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Abstract Chitosan (Ch), Poly(DL-lactide-co-glycolide) (DL PLG) and Multiwalled Carbon Nanotubes (MWCNT) were
used to fabricate biodegradable porous scaffolds for applications in tissue engineering by thermally induced phase separation
(TIPS) technique. Through the use of a Field Emission Scanning Electron Microscopy, the variation in porous morphology
was studied. The cumulative results obtained from IR and X-ray diffraction spectra, TGA, DSC and Mechanical properties
suggest that there is a chemical interaction between the components of the composite. Also, In vitro cell culture of Wistar
rat’s osteoblasts were used to evaluate the phenotype expression of cells in the scaffolds, characterizing the viability and
alkaline phosphatase (ALP) activity. Moreover, it was confirmed the mineralization of the cells by IR spectra and EDS

analysis. Our results thus show that Ch/DL PLG/MWCNT scaffolds are suitable for biological applications.
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1. Introduction

Bone tissue has limited ability to self-repair defects due to
trauma or diseases that may not heal and result in non-union
problems. This situation must be aided by the use of bone
substitutes or bone grafts [1]. Tissue engineering is a
disciplinary field focused on the development of solutions of
critical problems related with tissue loss and organ failure.
The substitutes developed must be able to restore, maintain
or improve tissue function. For these reasons, the materials
used for tissue engineering must stimulate specific cell
response at molecular level to favour cellular attachment,
proliferation, differentiation and extracellular matrix
production. Also, the biomaterial must have adequate
mechanical properties and biocompatible surface [2],
nontoxic, being biodegradable and adequate for the diffusion
of gases and nutrients [3].
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Biocompatible natural and synthetic materials including
polymers and ceramics have been studied for their potential
use for the repair and regeneration of bone defects [1]. The
biodegradable polymers that are used for this purpose
includes polylactic acid (PLA), polyglycolic acid (PGA),
polyanhydrides, polyfumarates (PF), polyorthoesters and
polycaprolactones [4]. Previously, a Chitosan/PLGA
composite has been tested for bone engineering, showing
evidence of enhanced alkaline phosphatase activity and
elevated gene expression of osteoblast-specific markers [1].
Also, derivatives of PLGA such as poly(d,l-lactide-co-
glycolide) have been used in a composites with
hydroxyapatite for drug release and to promote
osteointegration [5]. The poly(lactide-co-glycolide) (PLGA)
is a biodegradable polymer that does not require surgical
removal and can be processed in different shapes. Also, it is a
biodegradable polymer with good biocompatibility [6].

On the other hand, chitosan is a heteropolysaccharide
consisting of poly B(1,4)-D-glucosamine units, and it is
cationic  polysaccharide obtained by the alkaline
deacetylation of chitin, the main component of exoskeletons
of crustaceans and insects [7, 8]. Chitosan has been used in
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diverse tissue engineering applications due to its low cost,
antimicrobial activity and biocompatibility [9].

Carbon nanotube combined with different materials has
received enormous interest because of their potential
applications in medicine and solar cell field [10]. It has been
used as a filler in polymer based composites, in order to
improve mechanical, electrical and thermal properties of
composites [11, 12]. Carbon nanotubes have an excellent
potential to improve those characteristics due to their small
dimensions, high aspect ratio (length to diameter), strength
and stiffness [13].

Previously, our group dedicates efforts to produce a
homogenous mixture of poly (DL, lactide) and chitosan by
phase separation method [14] in which it was investigated
the behavior of primary osteoblast cultured in the scaffold
[15]. The composite developed showed good proliferation
maintaining the osteogenic phenotype, but the mechanical
and thermo-physical properties had to be yet improved.
Carbon nanotubes have shown the potential to improve the
mechanical properties of a polymer-based composites, but
bioactivity and biocompatibility must be tested.

In order to evaluate the potential applications in bone
engineering, a chitosan/poly (DL-lactide-co-glycolide /
Multiwalled carbon nanotubes) (Ch/DL PLG/MWCNT)
composite was produced as a scaffold using thermally
induced phase separation. Therefore, in this work, the
synthesis, morphology, FTIR, X-ray diffraction spectra,
mechanical an thermal characterization of these composites
is describe. Moreover, in this study we investigated the
behavior of primary osteoblast cultured in the presence of
chitosan and  poly(DL-lactide-co-glycolide)/MCWNT
composite scaffold. Then, biomineralization, alkaline
phosphatase (ALP) activity, cell viability and DNA
quantification of osteoblasts in the scaffolds were evaluated.

