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This research work blooms the new idea of developing a safe and controlled drug releasing matrix using
multi-walled carbon nanotubes (MWCNTs). In aqueous solution, uniform and highly stable dispersion of
MWCNTs was obtained after secondary functionalization with polyethylene glycol (PEG) which was
studied by Fourier transmission infrared spectroscopy (FTIR) and thermogravimetric analysis (TGA).
Solution casting method was used to prepare MWCNTs/gelatin-chitosan nanocomposite films and the
effect of MWCNTs on physico-mechanical, thermal and water uptake properties of the nanocomposites
were evaluated. Incorporation of MWCNTs into the porous gelatin-chitosan matrix showed interesting
stiffness and dampness along with developed microfibrillar structures within the pore walls intended at
being used in tissue engineering of bone or cartilage. A common antibiotic drug, ciprofloxacin was
incorporated into nanocomposite matrix. The evaluation of the effect of MWCNTs on drug release rate by
dissolution test and antimicrobial susceptibility test was performed. Sharp release of the drug was found
at early stages (~1 h), but the rate was reduced afterwards, showing a sustained release. It was observed
that for all microorganisms, the antibacterial activities of drug loaded MWCNTs/gelatin-chitosan nano-
composites were higher than that of drug loaded gelatin-chitosan composite films containing no
MWCNTs. Comparative statistical studies by ANOVA techniques also showed remarkable difference be-
tween the antibacterial activities, exhibited by MWCNTs-incorporated and non-incorporated composite
films.
© 2018 The Authors. Production and hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).
1. Introduction

Carbon nanotubes (CNTs) have been highly attractive and
extensively explored by the researchers in various fields such as
chemical, physical, materials and biochemical sciences due to their
unique and versatile nanostructures with remarkable mechanical,
thermal, electrical and optical properties [1e4]. Due to their
structural and mechanical properties, CNTs can be used in making
composites that are useful in tissue engineering and also suitable
for regenerative medicine therapeutics as delivery vehicles for
drugs and gene therapy [5]. CNTs have been shown to empower
high Young's modulus (~1 TPa) due to the flexible hexagonal
Rahman).
nications Co., Ltd.
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network of carbon atoms which ultimately directed to their
excellent mechanical properties [6]. Furthermore, incorporation of
CNTs has been recognized as substantial improvement of the me-
chanical and structural properties of polymer composites [7,8].
These composites can also be used as molecular-level building
blocks for the complex and miniaturized medical devices, which
have enormous applications in biomedicine [9]. CNTs have positive
impacts on cell differentiation and proliferation as well [6,10e13].

However, CNTs and CNTs/polymer composites represent a set of
problems relating to the carcinogenic risk from the exposure and
persistency of MWCNTs in human bodies. Some of the researches
published that the untreated long MWCNTs which were injected,
induced some unwanted responses in the abdominal cavity of mice.
So, the treatment of CNTs is mandatory. Not only this, CNTs have a
tendency to form a network of agglomeration which ultimately
increases the difficulties to disperse them within the polymer
Ai Communications Co., Ltd. This is an open access article under the CC BY-NC-ND
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matrix during processing due to strong resistance to wetting, high
inter-particle van der Waals attractions and high specific area
[14,15]. So, preparation of successful CNTs/polymer composites
depends on the achievement of stable and well dispersed CNTs in
the solvents or polymer matrix. Common techniques widely used
for preparing CNTs/polymer composites are solution casting
providing numerous advantages such as large area coverage,
structural flexibility, low temperature process ability and low cost,
although solubility of polymers is essential for thismethod [16e18].
Both the dispersion and carcinogenic problems of CNTs can be
overcome by functionalizing them with surfactants, acids or other
agents. Many studies have shown the successful functionalization
of CNTs covalently with acid treatment and non-covalently with
many other agents [19e29].

However, not all chemical treatments alleviate the toxicity risks
but only reactions that are able to render carbon nanotubes short
and stable suspension without aggregation in the body fluids can
provide safe results, risk-free material. Again, the binding affinity
by non-covalent interaction between the CNTs surface and the
agents is not strong enough, so the dispersion ability of CNTs in
aqueous media is still not satisfied for biomedical applications.
Therefore, covalent functionalization of the MWCNTs is necessary.

Thus, MWCNTs were functionalized chemically with mix acids,
H2SO4/HNO3 (3:1, v/v) followed by addition of polyethylene glycol
(PEG). Acid treatment introduces oxygen containing functional
groups (�OH, >CO, and eCOOH), which furnishes the dispersion
ability of MWCNTs. Although oxidized MWCNTs are soluble in
water, they have a tendency to show charge screening affect i.e.
aggregate in the presence of salts which makes the direct use of
MWCNTs limited for biological applications as the salt content is
high in most biological solutions, opsonisation [30]. For this reason,
hydrophilic PEG is attached to the oxidized CNTs to make more
stable CNTs-polymer conjugates in biological environments
[31e33]. Nanoparticles, which require long circulation times in
blood, usually need particular types of ligand and PEG is excep-
tionally found to be compatible as a ligand in high concentrations of
salts and in extremes of pH [34e36].

