UC Davis
UC Davis Previously Published Works

Title

Integration of Silver Nanoparticle-impregnated Polyelectrolyte Multilayers Into Murine-
Splinted Cutaneous Wound Beds

Permalink

https://escholarship.org/uc/item/1rv9b71m

Journal
Journal of Burn Care & Research, 34(6)

ISSN
1559-047X

Authors

Guthrie, Kathleen M
Agarwal, Ankit
Teixeira, Leandro BC

Publication Date
2013

DOI
10.1097/bcr.0b013e31827e7ef9

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/1rv9b71m
https://escholarship.org/uc/item/1rv9b71m#author
https://escholarship.org
http://www.cdlib.org/

1duosnue Joyiny 1duosnuep Joyiny 1duosnuen Joyiny

1duasnuen Joyiny

Author manuscript
J Burn Care Res. Author manuscript; available in PMC 2015 October 18.

-, HHS Public Access
«

Published in final edited form as:
JBurn Care Res. 2013 ; 34(6): e359-e367. doi:10.1097/BCR.0b013e31827e7ef9.

Integration of silver nanoparticle-impregnated polyelectrolyte
multilayers into murine splinted cutaneous wound beds

Kathleen M. Guthrie, DVM!, Ankit Agarwal, PhD?, Leandro B. C. Teixeira, MS, DVM3,
Richard R. Dubielzig, DVM3, Nicholas L. Abbott, PhD2, Christopher J. Murphy, DVM,
PhD14.5 Harpreet Singh, BS, DVM’, Jonathan F. McAnulty, DVM, PhD1, and Michael J.
Schurr, MD®

1University of Wisconsin, School of Veterinary Medicine, Department of Surgical Sciences

2University of Wisconsin, Department of Chemical and Biological Engineering

SUniversity of Wisconsin, School of Veterinary Medicine, Department of Pathobiological Sciences
4UC Davis, School of Medicine, Department of Ophthalmology and Vision Science

5UC Davis, School of Veterinary Medicine, Department of Surgical and Radiological Sciences
8University of Colorado-Denver, School of Medicine, Department of Surgery

“Tufts University, Cummings School of Veterinary Medicine

Abstract

Silver is a commonly used topical antimicrobial. However, technologies to immobilize silver at
the wound surface are lacking, while currently available silver-containing wound dressings release
excess silver that can be cytotoxic and impair wound healing. We have shown that precise
concentrations of silver at lower levels can be immobilized into a wound bed using a
polyelectrolyte multilayer (PEM) attachment technology. These silver nanoparticle-impregnated
PEMs are non-cytotoxic yet bactericidal in vitro, but their effect on wound healing in vivo was
previously unknown.

Objective—The purpose of this study was to determine the effect on wound healing of
integrating silver nanoparticle/PEMs into the wound bed.

Methods—A full-thickness, splinted, excisional murine wound healing model was employed in
both phenotypically normal mice and spontaneously diabetic mice (healing impaired model).

Results—Gross image measurements showed an initial small lag in healing in the silver-treated
wounds in diabetic mice, but no difference in time to complete wound closure in either normal or
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diabetic mice. Histological analysis showed modest differences between silver-treated and control
groups on day 9, but no difference between groups at the time of wound closure.

Conclusions—We conclude that silver nanoparticle/PEMs can be safely integrated into the
wound beds of both normal and diabetic mice without delaying wound closure, and with transient
histological effects. The results of this study suggest the feasibility of this technology for use as a
platform to effect nanoscale wound engineering approaches to microbial prophylaxis or to
augment wound healing.

Keywords
silver nanoparticles; murine; wound; polyelectrolyte multilayers; splinted

Introduction

Silver has been used for many years to prevent and treat wound infections. Silver is
advantageous because of its broad spectrum of activity?, including efficacy against fungi?
and antibiotic-resistant bacteria.># There are many commercial wound dressings available
that contain silver®, but recent research has shown that the concentrations of silver released
from these dressings are cytotoxic®-8, may impair wound healing®, and may even cause
systemic illness.10:11 The ability to integrate a concentration of silver directly into wound
beds that is non-cytotoxic to host tissue and still exhibits antibacterial efficacy would be a
significant advancement in the treatment of burn wounds.

