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Abstract: Critical bone defects are a major clinical challenge in reconstructive bone surgery. Poly-
caprolactone (PCL) mixed with bioceramics, such as hydroxyapatite (HA) and tricalcium phosphate
(TCP), create composite scaffolds with improved biological recognition and bioactivity. Electrical
stimulation (ES) aims to compensate the compromised endogenous electrical signals and to stimulate
cell proliferation and differentiation. We investigated the effects of composite scaffolds (PCL with
HA; and PCL with β-TCP) and the use of ES on critical bone defects in Wistar rats using eight
experimental groups: untreated, ES, PCL, PCL/ES, HA, HA/ES, TCP, and TCP/ES. The investigation
was based on histomorphometry, immunohistochemistry, and gene expression analysis. The vascular
area was greater in the HA/ES group on days 30 and 60. Tissue mineralization was greater in the
HA, HA/ES, and TCP groups at day 30, and TCP/ES at day 60. Bmp-2 gene expression was higher
in the HA, TCP, and TCP/ES groups at day 30, and in the TCP/ES and PCL/ES groups at day 60.
Runx-2, Osterix, and Osteopontin gene expression were also higher in the TCP/ES group at day 60.
These results suggest that scaffolds printed with PCL and TCP, when paired with electrical therapy
application, improve bone regeneration.

Keywords: hydroxyapatite; β-tricalcium phosphate; additive manufacturing; electrical stimulation;
bone regeneration

1. Introduction

Bone tissue has a high capacity for repair after trauma or injury. However, this
potential becomes compromised in large bone defects, requiring an effective approach
that allows bone growth. Autologous bone grafting remains the gold standard in bone
repair; however, it is associated with several clinical setbacks, such as limited availability of
healthy bone, high costs, mandatory secondary surgery, morbidity at the bone harvesting
site, and long-term pain problems [1–3].

A rapidly arising method in this field uses additive manufacturing to regenerate exten-
sive bone defects by developing three-dimensional porous support structures (bone scaf-
folds) that contribute to new tissue formation based on their osteoconductive capacity [4,5].
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The use of synthetic biomaterials to act as bone grafts, thereby promoting successful bone
regeneration, has been widely investigated [6,7]. The use of bioceramics based on calcium
phosphate salts, such as hydroxyapatite (HA) and tricalcium phosphate (β-TCP), is widely
accepted for bone tissue engineering as both are biocompatible with, and can provide,
chemical similarity to the inorganic components of natural bone tissue [8–12]. The combi-
nation of polycaprolactone (PCL) with bioceramics to create composite scaffolds has been
reported to improve the performance and function by increasing biological recognition
and bioactivity [12,13]. Bioceramics composed of calcium phosphate are considered a class
of bioactive materials that are widely used for bone tissue repair [7,8,14]. However, not
all of them are able to promote the same repair effect in vivo, as most are osteoconductive;
only some of these materials are osteoinductive [15]. Our research group reported the
fabrication process of composite scaffolds and their mechanical and biological properties
in vitro [7].

Electrical stimulation (ES) is a low-intensity electrical current that is a non-invasive
clinical therapy used to enhance the bone regeneration process, complementary to scaffold
grafting. Its application is aimed at compensating for the lack of electrical signals after
bone loss and to promote cell migration, proliferation, and differentiation [2,16,17]. The
application of electrical stimulation allows the transmission of ionic signals, thus promoting
osteogenic differentiation, as well as compensating for compromised endogenous electrical
signals and osteointegration [18,19]. Considering the use of ES and composite scaffolds pro-
duced with an appropriate concentration of bioceramics, similar to the calcium phosphate
nature of native bone tissue, this study used additive manufacturing technology combined
with synthetic bioceramics to produce 3D porous scaffolds to mimic the native bone. The
in vivo performance of the produced scaffolds, with/without ES, were comprehensively
assessed using histomorphometry, immunohistochemistry, and gene expression. This
study provides a preliminary study, and a potential clinical approach, to treat large bone
defects using ES and 3D bioceramic scaffolds.

2. Experimental Methods
2.1. Scaffold Fabrication

PCL/HA and PCL/TCP scaffolds were fabricated as previously reported [7]. In
brief, melt blending was used to produce composite materials. PCL pellets (Perstorp
Caprolactones, Cheshire, UK) were heated up to 90 ◦C and mixed with HA nanoparticles
(purisis ≥ 97%, below 200 nm) (Sigma-Aldrich, St. Louis, MO, USA) or β-TCP micropar-
ticles (purisis ≥ 98%) (Sigma-Aldrich, St. Louis, MO, USA) according to the designed
scaffold weight ratios (Table 1). Then, they were manually mixed for at least 20 min to
obtain homogeneous mixtures. The prepared composite materials were 3D printed with
a screw-assisted 3D Discovery (REGENHU, Villaz-Saint-Pierre, Switzerland) using the
following configuration: 0/90◦ lay-down pattern, 90 ◦C melting temperature, 20 mm/s
feed rate, and 12 rpm screw rotational velocity. The scaffolds were printed with a pore
size of 350 µm, layer thickness of 270 µm, and height of 2.5 mm, using a nozzle with a
330 µm diameter. The fabricated scaffolds were sterilized in 70% ethanol for 4 h, rinsed
with sterile saline solution, and dried overnight in a sterile fume hood. The scaffolds were
cut off and adjusted to the critical size of bone lesion during the surgical procedure. The
printed scaffolds are shown in Figure 1.

2.2. In-Vivo Study
Animals

Wistar rats were obtained from the Animal Experimentation Center at the University
Center of Hermínio Ometto Foundation (Brazil) and were housed in collective polycar-
bonate boxes, with food and water ad libitum. The animals were randomly divided into
eight experimental groups, as listed in Table 1. Each group was further divided into an-
other three subgroups to consider three experimental periods: 30, 60, and 120 d (n = 8
animals/group/experimental period).
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Table 1. Experimental groups for in vivo study.

Group Number Group Name Scaffold Implanted Electrical Stimulation PCL Polymer Concentration Ceramic Concentration

1 Untreated No No 0 wt% 0 wt%

2 ES No Yes 0 wt% 0 wt%

3 PCL Yes No 100 wt% 0 wt%

4 PCL/ES Yes Yes 100 wt% 0 wt%

5 HA Yes No 80 wt% HA 20 wt%

6 HA/ES Yes Yes 80 wt% HA 20 wt%

7 TCP Yes No 80 wt% β-TCP 20 wt%

8 TCP/ES Yes Yes 80 wt% β-TCP 20 wt%
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Figure 1. Three-dimensional scaffolds produced by additive manufacturing (5 mm × 5 mm × 2 mm)
before implantation into the bone defects. (a) PCL scaffold, (b) PCL with HA scaffold, and (c) PCL
with TCP scaffold (unit: centimeter).

All surgical and experimental procedures were performed according to experimen-
tal standards and biodiversity rights (NIH Publication 80–23, revised 1996 and Arouca
Law-11, 794, 2008) and approved by the ethical principles in animal research adopted
by Hermínio Ometto Foundation’s Ethics Committee on Animal Use (CEUA 075/2017).
During the experimental periods, the animals were healthy and adapted to the treatment
without stress.

