International Journal of Nanomedicine downloaded from https://www.dovepress.com/

For personal use only.

International Journal of Nanomedicine Dove

3

ORIGINAL RESEARCH

Fabrication and characterization of drug-loaded
nano-hydroxyapatite/polyamide 66 scaffolds
modified with carbon nanotubes and silk fibroin

Meng-Zhu Yao'
Ming-Yi Huang-Fu'
Hui-Na Liu'
Xia-Rong Wang'
Xiaoxia Sheng?
Jian-Qing Gao'

'Institute of Pharmaceutics, College
of Pharmaceutical Sciences, Zhejiang
University, 2Hangzhou SoliPharma
Co,, Ltd, Hangzhou, Zhejiang, People’s

Republic of China

Correspondence: Jian-Qing Gao
Institute of Pharmaceutics, College
of Pharmaceutical Sciences, Zhejiang
University, 866 Yuhangtang Road,
Hangzhou 310058, Zhejiang, People’s

Republic of China

Tel +86 571 8820 8436
Fax +86 571 8820 8436
Email gaojianqing@zju.edu

This article was published in the following Dove Press journal:
International Journal of Nanomedicine

18 November 2016

Number of times this article has been viewed

Abstract: Nano-hydroxyapatite/polyamide 66 (nHA/PA66) porous scaffolds were fabricated by
a phase inversion method. Carbon nanotubes (CNTs) and silk fibroin (SF) were used to modify
the surface of the nHA/PA66 scaffolds by freeze-drying and cross-linking. Dexamethasone was
absorbed to the CNTs to promote the osteogenic differentiation of bone mesenchymal stem
cells (BMSCs). The cell viability of BMSCs was investigated by changing the concentration
of the CNT dispersion, and the most biocompatible scaffold was selected. In addition, the
morphology and mechanical property of the scaffolds were investigated. The results showed
that the nHA/PA66 scaffolds modified with CNTs and SF met the requirements of bone tissue
engineering scaffolds. The dexamethasone-loaded CNT/SF-nHA/PA66 composite scaffold
promoted the osteogenic differentiation of BMSCs, and the drug-loaded scaffolds are expected
to function as effective bone tissue engineering scaffolds.

Keywords: BMSCs, tissue engineering, porous scaffold, carbon nanotubes, silk fibroin, surface
modification, dexamethasone

Introduction
Bone defects caused by infections, congenital malformations, trauma, or bone tumors
are commonly seen in the clinic.! Traditional treatments include autogenous bone
graft, allograft bone transplantation, and artificial bone material transplantation.
However, these three traditional treatments have some limitations.? In 1995, Crane
et al proposed the concept of bone tissue engineering, which attracted the attention of
scholars.? With the development of life, material, and engineering sciences, bone tissue
engineering research has advanced in recent years* and has been currently the primary
approach to bone defect repair. The tissue scaffold is the key factor for bone tissue
engineering.’ It promotes the adhesion and growth of seed cells and new cells.*’
The materials used for bone tissue engineering scaffolds are divided into three
categories: biological derivative materials, inorganic materials, and polymer materials.®
However, it is often difficult to meet the requirements of an ideal bone tissue scaffold
by using only a single material. The mechanical properties and electrical performance
of biological derivative materials are not ideal. The cell compatibility and mechanical
performance of synthetic polymer materials are poor.’ Inorganic materials are usually
very brittle. Natural polymer materials have undesirable batch-to-batch consistency and
mechanical properties. Due to advantages and disadvantages of single-type materials
mentioned above, composite scaffolds containing two or more different types of com-
ponents have often been considered to exhibit improved characteristics by protruding
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the strengths while evading the weaknesses of the individual
components.'*!! For example, the stability of mechanically
weaker polymers with excellent biocompatibility, such as
chitosan, could be reinforced by incorporating mechanically
strong composites.

Nano-hydroxyapatite/polyamide 66 (nHA/PA66) has
been widely used as an orthopedics transplantation material
for bone cysts, osteofibrous dysplasia, aseptic bone necrosis,
and bone defect repair. The crystal structure and composition
of nHA crystals are similar to those of natural bone; PA66
is structurally similar to collagen. Studies have shown that
nHA/PAG66 porous scaffolds have good blood compatibility,
tissue compatibility, and bone biomechanical properties as
well as good toughness for use in hard tissue repair.!>!3

Based on the positive results obtained with two-phase
composites, multiphase porous composite scaffold materials
and antibacterial, osteogenesis, or angiogenesis functional
scaffolds have attracted widespread attention.!*'¢ Carbon
nanotubes (CNTs), which have excellent mechanical
properties, are one type of material used for building ideal
composite bone tissue engineering scaffolds, and they have
been widely used to build composite scaffolds.!” " Silk
fibroin (SF) is a natural polymer extracted from silk fibrous
protein. SF has good mechanical properties, flexibility and
tensile strength,” and permeability as well as slow-releasing
potential.?! It has been widely recognized as a natural biode-
gradable biological material. In addition, SF contains acidic
proteins whose side chains are rich in carboxylic acid groups
that can induce the mineralization of calcium phosphate,
which plays a very important role in bone mineralization.?
These qualities make SF a popular choice for bone tissue
engineering in recent years.*

In this study, nHA/PA66 was surface modified with SF
and CNTs in order to improve the properties of the nHA/
PAG66 scaffold. In addition, CNTs were used to load dex-
amethasone (DEX) to promote the differentiation of bone
mesenchymal stem cells (BMSCs).

