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Abstract

Background: Pulp regeneration in immature permanent teeth depends on whether
deciduous teeth’s pulp can establish early blood supply connections with surrounding
tissues after transplantation. This study aimed to explore the effect of Matrigel on
early blood supply establishment after transplantation. Methods: Empty root canals
of permanent teeth were prepared and divided into 3 groups (n = 18 each). Group A
(Deciduous Pulp group): The pulp of deciduous teeth was extracted, transplanted into
an empty root canal, and then implanted subcutaneously into nude mice. Deciduous
pulp/Matrigel group as Group B, empty root group as Group C. Results: Histochemical
and immunohistochemical examinations were performed 8 weeks after implantation.
Both Groups A and B had pulp tissue and fibrous connective tissue interwoven within
the root canals. Immunohistochemical staining revealed that human platelet endothelial
cell adhesion molecule-1 (CD31) positive cells were scattered over pulp tissue area,
while mice CD31 positive cells were scattered over connective tissue area. Meanwhile,
human Nestin immunohistochemistry was positive, and positive cells were distributed
in pulp tissue. The deciduous tooth pulp/Matrigel group presented significantly higher
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microvascular count and optical density of nerve fibers (p < 0.05). Conclusions:
This study indicated that that Matrigel can promote primary teeth pulp viability after

transplantation.
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1. Introduction

Pulp and periapical tissue regeneration in immature permanent
teeth can be promoted mainly by apexification and pulp revas-
cularization [1, 2]. However, the former is primarily aimed
at enhancing hard tissue development in immature permanent
teeth. The prognosis of affected teeth varies depending on
the developmental state of the root and the degree of lesions
[3, 4]. Consequently, apexification falls short of restoring the
physiological structure and long-term function of roots [5].
During pulp revascularization, strict disinfection is used to
control inflammation, apical blood extraction is stimulated,
and a tight crown seal is performed. Animal studies show
pulp revascularization can cause calcification in the root and
complicate treatment after reinfection with newly formed or-
ganisms similar to periodontal tissue [6—8]. The use of tissue
bioengineering techniques to implant dental stem cells into root
canals of immature permanent teeth has increased in recent
years [9-13]. Despite some success in restoring pulp tissue,
this approach has mostly resulted in fragmented regeneration.
To regenerate the real pulp of immature permanent teeth, we
proposed transplanting deciduous teeth pulp directly into root
canals. We observed odontoblast-like cells generated after au-

totransplantation of deciduous tooth pulp into a Beagle model
of immature permanent tooth periapical inflammation in our
preliminary study [14]. However, the establishment of early
blood supply is a prerequisite for deciduous teeth pulp survival
and function. During the early stage of transplantation, the
pulp tissue of primary teeth lacks connections to surrounding
tissues, and the transient ischemic and hypoxic environment
will influence stem cell activity in the pulp tissue. So, we
aim to find a material that promotes the establishment of blood
supply to pulp tissue in deciduous teeth after transplantation.
Using Matrigel, a soluble proteoglycan substrate of the base-
ment membrane, endothelial cells can be cultured to form
interconnected, capillary-like structures that mimic basement
membrane characteristics [ 1 5—17]. Therefore, in this study, we
tested the effect of Matrigel on pulp blood supply in deciduous
teeth after transplantation by using an ectopic transplantation
model of nude mice.

2. Materials and methods

2.1 Experimental animals

Six-week-old female nude mice were provided by Nanchang
Leyou Biotechnology Co., LTD. (Animal qualification certifi-
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cate No: SYXK (Gan) 2017-0002). Each nude mouse weighed
20-25 g (22.16 + 1.39).

2.2 Acquisition of in vitro teeth

Eighteen mandibular premolars for orthodontic extraction at
the Affiliated Stomatological Hospital of Nanchang University
from May to August 2021 were collected. Consent forms
were signed by parent or legal guardian of patients. Patients
are required to be 12—15 years old and free of odontogenic
or periodontal diseases. Based on the Cone Beam Computed
Tomography (CBCT) analysis, the extracted premolars had
single canals and roots at least 10 mm long.

