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Abstract

Critical bone defects are considered one of the major clinical challenges in reconstructive bone surgery. The combination
of 3D printed conductive scaffolds and exogenous electrical stimulation (ES) is a potential favorable approach for bone
tissue repair. In this study, 3D conductive scaffolds made with biocompatible and biodegradable polycaprolactone (PCL) and
multi-walled carbon nanotubes (MWCNTs) were produced using the extrusion-based additive manufacturing to treat large
calvary bone defects in rats. Histology results show that the use of PCL/MWCNTs scaffolds and ES contributes to thicker
and increased bone tissue formation within the bone defect. Angiogenesis and mineralization are also significantly promoted
using high concentration of MWCNTs (3 wt%) and ES. Moreover, scaffolds favor the tartrate-resistant acid phosphatase
(TRAP) positive cell formation, while the addition of MWCNTs seems to inhibit the osteoclastogenesis but present limited
effects on the osteoclast functionalities (receptor activator of nuclear factor « 8 ligand (RANKL) and osteoprotegerin (OPG)
expressions). The use of ES promotes the osteoclastogenesis and RANKL expressions, showing a dominant effect in the bone
remodeling process. These results indicate that the combination of 3D printed conductive PCL/MWCNTs scaffold and ES is a
promising strategy to treat critical bone defects and provide a cue to establish an optimal protocol to use conductive scaffolds
and ES for bone tissue engineering.

Keywords Additive manufacturing - Bone regeneration - Bone remodeling - Carbon nanotube - Conductive scaffolds -
Electrical stimulation

Introduction

Successful bone reconstruction requires osteoproduction,
Edney P. e Silva, Boyang Huang have contributed equally. osteoinduction, osteoconduction and vascularization [1].
Current clinical strategies to treat bone defects including
autografts, allografts and xenografts present several major
limitations such as shortage of donations, potential transmis-
sion of disease, risk of rejection and immunogenicity issues
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membrane [6, 7]. After bone loss, the endogenous signs are
compromised and sharply decrease at the site of critical-
size defects [8]. Moreover, with the bone fracture healing,
the decreased bioelectric potential at the defect site returns
back to its normal level [9]. These findings suggest that bone
regeneration can be achieved by repairing the bioelectrical
environment. Therefore, the exogenous ES was proposed to
stimulate and accelerate the regeneration process, compen-
sating the lack of endogenous electrical signals from healthy
bone tissue [10, 11]. However, the large gap within the bone
defect may hinder the transmission of electrical signals. In
this case, the use of electrical conductive scaffolds may over-
come this limitation enabling adequate electrical stimulus to
the injured bone.

A wide range of materials has been investigated to produce
conductive scaffolds. Metallic materials such as titanium
and titanium alloys (Ti6Al4V) present high conductivity, but
they are not biodegradable, and produced scaffolds present
high mechanical strength compared with the surrounding
tissue leading to stress shield and bone loss [12, 13]. Con-
ductive polymers such as polypyrrole (PPy), polyaniline
(PANi) and poly(3.,4-ethylenedioxythiophene) (PEDOT) are
also promising conductive material candidates to produce
conductive scaffold [14]. These polymers are usually synthe-
sized as a composite with non-conductive biocompatible and
degradable polymers such as PCL [15], poly(D, L-lactide)
(PDLLA) [16] and poly (L-lactic) acid (PLLA) [17]. How-
ever, challenges still remain for these polymers due to their
manufacturing limitation (some of them cannot be melted),
potential toxicity and poor solubility in solvents [18-20].
Inorganic conductive materials including graphene, carbon
nanofibers and carbon nanotubes are also being investigated
[21]. Among them, carbon nanotubes (CNTs) are particu-
larly relevant due to their exceptional mechanical, electrical
conductivity and their unique dimensional structure charac-
teristics (one-dimensional and high aspect ratio material).
The incorporation of CNTs into a polymer matrix displays a
variety of structural and physiochemical reinforcement char-
acteristics, including the improvement of strength, flexibility
and biocompatibility, induction of angiogenesis, reduction
of thrombosis and manipulation of gene expression for
tissue repair [22]. Previously, our group investigated the use
of PCL and multi-wall CNTs (MWCNTs) to produce bone
scaffolds through additive manufacturing [23, 24]. Results
showed that the use of a screw-assisted extrusion additive
manufacturing system allowed to obtain a highly ordered
arrangement of CNTs in an anisotropic manner within the
polymer matrix, enabling to create a hierarchical porous
structure. Produced PCL/MWCNTs scaffolds containing
0.75 wt% and 3 wt% of MWCNTs showed enhanced
mechanical properties, non-toxicity and bone-related cell
differentiation. Results showed that scaffolds containing
3 wt% of MWCNTs presented statistically higher com-