Materials and methods

Materials

Multi walled carbon nanotubes modified by carboxyl
(MWCNT-COOH; Cat No TNSMCS) was purchased from
Chengdu Organic Chemicals, Chinese Academy of Sciences
(Chengdu, People’s Republic of China). nHA/PA66 porous
bone (4 mm width x4 mm length x40 mm height) was pro-
vided by Guona Science and Technology Co., Ltd (Sichuan,
People’s Republic of China). The weight ratio of nHA to
PA66 was 0.2—1.5:100. DEX (purity >98%) was purchased

from Sigma-Aldrich Co. (St Louis, MO, USA). Dulbecco’s
Modified Eagle’s Medium (DMEM) was provided by
Hyclone (Logan, UT, USA), and fetal bovine serum was
provided by Thermo Fisher Scientific (Waltham, MA, USA).
Sprague Dawley (SD) rat mesenchymal stem cell osteogenic
differentiation medium was provided by Cyagen Biosciences
Inc. (Santa Clara, CA, USA). Water-soluble tetrazolium
salt assay and alkaline phosphatase (ALP) activity detec-
tion kits were purchased from Beyotime Biotechnology
Company (Jiangsu, People’s Republic of China). Live/dead
cell image kit was provided by Thermo Fisher Scientific.
N-(3-dimethyl amino propyl)-N'-ethylcarbodiimide hydro-
chloride (EDC) was purchased from Sigma-Aldrich Co.
N-hydroxysuccinimide (NHS) was purchased from Aladdin
Co. (Shanghai, People’s Republic of China). Methyl alcohol
and anhydrous ethanol were purchased from Tianjin Shield
(Tianjin, People’s Republic of China). Acetonitrile was
obtained from Merck & Co., Inc. (Kenilworth, NJ, USA).
Digital multimeter MY 68 was from Mastech (Guangzhou,
People’s Republic of China).

Animals

SD rats (male, 3 weeks old) were purchased from Shanghai
SLAC Laboratory Animal Co. Ltd. (Shanghai, People’s
Republic of China). All animal experiments were performed
with the approval of the Animal Experimental Ethics
Committee of Zhejiang University. All animals were handled
in accordance with the National Institutes of Health Guide-
lines for the Care and Use of Laboratory Animals.

Methods

Preparation of porous three-dimensional scaffolds
The CNT/SF-nHA/PA66 scaffold was prepared as shown in
Figure 1. The CNT/SF mixture was prepared as follows. SF and
CNT were dispersed in distilled deionized water to produce
0.2 wt% SF solution and 5 mg/mL CNT dispersion, respec-
tively. To each SF solution, a given amount of the aforemen-
tioned CNT dispersion was added to produce CNT/SF mixture
with various CNT concentrations (0.2, 0.5, and 1 mg/mL).
The nHA/PA66 scaffolds (1 cm width X1 cm length x15 cm
height) were dipped in SF or CNT/SF mixture and kept at
room temperature for 24 hours. After infiltration, all the scaf-
folds were frozen at —80°C for 4 hours and then lyophilized
for 48 hours. Then, these scaffolds were crosslinked using
50 mmol/L EDC and 18 mmol/L NHS. The EDC/NHS
solution was prepared by dissolving 179.69 mg EDC and
41.432 mg NHS in 20 mL of 90% ethyl alcohol. To each
20 mL of EDC/NHS solution, 200 mg of dry scaffold was
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Figure | Preparation of scaffolds.
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Notes: (A) Preparation of CNT/SF-nHA/PA66 scaffold. (B) Preparation of DEX-loaded CNT/SF-nHA/PA66 scaffold.
Abbreviations: CNT, carbon nanotube; DEX, dexamethasone; EDC, N-(3-dimethyl amino propyl)-N’-ethylcarbodiimide hydrochloride; nHA, nano-hydroxyapatite;

NHS, N-hydroxysuccinimide; PA66, polyamide 66; SF, silk fibroin.

added and the scaffolds were cross-linked at room temperature
for 90 minutes. The cross-linked scaffolds were repeatedly
washed with distilled water and lyophilized again.

Scaffold characterization

The morphologies of the nHA/PA66, SF-nHA/PA66, and
CNT/SF-nHA/PA66 scaffolds were gold-sprayed and viewed
using the field emission scanning electron microscope (SEM)
(SU8010; Hitachi Ltd., Tokyo, Japan).

Fourier transform infrared spectra of the nHA/PA66,
SF-nHA/PA66, and CNT/SF-nHA/PA66 scaffolds were
recorded on an infrared spectrometer (1.0 mg sample in
100 mg of KBr powder) in the transmittance mode. The
samples were prepared by cutting each scaffold into very
thin sheets and grinding each sheet into powder.

The crystallinity of nHA/PA66 and CNT/SF-nHA/PA66
was investigated with an X-ray powder diffractometer (Shi-
madzu, Kyoto, Japan) using CuKo: (A=1.54 A) at 40 kV and
35 mA. The crystallinity phases of the samples were deter-
mined using diffraction angles from 10° to 80°.

The mechanical parameters of the nHA/PA66 and CNT/
SF-nHA/PAG66 scaffolds were measured using a mechanical
testing machine (AG-1, Shimadzu) with a crosshead speed of

0.5 mm/min. Cube-shaped scaffolds (1 cm width, 1 cm length,
and 15 cm height) were used for the compression tests.

