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Abstract: Three-dimensional (3D) bioprinting is an emerging method for tissue regeneration. However, promoting the
epithelial-mesenchymal interaction (EMI), while maintaining the characteristics of epithelial cells has always been a challenge
in tissue engineering. Since EMI acts as a critical factor in bone regeneration, this study aims to promote EMI by recombining
epithelial and mesenchymal cells through 3D bioprinting. Hertwig’s epithelial root sheath (HERS) is a transient structure
appeared in the process of tooth root formation. Its epithelial characteristics are easy to attenuate under appropriate culture
environment. We recombined HERS cells and dental papilla cells (DPCs) through 3D bioprinting to simulate the micro-
environment of cell-cell interaction in vivo. HERS cells and DPCs were mixed with gelatin methacrylate (GelMA) separately
to prepare bio-inks for bioprinting. The cells/GelMA constructs were transplanted into the alveolar socket of Sprague-Dawley
rats and then observed for 8 weeks. Hematoxylin and eosin staining, Masson staining, and immunohistochemical analysis
showed that dimensional cultural pattern provided ideal environment for HERS cells and DPCs to generate mineralization
texture and promote alveolar bone regeneration through their interactions. 3D bioprinting technology provides a new way for
the co-culture of HERS cells and DPCs and this study is inspiring for future research on EMI model.
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1. Introduction cells!"l. Strategies to accomplish tooth regeneration by

The development of tooth is a complicated process during tissue engineering have always been an academic focus
which the epithelial cells interact with the mesenchymal in recent years'>*, Researchers have successfully isolated
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epithelial cells and mesenchymal cells derived from
embryos to rebuild bioengineered tooth germ®. Although
they generated a tooth with complete anatomical structure,
the embryonic stem cells confined their widespread
applications in clinical practice. Besides, the bioengineered
tooth was irregular in both morphology and quantitative
terms, and epithelial-mesenchymal interaction (EMI)
was also in no small measure overlooked as the in vitro
experiment was conducted with two-dimensional cell
culture. To optimize the EMI process, other researchers tried
building a biomimetic 3D tooth bud model by combining
cell patch with dental epithelial and mesenchymal cells
loaded with gelatin methacrylate (GelMA) hydrogel!®”,

With respect to the foregoing, it could be fraught with
difficulties to realize the regeneration of tooth with both
crown and roots for now. Tooth root regeneration seems
more feasible than whole tooth regeneration in clinical
view. During tooth development, when the formation
of crown is nearly complete, the root begins to develop.
The inner and outer enamel epithelia proliferate around
cervical loop and form a bilayered epithelial sheath known
as Hertwig’s epithelial root sheath (HERS). Considering
that the inner cells of HERS initiate the differentiation of
odontoblast to form root dentin, HERS is indispensable to
root development. For instance, if the continuity of HERS
were damaged, it could not induce dental papilla cells
(DPCs) to differentiate into odontoblasts, which could
result in dentin defects. In addition, if the epithelial root
sheath failed to break at specific time and adhered to the
surface of the root dentin, the dental follicle cells could not
differentiate into cementoblasts to form cementum®?. In a
previous study, we found that the HERS spheroids could
promote HERS cell proliferation and optimize its biological
function!'®”. The experiment verified the capability of
HERS spheroids in the induction of DPCs differentiation
by mixing HERS spheroids with DPCs, but the interaction
between cells was also limited to some extent. The issue
that needs to be addressed is to maximally maintain the
epithelial characteristics of HERS and thereby inducing
DPCs to form new mineralized tissue.

