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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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approximately 77.5°, whereas the incorporation of ChsMA 
markedly increased surface hydrophilicity, decreasing 
the contact angle to about 57.5° for 5% GelMA + 1% 
ChsMA and 46.0° for 5% GelMA + 3% ChsMA. Thus, 
higher ChsMA content resulted in a progressively more 
hydrophilic hydrogel surface.

The effects of different hydrogel compositions on GF 
viability and proliferation were further evaluated by CCK-
8 assay over 7 days (Figure S2). In all groups, including the 
plate-cultured control as well as the 5% GelMA, 5% GelMA 
+ 1% ChsMA, and 5% GelMA + 3% ChsMA hydrogels, 
OD450 values increased continuously from day 1 to day 
7, indicating sustained cell growth without detectable 
cytotoxicity. At each time point, no statistically significant 
differences in cell proliferation were observed among the 
hydrogel formulations or between the hydrogel groups and 
the control.

Collectively, these characterization results demonstrate 
that the 5% GelMA + 3% ChsMA bioink possesses 
favorable rheological and mechanical properties suitable 

for extrusion-based bioprinting. Therefore, 5% GelMA + 
3% ChsMA was selected as the working composition for all 
subsequent cell culture and in vivo experiments. 

3.2. Identification of gingiva-specific extracellular 
matrix-remodeling signatures by single-cell 
transcriptomic profiling
To investigate the intrinsic molecular characteristics of 
GFs, we reanalyzed the public single-cell RNA-sequencing 
dataset GSE164241, which includes gingival and oral 
mucosal tissues. Unsupervised clustering revealed four 
major cell compartments—epithelial (KRT14, KRT5, 
S100A2, CTSA, SPRR1B), fibroblast (LUM, COL3A1, DCN, 
COL1A1, CFD), endothelial (ACKR1, RAMP2, SELE, 
VWF, PECAM1), and immune populations (CD69, CD52, 
CXCR4, PTPRC, HCST)—each expressing canonical 
markers (Figure 2A and B).

Comparison of tissue composition showed similar 
proportions of major cell types between the gingiva and 
oral mucosa (Figure 2C). Reclustering of fibroblasts further 
identified four transcriptionally distinct subpopulations 

Figure 2. Differential gene expression between fibroblasts and epithelial cells in oral mucosa and gingiva. (A) After dimensionality reduction and 
clustering, five cell subpopulations were identified. (B) Bubble plots displaying signature gene expression in each cell type. (C) Proportion of different 
cell subpopulations in the gingiva and oral mucosa. (D) Reclustering of fibroblasts identified four subtypes. (E) Bubble plots showing signature gene 
expression in each fibroblast subtype. (F) Proportion of fibroblast subpopulations in the gingiva and oral mucosa. (G) Volcano plot exhibiting differential 
gene expression in gingival and oral mucosal tissue fibroblasts. (H) Volcano plots displaying differential gene expression in gingival and oral mucosal tissue 
epithelial cells. Note: Red, downregulated genes; blue, upregulated genes.
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(Figure 2D). Among these, FIBRO1 displayed a matrix-
remodeling phenotype characterized by high expression 
of DCN, LUM, COL3A1, and other ECM-associated genes 
(Figure 2E). This population was enriched in gingival tissue 
(Figure 2F), suggesting the presence of a gingiva-specific 
fibroblast subset with enhanced regenerative potential.

Differential gene expression analysis further 
demonstrated that GFs exhibited significantly elevated 
expression of key ECM components, including COL1A1 
and FN1, compared with oral mucosal fibroblasts (Figure 2G  
and H). These two genes are central regulators of collagen 
organization, cell adhesion, and tissue remodeling. 
In contrast, epithelial cells showed higher levels of 
keratinization-related genes KRT10 and KRT14.

Collectively, the single-cell analysis highlights that GFs 
possess a distinct ECM-remodeling signature dominated 
by COL1 and FN, providing a strong biological rationale for 
selecting these genes as downstream molecular readouts in 
our hydrogel-based experiments.

