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ABSTRACT

Purpose An ethyl alcohol-precipitated silk sericin/PVA scaffold
that controlled the release of silk sericin was previously developed
and applied for the treatment of full-thickness wounds in rats and
demonstrated efficient healing. In this study, we aimed to further
evaluate the clinical potential of this scaffold, hereafter called “silk
sericin-releasing wound dressing”, for the treatment of split-
thickness skin graft donor sites by comparison with the clinically
available wound dressing known as “Bactigras®”.

Methods In vitro characterization and in vivo evaluation for
safety of the wound dressings were performed. A clinical trial
of the wound dressings was conducted according to standard
protocols.

Results The sericin released from the wound dressing was not
toxic to HaCat human keratinocytes. A peel test indicated that the
silk sericin-releasing wound dressing was less adhesive than
Bactigras®, potentially reducing trauma and the risk of repeated
injury upon removal. There was no evidence of skin irritation upon
treatment with either wound dressing. When tested in patients
with split-thickness skin graft donor sites, the wounds treated with
the silk sericin-releasing wound dressing exhibited complete healing
at 12+5.0 days, whereas those treated with Bactigras® were
completely healed at 14+ 5.2 days (p=1.99 X 10™%. In addition,
treatment with the silk sericin-releasing wound dressing significantly
reduced pain compared with Bactigras® particularly during the first
4 postoperative days (p=2.70x 10~ on day ).

Electronic supplementary material The online version of this article
(doi: 10.1007/s1 1095-013-1136-y) contains supplementary material, which
is available to authorized users.

Conclusion We introduce this novel silk sericin-releasing
wound dressing as an alternative treatment for split-thickness
skin graft donor sites.

KEY WORDS cdlinical trial - silk sericin - split-thickness skin
graft - wound dressing - wound healing

INTRODUCTION

A wound dressing is generally applied in direct contact with the
wound to promote healing and prevent further injury. The
wound dressing should maintain an appropriate moisture and
temperature over the wound to promote cell migration and
carly epithelialization. However, an excessively warm and moist
environment favors microbial growth (1,2). The wound dress-
ing should also provide good absorption of postoperative bleed-
ing to avoid the need for frequent changing of the dressing,
which can irritate the wound. Furthermore, the dressing must
not contain allergenic or toxic agents that can irritate the
wound (3). Generally, wound dressings can be classified into
two groups: passive and bioactive dressings. A passive dressing
1s a traditional absorbent wound pad that is attached with tape
and is primarily designed to absorb the fluid from the wound
and to protect the wound. A bioactive dressing is designed to
interact with the wound surface by providing an optimal
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microenvironment for the wound or by delivering bioactive
molecules to accelerate wound healing (4-6).

Numerous types of bioactive dressings are available and
are used clinically. For example, a hydrofiber dressing
(Aquacel®) applied with adhesive polyurethane film has been
shown to heal wounds after hip replacement surgery with
reduced wound area reactions (blister, erythema, edema, skin
injury, and hematoma) (3). Manuka honey tulle dressings
(Activon®), which display antibacterial activity, successfully
treated recalcitrant surgical wounds in a wound care clinic
(7). The application of honey to severely infected cutaneous
wounds can clear infection from the wound and improve
healing. However, many types of bioactive wound dressings
have disadvantages. For example, alginate dressings, which
are generally used to treat wounds with heavy exudates or
infected wounds, do not provide thermoregulation and may
require a secondary dressing (8). Application of alginate dress-
ings to deep wounds requires careful monitoring because
overstimulation of fibroblasts can delay healing. Semi-
permeable wound dressings can be applied to surgical wounds
or nearly healed wounds in the epithelialization stage with
very little exudate but cannot be used on infected wounds or
wounds with heavy exudates (9). Therefore, a high demand
remains for the development of more effective bioactive
wound dressings, particularly dressings that can deliver active
molecules to the wound to accelerate healing.

The silk protein sericin, which is derived from silkworm
cocoons, has been recently investigated by many researchers
for possible new applications in the biomedical field. We
previously demonstrate that silk sericin can activate collagen
production in wounds, which subsequently induced epithe-
lialization (10—12). Furthermore, silk sericin has been report-
ed to promote the attachment and proliferation of human
skin fibroblasts and keratinocytes (13—17). These properties
contributed to the excellent suitability of silk sericin as a
wound dressing material. However, the potential applica-
tions of a silk sericin wound dressing have not been clinically
investigated. We previously developed and tested i vitro
and @ wviwo studies of an ethyl alcohol-precipitated silk
sericin/polyvinyl alcohol (PVA) scaffold (18). We demonstrat-
ed that silk sericin could be released from this scaffold in
a sustained manner. The controlled release of silk seri-
cin from the scaffold promoted the proliferation of 1.929
mouse fibroblasts and efficiently healed full-thickness
wounds in rats, with a greater extent of collagen formation
and epithelialization than those treated with a control scaffold
without silk sericin.

In this study, we aimed to further investigate the clinical
potential of this ethyl alcohol-precipitated silk sericin/PVA scaf-
fold as a novel bioactive wound dressing, hereafter called a “silk
sericin-releasing wound dressing”, for the treatment of split-
thickness skin graft donor sites in comparison with the

commercially available wound dressing known as
“Bactigras®”. In vitro studies of the wound dressings were
performed, including the evaluation of oxygen permeation,
microbial penetration, toxicity and wound healing model using
scratch assay, in addition to peel assays. All of these properties
are essential and beneficial for clinical applications. In viwo eval-
uation of the safety of the wound dressings was performed
according to ISO 109936 (Biological evaluation of medical
devices-Part 6: Tests for local effects after implantation). Finally,
a clinical trial of the wound dressings was conducted according
to standard protocols. A patch test was performed on healthy
volunteers to evaluate skin irritation, whereas a split-thickness
skin wound test was performed on patients who received split-
thickness skin grafts to evaluate healing efficiency. Erythema and
melanin levels in addition to elevated responses including ede-
ma, papules, vesicles, and bullae on the skin of healthy volun-
teers after receiving a patch test were assessed to determine the
extent of skin irritation. Clinical wound healing efficacy was
evaluated on split-thickness skin graft donor sites in terms of a
pain score during treatment and the period required for com-
plete healing.