The use of nanoparticulate silver in nanometer-thick polyelectrolyte multilayer (PEM) films
was recently described.12 These films are comprised of alternating layers of oppositely
charged polyelectrolytes poly(allylamine hydrochloride) (PAH) and poly(acrylic acid)
(PAA). The PEMs are assembled through a layer-by-layer deposition process, and precise
loadings of silver nanoparticles can be impregnated within the films.12 As shown by in vitro
studies, silver at concentrations of ~0.4 pg/cm? or less in PEMs exhibited no cytotoxic
effects to mammalian fibroblasts, but were bactericidal against Saphylococus epidermidis.12
Further work with silver nanoparticle-impregnated PEMs (silver NP/PEMs) demonstrated
that they can be integrated onto the dermal surface of a skin substitute, gamma-irradiated
human cadaver skin (GammaGraft®, Promethean LifeSciences, Inc.), and exert bactericidal
activity against S epidermidis and Pseudomonas aeruginosa ATCC® 27853™ 13
Subsequent data from our laboratory confirmed that silver NP/PEMs exhibited bactericidal
activity against Saphylococcus aureus subsp. aureus ATCC® 25923™ in vivo. 14

Although the in vitro studies showed that silver NP/PEMs were not cytotoxic to murine
fibroblasts, the in vivo effect on wound healing remained unknown. The purpose of this
study was to determine whether the presence of silver NP/PEMs in a wound bed would be a
detriment to wound healing. A full-thickness, excisional, splinted wound model in mice was
employed. The splinted wound model has been shown to decrease wound contraction in
mice, allowing epithelialization to play a more prominent role in healing and more closely
mimic human wound healing.1® The studies were performed in both phenotypically normal
and genetically diabetic mice, as models of normal and impaired® wound healing,
respectively. We hypothesized that the application and presence of silver NP/PEMs within
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the wound bed would not impair wound healing in the diabetic mice or their heterozygous
(phenotypically normal) littermates. We also hypothesized that diabetic mice would have
impaired wound healing in this excisional splinted model, compared to heterozygous mice.

Methods

Silver nanoparticle-impregnated PEMs

Materials and methods used to fabricate PEMs were adapted from a previous study.13
Briefly, PEMs of oppositely charged weak 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) sheets by alternate ‘layer-by-layer’ deposition using a StratoSequence Robot
(nanoStrata Inc, Tallahassee, FL). The PDMS sheets were sequentially incubated in
solutions of PAA (pH 5.5) and PAH (pH 7.5), at 0.01 M by repeat unit, for 10 minutes each,
and rinsed with Milli-Q™ (Millipore Corporation) water three times after immersion in
polyelectrolyte solutions. Following deposition of 10 bilayers of PAH and PAA, a
monolayer of negatively charged carboxylate-modified polystyrene microspheres (crimson
fluorescent, Ext/Em- 625/645 nm; Invitrogen, Carlsbad, CA) was assembled, as described
elsewhere.13 Additional bilayers of PAH and strong polyelectrolyte poly(styrenesulfonate)
(PSS; Mw=70 kDa, Sigma) were assembled over the microspheres to facilitate deposition of
poly(vinylpyrrolidone) (PVP)-coated silver nanoparticles (20 nm diameter) obtained from
NanoAmor, Inc (Houston, TX).17-19 A 0.2 wt% suspension of silver nanoparticles in water,
adjusted to pH 2.0 using nitric acid to protonate PVP, was incubated for 30 minutes over
PEMs ending in negatively charged PSS, and subsequently rinsed with water. The silver
nanoparticle layer was finally capped with bilayers of PAH and PAA. The final structure of
the PEMs used in this study can be denoted as PAH(PAA/PAH)1o(PS-microspheres)(PAH/
PSS),(AgNP)(PAA/PAH),. Silver loading in PEMs was determined by extracting silver
from the films in 2% nitric acid over 24 hours and measuring extracted silver-ion
concentrations using inductively-coupled plasma emission spectroscopy (ICP-ES) as
described elsewhere.12 Sustained cumulative release of silver from the PEMs in Milli-Q™
water was measured every 24 hours for 10 days.

