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Abstract
Background and Objectives: The keratinized gingiva plays an important role in main-
taining healthy periodontal and peri-implant tissue. Acellular dermal matrix (ADM), 
as a substitute biomaterial, has a porous structure and good biocompatibility. 3D-
bioprinting has the potential for tissue engineering because it enables precise load-
ing of cells layer-by-layer. Herein, we bioprinted ADM scaffold encapsulating gingival 
fibroblasts (GFs) and evaluated its efficacy in keratinized gingiva augmentation in vivo 
to assess its potential for clinical periodontal tissue regeneration.
Methods: GFs were extracted from the gingiva of beagles and transfected with a 
green fluorescent protein (GFP). The ADM scaffold (ADM cell-free group) was con-
structed using ADM, gelatin, and sodium alginate mixed at an appropriate ratio via 
3D-bioprinting. The ADM cell scaffold (ADM cell group) was established by adding 
extra GFs in the same manner. Six beagles were divided into blank control, ADM cell-
free, and ADM cell groups; and implant surgery was performed. The keratinized gin-
giva was clinically and histologically evaluated at baseline and after 2 months.
Results: GFs transfected with GFPs expressed green fluorescence and were present 
in new tissue in the ADM cell group and not observed in the ADM cell-free group. 
At 2 months after surgery, the keratinized gingival augmentation in the ADM cell 
group was significantly more than that in the ADM cell-free group. Attached gingival 
augmentation was also observed more in the ADM cell group than that in the ADM 
cell-free group. Histological staining showed that the tissue in the ADM cell group 
displayed a more integrated structure and higher expression of COL I, COL III, and 
VEGF-A than those in the ADM cell-free group.
Conclusion: 3D-bioprinted GF-encapsulated ADM scaffolds increased the amount of 
keratinized gingiva in vivo, suggesting that 3D-bioprinting has great potential for oral 
soft tissue regeneration.
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1  |  INTRODUC TION

Keratinized gingiva is important for maintaining healthy teeth and 
implants.1–4 A variety of surgical approaches have been developed 
to reconstruct keratinized gingiva, among which the autogenous tis-
sue graft is the gold standard in terms of stability and predictability.5 
However, autogenous tissue grafts have limitations for long-term 
clinical application, such as limited supply of donor tissue, postoper-
ative pain, increased operation time, and potentially unsatisfactory 
aesthetic outcomes.6–8 For these reasons, alternate materials and 
new technologies are needed for keratinized gingival augmentation.

Collagen-based materials have superior biological properties and 
are used extensively in craniofacial clinical practice.9,10 Acellular der-
mal matrix (ADM), a cell-free scaffold mainly composed of collagen, 
is widely used for periodontal tissue regeneration and root coverage 
of teeth and implants.11,12 ADM minimizes patient discomfort and 
reduces the risk of complications at the donor site. Also, ADM yields 
similar esthetic results compared with autogenous graft. However, 
ADM was not convenient to conduct the personalized regenerative 
repair during the operations, and is difficult for regeneration of crit-
ical amount of keratinized tissue, such as tumor and trauma13,14 due 
to lacking the autologous tissue cells. To solve the problems of cus-
tomization, an ADM bioink was produced and the biocompatibility 
was proved.15 This lays a foundation to achieve the 3D-bioprinted 
cell encapsulated ADM scaffold.

Three-dimensional (3D) cell printing technology based on 
computer-aided design techniques to stack cell-laden materials 
layer-by-layer into 3D structures enables individualized fabrication. 
It enables the delivery of cell-laden materials with high spatial preci-
sion to approximate the sophisticated and orderly structures of nat-
ural tissues,16–18 enjoying great potential for tissue regeneration and 
repair, such as vessels, skin, bone, heart, and nerves.19–23 The precise 
distribution of cells and porous structure in the 3D scaffold promote 
cell adhesion and proliferation. 3D cell printing can repair large-scale 
tissue defects following large-scale in vitro expansion of cell-binding 
materials. In addition, in situ printing of regenerated tissue would 
reduce surgery duration, pain, and discomfort. In oral regenerative 
medicine, 3D cell printing is viewed as a novel approach for precise 
treatment and customized tissue defect repair.24–26

In previous studies, we used GFs as seed cells and ADM as the 
matrix for 3D-bioprinting. A two-layer structure scaffold (dense 
outer layer and loose inner layer) was prepared, and its perfor-
mance was tested in vitro.15 In this study, we evaluated the ability 
of the scaffold to increase the quality and quantity of keratinized 
gingiva in vivo, to assess its clinical potential for periodontal tissue 
regeneration.