2.3. Surgical Protocol

The animals were anesthetized by the intraperitoneal administration of a mixture of
ketamine hydrochloride (30 mg/kg) and xylazine hydrochloride (10 mg/kg), followed
by the trichotomy of the occipital region of the animals. A critical-sized bone defect with
dimensions of 5 mm × 5 mm, was created in the center of the calvary bone (Figure 2a)
under constant irrigation with physiological solution (NaCl 0.9%) using an Osteo I tip
(Piezo Helse, Helse Dental Technology, Santa Rosa do Viterbo, SP, Brazil) coupled with a
dental ultrasound handpiece (Olsen, Palhoça, SC, Brazil).
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Figure 2. Scaffold implantation and electrical stimulation therapy. (a) Critical-sized bone defect;
(b) implanted scaffold into the bone defect; (c) two electrode probes in contact with the animal for
electrical stimulation.

The scaffolds were sterilized in 70% ethanol before being precisely fitted to the bone
defect with no need for clamping or physical fixation (Figure 2b). After scaffold implanta-
tion, the wounds were sutured with nylon 5-0 sutures (Shalon Medical, Goiânia, Brazil),
followed by intraperitoneal and oral analgesic treatments using tramadol hydrochloride
(1 mg/kg) and dipyrone (50 mg/kg), respectively, for 72 h. Additionally, the animals were
monitored by the researchers.

2.4. Electrical Stimulation and Post Treatment

Electrical stimulation (ES) was performed using a low-intensity transcutaneous elec-
trical stimulator (Physeotonus microcurrent, BIOSET, Indústria de Tecnologia Electrônica
Ltd.a, Rio Claro, São Paulo, Brazil). Two conductive metal electrode probes were placed
gently in contact with the animal’s head, around the bone defect (Figure 2c), for 5 min
at 10 µA (galvanic electrical current), twice a week, throughout the three experimental
periods. The efficacy of the ES protocol, and its clinical reasoning, have been discussed
previously [20–22].

After the experimental periods of 30, 60, and 120 d after surgery, the animals were eu-
thanized by cervical dislocation under deep anesthesia. Samples were collected considering
the area covering the entire bone defect/scaffold (the new tissue formation) and approxi-
mately 2 mm of the bone edges. From the total samples of each group, three were collected
for histomorphometric and immunohistochemical (n = 3/group/experimental period)
evaluation and then immediately fixed in 10% formaldehyde for 48 h; five samples were
immediately frozen at −80 ◦C in 2 mL plastic tubes for molecular evaluation (n = 5/group/
experimental period).

2.5. Histomorphometry

After fixation, the samples were transferred to a 50% buffered formic acid decalcifying
solution (Morse’s decalcifying) for 45 d. The solution was changed three times per week.
After demineralization, the samples were rinsed in running water, dehydrated in ethanol
concentration, diaphanized with xylol, embedded in paraffin and 4.0 µm thick cross-
sectioned, mounted on glass slides, and stained with hematoxylin-eosin (HE) or Masson’s
Trichrome (MT) for histomorphometric evaluation. The histological images were captured
using a Leica DM2000 microscope (Leica Microsystems, Wetzlar, Germany). The samples
stained with HE were captured at 100× magnification, and the samples stained with MT
were captured at 200× magnification for histomorphometric evaluation (number of blood
vessels, vascular area, osteoid/collagen tissue, and mineralized tissue). Ten images of each
bone sample (each animal) were analyzed using ImageJ software.
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2.6. Immunohistochemistry

Cross-sections of 4.0 µm thickness were also used for immunohistochemistry. The
samples were incubated with the primary antibodies, anti-RANKL (sc-377079, 1:200; Santa
Cruz Biotechnology, Dallas, TX, USA) and anti-OPG (sc-390518, 1:200; Santa Cruz Biotech-
nology, Dallas, TX, USA), to evaluate bone resorption and bone remodeling. The secondary
antibodies and antibody detection reaction (NovolinkTM Max Polymer Detection System)
were performed according to the manufacturer’s recommended protocol (Leica Biosystems,
Buffalo Grove, IL, USA). Diaminobenzidine (DAB) was used as a substrate chromogen to
reveal the specific markings, followed by hematoxylin counterstaining. Ten images of each
bone sample were captured at 400× using a Leica DM2000 microscope (Leica Microsystems,
Wetzlar, Germany) and quantified using ImageJ software.

2.7. Quantitative Polymerase Chain Reaction (qPCR)

Gene expression analysis was performed on defect tissues collected 30 and 60 d post-
surgery, and the samples were macerated with liquid nitrogen. Total RNA was isolated
using TRIzolTM reagent (Invitrogen, Waltham, MA, USA), following the manufacturer’s
instructions. Cell lysis was performed using a homogenizer (Polytron System PT 1200E,
Kinematica AG, Malters, Switzerland). The quantity and quality of RNA samples were
measured using a spectrophotometer at the ratios A260/230 and A260/280. The integrity
of the RNA was verified by electrophoresis on a 1% agarose gel. The cDNA was syn-
thesized from 1.5 µg of total RNA using the high-capacity kit (Thermo Fisher Scientific,
code 4374966) according to the manufacturer’s instructions. For qPCR reactions, the Taq-
Man assays Gapdh (Rn01775763_g1), Vegf (Rn01511602_m1), Runx2 (Rn01512298_m1),
Osterix (Sp7) (Rn02769744_s1), Bmp-2 (Rn00567818_m1), Bmp-7 (Rn01528889_m1), and
osteopontin (Rn00681031_m1) were purchased from Applied Biosystems, and the reactions
were performed in triplicate with TaqMan Gene Expression Master Mix (Applied Biosys-
tems, Waltham, MA, USA). The entire qPCR procedure was performed on the QuantStudio
3 Real-Time PCR Systems instrumentation platform (Thermo Fisher, Waltham, MA, USA),
and the thermal cycling conditions used were 95 ◦C for 10 min, followed by 45 cycles at
95 ◦C for 15 s and 60 ◦C for 1 min. All expression levels were normalized to GAPDH and
validated using the BestKeeper software, then used as the normalizer. The PCL group was
used as a calibrator. The results were calculated using the 2−∆∆Ct method [23].

2.8. Statistical Analysis

All experimental data are presented as the mean ± standard error of the mean. Data
were analyzed using GraphPad Prism 8 software (GraphPad Software, San Diego, CA,
USA) and verified using the normality test. One-way ANOVA with Tukey’s post-hoc test
was applied for parametric data, while the Kruskal–Wallis test with Dunn post-hoc, was
applied for non-parametric data. Significance levels were set at: * p < 0.05; ** p < 0.01;
*** p < 0.001.

