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Abstract

The applications of poly (3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) in tissue engineering have been widely studied.
This study aimed to compare the biocompatibility and osteoinductivity of single-walled carbon nanotubes (SWCNTs)/
PHBV composites with multi-walled CNTs (MWCNTSs)/PHBV composites. CNTs were dispersed in PHBV by
ultrasonication and composites were created using thermal injection moulding. In order to test their biocompatibility and
osteoinductivity. Rat osteoblasts (rOBs) were then cultured and seeded on the composites. The composites were implanted in
rat femoral bone defects. Our results showed that lower weight percentages of SWCNTs and MWCNTs (2-4%) improved
both their mechanical and thermal decomposition properties. However, further reduction of rOBs cell death was observed in
MWCNTs/PHBV. SWCNTs were shown to upregulate the expression of Runx-2 and Bmp-2 in early stage significantly,
while MWCNTs showed a stronger long-term effect on Opn and Ocn. The in vivo result was that MWCNTs/PHBV
composites induced intact rounding new bone, increased integration with new bone, and earlier completed bone remodeling
when compared with SWCNTs. Immunohistochemistry also detected higher expression of RUNX-2 around MWCNTSs/
PHBYV composites. In conclusion, there were no differences observed between SWCNTs and MWCNTSs in the reinforcement
of PHBV, while MWCNTs/PHBV composites showed better biocompatibility and osteoinductivity both in vitro and in vivo.
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1 Introduction

Poly (3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) is
a member the of polyhydroxyalkanoate (PHA) chemical
family, which was first manufactured and commercialized
as “Biopol” in 1983 [1]. PHBV can be synthesized by
bacterial-like Ralstonia eutropha and Paracoccus deni-
trificans as energy storage compounds under limited growth
conditions [2]. Members of the PHA family possess com-
mon properties like good biodegradability and biocompat-
ibility. Biocompatibility of PHAs with bone and cartilage
has been demonstrated by previous in vivo and in vitro
experiments [3, 4]. Hence, PHBV has been well investi-
gated in its application to bone substitutes, vascular grafts,
and drug carriers [5-8]. However, the hydrophobicity of
PHAs might affect the initial adhesion and growth of host
cells [9]. Short chain length PHAs are rigid but brittle, and
medium chain length PHAs are elastomeric but lack
mechanical properties [10]. Also, PHBV is thermoplastic
and can be shaped by thermal injection molding, while its
poor thermostability increases difficulty in processing [11].

Since their discovery in 1991, carbon nanotubes (CNTs)
have gained attention due to their characteristic helical
structure and properties [12]. CNTs can be categorized
according to the number of layers: single-walled CNTs
(SWCNTs), double-walled CNTs (DWCNTSs), and multi-
walled CNTs (MWCNTSs). CNTs possess several remark-
able properties, including thermal and electronic con-
ductivity [13, 14] and high modulus of elasticity and tensile
strength [15, 16], among others. The application of CNTs is
mainly focused on the fields of tissue engineering and drug
delivery. CNTs have been proven to be biocompatible with
osteoblasts [17, 18], cardiac myocytes [19, 20] and neurons
[21]. Furthermore, melding CNTs into biopolymer material
can improve their mechanical properties [22-24].
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According to the character of PHBV and CNTs outlined
above, the addition of CNTs into PHBV might improve its
properties. It has been previously reported that the addition
of MWCNTs into poly(3-hydroxybutyrate), another mem-
ber of PHA family, showed improvement in surface prop-
erties, electrical resistance and OBs proliferation [25, 26].
Our previous work showed that, when compared with pure
PHBV, MWCNTs/PHBV composites had improved
mechanical properties, better biocompatibility both in vitro
and in vivo [27]. However, no study has compared
MWCNTs with SWCNTs for application in bone tissue
engineering. Thus, in this study, we aimed to compare
MWCNTs/PHBV and SWCNTSs/PHBV composites and the
determination of optimum weight percentage (wt%) of
CNTs in these composites. According to our results, there
were no differences between SWCNTs/PHBV and
MWCNTs/PHBV in terms of mechanical properties and
thermostabilities, while MWCNTs/PHBV showed better
biocompatibility and osteoinductivity. Importantly, 4%
proved to be the optimum wt% of MWCNTSs in composites
to balance mechanical properties and biocompatibility.

