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Introduction

Carbon nanotubes (CNTs) are sp? carbon bonded tubular materials reported by Iijima et al. 12,
There are two main types of CNTs, single-walled carbon nanotubes (SWCNTs) and
multi-walled carbon nanotube (MWCNT). CNTs have been extensively studied in the
biomedicine field because of their physical and chemical properties, unique structure,
biocompatibility, and low toxicity . Usui et al.® revealed that MWCNTSs could accelerate
bone formation and show high bone tissue compatibility. Barrientos-Duran et al.” revealed
that human preosteoblasts and murine embryonic stem cells osteogenic differentiation were
accelerated by culturing on SWCNTs. We previously reported that multi-walled CNT
(MWCNT)-coated substrates can be effective for adhesion and differentiation of osteoblasts
and have a favorable compatibility profile for bone'*'>. MWCNTs-coated collagen sponges
could be loaded with growth factors to achieve controlled release and promote bone
regeneration'.

The guided bone regeneration (GBR) technique is one of the most commonly applied
methods to reconstruct alveolar bone and treat peri-implant bone defects. For the GBR
technique, a barrier membrane is used to cover the bone defects, preventing the entry of
non-osteogenic cells like epithelial cells and fibroblasts in bone defects!'*'®. The membrane
should also maintain space for new bone formation.

Murray et al. reported that shielding the bone defect from the surrounding tissue accelerates
bone healing'”. GBR technique is widely used for maxillofacial area and the materials of the
membranes used for the GBR technique have been actively researched. The required
properties for GBR membranes are biocompatibility, mechanical strength, and surgical
maneuverability'®. The following materials have been studied as GBR membranes: natural
polymers such as collagen, chitosan, and silk fibroin; metals such as titanium alloys,
magnesium alloys, and zinc alloys; and synthetic polymers such as polytetrafluoroethylene
(PTFE). However, PTFE as the non-resorbable material does not have sufficient strength and
hydrophilic characteristics that could be treated with protein such as growth factor. On the
other hand, collagen and chitosan as resorbable materials have insufficient strength and
sometimes cause inflammation on the resorption. Therefore, these materials sometimes delay
bone regeneration in clinical practice because of their insufficient mechanical and biological
properties'” '8,

To develop GBR membranes, we previously prepared carbon nanohorns (CNHs), a type of
carbon nanomaterial, and adhered CNHs to PTFE membranes and evaluated their bone
regenerative ability. The membranes with CNHs promoted bone regeneration', and CNHs
accelerated osteoblast differentiation via macrophage activation®’. On the other hand, the
strength of the CNH membranes was weak due to their adherence to PTFE membranes, and
some CNHs detached from the membrane surface. Therefore, we proposed that these

problems could be improved by using single-walled CNTs (0.5-2.0 nm in diameter and more
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than 100 nm to several centimeters in length) with the characteristic nanostructured surface,

2122 a5 independent membranes without

high mechanical strength and a large surface area
lining such as PTFE. In the present study, SWCNTs dispersed in hyaluronic acid (HA) were
prepared as HACNT membrane and observed its morphological structure and mechanical
properties. In addition, we investigated the inhibition of non-osteogenic cell proliferation and
the promotion of osteoblast proliferation, which are essential factors for the success of the
GBR method. Then, the tissue response and bone regeneration ability were evaluated, and the
dispersion of CNTs in surrounding tissues was surveyed using a Raman spectroscopy. The
present study demonstrates that the HACNT membrane showed high strength and
hydrophilicity and inhibited non-osteogenic cell proliferation but promoted osteoblast

proliferation. Furthermore, extensive osteogenesis in bone defects in the rat calvaria was

observed, whereas the CNT was scarcely diffused in the tissue around the membrane.



Materials & Methods
Preparation of HACNT membrane

Single-walled carbon nanotubes (MEILJO eDIPS 1.5p, Japan) were dispersed in 0.lmg/mL
hyaluronic acid (FUJIFILM, Japan) solution at 0.5mg/mL by bath sonication for 30 minutes
and a homogenizer at Amp 50%, Isec/Isec, 10min, total 20min. The suspension was filtrated
by a filter membrane (Omnipore, 0.1pm pore, 47mm diameter) and dried in a 60°C dry oven.
The Hyaluronic acid single-walled carbon nanotubes (HACNT) membranes were stripped
from the filter membranes, then hydrophilic treated by UV ozone cleaner (PC450, Meiwa

fosis, Japan) for 10 minutes.

