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Abstract

Topical antimicrobials that reduce the bacterial bioburden within a

chronically-infected wound may have helpful or harmful effects on the healing

process. We used murine models of full-thickness skin wounds to determine

the effects of the novel biofilm-dispersing wound gel (BDWG) and its gel base

on the healing of uninfected wounds. The rate of wound closure over 19 days

was comparable among the BDWG-treated (BT) wounds and the controls.

Compared with the controls, histology of the BT wounds showed formation of

a stable blood clot at day 1, more neovascularisation and reepithelialisation at

day 3, and more organised healing at day 7. Fluorescence-activated cell sorting

analysis showed a lower percentage of neutrophils in wounded tissues of the

BT group at days 1 and 3, and significantly more M2 macrophages at day

3. Levels of proinflammatory cytokines and chemokines were increased over

the uninjured baseline within the wounds of all treatment groups but the

levels were significantly lower in the BT group at day 1, modulating the

inflammatory response. Our results suggest that BDWG does not interfere with

the wound healing process and may enhance it by lowering inflammation and

allowing transition to the proliferative stage of wound healing by day 3.
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Key Messages
• the goal of the study was to assess the effect of a novel broad-spectrum anti-

microbial agent on the wound healing process
• the study included examining: wound closure rate, histopathological

changes within the wounded tissues, immune cell infiltration, and the pro-
duction of wound related cytokines

• results showed that application of the formulated agent did not interfere
with the wound closure rate or any of the four stages of the wound healing
process
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1 | INTRODUCTION

Wound healing is a very complex process that is
characterised by four specific overlapping stages:
haemostasis, inflammation, proliferation, and remodelling
(Figure 1).1,2 Within 30 minutes post-wounding, the pro-
cess of haemostasis leads to formation of a stable fibrin
clot that provides a provisional matrix for incoming
immune cells (Figure 1).1,3,4 The inflammatory stage is ini-
tiated when plates within the fibrin clot, plus endogenous
cell molecules and cytokines and chemokines (C/C)
released by injured cells within the wounded tissue recruit
neutrophils and M1 macrophages to remove foreign bod-
ies, dead and damaged cells, and bacteria (Figure 1).5-10

These cells, together with resident immune cells in the
skin, secrete a variety of proinflammatory C/C such as
IL-6, IL-1β, CCL3, CXCL1, tumor necrosis factor-α, and
granulocyte-monocyte colony-stimulating factor (GM-
CSF) that recruit additional neutrophils and macrophages
to the site of the injury.5-9 Under the influence of GM-
CSF, tissue-dwelling macrophages and recruited mono-
cytes switch to M1 macrophages.7,8,10,11

Depending on the size of the wound, neutrophil infil-
tration slows after 2 to 3 days and the infiltrating neutro-
phils are triggered to undergo apoptosis by M1
macrophages, which then phagocytose them (effer-
ocytosis).7,8,10 With the initiation of the proliferation
stage in an uninfected wound, macrophages secrete IL-
10, vascular endothelial growth factor (VEGF), and other
C/C that induce infiltration of the wounded tissue by
fibroblasts and vascular endothelial cells (Figure 1).5,7,8

The proliferation stage is characterised by maturation of
the scab over the wound, epidermal hyperplasia at the mar-
gins, reepithelialisation, angiogenesis (neovascularisation),
and the formation of granulation tissue within the
wound.2,8,12 Additionally, efferocytosis triggers a pheno-
typic switch of the M1 macrophages to the M2 “anti-
inflammatory” phenotype, which are necessary for

remodelling of the matrix and final resolution of the
wound healing process.8,11,13

In the remodelling stage, M2 macrophages secrete IL-
10, transforming growth factor-β, and vascular endothelial
growth factor (VEGF) promoting replacement of granula-
tion tissue with cellular matrix, continued cell prolifera-
tion, synthesis of new extracellular matrix molecules, and
angiogenesis (Figure 1).7,11,13-15 The remodelling stage
overlaps the proliferative stage as the wound heals from
the margins inward across the bed of the wound. At this
stage, the levels of neutrophils within the margin and bed
of the wound drop, muscle and fatty tissue regenerate at
the margins and granulation tissue forms closer to the cen-
tre of the wound; neovascularisation continues while epi-
dermal hyperplasia expands coverage of the wound
surface, and hair follicle regeneration occurs
(Figure 1).16,17

Development of infection within a skin wound is a
major hindrance to healing as infected wounds fail to
proceed through the stages of healing in a timely man-
ner, becoming chronic wounds that are much more diffi-
cult to treat.18-21 An effective topical treatment for
chronic wounds would prevent infection or reduce the
wound bioburden significantly while enhancing, or at
least not interfering with, the wound healing process by
altering the cellular and/or molecular mechanisms of
wound healing. We have recently described a novel bio-
film dispersal agent (Next Science, Jacksonville, Florida)
as a treatment for chronic wounds.22 Using the murine
model of wound infections, we showed that the agent for-
mulated as a wound gel (biofilm-dispersing wound gel—
BDWG) prevented and eliminated the growth and prolif-
eration of different gram-positive and gram-negative
wound pathogens.22 However, the effects of BDWG on
the wound healing process remain unknown. In this
study, we used murine models of full-thickness skin
wounds to examine the potential effects of BDWG on dif-
ferent aspects of wound healing in uninfected wounds.

FIGURE 1 Timeline for stages

of healing of an uninfected wound

in the murine model
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2 | MATERIALS AND METHODS

See Table S1 for detailed descriptions and sources of all
materials, antibodies, and reagents.

2.1 | Full-thickness skin wound models

Adult female Swiss Webster mice (Charles Rivers Labora-
tory, Wilmington, Massachusetts) weighing 22 to 25 g
were used in the experiments. All animal experiments
were carried out in strict accordance with the recommen-
dations in the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health under a pro-
tocol approved by the Institutional Animal Care and Use
Committee of Texas Tech University Health Sciences
Center (TTUHSC).

For most experiments, full-thickness excisional
wounds were generated on the backs of mice as previ-
ously described.22,23 Mice were anaesthetised by intraper-
itoneal injection of 5% sodium pentobarbital at 5 mg/mL,
their backs were shaved, disinfected with 70% ethanol,
and 1.5 � 1.5 cm full-thickness excisions were made in
the skin with surgical scissors, removing the skin and
subcutaneous tissues down to the fascia. For analysis of
C/C, punch biopsy was used to create the full-thickness
wounds as previously described.24 Mice were prepared as
for the excisional model and three full-thickness skin
wounds spaced about a cm apart were made on the back
of each mouse using 6-mm disposable biopsy punches.

For both models, injured mice were divided into three
groups. Wounds of the untreated control (UT) group were
covered with a 22 � 22 mm piece of sterile gauze that was
secured using a transparent, moisture permeable, adhesive
dressing. For the second group of mice, the gauze was
spread with 400 mg of water-soluble polyethylene glycol
(PEG) gel base (PEG-treated; PT),22 which consists of PEG
400 plus PEG 3350 that has been shown to be inert, non-
pyrogenic, and non-toxic.25,26 For the third group, the
gauze was spread with 400 mg BDWG prior to application
to the wound (BDWG-treated; BT).22 The BDWG consists
of PEG gel base containing a proprietary, non-toxic formu-
lation (Xbio™ Technology, Next Science) that disrupts the
exopolysaccharide matrix of biofilms found in chronic
wounds. This renders the bacteria within the biofilm more
susceptible to the antimicrobial effect of the active ingredi-
ent benzalkonium chloride, which is incorporated in
BDWG at a concentration of 0.13%. Adhesive dressings
were then applied over the gauze dressings on all the
wounds.

