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Abstract

Objective—To investigate the antibacterial effect of augmenting a biological dressing with
polymer films containing silver nanoparticles.

Background—Biological dressings, such as Biobrane, are commonly used for treating partial-
thickness wounds and burn injuries. Biological dressings have several advantages over traditional
wound dressings. However, as many as 19% of wounds treated with Biobrane become infected,
and, once infected, the Biobrane must be removed and a traditional dressing approach should be
employed. Silver is a commonly used antimicrobial in wound care products, but current
technology uses cytotoxic concentrations of silver in these dressings. We have developed a novel
and facile technology that allows immobilization of bioactive molecules on the surfaces of soft
materials, demonstrated here by augmentation of Biobrane with nanoparticulate silver. Surfaces
modified with nanometer-thick polyelectrolyte multilayers (PEMs) impregnated with silver
nanoparticles have been shown previously to result in in vitro antibacterial activity against
Staphylococcus epidermidis at loadings of silver that are noncytotoxic.

Methods—We demonstrated that silver-impregnated PEMs can be nondestructively immobilized
onto the surface of Biobrane (Biobrane-Ag) and determined the in vitro antibacterial activity of
Biobrane-Ag with Staphylococcus aureus. In this study, we used an in vivo wound infection
model in mice induced by topical inoculation of S aureus onto full-thickness 6-mm diameter
wounds. After 72 hours, bacterial quantification was performed.
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Results—Wounds treated with Biobrane-Ag had significantly (£ < 0.001) fewer colony-forming
units than wounds treated with unmodified Biobrane (more than 4 log, difference).

Conclusions—The results of our study indicate that immobilizing silver-impregnated PEMs on
the wound-contact surface of Biobrane significantly reduces bacterial bioburden in full-thickness
murine skin wounds. Further research will investigate whether this construct can be considered for
human use.

Keywords

biological dressing; Biobrane; silver nanoparticles; polyelectrolyte multilayers; infection; chronic
wound; murine

Approximately 6.5 million people in the United States suffer from chronic wounds,!
whereas an additional 450,000 people each year require medical treatment for burn injuries.2
It is estimated that the financial burden of chronic wound care represents an annual cost of
$25 billion in the United States alone.! Chronic wounds and burn injuries are challenging
health care problems, both for the patient and physician. Traditional treatments often involve
lengthy hospital stays and prolonged outpatient care with multiple painful dressing changes.
The risks of infection and other morbidities are high, and the health care costs are
significant.

A wound dressing is considered biological if it has been engineered to provide some
component of living tissue to the wound bed, such as growth factors, collagen, or other
bioactive molecules. Biological dressings are commonly used to treat both partial-thickness
wounds and burn injuries. These dressings have been shown to enhance healing in wounds
and substantially reduce the discomfort associated with wound care.3

Biobrane (UDL Labs) is an example of a leading biological dressing. It is commonly used to
treat partial-thickness wounds and second-degree burns.? Biobrane is composed of 2 layers,
an outer layer of silicone that provides a protective barrier, and a wound contact layer of
nylon fibers embedded in the silicone sheet to which collagen peptides are covalently
bonded. Successful application of Biobrane results in a firm bonding of the dressing to the
wound bed until epithelialization beneath the dressing leads to its release from the tissues.
The advantages of Biobrane in partial-thickness burn injuries are well documented.48
Patients whose burns are treated with Biobrane experience less pain, decreased hospital
stays, increased comfort, and an earlier return to function compared with patients who
receive traditional treatment. Health care costs are also significantly reduced when Biobrane
is employed.4-8

One of the major complications with the use of biological dressings is infection of the
wound beneath the dressings. Therefore, indications for use of such dressings remain limited
when wounds have any significant level of bacterial bioburden. Infection rates of up to 19%
have been reported with Biobrane use.® Once infection occurs, Biobrane must be removed
and traditional dressings employed. Therefore, Biobrane can be used only in fresh wounds
that have minimal contamination. If the risk of infection under such dressings could be
decreased, the proportion converted to traditional treatments could be reduced and the
potential applications for biological dressings could be expanded.

