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A B S T R A C T

The repair of critical-sized bone defects represents significant clinical challenge. An alternative approach is the 
use of 3D composite scaffolds to support bone regeneration. Hydroxyapatite (HA) and tri-calcium phosphate 
(β-TCP), combined with polycaprolactone (PCL), offer promising mechanical resistance and biocompatibility. 
Bioelectrical stimulation (ES) at physiological levels is proposed to reestablishes tissue bioeletrocity and mod
ulates cell signaling communication, such as the BMP/TGF-β and the RANK/RANK-L/OPG pathways. This study 
aimed to evaluate the use HA/TCP scaffolds and ES therapy for bone regeneration and their impact on the TGF- 
β/BMP pathway, alongside their relationship with the RANK/RANKL/OPG pathway in critical bone defects. The 
scaffolds were implanted at the bone defect in animal model (calvarial bone) and the area was subjected to ES 
application twice a week at 10 µA intensity of current for 5 min each session. Samples were collected for his
tomorphometry, immunohistochemistry, and molecular analysis. The TGF-β/BMP pathway study showed the 
HA/TCP+ES group increased BMP-7 gene expression at 30 and 60 days, and also greater endothelial vascular 
formation. Moreover, the HA/TCP and HA/TCP+ES groups exhibited a bone remodeling profile, indicated by 
RANKL/OPG ratio. HA/TCP scaffolds with ES enhanced vascular formation and mineralization initially, while 
modulation of the BMP/TGF pathway maintained bone homeostasis, controlling resorption via ES with HA/TCP.

Introduction

Bone tissue is a type of connective tissue that provides support, 
protection, and helps maintain homeostasis [1]. In addition to high 
dynamism, this tissue presents piezoelectric effects which are important 
for promoting the repair and healing process [2]. Although this tissue 
has self-healing capacity, critical defects lead to a considerable loss of 
electrical potential at the injured site, requiring the use of grafts or 
additional therapies [1,2]

Autogenous grafts are considered the most effective option for bone 
regeneration due to their osteoinductive, osteoconductive and osteo
genic properties, which means these contain living bone cells, including 
osteoblasts, which have the ability to directly form new bone, and also 
are able to stimulate the surrounding undifferentiated mesenchymal 
stem cells (MSCs) to differentiate into osteoblasts, leading to new bone 

formation and act as scaffolds. However, there are clinical limitations 
associated with their use, such as the need for secondary surgeries and 
anatomical constraints [3–5].

Another approach is the use of allografts. Allografts are bone grafts 
sourced from a donor of the same species and are primarily osteo
conductive, providing a scaffold for bone growth, with limited 
osteoinductive properties and no osteogenic potential. They offer con
venience due to availability, but there are several complications 
including the risk of immune rejection, disease transmission, graft 
resorption, and failure or non-union. Despite these risks, allografts are 
widely used in clinical settings as an alternative to autografts, especially 
when a secondary surgical site is not desirable [1,5–7].

To overcome these challenges, various bone substitutes have been 
developed through advancements in bone tissue engineering (BTE). One 
of the most promising is the use of 3D scaffolds produced in a laboratory. 
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The literature has highlighted that the composition and structure of 
scaffolds are crucial for their success. When designing scaffolds, it is 
important to consider the material’s ability to interact with the extra
cellular matrix (ECM) and promote cell differentiation and proliferation. 
The material must also be biocompatible, biodegradable, and able to 
induce osteogenesis and angiogenesis i.e. osteoinduction and osteo
conduction [1,4,5].

The materials commonly used for BTE application are bioglass, 
metals, polymers, ceramics, and calcium phosphate ceramics, particu
larly hydroxyapatite. (Ca10(PO4)6(OH)2; HA) and tri-calcium phosphate 
(β-Ca3(PO4)2; β-TCP) has shown promising results in the literature due 
to its biocompatibility and chemical similarity with natural bone tissue’s 
inorganic components [3,5–7]. Scaffolds made of HA/TCP only have 
certain disadvantages such as low mechanical resistance and high brit
tleness at high concentrations. However, by combining ceramic mate
rials with aliphatic polymers like polycaprolactone (PCL), these issues 
can be overcome due to the adequate mechanical resistance and 
biocompatibility of the polymer. This results in a scaffold with superior 
mechanical and osteogenic properties [3,5–7].