Characterization of HACNT membrane

The HACNT membranes were observed by scanning electron microscope at 10kV (SEM,
S-400, Hitachi, Tokyo, Japan). The contact angle was measured by Phoenix Alpha P200
(Meiwa fosis, Japan). For the mechanical strength test, a dumb-bell shape SWCNT membrane
was made with 2 mm width at middle and stretched by MST-I type HS/HR (Shimadzu, Japan)
with a 25 N load cell, and PTFE membranes were also measured in the same method for
comparison. The membrane thickness was measured with a constant pressure thickness gauge
(PG-02, TECLOCK, Japan).

Quantifying the volume of hyaluronic acid in the HACNT membrane

The amount of hyaluronic acid contained in HACNT membrane was calculated form the
concentration of hyaluronic acid in the filtrated solution. Absorption spectrum of both the
filtrated solution and 0.1mg/ml hyaluronic acid were measured by optical absorption

spectrometer and compared.

Measurement of elution of HACNT membranes into PBS

HACNT (1.0 mg) membranes were immersed in 10 ml of PBS and allowed to stand for 8
weeks at room temperature and pressure. Ten ml of PBS without CNTs was used as a control.
Five ml of the PBS solution after removing the CNT membranes was dispensed into a
separate vial, 50 mg of SDBS was added, and the solution was dispersed by bath sonication
for 30 min. The absorption spectra of both sample and control groups were measured by

optical absorption spectrometer (UV-3100, Shimadzu, Japan) and compared.

In vitro experiments

Cell culture on HACNT membrene

Mouse calvaria osteoblastic cell line (MC3T3-E1)*, human gingival carcinoma
epithelial-like cells (Ca9-22)** were culture in Minimum Essential Medium Eagle
(Sigma-Aldrich, St. Louis, MO, USA) containing 10% fetal bovine serum (CELLECT,
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France), 2mM Glutamine, and 1% penicillin/streptomycin (Thermo Fischer Scientific, Gibco,
Waltham, MA) at 50 U/mL penicillin and 50 mg/mL streptomycin. Mouse embryonic
fibroblasts cell line (NIH/3T3)* were cultured in Dulbecco’s Modified Eagle’s Medium-high
glucose(Sigma-Aldrich, St. Louis, MO, USA) containing 10% calf serum (Funakoshi, Japan)
and 1% penicillin/streptomycin (Thermo Fischer Scientific, Gibco, Waltham, MA) at 50
U/mL penicillin and 50 mg/mL streptomycin. All cells were cultured at 37C with a 5% CO,
atmosphere.

For evaluation of each cells proliferation on the HACNT membrane, the HACNT
membranes were placed at the bottom of 48-well-plate (Corning, Kennebunk, ME, USA), and
500 pL of 3 kinds of cell suspension at 2 x10* cells/mL were seeded on the HACNT

membranes or blank wells as the control for 3 and 7 days (n=6).

Cell culture in the presence of HA

Mouse bone marrow stromal cells (mBMSCs, ATCC) were cultured in Dulbecco’s Modified
Eagle’s Medium-high glucose (Sigma-Aldrich, St. Louis, MO, USA) containing 10% fetal
bovine serum (Funakoshi, Japan) and 1% penicillin/streptomycin (Thermo Fischer Scientific,
Gibco, Waltham, MA) at 50 U/mL penicillin and 50 mg/mL streptomycin. All cells were
cultured at 37°C with a 5% CO, atmosphere.
For evaluation of each cells proliferation and ALP activity in different concentrations of
hyaluronic acid solution. Cells were suspended in 500 pL culture medium with 0, 0.05, 0.1,
0.5mg/mL hyaluronic acid solution and seeded in a density of 1 x10* cells/mL in
48-well-plate (Corning, Kennebunk, ME, USA) for 7 days (n=5).

