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Abstract: In this study, two structurally different scaffolds, a polycaprolactone (PCL)/45S5 Bioglass
(BG) composite and PCL/hyaluronic acid (HyA) were fabricated by 3D printing technology and
were evaluated for the regeneration of dentin and pulp tissues, respectively. Their physicochemical
characterization was performed by field emission scanning electron microscopy (FESEM) equipped
with energy dispersive spectroscopy (EDS), Fourier-transform infrared spectroscopy (FTIR), X-ray
diffraction (XRD), atomic force microscopy (AFM), contact angle, and compressive strength tests.
The results indicated that the presence of BG in the PCL/BG scaffolds promoted the mechanical
properties, surface roughness, and bioactivity. Besides, a surface treatment of the PCL scaffold with
HyA considerably increased the hydrophilicity of the scaffolds which led to an enhancement in cell
adhesion. Furthermore, the gene expression results showed a significant increase in expression of
odontogenic markers, e.g., dentin sialophosphoprotein (DSPP), osteocalcin (OCN), and dentin ma-
trix protein 1 (DMP-1) in the presence of both PCL/BG and PCL/HyA scaffolds. Moreover, to exam-
ine the feasibility of the idea for pulp-dentin complex regeneration, a bilayer PCL/BG-PCL/HyA
scaffold was successfully fabricated and characterized by FESEM. Based on these results, it can be
concluded that PCL/BG and PCL/HyA scaffolds have great potential for promoting hDPSC adhe-
sion and odontogenic differentiation.

Keywords: 3D bioprinting; tissue engineering; pulp-dentin; polycaprolactone; 45S5 Bioglass;
hyaluronic acid

1. Introduction

Tooth loss can be caused by a range of incidents and complications, including
trauma, periodontal disease, or tooth decay [1,2]. Several approaches are currently used
to address the problem of missing teeth, such as dentures, dental bridges, or dental im-
plants, all of which are nonbiological methods and entail further complications. As tooth
decay is one of the most common causes of tooth loss, the effective treatment of pulp ne-
crosis has been the focus of various treatment strategies. With root canal therapy being
the most widely used treatment option, the following consequences, such as brittleness of
the teeth, have given rise to research on the regeneration of dental pulp as a promising
alternative [3]. Tissue engineering is an approach that combines support materials and
cells aimed at the regeneration of different tissues [4—6]. In this strategy, scaffolds provide
mechanical support along with biological cues required for cells to form the new tissues,
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hence, playing a central part in the regeneration strategy [6—8]. Due to the limitations of
current regenerative endodontic treatments, such as variability in the outcome, various
studies have focused on the development of tooth tissue engineering scaffolds, supporting
the viability and growth of cells in dental pulp and dentin, encouraging them to regener-
ate damaged tissue [9]. A range of techniques has been used traditionally to manufacture
scaffolds for tissue engineering, including salt leaching [10], solvent casting [11], gas foam-
ing [12], freeze casting [13], freeze drying [14], and electrospinning [15,16]. However, there
are limitations associated with these methods, mainly, (1) restricted control over the mi-
crostructure (size, shape, spatial distribution, and interconnectivity of the pores), (2) dif-
ficulty with removing residual solvent from the final structure and, (3) inability to repli-
cate complex structures [17]. A layer-by-layer deposition of materials, known as additive
manufacturing or 3D printing, enables the production of three dimensional constructs
with complex shapes in a significantly more facile manner compared to other techniques
[18-22]. Moreover, the use of 3D printing techniques for regeneration applications of var-
ious tissues including pulp [23] and dentin [24] has been attracting increasing attention
due to its promising results.