2.3 Acquisition of deciduous teeth

We selected children from May to August 2021 who had re-
tained deciduous teeth that needed to be extracted. 12 qualified
deciduous anterior teeth were collected. Extracted primary
teeth should have healthy dental and periodontal tissues, root
resorption less than 1/2, and tooth mobility less than I1°.

2.4 Preparation of dental cavities

In vitro teeth were scraped with a surgical blade to remove
residual periodontal tissue on the root surface. Crowns were
removed from the enamel cementum boundary along the dental
long axis with a fissure bur (MANI, Japan). We cut off a small
amount of the root tip in order to establish an apical foramen,
which was about 2 mm wide, and we prepared the root to be
about 8§ mm long. With a pull-out needle, the dental pulp
was completely removed and prepared to 35# with a nickel
titanium file (M3, United Dental Group, Jiangsu, China). For
irrigation, 17% Ethylene Diamine Tetraacetic Acid (EDTA,
03690, Sigm, St. Louis, Missouri, USA) solution and 5.25%
sodium hypochlorite (NaOCl, TMD, Beijing, China) solution
were alternated. Once the dental cavity had been prepared,
it was rinsed 2-3 times with phosphate buffered saline (PBS,
Biorebo, Beijing, China), followed by ultrasonic oscillation
with 5.25% NaOCl solution for 10 min, ultrasonic oscillation
with PBS for 10 min, and immersion in 17% EDTA for 12 h.
Shock the deionized water for 30 min. Finally, the prepared
dental cavity tube was soaked in sterile triple antibiotic solution
(Solebault Technologies, China), and stored at a sterile low
temperature of 4 °C (Fig. 1).

2.5 Pulp extraction from deciduous teeth

To prepare for the procedure, participants were gargled
with 0.2% chlorhexidine solution (Bond, Jiangsu, China)
for 60 s, disinfected the operative area with 0.1% iodophor
(20172140782, HYNAUT, Qingdao, Shandong, China), and
underwent a complete extraction of residual deciduous teeth
under local anesthesia. A dental diamond bur is used to
longitudinal grind and incise the proximal and distal wall
of the tooth root after deciduous teeth are extracted. Pulp
tissue was excavated quickly using a small, sharp excavator
to minimize damage. Pulp sample was quickly placed in the
sterile triple antibiotic solution, sealed, and transported to the
laboratory at 4 °C. The time it takes to extract the retained
deciduous tooth and transport the pulp to the laboratory should

not exceed 30 min (Fig. 2).

2.6 Experimental method

The experiment was divided into three groups, control group,
treatment group and negative control group.

Group A represents the control group that only consists of
deciduous pulp. Deciduous teeth pulp was gently placed in the
dental cavity, ensuring that it exceeded the apical foramina.
Crown root canals were sealed with mineral trioxide aggregate
(MTA, Dentsply TulsaDental, Tulsa, OK, USA) rebase and
glass ionomer cement.

Group B represents the treatment group comprises decidu-
ous pulp supplemented with Matrigel (356234, Corning Co.,
Corning, NY, USA). Matrigel was thawed at 4 °C. Matrigel
liquid was injected into the dental cavity. Deciduous teeth pulp
was fully covered by Matrigel liquid, and gently placed in the
dental cavity. After ensuring pulp exceeds apical foramina,
MTA rebase and glass ionomer cement are used to close the
crown root canal opening. The pulp was left to gel at room
temperature.

Group C serves as a negative control, contains an empty root
canal without deciduous pulp. Dental cavity treatment was not
performed. Crown root canals were sealed with MTA rebase
and glass ionomer cement.

