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Abstract
Soft tissue management is essential in periodontal, orthodontic, and implant 
therapies, yet autologous grafts remain limited by donor-site morbidity, inconsistent 
tissue quality, and restricted availability. To address these challenges, we developed 
an active gingival hydrogel (AGH) composed of gelatin methacrylate, chondroitin 
sulfate methacrylate, and gingival fibroblasts, which was fabricated into cell-laden 
hydrogels using extrusion-based 3D bioprinting. The AGH exhibited excellent 
rheological performance, print fidelity, and interconnected porous microstructures 
that supported nutrient diffusion and cell migration. Gingival fibroblasts cocultured 
with the AGH showed robust adhesion, proliferation, and collagen matrix 
deposition, accompanied by significant upregulation of fibronectin and type I 
collagen. Mechanistic studies revealed that these effects were mediated through 
activation of the Wnt/β-catenin and transforming growth factor-β/Smad signaling 
pathways, which synergistically regulate extracellular matrix remodeling and 
epithelial keratinization. In vivo experiments demonstrated that AGH implantation 
significantly enhanced gingival thickness, collagen density, and neovascularization 
while reducing inflammatory infiltration, as verified by magnetic resonance 
imaging as well as histological and immunohistochemical analyses. Furthermore, 
coculture with gingival epithelial cells promoted upregulation of Krt10 and Krt14, 
indicating improved epithelial differentiation. Collectively, this study establishes a 
3D-bioprinted active gingival hydrogel as a biomimetic and functional substitute 
for autologous grafts, offering a promising strategy for periodontal and peri-implant 
soft tissue regeneration.
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1. Introduction
Periodontal and peri-implant soft-tissue augmentation 
frequently relies on autologous connective tissue grafts, 
which remain the clinical gold standard for increasing 
gingival thickness and improving long-term stability.1-3 
However, their application is fundamentally limited by 
donor-site morbidity, restricted tissue availability, and 
postoperative discomfort.4-6 

Beyond autologous free gingival grafts and connective 
tissue grafts, a variety of xenogeneic and allogeneic soft-
tissue substitutes—such as acellular dermal matrices 
and porcine collagen matrices—have been introduced 
to reduce donor-site morbidity and surgical time while 
improving patient comfort.7-9 These materials can increase 
keratinized tissue width and soft-tissue thickness around 
teeth and implants compared with flap procedures alone, 
and they are now widely used in daily practice. However, 
recent clinical trials and systematic reviews3,10,11 consistently 
indicate that most soft-tissue substitutes still fall short 
of autologous grafts in the magnitude and long-term 
stability of keratinized tissue gain and mucosal thickening, 
particularly when a stable ≥2-mm band of keratinized 
tissue is desired. In addition, currently available substitutes 
are largely acellular and function as passive scaffolds, with 
limited ability to actively modulate extracellular matrix 
(ECM) remodeling or epithelial phenotype. 

In this context, there is a clear need for next-generation, 
biology-informed constructs that combine the surgical 
advantages of soft-tissue substitutes with the biological 
performance of autologous connective tissue.

Gingival fibroblasts (GFs) play a central role in gingival 
phenotype maintenance and wound healing.12 Compared 
with fibroblasts in nonkeratinized oral mucosa, GFs exhibit 
stronger ECM synthetic capacity and higher expression of 
collagen (COL)1, COL3, and fibronectin (FN)—molecules 
essential for collagen remodeling, mechanical resistance, 
and epithelial–mesenchymal crosstalk.12-15 Recent studies 
on oral mucosal repair also highlight the importance of the 
Wnt/β-catenin and transforming growth factor (TGF)-β/
Smad pathways in regulating fibroblast activation, ECM 
deposition, and keratinocyte differentiation. Wnt/β-
catenin signaling promotes fibroblast migration and 
fibronectin transcription, whereas TGF-β/Smad is the key 
driver of COL1/COL3 synthesis during connective tissue 
maturation.16,17 Together, these pathways contribute to the 
rapid, scar-resistant healing characteristic of the gingiva 
and provide a mechanistic basis for designing biomaterials 
that can actively modulate cellular behavior.