SEM observation

After 3 days, we observed the cells on the HACNT membranes by SEM, where the samples
were washed three times with phosphate-buffered saline and fixed with 2.5% glutaraldehyde.
After dehydration through a graded ethanol series, they were dried using the critical point

method and sputter coated with palladium-platinum for SEM observation.

DNA content quantification

After 3 and 7 days of cultivation, the wells and HACNT membranes were washed with PBS.
300 pL of the 0.2% IGEPAL CA630 (Sigma-Aldrich, MO, USA) was added to each well. The
samples were frozen, thawed, and then homogenized. The sample solution was added to 100
mL of 4M NaCl, 0.1M phosphate buffer (pH 7.4), and then centrifuged for DNA analysis.
Picogreen (Thermo Fischer Scientific, Waltham, MA) was used to measure the DNA content
via a fluorometer (Infinite F200 PRO, Tecan, Switzerland) with the excitation filter set at

356nm and the emission filter at 458 nm.



Alkaline Phosphatase activity measurement

Alkaline phosphatase (ALP) activity was measured with LabAssay (Wako, Japan). Twenty
microliters of the supernatant fluid in the sample were added to 100 pL of p-nitrophenol
phosphate in carbonate buffer and incubated for 15 min at 37°C. After 80 uL of NaOH was
added, absorbance was measured at 405 nm using the fluorometer (Infinite F200 PRO, Tecan,
Switzerland) and enzyme activity was determined from the calibration curve p-nitrophenol

standard. ALP activity was normalized by DNA content.

Animal experiments

For investigation of new bone regeneration for HACNT membrane, Wistar rats with
calvarial defects were used as an animal model. All animal experiments received approval and
were performed by the regulations from the Animal Care and Use Committee of Hokkaido

University (No. 19-0061).

Bone regeneration evaluation

10-weeks-old Wistar male Rats (about 300g; CLEA Japan Inc., Tokyo, Japan) were
inhalation anesthetized with isoflurane (Pfizer Inc., New York, NY, USA) and shaved the hair,
and sterilized with 70% ethanol of the calvarial region. A semicircular incision was made on
the rats scalp, separating skin and periosteum, exposing the calvarial bone by blunt dissection.
An 8 mm diameter bone defect was made on exposed calvarial bone by a 7/8 mm diameter
trephine bur (Stoma, Germany), covered the defect with a 12mm diameter HACNTor left
untreated as control (n=6). After 8 weeks, rats were inhalation anesthetized with isoflurane
and perfusion fixation by fixation solution (2.5% glutaraldehyde with 0.1M HEPES).

The samples containing the rats calvarial bone and membranes were harvested and fixed in
fixation solution. For the radiographic evaluation, the samples were scanned by using
microcomputed tomography (u-CT, CosmoScan, Rigaku). The acquired CT photographs of
samples were imported into Fuji Imagel software, the 3D script plugin was used to 3D
reconstruct and evaluate the samples. Materialize mimics version 21.0 software also used to
calculate the new bone volume in the defect area®®, and the bone volume in surgically made
defect area was calculated as new regenerated bone volume.. Then, the samples were also
used for histological evaluation. The samples were resin embedded, sliced into 30-40 um

specimens in a coronal plane, stained by toluidine blue, observed by an optical microscope.

Statistical analysis
The bone volume of each group was compared by the Mann-Whitney test. The DNA content
on the membrane was analyzed by a two-way ANOVA test and sidak’s correction. Statistical

significance was established at P < 0.05.



Raman Imaging

The micro-Raman mapping was carried out using a Renishaw inVia confocal microscope
equipped with a 785-nm laser excitation source as previousry reported®’. The laser, attenuated
to about 0.5 mW, was focused on the sample surface with a x50 objective lens with an NA of
0.75. The spot size was estimated to be about 0.87 um. This size mainly determines the spatial
resolution of the Raman images. The Raman signals from the sample were measured with an
electron multiplying CCD detector (Andor) through a grating with 1200 grooves/mm. The
step size of the measurements was 1.0 um. The CCD integration time was 0.05 second for all
measurements. The Raman spectra were fitted using a Lorenz function, and the Raman

images were obtained by plotting the peak area intensities of the fitting results.