3. Results
3.1. Histomorphometry

Figure 3 show the representative histological images of the implanted scaffold and
tissue stained with HE. The observed bone edge (BE), connective tissue (CT), mineralized
tissue (MT), and the scaffold filaments (SF) are labeled accordingly. The presence of CT
was more evident in the untreated and ES groups over the experimental period. However,
MT was more evident in the groups that received the scaffolds, especially in the HA and
HA/ES groups at day 30, and the TCP and TCP/ES groups after 60 and 120 d. As the bone
defect is considered critical, the regeneration process, followed by the mineralization of
the osteoid/connective tissue, was not observed in the untreated and Es groups where
scaffolds were not used for bone grafting.
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Figure 3. Hematoxylin-eosin (HE) cross-section images of bone tissue regeneration. Tissue formation
is shown among the scaffold filaments and into the bone defect after 30, 60, and 120 d of the bone
regeneration process. The image shows the bone edge (BE), connective tissue (CT), mineralized tissue
(MT), and the scaffold filaments (SF).

Figure 4a present the quantification of blood vessels in a 104 µm2 histological image
area for all histological images stained with Masson’s trichrome. On day 30, the PCL/ES
group presented an overall higher number of blood vessels compared to the other groups.
Although the untreated group also presented values similar to the PCL/ES group, there
was no statistically significant difference compared to the other groups. No difference
was observed on day 60 in any of the samples. However, on day 120, the untreated and
ES groups showed overall higher blood vessel numbers compared to the HA, HA/ES,
and TCP groups. These results indicate that the addition of HA and TCP particles had no
significant impact on the vascularization process.

Figure 4b show the percentage of the vascular area considering the blood vessels in
the histological images. The overall vascular area of all samples decreased from day 30 to
day 120 of the experimental period. This may be caused by the formation of more mature
bone. On day 30, the results showed that groups containing HA and TCP particles showed
an increased vascular area compared to the non-ceramic groups, especially the HA/ES
group, which showed the largest vascular area compared to the other groups. After 60 d,
the HA/ES group had a higher percentage of vascular area than the ES group. A similar
trend was also observed at day 120, and it can be seen that the HA/ES and TCP/ES groups
presented a statistically higher percentage of vascular area than the ES group. These results
indicate that the addition of HA and TCP particles enhances vascularization during bone
tissue regeneration. The use of ES can be seen to have slightly increased the vascular area;
however, no statistically significant difference was observed between the groups with and
without ES.

Figure 4c show the formation of mineralized tissue replacing the connective/osteoid
tissue. On day 30, the HA, HA/ES, and TCP groups showed a higher percentage of
mineralized tissue compared to the other groups. After 60 d, the HA/ES and TCP/ES
groups presented a statistically higher percentage of mineralized tissue compared to the
PCL and untreated groups. Moreover, the PCL/ES and TCP groups also presented evident
mineralized tissue formation compared to the untreated, ES, and PCL groups. After 120 d,
all scaffold-treated groups showed higher mineralized tissue than the untreated and ES



Polymers 2022, 14, 65 7 of 15

groups. Both the untreated and ES groups were unable to mineralize connective tissue over
the experimental period. The addition of HA and TCP particles enhanced mineralization.
However, although ES seems to have an influence on the vascular area (angiogenesis), no
considerable effect was observed on mineralization.

Polymers 2021, 13, x FOR PEER REVIEW  8  of  17 
 

 

 

Figure 4. Histological quantification. (a) Number of blood vessels presented in 104 μm2 area of each 

image of  the bone defect;  (b) vascular  area  (percentage)  in  104  μm2  area of  the bone defect;  (c) 

mineralized tissue area (percentage) in 104 μm2 area of the bone defect. * (p < 0.05); ** (p < 0.01); # 

(statistical difference to untreated group). 

3.2. Osteogenic Gene Expression 

To further investigate the effects of ceramic scaffolds and ES on the bone regeneration 

process, osteogenic gene expression was examined. Based on the histological analysis of 

mineralized tissue, non‐expressive tissue formation occurred in both the untreated and 

ES groups. Therefore, these two groups were not considered in this investigation. Figure 

5a show  the  relative Runx‐2 gene expression. On day 30,  the TCP/ES group showed a 

statistically significant difference compared to the HA/ES group. On day 60, both the PCL 

and TCP/ES groups showed higher expression of Runx‐2 compared to the HA/ES group. 

Moreover, the TCP/ES group presented a 2‐fold change over PCL and even higher than 

the other groups. 

Figure 4. Histological quantification. (a) Number of blood vessels presented in 104 µm2 area of
each image of the bone defect; (b) vascular area (percentage) in 104 µm2 area of the bone defect;
(c) mineralized tissue area (percentage) in 104 µm2 area of the bone defect. * (p < 0.05); ** (p < 0.01);
# (statistical difference to untreated group).

3.2. Osteogenic Gene Expression

To further investigate the effects of ceramic scaffolds and ES on the bone regeneration
process, osteogenic gene expression was examined. Based on the histological analysis
of mineralized tissue, non-expressive tissue formation occurred in both the untreated
and ES groups. Therefore, these two groups were not considered in this investigation.
Figure 5a show the relative Runx-2 gene expression. On day 30, the TCP/ES group showed
a statistically significant difference compared to the HA/ES group. On day 60, both the
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PCL and TCP/ES groups showed higher expression of Runx-2 compared to the HA/ES
group. Moreover, the TCP/ES group presented a 2-fold change over PCL and even higher
than the other groups.
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Figure 5. Gene expression showing the relative fold change for (a) Runx-2; (b) Osterix; (c) Bmp-2;
(d) Bmp-7; (e) Vegf; and (f) Osteopontin. * (p < 0.05); ** (p < 0.01); *** (p < 0.001).

Figure 5b show the relative expression of Osterix. All groups displayed a similarly
low expression after 30 d. However, on day 60, in the groups with HA and TCP particles,
the Osterix gene expression increased, and the TCP group showed statistically higher
relative expression compared to the PCL (3.5-fold change) and PCL/ES (2-fold change)
groups. It can also be observed that the TCP/ES, HA/ES, and HA groups presented higher
expression (2.5-fold change) than the PCL group.

Figure 5c show the relative Bmp-2 gene expression. On day 30, the HA, TCP, and
TCP/ES groups showed higher expression, even without significant evidence. On day 60,
the TCP/ES group presented higher expression compared to the HA/ES group and twice
as high as the PCL group.

Figure 5d show the relative Bmp-7 gene expression. The HA/ES group showed
higher expression than the other groups at day 30. On day 60, HA and HA/ES showed
significantly lower Bmp-7 expression than the other groups.

Figure 5e show that on day 30, the HA and TCP groups presented higher expression
of Vgef than the other groups; however, there was no significant difference. The same was
observed on day 60 for the HA/ES and TCP/ES groups.

Figure 5f show the relative expression of OPN. On day 30, all groups showed similar
expression. However, on day 60, the TCP/ES and PCL groups showed higher expression
than HA/ES. For TCP/ES, expression was three times higher than the PCL.
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3.3. Bone Remodelling

The investigation of tissue remodeling was assessed by immunolabeling using specific
antibodies. The results shown in Figure 6 consider the number of positively immunoreac-
tive cells. Figure 6a show the number of RANKL-positive cells. The PCL, HA, HA/ES, TCP,
and TCP/ES groups presented similar numbers of positive cells (around 180–200 positive
cells) on day 30. The untreated group had almost 250 positive cells, ES group 150 cells,
and PCL 230 cells. After 60 d, the number of positive cells declined for most of the groups,
except for the HA/ES group, which continued with approximately 220 positive cells, and
the ES groups with approximately 150 cells (no statistical difference). After 120 d, the
TCP/ES group presented significantly more cells than the PCL group.
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Figure 6. Evaluation of tissue remodeling by immunohistochemistry. (a) Quantification of anti-
RANKL positive cells in 4 × 104 µm2 area in the images; (b) quantification of anti-OPG positive
cells in 4 × 104 µm2 area in the images; (c) ratio of anti-RANKL and anti-OPG positive cells—values
above 1.0 suggest a trend toward bone resorption, while values below 1.0 suggest tissue formation.
* (p < 0.05); ** (p < 0.01); *** (p < 0.001).

