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Abstract- In this research, the fabrication of nanocomposite
films consisting of cellulose acetate (CA), pristine and modified
halloysite nanotubes (mHNTSs), and curcumin was investigated
by solution casting method for wound dressing applications.
The chemical structure, morphology, and surface properties
of the samples were studied by Fourier transform infrared
(FTIR) spectroscopy, scanning electron microscopy (SEM),
and contact angle measurement. Furthermore, the effects of
modified halloysite nanotube were examined on mechanical
properties, water vapor transmission rate (WVTR), and
curcumin release. The results revealed that mHNTs enhanced
mechanical strength and hydrophilicity, as well as it increased
curcumin release, and controlled its release rate, which
this could be attributed to the high activity of terminal
groups (amine) comparing to pristine halloysite nanotubes
(HNTs). Moreover, better adhesion and integrity between
the nanoparticles and polymeric matrix were confirmed by
enhancement in mechanical strength. The cell proliferation
assay also indicated the biocompatibility and nontoxicity
of the samples and their potential of being an appropriate
substrate for cell adhesion.
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[. INTRODUCTION

ellulose acetate (CA) is one of the most usual

biopolymers in the world and primitive ingredient of
the cell wall of green plants. CA is acetate ester of cellulose
and its most significant derivative in the commercial.
It is produced by the reaction of acetic anhydride with
cellulose while, sulfuric acid acts as the catalyst in this
reaction. The degree of polymerization and the number of
acetyl group for each glucose unit change CA properties
[1]. CA is broadly applicable in many fields, namely tissue
engineering [2,3], wound dressing [4-6], and drug delivery
systems [7-9].

Wound infections occur when microorganisms invade
damaged tissue. Bacteria from skin or outside environment
are the most crucial factor in causing wound infections.
Normal flora of bacteria exists in the skin which is
innocuous. After skin injury, protective layer of skin will
be destroyed and the normal flora will colonize the injured
part. It leads to tissue injury and inflammation, therefore
causing severe complications [10].

Using biocompatible scaffold combined with
antibacterial agents is a treatment approach for injured
tissue [ 11]. Curcumin with a polyphenol structure produced
by some plants is one of the natural antibacterial agents with
various characteristics. It has multiple pharmacological
and biological actions, such as anti-apoptosis [12-14],
anti-proliferation [15,16], anti-angiogenesis [17], anti-
inflammatory [18], antitumor [19,20], antioxidant [21,22],
and antibacterial [23] which make it popular. Sidhu ef al.
[24] have investigated the effect of curcumin therapy on
wound healing. For animals wounds, curcumin causes
early re-epithelialization, better neovascularization,
enhanced migration of different cells into the wound, and
more collagen content in healed skin [25].
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Anyway, there are some impediments with the
bioavailability of curcumin, notably after oral or topical
application. Curcumin hydrophobicity, rapid degradation
of that under neutral or non-acidic conditions, and its
short half-life are serious impediments [26]. Accordingly,
a suitable carrier could comfort curcumin delivery and
increase its pharmaceutical uses. Nanoscale carriers such
as clay minerals are promising candidates because of their
superior properties such as excellent mechanical durability,
large specific surface area, and high biocompatibility [27].
Among clay minerals, HNTs have attracted much attention
due to their full availability and physicochemical properties
namely tubular morphology, high porosity, high receptor
surface chemistry and hydrophobicity [28].

Chiara et al. proved high efficiency of HNTs as nano-
carriers in naked and coated forms [29]. Nanocomposites
containing HNTs have been used extensively due to their
antibacterial, catalytic, optical, electrical, and magnetic
characteristics. HNTs were loaded with gentamicin and
employed as fortifying materials for the bone implant with
polymethyl methacrylate (PMMA) matrix, resulting in
enhanced mechanical and physical properties of PMMA [30].

Nowadays, surface treatments are an issue of great
concern because it makes a material better in some way.
The high porosity of internal structure of HNTs makes
their functionalization treatments so much easier. It is the
most significant advantage of HNTs over other minerals
like bentonite. Different approaches have been taken to
functionalize HNTs such as HNTs-octadecylphosphonic
[31], HNTs-chitosan [32,33], HNTs-lactic acid [34],
HNTs-HDTMA (hexadecyltrimethylammonium) [35], and
HNTs-APTES [36,37]. An appropriate method to enhance
the number of hydrophilic groups on HNTs surfaces is
grafting amine groups. For example, (3-aminopropyl)
triethoxysilane (APTES) can be utilized to provide amine
group functionalized HNTs [38,39]. APTES makes a
profound contribution in strengthening the interfacial
interaction between matrix and HNTs [40,41].