In the present work, gelatin and chitosan have been chosen due
to their water soluble and film forming properties. The major ad-
vantages of these are good cytocompatibility, biodegradability and
no surgery is required for removal of polymers [37]. Gelatin is awell
characterized gel forming protein fragment obtained by partial
degradation of water insoluble collagen fiber commercially avail-
able at relatively low cost [38]. Chitosan is a nontoxic, biocompat-
ible, biodegradable polymer [39e41] but has a limitation of being
unstable in an aqueous medium. The shortcomings of chitosan film
in solution and the easy degradation of rigid gelatin in the swollen
state seem to be overcome by using a gelatin-chitosan composite.
Gelatin and chitosan are natural polyelectrolytes that may form
polyelectrolytic complex via interactions of ammonium ions
(-NH3

þ) of the chitosan and carboxylate ions (-COO-) of the gelatin in
the blend system to make it more stable. This might facilitate the
delivery of antibiotic drugs such as ciprofloxacin, which were
directly loaded on the nanotube surface via p-p stacking and H-
bonding. Here we present the formulation of homogeneously
dispersed MWCNTs/gelatin-chitosan nanocomposites with high
mechanical, thermal and swelling properties as well as their
improved drug release capacity.

2. Experimental

2.1. Materials and chemicals

Multi-walled carbon nanotubes (MWCNTs), NC7000 series of
90% purity, showing approximately average diameter of 9.5 nm and
1.5 mm length, produced by the catalytic chemical vapor deposition
(CCVD) method were purchased from NANOCYL™, Belgium.
Gelatin Type B (Bloom strength-240, Pharmaceutical grade, pyro-
gen free) was purchased from the OPSO Saline Limited, Bangladesh
and chitosan of 90% deacetylation degree having molecular mass of
1100 kDa (medicine grade) was purchased from Yuhuan Ocean
Biochemistry Co. Ltd, China. Polyethylene glycol (PEG) was pur-
chased from BASF (Lutrol E 400, Macrogol 400 ph. Eur), Bangladesh.
All other chemicals and solvents were of reagent grade.

Seven bacterial strains, including 3 gram-positive (Bacillus sub-
tilis, Staphylococcus aureus, Listeria monocytogenes) and 4 gram-
negative (Escherichia coli 0157, Salmonella enteritidis, Salmonella
typhi, Klebsiella pneumoniae) were obtained from the Center for
Advanced Research in Sciences (CARS), University of Dhaka,
Bangladesh.

2.2. Processing

Raw MWCNTs of a definite weight (1.0 gm) were added into
50ml 3:1 mixture (v/v) of concentrated H2SO4 (98%)/HNO3 (68%)
with sonication at 40 �C for 10 h, diluted with water followed by
filtration, washed with deionized water and dried overnight in
vacuum at 80 �C to obtain primarily functionalized MWCNTs
(MWCNTs-COOH) as a dry powdered form.

The secondary functionalization of MWCNTs was carried out by
transforming the carboxyl groups of the oxidized MWCNTs into
acyl chloride groups by stirring the dispersionwith SOCl2 for 24 h at
65 �C. After that the dispersion was washed off with THF, filtered
and dried overnight at ambient temperature. The acyl chloride-
functionalized MWCNTs were continuously stirred in PEG (400 g/
mol) at 120 �C for 48 h. Then, the resultant mixture was washed
using THF and filtered through a Teflon W membrane, followed by
drying at ambient temperature for 48 h to get secondary func-
tionalized MWCNTs (MWCNTs-PEG). The schematic diagrams of
the functionalization reactions (primary and secondary) are shown
in Fig. 1.

The films were prepared by blending chitosan (1%) and gelatin
(10%) solutions thoroughly for 1 h followed by casted on the silicon
cloth covered frame mounted on flat glass plate for film formula-
tion. The film was dried in laminar air flow overnight and peeled
off. Dispersed MWCNTs were added into the solution of chitosan
(1%)-gelatin (10%) mixture , which was then stirred for 30min to
homogenize and sonicated for 1 h to remove air bubbles before film
casting.

Stock solution of ciprofloxacin lactate was prepared in the
concentration of 1% (w/v). The prepared drug solution was then
added to 0.25% (wt/wt) MWCNTs-COOH/gelatin-chitosan nano-
composite and 0.25% (wt/wt) MWCNTs-PEG/gelatin-chitosan
nanocomposite solutions respectively such that 10 mg of the drug
was present in 0.28 cm2 area of the nanocomposite films (this area
is equal to the area of a standard antibiotic disc).