The porosity of the nHA/PA66 and CNT/SF-nHA/PA66
scaffolds was determined using a mercury porosimeter
(AutoPore IV 9510; Micromeritics Instrument Corpora-
tion, Norcross, GA, USA). All the necessary calculations
were performed using the software Micromeritics Analyzer
(Micromeritics Instrument Corporation).

The nHA/PA66 and CNT/SF-nHA/PA66 scaffolds
were immersed in distilled water at room temperature for
24 hours to measure their swelling properties. After remov-
ing the excess water, the wet weight of the scaffolds (W)
was measured. Samples were then dried in an oven at 60°C
under vacuum overnight, and the dry weight of the scaffolds
(W,) was measured. The water absorption percentage of the
scaffolds was calculated using the following equation:

Water absorption % = (W, — W_)/W, x100% (1)

The conductivity of each CNT/SF-nHA/PA66 scaffold
was measured using the method described earlier.* Sample
surfaces were coated with silver paste to reduce contact
resistance between the sample and the electrodes. Two metal
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electrodes were connected to a digital multimeter (MY 68,
Mastech). Hydrated samples, which were 5x5x2 mm?
rectangle plates, were tightly clamped between the two elec-
trodes for the measurement. The resistance (R) measurement
was carried out ten times on each sample. R can be obtained
directly from the multimeter, and thus, the electrical conduc-
tivity ¢ can be calculated using the Pouillet’s law:

L
o=
RxA

2)

where L is the thickness and A is the surface area
of samples.

Degradation properties

Biodegradation of CNT/SF-nHA/PA66 scaffolds was evalu-
ated in simulated body fluid (SBF) at 37°C. The SBF was
prepared as described by Kokubo and Takadama.?® After the
CNT/SF-nHA/PA66 scaffolds were soaked in SBF for 1, 3,
5, 12, 15, 20, 24, and 30 days, the scaffolds were removed
and washed with deionized water. Then, the scaffolds were
dried at 37°C in a constant-temperature oven and weighed,
and change in the pH value of the SBF was measured. The
in vitro biodegradation rate was calculated as follows:

Degradation rate (%) = (D1 — D2)/D1 x100%  (3)

D1 represents the initial weight of the CNT/SF-nHA/PA66
scaffold and D2 represents the final weight of the CNT/SF-
nHA/PAG66 scaffold after exposure to the degradation solution.
Data were expressed as mean =+ standard deviation (n=3).

BMSC isolation, purification, and culture
Rat bone marrow—derived mesenchymal stem cells were
isolated and cultured by the adherence method. The bone
marrow of the femora of 3-week-old SD rats was harvested
using a previously reported protocol.?® The details can be
found in Supplementary materials.

Cell viability

The different scaffolds modified by CNT/SF solution with
various CNT concentrations (0.2, 0.5, and 1 mg/mL) were
evaluated according to the cell viability of BMSCs cultured
on the scaffolds. First, the nHA/PA66, SF-nHA/PA66,
0.2 mg/mL CNT/SF-nHA/PA66, 0.5 mg/mL CNT/SF-nHA/
PA66, and 1 mg/mL CNT/SF-nHA/PA66 scaffolds were
wetted in low-glucose DMEM (GL-DMEM) complete
medium for 4 hours to moisten the scaffolds, after which they

were transferred to 24-well culture plates. Then, the third pas-
sage of BMSCs (1x10° cells/10 pL) was seeded onto the top of
the prewetted scaffolds. The seeded scaffolds were incubated
at 37°C in a humidified atmosphere with 5% CO, for 3 hours
to allow cell attachment. Then, 1 mL of GL-DMEM complete
medium was added to each well. The medium was changed
every 3 days. The cell scaffolds were then cultured for 7 days.
Cells were washed three times in phosphate-buffered saline
(PBS). Then, the cells were visualized using confocal laser
scanning microscopy (IX81-FV1000; Olympus Corporation,
Tokyo, Japan). The emission wavelength and the excitation
wavelength of the green fluorescence observed were at 488
and 518 nm, respectively; the emission wavelength and the
excitation wavelength of the red fluorescence observed were
488 and 615 nm, respectively. Finally, MetaMorph software
(Molecular Devices, Sunnyvale, CA, USA) was used to
analyze the amount of red fluorescence (2.Scaffold area)
and green fluorescence (2.Cell area) and calculate the cell
viability per unit volume. The cell viability of BMSCs on the
scaffold was calculated using the following equation:

> Cell area 4)

Cell viability % = ————  x100%
2. Scaffold area

Cell attachment

SEM was used to investigate the morphology of BMSCs
grown on the different scaffolds. The samples were pre-
pared by washing them twice with PBS (pH 7.4); they
were then fixed with 4% paraformaldehyde in PBS at 4°C
for 20 minutes. Subsequently, these samples were fixed by
immersing in 2.5% osmic acid solution for 24 hours at 4°C.
The samples were then subjected to acetone dehydration with
critical point drying, sputter-coated with gold, and viewed
using an SEM at an accelerating voltage of 15 kV.

Drug release test

Drug release was investigated by placing the DEX-loaded
CNT/SF-nHA/PAG66 scaffold into a dialysis bag (3,000 MW)
containing different release media: PBS (pH 7.4) and 0.5%
sodium dodecyl sulfate (SDS) in PBS. The DEX-loaded
CNT/SF-nHA/PA66 scaffold in the dialysis bag was
placed in a centrifuge tube containing 50 mL of the release
medium. The centrifuge tube was placed in shaker incubator
at 37°C and 50 rpm. At 15 minutes, 30 minutes, 1 hour, 2
hours, 3 hours, 6 hours, 8 hours, 18 hours, 24 hours, 2 days,
4 days, and 6 days, 0.5 mL of the release medium (sample)
was withdrawn from the centrifuge tube and replaced with
0.5 mL of fresh release medium. The samples were analyzed
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by high-performance liquid chromatography (Agilent 1200;
Agilent Technologies, Santa Clara, CA, USA).

