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Abstract

A silver-releasing antibacterial hydrogel was developed that simultaneously allowed for silver
nanoparticle formation and gel curing. Water-soluble polyethylene glycol (PEG) polymers were
synthesized that contain reactive catechol moieties, inspired by mussel adhesive proteins, where
the catechol containing amino acid 3,4-dihydroxyphenylalanine (DOPA) plays an important role
in the ability of the mussel to adhere to almost any surface in an aqueous environment. We utilized
silver nitrate to oxidize polymer catechols, leading to covalent cross-linking and hydrogel
formation with simultaneous reduction of Ag(l). Silver release was sustained for periods of at least
two weeks in PBS solution. Hydrogels were found to inhibit bacterial growth, consistent with the
well-known antibacterial properties of silver, while not significantly affecting mammalian cell
viability. In addition, thin hydrogel films were found to resist bacterial and mammalian cell
attachment, consistent with the antifouling properties of PEG. We believe these materials have a
strong potential for antibacterial biomaterial coatings and tissue adhesives, due to the material-
independent adhesive properties of catechols.

1. Introduction

The mussel byssus has been a source of biomaterials inspiration due to its water-resistant,
material-independent adhesive abilities.[1-4] Mussels secrete a protein-rich liquid from the
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phenol gland in the mussel foot to form an adhesive holdfast.[5] 3,4-Dihydroxy-L-
phenylalanine (DOPA) makes up a significant fraction of the amino acid residues in protein
extracted from the Mytilus edulis phenol gland and is thought to be a key component of the
mussel’s adhesive strategy.[4—7]_ENREF_2 The catechol side chain of DOPA readily
oxidizes to form reactive species that can further undergo Michael-type addition or Schiff
base formation with nucleophiles, and radical coupling with other catechols.[5] Such
reactions are initiated upon DOPA oxidation and are thought to be the basis of rapid
solidification of the secreted protein liquid into a hardened adhesive. Additional adhesive
mechanisms of catechols include coordination bonds with a diversity of metals and
inorganic surfaces, hydrogen bond formation, and rt-rt aromatic interactions. Our group and
others have focused on NalQy4, enzymatic, or metal-coupled oxidation of catechol-
functionalized polymers for the purposes of adhesion to material and tissue surfaces. [2, 3,
8-11]

Hydrogels are water-swollen polymer networks of interest to the biomaterials community
for potential use in a diverse range of applications including structural biomaterials, surface
coatings, and sensing applications.[12, 13] Biomaterials with inherent antibacterial
properties are useful for the prevention of infections associated with surgical interventions
and for preventing medical device-related biofilm formation. Recently, interest has grown in
the development of biomedically relevant materials containing silver, due to its well-known
bactericidal properties. Silver nitrate solutions have historically been used for the prevention
of gonococcal eye infections in the newborn, and various preparation of silver or silver salts
have been used in the treatment of burns and wound dressings.[14-17] The silver ion, Ag(l),
is believed to be the active antimicrobial agent, possessing antibacterial activity at low
concentrations (10 ~ 2 — 1076 M).[16-19] The use of silver as an antimicrobial agent has
received increasing attention due to the surge of antibiotic-resistant bacterial strains that
have become a major public health concern.[16, 20] Silver impregnated biomaterials have
been investigated, and several commercial products are currently available.[16, 19, 21, 22]
Silver alloy impregnated urinary catheters have been shown to reduce the risk of bacteriuria.
[23]

Various approaches have been previously reported for the preparation of silver-hydrogel
composites. Varaprasad et al. reported a method for embedding colloidal silver into
hydrogels, via reduction of silver nitrate by sodium borohydride during polymer gelation.
[24] Zan and coworkers prepared silver-containing hydrogels via simultaneous photolysis-
initiated reduction of silver nitrate and polymerization/cross-linking of bifunctional
monomers.[25] Structural control in the formation of silver nanoparticles was also achieved
by the reduction of silver nitrate inside a pre-formed hydrogel network.[26]

Recent work from our lab has demonstrated redox coupling between DOPA-modified
polymers and Au(l11) or Ag(l) metal ions, leading to formation of noble metal nanoparticle
cores surrounded by a polymerized shell of catechol polymer cross-linked via catechol
oxidation.[27] These findings led us to speculate that similar redox reactions could be
exploited to form covalent polymer hydrogels via Ag(l) reduction coupled to catechol
oxidation, leading to in-situ formation of Ag nanoparticle-filled gels. Interestingly, while
literature reports exist for the use of Ag(l) as an oxidizing agent for catechols,[28, 29] to our
knowledge, no reports exist that utilize Ag(l) to promote catechol oxidation for polymer
hydrogel cross-linking.

Herein, we describe the preparation of antibacterial hydrogels by taking advantage of
spontaneous redox reactions between a branched catechol-derivatized poly(ethylene glycol)
(cPEG, Figure 1) and Ag(l). The strategy employs silver both to induce hydrogel cross-
linking via catechol oxidation (Figure 1) and as a precursor for Ag nanoparticle formation,
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imparting antibacterial activity to the formed hydrogel. Model studies were performed to
correlate Ag(l) reduction and catechol oxidation to Ag nanoparticle formation and polymer
cross-linking, and the formation of antibacterial silver-containing bulk hydrogels and
coatings is illustrated.