2.3. Characterization

The attachment of the functional groups on the surface of
MWCNTs was identified by the Fourier transform infrared (FTIR)
spectrophotometer, Imprestige-21, Shimadzu Corporation, JAPAN
(wave number range of 400e4000 cm�1), equipped with an
attenuated total reflectance (ATR) device (wave number range of
700e4000 cm�1 with 20 scanning rate and resolution of 4 cm�1)
for the confirmation of gelatin-chitosan interaction in the
composites.

The mechanical properties of the composites were determined
by universal testing machine (UTM), Hounsfield Series S Testing
Machine (UK), conducting load of 500 N at room temperature. The



Fig. 1. Reaction scheme for primary and secondary functionalization of MWCNTs.

Fig. 2. FTIR spectra of raw and functionalized MWCNTs.
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gauge length was 110mm having crosshead speed of 10mm/s
throughout the experiment. The test specimens were cut into a
dumbbell or dog bone shaped following the standard ISO 3167
(specimen size: 150mm long with the center section having
80mm� 10mm dimensions).

Thermogravimetric analysis (TGA) was carried out in a TGA-50H
SHIMADZU thermo-gravimetric analyzer, Japan, under nitrogen
atmosphere (10ml/min) and with a rate of heating of 10 �C/min
from room temperature to 600 �C.

The water sorption resistance of the nanocomposites was
evaluated by weighing square pieces of dry samples (Wd),
immersing these in distilled water with pH¼ 7.0 for 48 h at 25 �C.
The samples were then removed fromwater periodically, blot dried
and weighed (Ww) again and thus the swelling percentage was
calculated by using the equation: Swelling (%)¼ [WweWd/
Wd]� 100.

As the body temperature of humans and several other mammals
is 37 �C thus every chemical reaction that occurs has its optimal rate
at that temperature. Therefore, the swelling behavior of composites
was also measured in phosphate buffer solution showing pH 7.4 at
37 �C. Each point presented here was the mean value of triplicate
measurements and the results were expressed as percentage of
swelling calculated from upper equation.

The surface morphology of the MWCNTs/gelatin-chitosan
nanocomposites (sputter-coated with platinum) was studied with
scanning electron microscopy (SEM) (before & after tensile tests,
respectively) and elemental analysis of pristine CNTs and func-
tionalized CNTs were done with energy dispersive X-ray (EDX)
spectroscopy using a JEOL 6400 SEM at an accelerating voltage of
25 keV.

The dissolution studies were conducted with universal disso-
lution tester, UDT-804, LOGAN INTRUMENTS CORP, USA, using
phosphate buffer (pH¼ 7.4) at constant temperature of 37 �C. The
films (4 cm2 with a thickness of 0.3mm)were placed such that they
remain dipped in buffer solution and rotated in 100 rpm paddle
speed. 10ml of the sample was withdrawn in every 10min and the
concentration of drug in each portion was estimated using UV/
Visible spectrophotometer at the respective wavelength. Equal
volume of fresh buffer solution was replenished with each portion
of the solution withdrawal.

The amount of drug ciprofloxacin released in the buffer solution
was determined by UV-1800 UV/Vis spectrophotometer, SHI-
MADZU, Japan. Ciprofloxacin absorbed the light at 273 nm.

In case of cytotoxicity, brine shrimp lethality bioassay technique
of Meyer [42] was applied for the determination of cytotoxic
property of the aqueous solution of raw MWCNTs and MWCNTs-
PEG/gelatin-chitosan nanocomposite. Stock solution of 100 mg/
100ml was prepared and then it was dissolved in DMSO to prepare
solutions of varying concentrations such as 400, 200, 100, 50, 25,
12.5, 6.25, 3.125, 1.563 and 0.78125 mg/ml by serial dilution
technique.

The controls used in this work were vincristine sulphate (posi-
tive) and DMSO (negative). The solutions were added to the vials
which were marked previously and contained 10 brines shrimp
nauplii (alive) in 5ml simulated sea water and after 24 h the vials
were inspected using a magnifying glass and counted the number
of survived nauplii in each vial.

Antibacterial activity test of composite films was performed
using agar diffusion method with selected gram-positive (Bacillus
subtilis, Staphylococcus aureus and Listeria monocytogenes) and
gram-negative (Escherichia coli 0157, Salmonella enteritidis, Salmo-
nella typhi and Klebsiella pneumoniae) bacterial species. The zones
of inhibition were determined by placing a definite size of film into
discs in inoculated solidified nutrient agar medium in a petri dish
which was incubated for 24 h at 37± 1 �C. This was done in tripli-
cate manner with each film for each organism and an average
diameter of zone of inhibition was recorded in millimeters.