Three-dimensional (3D) bioprinting is the
technology using a bioprinter to produce the pre-designed
3D structure made of different kinds of biomaterials and
transit them to biologically active tissues or organs!'!!. This
cutting-edge technology enables the realization of new
ideas for tissue engineering and shows great potential in
biomedical applications due to its high precision and high
throughout!'>!*], Fabricated 3D fibrous scaffolds exhibited
excellent ability to guide cell to arrange along the fiber
axist'¥, In addition, “time” was incorporated into 3D
bioprinting as the fourth dimension®.. In 4D bioprinting,
the functionality of printed construct would change along
with time under external stimulus, which might serve as a
useful tool for bio-fabrication in stimulating the biological

function changes in vivol'*'7l, GelMA containing the
characteristics of natural and synthetic biological materials,
can be cross-linked and solidified into gel by ultraviolet
light under the action of photoinitiator!'*), Besides, GeIMA
has excellent biocompatibility, biodegradability, cell
response characteristics, and the 3D structure suitable for
cell growth and differentiation". In recent years, GeIMA
has been widely used in 3D cell culture, tissue engineering
and 3D bioprinting?>%], Stem cells and extracellular matrix
were encapsulated in GeIMA and poly(ethylene glycol)
dimethacrylate composite hydrogel for alveolar bone
repair®¥, 3D-printed cell/GelMA constructs could mimic
the micro-environment in vivo. Meanwhile, it provides
excellent conditions for cellular activity and optimized
cell-cell interactions®!. Therefore, according to the spatial
relationship between HERS cells and DPCs during tooth
germ development, we designed structural model of these
two kinds of cells and prepared two bio-inks using GelMA
hydrogel for 3D bioprinting (Figure 1). An alveolar bone
defect model was applied to test the osteogenesis effects
of 3D printed co-culture constructs. This study puts
forward a new method to recombine HERS cells and
DPCs through 3D bioprinting, which could contribute to
the investigation of EMI research in the future.

2. Materials and methods
2.1. Ethics statement

Animals were purchased from Dashuo Experimental
Animal Co. Ltd. (Chengdu, China). All animal
experiments in this study were approved by the
Research Ethics Committee of West China Hospital
of Stomatology, Sichuan University (permit no.
WCHSIRB-D-2021-551).

2.2. Cell isolation and culture

Primary HERS cells and DPCs were isolated from the
first molar germ in the maxilla and mandible of 8-day-
postnatal Sprague-Dawley (SD) rats (Figure S1), and
the specific method was mentioned in the previous
studies?*?7, After being sheared to fragments, the tissue
was digested by type I collagenase and dispase (Sigma-
Aldrich, USA) solution at 37°C for 10-20 min.

HERS cells were cultured in epithelial cell medium
(ScienCell, USA) containing 1% epithelial cell growth
supplement, 2% fetal bovine serum, and 1% penicillin/
streptomycin solution. Mixed with mesenchymal cells,
HERS cells in passage 0 were treated with 0.25% trypsin-
EDTA (Gibco, USA) for 2-3 minutes, then purified
HERS cells were obtained after 2-3 times of differential
digestion. The adherent HERS cells were processed into
cell suspensions under the treatment of TrypLE Express
Enzyme (Thermo Scientific, USA) for 10-15 min.
DPCs were cultured in alpha-minimum essential medium
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Figure 1. Fabrication, culture, and transplantation of printed constructs. Schematic diagram of 3D bioprinting and transplantation of
constructs. DPCs: Dental papilla cells, GeIMA: Gelatin methacrylate, HERS: Hertwig’s epithelial root sheath, LAP: lithium phenyl-2, 4,

6-trimethylbenzoylphosphinate, UV light: Ultraviolet light.

(Gibco, USA) supplemented with 10% fetal bovine
serum (Gibco, USA) and 1% penicillin/streptomycin
solution (Solarbio, CHN). All cells were cultured in cell
incubator with 5% CO, at 37°C and medium was changed
every 2 days.

2.3. Immunofluorescence staining

The immunofluorescence staining procedures were
carried out as previously described>*?%2%1, Antibodies used
in this work include mouse anti-CK 14 (1:200, MAB3232,
Millipore), mouse anti-vimentin (1:200, sc-6260, Santa
Cruz Biotechnology), and Alexa FluoR 488 Goat anti
Mouse (1:500, A11001, Invitrogen). All samples were
observed under confocal microscope (Olympus FV1200,
Japan).