2 Materials and methods
2.1 Fabrication of PHBV/CNTs composites
2.1.1 Homogenization of CNTs and PHBV

PHBV powder (>98% purity, 100% chiral) was purchased
from TianAn Biologic Materials Co. Ltd. (Zhejiang, China).
Carboxyl group functionalized MWCNTs (purity: >98%;
-COOH content: 1.23 wt%; outer diameter: 20-30 nm;
length: 10-30 um) and SWCNTSs (purity: >95%; oxygen
content: >9 wt% outer diameter: 1-2 nm; length: 5-30um)
were purchased from Chengdu Organic Chemicals Co. Ltd.
(Sichuan, China). The PHBV/CNTs composites were
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fabricated as previously described [27]. Briefly, CNTs were
dispersed with 6 h magnetic stirring and 15 min ultrasonic
in chloroform. An ultrasonic cell homogenizer (JY92-
IIDN), purchased form Ningbo Scientz Biotechnology Co.
Ltd. (Zhejiang, China) was used, and parameters were set as
follows: ®6 ultrasonic probe (1/4”, 60-650 W), working
time 2 s, interval time 2s, 25% maximum power. Then,
PHBYV powder was added to the mixture followed by a 15
min ultrasonic dispersion. After dispersion, chloroform was
removed by a rotatory evaporator and the composites were
dried until there was no weight change. The composites
were grouped by weight percentage (0%, 0.5%, 1%, 2%,
4%, 8%) of MWCNTs or SWCNTSs.

2.1.2 Injection molding of composites

The composites were molded as cuboids (80 mm x 10
mm X 4 mm) and disks (diameter =20 mm, thickness =2
mm) using a thermal injection molding machine (Thermo
Scientific HAAKE™ MiniJet pro, MA USA). The cylinder
temperature was set to 180 °C, and the mold temperature
was set at 60 °C. The injection pressure was set to 600 bar
for 6 s and maintained at 200 bar for 2 s.

2.2 Characterization of PHBV/CNTs composites
2.2.1 Scanning electron microscopy (SEM)

The inner morphology of the composites was observed by
SEM (FEI Inspect F; MA USA) to see the effect of ultra-
sonic depression. Cuboid composites were first sectioned
and the fracture surfaces were ground and polished. Then the
composites were mounted on a stub and coated with gold.
The images were captured at an acceleration voltage of 5kV.

2.2.2 Mechanical properties

The flexural strength of composites was tested by a uni-
versal mechanical testing machine (Instron, 4302; MA
USA) according to standard test methods obtained from the
American Society for Testing and Materials (ASTM D790).
The support span was set at 64 mm, and the rate of cross-
head motion was set at 0.5 mm/min. Additionally, the
temperature was maintained at 23 °C for all tests. Five
samples were tested in each group, and mean maximum
flexural stress was recorded as the flexural strength for that
composite (MPa).

2.2.3 NaNNaNThermal decomposition properties
A thermal gravimetric analyzer (TA Instruments Q600, DE

USA) was used to test the thermostability of composites.
The heating rate was set at 10 °C/min (room temperature to

500 °C) temperature range; an inert atmosphere was main-
tained with a continuous nitrogen flow (30 ml/min). The
thermal decomposition temperature (T() was defined as the
temperature at which the material quality decreases 5%.

2.2.4 NaNNaNX-ray diffraction (XRD)

An x-ray diffractometer (Rigaku, UltimalV; Tokyo Japan)
was used to characterize the crystal lattice by detecting the
intensity of the diffracted beam at different angles. The scan
range (20) was 5-100° with Cu used as a radiation source;
the scanning speed was set at 1°/min.

2.2.5 NaNNaNFourier transform infrared spectroscopy
(FTIR)

Fourier transform infrared spectrometer (Thermo Scientific,
Nicolet380; MA USA) was used to obtain an infrared
spectrum of absorption caused by vibration of different
functional groups. This provided information about the
composition of the composites. Samples were then finely
polished with sandpaper in order. The scanning range of the
infrared spectrum was 4000-600 cmfl, and the resolution
was 4cm™'. In total, 1869 scans were performed on each
sample.

2.3 In vitro biocompatibility and osteoinductivity
2.3.1 Primary culture of rat osteoblasts (rOBs)

Newborn Sprague Dawley (SD) rats (<three days-old) were
purchased from the laboratory animal center of Sichuan
University and sacrificed to obtain primary osteoblasts.
Briefly, the cranium of two rats was dissected and washed
in phosphate buffered solution (PBS) and a penicillin
(1000U/ml)-streptomycin (1 mg/ml) solution (Hyclone; UT
USA). Then, the cranium was sheared into pieces and
incubated with 0.25% trypsin for 15 min and collagenase II
(1 mg/ml, Gibco; CA USA) for 1h at 37°C. After cen-
trifugation (1,000 rpm, 5min) and discarding the col-
lagenase solution, the precipitate was resuspended by low
glucose type Dulbecco’s modified eagle medium (DMEM,
Hyclone; UT USA) containing 10% fetal bovine serum
(Corning; NY USA) and seeded into a petri dish. After
culturing at 37°C in 5% CO, for 5 days, cranium pieces
were washed with PBS and the culture medium was chan-
ged. The adherent cells were used for further testing or
passed when they were 70-80% confluent.

