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a b s t r a c t

Introduction: This study examined the usefulness of basic fibroblast growth factor impregnated collagen-
gelatin sponge (bFGF-CGS) in reconstructive surgery for various acute skin defects including deep dermal
burns, facial full-thickness skin defects, and finger amputations as the first clinical application.
Methods: Reconstructive surgery was performed in two stages with bFGF-CGS in 8 male subjects,
ranging in age from 6 to 84 years, with acute full-thickness skin defects. Following the adequate
debridement of the defect, surgeons prepared a bFGF-CGS with bFGF solution at a dose of 7e14 mg/cm2

approximately 10 min just before application and then secured the bFGF-CGS in place with non-
absorbable sutures. Second-stage wound closure was performed with autologous skin grafting
following adequate dermis-like tissue regeneration at the site postoperatively. Follow-up was continued
for 6 months.
Results: Of the 8 subjects, the mean duration from the adequate vascularization of the dermis-like tissue
until the second-stage autologous skin graft was 22 ± 4 days. Wound closure was achieved in all cases;
the mean duration until wound closure was 32 ± 8 days. During the 6-month follow-up period, no
wound infection, recurrent skin ulceration, and no exposure of tendon, bone, and cartilage were
observed, and there were no cases of indirectly restricted range of motion from postoperative scar
contracture and none with disfiguring scars.
Conclusion: The authors achieved favorable outcomes following reconstructive surgery with a hybrid
artificial dermis impregnated with bFGF for treating acute full-thickness skin defects. bFGF-CGS serves as
a convenient regenerative device requiring no specialized medical facilities.
© 2019, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Various drugs and wound healing devices are used in the field of
wound care, particularly for full-thickness skin defects, and the use
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of artificial dermis as a scaffolding material for skin regeneration is
recognized as the standard treatment. Artificial dermis is a bioma-
terial being useful as a reconstructive material for skin defects after
extensive burns [1], acute traumatic skin defects [2], and in recon-
structive surgery [3]. Artificial dermis has been also the subject of
numerous previous reports. However, for achieving perfect wound
closure and epithelialization with the materials, surgery must be
performed in two stages. In the first stage, artificial dermis is
transplanted, and then an autologous skin graft is placed on the top
of dermis-like tissue, which appears 2e3 weeks after the initial
transplant before the artificial dermis is adequately vascularized [4].
This 2- to 3-week waiting period causes a number of issues such as
prolonged burden on the patient, increased incidence of wound
sting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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infection, and a lower-partial-skin-graft success rates of 50%e80%
[5]. Accordingly, reducing the length of this waiting period would
increase the usefulness of artificial dermis in the clinical setting. In
view of these challenges, in 2013 Morimoto et al. develop a new
hybrid artificial dermis having a drug delivery system for basic
fibroblast growth factor (bFGF) and conduct a clinical trial on the
treatment of chronic ulcer [6]. This basic fibroblast growth factor-
impregnated collagen-gelatin sponge (bFGF-CGS) consists of
normal artificial dermis to which 10% alkali-treated gelatin is added.
This alkali-treated gelatin attaches to positively charged bFGF,
allowing bFGF to be released gradually into the wound surface for
more than 3 weeks until the gelatin is absorbed by the body [7].
bFGF formulations are already in clinical use in Japan as a highly
effective form of treatment for skin ulcers, and in recent years, in-
dications for its use have gradually expanded to various conditions
such as skin avulsion injuries to the extremities [8] and second-
degree burns [9]. However, the use of bFGF to promote the gener-
ation of dermis-like tissue from artificial dermis in vivo raises the
issue of exogenous bFGF having a short half-life in vivo. If bFGF so-
lution is disseminated in vivo as-is, the level of bFGF activity de-
creases down to less than 10% at 24 h after administration [10]. In
other words, spraying a solution containing a bFGF formulation only
once during the initial surgery for facilitating the regeneration of
dermis-like tissue, which takes a few weeks, is unable to be ex-
pected to be effective. Accordingly, compared with the use of arti-
ficial dermis alone, the use of bFGF-CGS having a capability to play a
bFGF drug delivery system would promote angiogenesis and
shorten the regeneration period of dermis-like tissue. The authors
believe that bFGF-CGSwould in turn reduce the risk of infection and
contribute to reducing the duration of patient burden [11]. In this
article, the authors documented the usefulness of bFGF-CGS in
reconstructive surgery for various acute skin defects such as deep
dermal burns, facial full-thickness skin defects, and finger amputa-
tions as the first clinical application.

