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Key Messages

« double-layer artificial dermis is often utilised to repair wounds with bone or
tendon exposure caused by trauma, burns, and tumours

« in this work, a new type of double-layer artificial dermal template consisting
of polyurethane membrane and absorbable gelatine sponge was developed
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1 | INTRODUCTION

Full-thickness skin defects due to trauma, diabetes, and
cutaneous tumour excision, especially chronic nonhealing
wounds, are becoming a significant health problem. It is
estimated that between 15% and 20% of patients with dia-
betes will develop chronic nonhealing foot wounds.!
Recent epidemiological data showed that approximately
1 to 3 million patients in the US suffered from chronic
pressure ulcers annually.> Among these full-thickness skin
injuries, wounds with bone or tendon exposure that can-
not be closed directly remain a challenge, and the develop-
ment of effective dermal regeneration templates has
become a research focus.

Wounds with bone or tendon exposure often require
flap surgery, which can cause more damage and is limited
by the position and area of the wound site. The artificial
dermis is a useful biomaterial for reconstructing skin
defects with bone or tendon exposure after extensive
burns,’ acute trauma,* and reconstructive surgery.’ Classi-
cally, a double layer of the artificial dermis, such as
Integra and Pelnac, is transplanted onto the wound site
for 2 to 3 weeks until adequate vascularization occurs and
followed by a skin graft for eventual wound healing.”"°
The double-layer structure comprises an upper layer of
silicone membrane and a collagen sponge lower layer.
The upper layer can prevent drying and infection, and
protect the wound. The lower layer is a porous three-
dimensional scaffold structure that allows the extension
and growth of the granulation tissue. This material can be
used to cover wounds with exposed bone or tendon in the
early stage of trauma, provide gradual coverage of granu-
lation tissue without further necrosis, and requires only a
secondary skin graft to cover the wound.""'* This
approach causes less surgical trauma than skin flap trans-
plantation, and no bloated appearance occurs. However,
dermal regeneration templates such as Pelnac are com-
paratively expensive in China (approximately USD 2000
for 82 x 120 mm), especially for large-area wounds, limit-
ing their clinical use. Inspired by this, we designed a new
double-layer dermis dressing using polyurethane film and
the absorbable gelatine sponge.

In this study, we are the first to demonstrate the use-
fulness of a haemostasis material, absorbable gelatine

to be successfully applied in the repairment of wounds with bone or tendon

« no patients developed allergic reactions or significant scar contractures
resulting in limited mobility and bloated appearance

« the new double-layer artificial dermal template is extremely cheap, easy to
produce, and can be used by hospitals of all levels

sponge (AGS), combined with polyurethane film as a
low-cost (approximately USD 10 for 82 x 120 mm) recon-
structive surgery approach for severe skin defects with
bone or tendon exposure.

2 | MATERIAL AND METHODS

2.1 | Patients

The hospital ethics committee approved this study, and
all patients provided written informed consent to the
treatment, healing process, and use of their pictures.

Six patients were male, and two were female. Their
ages ranged from 48 to 63 years. The patients were trans-
ferred from different primary hospitals for surgical treat-
ment at the Department of Burn and Plastic Surgery,
Jinling Hospital, Nanjing University, from 2020 to 2021.

2.2 | Preparation of the double-layer
AGS template

In this study, the absorbable gelatine sponge (Jinling
Pharmaceutical Company, Ltd, Nanjing, China) and
polyurethane film dressing (3M Tegaderm) were utilised.
This bilayer, cost-effective regeneration template was
comprised of an upper viscous polyurethane film dressing
at a thickness of 0.05 mm and a lower absorbable gelatine
sponge at a thickness of 5 mm. The materials were
pressed together gently to form the double-layer dressing.
The price and composition of the AGS template were
compared with those of two other double-layer artificial
dermis materials commonly used in China.

2.3 | Surgical procedure

All surgical procedures were performed under aseptic
conditions. After debridement and haemostasis, bone
or tendon exposure and absence of periosteum or apo-
neurosis could be seen. The wound was rinsed with
hydrogen peroxide, 5% povidone-iodine, and saline.
Then, the wound was covered by a double-layer AGS
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template as follows: (a) The AGS template was trimmed
with scissors to fit the shape and size of the wound;
(b) the double-layer AGS template was fixed to the skin
defect with sutures (No. 1/0 silk thread); (c) small
drainage holes were made in the upper film to facilitate
exudation. A pressure dressing was applied for 5 or
7 days depending on the extent of infection and the
area of the skin defect; subsequently, the dressing
was changed every 2 days. The upper film was not
removed from the wound until the AGS was adequately
vascularized. If haematomas were present under the
artificial dermis or the gelatine sponge dissolved, the
haematomas were removed and the AGS template was
replaced. After the adequate growth of granulation tis-
sue at the wound site, autologous skin grafting was per-
formed. Patients with wounds positive for bacterial
infections were administered appropriate antibiotics by
intravenous drip.