2  |  MATERIAL S AND METHODS

2.1  |  Experimental animals

Six healthy beagles (mean age, 12–15 months; mean body weight, 
8–10 kg) were used in this study. The animals were raised individually 

under standard laboratory conditions and were in good physical 
condition with a healthy periodontal status. The study was approved 
by the Ethics Committee of Peking University School of Stomatology 
(LA2018006).

2.2  |  Clinical measurements

The beagles were stabilized by inhalation anesthesia, and the plaque 
index (PLI), bleeding on probing (BOP), probing depth (PD), and 
width of keratinized gingiva (KGW) in the region of interest (ROI) 
were measured at baseline and 2 months after the operation. The 
horizontal position of the ROI was determined at the area between 
the mesial gingiva margin and distal gingiva margin of the third pre-
molar (P3), and its vertical range was from the gingival margin to the 
bottom edge of the defect (Figure 1).

A Williams periodontal probe was used to measure the PD and 
KGW of P3 of the bilateral mandible. The position of the mucogin-
gival junction was determined by the Roll test, and Schiller's iodine 
solution was used for verification.27,28 The KGW represents the dis-
tance from the free gingival margin to the mucogingival junction. 
The KGW of three sites (mesiobuccal, mid-buccal, and distobuccal) 
was measured along the tooth longitudinal axis with reference to 
the mesial gingiva margin, midpoint of gingiva margin (corresponding 
to the midpoint of the tooth cusp), and distal gingiva margin of the 
tooth. The width of the attached gingiva (AGW) is the difference 
between the KGW and PD.

All measurements were performed independently by two expe-
rienced periodontists. A consistency check was conducted before 
the measurements (κ = 0.85). To reduce deviation, subsequent surgi-
cal operations were performed by a third professional periodontist.

F I G U R E  1  Schematic diagram of the defect. The distance from 
the two ends of the incision to the long axis of the teeth passing 
through the P3 tip was equal. The vertical distance between the 
lower edge midpoint and the upper edge midpoint of the defect 
was 0.5 cm. The horizontal position of the ROI was determined 
at the area between the mesial gingiva margin and distal gingiva 
margin of P3, and its vertical range was from the gingival margin 
to the bottom edge of defect. P3, the third premolar; MJ, 
mucogingival junction; ROI, region of interest.
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566  |    LIU et al.

2.3  |  Extraction and cultivation of GFs

A 2-mm3 biopsy (including epithelial and connective tissue) of gin-
giva from the hard palate was collected for GF extraction. Gingival 
tissue samples were immediately placed in sterile phosphate-
buffered saline(PBS) (Gibco-Invitrogen, Life Technologies) contain-
ing 1% antibiotics (penicillin and streptomycin; Gibco-Invitrogen). 
The tissue was gently shredded into <1mm3 pieces and digested 
with collagenase and trypsin (Gibco) for 60 min. Next, the tissue 
pieces were seeded into a culture bottle and incubated in growth 
medium (GM), composed of Dulbecco's modified Eagle's medium 
enriched with 10% fetal bovine serum (Gibco) and 1% penicil-
lin and streptomycin, in the presence of 5% CO2 at 37°C.29,30 The 
culture medium was changed every 2 days. When the primary cells 
(P0) reached 80%–90% confluence, the trypsin digestion solution 
was added at 37°C for 3 min; subsequently, the medium was added 
to terminate digestion. First-generation (P1) cells were subcul-
tured at a ratio of 1:2. Passage-3–4 GFs were used for subsequent 
experiments.

