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Abstract
Aim: This study examined the impact of direct current electric fields (DCEFs) on the 
biological properties of stem cells derived from the apical papilla (SCAP) and further 
elucidated the underlying mechanisms involved in odontogenic differentiation in-
duced by DCEFs stimulation.
Methodology: The measurement of endogenous currents in wounded dentine 
was achieved using a non-invasive vibrating probe system. Two-dimensional (2D) 
and three-dimensional (3D) systems were developed to apply DCEFs of varying 
strengths. The migration direction and trajectories of SCAP within DCEFs were 
analysed using time-lapse imaging. Cell proliferation was assessed through Hoechst 
staining and the CCK-8 assay. Changes in cell morphology, arrangement, and po-
larization were examined using fluorescence staining. The odontogenic differentia-
tion of SCAP in  vitro was assessed using quantitative polymerase chain reaction 
(qPCR), western blot analysis, alkaline phosphatase staining, and Alizarin Red 
S staining. In  vivo evaluation was conducted through Haematoxylin and eosin 
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INTRODUCTION

Pulp regeneration is a promising and difficult field of 
research in the treatment of endodontic diseases in re-
cent years (Sui et al., 2019). Through the combination of 
growth factors and scaffold materials, stem cells are in-
duced to differentiate into dentine-pulp complex (Yasui 
et  al.,  2017), repairing damaged tissues and restoring 
physiological functions. However, there are problems 
with the irregular morphology of the regenerated dentine, 
insufficient tissue formation, and a limited amount of tu-
bular dentine and polarized odontoblast-like cells (Huang 
et al., 2020; Jung et al., 2019). Hence, it is imperative to 
select an appropriate and feasible stem cell source and in-
vestigate an innovative modulating approach in order to 
address the aforementioned dilemma.

Stem cells from apical papilla (SCAP) are a subset of 
oral stem cells obtained from the apical papilla of immature 
permanent teeth and serve as progenitors for the formation 
of apical dentine. Excellent advantages presented by SCAP 
include sufficient sources, strong self-renewal capability, 
and multi-directional differentiation ability, making them 
one of the most dominant cell types suitable for dentine 
regeneration (Ding et al., 2010; Huang et al., 2009). Recent 
studies have revealed that the arrangement pattern of odon-
toblasts has the potential to directly impact the function of 
odontoblast-like cells and subsequent secretion of dentine 
matrix (Yin et al., 2021). Therefore, improving the efficiency 
of SCAP differentiation into odontoblasts and formation 
of a palisade-like structure, with the aim of facilitating the 

regeneration of adequate and well-organized tubular den-
tine, has become a topical challenge. A potential solution is 
the pre-odontogenic differentiation of transplants under op-
timized conditions with bioengineering strategies. The envi-
ronment of stem cells in vivo consists of various extracellular 
matrix (ECM) components and signalling molecules, as well 
as physical, chemical, and biological factors that collectively 
influence the self-renewal and targeted differentiation of 
stem cells. Moreover, increasing evidence suggests that 
physical cues, such as mechanical forces, geometric proper-
ties, and electric signals, play a significant role in this process 
(Han et al., 2014; Xie et al., 2023). Endogenous electric fields 
are widely prevalent during embryonic development and 
the processes of tissue repair and regeneration and could 
regulate cellular functions including cell migration, prolif-
eration, and differentiation (Leppik et al., 2020). However, 
there is still limited understanding regarding the effects and 
mechanisms of direct current electric fields (DCEFs) main-
tained in the physiological range on the differentiation of 
stem cells into odontoblast-like cells.

In this study, wound-induced endogenous elec-
tric currents were directly measured on damaged 
dentine of human teeth. Two-dimensional (2D) and three-
dimensional (3D) DCEFs stimulating models in  vitro 
and a root fragment model in  vivo were constructed to 
mimic the effects of endogenous wound current on the 
directional migration, proliferation, and odontogenic dif-
ferentiation of SCAP, and to determine whether DCEFs 
promote odontogenic differentiation of SCAP by remod-
elling the cytoskeleton. To the best of our knowledge, this 
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staining, immunohistochemistry staining, and Sirius Red staining after transplan-
tation experiments.
Results: Injured dentine demonstrated a significantly increased outward current, 
and DCEFs facilitated the migration of SCAP towards the anode. DCEFs at a mag-
nitude of 100 mV/mm promoted SCAP proliferation, whereas DCEFs at 200 mV/
mm enhanced both polarization and odontogenic differentiation of SCAP. The ap-
plication of cytoskeletal polymerization inhibitors mitigated the odontogenic differ-
entiation induced by DCEFs. In vivo studies confirmed that DCEFs promoted the 
differentiation of SCAP into odontoblast-like cells in an orderly arrangement, as well 
as the formation of collagen fibres and dentine-like tissue.
Conclusions: DCEFs of varying intensities exhibited an enhanced capacity for mi-
gration, proliferation, odontogenic differentiation, and polarization in SCAP. These 
findings provide substantial insights for the advancement of innovative therapeutic 
strategies targeting the repair and regeneration of immature permanent teeth and 
dentine damage.
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is the first study clarifying the electrotaxis of SCAP in the 
process of odontogenic differentiation and providing a 
basis and theoretical rationale for further application of 
DCEFs of tubular dentine regeneration in pulp-dentine 
complex repair (Figure 1).

MATERIALS AND METHODS

The manuscript of this laboratory study has been written 
according to Preferred Reporting Items for Laboratory 
studies in Endodontology (PRILE) 2021 guidelines 
(Nagendrababu et  al.,  2021). The research methodology 
and principal findings are presented in Figure 2.

Isolation and culture of SCAP

This study was approved by the Ethics Committee of 
the School and Hospital of Stomatology, China Medical 
University (No. 201315). SCAP were isolated from the api-
cal papilla of human immature tooth roots as previously 
described (Liu et al., 2021). Briefly, the tissue was washed 
with phosphate-buffered saline (PBS, Gibco, Grand Island, 
NY, USA), digested with 3 mg/mL collagenase type I 
(Sigma-Aldrich, St. Louis, MO, USA) and 4 mg/mL dispase 
II (Sigma-Aldrich) at 37°C for 30 min, then strained through 
a 70 μm cell strainer to obtain single-cell suspensions. The 
cells were seeded in a T25 culture flask with alpha mini-
mum essential medium (α-MEM, Gibco) supplemented 
with 10% foetal bovine serum (FBS, Gibco) and 100 U/mL 
penicillin–streptomycin (Gibco). To identify SCAP, osteo-
blastic, chondrogenic, and adipogenic differentiation ability 
and cell surface markers were determined.