Continuous inhalation anesthesia was administered to nude
mice and they were fixed to an operating plate after muscle
tension was weakened. During the operation, the condition of
nude mice was always noted. Nude mice were incised longi-
tudinally about 1 cm long on the shoulder blade of one side
of their backs using sterile iodophor cotton balls disinfection
on a super-clean bench (Suzhou Antai Air Technology Co.,
LTD., China). The subcutaneous tissue was bluntly separated,
a dental cavity was implanted, the suture was closely sutured,
and the suture was disinfected again with iodophor cotton
balls. All treated nude mice had their ears tagged. Nude
mice were still kept at Nanchang Leyou Biotechnology Co.,
LTD. after the operation. They were not given any special
treatment before or after the experiment, nor was the feeding
environment modified. To ensure a constant sample size for
each group, samples were supplemented whenever possible
during experiment. This was to prevent accidental mortality of
nude mice during surgery or feeding. Make sure each sample
lives under the skin of a nude mice for 8 weeks. This study was
approved by the Ethics Committee of Nanchang Royo Biotech
Co,. Ltd. IACUC Issue No: RYE2021032601).

2.7 Postoperative operation, histological
and immunohistochemical analysis

8 weeks after the operation, nude mice were killed and the
tooth root was detached. The sample was then placed in
10% neutral-buffered formalin for 48 h, decalcified with 17%
EDTA, and the demineralized solution was changed every 24
h. After 3 months of demineralization, sections were washed
off with buffered saline, dehydrated, and embedded in paraffin
wax. Hematoxylin and eosin (HE) staining was performed
on successive slices of paraffin embedded blocks at 5 mm
thick using the Rotary Microtome (RM2255, Leica, Solms,
WZ, Germany). Each sample was examined histopathologi-
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FIGURE 1. Preparation of dental cavities. (A) Extracted premolars; (B) Residual periodontal tissue on the root surface of
in vitro teeth were scraped with a surgical blade; (C,D) Process for preparing dental cavities; (E) Ultrasonic scouring; (F) Sterile
triple antibiotic solution containing dental cavities.

FIGURE 2. Pulp extraction from deciduous teeth. (A) Extracted deciduous teeth; (B,C) Cavities were prepared along the
long axis of the deciduous teeth, and the hard tissue was cleaved to expose the pulp; (D) Pulp tissue was extracted with a small,
sharp excavator; (E) Pulp tissue of deciduous teeth; (F) Sterile triple antibiotic solution containing pulp tissue of deciduous teeth.
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cally under a light microscope (DM2500, Leica, Solms, WZ,
Germany) by the same oral pathologist who was blind to
treatments. Histopathological parameters assessed included
soft tissue composition and blood vessel distribution within
root canals.

Immunohistochemical analyses were also performed to
evaluate angiogenesis and neurogenesis following pulp
transplantation. Firstly, serial sections were prepared
according to the method described above. Proteinase K (30
mg/mL, Sigma-Aldrich, St. Louis, MO, USA) was subjected
to antigen retrieval and incubated with 0.3% hydrogen
peroxide in methanol for 30 minutes. We then incubated
the sections with antibodies-rabbit anti-CD31 (EPR3094,
Boster Bio, Wuhan, China), an immunomarker for human
vascularization, CD31 Polyclonal Antibody (28083-1-AP,
Sanying, Co., Ltd., Wuhan, China), an immunomarker for
mice vascularization, and rabbit anti-Nestin (EPR1301(2),
Omin MADbs, Alhambra, CA, USA), a biomarker for human
nerve fibers—all antibodies were diluted in 1x phosphate-
buffered saline. In the negative group, regular rabbit
serum was used to replace the indicated antibodies. After
washing with PBS, sections were incubated with horseradish
peroxidase-conjugated anti-rabbit immunoglobulin G (IgG,
SV0002, Boster Bio), diluted in 1 x phosphate-buffered saline
for 30 minutes. Additional washes in PBS were followed
by incubation with incubated with 3,3’-diaminobenzidine
substrates (DAB) (CWBIO, Beijing, China). The stained
slides were inserted into the slide-reading driver of a digital
microscopic imaging system for image information analysis.
For quantitative analysis of differences between groups,
Human CD31 Microvascular density (MVD) and Human
Nestin Optical density were calculated. CD31 and Nestin
were expressed in vascular endothelial cells and nerve fibers,
respectively, and stained yellow or brown-yellow in the
cytoplasm. A 200-fold field of view was used to photograph
the three areas with the highest density of positive cells in each
specimen. Following staining, Image-Pro Plus 6.0 (MEDIA
CYBERNETICS, MD, USA) was used to review each staining
result individually. The average microvascular densitometer
value and light density value were used as detection indexes.

