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Abstract: This study aimed to determine the effect of the 3D bioprinted gelatin-alginate scaffold on the full-thickness 
skin wound healing on mouse back and to observe the histopathological changes during the wound healing pro-
cess. Using a murine wound model, full skin thickness excisions were created on the dorsum of 40 mice. Then, 
each mouse was randomly assigned to either the control group or treatment group, in which the surface of the 
wound was either covered with a traditionally used ointment or the bioactive scaffold, respectively. The bioactive 
scaffold consisted of a layered gelatin-alginate polymer grid containing regular holes of an appropriate size that was 
printed using a 3D bioprinter. Efficacy was determined by qualitative comparisons of photographs of the wounds 
during healing as well as histopathological changes of tissue samples taken throughout the healing process. It was 
observed that the average healing time of the control mice was 16±1 days, while that of the treatment mice was 
14±1 days. Futher histological analysis also revealed improved healing in the treatment mice. Overall, our results 
suggest that the gelatin-alginate bioactive scaffold accelerates skin wound healing through facilitating granulation 
and scar tissue formation.
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Introduction

The skin is the largest organ of the body and 
serves as the body’s primary defense against 
the external environment. As the first physical 
barrier to any stress or trauma, the skin is par-
ticular prone to injury. While most superficial 
skin wounds heal naturally with time, limita-
tions of skin biomechanics make it difficult for 
large area skin wounds caused by mechanical 
trauma, surgical procedures or burns to heal 
without additional interventions. Furthermore, 
the potential life-threatening fluid loss, hemor-
rhagic shock, and infection immediately follow-
ing large skin lesions during the early stages of 
healing makes medical treatment imperative. 
Skin grafts have traditionally been used to treat 
large skin lesions. However, the use of full-
thickness skin grafts is limited by size and 
source site, as the requirement to harvest skin 
from a donor site to graft onto the trauma site 

puts the patient at risk of additional compli- 
cations. Therefore, an increasing number of 
researchers have explored more favorable 
methods for large area wound repair [1-3]. 
Emerging techniques using 3D bioprinting, have 
shown great potential as an alternative [4]. 
Using a 3D bio-printer, this technique involves 
printing bioactive substances to prepare syn-
thetic biocompatible scaffolds that replace tra-
ditional skin grafts. By similarly covering the 
wound, the scaffolds can decrease excessive 
bleeding exudate production and infection 
probability at the wound site [5, 6]. The biocom-
patible and porous structures of these scaf-
folds facilitate cell adhesion and migration, 
material exchange, and deep tissue growth in 
the wounds [7, 8]. Moreover, compared to other 
methods for preparing bioactive scaffolds 
[9-11], the use of 3D bioprinting allows for more 
flexibility and repeatability, as complete 3D 
structures can be designed according to pre-
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determined size and porosities using CAD soft-
ware and printed using an automated 3D print-
er. Whilst the use of scaffolds in skin tissue 
engineering has been well-studied, few studies 
refer to the systematic histopathological study 
during the wound healing, particularly the use 
of a 3D bioprinted gelatin-alginate scaffold  
on full-thickness skin wound murine wound 
models.

Therefore, this study used an in vivo full-thick-
ness skin wound murine model to compare the 
healing of wounds treated with a gelatin-algi-
nate hydrogel versus a traditional dressing. 
Additionally, the histopathological changes wi- 
thin both groups were compared to explore the 
function and potency of scaffolds during the 
wound healing process. Altogether, this study 
provides an efficient method to prepare scaf-
folds and furthers the research on scaffold use 
in animal models.

Materials and methods

Preparation of porous gelatin-alginate bioac-
tive scaffolds

Stock solutions of gelatin (5 mg/ml) and algi-
nate (25 mg/ml) were prepared by dissolving 
gelatin and an alginic acid sodium salt, respec-
tively, in phosphate-buffered saline (PBS). After 
intermittent sterilization of the two stock solu-
tions, a pre-polymer solution was made by thor-
oughly mixing the gelatin and alginate solutions 
in predetermined proportions. The pre-polymer 
solution was loaded into the cartridge of the 3D 
bioprinter, which had been programmed with 
parameters preset by a computer control sys-
tem. Under aseptic conditions, the pre-polymer 
solution was extruded as strands through a 
300 μm nozzle attached to the 3D printer and 
deposited layer-by-layer into a culture dish to 
form a 3D mesh pattern.

Once printing was complete, the patterned 3D 
structure was immersed in 100 mM CaCl2 for 
10 min to allow complete crosslinking of the 
polymers and form the functional 3D bioactive 
scaffolds patterned with a 300 μm grid.

Animal experiments

All the animal experiments were reviewed and 
approved by the Council of Science and 
Technology of Qingdao University.