pressive modulus (~84 MPa) compared with scaffolds
containing 0.75 wt% of MWCNTs (~54 MPa) and PCL
scaffolds (~49 MPa) [23]. Moreover, scaffolds containing
3 wt% and 0.75 wt% of MWCNTs presented statistically
higher surface hardness (both 0.05 GPa) and elastic modulus
(~0.65 GPa and 0.60 GPa, respectively) than PCL scaffolds
(surface hardness 0.04 GPa and elastic modulus 0.49 GPa)
[23]. There is no significant difference between the pore
structure/shape and size (varying from 366 pm to 397 pm)
[23]. Moreover, polarized Raman results showed that the
addition of 0.75 wt% of MWCNTs into the PCL matrix was
well dispersed and aligned along the printing direction [24].
Based on the success of these preliminary results, this paper
investigates the in vivo performance of PCL/MWCNTs scaf-
folds containing 0 wt%, 0.75 wt% and 3 wt% of MWCNTs
as the conductive implants. As most in vivo studies focus on
the relatively early-stage of bone formation (approximately
2 months) [25-28], this paper also investigates the effect of
conductive scaffolds combined with ES on the late-stage of
bone formation, particularly the bone remodeling process
reaching homeostasis that remains unknown.

Experimental methods
Scaffold fabrication

Two concentrations of MWCNTSs (0.75 wt% and 3 wt%,
respectively) were considered to produce the PCL/MWCNTs
conductive scaffolds. Briefly, PCL pellets were heated at
90 °C for 20 min followed by the addition of MWCNTs.
The composite materials were thoroughly mixed for 30 min
to ensure homogeneous dispersion. 3D porous scaffolds with
0/90° laydown pattern were fabricated using a screw-assisted
extrusion-based additive manufacturing system (3D Discov-
ery, RegenHU, Villaz-Saint-Pierre, Switzerland) considering
the following processing conditions: melting temperature
of 90 °C, air pressure of 6 bar, screw-rotational velocity
of 12 rpm and the deposition velocity of 20 mm/s. Non-
conductive PCL scaffold was also produced and used as
a reference. The dimensions of the printed scaffolds were
30 mm x 30 mm x 2.5 mm and cut to fit the bone defect in
the animal models (5 mm x 5 mm x 2.5 mm), sterilized in
70% ethanol for 4 h and rinsed in sterile saline solution to
remove the residual ethanol. The images of printed scaffolds
are shown in Fig. 1.

In vitro study
In order to obtain the optimal ES conditions, around 1 x
10* UMR-106 cells (rat osteoblasts—ATCC®CRL-1661TM)

in 1 mL of culture medium (DMEM with high glucose, 10%
fetal bovine serum) were seeded in 24-well plates and divided
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Fig. 1 Images of 3D printed scaffolds before the implantation

according to the ES period application: 0 s, 60 s, 150 s and
300ss. As this was a short-term study, ES was performed three
times per week for 9 days by placing two metal electrodes
coupled to a low-intensity transcutaneous electrical stimula-
tor (micro-galvanic direct current stimulation) (Physiotonus
Microcurrent, BIOSET®, Indistria de Tecnologia Eletronica
Ltda. Rio Claro, SP, Brazil) considering an intensity of 10 p A
applied to the well covered with culture medium. The mito-
chondrial activity of osteoblasts was determined using the
MTT colorimetric assay (SIGMA, USA) to assess cell via-
bility for up to 7 days (plate reader at 540 nm). In addition,
osteoblasts were cultured in an osteogenic medium (200 uM
ascorbic acid, 10 mM B-glycerophosphate and 0.5 pM dex-
amethasone, SIGMA, USA) by applying ES to assess the
mineralization of the extracellular matrix until day 9. The
calcium deposition was quantified by staining the cell matrix
with alizarin red S (SIGMA, USA) followed by the addition
of 10% acetic acid and read in a 450 nm plate reader.

