-Dependent Gel/Microgel Properties. We
studied bulk gels to determine the effect of AA on the swelling
behavior in different pH conditions (Figure 2). Additional
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Figure 2. pH-dependent swell ratios of PEG and PEG-AA bulk gels.
Each data point represents the average of measurements on three
nominally identical gels. Error bars correspond to the standard
deviation about the average.

experimental data describing different compositions and
solvents used during synthesis are provided as Supporting
Information (Figure S1). Due to the absence of charge, the
swell ratio of the pure PEG gel shows no significant
dependence on pH. Relative to pure PEG gels, adding 10 vol
% AA slightly decreases the swell ratio at lower pH (Figure 2).
In addition to the covalent cross-links introduced during the
acrylate polymerization, at lower pH values, additional cross-
links are formed by hydrogen bonding between AA protonated
carboxyls and PEG ether oxygens.*® At higher pH, however, the
swell ratio increases. The transition occurs at pH values
between 6 and 7, which is consistent with measurements by
Choi and Rubner®® on the pH-dependent degree of ionization
of PAA. The carboxyl ionization not only disrupts the AA-PEG
hydrogen bonding but also increases the electrostatic repulsion
between the deprotonated AA groups.

Microgels exhibit similar pH-dependent swelling behavior
(Figure 3A) as well as a corresponding pH-sensitive zeta
potential (Figure 3B). The PEG microgels show only slight
changes in both their hydrodynamic diameter and zeta
potential between pH 2—9. However, PEG-AA microgels
show an increasing hydrodynamic diameter and a decreasing
zeta potential with increasing pH confirming that the
copolymerized AA in the microgels introduces anionic
character at higher pH.

3.3. Microgel Deposition. The SEM images of Figure 4
describe PLL-primed surfaces that were modified by PEG
(Figure 4A) and PEG-AA (Figure 4B) microgels and then
dried. The size distributions of the dry microgel diameters
(Figure 4C) correspond to a Rosin-Rammler model. Fitting
these data to eq 6 shows that the PEG and PEG-AA microgels
have mean diameters of 196 and 309 nm, respectively (Table
1). Note that these dry-size data, together with the average
hydrodynamic diameters (Figure 3A), are roughly consistent
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Figure 3. pH-dependent hydrated average diameter (A) and zeta
potential (B) of microgels. Each data point represents the average of at
least three different measurements, and error bars correspond to the
standard deviation about the average. Note that the reproducibility of
the zeta-potential measurement of pure PEG microgels (B) is smaller
than the symbol size depicting the average value.
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Figure 4. SEM images of (A) PEG and (B) PEG-AA microgels
deposited for 3 h on PLL-primed Si from a solution containing in 1.4
x 10" microgels/mL. (C) The size distribution of dry microgels.

Table 1. Size Distribution Properties of Dry Microgels

(variance)"? (nm)

77
110

mean diameter (nm)

196
309

microgel composition
PEG
PEG-AA
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with the volume swelling properties of the bulk gels at pH 7.4
(Figure 2): (280/196)° = 2.9 and (580/309)° = 6.6 for the pure
PEG and PEG-AA microgels, respectively.

The microgel adsorption kinetics are described by Figure 5,
which presents the microgel particle packing density (Figure

A g
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<15

E PEG-AA
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Figure S. The microgel surface coverage in terms of the (A) number
density and (B) area fraction covered by hydrated microgels as a
function of deposition time and microgel concentration in solution.
Each data point represents the average of measurements from nine
different images, and the error bars correspond to the standard
deviation about the average.

SA) and the percent of surface area covered by hydrated
microgels (Figure SB) as a function of time. The hydrated
surface covered data are derived from measurements of the
number of dry microgels per unit area (Figure SA) multiplied
by the average hydrated microgel projected area. Figure 5
shows that the surface packing density of both the PEG and
PEG-AA microgels can be controlled by means of the
deposition time and the microgel concentration in suspension.
In both systems, increasing the concentration of microgels in
the parent colloidal suspension for a given deposition time
increases the microgel density on the substrate surface. The
initial deposition rate is relatively high, and then this rate
asymptotically approaches zero as the surface coverage
approaches a sub-monolayer limit. This kinetic behavior as
well as the fact that the surfaces do not become fully covered by
microgels is consistent with the random sequential adsorption
(RSA) theory®™ and is a consequence of repulsion between
microgels.61 During deposition, the microgels are sequentially
adsorbed onto the substrate surface and become immobilized
there. When the spacing between adsorbed microgels
approaches the average microgel diameter, the ability of
additional microgels to adsorb decreases because the repulsive
microgel—microgel interactions begin to compete with the
adhesive microgel—surface interactions. To increase the surface
coverage further would require, for example, changes in
solution pH or salt concentration,61 incorporation of oppositely
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charged polymer layers to offset interparticle repulsion using a
layer-by-layer eépproach,& or an additional driving force such as
centrifugation.> We note that there is a greater number of
agglomerated microgels in the PEG sample (Figure 4A) than in
the PEG-AA sample (Figure 4B). We speculate that such
agglomerations are due to surface reorganization due to
capillary effects during drying from water and is more
pronounced with the PEG microgels because of their weaker
interaction with the underlying substrate.

