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ABSTRACT: In the field of bone defect repair, critical requirements for favorable
cytocompatibility and optimal mechanical properties have propelled research efforts
towards the development of composite materials. In this study, carbon nanotubes/
polylactic acid/hydroxyapatite (CNTs/PLA/HA) scaffolds with different contents (0.5, 1,
1.5 and 2 wt.%) of CNTs were prepared by the thermally induced phase separation (TIPS)
method. The results revealed that the composite scaffolds had uniform pores with high
porosities over 68% and high through performances. The addition of CNTs significantly
enhanced the mechanical properties of resulted PLA/HA, in which the 1.5 wt.%
CNTs/PLA/HA composite scaffold demonstrated the optimum mechanical behaviors with
the bending elastic modulus of (868.5 * 12.34) MPa, the tensile elastic modulus of
(209.51 * 12.73) MPa, and the tensile strength of (3.26 * 0.61) MPa. Furthermore, L929
cells on the 1.5 wt.% CNTs/PLA/HA scaffold displayed good spreading performance and
favorable cytocompatibility. Therefore, it is expected that the 1.5 wt.% CNTs/PLA/HA
scaffold has potential applications in bone tissue engineering.

KEYWORDS: CNTs/PLA/HA scaffold; TIPS method; mechanical property; bone tissue
engineering
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1 Introduction

Natural bone tissues owning the complex multiscale
structure consist of organic and inorganic substances [1],
which provide the human body with sufficient mechanical
supporting, mineral storage, and internal protection. In
recent years, the research about bone regeneration has
been driven by the need for repair of bone defects and
bone loss resulting from infections, tumors, or traumas
[2—4]. Although natural bones show self-repair ability, the
larger bone defects beyond their self-recovery still need
surgical intervention. Unfortunately, current surgical
approaches, such as autografts and allografts, are far from
ideal and merely serve as temporary solutions due to the
existence of issues including immune responses, donor-
site complications, and limited donor availability [5—11].
The advancement of bone tissue engineering has led to
the emergence of bone composite scaffolds as a promising
alternative for the treatment of bone defects, particularly
in larger-scale cases. Bioceramic materials, including
hydroxyapatite (HA) and tricalcium phosphate (TCP),
have recently gained considerable attention as suitable
substitutes for bone-related tissue engineering [12-15].
HA was
fabrication of bone repair scaffolds for extraordinary

Particularly, extensively adopted in the
bioactivity, biocompatibility, and bone conductibility
[12,16—17]. During the degradation of HA in vivo, the Ca
and P ions generated could be directly involved in the
remodeling of new bones, and some researches even
confirmed the participation of Ca%" in the regulation of
many physiological functions in the human body [18].
However, pure HA scaffolds suffered from brittleness,
low toughness, and slow degradation, thereby
significantly limiting their application in the bone defect
reconstruction [16]. To address such limitations, the
incorporation of polymers, such as collagen, chitosan

(CS), polyvinyl alcohol (PVA), and polylactic acid (PLA)

whether they are natural or synthetic, has been explored to
enhance the toughness of HA scaffolds [19-22].

As an extensively applied material, PLA has gained
wide attention in serving as medical devices, such as
scaffolds, drug delivery systems, and tissue engineering,
owing to its good biocompatibility, favorable mechanical
capability, high biodegradability, and nontoxicity of
degradation products [23-24]. However, pure PLA has
some drawbacks as well, namely, poor bioactivity, high
hydrophobicity, and long degradation time. Therefore,
numerous studies have been focused on improving the
bioactivity of PLA with surface engineering or bioactive
addition to be suited for tissue engineering [25]. Among
all these materials, PLA with bioceramics showed better
appropriateness for bone tissue engineering. It was proven
that TCP could not only improve the PLA surface
wettability, but also increase the cell attachment [12,25].
Meanwhile, PLA/HA porous scaffolds had superior
osteoinductivity, improved mechanical property, excellent
biocompatibility, and good absorbability [26]. Although
TCP and HA could help to buffer inflammatory responses,
diminish harmful effects of the degradation of polymers,
and improve cell attachments, the weak interfacial
adhesion between HA/TCP particles and the PLA matrix
as well as the agglomeration of HA/TCP particles in the
matrix might hinder their effectiveness in load-bearing
areas [27-28]. This issue primarily arises from the
significant chemical dissimilarity between HA and PLA,
resulting in a weak bonding at the composite interface.
Furthermore, the mechanical performances of PLA/HA
are still inadequate when compared to natural bone
tissues. Therefore, it is urgent to further improve the
mechanical capabilities of PLA/HA porous scaffolds with
the intention of better meeting the requirements from
applications in bone tissue engineering.