To functionally mimic the ECM microenvironment 
of gingival connective tissue, gelatin methacrylate 
(GelMA) and chondroitin sulfate methacrylate (ChsMA) 

are particularly suitable candidates. GelMA provides 
arginine-glycine-asparagine (RGD) adhesion motifs and 
an adjustable stiffness that resembles that of the lamina 
propria, supporting fibroblast attachment and elongation. 
ChsMA, a glycosaminoglycan-derived component, 
enhances hydration, viscoelasticity, and collagen synthesis 
while modulating inflammation.18,19 Together, these 
materials can create a microenvironment favorable for 
fibroblast proliferation, ECM remodeling, and subsequent 
epithelial keratinization.

Three-dimensional (3D) bioprinting further enables 
the fabrication of cell-laden constructs with controlled 
architecture, interconnected porosity, and reproducible 
mechanical properties—features that conventional 
scaffolds cannot achieve.20,21 By precisely arranging 
bioinks containing viable fibroblasts within a biomimetic 
matrix, bioprinting provides a promising platform for 
engineering living gingival-like tissue that more closely 
recapitulates the hierarchical structure and function of 
native connective tissue.

In this study, guided by single-cell transcriptomic 
profiling of gingival and oral mucosal fibroblasts, we 
designed an “active gingival hydrogel” (AGH) based on 
a photocrosslinkable GelMA/ChsMA matrix laden with 
GFs. This construct was designed to recreate a gingiva-
like extracellular microenvironment, promote FN/
COL1-mediated matrix remodeling, and engage Wnt/β-
catenin and TGF-β/Smad signaling to support soft-tissue 
thickening and epithelial keratinization. The present 
study evaluates the printability, mechanical behavior, and 
biocompatibility of this construct, elucidates its underlying 
molecular mechanisms in vitro, and tests its capacity to 
augment gingival thickness in a rat incisor model.

This work seeks to provide a biologically active 
alternative to autologous grafts and to offer new insights 
into the design of functional substitutes for periodontal 
soft-tissue augmentation.

2. Materials and methods
2.1. Cell isolation and primary culture
Gingival tissue specimens containing both epithelial and 
connective layers were aseptically harvested from the hard 
palate of Sprague–Dawley rats (n = 3).

For GFs, fresh tissues were immediately immersed 
in sterile phosphate-buffered saline (PBS; Gibco, 
USA) supplemented with 1% penicillin–streptomycin 
(Gibco). Sequential enzymatic digestion was 
performed using collagenase IV and 0.25% trypsin–
ethylenediaminetetraacetic acid (EDTA) for 60 min at 
37°C. Cell suspensions were centrifuged and resuspended 
in Dulbecco’s Modified Eagle Medium (DMEM; Gibco) 
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containing 10% fetal bovine serum (FBS; Gibco) and 
1% antibiotics. Primary cells (P0) were expanded until 
reaching 80–90% confluence and subsequently passaged. 
Cells at passages 3–4 were used for experiments.

For gingival epithelial cells (GECs), tissues were 
subjected to cold enzymatic digestion with 0.4% collagenase 
IV for 24 h at 4°C. Epithelial sheets were mechanically 
separated and further digested with 0.25% trypsin–EDTA 
for 15 min. Cells were cultured in defined keratinocyte-
serum-free medium (Gibco).

2.2. Bioprinting of scaffolds
The bioink formulations employed were: (i) 5 wt% GelMA; 
(ii) 5 wt% GelMA + 1 wt% ChsMA; and (iii) 5 wt% GelMA 
+ 3 wt% ChsMA. GelMA and ChsMA were purchased 
from Engineering For Life Bioscience, China. 

For the cell-laden constructs (AGH), passage 3–4 GFs 
were harvested with 0.25% trypsin–EDTA, centrifuged, 
and resuspended in the prewarmed bioink at a final density 
of 2 × 106 cells/mL. The acellular hydrogel (GC) used the 
same polymer formulations without cells. All printing 
procedures were performed using a pneumatic extrusion 
bioprinter equipped with a 25G stainless-steel nozzle. 
The printing pressure and speed were kept constant for 
all groups (pressure: 15–20 kPa; speed: 5 mm/s) to ensure 
dimensional consistency.

