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Abstract: Artificial skins are biomaterials that can replace the lost skin or promote the regeneration of damaged skin.
Skin regenerative biomaterials are highly applauded because they can exempt patients with severe burns from the painful
procedure of autologous skin transplantation. Notwithstanding decades of research, biocompatible, degradable, and printable
biomaterials that can effectively promote skin regeneration as a transplantation replacement in clinical use are still scarce.
Here, we report one type of all-protein hydrogel material as the product of the enzymatic crosslinking reaction of gelatin and a
recombinant type III collagen (rCollll) protein. Doping the rCollll protein in gelatin reduces the inflammatory response as an
implant underneath the skin. The all-protein hydrogel can be bioprinted as scaffolds to support the growth and proliferation of
3T3 fibroblast cells. The hydrogel used as a wound dressing promotes wound healing in a rat model of skin damage, showing
a faster and healthier recovery than the controls. The rCollll protein in the hydrogel has been shown to play a critical role in
skin regeneration. Altogether, this work manifests the development of all-protein gelatin-rCollll hydrogel and demonstrates
its use in wound healing. The gelatin-collagen hydrogel wound dressing thereby may become a promising treatment of severe
wounds in the future.
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1. Introduction also acts as a barrier to safeguard the body from the

o invasion of microorganisms and the damaging effects of
The skin is the largest organ of the human body. The  ypwanted chemical and physical stimuli. The skin is also
skin serves multiple functions, including regulation of  a fragile organ; it is difficult to replace when irreversibly
body temperature and transmission of sensations, and damaged by severe burns, trauma, or disease!!*l. Despite

© 2022 Author(s). This is an Open Access article distributed under the terms of the Creative Commons Attribution License, permitting distribution and
reproduction in any medium, provided the original work is properly cited.

13


https://creativecommons.org/licenses/by/4.0/

Bioprinting Gelatin-Recombinant Type III Collagen Hydrogel for Wound Healing

being the most common treatment for repairing severe
skin defects, autologous skin transplantation has many
disadvantages™. Skin from the patient’s unburned area,
including the dermis and epidermis, can be used to repair
burned skin areas. For severe burns larger than 60% of
total body surface area, multiple harvests from the donor
site after healing are required. However, this procedure
may increase the risk of infection and cause scarring
and pigmentation changes of the donor site. In addition,
patients need to endure for a long time to wait for the new
skin to re-epithelize at the donor site.

At present, researchers are developing new
biomaterials that can be used to replace skin for the
short term or permanently; these skin substitutes are
collectively called “artificial skin.” To promote wound
healing, the skin substitute must: (a) Adhere to the
substrate, (b) has sufficient elasticity and the ability to
withstand deformation, (c) allow water to evaporate at
a typical rate similar to the stratum corneum, (d) has a
microbial barrier, (e) promotes hemostasis and accelerates
coagulation, (f) is easy to use, (g) be used immediately
after injury, and (h) causes a “regeneration-like” reaction
in the wound bed without causing inflammation or
foreign bodies or non-self-immunologic reaction!®®.
A successful example is given by Burke et al. who
pioneered classical experiments of the development of
dermal equivalents for biological replacement!®*]. Briefly,
starting from glutaraldehyde-cross-linked collagen,
glycosaminoglycan was mixed to stimulate the synthesis
of normal connective tissue matrix in the dermis without
inflammation, foreign body reaction, or immunologic
reaction. Years of work resulted in a product called
Integra®, which contains collagen extracted from
cowhide and chondroitin 6-sulfate extracted from shark
cartilage to form a collagen-chondroitin-6-sulfate fiber.
This product was approved the United States Food and
Drug Administration for treating burn patients.