Figure 6b show the number of OPG-positive cells. After 30 d, the HA group presented
a higher number of positive cells (around 250 cells) with evidence of difference compared to
the untreated (150), ES (140), TCP (150), and TCP/ES (150) groups. After 60 d, the HA/ES
presented a higher cell number (200) compared to the TCP (120), TCP/ES (100) groups, and



Polymers 2022, 14, 65 10 of 15

the HA group (100). The ES group also presented higher numbers (180) than the HA and
TCP/ES groups. After 120 d, although the PCL and PCL/ES groups had smaller numbers
of positive cells (70 cells), there was no statistical difference among the groups.

While the individual evaluation of positive RANKL and OPG cells in each group
is an interesting measurement, the RANKL/OPG ratio (quotient between both positive
markings) can provide a better interpretation of the tissue remodeling process, as shown in
Figure 6c. Ratio values greater than 1 suggest a trend towards bone resorption/degradation,
as RANKL (binding protein) interacts with the RANK receptor in the plasma membrane
of osteoclasts for cell activation and remodeling stimulation. Values less than 1 suggest
a trend of bone formation, as OPG inhibits RANKL from binding to RANK (antagonist),
and values close to 1 suggest a balance between both stimuli. After 30 d, the untreated,
ES, PCL, TCP, and TCP/ES groups presented stimulus for bone resorption with a ratio of
approximately 1.6 for the untreated group, while the others had an approximate ratio of 1.2
to 1.4. The HA and HA/ES groups presented ratios close to 1 (above 0.8). After 60 d, the
untreated group continued to show the highest ratio (1.6). HA and TCP/ES were close to
1.2, while the other group’s ratios were close to 1. After 120 d, the untreated PCL, PCL/ES,
and HA groups presented ratios above 1.2, while the ES and HA/ES groups were close to
0.8, and TCP and TCP/ES were close to balance (ratios below 1.2).

4. Discussion

Failure rates in the resolution and reconstruction of critical bone defects have en-
couraged the development of scaffolds with material properties close to natural tissues
with the help of tissue engineering. Investigations concerning complementary therapies
for promoting cell activity and enhancing the cell–biomaterial interaction, have also been
encouraged [24,25].

The use of polymer-ceramic composite scaffolds is promising for the treatment of large
bone defects. It is particularly relevant to use additive manufacturing which allows the pro-
duction of 3D porous, biodegradable, and biocompatible scaffolds. Moreover, bone healing
can also be enhanced by the application of non-invasive electrical stimulation (capacitive
coupling) at physiological and therapeutic levels. The present study investigated the use
of polymeric PCL/β-TCP (20 wt%) and PCL/HA (20 wt%) scaffolds, in combination with
non-invasive electrical stimulation for bone regeneration. We used an extrusion-based
additive manufacturing system to successfully produce well-defined 3D scaffolds with
pore size, filament diameters, and porosities similar to those of the computer-aided designs
previously reported by Huang et al. [7]. PCL/HA scaffolds show greater biocompatibility
and cell proliferation than PCL/TCP scaffolds, while PCL/TCP scaffolds have better me-
chanical properties than PCL/HA scaffolds. Moreover, the nano-scale HA showed better
mineralization than micro-scale TCP particles, acting as a nucleate site.

Lohfeld et al. [8] evaluated the use of PCL scaffolds manufactured with different
concentrations of β-TCP (10% to 50%), along with the selective laser sintering (SLS),
technique to treat the tibia bone of sheep. The authors reported that a concentration of
10% β-TCP showed limited results when compared to other concentrations. However, as
proposed by Huang et al. [7], β-TCP (and HA) concentrations above 30% could compromise
the mechanical strength of the scaffolds produced by screw-assisted additive manufacturing
systems due to the fragility of ceramic materials. For this reason, 20 wt% was used for each
ceramic biomaterial in this study.

Although bone is capable of healing by itself after tissue damage, large bone defects
are compromised. A critical-sized bone defect in the calvary of rats has been reported by
several authors as the smallest defect that does not present spontaneous regeneration over
time without treatment. Spontaneous tissue regeneration does not occur when there is
no intervention [26,27]. Considering the results presented in this research paper, the bone
defect treated with scaffolds presented mineralized tissue formation over the experimen-
tal period with greater prevalence in the polymer-ceramic composite groups (with HA
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and TCP scaffolds), indicating that the treatments used in the experimental model were
satisfactory. This was also supported by the gene expression data.

Although we did not assess inflammatory or immune responses, no signs of infection
or pronounced inflammation were observed in any animal over the experimental period.
This is supported in a review by Brunello et al. [28], in which there were no reported adverse
reactions to the implanted ceramic composite materials in animal models. Critical-sized
calvary bone defects were used in the vast majority of studies to evaluate the osteogenic
potential of ceramic composites in rats, the same model we used in our investigation.

Initially, histological and histomorphometric analyses were performed. Although no
significant differences were found among the groups in the number of blood vessels (angio-
genesis), the vascular area was greater in the HA/ES group at both 30 and 60 d, possibly
due to the osteoconductive properties of the scaffold material and the electrical stimulus
which improved cell adhesion, proliferation, and blood vessel formation. Therefore, it
can be inferred that there was an increase in vascularization due to the greater diameter
of the vessels, especially in the initial phase, where vascularization plays an important
role in bone formation. These data agree with the literature [2,26,29] in pointing to the
angiogenic potential of the ES at 10 µA intensity, since the use of scaffolds without ES were
not as effective.

In addition, after 120 d, the use of polymer-composite scaffolds and ES (HA, HA/ES,
TCP, and TCP/ES groups) presented fewer blood vessels than the other groups; however, a
greater vascular area could be seen, mainly in the ES groups (HA/ES and TCP/ES). As
bone healing progressed, the number of blood vessels tended to decrease once the primary
bone tissue is formed. The histological data corroborated the gene expression evaluation,
as greater stimulus to osteogenesis was also related to a decrease in the number of blood
vessels later in the healing process. However, fewer vessels and larger vascular areas were
reported, supporting osteogenesis, even in more advanced stages. The grafting in groups
without ES treatment was not as effective when compared to the groups with scaffolds and
ES (PCL/ES, HA/ES, and TCP/ES). This, along with the histomorphometric data (number
of vessels and vascular area formed by vessels) and Vegf gene expression, point to the
angiogenic potential of ES therapy.