Immediately after printing, the constructs were 
crosslinked under 405 nm visible light (10 mW/cm2) for 
60 s to obtain stable hydrogels. For in vitro experiments, 
hydrogels were printed and cultured in complete DMEM. 
For in vivo implantation, GC and AGH constructs were 
printed using the same protocol and then trimmed into 
slabs of identical length, width, and thickness to fit the 
buccal gingival flap area. 

In this study, GC used in cell and animal experiments 
refers to 5 wt% GelMA + 3 wt% ChsMA, and AGH refers 
to cell-laden GC.

2.3. Physicochemical characterization
For morphological analysis, lyophilized scaffolds were 
gold-sputtered (10 nm) and imaged using scanning 
electron microscopy (SEM; Zeiss SIGMA HD, Germany; 
5 kV).

Rheological properties were evaluated through 
dynamic oscillatory measurements performed on a 
rotational rheometer (AR-G2, TA Instruments, USA) 
with a 20 mm cone–plate geometry. Measurements were 
conducted at 37°C under 1% strain and 1 Hz frequency, 
and the storage modulus (G’) and loss modulus (G’’) were 
recorded over a 10-min period.

Mechanical testing was performed using a universal 
testing machine (Instron 5567, USA) equipped with a 0.1 
N load cell, and the compressive modulus was determined 
at a strain rate of 1 mm/min.

2.4. Water contact angle measurement
Contact angles were measured at room temperature 
using a contact angle goniometer (OCA 20, DataPhysics 
Instruments, Germany). A 2–3 μL droplet of deionized 
water was gently deposited onto the hydrogel surface using 
a microsyringe, and images were captured within 5 s of 
droplet placement. The left and right contact angles were 
automatically calculated by the instrument software, and 
their mean value was recorded as the contact angle for each 
droplet. 

2.5. Biocompatibility assessment
Biocompatibility was assessed using the Cell Counting 
Kit-8 (CCK-8) assay, viability staining, and cytoskeletal 
analysis: Sterile hydrogel discs of each formulation (5% 
GelMA, 5% GelMA + 1% ChsMA, and 5% GelMA + 3% 
ChsMA) were prepared as described above, and cells 
cultured on tissue culture plates without hydrogels served 
as the control group. Relative cell numbers were quantified 
by measuring optical density at 450 nm using a microplate 
reader (Multiskan FC, Thermo Fisher Scientific, USA).

Cell viability was further examined using acridine 
orange/ethidium bromide dual staining (Beyotime 
Biotechnology, China) on days 1, 3, 5, and 7, and live/dead 
cell ratios were analyzed by fluorescence microscopy (Zeiss 
Axio Observer).

For cytoskeletal organization, AGH constructs 
were fixed with 4% paraformaldehyde for 30 min and 
permeabilized with 0.5% Triton X-100 for 10 min. 
F-actin was stained with rhodamine phalloidin (1:200; 
Cytoskeleton, USA), and nuclei were labeled with 
4’,6-diamidino-2-phenylindole (DAPI; 1:1000; Thermo 
Fisher, USA). 3D morphology was reconstructed using 
confocal laser scanning microscopy (Zeiss LSM 880).

2.6. Scratch wound assay
Confluent monolayers of GFs and GECs in six-well plates 
were scratched with a sterile 200 μL pipette tip. Detached 
cells were removed by washing with PBS, and the cultures 
were then maintained in low-serum medium (2% 
FBS). Cell migration was monitored over a 24-h period. 
Experimental groups included GFs (tissue-culture-plastic–
grown fibroblasts), GC (hydrogel-only material control), 
and AGH.

