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field-assisted cell-laden 3D
printed poloxamer-407 hydrogel for enhanced
osteogenesis†

Sayan Deb Dutta,‡a Jin Bin,‡b Keya Ganguly,a Dinesh K. Patela and Ki-Taek Lim *ac

3D bioprinted hydrogel has gained enormous attention, especially in tissue engineering, owing to its

attractive structure and excellent biocompatibility. In this study, we demonstrated that 3D bioprinted

cell-laden ‘thermoresponsive’ poloxamer-407 (P407) gels have the potential to stimulate osteogenic

differentiation of apical papilla stem cells (SCAPs) under the influence of low voltage–frequency (5 V–

1 Hz, 0.62 mT) electromagnetic fields (EMFs). SCAPs were initially used for cell-laden 3D printing to

biomimic the apical papilla of human teeth. The developed hydrogel exhibited higher mechanical

strength as well as good printability, showing high-quality micro-architecture. Moreover, the as-printed

hydrogels (5 mm � 5 mm) were loaded with plasminogen activator inhibitor-1 (PAI-1) for testing the

combined effect of PAI-1 and EMFs on SCAP differentiation. Interestingly, the 3D hydrogels showed

improved viability and differentiation of SCAPs under EMFs' influence as examined by live/dead assay and

alizarin Red-S staining, respectively. Therefore, our results confirmed that P407 hydrogels are non-toxic

for encapsulation of SCAPs, yielding high cell viability and accelerate the cell migration potential. The 3D

hydrogels with PAI-1 exhibited high mRNA expression levels for osteogenic/odontogenic gene markers

(ALP, Col-1, DSPP, and DMP-1) vis-à-vis control after 14 days of in vitro culture. Our findings suggest that

3D bioprinted P407 hydrogels are biocompatible for SCAP encapsulation, and the applied low voltage–

frequency EMFs could effectively improve dental tissue regeneration, particularly for oral applications.
1. Introduction

The effects of electromagnetic elds (EMFs) have been shown to
ameliorate bone healing for a long time.1–3 The exogenous EMFs
can interfere with various biological processes, including
proliferation,4 morphology,5 stemness,1,3 gene expression,6

protein expression,7 apoptosis,8 and cell differentiation.7

Chronic wound response usually generates naturally occurring
endogenous EFs that play a crucial role in active cell migration
from bone marrow to the wounded site by a process known as
electrotaxis (ET). Later on, the role of endogenous EFs has been
extensively investigated in both in vivo and in vitro models.9,10

Liu et al. reported the use of pulse-EMFs for osteoporosis
treatment.11 A study by Jansen et al. reported that 15 Hz-1 gauss
pulse-EMF (5 ms pulse) improved cell proliferation and
enhanced the alkaline phosphatase activity, calcium content,
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and gene expression of adult bone marrow-derived mesen-
chymal stem cells (hBMSCs).7 Lew et al. also demonstrated that
0.4 tesla static magnetic eld (SMFs) enhanced the proliferation
and differentiation of dental pulp stem cells (DPSCs) by acti-
vating the p38 mitogen-activated protein kinase (MAPK)-family
protein.12 Moreover, several reports demonstrated that low
voltage–frequency EMFs have the potential to stimulate cell
migration and differentiation via inducing the extracellular
receptor kinases (ERK), yes-associated proteins (YAP), and
transcriptional coactivator PDZ-binding motifs (TAZ) in
DPSCs.13,14

Mesenchymal stem cells (MSCs) are a promising treatment
option compared to the conventional treatment methods in
dentistry.1,15 Adult stem cells are multipotent cells capable of
differentiation in multiple lineages, such as osteocytes, chon-
drocytes, adipocytes, and neuron-like cells, respectively.15,16 In
addition, stem cell-based tissue regeneration offers several
advantages, including the avoidance of complex surgeries, low
risk of contamination, high quality of tissue regeneration, and
low rate of autoimmune rejection.16 The molar tooth is one of
the rich sources of dental stem cells (DSCs). DSCs can be iso-
lated from different parts of dental tissues, such as the dental
pulp region (DPSCs), exfoliated primary teeth (SHED), peri-
odontal ligaments (PDLSCs), or form apical papilla (SCAPs).16,17

The human periodontal ligament stem cells (hPDLSCs) are
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 (a) Schematic illustration of the hydrogel preparation and 3D bioprinting. (b) Demonstration of electromagnetic fields (EMFs)-assisted
osteogenic/odontogenic differentiation of apical papilla stem cells (SCAPs).
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a promising model for dental tissue engineering and regener-
ative medicine. One of our previous studies showed that stem
cells from apical papilla (SCAPs) could differentiate into odon-
togenic, osteogenic, chondrogenic, and adipogenic lineages.18

In another study, we have reported that hBMSCs encapsulated
into three-dimensional (3D) alginate/gelatin/cellulose nano-
crystals matrix could potentially trigger osteogenic differentia-
tion in calvaria defect rats.19 Therefore, stem cells combined
with suitable scaffolds might be considered ideal candidates for
bone tissue engineering applications.