Mice were monitored daily for up to 19 days post-
injury/treatment (dPIT) for signs of illness or wound infec-
tion (purulent wound exudate, redness of surrounding skin)

according to the protocol. At 1, 3, and 7 dPIT, three mice
from each group with excisional wounds were euthanised
and the wound bed plus approximately 3 mm of intact tis-
sue surrounding the excision wound was excised for further
analysis. In the punch biopsy model, an 8-mm biopsy
punch was used to collect the wound and margins.

2.2 | Wound closure measurement

Images of the excisional wounds on the backs of three
mice in each treatment group were taken at day 0 prior
to covering the wounds for the first time. At 1, 3, 7, 10,
13, 16, and 19 dPIT, mice were anaesthetised, the dress-
ings were removed, wound images were taken with a Sil-
houette wound imaging system (Aranz Medical,
Christchurch, New Zealand), and the surface area of each
wound was traced. After imaging, a fresh dressing was
applied to the wound. The same mice were observed
throughout this experiment.

2.3 | Histological examination

Histological analysis was performed on samples obtained
from the excisional model. At 1, 3, and 7 dPIT, three mice
from each group were euthanised and the wound bed
and surrounding intact tissue (about 3 mm) were excised
and fixed in 10% formalin. The samples were submitted
to the Department of Pathology, TTUHSC, for paraffin
embedding and sectioning. Representative paraffin-
embedded sections were stained with haematoxylin and
eosin (H&E) according to standard protocol27 and stained
sections were coverslipped using Permount mounting
medium. Histology of the sections was visualised under
100� and 200� magnification using a Zeiss Axiovert
200M microscope (White Plains, New York) in the Imag-
ing Core, TTUHSC. The sections were examined for the
infiltration of neutrophils, macrophages, and fibroblasts;
the presence of edema; and the formation of granulation
tissue, neovascularisation, epidermal hyperplasia, and
regeneration of hair follicles. For all descriptions of histo-
logical findings, “margin” refers to the edge of the wound
with adjacent intact skin; “wound bed” refers to the part
of the wound from which the skin was removed; and
“scab” includes the collection of cells and fluid above the
regenerating tissue and immediately beneath the scab
itself. As the inflammatory cells were not evenly distrib-
uted within the tissue, we counted the numbers of neu-
trophils within the H&E stained tissue using a standard
ocular grid (New York Microscope, Hicksville,
New York) or counted cells in the images rendered at
300 dpi within a 300 dpi2 grid.
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2.3.1 | Quantification of wound
reepithelialisation and hair follicles

Reepithelialisation of the wounded tissue was evaluated
on the H&E stained sections obtained from all groups at
1, 3, and 7 dPIT. We used the muscle layer (panniculus
carnosus) as an indicator of the initial wound edges as it
is the last to regenerate in the wound healing process.
Using a standard ocular grid, the distance from the mus-
cle layer to the end of the regenerating epithelium on one
wound edge and the distance between the muscle edges
were measured. Percent reepithelialisation was calculated
as follows: distance covered by regenerating epithelium/
distance between the muscle layers � 100.28,29 The num-
ber of reformed hair follicles was determined by counting
the regenerating hair roots in the newly formed epider-
mis within each tissue section.30

2.4 | Construction of panoramic images

Serial images covering the entire tissue section were cap-
tured using the Zeiss AxioCAM CCD camera. For con-
struction of the panoramic photomicrograph images,
image handling was done with Adobe Photoshop 21.2.4
release (San Jose, California). Individual images were
scaled to 300 dpi (4.627 � 3.467 in) followed by auto
levels and curves adjustments and the images were mat-
ched in sequence. The layers were flattened into one
image, which was rotated to a horizontal plane. Counting
of cells was carried out on the 300 dpi images. For pre-
sentation, compiled images were resized to 600 dpi. Pano-
ramic constructions represent half of the tissue sections
obtained at 1, 3, and 7 dPIT. Enlarged companion images
taken at �200 were processed similarly and cells were
counted if appropriate. Images were resized to 600 dpi
and matched to their respective panoramic. Labelling of
images was done in Photoshop.

2.5 | Immunohistochemistry assays

For M1 macrophage staining, the paraffin-embedded sec-
tions were sent to the Histology Research Core Facility
(University of North Carolina, Chapel Hill, North Caro-
lina) for 3,30-diaminobenzidine (DAB) staining utilising a
pan macrophage primary antibody (F4/80) and iNOS pri-
mary antibody.31,32 For M2 macrophage staining,
the avidin-biotin complex method was used.33,34

Briefly, the paraffin-embedded tissue sections were
deparaffinised, rehydrated, and antigen retrieval was
done using sodium citrate buffer. All sections were
blocked using 20% normal goat serum. The sections were

incubated with anti-arginase 1 primary antibody (1:500),
washed with phosphate buffered saline (PBS), and incu-
bated with biotinylated goat anti-IgG secondary antibody
(1:200). The sections were washed, treated with avidin-
biotinylated enzyme complex, and washed a final time.
To visualise the M2 macrophages, we utilised a two-
component DAB staining kit according to the manufac-
turer's directions. Sections were counter-stained with
haematoxylin and washed in distilled water several times.
All sections were visualised under �100 and �200 mag-
nification. As a negative control, PBS was used instead of
primary antibody. The numbers of M1 and M2 macro-
phages were determined by counting stained cells using a
standard ocular grid; or in the images rendered at
300 dpi, the numbers of stained cells within a
300 dpi2 grid.

2.6 | Fluorescence-activated cell
sorting analysis

Skin tissue harvested from mice with excisional wounds
at 1, 3, and 7 dPIT was minced with surgical scissors and
digested in RPMI 1640 medium with 0.25% Liberase TL
and 0.01% DNase I for 2 hours in an orbital shaking incu-
bator at 70 rpm and 37�C. The samples were passed
through sterile 40-μm cell strainers, and single-cell
suspensions were re-suspended in RPMI 1640 medium
containing 10% fetal bovine serum and penicillin-strepto-
mycin, and then washed in fluorescence-activated cell
sorting (FACS) buffer.35 Cells in each sample were sta-
ined with trypan blue and counted using a light micro-
scope. Approximately 1 million cells were added to each
well of a 96-well plate and Fc block (1:50) was added. For
cell viability, the cells were labelled for 15 minutes at 4�C
with SYTOX Green nucleic acid stain, and washed with
FACS buffer. The cells were surface-stained for
15 minutes with monoclonal antibodies against CD11b
(1:400) and Ly6G (1:1000). Following surface staining,
CD11b+ cells were permeabilised with permeabilisation
buffer and stained with monoclonal antibodies against
iNOS (1:50) or CD206 (1:400). Cells were washed twice
with FACS buffer and re-suspended. Samples were run
on a BD FACSAria II (BD Biosciences) for data acquisi-
tion and analysed with FlowJo software version 7.6.5
(BD Biosciences).

