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a b s t r a c t

Introduction: From previous research, an emerging material composed of gelatin hydrogel nonwoven
fabric (Genocel) has shown potential as a skin substitute, by improving neovascularization promotion in
the early phase of wound healing. However, Genocel was inferior in terms of granulation formation
compared to Pelnac. To solve this problem, we modified the manufacturing process of Genocel to reduce
its water content, extend the degradation time (Genocel-L), and evaluate its healing process as a skin
substitute.
Methods: Genocel with a low water content (Genocel-L) was prepared and the difference in water
content compared to that of the conventional Genocel was confirmed. Degradation tests were performed
using collagenase and compared among Genocel-L, Genocel, and Pelnac sheets. In the in vivo study,
sheets of Genocel-L or Pelnac were applied to skin defects created on the backs of C57BL/6JJcl mice. On
days 7, 14, and 21, the remaining wound area was evaluated and specimens were harvested for Hema-
toxylin and Eosin, Azan, anti-CD31, CD68, and CD163 staining to assess neoepithelialization, granulation
tissue, capillary formation, and macrophage infiltration.
Results: Genocel-L had a lower water content than the conventional Genocel and a slower degradation
than Genocel and Pelnac. In the in vivo experiment, no significant differences were observed between
Genocel-L and Pelnac in relation to the wound area, neoepithelium length, granulation formation, and
the number of newly formed capillaries. The area of newly formed capillaries in the Pelnac group was
significantly larger than that in the Genocel-L group on day 21 (p < 0.05). Regarding macrophage
infiltration, significantly more M2 macrophages were induced in the Pelnac group on days 14 and 21, and
the M2 ratio was larger in the Pelnac group (p < 0.05) during the entire process.
Conclusions: Genocel-L has a lower water content and slower degradation rate than the conventional
Genocel. Genocel-L had equivalent efficacy as a skin substitute to Pelnac, and can therefore be considered
feasible for use as a skin substitute. However, a manufacturing method that can further modify Genocel-L
is required to recover its early angiogenic potential.
© 2023, 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 bacterial invasion from the external environment but also result in
The fundamental role of the skin is to provide a supportive
barrier to protect the body against harmful agents and injuries. Skin
defects resulting from trauma or tumor resection not only allow for
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body fluid loss. Skin substitutes are widely used to temporarily
provide a barrier between the external environment and the in-
ternal environment of the body [1e3]. The numerous skin sub-
stitutes available can be divided into epidermal, dermal, and
dermoepidermal based on their components, as well as autologous,
allogeneic, and xenogeneic based on their origin [4]. Characteristics
such as stability, cytocompatibility, angiogenic properties, and low
antigenicity are required for materials to be used as skin substitutes
[5,6].
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We previously reported on the potential of Genocel (NIKKE
MEDICAL Co., Ltd., Osaka, Japan), a commercially available scaffold
for three-dimensional cell culture, as a new skin substitute [7].
Genocel, gelatin hydrogel nonwoven fabrics [8e11], is produced by
a solution blow method using gelatin solution [8,12], which dem-
onstrates the high mechanical strength needed to maintain a
porous structure enabling cells to infiltrate and distribute homo-
geneously [9,11]. When Genocel was applied to skin defects inmice,
it showed advantages in capillary formation but failed in granula-
tion tissue formation and macrophage infiltration compared to the
conventional skin substitute Pelnac [7]. This inferiority could be
attributed to the rapid degradation of Genocel, because it was not
originally developed for use as a skin substitute. Therefore, we
modified the manufacturing process of Genocel to lower its water
content and optimize its degradation properties as a skin substi-
tute. In this study, we confirmed thewater content and degradation
time of the newly prepared materials and compared them with
those of Pelnac. The healing process after applicationwas evaluated
in murine skin defect models.

2. Materials and methods

Genocel sheets with a diameter of 5 mm were supplied by
NIKKE MEDICAL Co., Ltd. (Osaka, Japan). In addition, Genocel with a
low water content (Genocel-L) was produced with the same
composition and raw materials but with different cross-linking
degree. In this study, we used a single-layer Pelnac without an
outer silicon layer as a conventional skin substitute.