2. Materials and Methods

2.1. Materials

Chitosan (310,000-375000 Da and 75-85% deaceylated)
was purchased from Sigma-Aldrich (United States). 75:25
Poly (DL-lactide-co-glycolide) with an inherent viscosity
range of 0.55-0.75dK/g in CHCL; was purchased from
Lactel (United States). Glacial Acetic Acid (Mallinckrodt,
United States) was used as solvent.

Chitosan/Poly (DL-lactide-co-glycolide)/Multiwalled
carbon nanotubes was prepared using the thermally induced
phase separation technique. The MWCNT were fabricated
and purified in our laboratory by spray pyrolysis method
according with a previous published work [16]. Chitosan/DL
PLG composites at 70/30 composition were prepared to add
MWCNT with different concentrations. The composites
were prepared by a previous reported procedure [14]. Firstly,
measured percentage of the purified MWCNT was dispersed
in 1% (v/v) aqueous glacial acetic acid by sonication for 5
minutes at room temperature. Then, Chitosan was added to

the MWCNT solution and mixed together. Following, 5%
(% w/v) DL-PLG in chloroform was added to the Chitosan /
MWCNT solution at a rate of 1 drop/minutes, approximately.
After the DL PLG solution was completely added to the
chitosan solution, the solution was stirred for one hour
followed by 10 minutes of sonication in order to eliminate
the gas from the mixture. After this process, each composite
was frozen at -78 C for 6 hours. The solvent was then
extracted by a freeze drying system Labconco FreeZone 2.5.
The composites were neutralized at -20°C by immersion in
ethanol during 12 hours followed by another 12 h immersion
into NaOH-CH;CH,OH aqueous solution (prepared using an
80 % ethanol aqueous solution mixed previously with
0.5(W%/w%) of NaOH. Then the samples were washed and
rinsed with distilled water.

2.2. Physical Characterization of the Samples

In order to make the chemical characterization of the
composites FTIR-ATR spectrometer Nicolet 6700 was used.
Each dried sample was used without any special preparation
for the FTIR scan. All spectra were recorded using 100 scans
and 32 cm™' resolution. Also, all FTIR spectra were recorded
as absorbance values at each data point in triplicate. The
X-ray diffraction patterns of the samples were analyzed at 26
values between 5° and 80° with a step size of 26=0.02° in an
X-ray diffraction instrument in continuous mode
(PANanalytical X’Pert PRO). The morphology was analyzed
in a Field Emission Scanning Electron Microscope JEOL
JSM-7000F. The average pore size and the pore size
distribution were measured using the Scandium Universal
SEM Imaging Platform software (Soft Imaging System)
from the SEM micrographs in the original magnification.
Three different cross-section of each scaffold were used to
estimate the pore size and at least 100 pores to estimate the
distribution.

Thermogravimetric analysis (TGA) of Chitosan/DL
PLG/MWCNT composites was carried out using TG
analyser (SDT Q600 from TA Instruments, United States).
The dry samples were heated from room temperature to
750°C at 10°C/minutes under nitrogen atmosphere with a
flow rate of 80 mL/minutes. The first derivative of the
mass-change with respect to time (DTG) was calculated and
plotted as a function of the temperature. Differential
Scanning Calorimetric (DSC) measurements were carried
out on DSC Q200 V200 V24.8 Build 120 (TA Instruments,
United States). The samples were cooled from room
temperature to -50°C at a rate of 20°C/minutes. Finally, they
were heated from -50°C to 250°C at 10°C/minutes under an
argon atmosphere at 80 mL/minutes. The reproducibility of
TGA/DSC analysis was checked by analyzing three samples
from each scaffold. From the weight decrease between
200°C and 400°C, the relative error was 3.1 %. In the case of
remaining weight at 750°C, the relative error was 2.88%.
RSA III (Rheometrics Analyzes System) TA was used in
static mode at a frequency of 6.2832 rad/s and 37°C. Disks of
approximately 10 mm in thickness and 25 mm in diameter
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were used in all the experiments. Three samples of each
composition were measured and mounted in a compression
clamp.

