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A B S T R A C T   

Background: Most studies used animal serum-containing medium for bioengineered-root regen-
eration, but ethical and safety issues raised by animal serum are a potentially significant risk for 
clinical use. Thus, this study aimed to find a safer method for bioengineered-root regeneration. 
Methods: The biological properties of human dental pulp stem cells (hDPSCs) cultured in animal 
component-free (ACF) medium or serum-containing medium (5%, 10% serum-containing me-
dium, SCM) were compared in vitro. hDPSCs were cultured in a three-dimensional (3D) envi-
ronment with human-treated dentin matrix (hTDM). The capacity for odontogenesis was 
compared using quantitative real-time PCR (qPCR) and Western blot. Subsequently, the hDPSCs/ 
hTDM complexes were transplanted into nude mice subcutaneously. Histological staining was 
then used to verify the regeneration effect in vivo. 
Results: ACF medium promoted the migration of hDPSCs, but slightly inhibited the proliferation of 
hDPSCs in the first three days of culture compared to SCM. However, it had no significant effect 
on cell aging and apoptosis. After 7 days of 3D culture in ACF medium with hTDM, qPCR showed 
that DMP1, DSPP, OCN, RUNX2, and β-tubulin III were highly expressed in hDPSCs. In addition, 
3D cultured hDPSCs/hTDM complexes in ACF medium regenerated dentin, pulp, and periodontal 
ligament-like tissues similar to SCM groups in vivo. 
Conclusion: ACF medium was proved to be an alternative medium for bioengineered-root 
regeneration. The strategy of using ACF medium to regenerate bioengineered-root can improve 
clinical safety for tooth tissue engineering.   

1. Introduction 

Tooth loss is one of the common oral diseases, often affecting pronunciation and chewing, thereby impacting the quality of life. 
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Clinically, fixed bridges, removable partial dentures, and implant restorations are usually used to replace lost teeth with artificial 
materials [1–3]. Although these therapies have been widely used in the restoration of tooth loss, these materials only address the 
functional and aesthetic aspects of teeth, and do not regenerate the anatomical and functional structures [4]. Currently, researchers are 
working to find a better regeneration method for reconstructing the tooth root [5,6]. The tooth root is made up of soft tissues (dental 
pulp, periodontal ligament) and hard structures (dentin, cementum), functioning to bear and disperse occlusal forces [7]. 
Bioengineered-root regeneration is seen as a feasible and promising way to restore a lost natural tooth root [8,9]. 

The field of bioengineered-root regeneration has made significant progress thanks to stem cell-based tissue engineering technology 
[10,11]. Researchers have designed bioengineered-root based on stem cells to mimic natural tooth root. Human-treated dentin matrix 
(hTDM), as an appropriate biological scaffold with a three-dimensional (3D) structure, has been used in tissue engineering for the 
regeneration of bioengineered-root [9,12]. hDPSCs have great potential in regenerative medicine, therefore, it can be used for therapy 
and bioengineered-root regeneration [13]. However, it has been reported that cells were cultured in animal component-containing 
medium for biological tissue engineering mostly at present [10,14]. 

Animal serum-containing medium may pose many risks [15]. Several research studies have demonstrated that the inclusion of 
animal-derived serum as an ingredient is controversial due to the potential risk of transmitting illnesses caused by proteins such as 
prions, viruses, mycoplasmas, zoonotic infections, or viral infections [16–18]. Animal serum may contain amounts of hemoglobin, 
endotoxin, and other harmful factors, which affect the safety of product [19]. Additionally, differences in the quality and protein 
concentration of serum from different batches affect the reproducibility of experiments [20]. Moreover, some research has demon-
strated that human platelet lysate was an essential serum supplement for the clinical-grade growth of a variety of cells. However, its 
chemical composition is still unclear, and peripheral or umbilical cord blood cannot satisfy the requirements for large-scale stem cell 
proliferation [21]. Therefore, it is urgent to develop animal component-free medium for tissue engineering and future clinical 
translation. 

To address the ethical concerns and safety risks associated with animal components, researchers have developed animal 
component-free (ACF) media for the cultivation of diverse mesenchymal stem cells from bone marrow [22], umbilical cord [23], 
adipose tissue [24], periodontal membrane [25], and dental pulp [26]. Studies have shown that hDPSCs can generate neurospheres in 
suspension under ACF culture conditions and differentiate into nerve cells, which may be used for clinical treatment of neurode-
generative diseases in the future [27,28]. Researchers demonstrated that the adherence ability, proliferation ability, and stem cell 
markers of hDPSCs cultured in ACF medium were improved [29,30]. The results suggest that ACF medium has clinical application 
value. Yet, it is still unclear whether ACF medium can be used for bioengineered-root regeneration. 