Notwithstanding the success Integra® achieved
over the years, there is still much room to improve.
Natural collagen purified from animal sources faces
several limitations in clinical use'?. For example, the
quality control of collagen products from animal sources
is often a challenge because of the heterogeneity of the
natural collagen and the risk of pathogen contamination.
The main ingredients of adult skin tissue are type I and
type III collagen. In contrast, the proportion of type 11
collagen in fetal skin is significantly higher than that
of adults!'*>'¥, Tt has been reported that the decrease of
type 111 collagen is associated with the aging of the skin,
leading to the lack of elasticity and renewability!'>-18],
Supplementing the loss of type III collagen will reduce
scar hyperplasia and promote skin regeneration!’”!. In
this regard, collagens from a natural animal source are
often a mixture of different isotypes, making it difficult

to delineate the role of each collagen isotype. We reason
that a recombinant, pure form of type III collagen will
be superior for skin regeneration®”. This then inspired
the use of recombinant technology and genetic tools to
produce type III collagen ex vivo'->*l, The recombinant
human type III collagen (rCollll) has been used to treat
full-thickness skin defects in pigsi?. Since rCollll is
highly soluble, to form a hydrogel for wound covering,
we sought to use gelatin, the hydrolysate of collagen,
to provide a framework of crosslinking. Gelatin has
excellent biocompatibility, low immunogenicity,
low toxicity, and high biodegradability. Therefore,
gelatin is widely used in hemostatic wound dressings,
vascular stents, drug carriers, tissue engineering stents,
coating materials, etc.?®!. In this study, we synthesized
gelatin-rCollll hydrogel (GRH) through enzymatic
crosslinking and reported the therapeutic efficacy of the
all-protein hydrogel in wound healing in a rat model of
skin damage.

On the other hand, three-dimensional (3D)
bioprinting is a manufacturing technology that can
construct biomaterial scaffolds in a range of biomedical
applications. 3D bioprinting of biomaterials can realize
the precise assembly of the polymeric biomacromolecules,
which provides a spatial framework for the growth
of cell cultures and tissue engineering. Biomaterials
amenable to 3D bioprinting should meet the following
requirements?™3: (a) Excellent biocompatibility; (b)
suitable biodegradability to allow substitution by the
extracellular matrix and natural tissues; (c) suitable pore
size and porosity to facilitate the exchange of oxygen,
nutrients, and metabolites; (d) mechanical properties
similar to the natural tissues; (e) low toxicity and
immunogenicity; (f) strong plasticity; and (g) ease of
processing. 3D bioprinting, in general, is achieved through
several strategies including material extrusion*>*,
material jetting?®*], and vat polymerization***"l. Among
the three methods, extrusion-based 3D bioprinting
strategies are now the most widely used for producing 3D
tissue constructs. Here, we demonstrated that enzymatic
crosslinking solidifies the GRH into the ink of 3D
extrusion bioprinting®!. The 3D GRH scaffold supports
the growth of mouse embryonic fibroblasts.

2. Materials and methods

2.1. Materials and instruments

rCollll (purity >90%) was kindly provided by Jiangsu
Chuangjian Medical Technology Co., Ltd. Dulbecco’s
modified Eagle’s medium (DMEM) penicillin-
streptomycin solution, fetal bovine serum (FBS),
trypsin-EDTA, and gelatin were obtained from Sigma-
Aldrich (USA). Aminoamidase was purchased from
BOMEI Company (China). Cell counting kit-8 (CCK-8)
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and cell live/dead staining kit were obtained from
Dojindo Company (Japan). Other instruments include
fluorescence microscope from Leica (Germany), scanning
electron microscope (SEM) (TESCAN Company, Czech
Republic), microplate reader (Thermo Company, USA),
and CPD1 3D bioprinter (Shangpu Boyuan Company,
China). Sprague Dawley rats were obtained from Top
Biotech Biotechnology Co. Ltd. (Shenzhen, China) or
Changzhou Cavens Biological Technology Co. Ltd. and
allowed to acclimatize for 1 week in the laboratory.

2.2. 3D printing of the scaffolds

Gelatin and rCollll were mixed with the ratios of 1:0,
1:0.05, 1:0.1, 1:0.15, and 1:0.2 to form the hydrogel.
A model was built by 3D CAD file (.stl file format).
We set the wire spacing of the model at 1.5 mm and
the layer height at 0.25 mm. Rectangular parallelepiped
specimens with dimensions of 20 mm X 20 mm x 3 mm
(length x width % height) were used. Briefly, gelatin and
rCollll were sterilized by Co60 radiation. The gelatin
powder was dissolved in ultrapure water (1 g gelatin
and 10 ml ultrapure water are mixed to make a 10%
solution, heated to 40°C, and stirred for 30 min), and
rCollll was added in different proportions (0 g, 0.05 g,
0.10 g, 0.15 g, and 0.20 g). Before 3D printing, 1 ml
of 10% transglutaminase aqueous solution was added
for enzymatic crosslinking for 5 min. Then, 3D porous
hydrogel scaffolds with a size of 20 mm x 20 mm x
3 mm were printed by a CPD1 3D printer.