2.4. Bioink preparation

The process of bioink preparation was performed
according to the manufacturer’s instructions. The first
step was to prepare the 0.25% (w/v) standard solution
of lithium phenyl-2, 4, 6-trimethylbenzoylphosphinate
(LAP), which served as a photoinitiator. The LAP was
dissolved in phosphate buffered saline at 40-50°C for
15 min. Then lyophilized GeIMA (GM-60, EFL, China)
was dissolved in LAP solution at 37°C for 30 min and
10% (w/v) GelMA solution was filtered through 0.22 um
sterile filter. At last, cells were suspended by GelMA

solution at a density of approximately 1 x 10° cells/mL
on the basis of manufacturer’s recommendation. HERS-
laded bioink and DPCs-laden bioink were prepared
separately for 3D bioprinting.

2.5. 3D bioprinting

The 3D epithelial-mesenchymal model was designed
and resized to an 8.0 x 8.0 x 1.5 mm? cuboid, then
exported into a STereoLithography file by Maya 2016
(Autodesk, USA). The 3D bioprinting was carried out
by 4" Generation 3D-Bioplotter® Developer Series
(EnvisionTEC, Germany), which was designed for the
field of tissue engineering**!, HERS-DPCs constructs
were printed with two kinds of bioinks - each layer of
HERS cells followed by two layers of DPCs. In other
words, the ratio of two cells is 1:2, which was the same as
in our previous research!'%, In this study, we used 27-gauge
syringe needle, and the related printing parameters
were set as follows: (i) pneumatic pressure: 0.8—1.1 bar;
(11) moving speed: 9—-11 mm/s; (iii) temperature of print
head: 25-27°C; (iv) temperature of platform: 15°C; and (v)
distance between lines: 0.8 mm. Supplemented with culture
medium after printing, the constructs were solidified with
405 nm light-curing portable source (EFL-LS-1601-405,
EFL, China) for 30 s32, To evaluate the function of
HERS-DPCs construct in osteogenesis, HERS cells alone
construct and DPCs alone construct were bioprinted
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according to the same model and parameters as control
groups. All constructs were cultured for 4 days in vitro
before implantation experiments.

2.6. Live/dead cell viability assay

The viability of HERS or DPCs cells encapsulated in
GelMA hydrogel was tested by Live/Dead Viability/
Cytotoxicity Assay Kit for Animal Cells (KeyGEN,
China) after 1, 4, and 7 days of incubation according
to the manufacturer’s instructions (n = 4). Live and
dead cells were observed under laser scanning confocal
microscope. The quantity of cells was counted through
Image J software and the cell viability was quantified by
calculating the proportion of living cells among all cells.

2.7. Cell labeling

Vybrant™ Dil and DiO cell-labeling solution (Thermo
Scientific, USA) are commonly used cell tracers in cell-
cell fusion, cellular adhesion, and migration research due to
their low cytotoxicity and high stability. To investigate the
interaction between HERS cells and DPCs loaded in GeIMA,
the two kinds of cells were dyed by Dil and DiO solutions
separately according to the experimental protocols. First,
we added the cell-labeling solution into serum-free alpha-
minimum essential medium with the concentration of 5 uL/
mL. Then cells were suspended by the working solution at
a density of 1 x 10%mL and incubated for 15-20 min at
37°C. Finally, we resuspended cells in warm medium after
the treatment of centrifugation at 1200 rpm for 5 min and
repeated the procedure twice before viewing the cells under
fluorescence microscope (Olympus, IX73, Japan).

2.8. Microscopic evaluation of constructs

GelMA scaffold was dehydrated by gradient alcohol
to remove its aqueous phase. Then the scaffold was
inspected under a scanning electron microscopy (SEM,
Inspect F, FEI, USA) for microscopic observation.

2.9. Quantitative measurements of cell number
and cell confluence

Cell convergence, the percentage of cell area in culture
dish, was one of the main parameters in cell culture in vitro
and usually used to assess cell proliferation®®*34, In this
study, we counted the cell number and cell confluence by
Image J software (n = 4).