To recover the significant loss of hydroxyapatite (HA) in critical bone 
defects and aid in restoring the lost electrical potential, combining non- 
invasive exogenous therapies, such as low-intensity electrical stimula
tion (ES), is proposed. This approach can facilitate the organization of 
collagen fibers during the repair process, promoting both tissue repair 
and the restoration of its electrical potential [3,8].

The ES is a commonly used technique to stimulate cells due to its 
non-invasive nature and ease of application. At physiological levels, it 
has been demonstrated to stimulate cell migration, proliferation, and 
differentiation in bone tissue, resulting in enhanced bone formation and 
mineralization. Additionally, this stimulation promotes the synthesis of 
cytokines and growth factors, such as VEGF and BMP-7 [7–10].

The Bone morphogenetic protein-7 (BMP-7) is an important member 
of the transforming growth factor β (TGF-β) superfamily, where it in
duces the expression of osteoblast differentiation markers and promotes 
angiogenesis. Generally, the BMP and TGF-β signaling pathway play 
crucial roles in the development and maintenance of bone homeostasis. 
TGF-β1 is a protein that promotes the proliferation and differentiation of 
osteoblasts and inhibits osteoclast formation, reducing RANKL expres
sion while increasing OPG expression [10–12].

However, the literature still does not report the effects of the asso
ciation between HA/TCP scaffolds and electrical stimulation and their 
effects on signaling pathways, such as the TGF-β/BMP pathway and their 
relationship with the RANK/RANKL/OPG pathway. Therefore, the aim 
of this study was to evaluate the use of composite scaffolds of poly
caprolactone (PCL) associated with hydroxyapatite and tricalcium 
phosphate (HA/TCP) subjected to electrical stimulation in bone regen
eration and its effects on the TGF-β/BMP pathway and its relationship 
with the RANK/RANKL/OPG pathway in critical bone defects.

Materials and methods

Scaffold fabrication

PCL pellets (Perstorp Caprolactones, Cheshire, UK) were heated to 90 
◦C and mixed for 20 min with 10 % wt of HA nanoparticles (Sigma- 
Aldrich, St. Louis, USA) and 10 % wt of TCP microparticles (Sigma- 
Aldrich, St. Louis, USA), resulting in a mixture comprising 80 % PCL +
10 % wt HA + 10 % wt TCP. The composite material was then 3D printed 
using a screw-assisted 3D Discovery printer (REGENHU, Villaz-Saint- 
Pierre, Switzerland), employing a 0/90◦ lay-down pattern. Subse
quently, the fabricated scaffolds were sterilized in 70 % ethanol for 4 h 
and rinsed with a sterile solution.

The scaffolds used in the animal experiments (bone graft) were 
composed of polycaprolactone (PCL) and a mixture of polycaprolactone 
with 10 % hydroxyapatite and 10 % tricalcium phosphate (HA/TCP). 
They were precisely cut to match the size of the bone defects created in 

the animals (5mm x 5 mm), grafted on the day of surgery, and remained 
implanted in the animals for experimental periods of 30 and 60 days.

In vivo study

All surgical and experimental procedures were conducted in accor
dance with established experimental standards and biodiversity regu
lations (NIH Publication 80–23, revised 1996, and Arouca Law-11,794, 
2008). These procedures were approved by the Ethics Committee on 
Animal Use of the Hermínio Ometto Foundation, following ethical 
principles in animal research (CEUA 075/2017). The rats were 
randomly allocated into four experimental groups, as detailed in 
Table 1, and were investigated through two experimental periods: 30 
and 60 days.