Results
Characterization of the HACNT membrane

Figure 1 (a-e) shows the characterization of the HACNT membrane. The HACNT film was a
black independent film, as shown in Figure 1(a). The nanostructured surface with the
characteristic bundle structure of SWCNTSs was observed by SEM in Figure 1(b).

Figure 1 (c) shows the photograph when the water contact angle (CA) of the HACNT
membrane was measured. In addition, the tensile strength of the HACNT membrane is 202
N/mm? in Figure 1(e), while that of PTFE membrane is 32 N/mm? in Figure 1(d). These
results demonstrated that the hydrophilicity and strength of the CNT membrane were much
higher than those of the PTFE membrane.

This study used HA to disperse SWCNTs and bind them to finish the shape of the membrane.
HA is known as a natural component of the human body. It has already been applied for drugs
and biomaterials such as viscosupplementation and bioscaffold*®°. They have confirmed its
safety. The HA content in the HACNT membrane could be calculated to 7.7wt% (Figure 1(f)).

Figure 1(g) shows that the amount of SWCNTs diffused from the CNT membrane is below

the detection limit even after 8 weeks of immersion in PBS.

Cell proliferation on the HACNT membrane

The GBR membrane covering the bone defects needs to prevent the non-osteogenic cells
such as epithelial cells and fibroblasts from invading bone defects while increasing the
proliferation of the osteoblastic cells to form the new bone in the space under the
membrene'*!5, In this study, the proliferation of three types of cells was estimated. Figure 2
(Aa-c, Ba-c) shows the proliferation of the Mouse calvaria osteoblastic cell line (MC3T3-E1),
mouse embryonic fibroblasts cell line (NIH/3T3) and human gingival carcinoma
epithelial-like cells (Ca9-22). SEM observation showed that the pseudopodia of MC3TC-E1
were more extended and entangled to the CNT membrane than other types of cells (Figure
2Aa-c). Remarkably, on the HACNT membrane, osteoblasts showed a significant increase in
cell number indicated by DNA content from 3 to 7 days (Figure 2Ba), while fibroblasts

(Figure 2Bb) and epithelial cells (Figure 2Bc) did not show an increase in cell number.

Cell proliferation and differentiation in the presence of HA

Figure 2(C) shows the DNA content and alkaline phosphatase (ALP) activity of human
mesenchymal stem cells cultured for 7 days in the presence of various concentrations of HA,
and the DNA content and ALP activity did not have significant differences even when the

concentration of hyaluronan at 0 ,0.05, 0.1 and 0.5 mg/mL.

Micro-CT analysis of the bone regeneration

Figure 3 shows the results of Micro-CT analyses of the bone regeneration in the calvarial
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defect of rats covered with/without HACNT membrane after 8 weeks. As shown in Figure 3
(A), more extensive and higher radiopaque images were observed in the HACNT (Figures
3(A) b, d and f) membrane group compared to the control group without membrane (Figures
3(A), a, ¢ and e). Figure 3B is a schematic of the measurement method for new bone in the
defect area. The volume of new bone in the HACNT membrane group was significantly

higher than that in the control group by Micro-CT analyses (Figure 3C).

Histology of the bone regeneration

Figure 4 shows the histology of the two groups, at 8 weeks, a new bone (black asterisk) was
formed from the edge of the existing calvarial bone (EB). Some of the new bone was seen
apart from the existing bone (Figure 4(A) a). Newly formed bone had lamellar structures
(black arrow)(Figure 4(A) b). Fibrous connective tissue, including fibroblasts, was observed
around the newly formed bone. These results indicated that bone regeneration in the control
group had finished. On the other, more extensive bone formation was observed under the
HACNT membrane (yellow arrowhead) (Figure 4(B) a) compared to the control group
(Figure 4(A) a). A part of the HACNT membrane (pink arrowhead) was folded on a newly
formed bone (Figure 4(B) a). Newly formed bone was formed continuously with the edge of
the calvaria. Many osteoblasts (white arrowhead), cells with large light cytoplasm like
mesenchymal cell (black arrowhead), and capillaries (white arrow) which showed active
osteogenesis, were observed on the upper part of the newly formed bone (Figure 4(B) b). At
the same time, the lamellar structure (black arrow) was seen only in the lower part of the
newly formed bone along with the dura in (Figure 4(B) a). However, various types of cells
such as like mesenchymal cells (black arrowhead), fibroblasts, macrophages, and capillaries
(white arrow) were recognized under the HACNT membrane (Figure 4(B) ¢).Also, many cells
with large cell bodies like mesenchymal cells (black arrowhead) were closed to the

membrane.