2.4 | Microstructural examination of the
AGS template

The prepared bilayer AGS template was examined using
scanning electron microscopy (SEM, HITACHI SU8100).
Geometrical measurements of AGS microstructures were

performed by SEM, and the pore size was further mea-
sured using ImageJ software.

2.5 | Histological examination

Skin samples containing the wound edge and newly
formed dermal tissue were collected from patient 2 in the
third postoperative week, and the specimen was
immersed in 10% formalin. The sample was dehydrated
using an ethanol gradient and embedded in paraffin.
Micrometre-level thin tissue slices were prepared, and
Haematoxylin & Eosin, Masson's trichrome staining were
performed. Photomicrographs were collected using a
Leica DFC295 microscope.

3 | RESULTS

3.1 | Clinical observations

Of the eight patients in this study, four had deep dermal
burns (flame, chemical, and electric burns), one had a
diabetic foot lesion, one had a crush injury, one had an
open fracture, and one had osteomyelitis. The site of
reconstructive surgery was the lower limb in five patients

TABLE 1 Clinical cases treated with the double-layer absorbable gelatine sponge template
Skin
defect
Case Age Sex Location size (cm?) Wound infection
1 58 Male Left foot 12x 6 Acinetobacter
baumannii
2 52 Male Right tibia 8x3 Klebsiella
pneumoniae and
Candida
3 60 Male Leftmiddle 1.5x1 Negative
finger
4 51 Female Rightindex 2 X 1; Negative
and middle 1 x1
finger
5 55 Male Left forearm 25 x5 Gram positive coccus
and elbow
6 48 Male Right foot 4x3 Negative
7 56 Male Right tibia 3x1 Gram positive coccus;
anterior Pseudomonas
aeruginosa
8 63 Female Right tibia 3x3 Gram positive coccus

anterior

Adequate
Exposed bone or Underlying granulation
Cause tendon disease time
Diabetic foot Tendon and bone  Diabetes 18d
exposure; partly
necrosis
Burn third-  Bone exposure None 17d
degree 75%
TBSA
Hydrofluoric Bone exposure; None 12d
acid burn partly necrosis
Hot crush Tendon exposure  None 7d
injury
Crush injury Tendon and bone  None 20d
exposure; partly
necrosis
Electric Tendon exposure  None 10d
injury
Osteomyelitis Bone exposure Arteritis 27d
Trauma bone Steel plate and Diabetes 16d

fracture bone exposure
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and the upper limb in three patients. The wound secre-
tions of five patients were positive for bacterial infection,
while the other three patients had negative results
(Table 1, Figures 3, 4, 5 & S1). Reconstruction with a
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double-layer AGS template was performed for wounds
with bone or tendon exposure in which wound closure by
secondary intention was considered challenging due to inad-
equate local blood supply. Complete wound closure was

TABLE 2 Comparison of double-layer artificial dermal templates used in China

Brand Structure
Pelnac Bilayer
Lando Bilayer

Absorbable gelatine Bilayer
sponge template

Silicone sheet

Silicone sheet

Size Price
Top layer: 0.15 mm,; Scaffold 20 x 30 to 24.76 USD/cm?
layer: 3 mm 82 x 120 mm?>
Top layer: 0.25 mm,; Scaffold 20 x 30 to 23.11 USD/cm?
layer: 2 mm 80 x 120 mm?>
Top layer: 0.05 mm; Scaffold 20 x 60 mm?> 0.12 USD/cm?

layer: 5 mm

FIGURE 1 Macro and scanning electron microscope images of the absorbable gelatine sponge (AGS) template used in this study:

(A) polyurethane film dressing (3M Tegaderm) and the absorbable gelatine sponge (Jinling Pharmaceutical Company, Ltd, Nanjing, China),
(B) the polyurethane film and AGS were bonded together and trimmed according to the size of the wound, and (C) scanning electron
microscopy images show the internal structure of the AGS template (scale bar: 300 pm)