The animals were randomly assigned to one of four experimental 
groups: PCL (bone defect was treated with PCL scaffolds), PCL+ES (bone 
defect was treated with PCL scaffolds and also the application of elec
trical stimulation), HA/TCP (bone defect was treated with composite 
scaffolds of 80 % PCL + 10 % hydroxyapatite + 10 % tricalcium phos
phate), and HA/TCP+ES (bone defect was treated with composite 
scaffolds of 80 % PCL + 10 % hydroxyapatite + 10 % tricalcium phos
phate and also the application of electrical stimulation).

Surgical protocol

The animals underwent anesthesia through intraperitoneal admin
istration of a mixture containing ketamine hydrochloride (30 mg/kg) 
and xylazine hydrochloride (10 mg/kg). Following this, the occipital 
region of the animals was shaved. A critical-sized bone defect measuring 
5 mm × 5 mm was then created at the center of the calvarial bone, with 
continuous irrigation using physiological solution (NaCl 0.9 %). This 
procedure was performed using an Osteo I tip (Piezo Helse, Helse Dental 
Technology, Santa Rosa do Viterbo, SP, Brazil) attached to a dental ul
trasound handpiece (Olsen, Palhoça, SC, Brazil).

The scaffolds underwent sterilization in 70 % ethanol prior to precise 
fitting into the bone defect, eliminating the need for clamping or phys
ical fixation. Following scaffold implantation, the wounds were closed 
with nylon 5–0 sutures (Shalon Medical, Goiânia, Brazil), and the ani
mals received intraperitoneal and oral analgesic treatments consisting of 
tramadol hydrochloride (1 mg/kg) and dipyrone (50 mg/kg), respec
tively, for 72 h. Throughout this period, the animals were closely 
monitored by the researchers.

Electrical stimulation and post treatment

Exogenous electrical stimulation (ES) was conducted using a low- 
intensity transcutaneous electrical stimulator (Physeotonus micro
current, BIOSET, Indústria de Tecnologia Electrônica Ltda, Rio Claro, 
São Paulo, Brazil). Two conductive metal electrodes with 10 mm 
diameter probes were gently placed in contact with the animal’s head, 
encircling the bone defect, for 5 min at 10 µA (galvanic electrical cur
rent), twice a week, throughout the experimental periods. The ES pro
tocol and its potential on bone regeneration have been previously 
reported by Helaehil et al. [7].

Samples were collected, encompassing the entire area of the bone 

Table 1 
Experimental groups for in vivo study.

Group 
name

Electrical 
Stimulation

PCL Polymer 
Concentration

Ceramic 
Concentration

PCL No 100 wt% 0 wt%
PCL+ES Yes 100 wt% 0 wt%
HA/TCP No 80 wt% HA 10 wt% + TCP 10 

wt%
HA/ 

TCP+ES
Yes 80 wt% HA 10 wt% + TCP 10 

wt%
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defect/scaffold (representing new tissue formation) and approximately 
2 mm of the bone edges. From each group, three samples were obtained 
for histomorphometric and immunohistochemical analysis (n = 3/ 
group/experimental period), immediately fixed in 10 % formaldehyde 
for 48 h. Additionally, five samples from each group were promptly 
frozen at − 80 ◦C in 2 mL plastic tubes for molecular evaluation (n = 5/ 
group/experimental period).

Histomorphmetry

After 48 h of fixation, the samples were transferred to a 50 % buff
ered formic acid decalcifying solution (Morse’s decalcifying) for a 
period of 45 days, with the solution being changed three times per week. 
Following demineralization, the samples underwent a 1 h wash in 
running water, followed by dehydration in increasing concentrations of 
ethanol, diaphanization with xylene, and embedding in paraffin. Sub
sequently, the samples were sectioned into 4.0 µm thick slices and 
mounted on glass slides. Masson’s Trichrome (MT) staining was per
formed for histomorphometric evaluation.

Histological images were captured using a Leica DM2000 microscope 
(Leica Microsystems, Wetzlar, Germany). The MT-stained samples were 
captured at 200× magnification for histomorphometric analysis, 
including the assessment of the number of blood vessels, vascular area, 
osteoid/collagen tissue, and mineralized tissue. Ten images from each 
bone sample (each animal) were analyzed using ImageJ software.

