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Abstract

Combat injuries are associated with a high incidence of infection, and there is a con-
tinuing need for improved approaches to control infection and promote wound healing.
Due to the possible local and systemic adverse effects of standard 1% cream formu-
lation (Silvadene), we had previously developed a polyethylene glycol (PEGylated)
fibrin hydrogel (FPEG)-based wound dressing for the controlled delivery of silver sul-
fadiazine (SSD) entrapped in chitosan microspheres (CSM). In this study, we have
evaluated the antimicrobial and wound healing efficacy of SSD-CSM-FPEG using a
full-thickness porcine wound infected with Pseudomonas aeruginosa. Infected wounds
treated with a one-time application of the SSD-CSM-FPEG wound dressing demon-
strated significantly reduced bacterial bioburden over time (99⋅99% of reduction by day
11; P< 0⋅05) compared with all the other treatment groups. The epithelial thickness
and granulation of the wound bed was significantly better on day 7 (150⋅9± 13⋅12 μm),
when compared with other treatment groups. Overall, our findings demonstrate that the
SSD-CSM-FPEG wound dressing effectively controls P. aeruginosa infection and pro-
motes wound healing by providing a favourable environment that induces neovascular-
isation. Collectively, sustained release of SSD using fibrin hydrogel exhibited enhanced
benefits when compared with the currently available SSD treatment, and this may have
significant implications in the bacterial reduction of infected wounds in military and
civilian populations.

Introduction

One of the most frequent problems in combat-related trau-
matic injury is infection, which requires immediate treat-
ment to reduce the possibility of further complications (1–3).
Despite control of bacterial contamination using improved
materials, implants, clean room techniques and chemoprophy-
laxis, infection still remains a major problem in combat-related
skin wounds (4). Specifically, the pattern and prevalence of
combat-related injuries and the rate of infection have remained
fairly consistent (∼30%) (4–6). Combat wounds are con-
taminated with Gram-positive and/or Gram-negative bacteria
acquired either immediately after injury or through nosoco-
mial transmission (7,8). As a result, there is a prolonged
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inflammatory phase and production of a poor provisional
matrix causing reduced vascularisation and matrix remodelling,

Key Messages
• successful healing of an infected wound relies on early

intervention with antimicrobial/antibiotic agents and
effective delivery to the wound site; we have addressed
this problem using chitosan microsphere (CSM)-loaded
silver sulfadiazine (SSD) and a polyethylene glycol
(PEGylated) fibrin hydrogel (SSD-CSM-FPEG)-based
sustained delivery system

• one-time application of SSD-CSM-FPEG completely
eliminated Pseudomonas aeruginosa from the infected
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porcine excision wounds and significantly improved the
epithelial thickness and granulation of the wound bed

• this work demonstrates that the SSD-CSM-PEGylated
hydrogel is an effective treatment option to control infec-
tion and improve wound healing

resulting in delayed wound healing. One of the most aggressive
and challenging microorganisms isolated from combat wounds
is Pseudomonas aeruginosa (8). Once the bacteria starts secret-
ing its extracellular polysaccharide matrix (EPS), it has the
ability to establish a biofilm, which is protected within a glyco-
calyx. Through quorum sensing, these organisms can commu-
nicate with the residing microbial community and can regulate
their phenotypes accordingly in response to their environment
stimuli (9,10). Therefore, a novel treatment regimen is essen-
tial to combat these organisms to not only avoid formation of
biofilms but treat existing infections.

Use of conventional dry wound dressings often results in
progressive dehydration followed by devitalisation and necro-
sis, providing a less optimal environment for healing; however,
moist dressings that can stimulate healing may help reduce the
incidence of wound infection. Various agents have been devel-
oped and promoted to control bacterial infection, and topical
silver sulfadiazine (SSD) has been routinely used both clini-
cally and experimentally (11,12). It possesses a broad spectrum
of activity against Gram-positive and Gram-negative bacteria,
as well as fungal infections (13–15). SSD activity works by
binding to the thiol groups found within many enzymes and
disrupting their activity by forming new disulfide bonds within
the secondary structure of the proteins. In addition, silver has
a high propensity to ionise from SSD and later intercalates
with bacterial DNA. Despite the beneficial qualities of SSD and
its antimicrobial nature, SSD cream requires continuous reap-
plication (typically once or twice every day), which requires
labour-intensive and often painful dressing changes. The direct
tissue application of SSD cream can also cause necrosis of sur-
rounding tissue and may delay the normal wound-healing pro-
cess. In addition, the frequent application of SSD cream leads to
the absorption of high levels of silver ions, leading to potentially
toxic levels of silver in the body (16). Therefore, it is advan-
tageous to optimise the delivery of SSD through controlled
release so that the concentration of silver possesses antimicro-
bial activity without exceeding to toxic levels.

