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Abstract
Wound healing is a complex and orchestrated process that re-establishes the barrier and other
functions of the skin. While wound healing proceeds apace in healthy individual, bacterial
overgrowth and infection disrupts this process with significant morbidity and mortality. As such, any
artificial matrix to promote wound healing must also control infecting microbes. We had earlier
developed a two-part space-conforming gel backbone based on polyethyleneglycol (PEG) or lactose,
which used ionic silver as the catalyst for gelation. As silver is widely used as an in vitro antimicrobial,
use of silver as a catalyst for gelation provided the opportunity to assess its function as an anti-
microbial agent in the gels. We found that these gels show bacteriostatic and bactericidal activity for
a range of Gram-negative and Gram-positive organisms, including aerobic as well as anaerobic
bacteria. This activity lasted for days, as silver leached out of the formed gels over a day in the manner
of second-order decay. Importantly the gels did not limit either cell growth or viability, though cell
migration was affected. Adding collagen I fragments to the gels corrected this effect on cell migration.
We also found that the PEG gel did not interfere with hemostasis. These observations provide the
basis for use of the gel backbones for incorporation of anesthetic agents and factors that promote
wound repair. In conclusion, silver ions can serve dual functions of catalyzing gelation and providing
anti-microbial properties to a biocompatible polymer.
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1. Introduction
Wound healing is a dynamic and orchestrated process that involves cellular and matrix
components acting together to re-establish the lost tissues [1,2]. Co-morbid physiological and
psychological conditions and aging compromise this healing, which can be ameliorated by
modulating these underlying conditions (with the exception of aging). Infections adversely
impact wound repair through ongoing chronic inflammation and production of toxic molecules
and metabolites from both the microbe and the immune response [3]. Skin wounds are
particularly prone to these infections as they are both exposed to pathogens and also harbor
commensural microbes that can infect compromised tissue. Thus microbial proliferation must
be controlled or prevented to enable proper healing [4].
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In designing a material or matrix to promote wound healing, one that is capable of providing
adequate antimicrobial activity is desired provided that the anti-microbial substance present in
it does not compromise the physiologic healing, including hemostasis and immune functioning
and the repair-promoting physiochemical aspects of the matrix [5]. To be beneficial, the
antimicrobial agent must also exert its effect over the relevant time scale of days, without being
washed out by tissue fluid flows or neutralized by serum-derived and tissue-derived factors
and enzymatic activities [5].

With the surge of antibiotic resistance, impregnating a matrix with a necessarily broad-
spectrum antibiotic is becoming a concern nowadays [6]. Moreover, complex molecules may
form complexes with the surface of polymer and modify it further resulting in confounding
diffusion and elution calculations. This also may produce novel immunological epitopes that
would be recognized as foreign. For such reasons, silver is a widely used nonspecific
antimicrobial, as it acts against a very broad spectrum of bacterial, yeast and fungal species
likely to contaminate wounds and body cavities [7]. This action derives from the binding of
the positive silver ions with the negatively charged microbial proteins preventing their
replication, and via attachment to sulfhydryl groups preventing their respiration resulting in
inhibiting their proliferation [8-10]. Silver also works on biofilms, a critical challenge for
embedded foreign bodies [11].

With the above considerations, we have developed a wound-healing matrix which is space-
forming, biocompatible and degradable over a 2-week-long period. However, these self-curing
polymers based on lactose or polyethylene glycol (PEG) along with 3,4 dihydroxyphenyl-L-
alanine (L-DOPA), Lysine backbones could represent foreign bodies, which may form nidi for
infection [12]. These polymers are produced in two parts with gelation being catalyzed by ionic
silver (Ag) with peroxydiphosphate. This mode of catalysis was chosen as silver is widely used
as an antimicrobial [13-15] and would distribute through the matrix passively. The other core
issues of being biocompatible to living tissues and having hemostatic property are also given
importance considering wound repair. Thus, we asked if this matrix would limit the growth of
bacteria and yeast that commonly infect skin wounds delaying the healing process.