Immunohistochemistry

The histological samples, with cross-sections measuring 4.0 µm, were 
mounted on silanized slides and subjected to incubation with specific 
primary antibodies (as listed in Table 2) to assess bone formation and 
remodeling processes. Subsequently, secondary antibodies and the 
antibody detection reaction (utilizing NovolinkTM Max Polymer 
Detection System) were applied according to the manufacturer’s rec
ommended protocol (Leica Biosystems, Buffalo Grove, IL, USA). Dia
minobenzidine (DAB) served as the substrate chromogen to visualize the 
specific markings, followed by counterstaining with Harris hematoxylin.

Eight images from each bone sample were captured at 400×
magnification using a Leica DM2000 microscope (Leica Microsystems, 
Wetzlar, Germany), and the quantification was conducted using ImageJ 
software.

Quantitative polymerase chain reaction (RT-qPCR)

The samples were collected at 30 and 60 days post-surgery and 
subsequently macerated using liquid nitrogen. Total RNA was isolated 
using TRIzol™ reagent (Invitrogen, Waltham, MA, USA), following the 
manufacturer’s instructions. Cell lysis was achieved using a homoge
nizer (Polytron System PT 1200E, Kinematica AG, Malters, Switzerland). 
The quality and quantity of RNA samples were assessed using a spec
trophotometer to determine the A260/230 and A260/280 ratios. cDNA 
was synthesized from 1.5 µg of total RNA using the high-capacity kit 
(Thermo Fisher Scientific, code 4,374,966) according to the manufac
turer’s instructions. Gene expression analyses were performed in trip
licate using 5 ng of cDNA, 300 nM of each primer, and 1X of Master Mix. 
For SYBR Green PCR Master Mix, the amplification was carried out in 
QuantStudio3™ (Applied Biosystems) with the following parameters: 

initial denaturation at 50 ◦C for 2 min, followed by 95 ◦C for 2 min, then 
40 cycles of denaturation at 95 ◦C for 15 s, and annealing/extension at 
60 ◦C for 1 min. For TaqMan Gene Expression Master Mix, the thermal 
cycling conditions were 95 ◦C for 10 min, followed by 45 cycles at 95 ◦C 
for 15 s and 60 ◦C for 1 min. Expression levels were normalized to Actb 
for SYBR Green and Gapdh for TaqMan and validated using the Best
Keeper software, which was also used as the normalizer. The PCL group 
served as the calibrator. Results were calculated using the 2− ΔΔCt 

method. Primer sequences are provided in Table 3, and the probes in 
Table 4.

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 
Shapiro-Wilk 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; **** p < 0,005.

Results

BMP/TGF signalling pathway

Fig. 1 demonstrates the relative expression of the Bmp-7 and Tgf-β 
genes at 30 and 60 days. Fig. 1a shows that the both HA/TCP groups 
presented three times the fold change of PCL group, however no sta
tistical evidence was observed at 30 days. Moreover, HA/TCP+ES group 
showed lower Bmp-7 expression compared to the PCL group at 60 days. 
In Fig. 1b), the HA/TCP group exhibited forty times the fold change of 
Tgf- β when compared to the HA/TCP+ES group at 60 days.

The percentage of positive area for BMP-7 and the number of positive 
cells for TGF-β at 30 and 60 days are shown in Fig. 2. There was no 
significant difference in BMP-7 between the groups at either the 30-day 
or 60-day mark. However, at 30 days, the HA/TCP group exhibited a 
higher quantity of marked TGF-β cells compared to the PCL group. By 60 
days, the HA/TCP group showed a greater number of positive cells than 
the HA/TCP+ES group.

Bone formation

Angiogenesis
Fig. 3 presents the number of blood vessels and vascular area at 30 

and 60 days. There were no significant differences in the number of 
vessels among the groups at 30 and 60 days. No statistical difference was 
observed for vascular area evaluation. However, it was observed an 
increasing in HA/TCP group at 30 days.