MATERIALS AND METHODS
Materials

Fresh bivoltine white-shell cocoons of Bombyx mor: that were
produced in a controlled environment were kindly sup-
plied by Chul Thai Silk Co., Ltd. (Petchaboon province,
Thailand). PVA (MW 77,000-82,000) was purchased
from Ajax Finechem (New South Wales, Australia). Ethyl
alcohol, glycerin, and other chemicals were of analytical grade
and used without further purification. Bactigras®, which is
a fine mesh gauze impregnated with paraffin and chlor-
hexidine acetate, was purchased from Smith & Nephew,
London, UK.

Fabrication of the Silk Sericin-Releasing Wound
Dressing

A silk sericin solution was prepared according to a previously
reported method (19). The silkworm cocoons were cut into
small pieces, and the silk sericin was extracted using a high
temperature and pressure degumming technique. The final
concentration of the silk sericin solution was approximately
7 wt%. The ethyl alcohol-precipitated sericin/PVA scaffold
was fabricated according to previously published techniques
(18). Briefly, a silk sericin solution (3 wt%), PVA solution
(2 wt%), and glycerin solution (1 wt%) were mixed at room
temperature for 30 min. The mixture was poured into a Teflon
mold and frozen at —20°C, followed by lyophilization (Heto LL
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3000 lyophilizer, Allerod, Denmark) for 72 h. The scaffold was
then precipitated by soaking in 70 vol% ethyl alcohol for 5 min,
followed by soaking in a 20 wt% glycerin solution for an
additional 20 min. The ethyl alcohol-precipitated silk
sericin/PVA scaffold, hereafter called the “silk sericin-releasing
wound dressing”, was thus obtained. The wound dressing
was sterilized by gamma irradiation (20).

Oxygen Penetration

Oxygen penetration through the wound dressings was deter-
mined by gluing each dressing to the top of a flask filled with
300 ml detonized water (21). A flask sealed with an airtight cap
served as the negative control, whereas an open flask that
allowed oxygen to enter the flask and dissolve in the water
served as the positive control. Test flasks were placed in an
open environment with constant agitation for 7 and 14 days.
The collected water samples were then analyzed for dissolved
oxygen content according to the Winkler method (2=3). The
test procedure was adopted from standard methods for the
examination of water and wastewater (22).

Microbial Penetration

The ability of the wound dressings to prevent microbial
penetration was determined by attaching the dressings to
the top of glass test tubes containing 20 ml of standard
nutrient broth (21). The dressings were sterilized by over-
night incubation in 70 vol% ethyl alcohol supplemented with
0.1 vol% penicillin/streptomycin, followed by exposure to
UV light for 30 min. Nutrient broth and glass test tubes were
sterilized in an autoclave for 20 min at 121°C. Sterile nutri-
ent broth in a glass test tube sealed with an airtight cap served
as the negative control, whereas sterile nutrient broth in a test
tube that was open to air served as the positive control. The
turbidity of the nutrient broth in the test tubes after 7, 14, and
30 days of incubation in an ambient environment was deter-
mined to assess microbial contamination. Spectrophotometric
measurements were obtained at 600 nm in a microplate
spectrophotometer (n=3).

Cytotoxicity Evaluation

HaCat human keratinocyte cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM, high glucose—glutamine)
supplemented with 10 vol% fetal bovine serum and 10 U/ml
penicillin/streptomycin at 37°C under a humidified atmo-
sphere of 5 vol% COy/95 vol% air. At approximately 80—
90% confluence, the cells were trypsinized for passaging.
The cells were seeded in each well of 24-well plates at an
initial seeding density of 3x10* cells/well. After 24 h of
seeding, the sterilized wound dressings (2%2 cm?) were
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placed in the medium. After 24 and 48 h of culture, the
number of cells was quantified using the conventional 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay (n=3). Cells cultured in a well without any
wound dressing served as a control.

The spreading and migration capabilities of 1.929 mouse
fibroblast cells were assessed using a scratch assay (injury to the
cell monolayer) that measured the expansion of a cell popu-
lation on the surface. The cells (5% 10* cells/ml) in DMEM
containing 10% FBS were seeded in a 6-well plate. Once the
confluent monolayer was formed, a linear scratch was gener-
ated in the monolayer with a sterile pipette tip. Any cellular
debris was removed by washing with phosphate buffer saline
(PBS) and replaced with 2 ml of DMEM containing silk
sericin-releasing wound dressing and DMEM without sample
served as a control. Photographs were taken at a 10X magni-
fication using a microphotograph (Olympus CK2, Japan) on
day 0 then plates were incubated at 37°C with 5% COg and
photographs were taken again after 24, 48 and 72 h. The
images acquired for each sample were further analyzed quan-
titatively by using computer software (Image J 1.42q/Java
1.6.0.10). By comparing the images from day 0 to 1, the
distance of each scratch closure was determined and the
percentage migration rate was calculated. In each well, two
scratches were made (left and right) and six points per scratch
were considered. Average of left scratch and right scratch
were taken separately. Percentage of migration was cal-
culated from left scratch and then right scratch using
following equation:

Migration rate(%) = [Average distance between scratch(day0)
—Average distance between scratch(day 1)]

Average distance between scratch(day 0)

Samples were in quadruplicates. Percentage of migration
obtained from all four wells were averaged and recorded.