2.1. Evaluation of the water content of Genocel-L and Genocel

The water content was quantified to clarify the difference be-
tween the newly prepared Genocel-L and conventional Genocel.
Ten sheets each of dry Genocel-L and Genocel were weighed, and
then the sheets were soaked in phosphate buffered saline (PBS) and
incubated at 37 �C for 24 h. The sheets were weighed again after
removing excess water with paper (Kimtowel; Nippon Paper Crecia
Co., Ltd. Tokyo, Japan). Through this process, the gelatin fibers were
sufficiently hydrated, and the excess water present between the
fibers was removed. Water content was calculated from the ratio of
the weight before and after.

2.2. In vitro degradation test of Genocel-L, Genocel and Pelnac

Six sheets each of Genocel-L, Genocel, and Pelnac were pre-
pared. Each sheet was cut to a weight of 2 ± 0.2 mg, using scissors.
PBS containing 100 mg/mL CaCl2 and 46.8 mg/mL MgCl2 was pre-
pared, and collagenase solution was prepared by dissolving colla-
genase D (Roche, Basel, Switzerland) in PBS (50 mg/mL).

Each sheet of Genocel-L, Genocel, or Pelnac was kept in PBS at
37 �C for 24 h in a 1.5 mL centrifuge tube then, PBS was replaced
with 1 mL of collagenase solution. At each time point (0.5, 1, 1.5, 2,
2.5, 3, 3.5, 4, 5, 6, 7, and 8 h), the supernatants were collected and
replaced with 1 mL of a new collagenase solution until the material
was completely degraded. The amount of degraded gelatin con-
tained in the collected solution was measured using the bicincho-
ninic acid assay kit (code:23,225, Thermo Fisher Scientific Inc.)
Precisely, 25 mL each of the samples and bovine serum albumin
standard was dispensed into a 96-well plate (code:8404, Thermo
Fisher Scientific Inc.). Subsequently, 200 mL of the working reagent
was added and mixed thoroughly. After incubation at 37 �C for
30 min, the absorbance was measured at 562 nm using a plate
reader (SYNERGY H1, BioTek Vermont, U.S.).

The percentage of remaining material was calculated using Eq.
(1):
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Where At is the absorbance at time point t, T is the time for com-
plete degradation, and n is a certain time point (0.5, 1, 1.5, 2, 2.5, 3,
3.5, 4, 5, 6, 7, or 8 h).
2.3. Scanning electron microscopy (SEM)

Dried samples were fixed with a conductive tape, and then
coated with sputtered gold using a sputter-coater (MSP-1S; Vac-
uum Device Inc., Japan). The specimens were observed with a
scanning electron microscope (SEM, FlexSEM 1000, Hitachi High
Technologies corp., Japan).
2.4. Preparation of Genocel-L and Pelnac sheets for murine
experiments

Pelnac sheets 8 mm in diameter were prepared using an 8-mm
biopsy punch (Kai Industries Co., Ltd., Japan). Then, Genocel-L and
Pelnac sheets were immersed in saline solution (Otsuka Pharma-
ceutical Factory, Inc., Tokushima, Japan) for over 30 min at room
temperature before application. Regarding the size of Genocel-L
sheets, a sheet with a diameter of 5 mm reached approximately
8 mm in diameter after immersion in saline solution.
2.5. Application of Genocel-L and Pelnac on skin defects in mice

The animal study was conducted at Kyoto University, following
the Guidelines for Animal Experimentation of Kyoto University,
Japan (permit number: Med Kyo 20515), and the number of
experimental animals used was kept to a minimum. Forty-two
C57BL/6JJcl mice (male, 8e9 weeks old) (CLEA Japan, Inc., Tokyo,
Japan) were fed and housed individually per cage in a temperature-
controlled animal facility with a 12-h light/dark cycle. One day
before the surgical procedure, the hair on the back of each mouse
was shaved using an electric shaver (Thrive; Daito Electric Machine
Ind. Co., Ltd., Osaka, Japan) and depilated using depilation cream
(Kracie, Tokyo, Japan).

