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Abstract 

An injectable tissue engineering method was developed for dentin-pulp complex 

regeneration using an injectable scaffold, crosslinked hyaluronic acid gel (HAG). A 

cell-scaffold composite composed of HAG, tooth buds-derived dental mesenchymal 

cells (DMCs), and transforming growth factor-β1 (TGF-β1) was prepared and injected 

subcutaneously in nude mice. Moreover, β-tricalcium phosphate (β-TCP) and 

polyglycolic acid (PGA) were respectively chosen as control scaffolds for dentin-pulp 

regeneration. The suitability of injectable HAG for dentin-pulp complex engineering 

was further demonstrated in empty tooth slices and pulp chamber of mini pigs. 

Histological and immunohistochemical staining was carried out to identify the 

distinctive tubular dentin and pulp structure, which was further confirmed by the 

detection of several dentinogenesis related genes, DSPP, DMP-1, MEPE, and BSP. It 

was found that a recognizable dentin-pulp like tissue with typical well organized 

dentinal tubular structure, columnar odontoblast-like cells was successfully 

engineered using the injectable HAG scaffold within the subcutaneously area of nude 

mice according to histological staining. High expression of genes, DSPP, DMP-1, 

MEPE and BSP, in the above neo-tissue as well as positive immunohistochemical 

staining for dentin sialoprotein (DSP) confirmed the dentinal characteristics. No 

typical dentin or pulp-like tissue was formed when PGA or β-TCP were used as 

scaffolds. The efficacy of such method was further demonstrated in empty tooth slices 

and pulp chambers of mini pigs which had been pre-treated by removal of total pulp 

and partial dentin. Through the successful delivery of DMCs and TGF-β1 by 

injectable HAG scaffold, the destroyed dentin was vividly repaired along with the 

formation of pulp-like tissue. Hence, the current strategy to engineer dentin-pulp 

complex can overcome the difficulty of specific anatomical arrangement of pulp and 

dentin with minimal invasion, finally leading to their regain of vitality which is 

difficult to realize by the current clinical treatments. 

Keywords: injectable; dentin-pulp; regeneration; hyaluronic acid gel; dentin 

sialoprotein 

Page 2 of 49RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



Introduction 

Injuries, such as trauma, deep cavity preparation or severe caries, can possibly 

lead the pulp to irreversible pulpitis or necrosis. Generally, conventional clinical 

treatment protocol known as root canal or endodontic therapy is indicated in such 

situations,
1, 2

 in which the entire pulp is amputated by pulpectomy and the pulp space 

is then disinfected and replaced with a rubber-like material “gutta percha”.
2
 However, 

in spite of the reported clinical success, the endodontically-treated teeth become 

devitalized, brittle and susceptible to postoperative fracture or other complications. 

The loss of pulp vitality in young permanent teeth terminates dentine formation and 

subsequent tooth maturation.
3
 Furthermore, pulpless teeth have lost defensive ability 

and have no sensation to irritations, resulting in caries progression unnoticed by 

patients and the subsequent extraction of the teeth. Long-term studies have revealed 

that tooth loss is higher for endodontically treated teeth than non-treated because of 

secondary caries and complex restoration associated problems.
2, 4

 Therefore, it is of 

great importance to regenerate functional dentin-pulp complex to replace the lost pulp 

and dentin, in which situation the decayed tooth may possibly escape the fate of 

extraction.  

Along with the boom and widely usage of tissue engineering technology, it 

seems that it could provide an attractive strategy for dentin and pulp regeneration.
5-10

 

However, it is thought to be a tough challenge to regenerate the entire pulp and dentin 

in situ due to the anatomical arrangement of pulp chamber, which is encased within 

dentin and mainly relies on one apical foramen to allow angiogenesis for the 

engineered tissue.
1, 2, 11

 Hence, in order to realize the clinical translation of relevant 

pulp regeneration, rigid scaffold is not a good choice, constrained by the inherent 

character that they can’t penetrate and adapt to the dentin walls throughout the entire 

root canal. Moreover, pulp is a type of soft tissue while its surrounding dentin is 

relatively hard. Dentin-pulp complex is a structure containing both hard and soft 

tissues. Generally, scaffolds often used for soft tissue regeneration, such as 

polyglycolic acid (PGA) and collagen, were difficult for hard tissue engineering, 
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whereas scaffolds such as β-tricalcium phosphate (β-TCP) and bioceramics, were 

mainly used for hard tissue regeneration, e.g. bone.
9, 12-17

 Therefore, it is of great 

necessity to develop a suitable and injectable scaffold which can penetrate the entire 

root canal space
1, 4, 5, 8, 18-22

 and is also easy for clinical application. Hyaluronic acid 

(HA) glycosaminoglycans present in the extracellular matrix of dental pulp is 

important in maintaining morphologic organization by preserving extracellular spaces. 

It also contributes to the initial development of dental pulp and dentin.
4, 23, 24

 As is 

known, HA is biocompatible, biodegradable, bioactive, non-immunogenic and 

non-thrombogenic.
25, 26

 Additionally, HA and its derivatives have been clinically used 

as medical products for over three decades.
27

 HA based gels are usually prepared by 

cross-linking via different kinds of cross-linkers. 1,4-butanediol diglycidyl ether 

(BDDE) is one of those commonly used crosslinkers. It has a significantly lower 

toxicity than other ether-bond crosslinking chemistry based agents. Moreover, it is 

used in the majority of the market-leading HA fillers. The long safety record of 

BDDE crosslinked HA gels had spanned more than 15 years, which makes it as an 

industry standard, ahead of other crosslinkers such as divinyl sulfone and 

2,7,8-diepoxyoctane.
28

 Hence, BDDE cross-linked HA gels (HAG) in the form of 

microparticles were proposed to be used as an injectable scaffold to regenerate 

dentin-pulp complex in this work. Tooth buds-derived dental mesenchymal cells 

(DMCs) were used as seed cells to be combined with HAG since DMCs can 

differentiate into dentin-secreting odontoblasts and were previously used as seed cells 

for dentin-pulp complex regeneration based on tooth developmental theory
2, 29-36

.  

In this work, HAG, utilized as an injectable scaffold, was combined with DMCs 

to form a cell-scaffold composite which was then transplanted subcutaneously into 

nude mice to regenerate dentin-pulp like tissue. Within the above cell-scaffold 

composite, transforming growth factor-β1 (TGF-β1) was supplemented as it 

stimulates matrix secretion, initiates odontoblast cytodifferentiation in vitro and in 

vivo, and is also essential for the homeostasis of the dentin-pulp complex.
37, 38

 The 

duration of in vivo construction was also varied to investigate the influence of time on 

the regenerated tissue. Moreover, β-TCP and PGA were respectively chosen as control 
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scaffolds as they were typical scaffolds for hard and soft tissue regeneration. The 

neo-regenerated tissues constructed from the above three scaffolds were compared 

macroscopically and microscopically. The suitability of the injectable HAG for 

dentin-pulp complex engineering was further demonstrated even in empty tooth slices 

and pulp chamber of mini pigs.  