2.3.2 Cell viability testing by Cell Counting Kit-8 (CCK-8)

Disk-like composites were trimmed to fit 96-well plates.
After ultraviolet and ozone disinfection (Kenge Wang
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Ozone Electrical Equipment; Sichuan China), rOBs were
seeded directly onto composites. Cell viability was mea-
sured 1, 3, 5, 7 days after cell seeding by CCK-8 (Dojindo;
Kumamoto Japan) according to the manufacturer’s
instruction. The absorbance at 450 nm was measured by a
microplate reader (Thermo Scientific, Varioskan™ Flash;
MA USA). Cells seeded directly into culture plate were
used as the control group. The absorbance of each group
was standardized according to the control group at each
time point.

2.3.3 Cell death analysis via flow cytometry

The disk-like composites were trimmed to fit into 6-well
plates and rOBs were seeded after disinfection. Cells were
harvested by centrifugation at 2000 rpm for 5 min and then
rinsing twice with PBS. Cells were then resuspended directly
in propidium iodide (PI, KeyGEN Bioteck; Jiangsu China)
staining solution (8 pM) and incubated at room temperature
for 45 min away from light. Stained cells were then tested by
flow cytometer (Beckman Coulter, Cytomics™ FC 500; CA
USA) using optical filters for PI (>600 nm). The percentage
of PI-positive cells from each treatment group was analyzed
by FlowJo v10.0.7r2 (OR USA).

2.3.4 RNA extraction and qPCR

Total RNA was extracted using MiniBEST Universal RNA
Extraction Kit (Takara Bio; Shiga Japan), and the reverse
transcription of mRNA was conducted using RevertAid
First Strand cDNA Synthesis Kit (Thermo Scientific, MA
USA), according to the manufacturer’s instructions. qRT-
PCR cas carried out using SYBR® Premix Ex TaqTM II
(Takara Bio; Shiga Japan) on a BioRad CFX96 thermo-
cycler (CA, USA). The following primers were purchased
from TsingKe Biological Technology (Beijing China):
Runx-2 (forward: TCTTCCCAAAGCCAGAGCG, reverse:
TGCCATTCGAGGTGGTCG); Bmp-2 (forward: TGGGTT
TGTGGTGGAAGTGGC, reverse: TGGATGTCCTTTAC
CGTCGTG); Opn (forward: CCAAGCGTGGAAACA-
CACAGCC, reverse: GGCTTTGGAACTCGCCTGACT
G); Ocn (forward: GCCCTGACTGCATTCTGCCTCT,
TCACCACCTTACTGCCCTCCTG). House-
keeping gene Actb (forward: CACCCGCGAGTA-
CAACCTTC, reverse: CCCATACCCACCATCACACC)
was used as an endogenous control.

reverse:

2.4 In vivo biocompatibility and osteoinductivity
2.4.1 Animal feeding

The animal experimentation included in this study was
approved by the Sichuan University Animal Review
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Committee. Male SD rats (7- to 8-week-old, approximately
250 g) were purchased from Dashuo Biotechnology
(Sichuan, China) and maintained in the animal facility of
State Key Laboratory of Oral Disease at Sichuan Uni-
versity. The animals were fed a conventional diet ad libitum
and illumination was provided according to conventional
circadian rhythm (12-hour light/dark cycle). Five rats were
allocated to each group and all animal experimentation was
repeated three times (n = 15 per group in total).

2.4.2 Implantation of composite and sample collection

After adaption for one week, composites were implanted in
rat femurs under general anesthesia with 10% chloral
hydrate (3 ml/kg intraperitoneally). A 3.5 mm X 2.5 mm
defect close to epiphysis was drilled with a round bur
intermittently at low speed with physiological saline cool-
ing. After a fitted composite cuboid was knocked into the
bone defect, the wound was sutured tightly. Ampicillin
(Solarbio Life Sciences; Beijing China) was injected intra-
muscularly (250 mg/ml, 0.5 ml/d) for 3d postoperatively to
prevent infection. Groups of rats were sacrificed at 5 and
10 weeks after the operation via overdose anesthetics.
Femurs were harvested and fixed in 4% paraformaldehyde
for 24 h, washed with tap water and preserved in 70%
ethanol.

2.4.3 Micro CT analysis

Femur samples were steadied with plastic foam in the
sample holder. Scanning was performed every 20 um at
medium resolution using vivaCT80 (SCANCO Medical,
Zurich Switzerland). After scanning, cross-sectional slices
were reconstructed, on which the region of interest (ROI)
was defined around the newly formed bone near compo-
sites. ROI, relative bone volume (bone volume/total
volume, BV/TV), connectivity density (l/mm3), structure
model index (0-3; O for parallel plates, 3 for cylindrical
rods), trabecular morphology parameters (number: 1/mm,
thickness: mm, separation: mm) were measured. A 3D
reconstruction was performed using Mimics Research
v19.0.0 (Materialise; Leuven Belgium).