A pilot study was conducted to evaluate the ability to transfer the PEMs into the wound
beds. Fluorescently labeled microspheres were incorporated within the PEMs, and the
PEMs, supported by the PDMS sheets, were mechanically transferred to the wound beds by
applying approximately 200 kPa of pressure. The transfer of PEMs was confirmed visually
by identifying the fluorescence within the wound bed. Silver extraction was performed on
the PDMS sheets following transfer, to quantify the amount of silver that remained.

For the present study, PDMS sheets supporting silver-nanoparticle/PEMs were cut to the
size of the wounds and the PEMs were mechanically transferred onto the wound beds. This
was established with an approximate pressure of 200 kPa applied on PDMS sheets against
the wounds until transfer of the PEMs was confirmed visually. Although the microspheres
of the PEMs were not fluorescently labeled for the in vivo portion of this study, transfer of
the PEMs, as indicated by transfer of the color associated with the silver nanoparticles,
could be visualized with the naked eye.
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Genetically diabetic (db/db) male mice and their phenotypically normal heterozygous
littermates (Leprd®, Jackson Laboratories, Inc.) between the ages of 8-12 weeks were used
for the studies. Mice were housed in groups during a one-week acclimation period prior to
the study and housed individually post-operatively. Mice were maintained in a temperature-
controlled facility with a standard light/dark cycle and were provided with environmental
enrichment, and food and water ad libitum.

All experimental protocols were approved by the Institutional Animal Care and Use
Committee (IACUC) of the relevant institution. Mice were anesthetized in an induction
chamber with inhaled isoflurane. The hindlimb nails were clipped to prevent trauma to the
wounds. 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.
Two silicone O-rings (McMaster-Carr®, inner diameter 11 mm, outer diameter 15 mm)
were applied to the skin four mm caudal to the base of the ears, one on either side of the
dorsal midline, and secured with cyanoacrylic tissue glue (Instant Krazy Glue® Gel; Elmer’s
Products, Inc.) and eight 5-0 interrupted nylon sutures. The O-rings served as splints and
were used to decrease contraction of the wound margins over the course of the study.1®
Sterile 6-mm biopsy punches were used to create two symmetrical wounds centered in the
skin surrounded by the two O-rings in each mouse. Wounds were left uncovered and the
mice were recovered from anesthesia on a warming pad. Mice were monitored daily for
signs of pain and illness. Mice were weighed on days 0, 1, and 3 post-operatively, and every
three days thereafter. At the end of the study, mice were euthanatized by injection of
Beuthanasia®-D (Schering-Plough) solution (0.5 ml/mouse) intraperitoneally after induction
of anesthesia as described above.

Mice were randomly assigned to either the control or experimental groups on the day of
surgery (10 db/db or heterozygous mice per group, total n = 40 mice). Control mice received
no treatment. Silver NP/PEMs were transferred to the wounds of the mice in the
experimental group as described above.

For the duration of the studies, the splints and sutures were monitored daily. Any loss of
contact between the splint and skin was repaired with cyanoacrylate tissue glue. Broken or
missing sutures were replaced under anesthesia as described above, and buprenorphine was
administered subcutaneously (0.1 mg/kg) for pain control. Wounds were censored from
analysis if two or more sutures were broken or missing within a 24-hour period.

Wound analysis

Wounds were photographed on days 0, 1, and 3 post-operatively, and every two to three
days thereafter. Wound edges were traced in the digital images and the area calculated using
ImageJ20 software. Wound closure was reported at each time point as the remaining
percentage of the original wound area. On post-operative day 9, five mice in each group
were euthanatized and the wounds were harvested for histological analysis. The remaining
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mice were followed until complete wound closure and euthanatized at that time. Healed
wounds were also harvested for histological analysis.