In this study, curcumin was dispersed in CA solution to
induce antibacterial properties in CA matrix. Furthermore,
mHNTs were selected as curcumin carriers, and the samples
were fabricated by solution casting. The Fourier-transform
infrared (FTIR) spectroscopy, scanning electron microscopy
(SEM), and contact angle measurement were employed
for investigating the chemical structure, morphology, and
surface properties of the samples, respectively. Mechanical
properties, water vapor transmission rate (WVTR), and
drug release of the halloysite-containing and halloysite-
free samples were then studied. Cell adhesion, cell
proliferation, as well as the antimicrobial activity of the
samples were analyzed.
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II. EXPERIMENTAL

A. Materials

Cellulose acetate (mw 30 kDa)and N,N-dimethylformamide
(DMF) were purchased from Sigma—Aldrich Company and
used as received. Sodium bicarbonate and glutaraldehyde
25 wt% were supplied by Merck Company. The HNTs
(80 nm diameter) were kindly donated by Delta-
Dolsk Company, Poland. Aminepropyltriethoxysilane
(APTES) and curcumin (Cur) as active antibacterial and
antiinflammatory materials were purchased from Sigma-
Aldrich Company, Germany. Methanol, acetone, and
all the other chemicals were of laboratory reagent grade
and supplied by Sigma-Aldrich. The results revealed that
mHNTs enhanced mechanical strength and hydrophilicity,
increased curcumin release, and also controlled its release
rate due to the high activity of terminal groups (amine)
comparing to pristine halloysite nanotubes (HNTs).

B. Halloysite Modification and Preparation of CA, CA/Cur,
and CA/mHNTs/Cur Films

The steps mentioned below are taken for preparing amine
group functionalized HNTs. Firstly, a distribution of HNTs
in HCI 35 wt% was prepared and stirred for 24 h at room
temperature. After that, as-prepared distribution was
washed with distilled water to have a practically constant
pH value after third washing. After purification, HNTs
were collected on a neat substrate and placed in an oven at
60 °C for 24 h. A mixture of HNTs (30 g), toluene (150 mL),
and APTES (40 mL) was heated under reflux at 60 °C for
12 h for the introduction of amino groups into HNTs. Then,
the resultant solution was repeatedly washed with diethyl
ether, ethanol, and methanol for the complete elimination
of impurities and dried at 60 °C [32].

In order to prepare CA film, 5 w/v% CA was dissolved
in 5 v/v% acetone/DMF solution at room temperature and
stirred for 24 h. The solution was poured in a glass petri
dish and dried in a vacuum oven at 40 °C for 24 h. Finally,
the CA films were separated from petri dishes and before
any testimplementation, incubated in a desiccator atroom
temperature for 24 h. For fabrication of CA-containing
curcumin (CA/Cur) film, 5 w/v% CA was dissolved in
5 v/v% acetone/DMF solution at room temperature.
Then, curcumin was added to the solution and stirred
for 24 h at 80 °C. Curcumin to CA mass ratio was
about 1:10 in this solution. Subsequent steps were the
same as the preparation steps of polymeric CA film.
For preparing cellulose acetate/modified halloysite
nanotubes/curcumin (CA/mHNTs/Cur) film, first, we
dispersed 0.24 g of halloysite in 20 mL of water for
one hour at a temperature of 80 °C. Then, we dissolved
0.023 g of curcumin in 5 mL of methanol and placed
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it at 80 °C for two hours and then centrifuged for
24hat50°C,andagain 5 w/v% CAwasdissolvedin 5 v/v%
acetone/DMF solution at room temperature. Afterward,
halloysite (halloysite:CA mass ratio was about 1:10) was
added to the solution and stirred at room temperature for
24 h. The solution was poured in a petri dish and dried
at 40 °C for 24 h. Subsequent steps were the same as the
preparation steps of polymeric CA film.

C. Characterization

C.1. Water Uptake Test

For wound-healing process, one of the most important
criteria for keeping a moist environment is water uptake of
dressing. To achieve this goal, the petri dishes containing
different samples were embedded in PBS solution at 27 °C.
Eight samples were measured at equal time intervals, and
it lasts for 12 h. Eventually, samples weight changes were
recorded and used to calculate water uptake percentage
by using Eq. (1) [42], where m  and m, are the weight of
samples in wet and dry conditions, respectively:

n’lw _md

Water uptake (%) =

m, (M)
D. Contact Angle Measurement

For determining hydrophilicity, static contact angles were
investigated using a Rruss Glo device, and 10 pL of samples
were used for each point. When a water drop is distilled on
a sample, the liquid will expand like a thin film or spread
limitedly as a drop on the sample. In order to compensate
the sample movements from the horizontal line during the
preparation process, the contact angle was calculated as the
average of 5 measurements.