Carbon nanotubes (CNTs) possess desirable thermal
conductivity, electrical conductivity, and mechanical
properties, making them highly valuable for tissue
engineering applications [29-32]. The incorporation of
CNTs into polymers has been extensively utilized to
enhance the modulus, to improve the interfacial adhesion,
and even to generate novel mechanical properties of the
resulting composites [33-34]. The mechanisms on how
CNTs enhanced the mechanical properties of composite
scaffolds were multifaceted involving various aspects
such as the ability of CNTs to enhance the load transfer
capability and improve the interfacial bonding between
inorganic dispersions and organic bodies. CNTs could
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enhance the cell—cell interactions, adhesion, proliferation,
and osteogenic differentiation, contributing to improved
bone growth [31]. However, it is important to note that
CNTs have a tendency for agglomeration due to their
structures with high aspect ratios and interactions by
intrinsic van der Waals forces. Once the agglomeration of
CNTs is induced, the dispersion of them within the
composite system becomes more challenging, which has
negative impacts on the desired properties [5]. Therefore,
it is crucial to determine the appropriate concentration of
CNTs in the composite scaffold for their effective
dispersion and beneficial effects.

Up to now, it still remains a challenge of developing
orthopedic =~ materials  that  combine  excellent
biocompatibility and biomimetic pore size structure.
Herein, the properties of PLA/HA porous scaffolds were
improved by the addition of CNTs with different contents
(0.5, 1, 1.5, and 2 wt.%). The morphology, porosity,
mechanical properties and degradation performances of
CNTs/PLA/HA porous scaffolds were revealed. Besides,
the effect of CNTs on cytocompatibility was also
investigated by seeding 1929 cells onto the surface of

composite scaffolds.

2 Materials and methods

2.1 Materials

HA was prepared by the chemical precipitation method
[12]. PLA and CNTs were purchased from Cool Seoul
Biological (China) and Aladdin (China), respectively.
Dichloromethane was purchased from Tianjin Fuyu Fine
Chemical Co., Ltd. (China). Dulbecco’s modified Eagle’s
medium/Nutrient Mixture F-12 (DMEM/F12) was
obtained from Hyclone (USA). Fetal bovine serum (FBS)
was purchased from Gibco (USA). Other chemicals were
purchased from Puxing Chemical Co., Ltd. (Taiyuan,
China). All reagents were of analytical grade.

2.2 Preparation of porous scaffolds

In this work, the thermally induced phase separation
(TIPS) method was used to prepare porous scaffolds
[35-36]. TIPS is a thermally delimited technique in which
a homogeneous polymer-solvent solution becomes a
polymer-rich phase, typically by exposing the solution to
a dilute phase of the polymer [36]. As shown in Fig. 1, the

whole system consisted of three parts: a heating device
(water bath), a heat conducting device (beaker), and a
PLA was added into
dichloromethane and stirred until completely dissolved

mixture slurry. Specifically,

(5 wt.%) at room temperature. Then, HA powder was
added into the PLA solution by continuous stirring until it
was completely dispersed, forming a milky-white
suspension of PLA/HA with the mass ratio of 7:3. In the
pre-experiment, we fabricated PLA/HA scaffolds with
different mass ratios (8:2, 7:3, and 6:4) and selected
PLA/HA with the mass ratio of 7:3 in this study
considering its enhanced mechanical strength and suitable
structure. Immediately, different amounts of CNTs were
added into the PLA/HA solutions to make the CNT
concentrations reach 0.5, 1, 1.5, and 2 wt.% separately in
the mixed systems, followed by the ultrasound treatment
disperse  CNTs
Subsequently, the mixtures were allowed to evaporate in

for 30min to homogeneously.
water bath at 95 °C. After complete evaporation of the
solvent (dichloromethane), the composite porous scaffolds
were therefore formed.

2.3 Physicochemical properties of scaffolds

The inner-structures of PLA/HA and CNTs/PLA/HA
scaffolds were observed by scanning electron microscopy
(SEM) with a JSM-7100F instrument (JEOL, Japan),
following the gold sputtering onto each sample.