2.4  |  Preparation of GFs stably expressing green 
fluorescent protein

To label transplanted GFs, cells were transfected with green fluo-
rescent protein (GFP). Recombinant lentivirus containing GFP was 
purchased from GenePharma Co. GFs were inoculated in a 10-cm 
culture dish at a density of 1 × 105. When the cell density reached 
70%, 100 μL of lentiviral reagent (MOI = 50) and a final concen-
tration of 5 μg/mL polybrene were added to the culture medium. 
Lentivirus-containing medium was replaced with a fresh medium 
after 24 h, and GFP expression was observed under an inverted 
fluorescence microscope after 2–3 days. Medium containing 10 μg/
mL puromycin was used to select cells expressing GFP, which were 
passaged and expanded independently for use in subsequent 
experiments.

2.5  |  3D-bioprinted scaffold fabrication

ADM was extracted from porcine skin as described previously. 
Bioink was prepared with ADM, gelatin, and sodium alginate at a 
ratio of 6: 2: 2% (wt%). GFs expressing GFP were digested with 
trypsin, mixed evenly with bioink, and printed using a 3D cell 
printer (Medprin). The printed scaffold consisted of two alter-
nately printed layers (dense and porous layers). The dense lay-
ers have small pores to ensure the strength of the scaffold, and 
the porous layers have larger pores to facilitate culture of cells 
and blood vessels. Finally, cell-containing (ADM cell) and cell-
free (ADM cell-free) scaffolds were printed and transferred to 
a fresh culture medium. The cells in the scaffold were observed 
and photographed using a confocal fluorescent microscope (Carl 
Zeiss).

2.6  |  Animal surgery

A total of 12 sites (two sites in each of six animals) were treated. The 
12 sites were randomly divided into blank control, ADM cell-free, 
and ADM cell groups. The surgery was performed on P3 of the man-
dible on both sides.

The animal experiments were conducted in accordance with the 
ethical guidelines of the Institutional Animal Care and Use Committee 
of Peking University. Implantation surgery was performed on six 
healthy male Beagles.28 The Beagles fasted with water for 8–12 h be-
fore surgery. After inducing anesthesia with 3% pentobarbital sodium 
(1 mL/kg, intravenous), the animals were placed in the supine posi-
tion and intubated. Next, 75% alcohol was used to disinfect the skin 
around the mouth, and 0.12% chlorhexidine for oral rinsing.

a.	 A 1.5-cm-long horizontal incision was made along the buccal mu-
cogingival junction of P3. The distance from the two ends of the 
incision to the long axis of the tooth passing through the P3 tip 
was equal as shown in Figure 1.

b.	 A partial-thickness flap was turned toward the root, repositioned 
apically, and then secured with periosteal suture (Coated polyg-
lactin 910 suture, 6-0, ETHICON, Inc.). The vertical distance be-
tween the lower edge midpoint and the upper edge midpoint of 
the defect was 0.5 cm.

c.	 In the ADM cell group, the 3D-bioprinting complex was im-
planted (with the dense layer to the outside and porous layer to 
the exposed tissue surface) into the defect. In the ADM cell-free 
group, the ADM scaffold without cells was placed in the same 
position. In the blank control group, no material was placed. All 
materials were fixed using crossed mattress suture with 6-0 ab-
sorbable Coated polyglactin 910 suture (ETHICON, Inc.) in three 
groups and tied loosely.

d.	 Sterile aluminum foil was placed in the surgical area to cover the 
wound and fixed. Then a periodontal plug was placed on the 
outer layer. All treatments were performed on each side of the 
mandible bilaterally, and the treatments were randomly assigned 
to the defects for minimizing the possible effects of different 
sites for the outcomes. Besides, to ensure the standardization 
and consistency of the defect, the periodontal surgeries were 
performed by the same experienced periodontal surgeon. The 
surgeries were performed aseptically, and the suffering of the 
animals was minimized.

e.	 Liquid food was provided for 3 days after surgery, and antibiot-
ics were administered intravenously for 1 week. The periodontal 
plug preparation and aluminum foil were removed as appropri-
ate 2 weeks after surgery. A toothbrush and 0.12% chlorhexidine 
were used three times per week for plaque control.