Presenting a host of opportunities, 3D-printed scaffolds made out of polymers, ce-
ramics, or composites are being widely investigated as candidates for dental tissue engi-
neering [24-26]. Polycaprolactone (PCL) is a biocompatible, biodegradable, and printable
polymer with a reasonably high mechanical strength, which has been approved by the
FDA to be used in medical devices [27]. Because of these favorable properties, PCL has
been the most widely used material among the candidate materials [24]. However, PCL
suffers from disadvantages such as being hydrophobic or lack of support for cell adhesion
[7]. To address these challenges, various methods and techniques have been proposed,
such as surface treatment with hyaluronic acid (HyA) [28] or supplementing with addi-
tional active materials. Based on the literature, HyA is a promising biomaterial for use in
pulp-dentin regeneration due to its ability to enhance cellular metabolism leading to in-
creased deposition of the mineralized matrix deposition by human dental pulp stem cells
(hDPSCs) [29]. In addition, 4555 Bioglass (BG) which was developed by Hench et al. for
first the time in 1969 [30], is a silicate glass containing 45% SiOz, 24.5% CaO, 24.5% Naz0,
and 6% P20s, in wt% [31]. This material has a great ability to bond with host tissue which
makes it a potential candidate for use in both soft and hard tissue regeneration applica-
tions [32]. In the last years, a lot of studies have dealt with the incorporation of BG particles
as a reinforcement for polymeric scaffolds to improve the mechanical properties, bioac-
tivity, and biocompatibility of the scaffolds [33,34]. For these reasons and while most of
the studies focused on 3D printing of dental tissues, reconstruction of either dental pulp
[35,36], or dentin [24,25], it was demonstrated that due to the intertwined nature of these
tissues, a successful tissue engineering approach requires development of hybrid scaf-
folds supporting regeneration of both tissues simultaneously.

In this present study, two different PCL-based scaffolds were fabricated by 3D print-
ing technique and were evaluated physicochemically and biologically by field emission
scanning electron microscopy (FESEM), atomic force microscopy (AFM), water contact
angle, cell viability, cell adhesion and gene expression, e.g., PCL/BG and PCL/HyA scaf-
folds with the aim of supporting dentin and pulp regeneration, respectively. Since pulp
and dentin have a close relationship during the life of the tooth, an ideal scaffold for suc-
cessful tooth tissue engineering is a bilayer scaffold where each layer differs in the geom-
etry and material. To examine the feasibility of this idea, a novel biphasic 3D-printed scaf-
fold was designed and successfully fabricated.
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2. Materials and Methods
2.1. Preparation of BG Powder

To produce 25 g of BG powder, briefly, 41.9 mL tetraethyl orthosilicate (TEOS,
Si(OC2Hs)4; Merck, Darmstadt, Germany) was added to 62.4 mL nitric acid (1M) in a glass
beaker. The mixture was stirred for 1h to complete the hydrolysis process. Then, 3.6 mL
triethyl phosphate (TEP, (C2Hs)sPOs; Merck, Darmstadt, Germany), 25.2 g calcium nitrate
tetrahydrate (Ca(NOs)2-4H20; Merck, Germany) and 16.9 g sodium nitrate (NaNOs;
Merck, Darmstadt, Germany) were sequentially added to the stirring mixture at 45 min
intervals. The prepared sol was stored in a sealed container at room temperature for three
days, followed by aging at 70 °C for one day and drying at 120 °C for one day. Eventually,
the dried gel was stabilized in a furnace in a planetary ball mill at 300 rpm using a ball-to-
powder mass ratio of 5 and a milling time of 1h. Yttria-stabilized zirconia vial and 3 mm
balls were utilized. The 4555 powder was prepared for use in the PCL/BG scaffold fabri-
cation process by sieving on sieve No. 270 (53 pum).

