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H igh incidence of chronic wound includ-
ing pressure ulcers and lower leg ulcers 
due to diabetes, ischemia, and so on rep-

resents a significant problem with few solutions. 
Particularly, in developed countries, it has been 
estimated that 1–2% of the population will experi-
ence a chronic wound during their lifetime and 
the associated costs are estimated to 2–4% of the 
total health care expenses.1 For such wounds, vari-
ous therapeutic approaches have been developed 
based on the concept of regeneration medicine 
such as cell-based therapy and growth factor-
based therapy.2–4

Background: Basic fibroblast growth factors (bFGFs) play a crucial role in 
wound healing by promoting fibroblast proliferation and neovasculariza-
tion. However, drawback of bFGF is short half-life in free form. Gelatin has 
a capability of sustaining growth factors, which are gradually released while 
degradation. The purpose of this study is to see whether bFGF-impregnat-
ed gelatin sheet is effective in a murine model and whether it could also be 
available for patients in a safe manner.
Methods: Full-thickness skin defect was created on C57BL/6J mice and covered 
with bFGF with gelatin sheet (group A), bFGF without gelatin sheet (group B), 
phosphate buffer saline (PBS) with gelatin sheet (group C), and only PBS (group 
D). Wound healing was evaluated in terms of percent wound closure, granulation 
thickness, wound maturity, and vascular density. Clinical trial was conducted for 
patients who received either acute or chronic ulcers. The sheets were put onto 
the wounds and covered by hydrocolloid dressing, which was changed weekly.
Results: Groups A and B exhibited better wound healing than groups C 
and D in all aspects. Moreover, group A showed better results than group 
B at day 7 in terms of wound closure, collagen maturity, and vascularity. Ef-
ficacy without any adverse events was found in the clinical series.
Conclusions: These findings suggest that control-released bFGF using gela-
tin sheet is effective for promoting wound healing. Such therapeutic strategy 
was considered to offer several clinical advantages including rapid healing 
and reduction of the dressing change with less patient discomfort. (Plast 
Reconstr Surg Glob Open 2013;1:e44; doi: 10.1097/GOX.0b013e3182a88787; 
Published online 23 September 2013.)
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The fibroblast growth factors (FGFs) are a fam-
ily of polypeptide that is mitogenic for a broad 
range of cell types and mediators of a wide spec-
trum of developmental and pathophysiological 
processes in vivo and in vitro.5,6 The basic FGF 
(bFGF), which is one of the 22 different isotypes of 
FGF, plays a crucial role in wound healing process 
by promoting fibroblast proliferation, inducing 
neovascularization, and increasing the synthesis of 
collagenase.7–10 As human recombinant bFGF has 
been commercially available in Japan, topical ad-
ministration of bFGF has shown to be effective for 
wound healing in clinical situations.11,12 However, 
daily administration of bFGF is required for wound 
healing due to its short half-life in vivo, which oc-
casionally is time-consuming and painful and/or 
results in discomfort for patients and a potential 
risk of infection.

Gelatin is a denatured extract of collagen and 
has a biodegradable property. Recently, Tabata and 
coworkers13,14 have demonstrated a novel approach 
with a drug delivery system using gelatin that en-
abled controlled release of bFGF while it under-
goes hydrolysis in vivo and thus improved efficacy 
of growth factor therapy. Thereafter, several pre-
clinical and clinical studies have been conducted 
and shown that such control-released bFGFs con-
tribute to healing process of many tissues and neo-
vascularization.15–24 Therefore, the purpose of this 
study is to see whether bFGF-impregnated gelatin 
sheet is effective for wound healing compared with 
the conventional spraying administration in a mu-
rine model. In addition, we investigated the safety 
of such materials for the treatment of patients with 
skin ulcers.