This study is to evaluate the effect of ACF on bioengineered-root regeneration. Our work employed hTDM as scaffold material to 
assess the odontogenic potential of hDPSCs cultured in a 3D environment in either ACF medium or serum-containing medium (SCM). 
The results showed that hDPSCs cultured in ACF medium exhibit slightly different biological characteristics compared to those 
cultured in SCM. Besides, ACF culture in a 3D environment regenerated dentin, pulp, and periodontal ligament-like tissues similar to 
SCM in vivo. This study provides a new direction for addressing the safety and ethical issues in clinical applications. 

2. Materials and methods 

Ethical statement 

The Helsinki Declaration’s ethical criteria were followed in the establishment of the experimental protocol. And Chongqing 
Medical University College of Stomatology Ethics Committee authorized the experimental protocol (NO: 2022 (LSNo. 115)). Partic-
ipants, either as individuals or as guardians, gave written informed consent. 

2.1. Treatment of human dentin matrix 

Premolars were extracted from individuals for therapeutic purposes at Stomatology Hospital of Chongqing Medical University. 
hTDM was prepared the same as the previous research [10,31,32]. In a nutshell, mechanical methods were mostly used to remove 
dental pulp tissues, pre-dentin, cementum, and a portion of dentin. After being demineralized through gradient EDTA (Sigma-Aldrich, 
St. Louis, MO, USA) for 20 min each, the human dentin matrix was washed with deionized water. Human-treated dentin matrices were 
kept in a Penicillin-Streptomycin solution (Hyclone, Logan, UT, USA) for 24 h. Subsequently, after being repeatedly rinsed in PBS, they 
were submerged in 70% alcohol for 10 min and finally stored at − 80 ◦C. The surface morphology of hTDM was photographed via 
scanning electron microscopy (SEM, Hitachi TM4000PLUS II,Tokyo, Japan). 

2.2. Isolation and culture of hDPSCs 

Teeth were collected for cell isolation and culture from healthy young patients between the ages of 16–22 who had impacted third 
molars and orthodontic teeth that needed to be extracted for orthodontic therapy. Dental pulp was washed with phosphate-buffered 
saline (PBS, Solarbio, Beijing, China). After chopping the tissues into tiny pieces, they were digested for 0.5 h at 37 ◦C via 3 mg/mL type 
I collagenase (Sigma-Aldrich, St. Louis, MO, USA). Following this, the tissues were incubated in α-minimum essential medium (α-MEM, 
Hyclone, Logan, MO, USA) supplemented with 10% fetal bovine serum (FBS, Gemini Bio-Products, Woodland, CA, USA) at the 
temperature of 37 ◦C in air that is humidified and contains 5% carbon dioxide. After hDPSCs reached a concentration of 80%, they 
were trypsinized and passaged. Cells were cultured in different conditions at Passage 2 (P2): in the animal component-free medium 
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(MesenCult™-ACF Plus Medium, ACF, Stemcell Technologies, Vancouver, BC, Canada) and serum-containing medium (5%, 10% 
serum-containing medium, SCM). Cell suspensions were cultured in ACF medium with the density of 1 × 105 cells/mL, then passaged 
at least twice for the following analysis. Observing and comparing the morphological changes at 24 h and 48 h after hDPSCs seeding 
into the three media by the phase-contrast inversion microscope (Olympus, Tokyo, Japan). 

2.3. Flow cytometric characteristic analysis 

hDPSCs were trypsinized into single-cell suspensions and centrifuged for 5 min to assess cell surface markers’ expression. About 5 
× 105 cells were incubated for 30 min for flow cytometric analysis at room temperature using Fluorescein Isothiocyanate (FITC)- 
conjugated antibodies against CD14, CD45, CD90, CD146, and isotype control, respectively. All the antibodies were obtained from BD 
Biosciences, a division of Becton-Dickinson (CA, USA). FACS Caliber (BD, CA, USA) was applied for the flow cytometry analysis. At 
least three repetitions of the experiment were conducted. 

2.4. Immunofluorescence 

hDPSCs (1 × 105 cells/mL) were plated on the cell climbing pieces in 12-well plate. Washing cells twice with PBS (Solarbio, Beijing, 
China). After being fixed for 15 min using 4% paraformaldehyde (Beyotime, Shanghai, China), rinse three times for 10 min each time. 
It was cleaned three times with PBS for a total of 10 min after being treated for 5 min using 0.1% Triton X-100 (Sigma-Aldrich, St. 
Louis, MO, USA) as the penetrator. hDPSCs were covered with 300 μL 1 × iFluro™ 555 phalloidin (Yeasen Biotechnology, Shanghai, 
China) and stained for 90 min in the dark, followed by two 5-min washes with PBS. The nuclei were stained for 5 min with DAPI 
(Beyotime, Shanghai, China), followed by two 5-min washes with PBS. Using a fluorescence microscope (Thermo Scientific, USA) to 
observe hDPSCs. The experiment was conducted at least three times. 