2. Materials and Methods
2.1. Materials

4-arm PEG amine (MW~10,000 g/mol) and mPEG amine (MW~ 5,000 g/mol) were
obtained from Laysan Bio Inc. (Arab, AL). 3-(3,4-dihydroxyphenyl) propionic acid (DHPA,
98 %) was purchased from Alfa Aesar (Ward Hill, MA). Silver nitrate (99.8 %) and
triethylamine (99 %) were acquired from Sigma-Aldrich (Milwaukee, WI). N-
hydroxybenzotriazole (HOBt) from Advanced ChemTech (Louisville, KY) and O-
benzotriazole-N,N,N’,N’-tetramethyl-uronium-hexafluoro-phosphate (HBTU) from EMD
Biosciences (La Jolla, CA) were used without further purification.
Tris(hydroxymethyl)aminomethane (Tris) was obtained from Fisher Scientific (Fair Lawn,
NJ). Phosphate buffered saline (PBS) was prepared by dissolving 8.00 g NaCl, 0.20 g KCl,
1.15 g NayHPOy, and 0.24 g KH,PO, into ~900 mL of water. The pH was adjusted to 7.40
with 1 M NaOH or 1 M HCI, and the solution was mixed with additional water to 1.00 L in
a volumetric flask. Bacteria strains Staphylococcus epidermidis RP62A (ATCC 12228), and
Pseudomonas aeruginosa (ATCC 27853) were purchased from American Type Culture
Collection (Manassas, VA). Tryptic soy agar, tryptic soy broth and tetracycline disks for
zone of inhibition assays were obtained from Becton, Dickinson and Co. (Franklin Lakes,
NJ). Silicon wafers (University Wafer, Boston, MA) were coated with 12-14 nm of TiO, by
physical vapor deposition using electron beam evaporation (Edwards Auto500; 10~ Torr
with a TiO» target). Prior to use, all substrates were sonicated successively for 10 min in 2-
propanol and MQ water, dried in a stream of N5, and cleaned by exposing to O, plasma
(Harrick Scientific, Ossining, NY) for 3 min.

2.2. cPEG and mPEG-Cat synthesis and characterization

cPEG and mPEG-Cat was synthesized as has been previously reported.[30] cPEG
charaterization: MALDI-TOF MS M,, ~10,900-11,400 (depending on batch); 1H NMR
(CDCl3) & (ppm): 6.5-7.0 (m, 3H, aromatic), 2.85 (s, 2H, -NHCO-CH,-), 2.5 (s, 2H, CH,,
adjacent to aromatic), 3.51-3.67 (m, -O-CH,CH,-). mPEG-Cat charaterization: MALDI-
TOF MS M, ~5,600; IH NMR (CDCls3) & (ppm): 6.5-7.0 (m, 3H, aromatic), 2.85 (s, 2H,
adjacent to aromatic), 2.5 (s, 2H, -NHCO-CHy>-), 3.51-3.67 (m, -O-CH,CH-), 3.35 (s, 3H,
OCHj3).

2.3. Hydrogel formation: bulk hydrogels

All solutions for gel formation were made using Tris buffer (100 mM, pH 8.5). To prevent
AQClI precipitation, Tris buffer was prepared from Tris base and brought to pH 8.5 with 1 M
nitric acid. The final concentration of cPEG was kept constant (150 mg/mL, ~13.2 mM —
depending on the molecular weight of the batch), and the concentration of AgQNO3 was
varied according to the desired Ag:catechol molar ratio. A typical procedure for gel
formation consisted of mixing equal volumes of cPEG (300 mg/mL, ~26.4 mM polymer,
~106 mM endgroup) and AgNO3 (212 mM). This produced a 2:1 Ag:catechol gel. A color
change from (orange/brown) to (dark green/black) was observed 20 s after mixing. We refer
to these materials as Ag-cPEG gels throughout this manuscript. Gelation times, as reported
in Table 1, were determined by the inversion technique.
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2.4. Hydrogel formation: hydrogel coatings

Ag-cPEG coatings were formed by spin-coating from a precursor solution containing cPEG
(5 mg/mL) and AgNOg3. The precursor was freshly mixed immediately before use and
contained two equivalents of Ag(l) per catechol. The cPEG/AgNO3 solution did not
immediately form a hydrogel, which permitted spin-coating onto clean TiO, coated Si wafer
at a speed of 4000 rpm (Chemat Technology Spin-Coater, Northridge, California, USA).
After heating at 100 °C for 30-60 min, the Ag-cPEG coated TiO, substrates were stored at
room temperature until use.