MATERIALS AND METHODS

bFGF-Impregnated Gelatin Sheet
All the steps of gelatin sheet production that are 

briefly described below were carried out under the 
good manufacturing product-leveled clean condi-
tion. Gelatin sheet was prepared by cross-linking 
with glutaraldehyde. Briefly, 5 wt% aqueous solu-
tion of gelatin containing 0.05 wt% glutaraldehyde 
was flown into the container of the polypropylene 
(14 × 14 cm2) for 12 hours at 4°C as previously de-
scribed.14,24 Following the cross-linking reaction, the 
resulting sheet of gelatin hydrogel was dissected into 
2 × 2 cm pieces. Following the freeze-drying step, the 
sheet was sterilized with ethylene oxide gas. A bFGF 
that was manufactured from the solution of human 
recombinant bFGF with an isoelectric point of 9.6 
(10 mg/ml) was supplied by Kaken Pharmaceuti-
cal (Tokyo, Japan). Before use, freeze-dried gelatin 

sheet was immersed with aqueous solution of bFGF 
at the concentration of 7 µg per cm2, which was re-
ferred to as bFGF-impregnated gelatin sheet.

Mouse Wound Model
C57BL/6J male mice aged 8 weeks were pur-

chased from Sankyo, Japan. These mice were shaved 
and depilated under anesthesia with avertin (2, 2, 
2, tribromoethanol, 2-methyl-2-butanol). Stented, 
cutaneous wounds were created as previously de-
scribed.25,26 Briefly, bilateral 6-mm full-thickness 
wounds were excised on the dorsum by punch bi-
opsies. India ink was applied intradermally to mark 
the wound margins. A silicone stent with an 8-mm 
inner diameter was sutured with 5-0 nylon (Ethicon) 
around each wound to minimize skin contracture 
and ensure healing by secondary intention. Immedi-
ately after wounding, the following treatment group 
was applied topically on the wound: group A: bFGF-
impregnated gelatin sheet (7 µg/cm2); group B: con-
ventional method of daily bFGF spray (1 µg/cm2/d)  
without gelatin sheet; group C: PBS with gelatin 
sheet; and group D: PBS without gelatin sheet. Film 
dressing was covered to prevent drying and con-
tamination. Gelatin sheets in groups A and C were 
changed weekly.

Wound Closure by the Macroscopical Analyses
Photographs of the wound were taken at postop-

erative days 0, 3, 5, 7, 10, and 14 followed by evalua-
tion with computer software BZ-2 Analyzer, Exe 1.41 
(Keyence, Japan). The area of skin defect and the 
inner circle of the stent were measured at each time 
point. The skin defect area/inner stent area ratio on 
day 0 was determined as control (100%) for the ra-
tios of later observation on days 3, 5, 7, 10, and 14.25

Morphological Studies
The wounds were harvested from euthanized 

animals at postoperative days 3, 5, 7, 10, and 14 
(n = 4 per group at each time point). The harvested 
wounds were fixed with 100% methanol and embed-
ded in paraffin. Sections were cut from the central 
region of the wound at a thickness of 5 μm. Before 
staining, paraffin sections were deparaffinized and 
rehydrated by successive passages through xylene. 
Hematoxylin and eosin staining was performed to 
observe granulation thickness from edge to edge 
of the ulcer. Sections were imaged and digitized in 
their entirety at the 200-fold magnification (200×) 
with BZ-9000 (Keyence, Japan).

Van Gieson’s Stain for Wound Maturity
Wound maturity was semiquantified with Van 

Gieson’s staining as previously described.27 The 
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staining demonstrates mature collagen in deep red 
and  immature collagen in pink. Four horizontal 
sections through the center of the entire wound 
were analyzed per wound at each time point. Sec-
tions were imaged and digitized in their entirety 
at 200× with BZ-9000. Then images were analyzed 
by 3 blind reviewers with BZ-2 Analyzer, Exe 1.41 
(Keyence, Japan). Percentage of mature collagen 
was quantified by measuring the total pixel area of 
the wound and dividing it by the percentage of pix-
els therein that were consistent in color with ma-
ture collagen.