2.5. Colony formation assay 

hDPSCs (1 × 103 cells/mL) were placed at 37 ◦C in the 10 cm plate with 5% CO2-saturated humidity and incubated for 10 days. The 
culture was terminated when macroscopic clones appeared in plates. Discard the supernatant and carefully wash three times using 
PBS. After being fixed for 15 min using 4% paraformaldehyde (Beyotime, Shanghai, China), cells were stained for 20 min using crystal 
violet (Beyotime, Shanghai, China). At least three repetitions of the experiment were conducted. 

2.6. Cell proliferation 

The quantitative assessment of hDPSCs’ activity was conducted via the Cell Counting Kit-8 (CCK-8, Dojindo, Kumamoto, Japan). 
After being digested, hDPSCs (1 × 103 cells/well) were placed in 96-well plates. The original medium was replaced with 1:9 CCK-8 
solution and culture medium. The microplate reader was applied to measure the absorbance at a wavelength of 450 nm after incu-
bating for 4 h at 37 ◦C. After 0, 1, 3, 5, and 7 days of incubation, the test was performed according to the directions for the Cell Counting 
Kit. The average data was used to plot the CCK-8 growth curves. At least three repetitions of the experiment were conducted. 

2.7. SA-β-gal staining 

hDPSCs were harvested at passage 10 and rinsed 3 times with PBS before being immobilized for 15 min in 4% paraformaldehyde 
solution. The cells were stained via the SA-β-gal staining kit (Beyotime, Shanghai, China) for an overnight period of time at 37 ◦C. The 
quantity of blue cells (SA-β-gal positive cells) was observed under the microscope. At least three repetitions of the experiment were 
conducted. 

2.8. Analysis of the cell cycle 

Trypsin digested hDPSCs into single cells, which were subsequently centrifuged in PBS buffer at 300 × g for 5 min. The liquid 
portion was removed, and the process was done twice. After resuspending 1 × 106 cells in 0.1 mL of PBS buffer with the Cell Cycle Kit 
(Beyotime, Shanghai, China), gradually add 500 μL of precooled 75% ethanol. Data were obtained from CytoFLEX (Beckman Coulter, 
Inc., Brea, California, USA). At least three repetitions of the experiment were conducted. 

2.9. Cell apoptosis analysis 

The hDPSCs were digested with trypsin and then centrifuged in PBS buffer at 300 × g for 5 min. The liquid portion was removed, 
and the process was done twice. Finally, 500 μL of PBS solution were used to resuspend 1 × 106 cells, and propidium iodide (PI) 
staining was performed. CytoFLEX (Beckman Coulter, Inc., Brea, CA, USA) was applied to capture the data, and FlowJo software was 
employed to determine the proportion of cells at different periods on the PI fluorescence histogram. At least three repetitions of the 
experiment were conducted. 
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2.10. Cell migration ability analysis 

Use a marker pen to draw straight lines at a spatial separation of 1 cm on the back of the six-well plate. hDPSCs (1 × 105 cells/mL) 
were placed onto 6-well plates and cultured under various conditions. After cells reached a concentration of 80%, scratch cells ac-
cording to the marked line with the tip of a pipette. Samples were tested at 0 h, 12 h, and 24 h, respectively. At least three repetitions of 
the experiment were conducted. 

2.11. Osteogenic differentiation 

2 × 105 hDPSCs were planted in the 6-well plate after passing various growth conditions. After 80% confluency was obtained, cells 
were cultured in osteogenic media comprising 10% FBS, 50 μg/mL ascorbic acid (Sigma-Aldrich, St. Louis, MO, USA), 100 μM 
dexamethasone (Sigma-Aldrich, St. Louis, MO, USA), and 10 mM L-glycerophosphate (Sigma-Aldrich, St. Louis, MO, USA) for 7 and 21 
days. Every two or three days, the media were refreshed. They were immobilized with 4% paraformaldehyde solution for 15 min after 
7 and 21 days. After being PBS-washed twice, 30 min of room-temperature incubation with the Alkaline Phosphatase Staining Kit 
(Beyotime, Shanghai, China) and 1% Alizarin Red solution (Sigma-Aldrich, St. Louis, MO, USA) were conducted. After the samples 
were thoroughly cleansed with purified water, they were photographed via a phase-contrast inverted microscope (Olympus, Tokyo, 
Japan). The calcium content of the calcified nodules was ascertained by assessing the absorbance at 560 nm via a microplate reader 
(PerkinElmer, Waltham, Massachusetts, USA) following the elution of the nodules with 10 mM sodium phosphate containing 10% 
cetylpyridinium chloride hydrate (Sigma-Aldrich, St. Louis, MO, USA). At least three repetitions of the experiment were conducted. 

