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ABSTRACT: This work introduces the novel gelatin/chitosan blend scaffolds containing different amounts of functionalized multiwalled carbon nanotubes (f-MWCNTs) up to 0.1wt%, which were prepared by freeze drying (freezing and lyophilization). The
composite scaffolds were characterized by Fourier transformed infrared spectroscopy (FTIR) to distinguish the functional groups and
different bonds in the structure of composite, and field-emission scanning electron microscope (FE−SEM) to evaluate the morphology
of scaffolds. The scaffolds with the porosity of 89−93% and pore size of 40−200µm could be obtained by freezing at −20 °C and
subsequent lyophilization. The porosity and swelling ratio of scaffolds were decreased, but the pore diameter was increased with an
addition of f-MWCNTs. The electrical conductivity of incorporated scaffolds showed a significant increase with f-MWCNTs at an
amount of 0.05wt%, and could achieve to those of the heart muscle. Compressive mechanical properties of the scaffolds revealed that
the incorporation of f-MWCNTs led to significantly stiff the biopolymeric scaffold. The findings indicate that these novel fabricated
composite scaffolds have microstructurally and electrically the potential to use in cardiac tissue engineering applications.
KEYWORDS: Cardiac tissue engineering; Chitosan; Electrical properties; Functionalized multi-walled carbon nanotube; Gelatin

INTRODUCTION
Carbon nanotubes (CNTs) have been considered as one
of the novel nanomaterials for biomedical research and
development because of their remarkable physical and
electrical properties as well as their high biocompatibility
when used in low contents. These features led CNTs to be
used for biosensing [1], molecular delivery [1-3],
electrochemical detection of biological species [1,4], and
tissue scaffolding [5-8]. Two forms of CNTs, i.e. singlewalled carbon nanotubes (SWCNTs), and multi-walled
carbon nanotubes (MWCNTs) have been used for
aforementioned applications. There are also more
subdivisions according to the shape features and functional
groups on their surfaces. Among them, MWCNTs
functionalized with carboxyl groups are the most important
type for tissue regeneration [9]. Tissue engineering
scaffolds have been designed to act as a temporary,
artificial extracellular matrix which supports cell
attachment and proliferation, as well as three dimensional
tissue formation [5-11]. An ideal scaffold should mimic the
natural extracellular environment of the tissue to be
regenerated. The inherent nature of the extracellular matrix
is in the scale of nanometer. Although CNTs behave like an
inert matrix to support cell proliferation, their combination
with other natural or synthetic materials as bio composites

have attracted many interests to use in tissue engineering
applications [5,13].
Natural polymers such as collagen, gelatin and chitosan
have a low immunogenic potential, with a bioactive cue to
interact with the host tissue. Gelatin and chitosan are
suitable biopolymers for tissue engineering because of their
high biocompatibility and antibacterial characteristics [12].
They have been used to prepare composite scaffolds with
using different reinforcements [14-15]. Gelatin contains
Arg-Gly-Asp (RGD)-like sequence which can improve cell
adhesion and migration, as well as forms a polyelectrolyte
complex [11].
Chitosan is a linear hydrophilic polysaccharide and
generally obtained by deacetylation of chitin. It has been
used in many industrial and medical applications, and has
received much attention in biological fields [16-17].
Chitosan is an attractive biocompatible, biodegradable, and
non-toxic natural biopolymer. In addition, Chitosan can be
used as a modifier because it has abundant –NH2 and –OH
functional groups which can react with bioactive molecules
[16,18,19]. Among the biopolymers, Gelatin has a potential
to be a modifier for improving the mechanical or biological
properties of chitosan with different ranges of blending.
Incorporation of CNTs into the above unique biopolymers
may produce novel composite scaffolds that would have
suitable characteristics for tissue engineering applications
[16-17]. The hydrophobicity of the CNTs limits their
application in biology.
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In order to use CNTs for biomedical applications, they
should be surface-functionalized. There have been
remarkable progresses in functionalization of CNTs by the
chemical treatments or using various synthetic or natural
polymers to endow them a hydrophilic surface. Acid
treatment of CNTs, and non-covalent or covalent bonding
between CNTs and polymers are some examples of this
process [18-21].
Chitosan and gelatin have desirable chemical effects onto
the surface of CNTs to improve their hydrophilicity,
resulting high dispersion and long-term stability of CNTs in
the solution mixture. These biopolymers can obtain a
hydrophilic surface on the CNT surface for covalent
adsorption, or ionic bindings with bioactive molecules. The
combination of CNTs with biopolymers is one of the most
successful methods to improve hydrophilicity of CNTs.
In cardiac tissue engineering, as a new field of tissue
regeneration, two forms of products as a patch or an
injectable material have been suggested to repair heart
defects [22].
In this regard, the native extracellular matrix and
biopolymers have been considered as the appropriate
templates. The chitosan and its polyelectrolyte with gelatin
have been investigated as the cardiac patches [23]. The
most important feature in this field is to maintain the
transfer of an electrical signal to cardiomyocytes (heart
cells). As the biopolymers are the insulator, the use of
biocompatible materials providing electrical conduction
would be necessary. The CNTs incorporated in relatively
high concentration (up to 5 %wt) or in a very low
concentrate (e.g. 100 ppm) in chitosan have been used to
prepare conductive materials [24,25]. The SWCNTs was
used in chitosan and chitosan/gelatin (1:1) scaffolds for
cardiac applications [24]. In this study, we use the
functionalized multi-walled carbon nanotubes (fMWCNTs) at low concentrations (0.025, 0.05 and 0.1wt%)
incorporated in a gelatin/chitosan scaffold with a weight
ratio of 2:1 to develop composite scaffolds for cardiac
tissue engineering applications. The biopolymer used in this
work is a gelatin-based biopolymer with the chitosan as the
additive to form a polyelectrolyte.