FIGURE 2 Histological
examination of the absorbable
gelatine sponge template graft
covering the right shin bone of
patient 2 on POD 17: (A,B)
Haematoxylin and Eosin
staining with scale bars of 50 pm
(x100) and 20 pm (x400),
respectively, and (C,D) Masson's
trichrome staining with scale
bars of 50 pm (x100) and 20 pm
(x400), respectively
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achieved in patient 3 after full-extent epithelialization in the
regenerated dermis-like tissue with AGS. The second surgery
involved full-thickness skin grafting in two patients,
medium-thickness skin grafting in four patients, and thin
split-skin grafting in one patient. The mean duration of ade-
quate vascularization of the dermis-like tissues was 15.9
+ 6.3 days (Table 1). Wound closure was achieved in all
patients. During the 3-month follow-up period, no
wound infection, recurrent skin ulceration, or exposure
to bone or tendon were observed. In this study, no
patients experienced allergic reactions to the materials,
restricted range of motion from scar contracture or dis-
figurement. Moreover, the price of the AGS template is
considerably lower than that of other double-layer artifi-
cial dermis materials in China (Table 2).

3.2 | Microstructural characterisation of
the AGS template

Absorbable gelatine sponges have porous and inter-
connected network structures with a wide range of pore
sizes ranging from 40 to 360 pm in diameter (Figure 1).
The full structure of a bilayer wound dressing comprises
a thin polyurethane film (PU) attached to the AGS. The

polyurethane film did not affect the porous structure of
the gelatine sponge, and the two layers adhered firmly to
each other.

3.3 | Histological findings

Seventeen days after the application of the AGS wound
dressing, the newly generated dermis tissue was adequately
vascularized. The collagen fibres, fibroblasts, and infiltrated
inflammatory cells were present. The collagen fibres
appeared to be parallel to the surface and less organised
than those in the normal skin dermis. In addition, a thin
layer of epidermal tissue was observed in the dermal tissue
generated by the AGS template. This epidermal tissue was
thought to be epithelized from the normal tissue around
the wound. Detailed information is shown in Figure 2.

3.4 | Clinical cases

341 | Casel

The patient in Case 1 was a 58-year-old man. He had an
8-year history of type II diabetes with poor blood sugar

FIGURE 3 Casel (Table1)
(A) A 58-year-old man with a
left diabetic foot lesion,

(B) debridement leading to
partial exposure of the
metatarsal bone, cuboid bone,
and partial flexor digitorum
longus tendon, (C) the
absorbable gelatine sponge
template was applied to the
wound, (D) adequate
granulation was achieved when
the 3 M film and sutures were
removed, (E) medium-thickness
skin grafting was performed, and
(F) one month after skin grafting
surgery, the wound showed good
resurfacing
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level control and presented with skin ulcers on his left
foot that had persisted for 1 year. The fourth and fifth
toes of the patient's left foot had been amputated at a pri-
mary hospital. An arterial stent was placed into his ante-
rior tibial artery to guarantee an adequate blood supply
to the patient's left foot, and he was subsequently trans-
ferred to our department. A cutaneous ulcer with adher-
ent black necrotic tissue 120 x 60 mm in size was
present on the metatarsal bone and cuboid bone, and the
patient was diagnosed with an infected diabetic foot
lesion (Figure 3A). Debridement was performed under
general anaesthesia to remove the necrotic tissue, leading
to the partial exposure of the metatarsal bone, cuboid
bone, and partial flexor digitorum longus tendon, and we
further removed the cortical layer of bone to the level of
healthy tissue (Figure 3B). After adequate haemostasis
was achieved, the area was rinsed with hydrogen perox-
ide, 5% povidone-iodine, and saline. Because the wound
was deep, first, a layer of gelatine sponge was applied,
and the double-layer AGS template was subsequently
used to cover the area (Figure 3C) and further secured
with a negative pressure wound therapy (NPWT) device
with the appropriate suction pressure. The polyurethane
film of the AGS template was removed on postoperative

FIGURE 4 Case 2 (Table 1) :
(A) A 52-year-old man with a (A)
large-area full-thickness burn, B
(B) resection of necrotic tissue
leads to an 80 x 30 mm skin
defect in the right tibia region
with partially exposed shin bone,
(C) the absorbable gelatine
sponge (AGS) template was
applied to the surface of the
exposed shin bone, (D) adequate
granulation covered the whole
wound area when the top layer
of the AGS template was
removed 17 days after surgery,
and (E) 18 days after split-
thickness skin grafting

P WiLEy-L =

day (POD) 18, and the exposed bones and tendon were
completely covered by a firm layer of dermis-like tissue
(Figure 3D). Because a high-friction area of the patient's
foot was affected, medium-thickness skin grafting was
then performed with donor skin taken from the right
thigh region (Figure 3E). Subsequent treatment was
administered conservatively with Vaseline gauze, and
complete wound closure was achieved 31 days after the
surgery (Figure 3F).