‘3D printing’ or ‘additive manufacturing is a rapidly growing
area in tissue engineering and regenerative medicine. 3D
printing technique offers a unique micro/nano-structure by
using solid or semi-solid structures created by fused deposition
(FDM) or direct-ink writing (DIW) methods compared to the
conventional hydrogel scaffolds lacking precise control over 3D
shape, inner structure, and spatial distribution of different cell
types.19,20 3D bioprinting technology has been used in biomed-
ical research for constructing various biomimetic objects,
including organs and tissues, customized implants (orthopedic
implants), and various surgical implants.21 In particular, the 3D
printed smart constructs are widely used pharmaceutical
research for studying cellular behavior, drug delivery, toxico-
logical studies, and many others.22

In this study, we have used a DIW-based 3D printing tech-
nology to prepare a tissue-engineered construct using
poloxamer-407 (P407) with or without plasminogen activator
inhibitor (PAI-1) for osteogenic improvement of apical papilla
© 2021 The Author(s). Published by the Royal Society of Chemistry
stem cells (SCAPs) for dental tissue regeneration. P407 is
a synthetic block copolymer of poly[ethylene glycol] and poly
[propylene glycol] and is widely used in tissue engineering for
its excellent biocompatibility.23 To accelerate the osteogenic
property, an external DC EMF with low voltage–frequency was
applied to evaluate EMFs' effects on SCAPs-encapsulated P407
hydrogels, which has not been studied so far. Scheme 1 depicts
an overview of EMFs-assisted osteogenic/odontogenic differen-
tiation of SCAPs-laden P407 hydrogels. Our results suggested
that the 3D P407 gel was not harmful to SCAPs and improved
the proliferation and osteogenic differentiation of SCAPs.
Therefore, we hypothesize that EMFs-directed 3D poloxamer
hydrogels could be utilized as an ideal candidate for tissue
engineering, particularly dental tissue regeneration.
2. Experimental section
2.1. Materials

Thermoresponsive poloxamer 407 (P407; non-ionic, #1% water
content, pH 7.5) was procured from Sigma-Aldrich, St. Louis,
USA. A PASCO® 850 Universal Interface (standard waveforms,
frequency range 0.001–100 Hz, amplitude range � 15 V, and
output current range 61 mA at 10 V) with two Helmholtz coils
(200 turns; inner radius 10.06 cm, outer radius 10.58 cm. Coil
width 1.6 cm, and maximum current change 2 A) was obtained
from PASCO Scientic, California, USA. Dulbecco's modied
eagle media (DMEM), aMEM, fetal bovine serum (FBS),
phosphate-buffered saline (PBS), and 1% P/S were procured
RSC Adv., 2021, 11, 20342–20354 | 20343
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from Welgene, Republic of Korea. Mesenchymal stem cell
identication kit, live/dead double staining kit, ascorbic acid-2-
phosphate, glutamine, alizarin Red-S (ARS), bovine serum
albumin (BSA), plasminogen activator inhibitor-1 (PAI-1), and F-
actin probe were procured from Sigma-Aldrich, St. Louis, USA.
The osteogenic differentiation medium was obtained from
Lonza, Maryland, USA. Primary and secondary antibodies
against CD34, CD13, CD90, and CD146 were procured from BD
Biosciences, San Jose, California, USA. cDNA synthesis kit and
SYBR green master mix reagent were procured from Invitrogen,
Maryland, USA, and Bio-Rad Laboratories, USA. A fully auto-
mated CELLINK® BIO-X 3D printer was procured from
CELLINK® Corporation, Sweden.
2.2. Isolation of SCAPs

Human third molar teeth were obtained from healthy young
males (22–25 years old) and were used to isolate apical papilla
stem cells (SCAPs). This protocol was approved by the Institu-
tional Review Board of the Dental Hospital, Seoul National
University, Republic of Korea (IRB no. 05004). The written
consent was obtained from each patient before surgery. The
primary cell culture was carried out, as described previously.24

Briey, the SCAPs were gradually separated from the teeth by an
enzymatic digestion procedure (3 mg mL�1 collagenase type-I
and 4 mg mL�1 dispase) at 37 �C for 1 h. Aer digestion, the
cell suspension was procured by passing through a 40 mm
strainer. The cells were cultured in aMEM supplemented with
10% FBS, 100 mM L�1 ascorbic acid-2-phosphate, 2 mM gluta-
mine, and 1% P/S at 37 �C in 5% CO2. Aer 24 h, the media was
changed, followed by changes every 2–3 days. At 80–90% con-
uency, the cells were passaged by 0.25% trypsin–EDTA solu-
tion and subcultured accordingly. The primary cells at passage 4
or 5 were used for the proliferation, differentiation, and cell-
laden printing experiments.
2.3. Characterization and multilineage differentiation of
SCAPs

The expression of mesenchymal stem cell-associated immuno-
phenotype markers was assessed by ow cytometry. For this,
cells (1 � 106 per mL) were xed by 3.7% paraformaldehyde
(PFA) for 10 min and then resuspended in 1 mL PBS containing
1% BSA for 30 min. Aer blocking, the cells were incubated with
Table 1 Bioprinting parameters for poloxamer-407 (P407) hydrogel

Inll pattern type Rectilinear

Inll density 20.0%
Design type Cylinder (5 mm � 5 mm)
First layer height 66.0% (0.2 mm)
Printing speed 5 mm s�1

Flow rate 0.2 mL s�1

Needle size (G) 27 G
Printing pressure 35 kPa
Printing-head temperature 37 �C
Printing-bed temperature 37 �C

20344 | RSC Adv., 2021, 11, 20342–20354
specic primary antibodies against CD34, CD13, CD90, and
CD146 at 4 �C for 1 h. Next, the cells were washed with PBS and
incubated with mouse anti-human secondary antibodies for
another 1 h at 4 �C. Finally, the percentage of CD34�, CD13+,
CD90+, and CD146+ cells was measured by a ow cytometer
(FACS Caliber, BD Biosciences, California, USA). The data were
processed by using Cell-Quest Pro soware (BD Biosciences,
California, USA).

For the multilineage differentiation study, the cells (4 � 104

per mL) were incubated with osteogenic, chondrogenic, adipo-
genic, and neurogenic media for 21 days (Gibco-BRL, Grand
Island, USA). Aer specic incubation, the cells were stained by
a stem cell differentiation kit and staining kit according to the
manufacturer's instruction. The stained plates were analyzed by
an inverted optical microscope (Zeiss Axio Vert. A1, Germany) to
examine the mineralized nodule, proteoglycan, fat deposition,
and Nissl body formation as an indicator of osteogenic, chon-
drogenic, adipogenic, and neurogenic differentiation.