2.8 Statistical analysis

Based on the resource equation, the sample size is calcu-
lated. Kruskal-Wallis single factor analysis of variance was
performed using SPSS 20.0 (IBM Information Management,
Armonk, NY, USA) and GraphPad Prism 8.0.1 (GraphPad
Software, San Diego, CA, USA). p < 0.05 indicates statistical
significance.

3. Results

3.1 Histological result

HE staining showed interwoven growth of pulp tissue and
fibrous connective tissue in the lumen of Group A (Fig. 3A).
And in Group B, HE staining also revealed contact growth of
dental pulp tissue in root canal with mice connective tissue
(Fig. 3B). While, only a small amount of fibrous connective
tissue containing blood vessels of different sizes was found in

root canal in Group C (Fig. 3C).

Immunohistochemical staining of Group A (Fig. 4) showed
that human CD31 positive cells were scattered in pulp tissue re-
gion, while mice CD31 positive cells were scattered in connec-
tive tissue. Meanwhile, human Nestin immunohistochemistry
was positive. Similar to human CD31, the positive cells were
distributed in the dental pulp tissue. It was evident from the
above results that the dental pulp tissue was still functioning
after transplantation, since the nude mice were capable of
supplying blood to it. And in Group B, immunohistochemistry
(Fig. 5) revealed that dental pulp tissue contained a wide
distribution of human CD31 and human Nestin positive cells.
Human Nestin positive cells have a similar distribution area
to human CD31 positive cells. However, only mice CD31
positive cells were found in mouse connective tissue. It was
demonstrated that nude mice provided a rich blood supply
for the transplanted pulp. But immunohistochemical staining
showed that only mice CD31 staining was positive in Group C

(Fig. 6).

3.2 Statistical analysis

MVD was used to quantitatively compare the amount of an-
giogenesis between the three groups. Table | show that there
were significant differences among the three groups (p <
0.001). Similarly, Table 2 shows the difference in average
optical density values of Nestin between the groups. The
statistical results show that, Nestin’s average optical density
was significantly different among the deciduous pulp group,
the deciduous pulp/Matrigel group and the negative control
group (p < 0.001).

TABLE 1. Comparison of microvascular counts M (P25,

P75).

n M (P25, P75) H p value

Deciduous Pulp 18 8.00
(4.00, 12.50)

Group 41.41 <0.001
Deciduous Pulp/ 25.00
Matrigel Group (17.75, 31.50)
Negative Control 18 ©. O(())',O(()) 00)

Group

Microvascular counts differ significantly among the deciduous
pulp group, the deciduous pulp/Matrigel group and the
negative control group.

4. Discussion

An autotransplantation model in Beagle confirmed the feasi-
bility of pulp transplantation of deciduous teeth. Additionally,
we observed that the transplanted pulp tissue from deciduous
teeth was able to establish a blood supply connection with the
surrounding tissue in an ectopic regeneration model of nude
mice. This is significant since the pulp is enclosed within a
pulp cavity with only one blood supply. Therefore, the early
establishment of blood supply can reduce ischemia-induced
damage and aid pulp regeneration [18]. In this study, we
used Matrigel to optimize the pulp tissue treatment strategy
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FIGURE 3. Histological analysis. Fig. 3A shows the deciduous pulp group (Group A). (A1) Detection of fibrous connective
tissue and pulp tissue in the root canal (x20); (A2) Enlargement of the circled area in Fig. 3A1 (x40); (A3) Enlargement of
the circled area in Fig. 3A2 displays vascular endothelial cells form obvious vascular cavities, most of which are small vascular
cavities, with red arrows indicating neovascularization lumens (x200). Fig. 3B shows the deciduous pulp/Matrigel group (Group
B). (B1) Root canal contains many fibrous connective tissue and dental pulp tissue (x20); (B2) Enlargement of the circled area
in Fig. 3B1 (x40); (B3) Enlargement of the circled area in Fig. 3B2 displays vascular endothelial cells form an obvious vascular
cavity, most of which are small vascular cavities, with red arrows indicating neovascular cavity (x200). Fig. 3C shows the
negative control group (Group C). (C1) A small amount of fibrous connective tissue is present in the root canal and blood vessels
are visible (x20); (C2) Enlargement of the circled area in Fig. 3C1 (x40); (C3) Enlargement of the circled area in Fig. 3C2, with
the red arrow indicating vascular cavity (x200).