3.3. Biocompatibility of active gingival hydrogel and 
upregulation of extracellular matrix-related genes 
in gingival fibroblasts
Live/dead staining showed that GFs maintained high 
viability within the hydrogel throughout the 1-, 3-, 5-, 
and 7-day culture period, with only a few nonviable cells 
appearing at later time points (Figure 3A). These findings 
indicate that the GelMA/ChsMA matrix provides a 
permissive environment for cell survival. Cytoskeleton 
staining further revealed progressive morphological 
changes: fibroblasts initially appeared rounded but 

Figure 3. Biocompatibility and promotion of extracellular matrix synthesis by the bioink. (A) Live-dead staining of gingival fibroblasts in bioprinted 
scaffolds (magnification = 200×; scale = 100 μm). (B) Cytoskeletal staining of gingival fibroblasts in bioprinted scaffolds (magnification = 400×; scale 
= 50 μm). (C) Relative gene expression of Col1a1 and Fn in bioprinted gingival fibroblast scaffolds. (D) Protein expression levels of COL1 and FN in 
bioprinted gingival fibroblast scaffolds. (E) Quantification of COL1 and FN expression. Notes: Blank: Tissue culture control. *p < 0.05, **p < 0.01, 
***p < 0.001; n = 3. Abbreviations: AGH, Active gingival hydrogel; COL1, Collagen type 1; d, Day(s); FN, Fibronectin; GAPDH, Glyceraldehyde 
3-phosphate dehydrogenase.
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gradually expanded along the hydrogel network, displaying 
polygonal cell bodies and distinct pseudopodia by day 7 
(Figure 3B). Such cytoskeletal organization is consistent 
with enhanced adhesion and early migratory activity 
within the 3D microenvironment.

At the molecular level, cells cultured in AGH showed 
significantly elevated transcription of Col1a1 and Fn 
compared with cells cultured on standard tissue culture 
plastic (Figure 3C). Western blot analysis confirmed the 
corresponding increase in protein levels (Figure 3D), 
and quantification of band intensities further supported 
this trend (Figure 3E). Immunofluorescence staining also 
demonstrated more abundant and organized deposition of 
COL1 and FN within the AGH constructs, reflecting active 
matrix remodeling by the embedded fibroblasts.

Together, these observations show that the AGH 
not only supports fibroblast survival but also promotes 
their adhesion, spreading, and ECM production. The 
coordinated upregulation of COL1 and FN—two key 
structural proteins essential for matrix remodeling and 
cell–matrix interactions—indicates that GFs actively 
engage with and remodel the printed hydrogel, providing 
a biological foundation for subsequent tissue regeneration.

3.4. Effects of active gingival hydrogel on fibroblast 
activity and epithelial keratinization
Gingival fibroblasts were cultured under three  
conditions: tissue culture plastic (GFs), acellular 
hydrogel (GC), and AGH, respectively. Cytoskeletal 
staining (Figure 4A) revealed that fibroblasts in the 
AGH group exhibited superior spreading morphology  
compared with those in the GFs and GC groups. 
Specifically, AGH-treated cells displayed a pronounced 
polygonal shape, broader spreading, more uniform 
cytoskeletal distribution, thicker actin fibers, and 
enhanced structural integrity.

Scratch assay results (Figure 4B) showed that the AGH 
group achieved the fastest wound closure, with the smallest 
residual scratch area at 24 hours. Consistently, Western 
blotting (Figure 4C and D) and immunofluorescence 
staining (Figure 4E and F) demonstrated that Col1a1 and 
Fn expression in fibroblasts was significantly elevated in 
the AGH group. Furthermore, when AGH was cocultured 
with GECs, transcription levels of Krt10 and Krt14 were 
upregulated (Figure 4G and H), suggesting a potential 
role for AGH in promoting epithelial differentiation 
and keratinization.