Mineralization
The osteoid tissue and mineralized tissue area at 30 and 60 days is 

shown in Fig. 4. At 30 days, the HA/TCP group exhibited higher per
centage of osteoid area compared to the PCL group, but lower percent
age compared to the PCL+ES group at 60 days. No differences were 
observed among the groups at 30 days for mineralized tissue area. 
However, the PCL+ES and HA/TCP groups displayed smaller mineral
ized area compared to the PCL and HA/TCP+ES groups. At 60 days, the 

Table 2 
Antibodies used for immunostaining.

Antibody Dilution Codes Company

RANK-L 1:200 sc-377,079 Santa Cruz Biotechnology, USA
OPG 1:200 sc-390,518
TGF-β 1:250 sc-130,348
BMP-7 1:500 FNAB00920 Fine Test

Table 3 
SYBER Green primers used in the RT-qPCR.

Gene Forward (5′ – 3′) Reverse (5′- 3′)

Rank CGTCCTGCTCCTCTTCATCTCT CCCTGAGGACTCCTTATTTCCA
Rank-l AGCGCAGATGGATCCTAACA TCGAGTCCTGCAAACCTGTA
Opg GAGTGTGCGAATGTGAGGAA TGCTTTCGATGACGTCTCAC
Actb1 AGAGGGAAATCGTGCGTGACA CGATAGTGATGACCTGACCGTCA
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HA/TCP group demonstrated greater mineralized area compared to the 
PCL+ES group, and higher than the others.

Bone remodelling

Fig. 5 shows the relative expression of Rank, Rankl, Opg, and Rankl/ 
Opg ratio at 30 and 60 days. The gene expression of Rank, Opg, and 
Rankl/Opg ratio did not show differences among the groups at 30 and 60 
days. At 30 days, the PCL+ES group exhibited higher expression of Rankl 

compared to PCL, HA/TCP, and HA/TCP+ES. However, no differences 
were observed among the groups at 60 days. Rankl/Opg ratio demon
strates the HA/TCP group at 30 days presented unbalanced.

Fig. 6 presents the quantification of RANKL-positive cells, OPG- 
positive cells, and the RANKL/OPG ratio at 30 and 60 days. After 30 
days, the PCL group showed a greater positive cells compared to the HA/ 
TCP and HA/TCP+ES groups regarding RANK-L marking. During the 
same period, the PCL and PCL+ES groups showed a greater number of 
cells than the HA/TCP and HA/TCP+ES groups at 30 days. However, by 
60 days, all four groups demonstrated similar cell counts.

The graph depicting the RANKL/OPG ratio reveals that the PCL, HA/ 
TCP, and HA/TCP+ES groups exhibited values greater than 1 at 30 days, 
indicative of a tendency towards bone resorption. Conversely, the 
PCL+ES group presented a ratio lower than 1 at 30 days. At 60 days, a 
similar pattern persisted, with the PCL and PCL+ES groups showing 
values close to 1, while the HA/TCP and HA/TCP+ES groups continued 
to display values above 1, indicating a continued tendency towards bone 
resorption.

Table 4 
TaqMan Assays used in the RT-qPCR.

TaqMan Assays Product codes

Gapdh 
Glyceraldehyde-3-Phosphate Dehydrogenase

Rn01775763_g1

Bmp-7 
Bone morphogenetic protein-7

Rn01528889_m1

Tgf-β 
Transforming growth factor β

Rn00572010_m1

Fig. 1. Relative expression of (a) Bmp-7 and (b) Tgf-β at 30 and 60 days. Results were expressed as mean ± standard error of the mean (significance levels were 
established in * p < 0.05, ** p < 0.01).

Fig. 2. Evaluation of immunomarking of (a) positive area anti-BMP-7 and (b) number of positive cells anti- TGF-β at 30 and 60 days. Results were expressed as mean 
± standard error of the mean (significance levels were established in * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.005).