2.4. Preparation of P407 sol–gel

The P407 sol–gel was prepared as described earlier.23 Briey,
30% (w/v) dissolved in 10 mL ice-cold PBS and stirred for 12 h to
obtain a homogenous mixture (sol). The solution was sterile
ltered and kept at 4 �C until use. Before 3D printing, the P407
solution was incubated at 37 �C to obtain P407 gel.

2.5. 3D printing and cell-laden culture

Before printing, the P407 solution was loaded into the printer
cartridge and incubated at 37 �C until the gel was formed. Next,
the gels were UV-sterilized for 30 min, and the structure was
directed printed onto the sterile 6-well plates placed in the print-
bed (pre-heated at 37 �C). The structure of the construct was
designed by the Solidworks soware (http://www.solidworks.com,
Dassault Biosystems, USA) and exported as a ‘stereolithography’
(STL) le. The round-shaped construct (5 mm � 5 mm) was
carefully printed using a 27 G (0.2 mm) metal-head needle, and
the printing parameters are given in Table 1.

For cell-laden culture, the 30% P407 (w/v) was dissolved in
PBS. The cell-laden construct was prepared, as described in our
previous study.19 Briey, 2 mL of cold poloxamer solution was
mixed thoroughly with 2 mL of SCAPs (gel : cell ¼ 1 : 1) to
obtain a 2.5 � 104 per mL cell density. Next, the P407 solution
was carefully loaded into the plastic cartridges and incubated at
37 �C for 10–15 min. Next, the cell-laden P407 gel was imme-
diately printed onto the sterile 6-well plates at 37 �C. Aer
printing, the cell-laden construct was supplemented by 2 mL of
DMEM with 10% FBS and 1% P/S solution and incubated at 37
�C/5% CO2 incubator.

2.6. Printability analysis

The printing quality of the cell-laden constructs was assessed
through printing and checking the cell condition immediately
aer 3D printing. Briey, 1 or 2 layers were carefully printed and
stained with 100 mL of live/dead double staining kit for 5 min
and visualized by an inverted uorescence microscope (Leica
DMi8, Germany) to check the strand uniformity and cell
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The EMF device setup. (a) Installation of EMF device with Helmholtz coils, placed inside the incubator (i and ii), and (b) the different EMFs
exposure conditions with corresponding magnetic field intensity used in this study.
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printing quality. Images were captured at 10� and 20�
magnications, respectively. Since the P407 gel was stable at
37 �C, we have printed some 3D structures (pyramid, star, cube,
and vascular-like structure) to assess the stability of the gel aer
printing.

The printability of the developed hydrogel was evaluated by
measuring the uniformity factor (U)19 and printability factor
(Pr),25 respectively. For this, 1 or 2 layers of P407 gel was care-
fully printed with different printing speeds (2 mm s�1, 3 mm
s�1, and 5 mm s�1), and the images were captured using an
inverted optical microscope (Zeiss, Germany). The printing was
repeated thrice (n ¼ 3), and the images were analyzed using
ImageJ Fiji plugins (http://www.imagej.nih.gov). The print-
ability was measured by using the following eqn (1) and (2):

Uniformity factor ðUÞ ¼ Lp

Ld

(1)

Printability factor ðPrÞ ¼ p

4
� 1

C
¼ P2

16A
(2)

Lp, Ld, C, P, and A represent the length of the printed strand,
length of the theoretical strand, pore-circularity, pore perim-
eter, and pore area. A value of Pr < 1 indicates under-gelled
hydrogel, Pr ¼ 1 indicates proper-gelled hydrogel ink, and Pr
> 1 indicates over-gelled hydrogel ink, respectively.
Table 2 Calculation of magnetic flux density (B) in various EMFs
exposure

Voltage
(V)

Frequency
(Hz)

Magnetic eld
(mT)

Resistance
(U)

Magnetic ux
density (B)

1 1 0.14 0.5 1.2 � 10�7

5 1 0.62 2.5 1.39 � 10�8

10 1 1.21 5 2.79 � 10�8
2.7. Rheological characterization

The viscoelastic nature of the prepared hydrogel was assessed by
using an ARES-G2 rheometer (TA Instruments, New Castle, USA)
with a 25 mm parallel plate (stainless steel) at varying tempera-
tures (25, 30, 35, and 40 �C). The angular frequency (u) range was
set from 0.1 to 100 Rad s�1 with a 1% strain rate. The storage
modulus (G0), loss modulus (G00), complex viscosity (h*), and loss
factor (tan d) values were recorded for 600 s. All themeasurements
were conducted in three technical replicates (n ¼ 3).
© 2021 The Author(s). Published by the Royal Society of Chemistry
2.8. EMFs stimulation

For this, the Helmholtz coils (EM-6722, Pasco Scientic, USA)
with a supporting stand were carefully placed inside the BOD
incubator. The two coils were placed 10 cm apart and are con-
nected to the external wavefront generator, as shown in
Fig. 1(a). During experiments, the 3D construct was placed
precisely between the two coils, and DC EMFs was applied in
different time interval to achieve the optimum conditions for
cell viability Fig. 1(b). During each exposure, the 3D constructs
were stimulated at a different time point (5, 10, 20, and 30 min
per day) with varying voltage (1 V, 5 V, and 10 V) and magnetic
elds (0.14, 0.62, and 1.21 mT), respectively. The Helmholtz
coils and the magnetic eld (MF) sensor are attached with the
wavefront generator (UI-5000, Pasco Scientic, USA). The MF
sensor was placed vertically between the two coils. The coils
have 200 turns and are supported by pure copper wire (average
diameter 0.654 mm) with an inner radius of 10.06 cm, an outer
radius of 10.58 cm, and a coil width of 1.6 cm. The distance
between the two coils was 10 cm. Ohm's law's resistance (R) of
the coils for each EMF setting was calculated as described
previously.26 The magnetic ux density (B) was calculated
according to eqn (3) (ref. 27) and is given in Table 2:

B ¼
�
5

4

�3=2

m0I
n

R
(3)
RSC Adv., 2021, 11, 20342–20354 | 20345
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Table 3 Specified primer sequences used for real-time PCR (qRT-PCR) analysisa

Gene ID GenBank accession no. Sequences (50–30)

DSPP NC_000004 (F) CCATGGAGAACGCTGGGG, (R) CAAAGTTGTGATGGATGACC
DMP-1 NM_001079911 (F) GCAGAGAGTCAGAGCGAGGAA, (R) CCGTGGAGTTGCTATCTTCTTTG
ALP NM_007431 (F) CCAACTCTTTTGTGCCAGAGA, (R) GGCTACATTGGTGTTGAGCTTTT
Col-1 NM_007742 (F) GCTCCTCTTAGGGGCCACT, (R) CCACGTCTCACCATTGGGG

a DSPP; dental sialophosphoprotein, DMP-1; dental matrix protein-1; ALP; alkaline phosphatase; Col-1; collagen type-1.
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here, n, I, and R represents the number of turns in each coil,
current, and mean coil radius. The m0 refers to the permeability
of free space between the chamber (4p � 10�7 T.m A�1),
respectively.
2.9. Cell cytotoxicity assays

The viability of the SCAPs was assessed by the live/dead assay
and WST-1 assay. The 3D printed hydrogels were incubated at
37 �C for 5 days. Aer incubation, the gels were washed by 1�
PBS and stained with 100 mL of live/dead double staining kit for
5 min and visualized by an inverted uorescence microscope
(Leica DMi8, Germany). Images were captured at 10� magni-
cation, and the number of cells was quantied by ImageJ so-
ware with Fiji plugins using the cell counter lter. For WST-1
assay, the EMF-stimulated gels were washed twice by 1� PBS
and replaced by 100 mL of fresh culture media. Next, the cells
were incubated with 20 mL of WST-1 dye for 2 h. Aer incuba-
tion, the produced formazan was collected and transferred to
a sterile 96-well plate. The absorbance was recorded at 450 nm
(625 nm as a reference wavelength) using a spectrophotometer
(Innite® M Nano 200 Pro; TECAN, Switzerland). All the
experiments were performed in biological replicates, and data
are presented as mean OD � standard deviations. Statistical
signicance was considered at *p < 0.05.
2.10. Assessment of cell morphology

The morphology of the SCAPs was evaluated by uorescence
microscopy as described earlier.19,28 The gel surface was briey
washed twice by 1� warm PBS, followed by xation with 3.7%
paraformaldehyde (PFA) for 10–15min. Aer that, the cells were
permeabilized by 100% ice-cold methanol (Sigma-Aldrich, USA)
for 5 min and blocked with 1% BSA for 1 h. Aer blocking, the
gels were washed twice by warm PBS and stained with Alexa-
Flour 555-conjugated F-actin probe for 30 min at dark. Aer
staining, the gels were washed twice by PBS, and the nucleus
was counterstained by DAPI (Sigma-Aldrich, USA). The stained
cells were nally visualized by an inverted uorescence micro-
scope (Leica DMi8, Germany), and the images were captured
with appropriate lter channels.
2.11. In vitro differentiation study

The mineralization efficiency of the SCAPs was assessed by an
ARS staining procedure aer 7 and 14 days of incubation in an
osteogenic differentiation medium. Briey, the 3D scaffolds
with or without EMF treatment were xed with 70% ethanol for
20346 | RSC Adv., 2021, 11, 20342–20354
15 min and stained by 500 mL of ARS for 5 min. Aer that, the
plates and transwell inserts were washed by distilled water, and
the mineralized nodule formation was observed by an inverted
optical microscope (Zeiss Axio Vert. A1, Germany). PAI-1 (50 ng
mL�1) was taken as a positive control, and a combination of
PAI-1 + EMFs stimulation was also taken to observe the syner-
gistic effects on osteogenic differentiation of SCAPs.

2.12. RNA isolation and qRT-PCR analysis

The cell-laden scaffolds were incubated in an osteogenic
differentiation medium for 7 and 14 days to investigate the gene
marker expression in both unstimulated and stimulated cells.
The medium was replaced every aer 2–3 days. Aer specic
incubation, the total RNA was harvested by RNAzol reagent
(Sigma-Aldrich, USA), and the purity was determined by Nano-
drop spectrophotometer (Innite® M Nano 200 Pro; TECAN,
Switzerland). 2–4 mg of total RNA was used to synthesize the
cDNA using reverse transcriptase and SYBR Green master mix
reagent. The relative mRNA expression was recorded by a qRT-
PCR (CFX96™Maestro Real-Time system, Bio-Rad, USA). All the
reactions were triplicated and normalized to the housekeeping
gene hypoxanthine-guanine phosphoribosyltransferase (HPRT).
All the primers (DSPP, DMP-1, ALP, and Col-1) were procured
from Bioneer Inc., Daejeon, Republic of Korea, and are listed in
Table 3.

2.13. Statistical analysis

The statistical analysis was carried out using Origin Pro v9.0
soware (Origin Lab., USA). One-way ANOVA and Tukey's test
post hoc analysis analyzed the statistical signicance between
control and treatment groups. All the experiments were per-
formed in biological replicates (n ¼ 3), and data are presented
as mean OD � standard deviations. Statistical signicance was
considered at *p < 0.05.