Figure 4. The impact of bioprinted scaffolds on gingival fibroblasts and epithelial cells. (A) Gingival fibroblast adhesion (magnification = 800×; scale = 
25 μm). (B) Gingival fibroblast migration (magnification = 200×; scale = 100 μm). (C) Protein expression of COL1 and FN in gingival fibroblasts. (D) 
Quantification of COL1 and FN proteins in WB. (E,F) Immunofluorescence staining of COL1 and FN in gingival fibroblasts treated with GFs, GC, 
and AGH for 24 h (magnifications = 400× [E], 400× [F]; scales = 50 μm [E], 50 μm [F]). (G,H) Relative gene expression of K10 and K14 in epithelial 
cells. Note: *p < 0.05, **p < 0.01, ***p < 0.001; n = 3. Abbreviations: AGH, Active gingival hydrogel; COL, Collagen type 1; DAPI, 4’,6-diamidino-
2-phenylindole; FN, Fibronectin; GAPDH, Glyceraldehyde 3-phosphate dehydrogenase; GC, Acellular hydrogel; GFs, Gingival fibroblasts; ns, Not 
significant.
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3.5. Activation of Wnt/β-catenin and transforming 
growth factor-β/Smad signaling pathways by active 
gingival hydrogel
COL1 and FN are well-recognized ECM components that 
can activate Wnt/β-catenin and TGF-β/Smad signaling 
pathways, both of which play critical roles in fibroblast-
mediated tissue remodeling and keratinization. These 
findings suggest that the FIBRO1 subpopulation may 
contribute to postgrafting keratinization in nonkeratinized 
epithelium through ECM–signaling interactions.

To further investigate the underlying mechanisms, we 
examined the involvement of the Wnt/β-catenin and TGF-β/
Smad pathways. Western blotting and immunofluorescence 
revealed that AGH markedly upregulated the expression 
of β-catenin and N-cadherin compared with the other 
groups, and this effect was reversed by the Wnt/β-catenin 
pathway inhibitor methyl-sulfonyl AB (Figure 5A–C). In 
parallel, analysis of SMAD signaling showed that the levels 

of phosphorylated SMAD2, SMAD3, and SMAD4 were 
significantly increased in the AGH group (Figure 5D–G).

3.6. In vivo gingival thickening, collagen deposition, 
and angiogenesis with active gingival hydrogel
As shown in Figure 6A, GC and AGH constructs were 
implanted beneath partial-thickness flaps of rat incisor 
gingiva. Six weeks after implantation, T2-weighted small 
animal MRI scans enabled a clear distinction between 
hard tissue (dark signal) and soft tissue (bright signal). 
Quantitative measurements at multiple sites demonstrated 
that gingival thickness in the AGH group was significantly 
greater than that in the GC and blank groups (Figure 6B  
and F). Importantly, MRI provided a noninvasive 
and dynamic approach to monitor gingival soft tissue 
augmentation, highlighting its value as a translational tool.

Histological evaluation further supported these 
findings. H&E and Masson’s trichrome staining (Figure 6C  
and D) showed well-preserved tissue boundaries and 

Figure 5. Activation of Wnt/β-catenin and SMAD signaling in gingival fibroblasts. (A) Western blot analysis of β-catenin and N-cadherin in gingival 
fibroblasts. (B) Quantification of β-catenin and N-cadherin expression. (C) Immunofluorescence of β-catenin (green) in gingival fibroblasts (magnification 
= 400×; scale = 50 μm). (D) Western blot analysis of SMAD pathway proteins: SMAD2/3, p-SMAD2, p-SMAD3, and SMAD4. (E–G) Quantification of 
SMAD pathway proteins. Notes: *p < 0.05, **p < 0.01, ***p < 0.001; n = 3. Abbreviations: AGH, Active gingival hydrogel; DAPI, 4’,6-diamidino-2-
phenylindole; GAPDH, Glyceraldehyde 3-phosphate dehydrogenase; GC, Acellular hydrogel; GFs, gingival fibroblasts; MSAB, Methyl-sulfonyl AB; 
ns, Not significant.
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Figure 6. In vivo gingival augmentation using bioprinted scaffolds. (A) Surgical procedure: (a) preoperative view, (b) elevation of partial-thickness 
flap, (c) scaffold implantation, (d) suturing. (B) T2-weighted magnetic resonance imaging (MRI) images of the gingiva. (C) Hematoxylin and eosin 
(H&E)-stained gingival sections (magnifications = 4×; scales = 500 μm). (D) Masson’s trichrome-stained sections (magnifications = 4×, 8×; scales 
=500 μm ,250 μm). (E) Immunohistochemical staining of CD34 (magnifications = 4×, 40×; scales =500 μm ,50 μm). (F) Quantification of gingival 
thickness from MRI. (G) Quantification of microvessel density in immunohistochemistry. Notes: Blank, Sham operation; GC, Hydrogel-only control. 
*p < 0.05, **p < 0.01, ***p < 0.001; n = 3. Abbreviations: AGH, Active gingival hydrogel; CD34, Cluster of differentiation 34.
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intact layer structures without tearing or damage. The 
gingival epithelium consisted of multiple cell layers, 
while the lamina propria contained abundant vasculature 
and crisscrossed collagen fibers supporting epithelial 
attachment. After 6 weeks, the hydrogel was fully degraded. 
In the AGH group, newly formed connective tissue was 
evident, accompanied by mild infiltration of inflammatory 
cells. Masson’s staining revealed substantial new collagen 
deposition, consistent with enhanced ECM remodeling.