Silver has a long history as an effective antimicrobial. The broad-spectrum action of silver
has been shown to have effects against methicillin-resistant Staphylococcus aureus'® and
fungi,1! in addition to a wide range of bacteria.12-14 Silver sulfadiazine cream (1%) has long
been used in clinical practice to prevent and reduce wound infection.1> More recently, many
commercial dressings have been introduced that are augmented with silver. However, these
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dressings contain high loadings of silver (Approximately 100 pg/cm?),16 causing tissue
toxicity and impaired wound healing.17-20 In addition, the chemical processing that is
required to embed silver ions or nanoparticles into the biological dressings can degrade the
biological component of the dressing (eg; collagen) because of the harsh and acidic
conditions used during processing.

We have developed a novel method of immobilizing silver nanoparticles into nanometer
thick polyelectrolyte multilayers (PEMS), which we have shown previously to result in in
vitro antibacterial activity at loadings of silver that are noncytotoxic.1921 Antibacterial
efficacy of silver-nanoparticle PEMs was seen with Staphylococcus epidermidis and
Pseudomonas aeruginosain an in vitro assay where PEMs were transferred to the dermal
surface of irradiated human skin (GammaGraft, Promethean LifeSciences, Inc).2! In recent
work, we showed that silver-impregnated PEMs transferred onto full-thickness wounds in
mice do not impair wound healing in vivo.22

In this article, we investigated the feasibility of transferring silver-nanoparticle PEMs to a
biological dressing, using Biobrane as an example (Biobrane-Ag). We then tested the
antibacterial efficacy in vitro of Biobrane-Ag against S aureus. To then test the in vivo
antibacterial efficacy of Biobrane-Ag, we developed a full-thickness wound infection model
in mice using topical application of S aureus. We hypothesized that the use of Biobrane-Ag
would significantly decrease the bacterial bioburden present within the wound compared
with untreated Biobrane.

METHODS

Fabrication and Characterization of Polymer Films Impregnated With Silver Nanoparticles

Polyelectrolyte multilayers of the oppositely charged polyelectrolytes
poly(allylaminehydrochloride) (PAH) (Mw = 70 kDa; Sigma Aldrich, St Louis, MO) and
poly(acrylic acid) (PAA) (Mw = 60 kDa; Polysciences, Warrington, PA) were assembled on
elastomeric poly(dimethylsiloxane) (PDMS) (Dow Chemical, Midland, MI) sheets by
“layer-by-layer” deposition as described in detail elsewhere.2! Briefly, PEMs with the
desired number of multilayers were assembled on PDMS sheets using a StratoSequence
Robot (nanoStrata Inc, Tallahassee, FL), by sequential incubation in solutions (0.01 M by
repeat unit) of PAA (pH 5.5) and PAH (pH 7.5) for 10 minutes each. The formation of the
PEMs onto PDMS was initiated by the adsorption of PAH. PDMS sheets were rinsed with
deionized water 3 times for 1 minute each after immersion in each polyelectrolyte solution.
After assembly, the PEMs were dried in vacuum at 60°C for 1 hour. Number of bilayers (1)
fabricated are denoted as (PAH/PAA) .

Negatively charged, crimson fluorescent (Ext/Em—625/645 nm) carboxylate-modified
polystyrene (PS) microspheres, 2 wm in diameter (Cat No. F8816; Invitrogen, Carlsbad,
CA), were incorporated into the PEMs as described elsewhere.2! Briefly, PAH(PAA/
PAH)19 multilayers deposited on PDMS sheets and terminating in a positively charged PAH
layer were incubated with a 1 wt% suspension of microspheres for 2 hours and then were
washed 3 times with water. Subsequently, another set of (PAH/PSS), multilayers was
deposited over the microspheres (PSS = poly(styrenesulfonate), Mw = 70 kDa, Sigma). This
was followed by the deposition of a layer of positively charged 20-nm diameter
poly(vinylpyrrolidone)-coated silver nanoparticles (NanoAmor Inc, Houston, TX).23-25
Briefly, a 0.2 wt% suspension of nanoparticles in aqueous solution, adjusted to pH 2.0 using
dilute nitric acid, was sonicated and vortexed for 30 minutes several times for homogenous
suspension. The suspension was then incubated over the PEMs ending with negatively
charged PSS for 2 minutes and then rinsed off with water 3 times. To increase the loading of
silver in the PEMs, another set of PSS(PAH/PSS), multilayer was deposited over the first
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layer of silver nanoparticles, followed by deposition of the second layer of silver
nanoparticles. Finally, the PEMs were capped with a set of (PAA/PAA), multilayer.