2.7. Single-cell RNA sequencing data analysis
Publicly available single-cell RNA-sequencing data were 
obtained from the Gene Expression Omnibus dataset 
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GSE164241, which contains transcriptional profiles of 
human gingival mucosa and oral buccal mucosa. Raw 
data were processed using Seurat v4.1.1 (Satija Lab USA). 
Quality control included removal of genes expressed in 
fewer than three cells and exclusion of cells with >20% 
mitochondrial gene content. Data were normalized by 
SCTransform with 3,000 variable features. Clustering was 
performed using Uniform Manifold Approximation and 
Projection (resolution = 0.6), and differentially expressed 
genes were identified using the FindMarkers function.

2.8. Quantitative reverse transcription polymerase 
chain reaction analysis
Complementary DNA (cDNA) was synthesized from total 
RNA using a reverse transcription kit (Takara, Japan) 
and subsequently amplified with SYBR Green Master 
Mix (Roche, Switzerland). Relative gene expression 
was calculated using the 2^−ΔΔCt method. The primer 
sequences used for each target gene are listed in Table 1.

2.9. Western blotting
Proteins were extracted, separated by sodium dodecyl 
sulfate–polyacrylamide gel electrophoresis, and 
transferred onto polyvinylidene fluoride membranes. 
After blocking with 5% BSA, membranes were incubated 
with primary antibodies (β-catenin, N-cadherin, COL-I, 
SMAD2/3/4) overnight at 4°C, followed by incubation with 
horseradish peroxidase-conjugated secondary antibodies. 
Chemiluminescent signals were detected using ECL Prime 
(GE Healthcare, USA) and quantified with Image-Pro Plus 
6.0 (Media Cybernetics, USA).

2.10. Immunofluorescence
Cells or tissue sections were incubated with primary 
antibodies overnight at 4°C, followed by rhodamine-
conjugated anti-rabbit IgG (1:200; Invitrogen, USA). 
Nuclei were counterstained with DAPI (5 μg/mL). Images 
were acquired using a Zeiss Axio Imager M2 microscope.

2.11. Animal models and groupings
Eight-week-old Sprague–Dawley rats (n = 3) were used. A 
partial-thickness flap was raised on the buccal side of the 
maxillary incisors by a mesiodistal incision. The control 

group received direct suturing, whereas the experimental 
groups received implantation of GC or AGH under the 
flap before suturing. Animals were randomly assigned to 
the control, GC, or AGH groups. This study was carried 
out following the recommendations of the Animal 
Care and Experiment Committee of Shanghai Ninth 
People’s Hospital, Shanghai Jiao Tong University School 
of Medicine. The protocol was approved by the Animal 
Care and Experiment Committee of Shanghai Ninth 
People’s Hospital, Shanghai Jiao Tong University School 
of Medicine (SH9H-2024-A1046-SB), and conducted 
in accordance with institutional guidelines for the care 
and use of laboratory animals and the Animal Research: 
Reporting of In Vivo Experiments recommendations.

2.12. Magnetic resonance imaging
At 6 weeks after surgery, gingival thickness was evaluated 
using a small-animal magnetic resonance imaging (MRI) 
system (Bruker BioSpin MRI GmbH, Germany). Rats were 
anesthetized and placed in a prone position in a dedicated 
animal cradle, with the maxillary incisors aligned along a 
predefined reference line to standardize head orientation. 
T2-weighted coronal images of the maxillary incisor region 
were acquired using a rapid acquisition with relaxation 
enhancement sequence.

To minimize spatial variability, coronal slices were 
obtained perpendicular to the long axis of the maxillary 
incisors. Gingival thickness was measured at the mid-
buccal aspect of the incisors using the cemento–enamel 
junction and incisal edge as anatomical landmarks. 
For each animal, measurements were taken on three 
consecutive slices centered on the mid-buccal site; the 
distances from the outer gingival surface to the underlying 
hard-tissue reference plane were recorded and averaged 
to obtain a single gingival thickness value per site. Image 
analysis was performed in ImageJ (Developer, Country) 
by a single examiner blinded to group allocation. Repeated 
measurements on a randomly selected subset of scans 
confirmed good intra-observer reproducibility.

After MRI acquisition, animals were euthanized, and the 
maxillary anterior segments were harvested for subsequent 
histological and immunohistochemical analyses.