For histopathology, harvested tissue was fixed in 10% buffered formalin for at least 24
hours, and subsequently sectioned through the center of the lesion. After routine paraffin
processing, tissue samples were serially sectioned at a thickness of 5 pm, making sure to
include the center of the lesion on the slide. Slides were stained with hematoxylin and eosin
and by picrosirius red. A mounted digital camera (Olympus DP72, Melville, NY) was used
to photograph the sections using light microscopy. Four parameters were evaluated on each
slide containing the center of the lesion: length of re-epithelialization, length of the epithelial
gap, amount of fibrovascular proliferation in the dermis, and inflammatory response scores.
Measurements were taken and analyzed using software (CellSence Dimension 1.4,
Olympus, Melville, NY). Length of re-epithelialization was defined by the length of the
layer of proliferating keratinocytes in the wound bed, and was calculated by measuring the
distance between the free edge of the keratinocyte layer and the base where the cells were
still associated with native dermal tissue (Figure 1). The measurements from each side of the
wound were added together for one value. For wounds that were completely re-
epithelialized, a single measurement was taken from base to base. The epithelial gap was
defined as the area of the wound not covered by advancing keratinocytes (Figure 1A and B).
Inflammation was subjectively assessed by evaluating infiltrates of lymphocytes, plasma
cells, macrophages and neutrophils using a semi-quantitative scoring system ranging from 0
to 4 where 0 indicates no inflammation, 1 indicates 0-25% of the wound area affected, 2
indicates 25-50% of the wound area affected, 3 indicates 50-75% of the wound area
affected, and 4 indicates >75% of the wound area affected (Figure 2A, B and C).
Fibrovascular dermal proliferation was measured by calculating the relative amount of
collagen in the wound bed compared to other types of tissue, highlighted by picrosirius red
stain under polarized light (Figure 3A, B and C). Image analysis software ImageJ was used
to measure the percentage of the wound area composed of collagen. A single author (LT)
analyzed the histological data, and this author was blinded to the treatment group of each
sample.

Statistical analysis

Results

Statistical analysis was performed using SigmaPlot® software (Systat Software, Inc.). Each
wound was analyzed individually. All normally distributed data were analyzed by Student’s
t-test. All non-normally distributed data were analyzed by Mann-Whitney U test.
Significance was set at p < 0.05. Values stated are mean +/- standard error of the mean
(SEM).

All mice completed the study with no mortality, surgical complications, signs of pain,
illness, or significant weight loss, as defined by a loss of >10% body weight. Four
heterozygous wounds (3 control and 1 silver-treated) and five db/db wounds (all silver-
treated, including both wounds of two mice) were excluded from the study because of loss
of multiple sutures. Silver loading into the PEMs, as measured by plasma emission
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spectroscopy was 11.58 +/— 2.33 pg/cm?. Daily silver release from the PEMs into Milli-Q™
water measured approximately 1 pg/cm? (Figure S1). The concentration of silver remaining
on PDMS sheets after transfer of the PEMs onto the wound surface was 1.63 +/- 0.49
Hg/cm?, meaning greater than 85% of silver was successfully transferred from PDMS sheets
onto the wound bed.

All heterozygous mice that were followed to wound closure had bilaterally healed wounds
by day 18 post-operatively. Control wounds healed between post-operative days 11 through
18 (15.8 +/- 0.4 days), and silver-treated wounds healed between post-operative days 14
through 18 (16.2 +/- 0.3 days). The wound appearances were grossly similar between both
groups throughout all time points (Figure 4). On day 3, the silver-treated group had a modest
but statistically significant increased wound closure compared to the control group (p <
0.001), although there were no differences noted at any other time point (Figure 5).

All db/db mice followed to wound closure had bilaterally healed wounds by day 22 post-
operatively. Control diabetic wounds healed between post-operative days 12 through 22
(17.7 +/- 1 days), and silver-treated wounds healed between post-operative days 18 through
22 (20.7 +/- 0.8 days). Wound closure of silver-treated wounds was significantly less on
days 3 (p=0.041), 6 (p=0.001), and 9 (p=0.017) but this difference was lost by day 12 and
thereafter (Figure 6).

Histological analysis of wounds harvested on post-operative day 9 showed that heterozygous
mice in both groups had comparable wound sizes and length of re-epithelialization
measurements (Table 1). The silver NP/PEM group exhibited a higher percentage of
collagen, approximately a 9% increase over controls, within the wound (p=0.01). There
were no significant differences in the studied histologic parameters at the end of the study.