3. Results and discussion

3.1. Infrared spectroscopy

3.1.1. FTIR analysis of functionalized MWCNTs
The FTIR spectra of MWCNTs-Raw, MWCNTs-COOH and
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MWCNTs-PEG are shown in Fig. 2. From the IR absorption spectra, it
was found that the IR absorption spectrum of MWCNTs-COOH
mainly consisted of -OH stretch at 3465 cm�1 and carboxyl>C]O
stretch at 1631 cm�1 which are the characteristic peaks and could
also be found in the IR spectrum of the rawMWCNTs. However, the
intensity of the two peaks in MWCNTs-Raw spectrum was much
lower than that in MWCNTs-COOH spectrum. In addition,
MWCNTs-COOH has a new peak of small intensity at 1725 cm�1,
which may be stretching vibrations of carbonyl groups (C]O) as
carboxylic groups were formed during the oxidation of hydroxyl
compounds. The bands in 1071 cm�1 region demonstrate the
presence of CeO bonds in MWCNTs-COOH.

The appearance of -OH and >C]O in MWCNTs-Raw is mainly
attributed to the non-stoichiometric crystal water in KBr and the
original defects on MWCNTs, and the appearance of carboxyl and
hydroxyl groups in MWCNTs-COOH suggests that during the
chemical-oxidation process, part of the sidewall carbons were
oxidized to these groups.

From the FTIR spectrum of MWCNTs-PEG, C]C stretching mode
of the aromatic ring was observed between 1636 cm�1 and
1540 cm�1. The stretching vibration of >C]O in ester at 1725 cm�1,
characteristic absorption peak of CeOeC at 1104 cm�1, asymmetric
and symmetric stretching of CeH deformation at 2921 and
2877 cm�1 were also found in the spectrum, which were not found
in the spectrum of the other two samples. It could also be observed
that the stretching vibrations of the repeating -OCH2CH2 units of
PEG and -COO bonds were at 1092 cm�1 and 1245 cm�1 respec-
tively, which is the proof of a successful secondary (PEGylation)
functionalization reaction.
3.1.2. ATReIR analysis of MWCNTs/gelatin-chitosan composites
ATR-IR wasmeasured for gelatin, chitosan and gelatin-chitosan

composite and their corresponding spectra are shown in Fig. 3.
Gelatin and chitosan showed their typical ATR-IR spectrum
however, from the ATR-IR spectrum of gelatin-chitosan blend, it is
seen that the peak at 1641 cm�1 was shifted to 1639 cm�1 with
same relative intensity because of the degree of amidization be-
tween the ammonium (-NH3

þ) ions of the chitosan and the
carboxylate (-COO�) ions of the gelatin through partial conversion
of electrostatic bonds into chemical bonds. The broader peak at
3305 cm�1 indicates the presence of a polymeric associated hy-
droxyl group.
Fig. 3. ATR spectra of (a) pure gelatin, (b) pure chitosan and (c) gelatin-chitosan blend.
3.2. Mechanical properties

The physico-mechanical properties i.e., tensile strength (TS),
elongation at break (EB) and tensile modulus (TM) of the pure
gelatin, pure chitosan, gelatin-chitosan composite and MWCNTs/
gelatin-chitosan nanocomposites were investigated. It is revealed
from Fig. 4 that the TS was highest for pure gelatin and the EB was
lowest where it was reciprocal for pure chitosan (1%). However, 2%
pure chitosan showed higher tensile strength than 1% pure chitosan
with lower elongation at break. Suitable films of gelatin-chitosan
blends were prepared to expiate both the TS and EB. From Fig. 4
it has been observed that introducing flexible chitosan into
comparatively rigid gelatin increases the TS as intermolecular in-
teractions of gelatin was weakening coupling with the chitosan.

From Fig. 5a, it is observed that the successive incorporation of
the MWCNTs (up to 1.0wt %) in gelatin-chitosan composite
increased the TS up to 92.82% and EB up to 33.21% compared to the
gelatin-chitosan composite having no MWCNTs.

This increase in TS of the CNTs loaded gelatin-chitosan com-
posites hints that the mobility of the molecular chains of the blends
was hindered due to the presence of MWCNTs in the matrix.
Because of the resilient properties of MWCNTs, homogeneously
dispersed MWCNTs might add rigidity and hardness via interfacial
interaction with the gelatin-chitosan matrix. The stress that build-
up at this interface during extension, has been transferred from the
matrix to the nanotubes and the transfer of the load depends on the
interfacial shear stress between the matrix and the nanotubes.
Again, by the high degree orientation of MWCNTs in the matrix
induce the domains of crystallinity which ultimately absorb energy
through their highly flexible elastic behavior during deformation
[43].