2. Methods

This study was approved by the Ethics Committee of Tokyo
Women's Medical University. All patients provided written
informed consent to participate in the study.

2.1. Preparation of the bFGF-CGS

A bFGF-CGS (PELNAC Gplus®, Gunze, Kyoto, Japan) used in this
study was a modified version of conventional bilayered artificial
dermis and consists of an upper silicone sheet with a thickness of
0.12 mm and a lower collagen sponge with alkali-treated gelatin
with a thickness of 3 mm (Fig. 1A). Upon the preparation of bFGF-
CGS, the sponge portion of bFGF-CGS is made from atelocollagen
and gelatin. Atelocollagen is produced by treating porcine collagen
with pepsin under an acidic condition for removing the telopeptide
component. Telopeptide removal reduces antigenicity, resulting in
imparting a superior biological safety and compatibility. Gelatin is
derived from porcine skin. First the epidermis and hairs are
removed, and then the skin is subjected to alkali treatment by
immersion in lime, followed by heating in warm water and
extracting gelatin. Alkali-treated gelatin is acidic and negatively
charged, and typically forms electrostatic bonds with growth fac-
tors, which are positively charged. Type I collagen derived from
porcine tendon is mixed with the gelatin derived from porcine skin
at a gelatin ratio of 10 wt%, and the mixture is then dissolved in
distilled water to form an aqueous solution. This aqueous solution
is cast into a mold, frozen for 1 h at �40 �C, and subsequently
lyophilized to obtain a primary lyophilisate. Thermal cross-linking
of the primary lyophilisate is performed by vacuum processing at
110 �C. Chemical cross-linking is then performed by immersing the
primary lyophilisate in an aqueous acetic-acid solution containing
glutaraldehyde. Excess glutaraldehyde is removed by flushing with
water, and the primary lyophilisate is again lyophilized to create
the sponge portion (Fig. 1BeD). The sponge is then coated with a
silicone film to prevent contamination and drying, then cut to size,
and sterilized with ethylene oxide gas.

2.2. Surgical procedure

This study performed reconstructive surgery with bFGF-CGS in 8
cases with acute full-thickness skin defects. The patients were all
male, and their ages were 6e84 years. They were required surgical
treatment at the Department of Plastic and Reconstructive Surgery,
Yachiyo Medical Center, Tokyo Women's Medical University from
2018 to 2019. Surgeons prepared bFGF-CGS with bFGF solution at a
dose of 7e14 mg/cm2 in an operating room approximately 10 min
just before the application, and in this study, human recombinant
bFGF (Fiblast® spray; Kaken Pharmaceutical, Tokyo, Japan)was used.
The dose of bFGF used was the same as that used with CGS for
chronic wound care during the clinical trial and is previously
confirmed to be safe and effective [6]. In addition, a special caution
was taken for ensuring that the total daily dose would be unable to
exceed 1000 mg, which is written in the guidelines for using bFGF.
The surgeon first performed the adequate debridement of necrotic
tissue from the full-thickness skin defect, washed the area with
physiological saline, and after achieving hemostasis, secured the
bFGF-CGS in the placewith a non-absorbable suture. Thewoundwas
either covered with ointment-impregnated gauze dressing or
negative pressure wound therapy, which was performed with a
negative pressure wound therapy system (RENASYS™, Smith &
Nephew Wound Management, London, UK). No additional bFGF
formulation was used from the postoperative period until complete
wound closure. At 14 days after application, the sutures and the
silicone sheet of bFGF-CGSwere removed. Adequate regeneration of
dermis-like tissue at the graft site was confirmed by 2 wound
management specialists, and continuously, the second-stage wound
closure was performedwith an autologous skin graft. No autologous
skin grafts were used for patients who were observed to have pro-
gressive epithelialization surrounding the dermis-like tissue after
the silicone sheet was removed. Instead, these patients continued to
bemanaged conservativelywith ointmentuntil epithelializationwas
complete. Postoperative follow-up was continued for 6 months.