The final structure of the PEMs is denoted as PAH(PAA/PAH)19(PS-microspheres)(PAH/
PSS),(Ag-NP)PSS (PAH/PSS),(Ag-NP)(PAA/PAH),. The incorporation of micro-spheres
into the PEMs was quantified by fluorescent imaging. An Olympus IX70 inverted
microscope equipped with Chroma (Chroma Technology Corp, Rockingham, VT)
fluorescence filter cubes was used to image the fluorescence from fluorescent PS
microspheres. Images were captured and analyzed using the Metavue version 7.1.2.0
software package (Molecular Devices, Toronto, Canada).

The loading of silver incorporated into the PEMs was determined by extracting silver from
PEMs into diluted nitric acid for 24 hours. The concentration of Ag* extracted from the
PEMSs was measured by elemental analysis using an inductively coupled plasma emission
spectrometer (ICPES; Perkin Elmer Optima 3000 DV) at the wavelength of 328.068 nm, as
described elsewhere.1?

Mechanical Transfer of Silver-Nanoparticles—Impregnated PEMs on Biobrane

For transferring the prefabricated PEMs onto Biobrane, PDMS sheets supporting PEMs
were placed onto the wound-contact surface of the dressing and pressed with a handheld
seam roller (McMaster-Carr, Robbinsville, NJ). A pressure of approximately 200 kPa was
applied to the sheets in contact with the dressing for 30 seconds, as described elsewhere.?!
Imaging of the fluorescently labeled micro-spheres on the PDMS sheets and the dressing
was used to confirm transfer of PEMs onto the dressing quantitatively. Extraction of silver
from PEMs loaded onto the dressing was used to quantify the amount of silver transferred to
the dressing.

In Vitro Antibacterial Assay

For all in vitro and in vivo studies, a bacterial suspension of S aureus subspecies aureus
ATCC 25923 was used. The assay for testing the antibacterial efficacy of silver-nanoparticle
PEMs has been described previously.1921 Briefly, test substrates (Biobrane loaded with
PEMs, n = 5; and untreated Biobrane, n = 5) were cut using biopsy punches to fit into the
wells of a 96-well PS plate (approximately 6-mm diameter wells), placed at the bottom of
the wells, and incubated with 100 p.L of phosphate-buffered saline (PBS) buffer containing
107 colony forming units (CFU) of bacteria. The plate was incubated on a shaker at 100 rpm
within an incubator at 37°C. After 24 hours of incubation, the supernatants were collected
and the wells were rinsed twice using ice-cold PBS and collected with the supernatants for
bacterial quantification. Serial dilutions of each sample were plated onto blood agar plates.
The plates were incubated overnight at 37°C and colony counts were performed and log-
transformed for graphical representation and statistical analysis. Samples from each group
were averaged, and statistical analysis was performed using statistical software, SigmaPlot
(Systat Software, Inc, San Jose, CA). Groups were compared using a Student #test, and
significance was set at a £< 0.05.

In Vivo Studies

All experimental protocols were approved by the Institutional Animal Care and Use
Committee of the University of Wisconsin. Phenotypically normal male mice (heterozygous
for Lepr®, Jackson Laboratories, Inc) between the ages of 8 to 12 weeks were used for the
studies. Mice were housed in groups during a 1-week acclimation period before the study
but housed individually thereafter. Throughout the study period, mice were maintained in a
temperature-controlled facility with a standard light/dark cycle. All mice were provided with
environmental enrichment and food and water ad /ibitum. Mice were randomly assigned to

Ann Surg. Author manuscript; available in PMC 2013 August 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Guthrie et al.

Page 5

either control or experimental groups on the day of surgery, and body weights were
recorded.

For wounding, mice were anesthetized with inhaled isoflurane, administered using an
induction chamber. The mice were injected subcutaneously with buprenorphine (0.1 mg/kg)
for pain control and the cranial thoracodorsal region was shaved and aseptically prepared for
surgery. A 6-mm biopsy punch was used to create 2 symmetrical wounds in the cranial
dorsal region, one on each side of midline. Mice were recovered from anesthesia on a
warming pad. Upon completion of the study, mice were killed by intraperitoneal injection of
Beuthanasia-D (Schering-Plough) solution (0.5 mL per mouse) after induction of anesthesia
as described earlier.

Wound Infection With S aureus

Ten microliters of either phosphate-buffered saline (controls; n = 4 mice) or the bacterial
suspension (2.5 x 10° CFU/cm?2; n = 16 mice) were applied topically to the wound and
allowed to absorb for 15 minutes. Wounds were left open, and mice were monitored daily
for signs of pain and illness. Body weights were obtained on postoperative days 1 and 3, and
at the end of the study.