2. Materials and methods
2.1. Materials

All reagents in the polymer gel namely PEG, L-DOPA, lactose (Lac), silver (Ag),
peroxydiphosphate were obtained from Sigma Chemical Co. (St. Louis, MO, USA). Lysine
diisocyanate methyl ester (LDI) was obtained from Chemical Division, Kyowa Hakko Kogyo
Co. Ltd. (Tokyo, Japan). Tissue culture medium was from Life Technologies (Grand Island,
NY, USA).

Ten microorganisms commonly associated with human skin or wound infections were selected
as a challenge. The microorganisms were obtained either from ATCC (Manassus, VA, USA)
or from human isolates from the Clinical Microbiology Laboratory of the UPMC Presbyterian/
Shady-side Hospital; except Eschericia coli and Acinetobacter baumanii which were recovered
from an actual human wound. Micrococcus luteus, Staphylococcus aureus (ATCC 25923),
Streptococcus pyogenes, Diphtheroids, Pseudomonas aeruginosa (ATCC 27853), Clostridium
perfringens, Bacillus subtilis, Candida albicans comprise the other eight out of a total of ten
organisms tested. The use of PHI-independent clinical isolates and human cells were approved
as exempted by the University of Pittsburgh IRB.
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2.2. Synthesis of polymers
2.2.1. Synthesis of lactose-(LDI–DOPA)8 prepolymer (DLL)—Glassware was dried
before use. Lactose 0.70 g (FW 342.3; 2 mmol, –OH 16 mmol) dissolved in 5 ml of dimethyl
sulfoxide (DMSO) in a round bottomed flask was flushed with nitrogen [1]. A rubber septum
was used to seal the flask. Using a syringe 3.1 ml of LDI (FW 212, d 1.157, 16 mmol, –NCO
32 mmol) was added to the flask. All the constituents in the flask were stirred in the dark at
room temperature for 2 days. FT-IR and 1H NMR were used in monitoring the isocyanate
group consumption and formation of urethane linkages. A solution of DOPA (3.2 g in 20 ml
DMSO, FW 197, 16 mmol) was added to the constituents in the flask when the FT-IR showed
that 50% of isocyanate groups (peak at 2266 cm−1) which were initially present had been
consumed. The constituents in the flask were stirred at room temperature for another three days
until the FT-IR showed that no more isocyanate groups were present. The product obtained
were transferred to dialysis tubing (molecular weight cutoff 1000, Spectrum Laboratories, Inc.,
Fort Lauderdale, FL, USA) and dialyzed against three changes of distilled deionized water
(DDI water) and dried under vacuum at room temperature. The molecular weight of the product
was determined by mass spectrometry. The net DLL pre-polymer obtained was 85.3% pure.

2.2.2. Synthesis of PEG-(LDI–DOPA)2 prepolymer (DLP)—DLP was synthesized in
the same manner as above [1]. In brief 2 g of PEG (FW 400, 10 mmol, –OH groups) were
reacted with 2 ml of LDI (10 mmol, –NCO 20 mmol) for 2 days. Subsequently 2 g DOPA (FW
197, 10 mmol, –NH2 10 mmol) in 20 ml of DMSO was added and reacted at room temperature
for 3 days. The reaction mixture was dialyzed against water and dried under vacuum. The net
DLP prepolymer obtained was 81.5% pure.