2.3. Porosity measurement

Porosity is defined as the volume of the pores over the
total volume of the scaffold. Ethanol occupation was
used to estimate the volumes. The 3D scaffolds were
lyophilized for 48 h, and the dry weight was measured.
The scaffolds were then immersed in absolute ethanol and
placed under a vacuum until all the pores were filled. The
weight of ethanol that occupies the pores is calculated as
Mp. The weight of ethanol that corresponds to the total
volume of the scaffold is calculated as M. Porosity is
then calculated as MP/MT. The samples were measured in
triplets. The moisture content is calculated based on the
weight loss of the stent after freeze-drying. The swelling
curve of the material was calculated by measuring the
water absorption of the freeze-dried scaffold at different
time points.

2.4. SEM analysis

Scaffolds were sliced into samples of 4 mm x 4 mm x 3 mm
sizes, fixed in 2.5% glutaraldehyde solution, dehydrated
gradually from 50% up to 100% ethanol, displaced with
isopropyl acetate, and freeze-dried for 48 h before being
processed for SEM imaging.

2.5. Proliferation assay

NIH-3T3 cells were cultured in DMEM containing 10%
FBS and 1% penicillin/streptomycin at 37°C under the
ambience of 5% CO,. Cells were seeded on the scaffold
at a density of 1.0 x 10° per scaffold. In the control group,
cells were grown on 48-well plates. Then, the CCK-8 kit
was used to measure the number of cells at different time
points.

2.6. Subcutaneous implantation assay

All the animal experiments have been approved by the
ethics committee of Shenzhen Top Biotech Co. Ltd.
(no. TOP-TACUC-2020-09-0007). Hydrogel samples
were implanted subcutaneously in rats to evaluate
biocompatibility in vivo. After the rats were anesthetized
with 1.5% isoflurane, the dorsal region was disinfected,
and an incision of about 2 cm was made. A sterile
hydrogel cube of 1 cm in length and width and 3 mm
in thickness was implanted. The incision was sutured
with 4-0 sutures. After implantation for 4 weeks, the rats
were anesthetized and killed. The back hydrogel and
surrounding tissues were taken out together and fixed
with 4% paraformaldehyde. After dehydration, they were
embedded in paraffin and cut into pathological sections.
The sections were stained with hematoxylin and eosin
(HE), and immunohistochemical staining was applied
to quantify the inflammatory factors such as CD68,
interleukin (IL)-10, and tumor necrosis factor-alpha
(TNF-ov). Immunohistochemical staining was performed
as previously reported®”. The primary antibodies used
in this experiment were anti-collagen I, anti-collagen
III, anti-IL-10, anti-TNF-o, and anti-CD68 antibodies
(Abcam, Cambridge, MA, UK).

2.7. Cell live-dead staining

NIH-3T3 cells were inoculated into the hydrogel for 1,
4, and 7 days in separate experiments. After inoculation,
cells were then stained with calcein AM (2 uM) and
propidium iodide (3 uM) for 20 min at 37°C before
imaging under a fluorescence microscope.

2.8. Animal wound treatment

Briefly, male adult Sprague Dawley rats (180-220 g) were
kept in polypropylene cages with free access to water and
food. Animals were divided into four groups, and each
group contained six animals: A, PBS control; B, GRH,
group; C, GRH, group; and D, GRH, group. All rats
were anesthetized with sodium phenobarbitone before
surgery. Then, the dorsal surface of rats was surgically
manipulated to remove one full-thickness skin wound
(diameter = 2 cm) under aseptic conditions. A 2 ml
hydrogel materials were then applied to the surface of
the wounds and bandage, and the dressing was changed
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every 2 days. Photographs of skin wound healing were
taken on days 1, 3, 5,7, 9, 11, and 13 to observe the skin
recovery. The rats were sacrificed on days 1, 7, and 13
after the operation. The wound bed and the surrounding
healthy skin were collected. Full-thickness skin samples,
wound edges, and epithelialized wounds were prepared
for tissue sections.