ALP activity assay

The different drug-loaded CNT/SF-nHA/PA66 scaffolds with
various concentrations of DEX (0.1, 1, and 5 mg/mL) were
evaluated regarding ALP activity of BMSCs on the scaffold.
First, the nHA/PA66, 0.1 mg/mL DEX-CNT/SF-nHA/PA66,
1 mg/mL DEX-CNT/SF-nHA/PA66, and 5 mg/mL. DEX-
CNT/SF-nHA/PA66 scaffolds were wetted in GL-DMEM
complete medium for 4 hours to moisten the scaffold, after
which they were transferred to 24-well culture plates. Then,
the third passage of BMSCs (1x10° cells/10 uL) was seeded
onto the top of the prewetted scaffolds. The seeded scaf-
folds were incubated at 37°C in a humidified atmosphere
with 5% CO, for 3 hours to allow cell attachment. Then,
1 mL of GL-DMEM complete medium was added to each
well. The medium was changed every 3 days. The culture
was aspirated and washed with PBS three times, and then
0.1% Triton-100 (500 uL) was added to each well followed
by incubation overnight at 4°C. The BMSCs on the scaffold
were completely smashed by repeat blows and then centri-
fuged at 3,000 rpm for 15 minutes. The supernatant was used
to determine the ALP activity with para-nitrophenyl phos-
phate as the substrate; the supernatant was incubated at 37°C
for 20 minutes and the reaction terminating solution (100
uL) was subsequently added into each well. Absorbance at

405 nm was measured by a spectrophotometer with a 96-well
microplate reader (Biotek, Winooski, VT, USA).

Results

Morphological analysis

Studies have reported that large holes can provide space for
new bone tissue growth and small holes can provide nutrition
for the tissues by capillary action. The minimum aperture
size that satisfies the essential requirements for bone tissue
regeneration is ~100—150 um.?” The SEM images presented in
Figure 2 show the morphological characteristics of the nHA/
PA66, SF-nHA/PA66, and CNT/SF-nHA/PA66 scaffolds.
The average diameters of the scaffolds were ~500 um. No
significant differences were observed between the diameters
of the nHA/PA66 and modified nHA/PA66 scaffolds. More-
over, the SEM images of the SF-nHA/PA66 scaffold showed
a protein-like structure (Figure 2E). In addition, the CNTs
could be observed in the SEM images of the CNT/SF-nHA/
PAG66 scaffold (Figure 2F and G).

Structural analysis

The structural changes in the nHA/PA66 scaffold
after surface modification were determined by Fourier
transform infrared spectra. Figure 3A shows the amine
peaks at 1,641 cm™, 1,539 cm™, and 3,302 cm™; an
O—-C=C-stretching vibration absorption peak at 1,641 cm™';
an N-H bending vibration peak at 1,539 cm™'; and PO,*

\ ;\«..../ Kﬁ/j \\ .
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W %

Bty g §
: KN s .
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SU8010 3.0 kV 9.1 mm x70 LM (L)
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' SOb ‘u‘m‘ '
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€

P vt
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Figure 2 SEM images of (A, D) nHA/PA66, (B, E) SF-nHA/PA66, (C, F, G) 0.2 mg/mL CNT/SF-nHA/PA66.

Notes: The average diameters of the scaffolds were ~500 um. SF-nHA/PA66 scaffold showed a protein-like structure (E). In addition, the CNTs could be observed in the
SEM images of the CNT/SF-nHA/PA66 scaffold (F and G). (A—C) Scale bar =500 um, (D) scale bar =I pum, (E—F) scale bar =5 um, and (G) scale bar =I pum.
Abbreviations: CNT, carbon nanotube; nHA, nano-hydroxyapatite; PA66, polyamide 66; SEM, scanning electron microscopy; SF, silk fibroin.

International Journal of Nanomedicine 2016:1 |

submit your manuscript

6185

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Yao et al Dove
B
100 ~ 100 [ = i
l. o o I‘ 'I(
—_ | i \ —_ L 1 7
é % 3 | | § % | i .-"‘ | II
[} ' Q i 'I
2 60 ! ot g e0f | | |
& ! a1 ] . A
E I LR E \ | A"
€ 40| ) 7 ¥ E 4w | L all
2 1 .",' “i 2 H | A
© n! i & | P 47
= 20} : ~ 20} w
i nl
0 i 1 i 1 i 1 i 1 1 0 L 1 1 " 1 4 L
4,000 3,500 3,000 2,500 2,000 1,500 1,000 4,000 3,500 3,000 2500 2,000 1,500 1,000
Wavenumbers (cm™) Wavenumbers (cm™)
C D
100
.* » * o)
J'g : o 250
, kD
S 80f ! —_
S | ! £ 200
/] i !
e e0f | ? e 3
s ' o] 0 150
E A }.'”" ! v‘,'| ,\,‘ b
5 40 | L @ 100
4 | S
© ’ ]
= 20 f i £ s i
LA
I |
0 ! : ! ! . . OH : ol ARt s et
4,000 3,500 3,000 2,500 2,000 1,500 1,000 10 20 30 40 50 60 70
Wavenumbers (cm™) 26 (°)
E
500
@ 450
€ 400
>
3 350
L 300
2 250
@ 200
@ 150 ,
£ 100 !
W Ml') um, "M. h \
0 08 W LY Dt A AT i apr/
10 20 30 40 5 60 70

26 (°)

Figure 3 FTIR spectra of the (A) nHA/PA66, (B) SF-nHA/PA66, (C) CNT/SF-nHA/PA66 scaffolds. XRD patterns of the (D) nHA/PA66, and (E) CNT/SF-

nHA/PA66 scaffolds.