Fourier-transform infrared spectroscopy (FTIR) patterns
of PLA/HA and CNTs/PLA/HA porous scaffolds were
recorded on a FT-IR spectrometer (Thermo Fisher
United States) in the total
reflectance (ATR) mode within the wavenumber range of
4000400 cm™.

X-ray diffraction (XRD) was performed on PLA/HA
and CNTs/PLA/HA porous scaffolds by an X-ray
diffractometer (Y-2000A, China) operated at 40 kV and
35 mA. The scan rate was 0.05(° )-s™! with the 26 value
ranging from 10° to 80°.

Scientific, attenuated

2.4 Porosity analysis

The porosity of each fabricated scaffold was determined
according to the density method. In brief, the theoretical
density (p) of various types of porous scaffolds was
calculated based on the solvent proportion in the porous
scaffold. Then, the actual density (po;) of the sample
holder was calculated by weighing the actual mass (M)
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Fig. 1 Schematic diagram of the scaffold preparation.

and estimating the actual body (V) of various types of
porous scaffolds after drying. The porosity (¢) of each
scaffold was then obtained by the equation as follows:

0/ % = lpo—p1l

x 100 (1)

2.5 Mechanical property testing

PLA/HA and CNTs/PLA/HA porous scaffolds were
subjected to a mechanical test to determine mechanical
properties, including bending properties and tensile
properties, with a universal testing machine (Instron 5544,
USA). The specimens (n = 5) were cut into uniform
rectangular shapes (30 mm in length, | mm in width, and
0.1 mm in thickness) and then placed on a platform that
measured bending performance and tensile properties. The
stretching rate was 10 mm-min~! and the bending loading
rate was 3.5 mm-min~!. The bending modulus of elasticity
and the bending fracture energy were calculated based on
data of the load—displacement relation from the three-
point bending test, while the tensile elastic modulus and
the tensile strength were obtained from the stress—strain
curve of the stretching process.

2.6 In vitro degradation experiments

To evaluate the degradation rates of scaffolds under body
fluid-like conditions, PLA/HA and CNTs/PLA/HA porous

scaffolds (20 mm in length, 5 mm in width, and 0.1 mm in
thickness) were weighed (7)) and kept in small centrifuge
tubes filled with 3 mL of phosphate buffer solution (PBS;
pH = 7.4), followed by culturing on an orbital shaker at
37 °C for different durations (14 and 21 d). After each
incubation process, the samples were washed for several
times by deionized water and weighted (>) after drying
for 48 h. Finally, the in vitro degradation ratio () was
expressed as the weight loss ratio by the following
equation:

Wi W,
1% = —1W1 2 % 100 )

2.7 Invitro cell analysis

All scaffolds were sterilized by an autoclave, and then
they were washed for three times in DMEM/F12 before
seeding. 1929 cells were cultured at 37 °C under a
humidified environment with 5% CO, in DMEM/F12 that
10% FBS and 1%
compounds. Afterwards, they were digested with 0.05%

contained antibiotic/antimycotic
trypsin/EDTA and suspended in fresh media. To observe
the cell attachment on scaffolds, pre-treated scaffolds
were placed at the bottom of a 24-well cell-culture plate,
followed by seeding of the cell suspension onto them.

The morphology of cells on scaffolds was separately
observed by SEM after seeding for 3 and 5 d. Briefly, the
scaffolds with cells were transferred from the 24-well
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plate, washed by phosphate-buffered saline (PBS) for
three times, and fixed with 2.5% glutaraldehyde for
40 min. After the scaffolds were washed thrice in PBS
again, they were separately dehydrated in ethanol
solutions with different concentrations (30%, 50%, 70%,
90%, 95%, and 100%). Finally, the cell-seeded scaffolds
coated with a thin layer of gold were prepared for SEM
observation.

The proliferation of L929 cells on different scaffolds
was further evaluated by the MTT test at various time
points after separately seeding for 1, 3, and 5d (n = 5).
L929 cells with the density of 2 x 10* cells/well were
seeded onto each scaffold and cultured in regular
DMEM/F12 supplemented with 10% FBS and 1%
antibiotic/antimycotic in the 24-well plate. At each time
point, the culture medium was removed and replaced with
the prepared MTT solution. After incubation for another
4 h, an aliquot of the solution in each well was transferred
into a new 96-well plate, and the light absorbance at
595 nm was measured by a microplate reader (Bio-Rad
iMark, USA).