2.9. Histological evaluation of wound
regeneration

For histological staining analysis, the wound skin
tissues were taken out on days 1, 7, and 13. The excised
skin samples were first fixed with 10% formalin, then
dehydrated by ethanol gradient incubation, embedded in
paraffin, and cut into sections with a thickness of 8 um. As
a part of the histopathological evaluation, tissue sections
were stained with HE, Masson’s trichrome stain, and
Sirius red stain to determine collagen formation status.

3. Results and discussion
3.1. GRH scaffolds

Doping rCollll protein to gelatin at different ratios,
followed by crosslinking by transglutaminase, gives
a series of GRH materials amenable to 3D printing.
We thereby constructed GRH scaffolds: GRH, GRH,,
GRH,, GRH,, and GRH, with 0%, 5%, 10%, 15%,
and 20% of rCollll in gelatin, respectively. These

Gelatin (GRH,)

GRH; GRH,, GRH;; GRHy

Gelatin (GRH,)

GRH materials were then printed into scaffolds with
sizes of 20 mm x 20 mm % 3 mm and grids of about
1 mm (Figure 1A). SEM analysis showed that these
materials had a rough surface amenable for cell adhesion
(Figure 1B). All five GRHs were highly porous and
rich in water (Figure 2A and B). The lyophilized
GRHs reached the maximal water absorption after 4 h
during the hydration process. An increasing amount
of rCollll corresponded to the decreasing level of
swelling in the solution (Figure 2C). The Fourier
transform infrared (FTIR) spectra of the hydrogels show
several characteristic bands of protein-based materials
(Figure S1). The vibration of amide A bands at around
3290 cm ™ and 3300 cm™! indicates hydrogen bonds. The
amide I bands at 1638 cm™ and 1633 cm™ correspond to
the vibration of the C=0 bond, suggesting the existence
of the secondary structure of the polypeptide in the
protein material. The amide II bands appear at 1550
cm ! and 1541 cm™, indicating the stretching vibration
of the C-N bond and the bending vibration of the N-H
bond, respectively. Amide III bands appear at 1239 cm!
and 1238 cm!, indicating that the triple helix structure
of gelatin molecules is still maintained in the hydrogel.
The peak at 1450 cm™! corresponds to the cis structure of
the peptide bond. The infrared spectrum of the hydrogel
has a strong serine side group C-O stretching vibration
absorption peak near 1024 cm™, which is a characteristic
peak of type III collagen.

Gelatin (GRH,)

Figure 1. Morphology of gelatin rCollll hydrogel (GRH) scaffolds. Images of the GRH scaffolds in wet (A) and lyophilized form (B).
Scanning electron microscope images of the GRH scaffolds in 50% (C) and 1000x (D).
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Figure 2. Physical properties of gelatin rCollll hydrogel. (A) Moisture content. (B) Porosity. (C) Swelling kinetics.

3.2. Biocompatibility of the GRHs

To study the material’s biocompatibility in vivo,
the stent was implanted subcutaneously in rats for
28 days. After the 28-day incubation, we explored the
inflammatory response of the surrounding tissue by
immunohistochemical analyses of IL-10, TNF-a, and
CD68 (Figure 3). In the GRH group, residual gelatin
remained after the 28-day incubation, and the implant
material was completely degraded in the other groups.
HE staining of the GRH,, group showed that the number
of monocytes and macrophages was reduced. GRH,,
group also showed lower expression of the inflammatory
factors such as IL-10, TNF-a, and CD68 (indicated
by level of staining). We also observed that the GRH,
hydrogel was significantly degraded as compared to other
samples (Figure S2). Therefore, the recombinant type III

collagen (rCollll) protein may increase the absorption of
GRH implant and alleviate the inflammatory response of
the gelatin hydrogel.

3.3. Cell adhesion and proliferation on GRH
scaffolds in vitro

We next explored whether the GRH scaffolds can
support the adhesion and proliferation of NIH
3T3 cells, a cell line of mouse embryonic fibroblasts.
All four GRH scaffolds support cell proliferation
based on CCKS8 analysis (Figure S3). We incubated
the cells on the GRH scaffolds for 1, 4, and 7 days and
stained them with calcein AM for the live cells (green
fluorescence) and propidium iodide for the dead cells
(red fluorescence) (Figure 4). Most cells grew on the
scaffolds instead of in the cavities or on the bottom of
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Figure 3. Immunohistochemical staining of tissues surrounding different implants. Arrows in the HE staining show the residual hydrogel
material. Arrows in other panels show areas of interest where high staining signals are detected. Scale bar: 100 um.

the cell culture dish. All five GRH scaffolds support
the adhesion, proliferation, and migration of NIH
3T3 cells.