342 | Case?2

The patient in Case 2 was a 52-year-old man. The
patient experienced a 3-minute-long flame exposure
while working in a factory, causing a full-thickness burn
covering 75% of his total body surface area (Figure 4A).
The right lower leg was debrided in our department
with the patient under general anaesthesia. After re-
section of the necrotic tissue and repeated autologous
thin split-skin grafting, an 80 x 30 mm skin defect
remained in the right tibia region with partially exposed
shin bone (Figure 4B). The skin defect was covered with
a double layer AGS template (Figure 4C). When the

B) - ©)
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polyurethane film was removed from the AGS template
on POD 17, satisfactory proliferation of dermis-like tis-
sue was observed, and the right tibia was completely
covered (Figure 4D). Minimal curettage of the dermis-
like tissue was performed on POD 20, and thin split-
skin grafting at a thickness of 0.3 mm using autologous
skin taken from the scalp region was performed, secured
with the NPWT device. The NPWT device was removed
on POD 5, and extremely favourable skin graft adher-
ence was observed. All the skin grafts remained viable,
and complete wound closure was observed 18 days after
the second surgery (Figure 4E).

343 | Case3

The patient in Case 3 was a 60-year-old man whose left
hand was exposed to hydrofluoric acid while working,
resulting in skin and nail necrosis that extended to the
bone surface of the distal phalanx of the left middle fin-
ger (Figure 5A). Extensive debridement of necrotic tissue,
including partial bone cortex, and irrigation of the
exposed phalangeal bone were performed under infiltra-
tion anaesthesia. Then, the area was covered with a

FIGURE 5 Case 3 (Table 1)
(A) A 60-year-old man with a
deep hydrofluoric acid burn on
his left middle finger,

(B) extensive debridement
leading to the exposure of the
phalangeal bone, (C) the
absorbable gelatine sponge
template was applied and
secured with silk thread,

(D) when the polyurethane sheet
was removed on POD 12, the
distal phalanx was covered with
firm granulation tissue and
partially epithelialized, and

(E) full epithelialization and nail
regeneration were observed

5 months after surgery

15 x 10 mm double-layer AGS template secured to the
wound with silk thread, and the template was subse-
quently covered with Vaseline gauze (Figure 5B,C).
When the polyurethane film was removed on POD
12, satisfactory proliferation of dermis-like tissue was
confirmed, and the distal phalanx was covered in granu-
lation tissue and partially epithelialized (Figure 5D). Con-
servative treatment with Vaseline gauze was continued,
and complete epithelialization of the wound was
observed on POD 22. No phalangeal bone exposure, digi-
tal motor dysfunction, or digital apex pain were observed
5 months postoperatively, and the clinical course was
favourable (Figure 5E).

4 | DISCUSSION

The regeneration template consisting of AGS and poly-
urethane film was useful for treating wounds with bone
or tendon exposure, promoting the regeneration of firm
dermis-like tissue. Achieving adequate granulation in
wounds with bone or tendon exposure is challenging due
to their poor angiogenic ability."® Treating such wounds
required highly invasive surgery in the past, such as free
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flap transplantation.’* Patients with wounds with bone
or tendon exposure have often experienced severe trauma
that renders the surrounding tissue to be unfit for a stan-
dard graft. Flap surgery can also be contraindicated in
cases where there is a lack of adequate flap donor sites or
poor general clinical conditions, such as in patients with
large burn areas. Therefore, biologic double-layer scaf-
folds that are capable of covering a wide variety of soft
tissue defects have been developed for both functional
and cosmetic purposes.