Cell Cycle Analysis

HaCat human keratinocyte cells were cultured on the wound
dressings for 24 and 48 h as previously described. Subsequently,
the cells were collected by trypsinization and fixed with 70 vol%
cold ethyl alcohol for 24 h. Cells were incubated with 1 mg/ml
RNase A (Sigma—Aldrich, St. Louis, MO, USA) for 30 min,
followed by staining with 50 mg/ml propidium iodide (Sigma—
Aldrich, St. Louis, MO, USA) at 37°C for an additional
30 min. DNA fluorescence was measured using a flow
cytometer. The percentages of cells in the subGg, Go/G, S,
and Go/M phases of the cell cycle were determined using
Flow]Jo software.
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Peel Test with Porcine Skin

Porcine skin was used within 2 h after sacrifice. A full-thickness
wound was generated from a 1-cm-deep skin incision. The silk
sericin-releasing wound dressing and Bactigras® were ran-
domly attached to the wounds. After 12 h, the dressings were
removed, and the number of cells attached on the dressings
was analyzed by fluorometric quantification of cellular DNA
according to the method reported by Takahashi ez al. (23). The
adhesive force applied to peel the dressings from the wounds
was also determined by a modified fixed peeling angle peel
test (24). Briefly, the porcine skin with the attached dressings
(150 mm in length and 25 mm in width) was placed on a liner
translation stage of a universal testing machine (Instron, No.
5567) at a fixed peeling angle of 135°. The sample holder was
fixed at the upper side of the dressings, and the peeling force
was applied at a constant tensile rate of 5 mm/min. The
adhesive force, which was defined as the steady-state peeling
force used to peel the dressings from the wounds, was deter-
mined from a load—displacement curve (n=>5).

In Vivo Evaluation of the Safety of the Wound Dressings
(ISO 10993-6 Standard)

The wn vivo evaluation was approved by the Ethics Committee
of the Faculty of Medicine, Chulalongkorn University (No.
09/52). The animal experiments were performed according
to the Chulalongkorn University Animal Care and Use
Committee (CU-ACUC) under standard sterile conditions.
The silk sericin-releasing wound dressing and Bactigras®
(2%x2 CmQ) were implanted into the subcutaneous tissue of
female Wistar rats (8 weeks old, 200-300 g). Briefly, the rats
were anesthetized, the hair was shaved, and the skin was
disinfected with 70 vol% ethyl alcohol. A 1-cm skin incision
was made to form pockets in the subcutaneous tissue, and the
wound dressings were inserted into each pocket. The wound
was closed with a 6-0 prolene suture and disinfected with
Betadine® (povidone-iodine topical antiseptics) solution.
After 3, 7, 14, and 28 days of implantation, the rats were
sacrificed by overdose with thiopental sodium. The samples
and surrounding tissue were retrieved, fixed with 10 vol%
formalin solution, and embedded in paraffin. The paraffin-
embedded samples were sectioned and stained with hema-
toxylin and eosin (H&E) for histological evaluation. Both
macro- and microscopic assessments were performed. For his-
tological assessment, the H&E slides were semi-quantitatively
scored following ISO 109936 (25). Inflammatory cell types,
neovascularization, fibrosis, and fatty infiltrate were scored by
one pathologist at two different times. The intensity of inflam-
matory cells, neovascularization, fibrosis, and fatty infiltrate was
recorded using 0—4 scales (O=not observed, 1=rare, 2=mini-
mal, 3=heavy infiltrate, and 4=packed infiltrate). The final
score was calculated according to Eq. 1 and classified as follows:

0.0-2.9 (the sample is a nonirritant), 3.0-8.9 (the sample is
a slight irritant), 9.0-15 (the sample is a moderate irritant),
and >15 (the sample is a severe irritant). The level of irritation
was compared with that of the control (Bactigras®).

Final score = [21, + N,]-[21, + N ], (1)

where [; is the total number of polymorphonuclear cells,
lymphocytes, plasma cells, macrophages, giant cells, and ne-
crosis of sample ¢ (i=test sample (¢) and control (¢)); and N;is the
total number of neovascularization, fibrosis, and fatty infiltrate
of sample 7 (:=test sample () and control (¢)).

Clinical Trial

Patch Test to Evaluate the Safety of the Wound Dressings
on Healthy Volunteers

A prospective, randomized, controlled matched-pair study
was conducted from April 2011 to January 2012 at the
Department of Pharmacy Practice, Pharmaceutical Sciences,
Chulalongkorn University and Police General Hospital in
Bangkok, Thailand, to determine the safety profile of the silk
sericin-releasing wound dressing in comparison to the com-
mercial wound dressing “Bactigras®”, a standard wound
dressing used to treat split-thickness skin graft donor sites at
Chulalongkorn Hospital. A total of 110 healthy Thai volun-
teers, male and female, between the ages of 20 and 57 years
and who fulfilled the criteria were recruited in this study. The
volunteers were required to be dependable, to be able to read,
understand, and follow instructions, and not exhibit any phys-
ical or dermatological condition that would preclude the
application of the test materials (26). The study protocol was
reviewed and approved by the institutional review board of
the Police General Hospital (Approval number 30/2554).
Adequate explanation of the objectives, methods, and poten-
tial risks of the study was provided to each individual, and
written informed consent was obtained. After signing the
consent forms, demographic data were recorded from all
volunteers. The back of the volunteers was chosen to provide
a sufficient area for the simultaneous application of both the
silk sericin-releasing wound dressing and Bactigras®. The left
and right areas on the back were randomly allocated to attach
the silk sericin-releasing wound dressing or Bactigras®.

On the first visit, the silk sericin-releasing wound dressing or
Bactigras® (4 x4 cm?) were applied to the assigned back areas.
Both dressings were then covered with gauze and retention tape
and left for 3 days. This process was performed in two cycles
during the induction phase. Seven to ten days after the appli-
cation of the last induction patch, the dressings were repeatedly
applied on identical areas and left for an additional 3 days.
This latter process was called the challenge phase. At each
visit, both skin redness (erythema) and skin darkness (melanin)
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were measured using a Mexameter MX 18 (Courage+
Khazaka electronic GmbH, Germany), and photos of the skin
were taken from both areas within 30 min after the dressings
were removed. The volunteers were also interviewed by the
mvestigator for details of any perceived skin irritation. All
photos of the skin were evaluated for any visual skin irritation
using the human repeated insult patch test (HRIPT) scored by
three clinical dermatologists who were unaware of the origin
of the samples. At the end of this phase, all study information
from the participants was carefully gathered for analysis and
interpretation (27).