In vivo study
Animals

A total of 96 male Wistar rats (weight approximately 450 g,
age 6 months) were considered and obtained from the Ani-
mal Experiment Center at the University Center of Herminio
Ometto Foundation (Brazil) and randomly divided into eight
experimental groups (n = 12) as listed in Table 1. Each group

comprises 12 rats. Two experimental periods were consid-
ered (60 days and 120 days) for the analysis, and the rats
were equally divided (n = 6/group/period).

All surgical and experimental procedures were performed
according to the experimental standards and biodiversity
rights (NIH Publication 80-23, revised 1996 and Arouca
Law-11, 794, 2008), approved by ethical principles in
animal research adopted by COBEA and the Herminio
Ometto Foundation’s Ethics Committee on animal use
(CEUA/UNIARARAS, 002/2018). All animals were healthy
during the entire study, and the experimental procedure did
not promote any stress.

Surgical protocol

All animals were anesthetized by the intraperitoneal admin-
istration of a mixture of ketamine hydrochloride (30 mg/kg)
and xylazine hydrochloride (10 mg/kg). The trichotomy was
performed in the occipital region of all animals, and a crit-
ical defect was created in the calvary bone (right parietal
bone) by using an osteo I tip (PiezoHelse, Helse Dental tech-
nology, Santa Rosa de Viterbo, SP, Brazil), coupled with
a dental ultrasound handpiece (Olsen, The Piezo Light D5
LED, Palhoca, SC, Brazil). A critical defect with dimensions
of 5 mm x5 mm x 2.5 mm was created under a constant
saline irrigation, and the dura mater was preserved. The ster-
ilized scaffolds were cut, fitting exactly to the defect without
the need of any additional clamping or physical fixation.
After the scaffold implantation, wounds were sutured with
nylon 5-0 sutures (Johnson and Johnson, Brazil), followed
by intraperitoneal and oral analgesic treatments using tra-
madol hydrochloride (1 mg/kg) and dipyrone (50 mg/kg),
respectively, for 3 days.

Electrical stimulation and post-treatment

According to the results obtained from the in vitro study and
following our previous in vivo protocol, ES was performed
using a low intensity transcutaneous electrical stimulator

Table 1 Characteristics of

different sample types Number Group name Scaffold implanted Electrical stimulation MWCNTs concentration
(Wt%)
1 Untreated No* No 0
2 ES No* Yes 0
3 PCL Yes No 0
4 PCL/ES Yes Yes 0
5 CNTO.75 Yes No 0.75
6 CNTO0.75/ES Yes Yes 0.75
7 CNT3 Yes No 3
8 CNT3/ES Yes Yes 3

“Indicates the natural bone formation
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Fig.2 Schematic representation
of the experimental setup

Screw-assisted
Additive
Manufacturing

3D printed conductive
PCL/MWCNTs scaffold with
dimensions of
30mmx30mmx2.5mm

[29]. Two metal electrodes (10 mm diameter) were applied
around the bone defect, but not fixed on the skull (a researcher
handled the electrodes and kept them in contact with the ani-
mal, with the stimulated current being applied on the skull
area), for 5 min at 10 L A intensity twice a week (every Tues-
days and Fridays) throughout the experimental periods. For
the in vivo studies and particularly considering future clin-
ical trials, it was decided to reduce the frequency of the ES
from three times a week as in the in vitro study to two times
a week. This frequency is also less stressful to the animals
and more convenient for potential long-treatment patients.
The animals were euthanized after 60 days and 120 days
of surgical procedure using both anesthetic deepening and
cervical dislocation before bone sample collection. Samples
were immediately fixed in 10% formaldehyde for 48 h for
histomorphometric and immunohistochemical (n = 3) anal-
ysis, while the rest of the samples were immediately frozen
at —80 °C for molecular evaluations (n = 3) at days 60 and
120. The scaffold fabrication and both the in vitro and in vivo
ES process are shown in Fig. 2.