3.4. Promotion of wound healing in a rat model

Finally, we examined whether the GRH hydrogels can be
used as dressing materials to promote wound healing in
a rat model of skin damage. Briefly, full-thickness skin
wounds (diameter = 2 ¢cm) were created on the dorsal
surface of rats, and hydrogel materials were then applied
to the surface of the wounds. After a designated duration
of incubation, the skin samples were removed and
analyzed by various methods. First, the wound sizes in
different groups were recorded. We observed a trend that
the higher percentage of the type III collagen component
corresponds with increasing wound healing rate, and in
the GRH,; group, the wound healed almost completely
after 13 days, which was significantly faster than all other
groups (Figure 5).

The quality of the wound healing was then
analyzed by various staining of the tissue samples at
the wound areas. Rats were sacrificed on day 7 or 13,
and the wound areas were dissected and stained by
HE staining. In the control group in which rats were
treated with PBS, the formation of scab and necrotic
tissue agglomeration was observed in the absence of
epidermis, hair follicles, or blood vessels on day 7.

Only a small number of new collagen fibers were
formed with disordered distributions on day 13 in this
group (Figure 6). This shows that although adult rats
can self-regenerate wounded skins to a certain degree,
the regeneration process took longer than 2 weeks.
All three GRH treatment groups showed promising
healing results, and the higher concentration of rCollll
corresponded to more complete skin regeneration. For
example, on day 13, the wounds in PBS control and
GRH, groups showed disorganized tissue structures. On
the contrary, in both GRH,, and GRH,, groups, dense
tissue structures with the ordered arrangement and
obvious cuticle were seen (Figure 6), which is a sign of
the emergence of healthy skin tissues.

The same tissue was also stained by Masson’s
trichrome; the blue marks represent collagen fibers,
and the red marks represent muscle fibers. On day 7,
scar formation or tissue hyperplasia, indicated by the
predominant red color, occurred at the wound area in the
PBS control and GRH, groups. In contrast, significantly
higher level of collagen fibers was observed in the
GRH,; and GRH,, groups (Figure 7). Consistently, this
demonstrates healthy healing due to rCollll in the wound
dressing material. The same trend was also observed in
the staining images of the day 13 samples (Figure 7).
Quantification of the staining signals highlighted the
differences (Figure 7B).
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Finally, after Sirius red staining of the tissue deposition at the wound. During the skin healing
section can be seen as orange for type I collagen and process, the collagen content of all groups increased.
type III collagen was stained orange and bright green However, the PBS control group and GRH, group were
for type III collagen, respectively, confirming collagen dominated by the formation of type I collagen. On
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Figure 6. Representative HE staining images of the skin tissues of rat wounds in four different groups.
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Figure 7. Masson’s trichrome staining images and the corresponding quantification of the collagen deposition in four different groups.

the contrary, a significantly higher amount of type III

with less wound scar contracture and sclerosis. These
collagen was observed in the GRH,, group (Figure 8),

findings altogether indicate that more advanced and
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Figure 8. Sirius red staining images of the skin tissues of the rat wounds in four different groups on day 13. Scale bar: 200 um.

high-quality wound healing was achieved in the GRH,
group compared to other groups.

4. Conclusion

Artificial skins as the wound covering materials
that promote the regeneration of damaged skins can
alleviate the pain of patients with severe skin damage.
Yet, an optimal composition of the covering materials
that lead to a high-quality, rapid wound healing has
still not been found. In this study, we showed that
gelatin alone is insufficient to provide an environment
for damaged skin tissues to heal rapidly. The addition
of rCollll can significantly accelerate the speed of
wound healing and improve the quality of repair, as
evidenced by a substantially smaller wound area,
denser tissue structures with an ordered arrangement
and obvious cuticle, a significantly higher amount of
collagen fibers instead of muscle fibers, and a higher
level of nascent collagens, especially the type III
collagen. Taken together, we present an all-protein
hydrogel material composed of gelatin and rCollll
that can be used for wound healing in patients with
severe skin damage.
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