2.2. Fabrication of 3D-Printed PCL, PCL/HyA, and PCL/BG Scaffolds

Figure 1 delineates the method used to fabricate 3D-printed PCL, PCL/HyA, and
PCL/BG scaffolds. Initially, the PCL/BG composite film was fabricated by making 5%
(w/v) PCL solution (Merck, Darmstadt, Germany) in DCM (Dichloromethane; Merck,
Darmstadt, Germany) on a magnetic stirrer for 3 h at 40 °C. Next, the required amount of
BG to make a PCL:BG ratio of 70:30 was gradually added to the PCL solution, and the
mixture was left under stirring for 1h until a milky-white-colored suspension was ob-
tained. Subsequently, to obtain dry films, the suspension was cast into glass petri dishes
and placed in a clean environment at room temperature. To print the scaffolds, dried films
were cut into 5 mm slices and loaded into 3D printer (3D BIOPRINTER N2, 3DPL Co. Ltd.,
Tehran, Iran) cartridges at a temperature of 90 °C, pressure 6 bar, and speed of 2 mm/s.
The pure PCL film was prepared through the same protocol by casting PCL solution. The
printing process was the same as PCL/BG scaffolds. To fabricate PCL/HyA scaffolds, a
two-stage technology was used, consisting of plasma treatment of pure PCL scaffolds
(LFG 40, Diener Electronic, Ebhausen, Germany) and subsequent immobilization of HyA
on its surface. PCL scaffolds were placed in the chamber (frequency of 40 kHz, power of
100 W, and pressures of 0.6 mbar), and both top and bottom sides were exposed to plasma
for 5min (total exposure time = 10 min). The aim of plasma treatment in this study was to
activate the PCL scaffold surface before immersion in Hy A solution. To coat the activated
scaffolds with HyA, first 4 mg/mL HyA (1.2 MDa, bloomage Freda Biopharm Co., Ltd.,
Jinan, China) solution in distilled water was prepared and stored at 4 °C for 24 h. Then,
plasma-treated scaffolds were immersed in HyA solution on a stirrer for 12 h. Finally, the
scaffolds were freeze-dried (FD-10, Pishtaz Engineering Co., Tehran, Iran) at a tempera-
ture of =58 °C and pressure 0.5 Torr for 24 h.
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Figure 1. Schematic diagram of 3D-printed PCL/BG and PCL/HyA scaffold fabrication as artificial matrices for dentin and
pulp tissue engineering, respectively. Abbreviations used in this Figure are as follows: PCL: polycaprolactone, BG: 4555
bioactive glass, HyA: hyaluronic acid, h: hour, RT: room temperature.

2.3. Characterization of 4555 Bioglass Powder

The microstructure and apatite formation ability of the BG powder was characterized
using a TESCAN MIRA3 Field emission scanning electron microscopy (FESEM) equipped
with energy dispersive spectroscopy (EDS). Additionally, Fourier-transform infrared
spectroscopy (FTIR) was performed before and after immersion in SBF. According to the
in vitro standard described by Kokubo et al., 1 g of BG powder was immersed in 20 mL
SBF (in a 50 mL falcon tube) and kept in a humidified 37 °C/5%CO: incubator for 14 days
[37]. SBF solution was refreshed twice a week, simulating the circulation of biological flu-
ids inside a human body. After 14 days, the sample was transferred to a glass plate and
allowed to be dried at 40 °C for 12 h. Samples were coated with gold and analyzed at an
accelerating voltage of 15 kV. The heat treated 4555 powder was characterized by X-ray
diffraction (XRD), using a Philips PW 3710 X-rays diffractometer equipped with CuKa«
radiation, (A = 1.5405 A) operating at 40 kV and 30 mA. The chemical composition of the
synthesized BG powder was analyzed by XRF using Philips PW 1480 XRF Spectrometer.
Thermogravimetric analysis (TGA)-differential thermal analysis (DTA) was undertaken
from 50 °C to 900 °C using TGA instrument (STA 504, TA Instruments) at a heating rate
of 10 °C min-1.

2.4. Characterization of Scaffolds

FESEM/EDS were used to analyze the surface morphology and chemical composition
of the samples. All the samples were sputter coated with gold for 150 s. Hydrophilicity
was evaluated using a contact angle measuring (CAM) device. Images were taken using
DFK 23U618 USB 3.0 Color Industrial Camera using a 2X lens. Briefly, a 4 pL droplet of
distilled water was deposited at the center of the PCL, PCL/HyA, and PCL/BG scaffolds.
The contact angle was measured 1 min after deposition through image processing. Three
samples were analyzed for each group.