2.3. Biological Characterization of the Samples

Rats Sprague Dawley (14-days old) were used for the
isolation of osteoblasts from calvarian. The isolation was
made using a previously published method [15]. Briefly, the
calvaria tissue were dissected and prepared by enzymatic
digestion using collagenase (type I) in phosphate buffered
saline (PBS) at 37°C. The cells were dissociated by repeated
pipetting. National guidelines for the care and use of
laboratory animals were observed.

For the culture, it was used 3 scaffolds of each sample
(1 cm?) for the different biological tests previously sterilized
in an ethanol bath for 5 minutes and washed with sterile DI
water. The scaffolds were placed in a 24 well-culture plate
and exposed to UV light for 2 hours. After the UV
sterilization, 300 pl of a-Mem supplemented with 10% fetal
bovine was added to each scaffold and incubated at 37°C
overnight for degasification.

After this procedure, 50,000 osteoblasts calvaria cells
were pooled into the scaffolds and cultured in the prepared
solution of a-MEM supplemented with 10% fetal bovine, 1%
antibiotics, 2.1 mg/ml B-glycerophosphate and 50 pg/ml
ascorbic acid in an incubator at 37°C with 5% CO,. The
medium was replaced carefully every 2 days without
disturbing the samples. Cultures were finished at 1, 3 and 7
days.

After the incubation period, the samples were rinsed with
PBS (pH 7.4), and immersed in PBS containing 3%
Glutaraldehyde for 4 h to fix the cells, followed by rinsing
with PBS for 10 minutes. They were dehydrated with ethanol
solutions (from 30% to 100%) for additional 30 minutes,
being allowed to dry. A Field emission scanning electron
microscopy JEOL JSM-7000F coupled with an
energy-dispersive system EDS 7557 INCA Oxford
Instruments (England) was used to characterize the
morphology and to observe cell proliferation on the surface
of the sample.

The alkaline phosphatase (ALP) activity of the osteoblasts
on the scaffolds was measured. A set of control and test
cultures were harvested on days 1, 3 and 7 and washed twice
with PBS. The osteoblasts were lysed with 1% Triton X-100

in DEPC-treated water and three freeze-thaw cycles at -70°C.

The alkaline phosphatase activity in the lysed cells was
determined using an alkaline phosphatase substrate assay kit
(Pierce  biotechnology, Monterrey, Mexico) with
p-nitrophenyl phosphate as substrate. The alkaline
phosphatase activity was measured at 405 nm (Microplate
spectrophotometer Bench mark plus, BIO-RAD).

The MTT assay was performed for viability analysis of the
cells. After incubation, the well plates were taken out from
the incubator, eliminated all the media, plates were washed
with PBS and 50 pL of MTT solution (Smg/mL in PBS) was
added in each well. After incubation for 3 h, 400 pL of

DMSO (dimethyl sulfoxide) was added in each well and it
was leave in repose for 30 minutes. 100 pL of this solution
was shifted to the 96-well plate. The optical density was
measured using microplate reader (Bench marck plus,
BIO-RAD) at 570 nm. Positive controls were also prepared
for comparison purpose. Furthermore, Pico Green Assay
(Invitrogen) was used to measure the DNA content of the
samples incubated with osteoblast for proliferation,
following the manufacturer’s protocol.

Finally, the data obtained were evaluated for statistical
significance using the Student’s t-test. The results are
reported as mean + SD and the differences observed between
composites results were considered significant when p<0.05.

3. Results

3.1. Morphology

In Figure 1 the morphology of the composites is shown
where a porous structure can be appreciated, the lyophilized
and neutralized composites present a porous structure with
the MWCNT embebed into a continuous polymeric matrix.
A higher magnification shows that inside the big porous of
the composites exist a highly interconnected porous structure
(<20 pm porous) (Table 1). Figure 2 shows the changes in
the polymeric matrix as the MWCNT content increases
inside it. These changes show that as the MWCNT content
increases the porosity is less interconnected than in the
chitosan composite, possible due to an increase of internal
stress in the matrix produced by the nanotubes.