Passage 3 ~ 5 of SCAP were used for subsequent experi-
ments. After the confluence reached 80%, culture medium 

was substituted with osteogenic/odontogenic differentia-
tion medium, comprising 10% foetal bovine serum (Gibco), 
1% Penicillin–Streptomycin solution (Gibco), 50 μg/mL L-
ascorbic acid 2-phosphate (L-ASA, Sigma-Aldrich), 10 mM 
β-Sodium glycerophosphate hydrate (Sigma-Aldrich), and 
100 nM dexamethasone (Sigma-Aldrich). Subsequent ex-
periments under DCEFs were performed after 14 days of 
osteogenic/odontogenic differentiation. After 14days ofos-
teogenic/odontogenic differentiation, subsequent experi-
ments under DCEFs were performed after this step. SCAP 
were treated with the microtubule polymerization inhib-
itor Nocodazole (10 μM, MedChem Express, Monmouth 
Junction, NJ, USA), the myosin polymerization inhibi-
tor Blebbistatin (10 μM, MedChem Express) or the Rho-
associated coiled-coil-containing protein kinase (ROCK) 
inhibitor Y27632 (10 μM, MedChem Express) to reduce 
the effect of cytoskeletal polymerization before the stim-
ulation of DCEFs.

Osteogenic differentiation assay

After SCAP were cultured in osteogenic/odontogenic dif-
ferentiation medium for 21 days, Alizarin Red S (ARS, 
Sigma-Aldrich) staining was performed. For semi-
quantification, the mineralised nodules were solubilized 
using a 10% solution of cetylpyridinium chloride (CPC, 
Sigma-Aldrich) and the absorbance OD value was meas-
ured at 562 nm.

Chondrogenic differentiation assay

To evaluate the capacity to differentiate into chondro-
cytes, SCAP were incubated in chondrogenic differen-
tiation medium (Cyagen, Guangzhou, China) in 15 mL 

F I G U R E  1   Schematic illustration of the experimental design. Created with BioRe​nder.​com.
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centrifuge tubes. After 28 days, the formed pellets were 
fixed in 4% paraformaldehyde (Boster, Wuhan, China) 
and subjected to dehydration via sucrose gradient. Frozen 

sections (10 μm) obtained by cryosectioning (Leica, 
Wetzlar, Germany) were stained with toluidine blue 
(Cyagen).

F I G U R E  2   PRILE 2021 flowchart outlining the methodology and principal findings involved in this study.
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Adipogenic differentiation assay

The adipogenic differentiation of SCAP was induced with 
adipogenic induction and maintenance differentiation 
medium (Cyagen) for a duration of 30 days. Subsequently, 
lipid accumulation was visualized through the application 
of Oil red O staining (Sbjbio, Nanjing, China).

Flow cytometry for surface markers 
analysis

Single cell suspension of SCAP (1 × 106/mL) was incu-
bated with fluorescein isothiocyanate (FITC)-conjugated 
antibodies against human CD44, CD105, CD34, and 
CD45, and phycoerythrin (PE)-conjugated antibodies 
against human CD90 and CD146 (1:1000, eBioscience, 
San Diego, CA, USA) at 4°C for 1 h. Then SCAP were 
washed with PBS and analysed with a flow cytometer 
(Becton Dickinson, Franklin Lakes, NJ, USA) and FlowJo 
(V10.10.0, TreeStar, Ashland, OR, USA).

Establishment of DCEFs 
application system

The application system of DCEFs was designed following 
the previously described methodology (Song et al., 2007), 
including four components: a DC regulated power supply 
(Aim, Huntingdon, UK), silver/silver chloride electrodes, 
a conducting liquid pool (Steinberg's solution), and an 
electrical stimulation chamber. The power supply and 
electrode were connected through the wire, whilst the 
electrode and cell were connected through the conductive 
liquid pool. The direct current was transmitted through 
the positive electrode of the power supply and formed a 
closed circuit through the wire, electrode, conductive liq-
uid pool, salt bridge, cell, salt bridge, conductive liquid 
pool, electrode and negative electrode of the power supply. 
The cover glasses (Citotest, Nantong, China) were used 
to create a 20 × 10 × 0.2 mm chamber with high vacuum 
silicone grease (Dow Corning, Midland City, MI, USA) in 
a sterile 100 mm cell culture petri dish and the area for 
cell seeding was 2 cm2. After SCAP were seeded in the de-
signed area for 12 h, a cover glass (20 × 20 mm, Citotest) 
was used for sealing the cell culture chamber with high 
vacuum silicone grease. Silver/silver chloride electrodes 
were connected to both sides of cell seeding area by a pair 
of 2% agar powder-Steinberg's solution bridges, aiming 
at minimizing the cytotoxic effects resulting from elec-
trolysis products during the stimulation of DCEFs and 
confining DCEFs only through the cell culture chamber 
(Figure S2a,b).

The 3D application system of DCEFs was modified 
with 5% (w/v) concentration of porous gelatine methac-
rylate (GelMA) hydrogel (EFL, Suzhou, China) (Khayat 
et  al.,  2017). SCAP were encapsulated within GelMA at 
a concentration of 3 × 106 cells/mL, and subsequently, a 
volume of 20 μL cell-laden hydrogel was dropped on the 
designated region of the specific DCEFs-stimulation dish. 
The hydrogel was then cured using a 405 nm light source 
(EFL) for a duration of 10 s. After 24 h, the cells were ob-
served to exhibit spreading behaviour under microscopic 
examination. For further detection, a GelMA lysis solution 
(0.3 mg/mL, EFL) was added into an Eppendorf tube and 
incubated at 37°C for 1 h. Subsequently, centrifugation at 
1000 rpm for 5 min was performed to dissociate the GelMA.