2.12. 3D culture of hDPSCs 

5 × 105 and 2 × 105 hDPSCs were seeded in the 3D culture system constructed with hTDM scaffolds and low adhesion 6-well culture 
plates (Sumiron, Osaka, Japan). Morphological observations were made via the phase-contrast inversion microscope (Olympus, Tokyo, 
Japan) at 0, 12, and 24 h. F-actin staining was conducted after hDPSCs/hTDM complexes formation. The method is as described above. 
Furthermore, a laser confocal microscope (Leica Optical, Wetzlar, Germany) was applied to observe hDPSCs/hTDM complexes. At least 
three repetitions of the experiment were conducted. 

2.13. Morphometric analysis 

The acquired images and data will be processed and analyzed using the customized code written by Python 3.8 to make full use of 
its image visualization and processing capabilities. The circularity of a cell is represented by the circularity index (CI = 4πA/L2), where 
A is the cell’s area, L is its circumference, and CI = 1 denotes a complete circle. The aspect ratio (AR), which depicts the symmetry of a 
cell, is determined as the ratio of the longest axis to the shortest axis of the cell [33]. In a previous work [34], radial mean intensity 
(RMI) was used to measure protein distribution without considering cell shape. RMI calculates a protein’s average intensity as a 
function of its distance from the cell’s center and edge. 

Table 1 
Oligonucleotide primer sequences.  

Target cDNA Primer sequence(5’–3′) Product length Accession No. 

DSPP F TTTGGGCAGTAGCATGGGC 199 NM_014208.3 
R CCATCTTGGGTATTCTCTTGCCT 

DMP1 F CACTCAAGATTCAGGTGGCAG 75 NM_001079911.3 
R TCTGAGATGCGAGACTTCCTAAA 

POSTN F CTCATAGTCGTATCAGGGGTCG 138 NM_001135935.2 
R ACACAGTCGTTTTCTGTCCAC 

OCN F CTCACACTCCTCGCCCTATTG 166 NM_199173.6 
R CTCCCAGCCATTGATACAGGTAG 

COL-1 F GAGGGCCAAGACGAAGACATC 140 NM_000088.4 
R CAGATCACGTCATCGCACAAC 

RUNX2 F CTTTACTTACACCCCGCCAGTC 146 NM_001015051.4 
R AGAGATATGGAGTGCTGCTGGTC 

TGF-β1 F ATTTATTGAGCACCTTGGGCAC 130 NM_000660.7 
R TCTCTGGGCTTGTTTCCTCAC 

ALP F TAAGGACATCGCCTACCAGCTC 170 NM_001127501.4 
R TCTTCCAGGTGTCAACGAGGT 

β-tubulinIII F AGATCGGGGCCAAGTTCTG 142 NM_006086.4 
R CGAGGCACGTACTTGTGAGA 

GAPDH F CTTTGGTATCGTGGAAGGACTC 132 NM_001357943.2 
R GTAGAGGCAGGGATGATGTTCT  
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2.14. Scanning electron microscope (SEM) 

After co-culturing hDPSCs with hTDM for 4 days, the samples were cleaned and fixed using a unique fixative (Beyotime, Shanghai, 
China) for an electron microscope. The samples were sprayed with a layer of gold and examined using the scanning electron mi-
croscope (SEM, TM4000PLUS II, Hitachi, Tokyo, Japan) after being dehydrated with ethanol. At least three repetitions of the 
experiment were conducted. 

2.15. Quantitative real-time PCR 

Our study employed qPCR to detect and compare the expression of odontogenic differentiation-related genes (DSPP, OCN, ALP, 

Fig. 1. Cell morphology and identification of human dental pulp stem cells. (A) Cell morphology after cultured in ACF medium and SCM for 24 h 
and 48 h. Scale bars = 100 μm. (B) Crystal violet staining of colony forming unit fibroblasts of the three groups. ACF, 5 %, 10 %, scale bars = 500 
μm. β-Galactosidase staining of hDPSCs cultured in the three media. Scale bars = 100 μm. (C) Flow cytometric characteristic analysis of hDPSCs 
cultured in the three media. 
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DMP-1, β-Tubulin III, COL-1, POSTN, RUNX2, and TGF-β1). hDPSCs were cultured with hTDM. hDPSCs/hTDM in ACF medium was the 
experimental group, hDPSCs/hTDM in 5% and 10% serum-containing medium were the control groups. Following the manufacturer’s 
directions, the RNAiso Plus reagent was applied to obtain the whole RNA. The expression of DSPP, DMP-1, COL-1, OCN, ALP, POSTN, 
RUNX2, β-Tubulin III, TGF-β1, and GAPDH were all assessed. The 2-ΔΔCT approach was employed to compute relative levels, which were 
standardised against the reference GAPDH gene. The primer sequences for this calculation are provided in Table 1. Three repetitions of 
the experiment were conducted. 