3.4. Antimicrobial Peptide Loading. Figure 6 presents
confocal images assessing the loading of the LS oligopeptide
into both the PEG and PEG-AA microgels deposited on PLL-
primed modified silicon substrates. After microgel deposition,
these surfaces were exposed to solutions of either FITC
(control; Figure 6A,B) or FITC-labeled LS peptide (C—F).
The microgel positions can be imaged using an excitation
wavelength of 633 nm, which is insufficiently energetic to excite
the FITC, and detecting with high gain using a threshold filter
transmitting 650 nm and above. Because the microgels absorb a
small fraction of the incident and substrate-scattered light, they
appear with dark contrast on an otherwise bright background
(Figure 6A,C,E). FITC and FITC-labeled LS were detected
using an excitation wavelength of 488 nm. The absence of
green fluorescence in Figure 6B indicates that FITC by itself
does not interact strongly with the PEG-AA microgels.
However, the green fluorescence in Figure 6D,F is correlated
with the microgel positions in Figure 6C,E, respectively, and
confirms that FITC-LS can be loaded by self-assembly into the
microgels.

The peptide can infiltrate the microgel particles if the gel-
mesh size is at least as large as the peptide. The mesh size can
be estimated from the swell ratio. For a swell ratio of 3, eqs 2
through 5 indicate that the mesh size of such a gel would be 2.3
nm. The peptide size was estimated by two methods. The
Chou-Fasman method to predict the secondary structure®*
suggests that LS is an a helix with dimensions of approximately
1 nm in diameter by 2.7 nm in length. If instead the LS peptide
adopts a random-coil conformation, its radius of R, can be
estimated by:*>%¢

(7)

Vyeps 18 0.73
cm®/g, M is its molecular weight (2274 Da), and Ny is
Avogadro’s number. Equation 7 predicts that the diameter of
the spherical peptide would be 2R,,, = 1.8 nm. Both methods
indicate that the LS is physically smaller than the mesh size of
both the PEG and PEG-AA microgels. Hence, there is no
physical barrier to L5 loading.

The fluorescence intensity of the various microgels in Figure
6B,D,F are plotted in Figure 6G as a function of the microgel
volume. The intensity values correspond to the sum of the
counts per pixel for all of the pixels associated with a particular
microgel divided by 4000, the camera pixel saturation value.
The lines represent linear least-squares fits to each data set, and
the fact that there is a linear relationship between the emitted
intensity and the microgel volume indicates that the microgel
diameter is, on average, less than the z resolution of the
confocal collection system. The difference in slope indicates
that approximately four times more LS is loaded into the AA-
containing microgels than in the pure PEG microgels.

where the specific volume of the aqueous protein,
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Figure 6. Confocal images of gel-modified surfaces using 633/650LP
nm excitation/detection to show microgel positions (A, C, E) and
488/(515/30) nm excitation/detection to indicate FITC. FITC is not
observed when surfaces are exposed to FITC control (B) but is
correlated with microgel positions when surfaces are exposed to FITC-
labeled LS (D, F). PEG-AA microgels (D) show higher fluorescence
intensity than PEG microgels (F). (G) The fluorescence intensity
analysis confirms that the PEG-AA microgels absorb more LS than
PEG microgels.

An estimate of the peptide diffusivity into the microgels
indicates that the loading difference is not a kinetic effect.
Following Lustig and Peppas,67 the diffusivity of a solute, D,
with a characteristic size of 1.8 nm in a hydrated gel with a swell
ratio of 3 and a mesh size of 2.3 nm is about an order of
magnitude less than that of the peptide in pure water (~107"°
m?/s). Note that these gel properties are the most tortuous of
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those observed in our experiments, so using a D, = 107! m?/s
represents a lower bound to the peptide diffusivity in the
microgel. The solution to the diffusion equation for radial
diffusion into a sphere is known®® and predicts that the average
solute composition at the center of a 1 ym diameter gel, an
upper bound to the microgel size used here, reaches 0.99 that
of the surrounding solution in approximately 100 ms, a time
scale several orders of magnitude below that used here for
peptide loading. We can thus attribute the different loading of
the PEG and PEG-AA microgels to thermodynamic effects
rather than to mesh-size-dependent kinetic effects. The fact that
the pure PEG microgels bind L5 can be attributed to the
interaction between the PEG ether oxygens and the peptide
amine groups. The AA-containing microgels, however, have the
additional stronger ionic interactions between the deprotonated
carboxyls on the copolymerized AA groups and the LS amine
groups.