3. Results

Of 8 subjects, 3 had deep dermal burns, 3 had complete digital
amputation, 1 had open fracture, and 1 had congenital preauricular
sinus. The site of reconstructive surgery was the upper limb in 4
subjects, the lower limb in 3 subjects, and the face in 1 subject
(Table 1). Reconstruction with bFGF-CGS was performed in cases
with the exposure of bone, tendon, or cartilage at the ulcer surface,
cases that had undergone autologous skin grafting during the first
stage of treatment, or those whose wound closure by secondary
healingwas predicted to be difficult if ointment-based dressingwas
used. Complete wound closure was achieved in 3 cases after the
regenerated dermis-like tissue with bFGF-CGS had epithelialized
over the entire extent of the wound. Also, wound closure occurred
after full-thickness skin grafting was performed during the second-
stage surgery in 2 cases and after split-thickness skin grafting was
performed during the same stage in 3 cases. The mean duration
from adequate vascularization of the dermis-like tissue until the
second-stage autologous skin graft was 22 ± 4 days. Wound closure
was achieved in all cases, and the mean duration until wound
closure was 32 ± 8 days. The mean duration until complete wound



Fig. 1. Macro and scanning electron microscope images of basic fibroblast growth factor-impregnated collagen gelatin sponge (bFGF-CGS). (A) Photograph shows the appearance of
bFGF-CGS. (BeD) Scanning electron microscopy images show the internal structure of bFGF-CGS at various magnifications. The scale bars in image B, C, and D indicate 1 mm,
200 mm, 20 mm, respectively.

Table 1
Clinical cases.

Case no. Sex Age
(years)

Disease Location Exposed bone and
tendon

Skin defect Size
(mm)

bFGF-CGS
securing method

Secondary operation
procedure (period from
first operative days)

Period of
complete healing
(days)

1 Male 72 Deep dermal burn Left ankle joint Achilles tendon 130 � 30 NPWT FTSG (17) 46
2 Male 25 Congenital

auricular sinus
Left preauricular
region

Auricular cartilage 50 � 25 Tie over dressing STSG (21) 28

3 Male 6 Complete digital
amputation

Right fifth digit Phalangeal bone 10 � 10 Bandage N/A 22

4 Male 72 Deep dermal burn Left first toe Phalanx bone 60 � 30 NPWT STSG (25) 39
5 Male 49 Open fracture right ankle Tibia 55 � 25 NPWT FTSG (26) 33
6 Male 84 Deep dermal burn Right hand Extensor digitorum 40 � 30, 80 � 35 Tie over dressing STSG (21) 31
7 Male 7 Complete digital

amputation
Left index finger Phalangeal bone 10 � 10 Bandage N/A 36

8 Male 31 Complete digital
amputation

Right fifth digit Phalangeal bone 20 � 10 Bandage N/A 21

NPWT indicated negative pressure wound therapy system.
bFGF-CGS indicate basic fibroblast growth factor impregnated collagen-gelatin sponge.
STSG and FTSG indicate split- and full-thickness skin grafts, respectively.
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closure when the dermis-like tissue epithelialized the entire extent
of the wound was 26 ± 8 days. During the 6-month follow-up
period, no wound infection, recurrent skin ulceration, and expo-
sure of tendon, bone, and cartilage were observed. Similarly, no
cases with indirectly restricted range of motion from postoperative
scar contracture and disfiguring scars were found in this study.