Table 1. Pore size distribution of the Ch/DLPLG/MWCNT composites.
Three different cross-section of each scaffold were used to estimate the pore
size and at least 100 pores to estimate the distribution

Composite
Ch/DLPLG/ | Porosity % ( ;5)00/ (5 0{;11)502 15 ?T;)zf/o
MWCNT pm)vo (I (R
70/30/0% 67.07 £3.02 36.36 57.39 6.25
70/30/10% | 84.58+2.10 41.42 51.51 7.07
70/30/15% | 69.49+4.51 50.86 44.00 5.14
70/30/20% | 78.72+3.23 32.32 57.58 10.10
4. Results
4.1. Morphology

In Figure 1, the morphology of the composites is shown
where a porous structure can be appreciated. The lyophilized
and neutralized composites present a porous structure with
the MWCNT embedded into a continuous polymeric matrix.
A higher magnification shows that inside the big porous of
the composites exist a highly interconnected porous structure
(<20 pm porous) (Table 1). Figure 2 shows the changes in
the polymeric matrix as the MWCNT content increases
inside it. These changes show that as the MWCNT content
increases the porosity is less interconnected than in the
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chitosan composite, possible due to an increase of internal
stress in the matrix produced by the nanotubes.

4.2. FTIR Analysis of the Composites

Infrared spectroscopy (FTIR) is an analytical technique
that measures the absorption of various infrared light
wavelengths by the material identifying specific molecular
components and structures [11]. Figure 3, shows that the
N-H bending vibration of chitosan band shifted from
1556.3 cm™ to 1554.4 cm™, 1555.3 cm™ and 1544.5 cm™,
respectively for 10%, 15% and 20% composites. The spectra
of 20% composite show a reduced intensity on the band at
1069.7 cm™, that could imply an interaction of the ether bond
of chitosan with the poly(lactide-co-glycolide) and the
MWCNT. The spectra of composites show a band between
1409 cm™ and 1426cm™ assigned to the CH; bonds of
DLPLG. This spectra show a pronounced band at 1741 cm™
that corresponds to C=0 bond of the DLPLG that increases
its intensity as the content of MWCNT increased in the
composites. The FTIR spectra of composites show also the
main absorption peaks of carbon nanotubes. Band
corresponding to O-H deformation and C-O stretching [17]
was shifted from 1220 cm™ to 1217.6 cm™ and 1219.3 cm”,
respectively for 15% and 20% composites and increase as
the content of MWCNT increase in the composite. The band
was not evident in the 10% composite. Thus, it could be
possible the existence of hydrogen bonds between the amino
groups of chitosan and carboxyl groups of DL PLG or
hydroxyl groups of chitosan and carboxyl groups of DL PLG
as it was suggested by previous research [14, 15].

e 5

Figure 1. SEM Micrographs of Ch/DLPLG/MWCNT composites: a)
70/30/0 Ch/DLPLG/MWCNT, b) 70/30/10% Ch/DLPLG/MWCNT, c)
70/30/15% Ch/DLPLG/MWCNT and d) 70/30/20% Ch/DLPLG/MWCNT

Figure 2. SEM Micrographs of Ch/DLPLG/MWCNT composites: a)
70/30/0 Ch/DLPLG/MWCNT, b) 70/30/10% Ch/DLPLG/MWCNT, c)
70/30/15% Ch/DLPLG/MWCNT and d) 70/30/20% Ch/DLPLG/MWCNT
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Figure 3. FTIR spectra of the Ch/DLPLG/MWCNT scaffolds. All FTIR spectra were recorded as absorbance values at each data point in triplicate
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4.3. Thermal Analysis of the Composites

The TGA thermograms for 70/30/0 Ch/DLPG/MWCNT
composite and samples with MWCNT content, 70/30/10%,
70/30/15% and 70/30/20% are shown in Figure 3a. It was
observed that the thermal stability of the original composite
(70/30/0  Ch/DLPG/MWCNT) improved by addition of
MWCNT. In general, the TGA profiles of the Ch/DPLG /
MWCNT composites showed that it will decompose before
melting. The Ch/DLPLG composite was thermally
decomposed in the region of 228°C and 391°C as shown in
Figure 4. This thermal decomposition could be attributed to
the dehydration of the saccharide rings and followed
decomposition of chitosan backbone [18] and the main
decomposition of the DLPLG [14].