2.10. Alveolar socket transplantation in SD rats

8-week-old female SD rats (210-240 g) were used for
alveolar socket transplantation experiment (n = 4). The
experimental groups were designed as blank, DPCs
(3D bioprinting), HERS (3D bioprinting), HERS+DPCs
(3D bioprinting), and HERS+DPCs (mixed). The last
group mixed HERS cells and DPCs at a ratio of 1:2 in

GelMA solution without the process of 3D bioprinting. We
extracted the first and the second right maxillary molars,
and then prepared the alveolar socket into a 1.0 x 2.0 x
1.5 mm’ bone defect with a dental implant machine.
No implant was used to fill the bone defect in the blank
group while the four other groups implanted constructs
matching the alveolar socket defect before suture. The
digital X-ray films were taken before and after surgery.
After 8 weeks, samples were collected and treated with
4% paraformaldehyde for 24 h, then decalcified with 10%
ethylenediaminetetraacetic acid for 7 weeks. All specimens
were embedded with paraffin for further analysis.

2.11. Histological and immunohistochemical
staining

5 wm thick tissue sections were prepared for hematoxylin
and eosin, Masson and immunohistochemical staining. All
samples were treated in accordance with manufacturer’s
recommended protocols. Primary antibodies used in this
work consisted of COL-I(1:200,ab270993, Abcam), OCN
(1:500, ab93876, Abcam), RUNX-2 (1:500, ab76956,
Abcam), and DSPP (1:500, 508413, Zen Bioscience).
Briefly, specimens were deparaffined and hydrated by
dimethylbenzene and ethanol, then permeabilized with
0.1% Triton X-100, treated with citrate antigen retrieval
solution and blocked with 10% goat serum before
incubated with primary antibodies in a moist chamber
overnight at 4°C. After incubating secondary antibodies
for 1-2 h at 37°C, DAB kit (Gene Tech, China) was used
as a coloration solution and all slices were observed under
light microscope (BX43F Olympus, Japan).

2.12. Statistical analysis

All statistical analyses were performed using SPSS 24.0
(SPSS Inc., Chicago, IL, USA). Student’s #-test was used
to compare the differences between two groups and one-
way analysis of variance was performed to assess the
discrepancies between multiple groups. P < 0.05 was
considered statistically significant.

3. Results

3.1. Immunofluorescence measurements

The primary HERS cells grown in clusters with
a cobblestone appearance under light microscope
(Figure 2A, a). HERS cells expressed both epithelial cell
marker CK14 and mesenchymal cell marker Vimentin,
which were identified by immunofluorescence assay,
indicating that they had the properties of epithelial and
mesenchymal cells at the same time (Figure 2A, b and c).

3.2. Viability of the cells encapsulated in GelMA

The cell viability of HERS cells (Figure 2B) and DPCs
(Figure S2) was evaluated by Live/Dead assays after
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culturing for 1, 4, and 7 days. According to the statistical
results (Figure 2C), the cells encapsulated in GelMA
showed high viability (all over 80% on days 1, 4, and 7)
and GelMA was proved biocompatible in 3D bioprinting.

3.3. HERS-DPC:s interaction

To observe the interaction of HERS cells and DPCs in
the 3D-printed GelMA scaffold in vitro, HERS cells were
marked red and DPCs were marked green (Figure 3A).
Next, we recorded the confocal images on day 0, day 3,
and day 8. The results indicate that HERS cells and
DPCs migrated to each other along the scaffold on day 8
(Figure 3B and Figure S3). The corresponding 3D videos
of printed constructs were shown in Figures S4-S6 and
the graph schema showed the migration of the two kinds
of cells (Figure 3C).

3.4. Microscopic observation of printed
construct

The staggered grid structure of GelIMA hydrogel
scaffold was observed under optical and scanning
electron microscopy (Figure 4A-C). Besides, cells
crawled out from the scaffold (Figure 4C, red

arrow) and proliferated since day 3. To evaluate the
cells proliferation, cell number and cell confluence
were calculated (Figure 4D and E). The number and
confluence of cells increased significantly, indicating
rapid cell proliferation at this stage.

3.5. Alveolar socket transplantation in SD rats

In the process of alveolar socket transplantation in SD rats,
we first exposed the right posterior area of maxillary bone
clearly (Figure 4F, a) and took a digital X-ray film before
tooth extraction (Figure 4G, a). Then the first and second
molars were extracted completely (Figure 4F, b and c)
before mechanical preparation of the alveolar bone defect
(Figure 4F, d). After transplanting the constructs, the
oral mucosa and skin were tightened with layered sutures
(Figure 4F, e and f). At last, a digital X-ray film was
taken after operation (Figure 4G, b).