added to the chitosan one as the final solution had a gelatin
to chitosan weight ratio of 2:1. The obtained solution was
homogenized by stirring for 2h. To prepare homogenous
solutions with different fractions of f-MWCNTs (0, 0.025,
0.05 and 0.1 wt%), f-MWCNTs powder was ultrasonically
dispersed in deionized water for 3h. Subsequently, the
homogenous gelatin/chitosan solution was added drop by
drop to the f-MWCNTs solution, while the mixture was
being ultrasonicated (in an ultrasonic bath). The
gelatin/chitosan/f-MWCNTs solution was vigorously mixed
using a magnetic stirrer for 12 h to obtain a homogeneous
mixture. The obtained solution was transferred to a freezer
at − 20 ºC for 12 h. Then, it was lyophilized by a freeze
dryer (Operon- FDB-5503-model) for 48 h. In order to
stabilizing the products and to neutralize the acetate, the
scaffolds were immersed in a 10% NaOH solution for 24h
and then lyophilized again.

Characterization
The prepared composites were characterized by Fouriertransformed infrared spectroscopy (PerkinElmer, Frontier
model) in the wavenumbers of 4000–400 cm−1. The
microstructure of composite scaffolds was evaluated by a
field-emission scanning electron microscope (FE-SEM,
Hitachi-S4160, Japan).
The porosity of scaffolds was measured by liquiddisplacement method using ethanol as the immersion
solution, according to the ref [26]. In order to measure the
swelling ratio, dry scaffolds were weighed (Wd) and then
immersed in distilled water for one and two weeks. After
removing the scaffolds, they weighed (Ww). The swelling
ratio was determined by the equation (Ww – Wd)/Wd.
The electrical conductivity of dry scaffold was measured
by using a picoammeter source at room temperature. It was
determined from volume resistivity which is dependent on
the applied voltage, the thickness of scaffold, and the area
of electrodes.

RESULTS AND DISCUSSION
The procedure suggested in this work could tend to
produce solutions with well-dispersed f-MWCNTs into the
gelatin/chitosan solution, as illustrated in Figure1. Zhang et
al. [18] investigated the dispersion of carbon nanotubes
with using derivatives of chitosan. The results showed that
the homogeneous solutions of CNTs were very stable and
did not show any sedimentation in 3 months, which
indicates strong interaction between CNTs and chitosan. It
was proved that the chitosan and gelatin can yielded a
homogenous distribution of carbon nanotubes throughout
the composite scaffolds [25].
In this work, the scaffolds were produced by freezing and
then lyophilization process. Initial experiments were
performed by freezing blend solutions at −20ºC to minimize
separation of three components. After freeze drying, the
formed scaffolds showed uniform distribution of the
components. Figure 1 also shows the prepared scaffolds