Significant differences indicative of an initial delay in wound healing were present for all
histologic parameters measured in the diabetic groups on day 9 (Table 2). Wounds in the
silver NP/PEM group were larger with a greater epithelial gap (p<0.001), had less re-
epithelialization (p=0.008), exhibited a higher inflammation score (p=0.011), and had a
lower percentage of collagen in the wound (p=0.011) at that time point. However,
histopathological analysis of diabetic wounds at the end of the study showed no significant
differences between groups when evaluating re-epithelialization, epithelial gap, percentage
of collagen, and inflammation score.

Discussion

In this report, we show that silver NP/PEMs can be successfully incorporated into the wound
beds of mice without delaying complete wound closure. These studies highlight a
fundamentally different approach to wound management that allows incorporation of low
concentrations of silver directly into the wound bed by a facile method of transfer. The low
concentrations of silver released from the PEMs are up to 100 times less than the amount of
silver released in commonly used current commercial dressings, which serve as a
macroscopic reservoir from which silver must diffuse through wound fluid.13 The
integration of the silver NP/PEMs into the wound bed represents a novel approach, as this
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allows for active incorporation of silver-loaded PEMs into the wound surface and direct
bioengineering of the wound bed. The advantage of this approach is that silver is delivered
and immobilized directly at the site of action, bypassing the necessity for diffusion through
the wound fluid where the majority of silver would be deactivated by protein binding.°> This
allows increased effectiveness of the antimicrobial agent at the site of action and use of
lower concentrations of silver while retaining antimicrobial efficacy. These low, yet
antibacterial, concentrations of silver used in the PEMs have previously been shown to be
non-cytotoxic in vitro.12

It must be recognized that in vitro assays examining specific concentrations of silver for
cytotoxic and antibacterial effects may not directly relate to the in vivo situation but provide
proof of principle that a therapeutic window exists where antibacterial efficacy can be
achieved without significant cell toxicity. In vivo, some degree of silver ion inactivation
would be expected through reaction with nearby proteins. Thus, it is anticipated that the
effective therapeutic concentration window in vivo for this approach would be frame-shifted
upward somewhat compared to previous in vitro studies. In this study, we found that the
constructed silver NP/PEMs released approximately 1 pg/cm? into water and that 85% of the
silver on the PDMS template transferred to the wound, resulting in an estimated release of
approximately 0.85 pg/cm? silver in the wound bed. This concentration of silver, although
slightly higher than that previously shown to be non-cytotoxic in in vitro assays, did not
impair wound closure in this study, validating earlier conclusions that the use of PEMs for
immobilization of silver at the wound surface represents a nontoxic technology for wound
surface modification and antimicrobial prophylaxis.

In heterozygous mice, the histological analysis corroborated image analysis results, with no
significant differences between the groups regarding epithelial gap and re-epithelialization,
relative to wound size. The silver-treated group exhibited a significantly greater percentage
of collagen in the wounds than the control group on post-operative day 9. Although not
statistically significant, there was also a trend for the silver-treated group to exhibit a higher
inflammation score compared to the control group. One potential cause for such a trend may
relate to the experimental design of this study. In the current method for application of the
PEMs to the wound bed, manual pressure of the PDMS template against the wound is
required in order to successfully transfer the silver NP/PEMs from the PDMS to the wound
bed. Pressure could cause some minor tissue damage, leading to the release of inflammatory
mediators and an increase in the observed inflammatory reaction. An unpublished pilot
study conducted in our laboratory evaluating the effect on wounds of stamping alone did not
show a significant impact on wound closure in diabetic or heterozygous mice. That pilot
study, however, was conducted in an unsplinted wound model; a model that is more
dependent on wound contracture and less sensitive to low level tissue trauma. Although not
included in the current study, a sham wound treatment control group would assist in
clarifying the impact of tissue manipulation in the treated mice. Regardless, the wounds
healed to closure in the same time period and the histological differences between groups
seen on day 9 were not seen once the wounds were healed, indicating that any inflammatory
effect related to either the wound manipulation or the silver NP/PEMs on the tissue was both
minimal and transient.

J Burn Care Res. Author manuscript; available in PMC 2015 October 18.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Guthrie et al.