Abbreviations: CNT, carbon nanotube; FTIR, Fourier transform infrared spectra; nHA, nano-hydroxyapatite; PA66, polyamide 66; SF, silk fibroin; XRD, X-ray diffraction.

absorption peaks at 562, 602, 962, and 1,031 cm™. Figure 3B
shows amide I, II, and III peaks at 1,651, 1,567, and
1,265 cm™, respectively, demonstrating the surface modifi-
cation of SF. Figure 3C shows CNT peaks at 3,358, 3,075,
2,975, and 2,728 cm™'.

Figure 3D shows the X-ray diffraction 26 peaks of nHA/
PA66 at 25.9°, 31.8°, 33.2°, 37.5°, 47.5°, 49.5°, and 55.5°.
Figure 3E indicates that the CNT/SF-nHA/PA66 scaffold did
not exhibit any obvious changes in X-ray diffraction peak
positions, but the peak intensity at 25.9° increased, while the
peak intensity at 55.5° decreased.

Scaffold property

Table 1 shows the porosity, water binding, and compressive
strength of the nHA/PA66 and CNT/SF-nHA/PA66 scaf-
folds. The porosities of the nHA/PA66 and CNT/SF-nHA/
PA66 scaffolds were 62.22% and 62.07%, respectively,
indicating no obvious changes after CNT/SF modifica-
tion. The compressive strength of CNT/SF-nHA/PA66
was 5.4 MPa, representing a 2% increase over that of
the nHA/PAG66 scaffold. The water-absorbing rate of the
scaffolds changed from 62.51% to 49.11% after CNT/SF
modification.
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Table | The porosity, water absorption, and mechanical property
of CNT/SF-nHA/PA66 scaffolds

Group nHA/PA66  CNT/SF-nHA/PA66
Porosity (%) 62.22 62.07

Water binding (%) 62.51+2.02 49.11+0.68
Compressive strength (MPa) 5.3 5.4

Note: The results of water absorption ratio obtained from three data values are
presented as mean + standard deviation, n=3.

Abbreviations: CNT, carbon nanotube; nHA, nano-hydroxyapatite; PA66, poly-
amide 66; SF, silk fibroin.

The conductivity of the CNT/SF-nHA/PA66 scaffolds
is shown in Figure S1. The conductivity increased with
the addition of CNT/SF to the scaffold, from 0.001575
S/m for the nHA/PA66 scaffold to 0.00336 S/m for the
0.2 mg/mL CNT/SF-nHA/PA66 scaffold. The increase
in conductivity by 113% can be due to the CNTs that are
dispersed in the structure of the conductive scaffolds. In
addition, the conductivity of the 0.2 mg/mL CNT/SF-nHA/
PAG66 scaffold is close to that of spongy bone in human
(0.01-0.06 S/m),?® demonstrating the feasibility of apply-
ing electrical signals on these scaffolds to accelerate tissue
regeneration.

Degradation test

The weight changes of the CNT/SF-nHA/PA66 scaffold
in SBF were determined at different time points to reflect
the changes in the rate of degradation. A bone scaffold will
form an apatite-like material in the bone marrow after it is
implanted in the human body, and the layered structure can
increase the compatibility with body tissue.”> SBF is cur-
rently the most commonly used simulation solution to test
the in vitro biological activity of materials. Figure 4 shows
the degradation rate of the CNT/SF-nHA/PA66 scaffold up
to 30 days. In the first 12 days, the weight of the scaffold

g 15 - | « Degradation ratio (%) ® pH | 176
2 1o S5
€ 105 N L }/\/ '
S 100+ F/_L,,A\\/ | 174 L
® 95~
o 73
g 9
o 85 — 7.2
(=] 1 3 5 12 15 20 24 30
Time (days)

Figure 4 Degradation ratio of CNT/SF-nHA/PA66 scaffolds.

Notes: The degradation samples were evaluated in SBF from | to 30 days.
The results obtained from three data values are presented as mean + standard
deviation, n=3.

Abbreviations: CNT, carbon nanotube; nHA, nano-hydroxyapatite; PA66,
polyamide 66; SBF, simulated body fluid; SF, silk fibroin.

decreased, indicating the degradation of SF on the surface
of the CNT/SF-nHA/PAG66 scaffold. In the next 18 days, the
weight of the scaffold increased, indicating the deposition
of calcium, phosphorus, and other mineral elements on the
surface of CNT/SF-nHA/PA66. The pH of degradation liquid
changed over 30 days. At 3 days, the pH value dropped and
then increased. The drop was presumably because of the
degradation of acidic amino acids in SF, and the increase
was caused by the effect of CO, in air. The details of high-
performance liquid chromatography could be found in
Figures S2 and S3 and in Tables S1-S3.