 

Page 5 of 49 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



Materials and Methods 

Culturing of porcine DMCs  

The surgical procedures were permitted by the Animal Care and Experimental 

Committee of Shanghai Jiao Tong University, School of Medicine. Tooth buds were 

isolated from jaws of newly born porcine and washed with 0.25% chloramphenicol 

solution for 3 times. The tooth bud tissue was then minced into < 2 mm
3 

pieces, and 

enzymatically treated with 0.15% collagenase (NB4 Standard Grade, SERVA) and 

0.5U/ml dispase II (Neutral protease, Roche) in DMEM/F12(1:1) (HyClone) with 

15% fetal bovine serum (FBS) (HyClone) for 1.5 h at 37°C. After that, the digested 

tooth bud tissues were strained with nylon filter (100-µm pores) and the harvested 

primary individual dental bud cells were cultured with DMEM/F12 (1:1) with 15% 

FBS and antibiotic/antimycotic solution (300/ml penicillin G, 300µg/ml streptomycin, 

0.75µg/ml amphotericin B) (HyClone) at an incubator at 37°C with 5% CO2.
39

 These 

cells were cultured for 5~7 days before reaching confluence and they formed a mixed 

population of epithelial- and fibroblast-like cells. The cells were then digested with 

0.25% trypsin for 1~2 min, in which way, dental mesenchymal cells (DMCs) were 

digested and most of epithelial cells were still adherent to the plastic surface of the 

cell culture dish. The digested cells were further cultured in the above medium 

without any antibiotic/antimycotics. Due to the difference in the sensitivity to trypsin 

and medium requirement, the residual epithelial cells gradually lost from the culture, 

leaving only the mesenchymal cells.
40

 DMCs of passage 3 were used for further 

experiments. For the following in vivo studies (nude mice), the cells of passage 3 

were cultured with DMEM/F12 (1:1) medium supplemented with 10% FBS, 10ng/ml 

TGF-β1 and 10mM glycerol 2-phosphate disodium salt hydrate (β-GP) (Sigma). 

Identification of cultured DMCs  

DMCs of third passage were seeded onto coverslips and cultured to almost 80%~90% 

confluence, and then the cells were fixed in 4% paraformaldehyde for 10 min. The 

subsequent steps for cell staining were performed according to the manufacturer;s 

instructions. Briefly, the primary antibody against Vimentin, a marker for 
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mesenchymes,
41, 42

 was monoclonal anti-Vimentin antibody produced in mouse 

(Sigma), and the second antibody used was Alexa Fluor® 488 Goat Anti-Mouse 

IgG(H+L) (Invitrogen). Propidium iodide (PI) was used for counterstaining. The 

sample was then examined using a confocal laser scanning microscope (Nikon, A1). 

Preparation of injectable HAG scaffold  

HA was first dissolved in 1% NaOH at a concentration of 10 wt%, after which BDDE 

was added to the HA solution with a final concentration of 0.4 vol%. The solution was 

then allowed to crosslink at 40°C for 5h followed by being dried at room temperature 

for 3 days. Phosphate buffered saline (PBS: NaCl, 9mg/ml; KH2PO4, 0.03mg/ml; 

Na2HPO4×2H2O, 0.14 mg/ml; pH=7) of 500 ml was then added to the cross-linked 

HA to make it swell, after which the crosslinked HA was put into dialysis bag and 

dialyzed sequentially with excessive deionized water and PBS sequentially to remove 

the residual BDDE. The resulting gel was adjusted with PBS to a concentration of 20 

mg/ml and then smashed with a homogenizer to prepare gel particles of 0-400µm. The 

yielded HAG was then sealed and stored at 4°C for the standby application. Before 

being used in cell or animal experiments, HAG was sterilized in a high-pressure steam 

sterilizer set at 120°C, 20 min. 

Regeneration of dentin-pulp complex subcutaneously in nude mice using 

injectable HAG scaffold 

The above cultured third passage DMCs were mixed with HAG scaffold 

(pre-incubated at 37
o
C for 3h) at a ratio of 5×10

7
 cells/ml scaffold, further 

supplemented with 1µg/ml TGF-β1. The resulting cell-scaffold composite was 

immediately injected subcutaneously into the dorsum of ~5 weeks old male nude mice 

(Experimental) for 7 or 10 weeks. At the same time, cell-scaffold complex without 

TGF-β1 (Control 1) or HAG scaffold only (Control 2) similarly injected into nude 

mice were used as controls. Each of the above three groups had 10 samples of 7 w and 

had 10 samples of 10 w. 

Moreover, in the experimental group, the cell concentration was varied (2.5×10
7
 

cells/ml, 1×10
7
 cells/ml and 5×10

6
 cells/ml) to investigate its effect on subsequent 

neo-tissue regeneration. Each condition of these three concentrations had 4 repeated 
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samples. 

Preparation of β-TCP scaffold to engineer dentin-pulp complex subcutaneously 

in nude mice 

The sterile β-TCP (Bio-lu, Shanghai, China) was cut into around 5×5×5mm
3
 in size 

and then coated with pre-prepared 0.1% Collagen I (containing 1µg/ml TGF-β1) at 

4
o
C overnight, after which the coated scaffold was washed with DMEM/F12 (1:1) 

medium once and dried in clean bench before usage. The collagen solution for coating 

was prepared as follows: powder of Collagen I from rat tail (C7661, Sigma) was 

dissolved in 0.1M acetic acid and sterilized with chloroform at 4
o
C overnight. The 

sterilized Collagen I in the supernate was then gently removed to a sterile centrifugal 

tube and adjusted to a concentration of 1mg/ml at pH 7.2. TGF-β1 was then added to 

this collagen solution at a concentration of 1µg/ml. The prepared Collagen I solution 

was then stored at 4
o
C for subsequent coating.  

The above cultured third passage DMCs were then seeded onto this coated β-TCP 

scaffold with a cell density of 5×10
7
 cells/cm

3
. The composite was then placed in a 

6-well plate. One ml of the TGF-β1 supplemented DMEM/F12 (1:1) medium was 

added into the well after being incubated for 4 h to allow cell attachment. The β-TCP 

composite was then implanted subcutaneously into the dorsum of ~5 weeks old male 

nude mice for 7 or 10 weeks, respectively. At each time point, 4 samples were 

repeated.  