2.7 | C/C analysis

For recovery of proteins, tissues within the wounds pro-
duced with 6-mm biopsy punches were excised together
with surrounding tissues using 8-mm biopsy punches
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and placed in homogenisation tubes containing 1 mL of
protein lysis buffer and a protease inhibitor cocktail
(1:50). The tissue samples were homogenised and pel-
leted by centrifugation at 10 000 rpm for 10 minutes at
4�C to obtain a clean supernatant. Protein concentration
in each sample was determined using the Bradford assay
as previously described.36 A custom U-PLEX biomarker
assay was used to measure the concentrations of six
cytokines—IL-6, IL-1β, IL-12p70, IL-17F, GM-CSF, and
VEGF-A—and four chemokines—CCL3, CXCL1,
CXCL10, and CCL20 within the protein samples
according to manufacturer's instructions (Meso Scale Dis-
covery, Rockville, Maryland). Plates were analysed using
a MESO QuickPlex SQ 120 (Meso Scale Discovery) that
measures electrochemiluminescence. Concentrations of
analytes were calculated via standard curves obtained
using Discovery Workbench 4.012 software (Meso Scale
Discovery).

2.8 | Statistical analysis

Statistical analysis was performed using GraphPad Prism
version 9.0.0 (GraphPad Software, San Diego, California,
www.graphpad.com). One-way analysis of variance
(ANOVA) followed by Tukey's multiple comparisons test
was used to determine significant differences between
the control and different treatments applied to the
wound. Unpaired two-tailed t tests were used to compare
an individual treatment with its control.

3 | RESULTS

3.1 | BDWG did not delay wound closure

While BDWG eliminated the bioburden within infected
wounds,22 the effect of BDWG on the host response is not
known. BDWG may facilitate, have no effect on, or hinder
the wound healing process by influencing one or more of
the wound healing stages. To examine these possibilities
and to delineate the effect of BDWG on host tissue from
its antimicrobial effect, we generated full-thickness
wounds on the dorsal surface of adult mice.22,23 In this
study, generated wounds were not infected with bacterial
pathogens. The wounds were covered with untreated
gauze or gauze spread with PEG or BDWG; all wounds
were covered with semi-permeable adhesive dressing. At
1, 3, 7, 10, 13, 16, and 19 days PIT, the dressings were care-
fully removed for physical examination and measurement
of wound closure. Regardless of the test group, no evi-
dence of infection was observed and wound closure prog-
ressed steadily from 1 dPIT to final closure at 19 dPIT

(Figure 2A). There were no significant differences among
wound measurements when percent closure at a specific
time point was compared among any of the treatments
(Figure 2B) or when the surface area (cm2) of the wounds
was compared at the same time points (Figure 2C). Clo-
sure of all wounds 19 dPIT suggests that neither PEG nor
BDWG significantly delays the wound closure process.

3.2 | BDWG modulated the
inflammatory response at 1 dPIT

3.2.1 | BDWG maintained the baseline level
of M2 macrophages within the tissue

The numbers of inflammatory cells infiltrating the wounds
was determined by FACS analysis using a sequential gating
system beginning with CD11b (in the skin, this marker
detects neutrophils, M1 and M2 macrophages, and mature
natural killer cells), followed by Ly6G (unambiguous detec-
tion of neutrophils), and CD206 (separation of M2 macro-
phages) (Figure 3A). Scatterplots of the sequential gating
for all groups at 1, 3, and 7 dPIT are shown in Figure S1.
Unfortunately, our attempt to separate M1 macrophages by
recognition of iNOS was unsuccessful. However, because
natural killer cells are found in very low numbers in nor-
mal skin tissue and no eosinophils (which express low
levels of CD11b in non-inflamed settings) were seen in any
of the H&E stained tissues, the residual CD11b+ cells are
most likely M1 macrophages.37,38,39 Therefore, we sub-
tracted the numbers of neutrophils (CD11b+Ly6G+ cells)
and M2 macrophages (CD11b+CD206+ cells) from the total
number of CD11b+ cells detected to calculate the probable
numbers of M1 macrophages (CD11b+CD206�Ly6G�)
(Table S2). The FACS analysis showed that the percentage
of neutrophils was significantly increased over baseline at
1 dPIT in all three treatment groups, increasing from a
baseline of 2% in uninjured tissue to �25% (Figure 3B).
Similarly, the percentage of cells within the M1 macro-
phage pool rose significantly over baseline in all three treat-
ment groups at 1 dPIT (Figure 3C). In contrast to the
increase in neutrophils and M1 macrophages, the percent-
age of M2 macrophages dropped significantly at 1 dPIT
from baseline in the UT and PT groups, but remained at
baseline (significantly higher than UT and PT) for the BT
group (Figure 3D).

3.2.2 | BDWG induced more stable
coagulation at 1 dPIT

Over time, the stable fibrin clot that was formed during the
haemostasis stage hardens and thickens to form a scab.
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Due to the thinness of mouse skin, the tissue excised from
the wounds was fragile, especially at 1dPIT and the nascent
scabs and provisional matrix tended to separate from the
wound margins and beds. Microscopic examination of
H&E stained tissue sections revealed the presence of scab
fragments over the wounds and initial formation of the
provisional matrix, whether UT, PT, or BT (Figure 4). The
blood clot was more visible and more cohesive in the BT
wounds, extending over the entire surface (Figure 4). These
stable clots were present in multiple tissue sections from
the three independent experiments, suggesting that they
are induced by BT and were not artefacts of the H&E
staining.40 As expected in the inflammatory stage, edema
was present in the wound beds of animals receiving all

three treatments (Figure 4). Neutrophils were visible
throughout the wounds at 1 dPIT, but were most easily vis-
ualised infiltrating the wound margins (Figures 4 and 5A).
As the neutrophils did not appear to be evenly distributed
across the wounds, we counted numbers within the wound
margin, wound bed, and the scab (including material
directly under the scab) to determine if there were differ-
ences in distribution. While there were no significant dif-
ferences among the treatments, the mean numbers of
neutrophils within the grids were highest in the scab (98–
122) and lowest in the bed (54–71) at 1 dPIT (Figure 5B).
As seen with neutrophils, M1 macrophages were present in
the margins, beds, and scabs of the wounds from all three
treatment groups (Figures 5D and S2B). While there were

FIGURE 2 Biofilm-dispersing wound gel (BDWG) did not affect wound closure. Full-thickness excision wounds were generated on

the dorsum of adult mice (3/group) and were covered with untreated gauze (UT), gauze spread with PEG (PT), or gauze spread with

BDWG (BT). All wounds were then covered with transparent adhesive dressing. At 1, 3, 7, 10, 13, 16, and 19 days post-injury/

treatment, the adhesive dressings and the gauzes were removed and the wounds examined. A, Macroscopic changes within the skin

wounds. All animals were observed for changes of wound appearance. Representative animals were chosen and the same animal was

photographed for the series. B, Percentage of wound closure. C, Line graph of the total wound surface area (cm2). Values in panels B

and C represent the means for three animals ± SEM. Significant differences among treatments and from day-to-day changes within a

treatment were assessed using two-way analysis of variance (ANOVA) with Tukey's multiple comparisons post-test; *, P < .05;

**, P < .01
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no significant differences among the groups, significantly
more M1 macrophages were found in the wound margins
of BT mice compared with the wound bed/scabs (counted
together because of small numbers) (Figure 5D). We also
checked for the presence of M2 macrophages. As expected,
no M2 macrophages were observed within the wounds
from any of the treatment groups at 1 dPIT (Figure S2C).