To study the in vitro bioactivity of the samples, they were immersed in simulated
body fluid (SBF) solution and then placed inside an incubator at 37 °C for 14 days. The
formation of apatite crystals on the surface of the 3D-printed scaffolds was examined by
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FESEM/EDS. To evaluate the mechanical properties of the scaffolds, universal compres-
sive strength test system (STM20, Santam Engineering Design Co., Tehran, Iran). Electro-
mechanical compression testing machine equipped with a 5 kN load cell at a compression
rate of 1 mm/min was used. Three replicates were tested for each sample.

To further evaluate the impact of HyA grafting on the surface structure of PCL scaf-
folds, the surface topography and roughness of PCL and PCL/HyA scaffolds were exam-
ined and compared using atomic force microscopy (AFM, AP 010, Park Scientific Instru-
ments, Suwon, South Korea). AFM images were obtained by scanning the surface in con-
tact mode (scan rate 0.1 Hz). To compare topologies of each surface, the arithmetical mean
roughness, Ra values, were determined in three random areas per sample.

2.5. In Vitro Cell Viability Assay

The cytotoxicity and cell viability analyses were performed on PCL/BG and
PCL/HyA scaffolds using MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide) assay. Initially, 3D-printed scaffolds were cut in dimensions of 5 mm x 5 mm. The
sterilized scaffolds were placed in 96-well culture plates and incubated in a 5% CO2 incu-
bator at 37 °C in cell culture medium in triplicate. After 1 day, a cell suspensions of human
gingival fibroblast (HGF) cells (Pasteur Institute of Iran, Tehran, Iran) containing the cell
density of 5 x 10* cells/well were added in each well and left undisturbed for 24 h. After-
wards, 100 uL of MTT solution (5 mg/mL) was added to the wells to be incubated. After
4 h of incubation, the supernatant was removed carefully, 100 uL DMSO was added to
each well, and the optical density was measured using an automatic microplate reader
(BIO-TEK, VT, USA) at a wavelength of 570 nm. The wells without 3D-printed scaffolds
were applied as control. The cell viability was calculated using the formula below [38,39]:

Cell viability (%) = [mean OD of test group/mean OD of control group] x 100

2.6. Cell Adhesion Assay

To assess the cell adhesion on 3D-printed PCL/BG and PCL/HyA scaffolds (disc with
diameter 5 mm and thickness of 2 mm), hDPSCs (Pasteur Institute of Iran, Tehran, Iran)
were seeded on the scaffolds with a density of 5 x 10* cells/well and incubated in a CO:
incubator at 37 °C for 2 days. Following incubation, the cell-cultured samples were ex-
tracted and rinsed with PBS solution to remove non-attached cells. The cells were fixed
using 4% paraformaldehyde followed by dehydration with ethanol solutions of ascending
concentrations.

2.7. Gene Expression Analysis

After 21 days of hDPSCs culture on 3D-printed PCL/BG and PCL/HyA scaffolds (disc
with diameter 5 mm and thickness of 2 mm with pore size of 200 + 5 pm and 300 + 5 um
for PCL/HyA and PCL/BG, respectively) with a density of 5 x 105 cells/ well, the total RNA
was extracted from samples using a Qiagen RNeasy Mini kit (Qiagen, Seoul, South Korea),
and then, converted to complementary DNA (cDNA) with a first-strand cDNA using the
TaKaRa RNA PCR Kit (AMV) Ver.3.0 (Takara Bio., San Jose, CA, USA). The differentiation
of hDPSCs was monitored by measuring mRNA expression levels of differentiation mark-
ers, including osteocalcin (OCN), dentin matrix protein 1 (DMP1), and dentin sialophos-
phoprotein (DSPP). The selected housekeeping gene was (3-actin for all real-time polymer-
ase chain reaction (PCR) runs.

Primer sequences for OCN, DMP 1, DSPP, and [3-actin were designed based on pub-
lished cDNA sequences (Table 1). The cells were cultured for a total of 3 weeks, with the
differentiation medium being changed every 3—4 days. Each measurement was assessed
in triplicate.
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Table 1. Real-time PCR primer sequences of the genes coding osteocalcin (OCN), dentin sialophos-
phoprotein (DSPP), and dentin matrix protein 1 (DMP1) and p-actin.