On each of days 1, 2, 3, and 4 postoperatively, 1 control mouse and 4 inoculated mice were
killed and the wounds harvested for quantitative bacterial analysis. All wounds were
completely excised, to include a deep tissue layer, using aseptic technique with a 6-mm
biopsy punch and homogenized for 15 minutes with 1 mL of phosphate-buffered saline.
Homogenates were serially diluted and plated on blood agar plates. Plates were incubated
overnight at 371C and colony counts were performed.

Bacterial Dose—Response for Wound Infection With Biobrane

A modified splinted full-thickness murine wound model was used for the remainder of the
studies (Fig. 1). Silicone O-rings (McMaster-Carr, inner diameter 11 mm, outer diameter 15
mm) were applied to the skin 4-mm caudal to the base of the ears on each side of the dorsal
midline and secured with tissue glue (Tissumend Il) and six 5-0 interrupted nylon sutures
(Fig. 1). O-ring splint application was used to decrease contracture of the wound margins
over the course of the study.26 Wounds were centered in the skin circumscribed by the O-
ring. Ten microliters of either phosphate-buffered saline (controls; n = 2 mice) or bacterial
suspension were applied topically to the wound and allowed to absorb for 15 minutes. Three
doses of bacteria were tested (3.7 x 103, 3.7 x 104, and 3.7 x 10° CFU/cm?); each dose was
applied to the wounds of 3 mice. Each wound was then covered with an 8-mm disc of
Biobrane, which had been sterilized by UV light for 30 minutes. Sterile nonadherent
padding was placed on top of the Biobrane, and the entire construct was covered with
Tegaderm (3M), secured with tissue glue. Body weights were obtained on postoperative day
1 and at the end of the study. After 72 hours, all mice were killed and all wounds and
Biobrane pieces were harvested and processed for bacterial quantification as described
earlier.

Wound Infection With Silver-Iimpregnated Biobrane

Preparation of silver-nanoparticle PEMs onto the wound contact surface of Biobrane was
performed as described earlier. Wounds were created and splinted as described earlier. Ten
microliters of bacterial solution (1.8 x 105 CFU/cm? S aureus) were applied topically to each
wound and were allowed to absorb for 15 minutes. Wounds were covered and monitored as
described earlier. Control mice (n = 10) received untreated Biobrane and the experimental
group (n = 10 mice) received Biobrane-Ag. After 72 hours, all mice were killed and all
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wounds with the applied Biobrane were harvested and processed for quantitative
bacteriology as described earlier.

For all in vivo studies, bacterial quantification (per cm? wound surface area) was calculated
for each wound and log-transformed for graphical presentation and statistical analysis. If a
wound yielded zero bacterial growth, a value of 0.1 was assigned to the plate of the highest
dilution for analytical purposes. For the initial study, results for the 2 wounds on each mouse
were averaged. For the Biobrane studies, wounds from each experimental group were
averaged. Statistical analysis was performed for the in vivo Biobrane-Ag study using
SigmaPlot and R software (version 2.11.1). Treatment groups were compared using the
Mann-Whitney U'test and significance was set at £< 0.05. For further analysis, wounds
with no bacterial growth were counted in each group and groups were compared using
Fisher exact test, with significance set at £< 0.05.

In vitro Studies

PEMs containing fluorescent microspheres and layers of silver nanoparticles were
efficiently transferred from the PDMS sheets onto the wound-contact surface of the
Biobrane, as shown in fluorescent micrographs (Fig. 2). Multiple applications were used to
achieve uniform coating. Quantitatively, the fraction of the fluorescent area transferred from
the PDMS sheets onto the Biobrane was 90% + 3% (averaged over 10 samples).

Silver loading in the PEMs was found to be 11.85 + 2.28 pg/cm? for Biobrane loaded with
PEM s containing one layer of silver nanoparticles, and 20.89 + 4.57 pg/cm? for Biobrane
loaded with PEMs containing 2 layers of silver nanoparticles (Fig. 7). The modified dressing
released less than 1 pwg/cm? of silver each day and provided a sustained release of silver into
the aqueous solution for the 10 days that the experiment was performed (Fig. 8). For
relevance, it should be noted that commercially available textile-/fabric-based silver
dressings such as Acticoat release up to 100 pg/cm? of silver ions in agueous solutions in 24
hours.16

The in vitro antibacterial assay demonstrated that Biobrane-Ag significantly decreased the
concentration of S aureus present, compared to untreated Biobrane (P < 0.001) (Fig. 3).
Bacterial numbers were decreased by more than 4 orders of magnitude, equivalent to a
99.99% reduction in total bacteria.