Page 8

In db/db mice, initial wound closure in the silver-treated group was slightly delayed
compared to control mice early in the study as seen on days 3, 6, and 9, but this difference
disappeared by days 12, 17, and 21. This early effect on healing may also relate to wound
trauma due to pressure applied during affixation of the silver NP/PEMs. This was a
particular concern in diabetic mice because of the pronounced layer of fat below the skin
due to morbid obesity in the db/db strain of mouse. It is likely that these diabetic mice would
be more susceptible to trauma due to excess fat in the wound base as well as from the
systemic effects of diabetes. Despite this initial lag in wound healing, however, the silver-
treated wounds closed at approximately the same time as the control wounds, and the
histopathology on the wounds at the time of closure showed no differences between the two
groups. These results indicate that even if the process of stamping or the presence of the
silver NP/PEM within the wound bed had any negative effect on healing, the effect was
short-lived and did not delay definitive wound closure.

Four heterozygous and five db/db wounds were not included in the statistical analysis
because they each had more than one suture lost within a 24-hour period. The presence of
the splint on the wound resists the contracting action of the panniculus carnosus muscle. As
the wound attempts to contract, tension builds between the skin and the splint. Eventually
one or more sutures may break, become untied, or be damaged by the mouse as the tension
becomes too great. We have found that in our studies using the splinted model, all mice
experience the loss of at least one suture during the course of the experiment. However,
although some contraction occurs when a suture is broken, a pilot experiment prior to this
study found that this effect was minimal and a consistent rate of wound closure achievable
by repair of the suture and splint. The loss of two or more sutures in one day, an uncommon
occurrence resulting in more contraction of the wound, was established as a criterion for
exclusion of those wounds from both gross image and histological analysis to maintain
homogeneity amongst the study animals. As hypothesized, splinted wounds in db/db mice
did heal more slowly than in their heterozygous littermates. This was consistent with
previous reports in the literature where impaired wound healing has been well documented
in db/db mice with both unsplinted?1-23 and splinted!® full-thickness excisional wound
models. Because the splinted wound model forces wounds to heal primarily by
epithelialization, it is reasonable to conclude that do/db mice suffer from impaired
epithelialization of their wounds, in addition to impaired contraction.

This study has some inherent limitations that should be considered in interpreting the results.
A larger sample size is always desired, and may have enabled us to find small but significant
differences between treatment groups. Additionally, the use of a rodent model makes it
difficult to extrapolate the results directly to the human population although the use of a
splinted wound model biases wound healing toward epithelialization and away from
contracture, thus more relevant to human wound healing. Furthermore, wounds were not
covered for ease of photography and to eliminate wound manipulations during the study
period; this does not mimic the typical clinical picture where a dressing is usually placed
over a wound. And finally, this study has focused on evaluation of silver NP PEMs in an
excisional wound model and thus may not mirror a clinical setting where this technology
may be used on partial-thickness wounds or more complex wound problems such as burns.
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However, this initial study using an excisional wound model provides proof-of-principle that
the engineering of a wound surface using a PEM-based technology is nontoxic and that
further studies should be undertaken in different wound types, such as in a burn wound
model and in large animal models such as swine where the skin is more similar to human
skin.

In conclusion, we have determined that the integration of silver NP/PEMs onto the wound
beds of db/db mice and their heterozygous littermates does not impair wound closure.
Nanoscale engineering of the wound surface using PEMs as an immabilization strategy for
cytoactive agents represents a novel approach to enhance the effectiveness of these agents
and enable wound healing strategies encompassing control of spatial, temporal and
concentration dependent characteristics of these agents at the wound surface. For control of
microbial bioburden, silver NP/PEMSs represent a new technology that holds promise for the
treatment of chronic and burn wounds colonized or infected with bacteria. This study forms
the basis for subsequent animal trials investigating the efficacy of these silver-NP/PEMs in
wound infection models and is a logical step towards the regulatory approval of this
technology for human clinical trials.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) Diabetic mouse wound day 9 post-operatively. (B) Measurement of epithelial gap

(dotted black line) and re-epithelialization (red lines). Asterisks identify the native,
unaffected dermal tissue. The arrow indicates the green ink used to mark the center of the
lesion. Diabetic mouse skin H&E. 20x magnification
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Figure 2.
Inflammatory infiltrate in the wound bed. (A) Wound with inflammation score of 1. (B)