2.8 Statistical analyses

All statistical analyses were performed using SPSS (IBM
Corp., USA), and continuous variables were expressed as
standard deviation (SD). Statistical
comparisons were carried out by using a one-way analysis
of variance (ANOVA) followed by a Student’s ¢-test. The
level of significance was defined as p < 0.05.

the mean =+

3 Results and discussion

3.1 Morphology and structural properties of scaffolds

It is of great importance to fabricate porous scaffolds with
interconnected porosity and large pores for bone tissue
engineering, which should be conducive to the migration
of bone cells, the regeneration of bone tissues, and the
formation of new bones in vitro and in vivo [37-39].
Besides, the effect of nanoscale pore-size distribution
(PSD) can further improve both the transport of body
fluids and the interaction between cells and scaffolds in
the whole fabrication process of scaffolds [40—41]. In this
work, porous scaffolds were prepared by the TIPS
method. Figure2 shows SEM images under two
of CNTs/PLA/HA porous scaffolds
containing different contents of CNTs, from which it is

magnifications

PLA/HA

500 pm
I

500 um 50 pm
I— -

1.5 wt.%

500 pm
'

Fig. 2 SEM images of each scaffold under different
magnifications.

seen that each sample has the porous structure with a
double PSD, and there is no apparent difference in the
PSD with the addition of CNTs. Meanwhile, the uniform
and unidirectional porous inner structure is also presented,
which should form during the fabrication process.
Specifically, a beaker containing the composite slurry was
heated from the bottom in the water bath, resulting in the
decomposition of dichloromethane in slurry from the
liquid phase to the gas phase. During the phase-separation
process, the gasification endothermic reaction made the
beaker temperature gradually lowered from bottom to top,
leading to the formation of temperature gradient in the
vertical direction. Thus, the formation of pores was
induced along the bottom to the top of the mixed slurry,
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forming a one-way foam and subsequently a
unidirectional porous support [35]. In addition, a small
amount of aggregated HA appeared at the interface
between pores (arrow in Fig. 2) when the content of CNTs
was 2 wt.%, which might be related to the intense

interaction between CNTs and HA nanoparticles.
3.2 FTIR analyses

FTIR spectra of all samples are presented in Fig. 3(a). It is
observed that both PLA/HA and CNTs/PLA/HA scaffolds
have the same characteristic absorption peak positions.
The appearance of peaks corresponding to C—O—C and
C=O0 stretching vibrations at 1090, 1189, and 1750 cm™!,
P—O asymmetric contraction vibrations at 873, 963, and
1035 cm™!, and —CH and —CH- stretching vibrations at
1460 and 2948-3010 cm™! further reveals the good
combination of PLA and HA. Compared with those for
PLA/HA porous scaffolds, the addition of CNTs brings
about a slight narrowness and lowness of absorption peaks
for composite scaffolds, especially of peaks at 1751 cm™!,
corroborating the chemical interaction between —OH
groups from different contents of CNTs and —COOH
groups from PLA [42].

3.3 XRD analyses

Figure 3(b) shows XRD patterns of PLA/HA and
1.5 wt.% CNTs/PLA/HA porous scaffolds compared with
that of pure HA powder. The results indicate that the
addition of CNTs has no obvious effect on crystallization
properties of the PLA/HA porous scaffold, since there are
no new feature peaks and peak shift characteristics for the
CNTs/PLA/HA porous scaffold except for some features
of the peak widening.

@ 2 wt.%

1 wt.%
0.5 wt.%

PLA/HA v AW,

3.4 Porosity analyses

The porosities of all porous scaffolds are revealed in
Fig. 4. It is detected that increasing the content of CNTs
results in the decrease of the porosity. In this study, the
2 wt.% CNTs/PLA/HA scaffold has the lowest porosity
(i.e., 68.45% + 0.50%), while there is no significant
difference among each group (p > 0.05). For all porous
scaffolds, their porosities are high enough to meet the
requirements for bone tissue engineering.
3.5 Mechanical properties of scaffolds