MATERIALS AND METHODS
Materials
Multi-walled carbon nanotubes functionalized with
carboxyl groups (the outer diameter of 8–15 nm, the innerdiameter of 3–5 nm, the length of ∼30-50 µm, and the
purity >95 wt. %) were purchased from Neutrino Co.
Medium molecular weight chitosan was supplied by Sigma
Aldrich. Gelatin and acetic acid were purchased from
Merck Co (Germany).

Preparation of composite scaffolds
Gelatin was dissolved in deionized water at 40 °C by a
magnetic stirrer. Chitosan powder (2% w/v) was dissolved
in a 2% (v/v) acetic acid solution. The gelatin solution was
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aafter freeze drrying and neu
utralization. Th
he scaffolds with
w
hhigher concenttrations of MW
WCNTs appear darker.

Table 1
Pore ddiameter (m) off gelatin/chitosann scaffolds withh different
am
mounts of f-MWC
CNTs.
f-MWCNTss (wt%) pore diameter (m)
0.025
0.05
0.1

40-100
60-120
100-200

Venkkatesan et aal [27] charracterized thee carbon
nanotubbe−grafted chhitosan–naturall hydroxyapattite (HA)
compossites for bonee tissue engineeering and shoowed that
uniform
m dispersion off HA and f-M
MWCNT was oobtained in
chitosann matrix with interconnectedd porosity of 770–200µm
for chiitosan/HA andd 46–200µm for f-MWCN
NT-grafted
chitosann/HA. In geneeral, pore size aand porosity arre the two
most iimportant morrphological paarameters of scaffolds.
Macroppores (>50 µm
m) and micropoores (< 50 µm)) influence
tissue aand cell functtions, respectivvely [28]. The scaffold
pores sshould be inteerconnected too support cell migration
and prroliferation. A
As can be sseen in Figurre 2, the
incorpooration of f-M
MWCNTs resuulted to form scaffolds
with a more regular sstructure and a thicker pore wall. The
circularr, interconnectted pores with a diameter in the range
of 20-660 m were aalso observed in the scaffollds with a
higher cconcentration oof f-MWCNTss (i.e. figure 2bb and c). It
is belieeve that the circcular pores cann provide an ap
appropriate
pathway
ay of celltranspport due to theeir larger area than cells
[24]. W
When the CN
NT concentraation is increeased, the
viscositty of the pollyelectrolyte iis also increaased. This
causes the formation of ice crystal w
with a slower rrate which
led to eexert a compreessive force onn neighbouringg crystals.
This ccompaction giives rise to form a moree circular
arrangeement of the poores.
Thee composite scaffolds havve been deveeloped for
regenerration of varioous types of tissues using synthetic
and/or natural polym
mers. The scafffolds with typpical pore
size oof>100µm w
were investigaated for sooft tissue
regenerration such aas liver, musscle, blood vessel and
cartilagge tissues. Inn cardiac tissue applicattions, the
myocarrdial cells aree in the rangge of 10-100 µm [29].
Therefoore, the prodduced scaffoldds can morphhologically
conduc t the cardiac cells. It shoulld be note thatt the pore
size off biopolymeriic scaffolds is determined with the
conditioons of phase separation prrocess [30]. T
The phase
separatiion of polymeeric solutions is occurred byy different
methodds such as lyoophilization (ffreeze drying) or freeze
gelationn [8]. In the laatter method, iinstead of freeeze drying,
the phhase separatedd biopolymerr solution exxposed to
gelationn [8]. The conditions of freeze dryingg such as
freezingg temperature,, cooling rate oor cooling direectionality
are inffluenced the morphology oof scaffolds ((e.g. pore
diameteer, pore shhape, interconnnectivity, aanisotropic
structurre). For instannce, the faster cooling rate oof chitosan
solutionns is resulted sscaffolds with smaller pores [30]. It is
also shoown that the loower freezing temperature oof chitosan

Fig. 1. Homogeneous dispersion of
o f-MWCNTs in the
t gelatin/chitosaan
solution, and
a the prepared sccaffolds after freezze drying and
neutrralization

FE-SEM micrograph
m
of the specimenss is observed in
F
Figure 2. It can
c
be seen a porous miccrostructure with
w
iinterconnected
d pores. There was
w no significcant differencee in
tthe morpholog
gy of porous strructure.
Figure 2 sho
ows that the sccaffolds had macrom
and microppores in the raange of 40−200
0 µm. Table 1 indicates that the
t
ppore size of scaffolds was inccreased with in
ncorporation off fM
MWCNTs.