Forty, 6-week-old female mice (scxkLu2013- 
0001, 25±5 g) were used in this study. Prior to 
experiments, the mice were housed individually 
in clean cages under controlled conditions (12 
h light-dark cycle at 22-25°C and 60-70% rela-
tive humidity) for 2 weeks to allow time to accli-
matize. On day 0, a full-thickness dorsal exci-
sion was surgically made on the dorsum of 
each mouse to model full-thickness wounds. 
For all operations, mice were anesthetized with 
an intraperitoneal injection of pentobarbital 
sodium. A 3×3 cm patch of fur on the dorsal 
side was removed with 8% Na2S aqueous solu-
tion, as previously described [12] and the area 
was disinfected with 3% iodophor and 75% 
ethanol. Methylene blue was used to mark a 1 
cm circular area on the exposed dorsal skin 
and a full-thickness excision was made using 
incision scissors [13]. After, the mice were ran-
domly assigned to either the control (n=20) or 
the treatment (n=20) group. In the control 
group, the wounds were topically treated with 
vaseline and dressed with a thin gauze secured 
by an elastic bandage. In the treatment group, 
the wound was immediately covered with the 
bioactive gelatin-alginate scaffold after exci-
sion and dressed with thin gauze secured by an 
elastic bandage. The wounds of both groups 
were observed and imaged at various time 
points after wounding. For quantitative mea-
surements, a dividing ruler was set at the same 
level as the wound sites, as a reference.

Histological study

Wound tissue samples and 0.5 cm of normal 
skin, from both groups, were harvested on day 
1, 3, 7, and 14, respectively, after wound injury, 
for histological analysis. Samples were fixed in 
4% paraformaldehyde solution (pH 7.4) for 24 
h, dehydrated, cleared and embedded in paraf-
fin. Sections (5 μm-thick) were mounted on 
adhesive glass slides and stained with hema-
toxylin-eosin (HE), using standard procedures. 
The stained tissue sections were observed and 
the images captured under a light microscope 
(Olympus BX3-CBH).

Statistical analysis

The average diameter of the wounds was com-
pared between the treatment and control group 
by an unpaired Student’s t-test using SPSS sta-
tistical software (IBM, the USA). A P<0.05 was 
considered significant.
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Results

Gross observations during wound healing in 
mice

Skin wound healing was evaluated by photo-
graphic images. Figure 1 shows the wound size 
changes. A circular wound (1 cm diameter) was 
induced in the dorsal skin of each mouse using 
an incisive scissor, in both the control (Figure 
1A) and treatment group (Figure 1B). Each 
defect was deep into the subcutaneous tissue, 
thus, obvious bleeding was observed during 
the wound excision. After, the area around the 
wound was swollen and slightly red. In the treat-
ment mice, the scaffolds covering the wound 
realized the attachment to the wound tissue. 
Twenty-four hours later, swelling in the area 
around the wound was observed in the control 
group and the wound area had slightly 
decreased. The scaffolds of the treatment 
group combined with the edges of the wound, 
where swelling was evident. Consequently, the 
edges of the wounds were directed toward the 
center to form wounds with a 0.8 cm average 
diameter. On day 3 after injury, the surface of 
the wound in both the control and treatment 
groups became dry, swelling around the wound 
subsided and it gradually began to form a pale 
yellow crust; wound area had decreased in both 
groups but wounds in the control group were 
still circular with a 0.8-0.9 cm diameter, while 
those in the treatment group were irregularly 
oval or circular with a 0.7-0.8 cm diameter and 

a softer texture. On day 7 after injury, swelling 
in both groups disappeared and the edges had 
subsided. The wound crust color had visually 
deepened in the control group compared to the 
treatment group and had a harder texture. The 
wound mean diameter was 0.7 cm in the con-
trol group and 0.5 cm in the treatment group. 
Until day 14, the wound surface of the control 
mice was covered with pale black, hard crusts 
(0.7 cm mean diameter), part of them could be 
peeled and tender skin tissue was exposed 
beneath (Figure 1A). In the treatment group, 
the wound had almost completely healed with a 
thin or no crust. The mean diameter of the 
tougher scar was 0.2 cm (Figure 1B).

Histological study

On day 1, light microscopy showed breakage of 
skin and subcutaneous tissue was visible in 
both the control and treatment groups (Figure 
2, ×40). There were obvious hemorrhage, tis-
sue necrosis and a lot of exudates from the sur-
face to a deep layer of the wound area (Figure 
2, ×100). At high magnification, a large amount 
of serous and fibrinous exudates in both groups 
was observed and there were visible signs that 
the inflammatory response had occurred. Leu- 
kocyte infiltration was given priority to a large 
number of neutrophils and small amounts of 
macrophages (Figure 2, ×400).

