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A B S T R A C T

Purpose: Over the past decades, a variety of biomaterials have been investigated in terms of their suitability for
oral mucosa tissue engineering. The aim of this study was to compare collagen and GelMA hydrogels as con-
nective tissue scaffolds for fibroblasts and as substrates for seeding and culture of oral epithelial keratinocyte
cells.
Methods: Human primary oral fibroblast and keratinocyte cells were isolated from gingival biopsies. The mixture
of fibroblasts with GelMA or collagen gel were aliquoted within six-well tissue culture plate inserts and cross-
linked using visible light or reconstitution buffer/heat, respectively. The viability of fibroblasts in the hydrogels
was investigated after one and three days of cultivation using the PrestoBlue assay. Following the addition and
culture of oral keratinocytes onto the connective tissue constructs, the tissue-engineered oral mucosa was as-
sessed histologically.
Results: The tissue viability assay shows that collagen hydrogels encapsulating fibroblasts displayed significantly
higher cell viability than cell-laden GelMA constructs after 24 and 72 h (p < 0.05). A stratified and differ-
entiated epithelium has formed on the surface of cell-laden collagen hydrogel but not on the surface of the
GelMA-based substrate.
Conclusion: Collagen-based scaffold offers superior biological properties compared to GelMA hydrogel in terms
of oral fibroblast growth, as well as epithelial cell adhesion and differentiation. Therefore, collagen-based hy-
drogels remain the preferred choice for oral mucosa tissue engineering.

1. Introduction

Oral mucosa has certain self-healing potential in small defect sizes;
however, the reconstruction of large defects requires autologous grafts.
The insufficient available oral mucosa for intra-oral grafting and donor
site morbidity encouraged investigators to introduce engineered oral
mucosa models. In addition to intra-oral applications for the healing of
oral tissues, extra-oral applications of engineered oral mucosa equiva-
lents in urethroplasty, ocular surface reconstruction, and treatment of a
burn wound have been reported in the literature. Furthermore, these
models can be used in vitro for assessment of the biocompatibility of
dental materials and oral care products, drug delivery studies, simula-
tion of oral diseases and investigation of tissue invasion by oral mi-
croorganisms. Tissue-engineered models of the oral mucosa have also
the potential to reduce the need for animal testing. Frequent applica-
tions of oral mucosa models have resulted in the introduction of various
types of commercial brands of oral mucosa into the market like RHOE

(SkinEthic) and EpiOral (MaTek).1,2

The first step in oral mucosal tissue engineering is to prepare the
lamina propria by loading fibroblasts into a suitable scaffold material
that can act as a substrate for the subsequent seeding of epithelial cells.3

The material selected as the fibroblast carrier must meet several re-
quirements including the ability to mimic the extracellular matrix of
connective tissues, allow fibroblast proliferation, and support epithelial
cell adhesion and differentiation.4 Various types of natural and syn-
thetic biomaterials have been used previously for this purpose including
fibrin-agarose, collagen–GAG–chitosan, fibrin glue, collagen–elastin
matrix, de-epidermis dermis (DED), silk fibroin, poly-L-lactic acid
(PLA)-poly (3-hydroxybutyrate-co-3-hydroxy valerate) (PHBV) and
collagen.1.

High water content, resemblance to natural tissues, and the possi-
bility of cell encapsulation make the hydrogels promising candidates for
oral mucosa tissue engineering.5 Collagen is a natural polymer with
excellent cytocompatibility and is the major component of the natural
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lamina propria. This biomaterial is the most popular candidate for the
engineering of skin and oral mucosa and has been extensively used by
clinicians under different commercial brands.1 Collagen can be ex-
tracted from natural sources —like rat tail— and ready to be used for
tissue engineering applications.6 In addition, it is possible to cross-link
collagen with non-toxic substances.3 Besides these advantages, some
limitations, such as poor mechanical properties, lack of suturability and
fast degradation rate, have led researchers to explore the possibility of
using other materials in oral mucosa engineering.7

Denaturation and hydrolysis of collagen can lead to the production
of another material, known as gelatin. This product is also biodegrad-
able, biocompatible, can form a hydrogel, and has the ability to form
three-dimensional (3D) cell culture models.8 Using unsaturated me-
thacrylamide groups, Van Den Bulcke et al. described the functionali-
zation of gelatin and production of gelatin-methacrylamide (GelMA).9