Primer Sequence

Gene Forward Reverse

OCN 5-GCAAAGGTGCAGCCTTTGTG-3' 5'-GGCTCCCAGCCATTGATACAG-3'
DSPP 5-CCATTCCAGTTCCTCAAAGC-3' 5-TGGCATTTAACTCCTGTA C-3'
DMP1 5-TTCTTTGTGAACTACGGAGG-3' 5-TTGATACCTGGTTACTGGGA-3'
[-actin 5-CTTCCTTCCTGGGCATG-3' 5-GTCTTTGCGGATGTCCAC-3’

2.8. Statistical Analysis

All data were expressed as means + standard deviation and represented at least three
independent experiments. All data were analyzed using a two-way ANOVA test. p-values
< 0.05 were considered significant. All analyses were carried out using GraphPad Prism
version 9.0 for Windows (GraphPad Software, San Diego, CA, USA).

3. Results and Discussion
3.1. Characterization of 4555 Bioglass Powder

The TGA-DTA of the BG powder was carried out to obtain the right sintering tem-
perature. As shown in Figure 2A, the mass loss occurred in three stages. The first mass
loss happened between 85 °C and 165 °C, demonstrated by an endothermic peak at 114
°C in the DTA curve assigned to the elimination of physically absorbed water, which was
not removed in the drying process. Another mass loss in 250-310 °C range could be at-
tributed to the removal of chemically absorbed water. The third mass loss took place at
the 530-620 °C interval was attributed to eliminating the residual nitrates and condensa-
tion of silanol groups. The TGA trace exhibited a mass stability after 630 °C, reflected by
an endothermic peak caused by glass transition, followed by an exothermic peak emerg-
ing at 650 °C. These curves confirmed that the residuals could be removed before 650 °C,
which is also shown in other reports [40-43]. The result from the TGA-DTA allowed us to
set the temperature of 650 °C for stabilization of the sample.

The results of XRD analysis on heat treated BG powders are demonstrated in Figure
2B. The presence of a broad hump at around 30° has been known as a hallmark of amor-
phous materials [44]. Consequently, this feature demonstrates the amorphous nature of
the synthesized Bioglass and confirms the synthesis of Bioglass powder.

The mass oxide concentrations obtained by XRF and nominal amounts are shown in
Figure 2C. The weight percentage of the element oxides is consistent with standard weight
percentages of 4555 Bioglass [45,46]. The results verify 45S5 Bioglass was produced with
desired weight percentages.

In order for the scaffold to bond with native tissue, there needs to be a hydroxyapatite
layer at the interface. The formation of such a layer is one of the main results of using 4555
Bioglass in the scaffolds. This happens due to a process of glass dissolution when in con-
tact with SBF, during which the remainder of the dissolution process leads to a change in
chemical composition and environment pH, causing nucleation of hydroxyapatite. As
shown in Figure 2D, formation of an apatite layer was observed on the samples’ surfaces
after 14 days of immersion in SBF. Presence of an apatite phase was also validated by the
EDS spectrum, as shown in Figure 2D. The ratio of Ca to P ions was approximately 1.81,
which is known to be a characteristic of non-stoichiometric hydroxyapatite phase [47].
FTIR spectroscopic imaging was performed on the samples to detect the hydroxyapatite
signal on the surface of SBF-treated BG powder. Figure 2E shows the spectra of BG pow-
der before and after immersion in SBF for 14 days. The P-O bending vibration peaks at
560 and 604 cm™ and the P-O asymmetric stretching vibration bands between 1000 and
1150 cm™ represented the hydroxyapatite layer [48,49]. The most widely used peaks to
differentiate hydroxyapatite and bioactive material are the ones corresponding to bending
vibration. This is because of the superimposition of P-O stretching band and the Si-O
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stretching band of Bioglass, while the peak corresponding to Si-O bending was observed
at400-500 cm™ [50]. The magnitude of hydroxyapatite peaks at 560 and 604 cm™ increased
after immersion in SBF which indicates the formation of an HA layer on the surface of the
BG powder immersed in SBF solution for 14 days. The spectra exhibited bands at 1030
and 470 cm™ corresponding to the Si—-O-5i stretch and Si—-O-Si bend, respectively [50-52].
The appearance of the shoulder at around 1630 cm-! resulted from the H-O-H bond bend-
ing vibrations attributed to the absorbed water by the hydroxyapatite layer [53].
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Figure 2. (A) DTA-TGA thermogram of 4555 powder; showing a three-stage mass loss in TG and two exothermic and
endothermic peaks in DTA curve. (B) XRD pattern of heat-treated BG; demonstrating amorphous structure. (C) Elemental
analysis of 4555 powder revealing similarity of the weight percentages to standard weight percentages of 45S5. * LOI: loss
on ignition. (D) FESEM micrograph and EDS spectrum of synthesized 45S5 Bioglass powder after immersion in SBF for
14 days. (E) FTIR spectra of 4555 Bioglass powder before and after immersion in SBF for 14 days. Abbreviations used in
this Figure are as follows: Ca: calcium, P: phosphor, SBF: simulated body fluid.