Formulation selection

A live/dead viability cell image kit was used to evaluate the
viability of BMSCs on the scaffolds. The green and red flores-
cence signals correspond to the BMSCs and scaffold, respec-
tively. The confocal images show that BMSCs grew well on
the scaffolds, and a higher cell density on the surface of the
scaffolds can be observed in Figure 5 and Videos S1, S2, S3,
S4, and S5. The images were analyzed using MetaMorph
software, and the cell viability percentage values per unit
volume on the nHA/PA66, SF-nHA/PA66, 0.2 mg/mL
CNT/SF-nHA/PA66, 0.5 mg/mL CNT/SF-nHA/PA66, and
1 mg/mL CNT/SF-nHA/PA66 scaffolds were 24.84%,
16.14%, 27.54%, 13.70%, and 10.77%, respectively. The
0.2 mg/mL CNT/SF-nHA/PA66 scaffold showed the best
biological compatibility with BMSCs among those tested.
Thus, we selected this scaffold for the following study.

Cell attachment

We used SEM to investigate the cell morphology after cultur-
ing on different scaffolds. Figure 6 shows that BMSCs cul-
tured on the nHA/PA66, SF-nHA/PA66, and CNT/SF-nHA/
PA66 scaffolds adhered and grew well; some cells grew into
the large hole of the scaffold. The SEM images illustrate that
the nHA/PAG66 scaffold with surface modification has good
cell compatibility.

Drug release behavior

It is widely known that CNTs have high specific surface area
and can easily adsorb DEX. Oxidized CNTs with holes in
their pipe ends and sidewalls can adsorb higher amounts of
DEX than nontreated CNTs. CNTs can adsorb 200 mg/g
of DEX. In 2005, Murakami et al successfully completed
a preliminary experiment on the use of CNTs as a drug
delivery system.?” DEX-loaded CNTs have been reported to
have a good basis and feasibility for use in drug delivery.3*34
Oxidized CNTs with holes in their pipe ends and sidewalls
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Figure 5 Live/dead cell staining. Confocal images of BMSCs in (A) nHA/PA66, (B) SF-nHA/PA66, (C) 0.2 mg/mL CNT/SF-nHA/PA66, (D) 0.5 mg/mL CNT/SF-nHA/PA66,

and (E) | mg/mL CNT/SF-nHA/PA66 scaffolds.

Notes: Green fluorescence: BMSCs; red fluorescence: scaffold. Bar =200 im. MetaMorph software was used to analyze the amount of red fluorescence (X Scaffold area) and
green fluorescence (X.Cell area). The cell viability of BMSCs on the scaffold was calculated using the following equation: cell viability % = (XCell area/>Scaffold area) x100%.
Abbreviations: BMSCs, bone mesenchymal stem cells; CNT, carbon nanotube; nHA, nano-hydroxyapatite; PA66, polyamide 66; SF, silk fibroin.

can adsorb higher amounts of DEX by n—m interactions of
aromatic moieties.*

Figure 7 shows the cumulative amount of DEX
released from drug-loaded CNT/SF-nHA/PA66 scaffolds.
DEX was released at levels of 32% and 28% in 0.5% SDS
and PBS, respectively, at 2 hours. At 8 hours, DEX was

.

SU8010 1.0 kV 9.3 mm x100 LM (UL) '

SU8010 1.0 kV 9.3 mm x600 LM (UL)

SU8010 1.0 kV 9.4 mm x600 SE (UL

released at a level of 60% in 0.5% SDS and 57% in PBS.
Within 24 hours, the cumulative amount of DEX released
was 97% in 0.5% SDS and 66% in PBS. At 6 days, the
cumulative amount of DEX released reached 98% in
0.5% SDS and 73% in PBS. It was speculated that DEX
was released mainly through diffusion during the first

SU8010 1.0 KV 8.9 mm x250 LM (UL)

SU8010 1.0 KV 8.9 mm x600 SE (UL) D00 m

Figure 6 SEM photographs of the BMSCs cultured on (A, D) nHA/PA66, (B, E) SF-nHA/PA66, and (C, F) 0.2 mg/mL CNT/SF-nHA/PA66 scaffolds for 7 days.
Abbreviations: BMSCs, bone mesenchymal stem cells; CNT, carbon nanotube; nHA, nano-hydroxyapatite; PA66, polyamide 66; SEM, scanning electron microscopy;

SF, silk fibroin.
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Accumulative drug
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Time (days)

Figure 7 Drug release profiles in different release media.

Notes: The cumulative amount of DEX released from DEX-loaded CNT/SF-nHA/
PAG66 scaffolds in dialysis bags (3,000 MW) contained a release medium consisting of
either PBS (pH 7.4) or 0.5% SDS in PBS. Inset shows magnified area identified by the
dotted lines. The results obtained from three data values are presented as mean +
standard deviation, n=3.

Abbreviations: CNT, carbon nanotube; DEX, dexamethasone; nHA, nano-
hydroxyapatite; PA66, polyamide 66; PBS, phosphate-buffered saline; SDS, sodium
dodecyl sulfate; SF, silk fibroin.

24 hours, and further drug release occurred slowly after
24 hours.

ALP activity assay

As shown in Figure 8, the DEX-loaded CNT/SF-nHA/PA66
scaffold had an inducing effect on BMSC osteogenesis.
Different concentrations of DEX had different effects on
BMSC osteogenesis. At a DEX concentration of 1 mg/mL,
the DEX-loaded CNT/SF-nHA/PA66 scaffold had the stron-
gest effect on promoting the secretion of ALP.