Fig. 2. FE-SEM micrographs of geelatin/chitosan/f-M
MWCNT scaffolds.
All scaffold
ds were prepared by
b freezing solutio
ons at −20ºC and
subsequent lyo
ophilization, (A) 0..025, (B) 0.05, and
d (C) 0.1 wt. % of fMWCNT
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solutions led to form scaffolds with smaller pores. Lau and
Cooney showed that the scaffolds prepared from chitosan
solution and MWCNT (2.5 wt%) using freeze drying
method had a pore size of 16 m [25]. In our work, the
freezing temperature was the same as one used in
aforementioned study, but the mean pore size was larger
than 40 m.
This may be attributed to the using slower cooling rate in
our work which led to form large pores.
In another study, Pok et al prepared freeze-dried
scaffolds in the system chitosan/gelatin/ SWCNTs at the
same cooling rate of this work but a lower freezing
temperature (i.e. -55°C compared to this work of -20°C)
[24].
This may led to form scaffolds with smaller pores than
those produced in our work. On the other hand, it was
showed that in the scaffolds of chitosan/gelatin system
prepared at the conditions comparative to our work, the
pore size was increase with the gelatin to chitosan ratio
[31].
In the Pok et al work [24], the polyelectrolyte with a
weight ratio of chitosan to gelatin was 1:1 but in this work
this ratio was selected as 2:1.
Therefore, it is expected that the pores of scaffolds
prepared in this work have a larger mean diameter compare
to the results of Pok et al.
Figure 3 shows that the porosity of scaffolds were in the
range of 89-95%. The highly porous scaffolds with
interconnectivity would be suitable from the point of view
of cell penetration, blood supply and transport of wastes. A
slightly decrease in porosity was resulted with an addition
of f-MWCNTs.

Fig. 4. FE−SEM micrograph of the f-MWCNTs dispersed in the
gelatin/chitosan scaffold

In order to illustrate intermolecular interactions between
components and to define the changes of functional groups
and different bonds in the structure of composites with
different contents of f-MWCNTs, FTIR spectrum was taken
in the range of wavenumber 4000–400 cm−1.
Figure 5A shows FTIR spectrum of the f-MWCNT
powder.
As can be seen, the bands of 1705cm−1 and 1212cm−1
indicate C–O and C=O stretching of carboxylic acid [32].
This proves the functionalization of the MWCNT powder
with –COOH groups. In Figure 5B, FTIR spectrum of the
gelatin/chitosan scaffold without f-MWCNT addition
shows a broad peak at 3332cm−1 due to the stretching of –
NH and it is broad due to hydrogen bonds of
polysaccharides.
Two bands at 1241 and 1086 cm-1 were due to C-N and
C-O vibrations of gelatin, respectively [33].
The peak at 1336 cm−1 was attributed to N-H and C-N
vibrations of amide III in chitosan and/or C-H vibrations of
gelatin [33].
Two absorptions bands at 1549 and 1650 cm−1 were
assigned to N-H bending vibrations of amide II in chitosan
and C-O stretching for gelatin, respectively [34].
Figure 5C shows the FTIR spectrum of the
gelatin/chitosan /f-MWCNTs scaffold. It depicts a new
strong absorbance at 1655cm−1 which might be indicating
that the carboxylic group (−COOH) of f-MWCNTs has
reacted with the amine (–NH2) group of chitosan and
converts it to amide (–NHCO–) group. This strong
absorbance can prove the presence of f-MWCNTs in the
structure of fabricated scaffold.
The swelling ratio of the scaffolds after one and two
weeks immersion in water is represented in Figure 6. An
addition of f-MWCNT to the chitosan led to decrease the
swelling ratio.
This behavior may be helpful because the biopolymers in
the body encounter swelling which causes deterioration of
mechanical properties.
The results of electrical conductivity of scaffolds show
that the incorporation of f-MWCNT was caused to a
significant increase in conductivity, in particular the
addition of higher amounts of f-MWCNT (figure 7).
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Porosity (%)