In Vivo Studies

Wound Infection With S aureus—All mice completed all in vivo studies with no
mortality, surgical complications, signs of pain, illness, or significant weight loss. Wounds
that were not inoculated with bacteria (control group) had minimal growth of organisms on
days 1 and 2 and no growth by days 3 and 4 (Fig. 4). Inoculated wounds yielded an average
concentration of 4.7 x 103 CFU/cm? S aureus on day 1, 7.6 x 104 CFU/cm? on day 2, 2.1 x
10* CFU/cm? on day 3, and 1.5 x 102 CFU/cm? on day 4. Two mice achieved
concentrations of bacteria higher than the initial inoculating dose. One inoculated wound
evaluated on day 3 had colony-forming units at the highest dilution that were too numerous
to count and the wound was not included in data analysis.

Bacterial Dose—Response for Wound Infection With Biobrane—Wounds from all
control mice that were not inoculated with bacteria before application of Biobrane yielded
zero colony-forming units (data not shown) at the end of 72 hours. The numbers of bacteria
recovered from inoculated wounds increased with the inoculating dose and were always
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higher than the inoculating dose. Wounds inoculated with 3.7 x 103, 3.7 x 104, or 3.7 x 10°
CFU/cm? yielded an average of 1.4 x 105, 2.4 x 106, and 4.7 x 107 CFU/cm?, respectively,
at 3 days after inoculation and application of Biobrane (Fig. 5).

Wound Infection With Silver-Impregnated Biobrane—The Biobrane-Ag used in this
experiment was loaded with PEMs containing 2 layers of silver nanoparticles, and released
20.89 + 4.57 wglem? of silver over 24 hours in dilute nitric acid, as determined by ICPES.

The average number of colony-forming units present in wounds of inoculated mice with
untreated Biobrane was 1.3 x 107 CFU/cm? (Fig. 6). In contrast, treatment of wounds with
Biobrane-Ag yielded wounds in which the quantity of bacteria recovered was reduced by
approximately 5 orders of magnitude to an average of 7.0 x 102 CFU/cm? (P< 0.001 vs
control wounds).

When evaluating elimination of bacteria under the Biobrane wound dressing, only 2 of 20
wounds (10%) in the inoculated control group with untreated Biobrane yielded zero growth
upon quantitative bacteriology. In contrast, the number of wounds with zero bacterial

growth was significantly higher (P < 0.01) in wounds where Biobrane-Ag was applied (11 of
20 wounds, or 55%, with zero growth).

DISCUSSION

In this study, we have shown that silver-nanoparticle PEMs can be easily transferred to a
biological dressing without chemical processing, and without damaging the integrity of the
dressing. We have also shown that silver-nanoparticle PEMs exhibit antimicrobial activity in
vitro against S aureus when immobilized on the wound contact surface of Biobrane. We
have detailed a successful in vivo murine wound infection model, in both uncovered and
covered wounds utilizing a biological dressing. When testing silver-nanoparticle PEMs in
our in vivo model, we found that immobilization of nanoparticulate silver onto a biological
dressing (Biobrane) using a PEM-based technology results in a significant decrease in
bacterial bioburden beneath the dressing at 72 hours after application to contaminated
wounds.

Utilization of a PEM-based strategy represents a broad technological platform for
immobilization of a wide variety of agents onto soft surfaces. Immobilization of agents
either directly onto the wound surface or at the interface between a biological dressing and
the wound represents a substantial technical advance over current methods. Using
contemporary silver-containing wound dressing products as an example, current methods
involve deposition of large amounts of silver into the dressing to create a macroscopic
reservoir from which silver can diffuse across wound fluids and into the wound bed. These
high concentrations of silver in the dressing result in poor control of the amount of silver
released into the wound and can cause cellular toxicity.1? In contrast, a PEM-based
approach allows precise tuning of the concentration of silver to be released and places it at
the site of action, the wound surface, where it can exert its antimicrobial effects at lower
nontoxic concentrations. A further advantage of our PEM-based approach for
immobilization of silver is that the PEMSs can be transferred to a soft surface with no
additional chemical processing. Biological dressings have not previously been effectively
combined with silver because the harsh chemical processing involved has deleterious effects
on the biological components of these dressings. In utilizing PEMs for immobilizing silver
on such a dressing, all fabrication of the silver-impregnated PEM film is done separately and
then the dressing and PEM are combined into a single construct by gentle pressure. This
process does not damage the dressing or its biological properties, while augmenting it with
an antibacterial component.