The effect of MWCNTs on EB is inconsistent to the established
relationship between EB and TS. Although EB is known to response
inversely with the change in TS, but Fig. 5a showed the increase in
EB with the successive addition of MWCNTs due to one special type
of property entitled as tunneling effect of nanomaterials [44,45]. As
a filler of amatrix, generally nanomaterials create channels through
which they dissipate energy and impart toughness to the matrix.
Thus tunneling effect ofMWCNTs is considered to increase the EB of
the nanotube reinforced matrix. Similarly, TM of the composites
was also increased by 55.33% for 1% (wt/wt) loading of MWCNTs as
shown in Fig. 5b.
Fig. 4. Effect of gelatin and chitosan loading on TS and EB of the composites.



Fig. 5. Effect of MWCNTs loading on (a) TS and EB and (b) tensile modulus of the nanocomposites.
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3.3. Thermal property analysis

Thermal property analyses are considered in determining the
functional groups in recent times, and TGA is the technique that
used widely for this purpose as it is simple and the information can
be presented by a simple thermogram. Fig. 6a displays the
Fig. 6a. TGA analysis of (a) carboxylated MWCNTs, and (b) PEG-grafted MWCNTs;
Fig. 6b. TGA analysis of different composite films.
thermograms of primary and secondary functionalized MWCNTs.
From Fig. 6a it is found that both oxidized and PEG-grafted

MWCNTs show weight loss between 90 �C and 600 �C. Significant
weight loss in case of MWCNTs-PEG indicates that amino functional
groups are more stable and they could participate in some thermal
reactions at temperatures more than 600 �C. As the reaction had
been carried out in the absence of a solvent with high concentra-
tion of low molecular weight PEG, it is prospective that during the
washing process unreacted PEG was completely washed out. Thus,
the mass loss occurred only from the covalently attached PEG on
the surface of the MWCNTs.

Fig. 6b represents TGA thermograms of gelatin, chitosan,
gelatin-chitosan and MWCNTs/gelatin-chitosan nanocomposites.
Except chitosan, all the samples exhibited a small weight loss
(6e8%) at 80e90 �C as water molecules had been evaporated. Due
to the hydrophilic nature of chitosan, the greater weight loss was
observed at this temperature. The second weight loss was found to
begin at about 210 �C and the corresponding weight loss of about
57% is attributed to the decomposition of chitosan. The total weight
loss was 59% at about 500 �C .

The TGA plot of pure gelatin along with all composites showed
three thermal stages. The first stage indicates the loss of water as
well as NH3 and CO2 gases from the biopolymers between 25 �C and
220 �C followed by gelatin decomposition between 250 �C and
450 �C because of the disintegration of intermolecular and partial
breaking of the molecular structure and finally combustion of the
remaining material between 450 �C and 750 �C.

The presence of MWCNTs (both primary and secondary func-
tionalized) had little effect on thermal property of gelatin-chitosan
composite. The decomposition temperature at the end was abated
with the addition of MWCNTs. The TGA curve of 1.0wt% MWCNTs
loaded composite shifted towards the higher temperatures
compared to that of others. At above 380 �C, chitosan completely
decomposed to residues whereas the composites displayed the best
thermal stability. At the temperatures above 480 �C, gelatin un-
derwent weight loss which indicates the chemical degradation
resulting from bond scission in the polymeric backbone. The reason
of thermal stability of nanocomposites may be due to physico-
chemical adsorption of gelatin-chitosan polymer chains onto the
MWCNTs surface. MWCNTs can easily arrange themselves within
the helical structure of gelatin-chitosan protein polymer chain due
to their nanosize and establish strong hydrophobic attraction with
hydrophobic ends of amino acids chain.

3.4. Swelling behavior

Degree of swelling (calculated from the average of three inde-
pendent trials of nanocomposites) was investigated to comprehend
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the influence of MWCNTs on the swelling behavior of the nano-
composites. It is evident from Fig. 7 that the uptake of water was
notably higher for pure chitosan, moderate for gelatin-chitosan
blends and least in case of pure gelatin. Fig. 7 also indicates that
chitosan dissolved after 10min. This is because chitosan has a
shortcoming as it becomes unstable in aqueous medium due to the
salt formation between ammonium (-NH3

þ) ions of the chitosan
chains and the carboxylate (-COO-) ions of its solvent, acetic acid. It
was observed that gelatin-chitosan film showedmuch higher water
uptake than the pure gelatin film. The swelling of the gelatin-
chitosan film would increase by inducing free -OH, -NH2, and
-NHOCOCH3 groups due to the increasing chitosan content in the
blend. However, network structure (through the electrostatic
interaction between the ammonium -NH3

þ ions of the chitosan and
-COO- ions of the gelatin) might be generated by increasing the
content of chitosanwhich decreases the swelling due to stiffness of
complex chains. This combination of opposite effects thus pro-
duced swelling of the gelatin-chitosan films, which was more than
the pure gelatin film.