Histomorphometry

After immersed in a fixative buffer containing 10% formalde-
hyde for 48 h at room temperature, bone samples were
treated with 50% buffered formic acid decalcifying solution
(Morse’s decalcifying), with the solution being changed three
times a week. After 30 days of treatment, the bone sam-
ples were washed in deionized water, dehydrated, embed-
ded in paraffin, 4.0 pm thick cross-sectioned, mounted on

> /~ b
i \
\ ’
\ <

Intensity:10pA
ES durtation: 0s, 60s, 150s and 300s
Frequency: 3 times/per week

Implanted
conductive scaffold
with dimensions of )
Smmx5mmx=2.5mm L

Applied optimum
ES conditions

glass slides, stained with hematoxylin—eosin and Masson’s
Trichrome.

Histological images were captured using the Leica
DM?2000 microscope (Leica Microsystems, Germany), in a
bright field mode at different magnifications and analyzed
using the ImageJ software. After defining the total area of
each image, the area of the scaffold filaments was subtracted
to obtain the new tissue area (osteoid/collagen and/or miner-
alized tissue areas).

Immunohistochemistry

Samples were incubated with primary antibodies (Anti-OPG,
Anti-RANKL, 1: 200; Santa Cruz Biotechnology, Dallas,
USA). The secondary antibodies and detection reaction anti-
body (Novolink™ Max Polymer Detection System) were
performed following the manufacturer’s recommended pro-
tocol (Leica Biosystems, USA). TRAP kit (SIGMA, USA)
was used according to the manufacturer’s instructions. The
RANKL, OPG and TRAP positive cells were quantified using
ImagelJ software.

Extraction of bone proteins

Around 200 mg of bone tissue samples was collected and
pulverized with the addition of liquid nitrogen and kept in
buffer (50 mM sodium acetate, pH = 5.8; 4 M guanidine),
at 4 °C/24 h. After centrifuging (10,000 rpm/30 min/4 °C),
the supernatant was collected and treated with 10% ethanol
at 4 °C. The precipitated proteins were aliquoted and treated
with protein blotting buffer for western blotting (Trisma base
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100 mM pH7,5; EDTA 10 mM; SDS 10%; 100 mM sodium
fluoride, 10 mM sodium pyrophosphate, 10 mM sodium
orthovanadate). Collagen type I (COL-I, Santa Cruz Biotech-
nology, USA), bone morphogenetic protein-7 (BMP-7, Santa
Cruz Biotechnology, USA) and GAPDH (housekeeping pro-
tein, Santa Cruz Biotechnology, USA) were measured. The
intensity of the bands was evaluated using the ImagelJ soft-
ware.

Statistical analysis

For all experiments, the statistical analysis was performed
using ANOVA two-way test and Bonferroni posttest using
the GraphPad Prism software (Graphpad Software Inc., San
Diego, CA, USA). The differences were considered signifi-
cant with p <0.05.

Results
In vitro study

In order to find the optimal ES conditions, an in vitro
study was performed and UMR-106 osteoblasts were cul-
tured applying ES at different application times (Fig. 3).
As observed from Fig. 3a, results show that cell viability
increases with time and there is no significant difference
between cells cultured with and without ES. This indicates
that the selected micro-current intensity and the considered
application times (up to 300 s) are not harmful to the cells, but
also seem to not significantly determine cell growth. How-
ever, as shown in Fig. 3b, the calcium deposition from the
osteoblasts increases by increasing the ES application time,
indicating that the use of ES might stimulate the secretion of
bone matrix. This is particularly significant at day 9 as shown
in Fig. 3c.