2.2.3. Synthesis of PEG-(LDI–DOPA)2 prepolymer (DLP) with collagen—
Glassware was dried in a vacuum oven prior to use. 2 g PEG were reacted with 2 ml of LDI
(FW 226, d 1.157, 10.75 mmol, –NCO 21.5 mmol) for two days, then 2 g DOPA in 20 ml of
DMSO were added (at this point, the reaction mixture was not clear). The reaction was
performed at room temperature for three days until the reaction mixture was clear and FT-IR
showed no remaining isocyanate groups. Then, N-hydroxysuccinimide (1.15 g, 10 mmol) and
2.06 g dicyclohexylcarbodiimide were added. The reaction mixture was stirred at room
temperature for 20 h. Dicyclohexylurea was removed by centrifugation (3000 rpm for 30 min).
The supernatant was transferred to a flask and 0.1 g collagen I (from Bovine) was added. The
reaction mixture was stirred at room temperature for 10 h, then, transferred to dialysis tubing
(Spectrum Laboratories, Inc., Fort Lauderdale, FL, USA, molecular weight cutoff of 1000).
The products were dialyzed against DDI water to remove DMSO and small molecular weight
monomers (water changed every three hours) until a precipitate appeared. The precipitate was
dissolved with 0.1 M Na2B4O7 and the solution was initiated by AgNO3/K4P2O8 to make gel.

2.2.4. Preparation of the polymer gels—The DOPA containing polymer gels were
prepared by radical polymerization of an aqueous solution of prepolymer using the redox
initiation system Ag+/potassium peroxydiphosphate [1]. Fifty microliters of AgNO3/K4P2O8
solution (various loadings) were added to 7 ml of prepolymer solution (0.3 g prepolymer
dissolved in 1 ml of 0.1 M Na2B407 solution) in a 75 mm Teflon dish.

2.2.5. Polymer degradation in vitro—Polymer degradation was tested in vitro by placing
known amounts of polymer gel in phosphate buffer solution (1 × PBS; 100 mg polymer/ml
PBS) at 37 °C for up to 3 weeks [1]. The concentration of DOPA liberated from the polymer
was detected by UV-VIS as described by Waite and Benedict [16]. The changes in pH of the
solution due to polymer degradation were assessed in parallel samples with the use of a pH
meter.
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2.2.6. Swelling property of polymer gels—The determination of swelling characteristics
of polymer gels was determined at 37 °C using a gravimetric method [17,18]. The dry gels
were weighed at first and then immersed in a phosphate buffer solution at a pH 7.4. At different
time points the swollen gels were removed from the buffer and weighed on a sensitive balance.
The swelling ratio was calculated as follows:

Swelling ratio ( % ) = (Ws − Wd) ∕ Wd × 100,

where Ws and Wd stand for swollen and dry weights of the gels, respectively.

The change in the diameter of the gel at various time points was also determined.

2.3. Microbial analysis
2.3.1. Disc diffusion assay—Initially, we tested the antimicrobial properties by a
modification of the disc diffusion method. This provided a measure of both the antimicrobial
activity and diffusibility of the gelated Ag [19].

The control ‘disc’, was filter paper (Schleicher and Schuell Co., Keene, NH, USA), 1.25 cm
diameter size and 1 mm thickness, which was impregnated with 20 μl of 1% silver nitrate
solution for a final mass of 0.125 μg Ag. Test ‘discs’ were cut from polymerized matrix, 2 cm
diameter in size and 1 mm in thickness. In the prepolymer solution we had 10 μg/μl of Ag for
a final load of 3.3 μg/disc.

The stock microbial cultures were plated onto the blood agar plates and colonies were picked
manually. They were suspended in trypticase soy broth (BD Diagnostics, Sparks, MD, USA)
to obtain an equivalent to 0.5 Mcfarland barium sulfate (107–108 CFU/ml) standard. A sterile
cotton swab was suspended in the microbe-containing trypticase soy broth and used to streak
at right angles in four directions in blood agar plates to form a confluent lawn of growth on
150 mm plates of Mueller-Hinton agar with sheep blood (BD Diagnostics, Sparks, MD, USA).
Test and control discs were placed on the plates which were incubated at 37 °C for 24 h. The
zone of inhibition surrounding the control as well as our experimental gels was measured. For
anaerobic organisms the inoculated plates were placed into a sealed anaerobic bag (AnaBag
150) (Hardy Diagnostics, Santa Maria, CA, USA) containing an anaerobic generator sachet
(Anaerogen) (Gibson Laboratories Inc., Lexington, KY, USA). The anaerobic cultures were
incubated for 48 h at 25 °C. For each experiment, a similar plate inoculated with Micrococcus
luteus served as a control.