The mice were separated into two groups: Genocel-L and
Pelnac. After the application of Genocel-L or Pelnac to the
wounds, the healing process was evaluated using a previously
established murine skin defect model [7]. Briefly, a donut-shaped
silicone skin splint (18/12 mm in outer/inner diameter) was
attached and sutured to the skin on the back of the mice, using
5e0 nylon, to prevent wound contraction. Subsequently, a full-
thickness skin defect, 8 mm in diameter, at the center of the
applied skin splint was created, and a Genocel-L or Pelnac sheet
was applied to the skin defect. The wound was then covered with
a silicone mesh sheet (9 mm in diameter; SI-mesh, Alcare,
Japan), fixed to the marginal skin by suturing, covered with
gauze, and secured with a surgical tape bandage to
prevent contamination and mechanical stress. All painful pro-
cedures were performed under general anesthesia with isoflurane
(Pfizer Inc., Tokyo, Japan) in spontaneously breathing animals. The
concentration of isoflurane was kept at 1.5e2% to provide an
appropriate depth of anesthesia. After these procedures, the mice
were placed in individual cages inside the institutional animal
facility.
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2.6. Tissue harvesting and sample preparation

The wounds were evaluated and harvested 7, 14, and 21 days
after surgery. Seven mice were euthanized by carbon dioxide gas
inhalation at each time point in each group, and the wounds were
photographed with a digital camera (Sony Corporation, Tokyo,
Japan). The wound specimens, including surrounding tissue, were
harvested, fixed in 10% formalin buffer solution (FUJIFILM Wako
Pure Chemical Co., Ltd., Osaka, Japan), paraffin embedded, and
sectioned at the center of each wound, axially. Hematoxylin and
eosin (HE) staining, Azan staining, and immunohistochemical
staining for CD31, CD163, and CD68 antibodies were performed.

CD31 is a specific marker for endothelial cells [13], which is used
to detect capillaries in sections. For anti-CD31 staining, the sections
were deparaffinized and rehydrated, and heat-induced antigen
retrieval was performed in ethylenediaminetetraacetic acid (EDTA)
(Nichirei Biosciences Inc., Tokyo, Japan) at 98 �C for 20 min. Rabbit
monoclonal antibody (code: ab182981, Abcam plc., Cambridge, UK)
at a 1:10,000 dilution was applied to the sections and incubated at
4 �C overnight. Then, a polymer reagent (simple stain mouse MAX
PO; Nichirei Biosciences Inc., Tokyo, Japan) was used as a secondary
antibody, and the sections were exposed to DAB (3e30-dia-
minobenzidine-4HCl) (Nichirei Biosciences Inc. Tokyo, Japan) and
counterstained with hematoxylin.

CD163 is a specific marker for M2 macrophages and CD68 is a
pan-macrophage marker [14,15]; therefore, we used anti-CD163
and anti-CD68 stained sections to count the number of M2 mac-
rophages and pan-macrophages, and theM2 ratio was calculated as
the ratio of the number of CD163 positive cells to that of CD68
positive cells [15]. For anti-CD68 or CD163 staining, the staining
method followed the process of anti-CD31 staining mentioned
previously, and rabbit polyclonal antibodies (code: ab125212 and
ab182422, respectively, Abcam plc.) were used at different dilutions
(1:5000; 1:4000, respectively) instead.
Fig. 1. Analysis of in vitro characteristics of materials. A. Comparison of the water content bet
Genocel-L, Genocel and Pelnac. C. SEM images of Genocel-L, Genocel and Pelnac. Scale bar
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After staining, histological photomicrographs were obtained and
analyzed using a BZ-X800 Analyzer (Keyence Corp., Osaka, Japan).

2.7. Evaluation of the remaining wound area

Thewound areas weremeasured on days 7,14, and 21 by tracing
the wound edge on gross photographs using ImageJ software
(National Institutes of Health, Bethesda, MD, USA). The remaining
wound area was compared between the Genocel-L and Pelnac
groups at each time-point.

2.8. Evaluation of neoepithelialization and newly formed
granulation tissue

The neoepithelium lengths on days 7 and 14 were evaluated on
HE-stained sections by measuring both edges of the wound by
tracing the lines from the nearest hair follicle to the end of the
epithelium, and the total value was calculated.

Areas of newly formed granulation tissue, generated above the
muscle layer, were measured on the Azan-stained sections on days
7, 14, and 21. The fibrous connective tissue in granulation stained
light blue with aniline blue; therefore, it was distinguished from
the dermis of the wound edge, which stained dark blue. The area of
the epidermis that developed over dermis-like tissuewas excluded.

2.9. Evaluation of newly formed capillaries and the capillary area

The numbers and total areas of newly formed capillaries were
measured in the sections immunochemically stained with anti-
CD31 antibody on days 7, 14, and 21. Newly formed capillaries
were detected in the area of newly formed granulation tissue,
which was determined on Azan-stained sections. According to
previous research [16e18], a threshold was set for the brown tint
stained with DAB, and spots with a color density higher than this
ween Genocel-L and Genocel. **p < 0.01. B. Comparison of the degradation time among
: 100 mm.