3. Results and discussion
3.1. Characterization and multi-differentiation potential of
SCAPs

A schematic presentation of the presence of SCAPs in the
humanmolar tooth is shown in Fig. S1(a).† The cell morphology
was captured by an inverted optical microscope aer different
time intervals and is shown in Fig. S1(b).† Stem cells are mainly
characterized by their pluripotentiality and their ability to
express various surface markers, and the presence of endoge-
nous growth factors regulates their fate (e.g., TNFs, bFGFs,
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Digital photograph of sol–gel transition of poloxamer 407 (P407), (b) the CAD model as predicted by Solidworks software (5 � 5 mm),
(c) digital photograph of cell-laden 3D printed P407 hydrogels (i and ii) with corresponding optical microscopy image (iii) indicating the presence
of SCAPs (magnification �5), (d) schematic view of the cell-laden construct, (e and f) assessment of cell viability in the printed constructs after 2
layers of printing. The cells were stained by a live/dead staining kit to visualized the live cells inside the gel, respectively. (g and h) localization of
cells at the edges of the hydrogel, (i) at the cross-connecting junction, and (j) at the strand (scale bar: 50 and 100 mm).
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EGFs, PDGFs), cytokines, and inhibitors.29,30 This property is
known as the stemness potential of stem cells.31 We have
demonstrated the stemness potential of the extracted SCAPs by
FACS analysis, and the results are given in Fig. S1(c).† A variety
of stem cells are extracted from dental tissue, including dental
pulp stem cells (DPSCs), periodontal ligament stem cells
(PDLSCs), dental follicle stem cells (DFSCs). SCAPs can be
differentiated into osteoblasts, cementoblasts, adipocytes,
chondrocytes, and neuron-like cells.29 Our results indicated the
enhanced expression of the stemness positive markers, such as
CD13 (�99%), CD90 (�99%), and CD146 (�95%), respectively.
However, the presence of negative markers, such as CD34
(�99%), was also noted, indicating the stemness potential of
SCAPs. The multilineage differentiation potential of SCAPs was
evaluated aer 21 days of culture in osteogenic, chondrogenic,
adipogenic, and neurogenic media, and the results are shown in
Fig. S1(d).† Aer specic incubation, the plates were stained by
ARS, alcian blue, oil Red-O, and Nissl stain. The presence of
mineralized nodule, proteoglycan, oil droplet, and Nissl bodies
indicate the ability of SCAPs to differentiate into different
lineages, respectively.32,33

3.2. Characterization of P407 hydrogels

Fig. 2(a) represents the procedure of preparing the sol-gels of
P407. The 3D structure (5 mm � 5 mm disc) was designed by
Solidworks soware and imported as an ‘SLT le’ before
printing. The SLT le was imported into the bioprinter and
sliced by the Bio-X in-built soware to achieve a uniform slicing
of the 3D structure (Fig. 2(b)). The inll density was set up to
20% so that the pores were visible clearly during the printing
procedure. The printing was carried out on the 6-well plates in
a single printing setting, and the printer-bed temperature was
© 2021 The Author(s). Published by the Royal Society of Chemistry
set up to 37 �C to allow a uniform temperature distribution
during the printing process. The gels were immediately fridge-
dried and kept at an ambient temperature until use. The
resulting structure was approximately 5 � 0.2 mm in height
with 4.8–4.9 mm in diameter. The average weight of the struc-
ture was 0.06 g. Interestingly, when the 3D structure was
immersed into 2 mL warm PBS (37 �C), the structure absorbed
the buffer and turns into a gel-like structure. Moreover, when
cold PBS (4 �C) was added into the printed structure, the
structure absorbed the buffer and turned into a liquid structure
aer 30 min. This is due to the amphiphilic nature of the
copolymers of poly(ethylene glycol) and poly(propylene glycol)
present in P407 gel, which makes it an ideal ‘thermoreversible
gel’.34

3.3. Printability and rheological properties

Next, we have evaluated the printing quality of the cell-laden
P407 gels. Fig. 2(c) represents the cell-laden 3D printed
construct of P407 gel with corresponding optical microscopy
images. The printed strand indicates the presence of SCAPs, as
shown in Fig. 2(c)(iii). For cell-laden printing, the P407 was
dissolved in PBS andmixed with SCAPs at a 1 : 1 ratio to achieve
a 2.5 � 104 per mL cell density. The mixed solution was care-
fully loaded into the printer cartridges and incubated at 37 �C
for about 10–15 min. The schematic illustration of cell printing
is given in Fig. 2(d). Initially, the rst and second layers were
printed and stained by a live/dead staining kit to check the gel's
cell homogeneity. As shown in Fig. 2(e–j), the cells were
homogeneously distributed inside the gel, and the printed
structure was nearly uniform as predicted in the original design.
Both the cross-connecting junctions and strands have superior
printing quality. These results indicate that P407 gels exhibited
RSC Adv., 2021, 11, 20342–20354 | 20347
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Fig. 3 Printability and mechanical properties of P407 gel. (a) 3D printing of complex structures using P407 gel. Representative images of
a pyramid, star, cube, and vascular graft-like structure. Scale bar: 1 mm. (b) Filament formation test indicating proper gelation of the P407 at 37 �C
(scale bar: 5 mm) (i); digital photograph of printed gels with different printing speed (ii); photograph of a large construct showing the uniform
strand (inset) after printing 8 layers (iii); printing of a honeycomb-like pattern using P407 gel (iv) and side view of the printed gel (v). Scale bar: 1
mm. (c) Uniformity factor (U) of the prepared gel. (d) Printability factor (Pr) of the prepared gel. (e) Storage (G0) and lossmodulus (G00) of the printed
gel at different temperatures. (f and g) Representative complex viscosity (h*) and loss factor (tan d) value of the printed gels at different
temperatures.
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superior cell-based printing and could be used as an ideal
biomaterial for tissue engineering and drug delivery.23,34