3.2.3 | BT modulated the expression of
proinflammatory C/C

We expected to find increased levels of CCL3, CXCL1, IL-
1β, and IL-6, which are secreted by neutrophils and M1
macrophages, as these cells were present in significantly
higher numbers compared with the baseline at 1 dPIT

(Figure 3B,C). The levels of these four C/C plus GM-CSF
within the injured UT, PT, and BT tissues were 6 to
95 times higher than the levels found in uninjured tissues
(Figure 6A). The levels of these C/C were higher within
the PT tissues than UT, and the levels within BT tissues
were lower than UT (Figure 6A). The levels of CXCL1,
CCL3, IL-1β, and GM-CSF were significantly lower in the
BT tissue than in the PT tissue (Figure 6A). We also
observed variations among the BT, PT, and UT groups in
the levels of the other C/C—VEGF-A, CXCL10, IL-
12p70, IL-17F, and CCL20 (Figure 6A and S3A). Compar-
isons of the day-to-day changes for each C/C in each
treatment group are shown in Figure S3. The full data set
and calculations for fold changes can be found in
Table S3; graphs of the actual levels (pg/mg) of C/C from
each pool are presented in Figure S4.

FIGURE 3 Treatment with biofilm-dispersing wound gel (BDWG) does not adversely affect the numbers of inflammatory cells within

the wound. Skin tissue from full-thickness excision wounds (three mice/group) was excised and processed for fluorescence-activated cell

sorting (FACS) analysis. As baseline controls, the same quantity of skin and associated tissues were harvested from two uninjured mice.

A, Sequential gating system for FACS analysis. Scatter plots are representative of the uninjured control group. Live cells were distinguished

from dead cells using SYTOX Green nucleic acid stain (Sytox Green); followed by surface staining with anti-CD11b to separate granulocytes

(neutrophils, macrophages, and natural killer cells) from other live cells. The CD11b+ cells were internally stained anti-CD206 to separate

M2 macrophages followed by internal staining with anti-Ly6G to separate neutrophils. Bar graphs (B-D) show percentages of specific

cells within the tissues of uninjured controls and UT, PT, and BT mice. B, Percentage of neutrophils (CD11b+Ly6G+CD206�).
C, Percentage of CD11b+Ly6G�CD206� cell population that includes primarily M1 macrophages (see text). D, Percentage of M2

macrophages (CD11b+CD206+). Values represent the means from two mice (Ctl) or three mice (UT, PT, and BT) ± SEM. One-way

ANOVA with Tukey's multiple comparisons post-test was used to assess significant differences between baseline control (black bracket

and black asterisks), among treatments on each day (dashed purple brackets, purple asterisks), and day-to-day changes within a treatment

(colour-coded brackets and asterisks); *P < .05; **P < .01; ***P < .001; ****P < .0001. BT, BDWG-treated; PT, PEG-treated; PEG,

polyethylene glycol; UT, untreated
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3.3 | BT wounds showed more signs of
the proliferative stage of healing at
3 days PIT

3.3.1 | Shifts in the inflammatory cell
population occurred at 3 days PIT

In uninfected, protected wounds, such as these, the pro-
liferative stage begins between 2- and 3-dPIT. The FACS
analysis showed a marked rise to 62% occurred in the
levels of neutrophils at 3 dPIT in the UT group while
the levels seen in the PT and BT groups rose slightly
(Figure 3B). The percentage of cells within the M1 mac-
rophage pool remained significantly higher than baseline
at 3 dPIT in all three groups, although the levels had
dropped from 1 dPIT (Figure 3C). The drop in M1 macro-
phages was significant in the BT group (Figure 3C). The
levels of M2 macrophages for all three treatment groups
changed little at 3 dPIT (Figure 3D).

3.3.2 | BT tissues are more advanced in the
proliferative stage

Microscopic examination of the tissues at 3 dPIT rev-
ealed signs of the proliferative stage of healing among all
three treatment groups. The UT and PT showed thicken-
ing of the provisional matrix over the bed of the wound
with PT the thickest, but unorganised; while the scab of
the BT group was thickened and demarcated from the
provisional matrix (Figure 7). The UT wound bed was
still edematous (Figure 7A). Epidermal hyperplasia was
evident in tissues from all three treatment groups
(Figure 7 insets 1, 2 and 4). Quantification of
reepithelialisation showed a significant difference
between the UT and BT groups (Figure 8A). Signifi-
cantly more forming hair follicles, another sign of prolif-
erative healing, were found within the BT wounds than
in the PT or UT wounds (Figures 7 insets 2 and 4, and
8B). Both reepithelialisation and regeneration of hair

FIGURE 4 Progression of healing at 1 day post-injury/treatment (dPIT). Representative H&E stained tissue sections from wounds of

UT, PT, and BT mice were examined for features of the inflammatory stage of wound healing. Serial images of a wound section from one

mouse from each treatment group were captured at �100 magnification using a Zeiss AxioCAM CDD camera and assembled in Photoshop.

The panoramic images show half of the wound bed plus normal skin at the wound margin. In some instances, the fragility of the thin

wound bed led to breaks and separations during acquisition of the samples, processing of the tissues, or sectioning of the tissues. A, UT

wound; B, PT wound; C, BT wound. BT, BDWG-treated; BC/S, blood clot and nascent scab; Ed, edema; H&E, haematoxylin and eosin; N,

neutrophils; PM, provisional matrix; PT, PEG-treated; PEG, polyethylene glycol; UT, untreated
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follicles continue in the remodelling stage of healing.
Neovascularisation was also visible in the wound mar-
gins and beds of PT and BT mice, but not in those of UT

mice (Figure 7 insets 2-5). Additionally, granulation tis-
sue was observed within the bed of BT wounds while
reorganised tissue that includes fat cell regeneration can

FIGURE 5 Distribution of

inflammatory cells within wound

margins, beds, and scabs.

Photomicrographs are representative

of three mice/group and were taken at

�200; bars, 300 dpi. A, Neutrophils

stained with H&E are shown at 1 dPIT

in uninjured (Ctl) and UT, PT, or BT

tissues. B, Distribution of neutrophils

within the wound margins, beds, and

scabs at 1, 3, and 7 dPIT. C, M1

macrophages stained using iNOS

primary antibody and visualised with

30-diaminobenzidine (DAB) are shown

at 3 dPIT. D, Distribution of M1

macrophages. E, M2 macrophages

DAB-stained using arginase-1 primary

antibody are shown at 3 dPIT. F,

Distribution of M2 macrophages.

Values on the graphs represent the

means of specific cells within 300 dpi2

grids ± SEM; 3 grids were counted for

margins, 6 for wound beds, and 9 for

scabs (due to variability). One-way

ANOVA was used to detect significant

differences between treatments on the

same day (no significance) and cell

locations within a treatment (coloured

brackets); *P < .05; **P < .01
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also be seen (Figure 7C inset 5). While there is strong
evidence of advancement into the proliferative stage of
healing, the central parts of the wound bed appear to be
still within the inflammatory stage. This is likely due to
the size of the wound, as closure (evidenced by reduc-
tion in size of the wound) did not begin until 7 dPIT
(Figure 2).