CD31 Staining for Vascularity
Paraffin sections were stained with CD31 (Puri-

fied Rat anti-mouse CD31, BD) followed by DAB 
(Vector Laboratories, Burlingame, CA) staining to 
examine the vascular density of the wound post ther-
apy. Four fields were randomly selected and CD31-
DAB positively stained vessels were counted using 
BZ-2 Analyzer, Exe 1.41 by 3 blind reviewers.

Statistical Analysis
All experimental values were expressed as the 

mean ± standard deviation. One-way analysis of 
variance was used for multigroup comparisons. Stu-
dent’s t test was used for pairwise comparisons. Sta-
tistical significance was defined as a P value <0.05.

Clinical Trials
Based on the findings obtained from the preclini-

cal studies, we have conducted phase I clinical trial 
to ensure the safety of bFGF-impregnated gelatin 
sheet for acute/chronic wound healing (Effects of 
gelatin sheet incorporating basic fibroblast growth 
factor for treatments of skin ulcers, UMIN Clinical 
Trial Registry at http://www.umin.ac.jp/ctr, Identifi-
cation number: UMIN000001068).

All patients, who have no history of malignancy 
in the past 5 years, provided written informed con-
sent to participate in this study, which proceeded 
according to the ethical rules for human experi-
mentation stated in the 1975 Declaration of Hel-
sinki and under the approval of the Institutional 
Review Board of Nippon Medical School Hospital 
(Approval Number: 19-09-29). Surgical debride-
ment for nonviable tissue was carried out under 
the general anesthesia before the application of 
bFGF-impregnated gelatin sheet. Such sheet was 
put onto each wound and fixed with the occlusive 
hydrocolloid dressing. Dressing change was made 
weekly until the wounds were either completely ep-
ithelialized or covered with granulation tissue on 
which skin grafting can be made for the maximum 
of 6 weeks.

RESULTS

bFGF-Impregnated Gelatin Sheet Accelerates Wound 
Closure

Wounded animals treated with bFGF-impreg-
nated gelatin sheet (group A) showed significant-
ly faster wound closure compared with all other 
groups at day 7, an early stage in wound healing 
(group A 44.8% ± 5.2% vs group B 37.3% ± 3.7%, 
P < 0.05; group C 26.8% ± 5.5%, P < 0.05; group 
D 26.3% ± 9.3%, P < 0.05). Although the signifi-
cant difference of wound closure between group 
A and group B disappeared starting at day 10, the 
bFGF-treated group demonstrated significantly ac-
celerated wound closure compared with the non–
bFGF-treated group. In addition, there was no 
significant difference in percent wound closure 
between group C and group D through all time 
points (Fig. 1).

Groups Treated with bFGF Promotes Granulation 
Thickness

Groups A and B showed the significantly thick-
er wound granulation compared with groups C 
and D from all time points after day 5. The peak 
of significant difference between group A (day 
5: 515 ± 104 µm, day 7: 524 ± 80.4 µm, day 10: 
599 ± 67.8 µm, day 14: 629 ± 82.6 µm) and group B 
(day 5: 519 ± 29.4 µm, day 7: 594 ± 106 µm, day 10: 
594 ± 90.7 µm, day 14: 645 ± 93.6 µm) vs group C 
(day 5: 260 ± 69.2 µm, day 7: 336 ± 49.2 µm, day 10: 
418 ± 35.8 µm, day 14: 408 ± 88.0 µm) and group 
D (day 5: 188 ± 40.7 µm, day 7: 421 ± 52.4 µm, day 
10: 461 ± 23.5 µm, day 14: 426 ± 20.6 µm) was seen 
at each time point (P < 0.05). In groups A and B 
using bFGF demonstrated similar result, thickness 
of the granulation increased from day 3 to day 
5, and became plateau after day 5. On the other 
hand, the thickness of the granulation gradually 
increased with a time course in group C and group 
D from day 5 (Fig. 2).