Evaluation of the Efficacy of the Wound Dressings on Patients
who Received Split-Thickness Skin Grafts

The prospective, randomized, controlled matched-pair stud-
y was conducted from March to December 2012 at the
Division of Plastic and Reconstructive Surgery,
Department of Surgery, King Chulalongkorn Memorial
Hospital in Bangkok, Thailand, to determine the efficacy
and safety of the silk sericin-releasing wound dressing for
the treatment of split-thickness skin graft donor sites in com-
parison with Bactigras®, a standard treatment. A total of 30
patients both male and female between the ages of 18 and
65 years with split-thickness skin graft donor sites and who
fulfilled the criteria were recruited for this clinical trial. The
donor site (a minimum of 6x 10 cm?) at the proximal thigh
arca was selected. Patients were excluded if the donor site
was anywhere other than the thigh area or if they did not
comply with the study protocol. All patients were given both
verbal and written information on the purpose and design of
the study and provided written consent before any study-
related procedure. This study complied with the latest revi-
sion of the Declaration of Helsinki and was approved by the
Institutional Review Board, Research Affairs, Faculty of
Medicine, Chulalongkorn University, Bangkok, Thailand
(IRB No.4/55; Clinical Trial Registration Number
NCT01539980 titled “Clinical study on silk sericin wound
dressing for split-thickness skin graft donor sites treatment”).

Skin grafts were harvested from all patients using an
identical standardized procedure. After the patients were
administered general anesthesia, the donor site skin was
prepared for split-thickness skin grafting by scrubbing with
10 vol% povidone iodine followed by 5 vol% chlorhexidine
gluconate solution. A split-thickness skin graft was harvested
from the thigh area (0.15-0.45 mm in thickness) using a
powerized Zimmer® dermatome (Zimmer, Inc., Warsaw,
IN, USA) and used to cover the defects of the patients.
After harvesting the graft, the wound at the donor site was
covered with adrenaline-soaked gauze for a few minutes to
stop bleeding. Each site on the patient was treated with both
dressings, te., the silk sericin-releasing wound dressing and
Bactigras®, in a study-dependent manner. After equally
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dividing the wound into two parts, the cephalad half and
caudal half were designated A and B, respectively. The A
side was randomized for treatment with the silk sericin-
releasing wound dressing using simple randomization.
Randomization was performed using a random number
table; odd numbers represented A, and even numbers rep-
resented B. The other side was then automatically treated
with Bactigras®. Photos of the donor site were also taken
before and after the application of the dressing in the pres-
ence of a ruler to measure the wound area. Secondary
absorbent gauze and elastic bandages were then tightly ap-
plied to the wound to protect it from external shear force.
Two days later, the top absorbent layers and bandage were
carefully removed; the primary dressing was left in place to
prevent wound damage. The dressing was not changed, and
the donor sites were left undisturbed as much as possible
unless there was excessive fluid leakage or any sign of infec-
tion. On five consecutive postoperative days, all patients
were asked to assess the severity of pain at each part of the
donor site by marking a visual analog scale (VAS). The VAS
was composed of a 10-cm line equal to 10 points in which a
score of “0” represented “no pain” and a score of “10”
represented “the worst intolerable pain”.

On the day that the donor site was completely healed,
surgeons observed the donor site and other local adverse
effects. The time required for complete healing of the donor
site was determined as the period from the operative day to
the day that the dressing material spontancously peeled off
without causing pain and the wound underneath exhibited
complete epithelialization without fluid leakage (28). The
medical records of the patients were thoroughly reviewed
by the investigators to record relevant clinical data. Physical
examination, vital signs, and medications of the patients
during the study procedure were also recorded. All study
information was gathered for analysis and interpretation.

Statistical Analysis

All quantitative data represent the meantstandard deviation.
For wn vitro data, the statistical significance was determined by
paired and unpaired Student’s t-tests and ANOVA. For the
clinical study, the Statistical Package for the Social Sciences
(SPSS) for Windows (SPSS Inc., Chicago, IL), version 13.0,
was used for statistical analysis. A value of p<0.05 was
considered significant.

RESULTS
Oxygen Penetration Through the Wound Dressings

The extent of oxygen penetration through the wound dress-
ing was assessed due to a significant role of oxygen in wound
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healing by providing the additional energy source for the
repair process. The exchange of oxygen through the dressing
provides an optimal environment for wound healing. Figure 1
shows the concentration of oxygen dissolved in water after
penetration through the silk sericin-releasing wound dressing
and Bactigras®. The concentrations of oxygen that penetrat-
ed each wound dressing did not differ and were nearly equal
to that of the positive control (open flask). Conversely, the
negative control (the flask sealed with an airtight cap) demon-
strated the lowest concentration of penetrated oxygen. The
concentration of penetrated oxygen was not dependent on the
incubation period.

Microbial Penetration through the Wound Dressings

The antimicrobial nature of the wound dressing is important
to prevent wound infection. The extent of microbial pene-
tration through the wound dressings is shown in Fig. 2. In the
test tubes containing nutrient broth that were capped with
the silk sericin-releasing wound dressing, the optical density
of the microbial contamination was as low as that of the
negative control (nutrient broth in a glass test tube sealed
with an airtight cap) after 30 days of incubation. Conversely,
the optical density of the nutrient broth in the glass test tube
capped with Bactigras® was as high as that of the positive
control (nutrient broth in a test tube open to air). The optical
density of the nutrient broth also increased with increasing
incubation time. At corresponding time points, the optical
densities of the nutrient broth in the glass test tube capped
with Bactigras® and the positive control were significantly
higher than those of the negative control ($<0.05).