2.7  |  Histologic evaluation

Part of the gingival tissue in the surgery area was obtained and 
fixed with 4% paraformaldehyde for 24 h at 4°C. The tissue was 
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dehydrated using gradient concentrations of sucrose and embedded 
in OCT. The OCT-embedded tissue was frozen and sectioned for 
immunofluorescence. The fluorescence of newly formed tissue was 
visualized using a confocal laser scanning microscope (Carl Zeiss).

2.7.1  |  Hematoxylin and eosin (H&E), Masson and 
Sirius Red staining

Mandibles were fixed in 4% paraformaldehyde for 48 h and decal-
cified in 10% ethylenediaminetetraacetic acid (EDTA) for 6 months. 
The specimens were dehydrated in a graded series of ethanol, cleared 
with xylene, embedded in paraffin, and sectioned at 5-μm thickness. 
The sections were stained with H&E, Masson's trichrome stain, 
and Sirius Red for histological observation according to the manu-
facturer's protocol. For H&E staining, the slides were stained with 
Hematoxylin solution (Solarbio) for 5 min and Eosin dye (Solarbio) 
for 2 min. For Masson's trichrome staining, the slides were soaked in 
2.5% potassium dichromate mordant overnight and rinsed with run-
ning water. Then the slides were successively immersed in Weigert 
iron hematoxylin dye solution for 1 min, differentiated with 1% hy-
drochloric acid alcohol for 1 s, and soaked in ponceau acid fuchsin for 
6 min. Finally, the slides were immersed in 1% phosphomolybdic acid 
solution for 1 min and 2.5% aniline blue solution for 30 s according 
to the manufacturer's protocol (Servicebio). Collagen is blue-stained 
under optical microscope. For Sirius Red staining, the sections were 
incubated with Sirius Red solution (Servicebio) for 8 min and rinsed 
with running water. The slides were dehydrated with anhydrous eth-
anol, transparent with xylene, and sealed with neutral gum. Collagen 
and non-collagen components were red- and orange-stained under 
optical microscope, respectively.

2.7.2  |  Immunohistochemistry

Epitope retrieval was accomplished by heating at 95°C in citrate 
solution (Solarbio) for 15 min. Sections were blocked in 5% goat 
serum albumin (ZSGB-Bio), and incubated with primary antibod-
ies against type I collagen (COL I) (GeneTex), type III collagen (COL 
III) (Proteintech), and vascular endothelial-derived growth factor-A 
(VEGF-A) (Abcam) overnight at 4°C, followed by the appropriate 
secondary antibodies (ZSGB-Bio) for 1 h. Signals were visualized 
using a DAB Detection Kit (ZSGB-Bio) and sections were counter-
stained with hematoxylin. Images were captured using a light mi-
croscope (Olympus) and quantitation was carried out using ImageJ 
software (NIH).

2.8  |  Statistical analysis

Statistical analysis was performed using SPSS software (ver. 22.0; 
IBM Corp.). Two-tailed unpaired Student's t-test was used for 

the comparison of two groups, and one-way analysis of variance 
(ANOVA) for the comparison of more than two groups. Results are 
presented as mean ± standard deviation. A p-value < 0.05 was con-
sidered indicative of statistical significance.

3  |  RESULTS

3.1  |  GF culture and transfection

Primary GFs were extracted from the gingiva of beagles 
(Figure  2A). The isolated GFs migrated from the tissue within 
about 10 days. The GFs were typically spindle-shaped with pro-
trusions of various lengths, and the cell bodies were full and 
showed a typical fibroblastic morphology (Figure  2B). Most 
lentivirus-transfected cells expressed GFP, indicating successful 
transfection (Figure 2C).

3.2  |  Construction of 3D-bioprinted scaffolds

3D-bioprinted scaffolds with and without GFs were constructed as 
described previously.31 The scaffold had an outer layer with dense 
pores to increase its strength, and an inner layer with loose pores 
facilitating the transport of nutrients (Figure 2D,E). The GFs were 
evenly distributed within the scaffolds under a confocal fluorescent 
microscope (Figure 2F,G).