We have previously stated that silver can be delivered through
microcarriers in a controlled manner at levels that control infec-
tion, with the amount of silver in the serum remaining well
below toxic levels (17). Chitosan-based drug delivery systems
are a promising candidate for a wide range of drug deliv-
ery applications, with potentials for further clinical translation
(18–21). Chitosan is an excellent mucoadhesive polymer that
integrates as an extracellular glycosaminoglycan component
within the wound tissue.

In addition to providing an efficient medium for controlling
infection in combat wounds, it is necessary to formulate a
means to improve the healing by recruitment of host cells
essential for healing. To overcome these problems, fibrin-based
hydrogels were developed for ease of application and stability

in a wound (22,23). The major concern of using fibrin-based
hydrogels as wound repair scaffolds is still; their relatively
quick contraction, low mechanical stiffness (which limits
durability) and their rapid degradation once placed at the
wound site. We have recently shown that a polyethylene
glycol-modified fibrin hydrogel (PEGylated fibrin hydrogel)
induces vasculogenesis both in vitro and in vivo (24,25).
The addition of extra cross-linking between polyethylene
glycol (PEGylated) fibrin (FPEG) during thrombin-mediated
fibrin polymerisation produces a highly hydrated hydrogel
microenvironment, allowing cell seeding within the matrix.
Combining antibacterial SSD and natural biological activity
of fibrin has been shown to encourage tissue and blood vessel
growth in the healing wound (26). Therefore, in this study,
we have used FPEG hydrogel as a matrix substitute as well
as a delivery device to control the release of SSD. We have
incorporated SSD-loaded chitosan microspheres (CSM) within
the FPEG hydrogel and evaluated its efficiency in vivo using
our previously developed porcine full-thickness wound model
(27–29). In general, FPEG hydrogel-based dressing functions
as a moist wound dressing and provides a hostile environment
for positive wound healing to take place. The addition of an
antibacterial factor is anticipated to primarily control infection
and is further evaluated for its ability to induce healing response
when applied to an infected wound.

Materials and methods

Preparation of CSM and SSD-CSM

CSM and SDD-CSM were prepared using our previous pub-
lished protocol (26). Briefly, chitosan (3% solution in 0⋅5 M
acetic acid, Sigma-Aldrich, St. Louis, MO) was emulsified in
an oil mixture of soya oil (Sigma-Aldrich) and n-octanol (Acros
Organics, New Jersey, NY), with span 80 (Sigma-Aldrich) as
an emulsifier, using an overhead stirrer. Micelles of chitosan
were slowly solidified using 1% w/v of KOH in n-octanol.
After ionically cross-linking the chitosan micelles, the oil
phase of the mixture was slowly decanted, and the CSM were
recovered using acetone. Discrete microspheres were obtained
by sonicating at 600Hz (Vibracell, Viewsonics, Newtown,
CT) for 15 minutes under a constant amplitude of 42% with
an intermittent on/off pulse of 9 seconds/4 seconds. Finally,
the microspheres were dried in a vacuum desiccator. SSD
(Sigma-Aldrich)-loaded microspheres were prepared by fol-
lowing similar procedure as mentioned above, in which 10 mg
of SSD was added to aqueous phase of 100 mg chitosan and
sonicated before the emulsification process. The morphological
features of CSM and SSD-CSM were assessed by using an
Scanning Electron Microscope (SEM). For analysis, the spec-
imens were sputter-coated with gold–palladium (40–60%).
The ultra-structural features of CSM and SSD-CSM were anal-
ysed with a JEOL JSM 5610 (JEOL, Peabody, MA) series SEM
equipped with an electron optical system with a 0⋅5–30-kV
capacity electron gun and an electron detector.