Moreover, the in vivo findings reported by Leppik et al. [18], for bone defects treated
with ES, showed a reduction in the number of blood vessels, with the consequent reduction
of fibrous tissue and an important increase in mineralized tissue after 4 weeks. Similar
results were reported in the present study. The polymer-ceramic composite scaffold groups
presented a lower number of blood vessels compared to the PCL, PCL/ES, ES, and un-
treated groups over the period, but showed greater mineralization. The prevalence of
connective tissue instead of mineralization is a classic characteristic of clinical cases of
non-bone union. The data are also supported by our prior studies of osteogenesis, scaffolds,
and electrical current therapy in an animal model of critical bone defect repair [26,29].

Bins-Ely et al. [30] used ES (10 µA and 20 µA intensities) directly on titanium implants
in the tibia of dogs to assess osteointegration and bone formation. The authors reported
that the application of 20 µA promoted greater bone area formation between the bone tissue
and the implant after 15 d. Although the experimental animal model and ES approach
were different (the authors used the direct ES), it was noteworthy that the low intensity ES
used also favored osteogenesis.

Zhang et al. [31] reported the in vivo use of HA and β-TCP in three-dimensional
printed polylactic acid scaffolds. By histological evaluation, the use of HA scaffolds
was reported showing interesting data after 30 d of experiment; however, the authors
reported greater bone volume in defects filled with β-TCP after 60 d, possibly due to its
osteoinductive properties over longer experimental periods. As reported, and observed in
our work, promising results were initially reported with HA scaffolds in mineralization
and vascular areas, while β-TCP scaffolds showed more effective performance after 60 d. In
addition, the data corroborate the in vitro findings of Jin and Kim [32], who demonstrated
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that PCL/β-TCP scaffolds associated with ES showed greater mineralized tissue formation
when compared to scaffolds without β-TCP and ES.

To provide more data regarding the role of polymer-ceramic composite scaffolds
and ES for bone regeneration, molecular analysis was performed using genes related to
osteogenesis. Runx-2 is essential for the proliferation of osteoprogenitor cells and the
differentiation of osteoblasts. As a downstream gene of Runx-2, Osterix is a transcription
factor expressed by osteoblastic precursor cells in the perichondrium, which is essential for
the differentiation of osteoblasts and positively regulates Vegf expression by binding to Vegf
promoters, thereby controlling osteogenesis [32,33]. The increased expression of Runx-2 in
the TCP/ES group, and Osterix in TCP and TCP/ES groups, is thought to be related to the
osteoinductive potential of β-TCP combined with electrical stimulation, which leads to cell
differentiation and ossification. This supports the greater mineralization observed in the
histological evaluation and explains the positive contribution to bone remodeling.

Bmp-2 and Bmp-7 are considered osteoinductive bone growth factors that are directly
associated with bone progenitor cells, interacting with their respective receptors, and in-
ducing the differentiation of osteoblasts, which leads to bone formation. Moreover, Bmp-7
also contributes to angiogenesis [34–36]. The increased gene expression of Bmp-2 in HA,
TCP, and TCP/ES groups after 30 d, and in the TCP/ES group after 60 d, suggests that
osteoprogenitor cells had greater stimulus for tissue formation and mineralization. As
reported by Fei et al. (2012) [37], β-TCP associated with calcium salicylate stimulated the
gene expression of Bmp-2 and Runx-2, controlling the proliferation and differentiation of
cells of the osteogenic lineage, as also shown in our study, supported by histological evalu-
ation. It is evident that the association of β-TCP with PCL and ES enhanced mineralization
during the bone regeneration process.

In addition to Runx-2, Osterix, Bmp-2, and Bmp-7, osteopontin, one of the main
non-collagen proteins produced at the end of the mineralization process, showed higher
expression in the TCP group after 30 d and in the TCP/ES group after 60 d. This could
provide a well-organized extracellular matrix, coordinating matrix–cell and matrix–mineral
interactions, corroborating with the higher mineralized tissue. Moreover, OPN is consid-
ered to play an important role in bone formation and resorption. It is highly concentrated
in newly formed bone and at bone surfaces, and it has been demonstrated that OPN has
chemotactic activity on the precursor of osteoclasts [38,39]. Corroborating our data, the
TCP/ES presented a higher mineralized tissue area after 60 d, with large portions of mature
bone due to the bone remodeling phase, which strongly suggests that it is a promising
bone substitute.

The gene expression results justify the higher percentage of osteoid and mineralized tis-
sue in HA and HA/ES groups initially (30 d) and TCP and TCP/ES after 60 d. These results
corroborate the literature regarding the use of scaffolds serving as a framework to favor
migration, proliferation, cell differentiation, and consequently, tissue formation [29,40,41].
Despite significant advances in the application of calcium phosphates as osteoinductors,
their interaction with stem cells and the bone defect portion have not been completely
elucidated. The hypothesis that microarchitectural features act as key drivers for calcium
phosphate-led osteogenesis has gained importance over the past decade. In addition, free
ions, specifically calcium, possibly released from these materials to the surrounding envi-
ronment, also showed the ability to induce osteogenesis in mesenchymal stem cells through
the stimulation of Bmp-2 expression [38,41], and was observed in our in vivo results.

As already demonstrated by our research group, in vivo models, regarding the use of
ES at 10 µA for 5 min twice a week [21,26,29], are supported by the literature on in vitro
models [20,42], regarding the conclusion that the use of ES has an important influence
on modulating the bone remodeling phase. A balance in the RANKL/OPG signaling
system is essential for bone homeostasis. Under homeostatic conditions, the expression
levels of RANKL and OPG were balanced. The relative ratio of RANKL/OPG controls
osteoclast differentiation, which plays a central role in regulating bone remodeling. The
results provide evidence on how the application of ES modulates the RANKL/OPG system
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favoring tissue formation, because the untreated group showed ratios greater than 1 over
the experimental period, while the ES group presented ratios less than 1 after 60 d.

However, when using scaffolds as bone substitutes to support bone tissue formation,
the same findings were not observed, as a support matrix was used for cell influx, adhesion,
and proliferation. Although the ratios of PCL and PCL/ES groups were close to those of
the polymer-ceramic groups, the mineralized tissue in these last groups was much higher
at 30 and 60 d, demonstrating the positive effect of the polymer-ceramic composite scaffold
over only PCL. The mineralized tissue formed early after 30 d in both HA groups and can
be justified by the osteoconductive properties of the ceramic constituent, which provide
greater cellularity and consequently, as shown, the appropriate gene expression of Bmps
and a RANKL/OPG ratio less than 1, resulting in faster tissue formation.

However, both TCP groups showed greater formation of mineralized tissue after 60 d
in addition to higher expression of osteogenic genes, possibly due to the osteoinductive
properties of TCP, as confirmed by histological data. After 120 d, although all scaffold-
treated groups presented greater mineralized tissue, the data suggested that the polymer-
ceramic composite scaffold groups present a greater volume of mature tissue. The tissue
formation was faster and therefore, in an advanced remodeling phase. In this same period,
both groups with PCL scaffolds had higher ratios, while the TCP groups seemed to be in
homeostatic equilibrium.