Wound with inflammation score of 2. (C) Wound with inflammation score of 3. Arrows
denote areas of increased inflammatory infiltrate. Diabetic mouse skin H&E. 20x
magnification
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Figure 3.
Measurement of the fibrovascular dermal proliferation in the wound bed. (A) The wound

bed area in the digital image was outlined (illustrated as red lines) and it comprises a preset
depth of 0.75 mm (this is the average depth of the wounds in the experiment) and the
borders between preexisting dermal collagen and newly formed collagen. (B) Under
polarized light the bright collagen fibers of the wound bed are highlighted. (C) When the
wound is stained, software measures the collagen content (only collagen stains) and the final
data is expressed as a percentage of outlined wound area. Diabetic mouse skin, Picrosirius
red stain. 20x magnification
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Silver NP/PEMs Control

Day 0

Day 9

Figure 4.
Examples of heterozygous mouse wounds from each experimental group. Top photos are the

wounds immediately post-operative. The bottom row shows the same wounds on day 9.
Healing was comparable in heterozygous wounds between groups.
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Wound closure in heterozygous mice
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Figure 5.
Mean percentage wound closure in heterozygous mouse wounds with or without silver

NP/PEM treatment. Silver-treated wounds were significantly more closed on day 3 versus
control group (p < 0.001), n = 10 mice per group on days 3, 6, and 9 (20 wounds per group;
on day 9 there were 9 control wounds and 10 silver-treated wounds). N =5 mice per group
on day 12 (7 control wounds and 9 silver-treated wounds). Error bars denote standard error
of the mean.
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Wound closure in diabetic mice
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Figure 6.
Mean percentage wound closure in diabetic mouse wounds with or without silver NP/PEM

treatment. Wound closure of silver-treated wounds was significantly less on days 3 (p =
0.041), 6 (p =0.001), and 9 (p = 0.017) but similar thereafter, n = 10 mice per group (20
wounds per group) on days 3, 6, and 9. N = 5 mice per group on day 12 (10 control wounds,
9 silver-treated wounds), and 5 control and 3 silver-treated mice on days 17 and 21 (10
control wounds and 5 silver-treated wounds). Error bars denote standard error of the mean.
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Table 1

Histological analysis of heterozygous mouse wounds on day 9 post-operatively (n = 5 mice per group), and
once complete wound closure was noted bilaterally (n =5 mice per group). On day 9, there was a significantly
higher percentage of collagen present (represented by bolded text) in the silver-treated wounds (p = 0.011).
Wound size, re-epithelialization, and inflammation scores were not significantly different between groups. At
the end of the study, all wounds appeared histologically similar.

Day 9 End of Study
Silver Untreated Silver Untreated
Epithelial gap (diameter mm) | 0.45+/-0.27 0.45 +/-0.28 0 0
Re-epithelialization (mm) 4.02 +/-0.30 3.78 +/- 0.16 3.01+/-0.29 2.87 +/-0.29
Collagen (%) 4444 +]-2.17 | 35.49 +/-2.13 | 63.23 +/-4.55 | 67.69 +/- 4.65
Inflammation score (0-4) 2.00 +/-0.21 1.40 +/- 0.18 1.56 +/- 0.24 1.13 +/-0.29
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Table 2

Histological analysis of diabetic mouse wounds on day 9 post-operatively (n = 5 mice per group), and once
complete wound closure was noted bilaterally (n = 5 control and 3 silver mice). On day 9, all parameters were
significantly different between both groups. Silver-treated wounds were larger (p < 0.001), exhibited less re-
epithelilization (p = 0.008), contained a lower percentage of collagen (p = 0.011), and had a higher
inflammation score (p = 0.011). However, at wound closure, histopathological scores were similar.

Day 9 End of Study
Silver Untreated Silver Untreated
Epithelial gap (diameter mm) | 3.93+/~0.75 | 0.40 +/-0.24 0 0.46 +/- 0.37
Re-epithelialization (mm) 3.76 +/- 0.41 5.41 +/-0.38 4.82 +/- 0.59 4.07 +/- 0.62
Collagen (%) 20.27 +/-2.55 | 29.02 +/- 1.77 | 35.95+/-9.56 | 23.87 +/- 3.09
Inflammation score (0-4) 2.50 +/-0.17 1.90 +/-0.10 2.40 +/- 0.40 2.00 +/-0.21
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