In vivo study
Histomorphometry

The bone defect created in the animal model is shown in
Fig. 4a, and the implanted scaffold is shown in Fig. 4b. Cal-
vary bone samples for all groups were collected after 60 days
and 120 days after surgery as shown in Fig. 4c, d. The cross
section histological images of the entire bone defects for all
groups are shown in Fig. 4e. It is possible to observe that
all groups present tissue bridging across the bone defects.
However, the groups containing scaffolds show thicker tis-
sue formations compared with the groups without scaffolds.
Moreover, results seem to indicate that more connective and
denser bone tissue is formed within the scaffolds containing
MWCNTs submitted to ES. Figure 4f—m presents the histo-
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logical images of all groups with the ES after 60 days. From
Fig. 4f, g, it is possible to observe the formation of connective
bone tissue within the bone defect. However, it is difficult to
observe the apparent blood vessel formations and the miner-
alized bone tissue. Blood vessels formation can be observed
in the PCL groups (Fig. 4h, i), but the mineralization process
is still limited. An increase in mineralized bone tissue, with
embedded osteocytes, is observed in the samples containing
0.75 wt% MWCNTs and 3 wt% MWCNTs. Moreover, the
mineralized bone tissue also increases by increasing the con-
centration of MWCNTs (Fig. 4j—m). These results indicate
that conductive PCL/MWCNTs scaffolds with ES are able
to promote and accelerate the bone healing process. The his-
tological analysis of all groups without ES after 60 days and
all groups after 120 days presents similar results as shown in
the supplementary information (Figure S1).

Angiogenesis

The quantification of angiogenesis for all considered groups
is shown in Fig. 5a. Results show a high number of blood
vessels in all scaffold groups in comparison with the nat-
ural bone formation groups (with and without ES). It can
be also observed that the scaffold groups with ES (PCL/ES,
CNTO.75/ES and CNT3/ES) present higher numbers of blood
vessels than the scaffold groups without ES (PCL, CNTO.75
and CNT3) at day 60. However, no statistical difference is
observed between them, suggesting that the use of ES might
not be the unique factor for the angiogenesis. However, it is
possible to observe that the number of blood vessels statisti-
cally increases with the addition of MWCNTSs in comparison
with natural bone formation groups and PCL group, which
might be attributed to the improved electrical conductiv-
ity of the scaffolds and better electrical signal transmission.
Moreover, results seem to indicate that the combination of
both conductive scaffolds and ES has a synergistic effect on
angiogenesis. Similar trend is also observed after 120 days of
operation. However, the number of blood vessels decreases
for all groups in comparison with the results obtained after
60 days, which might be due to the formation of more min-
eralized bone tissue.

Connective and mineralized tissue

Newly formed bone comprises connective and mineralized
tissue. As shown in Fig. 5b, the CNT3/ES group shows a
statistically high COL-1 expression at day 60 than the other
considered groups, but no statistical difference is observed
between the groups with and without ES. Between day 60
and day 120, COL-1 expression increases in the ES, PCL/ES
and CNT3 groups but decreases in the other groups. This
can be attributed to the bone remodeling process and to the
fact that due to bone resorption process, COL-1 is degraded.
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Fig.3 In vitro analysis. a Cell viability at day 5 and 7 with different
ES application times; b Calcium deposition produced by UMR-106
osteoblasts with different ES application times at day 5, 7 and 9; ¢ ARS

Similar results are observed for BMP-7 expression (Fig. 4c),
with the CNT3/ES group presenting the highest value at day
60. However, at day 120, there is no statical difference in
terms of BMP-7 expression among the different considered
groups.

Results from Fig. 5d, e show that the new bone tissue
is formed within the bone defect area after day 60 and the
majority of newly formed tissue is in the form of connective
tissue. According to the results, the PCL group shows a sta-
tistically high connective tissue compared with the ES group.
Although there is an increasing trend of the connective tissue
formation with the increase in MWCNTSs concentration and
the use of electrical stimulation, there is no significant differ-
ence between the groups with and without ES except for the
PCL group and natural bone group with ES. Moreover, at day
60, the scaffold groups exhibit high levels of mineralized tis-
sue, indicating that the scaffolds are able to promote the bone
mineralization process. Results also show that the mineral-
ization process increases by increasing the concentration of
MWCNTs. Likewise, PCL/ES, CNTO0.75/ES and CNT3/ES
groups show higher mineralized bone tissue in comparison
with PCL, CNTO0.75, CNT3 groups and statistically higher
than natural bone formation groups (with and without ES),
indicating that the use of ES is beneficial for the formation
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staining images showing the calcium deposition with different ES times
at day 9; *(P <0.05) represents statistical difference

of mature bone. At day 120, the level of connective bone tis-
sue slightly decreases for all groups, while the mineralized
bone tissue slightly increases in comparison with the groups
at day 60, indicating a transition from a fibrous tissue to a
mature hard bone tissue. It is also possible to observe that
by increasing the MWCNTS’ concentration, the percentage
of connective tissue decreases while the mineralized tissue
increases, implying that the addition of MWCNTSs promotes
the transition of mature bone tissues from fibrous tissues.
There is no obvious trend for the groups using electrical stim-
ulation.