4. Clinical cases

4.1. Case 1

Patient was a 72-year-old man. While riding on his motorbike,
the back of his left heal was allowed to be touched with and ground
by the high-speed rotating rear tire, and he suffered a deep dermal
burn. A burnwound with adherent white necrotic tissue with a size
of 130 � 30 mm on the left Achilles tendon was found and third-
degree burn with a total-body surface area of 1% was diagnosed
(Fig. 4A). On day 9 after the injury, debridement was performed
under general anesthesia with a hydrogel jet system (VERSAJET™)
(Smith & Nephew Wound Management) to remove the necrotic
tissue down to layers where favorable petechiae were observed.
This however led to the partial exposure of the Achilles tendon and
the sural nerve (Fig. 4B). After adequate hemostasis was achieved,
the areawas washed, and bFGF-CGS was used for covering the area,
which was secured with a negative pressurewound therapy system
at a suction pressure of �60 mmHg (Fig. 2C). The silicone sheet of



Fig. 2. Findings during the course of treatment in Case 1. (A) Findings at initial examination of a 72-year-old man with third degree burn on the left Achilles tendon with a size of
130 � 30 mm, which was estimated to be 1% of total body surface area, are shown. (B) On the debridement of necrotic tissue at 9 days after the injury, the Achilles tendon (*) and
sural nerve (black arrowhead) were observed to partially appear. (C) The area was covered with basic fibroblast growth factor-impregnated collagen gelatin sponge (bFGF-CGS). (D)
Findings on day 17 after the initial surgery are shown. (E) A full-thickness skin graft was performed with donor skin from the left inguinal region. (F) Findings at 6 months after
surgery are shown.
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bFGF-CGS was removed on postoperative day (POD) 14, and the
exposed Achilles tendon and sural nerve were seen to be
completely covered by a firm layer of dermis-like tissue. Minimal
curettage of the dermis-like tissue was performedwith a curette on
POD 17 after the initial surgery, following full-thickness skin
grafting was performed with donor skin taken from the left
inguinal region (Fig. 2D and E). Negative pressure wound therapy
(RENASYS) was once again applied to secure the donor skin at a
suction pressure of �60 mmHg. The negative pressure wound
therapy systemwas removed on POD 7, and the proper attachment
of the donor skin was confirmed. Subsequent treatment was
administered conservatively with ointment, and complete wound
closure was achieved a total of 46 days after the injury. No motor
dysfunction of the ankle joint due to postoperative scar contracture
was observed at 6 months postoperatively (Fig. 2F).
4.2. Case 2

Patient was a 22-year-old man with a congenital left preaur-
icular sinus. He had recurrent inflammation due to localized
infection from childhood, which never improved though repeated
incision and drainage treatments performed at another hospital.
Eventually, he was referred to the authors' department for
requesting radical treatment. With daily wound irrigation, the
inflammationwas reduced to the greatest extent possible, and then
resection of the sinus was performed under general anesthesia
(Fig. 3A). After resection, the patient was left with a 50 � 25-mm
skin defect in the preauricular region with partially exposed
auricular cartilage (Fig. 3B). The skin defect was covered with a
bFGF-CGS and secured with a tie-over dressing (Fig. 3C). When the
silicone sheet on the bFGF-CGS was removed on POD 14, the
favorable proliferation of dermis-like tissue was observed, and the
auricular cartilage was completely covered. Minimal curettage of
the dermis-like tissue was performed with a curette on POD 21
after the initial surgery, and split-thickness skin grafting with a
thickness of 10/1000 inches taken with donor skin from the cranial
region was performed (Fig. 3D and E). The tie-over dressing was
removed on POD 7, and extremely favorable skin graft adherence
was observed. No signs of infection, skin ulceration, and the devi-
ation of the pinna due to scar contracture were observed, and the
esthetic outcome was favorable (Fig. 3F).
4.3. Case 3