There are three essential elements in bone tissue
engineering, namely cells, scaffolds, and bioactive factors,
among which scaffolds are fundamental for supporting the
long-term in vivo regeneration of defects. Many studies
have proven that the mechanical properties of scaffolds
are the key to directing cellular biological behaviors
[43—44]. Figure 5 shows the results of bending and tensile
tests on porous scaffolds with various contents of CNTs
compared with that on the PLA/HA porous scaffold. It is
detected that the introduction of CNTs into PLA/HA can
improve the bending and tensile properties of the resulted
porous scaffold to a large extent. Particularly, with the
continuous increase of the CNT content, the bending and
tensile properties of the porous scaffold are increased at
first but decreased later. The optimum mechanical
properties are obtained when the CNT content is 1.5 wt.%
with the bending elastic modulus of (868.5 + 12.34) MPa,
the bending fracture energy of (0.10 £ 0.01) kJ, the tensile
elastic modulus of (209.51 + 12.73) MP, and the tensile
strength of (3.26 = 0.61) MPa. It is known that CNTs have
attracted much attention owing to their unique properties
such as high conductivity, large surface-to-volume ratio,

(b)

MLJMMM

1020 30 a0
20/d¢
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Fig. 3 (a) FTIR spectra of PLA/HA and CNTs/PLA/HA scaffolds (with different CNT concentrations of 0.5, 1, 1.5, and 2 wt.%).

(b) XRD patterns of HA, PLA/HA, and 1.5 wt.% CNTs/PLA/HA.
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Fig. 4 The porosities of all scaffolds.

and special chemical activity [45]. As functional fillers,
CNTs have been proposed to improve both mechanical
and electrical properties of tissue engineering scaffolds
[46]. The addition of a small amount of CNTs will
improve the mechanical properties of the composite
because CNTs can be uniformly dispersed into the
scaffold and set as stress points when the construct is
subject to dynamic loads. However, some related studies
have also presented that the presence of a large amount of
CNTs may cause uneven dispersion that damages the
inner structure of the scaffold, having an adverse effect on
its mechanical properties [32,47]. It can also be observed
from Fig. 2 that when the CNT content reaches 2 wt.%,
some HA and CNT agglomerations are formed.

Moreover, Fig. 6 shows fracture surfaces of the
(a) (b)
40 1000 4
—— PLA/HA
Bending ——05wt%
304 1wt.% 800 A
— L5wt%
2wt.% 600 1

400 A

200 4

Bending modulus of elasticity/MPa

0 10 20 30 40 50 60 70 0
Displacement/mm
(d) (€) g 250,
64 —— PLA/HA ;
5 Stretching _?'Sﬁ;'% Z 200+
4 Wwt.% v—B'
—— L5wt% =
9 1504
z 44 2 wt% S
%3] s
3 Z 100
2 )
2 504
i
[_‘
0.0 01 02 03 04 05

Displacement/mm

PLA/HAO0.5 wt.% 1wt% 1.5wt.% 2 wt%

PLA/HAO0.5 wt.% 1wt% 1.5wt.% 2 wt.%

1.5 wt.% CNTs/PLA/HA porous scaffold after separately
bending and stretching. It is clear that both cross-sections
of the scaffold were rough with a small amount of
extension, revealing the overall trend of tough fractures
which could withstand greater force.

3.6 Degradation performance in vitro

Figure 7(a) shows mass losses of PLA/HA and
CNTs/PLA/HA scaffolds at different time points after
degradation in PBS. It is seen that all samples, except for
the 2 wt.% CNTs/PLA/HA scaffold, lost masses after
degradation for 14 d. Meanwhile, compared with that of
the PLA/HA sample, the degradation rates of all
CNTs/PLA/HA scaffolds except for that with 2 wt.%
CNTs became relatively slower. Specifically, the mass
loss of the PLA/HA scaffold reached 15.45% =+ 1.25%,
while CNTs/PLA/HA scaffolds with the CNTs contents of
0.5, 1, and 1.5 wt.% had lower mass losses between 5%
and 7% (with significant difference, p < 0.05), which may
be related to the enhanced interfacial fastness of the
composites with CNTs [48]. Although previous SEM
images in Fig. 2 confirmed that the rise of the CNTs
content made no significant change in the pore size of
scaffolds, the results in Fig. 4 indicated that there was a
decrease in porosity (with no significant difference),
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Fig. 5 Mechanical properties of each scaffold: (a) the bending load—displacement figure; (b) the bending modulus of each scaffold
(*p < 0.05); (c) the bending fracture energy of each scaffold (*p < 0.05); (d) the stretching load—displacement figure; (e) the tensile
modulus of each scaffold (*p < 0.05); (f) the tensile strength of each scaffold.
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Fig. 6 Fracture surfaces of the 1.5 wt.% CNTs/PLA/HA porous scaffold: (a) the bending section; (b) the stretching section.
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Fig. 7 Degradation analyses on scaffolds: (a) mass losses of scaffolds at different degradation time points (*p < 0.05); (b) SEM
images of PLA/HA and 1.5 wt.% CNTs/PLA/HA porous scaffolds before and after the degradation for 21 d.

signifying that the addition of CNTs make scaffolds
denser. It is believed that the addition of HA would
enhance the binding strength of the scaffold interface,
while the involvement of CNTs would further improve the
binding strength causing the composites hardly
decomposed into small-molecular-weight substances [49].