TABLE 2. Comparison of average optical density of

to help immature permanent teeth develop. We compared

Nestin M (P25, P75). the early vascular and nerve formation between the decidu-

n M (P25, P75) H p value ous pulp/Matrigel group and the deciduous pulp group after

. 0.0062 transplantation. As compared to direct transplantation of de-
Deciduous  Pulp 18 (0.0005, 0.0125) ciduous pulp tissue, Matrigel promotes early blood supply after
Gr01.1p 34783 <0.001 transplantation. As a soluble substrate for basement membrane
Decu.luous Pulp/ 0.0166 proteoglycan, Matrigel is widely found on the surface of cell
Matrigel Group (0'003%’0%£195) membranes and in the cell matrix. Biologically active sub-

Negative Control 18

Group (0.0001, 0.0011)

Nestin's average optical density was significantly different
among the deciduous pulp group, the deciduous pulp/Matrigel
group and the negative control group.

strates resemble the main components of mammalian basement
membrane, which can better simulate basement membrane
characteristics in all aspects [19]. Matrigel has been used in
previous studies for various experimental or research appli-
cations, such as angiogenesis, tumor invasion, in vivo disease
model construction and regenerative medicine. According to
studies, Matrigel is histocompatible, and its three-dimensional
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FIGURE 4. Immunohistochemical staining of the deciduous pulp group (Group A). The first row of images shows Human
CD31 localization. (A) Canal tissue rich in blood vessels (x20); (B) enlargement of the circled area in panel A (x40); (C) red
arrows indicate blood vessels. The second row of images shows Mice CD31 localization. (A) Canal tissue is rich in blood vessels
(x20); (B) enlargement of the circled area in panel A (x40); (C) red arrows indicate blood vessels. The third row of images
shows localization of anti-Nestin antibody binding to nerve fibers. (A) Canal tissue is rich in nerve fibers (x20); (B) enlargement
of the circled area in panel A (x40); (C) red arrows indicate nerve fibers.

support environment can reduce stem cell apoptosis after pulp
stem cell transplantation and promote pro-angiogenic factor
expression [15, 20]. In addition, Matrigel contains rich nu-
trients that can nourish deciduous pulp prior to re-establishing
blood supply, and can improve survival rates after transplan-
tation of deciduous pulp [21-23]. Co-culturing spinal ganglia
with Matrigel has also been shown to increase neuronal cell dif-
ferentiation [24, 25]. This study demonstrated that HE staining
and CD31 immunohistochemistry improved the angiogenesis
of the deciduous pulp/Matrigel group compared to the decid-
uous pulp group. Vascular endothelial cells formed a large
number of vascular cavities, most of which were newly formed
small vascular cavities. Human CD31 positive cells were used
for microvascular counting, and statistical analysis that angio-
genesis differed between the deciduous pulp/Matrigel group
and the deciduous pulp group. Furthermore, the deciduous
pulp/Matrigel group showed superior angiogenesis to the de-
ciduous pulp group, and Matrigel allowed the deciduous pulp
to survive after transplantation more effectively. In addition,

the results confirmed Matrigel’s role in promoting pulp blood
supply reconstruction. A similar distribution of human CD31
and Nestin positive expression areas was observed in dental
pulp tissue in this study. Also, Nestin’s average optical density
was further statistically analyzed. Deciduous pulp/Matrigel
had a significantly different average optical density than decid-
uous pulp. This result is also consistent with statistical analysis
of angiogenesis values. After transplantation, the nude mice
provide blood supply to the dental pulp tissue, consistent with
previous studies.