Concentration of dissolved O,
(mgl)

Positive
control

Negative
control

Bactigras® Wound dressing
releasing silk sericin

Fig. I Oxygen penetration through the wound dressings measured as the
concentration of oxygen dissolved in DI water at 7 (i) and 14 days (m). A
flask sealed with an airtight cap served as the negative control, whereas an
open flask that allowed oxygen to enter the flask and dissolve in the water
served as the positive control.
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Fig. 2 Microbial penetration through the wound dressings measured
based on the optical density of nutrient broths covered with the wound
dressings for 7 (70), |4 (). and 30 days (m). Sterile nutrient broth in a glass
test tube sealed with an airtight cap served as the negative control, whereas
sterile nutrient broth in a test tube open to air served as the positive control.
*p<0.05 when compared to the negative control at the corresponding
time was considered significant.

Viability, Cell Cycle Distribution of Cells Cultured
and Scratch Assay in the Presence of the Wound
Dressings

A standard cytotoxicity test was performed to evaluate the
i vitro safety of the wound dressings. The viability of HaCat
human keratinocytes cultured on a polystyrene plate in the
presence of the wound dressings is presented in Fig. 3a. Cells
cultured in the presence of the silk sericin-releasing wound
dressing exhibited 92-94% viability, whereas approximately
76% and 23% of cells cultured in the presence of Bactigras®
remained viable after incubation for 24 and 48 h, respectively.
Figure 3b presents the flow cytometric profiles of cells cultured
on a polystyrene plate in the presence of the wound dressings.
The profile of cells cultured in the presence of the silk sericin-
releasing wound dressing was similar to that of the control (cells
cultured in the absence of a wound dressing), whereas cells
cultured in the presence of Bactigras® displayed a different
profile. The cell cycle distribution (the percentage of cells in the
subGy, Go/Gy, S, and Go/M phases), which was analyzed by
flow cytometric analysis of the DNA content, is shown in
Fig. 3c. After 24 h of culture, the presence of both wound
dressings decreased the percentage of cells in the Gy/G; and
Go/M phases, whereas the percentage of cells in the S phase
increased compared with control cells cultured without any
wound dressing. After 48 h of culture, all cells cultured in the
presence of Bactigras® were in the subG phase (100%) and
did not proceed further to the Go/Gy, S, and Go/M phases.
The cells cultured in the presence of the silk sericin-releasing
wound dressing demonstrated a nearly similar percentage of
cells in each phase as did the control cells.
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Fig. 3 (a)Percentage of viable HaCat human keratinocytes cultured on a polystyrene plate in the presence of the wound dressings for 24 (Jll) and 48 h (m). *
p <0.05 when compared to the value of the control (cells cultured on the polystyrene plate without sample) was considered significant. (b) Flow cytometric
cell cycle profiles of HaCat human keratinocytes cultured on a polystyrene plate in the presence of the wound dressings for 48 h. (c) The cell cycle distribution

(subGo, Go/G, S, and G,/ phases) of HaCat human keratinocytes analyzed by flow cytometric analysis of the DNA content in (

) the control (cells

cultured on the polystyrene plate without sample), (Jill) cells cultured on a polystyrene plate in the presence of Bactigras®, and (m) cells cultured on a

polystyrene plate in the presence of the silk sericin-releasing wound dressing.

Furthermore, we performed an & vitro scratch assay using
1929 mouse fibroblast cells to evaluate cell migration when
cultured in the presence of the wound dressings (Figure S1).
L929 cells cultured in the presence of the silk sericin-
releasing wound dressing migrated during the culture period
(24-72 h) and became confluent (100% migration) at 72 h, in
contrast to the control. By contrast, .929 cells cultured in the
presence of Bactigras® were round in shape and did not
migrate during the incubation period.

Adhesive Property of the Wound Dressings
A nonadhesive wound dressing is required to reduce trauma
and the risk of repeated injury upon removal. The adhesive

property of the wound dressings was evaluated in terms of the
number of cells present on the wound dressings (Fig. 4a) and

@ Springer

the adhesive force applied to remove the wound dressings
after attachment to full-thickness wounds on porcine skin
(Fig. 4b). After 24 h of attachment on the wound, the number
of cells on the silk sericin-releasing wound dressing was signif-
icantly lower than that on the Bactigras® dressing. The ad-
hesive force applied to remove the silk sericin-releasing wound
dressing was significantly lower than that required to remove
Bactigras®.

In Vivo Safety of the Wound Dressings

The standard safety test was performed according to ISO
10993—6 to evaluate the i vivo safety of the silk sericin-
releasing wound dressing in comparison to Bactigras® prior
to further clinical investigation. The rats that were im-
planted with the two types of wound dressings were healthy
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Fig. 4 (a) Number of cells present on the wound dressings after attach-
ment to full-thickness wounds on porcine skin for 8 (Ji]) and 24 h (m). (b)
Adhesive force applied to remove the wound dressings after attachment to
full-thickness wounds on porcine skin for 24 h. * p <0.05 when compared
to Bactigras® was considered significant.

throughout the implantation period, and no signs of inflam-
mation (e., redness, swelling, pain, and heat) were observed.
No excessive inflammatory reaction was detected around the
implantation sites (unpublished data). Figure 5 shows the
images of H&E-stained sections of the implanted Bactigras®
and silk sericin-releasing wound dressings. Both samples
remained even after 28 days of implantation (the arrow in-
dicates the interface between the implanted sample and the
surrounding tissue). The infiltration of inflammatory cells into
the implanted samples is shown in Fig. 6. At each time point
during the implantation period, the number of inflammatory
cells that infiltrated the silk sericin-releasing wound dressing
was comparable to that of Bactigras®. The intensity of in-
flammatory cells, necrosis, fibrosis, neovascularization, and
fatty infiltrate was graded as presented in Table I. After 3 days
of implantation, polymorphonuclear cells demonstrated