3.3  |  Animal experiments

We next evaluated the roles of GFs and 3D-bioprinted ADM scaf-
folds in periodontal keratinized tissue regeneration. All animals 
in the blank control, ADM cell-free, and ADM cell groups were 
alive at 2 months after surgery. The preoperative evaluation, sur-
gery, and 2-month postoperative evaluation results are shown in 
Figure 3.

3.4  |  Clinical observations

3.4.1  |  Clinical healing

The protective device in the recipient area was removed 2 weeks 
after surgery, and new reddish tissue was seen in the recipient area. 
The transplanted 3D-bioprinted scaffold was partially degraded 
compared with its state immediately post-operation, but residual 
material remained visible. Two months after surgery, the wounds 
had completely healed in all three groups. The degree of tissue re-
generation differed among the three groups, the tissue was mature, 
and keratinization was complete. New keratinized tissue in the recip-
ient area was fused with adjacent tissue, and there was no obvious 
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scar or fold. All treated sites showed favorable clinical healing with 
no complications such as swelling, suppuration, or abscess formation 
(Figure 3).

3.4.2  |  Clinical measurements

The widths of keratinized and attached gingiva in ROI at baseline and 
2 months thereafter are given in Table S1 (Supplemental Material). 
The three surgical procedures all increased the keratinized gingiva 
and attacked gingiva after 2-month assessment (Table S1). The kerati-
nized gingiva increased in the buccal mesial, mid, and distal regions 
in the ADM cell and ADM cell-free groups compared with the blank 
control group (p < 0.01; Figure 4). Also, the increment of keratinized 
gingiva in the ADM cell group (mesial buccal: 1.93 ± 0.44 mm; mid-
buccal: 1.58 ± 0.37 mm; distal buccal: 1.60 ± 0.42 mm) was greater 
than in the ADM cell-free group (mesial buccal: 0.90 ± 0.29 mm; 
midbuccal: 0.67 ± 0.12 mm; distal buccal: 1.30 ± 0.29 mm; p < 0.01; 
Figure 4).

Similarly, more attached gingiva increment was observed in 
the ADM cell group (mesial buccal: 2.30 ± 0.41 mm; midbuccal: 
1.83 ± 0.33 mm; distal buccal: 1.85 ± 0.44 mm) compared with 
the ADM cell-free group (mesial buccal: 1.07 ± 0.09 mm; midbuc-
cal: 0.83 ± 0.12 mm; distal buccal: 1.30 ± 0.29 mm), while in the 
blank control group (mesial buccal: 0.48 ± 0.04 mm; midbuccal: 

0.38 ± 0.04 mm; distal buccal: 0.45 ± 0.05 mm) the least amount of 
increment was detected (p < 0.01; Figure 4).

3.5  |  Histologic analysis

3.5.1  |  Descriptive histological outcomes

Green fluorescence was observed in tissue sections of the ADM 
cell group, but not in the ADM cell-free or blank control group, sug-
gesting that neoplastic tissue formation is related to GFs in the 3D-
bioprinted scaffolds (Figure 5).

The degree of periodontal tissue regeneration differed among 
the three groups. H&E staining showed that tissue healed well in 
all three groups. No material residue or obvious inflammatory cell 
infiltration was observed. The structure of the new epithelium 
was more intact and continuous in the ADM cell group with ADM-
free group, while more amorphous construct and non-keratinized 
epithelium was in the blank control group (Figure 6A–C). Masson 
staining showed that the density of collagen fibers was greater in 
the ADM cell and ADM cell-free groups compared with the blank 
control group. The gingival fibers showed a more orderly arrange-
ment in the ADM cell group compared with the ADM cell-free 
group (Figure 6D–F). Moreover, Sirius red staining confirmed that 
more the Type I collagen fiber bundles were arranged in oriented 

F I G U R E  2  Gingival fibroblasts 
transfection and 3D-bioprinted scaffold 
construction. (A) Gingiva was collected 
for GF extraction. (B) Optical and (C) 
fluorescence micrographs images of GFs 
transfected with GFP lentivirus. The 
scaffold was approximately 10 mm long 
(D) and 5 mm wide (E). (F) The merged 
image of cells and scaffold under a 
confocal fluorescent microscope. (G) The 
separated image of cells and scaffold 
under a confocal fluorescent microscope. 
Cells which displayed green fluorescence 
are widely and uniformly distributed in the 
scaffold. GFP, green fluorescent protein; 
GFs, gingival fibroblasts.
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    |  569LIU et al.