Since the loading of LS into the AA-containing microgels is
so much greater than in the pure PEG microgels, we
concentrated our experiments on bacteria-surface interactions
using only the PEG-AA microgels. Specifically, we studied PLL-
primed silicon modified by PEG-AA microgels with either a low
or a high surface coverage of 0.4 and 12 particles/um?,
respectively. We quantified the extent of LS loading in the
PEG-AA microgels using both the Bradford protein assay and
AFM imaging. The protein assay indicates that the amount of
LS loaded is 3.4 + 1.1 and 5.7 + 2.5 ug/cm? respectively, for
the low-density and high-density PEG-AA microgel-modified
surfaces. These values are corroborated by AFM images taken
from dry microgels both before and after loading (Figure 7).

156 nm

0nm

DEPOSITED

186 nm

L5-
LOADED 4@

Figure 7. AFM images of the same area of dry surface with PEG-AA
microgels before (top) and after (bottom) LS loading,

Analysis of the microgel volume change from these AFM
images indicates the average microgel dry volume increased
about 2 times due to the LS loading. Using the number of
microgels per unit area (Figure SA) and assuming each
microgel maintains a spherical shape gives a concentration of
LS at the surface of 0.5 and 1.6 pg/cm? respectively. These
values are roughly consistent with those measured by the
Bradford assay.
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3.5. Bacterial Response to Microgel-Modified Surfa-
ces. Figure 8 shows the results of the MIC and MBC tests.
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Figure 8. Antimicrobial susceptibility testing (lower graph) shows that
the LS peptide prevents S. epidermidis growth at an MIC of 2 pg/mL.
Images of sheep blood agar plates (top) indicate an MBC of 8 yg/mL.
Each data point represents the average of three from three different
culture experiments, and the error bars correspond to the standard
deviation about the average.

Wells containing 2—512 pg/mL LS show decreased optical
absorbance relative to wells with a lower LS concentration, and
this finding indicates that 2 yg/mL is the MIC of LS for NJ
9709 S. epidermidis. Culture aliquots plated on sheep blood agar
for 24 h indicate that the MBC is 8 yg/mL. Additional data on
bacterial susceptibility to both LS and vancomycin is given as
Supporting Information (Table S1).

The S. epidermidis response to the seven surfaces is shown in
Figure 9. The various surfaces show little difference after 2 h of
culture. In particular, the area fraction covered by bacteria on
adhesive surfaces, unmodified Si and PLL-primed Si, at this
time point is low, since the bacteria had an opportunity to go

100
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Figure 9. Short-term S. epidermidis colonization of various surfaces (A)
with confocal images after inoculation and 10 h of culture on silicon
(B) and an LS-loaded microgel-modified surface (C). Each data point
represents the average of three different culture experiments, and the
error bars correspond to the standard deviation about the average.
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through only a few doubling cycles. The differences between
the various surfaces become clear after 6 h of culture. At one
extreme are the unmodified Si and the PLL-primed silicon.
Over 40% of each of these surfaces is covered by bacteria.
Importantly, both of the unloaded microgel-modified surfaces
show significantly less colonization. Furthermore, the colo-
nization resistance of the high-density microgel-modified
surface is greater than that of the low-density microgel-
modified surface at the 6 h time point. These findings are
consistent with the idea that a surface whose cell adhesiveness
is laterally modulated at length scales comparable to bacteria is
less likelg to become colonized than an equivalent unmodified
surface.*” Staphylococci are spherical and typically about 1 ym
in diameter. A surface coverage on the order of ~1 microgel
/pum? should decrease the probability of bacterial adhesion
relative to an unmodified surface because, at such a surface
coverage, an approaching bacterium would on average interact
with at least one repulsive surface feature. Even if cell-adhesive
surface is exposed, its ability to resist bacterial adhesion should
increase as the average spacing between gel particles decreases.
Note, however, that the effect of the modulated surface is lost
after 10 h of culture where the bacterial coverage is much the
same as on an unmodified surface. This finding indicates that,
while a surface with modulated adhesiveness can reduce
bacterial adhesion, it does not necessarily inhibit the growth
of those bacteria that have adhered, and it speaks to the need
for an additional inhibitory mechanism such as antimicrobial
release or, in vivo, macrophage activity associated with the
inflammatory response.