2.16. Western blot 

The Total Protein Extraction Kit (Beyotime, Shanghai, China) was applied to digest hDPSCs, and then they were sonicated for 30 
min. The protein concentration was determined through the utilization of BCA analysis. Proteins were separated on polyacrylamide gel 
with 10% sodium dodecyl sulfate, transferred to a membrane made of polyvinylidene fluoride (PVDF), then covered with 5% non-fat 
milk diluted in TBST (Tris-buffered saline, 0.1% Tween-20). The primary antibodies anti-Integrin αV (ABclonal Technology, Wuhan, 
China), anti-FAK (ABclonal Technology, Wuhan, China), anti-pFAK (ABclonal Technology, Wuhan, China), anti-DMP1 (Santa Cruz 
Biotechnology, CA, USA), anti-TGF-β1 (Santa Cruz Biotechnology, CA, USA), and anti-RUNX2 (Cell Signaling Technology, MA, USA) 
were deliquate at 1:1000 and incubated at a temperature of 4 ◦C overnight with the sample. Subsequently, the samples underwent 
three washes with TBST, every time for 10 min. The secondary antibodies against rabbits or mice derived from goats were diluted at 
1:3000 in 1% non-fat milk dissolved in TBST, and then left to incubate with the sample for 1 h. The membranes had three TBST washes. 
The strips were monitored using an electrochemiluminescence system (Bio-Rad, CA, USA). At least three repetitions of the experiment 
were conducted. 

Fig. 2. Biological characteristics of hDPSCs cultured in the three media. (A) ALP staining results of the three groups after 7 days of osteogenesis 
induction. Alizarin red staining results of the three groups after 21 days of osteogenesis induction. (B) Statistical analysis of alizarin red staining 
showed differences among the three groups. (C) Scratch test of hDPSCs cultured in the three media. (D) Cell cycle of hDPSCs cultured in the three 
media. (E) Quantitative analysis of cell proportion of the three groups. (F) Apoptosis rate of the three groups. (G) There is no significant difference in 
apoptosis rate among the three groups. (H) CCK-8 results of hDPSCs proliferation rate of the three groups. Scale bars = 100 μm *p < 0.05, **p <
0.01, ***p < 0.001, ****p < 0.0001. 
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2.17. Evaluation of the in vivo regenerative capacity of hDPSCs/hTDM complex 

The nude mice were bought from TengXin Biotechnology Co., Ltd (Chongqing, China). hDPSCs/hTDM complexes were implanted 
into immunodeficient mice’s dorsal side (8-week-old male, n = 6) under general anesthesia with isoflurane. Three groups of nine 
immunodeficient mice were created randomly: (1) hDPSCs/hTDM complexes cultured in ACF; (2) hDPSCs/hTDM complexes cultured 
in 5% SCM; and (3) hDPSCs/hTDM complexes cultured in 10% SCM. Two samples were implanted in each mouse. Following an 8-week 
period, all samples from immunodeficient mice were collected. Following a 48-h fixation with a 4% paraformaldehyde solution, the 
samples were demineralized with 17% EDTA for 6 months, subsequently, dehydrated and embedded in paraffin. For Masson’s tri-
chrome, H&E, and immunohistochemical staining, paraffin slices were produced. The expression of POSTN, DSPP, DMP1, CAP, and 
TGF-β1 was determined by immunohistochemistry. 

2.18. Statistical analysis 

For statistical analysis, one-way ANOVA was performed. The outcomes are expressed using the mean and standard error of the 
mean (SEM). GraphPad Prism 9.0.0 was applied to conduct statistical analysis. The statistical significance observed was P < 0.05. 

3. Results 

3.1. Characteristics of stem cells identified in various media 

The morphology of hDPSCs cultured in ACF medium was slightly different from that in SCM under an inverted microscope. Cells 
cultured in SCM were typical long spindle shape, while cells cultured in ACF medium were short spindle shape (Fig. 1A). No senescent 
cells were visible at P10, according to the results of cell senescence experiment (Fig. 1B). Crystal violet staining results revealed that 
cells cultured in all three groups formed colonies from a single cell (Fig. 1B). The results of flow cytometric analysis showed that CD14 

Fig. 3. Morphometric analysis results and Western blot. (A) The circularity index (CI) and aspect ratio (AR) of a single hDPSC cultured in the three 
media. (B) Radial Mean Intensity (RMI) is the distance between the cell centroid and the nearest edge and quantified the mean along all directions. 
(C) Radial Mean Intensity (RMI) is the distance between the nuclear center and the nearest edge and quantified the mean along all directions. (D) 
Western blot of Integrin αV, pFAK, FAK and GAPDH set as control. These original images of Western blot are presented in Data S1. (E) F-actin 
staining and heatmap and polar of actin intensity results of hDPSCs cultured in the three media. (F) The semi quantitative results of Integrin αV, 
FAK, pFAK. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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and CD45 were negatively expressed in cells cultured in the three media, while CD90 and CD146 were positively expressed, which 
were consistent with the surface markers expressed by mesenchymal stem cells. (Fig. 1C). This proves that the cells used in the 
experiment are dental pulp stem cells. 