Discussion

The healing of bone defects has always been a challenge.
Traditional treatments include autogenous bone graft, allograft
bone transplantation, and artificial bone material transplanta-
tion. However, the source of autologous bone grafts is limited
and the surgery causes trauma to the patient. Allograft bone
transplantation may induce immunological rejection, and the
osteogenesis performance of artificial bone transplantation
material is uncertain. Bone tissue engineering has opened up a
new path for the clinical treatment of bone defects. Composite
scaffolds with a biomimetic structure and good biological
compatibility, osteoconductivity, and osteoinductivity are cur-
rently a key point for bone tissue engineering.**” Some inor-
ganic materials have been reported to improve the mechanical
and biological properties of bone tissue scaffold.’**

The nHA/PA66 porous scaffolds fabricated by a phase
inversion method provide a good imitation of natural bone
and have been widely used in orthopedics. Xu et al* inves-
tigated a porous nHA/PA66 scaffold material and showed
that three-dimensional pore structures could facilitate cell
adhesion, differentiation, and proliferation, and promote
fibrovascular and nerve colonization. Porous n-HA/PA66
scaffold material could be a good candidate as bone substitute
material because of its excellent histocompatibility, osteo-
conductivity, and osteoinductivity. Multiphase composite
scaffolds or surface-modified scaffolds based on nHA/PA66
two-phase composites have been fabricated in order to build
scaffolds that are more biocompatible.
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Figure 8 ALP activity of the BMSCs cultured on drug-loaded CNT/SF-nHA/PA66 scaffolds for 14 days.
Notes: The different drug-loaded CNT/SF-nHA/PA66 scaffolds with various DEX concentrations (0.1, |, and 5 mg/mL) and the nHA/PA66 scaffolds were evaluated regarding
the ALP activity of BMSCs on the scaffold for 14 days. Data are presented as mean = standard deviation, n=5; **P<0.01 vs blank control, #P<0.05, and #P<<0.01 vs nHA/

PA66 scaffold.

Abbreviations: ALP, alkaline phosphatase; BMSCs, bone mesenchymal stem cells; CNT, carbon nanotube; DEX, dexamethasone; nHA, nano-hydroxyapatite; OD, optical

density; PA66, polyamide 66; SF, silk fibroin.
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With further development of bone tissue engineering,
the use of drug-eluting stents has become a popular trend.*!
Drug-eluting stents loaded with growth factors or anti-
inflammatory drugs can promote bone tissue repair or treat
an infection.** Our research is the first to fabricate the drug-
loaded nHA/PA66 conjugated CNTs scaffold. The CNTs
improved the mechanical and conductive properties of nHA/
PA66 scaffold. Also, the DEX-loaded CNT/SF-nHA/PA66
composite scaffold could successfully promote osteogenic
differentiation of BMSCs. This system opened up a brand
new way for bone tissue engineering.

In our study, a porous nHA/PA66 scaffold was modi-
fied with MWCNT-COOH and SF by freeze-drying and
chemical cross-linking methods in order to further improve
the growth environment of the bone interface after implant.
We used CNTs at a concentration of 0.2 mg/mL in a CNT/
SF mixture to modify the nHA/PA66 scaffolds and loaded
DEX into CNT to fabricate a drug-loaded CNT/SF-nHA/
PAG66 scaffold that could promote the osteogenic differentia-
tion of BMSCs.

The topological structure as well as aperture of scaf-
folds is extremely important for cell growth and nutrient
transport. The SEM results presented in Figure 3 show that
the average diameters of the CNT/SF-nHA/PA66 scaffolds
were ~500 um, meeting the requirement of a bone tissue
scaffold.”” The freeze-drying combined with chemical cross-
linking method successfully modified the surface of nHA/
PA66 and did not destroy the original pore structure of the
scaffold. In addition, the porosity and the pore diameter of
a bone tissue engineering scaffold are extremely important
for cell growth, nutrient transport, and bone formation. High
values of porosity and specific surface area enhance the
adhesion and growth of seed cells, deposition of extracellular
matrix, and delivery of nutrients and oxygen.* The porosity
of the CNT/SF-nHA/PA66 scaffold is about 62%, meeting
the requirement for bone tissue engineering. Moreover, the
hydrophobicity of a bone scaffold can affect its compatibility.
A high water absorption value is not conducive to seed-cell
adhesion, proliferation, and osteogenesis, and thus affects the
ingrowth of new bone tissue.*’” The water absorption value
of a polymer is related to the polarity of the chemical bonds
among the molecules. The polarity of the amide bonds in
PAG66 is very strong; thus, it can easily form hydrogen bonds
with water molecules, which leads to a high water absorp-
tion value. Since CNTs and SF have hydrophobic structures,
the water absorption of the CNT/SF-nHA/PA66 scaffold is
lower than that of the nHA/PA66 scaffold. The demand for
bone tissue engineering scaffolds is relatively high, and they

must possess not only a porous structure and good biocom-
patibility but also sufficient mechanical strength and bone
conductibility. The necessity for both a porous structure and
mechanical strength can be difficult to achieve because as
porosity increases, the mechanical strength decreases. The
challenge in bone scaffold preparation is to improve the
mechanical strength while ensuring a porous structure.
The results presented in Table 1 show that the compressive
strength increased by 2% after surface modification with
CNTs and SF. The results presented in Figure 4 show the
form of hydroxyapatite developed on the surface of the CNT/
SF-nHA/PAG66 scaffold in the final 15 days, demonstrating
its good mineralization ability in vitro.