F I G U R E  3  Surgical procedures of the 
blank control group, ADM cell-free group, 
and ADM cell group. (A) Baseline status. 
The KGW of three sites (mesiobuccal, 
midbuccal, and distobuccal) was measured 
along the tooth longitudinal axis with 
reference to the mesial gingiva margin, 
midpoint of gingiva margin (corresponding 
to the midpoint of the tooth cusp), and 
distal gingiva margin of the tooth. (B) A 
1.5-cm-long horizontal incision was made 
along the mucogingival junction. (C) A 
partial-thickness flap was turned toward 
the root and repositioned apically. (D) No 
implant was placed in the blank control 
group. ADM cell-free and ADM cell 
scaffolds were placed in the ADM cell-
free and ADM cell groups, respectively. (E) 
Placement of aluminum foil for protection 
after suturing. (F) 2 months after surgery. 
The measurements were performed as 
the baseline. KGW, width of keratinized 
gingiva.

(A1) (B1) (C1)

(D1) (E1) (F1)

(A2) (B2) (C2)

(D2) (E2) (F2)

(A3) (B3) (C3)

(D3) (E3) (F3)

F I G U R E  4  The width augmentation of keratinized gingiva and attached gingiva in mesiobuccal (A), midbuccal (B), and distal buccal (C) in 
the blank control group, ADM cell-free group, and ADM cell group. The width of the attached gingiva (AGW) is the difference between the 
KGW and PD. KGW is the width of keratinized gingiva; PD, probing depth; AGW: the width of attached gingiva. (**p < 0.01).
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F I G U R E  5  Confocal laser micrograph of a tissue section. (A) Blank control group. (B) ADM cell-free group. (C) ADM cell group. Arrows 
indicate GFP-labeled cells expressing green fluorescence.

F I G U R E  6  H&E (A–C), Masson (D–F), and Sirius red (G–I) staining of gingiva in the blank control, ADM cell-free, and ADM cell groups.

(A) (B) (C)

(D) (E) (F)

(G) (H) (I)
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order in the ADM cell group compared with the ADM cell-free 
group (Figure 6G–I).

3.5.2  |  COL I, COL III, and VEGF-A expression

VEGF mainly targeting endothelial cells, plays an important role in 
vasculogenesis and angiogenesis.32 VEGF-A immunostaining was 
observed in three groups. We found that VEGF-A expression was 
significantly higher in the ADM cell-free and ADM cell groups than 
that in the blank control group. And the expression was higher in the 
ADM cell group than that in the ADM cell-free group (Figure 7A–
C,J). VEGF-A Expression was strongly positive around the blood 
vessels.32 More blood vessels were observed in the ADM cell group 
compared with the ADM cell-free group, while in the blank control 
group, the least amount of blood vessels was detected (Figure 7A–
C). COL I and COL III are principal components in the gingival extra-
cellular matrix.33 COL I expression was the highest in the ADM cell 
group, followed by the ADM cell-free group and the blank control 
group (Figure 7D–F,K). Similarly, COL III expression was the highest 
in the ADM cell group, followed by the ADM cell-free group, and 
the lowest in the blank control group (Figure 7G–I,L). These results 
indicated that ADM scaffolds and GFs may be helpful in the pro-
cess of new blood vessels and collagen formation in gingival tissue 
regeneration.

4  |  DISCUSSION

The field of tissue engineering has progressed tremendously over 
the past few decades in terms of its ability to fabricate functional 
tissue substitutes.34–36 3D-bioprinting can mimic the complex mi-
crostructures of biological tissues. Periodontal tissue regeneration 
using ADM is performed because of its good biocompatibility and 
esthetics.37,38 Using 3D-bioprinting technology to deposit ADM 
materials with micrometer precision in cell-friendly conditions will 
facilitate keratinized gingival regeneration.