The use of non-invasive therapies that activate signaling pathways and/or cellular
interactions can have positive effects on tissue engineering. The combination of ES and
bone tissue engineering has the potential to create synergy that can provide results that far
exceed those achieved by any independent treatment [26,43]. The data presented suggest
positive impacts of the use of polymer-ceramic composite scaffolds when stimulated by
ES at 10 µA for 5 min twice a week, favoring the replacement of connective tissue by
mineralized tissue (mineralization process) and its development into mature bone (bone
remodeling process). More research is needed at the molecular level to understand the cell
signaling pathways associated with ES.

5. Conclusions

This paper presented an in vivo study of 3D printed polymer-ceramic composite
scaffolds. The use of PCL associated with β-TCP 20 wt% and PCL associated with HA
20 wt% presented evidence of a positive impact for bone tissue engineering. The use of
β-TCP 20 wt% scaffolds provided strong evidence of enhanced long-term application with
regard to the bone regenerative process of critical-sized bone defects when compared to the
PCL/HA 20 wt% scaffolds. Moreover, the use of electrical stimulation as a non-invasive
and complementary therapy boosted the bone regeneration effect of PCL/β-TCP scaffolds
providing a two to three-fold change in angiogenic and osteogenic gene expression, result-
ing in greater mineralized tissue formation after 60 d. In addition to osteogenesis, PCL with
β-TCP composite scaffolds and the ES also modulated the bone remodeling, providing
the expected balance between formation (early stages, 30 d to 60 d) and maturation (later
stages, 60 d to 120 d) during the RANKL/OPG physiological process.

Author Contributions: Conceptualization, P.B. and G.F.C.; data curation, J.V.H., C.B.L. and I.X.d.C.;
formal analysis, J.V.H., C.B.L. and G.F.C.; funding acquisition, P.B. and G.F.C.; investigation, J.V.H.,
C.B.L., B.H., L.V.H., I.X.d.C. and G.B.C.; methodology, J.V.H., C.B.L., L.V.H., I.X.d.C. and G.B.C.;
project administration, M.S.-J. and G.F.C.; resources, G.F.C.; software, B.H.; supervision, M.S.-J., P.B.
and G.F.C.; validation, B.H., L.V.H., G.B.C. and M.S.-J.; visualization, G.B.C.; writing—original draft,
B.H., P.B. and G.F.C.; writing—review and editing, B.H., M.S.-J. and G.F.C. All authors have read and
agreed to the published version of the manuscript.

Funding: This project was partially supported by the São Paulo Research Foundation (FAPESP) grant
number 2018/21167-4, CNPq (“Conselho Nacional do desenvolvimento Científico e Tecnológico”)
grant number 423710/2018-4, and Engineering and Physical Sciences Research Council (EPSRC) of
the UK, the Global Challenges Research Fund (CRF), grant number EP/R01513/1.



Polymers 2022, 14, 65 14 of 15

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data available on request from the corresponding author due to
privacy and also ethical issues.

Acknowledgments: The authors gratefully acknowledge the collaboration between the University
of Manchester (UK) and the University Center of Hermínio Ometto Foundation (Brazil).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Fernandez-Yague, M.A.; Abbah, S.A.; McNamara, L.; Zeugolis, D.I.; Pandit, A.; Biggs, M.J. Biomimetic Approaches in Bone Tissue

Engineering: Integrating Biological and Physicomechanical Strategies. Adv. Drug Deliv. Rev. 2015, 84, 1–29. [CrossRef]
2. Leppik, L.; Oliveira, K.M.C.; Bhavsar, M.B.; Barker, J.H. Electrical Stimulation in Bone Tissue Engineering Treatments. Eur. J.

Trauma Emerg. Surg. 2020, 46, 231–244. [CrossRef]
3. Dumic-Cule, I.; Peric, M.; Kucko, L.; Grgurevic, L.; Pecina, M.; Vukicevic, S. Bone Morphogenetic Proteins in Fracture Repair. Int.

Orthop. 2018, 42, 2619–2626. [CrossRef]
4. Chronopoulou, L.; Cacciotti, I.; Amalfitano, A.; Di Nitto, A.; D’Arienzo, V.; Nocca, G.; Palocci, C. Biosynthesis of innovative

calcium phosphate/hydrogel composites: Physicochemical and biological characterisation. Nanotechnology 2021, 32, 095102.
[CrossRef] [PubMed]

5. Chen, S.; Jang, T.S.; Pan, H.M.; Jung, H.D.; Sia, M.W.; Xie, S.; Song, J. 3D freeform printing of nanocomposite hydrogels through
in situ precipitation in reactive viscous fluid. Int. J. Bioprint. 2020, 6, 29–49.

6. Kargozar, S.; Mozafari, M.; Hamzehlou, S.; Brouki Milan, P.; Kim, H.; Baino, F. Bone Tissue Engineering Using Human Cells: A
Comprehensive Review on Recent Trends, Current Prospects, and Recommendations. Appl. Sci. 2019, 9, 174. [CrossRef]

7. Huang, B.; Caetano, G.; Vyas, C.; Blaker, J.J.; Diver, C.; Bártolo, P. Polymer-Ceramic Composite Scaffolds: The Effect of
Hydroxyapatite and β-tri-Calcium Phosphate. Materials 2018, 11, 129. [CrossRef]

8. Lohfeld, S.; Cahill, S.; Barron, V.; McHugh, P.; Dürselen, L.; Kreja, L.; Bausewein, C.; Ignatius, A. Fabrication, Mechanical
and In Vivo Performance of Polycaprolactone/Tricalcium Phosphate Composite Scaffolds. Acta Biomater. 2012, 8, 3446–3456.
[CrossRef] [PubMed]

9. Denry, I.; Kuhn, L.T. Design and Characterization of Calcium Phosphateceramic Scaffolds for Bone Tissue Engineering. Dent.
Mater. 2016, 32, 43–53. [CrossRef]

10. Costa, A.C.F.M.; Lima, M.G.; de Almeida Lima, L.H.M.; Cordeiro, V.V.; de Souto Viana, K.M.; de Souza, C.V.; de Lucena, H.
Hidroxiapatita: Obtenção, caracterização e aplicações. Rev. Eletrôn. Mater. Process. 2009, 4, 29–38.

11. Cacciotti, I. Multisubstituted hydroxyapatite powders and coatings: The influence of the codoping on the hydroxyapatite
performances. J. Appl. Ceram. Technol. 2019, 6, 1864–1884. [CrossRef]

12. Antoniac, I.V. (Ed.) Cationic and Anionic substitutions in hydroxyapatite. In Handbook of Bioceramics and Biocomposites; Springer
International Publishing: Berlin/Heidelberg, Germany, 2016; pp. 145–211.