2.4.4 Histological analysis by hard tissue slices

Fixed samples were gradient dehydrated with ethanol (75%,
80%, 85%, 90%, 95%, 100%; 24 h for each) and cleared
with xylene for 4 h. Then, undecalcified tissue was infil-
trated and embedded with methyl-methacrylate and poly-
merized at 4°C for 5d. After complete polymerization,
slices were cut perpendicular to the long-axis of the femur at
a thickness of 800 um using a hard tissue slicer (Bowen
Lab, 08-2; Shanxi China). After methylene blue and acid
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fuchsin staining, the slices were mounted and observed with
an optical microscope (Leica, Hesse-Darmstadt Germany).

2.4.5 Immunohistochemistry (IHC)

Samples were decalcified in 10% ethylenediaminete-
traacetic acid (EDTA) (with 0.01 M Tris-HCI buffer, pH =
7.0) for 30d at room temperature, then dehydrated,
immersed in paraffin wax, and sectioned (6 um). rabbit anti-
rat RUNX-2 antibody (1:500; Cell Signaling Technology;
MA USA) was used to observe the expression and location
of the target protein in the sections. Relative quantitative
analysis, namely comparing the integral optical density
(IOD) of the positive area, was performed using Image-Pro
Plus v6.0.0 (Media Cybernetics; MD USA).

2.5 Statistical analysis

All data were reported as means * standard deviation (SD).
P value <0.05 was considered statistically significant. For
mean comparisons between multiple groups, one-way ana-
lysis of variance (ANOVA) was used, and Tukey’s honestly
significant difference test was used for multiple compar-
isons. All the statistical analyses and generation of statistical
graphs were performed using PRISM v6.0c (GraphPad; CA
USA).

3 Results
3.1 Characterization of PHBV/CNTs composites

One of the major applications of CNTSs in tissue engineering
is as a nano-filler to strengthen the mechanical properties of
composites. A precondition of this application is less
agglomeration, namely the complete dispersion of CNTs in
composites. By performing SEM scanning, we observed
that CNTs could be dispersed in PHBV by ultrasound when
the weight percentage (wt%) of CNTs was low (Fig. la,
white arrow). Sporadic small agglomeration was observed
by SEM with up to 2wt% of added MWCNTs and 4%
added SWCNTs (Fig. 1a, red arrow). This indicated that the
complete dispersion of SWCNTs was easier to achieve.
However, when the wt% of CNTs was increased to 8%,
large agglomerations could be observed both in MWCNT
group and SWCNT group.

Next, we tested the flexural strength of composites. Even
adding a small amount of CNTs (0.5 wt%) could sig-
nificantly strengthen the mechanical properties of the
composites compared with pure PHBV (P<0.001) (Fig.
1b). However, the flexural strength decreased if the wt% of
CNTs was too high. A similar fluctuation in flexural
strength was observed among MWCNTs and SWCNTs (P

> 0.05), which indicated that 4% was the optimal wt% for
CNTs in composites (Fig. 1c). In order to achieve the
optimal mechanical properties of PHBV, we chose to use
thermal injection molding for fabrication of the composites.
Since the melting temperature of PHBV was close to its
decomposition temperature, thermal gravimetric analysis
was performed to determine whether the addition of CNTs
could improve the thermal decomposition property of
PHBV. Our data showed that the addition of more than 4%
of both MWCNTs and SWCNTs would increase the
decomposition temperature of the composites, while low wt
% might cause an adverse effect (Fig. 1d).

The mechanism of CNTs effect on composite properties
was explored by performing XRD to determine the crys-
tallization pattern of PHBV. Our result showed that the
location of main diffraction peaks of PHBV did not change
when CNTs was added (Appendix Figs. 1 and 2). However,
the intensity of the peaks around 13.6° and 17.0° initially
rose then deceased along with the addition of CNTs, while
the intensity of the peaks around 22.4° showed the opposite
pattern. The change of intensity of diffraction peaks indi-
cated the change in the arrangement of PHBV crystal lat-
tice, which might explain the mechanism by which CNTs
reinforces the composites.

3.2 In vitro biocompatibility

One of the essential conditions of the application of mac-
romolecular materials in bone tissue engineering is bio-
compatibility. Functionalization is the most common
method to improve the hydrophobicity of CNTs. Hence, we
assumed that the addition of -COOH functionalized CNTs
(f-CNTs) might enhance the hydrophobicity of PHBV as
well, thus improving the biocompatibility of the compo-
sites. First, the infrared spectrum of different groups of
composites was obtained to identify their functional groups
(Appendix Figs. 3 and 4). The intensity of absorption peak
at 3438 cm™!, representing the —OH group in carboxyl group
of f-CNTs, increased with the addition of f-CNTs, indicat-
ing that the functional group was not lost during the fabri-
cation of the composites.