3.2. Biological characteristics of hDPSCs in different media 

There was almost no difference among the three groups according to ALP staining. Alizarin red staining revealed that hDPSCs 
formed a lot of mineralized nodules in all three groups (Fig. 2A). According to quantitative results, ACF group exhibited the highest 
osteogenic ability, and it was statistically significant (Fig. 2B). In scratch test, the scratch width of the three groups was the same at 
beginning. After 12 h of incubation in ACF medium, obvious narrowing of the scratches was observed. After incubation for 24 h, the 
intercellular space disappeared in ACF group and nearly closed in the other two groups (Fig. 2C). This suggested that ACF medium can 
promote hDPSCs migration. According to cell cycle analysis, the percentage of hDPSCs during the G1 phase was 89.93% ± 1.35% in 
the ACF group, 76.21% ± 1.70% in 5% SCM group, and 82.20% ± 0.73% in 10% SCM group. In the G2 phase, the proportion of 
hDPSCs was 7.73% ± 0.90% in the ACF group, 20.01% ± 1.12% in 5% SCM group, and 14.71% ± 0.87% in 10 % SCM group. The 
fraction of hDPSCs in the S phase was 2.33% ± 0.46%, 3.78% ± 1.92%, and 3.09% ± 0.21% respectively (Fig. 2D and E). Annexin V 
and PI double staining showed that the three groups had apoptosis rates of 5.79% ± 1.35%, 3.92% ± 1.72%, and 5.43% ± 2.37%, 
respectively (Fig. 2F and G). The CCK-8 data revealed that in the first three days, the cell proliferation rate in the ACF group was 
slightly lower than that in the SCM groups. However, by the seventh day, it might be comparable to that in the SCM groups (Fig. 2H). 

Fig. 4. hDPSCs/hTDM complexes cultured in three-dimensional condition. (A) SEM analysis result of hTDM before being co-cultured with hDPSCs, 
and the results of hDPSCs/hTDM complexes cultured in the three groups. Scale bar = 20 μm, scale bar = 100 μm. (B) F-actin staining results of 5 ×
105 hDPSCs combined with hTDM cultured in the three media. Scale bar = 100 μm. (C) Changes of hDPSCs cultured from 0 h to 24 h around 
hDPSCs/hTDM complexes. Scale bar = 100 μm. (D) F-actin staining results of 2 × 105 hDPSCs combined with hTDM cultured in three media. Scale 
bar = 75 μm. 
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3.3. The morphology of hDPSCs cultured in ACF was different from that in SCM 

We quantified cell morphology by measuring CI and AR. The findings revealed that CI value of ACF group was much higher than 
that of SCM groups. Nevertheless, there was no discernible difference between the groups with 5% and 10% FBS. In contrast, AR values 

Fig. 5. Expression levels of odontogenesis-related genes and proteins in hDPSCs/hTDM complexes. (A) qPCR results of hDPSCs/hTDM complexes 
cultured in the three media after 4 days. (B) qPCR results of hDPSCs/hTDM complexes cultured in the three media after 7 days. (C) Western blot of 
RUNX2, DMP1, TGF-β1 and GAPDH set as control. There is no significant difference among the three groups. *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001. These original images of Western blot are presented in Data S1. 
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of SCM groups were significantly greater than that of ACF group (Fig. 3A). The results of AR and CI showed that morphology of cells 
cultured in ACF was different from those cultured in SCM. We performed Radical Mean Intensity (RMI) analysis to better understand 
the cytoskeleton structure differences between the three groups of cells. The RMI data demonstrated that the ACF group’s expression of 
RMI in the near cell center was higher than that of SCM groups, but it was lower in the far cell than that of SCM groups, among which 
5% group was lowest overall (Fig. 3B and C). Western blot results showed that expression of Integrin αV and p-FAK was higher in the 
cells cultured in ACF medium than in SCM, while Integrin αV expression was comparable in the cells cultured in 5% and 10% groups. 
There was no discernible change in the expression of FAK among the cells cultured in the three media (Fig. 3D). The fluorescence, 
heatmap and polar results were consistent with the RMI (Fig. 3E). Semi-quantitative Western blot results showed that Integrin αV and 
p-FAK expression were significantly higher in hDPSCs cultured in ACF medium than in SCM (Fig. 3F). 