Next, we have evaluated the printing quality of complex
structures, such as pyramid (5 � 5 � 5 mm, 70 layers), star (5 �
5 � 5 mm, 20 layers), cube (5 � 5 � 5 mm, 20 layers), and
vascular-like structure (6 � 5 � 2 mm, 10 layers). All the struc-
tures were printed layer-by-layer up to desired height, and the
nal architecture was shown in Fig. 3(a). The results indicate
that all the structures were printed uniquely, meaning that the
theoretical design is retained in the actual printed structure.
Moreover, the lament formation test indicated that aer
incubating P407 gel for 10–15 min at 37 �C, the extruded la-
ment was relatively uniform without any crack or rupture with
a length of >15 mm (Fig. 3(b)(i)). Since P407 is an amphipathic
copolymer, the critical micellization temperature (CMC)
decreases with increasing temperature, and the poly(ethylene
oxide)–poly(propylene oxide) (PEO–PPO) units self-assembled to
form hydrogel network rather than producing micelle-like
structures.35 Therefore, 3D printing of P407 hydrogel with
varying resolution sustained the mechanical integrity, and the
20348 | RSC Adv., 2021, 11, 20342–20354
printed laments appeared to be nearly perfect with any
patterns or inll densities, as shown in Fig. 3(b)(ii–v).

The printability of the 3D printed scaffolds was evaluated by
uniformity factor (U) and printability factor (Pr). For this, 1 or 2
layers were printed with different printing speeds (2 mm s�1,
3 mm s�1, and 5 mm s�1) at 37 �C and photographed using an
inverted optical microscope. As shown in Fig. 3(c), the unifor-
mity (U) of the printed lament was slightly increased (U > 1)
when printing speed was 2 mm s�1, while at 3 mm s�1 and
5 mm s�1, the lament was nearly uniform (U ¼ �1). Similarly,
the Pr, which is inversely proportional to the pore geometry,
demonstrated that higher printing speed (3 mm s�1 and 5 mm
s�1) exhibited perfect rectangular pore geometry (Pr ¼ �1)
(Fig. S2†), while the low printing speed (2 mm s�1) exhibited
a slight drop of Pr value (Fig. 3(d)). These results demonstrate
that the P407 hydrogel could print perfectly when the printing
speed was between 3–5 mm s�1.

The viscoelastic nature of the P407 hydrogel was evaluated
using a rotational rheometer with an angular frequency (u)
ranging from 0.1 to 100 Rad s�1 at different temperature (25, 30,
© 2021 The Author(s). Published by the Royal Society of Chemistry
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35, and 40 �C), and the changes in the storage modulus (G0) and
loss modulus (G00) is shown in Fig. 3(e). Notably, an enhancement
of G0 was observed with the gradual increase in the temperature
of the P407 hydrogel. A two-fold increase in the G0 value was
observed when the temperature was increased to 40 �C compared
to the 25 �C. Similarly, the G00 value was also enhanced when the
temperature was increased to 40 �C. A typical complex viscosity
(h*) vs. shear rate curves of the P407 hydrogel at different
temperatures are given in Fig. 3(f). An enhancement of h* was
observed in the P407 hydrogel when the temperature was slowly
increased from 25 �C to 40 �C. The loss factor (tan d) in various
temperatures is also given in Fig. 3(g). When the P407 solution
was kept at 20–25 �C, the polymer chains exist as extended coils,
and the molecular arrangement is more or less regular. At 25–
30 �C, the P407 solution slightly forms a gel-like structure owing
to intermolecular rearrangement of the PEO–PPO units.
However, at 37–40 �C, the extended coils become random due to
the unstable hydrogen bonding between PPO and water, leading
to increased solution entropy.36,37 As a result, the polymer chains
of P407 move closer, and more interconnected networks were
formed, increasing G0 values. This was also reected by an
enhancement of h* as shown in Fig. 3(f). At 37–40 �C, the loss
factor of the P407 hydrogel (tan d ¼ 0.03) showed typical elastic
nature (shear-thickening), which indicates the proper gelation of
the developed gel. These properties are crucial for 3D printing
applications.38 Taken together, our results suggested that the
developed hydrogel has good printability and could be used as an
ideal material for future bioink development.
3.4. P407 hydrogel sustains SCAPs viability

The cytotoxicity of the cell-laden P407 hydrogel was evaluated by
live/dead staining kit aer ve days of incubation, and the
results are shown in Fig. 4(a). Aer cell-laden printing, the 6-
Fig. 4 Evaluation of cell viability andmorphology of SCAPs. (a) live/dead a
indicates the presence of proliferating cells inside the hydrogel (scale bar
SCAPs inside the 3D printed hydrogel at indicated time intervals (scale b

© 2021 The Author(s). Published by the Royal Society of Chemistry
well plates were supplemented by 1 mL DMEM media con-
taining 10% FBS and 1% P/S. The media was replaced every two
days. The as-prepared hydrogel showed no adverse effect on the
SCAPs aer ve days of culture. Interestingly, at the 3 day point,
the cells started protruding inside the gel, and broblast-like
morphology appeared. At the 5 day point, most of the cells
appeared proliferating inside the hydrogel, suggesting the
biocompatibility of P407. The quantication data for live dead
staining is given in Fig. S3.†

To investigate cell morphology, we have also performed
immunocytochemical staining to observe the F-actin arrange-
ment. Adhesion of cells to their native ECM is one of the pivotal
properties required for proliferation and differentiation.19,39

Therefore, various biomimetic scaffolds could control the ECM
structure to increase stem cells' proliferation.40 Themorphology
of the SCAPs at the desired time interval is given in Fig. 4(b and
c). At day 1 samples, the cells produced sufficient numbers of
lopodia. However, at the 3 day point, the gel was entirely lled
by the SCAPs, and the F-actin lament appeared in regular
shape and distribution as indicated in Fig. 3(c). These results
suggest that P407 gels are highly biocompatible for cell-laden
printing and could be used as a candidate biomaterial for
tissue engineering.
3.5. EMF stimulation improves the proliferation and
migration of SCAPs

The cell-laden constructs (10 mm � 5 mm) were directly
utilized for DC EMFs stimulation experiments. Fig. 5(a) repre-
sents the schematic procedure of cell-printing in transwell
chamber and EMF stimulation, respectively. The PASCO EMF
device has various waveforms, including triangular, sinusoidal,
square, and ramp (DC offset), with a frequency range of
0.001 Hz to 100 kHz. The EMF stimulation may be benecial
ssay of SCAPs in P407 hydrogel at indicated time intervals. White arrow
: 200 mm), (b and c) representative fluorescence microscopy images of
ar: 50 mm).