CCK-8 is an indirect way to measure cell viability by
detecting the enzymatic activity of dehydrogenases, which
reflects the biocompatibility of the composites. Two and
four wt% of MWCNTs and SWCNTs group (2%/4%-M/S),
respectively, were chosen for further testing according to
the dispersion of CNTs, mechanical properties and thermal
stability. When compared with the control group, the cell
viability of rOBs showed different levels of inhibition 1d
after seeding on the composites, which aggravated on 3d
(Fig. 2a). Interestingly, cell viability was increased in all
groups on 5d. When the testing time was prolonged to 7d,
cell viability in all groups recovered to the level observed

@ Springer
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Fig. 1 Uniformly blending of MWCNTs and SWCNTs both
strengthen the mechanical and thermal properties of PHBV. a The
inner morphology of composites was obtained by SEM. Most of the
CNTs were completely dispersed (white arrow), while small aggre-
gation (red arrow) occurred when the wt% of CNTs increased. b
Flexural strength observed by three-point bending test (n=>5).

1d after seeding. However, no statistically significant dif-
ference was found between the different groups.

Since CCK-8 only gives a side reflection of cell pro-
liferation, we further performed flow cytometry to detect
dead cells. The loss of cytomembrane integrity gives
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Improvement to the mechanical property of the composites could be
observed with the addition of CNTs. ¢ A comparison of mechanical
properties between MWCNTs and SWCNTs composites represented
as the combined line graph; no significant differences were observed. d
The thermal decomposition temperature (Ty) of a different group of
composites. *P <0.05; **P<0.01; ***P <(0.001. Scale bar: 1 pm

permission for entry of PI and staining of the cell nucleus.
Thus, PI positive cells were identified as dead cells.
Remarkably, 12% of cells were identified as dead cells 1d
after seeding onto pure PHBV, while the addition of CNTs
decreased the percentage of dead cells (Fig. 2b).
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Fig. 2 MWCNTs/PHBV composites showed better biocompatibility
in vitro. a The cell viability percentage of rat osteoblasts 1, 3, 5, 7 days
after seeding. Data were calculated from the absorbance obtained by
CCK-8 (n=15) and standardized according to the control group. Rat
osteoblasts seeded directly into a culture plate was considered to be the
control group, of which the column was omitted. The complete data
are shown in Appendix Fig. 5.b The percentage of Pl-positive cells
(dead cells) obtained by flow cytometry. *P <0.05; **P <0.01; ***P
<0.001; ****P<(0.0001; N.S not significant. All testing was repli-
cated three times

Specifically, 4% MWCNTs group decreased the PI-positive
cells ratio to 8.8%, which indicate the improvement of
biocompatibility by addition of f-CNTs.

3.3 In vitro osteoinductivity
Another characteristic of bone tissue engineering materials

is osteoinductivity, the ability to induce new bone forma-
tion. This induction can be observed via the expression

level of the osteogenesis-related genes in vitro. We thus
performed qRT-PCR to detect the mRNA level of Runx-2,
Bmp-2, Opn and Ocn. All the four genes showed a high
expression level in the pure PHBV group and composites
groups when compared with the control group (direct
seeding onto a cell culture plate) at 1d after seeding (Fig. 3).
Specifically, seeding on 4% SWCNTs/PHBV composites
resulted in a 3.73-fold expression of Runx-2 and 6.68-fold
expression of Bmp-2, which higher than pure PHBV and
MWCNTs/PHBV composites (P <0.01). However, the
mRNA level of the other two genes did not show significant
increase at day 3, which corresponded to a change in cell
viability measured by CCK-8. Interestingly, when we pro-
longed the incubation time to 7 days, two late-stage marker
genes, Opn and Ocn, had a significantly higher expression
level in the 4% MWCNTs/PHBV composite group when
compared to pure PHBV and SWCNTs/PHBV composites
groups (P <0.01). No significant differences were found in
the mRNA level of Runx-2 and Bmp-2 between several
composites groups. When comparing 2% and 4% of CNTs
in composites, the 4% group demonstrated superior
mechanical properties, thermal stability, and osteoinduc-
tivity. We thus chose this composite for further
experimentation.

3.4 In vivo biocompatibility and osteoinductivity

Since we had previously observed that the addition of f-
CNTs improved the biocompatibility and osteoinductivity
of composites, further animal experiments were designed to
observe the interface reaction between material and host
tissue in vivo. More new bone formation covering the
composite (Fig. 4a, white dashed area) and regenerated
trabeculae (Fig. 4a, white arrow with black outline) could
be observed in the rats treated with 4% MWCNTs/PHBV
5 weeks after implantation. Unlike 4% MWCNTSs group,
some connective tissue and region without new bone for-
mation could be observed at the interface in pure PHBV and
4% SWCNTs groups (Fig. 4a, red arrow). Finally, 10 weeks
after implantation, similar intact and new regenerated
compact bone could be observed surrounding the compo-
sites from all the three groups, while the new bone covering
the material (Fig. 4a, white dashed area) could be observed
only in the 4% MWCNTs group rather than in the pure
PHBYV and 4% SWCNTs groups.