Observation of the localization of SWCNTs by Raman imaging

There is a risk of diffusion of CNTs after being implanted in the body. Kang et al.>!' reported
that the CNTs might cause cell damage through direct contact with the cell membrane. To
further investigate the localization and state of SWCNT from the HACNT membrane, in this
study, a resonance Raman mapping was carried out on the sections of bone tissue. Figure 5a
and 5b show photographs of the histological sections of calvarial bone specimen implanted
with HACNT membrane after 8 weeks with different magnifications. Figures 5d shows
microscopic Raman mapping of calvaria bone tissue sections as shown in part in Figure Sa-c.
Figure 5d maps the G-band intensity excited at 785nm overlaid in each point 1 (Figure 5f),
point 2 (Figure 5g), and point 3 (Figure 5h). Table 5i shows the percentage of intensity at each



point, with the intensity of the HACNT membrane portion being 100%. In the bone tissue
adjacent to the HACNT membrane, small amounts of SWCNTs were detected (Figure 5d).
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Discussion

The surface properties of the material, including hydrophilicity and roughness, have a
significant impact on cell proliferation and attachment®?>. Several studies have shown that
hydrophilic surfaces can promote the growth, adhesion and proliferation of osteoblasts®*3?,
fibroblasts®® and epithelial cells**. The HACNT membrane consisted of 1.5 nm-diameter
SWCNTs and the CA was 10°~ 16°, which means it has a specific nanostructure and high
hydrophilicity. The characterizations were compared to the PTFE membrane because it has
already used in clinic. Zhang et al. reported that the CA of PTFE is about 118° . Even before
oxidation, the CA of the HACNT film was 25° and further decreased after oxidation by
treatment with UV ozone cleaner. The high hydrophilicity and the high degree roughness of
the material surface promote the selective adsorption of fibrinogen and fibronectin, two
critical regulators of osteoblast adhesion and proliferation®”*®, However, in the present study,
fibroblasts and epithelial cells on HACNT membranes did not increase as well as on cell
culture dishes. Besides, the amount of DNA and ALP activity did not change in the presence
of hyaluronan at concentrations estimated from the amount eluted from the membrane.

The difference in the proliferation of these cells on the HACNT membrane could be due to
the surface roughness. It has been demonstrated that osteoblasts are likely to proliferate on
rough surfaces®?, while fibroblasts and epithelial cells are likely to proliferate on smooth
surfaces. Kunzler et al. reported that osteoblasts showed a significant increase in proliferation
rate with increasing surface roughness. Fibroblasts showed the opposite proliferative behavior,
with the proliferation rate decreasing with increasing roughness®®. Baharloo et al. reported
that epithelial cell proliferation decreased when seeded on a rough surface compared to a
smooth surface*. Therefore, the hydrophilicity and specific nanostructure of HACNT
membranes could promote cell adhesion and osteoblast proliferation, although the nanoscale
surface structure might inhibit fibroblast and epithelial cell proliferation.