Electrotaxis detection

The DC voltage level of the multimeter (Kane, Welwyn 
Garden City, UK) was measured at 2 V, 4 V, and 6 V by 
systematically adjusting the output of the DC power sup-
ply and the resistance of the rheostat per hour, ensuring a 
steady intensity of 100 mV/mm, 200 mV/mm, or 300 mV/
mm for a duration of 8 h. The petri dish was transferred to 
a clean enclosure for the microscope (PureBox Shiraito, 
Fujinomiya City, Japan) at 37°C for 8 h under the stimula-
tion of DCEFs. Time-lapse images of 5 min/frame for the 
X and Y axes were recorded through the IXplore SpinSR 
confocal microscope system (Olympus, Tokyo, Japan). 
Data processing and analysis of the collected images were 
performed by ImageJ software (v.1.8.0, National Institutes 
of Health, NIH, Bethesda, MD, USA).

The motility of cells in DCEFs was assessed by migra-
tion speed, migration efficiency, X-axis translocation, and 
directedness. Migration speed was utilized to quantify 
the velocity of SCAP, whilst migration efficiency was em-
ployed to measure the actual effectiveness of the straight-
line distance covered by SCAP from the starting point to 
the endpoint. Directedness was utilized to ascertain the 
migration direction, with a value of “0” indicating random 
migration, “1” indicating directed movement towards the 
cathode, and “-1” indicating directed movement towards 
the anode (Figure S2c).

Proliferation assays

The immediate effect of DCEFs on the proliferation of SCAP 
was detected by Hoechst 33342 staining. Briefly, Hoechst 
33342 working solution (0.1 mg/mL, Selleck, Houston, 
TX, USA) was added 20 min before time-lapse imaging, 
which was captured from five independent sites per group. 
After the stimulation of DCEFs, the total count of Hoechst 
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33342-positive cells in the 97th and 1st photographs from 
each site was counted with ImageJ software (v.1.8.0, NIH) 
and subsequently divided for statistical analysis.

The viability of SCAP was evaluated using the cell 
counting kit-8 (CCK-8, Dojindo, Kumamoto, Japan) assay 
to examine the long-term impact on various intensities 
of DCEFs. In detail, after exposure to DCEFs of 100 mV/
mm, 200 mV/mm, or 300 mV/mm for 8 hours, the cells 
were seeded into the 48-well plates at a density of 1 × 104/
cm2 and analysed on days 1, 3, 5, and 7, respectively. SCAP 
without DCEFs stimulation was set as the blank control 
group for each intensity of DCEFs and time point.

Immunofluorescence and assays

SCAP that had undergone different treatments was fixed 
with 4% paraformaldehyde (Boster) for 15 min, permea-
bilised with 0.1% Triton X-100 (Beyotime Biotechnology, 
Shanghai, China) for 10 min, blocked with 1% BSA 
(Solarbio, Beijing, China) for 30 min at room temperature 
(RT), then incubated with primary antibody and corre-
sponding secondary antibody. Cell nuclei were stained 
with 4′, 6-diamidino-2-phenylindole (DAPI, Beyotime 
Biotechnology). The samples were visualized and pho-
tographed under a laser scanning confocal microscope 
(Olympus).

Phalloidin staining of F-actin was performed to detect 
the effect of DCEFs on the arrangement and morphology 
of SCAP. After conducting Phalloidin (Yeasen, Shanghai, 
China) and DAPI (Beyotime Biotechnology) staining, a 
total of 10 non-overlapping fields were used to determine 
the angle between the longitudinal axis of cells and the 
direction of the electric fields, as well as to measure the 
length and width. The ratio of width to length of SCAP was 
determined by comparing the shortest and longest lengths 
per cell, whereby a ratio of 1.0 indicated a perfectly round 
cell, whilst a ratio of 0.1 denoted a highly elongated cell. 
Angles exceeding 90° were adjusted to their correspond-
ing acute angles for the purpose of statistical analysis.

Cell polarization analysis was measured as previously 
reported (Li et  al.,  2018). SCAP were stained with an-
ti-GM130 antibody (1:3000, Cell Signalling Technology, 
Danvers, MA, USA) and DAPI (Beyotime Biotechnology) 
to visualize the relative positions of Golgi and the nucleus. 
Alexa Fluor 594 donkey anti-rabbit IgG (1:1000, Thermo 
Fisher Scientific Waltham, MA, USA) was used as the sec-
ondary antibody. Each cell was evenly divided into three 
sections with a central angle of 120°, and their classifica-
tion as polarized or non-polarized was determined based 
on the location of their Golgi bodies. Specifically, cells were 
classified as polarized when Golgi bodies were situated in 

the section perpendicular to the horizontal direction of 
DCEFs, whereas cells with Golgi bodies in any other sec-
tion were considered unpolarised cells. The cell number 
was measured with ImageJ software (v.1.8.0, NIH).

Alkaline phosphatase (ALP) staining and 
activity assay

ALP staining of SCAP was performed using the ALP 
colour development kit (Beyotime), and the ALP activ-
ity was quantitatively assessed using the ALP assay kit 
(Beyotime), following the manufacturer's instructions.

Reverse transcription and quantitative 
polymerase chain reaction (qPCR)

Total RNA of cells was extracted with RNAiso Plus 
(Takara, Tokyo, Japan) and cDNA was obtained by re-
verse transcription reaction with PrimeScript RT reagent 
kit (Takara). qPCR was performed in at least 3 independ-
ent experiments with TB Green Premix Ex Taq II (Takara) 
in LightCycler 96 Instrument (Roche, Basel, Switzerland). 
The mRNA expression levels of dentine sialophosphopro-
tein (DSPP), dentine matrix protein 1 (DMP1) and ALP 
were evaluated with glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) as housekeeping gene for normaliz-
ing, and the data were calculated by the 2−ΔΔCt formula. 
The primer sequences synthesized by Sangon Biotech 
(Shanghai, China) are presented in Table S1.