We further performed quantitative analysis with
microCT results. Five weeks after implantation, BV/TV was
significantly higher in the 4% MWCNTs group when
compared with pure PHBV and 4% SWCNTSs groups (P <
0.05) (Fig. 4b). Several parameters also indicated that the
4% MWCNTs group gained more newly formed trabecular
and had less separation with more connection between
trabecula. Similar to the above result, no significant
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Fig. 3 SWCNTs demonstrated
better short-term effect and
MWCNTs demonstrated better =
long-term effect on the
osteoinductivity of the
composites. The relative
expression of rat osteoblasts
mRNA of osteogenic-related
genes obtained by qRT-PCR at
different time points after
seeding of the composites (n =
3). Actb was used as an
endogenous control. *P <0.05; 1d
**P<0.01; ***P<0.001;
*#*%P <0.0001; N.S not
significant. All testing was
replicated three times
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difference was found between three groups 10 weeks after
implantation.

Newly regenerated bone was stained as dark red and
could be observed directly through hard tissue slices (Fig.
5a). Almost all the interface between composite and bone
marrow was covered with new bone in the 4% MWCNTs
group 5 weeks after implantation. However, some fiber-like
tissues could be observed between PHBV (0% group) and
new bone (red arrow), and absence of new bone could be
observed in some areas of the interface in 2% SWCNTs
group (white arrow). Ten weeks after implantation, intact

1d
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rounding bone and newly formed bone trabecula, apparent
bone remodeling, could be observed in the PHBV and 4%
MWCNTs groups.

In the end, IHC was performed to determine whether the
induction of osteogenesis-related protein expression could be
observed in vivo. Strong expression of RUNX-2 located in
the cell nucleus was detected in the osteocytes of regenerated
bone and bone marrow cells five weeks after composite
implantation in the 4% MWCNTs group (Fig. 5B). The IOD
quantification also showed a similar result, supporting the
conclusion that 4% MWCNTs/PHBV composite had stronger
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osteoinductivity in vivo when compared with pure PHBV and
SWCNTs/PHBV composites (Fig. 5C). However, when the
observation time was prolonged to 10 weeks, the expression
of RUNX-2 showed no significant difference between pure
PHBYV and other composites.
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4 Discussion

Considering the shortcomings of PHBV, several improve-
ments have been reported, including direct modification of
PHBV [28-30] and blending modifications with
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<« Fig. 4 MWCNTSs/PHBV composite stimulated more new bone and

trabecula after implantation into rat femur. a Photograph and 3D
reconstruction of femur segment at different time points after
implantation (n = 5). New bone covering the composite represented by
white dashed area; continuous new bone formation around composites
represented by white arrow with black outline; connective tissue and
region without new bone formation represented by red arrow. b
Quantitative analysis of relative bone volume and trabecular mor-
phology at different time points after implantation (n =35). All para-
meters were calculated according to the region of interest (ROI), which
was defined as around the composites near newly formed bone.
Structure model index: 0-3; O for parallel plates, 3 for cylindrical rods.
*P <0.05; **P < 0.01; N.S not significant. Scale bar: 3 mm. All testing
was replicated three times

hydroxyapatite (HA) [31], bioactive glass [32] and chitosan
[33]. In this study, CNTs were used to strengthen the
properties of PHBV.

The complete dispersion of CNTs should be achieved
during the fabrication of composites since CNTs are likely
to form agglomerations. It has been reported that the friction
between CNTs within agglomeration greatly contributed to
energy dissipation under heavy strain [34]. In addition,
PHBV defects caused by agglomeration of CNTs might
cause localized stress concentration, thus weakening the
intensity of the composites. According to our SEM results,
the complete dispersion of CNTs was achieved by ultra-
sound treatment. Similar to our previous study [27],
agglomeration was observed when wt% of CNTs was
increased, which might contribute to the observed decrease
of flexural strength. It was also reported that randomly
oriented CNTs reinforced the damping properties of the
polymer composite [34], which was also achieved after
ultrasonic dispersion. In summary, the characterization of
the composites identified no significant difference between
MWCNTs and SWCNTSs. According to the result of XRD,
the same patterns of PHBV crystallization were observed
along with the addition of SWCNTs and MWCNTs, namely
an increase in crystallinity and crystallite size. Similar
results were reported by Shan G et al. [35], which demon-
strated that CNTs acted as an effective heterogeneous
nucleation agent and changed the crystallization behavior of
PHBYV. Furthermore, XRD results indicated that SWCNTs
and MWCNTs have a similar effect on the crystallization of
PHBV, which could explain why both SWCNTs and
MWCNTs strengthen the composites.