2.5. Ellipsometry

A M-2000 spectroscopic ellipsometer (J.A. Woollam, Lincoln, Nebraska, USA) was used to
measure Ag-cPEG coating thickness on TiO,-coated silicon wafers. Measurements were
made at wavelengths from 370-1000 nm. The spectra were fitted with a multilayer model in
the WVASE32 software (J.A. Woollam Lincoln, Nebraska, USA). Optical properties of the
bare substrate were fitted using a standard Si or TiO, model, while properties of the polymer
layer were fitted using a Cauchy model. The average thickness of six samples was obtained,
representing the “dry” thickness of the polymer under ambient conditions.

2.6. Oscillatory rheometry

Rheometry was performed on an Anton Paar MCR 300 rheometer at 20 °C in a Peltier hood
with an evaporation blocker and a CP 25-2 cone and plate fixture (25 mm diameter, 2° cone
angle). cPEG and silver solutions were mixed and immediately pipetted onto the rheometer
baseplate before gel formation. The fixture was brought down into contact with the gel
precursor liquid within 2 min of mixing. Time tests were performed at 5 % strain and 10 rad/
s. Frequency sweeps were performed at 5 % strain from 100 rad/s to 0.1 rad/s. Strain sweeps
were performed at 10 rad/s from 1 to 1000 % strain.

2.7. Model gel permeation chromatography (GPC) studies of gel formation using mPEG-
Cat

The reaction between mPEG-Cat (Mp, ~5,600 Da by MALDI-TOF-MS) and Ag(l) was
performed at 60 mM endgroup concentration to closely replicate gel formation conditions.
Polymers and AgNOj solutions were prepared with Tris buffer (100 mM, pH 8.5, pH
adjusted with 1 M nitric acid). 3.0 mg aliquots of mMPEG-Cat, prepared using a speedvac,
were dissolved into 4.87 uL buffer. 4.87 pL of 120, 240, and 480 mM AgNOg solutions
were added to the mPEG-Cat solutions to make 1x, 2x, and 4x Ag(l). For the 0x Ag(l)
solution an additional 4.87 pL of buffer was added. After 1 h, the reactions were quenched
by adding 290 pL 0.10 M EDTA to bind any unreacted Ag(l) and bring the polymer
concentration to 10 mg/mL. Samples were then centrifuged to remove silver particles and
the supernatant was syringe filtered using 0.2 um PTFE filters. GPC was performed with a
mobile phase of 50 mM citrate, 100 mM NaSOy, pH 3.5. Each sample (10 pL) was injected
into an Agilent 1100 Series HPLC (flow rate 1.0 mL/min) equipped with a Shodex KW-803
GPC column (heated to 40 °C) and in line with Wyatt Dawn Heleos 11 and Optilab T-rEx
dRI detectors. PEG standards (Varian) of 3,930, 7,920, and 12,140 kDa were prepared in
GPC buffer at 10 mg/mL for each polymer. A control sample of mMPEG-Cat was dissolved at
10 mg/mL in the GPC buffer. Wyatt Astra software was used to calculate M, My,, and the
relative percentages of monomer vs multimer of mPEG-Cat. The PEG dn/dc was taken to be
0.136 mL/g.

2.7. UV-Vis spectroscopy

UV-Vis spectroscopy was performed on an HP8452 PDA spectrometer using Plastibrand 1.5
mL disposable cuvettes. Final solution concentrations were a 100x dilution of Ag-cPEG gels
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at 2:1 Ag:catechol. cPEG and AgNOs3 solutions were freshly prepared before use. 400 pL of
5 mM Tris buffer (pH 8.5) was added to 876 L water and the sample was blanked. 300 pL
of a 10 mg/mL cPEG solution in water was added and pipetted several times, followed by
addition of 424 pL of a 5 mM AgNOs solution in water. The final solution was pipetted
several times until it was well mixed. The first spectrum was acquired 30 s after silver
addition and once every 3 min thereafter until 27 min. After 30 min elapsed time, samples
were diluted 10x into water because of high absorbance near the Ag nanoparticle plasmon
band maximum.

Transmission electron microscopy (TEM) was performed on a Hitachi HD-2300 ultra high
resolution FE-STEM (Hitachi High Technologies, Inc.). 5 pL of the diluted reactions
(previously used for UV-Vis experiments) were dropped on EM grids (Ted Pella) and
allowed to dry before analysis.

2.9. Ag-cPEG gel swelling experiments

Once the silver nitrate and cPEG solutions were completely mixed (~1 min), 100 uL of the
resultant mixtures were transferred into cylindrical molds (9 mm in diameter, 2 mm tall) and
covered with a glass slide on each side. After 1 day, the gels were taken out of the molds,
weighed, and immersed in 5 mL of PBS for 7 days. The gels were then taken out of the PBS
solution and re-weighed in order to calculate the change in weight. Gel swelling % was
calculated with the formula: [( W W)/ W4]x100 %, where W;and W>are the masses of
the hydrogels before and after being swollen in PBS respectively.