The HACNT membrane covered the bone defect made in rat calvaria. At 8 weeks after the
surgery, the amounts of newly formed bone under the HACNT membrane were more than
those in defects without membrane. Also, many osteoblasts, the cell like mesenchymal cell
and capillaries indicating active osteogenesis were observed under the HACNT membrane,
while only the lamellar structure were seen in the control group. Especially, many cells with
large cell bodies like mesenchymal cells were closed to the membrane. These findings
revealed that the high regenerative activity continues in the defects covered with the HACNT
membrane even at the late stage of tissue repair. On the other hand, some of the HACNT
membranes in the tissue were folded, and some fibrous connective tissue was observed
between the membranes and bone. These results suggested that shielding ability could be
improved by changing mechanical properties such as increasing the HACNT membranes
flexibility. However, the selective proliferation of osteoblasts in vitro and extensive bone

formation with the same thickness as the existing bone directly below the membrane was
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observed, and also epithelial cells and fibroblasts did not proliferate while osteoblasts
proliferated well on the HACNT membrane culture. Therefore, the HACNT membrane has
enough shielding property to selectively proliferate osteoblasts and a high possibility of
SWCNTs as a GBR membrane.

Previously, we reported the application of carbon nanohorns (CNH) for GBR membrane'
and revealed that CNHs accelerate bone formation via macrophage activation®. The effect of
CNH on bone formation was in the early stage of regeneration. However, these results would
explain that the surface structure with specific nanostructure of SWCNTs of the membrane
has another effect on bone formation especially in the late stage of regeneration. In this
research, we proposed the new possibility of specific surface nanostructure by SWCNTs on
bone formation. The new possibility of SWCNTSs should be confirmed by further research in
future.

Raman imaging suggested that the diffusion of CNT was scarcely observed around the
membrane. Besides, the amount of SWCNTs diffused from the CNT membrane is below the
detection limit even after 8§ weeks of immersion in PBS. The Raman spectral data of SWCNTs
around the new bone and the low solubility of HACNTs in PBS suggest that HACNT
membranes are highly stable and hardly diffused after implantation. Moreover, in our
previous study, SWCNTs were implanted between mices periosteum and parietal bone.
SWCNTs appeared to be locally stable and had not dispersed to other organs®’. However, we
further validate the biocompatibility and dispersibility of this membrane consisting of
SWCNTs.

12



Conclusions

The HACNT membrane showed high strength, hydrophilicity, stability (insolubility) and
selective osteoblasts proliferation in vitro and continuously promoted bone formation by
space-making and high osteogenic activity in vivo. Additionally, SWCNTs have the chemical
property of absorbing proteins, allowing further development, such as loading growth factors
and arranging toughness and morphology. Therefore, SWCNTs as independent membranes
could be expected to be applied as GBR membranes to promote osteogenesis in cases of
significant loss of both width and volume of alveolar bone due to defects caused by severely
advanced periodontal disease, tooth loss, cancer and accidents. The results of this study will
be an important milestone in creating a new design of therapeutic materials for bone

regeneration using CNTs.

13



Figures

a

40 250
d 35 _EE e o
Free7 200 =
304 e i
E 25 E 150 -
Z 20 ‘ £
o | 0
15 100 4
10 4
| 50
5. Mean sSD V7 Mean SD
i 32.02768 2.796632 / 202.906 20.544459
0 I 0
T T . T T T T . T
0 10 20 30 40 50 60 0 2 4 6
Strain (%) Strain (%)
12 0020
f — Filtrated solution g
104 ——HA 0.1mg/ml
0.0015 -
£
o 084 c
Q o
5 2
£ o6 %) 0.0010 -
w Q
Ke) =4
< 8
0.4 5
w
£ 0.0005 -|
0.2
0.0 ; ; ! ! 0.0000
200 220 240 260 280 300 Contorl Sample

Wavelength (nm)