3.2. Physicocheimical Characterization of Scaffolds
3.2.1. Morphology Observations

FESEM images of PCL/BG, PCL/HyA, and bilayer scaffolds are shown in Figure 3.
As observed by FESEM, the 3D printing strategy leads to the precise production of pre-
designed scaffolds (Figure 3A,D,G). The 0°/90° design was chosen for both PCL/HyA and
PCL/BG scaffolds, because this pattern can be mechanically the strongest 3D-printed ar-
chitecture [54]. The obtained results indicated that the scaffolds have the strut diameter of
approximately 400 + 5 um and pore sizes of 200 + 5 um and 300 + 5 um for PCL/HyA and
PCL/BG, respectively. Regarding the bilayer scaffolds, a clear transition from the
PCL/HyA phase to the PCL/BG phase was observed (Figure 3H,I). FESEM observation
confirmed the presence of well-distributed BG particles on both the surface and the inner
part of the struts (Figure 3E,F). Furthermore, the upper and lower parts of Figure 3G-I,
represent the PCL/BG phase (aimed at dentin regeneration) and the PCL/HyA phase
(aimed at pulp regeneration), respectively. However, after showing the recuperation of
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the biological behavior of each phase, further investigation of the bilayer PCL/BG-
PCL/HyA should be done in future studies.

Figure 3. Morphological characterization of the 3D-printed PCL/BG, PCL/HyA, and bilayer scaf-
folds (A,D,G) CAD models of the scaffolds; (B,E) top view and (C,F,H,I) cross sectional FESEM
images.

3.2.2. Atomic Force Microscopy (AFM)

To analyze and quantify the surface roughness of hyaluronic acid-grafted samples,
AFM analysis was utilized (Figure 4A). A statistically significant increase in the surface
roughness of the PCL/HyA scaffolds was demonstrated by AFM resulting from HyA
grafting compared with PCL scaffolds (p < 0.01, n = 3). The untreated pure PCL surface
showed an average roughness (Ra) of 42.8 nm. However, after the plasma treatment and
hyaluronic acid coating, the PCL/HyA surface became rougher with an Ra of 140 nm.
These values confirmed the observations made through FESEM. It is generally recognized
that an increase in roughness may drastically increase the biological response due to the
higher surface/volume ratio [55,56].
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Figure 4. (A) Surface topography of 3D-printed PCL scaffolds with differential morphologies PCL and PCL/HyA obtained
with AFM analysis; (B) contact angle measurement of 3D-printed PCL, PCL/BG, and PCL/HyA scaffolds; (C) compressive
stress versus strain responses of PCL and PCL/BG 3D-printed scaffolds; (D) Young’s modulus and yield strength values
of PCL and PCL/BG 3D-printed scaffolds.