13. Bianco, A.; Di Federico, E.; Cacciotti, I. Electrospun poly(ε-caprolactone)-based composites using synthesized β-tricalcium
phosphate. Polym. Adv. Technol. 2011, 22, 1832–1841. [CrossRef]

14. Dorozhkin, S.V.; Epple, M. Biological and Medical Significance of Calcium Phosphates. Angew. Chem. Int. Ed. 2002, 41,
3130–3146. [CrossRef]

15. Samavedi, S.; Whittington, A.R.; Goldstein, A.S. Calcium Phosphate Ceramics in Bone Tissue Engineering: A Review of Properties
and Their Influence on Cell Behavior. Acta Biomater. 2013, 9, 8037–8045. [CrossRef]

16. Gittens, R.A.; Olivares-Navarrete, R.; Tannenbaum, R.; Boyan, B.D.; Schwartz, Z. Electrical Implications of Corrosion for
Osseointegration of Titanium Implants. J. Dent. Res. 2011, 90, 1389–1397. [CrossRef]

17. Mata, D.; Horovistiz, A.L.; Branco, I.; Ferro, M.; Ferreira, N.M.; Belmonte, M.; Lopes, M.A.; Silva, R.F.; Oliveira, F.J. Carbon
Nanotube-Based Bioceramic Grafts for Electrotherapy of Bone. Mater. Sci. Eng. C Mater. Biol. Appl. 2014, 34, 360–368.
[CrossRef] [PubMed]

18. Leppik, L.; Zhihua, H.; Mobini, S.; Thottakkattumana Parameswaran, V.; Eischen-Loges, M.; Slavici, A.; Helbing, J.; Pindur, L.;
Oliveira, K.M.C.; Bhavsar, M.B.; et al. Combining Electrical Stimulation and Tissue Engineering to Treat Large Bone Defects in a
Rat Model. Sci. Rep. 2018, 8, 6307. [CrossRef]

19. Ferrigno, B.; Bordett, R.; Duraisamy, N.; Moskow, J.; Arul, M.R.; Rudraiah, S.; Nukavarapu, S.P.; Vella, A.T.; Kumbar, S.G.
Bioactive Polymeric Materials and Electrical Stimulation Strategies for Musculoskeletal Tissue Repair and Regeneration. Bioact.
Mater. 2020, 5, 468–485. [CrossRef] [PubMed]

20. Silva, E.P.; Huang, B.; Helaehil, J.V.; Nalesso, P.R.L.; Bagne, L.; de Oliveira, M.A.; Albiazetti, G.C.C.; Aldalbahi, A.; El-Newehy, M.;
Santamaria, M., Jr.; et al. In Vivo Study of Conductive 3D Printed PCL/MWCNTs Scaffolds With Electrical Stimulation for Bone
Tissue Engineering. Bio-Des. Manuf. 2021, 4, 190–202. [CrossRef]

http://doi.org/10.1016/j.addr.2014.09.005
http://doi.org/10.1007/s00068-020-01324-1
http://doi.org/10.1007/s00264-018-4153-y
http://doi.org/10.1088/1361-6528/abc5f6
http://www.ncbi.nlm.nih.gov/pubmed/33120366
http://doi.org/10.3390/app9010174
http://doi.org/10.3390/ma11010129
http://doi.org/10.1016/j.actbio.2012.05.018
http://www.ncbi.nlm.nih.gov/pubmed/22652444
http://doi.org/10.1016/j.dental.2015.09.008
http://doi.org/10.1111/ijac.13229
http://doi.org/10.1002/pat.1680
http://doi.org/10.1002/1521-3773(20020902)41:17&lt;3130::AID-ANIE3130&gt;3.0.CO;2-1
http://doi.org/10.1016/j.actbio.2013.06.014
http://doi.org/10.1177/0022034511408428
http://doi.org/10.1016/j.msec.2013.09.028
http://www.ncbi.nlm.nih.gov/pubmed/24268270
http://doi.org/10.1038/s41598-018-24892-0
http://doi.org/10.1016/j.bioactmat.2020.03.010
http://www.ncbi.nlm.nih.gov/pubmed/32280836
http://doi.org/10.1007/s42242-020-00116-1


Polymers 2022, 14, 65 15 of 15

21. Bagne, L.; Oliveira, M.A.; Pereira, A.T.; Caetano, G.F.; Oliveira, C.A.; Aro, A.A.; Chiarotto, G.B.; Santos, G.M.T.; Mendonça, F.A.S.;
Santamaria, M., Jr. Electrical Therapies Act on the Ca2+/CaM Signaling Pathway to Enhance Bone Regeneration With Bioactive
Glass [S53P4] and Allogeneic Grafts. J. Biomed. Mater. Res. 2021, 109, 2104–2116. [CrossRef]

22. Nalesso, P.R.L.; Wang, W.; Hou, Y.; Bagne, L.; Pereira, A.T.; Helaehil, J.V.; Andrade, T.A.M.; Chiarotto, G.; Bartolo, P.; Caetano,
G.F. In Vivo Investigation of 3D Printed Polycaprolactone/Graphene Electro-Active Bone Scaffolds. Bioprinting 2021, 24,
e00164. [CrossRef]

23. Livak, K.J.; Schmittgen, T.D. Analysis of Relative Gene Expression Data Using Real-Time Quantitative PCR and the 2−∆∆CT

Method. Methods 2001, 25, 402–408. [CrossRef] [PubMed]
24. Muschler, G.F.; Raut, V.P.; Patterson, T.E.; Wenke, J.C.; Hollinger, J.O. The Design and Use of Animal Models for Translational

Research in Bone Tissue Engineering and Regenerative Medicine. Tissue Eng. Part B Rev. 2010, 16, 123–145. [CrossRef]
25. Kleinhans, C.; Mohan, R.R.; Vacun, G.; Schwarz, T.; Haller, B.; Sun, Y.; Kahlig, A.; Kluger, P.; Finne-Wistrand, A.; Walles, H.; et al.

A Perfusion Bioreactor System Efficiently Generates Cell-Loaded Bone Substitute Materials for Addressing Critical Size Bone
Defects. Biotechnol. J. 2015, 10, 1727–1738. [CrossRef]

26. Fonseca, J.H.; Bagne, L.; Meneghetti, D.H.; Dos Santos, G.M.T.; Esquisatto, M.A.M.; de Andrade, T.A.M.; do Amaral, M.E.C.;
Felonato, M.; Caetano, G.F.; Santamaria, M., Jr.; et al. Electrical stimulation: Complementary therapy to improve the performance
of grafts in bone defects? J. Biomed. Mater. Res. Part B Appl. Biomater. 2019, 107, 924–932. [CrossRef]

27. Sartika, D.; Wang, C.H.; Wang, D.H.; Cherng, J.H.; Chang, S.J.; Fan, G.Y.; Wang, Y.W.; Lee, C.H.; Hong, P.D.; Wang, C.C. Human
Adipose-Derived Mesenchymal Stem Cells-Incorporated Silk Fibroin as a Potential Bio-Scaffold in Guiding Bone Regeneration.
Polymers 2020, 12, 853. [CrossRef]

28. Brunello, G.; Panda, S.; Schiavon, L.; Sivolella, S.; Biasetto, L.; Del Fabbro, M. The Impact of Bioceramic Scaffolds on Bone
Regeneration in Preclinical In Vivo Studies: A Systematic Review. Materials 2020, 13, 1500. [CrossRef] [PubMed]

29. Wang, W.; Junior, J.R.P.; Nalesso, P.R.L.; Musson, D.; Cornish, J.; Mendonça, F.; Caetano, G.F.; Bártolo, P. Engineered 3D Printed
Poly(E-caprolactone)/Graphene Scaffolds for Bone Tissue Engineering. Mater. Sci. Eng. C Mater. Biol. Appl. 2019, 100, 759–770.
[CrossRef] [PubMed]