Loading the surface-bound microgels with the LS antimicro-
bial peptide significantly enhances the resistance of the
microgel-modified surfaces to staphylococcal colonization.
This is most clear in the case of the high-density LS-loaded
microgel-modified surface (Figure 9). Colonization of this
surface by S. epidermidis is as low as that of a continuous surface
of PEG gel. As Figure 9C indicates, after 10 h of culture, few
bacteria are found on this L5-loaded surface, and these are
found only in pairs or singly. Such inhibition can be attributed
to the presence of LS. The low-density L5-loaded microgel-
modified surface exhibits similar colonization resistance up to
the 6 h time point. However, this surface becomes significantly
colonized after 10 h, suggesting that the finite LS supply on this
surface becomes depleted over time.

From a phenomenological point of view, we can consider the
initial LS surface concentration to exceed both the MIC and the
MBC. The protein assay indicates that the LS surface
concentrations, C{4*“, were 3.4 and 5.7 ug/cm? for the low-
density and high-density microgel-modified surfaces, respec-
tively. In the adhesion step, if some distance of action, h, is
assumed from the surface into the surrounding medium, a local
volume concentration can thus be estimated as CP *hme =
Cy4*/h. Even if h is assumed to be as large as 100 ym, the
resulting local volume concentration initially exceeds both the
MIC and MBC. C%&"*lme for i = 100 pm is 340 and 570 ug/
mL, respectively, for the low and high-density microgel-
modified surfaces. Over time, this concentration would
decrease as LS is released from the surface and diffuses into
the surrounding medium. Clearly, however, the microgels act as
reservoirs that maintain a high local concentration of
antimicrobial agent despite the fact that the systemic
concentration is low.

There are at least three possible mechanisms by which LS
can be released from the gels to inhibit bacterial colonization.
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One is that the LS slowly elutes from the gels over time
consistent with many established drug-delivery strategies.
However, as shown by Pavlukhina et al,*® L5 is slowly released
from continuous thin films of poly(acrylic acid) hydrogels only
when the pH is decreased to protonate the acid groups that
electrostatically bind the LS. A second possible mechanism is
that, because of their metabolic processes, colonizing bacteria
will locally lower the pH. This mechanism would only trigger
release from that surface area in close proximity to the
colonizing bacteria. A third possible mechanism would be due
to contact killing.”® This is driven by gradients in chemical
potential of the peptide when a bacterium gets sufficiently close
to a loaded gel particle. Chemical potential differences can arise
both because of the net negative charge of a bacterium cell wall
at physiological pH”"7* and because of the steep concentration
difference between a loaded gel and a bacterial cell wall. In this
case again, LS would be released from the microgel locally due
to the attraction between an individual bacterium and the
peptide. The peptide would be released only when needed, thus
preserving a high local LS concentration over relatively long
periods of time.

4. CONCLUSIONS

We have explored the synthesis, the physical properties, and
self-assembly of PEG-based microgels with which to enhance
the ability of a synthetic surface to resist bacterial colonization.
We used suspension polymerization to synthesize pure PEG
and PEG-co-acrylic acid microgels, both of which can be
deposited onto poly(L-lysine)-primed silicon substrates. We
were able to control the microgel surface density by the
deposition time and the concentration of microgels in the
parent colloidal suspension. We then used a polycationic
peptide (LS) to show that the microgels can be loaded, again by
self-assembly, and used as reservoirs for antimicrobial delivery.
Because of the additional ionic bonding afforded by the acid
groups, the loading of the acrylic-acid-containing microgels was
much higher than that of pure PEG microgels. We assessed the
ability of surfaces modified both by unloaded PEG-AA
microgels and by L5-loaded PEG-AA microgels to resist the
short-term colonization by S. epidermidis, a bacterium
commonly implicated clinically in biomaterial-associated
infection. Surfaces with both as-deposited and LS-loaded
microgels inhibit bacterial colonization relative to unmodified
control surfaces, and we can attribute this effect to the net
surface repulsiveness an approaching bacterium experiences
when the average spacing between microgels is about the same
micrometer size of the bacterium itself. This effect is
substantially amplified by the additional loading of LS into
microgels, an effect we attribute to the fact that, while the
systemic concentration of LS is relatively low, the concentration
at the substrate surface exceeds both the minimum inhibitory
and bactericidal concentrations.

Self-assembled microgels offer an innovative means with
which to modify biomaterial surfaces. While able to achieve
similar lateral modulations of surface cell-adhesiveness possible
using lithographic patterning approaches, as a nonline-of-sight
deposition process, microgel self-assembly can be applied to
topographically complex surfaces over relatively large areas in a
parallel fashion. However, in contrast to the various layer-by-
layer self-assembly techniques to create thin films, microgel self-
assembly can achieve significant surface modification with only
one deposition step. In addition to their intrinsic antifouling
properties, PEG-based microgels can also be used as reservoirs
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for localized drug delivery, the nature of which can be tuned by
the extent and strength of hydrogen and ionic bonding present
within individual microgels.
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(ii) the antimicrobial susceptibility of two strains of S.
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