Ann Surg. Author manuscript; available in PMC 2013 August 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Guthrie et al.

Page 8

A key observation of this study was that the development of infection in a contaminated
wound covered with Biobrane could be suppressed by augmenting the dressing with a silver-
impregnated PEM film. This was clearly shown by wounds covered with Biobrane alone
that had a quantity of bacteria present in the wound that exceeded the initial inoculum,
whereas wounds treated with Biobrane-Ag exhibited a decline in bacterial numbers well
below 10° CFU/cm?. In fact, the majority of wounds treated with Biobrane-Ag had no
bacteria recoverable within the wound tissue after 72 hours. These outcomes provide strong
evidence that support the evaluation of a Biobrane-Ag construct in a clinical situation, where
most chronic wounds and many acute partial-thickness wounds would be considered to be
“at risk” for nonadherence and infection under a biological dressing.

S aureus is often cited as the most common bacterial species isolated in burns,2’-29 chronic
wounds,39 and surgical site infections,3! which is why we chose to use it as our inoculating
organism. Further studies with Biobrane-Ag need to be conducted using other commonly
isolated organisms from burns and chronic wounds, such as Pseudomonas sp.

In this study, 2 wounds of 20 in the control inoculated group had no bacteria recovered. The
reason for this could be experimental error, or an indication that the animal's immune system
can occasionally clear the infection under the Biobrane. However, this result was in stark
contrast to the wounds treated with Biobrane-Ag, where 11 wounds had no bacteria and the
remainder had significant reductions in bacterial counts to a level less than what is
considered to indicate clinical infection. The difference between the experimental and
control groups with respect to the number of wounds with no bacterial growth was
significant.

The model used for this study is relevant to clinical use of Biobrane, where
recommendations indicate that it takes approximately 48 to 72 hours for Biobrane to adhere
to the wound bed.32 If Biobrane does not adhere to the wound bed, infection is likely
present. The indications for Biobrane, similar to other biologic dressings, are that it should
not be applied to wounds colonized with bacteria. Typically, a wound with a significant
microbial bioburden would have a concentration of bacteria at the wound surface of more
than 10° CFU/qg tissue.30:33-36 For Biobrane, concentrations of bacteria at that level will
result in nonadherence and clinical infection.37-38 We chose our inoculating dosages of
bacteria on the basis of this knowledge and our confirmatory dose—response studies. Our
bacterial dose—response experiments showed that the dose of 105 CFU/cm? resulted in the
most consistent infection (least variance) compared to lower dosages.

Although the initial studies in which wounds were left uncovered established colonization of
the wound surface, the addition of Biobrane as a wound cover potentiated the infection of
contaminated wounds. This was indicated by a decrease in bacterial concentration on the
surface of uncovered wounds starting after day 2, which was in contrast to wounds covered
with Biobrane where the concentration of bacteria increased over the same time period. This
observation in our model mimics problems seen in the clinical situation where it is well
known that covering wounds can result in significant wound contamination that negates the
benefits seen with use of such dressings.

There are limitations with the experimental model used in this study, compared with wounds
generally encountered in the human population. Human wounds exhibit differences in
healing characteristics compared with mice, where contraction is a much more significant
component of wound healing.3° Thus, we utilized a splinted wound model to minimize the
contraction, as has been shown previously,28 and to reduce potential difficulties that could
arise with adherence of Biobrane to an aggressively contracting wound. Furthermore,
Biobrane is not indicated for full-thickness wounds as was done here. However, the
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difficulty in consistently creating partial-thickness wounds in mice, combined with our goal
to study the impact of a silver-impregnated PEM dressing construct in reducing wound
bioburden, led us to conclude that the murine full-thickness skin wound model was
warranted for these first proof-of-principle studies. Future studies examining silver
nanoparticle PEM augmented dressings in a more clinically relevant partial-thickness wound
model, such as a porcine wound model, would be a valuable next step in investigating the
use of this technology.