Western blot analysis

Total protein was extracted using radio immunoprecipita-
tion assay (RIPA) lysis buffer (Thermo Fisher Scientific) 
with protease inhibitor cocktail (Beyotime Biotechnology) 
for 30 min on ice. Protein concentrations were detected 
by a BCA protein assay kit (Beyotime Biotechnology). 
Samples were boiled with 5 × loading buffer (Epizyme, 
Shanghai, China) for 10 min. Next, 30 μg protein of each 
sample was loaded and separated by 7.5% sodium do-
decyl sulphate polyacrylamide gel (Epizyme) electro-
phoresis and then transferred to 0.45 μm polyvinylidene 
difluoride membranes (Merck Millipore, Billerica, MA, 
USA). The membranes were blocked in 3% BSA (Solarbio) 
at RT for 1 h and exposed to respective antibodies: anti-
DSPP (1:500, Santa Cruz Biotechnology, Santa Cruz, CA, 
USA), anti-DMP1 (1:500, Santa Cruz Biotechnology), anti-
ALP (1:500, Santa Cruz Biotechnology) or anti-GAPDH 
(1:20000, Abcam, Cambridge, MA, USA). Membranes 
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were incubated with the primary antibodies overnight at 
4°C, and then with goat anti-rabbit/anti-mouse IgG horse-
radish peroxidase (HRP)-conjugated secondary antibody 
(1:10000, Abcam) for 1 h at RT. The protein bands were 
revealed with ChemiDoc MP Imaging System (Bio-Rad, 
Cambridge, MA, USA) and the grey value of each band 
was measured with ImageJ software (v.1.8.0, NIH) to 
quantify relative protein expression.

Preparation of dentine wound and 
tooth slides

Healthy premolars extracted for orthodontic require-
ments were obtained from the Ethics Committee of the 
School and Hospital of Stomatology, China Medical 
University (No. G2018009). Soft tissues on the root sur-
face were removed with a No. 10 surgical blade (Jinhuan 
Medical, Shanghai, China). For dentine wound prepa-
ration, fine high-speed zirconia cutting burs were used 
(Eagle Dent, Sialkot, Pakistan). For tooth slide prepara-
tion, 3 mm length root fragments close to the cervical of 
the teeth were intercepted, and then the cementum and 
dental pulp tissue were removed by high-speed hand-
pieces (NSK, Tokyo, Japan) with fissure burs (Mani, 
Utsunomiya, Japan). The internal and external walls of 
each tooth segment were smoothed with a diamond bur 
(Mani) successively. Subsequently, all tooth fragments 
were subjected to immersion in a 1% sodium hypochlo-
rite solution (Aladdin, Shanghai, China) and a 17% eth-
ylenediaminetetraacetic acid solution (EDTA, Macklin, 
Shanghai, China) for a duration of 10 min. Following this, 
ultrasonic cleaning using sterile distilled water was per-
formed for 5 min, prior to liquid replacement and as the 
concluding step for achieving cleanliness. All segments 
were sterilized by high temperature and high pressure 
after desiccation.

Endogenous current measurement for 
wounded dentine

Wound-induced endogenous electric current measure-
ments were conducted using a non-invasive vibrating 
probe system following the methodology outlined in pre-
vious studies (Reid et al., 2007). The probe was displaced 
approximately 50 μm from the surface at various meas-
uring locations within wounded dentine. The current 
measurements were performed at the wound edge (c & g), 
wound centre (d-f) and distal site away from the wound 
(a, b, h, i). A minimum of three measurements were ob-
tained at each measuring point and calculated. The total 
duration of measurement was 300 min.

Transplantation experiments in vivo

This manuscript follows the Preferred Reporting Items for 
Animal Studies in Endodontology (PRIASE) 2021 guide-
lines. BALB/c-nu mice (male, 8 weeks old) were pur-
chased from SiPeiFu Biotechnology (Beijing, China). All 
animal experiments were approved by the Institutional 
Animal Care and Use Committee of China Medical 
University (No. CMU2021211). All operations were per-
formed under 1% isoflurane (Ringpu, Tianjin, China) 
gas anaesthesia (RWD, Shenzhen, China). The in  vivo 
experiments were divided into 4 groups: empty control 
group, GelMA control group, SCAP-GelMA group, and 
SCAP-GelMA-DCEFs group (n = 6). GelMA with or with-
out SCAP was introduced into tooth segments and trans-
planted subcutaneously into the backs of nude mice. Each 
mouse contained 4 different tooth segments, and there 
was no connection among them. Following an 8 weeks 
implantation period, the mice were sacrificed, and tooth 
segments were extracted for analysis.

Haematoxylin and eosin (H&E) 
staining, Sirius red staining, and 
immunohistochemistry (IHC) staining

Root fragment samples harvested from mice were fixed 
in 4% paraformaldehyde (Boster) for 72 h, and then de-
calcified in a 10% EDTA decalcifying solution (Boster) for 
3 months. The decalcified root fragments were embed-
ded in paraffin and cut into sections of 3 μm thickness. 
Sections were deparaffinized and rehydrated through a 
graded xylene and alcohol series, and then stained with 
an H&E staining kit (Beyotime Biotechnology). The num-
ber of odontoblast-like cells beside the internal dentinal 
walls of the tooth fragments was measured using ImageJ 
software (v.1.8.0, NIH).

Sirius red staining was performed to detect the distri-
bution and arrangement of collagen fibres according to 
the instructions (Abcam), indicating that collagen I was 
shown in red or orange, whilst collagen III was shown in 
green or yellow. Bright-field and polarized images were 
taken with a whole slide scanner (SLIDEVIEW VS200, 
Olympus).

For IHC staining, anti-DSPP antibody (1:200, Santa 
Cruz Biotechnology), anti-DMP1 antibody (1:200, Santa 
Cruz Biotechnology) and DAB detection kit (Gene Tech, 
Shanghai, China) were used according to the manu-
facturer's protocol. The quantification of immunohis-
tochemistry was accessed by calculating the relative 
integrated optical density (IOD)/area using Image-Pro 
Plus 6.0 software (Media Cybernetics, Silver Springs, 
MD, USA).
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Statistical analysis

GraphPad Prism (Version 8.0, La Jolla, CA, USA) was em-
ployed for statistical testing and plotting. All data were 
obtained from at least three independent experiments 
and were presented as mean ± standard deviation (SD). 
Statistical comparisons between data sets were performed 
with the analysis of normality and variance. Statistical 
analysis involved the use of Student's t test for compari-
sons between two groups and one-way analysis of variance 
(anova) for multiple comparisons. Statistical significance 
was considered as p < .05.