bFGF-Impregnated Gelatin Sheet Stimulates Collagen 
Maturity

The collagen maturity increased in all groups 
with time following wounding. Similar to wound 
closure data, group A (631 ± 142.6 pixels/hpf of 
200×) demonstrated significantly greater area of ma-
ture collagen at early time point of wound healing 
of day 7 compared with all other groups (group B: 
169 ± 127.2 pixels/hpf of 200×, group C: 0 ± 0, group 
D: 0 ± 0; P < 0.05). Group B following the healing of 
group A demonstrated similar wound collagen ma-
turity to group A starting at day 10 (7687 ± 1828 pix-
els/hpf of 200× vs 4259 ± 851.2 pixels/hpf of 200×). 

http://www.umin.ac.jp/ctr
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Groups C and D, the non–bFGF-treated group, dem-
onstrated significantly smaller area of wound col-
lagen maturation at day 10 compared with groups 
treated with bFGF (Fig. 3).

bFGF-Impregnated Gelatin Sheet Therapy Enhances 
Wound Vascularization

Similar to the results of wound closure, the wounds 
treated in group A (day 7: 185.4 ± 21.7 counts/

Fig. 1. time course of wound closure. a, Macroscopic photographs of wounds at day 7 and day 14 demonstrate the signifi-
cantly faster wound closure in group a. B, average wound closure from day 0 to day 14 [expressed as a percent of the day 0 
control (100%)]. at day 7, group a showed a greater extent of wound closure compared with groups B, c, and D. at day 10, the 
difference between groups a and B disappeared, but there was a significant difference between the bFgF-treated groups and 
the non–bFgF-treated groups. *P < 0.05.

Fig. 2. Histological evaluation and quantification of granulation thickness. a, Hematoxylin and eosin staining was performed 
to observe granulation thickness in each group at day 7. the arrow indicates the thickness of granulation, which was signifi-
cantly greater in group a. B, time course of granulation thickness shows a greater thickness in groups a and B compared with 
groups c and D at day 5, 7, 10, and 14 (bar: 200 µm). *P < 0.05.
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hpf, day 10: 194 ± 22.7 counts/hpf) showed signifi-
cantly higher number of CD31 counts compared 
with all other groups at day 7 (P < 0.05) and day 10  
(P < 0.05). However, group A and group B demon-
strated a decrease in the number of CD31-positive 
vascular structure at day 14. Although groups C and 
D exhibited significantly lower wound vascularization 

at days 7 and 14 than the other groups, the number of 
vessels gradually increased from day 3 to 14 (Fig. 4).

bFGF-Impregnated Gelatin Sheet Is Effective for 
Patients with Various Skin Ulcers

Since January 2009, we have treated totally 8 pa-
tients who received either acute or chronic ulcers, 

Fig. 3. collagen maturation as determined by Van gieson’s staining. a higher number of red 
pixels/hpf is indicative of a higher density of mature collagen. at day 7, group a demon-
strated a significantly greater density of mature collagen compared with all other groups. at 
day 10, group B showed a similar density of mature collagen relative to group a, and this area 
was significantly greater than that of groups c and D. *P < 0.05.

Fig. 4. Wound vascularization. a, anti-cD31 antibody staining at day 7. the brown-colored areas correspond to blood vessels 
stained by the anti-cD31 antibody. Stronger cD31 staining was observed for group a compared with the other groups, indica-
tive of a larger number of vascular structures. B, graph demonstrating density (pixels/hpf ) of cD31-positive staining over the 
time course of 3–14 d. group a showed a significantly higher number of cD31-positive pixels compared with the other groups 
at day 7 and day 10 (bar: 50 µm).
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all of which had the indication for conventional 
treatments using bFGF, with this protocol (Table 1). 
The cause of the ulcers included trauma, burn, ve-
nous congestion, diabetes, and collagen diseases. 
We found no adverse events in this series. Complete 
epithelialization was achieved in 6 patients without 
any further surgical procedures. Mesh skin grafting 
was applied 3 weeks after initial application of bF-
GF-impregnated gelatin sheet in 1 case because the 
wound was covered by sufficient granulation tissue. 
Only 1 case did not exhibit complete epithelializa-
tion although the size of the ulcer was decreased to 
approximately 60% of the original size.