Dental tissue engineering involves ontogenic stem cells,
scaffold structure and growth factors [26]. Deciduous teeth
pulp is a natural three-dimensional scaffold containing pulp
stem cells and many growth factors. In the replacement period,
deciduous teeth have fibrosis in the pulp tissue, which will
affect the effect after transplantation. Matrigel contains a
variety of growth factors including transforming growth factor-
B (TGF-p5), vascular endothelial growth factor (VEGF), fi-
broblast growth factor (FGF), epidermal growth factor (EGF),



Mice CD31 Human CD31

Nestin

-
.
-

151

FIGURE 5. Immunohistochemical staining of the deciduous pulp/Matrigel group (Group B). The first row of images
shows Human CD31 localization. (A) Canal tissue rich in blood vessels (x20); (B) enlargement of the circled area in panel A
(x40); (C) red arrows indicate blood vessels. The second row of images shows Mice CD31 localization. (A) Canal tissue is rich
in blood vessels (x20); (B) enlargement of the circled area in panel A (x40); (C) red arrows indicate blood vessels. The third
row of images shows localization of anti-Nestin antibody binding to nerve fibers. (A) Canal tissue is rich in nerve fibers (x20);
(B) enlargement of the circled area in panel A (x40); (C) red arrows indicate nerve fibers.

platelet-derived growth factor (PDGF), and insulin-like growth
factor (IGF), which have been shown to improve blood vessel
formation [27]. Both immunohistochemical results and mi-
crovascular counts in the experiment showed that the decidu-
ous pulp/Matrigel group vascular regeneration was better than
the deciduous pulp group. After transplantation, Matrigel can
promote pulp blood supply, further confirming its potential.

Besides being an important part of dental tissue engineering,
pulp-dentin regeneration is also an ideal target for treating
dental pulp diseases on a clinical level [28—30]. Pulp-dentin
complex regeneration aims to restore pulp sensibility, repair
capability by mineralization, immunity and other physiological
functions [31]. Dental tissue engineering has often used Ma-
trigel as scaffolds. The study showed that after co-culturing
rat dental pulp cells with Matrigel and implanting them into
pulpotomized maxillary first molars of rats, neovasculariza-
tion occurred [20]. Furthermore, implanting Human Dental
Pulp Stem Cell Sheet/Treated Dentin Matrix/Matrigel sand-

wich structures subcutaneously into nude mice for 3 months
showed the formation of periodontium, dentin, and pulp-like
tissues [32]. Despite the fact that the deciduous pulp/Matrigel
group had stronger vascular regeneration ability than the de-
ciduous pulp group, neither the experimental group nor the
control group could be able to observe the endodontic complex
structure. The possible reasons are as follows: (1) Under hy-
poxia conditions following pulp extraction, transplanted pulp
stem cells first differentiated into vascular endothelial cells to
form blood vessels under hypoxia environment, lacking the
regulation of odontoblast differentiation. (2) Embedded under
the skin of nude mice were isolated teeth, which lack the
support of the periodontal tissue physiological environment,
and stem cells have limited differentiation ability. (3) The ex-
perimental observation time was too short, and the transplanted
deciduous teeth’s pup did not differentiate into odontoblast
cells. Observing pulp-dentin regeneration is crucial to real
pulp regeneration, so we must observe this further in future
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FIGURE 6.

Immunohistochemical staining of the negative control group (Group C). Human Nestin and CD31

immunohistochemical were negative (x20). The second row of images localization of Mice CD31 localization. (A) Canal tissue
is rich in blood vessels (x20); (B) enlargement of the circled area in panel A (x40); (C) red arrow indicates blood vessel.

experiments. Despite the fact that this study shows that Ma-
trigel promotes the development of immature permanent teeth
by stimulating the pulp tissue of transplanted deciduous teeth,
some limitations remain. It is unclear which specific cells
Matrigel is affecting in deciduous teeth due to the complex
composition of pulp tissue. As a result of the short time frame
of the experiment, further observation is required to determine
how the transplanted pulp tissue will be incorporated back into
the primary teeth.

5. Conclusions

This study demonstrated that Matrigel can lead to the establish-
ment of a blood supply after pulp transplantation in deciduous
teeth. However, there is still a need for further research on
how Matrigel promotes revascularization of deciduous tooth
pulp after transplantation.
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