Patient was a 6-year-old boywho collidedwith a guardrail while
riding his bicycle, resulting in the complete amputation of the distal
phalanx of the right little finger, and the amputation was classified
as zoneIby the Tamai's classification, and subzone II by the Ishika-
wa's classification. The amputated finger had been severely
crushed, and replantation surgery was deemed impossible
(Fig. 4A). Extensive irrigation of the amputated surface and exposed
phalangeal bone was performed under general anesthesia, then the
area was covered with a 10 � 10-mm bFGF-CGS, which secured to
the wound with a 5-0 nylon suture and then covered with
ointment-impregnated gauze (Fig. 4B). On removing the artificial
dermis silicone sheet on POD 14, the presence of favorable



Fig. 3. Findings during the course of treatment in Case 2. (A) The patient was a 22-year-old man with a congenital left preauricular sinus. (B) Findings during the resection of the
preauricular sinus are shown. After the resection of the sinus, the patient was left with a 50 � 25-mm skin defect in the preauricular regionwith partially exposed auricular cartilage
(the white arrowhead). (C) Findings after the area was covered with basic fibroblast growth factor-impregnated collagen gelatin sponge (bFGF-CGS) are shown. (D) Image of the
regenerated dermis-like tissue on day 21, and (E) the image of the split-thickness skin graft are shown. (F) Findings at 6 months after surgery are shown.
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proliferation of dermis-like tissue was confirmed, and the distal
phalanx was covered in granulation tissue. Since epithelialization
progressed around the sutured wound (Fig. 4C), conservative
treatment with ointment was initiated, and a complete epithelial-
ization was found on the wound on POD 22. No phalangeal bone
exposure, digital motor dysfunction, and digital apex pain were
observed at 6 months postoperatively, and the clinical course was
favorable (Fig. 4D).

5. Discussion

The present study highlights a number of benefits of the full-
thickness skin defect reconstruction method with bFGF-CGS. First,
the sponge was useful for treating wounds with the exposure of
bone and tendon, allowing the regeneration of firm dermis-like
tissue, because bFGF promotes fibroblast proliferation [12] and
angiogenesis [13]. Jinno et al. perform a comparative study of the
wound-healing effects between bFGF-CGS and conventional arti-
ficial dermis in a rat skin full-thickness defect model, and report
that significant improvements are observed in the neo-epithelial
length, the dermis-like tissue area, and the number of newly
formed capillaries in the group of rats that are treated with bFGF-
CGS [11]. The authors transplanted bFGF-CGSs onto wound with
the exposure of tendon, cartilage, and bone. When normal artificial
dermis is used alone, the regeneration of dermis-like tissue re-
quires a longer time. However, in this study, the formation of firm
dermis-like tissue took approximately 2weeks, as described in Case
3 where the patient had the amputation of the digital apex and a
small wound surface area, or Case 1 where the patient had the
exposure of the Achilles tendon and poor angiogenesis in the
transplant bed. This form of treatment may present a new effective
option for treating patients with wounds with exposure of tendon
or bone in weight-bearing regions, and these patients previously
have required highly invasive surgery such as a free flap trans-
plantation [14].

Second, this treatment modality prevented scar contracture at
the reconstruction site. In recent years, reports indicate that bFGF
not only promotes wound healing but also improves the quality of
scars that form after epithelialization, and prevents keloid forma-
tion and scar contracture [15]. As the mechanism of these effects,
bFGF promotes fibroblast proliferation during the proliferation
phase of wound healing and then enhances the apoptosis of fi-
broblasts and myofibroblasts during the reconstruction phase of
wound healing to decrease their numbers, and these subsequently
inhibits excessive wound contraction after the reconstruction
phase [16]. Akita et al., in their use of bFGF during skin grafting to
treat burn wounds, report the reduced hardness of the scars
appearing after the skin graft [9]. These same effects were also
observed in the present study, for example, in Case 1 where a full-
thickness skin defect was found at the joint surface, and the
Achilles tendon was exposed. From bFGF-CGS, the controlled
release of bFGF, which facilitated the formation of more flexible
dermis-like tissue, indicating that this in turn prevented the
restricted joint mobility that could appear due to scar contracture.