Table 1. Primer sequences used for quantitative reverse transcription polymerase chain reaction

Gene name Forward Reverse

Col1a1 5’-CCTGGTAAAGATGGTGCC-3’ 5’-CACCAGGTTCACCTTTCG-3’

Fn 5’-GACCTGACAGTCGGAGAAG-3’ 5’-TGACACGGAGTAACGGTTC-3’

Krt10 5’-GAGGAGCTGCTGAAGAAGG-3’ 5’-CTGGTGGTGTTGTTGATGG-3’

Krt14 5’-CCAGACCTACAGCAACAGC-3’ 5’-GGTCCAGGTTCTCTTGGTG-3’

Gapdh 5’-GATGCCTGCTTCACCACCT-3’ 5’-GTGGTGCAGGATGCATTGCT-3’
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2.13. Histological staining
Samples were fixed in formalin, dehydrated through 
a graded ethanol series, and embedded in paraffin. 
Sections (5 μm) were stained with hematoxylin and eosin 
(H&E) and Masson’s trichrome and examined under an 
optical microscope.

For immunohistochemistry, sections were rehydrated, 
subjected to antigen retrieval, and incubated overnight at 
4°C with a cluster of differentiation (CD)34 antibody (1:100; 
Abcam, Country). A biotinylated secondary antibody 
and avidin–biotin–peroxidase complex were applied, 
and staining was visualized with 3,3’-diaminobenzidine 
substrate. Sections were counterstained with hematoxylin, 
mounted, and examined microscopically.

2.14. Statistical analysis
All data are presented as mean ± standard deviation. 
Comparisons between two groups were performed using 
independent-samples t-tests. One-way analysis of variance 
was used for multiple group comparisons in GraphPad 
Prism 9.0 (Developer, Country). A p-value < 0.05 was 
considered statistically significant.

3. Results
3.1. Physicochemical properties of  
3D-bioprinted scaffolds
Figure 1A shows that rheological experiments confirmed 
the normal photocuring behavior of GelMA and GelMA–

ChsMA hydrogels. Prior to 405 nm light irradiation, all 
groups exhibited a G’’ higher than the G’, indicating that 
the inks remained in a liquid state and underwent viscous 
deformation. After 30 s of irradiation, G’ exceeded G’’, 
confirming the transition into a hydrogel. Among all 
formulations, the 5% GelMA + 3% ChsMA displayed a 
significantly higher G’ (approximately 3.7 kPa) compared 
with the other groups (Figure 1B).

As shown in Figure 1C, the stress–strain curves of 
all three groups exhibited nonlinear elastic behavior 
within the 40% strain range. Furthermore, Figure 1D 
demonstrates that the compressive strength of the 5% 
GelMA + 3% ChsMA group reached 6.4 kPa, which was 
significantly greater than that of the other formulations.

Figure 1E illustrates that the printed constructs 
in all groups maintained intact, interconnected grid 
structures without evidence of pore collapse. SEM images 
corroborated the presence of open, porous architectures 
with uniformly distributed macropores. As the ChsMA 
concentration increased, well-aligned microfilaments with 
distinct boundaries were observed (Figure 1F). The 5% 
GelMA + 3% ChsMA group exhibited smaller and more 
uniformly distributed pores compared with the 5% GelMA 
+ 1% ChsMA group.

Surface wettability of the hydrogels was evaluated 
by static water contact angle measurements (Figure 1). 
Pure 5% GelMA exhibited a moderate contact angle of 

Figure 1. Rheological and physicochemical properties and morphology of 3D-bioprinted scaffolds. (A) Light-curing process of scaffolds with different 
groups. (B) Final storage modulus (G’) after curing. (C) Stress–strain curves of different groups. (D) Compressive modulus of different groups. (E) 
Morphology of printed constructs captured using digital camera. (F) Scanning electron microscopy images of different groups (magnifications = 20× [top 
panels], 100× [bottom panels]; scales = 200 μm [top panels], 100 μm [bottom panels]). Notes: *p < 0.05, **p < 0.01, ***p < 0.001; n = 3. Abbreviations: 
ChsMA, Chondroitin sulfate methacrylate; GelMA, Gelatin methacrylate.
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