Preparation of PGA scaffold to engineer dentin-pulp complex subcutaneously in 

nude mice 

As described previously,
43

 fifteen milligrams of non-woven PGA fibers (Shanghai 

Jurui Biomaterials Company Inc., Shanghai, China) were pressed into meshes of 

approximately 9 mm in diameter and 1 mm in height. To improve its stability, PLA at 

a concentration of 0.5% in chloroform was added to the PGA mesh by dropping at a 

ratio of 10% of the total weight. The solvent was allowed to evaporate, and the 

resulting scaffolds were sterilized using 75% ethanol for 1 h and rinsed 3 times with 

PBS. Before cell seeding, the scaffolds were immersed in DMEM/F12 (1:1) medium 

overnight before usage.
43
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DMCs of third passage were then seeded onto this stabilized PGA scaffold with a cell 

density of 5×10
7
 cells/cm

3
. The composite was then placed in a 6-well plate. One ml 

of the TGF-β1 supplemented DMEM/F12 (1:1) medium was added into the well after 

being incubated for 4 h to allow cell attachment. The PGA composite was then 

implanted subcutaneously into the dorsum of ~5 weeks old male nude mice for 7 or 

10 weeks, respectively. At each time point, 4 samples were repeated. 

Regeneration of dentin-pulp complex within pre-treated tooth slices  

Preparation of tooth slices: Noncarious human second premolars were collected from 

the patients of the Oral Surgery Clinic in Shanghai Ninth People’s Hospital Affiliated 

Shanghai Jiao Tong University School of Medicine. The residual gingiva and 

periodontal tissues were removed with a scalpel, and the teeth were then cut at the 

cervical region with a high-speed turbine to obtain slices of approximately 1mm in 

thickness. The pulp was thoroughly removed with dental barbed broaches from the 

above slices. The resulting tooth slices were soaked in 75% ethanol for 1 h and 

washed with sterile dulbecco’s phosphate buffered saline (D-PBS) (NaCl: 8.0g/L, KCl: 

0.2g/L, KH2PO4: 0.2g/L, Na2HPO4((anhydrous): 1.15g/L, pH=7.2)(Sigma-Aldrich) 

for several times. After that, the tooth slices were preincubated with DMEM/F12 (1:1) 

medium with 15% FBS at an incubator set at 37°C and 5% CO2 for several hours 

before subsequent usage. 

DMCs of third passage were mixed with HAG scaffold (pre-incubated at 37
o
C for 3h) 

at a ratio of 5×10
7
 cells/ml scaffold, further supplemented with 1µg/ml TGF-β1. This 

cell-scaffold composite was first injected into the empty cavity of prepared tooth slice, 

and the resulting slice was then implanted subcutaneously into the nude mice for 10 

weeks. As to this tooth slice model, five samples were repeated. 

Regeneration of dentin-pulp complex in porcine dental pulp cavity 

For the dentin-pulp regeneration in mini pigs, the unerupted permanent molar tooth 

buds of 3-month-old mini pigs were surgically removed from mandibles, and then 

digested and cultured according to the same way mentioned above. For the following 

in vivo studies, the obtained DMCs of third passage were cultured with DMEM/F12 

(1:1) medium supplemented with 10% FBS, 10 ng/ml TGF-β1 and 10mM β-GP.  
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Treatment of porcine dental pulp cavity: The same 3-month old porcine after removal 

of unerupted permanent tooth buds was anesthetized with 0.25% pentobarbital sodium. 

Dental pulps of the second and third premolars in the mandible were removed with 

dental barbed broaches. The tooth canal space was enlarged and the cavity was 

temporarily sealed with hydraulic temporary restorative (GC, Japan) according to the 

routine clinical procedures.  

At one week after the above dental pulp cavity treatment, the above third passage 

DMCs were mixed with HAG scaffold (pre-incubated at 37
o
C for 3h) at a ratio of 

5×10
7
 cells/ml scaffold, further supplemented with 1µg/ml TGF-β1. For the 

experimental group in this big animal study, this cell-scaffold composite was then 

injected into the empty porcine dental pulp cavity. Immediately before the injection, 

the temporarily sealing was removed and the pulp cavity was thoroughly washed with 

5.25% NaClO, 3% H2O2 and sterile 0.9% NaCl in sequence. The prepared 

cell-scaffold composite was then injected into the pulp cavity and the hole was sealed 

with mineral trioxide aggregate (MTA) and glass ionomer cement (GC, Japan) 

sequentially. Moreover, clinical and blank controls were also conducted. The empty 

dental pulp cavity was similarly treated except filled with gutta percha points, which 

was served as a control of clinical treatments (Clinical control). The empty dental 

pulp cavity was also similarly treated except that the cavity was left empty as a blank 

control. All the pigs were normally raised after the above surgeries. After one month, 

the above implants were harvested for the following histological analysis. As to this 

mini pigs model, each of the three groups (EXP, Clinical and Blank) had 5 samples 

repeated.  

Histology and immunohistochemical analysis 

When it’s time to harvest the samples, the animals were treated with euthanasia. The 

samples were then removed and washed with PBS, followed by being fixed in 4% 

paraformaldehyde at 4
o
C for 24h, demineralized with 10% EDTA at room temperature 

for several months. The samples were then processed paraffin section, and the 

sections (5µm-thick) were performed H&E, Masson (MAIXIN.BIO) and 

immunohistochemical staining. The primary antibody used for the 
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immunohistochemical analysis is rabbit anti-human dentin sialoprotein (DSP) 

polyclonal antibody (H-300) (1:100 dilution) (Santa Cruz). The second antibody used 

was Envision+ system-HRP labeled polymer anti-rabbit (Dako), and liquid DAB+ 

substrate chromogen system (Dako) was used as well.  

Quantitative real-time reverse transcriptase-polymerase chain reaction 

(RT-PCR) 

To detect the expression of dentinogenesis related genes, DSPP (dentin 

sialophosphoprotein), DMP-1 (dentin matrix protein 1), MEPE (matrix extracellular 

phosphoglycoprotein), and BSP (bone sialoprotein), samples of Experimental 

(DMC+HAG+TGF-β1) and Control 1 (DMC+HAG) groups which were 

subcutaneously constructed in nude mice for 10w were harvested. The respective total 

RNA was extracted using TRIzol® Reagent (Invitrogen, USA) from the samples, 

reverse-transcribed and amplified using a RevertAid First Strand cDNA Synthesis Kit 

(Thermo) in a 20-µL reaction mixture containing 1µl RNAase inhibitor, 1µl reverse 

transcriptase, 1µl oligo(dT)15, 2µl 10mM dNTPs, buffer and RNAase-free water. The 

PCR primers used here were purchased form Invitrogen Biotechnology Co., LTD. The 

detailed primer sequences were shown in Table 1. The expression of β-actin mRNA 

was used in all real-time PCR reactions as an internal control. The RT-PCR assay was 

performed using 7300 Real Time PCR System (Applied Biosystems) with the 

following profile: 95°C for 10min, and then cycling for 40 cycles at 95°C for 15 s and 

60°C for 60s, and then 60°C for 5min. The relative expression of each mRNA was 

calculated by the ⊿Ct method. ⊿Ct is the value obtained by subtracting the Ct value 

of β–actin mRNA from the Ct value of the target mRNA.
44

 The experiments were 

repeated three times and the values were the mean of 3 individual samples (n=3). Data 

are presented as mean ± SD. 
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Morphology of DMCs and injectable HAG scaffold 

The cultured DMCs exhibited a typical spindle-shaped appearance as shown in 

Figure 1 A. Moreover, these cells were positive for vimentin, which is a characteristic 

protein of mesenchymal cells (Figure 1B). The sizes of prepared HAG particles were 

in the range of 0-400µm (Figure 1C), and these gels in the form of irregular 

microparticles could be easily injected via a syringe (30G) as shown in Figure 1 D. 