In general, as the percentage of MWCNT increases, the
thermal stability of the composites increases as well, with the
percentage of decomposition improved from 97.27% to
88.24% for the Ch/DLPLG and Ch/DLPLG/20% composite,
respectively. The initial temperatures of maximum
decomposition were diminished from 306.06° to 285.56°C
for the original and the 20% MWCNT content composite,
respectively.

There are two main stages of degradation in the TGA
curve of all samples. The initial weight loss of the
composites (100-150°C) is due to evaporation of the water.
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Figure 4.

checked by analyzing three samples of each scaffold

13

This loss depends on the initial moisture content of the
composites as it was previously reported [14]. The severe
weight loss is called main region of decomposition in Table 2.
It is due to the decomposition of the major components of the
composites. The weight-loss percentage of all samples was
differentiated and the derived data are depicted in Table 2.
The DTG profiles show that the Ch-DL PLG and MWCNT
composites have only single peak for all composites,
indicating that the chemical interaction between
Chitosan-DLPLG and MWCNT resulted in a relatively
homogenous composition of the blends as is shown in the
Figure 3b. The Ty, corresponds to the temperature at the
maximum degradation rate. All MWCNT-composites
exhibit a single peak of fast thermal degradation. As it is
showed in Table 2 an improved thermal stability was
achieved for the composites as MWCNT content increased
due to the chemical interactions between the substances.
Chitosan is a semi-crystalline polymer with strong inter- and
intra-molecular hydrogen bonds [14]. The Tg determined
was 348.70°C, 329.92°C, 347.05°C and 323.25°C for
Ch/DL  PLG, Ch/DLPLG/10%, Ch/DLPLG/15% and
Ch/DLPLG/20% respectively. As it can be seen, the Tg
moved to a lower value as the percentage of MWCNT is
increased. These results are only evidence of a partial
miscibility

8 Ch/DLPLG
————Ch/DLPLG/MWGCNT 10%
A — - Ch/DLPLG/MWCNT 15%
[ ; \ === Ch/DLPLG/MWCNT 20%
4
2
0

500 300

Universal V4.3 Intruments

400
Temperature (°C)

a) Thermal decomposition and b) DTG profiles of chitosan/DLPLG/MWCNT composites. The reproducibility of TGA/DSC analysis was

Table 2. Thermal degradation of the composites

Composite Main region of Weight percentage . Maximum degradation
Ch/DLPLG/ 4 ition ('C) fd ition % Tmax (C) locity (%/ minutes)
MWCNT ecomposition of decomposition % velocity (%/ minutes
70/30/0% 228-391 97.27 306 6.540
70/30/10% 247-354 96.70 284 6.018
70/30/15% 249-382 90.10 293 5.610
70/30/20% 246-355 88.24 285 6.675
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Figure 5. X-ray diffraction spectra of composites. The diffraction peaks in all the plots are in agreement with chitosan and MWCNT XRD peaks reported

by literature [20, 21]

Table 3. Mechanical properties of the composites. Three samples of each composition were measured and mounted in a compression clamp

Composite . . Deformation at the
Elastic Module Compression . G1o
Ch/DLPLG/ (E) (Pa) trenght (Pa) maximum strenght P
MWCNT a sengm i (%) (a)
70/30/10% 132,411 + 3985 0.19 x10°+ 500 29.20 +0.07 0.14 x10*£ 65
70/30/15% 206,047 + 6062 0.41 x10°+ 834 24.06 +0.36 1.14 x10*+ 834
70/30/20% 208,259 + 1357 0.45 x10°+ 612 2337+0.24 2.35x10%£36

4.4. X-ray Diffraction Results

Figure 4 shows XRD pattern of Ch-DLPLG and the
MWCNT composites. The pure chitosan sample is
amorphous with a halo that peaks around 26=21.70°. This
peak is in agreement with other published results [14, 19].
This reflection corresponds to the regular crystal lattice (110)
of chitosan [20]. The graphite peak of plane 002 at 26=25.8°
is clear in patterns. The other diffraction peaks related with
MWCNT at the angle 26 = 42.7°, 43.9°, 53.5° can be
indexed to the (1 0 0), (1 0 1) and (0 0 4) planes of MWCNT
as shown in Figure 4 [21].