In contrast to gelatin, this semi-synthetic hydrogel has better mechan-
ical properties, while still keeping its biological properties. GelMA has
been used in the engineering of different tissues, like bones, myo-
cardium, cardiac tissues, cartilage, vascular networks, skeletal muscle
and more.10

Comparison of different biomaterials can help in standardization
and better development of engineered oral mucosa models for the po-
tential laboratories and clinical applications. Although the suitability of
some collagen-based and synthetic scaffolds for engineering human oral
mucosa have been successfully examined in the past,11 the possibility of
using GelMA for this purpose has not been studied so far. The aim of
this study was to compare collagen and GelMA hydrogels as carriers for
fibroblasts and as connective tissue substrate for seeding of oral epi-
thelial cells.

2. Materials and methods

2.1. Isolation and expansion of oral fibroblast and keratinocyte cells

Gingival fibroblasts were isolated from human gingival biopsies
upon gaining approval by the Institutional Review Board of Marquette
University (Milwaukee, USA) and according to our previous work.11

After overnight incubation in 4 mg/mL dispase (Sigma, USA), and se-
paration of the connective tissue from the epithelium using two sterile
forceps, the de-epithelialized lamina propria was minced, and fibro-
blasts were isolated by incubation of minced tissues in collagenase type
I (0.05% w/v) for 1 h at 37 °C. Then, the digested tissue was cen-
trifuged, thoroughly washed, and transferred to a tissue culture flask
containing Dulbecco's modified Eagle's medium (DMEM; Corning,
Mediatech Inc., USA), 10% v/v fetal bovine serum (FBS, Sigma), and
1% antibiotic/antimycotic (Sigma), then incubated at 37 °C in 5% CO2.
Gingival keratinocytes were separated from the epithelial layer by
cutting the tissue into small pieces and using trypsin–ethylenediami-
netetraacetic acid (EDTA) for 20 min at 37 °C. Isolated cells were then
cultured in Green's medium containing DMEM/Ham's F12 (3/1) (Gibco)
supplemented with 10% v/v FBS, 1% antibiotic/antimycotic, 25 mg/
mL adenine, 0.4 μg/mL hydrocortisone, 5 μg/mL insulin, 5 μg/mL
transferrin, 1.3 ng/mL triiodothyronine, 1.3 ng/mL triiodothyronine
and 5 ng/mL epidermal growth factor (EGF; Sigma). After reaching
confluency, fibroblast and keratinocyte cells were expanded, and the
three first cell subcultures were used in the following experiments.

2.2. Preparation of cell-embedded collagen hydrogel

Cellular collagen was developed following the protocol described by
Dongari-Bagtzoglou and Kashleva.3 Briefly, the mixture of 10 × DMEM
13.8 mg/mL, FBS 8.5% (v/v), L-glutamine 2 mM, reconstitution buffer
(22 mg mL/1 sodium bicarbonate and 20 mM HEPES) and 5 mg/mL rat-
tail type I collagen (Nutragen, Advanced BioMatrix, San Diego, CA) was
prepared on ice and neutralized to pH 7.4. The isolated gingival fi-
broblast cells, at a density of 1 × 106 cells/ml, were then mixed

properly with the abovementioned solution. After the distribution of
the mixture into six-well tissue culture inserts (0.4 μm pore size, 24 mm
diameter, VWR), cell-laden collagens were incubated at 37 °C for 2 h to
complete the collagen gelation. Finally, the regular medium was added
inside and outside the inserts.

2.3. Preparation of cell-embedded GelMA hydrogel

To prepare cellular GelMA according to the manufacturer's recon-
stitution protocol (Cellink, Ref No: REP-VL-350000), lithium acylpho-
sphinate photoinitiator (LAP; Cellink, US) was dissolved in DMEM at
60 °C for 5–10 min and sterilized using the 0.22 μm sterile filter. The
sterilized solution was added to the sterile freeze-dried GelMA powder
(Cellink). The mixture was stirred for 30 min at 70 °C to ensure dis-
solution. After checking the pH (7.0–7.5), fibroblast cell suspension
prepared in FBS, and antibiotic/antimycotic was dispersed in GelMA
solution so that the final solution contained 0.3% w/v LAP, 10% w/v
GelMA, 10% v/v FBS, 1% antibiotic/antimycotic and 1 × 106 cells/ml.
After thoroughly mixing, the warm solution (37 °C) was aliquoted into
six-well tissue culture plate inserts. The cell-laden hydrogels were then
exposed for 30 s to LED light (395 nm, 3 W) for cross-linking. The re-
sulting polymerized hydrogels were washed with PBS to remove un-
reacted residues, submerged in the regular medium (inside and outside
the insert) and transferred to an incubator.