Immunohistochemical staining of CD34 confirmed a 
markedly higher density of neovascularization in the AGH 
group compared with the other groups (Figure 6E and G). 
Collectively, these results indicate that AGH promotes 
gingival thickening, collagen deposition, and angiogenesis, 
while MRI provides a novel, noninvasive strategy for 
evaluating periodontal soft tissue regeneration in vivo.

4. Discussion
We prepared a new photocrosslinkable polymer ink 
composed of ChsMA and GelMA. The combination 
of GelMA and ChsMA addresses the three major 
challenges faced by traditional biomaterials in gingival 
augmentation—insufficient structural precision, lack of 
bioactivity, and poor mechanical adaptability—through 
biomimetic ECM components, tunable mechanical 
properties, and multifunctional synergistic effects.

Single-cell transcriptomic analysis was incorporated 
into this study to clarify the intrinsic biological features of 
GFs that are directly relevant to soft-tissue regeneration. 
Reanalysis of the GSE164241 dataset revealed that GFs—
compared with oral mucosal fibroblasts—displayed 
markedly higher expression of ECM-associated genes, 
such as COL1A1 and FN1, as well as members of the 
small leucine-rich proteoglycan family (e.g., LUM, DCN), 
which are known regulators of collagen fibrillogenesis 
and matrix organization. These findings are consistent 
with prior oral wound-healing studies showing that 
gingival connective tissue possesses a unique molecular 
profile characterized by faster matrix turnover, reduced 
fibrosis, and more efficient remodeling.16 Importantly, the 
transcriptomic analyses of GFs and epithelial cells were 
not conceived as a separate exploratory block but rather 
as the biological foundation for our bioink design. The 
enrichment of Fn and COL1 in GFs, together with higher 
KRT10 and KRT14 expression in gingival epithelium 
compared with oral mucosa, highlighted gingiva-derived 
fibroblasts as a cell source intrinsically geared toward ECM 
remodeling and keratinization. These observations directly 
informed our decision to use GFs in the GelMA/ChsMA 
bioink and to focus on FN/COL1 and KRT10/KRT14 as 
functional readouts of the 3D-bioprinted constructs. The 

subsequent in vitro and in vivo results—showing FN/
COL1 upregulation, activation of Wnt/β-catenin and 
TGF-β/Smad signaling, and increased KRT10/KRT14 
expression—therefore represent a mechanistic realization 
of the transcriptomic profile identified at the beginning of 
the study.

Rheological characteristics of hydrogels and bioinks 
play a crucial role in extrusion-based bioprinting.22 
Successful printing relies on the formation of a stable 
flow filament during extrusion and sufficient mechanical 
strength to maintain the structural integrity of the printed 
constructs afterward.23 The compressive strength of GC 
reached 6.4 kPa, a level that not only imparts adequate 
mechanical strength to the hydrogel but also matches the 
biomechanical properties of natural gingiva.24 Its relatively 
soft texture and high water content enable GFs to continue 
growing, proliferating, and secreting/depositing collagen 
fibers after printing. The gradual decrease in contact angle 
with increasing ChsMA content indicates that GelMA/
ChsMA hydrogels become progressively more hydrophilic. 
This trend is consistent with the highly polar, anionic 
nature of chondroitin sulfate, which introduces additional 
carboxyl and sulfate groups into the network and enhances 
water–polymer interactions.