Tissue remodeling

In order to investigate the effects of conductive scaffolds
and the ES on the bone remodeling process, TRAP positive
cells (osteoclast), anti-RANKL and anti-OPG assays were
performed. From Fig. 6a, it is possible to observe that the
implanted scaffolds contribute to the recruitment of TRAP
positive cells at day 60. This might be attributed to the rigid
surface of the scaffold that provides support for cell attach-
ment and proliferation. TRAP positive cells slightly decrease
in the scaffolds containing 3 wt% of MWCNTs. No signifi-
cant differences are observed between PCL and conductive
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Fig. 4 Histomorphometry analysis a created bone defect in the animal
model; b implanted scaffold at the bone defect; ¢ bone tissue formation
without scaffold after 60 days d bone tissue formation with a conductive
scaffold after 60 days; e the cross sections of bone tissue regeneration at
the bone defect for all groups after 60 days and 120 days; f the natural
bone tissue regeneration with ES after 60 days; g higher magnification
image of the natural bone tissue regeneration with ES after 60 days;
h bone formation in the PCL scaffold group with ES after 60 days;

PCL/MWCNTs scaffolds considering both ES and non-ES
groups. Moreover, as shown in Fig. 6b, c, after 60 days,
there are no statistical differences between all groups regard-
ing both RANKL and OPG expression, indicating that the
implanted scaffolds and ES have a limited effect on the func-
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i higher magnification image of the bone formation in the PCL scaffold
group with ES after 60 days; j bone formation in the PCL/MWCNTs
0.75 wt% scaffold group with ES after 60 days; k higher magnification
image of the bone formation in the PCL/MWCNTs 0.75 wt% scaffold
group with ES after 60 days; 1 bone formation in the PCL/MWCNTSs
3 wt% scaffold group with ES after 60 days; m higher magnification
image of the bone formation in the PCL/MWCNTSs 3 wt% scaffold
group with ES after 60 days

tionality of osteoclasts. After day 120, the number of TRAP
positive cells slightly decreases for all groups. However, the
levels of RANKL and OPG are highly expressed at day 120,
showing that more osteoclasts are activated. No statistical dif-
ferences are observed in terms of both the number of TRAP
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Fig.5 Histological quantification analysis a number of blood vessels
present in a 2 x 10° me2 area of the bone defect; b western blot-
ting results of COL-1 protein expression and their semi-quantification;
¢ western blotting results of BMP-7 protein expression and their
semi-quantification; d connective tissue formed in the bone defect;
e mineralized tissue formed in the bone defect for all groups after 60 days

positive cell recruitment and RANKL expression due to the
increase in MWCNTs concentration. However, the use of
ES, particularly in the scaffold groups, seems to increase the
number of TRAP positive cells at day 120. A similar trend is
also observed for the RANKL expression, implying that more
osteoclasts are activated and high bone resorption. However,
as shown in Fig. 6¢, only PCL/ES and CNTO.75 groups show
statistically higher expression of OPG, which also seems to
decrease by increasing the concentration of MWCNTs. This
might be attributed to the presence of highly mineralized tis-
sue, in the scaffold groups containing high concentration of
MWCNTs, inversely down-regulating the OPG expression to
achieve a balance between bone formation and bone resorp-
tion.

Discussion
The use of bioactive scaffolds is fundamental in tissue engi-

neering to treat large bone defects. It is particularly relevant
to combine additive manufacturing and conductive bioma-

Day 120

— (f) CNT0.75/ES

Day 60 Day 120
—3 (c) PCL —3 (d) PCL/ES
— (g)CNT3  —N (h) CNT3/ES

and 120; data were demonstrated by means/standard error and submit-
ted to the two-way ANOVA test and Bonferroni posttest (p <0.05).
Group names are represented by different letters and column patterns.
Letters above the bars mean statistical difference. @ means statistical
difference compared with rest of the groups

terials allowing to produce, in a precise and reproducible
way, 3D porous, biodegradable and biocompatible scaffolds,
which are able to respond to external electrical stimuli and
to accelerate the bone healing process.