Regeneration of dentin-pulp complex subcutaneously in nude mice 

Gross views of samples of Experimental group which had been constructed 

subcutaneously in nude mice for 7 and 10 weeks were shown in Figure 2 A and D, 

respectively. Grossly, the engineered tissues of experimental group were highly 

mineralized both at 7 and 10 weeks. Therefore, before they were further subjected to 

histological staining, demineralization was necessary for obtaining paraffin slices. The 

implanted samples of Control 1 group (briefed as DMC+HAG) in nude mice for 7 and 

10 weeks were shown in Figure 2 B and E. From the gross views (Figure 2 B and E), 

these samples were also mineralized and the mineralization degree was enhanced with 

time from 7w to 10w. The samples obtained from pristine HAG scaffold (Control 2, 

briefed as HAG) after 7 and 10 weeks; subcutaneous implantation in nude mice were 

shown in Figure 2 C and F. The harvested samples of this Control 2 group were soft 

and transparent. A high water content could be envisioned on samples for Control 2 

group. 

Overall view of H&E and Masson staining of the regenerated tissue of the 

Experimental group of 7 weeks were shown in Figure 3 A and D, respectively. The 

whole sample exhibited island-like features. Within localized areas of a higher 

magnification (Figure 3 B, C, E and F), there were well organized dentinal tubules 

(white arrow head), columnar odontoblast-like cells (yellow arrow head) with 

polarized basal nuclei and blood vessels (black arrow head). Those cells with 

polarized basal nuclei aligned against the regenerated dentin-like tissue, while those 

dentinal tubules (white arrow head) arranged radially from the pulp-like tissue.  

 

No typical dentin or pulp like tissue can be seen in both Control 1 (Figure 4 A-C) 
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and Control 2 groups (Figure 4 D-F). For both groups, HAG (green arrow head) still 

occupied the most areas, but most of the HAG fragments would be missed during the 

H&E processing. A few bone-like hard tissue could be located within the DMC+HAG 

sample (Figure 4 B), whereas only fibrous soft tissue could be identified 

encapsulating the sample of HAG group (Figure 4 E and F). 

When it came to 10 weeks, the regenerated tissue of the Experimental group 

exhibited a more mature feature of dentin-pulp like morphology as shown in Figure 5, 

compared to those of 7 weeks (Figure 3). From the overall view of H&E (Figure 5 A) 

and Masson (Figure 5 D) staining of the regenerated tissue, it can be seen that the 

formed typical island-like tissues were quite homogeneous throughout the whole 

sample. Moreover, as shown in Figure 5 B, C, E, and F (higher magnification 

observations of the localized square areas within A and D), in the regenerated 

construct there were well-organized dentinal tubules (white arrow head) arranged 

radially along the pulp-like tissue and columnar odontoblast-like cells with polarized 

basal nuclei (yellow arrow head) juxtaposed along the dentinal wall. Blood vessels 

could be observed with a well distribution within the pulp-like soft tissue (black arrow 

head).  

As to the control groups of 10 weeks (Figure 6 A and D), similar conditions were 

observed as those of 7 weeks. A relatively high density of cells could still be observed 

in samples of Control 1 group (Figure 6 B and C), whereas only residues of HAG 

scaffolds could be located with fibrous encapsulation at the edge of the implants 

(Figure 6 E and F).  

Based on the above results, immunohistochemical staining for DSP was carried 

out on the constructs of the experimental group which were implanted for 10 weeks. 

The results were then shown in Figure 7. Positive staining for DSP throughout the 

whole structure, especially within the area of soft tissue (Figure 7 A) could be 

ascertained. From the higher-magnification views (Figure 7 A1 and A2), the positive 

DSP expression by odontoblast-like cells (yellow arrow head) and dentinal tubules 

(white arrow head) could be confirmed. The negative immunohistochemical staining 

for Figure 7 A, A1, and A2 were shown in Figure 7 B, B1 and B2, respectively, 
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obtained by the similar processing except without the usage of antibodies, further 

confirming the specific staining. Moreover, positive control staining was carried out 

on slices obtained from a normal tooth of a 6-month pig as shown in Figure 7 C 

(Figure 7 D was respective negative staining for C), exhibiting positive staining for 

DSP in the pulp and dentinal tubules. The normal mature dentin-pulp structure and the 

regenerated tissue (experimental group in this study) bore great similarity in their 

microstructures and tissue distribution.  

A few odonto-osteogenic and dentinogenesis related markers (DSPP, DMP-1, 

MEPE, BSP) were examined by RT-PCR and the results were shown in Figure 8. The 

expression of DSPP, DMP-1, MEPE and BSP in the experimental group (EXP) was 

highly elevated compared to those of the Control 1 group (p<0.0001 for each gene), 

confirming the odontoblastic differentiation of DMCs and dentinal formation within 

the regenerated tissue of EXP group.  

The cell concentration was varied from original 5×10
7
 cells/ml to 2.5×10

7
 

cells/ml, 1×10
7
 cells/ml and 5×10

6
 cells/ml, respectively, so as to investigate the effect 

of cell density within the HAG scaffold on the morphology of neo-formed tissue of 

the experimental group. Figure 9 then showed the gross view, histological and 

immunohistochemical analysis of regenerated tissue constructed subcutaneously in 

nude mice for 10 weeks with the minimum concentration used (5×10
6 

cells/ml). 

Compared with those constructed from 5×10
7
 cells/ml (Figure 2 D and Figure 5 A, D), 

only sporadically-distributed tissue was regenerated within the whole sample (Figure 

9 A, B and D). In the higher magnification observations (Figure 9 C, E) of the 

localized square areas within Figure 9 B and D, dentinal tubules (white arrow head) 

and columnar odontoblast-like cells (yellow arrow head) could also be identified 

along the island-like structure, despite of their relatively lower density. Moreover, the 

presence of blood vessels could be ascertained (black arrow head) as well. According 

to the immunohistochemical analysis (Figure 9 F), positive DSP expression by the 

polarized odontoblast-like cells (yellow arrow head) and dentinal tubules (white arrow 

head) in the regenerated tissue could be observed. From the rest samples constructed 

from 2.5×10
7
 cells/ml and 1×10

7
 cells/ml, similar conditions were observed that the 
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microstructure of neo-tissues had similar features to that constructed from 5×10
7
 

cells/ml, but the quantity of expected tissue decreased with the reduction in cell 

density (data not shown).  