Addition of small amount (0.25wt%) of MWCNTs in gelatin-
chitosan polymer matrix enhanced the hydrophobicity to the
films. So, the swelling of the MWCNTs/gelatin-chitosan composites
became lower than that of gelatin-chitosan composites. This effect
of MWCNTs can be attributed to shielding effect which is due to the
fact that nanotubes were distributed irregularly in the gelatin-
chitosan matrix and timbered a well-developed three dimen-
sional network [46]. As a result of which MWCNTs could prevent
solvent diffusion into gelatin-chitosan polymer matrix. At 1.0% (wt/
wt) MWCNTs loading in the nanocomposite, lowest swelling was
observedwhen compared with that of gelatin-chitosan blend. From
Fig. 7 it is also observed that the swelling behavior of the nano-
composite with secondary functionalized MWCNTs (MWCNTs-
PEG) is slightly higher, which might be due to the capillarity of
MWCNTs-PEG.

Moreover, after 24 h pure gelatin underwent complete disinte-
gration. On the contrary, it was still possible to handle gelatin-
chitosan blend and MWCNTs incorporated nanocomposites. How-
ever, after 48 h it was only possible to stretch the nanocomposites
without any rapture but could not sustain any stress. The hydro-
phobic nature of the nanocomposites was enhanced as the in-
teractions between nanotubes and the blends impeded the
penetration of the water molecules so that they took longer time to
Fig. 7. Swelling behavior of pure chitosan, pure gelatin, gelatin-chitosan composite
and different MWCNTs/gelatin-chitosan nanocomposites.
compete for the same hydrophilic sites along the molecular skel-
eton of blends. Statistical significance was determined among the
three composites using ANOVA for their swelling behavior but
there is no significance difference was observed as shown in
Tables S1 and S2 (Supporting Information).
3.5. In vitro degradation

Buffer uptake of the films was investigated as the time to
degrade will affect the condition of cell growth. From the water
uptake results, swelling behavior of different composites were
obtained and thus selective films were used in this test in order to
compare the in vitro degradation result. It was found that with the
increase of swelling time buffer uptake was also enhanced and
gelatin-chitosan composite dissolved after 40min in the buffer
solution which represents simulated body fluid. As the swelling
time in the buffer was increased, the concentration of bond charges
within the composite became higher than the concentration of salt
in the external solution; thus the film was expanded by large ion-
swelling pressure and the composite showed increasing sensi-
tivity to ionic solution.

From Fig. 8 it was also observed that the MWCNTs-COOH/
gelatin-chitosan composite dissolved more rapidly (30min) than
the gelatin-chitosan composite, due to the charge screening effect
as -COOH aggregate in the emergence of salts. The sensitivity to
ionic solution increased as bond charge concentration within the
composites became higher than the concentration of salt in the
external solution. The MWCNTs-PEG/gelatin-chitosan composite
kept swelling up to 45min and afterwards dissolved slowly. In this
way, MWCNTs-PEG maintained the structure of the composite and
thus suitable for drug delivery system.
3.6. Morphology of MWCNTs/gelatin-chitosan composite

The surface and interface of the MWCNTs-COOH/gelatin-
chitosan nanocomposite (0.25wt% MWCNTs) were investigated
by scanning electron microscopy (SEM) as shown in Fig. 9a and b,
respectively. It is conspicuous that MWCNTs were not seen on the
surface of the composite and clean surface of nanocomposite is
attributed to the fact that MWCNTs penetrated through the gelatin-
chitosan matrix ensuring their homogeneous distribution. The tips
of the MWCNTs, which were punctured and visible on the interface
Fig. 8. In vitro degradation of different composite films.