The biocompatibility of nanocomposites based on PHBV
has been reported previously [17, 19, 21]. However, no
research has been published about the fabrication of com-
posite of PHBV/SWCNTs, let alone a comparison between
MWCNTs and SWCNTs in PHBV-based composites. In
this study, primary cranial rOBs were cultured and seeded
onto the composites. According to the absorbance obtained
by CCK-8 test, the viability of cells seeded on pure PHBV
and composites was inhibited at different time points when

@ Springer

compared to direct seeding on a culture plate. With pro-
longed culture, cell viability recovered. Since the mechan-
ism of CCK-8 test is based on water-soluble formazan dye
generated by dehydrogenases [36], it can only reflect the
numbers of living cells, rather than distinguish the inhibi-
tion of cell proliferation from cell death. Thus, PI was used
to mark dead cells and flow cytometry was performed to
determine the percentage of dead cells. Interestingly, only
12% of cells were identified as dead cells in the pure PHBV
group, while the inhibition rate detected by CCK-8 was
around 40%. As seen on our histogram, the addition of
CNTs decreased the percentage of dead cells. Furthermore,
MWCNTs/PHBV composites showed a smaller proportion
of dead cells with no difference in cell viability when
comparing pure PHBV and SWCNTs/PHBV composites.

The results of CCK-8 and flow cytometry indicated that
PHBYV caused a combination of cell proliferation inhibition
and cell death. Importantly, the addition of CNTs to com-
posites decreased the cell death caused by PHBV, without
apparent effect on cell proliferation. The safety of PHBV
depends on its residual monomers, namely hydroxybutyrate
and hydroxyvalerate. Low molecular-weight PHB are
naturally distributed in the cytoplasm and intracellular fluid,
existing as PHB-protein complex [37] or PHB-Ca”"-poly-
phosphate complex [38]. In addition, D-3- hydroxybutyrate,
a degradation product of PHBV, is a natural component of
human blood [39]. Our literature of CNTs/PHAs family
composite literature revealed that Misra S et al. [26]
reported the fabrication of poly (3-hydroxybutyrate) com-
posites with bioactive glass particles and MWCNTSs, and
determined the formation of hydroxyapatite layer on PHBV/
MWCNTs composites (without bioglass) after a 2-month
immersion in simulated body fluid (SBF). The culturing of
an osteoblast-like cell line on PHBV/MWCNTs composite
was also reported, and a similar pattern of cell proliferation
inhibition and decreased cell death was observed on these
composites [25].

In our previous work [27], rat bone marrow stem cells
were cultured on MWCNTs/PHBV composites to deter-
mine the biocompatibility, while the differentiation of stem
cells was not detected. To further investigate the osteoin-
ductivity of composites, as well as to compare MWCNTs
and SWCNTs, total RNA was extracted to detect the tran-
scriptional level of osteogenesis-related genes. Several
genes expressed at different stage of osteogenesis was
selected, and the expression level of all genes was upre-
gulated mainly at day 1 and day 7 after seeding. Interest-
ingly, the early and middle stage of osteogenesis-related
genes, namely Runx-2 and Bmp-2 increased significantly in
4 wt% SWCNTs/PHBV composites one day after seeding,
while late-stage genes, like Opn and Ocn, were upregulated
more by 4 wt% MWCNTs/PHBV composites at day 7 after
seeding. Taken together, these results indicated that the
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A 5 weeks

4% M 0%

2% S

RUNX-2

10 weeks

Fig. 5 MWCNTs/PHBV composite was more closely connected with
new bone and upregulation of osteogenic-related genes. a Hard tissue
slices from different treatment groups at different time points after
implantation. Connective tissue and region without new bone forma-
tion represented by red arrows; zooming area represented by white
dashed area. b IHC staining of RUNX-2 positive cells in newly

composites simultaneously inhibit the cell proliferation and
upregulate the expression of functional osteoblast genes,
which is similar to the behavior of stem cells in the process
of differentiation.

According to these in vitro results, CNTs/PHBV com-
posites showed a potential of application in bone tissue
engineering. Since bone tissue engineering material must
co-exist with host cells long-term, which is not easy to

4% M 0%

2% S

10 weeks

10D of RUNX-2
positiive cells (%)

S}e9M 01
SN

regenerated bone and tissue around composites at different time points
after implantation. RB: regenerated bone; BM: bone marrow; M:
material. ¢ Quantification of RUNX-2 expression as observed by
integral optical density (IOD) of the positive area (n=15). *P <0.05;
N.S not significant. Scale bar: 500 um. All testing was replicated three
times

stimulate in vitro, we constructed a rat femoral bone defect
to observe the interface reaction preliminarily between
composites and host cells. Five weeks after implantation,
new bone formation was observed around both pure PHBV
and the composites. This new bone was intact and formed a
close connection to MWCNTs/PHBV composites when
compared with pure PHBV and SWCNTs/PHBV compo-
sites. The composites were covered, and even entirely
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wrapped by the new bone in MWCNTs group. In addition,
analysis of trabecular morphology showed an increased
amount, thickness and mutual connection of newly formed
trabecula in MWCNTSs group when compared with PHBV
and SWCNTs group. Importantly, a layer of periosteum-like
tissue was observed at the interface between material and
regenerated bone, which was composed of cells with strong
expression of RUNX-2, especially in MWCNTs/PHBV
group, which is consistent with the in vitro results. In
summary, the biocompatibility and osteoinductivity of
CNTs/PHBV composites were proved in vivo and in vitro.