Figure 7(b) shows SEM images of PLA/HA and
1.5 wt.% CNTs/PLA/HA porous scaffolds before and
after the degradation for 21 d, reflecting the change of the
surface morphology. In the case of the PLA/HA porous
scaffold, compared with the one before degradation, the
post-degraded sample had larger pore sizes and much
more narrowness in the intervening space, accompanied
by the smoother surface owing to the decrease of the HA
agglomeration. Although the 1.5 wt.% CNTs/PLA/HA
porous scaffold
degradation, its surface became rougher, contrary to that

also had larger pore sizes after

of the post-degraded PLA/HA porous scaffold.
Meanwhile, the visible “grain”, caused by the degradation
of HA and PLA, appeared, resulting in the exposure of
undegraded CNTs. In conclusion, the addition of CNTs
significantly slowed down the degradation of PLA/HA.

3.7 Invitro cytocompatibility study

According to above tests, we selected 1.5 wt.% CNTs/
PLA/HA as our experiment group to conduct the
cytocompatibility study. The results showed that the MTT
absorbance of 1929 cells seeded on each scaffold
increased with the prolonging of culturing time (Fig. 8(a)).
Compared with that of the PLA/HA scaffold, cells on the
CNTs/PLA/HA  scaffold slightly
proliferation rate, while there was no statistically
significant difference. It was clearly shown that cells

showed a lower
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Fig. 8 Proliferation rates and spreading performances of L929 cells on each scaffold: (a) proliferation rates of 1.929 cells seeded
in vitro on each scaffold at different time points (*p < 0.05); (b) SEM images of L929 cells in vitro on each scaffold at different

culturing time points.

cultured on dishes had the highest proliferation rate (p <
0.05), which might be due to the difference of cell
culturing microenvironments.

To further observe the spreading behavior of 1.929 cells
on each scaffold, SEM was conducted. It was seen from
Fig. 8(b) that there were core- and spindle-shaped 1929
cells on each scaffold, and the addition of CNTs had no
significant influence on the adhesion and spreading of
cells. It was apparent that the spreading morphology of
L929 cells on the 1.5wt.% CNTs/PLA/HA scaffold
became broader with more numerous filopodia after
culturing for 5d, which was the evidence that the
1.5 wt.% CNTs/PLA/HA scaffold could facilitate cell
spreading.

There were numerous studies which proved that cells
cultured on two-dimensional (2D) dishes presented better
proliferation than those on three-dimensional (3D)
scaffolds [50]. However, it was confirmed that 3D culture
scaffolds were more similar to the cells’ natural
environment, and cells cultured on 2D dishes would loss
function phenotype and produce less extracellular matrix
[51]. Furthermore, some researches have proven that
CNTs possess the potential to promote the bone formation
because of their similar structure with that of natural
bones [52-53].

4 Conclusion

In this study, CNTs were incorporated into PLA/HA

scaffolds by a simple TIPS technique to achieve improved
mechanical properties and good cytocompatibility. The
effects of the CNT content on fabricated scaffolds were
explored. According to results from FTIR and XRD, there
was no effect on the crystallinity of PLA/HA porous
scaffolds and the binding of characteristic groups with the
addition of CNTs. There was also no obvious difference
in PSD and porosity after adding CNTs. However, the
incorporation of CNTs into PLA/HA remarkably
enhanced the mechanical properties of the resulted
composite, specifically for 1.5 wt.% CNTs/PLA/HA, and
L929 cells on the 1.5wt.% CNTs/PLA/HA scaffold
revealed good spreading performance and favorable
cytocompatibility. This  study
incorporation of CNTs can dramatically enhance the
mechanical properties of PLA/HA scaffolds without
affecting their own structures and cytocompatibility,
providing new potential applications in bone tissue

confirms that the

engineering.
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