In conclusion, we have shown that infection can be induced in full-thickness wounds in mice
with topical application of S aureus and that covering moderately contaminated wounds with
a biological dressing increases the severity and duration of the infection. Nanoparticulate
silver-impregnated PEMs can be immobilized on the wound contact surface of Biobrane,
creating a clinically applicable construct dressing that allows silver nanoparticles' direct
contact with the wound bed at concentrations that are not cytotoxic. In our murine wound
infection model, covering wounds with this new silver-augmented dressing resulted in a
decrease in bacteria to levels below that considered to indicate infection in a clinical
situation, and significantly less than that seen with untreated Biobrane. The antibacterial
efficacy of Biobrane-Ag, combined with its significantly lower loadings of silver than
conventional dressings, makes it a promising potential treatment for use in humans. Further
studies are needed to examine the use of Biobrane-Ag in partial-thickness burns and chronic
wounds, and to assess the use of this technology of nanoparticulate silver-impregnated
PEMs in other biological dressings.
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FIGURE 1.

Murine full-thickness skin wound model. A, O-ring placement on cranial dorsal region; B,
Sutures are placed and a 6-mm wound created using a dermal punch, to which a bacterial
solution is applied; C, For studies with Biobrane, an 8-mm Biobrane disc was applied to the
wound; and D, covered with a nonadherent pad and clear adhesive cover.
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FIGURE 2.

Transfer of fluorescently labeled PEMs from elastomeric sheets onto Biobrane. A, PDMS
coated with PEMs containing fluorescently labeled microspheres, scale bar 200 pum; B,
PDMS surface after transferring PEMs on to Biobrane, scale bar 200 wm; C, Surface of
loaded Biobrane, scale bar 200 um; D, Biobrane-Ag, magnified (scale bar 20 um). Note that
the pore at the bottom right of the micrograph is a normal feature of Biobrane.
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FIGURE 3.
In vitro assay evaluating the effect of silver-nanoparticle PEMs, immobilized on the wound

contact surface of Biobrane, on bacterial concentration after 5 hours of incubation. Silver-
treated samples had significantly lower concentrations of S aureus compared to controls, P<
0.001.
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Bacterial quantification in mouse wounds
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FIGURE 4.

Postoperative day

Bacterial colonization of full-thickness wounds after inoculation with S aureus (n = 16
mice). Wounds were inoculated with 2.5 x 105 CFU/cm? S aureus and left uncovered.
Wounds were harvested up to 4 days postinoculation for bacterial quantification. Control
mice were inoculated with saline (n = 4 mice). Each data point represents the average of 2

wounds in a single mouse.
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FIGURE 5.

Bacterial dose response for establishing infection under a Biobrane wound dressing in mice.
Mouse wounds were inoculated with saline, or 1 of 3 different doses of S aureus followed by
covering with Biobrane (n = 11 mice). All wounds were found to have higher numbers of
bacteria in the wound at 72 hours than the initial inoculation dose indicating bacterial
proliferation under the Biobrane wound dressing. Error bars denote standard error of the
mean.
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Bacterial quantification in mouse wounds
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FIGURE 6.

Effect of augmenting Biobrane with silver-nanoparticle PEMs on wound infection in mice
inoculated with S aureus. Wounds were inoculated with 1.8 x 105 CFU/cm? S aureus and
covered with either untreated Biobrane (n = 10 mice) or Biobrane augmented with silver-
nanoparticle PEMs (n = 10 mice). Augmentation of Biobrane with silver resulted in
reductions in bacterial counts to levels significantly less than that of untreated Biobrane, and
reaching levels below that considered significant for a clinical wound infection. Error bars
denote standard error of the mean. Groups significantly different (Mann-Whitney Utest, P<
0.001). Red line indicates initial inoculating dose.
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FIGURE 7.

Efficient transfer of silver from PDMS sheets onto the wound-contact surface of the
Biobrane was obtained using PEMs containing 1 layer or 2 layers of 20 nm silver
nanoparticles, measured by 24 hour extraction silver ions in nitric acid from PDMS sheets
before and after transfer, and Biobrane after transfer (Biobrane-Ag).
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FIGURE 8.

Sustained release of silver ions into milliQ water from the Biobrane loaded with PEMs
containing 1 layer or 2 layers of silver nanoparticles, denoted in the graph as 1 layer or 2
layers, respectively. Data are presented as average and standard deviation over 5 samples for
each time point.
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