Preparation of SSD-CSM-FPEG hydrogels

FPEG hydrogel was prepared as per our previous pro-
cedure (24,30). Briefly, modified PEG (Succinimidyl
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glutarate-modified polyethylene glycol; SG-PEG-SG, 3400 Da;
NOF America Corporation, White Plains, NY) was added to
fibrinogen (Sigma-Aldrich) at concentration ratio of 1:10
in tris-buffered saline (TBS), pH 7⋅8 and incubated for
20 minutes in a 5% CO2-humidified incubator at 37 ∘C.
This mixture constitutes a molar concentration ratio of
1:10, SG-PEG-SG:fibrinogen. An equal volume of throm-
bin (Sigma-Aldrich) in 40 mM CaCl2 at a final concentration
of 10 U/ml was added to the PEG–fibrinogen solution and
incubated for 10 minutes at 37 ∘C to allow for complete poly-
merisation/gelation. The resulting hydrogels were rinsed with
TBS (pH 7⋅8) before application. To prepare FPEG hydrogels
incorporated with SSD-CSM, SSD-CSM (40 mg) was added to
the SG-PEG-SG:fibrinogen solution after incubation followed
by gelation with thrombin.

Full-thickness infected porcine excision wound model

Three (3) female, pathogen-free (SPF: Looper Farms, Gran-
ite Falls, NC) pigs weighing 35–40 kg (approximately
2–3 months old) were acclimated for 2 weeks prior to ini-
tiating all experiments. The animals were fed a basal diet
ad libitum and housed individually in American Association
for Accreditation of Laboratory Animal-accredited animal
facilities with controlled temperature (19–21 ∘C) and lights
(12 h/12 h LD). During surgery and treatments, the animals
were sedated with Telazol HCl, Xylazine, Atropine (I.M.)
followed by endotracheal tube inhalation of an Isofluorane
(Isothesia; Abbott Laboratories, Chicago, IL) and oxygen
combination. The flank and back of the experimental animals
were clipped with standard animal clippers on the first day of
experimentation. The skin on both sides of each animal was
prepared for wounding by washing with a non-antibiotic soap
(Neutrogena Soap Bar; Johnson and Johnson, Los Angeles,
CA) and sterile water. The animals were then blotted dry
with sterile gauze. Full-thickness wounds were made on the
paravertebral and thoracic area with a 10-mm punch biopsy,
and the wounds were separated from one another by 15 mm
of unwounded skin. Immediately after punch biopsies were
made and bleeding stopped, the wounds were inoculated with
P. aeruginosa (PA 09–010, provided by US Army Institute of
Surgical Research). The challenge inoculum suspension was
prepared by scraping the overnight growth from a culture plate
into 20 ml of normal saline. The inoculum was serially diluted
to a concentration of 106 CFU/ml, and 25 μl of this suspension
was applied directly into the individual wounds and immedi-
ately covered with a polyurethane film dressing (Tegaderm™
Transparent Dressing; 3 M Health Care, St. Paul, MN). All
sites were secured with surgical tape and the entire animal
loosely wrapped with Coban self-adhesive elastic wrap (3 M,
St. Paul, MN). The Tegaderm was left in place for 24 hours to
allow for formation of a bacterial biofilm in the wounds.

Efficiency of SSD hydrogel-based dressing

A total of 24 hours after infection with P. aeruginosa, the
wounds were treated, and secondary Tegaderm dressings
were re-applied. The wounds were randomly assigned to the
following groups: (A) CSM (40 mg), (B) SSD-loaded CSM

(SSD-CSM, 40 mg), (C) FPEG hydrogel incorporated with
40 mg CSM, (CSM-FPEG), (D) FPEG hydrogel incorporated
with 40 mg of SSD-CSM (SSD-CSM-FPEG), (E) Silvadene
cream (positive Control) and (F) Tegaderm Polyurethane film
dressing (negative control). Treatment groups A–D received
a collagen sheet that was prepared from rat tail tendon as per
previously published protocol (31). Briefly, type 1 collagen
(5 mg/ml; Travigen, Gaithersburg, MD) from rat tail tendon
was fibrillated by adjusting the pH to 6⋅8–7⋅0 using Dulbecco’s
PBS and 1 N NaOH. The fibrillated collagen (20 ml) was uni-
formly cast over horizontally placed polypropylene platforms
of 10× 10× 2 cm3 dimensions. They were allowed to dry at a
constant temperature of 34 ∘C until a thin sheet was obtained.
The collagen sheet was then washed with distilled water twice,
air-dried and stored in a desiccator for further experimental
purpose. All wounds were covered with Tegaderm to maintain
a moist wound environment. The treatments and dressings were
secured using surgical tape (Elasticon, New Brunswick, NJ)
and Coban elastic wrap. The positive control group was treated
with Silvadene cream, daily, through out the experiment.