The XRD results suggest that there were good
compatibility and interaction between chitosan, lactide and
MWCNT in the composite. The interaction causes the
decreasing of crystallinity of chitosan, due to the
incorporation of amorphous lactide and MWCNT into it,
suggesting a hydrogen bonding between them which leads to
their good compatibility [14].

4.5. Mechanical Properties

For the mechanical properties analysis a

dynamical-mechanical instrument was used. The mechanical
strength affect the ability of the scaffold to be used in tissue
engineering. Table 3 exhibits the mechanical properties for
the Ch/DL PLG/MWCNT composites. The composite with
20% of MWCNT exhibited the biggest module indicating
that it is a more resistant material than other composites.

As MCWNT increases, the clastic module varies from
1.28 x 10° Pa to 2.08 x 10° Pa, corresponding to 10% and
20% content of MWCNT in the composite. The 15%
composite displayed a considerable increase in the elastic
module when compared to the 10% composite. These results
exhibited improved mechanical properties for composite
using MWCNT for the use in tissue engineering. It was
expected the existence of weak hydrogen bonding between
the lactide and chitosan [15], but the improvement in the
mechanical properties of the chitosan was observed as the
MWCNT content was increased in the composite. As it was
suggested in previous research [14], this hydrogen bonding
can be between the amino groups of chitosan and carboxiles
groups of DL PLG, or between hidroxiles in the chitosan and
carboxiles of DL PLG in the blend.
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4.6. Biocompatibility Results

The cell proliferation and viability of the cells was
measured using MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide) assay. This study was used to
quantitatively assess the number of viable cells attached and
grown on the tested scaffolds [22]. A bar graph for behavior
of the cell number of osteoblasts seeded on the different
scaffolds is shown in Figure 6a.

According with the results, the Ch/DLPLG/MWCNT
composites do not show significantly higher number of cells
from day 1 to day 7. After 7 days, cell number increase
significantly in Ch/DLPLG/MWCNT 20% composite
related with control. Also, Ch/DLPLG/MWCNT 20%
composite increase cell number related with control at days 3
and 7. This is similar for composite with 10% of MWCNT at
days 3 and 7. DNA content measured in the scaffolds (Figure
6¢) is in agreement with cell proliferation results. These
results suggest that the MWCNT allows increase or maintain
viability in the different combinations. The viability showed
by Ch/DLPLG/MWCNT 20% could be due to the percentage
of pores in the range of 100-150 um. These pore sizes have
been identified with increased proliferation [15].

The bar graph in Figure 6b illustrates the results of the
ALP expression of the osteoblasts in the composites. The
ALP expression furthermore shows that Ch/DLPLG/
MWCNT increased ALP activity from 3 to 7 days. ALP
activity in the composites was significantly higher in almost
all composites related with control, except for composite
with 20% of MWCNT content at day 3 and 7. The behavior
of ALP activity for the osteoblast on the samples is typical
during the early stages of differentiation, as the increase in
activity during the first 7 days, which coincides with the
initiation of the mineralization process [15]. Figure 7a shows
the presence of a large amount of globular mineral deposits
attached to the scaffolds that was also confirmed by EDS
analysis (Figure 7b). It was possible to observe the cells
covering the surfaces of the composites at 1 and 3 days.

5. Conclusions

Biodegradable Chitosan/DLPLG/MWCNT composite

have been successfully prepared by using a thermally
induced phase separation method. A porous morphology that
could be appropriated for vascularization process of
osteoblast was found. The obtained results from IR, X-ray
diffraction, TGA and DMA suggest a chemical interaction
between the polymers; and it is believed that an interaction
occurred between the amino group (mainly in chitosan) and
carboxyl groups in DL PLG or hydroxyl (mainly in chitosan)
and carboxyl groups in the blends. Also, In vitro cell culture
of Wistar rat’s osteoblasts were used to evaluate the
phenotype expression of cells in the scaffolds, characterizing
the wviability and alkaline phosphatase (ALP) activity.
Moreover, it was confirmed the mineralization of the cells by
IR spectra and EDS analysis. Our results thus show that
Ch/DL PLG/MWCNT scaffolds are suitable for biological
applications.
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