2.3.2. Microbicidal and microbiostatic assays—To distinguish whether the microbial
inhibitions noted in the disc diffusion method were due to bactericidal or bacteriostatic effects,
quantitative assays were employed taking into consideration the aerobes, anaerobes and yeast
[19-21].

The suspension of the microorganism was made by first allowing the organism to grow in
appropriate broth. For all the microorganisms except S. pyogenes, S. aureus and C.
perfringens, Mueller Hinton Broth (BD Diagnostics, Sparks, MD, USA) was used. For S.
pyogenes and S. aureus Todd Hewitt Broth (BD Diagnostics, Sparks, MD, USA) was used.
For C. perfringens trypticase soy broth was being used. The growth was adjusted to a 0.5
Mcfarland Standard (107–108 CFU/ml) and a 1/200 dilution of this broth was made (105–
108 CFU/ml) using saline as a diluent. For each assay, four tubes, each containing 4 ml of broth
were used. One tube contained one disc of the gel under test which was 1.3 cm in diameter and
1 mm in thickness with the final load of Ag being 2.58 μg. The second tube contained two
discs of the gel, a third tube contained three discs. The fourth tube contained no gel and served
as a growth control. To each of the four tubes, 0.1 ml of the diluted bacterial suspension was
added.
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For C. perfringens, a 1/100 dilution of the standardized suspension was used as the inoculum.
Aerobes were incubated at 37 °C for 24 h whereas anaerobes were incubated at 25 °C for 48
h. Before incubation, the actual size of the inoculum was determined by making serial dilutions
from the inoculated growth control tube. One-tenth ml of these dilutions were inoculated in
triplicate onto blood agar plates (BD Diagnostic Systems, Sparks, MD, USA) which were
incubated overnight at 37 °C. After incubation of the tubes, similar dilutions were made and
plated to determine the fraction of the original inoculum that survived.

2.4. Atomic absorption spectroscopy
Quantitative measurement of the Ag both retained in and leaving from the gel would suggest
temporal nature of the antimicrobial activities [22,23]. Total leaching of Ag from gels was
assessed by placing a 1.3 cm diameter, 1 mm thick piece of gel in trypticase soy broth for 10
days having a final load of Ag 2.58 μg. In addition, the daily leaching of silver was assessed
by moving gels from tube to tube of trypticase soy broth at 24 h intervals. Ag concentration
was determined by atomic absorption spectroscopy using a Perkin–Elmer EDLS (Perkin Elmer
AA5100, Wellesley, MA, USA).

2.5. Dermal fibroblast and keratinocyte functioning
The gels were assessed for biocompatibility by determining effects on survival, proliferation
and migration of human dermal cells and keratinocytes [1]. Primary human dermal fibroblasts
were obtained from Musculoskeletal Research Center, Department of Orthopedic Surgery,
University of Pittsburgh Medical center, Pittsburgh, PA, USA. For human keratinocytes we
used HaCaT cells, a spontaneously immortalized, but not transformed human keratinocyte cell-
line which was provided by Dr. N. Fusenig German Cancer Research Center (Heidelberg,
Germany). These studies were deemed exempted (4e) by the University of Pittsburgh IRB.

The primary human dermal fibrobasts and keratinocytes were subcultured into 24 well plates
at 20,000 per well. When the cells became 70% confluent the gel additive was placed along
with 1 ml of complete medium. Solid gels were 1 mm thick and cut to 90% of the well surface
(9 mm diameter); Liquid gels were of the same solution used for the solid gel but for the
initiators, and added to cover the well surface completely. Cell viability was assessed at 24, 48
and 72 h by MTT Assay and cell proliferation by automated Coulter Counter (Beckman Coulter
Instruments). For cell migration, an in vitro wound-healing assay was performed.