2.10. Determination of silver release by ICP-MS

Silver release from gels was analyzed by Inductively Coupled Plasma — Mass Spectrometry
(ICP-MS) using a Thermo XSeries Il ICP-MS (Thermo-Fisher). Samples were prepared by
immersing the above described Ag-cPEG gels disks (Ag:catechol mol ratio = 2.0) in 5 mL
of PBS for 14 days at ambient temperature. The PBS was replaced after 1, 2, 3, 4, 5, 6, 8, 10,
12, and 14 days and analyzed for silver content. For ICP-MS analysis, an aliquot of the PBS
solution (500 uL) was diluted with 4.4 mL of ultra-pure water (18 MQ-cm) and 25 uL of an
internal standard mixture of Sc, Tb, Y, In, and Bi (CPI International). Standards between 0
and 500 ppb were made using a 1000 ppm standard Ag(l) solution (CPI International).
Silver standards and samples were prepared and analyzed in a matrix of 2 % nitric acid.

2.11. Bacterial growth inhibition assay

The Ag-cPEG gel growth inhibition against S. epidermidis and P. aeruginosa was evaluated.
5.0 mL of a 1 x 108 colony forming units (CFU) culture of either bacterial strain in tryptic
soy broth (TSB) was mixed with 100 mL of TSB agar at 45 °C. 25 mL of the resultant
mixture was transferred to 150 mm diameter petri dishes. After solidification of the agar (~3
min), Ag-cPEG gel disks were placed on top of agar plates and placed in an incubator at 37
°C for 36 hours. Zones of bacterial growth inhibition were measured and compared to cPEG
hydrogels cross-linked with sodium periodate and tetracycline antibiotic disks (30 pg).
Periodate gels were formed by a previously reported procedure[2] and leached of their
oxidation byproducts by incubation in 5 mL of water for 1 week, with an exchange of the
water at day 3.

2.12. Bacterial cell attachment assay

12 mm by 12 mm substrates were sterilized in 70 % ethanol solution and UV irradiation of
the test surface for 30 min. The surfaces were equilibrated with sterilized MQ water for 4 h
followed by culture medium (PBS: tryptic soy broth = 1:1) for 1 h. S. epidermidis were
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streaked from frozen glycerol stocks onto tryptic soy agar and incubated overnight at 37 °C.
A few colonies were then used to inoculate 25 mL of sterile tryptic soy broth (TSB) and
grown overnight at 37 °C. The bacterial suspension was then seeded on uncoated and Ag-
CPEG coated TiO; at a concentration of 1-9 x 108 CFU in a 12-well cell culture plate. After
incubation at 37 °C and under gentle rocking movement for 24 h, the surfaces were rinsed
with PBS to remove loosely adhered bacteria. The attached bacteria were then stained with 2
pL/mL Syto 9 in PBS and visualized using a Leica epifluorescence microscope (40x
magnification) equipped with a SPOT RT digital camera (Diagnostics Instruments, Sterling
Heights, M1, USA). Three identical surfaces for each experiment were analyzed for
statistical purposes, resulting in a total of 9 images per time point for each modification. The
microscopy images were quantified using threshold analysis in Metamorph (Molecular
Devices, Downingtown, PA, USA).

2.13. Mammalian cell viability assay

The viability of 3T3 Swiss albino mouse fibroblasts (CCL-92, ATCC, Manassas, VA) in
response to the Ag-cPEG gel conditioned media was tested with the MTS (3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner
salt) cell proliferation assay (CellTiter 96® AQueous, Promega, Madison, WI). Fibroblasts
were first cultured at 37 °C with 5 % CO5, in Dulbecco’s modified Eagle media (DMEM)
containing 10 % calf bovine serum (CBS) and 100 U/mL of penicillin/streptomycin. They
were harvested using 0.25 % trypsin-EDTA, counted using a hemacytometer immediately
before use, and re-suspended in the cell-culture media at a concentration of 1x10° cells/mL.
Test cell culture media was prepared by incubating cross-linked Ag-cPEG hydrogel disks (5
mm in diameter, 2 mm tall, cross-linked overnight) in the cell culture media for 1 d at 4 °C
(500 pL to a disk, each in wells of 24-well plates, sealed with cover adhesive). Control
media without gel material was concurrently aged in parallel wells. After aging, the test and
control media were mixed at varying ratios in wells of 96-well plates to a total volume of 50
pL per well. 50 pL of suspended 3T3 fibroblasts (50 pL) was mixed into each well and the
plates were incubated at cell culture conditions. At the prescribed experimental time point
(24 h and 48 h), 20 pL of premixed MTS solutions was mixed to each well and the plates
were further incubated at cell culture conditions for 4 h. During this time MTS was
bioreduced by live-cells into a formazan product that is soluble in tissue culture medium.
After incubation, the optical absorption of the formazan at 490 nm was read by a multiplate
reader (Synergy 2, BioTek, Winooski, VT) and used as a proxy of cell viability. The average
baseline absorbance measured for control media without cells (negative control) was
subtracted from all results to obtain the sample absorbances, which were then normalized by
the values measured for control media seeded with cells (positive control). All experiments
were performed in triplicate.