30. Bins-Ely, L.M.; Cordero, E.B.; Souza, J.C.M.; Teughels, W.; Benfatti, C.A.M.; Magini, R.S. In Vivo Electrical Application on Titanium
Implants Stimulating Bone Formation. J. Periodont. Res. 2017, 52, 479–484. [CrossRef]

31. Zhang, J.; Li, M.; Kang, E.T.; Neoh, K.G. Electrical Stimulation of Adipose-Derived Mesenchymal Stem Cells in Conductive
Scaffolds and the Roles of Voltage-Gated Ion Channels. Acta Biomater. 2016, 32, 46–56. [CrossRef] [PubMed]

32. Jin, G.; Kim, G. The Effect of Sinusoidal AC Electric Stimulation of 3D PCL/CNT and PCL/β-TCP Based Bio-Composites on
Cellular Activities for Bone Tissue Regeneration. J. Mater. Chem. B 2013, 1, 1439–1452. [CrossRef]

33. Nakashima, K.; Zhou, X.; Kunkel, G.; Zhang, Z.; Deng, J.M.; Behringer, R.R.; de Crombrugghe, B. The Novel Zinc Finger-
Containing Transcription Factor Osterix Is Required for Osteoblast Differentiation and Bone Formation. Cell 2002, 108,
17–29. [CrossRef]

34. Tang, W.; Yang, F.; Li, Y.; de Crombrugghe, B.; Jiao, H.; Xiao, G.; Zhang, C. Transcriptional Regulation of Vascular Endothelial
Growth Factor (VEGF) by Osteoblast-Specific Transcription Factor Osterix (Osx) in Osteoblasts. J. Biol. Chem. 2012, 287, 1671–1678.
[CrossRef] [PubMed]

35. Ho-Shui-Ling, A.; Bolander, J.; Rustom, L.E.; Johnson, A.W.; Luyten, F.P.; Picart, C. Bone Regeneration Strategies: Engi-
neered Scaffolds, Bioactive Molecules and Stem Cells Current Stage and Future Perspectives. Biomaterials 2018, 180, 143–162.
[CrossRef] [PubMed]

36. Cheng, H.; Jiang, W.; Phillips, F.M.; Haydon, R.C.; Peng, Y.; Zhou, L.; Luu, H.H.; An, N.; Breyer, B.; Vanichakarn, P.; et al.
Osteogenic Activity of the Fourteen Types of Human Bone Morphogenetic Proteins (BMPs). J. Bone Jt. Surg. Am. 2003, 85,
1544–1552. [CrossRef]

37. Fei, L.; Wang, C.; Xue, Y.; Lin, K.; Chang, J.; Sun, J. Osteogenic Differentiation of Osteoblasts Induced by Calcium Silicate
and Calcium Silicate/b-Tricalcium Phosphate Composite Bioceramics. J. Biomed. Mater. Res. B Appl. Biomater. 2012, 100,
1237–1244. [CrossRef]

38. Singh, A.; Gill, G.; Kaur, H.; Amhmed, M.; Jakhu, H. Role of Osteopontin in Bone Remodeling and Orthodontic Tooth Movement:
A Review. Prog. Orthod. 2018, 19, 18. [CrossRef] [PubMed]

39. Standal, T.; Borset, M.; Sundan, A. Role of Osteopontin in Adhesion, Migration, Cell Survival and Bone Remodeling. Exp. Oncol.
2004, 26, 179–184.

40. Bartolo, P.J.; Kruth, J.; Silva, J.; Levy, G.; Malshe, A.; Rajurkar, K.; Mitsuishi, M.; Ciurana, J.; Leu, M. Biomedical Production of
Implants by Additive Electro-Chemical and Physical Processes. CIRP Ann. Manuf. Technol. 2012, 61, 635–655. [CrossRef]

41. Lopes, D.; Martins-Cruz, C.; Oliveira, M.B.; Mano, J.F. Bone Physiology as Inspiration for Tissue Regenerative Therapies.
Biomaterials 2018, 185, 240–275. [CrossRef]

42. Lee, D.W.; Kwon, J.Y.; Kim, H.K.; Lee, H.J.; Kim, E.S.; Kim, H.J.; Kim, H.J.; Lee, H.B. Propofol Attenuates Osteoclastogenesis by
Lowering RANKL/OPG Ratio in Mouse Osteoblasts. Int. J. Med. Sci. 2018, 15, 723–729. [CrossRef] [PubMed]

43. Zaniboni, E.; Bagne, L.; Camargo, T.; do Amaral, M.E.C.; Felonato, M.; de Andrade, T.A.M.; Dos Santos, G.M.T.; Caetano, G.F.;
Esquisatto, M.A.M.; Santamaria, M.; et al. Do Electrical Current and Laser Therapies Improve Bone Remodeling during an
Orthodontic Treatment with Corticotomy? Clin. Oral Investig. 2019, 23, 4083–4097. [CrossRef] [PubMed]

http://doi.org/10.1002/jbm.b.34858
http://doi.org/10.1016/j.bprint.2021.e00164
http://doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
http://doi.org/10.1089/ten.teb.2009.0658
http://doi.org/10.1002/biot.201400813
http://doi.org/10.1002/jbm.b.34187
http://doi.org/10.3390/polym12040853
http://doi.org/10.3390/ma13071500
http://www.ncbi.nlm.nih.gov/pubmed/32218290
http://doi.org/10.1016/j.msec.2019.03.047
http://www.ncbi.nlm.nih.gov/pubmed/30948113
http://doi.org/10.1111/jre.12413
http://doi.org/10.1016/j.actbio.2015.12.024
http://www.ncbi.nlm.nih.gov/pubmed/26703122
http://doi.org/10.1039/c2tb00338d
http://doi.org/10.1016/S0092-8674(01)00622-5
http://doi.org/10.1074/jbc.M111.288472
http://www.ncbi.nlm.nih.gov/pubmed/22110141
http://doi.org/10.1016/j.biomaterials.2018.07.017
http://www.ncbi.nlm.nih.gov/pubmed/30036727
http://doi.org/10.2106/00004623-200308000-00017
http://doi.org/10.1002/jbm.b.32688
http://doi.org/10.1186/s40510-018-0216-2
http://www.ncbi.nlm.nih.gov/pubmed/29938297
http://doi.org/10.1016/j.cirp.2012.05.005
http://doi.org/10.1016/j.biomaterials.2018.09.028
http://doi.org/10.7150/ijms.22713
http://www.ncbi.nlm.nih.gov/pubmed/29910677
http://doi.org/10.1007/s00784-019-02845-9
http://www.ncbi.nlm.nih.gov/pubmed/30771000

	Introduction 
	Experimental Methods 
	Scaffold Fabrication 
	In-Vivo Study 
	Surgical Protocol 
	Electrical Stimulation and Post Treatment 
	Histomorphometry 
	Immunohistochemistry 
	Quantitative Polymerase Chain Reaction (qPCR) 
	Statistical Analysis 

	Results 
	Histomorphometry 
	Osteogenic Gene Expression 
	Bone Remodelling 

	Discussion 
	Conclusions 
	References