2.6. Hemostasis assessments
As the gel matrix will be placed into wounds with blood, it needs to be either hemostatic or
not interfere with the normal hemostasis [24]. Excess human blood, citrated blood and platelet-
poor plasma, were used as approved by the University of Pittsburgh IRB (exemption 4e).
Prothrombin time, activated partial thromboplastin time, clotting time were measured by using
tube method with reagents from BioData Corp. (Horsham, PA, USA).

3. Results
3.1. The silver-catalyzed gels present antimicrobial activities

Both the lactose and PEG discs demonstrated inhibition of the growth of M. luteus and all of
the test organisms (Table 1). The PEG gel presented larger zones of inhibition with one
exception. However, both gels provided for greater inhibition than the Ag-impregnated filter
paper.

To determine the nature of the inhibition we assessed microbicidal and static capacities as
accomplished by one to three gel discs. The sensitivities of the agents varied (Table 2). A 3-
log reduction in microbe number considering its initial count was taken as bactericidal activity.
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For all aerobic organisms significant antimicrobial activity was seen in the first 24 h with both
gels. Both the gels displayed a concentration dependant bactericidal action with E. coli and P.
aeruginosa with more than one gel disc and bacteriostatic effect with one gel disc. With A.
baumanii a time dependant antimicrobial activity was seen. All Gram-positive bacteria had
similar time dependant kinetics. With S. aureus a 2-log reduction at 24 h was seen when
challenged with both gels. S. pyogenes and Diphtheroids were similar in behavior considering
S. aureus except when challenged with three gel discs of either type where in a 3-log reduction
was seen. With C. albicans the effect was found similar as with Gram-positive bacteria. With
the anaerobes a time dependant antimicrobial activity was seen at 48 h with both the gels.

3.2. Silver leaches from the gels over an extended time period
Continued presence of Ag would be needed to keep a wound bed uninfected, while retention
in the gel is required to prevent a foreign body nidus of infection. Ag was detected in the media
increasingly with time (Fig. 1(a)). The Ag rapidly leaves the PEG gel with 57% being detected
in the media in 24 h. This increases to 68% at day 4 and 80% by day 10. Leaching from the
lactose gel was lesser considering PEG gel with only 44% after one day, increasing to 58% at
4 days and 71% at 10 days.

As can be seen, Ag dissemination from the gels appears to persist for days. When assessed
directly, we found that the second day saw 28% of silver leave PEG gels and 23% of lactose
gels, respectively (Fig. 1(b)). This dropped subsequently but was still evident on day 4, with
12% and 7% leaving, respectively. This greater leaching from gels placed in fresh media would
be consistent with passive diffusion being the driving force of Ag distribution.

3.3. Polymer degradation
To be applicable as a wound-healing matrix, the cured polymer needs to remain intact over a
number of days. Polymer degradation was tested in vitro by placing 100 mg of polymer into
1 ml of phosphate buffer solution at 37 °C and changing the buffer daily. The rate of degradation
was monitored by measuring the amount of DOPA released from the polymer gel as a function
of time. As a 1,2-benzenediol, DOPA exhibits a maximum UV absorbance in aqueous solution
at approximately 280 nm (Fig. 2(a)). Since lysine, lactose and PEG do not absorb significantly
at this wavelength, the concentration of DOPA was determined by UV absorbance at 280 nm.
The standard curve of DOPA is shown in Fig. 2(b).

Degradation testing indicated that the DOPA-containing polymer was degraded over a period
of 3 weeks. Further, as shown in Fig. 2(c) using gels formed from mixtures of lactose and PEG
based prepolymers, the time required to achieve a certain extent of degradation increases as
the functionality of the network increases. We measured the pH of the PBS containing 100 mg/
ml polymer over a period of 21 days, the degradation products of the DOPA-containing
polymers (PEG gel and lactose gel) had no significant effect on the pH of polymer degradation
solution at physiological temperature tested (data not shown). These data suggest that a
functional polymer can be generated from these materials.