Assessment of microbial load

The wounds were biopsied using a 6-mm punch biopsy and
by making an incisional wedge, which contained normal skin
on each side, on days 5, 7 and 11 post-treatment applica-
tions. Punch biopsies were taken from the centre of the wound,
weighed and then immediately placed in 1 ml of all-purpose
neutralising solution. The sample was then combined with
Neutralising Solution (containing tween 80, lecithin, sodium
oleate, sodium thiosulfate, protease peptone and tryptone) and
homogenised in a sterile homogenisation tube (Tenbroeck Tis-
sue Grinder). Serial dilutions were made, and scrub solutions
were quantified using the Spiral Plater System, which deposits
a small defined volume (50 μl) of the bacterial suspension over
the surface of a rotating culture plate. Pseudomonas Agar base
with CN supplementation (containing cetrimide 100 mg and
sodium nalidixate 7⋅5 mg) was used to specifically identify P.
aeruginosa from the wounds. After plating, all samples were
incubated aerobically for 24 hours at 37 ∘C. After the incuba-
tion period, the colonies on the plates were counted, and the
CFU/g of wound tissue biopsies was calculated.

Histological assessment

Incisional wedge biopsies were placed in 10% neutral buffered
formalin and then stained with haematoxylin and eosin (H&E).
Paraffin sections were prepared and histomorphometrically
analysed. The specimens were evaluated in a ‘blinded’ fash-
ion through light microscopy and examined for the following
elements to determine a potential treatment response: percent
wound epithelialisation, new blood vessel formation (angio-
genesis) and granulation tissue formation. Percent of wound
epithelialisation was determined by measuring the length of
the wound that was covered with new epithelium. Histo-
logical analysis of new blood vessels formation was carried
out using a mean score measurement method: 1= absent,
2=mild, 3=moderate, 4=marked, 5= exuberant. Granulation
tissue formation was measured by the approximate amount
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Figure 1 Silver sulfadiazine (SSD)-loaded chitosan microspheres (SSD-CSM) and PEGylated fibrin hydrogel-based wound dressing. Scanning electron
micrographs show (A) CSM with smooth surface before drug loading and (B) SSD-CSM with rough surface due to crystalline nature of entrapped SSD.
(C) A photomicrograph of PEGylated fibrin gel (FPEG) impregnated with SSD-CSM. (D) Photograph showing application of FPEG-SSD-CSM over an
excision wound 24 hours post-inoculation. (E) Histological section stained with Haematoxylin and Eosin showing PEGylated fibrin gel, with SSD-CSM
filled within the wound (appears as red-coloured particles). Scale bar in (E)=20 μm.

of new granulation tissue formed (in the dermis) and graded
by a trained pathologist as follows: 1=≤5%, 2= 6–25%,
3= 26–50%, 4= 51–75%, 5= 76–100%.

Statistical analysis

All graphical illustrations in this study are represented as
mean±SD (microbiology) or±SEM (histology) and analysed
for significance using an ANOVA of the mean Log CFU/g of the
combined animal data. Variance within each group was com-
pared individually and also against two, three and all groups
combined together. Test for significance was performed with a
confidence limit of 95 and 99%, that is, P< 0⋅05 and 0⋅01%,
respectively, and was considered statistically significant.