To further verify the suitability of HAG as a scaffold for dentin-pulp 

regeneration, two commonly used scaffolds, β-TCP and PGA were applied as scaffold 

controls. The gross view, histological and immunohistochemical analysis of 

regenerated tissue constructed with DMC (5×10
7 

cell/ml), TGF-β1 (1µg/ml) and 

β-TCP as a scaffold in mouse subcutaneously model were shown in Figure 10. 

Grossly, most of the constructs at either 7 or 10 weeks were still β-TCP scaffolds. The 

gross shape of constructs was still remained as that of the original scaffold (Figure 10 

A and B). Microscopically, it was shown that no observable pulp or dentin-like tissue 

could be identified within this construct from H&E (Figure 10 A1) and Masson 

staining (Figure 10 A2) except that weak staining for DSP around the cells within the 

construct was shown from immunohistochemical staining (Figure 10 A3). Even with 

the increase in the in vivo time, the tissue still did not undergo obvious remodeling 

into dentin-pulp like morphology (Figure 10 B1, B2 and B3) as observed from HAG 

constructed samples (Figure 5 A-F).  

The gross view, histological and immunohistochemical analysis of regenerated 

tissue constructed with DMC (5×10
7 

cell/ml), TGF-β1 (1µg/ml) and PGA as a scaffold 

in mouse subcutaneously model were shown in Figure 11. Grossly, PGA fibers could 

still be observed within the construct at 7 weeks (Figure 11 A). When it came to 10 

weeks, it seemed that most of PGA fibers were degraded, but the tissue was quite soft 

(Figure 11 B). Microscopically, similarly as those observed from Figure 10 using 

β-TCP as a scaffold, no typical pulp or dentin-like tissue could be observed within this 

construct except weak staining for DSP both at 7 (Figure 11 A1-A3) and 10 weeks 

(Figure 11 B1-B3). Interestingly, the tissue microstructure varied with time. At 7 

weeks, compact and hard bony like tissue was formed and surrounded by fibrous soft 

tissue entrapped with a high density of cells (Figure 11 A1-A3), whereas at 10 weeks 

the previous hard tissue became relatively soft with a cartilage-like appearance in both 

tissue features and cell distribution.  
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Regeneration of dentin-pulp complex subcutaneously in tooth slice model 

To further investigate the effect of microenvironment on tissue regeneration, the 

cell scaffold composite (DMC+HAG+TGF-β1) was injected into a pre-prepared tooth 

slice and then implanted into the subcutaneous area of a nude mouse as shown in 

Figure 12 A-C. After being implanted for 10 weeks, the tooth slice was harvested 

(Figure 12 D). Grossly, the empty pulp chamber of the tooth slice was filled with 

regenerated tissue, which was further confirmed by H&E (Figure 12 E) and Masson 

(Figure 12 F) staining. The regenerated tissue had dentinal tubules (white arrow head) 

arranged radially along the pulp chamber (Figure 13 A1 and B1). The neo-dentinal 

like tissue was in well integrity with the original dentin. Columnar odontoblast-like 

cells (yellow arrow head) with polarized basal nuclei aligned parallelly along the 

neo-dentinal like tissue with blood vessels distributed throughout the construct (black 

arrow head) (Figure 13 A1, A2, B1 and B2). Positive expression of DSP by polarized 

odontoblast-like cells (yellow arrow head) and dentinal tubules (white arrow head) 

could be observed (Figure 13 C1 and C2). 

Regeneration of dentin-pulp complex in porcine dental pulp cavity  

In order to investigate whether the current injectable scaffold had the clinical 

reference, the cell scaffold composite (DMC+HAG+TGF-β1) was finally injected into 

the empty tooth pulp chamber of a minipig. After one month, the tooth with the 

injected composite was retrieved as shown in Figure 14 A and A1. From the higher 

magnification H&E (A2, A3) and Masson (A4) observations of the regenerated tissue 

of this EXP group, multiple layers of columnar odontobalst-like cells (yellow arrow 

head) with polarized basal nuclei were well-aligned against the regenerated 

dentin-like tissue. Vivid regeneration of neo-dentin structure (white arrow) could be 

indicated and the neo-tissue was in well integration with the original dentin. The 

tubule morphology in the neo-dentinal structure could be observed obviously (white 

arrow head, Figure 14 A4). The distribution of blood vessels (black arrow head) in the 

pulp tissue can be observed (Figure 14 A2-A4). As a clinical control, gutta percha 

points were inserted into the similarly pre-prepared empty pulp chamber of minipig 

and also constructed for one month (Figure 14 B). However, the original dentin 
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remained destroyed or was still in the process of degradation according to the H&E 

(Figure 14 B1-B3) and Masson (Figure 14 B4) staining. No dentin and pulp like tissue 

was regenerated in this chamber. As to the blank control group (Figure 14 C), of 

which the empty pulp chamber after the removal of pulp tissue via routine clinical 

procedures was left untreated, no tissue regeneration was observed in the chamber 

from the overall histological morphology (Figure 14 C1), higher magnification H&E 

(Figure 14 C2 and C3) and Masson (Figure 14 C4) observations. 

Polarized histological morphology of the regenerated dentin-pulp complex in the 

empty tooth pulp chamber of minipig was shown in Figure 15. Figure 15 A and D 

were two representative images, while B, C, E, and F were images of higher 

magnifications. From Figure 15 A and D, it could further confirm the vivid 

regeneration of neo-dentin structure. The neo-dentinal tissue was in well integration 

with the original dentin, but has distinctive polarized morphology. From the higher 

magnification (B, C, E, and F), the tubule morphology in the neo-dentinal structure 

had similar organization and distribution to that in the original dentine.  
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Discussion 

In this report, an injectable tissue engineering method was developed for 

dentin-pulp complex structure regeneration via the application of an injectable 

scaffold, HAG. It was then demonstrated that dentin-pulp like tissue with typical well 

organized dentinal tubular structures, columnar odontoblast-like cells were 

successfully engineered within the subcutaneously area of nude mice using HAG, 

DMCs and TGF-β1. It was also found that with time from 7 to 10 w, the neo-tissue 

remodeled and further organized. Sufficient amount of DMCs is necessary for the 

formation of desired tissue as illustrated by experiments of reducing the cell density 

till 5×10
6
 cells/ml scaffold. The efficacy of such injectable tissue engineering method 

was also demonstrated in empty tooth slices and pulp chambers of mini pigs which 

had been pre-treated by thoroughly removing pulp using dental barbed broaches. Not 

only vivid growth of neo-dentin and pulp like tissue was realized, but also well 

integrity with the original dentin was achieved. Hence, the suitability of an injectable 

scaffold, HAG, for dentin-pulp complex engineering was ascertained, and its 

superiority of easy penetrating and delivering DMCs and TGF-β1 into the whole pulp 

canal with minimum invasion over traditional β-TCP and PGA scaffolds with rigid 

shapes was substantiated. As is known, for decades, various efforts had been paid on 

dentin-pulp regeneration. However, the dream to engineer the whole pulp was 

hampered by the specific anatomical arrangement of pulp and dentin, which could 

then overcome by the current usage of an injectable scaffold, HAG.  