Wound dressing
releasing silk sericin

T s 8
Fa | -

Bactigras®

14d |

28d

Fig. 5 Microscopic images of H&E-stained sections of Bactigras® and the
silk sericin-releasing wound dressing after subcutaneous implantation for 3,
7, 14, and 28 days. Scale bar =300 um; arrows indicate the interface
between the implanted sample and the surrounding tissue.

packed infiltration in both samples; however, the intensity grad-
ually reduced thereafter. Lymphocytes, macrophages, and
neovascularization were observed throughout the implantation
period. Heavy infiltration of giant cells and fibrosis was ob-
served after 14 and 28 days of implantation. The Bactigras®
implant demonstrated more intense fatty infiltration than the
silk sericin-releasing wound dressing. Conversely, plasma cells
and necrosis were not observed in either sample during the
implantation period. Overall, the intensity of inflammatory cells,
necrosis, fibrosis, and neovascularization in the silk sericin-
releasing wound dressing was comparable to that of
Bactigras®. The implantation of the silk sericin-releasing wound
dressing was determined to be non-irritating throughout the
implantation period in comparison to Bactigras® as a control.

Clinical Safety of the Wound Dressings
A patch test was performed on healthy volunteers to evaluate the

clinical safety of the wound dressing. The descriptive statistics of
the healthy volunteers who were included in the patch test are
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Fig. 6 Microscopic images of H&E-stained sections indicating inflammatory
cells in Bactigras® and the silk sericin-releasing wound dressing after sub-
cutaneous implantation for 3, 7, 14, and 28 days. Scale bar =30 um.

Table | Average Intensity of Inflammatory Cells, Necrosis, Fibrosis,
Neovascularization, and Fatty in Bactigras® and Silk Sericin-Releasing Bioactive
Wound Dressing after Subcutaneous Implantation for 3, 7, 14, and 28 Days

3d 7d 14d 28d

w
o
%)
o
@®©
%)
o
%)
W
%)

Polymorphonuclear cells 3¢ 4 28 25 0 23 03 O
Lymphocytes 3 2 3 3 3 3 3 3
Plasma cells 0 0 0 0 0 O 0 0
Macrophages 3 1.7 3 28 3 3 3 3
Giant cells 0 © 38 0 4 23 4 3
Necrosis 0 0 0 0 0 O 0 0
Fibrosis I 0 2 3 3 35 3 3.7
Neovascularization 3 3 3 3 3 3 3 3
Fatty infiltrate 0 © 1.5 0 4 0 3 0

“B: Bactigras®
®S: Silk sericin-releasing bioactive wound dressing

“Intensity 0-4: O=not observed, | =rare, 2=minimal, 3=heavily infiltrate,
and 4=packed infiltrate
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summarized in Table II. The sample size was based on a review
of critical factors in the conduct and interpretation of the human
patch test of McNamee ¢ al. (29), who recommended that the
sample size for testing any transdermal delivery device or dress-
g should be at least 100 healthy volunteers who participate in a
complete study. This sample size had a probability of 0.99 to
determine any adverse skin effects that likely had an incidence
equal to 5% in the target population. The drop-out rate was
determined; therefore, the sample size should be at least 110
healthy volunteers. After application of the wound dressings on
healthy volunteers, the safety of the wound dressings was evalu-
ated in terms of the levels of erythema and melanin (Fig. 7) and
the percentage of elevated responses on the skin (Table III). The
levels of erythema and melanin before and after the application
of both wound dressings did not differ (approximately 250 units
for erythema and approximately 220 units for melanin).
Regarding the elevated responses on the skin, the majority of
the area did not exhibit edema (77.3-88.8% for Bactigras® and
78.5-85.5% for the silk sericin-releasing wound dressing) or
papules (93.0-96.4% for Bactigras® and 92.7-97.9% for the
silk sericin-releasing wound dressing). No evidence of vesicles or
bullae was observed on the skin of any volunteer.

Clinical Efficacy of the Wound Dressings

The split-thickness skin wound test was performed on patients
with split-thickness skin grafts to evaluate the efficacy of the
wound dressing for wound healing. The descriptive statistics of
the patients who were included in the split-thickness skin wound
test are summarized in Table II. The sample size was calculated
according to the data obtained from a study by Angspatt et al.
(30) that compared the time required for the complete healing
of split-thickness skin grafts treated with carboxymethyl chito-
san and Bactigras®. Defining a type I error of 5% and a power
of 90% for the study results in at least 30 required sites. The
gross images (Fig. 8), period for complete healing (Table IV),
and pain score (Table V) were determined to demonstrate the
clinical efficacy of the silk sericin-releasing wound dressing in
comparison with Bactigras®. The gross image presented in
Fig. 8d indicates a completely healed wound such that the
dressings could be spontaneously removed without causing
pain, and the wound underneath exhibited complete epitheli-
alization without fluid leakage. After complete healing, the
Bactigras®-treated area exhibited slightly darker skin than the
area treated with the silk sericin-releasing wound dressing. The
time required for the complete healing of the split-thickness skin
wound treated with the silk sericin-releasing wound dressing
(12 days) was significantly shorter than that required for wounds
treated with Bactigras® (14 days) (Table IV). The determined
pain scores indicated that wounds treated with the silk sericin-
releasing wound dressing demonstrated a significantly lower
pain score than those treated with Bactigras®, particularly
during the initial three postoperative days (Table V).
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Table Il Descriptive Statistics of Healthy Human Volunteers and Patients for Patch and Split-Thickness Skin Wound Tests, Respectively

Sex Patch test Split-thickness skin wound test
Number of site Percentage Number of site Percentage
Male 37 34% 13 43%
Female 73 66% 17 57%
Total 10 100% 30 100%