Results

SSD-CSM and FPEG hydrogel-based wound dressing

We have previously shown the controlled release and delivery
of SSD-impregnated CSMs, and FPEG hydrogel is an effec-
tive, biocompatible, antibacterial tool in vitro (26). The CSMs
(Figure 1A) and SSD-loaded CSM (SSD-CSM; Figure 1B)
used in this study were in the size range of 125–180 μm, with

76⋅50 weight% of drug entrapment/mg of chitosan. For in vivo
application, 750 μl FPEG hydrogels were prepared as previ-
ously described (26). In this study, we evaluated the efficiency
of FPEG hydrogel incorporated with SSD-CSM to control
P. aeruginosa infection in a porcine full-thickness wound
model. Figures 1D and E are representative photographs
showing the application of SSD-CSM-FPEG over an exci-
sion wound 24 hours post-infection and an H&E-stained
histological section of biopsies taken at different days,
respectively.

SSD-CSM-FPEG decreases microbial load

In a rodent study (unpublished), we had observed that
SSD-CSM (40 mg) delivered using a FPEG hydrogel would
effectively control P. aeruginosa (1× 106 cfu) infection. Based
on that study, 40 mg of SSD-CSM was used for treatment in
the current study. Microbiological assessment on day 5 of
the wounds treated with SSD cream and SSD-CSM-FPEG
treatment showed a better bacterial reduction than other groups
(∼1–3 Log CFU/g). On day 7, all SSD groups (SSD-CSM
and SSD-CSM-FPEG) showed reductions in P. aeruginosa
counts compared with other treatment groups. Interestingly,
assessment of the SSD-CSM-FPEG hydrogel dressing showed
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Figure 2 Reduction of Pseudomonas aeruginosa cfu observed in different treatment groups on various treatment days (5, 7, 11). *P <0⋅05 compared
with CSM-FPEG, CSM and Tegaderm™ control groups; ▴P <0⋅05 compared with CSM-FPEG, SSD-CSM, CSM and Tegaderm control groups; ‡P <0⋅05
compared with Tegaderm control; †P <0⋅05 compared with all other five treatment groups.

a significant decrease in P. aeruginosa on day 11 in comparison
with SSD and other treatment groups (Figure 2), with over a 5
Log reduction compared with Tegaderm control.

Wound healing

On days 5, 7 and 11, wounds from all treatment groups
had similar rates of reepithelialisation except those treated
with SSD-CSM, which showed less epithelialisation than
SSD-CSM-FPEG (day 7: P< 0⋅01), CSM alone (day 7:
P< 0⋅05) and CSM-FPEG (day 11: P< 0⋅05). The degree
of white cell infiltrate was decreased in wounds treated with
SSD-CSM-FPEG (days 7 and 11). Interestingly, these wounds
also showed the greatest reduction in P. aeruginosa. Wounds
from all treatment groups had similar amounts of granulation
tissue (except those treated with SSD-CSM, which had lower
amounts on day 7). Histological images of a granulating
wound bed stained with H&E shows that silvadene cream
treatment initiated granulation earlier (day 5), whereas on the
later days, specifically after day 7, the wounds treated with
SSD-CSM-FPEG hydrogel exhibited improved granulation
tissue formation. On day 11, SSD-CSM-FPEG exhibited
the formation of distinct reticular dermis and underlying
subcutaneous region with defined adipose tissue (Figure 3).
Specifically on day 7, the SSD-CSM-FPEG had significantly
more (P< 0⋅05; score= 4⋅88± 0⋅08) granulation tissue forma-
tion than the FPEG hydrogel without SSD (CSM-FPEG group)
(Figure 4). While no significant differences were found among
any group at three time points, the SSD-containing groups
always obtained the highest score for granulation tissue for-
mation. Importantly, the epithelial thickness was significantly
better in the wound treated with SSD-CSM-FPEG hydrogel on
day 7 (150⋅9± 13⋅12 μm, P< 0⋅05) when compared with all
the other groups (Figure 5).

FPEG hydrogel-based wound dressing initiates early

angiogenic response

Histological slides stained with H&E were scored by a trained
pathologist (blinded). Angiogenesis within the wound bed was
characterised and scored by newly formed capillary blood ves-
sels with proliferating endothelial cells sprouting from adja-
cent existing blood vessels. Infected wounds treated with
FPEG hydrogel-based dressings (with or without SSD loaded
CSM) had better and significant scores (3⋅88± 0⋅157 and
3⋅75± 0⋅164, respectively; P< 0⋅01) than the other groups
(Figure 6). The wounds treated with silvadene cream and
SSD-CSM alone had lower scores than all other groups,
but they were not statistically significant. On day 7, the
FPEG hydrogel-based groups, with or without SSD-CSM, and
SSD group showed better angiogenic response in compari-
son to Tegaderm alone; however, no statistically significant
difference was found. Collectively, these results indicate that
FPEG hydrogels were able to instigate an early angiogenic
response.