On day 3, the wound surface of both groups 
was covered with a crust, but the crusts of the 
control group were thicker than those of the 

Figure 1. The changes in the wound surface of the control group (A) and experimental group (B) on day 0, 1, 3, 7, 
and day 14 after injury.
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treatment group. The whole layer of skin and 
subcutaneous tissue at the edges of the wound 
had moved to the center of the wound (Figure 
3, ×40). Also, a large amount of fresh granula-
tion tissue appeared at the edges and the base 
of the wound in both groups. However, there 
was less necrosis and exudate residual on the 
surface of the granulation tissue in the treat-
ment group than the control group (Figure 3, 
×100). As shown in Figure 3, the crusts con-
sisted of necrotic tissue, fibrin, blood and oth-
ers. The neutrophils in the exudates had disin-
tegrated. The scaffold between the crust and 

necrotic tissue was visible in the treatment 
group, while the scaffold between the necrotic 
layer and granulation tissue had dissolved 
(Figure 3, ×200).

On day 7, fresh epidermal tissue grew beneath 
the crusts in both the control and treatment 
groups. However, the crusts in the treatment 
group had thickened, while the crusts in the 
control group had decreased (Figure 4, ×40). In 
the center of the wound in both groups, large 
amounts of exudates and necrosis remained 
but had disappeared from the wound edges of 

Figure 2. Representative micrographs of wound healing on day 1 (HE staining) in the control group (A) and treatment 
group (B) under ×40, ×100, and ×400 magnifications. Tissue defect (a), remaining skin tissue (b), hemorrhage (c), 
tissue necrosis (d), and exudates (e).
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both groups, although that remaining in the 
control group was much thicker than that in the 
treatment group (Figure 4, ×40, ×100). The 
scaffold in the treatment group had completely 
dissolved and was invisible. In the treatment 
group, the granulation tissue base had a uni-
form thickness and an abundance of new capil-
laries with a distinct lumen full of erythrocytes 
had formed. In contrast, the thickness of granu-
lation tissue was uneven in the control group 
and new capillaries, mostly presented a slit-like 
appearance, with the rare occurrence erythro-
cytes in the lumen (Figure 4, ×400).

On day 14, the wound surface in the control 
group was covered with thick crusts, which sep-
arated from the tissue after section, while 
detached crusts were evident in the treatment 
group. In both groups, the surface of the whole 
wound was covered with epidermal tissue but 
without exudate and necrosis, and keratiniza-
tion was evident. Keratinized substances had 
accumulated and the thickness of the stratified 
squamous epithelium was uneven in the con-
trol group, while the epithelium thickness of the 
treatment group was uniform (Figure 5, ×40, 
×100). As shown in Figure 5, there was no epi-

Figure 3. Representative micrographs of wound healing on day 3 (HE staining) in the control group (A) and treatment 
group (B) under ×40, ×100, and ×200 magnifications. Crusts (a), new skin tissue (b), new granulation tissue (c), 
tissue necrosis (d), exudates (e), and scaffold (f).
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thelial corner and dermal papilla in the strati-
fied squamous epithelium of either group. 
Granulation tissues beneath all wounds had 
matured to form scar tissues but more, fresh 
granulation tissues were still visible in the deep 
layer of the control group (Figure 5, ×100). 
Edema was substantially relieved and abun-
dant red-stained collagen fibers were observed 
in both groups. However, the control group, still 
had more capillaries with dilated lumen, more 
fibroblasts, and loose collagen fibers, while 
there were fewer fibroblasts, more mature fibro-
cytes, and dense collagen fibers in the treat-
ment group (Figure 5, ×400).

Discussion

As a type of carrier for cell adhesion and prolif-
eration, bioactive scaffolds may promote the 
formation of new tissues. They can also be a 
crucial factor in skin tissue engineering as a 
platform to guide cell restructuring and subse-
quent skin tissue regeneration [14-16]. At pres-
ent, most animal experiment studies about 
skin tissue engineering in wound healing have 
focused on the rate of wound healing but 
ignored histopathological analysis in wound 
healing process [10, 17]. In this study, we not 
only observed changes in the surface of the 

Figure 4. Representative micrographs of wound healing on day 7 (HE staining) in the control group (A) and treatment 
group (B) under ×40, ×100, and ×400 magnifications. New epidermis (a), crusts (b), exudates and necrosis (c + 
double arrow), and new granulation tissue (d).
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animal wounds at various time points but also 
analyzed the histopathological morphology and 
healing process of various wounds.

This study showed that in comparison to the 
control group, the use of gelatin-alginate scaf-
folds can decrease wound bleeding and evident 
exudation at the early stage of the injury, while 
promoting the exudates of inflammatory cells, 
the formation of fibrocytes and dense collagen 
in the process of wound healing, which facili-
tated scar tissue maturation and accelerated 
healing process. Compared to the control 

group, the treatment group realized faster 
wound recovery and closure (Figure 2).