RSC Adv., 2021, 11, 20342–20354 | 20349
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Fig. 5 (a) Schematic illustration of cell printing using P407 and EMFs stimulation. Cytotoxicity evaluation of cell-laden 3D constructs in (b) 1 V–
0.14 mT EMF, (c) 5 V–0.62 mT EMF, and (d) 10 V–1.21 mT EMF by WST-1 assay at indicated time intervals. (e) Representative fluorescence
microscopy images of EMFs-stimulated SCAPs at indicated time intervals (scale bar: 100 mm). Data are mean � SD of triplicated experiments,
statistical significance at *p < 0.05.
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clinically for bone fracture treatment because it induces the
proliferation and migration of stem cells, such as hBMSCs,
PDLSCs, and SCAPs.7,41,42 We have chosen the low voltage–
frequency DC EMFs, such as 1 V–1 Hz (0.14 mT), 5 V–1 Hz (0.62
mT), and 10 V–1 Hz (1.21 mT). Their exposure time was 5 min
per day, 10 min per day, 20 min per day, and 30 min per day for
each hydrogel group, respectively. The cell-laden constructs
were printed directly onto the 8 mm transwell inserts and sup-
plemented by 200 mL of serum-free media. 10% serum-
containing media supplemented the outer chamber as a che-
moattractant. The culture plates were kept at 37 �C. Plates
without any stimulation were taken as control. Aer the desired
time interval, the cell viability was measured by WST-1 dye, and
the results are given in Fig. 5(b–d). The results indicate that
none of the treatment conditions were harmful to the culture
cells. Notably, an enhancement of cell viability was found in 5
20350 | RSC Adv., 2021, 11, 20342–20354
V–1 Hz (0.62 mT) EMFs exposure at a dose of 30 min per day.
Moreover, an increasing trend of viability was observed in 5 V-
treated groups, which was signicantly higher than the
control groups aer 3 days of culture. A similar kind of obser-
vation was reported by Samiei et al., where they have demon-
strated the higher proliferation of hDPSCs in the presence of
sinusoidal EMFs.1

Furthermore, we have also evaluated the cell morphology in
5 V EMF-treated groups aer 3 days of culture. The cell
morphology of the SCAPs was examined by uorescence
microscopy, and the results are given in Fig. 5(e). Interestingly,
the cell morphology appeared to be usual with regular shape
and lopodia distribution. At the 3 day point, the entire 3D
matrix was covered by cells, suggesting that 5 V–1 Hz (0.62 mT)
EMFs exposure is biocompatible for SCAPs and could be used as
a stimulating agent for dental tissue regeneration.1,43 The
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Schematic representation for the cell migration through the
3D printed SCAPs under influence of EMFs. (b) Transwell migration
study of SCAPs at indicated treatments after 12 h of incubation. Plas-
minogen activator inhibitor-1 (PAI-1) was taken as positive control,
respectively (scale bar: 10 mm).
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migration potential of SCAPs was also assessed by culturing the
cell-hydrogel directly onto the transwell migration chamber,
and the results are given in Fig. 6. A schematic representation
for the EMF-induced migration is shown in Fig. 6(a). The cell-
laden constructs were printed onto the 8 mm inserts and stim-
ulated by 5 V–1 Hz (0.62 mT) exposure at 30 min per day. Next,
the cells were allowed to migrate up to 12 h. Aer 12 h, the
transwell inserts were stained by Giemsa stain, photographed
by an inverted optical microscope, and the number of migrated
cells was quantied by ImageJ soware. PAI-1-treated plates
Fig. 7 In vitro differentiation of SCAPs under influence of EMFs. The aliza
showing the mineralized nodule formation at indicated time intervals, (a
positive control (scale bar: 50 mm).

© 2021 The Author(s). Published by the Royal Society of Chemistry
were considered as the positive control. To investigate the
synergistic effect, the cell-laden construct was further supple-
mented by PAI-1 along with EMFs exposure, and the results are
shown in Fig. 6(b). Notably, the number of migrated cells was
signicantly increased in both EMFs-treated and PAI-1 + EMFs-
treated samples, comparable to the negative control groups, as
shown in Fig. S4.† According to previously published reports,
a few papers are relevant to EMFs' effects on dental stem cell
proliferation and migration. The biophysical stimuli, mainly
the effect of the electromagnetic eld, are ill-explored for dental
tissue regeneration.1 Hence, we have investigated the effects of
low voltage–frequency DC EMFs with relatively short exposure
time for SCAPs proliferation and migration. We anticipate that
the 5 V–1 Hz (0.62 mT) EMFs (30 min per day) treatment could
be used as an ideal condition for stem cell migration and
proliferation during cell-based printing for dental tissue
regeneration.
3.6. In vitro differentiation and gene expression study

The in vitro differentiation potential of cell-laden hydrogels was
evaluated by the ARS staining procedure. For this, the printed
constructs were cultured in 200 mL of DMEM media for 2–3
days. Aer that, the printed hydrogels were washed by PBS
buffer and supplemented by 200 mL of osteogenic differentia-
tion media and cultured for 7 and 14 days. Aer the desired
incubation period, the cells were stained by ARS to study the
mineralization efficiency, and the results are shown in Fig. 7.
Plates without scaffolds were compared side-by-side with the
printed constructs (Fig. 7(a)). Moreover, PAI-1-treated plates
were taken as the positive control. Notably, in both cases, the 5
rin Red-S (ARS) staining with corresponding optical microscopy images
) without 3D gel, and (b) with 3D gel, respectively. PAI-1 was taken as