As at 1 dPIT, neutrophils were present in wounds
of all three treatment groups (Figures 3B, 5B and S2A).
On 3 dPIT, the total numbers of neutrophils by manual

count within the wound margins, beds, and scabs were
similar to the totals on 1 dPIT but with significantly
higher total neutrophils in the BT group compared
with the UT group (Figure S5A). Within the BT group,
there was a drop in the neutrophils within the wound
margin from 1 dPIT, which was reflected by a rise in
the numbers of neutrophils within the scab
(Figures 5B, S6A, and S7A). This rise in number of
neutrophils beneath the scab was also significantly
higher than the numbers found in the UT and PT
groups (Figure 5B). The UT group also showed a shift
in location of the neutrophils with a drop in the num-
bers within the wound bed reflected by a significant
increase in numbers of neutrophils under and within
the scab (Figure S6A). The number of neutrophils in
the wound bed of PT mice was higher than those in
the margin and lower than those in the scab
(Figure 5B). There was a significant drop in numbers
of neutrophils in the wound margin of PT mice from
day 1 to day 3 (Figure S6A). Similar to the results
obtained with flow cytometry, M1 macrophages were
observed by immunohistochemistry within the wounds
of all three treatment groups (Figure 5C). There was a
significant drop in the numbers of M1 macrophages
within the wound margins of the UT and BT groups
from day 1 to day 3 (Figures S6B and S7B). M1 macro-
phages were also observed within the wound beds,
where the number present in the PT wounds was

FIGURE 6 Levels of proinflammatory cytokines and

chemokines (C/C) are modulated by BDWG. Full-thickness 6-mm

punch biopsy wounds were made on the backs of mice (4/group)

and the wounds were UT, PT, or BT as described in Figure 2. At

1, 3, and 7 dPIT, tissue from the three biopsy wounds on a single

mouse was collected using an 8-mm punch and the tissues were

pooled and treated as a single sample (four separate pools/group).

An equal amount of tissue was collected from three uninjured mice

to serve as baseline for levels of C/C within normal skin. Proteins

were extracted from the tissues and concentration of protein in

each sample was measured by the Bradford assay. Quantities of the

C/C were measured using the U-PLEX biomarker assay with MSD

DISCOVERY WORKBENCH software version 4.0; data are

reported in pg/mg of protein. Bars represent the means of the fold-

change values obtained from the four pools compared with the

average value of the uninjured pool (Table S3); striped bars, UT;

dotted bars, PT; solid bars, BT. A, Fold changes in levels of IL-6,

CXCL1, CCL3, IL-1β, GM-CSF, VEGF-A, and CXCL10 at 1 dPIT;

B, Levels of the C/Cs at 3 dPIT; C, Levels of the C/Cs at 7 dPIT.

Differences in changes in expression were analysed using one-way

ANOVA with Tukey's multiple comparisons post-test; *P < .05;

**P < .001. BT, BDWG-treated; PT, PEG-treated; PEG, polyethylene

glycol; UT, untreated
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significantly higher than those in the UT or BT
wounds (Figure 5D). In accordance with the presence
of different stages of healing (proliferative coexisting
with maturation), a significant number of M2 macro-
phages were observed within the wound margins and
beds of BT mice compared with UT and PT mice
(Figure 5E and F).

3.3.3 | Synthesis of CCL3 and VEGF-A was
enhanced at 3 dPIT

At 3 dPIT, we expected that changes in the levels of the
10 C/C would be minimal as the numbers of neutrophils
had not reduced, while the number of M1 macrophages
had dropped compared with 1 dPIT, and the number of

FIGURE 7 Progression of healing at 3 dPIT. Tissue from UT, PT, and BT wounds were H&E stained and examined at �100 for

evidence of inflammatory and proliferative stages of healing. Images were obtained and processed as described for Figure 4. The

representative panoramic images show half of the wound bed plus normal skin at the wound margin. Insets indicated by black boxes

in panoramas were taken at �200 and are numbered. A, UT wound with inset 1 showing epidermal hyperplasia; B, PT wound with

insets 2 and 3 showing epidermal hyperplasia, regenerating hair follicle, and neovascularisation; C, BT wound with insets 4 and 5. BT,

BDWG-treated; Ed, edema; EH, epidermal hyperplasia; Fb, fibroblasts; fS, forming scab; GT, granulation tissue; H&E, haematoxylin

and eosin; HF, hair follicle; Nv, neovascularisation; PM, provisional matrix; R, regeneration of fat cells; S, scab; PT, PEG-treated; PEG,

polyethylene glycol; UT, untreated
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M2 macrophages had not yet climbed above baseline
(Figures 3 and S5). Additionally, keratinocytes, fibro-
blasts, myofibroblasts, vascular endothelial cells, and
other cells present within the wound margin and bed
were expected to contribute to the C/C concentrations.
The levels of CCL3, VEGF-A, and IL-17F all rose from
1 dPIT to 3 dPIT in UT, PT, and BT tissues with the levels
of CCL3 increasing to 35-, 40.5-, and 23-fold over base-
line, respectively (Figures 6B and S3B). The levels of
VEGF-A rose more modestly (Figure 6B) and were
accompanied with visible neoangiogenesis within the PT
and BT tissues (Figure 7B and C). The baseline level for
IL-17F, at 1206 pg/mg, was the highest level of any of the
10 C/C found within the uninjured tissue; therefore, the
modest increases found (UT from �0.5- to 1.5-fold; PT

from 0.07- to 1.4-fold; BT from �1.3- to 1.3-fold) repre-
sent an increase of 400 to 600 pg/mg of tissue (Figure S4B
and Table S3). Protein levels were more variable for the
other C/C—IL-6, CXCL1, IL-1β, GM-CSF, CXCL10, IL-
12p70, and CCL20 (Figures 6B and S4).

3.4 | BT wounds show a continuum of
healing at 7 dPIT

3.4.1 | Inflammatory cells were present at
7 dPIT

The percentage of neutrophils remained significantly
increased over baseline at 7 dPIT in all three treatment
groups by FACS analysis (Figure 3B). As this suggests
persistence of the inflammatory stage, we examined the

FIGURE 8 BDWG stimulates reepithelialisation and hair

follicle regeneration at 3 dPIT. H&E stained tissue sections of UT,

PT, and BT wounds at 1, 3, and 7 dPIT were examined for

reepithelialisation and regeneration of hair follicles using an ocular

grid. The fully-formed panniculus carnosus was used to locate the

original wound margin in the healing wounds. A, Percentage of

reepithelialisation of the wound. B, The number of hair follicles

formed within healing tissue. Values represent the counts from

stained sections obtained from three mice ± SEM. One-way

ANOVA was used to detect significant differences between

treatments on the same day (black brackets) and within a

treatment on different days (coloured brackets); *P < .05; **P < .01;

***P < .001; ****P < .0001. BDWG, biofilm-dispersing wound gel;

BT, BDWG-treated; H&E, haematoxylin and eosin; PT,

PEG-treated; PEG, polyethylene glycol; UT, untreated

FIGURE 9 Progression of healing at 7 dPIT. Tissue from UT,

PT, and BT wounds were H&E stained and examined at �100 for

evidence of inflammatory, proliferative, and remodelling stages of

healing. Images were obtained and processed as described for

Figure 4. The representative panoramic images show half of the

wound bed plus normal skin at the wound margin. A, UT

wound; B, PT wound; C, BT wound. BT, BDWG-treated; Ed,

edema; EH, epidermal hyperplasia; Fb, fibroblasts; FC, new fat

cells; GT, granulation tissue; H&E, haematoxylin and eosin; HF,

hair follicle; Nv, neovascularisation; PC, regenerating panniculus

carnosus; PT, PEG-treated; PEG, polyethylene glycol; S, scab, UT,

untreated
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levels of neutrophils at 10 dPIT. At this time point,
the levels of neutrophils in all treatment groups were no
longer significantly increased over baseline, dropping to
10% or less (Figure 3B). At 7 dPIT, the levels of M1 mac-
rophages in the UT and PT groups were significantly
lower than that of the BT group, which remained signifi-
cantly higher than baseline (Figure 3C). By 10 dPIT, the
levels of M1 macrophages in all three groups had ret-
urned to just above baseline (Figure 3C). At 7 dPIT, the
levels of M2 macrophages were near baseline for all three
groups, and by 10 dPIT, the levels were slightly higher
(Figure 3D).