2.4. Assessment of viability of encapsulated fibroblasts in GelMA and
collagen

At 24 and 72 h after preparation of cell-laden hydrogels, the via-
bility of gingival fibroblast cells within the collagen or GelMA con-
structs was investigated using the PrestoBlue (Invitrogen, USA) assay.
For this purpose, the constructs were washed with PBS, and a solution
containing 10% v/v of PrestoBlue reagent in phenol red-free DMEM
(HyClone Laboratories, Inc., Logan, UT, USA) was applied to each
sample. After a 3-h incubation at 37 °C and 5% CO2, the fluorescence
intensity of triplicate aliquots of each sample, which was transferred to
a 96-well plate, was measured by a microplate reader (Synergy HTX,
BioTEK) at excitation/emission wavelengths of 540/590 nm. The per-
centage of the fluorescence intensity in all groups over that in the
collagen at day 1 was used for calculating the cell viability. At each time
point, samples were submerged in the fresh medium after measure-
ments.

2.5. Engineering of the full-thickness oral mucosa

Four days after solidification of hydrogels, the isolated oral kerati-
nocytes (50 μL of cell suspension containing 1 × 106 cells) were seeded
onto the surface of each construct. Fig. 1 shows the different steps of
isolation of fibroblast and keratinocyte cells from gingiva biopsies, cell
encapsulation in collagen and GelMA hydrogels, and keratinocyte
seeding.

After 2 h of incubation to promote adhesion of keratinocytes to the
substrate, Green's medium was added inside the inserts. All samples
were incubated for 4 days, then were raised to the air-liquid interface
for 10 more days.

2.6. Histology

For histological examination, samples were fixed in 10% v/v buf-
fered formalin for 24 h, processed overnight with an automatic tissue
processor (KEDEE, China) and embedded in paraffin wax. After cutting
5 μm sections, the samples were stained with hematoxylin and eosin (H
&E) and examined under a light microscope (Evos Fluorescent, life
technologies).
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2.7. Statistical analysis

To analyze the differences between cell-laden collagen and GelMA,
a one-way analysis of variance (ANOVA) was performed with Tukey's
test using GraphPad Prism (GraphPad, CA, USA). Data were represented
as mean ± standard deviation, considering p < 0.05 statistically
relevant.

3. Results

The isolated fibroblasts show a spindle-shaped appearance, while
epithelial cells have a cuboidal shape (Fig. 2a and b). The cytotoxicity
of GelMA and collagen was assessed at day 1 and day 3 by using Pre-
stoBlue assay (Fig. 2c). The percentage of cell viability in GelMa tested
24 h after cell encapsulation was 34.78% and increased to 112.5% after
3 days of culture. The cell viability assay demonstrates that collagen
hydrogels encapsulating fibroblasts display significantly higher cell
viability than cell-laden GelMA constructs after 24 h (p < 0.05)
(Fig. 2c). The cell viability increases significantly in both groups after
72 h (p < 0.05). However, lower cell survival in GelMA and a greater
level of cell viability in collagen hydrogels is evident at both time points
(p < 0.05).

As shown in Fig. 3a and b, while collagen hydrogels are con-
siderably contracted in 4 days, cross-linked GelMA hydrogels maintain

their initial shape and size without any noticeable contraction. The
histological evaluation confirms the adherence of the seeded keratino-
cytes onto the fibroblast-populated collagen gel and development of a
multilayered stratified epithelium on its surface (Fig. 3d). The en-
gineering of oral mucosa using GelMA was unsuccessful due to the lack
of adhesion and proliferation of epithelial cells.

Fig. 1. Workflow chart showing the different steps of isolation of cells, cell encapsulation in collagen and GelMA hydrogels and keratinocyte seeding.

Fig. 2. Morphology of the isolated (a) fibroblasts and
(b) keratinocytes. (c) The viability of fibroblasts en-
capsulated into collagen or GelMA analyzed by
PrestoBlue assay after one day and three days of
cultivation. Cell viability was expressed as percen-
tages derived from the fluorescence intensity of each
sample divided by the mean fluorescence intensity of
the collagen group at 24 h *p < 0.05, ns: non-sig-
nificant.