With no cytotoxicity and immunogenicity, gela-
tin and alginate are ideal biological materials 
that benefit cell adhesion and absorption of 
wound exudates, thus, promote the inflamma-
tory response and accelerate wound healing 
[18]. In this study, the use of gelatin-alginate 
scaffolds on the surface of mouse wounds 
absorbed the exudates and necrosis at the 
early stage of the wound healing process, which 
assisted thinner crust formation in the treat-

Figure 5. Representative micrographs of wound healing on day 14 (HE staining) in the control group (A) and treat-
ment group (B) under ×40, ×100, and ×400 magnifications. Crusts (a), keratinized substances (b), scar tissue (c), 
granulation tissue (d), collagen fibers (e), and capillaries with dilated lumen (f).
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ment group than the control group (Figure 3, 
×100 and Figure 4, ×100). Furthermore, com-
pared to the control group, the treatment group 
formed more uniform and orderly granulation 
tissue (Figure 4, ×100 and Figure 5, ×400), 
which demonstrated that bioactive gelatin-algi-
nate scaffolds provided a platform for cell 
migration and proliferation [19]. Moreover, the 
uniform and orderly porous structure of gelatin-
alginate, divided large skin trauma into multiple 
tiny wounds, guided granulation tissue growth 
from the base of the wound, decreased the 
healing difficulty of large trauma, and formed 
orderly granulation tissue and mature capillar-
ies (Figure 5, ×400). On this basis, a certain 
height of the granulation tissue in the treat-
ment group created conditions for growth and 
migration of epidermal cells [20] to realize epi-
dermal tissue cover on the wounds and form a 
stratified squamous epithelium of uniform 
thickness (Figure 5, ×40, ×100).

Wound healing is a complicated and continu-
ous physiological process [21], involving an 
inflammatory response, cell proliferation, con-
nective tissue formation, wound contraction, 
and reconstruction. Understanding the physio-
logical process of wound healing is crucial to 
facilitate wound healing. Equally, understand-
ing the process of pathological changes after 
applying gelatin-alginate scaffolds to mouse 
wounds is also vital. Tong et al. [10] implanted 
bone marrow mesenchymal stem cells (BMSCs) 
after hypoxic preconditioning into collagen-chi-
tosan scaffolds that were applied to wound 
models in diabetic rats to study the attachment 
of BMSCs to the scaffolds and the promotion of 
the scaffolds to the rate of wound healing, 
inflammatory cell exudates, and angiogenesis. 
Wang et al. [17] primarily studied the scaffold 
properties in vitro and observed the wound 
healing rate after applying collagen/HA/gelatin 
scaffolds to mouse wounds but overlooked the 
histopathological analysis during mouse tissue 
reconstruction. Therefore, our research filled 
this blank.

As the most common method for histopatholo-
gy, HE staining is mainly used to assess the 
fibroblast number, collagen content, and angio-
genesis, epithelial formation during the skin 
healing process [22]. The present study, used 
HE staining and histopathological analysis, to 
identify the early stage of wound healing. The 

covering of wounds by gelatin-alginate scaf-
folds decreased hemorrhage and exudation on 
the wound surface to form a thin crust. At the 
middle stage of healing, the treatment group 
formed granulation tissue with uniform thick-
ness and more mature new capillaries than the 
control group. At the later stage of healing, in 
the scaffold group, the crusts detached earlier 
than the control group, the accumulation of 
keratinized substances decreased, thus, squa-
mous epithelium of uniform thickness and 
dense collagen fibers formed, which accelerat-
ed the rate of wound healing. Meanwhile, the 
strength and tension resistance of the wounds 
in the treatment group increased, enhancing 
the quality of wound healing. The systematic 
and detailed histopathological analysis of the 
wound healing process provided direct evi-
dence to better understand the effects of gela-
tin-alginate, encouraging further research and 
use of gelatin-alginate scaffolds. In addition, 
the elaborate histopathological study provides 
more research direction ideas in animal experi-
ments of tissue engineering.

In conclusion, the use of 3D bioprinting porous 
scaffolds on the surface of mouse wounds 
shortened the wound healing time (2 days). At 
the early and middle stage, the scaffolds 
decreased necrosis, hemorrhage and inflam-
matory exudation to form thinner crusts than 
the control group. At the middle stage, the scaf-
folds promoted the formation of granulation tis-
sue with uniform thickness, the maturation of 
new capillaries, and decreased swelling. At the 
later stage, the scaffolds accelerated the 
detachment of the crusts, decreased the accu-
mulation of keratinized substances, and facili-
tated the regeneration of squamous epithelium 
of uniform thickness and formation of dense 
collagen fibers, and thus, increased the 
strength and tension resistance of scar tissue.
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