Previous studies focused on the use of conductive scaffold
with and without ES. Anne et al. [30] reported the fabri-
cation of 3D poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate (PEDOT:PSS) conductive scaffolds using the
freeze-drying method. In vitro studies without ES showed
that the produced scaffolds induced the differentiation
of osteogenic precursor cells (MC3T3-El) into osteocal-
cin positively stained osteoblasts and the gene expression
of osteogenic markers were significantly enhanced. Sim-
ilarly, Chen et al. [31] produced polylactide (PLA)/PANi
using thermal-induced phase separation and investigated the
osteogenic behavior without ES. The results showed that con-
ductive scaffolds increased osteogenic marker expressions
of bone marrow-derived mesenchymal stem cells (BMSCs).
Our group also found that the use of PCL/MWCNTSs and
PCL/MWCNTSs/HA scaffolds without ES is able to promote
cell attachment, proliferation and differentiation of human
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adipose-derived stem cells (hADSCs) [23, 24]. These might
be attributed to the ability of conductive scaffolds to transmit
the endogenous electrical signals capable of promoting the
cell—cell and cell-material interactions and strengthening the
sense on cells toward the microenvironment. Moreover, the
use of ES can further strengthens this behavior. Huang et al.
[32] investigated the behavior of silicone scaffolds with and
without ES and found a significant increase in osteogenic
protein expressions in the groups treated with ES compared
with non-treated groups. Similar findings were also reported
by Bikendra et al. [33] using PCL/polypyrrole (PPy) scaf-
folds showing better MC3T3-Elcell adhesion, proliferation
and differentiation when used together with ES.

@ Springer

wm? area of bone defect. Data were demonstrated by means/standard
error and submitted to the two-way ANOVA test and Bonferroni posttest
(p <0.05). Group names are represented by different letters and column
patterns. Letters above the bars mean statistical difference

However, the mechanism of how ES modulates the cellular
behavior still remains unknown due to the variety of related
factors such as the activation of the ion fluxes through the
voltage-gated ion channels, membrane potential redistribu-
tion and conformational transition of proteins [34, 35]. The
ES processing parameters (intensity and application time)
might also influence the cellular behavior, and the corre-
sponding values must be adjusted depending on the cell lines
[34, 36]. Different in vivo and in vitro studies suggested that
current intensities between 10 wA and 50 WA can stimulate
tissue repair, while intensities above 50 A can induce cell
death [37]. In this study, in vitro results, considering a cur-
rent intensity of 10 wA applied for 5 min three times a week,
showed good cell viability and enhanced the calcium deposi-
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tion produced by osteoblasts, indicating that this is a proper
protocol for the in vivo study.

Vascularization plays an important role in bone devel-
opment, remodeling and homeostasis [38, 39]. This study
shows that PCL/MWCNTs conductive scaffolds and ES pro-
mote angiogenesis. This can be attributed to the fact that
ES triggers cells to produce vascular endothelial growth
factor (VEGF) proteins enhancing angiogenesis [11, 40,
41]. Results also show no statistical differences between
the untreated group and the ES group without scaffold
while the number of blood vessel significantly increases by
using scaffolds. It can be assumed that the presence of a
scaffold contributes to the rapid recruitment of angiogenesis-
related cells, providing a solid and rigid surface to allow cell
attachment, proliferation and differentiation. The addition
of MWCNTs and the use of ES can further strengthen this
behavior presenting synergistic effects that enable angiogen-
esis.