RSC Adv., 2021, 11, 20342–20354 | 20351
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Fig. 8 Evaluation of osteoblastic/odontoblastic genemarkers expression in the presence of P407 hydrogel under influence of EMFs. The relative
mRNA expression of (a) DSPP, (b) DMP-1, (c) ALP, and (d) Col-1 after 7 and 14 days of incubation. Data are mean � SD of triplicated experiments,
statistical significance at *p < 0.05.
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V–1 Hz (0.62 mT) EMFs stimulation exhibited higher minerali-
zation potential. However, a more intense mineralized nodule
formation was observed in the presence of PAI-1-loaded 3D
scaffold (Fig. 7(b)), suggesting that a combination of growth
factors with EMFs stimulation could synergistically trigger the
osteoblastic differentiation of SCAPs.

The expression of osteogenesis and odontogenesis-related
genes (ALP, Col-1, DSPP, and DMP-1) were evaluated by qRT-
PCR, and the results are shown in Fig. 8. PAI-1-treated
samples were taken as the positive control, and plates without
any scaffold were taken as the negative control. Moreover, to
study the synergistic effect of SCAPs gene expression, we have
used PAI-1 + 5 V EMFs as an inducer of osteogenesis. Osteo-
genesis is a complex biological process, and several osteogenic/
odontogenic genes are associated with this process.44 A large
number of studies reported that SCAPs are found to express
several gene markers related to osteogenesis/odontogenesis,
such as alkaline phosphatase (ALP), runt-related transcription
factor-2 (Runx-2), osteocalcin (OCN), dental sialophosphopro-
tein (DSPP), dental matrix protein (DMP), collagen type-1 (Col-1),
and many others.45,46 ALP is an early gene marker and acts as an
indicator of early osteogenesis. Similarly, DSPP, DMP-1, and
Col-1 indicate the presence of late osteogenesis/odonto-
genesis.29 Our results demonstrated that DSPP and DMP-1
markers' expression signicantly increased in 5 V (0.62 mT)
EMFs treatment; however, in synergistic treatment, the expres-
sion prole was more signicant than the positive control,
suggesting that a combination of PAI-1 with EMFs treatment
20352 | RSC Adv., 2021, 11, 20342–20354
could trigger osteogenic/odontogenic differentiation (Fig. 8(a
and b)). A similar fashion was also observed in ALP and Col-1,
comparable to the control groups (Fig. 8(c and d)). Therefore,
the higher expression of theses gene markers (DSPP, DMP-1,
ALP, and Col-1) indicated their better osteogenic efficiency of
P407-encapsulated SCAPs in the presence of EMFs.

Cell proliferation and differentiation are crucial factors for
growth and development. Cellular differentiation, in particular,
osteogenesis, is profoundly affected by nature, concentration,
and shape (2D/3D structure) of the biomaterials present in the
osteogenic differentiation media.47 Liu et al. reported that
simvastatin/poloxamer 407 hydrogels improved the osteo–
angiogenic properties of stem cells.48 In another study,
poloxamer-encapsulated hDPSCs showed improved prolifera-
tion and osteogenic differentiation and higher expression of
OCN and Runx2 transcription factors.15 Based on these previous
reports, we have conducted a synergistic exposure system,
where various DC EMFs directly stimulated the cell-laden P407
gel. We anticipate that SCAPs-encapsulated 3D poloxamer
hydrogels with EMFs stimulation (5 V–1 Hz, 0.62 mT) could be
used as a promising candidate for bone tissue engineering,
particularly dental tissue regeneration.
4. Conclusions

In this study, apical papilla stem cells (SCAPs) were encapsu-
lated in a ‘thermoresponsive’ hydrogel and 3D bioprinted to
biomimic the apical papilla region of human teeth. The as-
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra01143j


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Ju

ne
 2

02
1.

 D
ow

nl
oa

de
d 

on
 1

1/
17

/2
02

5 
11

:1
5:

30
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
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prepared P407 hydrogel was found biodegradable, non-toxic,
and enhanced the viability of SCAPs in vitro. Moreover, the
cell-laden printed construct was ultimately tested via low
voltage–frequency electromagnetic elds (EMFs) stimulation.
Our results suggested that the applied DC EMFs (5 V–1 Hz, 0.62
mT) enhanced the viability and raised the osteogenic/
odontogenic potential of SCAPs by increasing DSPP, DMP-1,
ALP, and Col-1 activity. However, the effective molecular
mechanism of this process is still unknown. Therefore, in detail
molecular mechanism behind this process would be the future
direction of our present study. This study's ndings revealed
that cell-laden pluronic hydrogels are incredibly biocompatible,
and the approach of EMFs-based cell stimulation provides
a promising strategy for dental tissue engineering, mostly for
oral applications.

Conflicts of interest

The authors declare no competing nancial interests.

Acknowledgements

This work was supported by the Starting growth Technological
R&D program (S2840309, Development of a novel bioreactor
system with stimuli for stem cell culture) funded by the Small
and Medium Business Administration (SMBA) and the ‘Basic
Science Research Program’ through ‘National Research Foun-
dation of Korea’ (NRF - 2018R1A6A1A03025582 &
2019R1D1A3A03103828), Republic of Korea. We would also like
to thank the Postdoctoral International Exchange Program
(postdoctoral management committee office of china 2018-115).

References

1 M. Samiei, Z. Aghazadeh, E. D. Abdolahinia, A. Vahdati,
S. Daneshvar and A. Noghani, Acta Odontol. Scand., 2020,
1–7.

2 J. Borrelli, W. D. Prickett and W. M. Ricci, Clin. Orthop. Relat.
Res., 2003, 411, 245–254.
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