Fig. 9. SEM images of (a) surface and (b) interface of MWCNTs-COOH/gelatin-chitosan composite (punctured tips of the MWCNTs is visible inside the dashed circular area); (c)
fractured surfaces of MWCNTs-COOH/gelatin-chitosan composites (pulled out tips of the MWCNTs is visible inside the dashed circular area) and (d) pure gelatin film.
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of the surface, were liable for conferring higher mechanical prop-
erties and thermal stability to the composites. Resembling SEM
images for the interface of CNTs reinforced polymer-based nano-
composites have been reported and the result of this research is
similar like them. [ 44]

Composites bearing small amounts of chitosan possess micro
pores which may be beneficial for the diffusion of metabolites and
nutrients inside the three-dimensional structures. The fractured
surfaces of the pure gelatin film (Fig. 9d) exhibited condensed
structure with small pores and thick walls, whereas open structure
(foliaceous morphology) in gelatin-chitosan composite (Fig. 9c).
The fractured cross section also showed that nanotubes pulled out
from the matrix and cracking due to stress. Open leafy structure
might provide a higher ionic gradient due to easy penetration of the
ions through its open structure which improved the bending in an
electro-mechano-chemical experiment.
Fig. 10. The release rate (%) of ciprofloxacin from different composite films at pH 7.4.
3.7. Drug release test (dissolution test)

The time required to release drug completely from selected drug
loaded films for eliciting its antimicrobial action was obtained by
in vitro diffusion studies through the percentage drug release. The
loaded drugs in the nanocomposite films were gradually diffused
into the buffer solution and reached to the equilibrium at the end
during swelling. As gelatin-chitosan film is water-soluble, cipro-
floxacin loaded composite films could be easily dissolved in buffer
solutions, causing a large initial burst at short time. Fig. 10 showed
that release rate of ciprofloxacin was much higher in case of
MWCNTs-PEG/gelatin-chitosan drug loaded films than MWCNTs-
COOH/gelatin-chitosan nanocomposite films and drug loaded
gelatin-chitosan films. However, ANOVA analysis did not show
significance difference among the different composites in terms of
their drug release rate as shown in Table S3 and S4 (Supporting
Information). After 70min of release, it reached a plateau. The
feasible reason of the lower drug release rate with gelatin-chitosan
might be due to the presence of existing ionic forces between
gelatin-chitosan and presence of eCOOH group in drug ciproflox-
acin. In case of MWCNTs-COOH nanocomposite, MWCNTs offered
diffusion of the drug because CNTs have -COOH groups attached in
their outer tube shell as a product of acid treatment (primary
functionalization), strengthened the interaction between
MWCNTs-COOH and amino acid groups of films and thus drug
ciprofloxacin got a much lesser opportunity to react with gelatin-
chitosan matrix.

The nanoparticles which require long circulation times in blood
need particular types of ligand. PEG is exceptionally compatible as a
ligand in high concentrations of salts and in extremes of pH; it
decreases the degree of opsonisation and thus provides extra-
ordinary long-term stability. Biofunctionalization and selective
attachment to nanotube surfaces can be achieved by altering and
coupling the PEG group derivatives. As MWCNTs-PEG contains



Table 1
Antibacterial activity of drug loaded Gelatin-chitosan, MWCNTs-COOH/gelatin-chitosan, MWCNTs-PEG/gelatin-chitosan nanocomposites and standard Ciprofloxacin.

Test Microorganisms Diameter of zone of inhibition (mm), (Mean± S.D.)

Gelatin-chitosan MWCNTs-COOH/gelatin-chitosan MWCNTs-PEG/gelatin-chitosan Ciprofloxacin

Gram-positive bacteria
Bacillus subtilis 25.73 (±0.03) 26.03 (±0.0911) 26.93 (±0.0818) 21.98 (±0.0361)
Staphylococcus aureus 25.11 (±0.1559) 30.23 (±0.0819) 30.8 (±0.1414) 25.85 (±0.0424)
Listeria monocytogenes 24.88 (±0.1473) 37.04 (±0.0748) 37.14 (±0.0173) 24.53 (±0.0224)
Gram-negative bacteria
Escherichia coli 0157 28.22 (±0.1414) 29.13 (±0.1367) 31.85 (±0.0707) 23.98 (±0.1393)
Salmonella enteritidis 24.20 (±0.1414) 28.05 (±0.1308) 28.75 (±0.0374) 24.23 (±0.0141)
Salmonella typhi 21.42 (±0.1204) 31.93 (±0.0819) 30.62 (±0.0141) 21.07 (±0.1797)
Klebsiella pneumoniae 24.93 (±0.0866) 25.27 (±0.1634) 29.5 (±0.1044) 23.99 (±0.0332)
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-COO-PEG groups attached in their outer tube shell as a product of
PEG treatment (secondary functionalization), it showed faster
diffusion of the drug. This procedure was carried out concerning
the body fluid environment, thus it would also be effective for the
simulated condition of animal study. It was found that 98% of cip-
rofloxacin drug was liberated within 90min, indicating the films
can be used as a carrier for sustained release as they do not interfere
with drug release on wound.
3.8. Brine shrimp lethality (cytotoxicity)