3.4.2 | Overlap in inflammation,
proliferation, and remodelling

Very dynamic changes were observed within the
wounded tissues of all three treatment groups. The scabs
of the UT and PT groups were now similar to that of the
BT group and granulation tissue was observed in all three
wound treatments (Figure 9). Reepithelialisation was fur-
ther advanced in all three groups and was approximately
equal (Figures 8A and 9). While the numbers of hair folli-
cles had also increased in all three treatment groups, the
increase in hair follicles was significantly higher in BT
compared with PT (Figure 8B). Neovascularisation was
now prominent in the UT and BT groups but less so in
the PT group (Figure 9). Additionally, there was regener-
ation of fat cells and initial regeneration of the pan-
niculus carnosus at the margins of all three wounds
(Figure 9). Neutrophils were still present within the
wounds of all three treatment groups, primarily visible
within and under the scabs (Figures 5B and S2A). M1
macrophages were also found mainly within the wound
beds/scabs (Figures 5D and S2B) while M2 macrophages
were present in low numbers within the granulation tis-
sue (Figures 5E and S2C).

Once again, the population of inflammatory cells had
shifted within the tissues of all three treatment groups.
Neutrophils disappeared from the healing margins and
were found in higher numbers in the wound bed in the
UT group (mean 35) compared with the PT and BT
groups (means 3 and 14, respectively) (Figure 5B). The
numbers of neutrophils within and under the scab of
the BT group were significantly lower than in the PT and
UT groups (Figure 5B). This number was also signifi-
cantly reduced from the number seen at 3 dPIT in the
BT wound (Figure S6A). The PT group showed a signifi-
cant increase in neutrophils within the scab compared
with 3 dPIT and compared with the wound bed and mar-
gin (Figure S6A), suggesting continuation of the inflam-
matory stage even at 7 dPIT. All three groups showed

significant shifts in the neutrophil population from the
margin to the bed to the scab (Figure S6A). The popula-
tion of M1 macrophages in the wound margins and beds
were similar in all three treatment groups (Figure 5D).
However, the population of M1 macrophages decreased
significantly from 3 to 7 dPIT in the margins and beds of
the PT group and the margins of the UT group (-
Figure S6B). No significant shifts in M1 population were
observed in the BT group (Figure S6B). Among the treat-
ment groups, the numbers of M2 macrophages observed
at 7 dPIT were similar in the wound margins of all three
groups and in the wound beds of the PT and BT groups
(Figure 5F). The population of M2 macrophages
increased dramatically in the wound beds of the UT
group at 7 dPIT (Figure S6C). In contrast, there was a
significant decrease in the numbers of M2 macrophages
present in the wound margins of BT mice and a decrease
in the mean numbers in the wound beds from 10 to
3 (Figure S6C).

3.4.3 | IL-6 and GM-CSF increased in BT
wounds

Non-infected wounds in mice usually enter the matura-
tion/remodelling stage of wound healing by 7 dPIT.
Therefore, we expected to see a reduction in protein
levels of CCL3, IL-6, and IL-1β; C/C considered
“inflammatory” in nature. While the levels of all three
were reduced from 3 dPIT, the levels of CCL3 remained
high at 28-, 23-, and 17-fold over baseline in the UT,
PT, and BT tissues, respectively (Figure 6C). The level
of IL-6 dropped precipitously in the UT tissues, from
50-fold over baseline at 3 dPIT to only 5-fold at 7 dPIT;
a modest drop was seen in the PT tissue and the level
in BT tissue rose to 28-fold over baseline (Figure 6C).
The continued expression of IL-6 may be accounted for
by the presence of fibroblasts (Figure 9C) and the activ-
ity of M2 macrophages, which were slightly over base-
line in all tissues (Figure 3D). The levels of CXCL1,
VEGF-A, GM-CSF, and CXCL10—C/C indicative of the
shift from proliferation to maturation—remained at
least 2-fold above baseline synthesis in all tissues from
all three treatments (Figure 6C). The levels of CXCL1,
CXCL10, and VEGF-A rose in BT tissues at 7 dPIT
compared with 3 dPIT (Figure 6C). The levels of CCL20
remained below baseline (�2.8, �3.1, and �3.5-fold) in
all the UT, PT, and BT groups, respectively (-
Figure S3C). These results suggest that neither PEG
nor BDWG interferes with the wound healing process.
It is likely that the continued higher levels of some C/C
represent the continuum of healing going on within
the wound.
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4 | DISCUSSION

The most critical features of ideal wound management
products are that they prevent infection or significantly
reduce or eliminate the wound bioburden; and that they
promote the wound healing process or, at least, do not
interfere with it. Different wound management products
vary in their ability to fulfil those critical criteria. Using
the murine model of wound infection, we previously
demonstrated that BDWG (once known as G5 wound
gel) is a strong broad-spectrum antimicrobial.22 In both
in vitro and in vivo models, Miller et al22 demonstrated
that BDWG eliminated biofilms established by either
Staphylococcus aureus or Pseudomonas aeruginosa. In
this study, using a model of non-infected wounds, none
of the three treatments delayed wound closure (Figure 2).
However, each treatment had subtle effects on the histol-
ogy, cellular infiltration, and cytokine/chemokines in the
healing wounds.

4.1 | The influence of the treatments on
the stages of wound healing

4.1.1 | The haemostasis and inflammation
stages

The formation of a stable blood clot provides both protec-
tion of the wound and a matrix in which immune cells
can gather to orchestrate the healing process.3,4,40 Blood
clots and nascent scabs were present in tissues from UT,
PT, and BT wounds (Figure 4). However, those in the PT
wounds were friable and easily disrupted while those in
the BT wounds were more durable and less likely to frag-
ment, suggesting that the BT group has completed sec-
ondary haemostasis ahead of the PT group. Blood clots in
the UT wounds were similar to those in the BT group,
but less pronounced and still somewhat fragile. The pres-
ence of blood clots at 1 dPIT has been reported previ-
ously. Using a murine model of wounds, Kim et al
observed blood clots in injured mice at 1 day post-
injury.41 In a normal animal, the first stage of
haemostasis (coagulation) begins within 1 to 9 minutes
and coagulation is usually complete within 1 hour.42

As haemostasis proceeds, the inflammatory stage
begins, marked by the appearance of edema within the
tissue, infiltration of immune cells, and secretion of
proinflammatory cytokines.2,16,43 Consistent with this
description, edema was observed in the wound beds of all
treatment groups. The amount of edema within the PT
wounds appeared much more substantial than within the
UT or BT wounds (Figure 4), which may explain why
the tissue from PT wounds was more easily fragmented.