3.4. Swelling property of polymer gels
PEG or lactose containing polymer gels exhibited hydrophilic characteristics. As a
consequence of that they were seen to swell up when placed in phosphate buffer solution at 37
°C. As seen in Fig. 3(a), the amount of uptake of water increased for the initial 30 min after
which it attained its saturation point. This is to a degree reflective of drug release capabilities
of a wound matrix. In Fig. 3(b), the change in diameter was also recorded to better understand
the flexible nature of the polymer gels to its maximum extent. PEG gel had more hydrophilic
character than lactose gel.
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3.5. Cell viability and proliferation are not compromised by the gels
The gel when fully designed is to be placed in direct contact with the structural cells of skin,
fibroblasts and keratinocytes, and as such needs to be nontoxic to these. Despite the Ag being
broadly microbiocidal, these gels did not compromise either the viability or growth of the
fibroblasts (Figs. 4(a) and (b)) [25,26] or keratinocytes (Figs. 5(a) and (b)) [26,27]. This was
true both for gelated polymers (SG, solid gel) or those in which the catalysts were omitted (LG,
liquid gels).

3.6. Gel matrices limited cell migration which can be rescued by collagen
Wound healing requires active migration of the structural cells into the defect, and in the case
of a wound gel, into the gel to replace this artificial matrix. Unfortunately, both gels limited
the movement of both cell types (Figs. 6(a) and (b)). This limitation was noted with both gelated
and liquid gels, suggesting that multiple factors adversely affected cell movement. This was
confirmed by examining cell migration in the face of individual components, and finding that
lactose, L-DOPA, and LDI all limited cell movement (Figs. 7(a) and (b)).

We sought to correct this adverse impact on cell function. Rather than looking for replacements
for the components identified above, we determined whether an additive would counter this
effect because these components were as likely to be physiochemical as molecular and thereby
not avoided by simple replacement approaches. Fibrillar collagen is a component of skin
extracellular matrix, used clinically [28-30], and is amenable to industrial production
parameters. Incorporation of collagen I fibers in the PEG gel compensated for the migration
inhibition (Figs. 8(a) and (b)) resulting in movement statistically not different from that in the
absence of any gel [31-33]. The lactose gel was not re-engineered due to issues described in
the following sections.

3.7. PEG gel does not compromise hemostasis but lactose gel does
As the gel is being designed to be placed in wound fields in which bleeding occurs, hemostasis
must be enabled. The PT, aPTT, and clotting time of human blood were within the normal
range in the presence of the solid PEG and lactose gels (Figs. 9(a)-(c)). However, the gel will
be introduced into the wound in the pre-gelated liquid form and thus must be tested as such.
While the liquid PEG gel demonstrated somewhat elongated hemostatic parameters, these were
not different from the dilutional effect of a 25% volume addition (no tx LG), and are thus
considered not a concern. The liquid lactose gel, however, did severely compromise all three
hemostatic responses beyond the dilutional effect.

4. Discussion
We are developing a self-curing (gelation), space-forming gel to ensure healing of dermal
wounds [1]. To this end, the gel must limit infections while being non-toxic to the skin cells
and not altering normal hemostasis. Initially, we developed two polymers from biocompatible
building blocks [1]. These polymers were maintained in a liquid state by segregating the
gelation catalysts so that the gel could form to the spatial defect of the wound. We chose to
use silver (Ag) as a catalyst as it is widely used as a general antimicrobial agent [13,14] to
prevent infections during surgery. Despite this being well documented, the question of whether
Ag would be released from the gel to function as an antimicrobial needed to be demonstrated
[22,23], as did its relative non-toxicity to the resident skin cells [25-27].