Dispersed aqueous solution (100mg/100ml) of raw MWCNTs
and MWCNTs-PEG/gelatin-chitosan nanocomposite was used to
determine the cytotoxic property. For each sample concentration,
the mortality (in percent) of the brine shrimp nauplii was calcu-
lated. A plot of log concentration of the sample versus percent of
mortality displayed a linear correlation between them. The result of
the brine shrimp lethality test revealed that raw MWCNTs exhibi-
ted no toxicity towards the brine shrimp. The mortality rate of the
brine shrimp was found to be very small extent of the highest
concentration of MWCNTs (400 mm/ml) for both raw MWCNTs and
MWCNTs-PEG/gelatin-chitosan nanocomposite. From the first
dilution, the mortality affected by both raw MWCNTs and
MWCNTs-PEG/gelatin-chitosan nanocomposite was nil. The results
of cytotoxicity are shown in Tables S5 and S6 (Supporting
Information).
3.9. Antimicrobial susceptibility testing

The result of the antimicrobial activities of the individual drug
loaded gelatin-chitosan, drug loaded MWCNTs-COOH/gelatin-
chitosan and drug loaded MWCNTs-PEG/gelatin-chitosan nano-
composite films has been represented in Table 1. The investigation
was conveyed by Mueller-Hinton [ [47]] agar disk diffusion sus-
ceptibility testing method according to NCCLS (National Committee
for Clinical Laboratory Standards). The loading of the drugwas fixed
(10mg/0.28 cm2) for gelatin-chitosan blend, MWCNTs-COOH/
gelatin-chitosan composite, MWCNTs-PEG/gelatin-chitosan nano-
composite film and standard disks.

Present investigation confirmed that the zone of inhibition for
drug loaded MWCNTs-PEG/gelatin-chitosan nanocomposite was
the highest against all the bacterial species compared to drug
loaded gelatin-chitosan blend, MWCNTs-COOH/gelatin-chitosan
composite and even standard disc as well. It might be possibly
due to the fact that MWCNTs and PEG have some additional
antimicrobial activity. In order to confirm the fact we have also
studied the antibacterial activities of the blank films of gelatin,
chitosan, gelatin-chitosan blend, MWCNTs-COOH/gelatin-
chitosan composite and MWCNTs-PEG/gelatin-chitosan compos-
ite. The test results are presented in Table S7 (Supporting
Information) and it was found that pure gelatin films did not show
any antibacterial activity whereas pure chitosan and all the
composite films showed moderate sensitivity against all the
bacterial species. The reason for no antibacterial activity of pure
gelatin is that gelatin is a protein and might not inhibit the growth
or may promote the growth of bacteria. To find out whether there
is any significant difference among the three drug loaded com-
posites on the zone of inhibition, statistical significance was
determined by means of ANOVA test and the results thus obtained
are summarized in Tables S8 and S9 (Supporting Information). It is
evident from ANOVA table that the zones of inhibition for nano-
composites MWCNTs-COOH/gelatin-chitosan and MWCNTs-PEG/
gelatin-chitosan are significantly different from composite
gelatin-chitosan (P < 0.05), but nanocomposite MWCNTs-PEG/
gelatin-chitosan is not significantly different from nano-
composite MWCNTs-COOH/gelatin-chitosan (P > 0.05). However,
we conclude that the MWCNTs-PEG/gelatin-chitosan nano-
composite has the strongest antibacterial activity among the
tested samples (Table 1) and the results completely support the
drug release assessment in dissolution tests for the samples
(Fig. 10). Even though some bacterial plates were found to contain
colonies, but the zones of inhibition were very clear and the zones
of inhibition obtained for each sample against seven different
bacterial species are shown in Fig. S1eS7 (Supporting
Information).
4. Conclusions

The effect of addition of MWCNTs on mechanical, thermal,
swelling properties of gelatin-chitosan composites have been suc-
cessfully explored in this paper. By accomplishing successful co-
valent functionalization of MWCNTs facilitated the interfacial
interaction between the natural polymer blend and the nanotubes,
which further enhanced the dispersion within the matrix and thus
ultimately enhanced the mechanical properties of the blends.
Surface and interface structures of the composites were studied by
SEM and the intimate relationship between the structure and
overall performances of the composite was revealed. The thermal,
swelling, drug releasing properties were also found to superior
compared with gelatin-chitosan blend due to addition of nano-
tubes. Besides the effectiveness in drug release rate, prepared
MWCNTs/gelatin-chitosan nanocomposites did not show any
cytotoxicity and we believe that such nanocomposites can be
employed as targeted drug delivery agent in nanomedicine, tar-
geted thermal tumor ablation and magnetic field targeting of
tumors.

This research provides an alternative novel strong and light-
weight material for versatile biomedical applications. Although
these MWCNTs conjugates displayed no cytotoxicity in vitro, for
further development, it is important to assess them by metabolism
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in vivo tests, biodistribution and clearance from the body.
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