Cell adhesion is an important reference value to measure
the compatibility of scaffold materials. The selection of the
surface features of a material is an important factor because
cells respond to microscale or nanoscale surface structures,
and contact with the surface regulates cell adhesion and
growth behavior.*® Currently, one problem in the bone tissue
engineering field is insufficient cell adhesion, which affects
cell proliferation, differentiation, and osteogenesis.* The cell
experiment shown in Figure 5 indicates that BMSCs cultured
on the CNT/SF-nHA/PA66 scaffold exhibited good adhesion
and proliferation abilities.

DEX can promote the expression of osteoblast genes and
is a commonly used small-molecule drug for inducing the
osteogenic differentiation of BMSCs.>® The expression of
ALP in the extracellular matrix is considered to be an early
sign of BMSC maturation, reflecting differentiation into
mature bone cells and matrix mineralization.’! Figure 6 shows
that the drug-loaded scaffold had an osteogenesis-inducing
effect on BMSCs, and different concentrations of DEX had
different effects on BMSCs. At a concentration of 1 mg/mL,
DEX had the strongest effect on increasing ALP activity. The
drug release behavior of DEX can promote the osteogenic
differentiation of BMSCs. All these results indicate that the
CNT/SF-nHA/PAG66 scaffold fulfills the basic requirements
of bone tissue engineering, and it has potential for application
in bone defect repair.

Conclusion

The results of our study showed that the nHA/PA66 scaf-
folds modified with CNTs and SF by freeze-drying and
cross-linking are useful in bone tissue engineering.The
DEX-loaded CNT/SF-nHA/PA66 composite scaffold can
promote osteogenic differentiation of BMSCs, and the
drug-loaded scaffolds are expected to be effective as bone
tissue engineering scaffolds.
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Supplementary materials

Method

BMSC isolation, purification, and culture

Sprague Dawley rats were euthanized by cervical dislocation
and the femora explanted under aseptic conditions. The bone
marrow was flushed out into 25 mL of a modified isolation
medium including low-glucose Dulbecco’s Modified Eagle’s
Medium (DMEM), 10% fetal bovine serum, L-glutamine,
penicillin, and streptomycin by using a 20 mL injector,
filtered through a sieve, and then centrifuged at 1,200 rpm
for 5 minutes. The pellet was resuspended in 10 mL of
modified DMEM-low glucose medium. The suspension
was then incubated in 25 cm? flasks at 37°C in a humidified

0.006 =
0.005 4
0.004 4

0.003 4

Electrical
conductivity (S/m)

0.002 4

0.001 4

0

atmosphere with 5% CO,. The medium was refreshed after
48 hours of culture and then replaced every other day. Cell
passaging was performed when the cell confluence reached
90%. The second-passage cells at subconfluence were used
for all experiments up to the fifth passage.

High-performance liquid chromatography

Conditions for the high-performance liquid chromatograph
detection of dexamethasone: chromatographic column,
Diamonsil C18 (5 um, 250x4.6 mm); mobile phase, ace-
tonitrile monohydrate (4:6); flow rate, | mL/min; sample
quantity, 20 puL; detection wavelength, 240 nm; column
temperature, 25°C.

Figure S| The electrical conductivity of nHA/PA66, 0.2 mg/mL CNT/SF-nHA/PA66, 0.5 mg/mL CNT/SF-nHA/PA66, and | mg/mL CNT/SF-nHA/PA66 scaffolds.
Abbreviations: CNT, carbon nanotube; nHA, nano-hydroxyapatite; PA66, polyamide 66; SF, silk fibroin.
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Figure S2 HPLC fingerprint spectrum of DEX.

Notes: Chromatographic column, Diamonsil C18 (5 um, 250x4.6 mm); mobile phase, acetonitrile monohydrate (4:6); flow rate, | mL/min; sample quantity, 20 uL; detection

wavelength, 240 nm; column temperature, 25°C.

Abbreviations: DEX, dexamethasone; HPLC, high-performance liquid chromatography.
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Figure S3 HPLC standard curve of DEX.

Abbreviations: DEX, dexamethasone; HPLC, high-performance liquid chromatography.

Table S1 The result of intraday and interday precision (n=5)

Concentration Within-day Between-day
(ng/mL) Mean RSD (%) Mean RSD (%)
5 229.70 0.31 227.00 1.90
10 449.87 0.07 466.38 1.70
15 699.03 0.22 675.56 0.70
Note: Method validation of HPLC.
Abbreviations: HPLC, high-performance liquid chromatography; RSD, relative standard deviation.
Table S2 The stability of dexamethasone (n=3)
Time (h) Peak Mean RSD (%)
0 1,018.9 1,021.8 0.3
4 1,020.9
8 1,027.1
12 1,024.2
24 1,018.0
Note: Method validation of HPLC.
Abbreviations: HPLC, high-performance liquid chromatography; RSD, relative standard deviation.
Table S3 The recovery rate (n=5)
Added (ng/mL) Recovered (ng/mL) Recovery (%) Mean (%) RSD (%)
1.90 1.84 96.84 95.96 0.84
1.82 95.79
1.81 95.26
7.60 7.33 96.45 96.54 0.16
7.35 96.71
7.33 96.54
18.24 17.63 96.66 96.87 0.23
17.71 97.09
17.67 96.87

Note: Method validation of HPLC.
Abbreviations: HPLC, high-performance liquid chromatography; RSD, relative standard deviation.
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