ADM has good biocompatibility and can be used to treat gin-
gival recession.39 Moreover, ADM can be used as a graft material 
to replace autologous connective tissue, increasing the amount of 
soft tissue and covering the root surface.40 In this study, implan-
tation of ADM scaffolds into the beagle oral cavity significantly 
increased the width of the keratinized gingiva/attached gingiva 
in the surgical area (0.67–1.30 mm/0.83–1.30 mm versus 0.18–
0.25 mm/0.38–0.48 mm). Therefore, ADM scaffolds can promote 
the regeneration of periodontal keratinized tissue, consistent with 
previous reports.41,42

In our previous study, the 3D-bioprinted gingival fibroblast-
encapsulated scaffold has proved good biological characteristics 
in vitro.31 In this study, the final keratinized gingiva increment in 
the ADM cell group was 1.58–1.93 mm, and the attached gingiva 

increment was 1.83–2.30 mm, compared with 0.67–1.30 and 0.83–
1.30 mm, respectively, in the ADM cell-free group. The significant 
difference in tissue increment between the two groups suggests 
that the 3D-bioprinted GF-encapsulated scaffold had a greater pro-
motive effect on soft tissue regeneration than the simple scaffold. 
We used GFs because they have homology with gingival tissue and 
their secreted growth factors promote tissue repair.43 In vitro ex-
pansion of GFs provides a potential therapeutic strategy for person-
alized repair of soft tissue defects.

Seed cells play an important role in tissue engineering to pro-
mote soft tissue regeneration.44–46 However, some studies have 
shown that there is no significant difference in the augmentation 
of keratinized gingiva between cell-containing and cell-free scaf-
folds. Lotfi et al. implanted scaffolds with and without GFs into the 
beagle oral cavity; there was no significant difference in the cu-
rative effect.28 The increase in the amount of keratinized gingiva 
was significantly greater in the cell-containing than the scaffold 
group, possibly because of the use of 3D-bioprinting. Unlike tra-
ditional tissue engineering, 3D-bioprinted scaffolds, which have 
interconnected pores and a large surface area, support cell attach-
ment, growth, communication, and exchange of gas and nutrients. 
They also enable the precise placement of cells and biomaterials 
layer-by-layer, thereby mimicking the microstructures of tissue. 
Loading of cells on the scaffold surface or simply mixing them 
hampers their function, possibly explaining the different effects 
of scaffolds without and with cells.

The wound had completely healed 2 months after surgery, and 
no scar or abnormal color was found. This healing effect is mainly 
attributed to the properties of the cells and biomaterials, and their 
promotion of tissue healing.47 Histologically, there was no inflam-
matory infiltration in the healed tissue, and the material was com-
pletely absorbed. New tissue encompassed dense connective tissue 
supporting a keratinized epithelium, consistent with the histological 
appearance of new keratinized gingiva in previous studies.44,46

This study has several limitations. The number of animals was 
small, which may have affected the statistical analysis. In addition, 
the absence of histological assessments at multiple time points 
during the early stages of healing precludes further assessment of 
tissue healing and the possibility of providing guidance for protocols 
aiming to promote tissue gain. Besides, long-term observation is re-
quired to evaluate stability and long-term efficacy.

5  |  CONCLUSION

In conclusion, the 3D-bioprinted GF-encapsulated ADM scaffolds 
increased the amount of keratinized gingiva in vivo, suggesting 
that they have great potential for keratinized gingival augmen-
tation. These findings offer a potential therapeutic strategy for 
periodontal tissue defects and provide new insight into soft tissue 
regeneration.
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F I G U R E  7  Immunohistochemical staining for VEGF-A (A–C), COL I (D–F), and COL III (G–I) in the blank control group, ADM cell-free 
group, and ADM cell group. The arrows indicate VEGF-A-positive cells (A–C), COL I (D–F), and COL III (G–I). Histogram (J–L) showed the 
quantification of the immunohistochemical staining. (**p < 0.01).
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