Gelatin methacrylate, with its RGD motifs and 
tunable stiffness, replicates the gingival lamina 
propria’s biomechanics while supporting fibroblast 
adhesion.25 ChsMA complements this by emulating 
glycosaminoglycan-rich ECMs and enhancing COL1/
COL3 synthesis. This material strategy not only offers a 
promising new solution for soft-tissue regeneration but 
also lays the foundation for personalized medicine and 
precision dental treatment.26-28 The GC hydrogel possesses 
an appropriate pore size and porosity, which enable cells 
to stretch and migrate freely. This suitable pore structure 
provides sufficient space for cells and facilitates nutrient 
and waste exchange, maintaining normal physiological 
function and promoting cell adhesion and migration. 

Animal experiments and clinical studies have shown that 
the connective tissue beneath the epithelium of keratinized 
gingiva can induce surface epithelial cells to differentiate 
into keratinized gingival epithelium.14,15 Fibroblasts, as 
the main cellular component of the connective tissue, 
play a significant role in this transformation process. 
They primarily originate from mesenchyme, and their 
main function is to synthesize ECM, providing a physical 
scaffold for cellular activity and promoting rapid tissue 
repair following tissue injury.29 Anatomically, fibroblasts 
can be categorized into reticular-layer and papillary-
layer fibroblasts.30 However, fibroblasts may also exhibit 
functional diversity within the same anatomical location, 
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indicating that simple anatomical stratification is no longer 
sufficient to understand fibroblast heterogeneity. 

Fibroblasts proliferate within the hydrogel and form 
a unique microenvironment that promotes FN secretion 
by GFs. FN binds to integrin receptors on the cell surface 
and activates intracellular signaling pathways, such as 
the focal adhesion kinase/Src kinase pathway, thereby 
regulating focal adhesion formation and actin cytoskeleton 
reorganization, which together facilitate cell migration. 
COL1 increases adhesion between cells and the hydrogel, 
and its fibrous structure also provides directional cues for 
cell migration.31

In the classic Wnt/β-catenin signaling pathway, binding 
of the Wnt ligands to the Frizzled receptor and the low-
density lipoprotein receptor-related protein 5/6 coreceptor 
inhibits glycogen synthase kinase-3β activity, preventing 
β-catenin degradation. Accumulated β-catenin in the 
cytoplasm translocates to the nucleus, binds to the T-cell 
factor (TCF)/lymphoid enhancer factor transcription 
factors, and regulates downstream gene expression.32 FN 
has been identified as a target gene regulated by β-catenin/
TCF transcription. TGF-β, an important cytokine, activates 
receptor-regulated SMADS, such as SMAD2 and SMAD3. 
These activated SMADS form heteromultimers with 
SMAD4 and are transported into the nucleus to regulate the 
expression of various target genes, including COL1 and FN. 
In many cell types, such as fibroblasts, TGF-β stimulation 
significantly upregulates COL1 and FN expression via the 
SMAD pathway, promoting ECM synthesis and deposition. 
The SMAD pathway can also interact with other signaling 
cascades, such as phosphoinositide 3-kinase/protein kinase 
B and mitogen-activated protein kinase, to jointly regulate 
COL1 and FN expression.33

Current approaches to assessing gingival thickness 
include direct and imaging-based methods, each with 
specific advantages and limitations. Direct techniques 
include probe estimation, which is simple but subjective, 
and surgical flap measurement, which is accurate but 
invasive and carries a risk of tissue damage.34,35 Imaging 
modalities offer noninvasive alternatives: cone-beam 
computed tomography provides 3D visualization but 
suffers from limited soft-tissue resolution and radiation 
exposure, while ultrasound is operator-dependent and less 
reliable in thick tissues. MRI has emerged as an optimal 
preclinical tool due to its superior soft-tissue contrast 
(<0.5 mm resolution), absence of radiation, and ability to 
visualize multilayered gingival structures—features that 
are critical for longitudinal studies in rodent models.36,37 
In our current study, MRI was used for the first time to 
evaluate gingival thickness in living rats. Its high soft-tissue 
resolution enabled direct visualization of gingival thickness 
changes following AGH implantation. Another important 

consideration is the degradation behavior of the GC/AGH 
hydrogels. In the present study, we did not perform a 
dedicated quantitative analysis of in vivo mass loss. Instead, 
gingival thickness was assessed using MRI as the distance 
between the soft-tissue surface and the underlying hard-
tissue reference plane. At the 6-week endpoint, histological 
sections did not reveal clearly demarcated remnants of 
dense, acellular hydrogel; instead, the implantation sites 
were replaced by vascularized connective tissue rich in 
collagen fibers, suggesting substantial substitution of 
the initial matrix by host tissue. Nevertheless, we cannot 
completely rule out the presence of small residual hydrogel 
fragments that may still contribute to the soft-tissue volume 
signal on MRI. Future studies will therefore incorporate 
labeled or otherwise trackable hydrogels, along with earlier 
and extended observation time points, to more precisely 
correlate in vivo degradation kinetics with dynamic 
changes in gingival thickness and collagen remodeling.