Case 3. A 57-year-old male presented chronic skin 
ulcer, which was 22 × 7 mm in size, with pharangeal 
bone exposure of his left thumb post trauma. Several 
surgical attempts have been made for the coverage 
but all have failed for 2 years. After the written 
consent, skin margin of the ulcer and the superficial 
layer of the pharangeal bone were debrided under 
general anesthesia and then covered with bFGF-
impregnated gelatin sheet simultaneously, and the 
dressing was changed weekly. The ulcer was almost 

closed after 3 weeks and complete healing was 
achieved by 5 weeks due to wound contraction and 
epithelialization (Fig. 5).

Case 6. A 65-year-old female presented chronic 
ulcers, which was 38 × 15 mm in size, post amputation 
of her left great toe due to gangrene caused by 
progressive systemic sclerosis. Three days after the 
debridement under general anesthesia, bFGF-
impregnated gelatin sheet was applied onto the 
wound, and the dressing was changed weekly. Wound 
was completely epithelialized by 7 weeks without any 
adverse event (Fig. 6).

DISCUSSION
bFGF is recognized as one of the potent mitogens, 

regulating proteins that induce the proliferation of 
a variety of cells, including epithelial and mesen-
chymal cells.28,29 Particularly, bFGF serves as a key 
factor to accelerate wound healing by promoting fi-
broblast proliferation, inducing neovascularization, 
and increasing the synthesis of collagenase.7–10 As 
human recombinant bFGF has been commercially 
available in Japan, topical administration of bFGF 

Table 1. Patient Demographics

Patient Age Gender Cause of Ulcers Region of Ulcers
Size of  

Ulcers (mm)
Period of 

Treatment (wk) Outcome

1 49 M Trauma Right little fingertip 18 × 13 6 Complete closure by 8 wk
2 19 M Post tattoo 

abrasion
Right upper arm 70 × 9 6 Complete closure by 6 wk

3 57 M Flap failure 
post trauma

Left thumb 22 × 7 with bone 
exposure

4 Complete closure by 5 wk

4 82 M Scald burn Right lateral  
malleolus

8 × 8 6 Complete closure by 13 wk

5 70 M Venous  
congestion

Right lower leg 40 × 16 6 Complete closure by 7 wk

6 65 F Progressive 
systemic 
sclerosis

Left toe 38 × 15 6 Complete closure by 8 wk

7 55 F Progressive 
systemic 
sclerosis

Left toe 35 × 30 6 60% closure by 20 wk

8 64 M Diabetes Right dorsal foot 55 × 40 3 Mesh skin grafting at 25 d 
post debridement

Fig. 5. chronic ulcer with pharangeal bone exposure on the left thumb (case 3). a, Preop-
erative appearance. Following debridement, a bFgF-impregnated gelatin sheet was applied 
over the wound. B, three weeks post application. Most of the wound area was covered by 
epithelialized tissue. Subsequently, complete wound closure was achieved by 5 wk. c, ap-
pearance at 12 wk post application.
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has shown to be effective for various wound heal-
ing including burn and radiation ulcer.11,12 Howev-
er, daily spray application is necessary because the 
half-life of bFGF in free form is known to be less 
than 1 hour30 and bFGF is easily eliminated from the 
applied site by diffusion as it is water soluble. Such 
daily procedure may be time-consuming, may result 
in patient discomfort, and may increase the poten-
tial risk of infection.

Recently, Tabata and coworkers13,14 designed a 
novel approach with a drug delivery system that en-
abled controlled release of a single growth factor 
by using gelatin hydrogel as a vehicle in vivo and 
thus improved efficacy of growth factor therapy. 
They have also clearly shown that 125I-labeled bFGF-
impregnated gelatin hydrogel injected subcutane-
ously in murine model were degraded in 2–4 weeks 
depending on the water content of hydrogels with-
out nonspecific inflammatory reaction and then 
induced neovascularization around the injected 
site.14,31–33 Moreover, the safety of gelatin that we 
used in this study is considered to be relatively 
high because it has been widely applied in clini-
cal setting.31,32 Based on these scientific evidences, 
numerous preclinical studies have been conducted 
for the purpose of bone fracture healing,18 skull re-
generation,22,24 healing for sternum dehiscence,17 
healing for pancreatic fistula,15 angiogenesis in 
ischemic flap,16 and skin ulcer.19,21,23 In addition, 
some clinical trials using control-released bFGF for 
improvement of chronic limb ischemia with intrac-
table ulcers have been carried out without any ad-
verse events.20,34