Fig. 3. Evaluation of angiogenesis by (a) number of blood vessels and (b) vascular area at 30 and 60 days. Results were expressed as mean ± standard error of the 
mean (significance levels were established in * p < 0.05).
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Discussion

The TGF-β and BMP signaling pathways regulate a variety of physi
ological and pathological processes, especially in bone tissue. The acti
vation of TGF-β is believed to be regulated mechanically in the 
superficial region of the lesion rather than through the application of 
electrical stimuli. During tissue regeneration, mechanical activation is 
expected to change as tissue maturation occurs, along with the deposi
tion of an extracellular matrix that will bind to TGF-β [13,14]. BMPs 
(bone morphogenic proteins) are part of the transforming growth 
factor-beta superfamily. Their actions are regulated by receptor kinases 
and transcription factors called Smads. Among these proteins, BMP-2, 4, 
6, 7, and 9 are identified as inducers of bone growth [15].

The elevated expression of Bmp-7 at 30 days by the HA/TCP and HA/ 
TCP+ES groups may be an important event to support osteogenesis, 
especially during the early stages of bone formation, in association with 
along with Bmp-2, Bmp-4, and GDF5, for example [11,12]. After tissue 
mineralization, there is a decrease in the expression levels of Bmps, 
consistent with the results obtained from the HA/TCP groups and, 
especially, the HA/TCP+ES group regarding the expression of Bmp-7, 
along with the greater formation of mineralized tissue presented in both 
groups at the 60 days. .

Angiogenesis is a crucial event for bone formation. Several studies 
have demonstrated the angiogenic and osteogenic effects of ES in bone 
tissue, especially when associated with ceramic scaffolds [3,7,8,11]. ES 
application can promote important angiogenic responses of vascular 
endothelial cells and regulate the production of growth factors like 
VEGF and BMP-7 [8]. Our results demonstrated the use of scaffolds 
associated with electrical stimulation (HA/TCP+ES group), presented 
greater stimulus to vascularization, which could explain the enhanced 
BMP/TGF signalling. Moreover, although TGF-β and BMP-7 are directly 
related to the angiogenesis process, both can also contribute to the 
process of mineralization.

Several hypotheses have been developed to elucidate the therapeutic 
or biological effects of electric fields on bone tissue [2,16,17]. Electrical 
stimulation can aid in bone formation and the optimal intensities for 
bone formation and mineralization range between 1 and 20 uA [18].

Mineralization can be considered the final hallmark of the osteo
blastic differentiation process [19]. The association of HA/β-TCP pro
moted osteoinductive and osteoconductive conditions to the scaffold, 
favoring bone formation [3,20]. This can be confirmed by the results 
obtained regarding the osteoid tissue area, where all groups exhibited 
tissue formation, along with the higher quantity of mineralized tissue 
area observed in the HA/TCP+ES group at both 30 and 120 days.

Fig. 4. Evaluation of mineralization by (a) percentage of osteoid tissue and (b) percentage of mineralized tissue after 30 and 60 days. Imagens stained with Masson’s 
trichrome at 200x magnification were used for quantification. Results were expressed as mean ± standard error of the mean (significance levels were established in * 
p < 0.05, ** p < 0.01).

Fig. 5. Relative expression of (a) Rank, (b) Rank-l, (c) Opg and (d) Rankl-l/Opg 2-ΔΔct at 30 and 60 days. Results were expressed as mean ± standard error of the mean 
(significance levels were established in ** p < 0.01).
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Leppik et al. [8] report that after the application of ES in the in vivo 
assay, there was a significant increase in TGF-β expression in the eighth 
week of treatment. However, our results demonstrate that the HA/TCP 
group showed higher expression compared to the group that received ES 
application, which was confirmed by TGF-β positive cells observed on 
the tissue for both 30 and 60 experimental days. The enhanced miner
alization observed in the HA/TCP+ES group at 30 days, it is plausible 
that the peak expression of TGF-β occurred during periods preceding the 
30th day. Furthermore, Leppik et al. [21] reported in another study that 
the expression of TGF-β was elevated at 3, 7, and 14 days when stem 
cells were cultured on β-TCP scaffolds along with ES application. 
However, at 21 days, there was a decrease in TGF-β expression, an event 
that is consistent with the results observed at the 30 days. These findings 
suggest that the ES protocol used is advisable for application at the early 
stages of bone regeneration involving grafts (scaffolds), as it rapidly 
stimulated factors associated with osteogenesis, including the TGF-β 
pathway evaluated in this research work, enhancing mineralization.