Patch test (Mean=*SD) [Range]

Split-thickness skin wound test (Mean*SD) [Range]

Age 27.3+9.8[20, 57]
Weight 56.2+10.3[38, 101]
Height 162.4+83[133, 185]
BMP® 213+3.1 [14,31]

39.2+163[18, 65]
61.8+12.2[40, 85]
162.1+8.0[143, 175]
23.5+42[17, 30]

¢ BMI Body mass index

a 300

250 4

200 4

150 4

100 4

Erythema level

50 4

Bactigras® Wound dressing

releasing silk sericin

b 300

250 4

200 4

150 4

Melanin level

100 4

50 4

Bactigras® Wound dressing

releasing silk sericin

Fig. 7 (a) Erythema and (b) melanin levels of the skin of healthy volunteers
after a patch test as measured with a Cutometer® (Mexameter mode). ()
Before the patch test, (Jill) after the induction phase of the patch test, and
(m) after the challenge phase of the patch test.

DISCUSSION

We previously developed an ethyl alcohol-precipitated silk
sericin/ PVA scaffold for use as a bioactive wound dressing
(18). The promotion of 1929 mouse fibroblast proliferation
and efficient healing of full-thickness wounds in rats through
the controlled release of silk sericin from this scaffold was

Table Ill Percentage of Elevated Responses Including Edema, Papule,
Vesicle, and Bullae on Skin of Healthy Volunteers after Received Patch Test,
Calculated from the Frequency of Responses from 4 Independent
Measurements

Bactigras® Silk sericin-releasing bioactive
wound dressing
Edema®
No 77.3-88.8% 78.5-85.5%
Mild I1.2-20.6% 13.9-20.0%
Moderate 0.0-2.1% 0.6-1.5%
Severe 0.0-0.3% 0.0%
Papule®
No 93.0-96.4% 92.7-97.9%
Exist 3.6-6.9% 2.1-7.3%
Vesicle®
No 100.0% 100.0%
Exist 0.0% 0.0%
Bullae®
No 100.0% 100.0%
Exist 0.0% 0.0%

 Edema: Definite swelling

® Papules: Many small, red, solid elevations; surface of reaction has granular
feeling

“Vesicles: Small circumscribed elevations having translucent surfaces so that
fluid is visible (blister-like); vesicles are no larger than 0.5 cm in diameter

9 Bullae: Vesicles with a diameter >0.5 cm; vesicles may coalesce to form
one or a few large blisters that fill the patch site
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Fig. 8 Gross images of a split-thickness skin wound before and after
treatment with Bactigras® and the silk sericin-releasing wound dressing.
(@) Skin prior to surgery; (b) split-thickness skin wound following operation;
(c) split-thickness skin wound treated with Bactigras® and the silk sericin-
releasing wound dressing; and (d) healed split-thickness skin wound.

reported. In the present study, we aimed to further evaluate
the clinical potential of this scaffold, hereafter called the “silk
sericin-releasing wound dressing”, to heal split-thickness skin
graft donor sites in comparison with the commercially avail-
able wound dressing “Bactigras®”. Herein, the i vitro char-
acteristics of both the silk sericin-releasing wound dressing
and Bactigras® were evaluated to confirm their suitability as

Table IV Period of Complete Healing of Split-Thickness Skin Wound after
Treatment with Bactigras® and the Silk Sericin-Releasing Bioactive Wound
Dressing

Bactigras® Silk sericin-releasing p-value®

[Range] bioactive wound
dressing [Range]
Average time of complete 14+£5.2  12%5.0 1.99% 107*
healing (days) [8, 42] [7.32]

¢ Evaluated by a Wilcoxon Signed Rank test
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Table V Pain Score Evaluated from Patients after Treatment with
Bactigras® and the Silk Sericin-Releasing Bioactive Wound Dressing

Post-operative day  Pain score
Bactigras® Silk sericin-releasing ~ p-value®
[Range] bioactive wound
dressing [Range]
| 10.00=1.09 5.12=1.98 2.70x 107
[5.5,10] [1.85, 10]
2 9.00+2.00  500+2.5 1.30%x 107*
[5, 10] [2.2, 10]
3 6.04+3.00 245+1.50 3.20%107°
[1.95, 10] [, 10]
4 475+3.00  2.03%£295 3.48x 1077
(1, 8.5] [0, 8.5]
5 [.95+3.00 [.15+2.00 0.0280
[0, 8.5] [0, 5]

“ Evaluated by a Wilcoxon Signed Rank test

wound dressings. Oxygen plays a significant role in wound
healing by providing an additional energy source for the
repair process. In addition, the exchange of oxygen and
other gases through the wound dressing provides the optimal
environment for wound healing, including nutritional state,
immune function, blood flow, blood volume, temperature,
and hormonal mediators (31). In this study, neither wound
dressing impeded oxygen permeability (Fig. 1), due to their
porous structures. The porous structure of the silk sericin-
releasing wound dressing was demonstrated previously (18).
Bactigras® possesses a mesh gauze structure that also facil-
itates oxygen penetration. The silk sericin-releasing wound
dressing effectively prevented microbial penetration (Fig. 2),
possibly due to the antimicrobial activities of the remaining
cthyl alcohol and silk sericin components (32,33). This prop-
erty of the silk sericin-releasing wound dressing is important
to prevent wound infection. Conversely, i vitro, a mesh
gauze with a loose open-weave structure, as in Bactigras®,
may allow microbial penetration even though it contains
chlorhexidine acetate, which is an antimicrobial agent.
However, when applied to the wound, it is presumed that
the antimicrobial agent in Bactigras® mixes with wound
exudates to occlude the loose open-weave structure,
resulting in a higher efficiency of microbial penetration
prevention.