Fig. 4. Findings during the course of treatment in Case 3. (A) The image shows findings during the initial examination of a 6-year-old boy with the complete amputation of the distal
phalanx of the right little finger. (B) The area was covered with basic fibroblast growth factor-impregnated collagen gelatin sponge (bFGF-CGS) with a size of 10 � 10-mm, bFGF-CGS
was secured to the wound with a 5-0 nylon suture, and then the area was covered with ointment-impregnated gauze on the same day. (C) The image shows the regenerated dermis-
like tissue on day 14 after the initial surgery. (D) Findings at 6 months after surgery are shown.

H. Matsumine et al. / Regenerative Therapy 11 (2019) 81e8786
Furthermore, this modality was expected to be useful for pre-
venting dislocation in the some parts of the face due to post-
operative scar contracture in cases that require the reconstruction
of full-thickness facial skin defects, as seen in Case 3. The authors
would like to perform further comparative research for comparing
the degree of contracture between bFGF-CGS and conventional
artificial dermis without bFGF.

Third, the epithelializing effect of bFGF-CGS alone require no
subsequent second-stage skin graft. For example, in the present
report, the transplantation of bFGF-CGS was performed in Case 3
where the patient had the complete amputation of the distal
phalanx with exposed bone, because replantation was impossible,
and wound closure was achieved in the absence of an autologous
skin graft after the initial operation. The authors believed this was
due to the bFGF-induced proliferation of keratinocytes, which in
turn is known to promote epithelialization [17], suggesting that use
bFGF-CGS may be possibly applied to small skin defects to avoid
harvesting donor tissue to perform autologous skin grafts. The use
of bFGF-CGS is expected to give considerable benefit particularly in
pediatric and extensive burns patients who have a relatively small
skin surface area and difficulty in providing a donor site for skin
graft.

Fourth, the graft technique for bFGF-CGS was easy and versatile.
The authors previously created a hybrid artificial dermis by
inducing adipose tissue-derived stem cells and adipose-derived
aldehyde dehydrogenase-expressing cells. During the animal ex-
periments with a murine full-thickness skin defect model, the
regeneration of dermis-like tissue is reported to be promoted by
pluripotency and paracrine signaling, which are characteristic of
stem cells [18]. However, there are numerous drawbacks in using
this method in clinical practice, for example, several weeks for cell
culture are necessary to obtain the sufficient number of cells
required for this method, and flow cytometry is required for cell
sorting, resulting in the limited number of hospitals that will be
able to perform this treatment. By contrast, bFGF-CGS used in this
study requires only bFGF formulations that are already commer-
cially available for clinical use at present, and this biomaterial de-
vice requires no cell source, making the device extremely cost-
effective form of treatment because of no requirements of
special-cell culture facilities and staff.

However, in the present case series, the average period to ach-
ieve an adaptive vascularization in the wound with bFGF-CGF was
unable to exceed sufficiently the period with conventional artificial
dermis, because some cases were speculated to have tendon and
bone exposure on the wound surface with a poor angiogenesis
ability. Further comparative studies with a greater number of cases
are needed for proving the wound-closure-period shortening effect
of bFGF-CGS. In addition, the authors also previously report that an
artificial nerve conduit containing a bFGF drug delivery system
promote nerve regeneration in a rat facial nerve defect model [19]
and expect that there may be improved sensory recovery with the
use of bFGF-CGS compared with the conventional artificial dermis
alone. This study will conduct a comparative study of sensory re-
covery in the plural number of groups in the future.
6. Conclusions

This study successfully achieved favorable outcomes after per-
forming reconstructive surgery with a hybrid artificial dermis
impregnated with bFGF for treating acute full-thickness skin de-
fects of various sizes. bFGF-CGS was used as a simple regenerative
device without specialized medical facilities and allowed surgeons
to perform minimally invasive treatment procedures and achieve
the wound closure of full-thickness skin defects in a short period of
time.
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