As expected, neutrophils were found infiltrating the
wounds of all treatment groups in similar numbers
(Figures 3B and S5A). Similarly, the levels of the
proinflammatory C/C IL-6, CXCL1, CCL3, IL-1β, and
GM-CSF were elevated above the baseline found in nor-
mal uninjured murine skin in tissues from all three
wound treatments but were highest in the PT wounds
(Figures 6A and S4A-E). The high levels of C/C present
in the PT wounds may be responsible for the increased
amount of edema within the tissues. In contrast, the
levels of CXCL1, CCL3, IL-1β, and GM-CSF were signifi-
cantly lower in the BT wounds compared with the PT
wounds, suggesting a more modulated inflammatory
response within the BT wounds. Interestingly, the levels
of CXCL10, a chemokine usually observed later in the
wound healing process that activates monocytes and
macrophages for the reparative roles in healing, were sig-
nificantly higher in BT wounds (Figure 6A).44,45 Because
the level of M1 macrophages was significantly elevated at
1dPIT, and the level of M2 macrophages was at baseline
(and significantly higher than the levels seen in UT and
PT tissues) (Figure 3), these cells could have played a role
in the production of CXCL10. The presence of the com-
ponents of BDWG in PEG eliminated the PEG-induced
increases in C/C production. The levels of IL-6 and GM-
CSF within the wounds of the BT group were similar to
the UT group, and the levels of CXCL1, CCL3, and IL-1β
were lower (Figure 6). The presence of benzalkonium
chloride in the BDWG could potentially be responsible
for eliminating the effect of PEG treatment on the
wounds. A recent study showed that treatment with
benzalkonium chloride has a potentially beneficial effect
on wound healing. In a rat excisional wound model,
treatment with benzalkonium chloride improved the
wound healing rate and reduced the cellular infiltrate.46

4.1.2 | Proliferative stage

At 3 dPIT, and as inflammation subsides, the proliferative
stage begins and may last up to 2 weeks post-injury.47,48

The proliferative stage is characterised by three con-
nected steps: (a) reepithelialisation, (b) angiogenesis, and
(c) formation of granulation tissue.12,17,48,49 At 3 dPIT,
the histology of the three treatment groups varied the
most. Wounds of the UT group were covered by forming
scabs with adjacent provisional matrix, the wound beds
were still edematous (Figure 7A), the infiltrating neutro-
phils had increased to 64%, and the number of M1 and
M2 macrophages had dropped below the baseline
(Figure 3). There was a concomitant increase in IL-6 and
CCL3 (Figure 6B). Despite these indications of inflamma-
tion, there was evidence of epidermal hyperplasia and
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reepithelialisation (Figures 7A and 8A), suggesting that
the wounded tissues are in a continuum of healing
between the late stages of inflammation and the earliest
part of the proliferative stage. This delay in the transition
is likely due to the lower number of M1 macrophages,
which trigger neutrophils to undergo apoptosis and then
ingest them (efferocytosis).7,8,10 Previous studies have
shown that in a murine wound model the absence of M1
macrophages leads to an increased level of neutrophils
within the wound.50,51 The increased level of
neutrophils prolongs inflammation by increasing the
level of proinflammatory cytokines IL-6 and IL-1β.50,51

Continuation of the inflammatory wound environment
prevents secretion of anti-inflammatory cytokines that,
together with M1 neutrophil efferocytosis, are needed to
increase the numbers of M2 macrophages within the
wound.7,50,52 Additionally, Dovi et al53 observed that in a
murine wound model, high levels of neutrophils can
impair the wound repair process by delaying the
reepithelialisation of wounds. Further evidence for
the delay in the transition to the proliferative stage was
the low level of reepithelialisation (about 5%)
(Figure 8A), which is considerably lower than the previ-
ously reported 33%.53-56 One possible reason for this dif-
ference is the variation in the excision wound surface
area. Compared with our 1.5 cm2 full-thickness wound,
other studies induced smaller ones (6-8 mm in diame-
ter).53-56 Smaller wounds are likely to heal faster than
larger ones and the wounded tissues may enter the prolif-
erative stage earlier.

Similar to the UT group, the PT group is also on the
continuum between the late stages of inflammation and
the early stages of proliferation, although the healing tis-
sue appeared disorganised except close to the wound
margin where neovascularisation, epidermal hyperplasia,
and reepithelialisation were observed (Figures 7 and 8A).
The level of neutrophils was considerably lower than in
the UT wounds (38% vs 64%) (Figure 4B). The lower infil-
tration of neutrophils, which reduced the amount of neu-
trophil secreted proteases within the wound, may have
allowed for neovascularisation to proceed.7,57,58 Despite
that, signs indicative of delayed proliferation including
low reepithelialisation rate (10%), a low level of M2
macrophages (2%), and continued expression of
proinflammatory C/C above baseline (Figures 3D, 8A
and 6B).

At 3 dPIT, BT had a positive impact on wound
healing at 3 dPIT by promoting aspects of the prolifera-
tion stage, including epidermal hyperplasia, significant
hair follicle formation, regeneration of fat cells,
neovascularisation, the presence of granulation tissue,
and a significant amount of reepithelialisation (compared

to UT and PT wounds) (Figures 7C and 8A). The percent-
age of neutrophils was even lower than PT (35%), and the
levels of the proinflammatory C/C were also reduced or
remained similar to the levels found at 1 dPIT
(Figure 6B).

4.1.3 | Remodelling stage

In an uninfected wound, the remodelling
(or maturation) stage of healing begins by 7 dPIT and is
signified by replacement of granulation tissue with cellu-
lar matrix, continued cell proliferation, synthesis of new
extracellular matrix molecules, and angiogenesis.13,59 In
UT wounds at 7 dPIT, the level of neutrophils was
reduced to 37% (compared with 64% at 3 dPIT) but was
still higher than it was at 1 dPIT (26%) (Figure 3B). Pre-
vious studies utilising the murine wound model have
reported reductions to as low as 20% by 7 dPIT.18,53 The
neutrophils remaining within the wound may facilitate
the wound healing process by secreting matrix meta-
lloproteases that degrade collagen and fibronectin,
thereby facilitating the remodelling of the wounded tis-
sue.60 As discussed above, the surface area of the exci-
sion wounds generated differs in multiple studies, a
factor likely influencing the number of infiltrating neu-
trophils; wounds with a smaller surface area contain
fewer infiltrating neutrophils. Indeed, when we analysed
the wounds at 10 dPIT, they were much smaller than
those at 7 dPIT and the number of infiltrating neutro-
phils was reduced by 10-fold from 37% to 3.6%
(Figure 3A). Concomitant with the reduction in neutro-
phils, and as further evidence that the inflammation is
resolving, there was a reduction in the level of all five
proinflammatory C/C (IL-6, CXCL1, CCL3, IL-1β, and
GM-CSF), although none were below baseline (CCL3
was the highest at 28-fold over baseline) (Figures 6C and
S4A-E). Consistent with entry into the remodelling stage,
we observed extensive epidermal hyperplasia with
reepithelialisation enhanced significantly, more regener-
ation of hair follicles, and regeneration of fatty tissue
and the panniculus carnosus at the wound margins
(Figures 8 and 9A). However, the level of
reepithelialisation (about 15%) (Figure 8A) was consider-
ably lower than that reported by previous studies.28,53-56

Using a similar murine model of excision wound, Low
et al54 observed a high level of reepithelialisation (60%)
at 7 dPIT. We also detected several features that suggest
the UT wounds were also in the proliferative stage,
including the presence of neovascularisation, granula-
tion tissue, and M2 macrophages (Figures 3D and 7B).
Overall, these observations suggest that in our model of
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wound excision with its large wound surface area,
wound healing at 7 dPIT encompasses a continuation of
the proliferative stage along with entry into the
remodelling stage.

Similar to the UT group, the PT group showed signs
of full entry into the proliferative stage; mature scab, for-
mation of granulation tissue, more extensive
neovascularisation, and a drop in M1 macrophages with
an increase in M2 macrophages (Figures 3 and 9B). Addi-
tionally, there was more extensive epidermal hyperplasia
and reepithelialisation, regeneration of fatty tissue and
the panniculus carnosus, further restoration of hair folli-
cles, and a decrease in levels of the five proinflammatory
C/C (Figures 6C, 8 and 9B).