Fig. 2. Assessment of remaining wound area. A. Macroscopic views of the wound after sheets of Genocel-L or Pelnac were applied to the skin defects created on mice, observed on
days 7, 14, and 21. Diameter of the round scale: 8 mm. B. Comparison of the remaining wound area on days 7, 14 and 21. No significant difference was detected.
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threshold were counted as capillaries. The number and area of the
capillaries were recorded and calculated using a BZ-X800 Analyzer
(Keyence Corp., Osaka, Japan).
2.10. Evaluation of macrophage infiltration

Anti-CD163-stained or anti-CD68-stained sections were used to
evaluate the number of M2 macrophages and pan-macrophages on
days 7, 14, and 21. The number of M2 macrophages and pan-
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macrophages was counted in the area of newly formed granula-
tion tissue that was determined on Azan-stained sections and
counted using the BZ-X800 Analyzer (Keyence Corp., Osaka, Japan)
in a similar way to the capillary measurement, and theM2 ratio was
calculated.

2.11. Statistical analysis

All data are presented as the mean ± standard deviation. T-test
was used to analyze the data usingMicrosoft Excel (Microsoft Corp.,
day 7 day 14 day 21

Genocel-L
Pelnac

ns

ns

ns

day 14

day 14 day 21

aphs of HE-stained sections on days 7 and 14. The neoepithelium length was measured
tes the neoepithelium. The red arrowhead indicates the nearest hair follicle. Scale bar:
days 7, 14, and 21. The broken lines indicate the newly formed granulation tissue. Scale
cant. D. Comparison of the area of formed granulation on days 7, 14, and 21. ns: not
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Redmond, WA, USA). Statistical significance was indicated by
probability (P) values < 0.05.

3. Results

3.1. The water content of Genocel-L and Genocel

The water content percentage of Genocel-L was 70.7 ± 0.7%,
which was significantly lower than the percentage of 78.2 ± 1.0%
observed in the conventional Genocel (Fig. 1A). This confirmed that
the water content was modified as expected.

3.2. In vitro degradation time of Genocel-L, Genocel and Pelnac

The complete degradation times of the Genocel-L, Genocel and
Pelnac sheets were 7, 2.5, and 3.5 h, respectively. Compared to
Genocel and Pelnac, Genocel-L required the longest time for com-
plete degradation in collagenase solution (Fig. 1B). This indicates
that the newly prepared Genocel-L was more resistant to enzy-
matic degradation and could maintain its morphology for a longer
period of time.
Fig. 4. Assessment of newly formed capillaries. A. Micrographs of anti-CD31-stained sections
capillaries on days 7, 14, and 21. C. Comparison of the area of newly formed capillaries on
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3.3. SEM of Genocel-L, Genocel and Pelnac

SEM images showed that dried Genocel-L and Genocel contain
almost the same network structures with fiber cross-over or fusion
at the intersection. In the case of Pelnac, amorphous porous
structures were observed (Fig. 1C).

3.4. Assessment of the remaining wound area

The wounds in the Genocel-L and Pelnac groups on days 7, 14,
and 21 are shown in Fig. 2A. The time course of the wound area is
shown in Fig. 2B. In both groups, the wounds healed completely
within 21 days. No significant differences were observed between
the two groups during the entire process.

3.5. Assessment of neoepithelium length and granulation tissue

Micrographs of HE-stained sections in the Genocel-L and Pelnac
groups on days 7 and 14 are shown in Fig. 3A. Neoepithelium
lengths were similar in the Genocel-L and Pelnac groups, and no
significant difference was observed (Fig. 3C).
on days 7, 14, and 21. Scale bar: 100 mm. B. Comparison of the number of newly formed
days 7, 14, and 21. *p < 0.05. ns: not significant.
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Areas of the newly formed granulation tissue were evaluated
using Azan-stained sections (Fig. 3B). No significant differences
were observed between the Genocel-L and Pelnac groups during
the entire process (Fig. 3D). This result indicates that their abilities
to promote granulation tissues are equivalent.
3.6. Assessment of newly formed capillaries and capillary area

Micrographs of immunostained sections with anti-CD31 anti-
body are shown in Fig. 4A.