Ideal skin substitutes and wound dressings provide
mechanical protection and an optimum environment for
moist wound healing, protecting the wound from dehy-
dration, and should be flexible, convenient, and non-toxic
to healthy tissue.”” Here, we successfully achieved
favourable outcomes after performing reconstructive sur-
gery with a hybrid artificial dermis consisting of AGS and
polyurethane film for treating wounds with bone or ten-
don exposure. The double-layer AGS template was used
as a simple regenerative device and allowed surgeons to
perform a minimally invasive treatment procedure and
achieve adequate granulation in an average of 2 weeks.
Biological templates with sponge structures can serve as
scaffolds for the regeneration of volumetric dermal or
lower tissue loss without the tissue depression formation
at the wound site."® Several in vivo experiments in ani-
mals indicated that wound dressings with sponge struc-
tures effectively promote the healing of full-thickness
skin wounds.'®*" Some studies have indicated that
sponge structures can promote wound healing more
effectively than gauze or traditional Chinese medicine.*
In addition, the results of a previous study showed that a
biological wound dressing with a composite sponge struc-
ture derived from sheep's small intestinal submucosa
adhered uniformly to the wound and absorbed more
wound exudation than polyurethane film."> Collagens in
biological wound dressings are natural derivatives and
have excellent biocompatibility; nevertheless, these mate-
rials degenerate rapidly. However, in the AGS template
adopted in this study, the chemical crosslinking of gela-
tine was found to improve the mechanical strength and
slow down the degradation rate,* extending the wound
scaffolding duration. Of note, in this study, the AGS tem-
plate was also successfully applied to all five patients with
wounds positive for bacterial infection, indicating its
potential as a biological scaffold for the treatment of
infected skin defects.

The traditional artificial double-layer dermis products
Integra and Pelnac contain an outer layer of silicone
sheet, which plays an important role in successful dermal
regeneration.”>*> This silicone sheet reinforces the
mechanical strength of the regeneration template while
having an air permeability level close to that of normal
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skin.***” The Tegaderm (3M) polyurethane film used in
this study is waterproof and breathable and was previ-
ously reported to be effective in the treatment of burns.*®
The other component of the AGS regeneration template,
the absorbable gelatine sponge, is considered to have an
ideal pore size because of its controllable structure, which
is conducive to the growth of granulation tissue. Studies
have shown that a small pore size scaffold (<200 pm) is
conducive to the formation of a small vessel network
with high density, but the penetration depth is low.** A
large pore size scaffold (>200 pm) is conducive to the for-
mation of a large blood vessel network with low density
but high penetration depth.?® The pore size of the scaffold
is the key factor in blood vessel growth and pore sizes
>250 pm promote faster growth.”® The AGS template
pore size ranged from approximately 40 to 360 pm in
diameter in this study. The pathological results con-
firmed the formation of good granulation tissue. We have
previously attempted to use a single layer of absorbable
gelatine sponge for bone or tendon exposed wounds, but
that approach failed. The double-layer AGS template
used in this study combines the advantages of synthetic
and biological wound dressings and shows good effects.
Two or more layers of AGS can be used for wounds with
a depth of more than 5 mm to improve the appearance of
the repaired wound.

The NPWT device was used for some patients in this
study, which is mainly conducive to the drainage of
wound secretions and blood, reducing the bacterial bur-
den and ensuring that the artificial dermis fits more
closely with the wound; additionally, there is no need to
change dressings frequently. All patients in this study
had periosteal or aponeurosis defects and the direct appli-
cation of the NPWT device on wounds with these defects
was ineffective. The NPWT device can increase the blood
flow to wounds. However, some studies have shown that
the application of NPWT devices on artificial dermis does
not significantly accelerate the vascularization process.”'
Further research is needed to confirm the necessity of
using NPWT devices with the AGS template.

In addition to effectively treating wounds with bone
or tendon exposure, the AGS template used in this study
has another distinct advantage, which is the low price.
Pelnac is the most widely used artificial dermal product
approved for wound treatment by the China Food and
Drug Administration in China.® However, Pelnac is
expensive, costing approximately USD 2000 for an
82 x 120 mm treatment. In contrast, the AGS template
used in this study only costs approximately USD 10 for
the same size. Thus, the AGS template could be a poten-
tial cost-reducing alternative dermal regeneration tem-
plate. All eight patients in this study were transferred
from different primary hospitals at which no double-layer
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artificial dermal dressings were administered, resulting in
delayed wound treatment. These patients were unable to
afford Pelnac or other current double-layer dermis prod-
ucts. Due to its low price and easy harvesting, the double-
layer AGS template is beneficial as an affordable tool for
treating acute and chronic wounds with bone or tendon
exposure in primary hospitals.

In conclusion, this is the first report to prove that
polyurethane film combined with the absorbable gelatine
sponge is safe and cost-effective for repairing wounds
with exposed bone or tendons. Since this study was lim-
ited to a strictly defined patient population, further stud-
ies involving more patients are required to validate our
findings.
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