RESULTS

Endogenous electrical current in wounded 
dentine

The schematic plot of current measurement in wounded 
dentine of human tooth is shown in Figure 3a. The results 
indicated that wounds exhibited a significantly greater 
outward current, as depicted in Figure  3b. Specifically, 
the current at the periphery of the wound (positions “c” 
and “g”) was found to be higher than at the centre of 
the wound (position “e”). Time course experiments con-
ducted on dentine wounds revealed that the current at the 
wound edge progressively increased from the initial time 
of injury, reaching a peak after 100 min before stabilizing 
(Figure 3c).

Different strengths of DCEFs affected 
electrotaxis and cell proliferation of SCAP

First, we isolated SCAP from apical papilla and identified 
the surface markers and multiple differentiation abilities 
of SCAP (Figure  S1). In the absence of DCEFs, the mi-
gration directedness of SCAP was observed to be close to 
the origin of coordinates, indicating a random movement 
pattern (Figure 3d, Movie S1a). Conversely, the introduc-
tion of DCEFs induced a distinct electrotactic response of 
SCAP, resulting in a directional movement towards the 
anode (Figure  3e–gk and Movie  S1b). Further analysis 
of time-lapse recordings revealed that the electrotactic 
response of SCAP reached its maximum at 200 mV/mm 
DCEFs, resulting in enhanced migration velocity, migra-
tion efficacy, X-axis translocation, and migration direct-
edness approaching “1” when compared to alternative 
approaches (Figure  3h–j).

Hoechst 33342 staining was employed as a quanti-
tative measure to evaluate cell proliferation in an intu-
itive manner, whilst the CCK-8 assay was utilized for 

semi-quantitative evaluation of cell proliferation in re-
sponse to DCEFs stimulation. The experimental findings 
demonstrated that DCEFs at a magnitude of 100 mV/
mm significantly enhanced the proliferation of SCAP. 
Conversely, DCEFs at 200 mV/mm did not exert a signifi-
cant impact on proliferation. Notably, DCEFs at 300 mV/
mm inhibited cell proliferation compared to SCAP that 
were not subjected to stimulation (Figure  3l,m).

DCEFs remodelled the 
cytoskeleton of SCAP

By employing phalloidine staining to visualize F-actin, 
SCAP of control groups exhibited a short spindle shape 
with irregular direction and arrangement. Following the 
application of DCEFs at a magnitude of 200 mV/mm, 
the previously disordered arrangement transformed into 
palisades perpendicular to the direction of the DCEFs 
(Figure  4a). Subsequent examination revealed that the 
cytoskeleton experienced predominantly remodelling in 
terms of cellular alignment and elongation. SCAP in the 
control group exhibited a relatively uniform distribution 
of the angle between the long axis and the horizontal di-
rection, which was equivalent to the vector of DCEFs. 
Conversely, the DCEFs group exhibited a noticeable im-
balance in this distribution, with approximately 67% of 
cells being nearly vertically aligned with the direction of 
DCEFs, a significantly higher proportion compared to the 
12.5% of the control group (Figure 4b). Furthermore, the 
curve depicting the ratio of width to length of the cytoskel-
eton in the electrically stimulated group exhibited a no-
table leftward shift when compared to the control group. 
This shift indicated a negative correlation between the 
cytoskeletal ratio and cell elongation, suggesting that the 
application of DCEFs facilitated the elongation of SCAP 
(Figure 4c).

Next, the influence of cytoskeleton polymerization on 
cell motility, arrangement, and morphology under DCEFs 
was evaluated. SCAP displayed slower migration speed 
and efficiency under the effect of cytoskeletal polymer-
ization inhibitors compared with the untreated group 
(Figure 4d,e), whereas the migration direction towards the 
anode was not altered (Figure  4f,g. The cells in the drug-
treated group exhibited a stochastic arrangement, with a 
higher proportion of cells perpendicular to the direction 
of DCEFs post-stimulation, albeit lower than the group 
exclusively exposed to DCEFs (Figure  4h). Additionally, 
the width-to-length ratio of SCAP increased subsequent 
to pretreatment with Nocodazole, Blebbistatin, or Y27632, 
resulting in a displacement towards the right in the dis-
tribution curve (Figure  4i–k, grey curve). Conversely, 
the width-to-length ratio of SCAP decreased and the 
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      |  9LI et al.

distribution curve shifted to the left (Figure  4i–k, red 
curve) when DCEFs were loaded subsequently. It is 
noteworthy that the distribution curves of inhibitor-
pretreated groups remained predominantly on the 
right side of the DCEFs stimulation group (Figure 4i–k,  
blue curve), indicating DCEFs could partially rescue the 

cellular rounding induced by inhibitors of cytoskeletal 
polymerization.

Collectively, these results demonstrated that DCEFs 
possess the ability to counteract the inhibitory impact of 
cytoskeletal protein polymerization inhibitors, thereby 
promoting cell elongation and reorientation.