The cytotoxicity evaluation verified that the sericin released
from the wound dressing was not toxic to HaCat human
keratinocytes (Fig. 3a). By contrast, the cells exhibited low
viability when cultured in the presence of Bactigras®. This
finding may be due to the paraffin component of Bactigras®,
which is toxic to cells. The cytotoxicity of paraffin toward cells
such as macrophages has been reported previously (34,35). The
result of the cell viability assay was further confirmed by the
determination of the cell cycle distribution (Fig. 3b and c). All
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cells cultured in the presence of Bactigras® for 48 h were in the
subG phase (a resting phase in which the cells have left the cell
cycle and stopped dividing). By contrast, the cells cultured in
the presence of the silk sericin-releasing wound dressing for
48 h were in the Go/G (cells increase in size and ensure that
DNA synthesis can proceed), S (DNA replication), and Go/M
phases (cells continue to grow and divide into two distinct cells)
at percentages similar to those of the control cells. This finding
indicated normal cellular activity of cells cultured in the pres-
ence of the silk sericin-releasing wound dressing. The results
indicate the noncytotoxic nature of our wound dressing and
that sericin released from the wound dressing would be safe for
further study in anmimals and in the clinic. The @ vitro scratch
assay also indicated that 1.929 cells cultured in the presence of
the silk sericin-releasing wound dressing migrated during the
culture period and became confluent (100% migration) at 72 h
while 1929 cells cultured in the presence of Bactigras® were
round in shape and did not migrate during the incubation
period, corresponding to the cytotoxicity evaluation. The re-
sults from the scratch test confirmed the i vitro eflicacy of the
silk sericin-releasing wound dressing.

Nonadhesive wound dressings would reduce trauma and
the risk of repeated injury upon removal. In this study, we
determined that the silk sericin-releasing wound dressing was
less adhesive than Bactigras® (Fig. 4), possibly due to the
glycerin component in the silk sericin-releasing wound dress-
ing. Thin layer mesh gauze such as that used in Bactigras®
typically adheres tightly to the wound surface, which may
injure the new epithelial cells upon removal.

Prior to the clinical trial, the safety of the silk sericin-
releasing wound dressing was evaluated i vivo according to
ISO 10993—6 in comparison to Bactigras®. The implantation
of the silk sericin-releasing wound dressing was determined to
be non-irritating in comparison to the Bactigras® implanta-
tion. The intensities of inflammatory cells, necrosis, fibrosis,
and neovascularization in the silk sericin-releasing wound
dressing were comparable to those in Bactigras® throughout
the implantation period. Therefore, our wound dressing and
the sericin released from the wound dressing would be safe for
clinical trials. We previously reported the i vivo efficacy of the
silk sericin-releasing wound dressing for healing full-thickness
wounds (18). The controlled release of silk sericin from the
wound dressing potentially healed the wound with a signifi-
cant reduction in the wound size and a high degree of type III
collagen formation and epithelialization.

Clinically, the safety of the silk sericin-releasing wound
dressing was verified in a suflicient number of healthy volun-
teers (n=110). There was no evidence of skin irritation, in-
cluding skin color changes or the presence of vesicles and
bullae (Fig. 7, Table III). Only a small percentage of the
volunteers (approximately 2—7%) exhibited papules on the
treated skin. In addition, the degree of skin irritation from
treatment with the silk sericin-releasing wound dressing was

comparable to that of Bactigras®. This result confirmed the
safety of the silk sericin-releasing wound dressing for clinical
application. Finally, the clinical efficacy of the silk sericin-
releasing wound dressing for the treatment of split-thickness
skin graft donor sites was demonstrated. We demonstrated
that split-thickness skin graft donor sites that were treated with
the silk sericin-releasing wound dressing healed significantly
faster than those treated with Bactigras® (Table IV). This
finding may be explained by the acceleration of wound
healing by the silk sericin released from the wound dressing,
which promotes collagen formation and epithelialization, as
previously reported (10,17,18). Treatment with the silk
sericin-releasing wound dressing also reduced pain from the
wound (Table V), possibly due to its reduced adhesive prop-
erties and generated moist wound environment compared to
Bactigras® (Fig. 4). Furthermore, the superior i vitro charac-
teristics of the silk sericin-releasing wound dressing relative to
Bactigras®, such as the effective prevention of microbial pen-
etration (Fig. 2), also support wound healing with a low risk of
infection. The slightly darker skin color after complete healing
of Bactigras®-treated wounds may indicate greater inflamma-
tion than in wounds treated with the silk sericin-releasing wound
dressing. This darkening of the skin that results from inflamma-
tion, which is termed post-inflammatory hyperpigmentation,
was reported by Epstein (36).

In summary, our silk sericin-releasing wound dressing
possessed appropriate properties and could be applied as a
bioactive wound dressing for the treatment of split-thickness
skin graft donor sites with safety and high efficacy compared
with the clinically available Bactigras® wound dressing. This
is the first clinical report of a wound dressing made of silk
sericin for accelerated wound healing. This novel silk sericin-
releasing wound dressing could be an alternative treatment
for split-thickness skin graft donor sites to provide accelerat-
ed healing and reduced pain.

CONCLUSION

The silk sericin-releasing wound dressing (the previously
developed ethyl alcohol-precipitated silk sericin/PVA scaf-
fold) demonstrated appropriate n vitro characteristics, in-
cluding oxygen permeation, prevention of microbial pene-
tration, and noncytotoxicity to human keratinocytes. The
silk sericin-releasing wound dressing was also less adhesive
than the clinically available Bactigras® wound dressing. A
safety evaluation of our silk sericin-releasing wound dressing
according to ISO 10993-6 and a patch test on healthy
volunteers yielded no evidence of skin irritation. The evalu-
ation of the clinical efficacy of the silk sericin-releasing
wound dressing in patients with split-thickness skin graft
donor sites demonstrated accelerated healing and reduced
pain compared with wounds treated with Bactigras®.
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Therefore, we suggest the use of this novel silk sericin-

releasing wound dressing as an alternative treatment for

split-thickness skin graft donor sites.
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