2.14. Mammalian cell attachment assay

3T3-Swiss albino fibroblasts were maintained at 37 °C and 5 % CO, in Dulbecco’s modified
Eagle’s medium (DMEM) containing 10 % fetal bovine serum (FBS) and 100 U/mL of
penicillin/streptomycin. Immediately before use, fibroblasts of passage 12—-16 were
harvested using 0.25 % trypsin-EDTA, resuspended in DMEM with 10 % FBS and counted
using a hemacytometer. Modified and unmodified TiO, substrates were placed in a 12-well
tissue-culture polystyrene plate and sterilized by exposure to UV light for 30 min. After the
substrates were in contact with 1 mL of PBS for 1 h at 37 °C, the buffer solution was
aspirated and 1 mL of DMEM containing FBS was added to each well. After incubation for
30 min at 37 °C and 5 % CO,, fibroblast cells were seeded on each substrate at a density of
4.2x103 cells/cm?. The surfaces were maintained in DMEM with FBS at 37 °C and 5 %
COy, for 4, 24, 72 and 168 h. Subsequently, the medium was aspirated from each well to
remove any non-adherent cells and PBS was used to rinse the substrates and wells.
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Fibroblasts were stained with 2.5 mM calcein-AM in complete PBS for 50 min at 37 °C, and
transferred to new culture plates with PBS buffer for epifluorescent microscope counting.
For the 7-day adhesion experiments, the surfaces were reseeded with 3T3 fibroblasts at a
density of 4.2x103 cells/cm? on the third day after changing the media. Quantitative cell-
attachment data was obtained by acquiring three images from random locations on each
surface using a Leica epifluorescence microscope (W. Nuhsbaum Inc., McHenry, IL, USA)
equipped with a SPOT RT digital camera (Diagnostics Instruments, Sterling Heights, MI,
USA). Three identical surfaces for each experiment were analyzed for statistical purposes,
resulting in a total of 9 images per time point for each modification. The microscopy images
were quantified using threshold analysis in Metamorph (Molecular Devices, Downingtown,
PA, USA).

In this work, we investigated AgNO3-mediated oxidation of catechol functionalized 4-arm-
PEG (cPEG, Figure 1), hypothesizing that catechol oxidation coupled with Ag(l) reduction
would result in spontaneous formation of silver nanoparticle embedded hydrogels, which
would have inherent silver-based antibacterial properties. We believe that these materials
may be useful as antibacterial tissue adhesives or biomaterial coatings.

3.1 Hydrogel formation and characterization

Ag-cPEG hydrogels were formed by the addition of silver nitrate to cPEG at basic pH (pH =
8.5), resulting in a color change from orange/brown to dark green/black within one minute,
followed by gradual gelation. As seen in Table 1, the mol ratio of Ag:catechol strongly
affected the rate of gelation and gel swelling. Gelation times ranged from 1 h (molar ratio =
0.5) to 10 min (mol ratio = 4.0). We also noticed increased rigidity in gels as the
Ag:catechol ratio was increased. Gels formed using a Ag:catechol ratio of 0.5 and 1.0 were
very fragile and could not be removed from the vials without fracturing. Increasing the
Ag:catechol ratio to 2.0 and greater resulted in qualitatively more rigid gels. Figure 2 shows
photographs of a freestanding Ag-cPEG gel formed at a Ag:catechol ratio of 2.0. This gel
was easy to handle and formed within a reasonable period of time (~20 min), which is why
we chose this stoichiometry for the remainder of our experiments.

The mechanical properties of these gels were studied by oscillatory rheometry. Figure 3a
shows the time-dependent maturation of a Ag-cPEG gel at a 2:1 Ag:catechol ratio. Although
initial time points indicated elastic properties (G' > G”), qualitative observations by vial
inversion showed gelation times to be on the order of 20 min. Within 100 min, the storage
modulus of the gel appears to plateau. The frequency sweep (Figure 3b) is consistent with a
covalently cross-linked hydrogel with G* >> G” at all measured frequencies. The strain
sweep (Figure 3c) showed a yield strain of ~200 % strain.

Thin adherent hydrogel coatings of Ag-cPEG were easily formed on TiO, substrates by
spin-coating prior to gelation. In this case, the Ag:catechol ratio was maintained at 2.0
although the cPEG concentration was reduced to 5 mg/mL to allow for spin-coating from a
liquid precursor solution. Thermal annealing at 100 °C for 1 h resulted in 25 nm thick Ag-
cPEG coatings (dry) as determined by ellipsometry. XPS analysis (Figure S1) indicated only
the presence of C, O and Ag in the coating, confirming that the coating thickness was
greater than 10 nm.