As indicated in the previous studies, bFGF with 
or without control release have demonstrated rap-
id wound healing and increased granulation thick-
ness and angiogenesis.10,21,35 However, none of the 
study has compared the efficacy between control-
released bFGF and conventional spray method. Pre-
vious publications have revealed that the optimal 
dose of bFGF by topical spray and bFGF impreg-
nated with gelatin is 1 µg/cm2/d and 7 µg/cm2/wk,  

respectively.36,37 As the gelatin sheet applied in this 
study almost degrades in 1 week, the daily amount 
of bFGF seems to be theoretically equivalent be-
tween group A and group B. In our study, signifi-
cantly better findings in group A compared with 
group B were (1) wound closure rate at day 7, (2) 
collagen maturity at day 7, and (3) vascular den-
sity at day 7 and day 10. Otherwise, there was no 
significant difference between group A and group 
B in any parameters although group A is almost 
superior to group B at any time point in any eval-
uation. These findings may indicate that bFGF-
impregnated gelatin sheet acts positively at early 
stage of wound healing process. Another finding 
that should be addressed is that collagen maturity 
was better in bFGF-treated group (groups A and B) 
than in non–bFGF-treated group (groups C and D) 
and that vascular density decreased through day 10 
to day 14 in bFGF-treated group (groups A and B). 
Generally, fibroblasts and capillary that increase in 
proliferation phase are considered to eventually 
decrease in remodeling phase in normal wound 
healing process. Our findings in this study showed 
similar pattern, suggesting that bFGF-impregnated 
gelatin sheet accelerates wound healing. Limi-
tation of our preclinical study may include that 
bFGF-impregnated gelatin sheet was applied to 
nonimpaired wound healing model. Although we 
have confirmed that such procedure is estimated 
to be effective for impaired wound in clinical trial 
as described below, another experiment has to be 
conducted using impaired wound healing model 
to confirm the efficacy at histological and molecu-
lar level.

We have conducted phase I clinical trial with bF-
GF-impregnated gelatin sheet in 8 patients of which 
6 exhibited chronic wound (cases 3–8). To our best 
knowledge, this case series may be a first clinical 
report with this procedure. All wounds were com-
pletely healed by spontaneous epithelialization or 
secondary skin grafting except 1 case (case 7) that 
was diagnosed as progressive systemic sclerosis. As we 

Fig. 6. chronic postamputation ulcer of the great toe due to progressive systemic sclerosis 
(case 6). a, appearance 3 d after debridement. a bFgF-impregnated gelatin sheet was sub-
sequently applied. B, Six weeks post application. the wound area was almost completely 
covered by epithelialization and wound contraction. c, appearance at 3 mo post application.
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have experimented with only a small size sample, it 
is mandatory that appropriate candidates have to be 
explored with this procedure through a large study, 
such as a randomized clinical trial, in future to con-
firm the efficacy of control-released bFGF in wound 
healing. Nevertheless, unlike cell-based therapy, the 
application of control-released bFGF can be repeat-
able and well standardized in both amount and qual-
ity aspect in a safe fashion.

CONCLUSIONS
In conclusion, control-released bFGF using gela-

tin sheet is effective for promoting wound healing. 
As control-released bFGF with gelatin sheet offers 
clinical benefits such as accelerated healing, reduc-
tion of daily dressing change, and minimization of 
patient discomforts while hopefully reducing treat-
ment costs, we believe that use of this sheet may be 
an alternative treatment procedure for patients with 
chronic ulcers. 

Hiroshi Mizuno, MD, PhD
Department of Plastic and Reconstructive Surgery
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Tokyo 1138421, Japan
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