The mechanism by which osteogenesis is induced by
MWCNTs/PHBV composites has not been fully elucidated.
Fukada E and Ando Y [40] reported that PHB and PHBV
possess piezoelectric properties, and it has been reported
that PHB-based composites induced osteogenesis due to
their piezoelectric properties [41]. On the other hand, it was
reported that CNTs were able to activate B1-integrin sig-
naling [42], which was recently found to mediate the BMP-
2 dependent osteoblast differentiation and osteogenesis
[43]. However, the mechanism underlying the difference
between MWCNTs and SWCNTs was still unclear. It is
possible that since the outer diameter of MWCNTs is 10-30
times larger than SWCNTSs, more carboxyl functional group
might exist on the surface of composites, which might affect
the adhesion and differentiation of rOBs. It was also
reported that SWCNTSs caused more apparent cytotoxicity
when compared with MWCNTs on macrophages [44],
fibroblasts [45], and monocytes [46], which could explain
the better biocompatibility of MWCNTs/PHBV composites.

Cytotoxicity is a major obstacle to the application of
CNTs in tissue engineering. CNTs tend to clump together
and form entangled structures and small aggregations. The
mechanism of cytotoxicity of CNTs is very similar to
asbestos, a classical pathogenic fibers [47]. It has been
found that CNTs could induce oxidative stress, increasing
the production of reactive oxygen species (ROS) [48, 49].
Elevated ROS production can activate specific transcription
factors related to inflammation (such as NF-kB) [50], while
low production of ROS will result in cell survival by acti-
vation of Nrf2 [51]. The following factors were reported to
contribute to the toxicity of CNTs: fewer number of walls
(SWCNTs), length (>15 pm), the formation of aggregation
and lack of surface modification [51]. In our study, carboxyl
group functionalized CNTs were used. According to SEM
imaging, after complete ultrasonic dispersion, few aggre-
gations were found at proper %wt of CNTs in composites.
Furthermore, only the tail end of CNTs (0.1-1um) is
exposed on the surface of the composites, which is much
shorter than the length that would induce cytotoxicity.
Coupled with the superiority of MWCNTs over SWCNTs,
the biocompatibility of MWCNTs/PHBV composite was
found to be superior in this study.
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Through fabrication of MWCNTs/PHBV composites, we
achieved improvement of PHBV material mechanical
properties, thermostability, biocompatibility, and osteoin-
ductivity both in vitro and in vivo. Importantly, the flexural
strength of composites was elevated to the proximate level
of bone cortex [52]. With the increase in thermal decom-
position temperature, it was more convenient to shape
composites using the thermoplastic properties of PHBV.
The exact mechanism of action of osteoinductivity of
MWCNTs/PHBYV composites requires further investigation,
and proper methods of fabricating biodegradable porous
composites should also be elucidated.

5 Conclusion

CNTs/PHBV composites were fabricated by ultrasonic
dispersion of MWCNTs and SWCNTs in PHBV, and were
then shaped by thermal injection modeling. According to
the SEM image, the complete dispersion of CNTs could be
achieved when the wt% of CNTs was less than 4% in the
composites. However, no difference in mechanical proper-
ties and thermostability was found between MWCNTSs and
SWCNTs. Primary rOBs were cultured with composites,
with resulting cell proliferation inhibition observed by
CCK-8. The most apparent cellular inhibition was detected
3 days after seeding uniformly among all groups, with cell
growth recovery after 7 days. Cell death were observed by
flow cytometry in PHBV group, which could be alleviated
by the addition of CNTs, especially with 4 wt% of
MWCNTs. Osteogenesis-related genes were upregulated
both by PHBV and composites. Among which, SWCNTSs/
PHBV showed a more apparent effect on the early stage
(1d), and MWCNTs/PHBYV on the late stage (7d). Implan-
tation of PHBV and composites was also performed in the
femoral bone defect of SD rats. New bone formation was
observed around the PHBV and composites. Similar to our
in vitro results, in the MWCNTs/PHBV group, more newly
formed trabecula, with closer integration to new bone, and
earlier completed bone remodelling as well as higher
expression of RUNX-2 were observed. Taken together,
MWCNTs/PHBV composites showed better biocompat-
ibility and osteoinductivity both in vitro and in vivo.
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