3.2 GPC characterization of mPEG-Cat reaction with Ag(l)

mPEG-Cat (Figure 1) was used as a model monofunctional polymer to characterize the
reaction of Ag(l) and catechol-modified polymers. The 60 mM polymer concentration used
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was chosen to parallel the ~60 mM catechol endgroup concentration of the gels. Figure 4
shows GPC chromatograms after 1 h of mPEG-Cat and Ag(l) reactions. As seen in the
figure, increasing the Ag(l) to mPEG-Cat ratio increases the amount of dimer and multimer
formed. The relative amount of dimer and multimer to monomer was calculated using light
scattering data acquired in series with the dRI measurement through the Wyatt Astra
software. For 0x, 1x, 2x, and 4x Ag(l)/mPEG-Cat it was determined that 3%, 9%, 21%, and
33% of the polymer was in the form of dimer or multimer, respectively, with the remaining
polymer being the monomer form. Polymer molecular weights calculated by the Astra
software were consistent with the expected molecular weights, e.g., for the 2x Ag(l)/mPEG-
Cat reaction, the monomer and dimer/multimer M,, was found to be 6.25 and 15.2 kDa,
respectively (the dimer and multimer peaks cannot be cleanly separated). In a control
experiment where mPEG-Cat was dissolved in the GPC buffer only (at pH 3.5 in the
absence of an oxidizing agent, catechols are expected to be stable towards oxidation and
cross-linking), 1% of the polymer was found to be in the dimer or multimer form.

3.2. Dilute solution nanoparticle characterization

UV-Vis spectroscopy was used to further study silver nanoparticle formation as a
consequence of the redox reaction of Ag(l) with cPEG. A 100x dilution of the 2:1
Ag:catechol Ag-cPEG gel solution was used in order to keep absorbance measurements
within instrumental limits. This low polymer concentration was insufficient to induce gel
formation. Polymer, silver, and buffer concentrations were scaled proportionally. As shown
in Figure 5a, a plasmon band with a maximum absorbance at 430 nm developed, which is
consistent with silver nanoparticle formation.[27] Figure 5b shows the solution from Figure
5a diluted 10x after 30 min and 2 days. It can be seen that the reaction continues slowly
even after 30 min, and a weak peak develops around 560 nm by 2 days, possibly due to
quinone tanning. While UV-Vis would generally be a good technique to identify the reactive
quinone intermediate, the plasmon peak is expected to have significant overlap with the
quinone peak (~400 nm),[31] making it difficult to detect. Ag nanoparticle shape and size
distribution were evaluated by TEM. Figure 6 shows images of nanoparticles obtained from
the UV-Vis study shown in Figure 5, of a 2:1 Ag:catechol reaction with cPEG. The
nanoparticles are mostly round-shaped and well-dispersed, with diameters up to ~50 nm.

3.3. Silver release properties of bulk gels

Silver release from the Ag-cPEG gels was evaluated by ICP-MS. The gels were immersed in
excess PBS for up to two weeks with periodic sampling of the Ag concentration in the PBS
solution. Figure 7 shows the cumulative release of silver from the Ag-cPEG hydrogels
during the first two weeks. The total amount of silver that was released from the hydrogels
during the first two weeks was ~10 ug, corresponding to ~1 % of the total amount of silver
inside the hydrogel disks. The release kinetics up until at least the two week time point are
roughly zero order, which is important for many applications when a sustained release of
silver is desired.

3.4. Bacterial viability and attachment

The antibacterial activity of the gels was investigated by measuring their ability to inhibit S.
epidermidis and P. aeruginosa growth on agar culture plates. After 36 h of incubation,
bacterial colonies were clearly observed in contact with control gels, while there were no
bacterial colonies found in contact with the Ag-cPEG hydrogels. The Ag-loaded gels also
exhibited a surrounding ‘zone of inhibition’ (ZOl) to bacterial growth (145-155 % of the
original gel size), which was similar to the ZOI shown by tetracycline loaded disks (Table
2).
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Hydrogel coatings formed by spin-coating a cPEG/AgNO3 precursor solution onto TiO»
were evaluated for their ability to resist bacterial cell attachment. As can be seen in Figure 8,
unmodified TiO, supported rapid and extensive attachment of S. epidermidis within the first
24 h, however attachment onto Ag-cPEG coated TiO, was reduced by >99.9 % compared to
unmodified TiO, over the same time period.

3.5 Mammalian cell viability and attachment

To further assess the utility of these hydrogels as biomaterials, we studied the effect of the
eluent from the Ag-cPEG hydrogels on 3T3 fibroblasts using the MTS assay. Gels were
incubated in growth media overnight and then this conditioned media was diluted with fresh
media to a final composition of 0-100 %. Following standard MTS protocol, it was then
mixed with an equal volume of fibroblast suspension and cell viability was assessed at 24
and 48 h. Using this procedure, a maximum of 50 % Ag-cPEG gel eluent was able to be
studied. Shown in Figure 9 is the effect of the aged media on cell viability. As can be seen,
at both time points and all dilutions of the aged media, fibroblast viability was not greatly
affected.

The Ag-cPEG hydrogel coatings were also resistant to mammalian cell attachment, as
shown in Figure 10. In this experiment, 3T3 cells were cultured on Ag-cPEG coated TiO,
for up to 7 days and cell adhesion measured by fluorescence microscopy and image analysis.
The results reveal that the Ag-cPEG coatings are highly resistant to mammalian cell
attachment over a several day period as indicated by a dramatic decrease in 3T3 cell
attachment compared to unmodified TiO,.