At 7 dPIT, the BT group showed most clearly that
healing of a large surface wound proceeds along a contin-
uum rather than entering discreet stages. At the wound
margins, remodelling had occurred with development of
an almost normal epidermal layer (less hyperplasia),
more extensive reepithelialisation, resolution of
neovascularisation, and regeneration of fatty tissue, the
panniculus carnosus, and hair follicles (Figures 8 and
9C). The wound bed adjacent appeared to be in the prolif-
erative stage with epidermal hyperplasia, granulation tis-
sue formation, and neovascularisation occurring closer to
the centre of the wound (Figure 9C). Manual examina-
tion of the tissue showed a decrease in neutrophils, the
majority of which were associated with the scab
(Figures S5A and S7A). Unlike the UT and PT groups,
the levels of the proinflammatory C/C varied consider-
ably. The levels of CCL3 and IL-1β decreased, while the
levels of IL-6, CXCL1, and GM-CSF increased
(Figure 6C). The presence of neutrophils and the levels
of C/C suggest that inflammation is still occurring near
the centre of the wound at 7 dPIT. Alternatively, the
elevation in IL-6 may be related to the progression of
the BT wounds into the later stages of healing.
Although it contributes to the recruitment of neutro-
phils and macrophages, recent analyses showed that
IL-6 also facilitates wound healing at late stages of the
wound healing process by organising collagen.28,43 Lin
et al28 observed that in Il6 knockout mice, collagen for-
mation was disorganised and the wound healing was
delayed, whereas in the wild-type mice, the collagen
formation was organised and the wound closure rate
had increased. Similarly, a role for GM-CSF in the
remodelling stage of healing has been demonstrated in
a hamster model of corneal healing,61 a rabbit model of
vocal fold healing,62 and healing of chronic wounds in
humans.63 Thus, the increase in GM-CSF seen in the
BT wounds likely played a role in the observed tissue
remodelling.

4.2 | Changes related to PEG only

Previous studies showed that PEG-based hydrogels
(without the addition of an antimicrobial agent) help
maintain a moist environment within the wound, which
facilitates the wound healing process by preventing tis-
sue dehydration.25,64 Besides this, the moist environ-
ment provided by the PEG-based hydrogels has been
shown to accelerate angiogenesis, the breakdown of
dead tissues and fibrin, and strengthen the interaction
of growth factors with their targets.64,65 Furthermore,
PEG-based hydrogels have been shown to enhance the
wound closure process.25 In our model, PT mice showed
no signs of toxicity (data not shown) and neither ery-
thema nor irritation was seen in the healthy skin
around the wound (Figure 2). Compared with the UT
group, PT did not significantly alter wound closure or
reepithelialisation rates (Figures 2 and 8A). Despite
that, and at specific time points post-treatment, PEG
still affected certain aspects of the wound healing pro-
cess. Compared with UT wounds, there was more
edema in the wound bed at 1 dPIT; more M1 macro-
phages at 3 dPIT with more remaining in the wound
bed, more neutrophils within the wound bed at 3 dPIT,
and higher levels of proinflammatory C/C at 1 dPIT.

4.3 | BDWG compared with other topical
antimicrobials

Using murine models of wound infections, previous stud-
ies assessed the effect of topical antimicrobials, including
antibiotics and silver, on different aspects of the wound
healing process. Hwang et al66 examined the effect of
cross-linked hydrogel films with polyvinyl alcohol, dex-
tran, and 0.1% gentamicin on wound healing. Compared
with gauze alone, conventional product, and hydrogel
film without gentamicin, the hydrogel film with gentami-
cin enhanced reepithelialisation, decreased the level of
inflammatory cells within the wound, and accelerated
remodelling of the granulation tissue at 15 dPIT.66

Although we examined the wounded tissue at much ear-
lier time points, BT treatment also enhanced
reepithelialisation, decreased numbers of inflammatory
cells, and produced a more organised appearance within
the healing tissue sooner than UT or PT. Numerous
commercially-available silver-based wound dressings
have been examined for their effect on wound healing. In
one study, Thomason et al67 assessed the effectiveness of
a silver oxysalt dressing in promoting the healing of non-
infected incisional cutaneous wounds. At 3 dPIT, silver
oxysalt dressing significantly advanced reepithelialisation
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compared with the control group; but by day 7 after
wounding, the wounds in both groups were fully epithe-
lialised.67 At both 3 and 7 dPIT, wounded tissues treated
with silver oxysalt contained significantly higher neutro-
phil and macrophage infiltrate than the control.67 Similar
to the effect of silver oxysalt, BT wounds showed signifi-
cantly advanced reepithelialisation compared with the
control groups at 3 dPIT, while the percentage of
reepithelialisation was similar in all treatment groups at
7 dPIT (Figure 8A). At 3 dPIT, more neutrophils were
found within the margins, beds and scabs of the BT
wounds than the UT wounds (82/grid versus 69/grid),
but at 7 dPIT this was reversed, with a significant reduc-
tion in neutrophils in the BT wounds (28/grid versus
103/grid) (Figure S5A). Similarly, the BT wounds con-
tained significantly fewer M1 (inflammatory) macro-
phages at 3 dPIT and significantly more M2 (healing)
macrophages (Figure S5B and C).

5 | CONCLUSION

In this study, we demonstrated that BDWG did not inter-
fere with the wound closure rate, did not adversely affect
the healthy skin around the wound (no erythema or
staining), and caused no delay in progression through the
four stages of the wound healing process (Figure 10A).
Indeed, the BT wounds were found to be in a continuum
of healing in which the inflammatory stage overlapped
considerably with the proliferative stage and the
remodelling stage began during the proliferative stage
(Figure 10A). At 1 dPIT, BT wounds were covered with a
stable blood clot, had less edema in the wound bed, and
the levels of proinflammatory C/C were elevated but
were still low enough to prevent excess fluid accumula-
tion and inflammatory cell influx (Figure 10C). At 3 dPIT,
BT facilitated reepithelialisation of the wounded tissues,
regeneration of hair follicles, neovascularisation within
the wound margins and beds, and reduced the number of
neutrophils; the majority of the neutrophils had migrated
to the scab where their proteases would be most helpful
in remodelling the healing wound tissue (Figure 10D). By
7 dPIT, healing appeared more organised and advanced
with portions of scab gone from the reepithelialised
wound surface (Figure 10E). Because the wounds were
not infected, these outcomes are due to the BDWG itself
rather than the eradication of a wound bioburden. Col-
lectively, data from this study and our previous study22

strongly suggest that BDWG fulfils the two critical
criteria for an effective antimicrobial topical application
to treat infected wounds; it eliminated the wound
bioburden and did not interfere with different aspects of
the wound healing process. Beyond its non-interference,

FIGURE 10 Model summarising the effect of BDWG on

wound healing. A, Revised timeline showing the continuum of

healing observed in the BT wounds. B, Diagram of normal skin and

the excision wound imposed on normal skin. Progression of healing

from 1 dPIT (C) to 3 dPIT (D) to 7 dPIT (E) showing key findings at

each stage of healing. Boxes in C, D are colour-coded to match the

stages of healing shown in A (red, haemostasis; purple,

inflammatory; orange, proliferative; green, remodelling). Features

of each stage of healing are indicated by numbered circles on

diagrams D and E. Dashed lines on panel E indicate the original

margins of the wound. BDWG, biofilm-dispersing wound gel; BT,

BDWG-treated
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treatment of the wounds with BDWG enhanced healing,
especially at 3 dPIT.
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