Figure 1. Characterization of HACNT membrane. (a) Photograph of HACNT membrane. (b)
SEM image of HACNT membrane, the membrane consists of many bundles of
SWCNT (arrowhead). (¢) Images of the spreading of a water drop on the HACNT membrane.
The average CA was about 16°. Graph of tensile strength of (d) PTFE membrane and (¢)
HACNT membrane. Mean tensile strength: (d)PTFE membrane=32 N/mm?, (¢€)HACNT
membrane: 203 N/mm? (n=9). (f) Absorbance of filtering solution of HACNT membrane,
compared with 0.1mg/mL HA solution. (g) Absorbance of PBS solution with HACNT
membrane immersed after 8 weeks at room temperature and pressure at the absorbance of 750
nm value (n=5).
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Figure 2. (A) SEM observations of MC3T3-E1(a), NIH3T3(b) and Ca9-22(c) cells cultured
on HACNT membrane after 3 days(cells: yellow asterisk). (B) DNA contents of
MC3T3-El(a), NIH3T3(b) and Ca9-22(c) cells on HACNT membranes after 3 and 7 days
culturing(n=6, *p<0.05, ***p<0.001, ****p<0.0001). (C) (a) DNA content and (b) ALP
activity of mBMSCs cultured in culture medium with 0.05, 0.1. 0.5 mg/mL hyaluronic acid
solution after 7 days (n=5).
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Figure 3. (A) Micro-CT images of representative rat’s calvarial bone samples with/without
HACNT implantation after 8 weeks. (a)(c)(e) Control (without membrane) and (b)(d)(f)
HACNT membrane group were observed with 3 planes of direction: (a)(b) Horizontal plane.
(c)(d)axial plane. (e)(f)sagittal plane. (B) Schematic of the measurement method of bone
volume, new bone was defined as volume in the selected area. EB: Existing bone. NB: New
bone. (C) Comparison of new bone volume regenerated in calvarial bone defect area of two
groups. (n=6, ***p<0.001)
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Figure 4. Representative histological sections of rat calvarial bone with/without HACNT
implantation after 8 weeks.

(A) without membrane (control) (a) Thick fibrous connective tissue covered the bone defect.
New bone (black asterisk*) was formed in the defect. (b) High magnification of white square
in (A, a) Lamellar structures (black arrow) were seen. (B) with HACNT membrane. (a)
HACNT membrane (yellow arrowhead) covered bone newly formed bone (*) and existing
bone (EB). A part of the membrane was folded(pink arrowhead) (b) High magnification of
white square in (B, a). Active osteogenesis was seen in the upper part of the newly formed
bone. Osteoblasts (white arrowhead) and cells with large body like mesenchymal cells (black
arrowhead) were observed on new bone. (¢) High magnification of yellow square of (B, a).
Many cells with large body like mesenchymal cells (black arrowhead) were observed close to
the HACNT membrane. Osteoblasts (white arrowhead) and capillaries (white arrow)
indicating active osteogenesis were recognized.

18



150000

f 30000{ —— point 1 g 30000{ —— point2
— Fit Peak 1 —— Fit Peak 1
—— Fit Peak 2 —— Fit Peak 2
0009 Fit Peak 3 009 FitPeak 3
= —— Cumulative Fit Peak = —— Cumulative Fit Peak
€ 20000 £ 20000
[=] o
L L
2= 15000 4 215000 4
w w
C C
z Z
£ 10000 £ 10000
5000 4 5000 4
0 b i : " )
1000 1200 1400 1600 1800 2000 1000 1200 1400 1600 1800 2000
Wavenumber (cm™) Wavenumber {cm™")
h 30000 { —— point 3
—— Fit Peak 1
—— Fit Peak 2
20009 Fit Peak 3
0 —— Cumulative Fit Peak
S 20000 -
o
=3
2= 15000 4
w
C
z
£ 10000 4
5000 4
0 btk bbb g Sty ..m.hu"A?‘Mm st M

1000 1200 1400 1600 1800 2000
Wavenumber (cm-')

19



Center Max FWHM Max Height Area Fit Normalized
%

Point 1 1591.6 16.9 13580.3  360805.2 100.0
(CNT)

Point 2 1580 15.1 171.5 4073.0 1.1
Point 3 1584.3 13.0 154.2 3149.0 0.9

Figure 5. (a) Histological sections of calvarial bone specimen implanted with HACNT
membrane after 8 weeks. (b) High magnification of (a). (c)-(¢) Raman imaging at high
magnification of white square in (b). (c) bright field, (d) G-band field and (e)merge field
under Raman microscope observation, 3 points were selected to detect CNTs. Graphs (f)-(h)
are the intensity spectrum of excited at 785nm in 3 points. The intensity of CNTs was
normalized to 100%. (f)Point 1 (CNT): 100%. (g)Point 2: 1.1%. (h)Point 3: 0.9%. Table (i) is
the intensity of each point.
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