4. Discussion

In this work, we hypothesized that we could take advantage of the ability of Ag(l) to oxidize
catechol-functionalized polymers to simultaneously induce covalent gel formation and silver
nanoparticle formation, further hypothesizing that these materials would possess
antibacterial properties through the slow release of Ag(l). The mechanism of gel formation
is supported through several lines of evidence. As shown in Table 1, the speed of gel
formation and the degree of cross-linking (as evidenced by decreased swelling) increase
with increased Ag(l). Polymer covalent bond formation was conclusively demonstrated with
model monofunctional mMPEG-Cat polymers by GPC (Figure 4). Increasing the amount of
Ag(l) increased the extent of the reaction. Although catechols are prone to spontaneous
oxidation at basic pH, autooxidation was insufficient to form cPEG gels at basic pH without
the addition of Ag(l) (Table 1). GPC studies of the reactions showed that auto-oxidation did
not contribute significantly to covalent bond formation over 1 h (Figure 4, 0x Ag sample),
with only 3% of the polymer in the 0x Ag(l) solution in the dimer or multimer form. Silver
nanoparticle formation was observed in dilute cPEG-Ag(l) solutions (but otherwise identical
to gel solutions, Figure 5 and Figure 6), demonstrating the reduction of Ag(l) to Ag(0) in the
presence of CPEG. We therefore propose the overall reaction shown in Figure 1, involving
reduction of Ag(l) to Ag(0) coupled with catechol oxidation and subsequent cross-linking of
the quinone and catechol. Although the redox reaction shown in the reaction scheme results
in the production of two protons per catechol, the buffering capacity was sufficient to
prevent substantial reduction in pH.

Gel mechanical properties were consistent with a covalently cross-linked hydrogel. After
curing it does not flow and can be picked up (Figure 2), with G’ and G” essentially
frequency independent (Figure 3b). Rheological characterization (Figure 3) revealed a lower
modulus and increased strain at yield in Ag-cPEG gels, when compared to NalO4 cross-
linked cPEG gels.[2, 3] This is consistent with a decrease in the cross-linking density of the
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Ag-cPEG gel relative to NalOy4 gels, and therefore, it appears that the NalOy4-based reaction
more efficiently cross-links catechols.

Silver nanoparticle formation is consistent with earlier work from our group on the creation
of silver nanoparticles via reduction of ionic silver by linear catechol end-modified
polymers.[27] A stabilizing PEG shell on the nanoparticles was achieved via cross-linking
of reactive quinones produced in the oxidation of DOPA by Ag(l) or Au(lll) ions. Because
the polymer used in this study has a branched architecture, cross-linking reactions promoted
network formation. Although Ag nanoparticle formation within hydrogels may be
influenced by higher reagent concentration (10x higher) and the presence of the polymer
network, these data support our hypothesis of silver particle formation resulting from the
redox reaction between silver ions and the catechol-containing polymer, and offer
qualitative insight into the shape and size of the Ag nanoparticles embedded within the
hydrogel. Silver release studies demonstrated a sustained release of silver over 2 weeks
(Figure 7). The low concentrations of silver (1.3 uM, ~1.3 pg released/day in 5 mL of PBS)
are not known to be cytotoxic to various mammalian cell lines, but are toxic to many
bacterial cells.[18, 32] The results suggest that these gels have the potential to inhibit
bacterial growth, while not significantly effecting mammalian cell viability.

To probe bacterial cell toxicity we used a traditional zone of inhibition assay to determine if
the released silver was toxic to bacteria (Table 2). We found comparable bacterial growth
inhibition around the Ag-cPEG gel disk when compared to a tetracycline positive control
disk. Our negative control NalO4-cPEG showed no bacterial growth inhibition. Bacterial
growth on thin cPEG hydrogel films was reduced by >99.9 % over 24 h, compared to TiO,
control surfaces (Figure 8). Due to the low silver content and ultrathin nature of the Ag-
cPEG coating (~25nm), this result is unlikely to reflect off-surface antibacterial effects
correlated to Ag(l) release from the coating. Rather, it is considered to be a result of the high
PEG content of the coating, which is a fouling resistant polymer. Mammalian cell viability
did not appear to be significantly affected by the low concentrations of silver released
(Figure 9). We surmise that the low degree mammalian cell attachment to hydrogel films
(Figure 10) was not a result of toxic effects of Ag(l) release from the coating, as media
conditioned by exposure to bulk Ag-cPEG hydrogels was not cytotoxic (Figure 9). Instead,
these results simply reflect the antifouling nature of the PEG coating. Given these results,
Ag-cPEG hydrogels materials appear to release silver at concentrations sufficient for an
antibacterial effect without significantly altering mammalian cell viability.