3.2.3. Static Water Contact Angle

PCL, PCL/BG, PCL/HyA scaffolds were subjected to contact angle measurements to
evaluate the effect of the composition and surface treatment. As shown in Figure 4B, the
contact angles for pure PCL, PCL/BG, and PCL/HyA scaffolds were 86 + 2°, 80 + 1°, and
63 + 1°, respectively. For all samples, the contact angle values were below 90°, showing a
hydrophilic tendency [57]. However, a slight decrease in the contact angle was observed
after the addition of BG to the PCL, which is agreement with the findings in other studies
[58,59]. The reason for this subtle change in contact angle could be that BG causes a local
increase of pH when dissolved, and hydroxide ions can accelerate the cleavage of ester
linkages [60]. In addition, the surface treatment of PCL scaffolds with plasma and HyA
immobilization resulted a significant decrease in contact angle, that showed the plasma
treatment can increase the surface wettability of the PCL-based scaffolds. Therefore, the
results demonstrated that oxygen plasma treatment and HyA immobilization can affect
hydrophilicity more than adding 4555 Bioglass which probably increases cell adhesion.
Similar results were obtained by Bruyas et al., who found that the addition of calcium
phosphate-based materials did not significantly affect the contact angle of the PCL scaf-
fold [58].
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3.2.4. Mechanical Properties of 3D-Printed Scaffolds

In order to determine the impact of 4555 Bioglass on the structural integrity of the
scaffolds, the mechanical properties of porous PCL and PCL/BG scaffolds were character-
ized using compression strength tests. Figure 4C demonstrates the representative com-
pressive stress versus strain responses of PCL and PCL/BG. The sample behaves as an
elastomeric or elastic-plastic solid as shown by the three regimes: (i) a linear elastic regime,
(ii) a plateau of stress resulting from macropores collapsing progressively, and finally (iii)
an area of densification after the pores have totally collapsed throughout the material. The
Young’s modulus increased from 51.6 + 0.62 MPa to 67.4 + 0.54 MPa by the addition of
4555 Bioglass to the composition (Figure 4D), which is in the range of the average value
of the Young’'s modulus of PCL-based 3D-printed scaffolds characterized by other re-
searchers [61,62]. Roohani et al. also obtained the range of 19.3-49.4 MPa for Young’s mod-
ulus by adding BG to PCL [63]. The average yield stress value was 6.1 MPa and 9.16 MPa
for the PCL and PCL/BG scaffolds, respectively. It can be concluded that by adding BG to
a PCL-based scaffold’s composition, the mechanical strength is increased [64].

3.3. Cytotoxicity Assay

The cytotoxicity and cell viability of PCL/BG and PCL/HyA scaffolds were analyzed
by MTT assay. The basis of this assay is the reduction reaction initiated by living cells’
enzymes turning a yellow MTT to purple MTT-formazan crystal [65,66]. As displayed in
Figure 5A, the relative cell viability of all the samples was higher than 90%, which con-
firms that they are cytocompatible and suitable for use in tissue engineering applications.
Hyaluronic acid-coated PCL scaffolds (PCL/HyA) presented higher cell viability than
pure PCL and PCL/BG scaffolds. The lowest cell viability was found for pure PCL sam-
ples, indicating that coating PCL with a hydrophilic material like HyA or compositing
with 4555 Bioglass can improve cell adhesion by increasing the hydrophilicity of the PCL
scaffolds, which is in confirmation with the result obtained by Jensen et al. [67] and Kan-
delousi et al. [68].
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Figure 5. Viability of HGF cells, and morphology and differentiation ability of hDPSCs on 3D-printed scaffolds. (A) MTT
cell viability analysis; (B) hDPSCs attachment on 3D-printed PCL/BG scaffold; (C) hDPSCs attachment on 3D-printed
PCL/HyA scaffold; (D) Gene expression levels of DSPP, OCN, and DMP-1 in hDPSCs cultured in control conditions. ns
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(not significant), p-value > 0.05; * p-value < 0.05; ** means p-value < 0.01; *** means p-value < 0.001; **** p-value < 0.0001.
Abbreviations used in this Figure are as follows: PCL: polycaprolactone, BG: 4555 bioactive glass, HyA: hyaluronic acid,
DSPP: dentin sialophosphoprotein, OCN: osteocalcin, and DMP-1: dentin matrix protein 1.