3.4. Odontogenic differentiation comparison in vitro 

The SEM revealed that the dentinal tubules of hTDM were completely exposed before being co-cultured with hDPSCs. After being 
co-cultured with hDPSCs for 4 days, the surface of hTDM exhibited high-density cells (Fig. 4A). Immunofluorescence analysis showed 
that most hDPSCs attached to the surface of hTDM in all three groups (Fig. 4B and D). The findings revealed that most cells stuck to the 
surface of hTDM, with only a minority of spherically shaped cells remaining suspended (Fig. 4C). These findings demonstrated that in 
3D culture environment, hDPSCs adhered to the surface of hTDM. Additionally, mRNA expression was assessed by qPCR analysis after 
hDPSCs and hTDM were co-cultured in a 3D culture environment for 4 and 7 days. Results of hDPSCs/hTDM complexes cultured in the 
three media for 4 days revealed that the expression levels of DMP1, DSPP, COL-1, RUNX2, ALP, OCN, POSTN, TGF-β1, and β-tubulin III 
in the 5% group were highest, followed by the ACF group, with the lowest expression observed in the 10% group (Fig. 5A). However, 
after 7 days, the expression levels of DMP1, DSPP, RUNX2, OCN, POSTN, and β-tubulin III were highest in the ACF group. (Fig. 5B). The 
expression levels of RUNX2, DMP1, and TGF-β1 proteins were comparable among the three groups (Fig. 5C). 

3.5. Bioengineered-root regeneration induced by hDPSCs in combination with hTDM cultured in ACF medium 

After 8 weeks of subcutaneous implantation, all the samples were taken from nude mice. New pulp-like and dentin-like structures 
were generated inside of the hDPSCs/hTDM complexes of all groups. Besides, blood vessels were newly regenerated in the hDPSCs/ 
hTDM complexes of all groups (Fig. 6A). Additionally, dentin-like tissues were formed outside of hDPSCs/hTDM complexes, and 
periodontal fibrous-like structures were generated outside the newly formed dentin-like structures in all three groups (Fig. 6B). 
Immunohistochemical analysis showed that the hDPSCs/hTDM complexes in all three groups produced dentin-specific proteins, DSPP 
and DMP-1, both within and outside of the complexes (Fig. 7). Besides, TGF-β1 was expressed in all three groups within and outside of 
the complexes, which indicated the regeneration of periodontal fibrous tissues and fibers in dental pulp (Fig. 8A). Additionally, all 
three groups expressed cementum-specific protein CAP, and periodontal fibrous connective tissue marker POSTN outside of hDPSCs/ 
hTDM complexes (Fig. 8B). The thickness of freshly formed dentin and the expression of DMP1, DSPP, and TGF-β1 inside of the 

Fig. 6. H&E staining and Masson’s Trichrome staining results inside and outside of the hDPSCs/hTDM complexes. (A) New pulp-like and dentin-like 
structures were formed inside of the hDPSCs/hTDM complexes in vivo after culturing in the three media. hTDM: human treated dentin matrix, ND: 
new dentin, red arrows indicate newly formed dentin, PT: pulp tissue, *: blood vessel. Scale bars = 200 μm. (B) Dentin-like and periodontal fibrous- 
like structures were formed outside the hDPSC/hTDM complexs in vivo after culturing in the three media. hTDM: human treated dentin matrix, ND: 
new dentin, red arrows indicate newly formed dentin, F: fibrous tissue, ST: skin tissue. Scale bars = 200 μm. 
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hDPSCs/hTDM complexes did not significantly differ among the three groups (Fig. 9). 

4. Discussion 

In the past decades, researchers have devoted themselves to transitioning human mesenchymal stem cells from basic research to 
clinical application. Several studies have focused on enhancing the circumstances for cell culture [35–37]. Considering the ethical and 
safety issues brought about by animal components, one of the most important achievements in this field will be the transition from 
animal component-containing medium to more clearly defined animal component-free medium. In addition, the animal 
component-free medium we employed for the experiment had previously been used to cultivate various types of stem cells [38–42]. 
Research has demonstrated that stem cells can be used for odontogenic differentiation to form bioengineered-root [43]. Dental stem 
cells have been applied to the regeneration of tooth-related tissues [10,12,44–47]. As far as we know, bioengineered-root regeneration 
in animal component-free medium has never been reported. In our experiment, we cultured the hDPSCs/hTDM complexes in the ACF 
medium and evaluated the capacity of odontogenesis and regeneration both in vitro and in vivo. 

The findings of this research, which were consistent with those of previous studies, showed no discernible variation in the 
expression of immunophenotypic markers of mesenchymal stem cells in the three groups [10,14,48]. This suggests that the hDPSCs 
retrieved in this study satisfied the criteria of mesenchymal stem cells. Compared to SCM, cultured in ACF medium promoted the 
migration of hDPSCs. Additionally, it showed no substantial influence on cell aging or apoptosis. Although it slightly and briefly 
inhibited the proliferation of hDPSCs, ACF medium is overall suitable for the cell culture of hDPSCs. 