Fig. 3. Images of (a) contracted cell-laden collagen gel and (b) GelMA hydrogel
containing fibroblasts after 4 days of cultivation. (c) H&E stained histological
section of tissue engineered oral mucosa based on collagen hydrogel (magni-
fication: 40×).
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4. Discussion

Over the last few years, a variety of biomaterials have been in-
vestigated in terms of suitability for encapsulation of the fibroblasts in
oral mucosa engineering. The aim of this study was to investigate the
viability of fibroblasts encapsulated into collagen or GelMA, as the first
step in the engineering of the oral mucosa.

The concentration of GelMA used in our study was 10%. The reason
for choosing this concentration was that more cell spreading and sur-
vival rate, along with less degradation and mass swelling of this con-
centration have been previously demonstrated compared to a lower
concentration of GelMA.12 Researchers also confirmed the decrease of
cell viability with increasing concentration of GelMA.13–15

We used LAP as the water-soluble photocrosslinking agent.
Although 2-hydroxy-1-[4-(2-hydroxyethoxy) phenyl]-2-methyl-1-pro-
panone (Irgacure 2959) can also be used for this purpose, its low so-
lubility in water and the need for UV exposure, which can damage cells
have reduced its use.16,17 In the study by Monteiro et al. more detri-
mental effect of UV polymerization on cells in comparison to visible
wavelengths have been confirmed.18 On the other hand, LAP is a visible
light photoinitiator that can be used at lower concentrations compared
to Irgacure 2959.19,20

In this study, the viability of fibroblasts in the collagen and GelMA
hydrogels was investigated after one and three days of cultivation,
demonstrating lower cell viability in GelMA than that in collagen at
both time points. The denser network properties and reduced trans-
portation of cell nutrients could be a possible reason for this decreased
viability in GelMA.21 In a study by Krouwels et al. who compared the
human nucleus pulposus cells performances in collagen, GelMA, algi-
nate, agarose, fibrin, and hyaluronic acid-poly (ethylene glycol) hy-
drogels, more DNA content was observed in fibrin and collagen hy-
drogels in comparison to other groups.22 Similarly, the study of Ma
et al. showed lower cell viability and lower expression of the pro-
liferation marker gene in the cells encapsulated in GelMA scaffolds in
comparison to those in the decellularized extracellular matrix (dECM)-
based and collagen I-based scaffolds.23

At day 4, we detected the obvious contraction of collagen with a
concave surface, which allowed keratinocyte seeding. However, no
contraction was observed in the cell-laden GelMA constructs. The dense
network of GelMA is likely to prevent its contraction. It was not possible
to create an epithelial layer on the surface of the GelMA, while a
complete epithelium had been formed on the surface of the cell-laden
collagen. Zhao et al. in their study, reported that to produce an orga-
nized epidermis on the surface of GelMA, its thickness should be less
than 200 μm.24 We aliquoted 2 mL of the cell-hydrogel mixture in each
well, which resulted in a thickness of about 0.5 mm. It seems that the
high thickness of GelMA and its low-permeable structure prevent suf-
ficient nutrient transport to the epithelial cells.

Although fibroblast viability and epithelial cell adhesion were not
supported by GelMA in our study, the type of cells loaded in the hy-
drogel can lead to a different result. Lin et al. prepared a 5% w/v GelMA
containing 0.5% w/v Irgacure 2959. After encapsulation of the en-
dothelial colony-forming cells and mesenchymal stem cells in this hy-
drogel, they compared the extent of vascular network formation in this
construct to that of bovine type-I collagen. The result of their study
showed higher vascular network formation in GelMA.25

Encapsulation of fibroblasts in GelMA can be further optimized by
changing different parameters, such as the methacrylation degree,
cross-linking density, the thickness of samples, and reducing LAP con-
centration. Further studies are required to explore the potential ap-
proaches in modifying GelMA to improve its properties in terms of
epithelial cell adhesion. Development and evaluation of hydrogel
scaffolds based on a combination of GelMA with collagen or other
natural scaffolds, as well as surface coating with bio-active materials,
could be the potential avenues to overcome the challenges observed in
this study.

5. Conclusions

Based on the results of this study, it can be concluded that collagen-
based hydrogel offers superior biological properties compared to
GelMA hydrogel in terms of oral fibroblast growth within the scaffold
and epithelial cell adhesion and differentiation on the surface of the
engineered substrate. Therefore, collagen-based hydrogels remain the
preferred choice of the connective tissue scaffold for oral mucosa tissue
engineering.
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