Herein, we demonstrated that the gels were antimicrobial to a range of skin infection agents
including yeast, aerobic and anaerobic bacteria. Both compositions of the gel were effective,
and primarily microbiocidal in this aspect [14,19]. As Ag must both leave the gel to maintain
a relatively aseptic wound bed and remain in the gel to prevent it from becoming a nidus for
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infection [12], we needed to ascertain its distribution over the 4–7 days of initial wound repair
during which infection is most likely to occur. Ag left the PEG gel more efficiently than it left
qfrom the lactose gel. Thus, the PEG gel should be preferred in controlling infections in the
larger wound bed. However, it is also important to maintain some Ag in the gel, or this can act
as a privileged site for an infection nidus, akin to a foreign body [12]. In both cases, at least
20% of the Ag was retained in the gel after 1 week.

The mechanism of Ag dissemination would impact the anti-microbial actions [22,23]. Ag
appears to diffuse from the gels as the daily leaching was more extensive than the incremental
leaching (compare Figs. 2(b) to (a)). This leaching was not dependent on gel degradation, as
this does not occur extensively in the first week [1], while the release of Ag was greatest in the
first day, when it would be most needed. As such, the Ag would be able to not only diffuse
from the gel, but also back into it if infection set in that matrix.

It was important to determine whether these gels have an adverse impact upon wound healing.
While this will require animal studies that await a final gel composition to include local
anesthetic, initial assessment would include in vitro assays for cell functions. Neither gels
limited proliferation or compromised viability of the two major structural cell types in the skin,
dermal fibroblasts and keratinocytes. Interestingly, cell migration, critical for the ingrowth
needed to repair spatial defects, was diminished by both gels. As multiple gel components were
responsible, we sought to compensate for these defects by adding a migration promoter.
Collagen I was chosen for its biological and physiochemical properties [28-30], not least the
fact that it occurs naturally in skin. This protein corrected the migration deficit [31-33] when
added to PEG gels. As lactose gels were unexpectedly found to interfere with hemostasis, the
PEG gel was chosen for further development into a preclinical product.

5. Conclusions
Silver ions served the dual function of catalyzing gelation and providing antimicrobial activity
against a broad spectrum of wound contaminating agents. The incorporation of silver within
the pre-polymer allows for extended leaching subsequent to gelation of the polymer, with this
diffusion presenting the silver akin to current antimicrobial application during surgical
interventions. The silver per se presented no adverse impact on cell migration or proliferation.
Collagen incorporation into the polymer corrected the negative effects of certain components
on cell migration. This multifunctional property of silver allows for a simplified polymer that
is biocompatible in vitro while being antimicrobial, thus speeding the process to preclinical
and even clinical testing.
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Fig 1.
Silver leaches out of the gels over several days as determined by atomic absorption
spectroscopy. (a) Upper graph shows cumulative silver concentration over a period of 10 days
in broth in which the gels were immersed (one to three gels were tested). (b) Lower graph
shows silver concentrations in the broth for tubes that were seeded between one and three gels
and switched to fresh broth daily for 4 days.
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Fig 2.
(a) UV spectrum of DOPA with maximal absorbance in aqueous solution at 280 nm. (b) The
standard curve of DOPA was obtained by the determination of OD at 280 nm and the correlation
coefficient of the standard curve was 0.9958. (c) Degradation of various DOPA-containing
polymer gels in PBS. The polymer gels were incubated in PBS for 3 weeks and the degradation
was tested by the concentration of DOPA released from the polymer gel into the solution.( PEG
SG-solid gel with PEG, LDI, DOPA, Ag and peroxydiphosphate; LAC LG- liquid gel with
lactose, LDI, DOPA, Ag and peroxydiphosphate).
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Fig 3.
(a) Swelling property of the gels as a function of time at 37 °C. (b) Change in diameter of the
gels as a function of time at 37 °C. (PEG SGPEG, LDI, DOPA, Ag, peroxydiphosphate; LAC
SG-lactose, LDI, DOPA, Ag, peroxydiphosphate).
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Fig 4.
Effect of gels on human dermal fibroblasts: (a) cell viability and (b) cell proliferation. Cells
were exposed to gels (PEG SG-solid gel with PEG, LDI, DOPA, Ag, and peroxydiphosphate;
PEG LG-liquid gel with PEG, LDI, and DOPA; LAC SG-solid gel with lactose, LDI, DOPA,
Ag, and peroxydiphosphate; LAC LG-liquid gel with lactose, LDI, and DOPA) after 48 h in
serum-depleted media. Cell viability and proliferation were assessed at 24, 48 and 72 h. Values
are expressed as mean ±SEM (n = 3). NS = not significant, *p<0.05, **p<0.001 compared to
diluent alone (No tx-No treatment).
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Fig 5.
Effect of gels on human keratinocytes: (a) cell viability and (b) cell proliferation. Cells were
exposed to gels with composition as described in previous figure legend after 48 h in serum-
depleted media. Cell viability and proliferation were assessed at 24, 48 and 72 h. Values are
expressed as mean ±SEM (n = 3). NS = not significant, * = p<0.05 compared to diluent alone
(No tx).
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Fig 6.
Effect of gels on (a) human dermal fibroblast and (b) keratinocyte cell motility. Gels
composition was as described in previous figure legends. Cells were exposed to gels after 48
h in serum depleted media and motility assessed by an in vitro wound healing assay. Values
are expressed as mean ±SEM (n = 3), *p<0.05 compared to diluent alone (No tx).