95
93
91
89
87
85
0

0.025
0.05
f‐MWCNT (%)

0.1

Fig. 3. Porosity of the gelatin/chitosan scaffolds incorporated with
different amounts of f-MWCNT

The homogenous dispersion of f-MWCNTs in the porous
structure of blend scaffolds can be seen in Figure 4. The
diameter of f-MWCNTs was approximately estimated
around 23 nm.
It is believed that the increased thickness may be
attributed to the presence of gelatin and/or chitosan [25]
which cover the nanotubes.
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[25]. Frrom the point of biocompattibility view, aand due to
the toxiicity of CNTs,, to find the miinimum concenntration of
CNTs tthat surpass a ppercolation threshold is also iimportant.
In thiss work, we use much loower concentrrations of
MWCN
NTs compare to Lau et al work [25], but in a
gelatin//chitosan scafffold instead of chitosan one. The
results indicate that there is a thhreshold of 0.05wt% fMWCN
NTs in a gelatinn/chitosan mattrix with a ratioo of 2 to 1.
This diffference may bbe attributed too the presence of gelatin.
It was pproved that thhe incorporatioon of MWCNT
Ts into the
gelatin-- based hydroogels provides an enhanced electrical
conduc tion for the sysstem [37-38].

Figg. 7. Electrical connductivity of gelatinn/chitosan scaffoldds with
MWCNT
differrent amounts of f-M

Fig. 5. FTIR speectrum of (A) f-MW
WCNTs powder, (B)
( gelatin/chitosaan
(2:1) scaffolld, and (C) gelatin//chitosan/ f-MWCNTs (0.05wt%)
composite scaffold

Figurre 8 shows thhe stress-strainn curve of compression
tests forr the scaffolds.

Fig. 6. Swelling ratio of the scaffolds after one and two weeks
mersion
imm

This indicattes that the carrbon nanotubess could bring the
t
eelectrical cond
ductivity to a value to mim
mic the native of
hheart muscle conductivity of
o 0.1 S/m [35
5-36]. Lau et al.
[25] have useed high concen
ntrations of MWCNTs
M
(up to
5wt%) in chiitosan scaffold
ds. They foun
nd a percolatiion
tthreshold of 2.5
2 wt%. It sh
hould be noted
d that there iss a
ccritical percolation thresho
old density of
o CNTs whiich
eestablishes an electrical conttact between paarticles [25]. Itt is
suggested thaat in biopolym
meric scaffold
ds, the electrical
cconductivity is provide by direct contactt between CN
NTs

Fig. 88. Compressive meechanical propertiees of dry gelatin/chhitosan/fMWCNT scaffollds

76

A. S. Mesgar et al.

The common three stages in the curve of compression
test can be observed [39]. The elastic modulus of scaffold
was determined from the first stage (elastic region) of
curve.
The addition of f-MWCNT to biopolymeric scaffolds led
to significantly enhance the stiffness of scaffolds such that
an addition of 0.1wt% f-MWCNT caused to 120-fold
increase in modulus.
It should be noted that the stiffness of muscle tissue has
been usually reported in hydrated condition, and then its
modulus magnitude was in the range of 8-15kPa [40]. The
specimens in this work were mechanically evaluated in
compression and in dry condition.
Therefore, it is expected that the measured modulus has
much more magnitude than those of hydrated one. The
results indicate that the incorporation of f-MWCNT led to
stiff the biopolymers.
Recently, the dynamic mechanical properties of hydrated
chitosan/carbon nanofibers scaffolds were measured. A
storage modulus as the stiffness of scaffold around 28 kPa
was reported [40].
In summary, this initial work shows that the f-MWCNT
addition in an amount of 0.05wt% to gelatin/chitosan
scaffolds prepared by freeze drying could produce suitable
highly porous structures to conduct the cells such as
myocardial cells, with an appropriate electrically
conductivity for cardiac tissue engineering applications.
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