5. Conclusions

Antibacterial hydrogels and coatings were synthesized by redox reactions between soluble
Ag(l) and catechol functional groups of a branched PEG polymer. These gels can take the
form of free-standing and in-situ forming bulk hydrogels or thin hydrogel coatings on solid
substrates. Reduction of Ag(l) to Ag(0) was coupled with oxidative covalent polymerization
of catechols to form polymer hydrogels containing entrapped Ag nanoparticles. Thus, the
role of silver is to induce spontaneous polymer gelation as well as instill intrinsic
antibacterial properties into the hydrogel. Mammalian cell toxicity was not observable under
the conditions of our experiments, suggesting that the antibacterial properties fall within the
therapeutic window of silver concentrations, i.e., they are sufficient to kill bacterial cells
without significantly affecting mammalian cell viability. In coating form, the hydrogels were
resistant to both mammalian and bacterial cell attachment. In the future it may be possible to
exploit Ag-cPEG hydrogels as tissue adhesives or sealants, since the adhesive properties of
catechols found in native mussel adhesive proteins and synthetic polymers are well
documented. In some surgical situations it may be advantageous for an adhesive hydrogel to
be inherently antibacterial, for example in the case of external wound repair, surgery of the
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gastrointestinal tract, or even as a prophylactic measure in general surgical procedures
involving adhesives and sealants. Ag-cPEG coatings may be useful for reducing bacterial
colonization and biofilm formation on a variety of medical and nonmedical devices. While
further work will be needed to evaluate the efficacy of Ag-cPEG hydrogels for these
applications, we believe these hydrogels have the potential to reduce infection rates in
applications where tissue sealants are needed or where biomaterial coatings could be
employed.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.

Molecules synthesized and proposed reaction scheme. cPEG was used to form hydrogels
and mPEG-Cat was used for model GPC studies of the reaction. Catechol reduction of Ag(l)
allows for quinone-initiated radical coupling to catechols as well as simultaneous silver
nanoparticle formation.
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Figure 2.
Images of: (a) cPEG solution in Tris buffer before AgNO3 addition. (b) Ag-cPEG hydrogel

formed after the addition of AgNO3. (c) Free standing Ag-cPEG hydrogel after removal
from vial in (same gel as in b, Ag: catechol mol ratio = 2.0).
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Figure 3.

Rheological characterization of cPEG-Ag hydrogel formation: (a) Dynamic storage (G’) and
loss (G”) moduli as a function of time after addition of AgNO3 (Ag:catechol = 2.0). (b)
Frequency sweep performed at 5 % strain. (c) Strain sweep performed at 10 rad/s.
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Figure 4.

Model GPC study of gel formation conditions using the monofucntional polymer mPEG-
Cat. Top: PEG standards. Bottom: mPEG-Cat reaction with 0x, 1x, 2x, and 4x Ag(l)
relative to catechol endgroup at 60 mM catechol concentration. Arrows point in the direction
of increasing Ag(l) concentration. Monomer peak (~10-11 min) decreases, while multimer
(~8.5-10 min) increases with increased Ag(l) concentrations.
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UV-Vis characterization of silver nanoparticle formation. (a) Time-dependent UV-Vis
spectroscopy of 100x dilution of Ag-cPEG gel reaction at 2:1 Ag:catechol ratio. The spectra
shown correspond to reaction times of 0-27 min, with the arrow indicating the growth of Ag
plasmon band with time. (b) 10x dilution of sample from (a) after 30 min and 2 days of

reaction.
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Figure6.
TEM images of silver nanoparticles formed by reaction of Ag(l) with cPEG (2:1
Ag(l):catechol). Inset shows higher magnification image of same nanoparticles.
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Figure7.
Cumulative silver release from Ag-cPEG hydrogels as a function of time.
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Figure8.

Bacterial attachment onto Ag-cPEG coatings. (A) Representative fluorescence microscopy
images (40x) of uncoated (top) and Ag-cPEG coated (bottom) TiO, exposed to S.
epidermidis for 24 h. (B) Quantitative S. epidermidis cell attachment data obtained from
image analysis.
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Figure9.

Mammalian cell viability assessment. MTS assay was used to determine the effect of the
eluent from Ag-cPEG gels on 3T3 fibroblasts. At 24 and 48 h time points, cells appear
viable at all ratios of Ag-cPEG eluent/total media. Error bars represent the standard
deviation of 3 samples.
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Effect of Ag:catechol stoichiometry on Ag-cPEG hydrogel gelation time and swelling.

Mol Ratio of Gelation Gel swellingin
[Ag*]:[Catechol] Time PBS after 7 days
0:1 no gel formed -
0.5:1 60 min gel dissolved
11 40 min gel dissolved
2:1 20 min 325% +/- 25%
4:1 10 min 225% +/- 21%
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Table 2

Antibacterial activity of Ag-cPEG hydrogels.

Sampletested

Original disk

Zone of inhibition

Zone of inhibition

diameter (mm) (mm) (S. (mm) (P. aeruginosa)
epidermidis)
NalO4-cPEG (control) gel disk 11.8 n/a n/a
Ag-cPEG gel disk 11.8 17.2+/- 0.5 18.4 +/- 0.7
Tetracycline disk 7.2 11.4+/-0.3 12.2+/-0.2
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