Biosafety issues of CNTs are still debatable, and the
cytotoxicity is considered to be induced when they are
internalized and accumulated in the cells [42]. However,
Mukherjee et al. [43] reported no signs of inflammation
and toxicological effects on the kidney and liver of rabbits
using hydroxyapatite (HA)/CNTs after 120 days. Previously,
we also reported the in vitro use of PCL/MWCNTs and
PCL/HA/MWCNTs and no cytotoxicity effects on hADSCs
were observed [23, 24]. We attribute it to the low concen-
tration of CNTs and the encapsulated CNTs in the polymer
matrix, reducing the risk of cellular uptake. The results pre-
sented in this paper show that the addition of MWCNTSs
improves the conductivity of PCL scaffolds (supplementary
information S2), enhancing bone formation. Results show
that the addition of MWCNTSs has limited effects on the
connective tissue formation but significantly promotes the
mineralized tissue formation, which is distributed around
the printed filaments (Fig. 4 and supplementary information
S1). These could be attributed to multiple reasons. The use
of CNTs enables modulating the cellular behavior through
ES, leading to osteogenic differentiation [44]. Moreover, the
MWCNTs on the filament surface act as nucleating sites
allowing the deposition of an apatite layer produced by the
osteogenic cells [45] and a mineral layer that further pro-
motes the osteogenic differentiation [46].

Bone growth and remodeling associated with bone home-
ostasis are concurrently occurred physiological events in
the whole process of bone tissue regeneration, in which
osteoblasts synthesize new bone tissues and osteoclasts are
responsible for resorption of existing bone. Pathological
increase in bone resorption is triggered when osteoclasts have
their activity rate increased and the RANKL and OPG pro-
teins relationship reflects the bone remodeling environment
[47,48]. Therefore, it is important to investigate the effects of
conductive scaffolds and ES on the osteoclastogenesis behav-

ior. Previously, it was reported that the osteoclastogenesis
is sensitive to the microenvironment and could be modu-
lated by the surface properties [49], scaffold topology and
bone-related proteins [50], overexpression of VEGFs [51],
local ionic concentration [52] and pH values of biomate-
rial microenvironment [53]. To the author’s best knowledge,
few studies investigated the effects of conductive scaffolds
and, in particular, the use of ES on the osteoclast formation
and functions. In this study, it is possible to observe that
a larger number of osteoclasts were recruited by the scaf-
folds at day 60 compared with those at day 120. However,
the low expression of RANKL and OPG indicates that the
osteoclasts present lower activities at day 60 compared with
day 120. It is also possible to observe that the scaffolds con-
taining MWCNTs present a decreasing trend of osteoclast
cell density at the two considered time points (day 60 and
day 120), suggesting the inhibition of osteoclast formation.
This is in agreement with Ye et al. [54] findings suggesting
that MWCNTs suppress osteoclastogenesis via the inhibi-
tion of osteoclast differentiation and induction of apoptosis
in osteoclasts. Results also show that the addition of MWC-
NTs has a limited effect on RANKL expression at both day
60 and 120, indicating that MWCNTs are not the govern-
ing factor to trigger the osteoclast function. However, the
use of ES seems to contribute to the osteoclast formation
particularly after day 120. Furthermore, ES seems to pro-
mote the RANKL expression and down-regulate the OPG
expression at day 120, suggesting that the use of ES facil-
itates the bone resorption in the bone remodeling process.
These results indicate that the combined use of conductive
scaffolds and ES plays an important role in the bone remod-
eling process, providing cues that determine the osteoclast
formation and function. In the future, we will further investi-
gate the mechanism of ES modulating the bone remodeling
process and optimize the ES processing conditions such as
intensity, frequency and application time.

Conclusion

This work presents an in vivo study of 3D printed conductive
PCL/MWCNT scaffolds with and without ES for bone tissue
regeneration. Results show that the implantation of scaffolds,
in particular the conductive PCL/MWCNT 3 wt% scaffold,
into animal models contributes to thicker bone tissue forma-
tion within the bone defects. The combination of conductive
PCL/MWCNTs scaffolds and ES can significantly promote
the angiogenesis and lead to more mineralized bone tissue
formation. Results also show that the implanted scaffolds
contribute to the recruitment of TRAP positive cells (osteo-
clasts) and the addition of MWCNTSs seems to inhibit the
osteoclastogenesis. However, the use of ES is the dominant
factor to activate TRAP positive cell’s activities, promoting
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the osteoclast formation and the RANKL expression in the
bone remodeling prevailing process. These results seem to
indicate that the use of conductive PCL/MWCNTsand ESisa
promising approach for bone tissue engineering and provides
a cue to establish an optimal therapy to reach homeostasis.
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