A significant difference was observed only in the capillary area
on day 21: the area of newly formed capillaries in the Pelnac group
was significantly larger than that in the Genocel-L group (p < 0.05)
(Fig. 4C), whereas the number of capillaries was equivalent in both
groups during the entire process (Fig. 4B).
3.7. Assessment of macrophage infiltration

The positive cells in the micrographs of sections immuno-
stained with anti-CD 163 or 68 antibodies were counted to
evaluate M2-and pan-macrophages, respectively (Fig. 5A and B).
The number of pan-macrophages in the Genocel-L group was
significantly larger than that in the Pelnac group on day 7
(p < 0.05) (Fig. 5D). In contrast, the number of M2 macrophages
in the Pelnac group was significantly larger than that in the
Genocel-L group on days 14 and 21 (p < 0.05) (Fig. 5C). The
M2 ratio in the Pelnac group was significantly higher than that
in the Genocel-L group during the entire process (p < 0.05)
(Fig. 5E).
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4. Discussion

In this study, we modified the manufacturing method of Gen-
ocel by adjusting the water content and reducing the degradation
rate to produce Genocel-L. We investigated its properties as a skin
substitute. In vivo experiments, Genocel-L was as efficient as the
traditional skin substitute Pelnac in terms of wound area reduction,
epithelialization, and granulation tissue formation. However, Pel-
nac was superior in terms of capillary formation on day 21 and M2
macrophage induction.

In our previous report, the conventional Genocel demon-
strated an advantage of faster neovascularization compared to
Pelnac but revealed its inferiority in inducing granulation tissue
formation. To ensure effective granulation tissue formation, it is
imperative that the pore inside the material is maintained and its
structure as a scaffold is preserved for a substantial duration of
time [7,19]. Genocel is composed of a gelatin-based structure
optimized not for use as a skin substitute, but for cell culture
[9e11]; therefore, it was unable to maintain its structure long
enough for granulation tissue to form in vivo. To be used as a skin
substitute, the degradation rate of Genocel needed to be
optimized.

The in vivo degradability of gelatin hydrogels depends on their
water content [20,21]. Therefore, we manufactured Genocel-L with
a slower degradation rate by decreasing the water content of the
conventional Genocel. As a result, in the murine experiment,
Genocel-L showed an equivalent property to induce granulation
tissue formation as Pelnac, as expected. On the other hand,
Genocel-L lost the advantage of neovascularization that the con-
ventional Genocel had.
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When applied in vivo, collagen sponges or gelatin hydrogel
fabrics are gradually degraded and absorbed to be replaced by the
recipient extracellular matrix along with an inflammatory response
[22]. Genocel-L maintained its structure longer in vivo than the
conventional Genocel, which might provide the environment
necessary for fibroblasts to proliferate and migrate. On the other
hand, changes in cross-linking degree might have affected not only
water content and degradability but also bulk density of the ma-
terial [23,24], which may be the reason for the lost early angio-
genesis advantage of Genocel-L. In particular, compromised
degradability may have prevented vascular maturation on day 21.

Macrophages also play an important role in wound healing
[25,26]. Macrophages regulate wound healing phases through the
transition in macrophage phenotype from the inflammatory phase
to the proliferative phase [27e30]. M1 macrophages initiate and
sustain inflammatory responses, which mainly mediate the tissue-
destructive phase. In contrast, M2 macrophages mainly exert anti-
inflammatory effects, which are responsible for the tissue-
reparative phase. In this study, Genocel-L had a lower M2 macro-
phage ratio than Pelnac throughout the observation period. The
prolonged degradation of Genocel-L may have retarded the tran-
sition from the inflammatory phase to the proliferative and
remodeling phases.

However, the physical properties of Genocel and Genocel-L have
not yet been studied in detail. A detailed comparison of the effects
of each physical factor, such as viscoelasticity, fiber thickness, and
pore size, on angiogenesis and macrophage induction is required.
Thus, it is necessary to find a manufacturing method that can
further modify Genocel-L to recover its early angiogenic potential,
while maintaining its ability to form granulation tissue.

We expect Genocel-L to be a novel option for the clinical wound
treatment.

5. Conclusions

We prepared a prototype of a modified Genocel (Genocel-L) in
which the water content and degradation rate were reduced by
modifying the cross-linking conditions. Genocel-L had equivalent
efficacy as a skin substitute to Pelnac in terms of wound area
reduction, epithelialization, and granulation tissue formation.
However, Pelnac was superior in terms of M2 macrophage induc-
tion. Genocel-L is considered feasible for use as a skin substitute;
however, it still needs to be modified for better angiogenesis.
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