In addition to the specific anatomical and clinical requirements that the injectable 

HAG scaffold meets, the suitability of HAG further lie in its appropriate degradation 

rate. Based on the histological observation of the experimental group in nude mice, it 

seems that most of the HAG fragments were already gone, whereas the majority was 

still remained in the control group (HAG only). One indication is that HAG properly 

degraded in a speed keeping pace with the rate of dentin-pulp complex regeneration. 

The other is that HAG could possibly have the flexibility to adjust its degradation 

under different environments. That is, cells or extracellular matrix within HAG 
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scaffold could easily help to adjust its turnover, probably due to the biological nature 

of HA. What’s more, the degradation product of HAG is HA of different molecular 

weights. As one type of the glycosaminoglycans present in the extracellular matrix, 

HA was shown to be beneficial to maintain morphologic organizations by preserving 

extracellular spaces and was reported to contribute to the initial development of dentin 

matrix and dental pulp.
4, 23

 Hence, most probably, the degradation products of HA 

might also facilitate the matrix formation process. As to the two commonly used 

scaffolds, β-TCP and PGA, no typical dentin or pulp-like tissue regeneration was 

observed subcutaneously in nude mice after 7 or 10 weeks. One possible reason of 

this might be due to their different chemical properties. As is known, when PGA 

degraded, the acid product might influent the metabolism of the cells in the construct 

and may thereby hamper the regeneration of dentin-pulp complex under the same 

circumstance. β-TCP has the osteoinductive property and was shown to be beneficial 

for bone regeneration,
6
 but may not be appropriate for dentin-pulp regeneration as the 

pulp is a type of soft tissue. According to our results, even at 10 weeks subcutaneously, 

β-TCP still remained its original structure. Such a low degradation rate under such 

circumstances could be one of the main reasons that hampered the neo-tissue 

regeneration and reorganization.   

DMCs were derived from ectomesenchyme during tooth development, and these 

cells hold the ability to differentiate into dentin-secreting odontoblasts.
2, 45-47

 They 

could also form dental pulp like tissue with good vascularization, which is important 

in regulation of inflammation, subsequent regeneration of pulp and dentin, and in 

sustaining the high metabolic demands of odontoblastic cells during active processes 

of dentin matrix secretion.
48, 49

 Therefore, tooth bud cells have been widely used for 

tooth development and regeneration research.
7, 50-53

 In this study, DMCs from the 

newly born porcine or from unerupted permanent tooth buds of 3-month old mini pigs 

were used as seed cells for dentin-pulp regeneration in subcutaneous area of nude 

mice or empty pulp chamber of pigs, respectively. However, no detailed 

characterizations of these cells were carried out to identify their differentiation status 

along with the neo-tissue formation, thereby monitoring their fate and exact roles. 
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This will be one of our following issues to be explored. In order to bridge the gap 

between research and clinical applications, alternative seed cells should also be 

developed, such as postnatal dental pulp stem cells (DPSCs), stem cells from human 

exfoliated deciduous teeth (SHED), stem cells from apical papilla (SCAP), bone 

marrow derived mesenchymal stem cells (BMSCs) and adipose derived stem cells 

(ASCs).
2, 54-58

  

It was shown that TGF-β family plays important roles in tooth development. 

Among which, TGF-β1 was shown to promote odontoblast differentiation and the 

subsequent secretion of extracellular matrix components. It also enhances the 

formation of reparative dentin and is essential for the homeostasis of the dentin-pulp 

complex.
37, 38, 59, 60

 Moreover, as reported, TGF-β1 was crucial in the terminal 

odontoblast differentiation of pulp cells in vitro.
61

 Due to its important role in tooth 

morphogenesis, TGF-β1 was taken as a morphogen in this report to promote 

dentin-pulp complex regeneration. As confirmed by current results, well vascularized 

dentin-pulp complex regeneration in nude mice model of the experimental group 

(DMCs+HAG+TGF-β1) was achieved, whereas no dentin or pulp but only bone-like 

tissue formation was observed in the control group (DMC+HAG) without any 

TGF-β1.  

The gene expression levels of DSPP, DMP-1, MEPE and BSP, indicative of 

odontoblast differention and dentin-pulp regeneration,
5, 6, 33, 62

 of the subcutaneously 

regenerated dentin-pulp like tissue were assessed. DSPP is one of the key 

non-collagenous proteins involved in tooth development and is critical for dentin 

mineralization.
63-65

 DMP-1, involved in the initial phase of mineralized dentin 

formation, was shown to induce the undifferentiated pulp cells into 

matrix-synthesizing cells and to stimulate the formation of mineralized tissues.
66, 67

 

MEPE, an extracellular matrix protein that is mainly expressed in mineralized tissues 

and dental pulp, plays important roles not only in dentinogenesis but also in the 

physiology of the pulp homeostasis.
68, 69

 BSP was reported to stimulate the 

differentiation of dental pulp cells into odontoblast-like cells and to stimulate 

regenerative dentin formation.
70-72

 Quantitatively, their expression was remarkably 
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enhanced in the experimental group. This further helps to confirm the nature of 

regenerated dentinal and pulp like tissue, in addition to the observed characteristic 

tubular dentin morphology which is usually served as a hallmark of odontoblasts
73

 as 

well as the positive immunostaining for DSP.  