3.4. Cell Adhesion and Morphology Assay

Adhesion and morphology of the cells on 3D-printed PCL/BG and PCL/HyA scaf-
folds were analyzed using FESEM. As shown in Figure 5B,C, after two days’ culture, the
hDPSCs adhered to the surface of PCL/BG and PCL/HyA scaffolds, demonstrating a uni-
form dispersion. The presence of long cytoplasmic prolongations on both PCL/BG and
PCL/HyA scaffolds revealed an appropriate cytocompatibility of the material and positive
interaction between stem cells and 3D-printed scaffolds. However, both scaffolds pro-
moted cellular adhesion, and hDPSC felt comfortable on the surface of both PCL/BG and
PCL/HyA scaffolds; it seems that PCL/Hya scaffold provides the most favorable environ-
ment for hDPSC, which is due to the effective surface modification of PCL/HyA scaffold
with plasma and HyA. This finding was in agreement with the obtained results of static
water contact angle. In addition, Kudryavtseva et al. [69] also proved that the surface
modification with plasma and HyA enhances cell attachment. Overall, the results of this
section verified the role of these modified bioactive and hydrophilic scaffolds in support-
ing cellular adhesion of hDPSCs and indicated the impressive potential of these scaffolds
for pulp-dentin regeneration applications.

3.5. Gene Expression Analysis

The odontogenic differentiation ability of hDPSCs seeded on PCL/BG and PCL/HyA
scaffolds as well as on a petri dish as a 2D culture was investigated after 21 days of culture
in differentiation medium. The expression level of the culture dish was set to baseline
(=1.0). The gene expression of dentin-associated genes including dentin sialophosphopro-
tein (DSPP), dentin matrix protein-1 (DMP-1), and osteocalcin (OCN) were analyzed
through PCR. The results of gene expression are presented in Figure 5D with statistical
differences among the groups. A very significant upregulation was observed in cells cul-
tured on 3D-printed PCL/BG and PCL/HyA scaffolds compared to the 2D culture dish.
Furthermore, the PCL/BG resulted in a significantly higher OCN and DMP-1 expression
compared to PCL/HyA scaffolds (p < 0.01). The reason for the higher expression of DSPP,
DMP-1, and OCN genes in PCL/BG scaffold compared to PCL/HyA scaffold is the pres-
ence of bioactive glass in PCL/BG, which makes the structure more mineralized and these
markers are related to dentin which is a mineralized hard tissue. This difference in the
expression of factors between the two scaffold types, along with the upregulation of odon-
toblast related genes DSPP, DMP-1 and OCN demonstrates the potential for PCL/HyA
and PCL/BG scaffolds to be used in pulp and dentin regeneration, respectively, in con-
junction with hDPSC.

4. Conclusions

With the failure of existing approaches in addressing many dental tissue complica-
tions, regenerative medicine seems like a promising approach to improve the regeneration
of the dentin-pulp complex. However, traditional strategies producing scaffolds for tissue
engineering in dental tissue have been ineffective. For this reason, this study presented a
new strategy to fabricate 3D-printed tissue-engineering scaffolds. Polycaprolactone sup-
plemented with 4555 Bioglass and HyA was used to produce the scaffolds. It was shown
that the coating of scaffolds with HyA had a significant impact on increasing the hydro-
philicity of the scaffolds, resulting in a more favorable environment for the cells. At the
same time, the addition of 4555 Bioglass also resulted in a slightly more hydrophilic sur-
face. The 45S5 Bioglass was found to increase the mechanical strength of the material.
Furthermore, it was shown that both HyA-coated and 45S5 Bioglass-supplemented scaf-
folds present high cell viability. Moreover, the cellular attachment observed through
FESEM and the significant upregulation of differentiation of the odontoblast-related
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markers DSPP, DMP-1, and OCN in both scaffold groups represent an environment as-
sisting cellular activities. Overall, under the conditions of the present study, it might be
concluded that PCL/HyA and PCL/BG scaffolds can induce an organized matrix for-
mation similar to that of pulp and dentin tissues, respectively. The findings in this study
show that the properties obtained through combining PCL with either 4555 Bioglass or
hyaluronic acid lead to the opportunity of producing a bilayer scaffold capable of assisting
the regeneration of the dentin-pulp complex.
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