In turn, TGF-β plays a crucial role in connective tissue regeneration 
and bone remodeling with significant effects on osteogenic differentia
tion and bone formation [22]. Some studies suggest that using β-TCP can 
increase bone formation and the expression of BMPs along with TGF-β 
[21]. The literature suggests that while the combination of HA/TCP is 
effective due to its osteoconductive and osteoinductive characteristics. 
The expression of TGF-β was found to be similar in scaffolds with 
different concentrations of HA/TCP when compared to scaffolds 
composed only of β-TCP [23]. Another point to consider is that β-TCP 
scaffolds exhibited a positive response to electrical stimulation [17], 
while the combination of both compounds did not.

TGF-β is also responsible for inhibiting bone formation in the late 
stages of osteoblastic differentiation, directly influencing the RANKL/ 
OPG pathway [11,12,24]. Therefore, low gene expression and TGF-β 
positive cells may be directly related to maintaining the balance of bone 
homeostasis when the resorption (bone remodeling) process is pre
dominant. This event justifies the results obtained regarding the 
expression of TGF-β at 30 and 60 days in the HA/TCP+ES group, along 

with the OPG, once these may be modified according to the electrical 
stimulus [19,24]. It is also possible to observe a direct relationship with 
values above 1 regarding the RANKL/OPG ratio, where values above 1 
indicated a tendency toward the bone resorption process in the same 
experimental periods. Another notable observation was the higher 
mineralization in the HA/TCP+ES group at day 30, which was lower 
than that of the HA/TCP group by day 60. This outcome could be linked 
to the higher RANKL/OPG gene expression ratio observed at day 30, 
suggesting a more pronounced resorption phase occurring between days 
30 and 60. The reduced mineralization at day 60 may indicate that the 
newly formed bone had entered the remodeling phase, reflecting a 
progression toward more advanced bone regeneration.

In normal conditions RANK/RANKL interaction is regulated by the 
OPG decoy receptor that by blocking RANKL promotes bone formation 
[25]. The increase in relative expression of Bmp-7 at 30 days by the 
HA/TCP and HA/TCP+ES groups is also related to the osteoclastic for
mation process, as Bmp-7 stimulates the formation of osteoclasts by 
increasing the expression levels of Rank [12], This event was observed in 
the relative expression results at the 30 days in the HA/TCP and 
HA/TCP+ES groups.

It’s important to note that previous studies have shown the impact of 
using electrical stimulation (ES) on scaffolds made of HA/TCP on other 
pathways, such as the Wnt/Beta-catenin pathway and the Ca2+/CaM 
pathway. It was previously observed that both pathways exhibited a 
higher rate of mineralization compared to groups that did not receive ES 
[3]. Therefore, each signaling pathway may respond differently to 
electrical stimuli.

Conclusion

It can be concluded that the combination of polymeric/ceramic 
(composite) scaffolds of HA/TCP associated with ES could be used for 
bone regeneration, preferably at the early stages of bone repair treat
ment in terms of BMP/TGF pathway. HA/TCP scaffolds without ES 
showed a better response in terms of modulating the BMP/TGF pathway 

Fig. 6. Evaluation of immunomarking of (a) number of positive cells anti-RANK-L, (b) number of positive cells anti-OPG and (c) RANK-L/OPG ratio 30 and 60 days. 
Results were expressed as mean ± standard error of the mean (significance levels were established in ** p < 0.01, *** p < 0.001, **** p < 0.005).
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in both experimental periods. Finally, HA/TCP scaffolds with and 
without ES application showed greater mineralization and were able to 
modulate the BMP/TGF pathway for the maintenance of bone homeo
stasis associated with the RANK/RANKL/OPG triad, controlling the 
bone resorption process through the application of ES associated with 
the HA/TCP scaffold graft. By using composite scaffolds produced with 
PCL, HA and TCP, the authors believe the ES application is important at 
the early stages of bone regeneration to modulate and stimulate bone 
formation pathways, once the endogenous bioelectricity is impared.
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