Fig. 7. Immunohistochemical evaluation of dentin regeneration inside and outside of the hDPSCs/hTDM complexes. DMP1 and DSPP expression 
were indicated by positive staining inside and outside of the hDPSCs/hTDM complexes in vivo after culturing in the three media. Scale bars = 200 
μm in the first and third columns; scale bars = 100 μm in the second and fourth columns. 
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Previous studies [49,50] have shown that cell morphology affects the differentiation of mesenchymal stem cells. This study showed 
that the CI and AR values of hDPSCs cultured in ACF medium were closer to osteogenic/odontogenic differentiation value, which 
indicated that ACF medium may be suitable for culturing hDPSCs. Besides, earlier research [51] has demonstrated that integrin allows 
cells to regulate their morphology in response to signals from the extracellular matrix microenvironment. Therefore, we speculated 
that the components in ACF medium may change the cell morphology by modulating integrin αV and then activating FAK in the culture 
microenvironment. Additionally, the ACF group had a higher cell proportion in G1 phase than SCM, and the cell volume gradually 
increased in G1 phase [52]. This may be another reason why the cell morphology of ACF group looked slightly different from SCM 
groups. To figure out the specific mechanisms underlying morphological differences, more research is required. 

Previous studies used odontogenic induction media to detect odontogenic ability in vitro [53]. In our experiment, we evaluated the 
odontogenic differentiation of in vitro hDPSCs/hTDM complexes. Due to the bioactivity advantages of hTDM, there was no need to use 
an odontogenic induction medium. DMP-1 is a specific protein in dentin [54]. A key component in the process of dentin production is 
the maturation of odontoblast cells, which exhibit the terminal phenotypic marker known as DSPP [55]. ALP, COL1, and OCN are 
crucial for the formation of minerals in dentin. Additionally, TGF-β1 not only serves as a marker for fibrous connective tissue, but also 
has various cytological functions, including regulating cell movement, growth, proliferation, differentiation, and apoptosis [56]. 

Fig. 8. Immunohistochemical evaluation of pulp, cementum, and periodontal fiber regeneration of the hDPSCs/hTDM complexes. (A) The 
expression of TGF-β1 was indicated by positive staining inside and outside of the hDPSCs/hTDM complexes in vivo after culturing in the three media. 
Scale bars = 200 μm in the first and third columns; scale bars = 100 μm in the second and fourth columns. (B) The expression of CAP and POSTN 
were indicated by positive staining outside of the hDPSCs/hTDM complexes in vivo after culturing in the three media. Scale bars = 200 μm in the 
first and third columns; scale bars = 100 μm in the second and fourth columns. 
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POSTN is especially expressed in connective tissues such as the periodontal ligament, and it participates in the reconstruction of 
periodontal tissues [57]. β-Tubulin III is a neuronal marker that can be used as an indicator to determine whether neural cell 
regeneration is present in the dental pulp [58]. The expressions of β-Tubulin III and TGF-β1 demonstrated the regeneration of fibers 
and nerves in the dental pulp. Upregulation of odontogenic/osteogenic markers indicated that ACF medium is suitable for 
bioengineered-root regeneration. Compared with the traditional cell culture medium containing 10% FBS, the medium with 5% FBS 
showed some differences in the expression of odontogenic/osteogenic markers. This suggested that the concentration of components in 
fetal bovine serum might be a significant factor influencing odontogenic differentiation. Previous studies using low serum and 
serum-free medium for cell culture have shown that low fetal bovine serum contains fewer risk components and requires less time, 
labor, and laboratory space for expanding cells. However, compared with animal component-free medium, the use of low serum 
medium in clinical applications will still bring many uncertain risks [59,60]. Additionally, the hDPSCs/hTDM complexes cultured in 
the three media all regenerated dentin-like, pulp-like, and fibrous-like tissue, according to histomorphological analysis of our study, 
which indicated that ACF medium can substitute SCM for the pre-transplantation culture of hDPSCs/hTDM complexes in tissue en-
gineering of bioengineered-root regeneration in vivo. Therefore, the application of ACF medium in vitro enhances the safety and 
feasibility of tissue engineering for bioengineered-root regeneration in vivo, promoting the clinical translation of tissue engineering in 
bioengineered-root regeneration. 

5. Conclusion 

Our work demonstrates a novel use of the animal component-free medium for culturing hDPSCs with hTDM under a 3D envi-
ronment, showing that it was proved to be an alternative strategy for bioengineered-root regeneration. Clinical safety and ethical 
concerns associated with serum in bioengineered-root regeneration might be solved by using ACF medium for pre-transplantation 
culture. In our experiments, we implanted the hDPSCs/hTDM complexes subcutaneously in nude mice for in vivo verification. To 
further validate, it would be better to implant hDPSCs/hTDM complexes into the jawbone of large animals. In summary, the appli-
cation of ACF medium in bioengineered-root regeneration can facilitate the transition of bioengineered-root regeneration from basic 
research to clinical applications. 
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