3.6. Histological and immunohistochemical
analysis of transplantation in vivo

The HE and Masson staining marked plenty of newly
formed collagen fiber in the operation area of all groups
(Figure 5). The blank group, compared to other groups,
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Figure 2. Isolation, culture, identification, and viability of HERS cells. (A) The isolation, culture, and identification of primary HERS cells.
HERS cells expressed both epithelial marker CK14 and mesenchymal marker vimentin. (B) Live/dead images of HERS cells encapsulated
in GelMA hydrogel on days 1, 4, and 7. BF: Bright field; Merge 1, merge of Live and Dead images; Merge 2, merge of live, dead, and BF
images. (C) Quantitative analysis of cell viability, ***P < 0.001. HERS: Hertwig’s epithelial root sheath, GeIMA: Gelatin methacrylate.
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Figure 3. /n vitro HERS-DPCs interaction. (A) DPCs and HERS cells were dyed by Dio and Dil cell-labeling solution separately. (B)
Confocal images of cells/GelMA constructs after culture in vitro for 0, 3, and 8 days. In HERS-DPCs co-culture, these two kinds of cells
migrated to each other, and the interface between HERS cells and DPCs was getting blurry on day 8. (C) Schema chart of migration of
HERS cells and DPCs. HERS: Hertwig’s epithelial root sheath, DPCs: Dental papilla cells, GeIMA: Gelatin methacrylate.

had fewer and thinner fiber. The markers involved in this
study include osteogenic-related markers (COL-I, OCN, and
RUNX-2) and dentin marker like DSPP. COL-I, OCN, and
RUNX-2 showed positive expression clearly in DPCs group
and HERS+DPCs (3D) group while osteogenesis was also
spotted in the 3D printed HERS+DPCs group (Figure 5).
The HERS+DPCs (3D) group displayed more positive
expression of DSPP than the HERS+DPCs (mixed) group.

4. Discussion

The serial interactions between epithelial cells and
mesenchymal cells are crucial for tooth development
and regeneration®-"l, Studies have shown that the
close contact between mesenchymal cells and basement
membranes of epithelial cells mediated the differentiation
of DPCs. However, in the research of tooth regeneration,
HERS tends to lose its epithelial characteristics through
epithelial-mesenchymal transformation (EMT), thus
losing the ability of inducing mesenchymal cells to
differentiate®***#l. The previously fabricated HERS
spheroids differentiated or induced DPCs to form
mineralized tissue both in vitro and in vivol'”. HERS
cells extracted from the tooth germ of neonatal rats in this

experiment expressed both epithelial and mesenchymal
markers, indicating that EMT had occurred in HERS cells
(Passage 1) during this period (Figure 2A, b-c).

This experiment further explored the methods to
promote the interaction between HERS cells and DPCs.
We hypothesized that the 3D printed structure could
construct a dimensional environment conducive to cell
growth. GeIMA has been used as the scaffold material of
3D printing in many studies for its physical and mechanical
properties®>*!, Barros et al. proposed a method for
constructing the 3D skin model by using GeIMA-based
bioinks!*!. GelMA/alginate hydrogel loaded with human
umbilical vein endothelial cells was printed on polyester
porous membrane™!, and the construct was beneficial to both
the diffusion of nutrients through forming internal vascular
network and the interaction between dermal fibroblasts
and endothelial cells. In this study, the high cell viability
in 3D-printed constructs suggested that GelMA hydrogel
had good biocompatibility (Figure 2B and C and Figure
S2). In the in vitro experiment of HERS-DPCs interaction,
compared to the 3D-printed DPCs/GelMA group, the two
cells migrated to each other significantly after 8 days of
co-culture (Figure 3B). The interface between HERS
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Figure 4. Microscopic observation and alveolar socket transplantation of printed construct. (A) Optical microscope images of 3D printed
construct in culture medium. (B) SEM images of printed construct show the staggered grid structure. (C) Cells crawled out from the
GelMA scaffold (red arrow) and proliferated since day 3. (D) Quantitative analysis of cell number on day 3 and day 4, ****P < 0.0001.
(E) Quantitative analysis of cell confluence on day 3 and day 4, ***P < 0.0001. (F) The flow of animal experiments: (a) exposure of the
operation area; (b) extraction of the first and second upper right molars; (c) M 1: The first molar extracted from the right maxilla, M 2: The
second molar extracted from the right maxilla; (d) preparation of alveolar bone defect; (e) suture of the mucosa; and (f) suture of skin. (G)