In this work, three different microenvironments were tried to assess the ability of 

HAG scaffolds to form dentin-pulp structure and to assess the preliminary clinical 

suitability. Firstly, subcutaneous area is usually used to make initial examination on 

cell- and tissue-based products in vivo because it offers simple transplantation 

surgeries compared with others and is easier to access.
74

The nude mouse 

subcutaneous model has also been widely used for partial tooth tissue regeneration, 

such as dentin, pulp and dentin-pulp complex regeneration.
75-77

 Hence, in this report, 

it was firstly tried to substantiate our hypothesis that HAG could be used as an 

injectable scaffold to engineer dentin-pulp complex. To further make the 

microenvironment more close to the original one of dentin-pulp, pre-treated tooth 

slices were further applied. The tooth slice model has been used for several studies, 

such as for cytotoxicity assessment of dental materials,
78

 for the study of 

dentinogenesis and human dental pulp angiogenesis.
79, 80

 It is a suitable experimental 

model for mechanistic and translational studies which are focused on the use of stem 

cells for the understanding of dental pulp biology and dental pulp tissue engineering.
81

 

It is also a well-known model to address the clinical potential of stem cell 

transplantation, which has provided major insights into the use of scaffolds and stem 

cells in regenerative endodontics.
8, 82

 Interestingly, growth of the dentin along the 

original one was demonstrated with neo-pulp like tissues being encased within the 

regenerated dentin in the current investigation. However, there were few scattered 

cells entrapped in the regenerated dentin. This phenomenon was reported by previous 

studies that in the de novo regenerated dentin odontoblast-like cells were sometimes 

entrapped in the reparative dentin during reparative dentin formation.
6, 83

 Therefore, 

the newly regenerated dentin-like tissue in this tooth slice model may be similar to 

tertiary dentin. This second stage evaluation further strengthened our proposal and 

finally an in situ regeneration experimental model, empty pulp chamber after 
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thorough removal of pulp and part of dentin, was applied to verify its clinical 

applicability. Through the successful delivery of DMCs and TGF-β1 by injectable 

HAG scaffold, the porcine destroyed dentin was vividly repaired along with the 

formation of pulp-like tissues. It can then be concluded that the current injectable 

engineering method based on injectable HAG scaffolds would make great 

contribution to the future clinical regeneration of dentin-pulp complex in regenerative 

endodontics.  
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Legend: 

Figure 1. Microscopic observation of DMCs and injectable HAG scaffold. Optical 

microsopic observation of DMCs (A) and immunofluoresent staining of DMCs for 

vimentin (B). Optical microsopic observation of HAG microparticles (C) which could 

be injected (D) via a syringe (30G). Scale bars: 500µm in A and C, 200µm in B. 

Figure 2. Gross views of regenerated constructs using HAG as scaffolds. Gross view 

of regenerated tissue constructed subcutaneously with DMC (5×10
7 

cells/ml), HAG 

and TGF-β1 (1µg/ml) (Experimental group, briefed as EXP) in nude mice for 7 (A) or 

10 weeks (D), respectively. Gross view of the subcutaneously implanted constructs 

using DMC (5×10
7 

cells/ml) and HAG (Control group 1, briefed as DMC+HAG) in 

nude mice for 7 (B) or 10 weeks (E). Gross view of the pristine HAG scaffold 

(Control group 2, briefed as HAG) subcutaneously implanted in nude mice for 7 (C) 

or 10 weeks (F). 

Figure 3. Histological analysis of the regenerated dentin-pulp complex like tissue 

(EXP) constructed subcutaneously in nude mice for 7 weeks. Overall view of H&E (A) 

and Masson (D) staining of the regenerated tissue of EXP group. Island-like features 

can be located in A and D. B, C, E, and F are higher magnification observations of the 

localized square areas within A and D, respectively. It was shown in B, C, E, and F 

that in the regenerated construct there were well-organized dentinal tubules (white 

arrow head), columnar odontoblast-like cells (yellow arrow head) with polarized basal 

nuclei and blood vessels (black arrow head). Scale bars: 1000 µm for A, D; 50 µm for 

B, C, E, F. 

Figure 4. Histological analysis of the DMC+HAG (A-C) and HAG (D-F) 

subcutaneously implanted in nude mice for 7 weeks. No typical dentin or pulp like 

tissue can be seen in both control groups. For both groups, HAG (green arrow head) 

still occupied the most areas and most of the HAG fragments missed during the H&E 

processing. A few bone-like hard tissue could be located within the DMC+HAG 

sample, whereas only fibrous soft tissue could be identified surrounding the sample of 

HAG group. Scale bars: 1000 µm in A, D; 50 µm in B, C, D, E. 

Figure 5. Histological analysis of the regenerated dentin-pulp complex like tissue 

(EXP) constructed subcutaneously in nude mice for 10 weeks. Overall view of H&E 

(A) and Masson (D) staining of the regenerated tissue of EXP group. The tissues had 

typical island-like features in A and D. B, C, E, and F are higher magnification 

observations of the localized square areas within A and D. It was shown in B, C, E, 

and F that in the regenerated construct there were well-organized dentinal tubules 

(white arrow head) arranged radially along the pulp-like tissue and columnar 

odontoblast-like cells with polarized basal nuclei (yellow arrow head) lining up along 

the dentinal wall. Blood vessels were distributed throughout the pulp-like soft tissue 

(black arrow head). Scale bars: 1000 µm for A, D; 50 µm for B, C, E, F. 
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Figure 6. Histological analysis of the DMC+HAG (A-C) and HAG (D-F) 

subcutaneously implanted in nude mice for 10 weeks. No typical dentin or pulp like 

tissue can be seen in both control groups. Quite a few bone-like hard tissue could be 

located within the DMC+HAG sample, whereas only fibrous soft tissue could be 

identified surrounding the sample of HAG group. HAG fragments (green arrow head) 

still occupied the most areas of the HAG group. Scale bars: 1000 µm in A, D; 50 µm 

in B, C, D, E. 

Figure 7. Immunohistochemical analysis of the regenerated dentin-pulp complex like 

tissue constructed subcutaneously in nude mice for 10 weeks. (A) Over view of the 

immunohistochemical staining for dentin sialoprotein (DSP) in the tissue, and DSP 

positive staining could be observed throughout the whole structure, especially within 

the area of soft tissue. (A1, A2) are higher magnification observations of the localized 

square areas within (A) and (A1), respectively, further confirming the positive DSP 

expression by odontoblast-like cells (yellow arrow head) and dentinal tubules (white 

arrow head). (B, B1 and B2) are negative controls of A, A1, and A2 respectively, 

obtained by the similar processing except without the usage of antibody. (C) is a slice 

from normal tooth of a 6-month pig, exhibiting positive staining of DSP in the pulp 

and dentinal tubules as a positive immunostaining control. (D) is negative staining for 

C. Scale bars: 1000 µm for A and B; 100 µm for A1 and B1; 50 µm for A2, B2, C, and 

D. 

Figure 8. Relative mRNA expression of DSPP, DMP-1, MEPE and BSP by RT-PCR 

in Experimental (DMC+HAG+TGF-β1) and Control 1 (DMC+HAG) groups. EXP 

represents the experimental group which was constructed subcutaneously with DMC 

(5×10
7 

cells/ml), HAG and TGF-β1 (1µg/ml) in nude mice for 10 weeks. CTR 

represents the Control 1 group which was constructed subcutaneously with DMC 

(5×10
7 

cells/ml) and HAG in nude mice for 10 weeks. The experiments were repeated 

three times and the values were the mean of 3 individual samples (n=3). Data are 

presented as mean ± SD. 