Babu et al. Page 16

Biomaterials. Author manuscript; available in PMC 2007 November 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig 7.
Effects of individual components of gel on (a) human dermal fibroblast and (b) keratinocyte
cell motility. The cells were exposed to gels after 48 h treatment in serum depleted media and
motility assessed by an in vitro wound healing assay. Values are expressed as mean ±SEM (n
= 3), NS = not significant, *p<0.05, **p<0.01 compared to diluent alone (No tx).
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Fig 8.
Effect of gels with collagen on (a) human dermal fibroblast and (b) keratinocyte cell motility.
Cells were exposed to gels. PEG SG-solid gel having PEG, LDI, DOPA, Ag, and
peroxydiphosphate; PEG LG-liquid gel having PEG, LDI, and DOPA; both with collagen after
48 h treatment in serum depleted media. Cell motility was assessed by in vitro wound healing
assay. Values are expressed as mean±SEM (n = 3).
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Fig 9.
Effect of gels on (a) clotting time (b) prothrombin time and (c) partial thromboplastin time as
assessed by the tube method. Gel composition was as described previously. Values are
expressed as mean±SEM (n = 3), *p<0.05,**p<0.01. Bars above the graphs indicate the groups
compared.
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Table 1
Zones of inhibition (in mm) obtained with control and gels of either type as determined by the disc diffusion
method

Microorganisms Control (1%AgNO3) PEG, LDI, DOPA, Ag,
peroxydiphosphate

Lactose, LDI, DOPA, Ag,
peroxydiphosphate

M. luteus 18 50 22
S. aureus 15 36 21
S. pyogenes 14 36 22
Diphtheroids 15 23 31
P. aeruginosa 13.5 37 22
E. coli 15 35 21
Acinetobacter 16 33 27
C. perfringens 14 25 23
B. subtilis 13 35 21
C. albicans 16 38 23

The microorganisms were streaked on individual blood agar plates. Control consisted of 1% AgNO3. PEG containing gel had PEG, LDI, DOPA, Ag,
peroxydiphosphate and lactose containing gel had lactose, LDI, DOPA, Ag, peroxydiphosphate. Plugs for each gel type had silver concentration of 3.3
μg, diameter of 2 cm and thickness of 1 mm. Control consisted of filter paper disc with a diameter of 1.25 cm and thickness of 1 mm.
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