F I G U R E  3   DCEFs in physiological strength ranges affected electrotaxis and proliferation of SCAP. (a) Schematic diagram of the 
measurement at different positions by a vibrating probe. Grey dots indicated measuring positions ‘‘a’’ to ‘‘i’’. (b)  Upward peaks showed 
outward currents in damaged dentine. Maximum current was seen at the wound edges (positions “c” and “g”). (c) Changes of wound 
current in dentine over time. (d–g) Migration trajectories of SCAP in 0, 100, 200, 300 mV/mm DCEFs respectively. (h–j) Analysis of the 
migration speed, efficiency and X-axis translocation of SCAP under DCEFs of different intensity. (k) The SCAP exhibited directional 
migration towards the anode, and variations in field strength did not influence the directionality of this migration. (l) Assessment of 
immediate proliferation effect after 8 hours of DCEFs stimulation measured by Hoechst 33342 staining. (m) The relative cell viability of 
SCAP was measuring by CCK-8 assay (NS: p > .05, *p < .05, **p < .01, ***p < .001).
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F I G U R E  4   DCEFs induced alterations in cell morphology, arrangement and polarization of SCAP. (a, b) Fluorescent images and 
histograms revealed SCAP were disordered without DCEFs stimulation whilst regularly aligned after 200 mV/mm DCEFs stimulation 
respectively (black arrow: the direction of DCEFs, green: F-actin stained by phalloidin, scale bar = 100 μm). (c) The width-to-length ratio of 
DCEFs group was generally lower compared to that of the control group in distribution diagram. (d, e) Nocodazole, Blebbistatin and Y27632 
decreased the migration speed and efficiency of SCAP. (f, g) Cytoskeletal polymerization inhibitors showed no significant effect on X-axis 
translocation and migration direction of SCAP in DCEFs. (h) Distribution of the cell axis at angles with the direction of DCEFs. (i–k) The 
increase in width-to-length ratio of SCAP induced by cytoskeletal polymerization inhibitors was partially mitigated by DCEFs. (l) Relative 
position of the cell nucleus and Golgi apparatus of SCAP with and without the stimulation of DCEFs (black arrow: the direction of DCEFs, 
blue: cell nucleus, red: Golgi apparatus, scale bar = 100 μm). (m) Schematic illustration of the definitions for unpolarised and polarised 
cells (blue: cell nucleus, red: Golgi apparatus, white dotted lines: the lines of equality of 120°, scale bar = 20 μm). (n) Cell polarization ratio 
analysis (NS: p > .05, *p < .05, **p < .01, ***p < .001).
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DCEFs facilitated SCAP polarization

To further explore the role of DCEFs in the modifica-
tion of critical organelles, immunofluorescence staining 
was employed to analyse the changes in the relative po-
sitioning of the Golgi apparatus and nucleus following 
stimulation with DCEFs. Fluorescent imaging revealed 
a significant increase in cellular polarization subsequent 
to the stimulation of DCEFs, as evidenced by an elevated 
proportion of cells exhibiting the Golgi apparatus posi-
tioned directly above or below the nucleus (Figure 4l,m). 
Specifically, the cell polarization ratio was 40.3% ± 0.9% in 
the control group, whereas it reached 70.6% ± 2.6% in the 
DCEFs stimulation group (Figure 4n).

DCEFs improved the odontogenic 
differentiation ability of SCAP in vitro

Given the aforementioned data, which have elucidated the 
crucial involvement of DCEFs in governing diverse cellu-
lar processes including migration, proliferation, arrange-
ment, shape, and polarization, we proceeded to assess 
the influence of DCEFs on odontogenic differentiation. 
Notably, the application of 200 mV/mm DCEFs resulted 
in a significant increase in both ALP activity and miner-
alised nodule formation (Figure  5a–d). Furthermore, to 
examine the influence of cell morphology and alignment 
on SCAP odontogenesis, we subsequently assessed the ex-
pression of key odontogenic marker genes and proteins in 
cells that were pre-treated with Nocodazole, Blebbistatin, 
and Y27632, followed by exposure to 200 mV/mm DCEFs. 
A substantial up-regulation of DSPP, DMP1, and ALP 
gene expression was observed in DCEFs-treated groups 
compared with that in the control group (Figure  5e–g). 
Additionally, a similar up-regulation was observed in the 
inhibitor-pretreated under DCEFs groups compared to 
the respective inhibitor-treated group. Meanwhile, the 
protein expression levels of DSPP, DMP1, and ALP were 
consistent with the qPCR results (Figure  5h–k). The re-
sults obtained clearly demonstrate the effective stimu-
lation and counteraction of DCEFs on the suppressive 
impact of cytoskeletal polymerization inhibitors on the 
expression of dentine-related genes and proteins in SCAP.

DCEFs boosted dentinogenesis of SCAP 
in vivo

A 3D culture and DCEFs-loading system was established 
with the intention of conducting subsequent animal ex-
periments (Figure  6a and Figure  S3). Firstly, we tested 
the dentinogenesis ability of SCAP in the 3D system. The 

results revealed that DCEFs exhibited a notable influence 
on the mRNA and protein levels of DSPP, DMP1, and ALP 
(Figure  S3). The effects of DCEFs on dentin formation 
in  vivo were investigated by implantation of tooth frag-
ments containing the SCAP-GelMA complex into the back 
of nude mice. Compared with the empty control group 
and the GelMA control group, the SCAP-GelMA group 
and the SCAP-GelMA-DCEFs group exhibited a stronger 
bond between the newly formed tissue and the internal 
dentin layer of the root fragment. More importantly, the 
nuclei of odontoblast-like cells were observed to be ar-
ranged at the interface between the newly developed soft 
tissue and the dentinal walls of the canal (Figure 6b). The 
findings from the quantitative analysis revealed a higher 
presence of odontoblast-like cells in the SCAP-GelMA-
DCEFs group as compared to the others (Figure 6f).

Another promising finding arose from Sirius red 
staining, a method employed to assess the composition, 
organization, and maturity of collagen fibres in dentine. 
Specifically, the collagen fibres exhibited birefringence 
when observed through a polariscope, with type I collagen 
fibres displaying a vibrant orange or red hue, whilst type 
III collagen fibres exhibited a green coloration. Results 
showed the inner wall of the root fragments in both the 
empty control group and the GelMA control group con-
sistently exhibited a bright orange-red colour, suggesting 
a heightened level of light refraction and less light pene-
tration under polarized light irradiation. On the contrary, 
irregular, dark, and thin layers were observed adjacent to 
the inner wall of the root fragments in the SCAP-GelMA 
and SCAP-GelMA-DCEFs groups (Figure  6c). These 
layers mainly consisted of type I collagen, with a minor 
presence of type III collagen, as indicated by reduced re-
fraction and increased penetration under polarized light 
irradiation, indicating the formation of newly regenerated 
collagen fibres.