Figure 9. Gross view, histological and immunohistochemical analysis of regenerated 

tissue constructed subcutaneously with DMC (5×10
6 

cells/ml), HAG and TGF-β1 

(1µg/ml) in nude mice for 10 weeks. (A) Gross view of the constructed sample; 

Overall view of H&E (B) and Masson (D) staining of the sample, showing the 

sporadic tissue regeneration morphology within the whole construct. (C, E) are higher 

magnification observations of the localized square areas within B and D. A high cell 

concentration, dentinal tubules (white arrow head) and columnar odontoblast-like 

cells (yellow arrow head) could also be identified along the island-like structures. 

Moreover, the presence of blood vessels could be ascertained (black arrow head) as 

well. According to the immunohistochemical analysis (F), positive but relatively weak 

DSP expression by the polarized odontoblast-like cells (yellow arrow head) and 

dentinal tubules (white arrow head) in the regenerated tissue could be observed. Scale 

bars: 1000 µm in B and D; 50 µm for C, E, and F. 
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Figure 10. Gross view, histological and immunohistochemical analysis of regenerated 

tissue constructed with DMC (5×10
7 

cells/ml), TGF-β1 (1µg/ml) and β-TCP as a 

scaffold in mouse subcutaneously model. Gross view of the regenerated tissue after 

being implanted in nude mice for 7 (A) and 10 (B) weeks, respectively. Insets in A 

and B were respective overall H&E staining of A and B. H&E staining of the formed 

tissue using β-TCP as a scaffold after being constructed for 7 (A1) and 10 (B1) weeks. 

Masson staining of the formed tissue after being constructed for 7 (A2) and 10 (B2) 

weeks. Immunohistochemical staining for DSP of the formed tissue after being 

constructed for 7 (A3) and 10 (B3) weeks. No observable pulp or dentin-like tissue 

could be identified within this construct, and weak staining for DSP around the cells 

within the construct was shown. Scale bars: 50µm for A1-A3 and B1-B3. 

Figure 11. Gross view, histological and immunohistochemical analysis of regenerated 

tissue constructed with DMC (5×10
7 

cells/ml), TGF-β1 (1µg/ml) and PGA as a 

scaffold in mouse subcutaneously model. Gross view of the regenerated tissue after 

being implanted in nude mice for 7 (A) and 10 (B) weeks, respectively. Insets in A 

and B were respective overall H&E staining of A and B. H&E staining of the formed 

tissue using PGA as a scaffold after being constructed for 7 (A1) and 10 (B1) weeks. 

Masson staining of the formed tissue after being constructed for 7 (A2) and 10 (B2) 

weeks. Immunohistochemical staining for DSP of the formed tissue after being 

constructed for 7 (A3) and 10 (B3) weeks. No typical pulp or dentin-like tissue could 

be observed within this construct except weak staining for DSP. Scale bars: 50µm for 

A1-A3 and B1-B3. 

Figure 12. Process chart of dentin-pulp complex like tissue regeneration in tooth slice 

model. (A) The prepared tooth slice with an empty pulp chamber. (B) The pulp 

chamber of the prepared tooth slice was filled with the cell-scaffold composite (5×10
7 

cells/ml DMC, HAG and 1µg/ml TGF-β1). (C) Implantation of the tooth slice 

subcutaneously into nude mice. (D) The harvested tooth slice after being implanted 

for 10 weeks. Overall views of H&E (E) and Masson (F) staining of the harvested 

tooth slice. Scale bars: 1000µm. 

Figure 13. Histological and immunohistochemical analysis of the tissue regenerated 

in the pulp chamber of tooth slice model. H&E (A1, A2) and Masson (B1, B2) 

staining of the regenerated tissue in the pulp chamber of the empty tooth slice. The 

original empty chamber was filled with regenerated dentin pulp like tissue where 

dentinal tubules (white arrow head) arranged radially along the pulp chamber. The 

neo-dentinal like tissue was in well integrity with the original dentin. Columnar 

odontoblast-like cells (yellow arrow head) with polarized basal nuclei aligned 

parallelly along the neo-dentinal like tissue with blood vessels distributed throughout 

the construct (black arrow head). (C1, C2) Immunohistochemical staining for DSP of 

the regenerated dentin-pulp like tissue. Positive expression of DSP by polarized 

odontoblast-like cells (yellow arrow head) and regenerated dentinal tubules (white 

arrow head) could be observed. There were also HAG fragments remained within the 

pulp tissue (green arrow head). Scale bars: 50µm. 
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Figure 14. Regeneration of dentin-pulp complex in the empty tooth pulp chamber of 

minipig. Gross view (A) and overall histological morphology (A1) of the tooth 

implanted with 5×10
7 

cells/ml of autologous DMC, HAG and 1µg/ml of TGF-β1 

(EXP) by injection into the tooth pulp chamber of minipig for one month. Higher 

magnification H&E (A2, A3) and Masson (A4) observations of the regenerated tissue 

of the EXP group. Multiple layers of columnar odontobalst-like cells (yellow arrow 

head) with polarized basal nuclei were well-aligned against the regenerated 

dentin-like tissue. Vivid regeneration of neo-dentin structure could be thus indicated 

and the neo-tissue was in well integration with the original dentin (white arrow). The 

distribution of blood vessels (black arrow head) in the pulp tissue can be observed. 

Gross view (B) and overall H&E morphology (B1) of the tooth implanted with gutta 

percha points (as a clinical control) in the tooth pulp chamber of minipig for one 

month. Higher magnification histological (B2, B3) and Masson (B4) observations of 

the tooth of the clinical control group. No dentin or pulp like tissue was regenerated in 

this chamber, and the original dentin remained destroyed or was still in the process of 

degradation. Gross view (C) and overall H&E morphology (C1) of the tooth with its 

empty pulp chamber remained untreated (Blank control). Higher magnification H&E 

(C2, C3) and Masson (C4) observations of the tooth of the blank control group. 

Similar as those of the clinical control group, nothing was regenerated in the pulp 

chamber. Scale bars: 1000 µm in A1, B1, C1; 50µm in A2-A4, B2-B4, C2-C4. 

Figure 15. Polarized histological morphology of the regenerated dentin-pulp complex 

in the empty tooth pulp chamber of minipig. The regenerated tissue was of the tooth 

implanted with 5×10
7 

cells/ml of autologous DMC, HAG and 1µg/ml of TGF-β1 

(EXP) by injection into the empty tooth pulp chamber of minipig for one month. B, C, 

E, and F are higher magnification polarized H&E observations of A and D, 

respectively. Scale bars: 200 µm for A and D; 100 µm for B and E; 50µm for C and F. 
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