X-ray films of jaw bone before (a) and after (b) operation.

cells and DPCs was getting blurry, indicating that the 3D
printing structure model of this experiment was conducive
to the migration and growth of HERS cells and DPCs. We
drew a schematic diagram to display the migration of the
two kinds of cells vividly (Figure 3C).

Cell differentiation requires specific micro-
environment induction™®*, The alveolar fossa model
we constructed simulated the micro-environment for
HERS cells and DPCs to proliferate and differentiate.
The staggered grid design provided enough space for
cell proliferation, and we found that massive cells
encapsulated in GeIMA crawled out of scaffolds on the
3" day and proliferated rapidly (Figure 4A-C). In addition,
the cell confluence increased from approximately 55%
to 80% from day 3 to day 4 (Figure 4E). Therefore, the

printed constructs were cultured in vitro for 4 days before
transplanting into alveolar socket and then observed
invivo for § weeks. HE, Masson and immunohistochemical
staining were applied to assess the osteogenesis. The
osteogenesis of blank group and HERS group was
not obvious. Significantly, DPCs group had positive
expression of osteogenic markers, including COL-I,
OCN, and RUNX-2-41This result may be explained
by the fact that DPCs differentiated into osteoblasts to
promote bone formation under the induction of micro-
environment in alveolar fossa (Figure 5). Except for the
expression of osteogenic markers, new bone formation
also occurred in HERS+DPCs (3D bioprinting) group. It
seems possible that these results were due to the induction
of HERS cells in 3D culture environment. This micro-
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H+D (mixed) H+D (3D)

Figure 5. Hematoxylin and eosin staining, Masson staining and immunohistochemical evaluations of implantation in alveolar bone
after 8 weeks. The groups were divided as blank, DPCs (3D bioprinting), HERS (3D bioprinting), HERS+DPCs (3D bioprinting) and
HERS+DPCs (mixed). No implant was used to fill the alveolar bone defect in the blank group. HERS+DPCs (mixed) group mixed two cells
in GeIMA directly without 3D bioprinting. DPCs group had positive expression of osteogenic markers, including COL-I, OCN, and RUNX-
2. Except for the expression of osteogenic markers, new bone formation (yellow arrow) also occurred in HERS+DPCs (3D bioprinting)
group. Scale bars = 100 wm. B: Alveolar bone, ME: Mucosa epithelium, HERS: Hertwig’s epithelial root sheath, DPCs: Dental papilla cells,

GelMA: Gelatin methacrylate.

environment was conducive to DPCs differentiating into
osteoblasts and bone repair in alveolar fossa. In addition,
dentin marker DSPP was positively expressed in both 3D
printing group and mixed group™”, indicating that there
was no obvious relativity between the differentiation of
DPCs and the scaffold structure. These results suggested
that the construction of three-dimensional micro-
environment for HERS-DPCs interaction by 3D printing
is beneficial to the differentiation of DPCs. Although
the mechanism of interactions between HERS cells and
DPCs in GelMA scaffold remains unknown, our research
on HERS-DPCs co-culture model through 3D bioprinting
provides new insights into the EMI study and we will
continue to investigate this issue in depth in the future.

5. Conclusion

The main goal of the current study is to investigate the
feasibility of recombination of HERS cells and DPCs
through 3D bioprinting. The results of cell viability and

proliferation indicate that the printed GelMA scaffold
could provide adequate conditions for cell activities.
Besides, the constructed 3D HERS-DPCs co-culture
model might simulate the micro-environment during tooth
development in vivo, which was favorable for interactions
between these two kinds of cells. Thus, the HERS-DPCs
group shows better alveolar bone regeneration in SD rat
models. This study certainly expanded our understanding
of the strategy for dental EMI research.
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