Discussion

Pathogenesis of bacterial contamination in skin wounds occurs
due to extracellular virulence factors such as elastase, exo-
toxins and exozymes, which directly and indirectly influence
the healing process (3). Wound contamination/infection is a
major problem in combat injuries due to improvised explosive
devices, which typically involves large skin loss, making them
highly vulnerable to infection by pathogenic microorganisms
like P. aeruginosa (2,3). Although SSD creams and silver-based
dressings still remain the treatment of choice against bacterial
infections, it has also been shown to impair the wound-healing
process (16). As a result, improved treatments are necessary.
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Figure 3 H&E-stained sections of biopsies taken from wounds treated with SSD-CSM-FPEG, CSM-FPEG, SSD-CSM, CSM and Tegaderm™.
FPEG-SSD-CSM group exhibited formation of distinct reticular dermis and underlying subcutaneous region with defined adipose tissue on day 11.
ep, epidermis; d, dermis; all the images were taken at same magnification and scale bar=20 μm.

Therefore, we have developed a novel dressing in which SSD

is delivered in CSM using an FPEG-based hydrogel carrier to

effectively reduce P. aeruginosa infection and also promote

healing in a porcine full-thickness wound model.

Numerous studies have utilised chitosan as a drug carrier,

but there are limited studies on the use of chitosan in the form

of microcarriers for wound-healing application. We have pre-

viously shown that CSM act as a mucoadhesive polymer that
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Figure 4 Comparative scores of granulating wound bed assessed on days 5, 7 and 11 in different treatment groups from histological sections stained
with H&E. A statistically significant score was observed on day 7 when SSD-CSM-FPEG was compared with the SSD-CSM group. *P < 0⋅05 compared
with SSD-CSM. Mean scores for granulation tissue formation: 0, <1%; 0⋅5, 1–10%; 1, 11–30%; 2, 31–50%; 3, 51–70%; 4, 71–90%; 5, >90%.

Figure 5 Determination of epithelial thickness from H&E wound biopsy sections. A significant difference was observed in the wound treated with
SSD-CSM-FPEG on day 7 when compared with SSD-CSM. *P <0⋅05 compared with SSD-CSM. Epithelial thickness was a measure of an average
thickness of five points of newly formed epithelium in each treatment group on various assessment days (5, 7, 11).

provides an excellent cell adhesive surface (32). The cell adhe-
siveness is due to it being a cationic polysaccharide offering
ionic sites for interactions with tissues and mucosal layers
(33,34). CSM in our study was developed by an ionic gela-
tion process, and it offers polycationic sites that can potentially
interact not only with negatively charged cell surfaces but also
with anionic compounds and drugs. In this study, we have taken
advantage of the polycationic sites of chitosan that interact with
Ag+ ions present in SSD and form weak ionic bonds. The SEM
image clearly shows the entrapment of SSD within CSM. The
CSM had smooth surface, and following drug entrapment, the
microspheres developed an irregular morphology because of

the crystalline nature of entrapped SSD (Figure 1). In our previ-
ous studies, we have shown that release of SSD from CSM fol-
lows first-order release kinetics within the required bactericidal
concentrations to inhibit P. aeruginosa growth in vitro. Through
this in vivo study, we show that SSD-CSM-based wound dress-
ing can be used to control infection without affecting the normal
healing process (26).