The regenerated tissues were further analysed by im-
munohistochemistry with DSPP and DMP1 as mark-
ers specific to odontogenesis. Positive staining for DSPP 
and DMP1 was observed in the SCAP-GelMA group and 
SCAP-GelMA-DCEFs group, suggesting that the differen-
tiated odontoblast-like cells were responsible for the pro-
duction of the dentine-like tissues (as indicated by yellow 
arrows, Figure 6d,e,g,h).

DISCUSSION

Pulpitis and apical periodontitis are the most preva-
lent dental diseases, characterized by inflammation and 
destruction of pulpal and periapical tissues (Tibúrcio-
Machado et  al.,  2021). Particularly, damage to dentine 
tissue in the apical area often causes the arrest of tooth 
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F I G U R E  5   DCEFs improved odontogenic differentiation ability of SCAP in vitro. (a, b) 200 mV/mm DCEFs significantly increased ALP 
expression of SCAP (scale bar = 200 μm). (c, d) Alizarin red S staining showed that DCEFs could increase mineralised nodule formation 
with the highest effect at a magnitude of 200 mV/mm (scale bar = 200 μm). (e–k) DCEFs partially recovered the decreased mRNA and 
protein expression of DSPP, DMP1 and ALP induced by cytoskeletal polymerization inhibitors (NS: p > .05, *p < .05, **p < .01, ***p < .001).
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root development and increases the difficulty of cure 
Thus, the primary objective of mesenchymal stem cells 
(MSCs)-based tissue engineering is the regeneration of 
functional dentine. SCAP, being dentine tissue-specific, 
show promise as potential candidates for dentine regener-
ation and bio-root engineering due to their unique ability 
to differentiate into odontoblasts during dentine develop-
ment (Piva et al., 2014). However, additional research is 
necessary to overcome challenges associated with current 
pulp regeneration strategies, including inadequate and 
irregular morphology of dentine formation. The utiliza-
tion of DCEFs to aid in wound healing, which underpins 
Medicare-approved electrical stimulation therapy, has es-
tablished the importance of biophysical factors in regulat-
ing various cellular responses (Grimm et al., 2014).

Our research initially detected endogenous currents 
in injured teeth with the goal of deducing the strength 
of DCEFs in the physiological range, which is usu-
ally smaller than 500 mV/mm (Al Hezaimi et  al.,  2023; 
Balmer et al., 2018; Hart & Palisano, 2017). A prior study 
demonstrated that DCEFs consistently range from 100 to 
150 mV/mm during the wound healing process, persisting 
for several hours or days until epithelial cells fully cov-
ered the wound (McCaig et al., 2005). A lower intensity 
of electrical stimulation can prompt soft tissue cells to ini-
tiate signal transduction processes associated with regen-
eration (Chen et al., 2019). In contrast, cells involved in 
hard tissue formation demonstrate a higher threshold for 
electrical stimulation due to the rigid extracellular matrix 
components like collagen and hydroxyapatite, which hin-
der electrical signal transmission. Consequently, a greater 
current intensity is required to activate the regeneration-
related physiological processes in hard tissue cells com-
pared to those in soft tissue formation. Intensities of 
DCEFs in 400 and 500 mV/mm were found to make cells 
rapidly become poorly functional (data not shown). Taken 
together, we chose the intensities of 100, 200, and 300 mV/
mm to detect the modulation of DCEFs on SCAP func-
tionality. We demonstrated that DCEFs with an intensity 
of 200 mV/mm significantly enhanced the odontogenic 
differentiation capability of SCAP in both 2D and 3D cul-
ture systems. Additionally, we developed an experimen-
tal model to validate the efficacy of electrical stimulation, 
revealing that SCAP differentiated into odontoblast-like 
cells with a well-organized arrangement, thus highlight-
ing the crucial role of DCEFs in promoting odontogenesis.

Numerous studies have demonstrated that under patho-
logical conditions or external injury, the pulp-dentine 
complex can be repaired through the proliferation, differ-
entiation, and migration of SCAP to achieve tissue regen-
eration (Xu et al., 2020). During the intricate process of cell 
migration, it is imperative for cells to accurately perceive 
directional cues in order to initiate movement, specifically 
towards the correct direction (Fu et al., 2019). DCEFs have 
been proved to be a highly effective means of facilitating 
directed cell migration in embryonic development and 
wound healing, surpassing alternative extracellular signals 
(Nuccitelli, 2003; Zhao et al., 2006). Here, we have success-
fully observed the electrotaxis of SCAP, which exhibited 
migration towards the anode for the first time. This finding 
serves as significant evidence for the directional guidance 
of stem cells towards the site of damaged dentine tissue, 
a crucial prerequisite for dentine regeneration (Suzuki 
et al., 2011). In addition, it is imperative for external stimuli 
to maintain a delicate equilibrium between the prolifera-
tion and differentiation of SCAP, as these cellular processes 
commonly demonstrate a notable negative correlation 
(Ruijtenberg & van den Heuvel, 2016). In this study, it was 
observed that different intensities of DCEFs had distinct 
effects on the biological behaviours of SCAP. We confirmed 
that the intensity of 100 mV/mm of DCEFs significantly 
enhanced cell proliferation, whilst the migration and 
odontogenic differentiation potentials of SCAP were maxi-
mized at the intensity of 200 mV/mm. Whereas, the prolif-
eration and migration of SCAP decreased when subjected 
to DCEFs with the intensity of 300 mV/mm. We speculated 
the damage phenomenon might be attributed to membrane 
impairment, which is caused by the substantial escalation 
of toxicity products and thermogenesis with the increase 
of electric field strength (Chen & Wu, 2006). Additionally, 
the rise in reactive oxygen species (ROS), the influx of cal-
cium ions (Ca2+) and the depletion of adenosine triphos-
phate (ATP) are believed to contribute to deleterious effects 
on cell metabolism (Batista Napotnik et  al.,  2021; Ren 
et al., 2019). On the other hand, it has been documented 
that injured tissue produces significantly greater electrical 
currents compared to healthy tissue (Fish & Geddes, 2009; 
Reid & Zhao, 2014). This phenomenon can be attributed 
to several underlying mechanisms, including the disrup-
tion of the damaged cell membrane in injured tissue, the 
migration of inflammatory cells to the injury site, and the 
enhanced metabolic activity and ion transport associated 