3D bioprinting emerges as a transformative strategy 
by enabling the precise fabrication of vascularized, 
anatomically tailored constructs.38 Unlike conventional 
substitutes, this technology allows layer-specific deposition 
of cells and biomaterials, thereby reconstructing the 
epithelial–stromal interface and microvascular networks 
that are essential for graft integration and long-term 
stability. Liu et al.39 printed acellular dermal matrix 
scaffolds encapsulating GFs to increase keratinized 
gingival width, demonstrating that cell-laden scaffolds 
promoted soft-tissue regeneration more effectively than 
cell-free scaffolds, findings that are consistent with our 
results. However, their research had several limitations, 
including a small animal sample size, a lack of histological 
assessments, and the absence of mechanistic analyses. 
In contrast, our study focused on the equally important 
phenotype of gingival thickness, not only verifying its 
efficacy and stability in an animal model but also providing 
a more in-depth investigation into the mechanisms 
of regeneration and rekeratinization. These advances 
highlight the advantages of our material system. Dai et 
al.40 utilized artificial intelligence to design bioprinted in 
vitro free-gingival substitutes with precise dimensions; 
however, the lack of animal experiments leaves the in vivo 
regenerative potential of their constructs unresolved.

Although gingival tissue exhibits a remarkable intrinsic 
healing capacity, this regenerative ability is largely limited 
to re-epithelialization and defect closure rather than de 
novo thickening of the underlying connective tissue. In the 
partial-thickness flap model used in this study, untreated 
sites healed predictably through epithelial coverage, yet 
connective-tissue volume remained essentially unchanged, 
as confirmed by MRI and histological results in the control 
groups. This outcome aligns with clinical observations that 

https://doi.org/10.36922/IJB025430444


3D-bioprinted active gingival hydrogel

410Volume 12 Issue 1 (2026) doi: 10.36922/IJB025430444

International Journal of Bioprinting

natural healing rarely increases gingival thickness without 
surgical grafting. In contrast, AGH implantation produced 
a clear and quantifiable enhancement of soft-tissue volume 
and collagen deposition, demonstrating a biological effect 
that exceeds the capacity of spontaneous healing. Therefore, 
this model well well-suited for evaluating a material’s 
ability to modulate connective-tissue remodeling—a 
biological outcome not achieved through natural repair 
alone. This distinction underscores the regenerative 
advantage of AGH and supports its clinical relevance for 
soft-tissue augmentation.

In summary, we constructed a bioprintable ink for 
GFs that forms a hydrogel with good biocompatibility 
and stable mechanical properties following photocuring. 
Bioprinting enhances gingival thickness through precise 
structural replication of the lamina propria, biomimetic 
bioinks  that guide fibroblast proliferation and collagen 
synthesis, and vascular integration facilitated by embedded 
angiogenic factors. GFs can proliferate, migrate, and 
adhere within the construct, and they continue to 
synthesize ECM components. As a substitute for gingival 
connective tissue, AGH activates the Wnt/β-catenin 
and SMAD signaling pathways in GFs and promotes 
keratinization in GECs. After transplantation in vivo, AGH 
achieved a stable and measurable thickening of the gingiva. 
Nonetheless, although this study demonstrates clear 
efficacy in increasing gingival thickness, it lacks sufficient 
depth regarding the widening of keratinized gingiva and its 
underlying mechanisms. Future work will therefore focus 
on material refinement to address these aspects.

5. Conclusion
In conclusion, we developed an active gingival hydrogel 
with favorable mechanical properties and excellent 
biocompatibility that effectively remodels the gingival 
phenotype in a rat model. AGH holds substantial promise 
for periodontal/peri-implant soft-tissue augmentation.
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