Persistent microbial infections of wounds impede vasculari-
sation and epithelialisation, resulting in increased scarring (35).
Active biopolymer-based wound dressings, like hydrogel-based
systems, provide a moist wound environment, helping to opti-
mise the healing process and decrease the number of dressing
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Figure 6 Angiogenesis scores determined from histological sections stained with H&E of all treatment groups on different assessment days (5, 7, 11).
*P <0⋅05 compared with all other treatment groups; †P < 0⋅01 compared with CSM-FPEG group; ‡P <0⋅05 compared with SSD-CSM, CSM, Silvadene
ccream and Tegaderm™ control groups. Mean score for angiogenesis: 1, absent; 2, mild; 3, moderate; 4, marked; 5, exuberant.

changes (36). Therefore, implementation of biological scaffolds
that controls the release of SSD as well augment healing was
considered important. Most of the current wound dressings are
primarily designed to address only infection and do not pro-
vide an active platform to induce angiogenesis. Fibrin has been
used clinically as an FDA-approved haemostatic agent and as
a sealant in a variety of clinical applications (37). In addition,
fibrin hydrogels also have applications for promoting angiogen-
esis (38). We have developed a modified FPEG hydrogel that
possesses desirable mechanical stability, supports the forma-
tion of a tubular network in combination with stem cells in vitro
and significantly promotes blood vessel formation in vivo (25).
These attributes of FPEG hydrogel prompted us to use it as an
effective wound dressing.

Previously, we have shown that the FPEG hydrogels impreg-
nated SSD-CSM at a concentration of 50 μg/ml reduced
inoculated bacterial load and promoted tube formation by
adipose-derived stem cells (ASC) in vitro. Furthermore, the
morphology of the tube-like structures formed was comparable
to the hydrogels without SSD-CSM. The tube-like structures
exhibited phenotypic characteristics of pericytes (NG-2 and
PDGFRβ positive), which are considered to be vital for fur-
ther endothelial cell infiltration during neo-vascularisation
(26). Therefore, it is anticipated that when applied in vivo,
SSD-CSM-FPEG hydrogels may act as an active platform
to induce vasculogenesis in an infected wound environment.
The results from our current study demonstrated significant
reduction in bacterial load throughout the experiment (5, 7
and 11 days). Interestingly, the efficacy of SSD appeared to be
optimised with the addition of SSD-CSM to FPEG hydrogel as
seen by the significant decrease in Pseudomonas infection lev-
els on day 11, the final assessment day. A total of 5⋅31± 0⋅53
Log CFU/g (a 99⋅99% of reduction) of Pseudomonas was
observed on day 11, compared with the untreated wounds. In

addition, the SSD-CSM-FPEG group facilitated early angio-
genesis, based on day 5’s assessment, better than any other
treatment group. Although the assessment of angiogenesis
was semi-quantitative, the blinded assessment by a trained
pathologist prompts furthermore quantitative assessment. The
vWF quantification carried out in our previous study clearly
indicated that FPEG hydrogels promote better vascularisation
than no treatment (25), which substantiates our present finding.

It is well documented that bacterial load aggravates wound
damage (39). From our histological results, we demonstrate
that the SSD-CSM-FPEG hydrogel group showed significant
improvement in epithelial thickness (150⋅9± 13⋅12 μm) and
wound bed granulation on day 7. This result is consistent with
early and complete clearance of bacteria throughout the wound.
Inhibition of infection and increased healing is also shown
through the appearance of reticular dermis on day 11 in the
wounds treated with SSD-CSM-FPEG hydrogel. The results
of the current investigation indicate that the controlled release
of SSD inhibits infection. As the release of SSD from CSM
maintains a steady-state release of silver at therapeutic levels
(data not shown) and not a burst release, there is no risk of
Ag+ ions accumulation elsewhere in the body. Earlier dress-
ings were developed mainly with synthetic polymers and did
not provide controlled release from dressing. Therefore, this
study provides a new dressing for controlled delivery of SSD
using CSM in a FPEG hydrogel to reduce bacterial bioburden
with one-time application and improves wound healing by pro-
moting angiogenesis and granulation tissue formation, followed
by accelerated maturation of dermal and epidermal tissue.

Conclusion

The treatment of infected porcine wounds with
SSD-CSM-FPEG hydrogel dressing effectively controls
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P. aeruginosa infection. The ability of the dressing to promote
early angiogenesis supports our hypothesis of providing mate-
rial mimicking a provisional matrix to enhance the healing
process. In fact, the wounds treated with an FPEG-based
hydrogel formulation exhibited better reepithelialisation and
a granulating wound bed, indicating the positive role of fibrin
during the healing process. Therefore, there is a great potential
for implementing SSD-CSM and further incorporating them
within a FPEG hydrogel not only to control infection but also
to provide an environment to positively promote healing of
combat-associated skin injuries.
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