F I G U R E  6   DCEFs boosted dentineogenesis of SCAP in vivo. (a) Schematic diagram of in vivo experiments (Created with BioRender.
com). (b, c) Representative images of H&E staining and Sirius red staining. (d, e) Immunohistochemistry staining images of DSPP and 
DMP1 (yellow arrows indicate newly formed dentine-like tissues composed of DSPP or DMP1 positive staining cells). (f) Quantification 
number of odontoblast-like cells per unit field. (g, h) The expression levels of DSPP and DMP1 detected by immunohistochemistry were 
statistically quantified (NS: p > .05, *p < .05, **p < .01, n = 6/ group).
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with cell division and protein synthesis necessary for tissue 
repair. The present results may inspire the novel strategy of 
SCAP-mediated dentine regeneration through the precise 
modulation of DCEFs at specific time points. Specifically, 
a strength of 100 mV/mm is recommended for promoting 
cell proliferation, whilst a strength of 200 mV/mm is sug-
gested for facilitating cell migration and odontogenetic 
differentiation, based on the specific requirements of the 
regenerative process. An electric field strength of 300 mV/
mm may serve as a valuable tool for simulating and investi-
gating the mechanisms underlying periapical tissue injury.

The exact mechanisms underlying cellular recognition 
and response to electric fields remain poorly understood, al-
though some studies have implicated that some cell surface 
receptors and ion channels could be involved (Ma et al., 2023; 
Tsai et al., 2013). In this study, we confirmed that DCEFs in-
duced cytoskeleton remodelling, with a particular emphasis 
on the interplay between changes in cell shape, alignment, 
and function. Our experimental findings revealed that 67% 
of cells aligned perpendicular to the electrical field vector 
and adopted a fence-like structure following DCEF stimula-
tion, closely resembling the differentiation process of SCAP 
into odontoblasts under physiological conditions. Moreover, 
the positioning of the Golgi apparatus in relation to the nu-
cleus exhibited increased organization following DCEFs 
loading, mirroring a similar phenomenon observed during 
the development and maturation of odontoblasts where the 
Golgi localized on the opposite side of the nucleus. The ar-
rangement of the Golgi apparatus induced by DCEFs may 
be attributed to the formation of organized dentine-like 
tissue, as secretion involves the directed transportation of 
Golgi-derived vesicles to the cell periphery followed by exo-
cytosis (Schuster et al., 2012). Aligned cells demonstrate an 
increased tendency to penetrate open dentine tubules (Ha 
et al., 2020). When these cells are systematically organized, 
their longitudinal axes align with the orientation of the 
dentine tubules, enabling them to more effectively utilize 
their intrinsic motility and the physicochemical gradients 
of the tubules. This alignment, in contrast to disordered 
cells, facilitates a more efficient ingress into the dentine 
tubules, resembling a “queuing” mechanism. The intricate 
interconnections and interactions among the cells enhance 
their anchorage within the tubules, thereby establishing a 
relatively stable cellular community capable of perform-
ing secretory functions (Martín-de-Llano et  al.,  2019). 
Consequently, challenges that need to be addressed in-
clude optimizing the construction of 3D in  vitro models, 
anchoring pre-differentiated and electrically stimulated 
SCAP within scaffold materials, and ensuring their precise 
alignment. In contrast to odontoblasts, which undergo a 
series of sequential and reciprocal epithelial-mesenchymal 
interactions, SCAP received singular external directional 
stimulation from DCEFs in this experiment, resulting in 

Golgi positioning either above or below the nucleus. Our 
study has demonstrated that DCEFs play a significant role 
in promoting stem cell-mediated biomimetic dentine tissue 
repair, offering a promising direction for further research on 
odontoblast differentiation in vitro and filling the gap of the 
2D biomimetic platform for studying odontoblast polariza-
tion (Chang et al., 2021).

Otherwise, in accordance with the established rela-
tionship between pulp and dentine, the pulp –dentine 
complex is acknowledged as an integrated entity, wherein 
DCEFs from injured periapical tissues influence both 
dentine and neural structures. The trans-differentiation 
of MSCs into neurons via electrical stimulation has been 
previously validated and enhanced (Liang et al., 2022; Tai 
et al., 2023). A large number of studies have provided ev-
idence that regenerative endodontic procedures can lead 
to dentine re-establishment, accompanied by neurogen-
esis (Diogenes,  2020). Whilst the role of neurotrophic 
factors in tooth development is well documented (Fried 
et al., 2007) and dentine matrix proteins (DMPs) derived 
from extracted human teeth have been found to contain 
various neurotrophic factors, including nerve growth 
factor, brain-derived neurotrophic factor, glial cell line-
derived neurotrophic factor, neurotrophin-3, and neuro-
trophin-4 (Austah et  al.,  2019), the precise mechanisms 
governing the mutual regulation between dentine and 
nerve tissue remain unclear. Considering the critical role 
of innervation in pulp homeostasis, repair, and regenera-
tion, it is imperative to conduct further research to expand 
the current understanding of the functionality of DCEFs.

CONCLUSIONS

In summary, we have successfully adapted conventional 
2D and advanced 3D DCEFs stimulating models, provid-
ing clear experimental support for the effect of DCEFs on 
migration, proliferation, and odontogenic differentiation 
of SCAP for the first time. The results provided a basis and 
theoretical rationale for further application of DCEFs in tu-
bular dentine regeneration in the dentine-pulp complex re-
generation. For translational application, this study serves 
as an important foundation for the development of a novel 
pulp capping agent, electrical periapical stimulation de-
vice, and strategy for whole-tooth regeneration. However, 
this method is currently in its nascent stage and undergo-
ing preliminary exploration. Our future work will involve 
proteomics analysis to investigate the influence of DCEFs 
on the functional protein expression profiles of SCAP. In 
addition, we are currently investigating the potential long-
term effects of endogenous current on the GelMA-SCAP 
complex in injured teeth. Most importantly, the outcomes 
of this study will be utilized to enhance the dependability 
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of the results obtained from large-animal models, facilitat-
ing the future application of DCEFs in the regeneration of 
tubular dentine within the pulp-dentine complex.
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