E. Water Vapor Transmission Rate (WVTR) Test

The moisture permeability of the films was determined
using the water vapor transmission rate (WVTR)
calculation. Each sample was cut into a disc with an
approximate diameter of 1.5 cm and mounted on the
mouth of a cylindrical glass cup containing DI water with
a diameter of 1.3 cm. In order to prevent any water vapor
loss through the boundaries, the samples were sealed using
glue across the edges and then placed in a dry at 27 °C. The
assembly was weighed at regular time intervals. Then, a
graph of the amount of weight loss versus time was plotted.
From the slope of the graph, WVTR was measured by
using Eq. (2), where S is the slope of weight changing-time
graph, and A is the area of the glass:

g ~(Sx24)
WVTR[mZ x dayj A 2)

F. FTIR Analysis

Fourier-transform infrared (FTIR) spectra were recorded
over the range of 4000-500 cm™ on an Avatar 360 (Thermo
Nicolet, Waltham, MA) spectrometer.

G. SEM Analysis

Morphology of samples was investigated using a
Cambridge S-360 scanning electron microscopy (SEM) at
an accelerating voltage of 10 kV. All samples were gold-
coated by a polaron sputter coater before SEM analysis.

H. Stress-Strain Test

The mechanical properties of the substitutes were
determined using a stress-strain test machine (Instron
5565, UK, and Santam STM-20, Iran). In brief, a uniform
area of 4 cmx1.5 cm of the three samples of films was
mounted lengthwise between the two grips of the machine.
Semi-thickness skin samples were subjected to load cell of
50 N with Imm/min strain rate in Instron device, while
fascia and acellular dermis samples were subjected to load
cell of 200 N. During the procedure, to ensure minimization
of sample deformation, the force was stayed parallel to
the stretching direction. The fracture of the samples and
changes in load-bearing were recorded. Then, elasticity
modulus, strain strength, stress-at-break point, and strain-
at-break point were calculated.

1. In Vitro Cell Culture

For in vitro cell culture, rabbit and human chondrocytes
were grown in DMEM/F12 including 10% FCS, 100 U/mL
penicillin, and 100 pg/mL streptomycin. These cells were
cultured on the surface of the samples, and they were kept
in a damp environment at 37 °C with 5% CO, for 14 days
[43].

J. In Vitro Curcumin Release

A novel approach, which has already been performed, was
used for evaluation of in vitro drug release. 0.5 g of the
drug-loaded halloysite samples was immersed in 100 mL of
the phosphate buffer solution (PBS, pH=7.4). The resulted
mixture was stirred at 37 °C and used as a dissolution
apparatus. Within the chosen time intervals, 4 mL of the
solution was removed, and 4 mL PBS solution was added
back to compensate volume changes. For minimizing
the drug release of remaining drug-loaded halloysite, the
solution was centrifuged after removing samples.

The amount of drug release was studied by UV absorption
via a single beam device and absorption was compared by
a ranking function. According to the standard diagram
of curcumin release and regarding obtained intensities,
concentrations were calculated and put in Eq. (3) [44].
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After calculating required concentrations, drug release
percentage was obtained by dividing final concentration to
loaded drug concentration and multiplying by 100.

ool
! ! VT 7Vs Cn—l (3)

K. Weight Loss Analysis

For weight loss analysis, rectangular cuboids with
dimensions 3x5x4 mm?® were cut from films. The samples
were incubated in PBS solution at 37 °C, and their weights
were gauged. Then, the samples were washed and freeze-
dried for 10 h, and their weight loss percentages were
computed at each incubation time. Calculations were
performed by using Eq. (4), where W, and W are the first
and final weights of the samples [2]:

Weight loss (%) = Wy =wy)

W, “4)
L. MTT Assay
The cytotoxicity of the samples was investigated based
on a method extracted from the ISO 10993-5 standard test
method (indirect contact). The reduction of the tetrazolium
component of MTT by viable cells was measured by this
test. Thus, the level of the reduction of MTT into formazan
is an indicator of the level of cell metabolism. For the MTT
assay, the samples were sterilized and incubated at 37 °C
for 1 and 5 days with an extraction ratio of 6 cm?>.mL".

In brief, 1x10* cells and 100 pL culture medium were
added to each well of a 96-well microtiter plate and
incubated for 24 h. Thereafter, the culture medium of each
well was replaced with the above-mentioned extraction
medium and incubated for another 24 h. MTT solution was
poured into the medium above the samples followed by
incubation at 37 °C for 4 h. Afterward, the formed formazan
crystals were dissolved in the MTT solvent, and the optical
density was determined by a spectrophotometer at 570 nm.
The average optical density of control and other samples
was put in Eq. (5) to obtain the relative cell viability or cell
growth (%) normalized by the control group [45,46].

average optical density of samples

Cell viability (%) = x100 (5)

average optical density of control

M. Cell Seeding on the Samples

Adipose-derived stem cells were isolated from adipose
tissue of human prepared by Department of the
Biotechnology, University of Tehran. The cells were then
seeded on the sterilized samples at the density of 2x10*
(20000-30000 fibroblast cell L929) per well in Dulbecco’s
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modified Eagle’s medium (Invitrogen, USA) supplemented
with 10% fetal bovine serum (Invitrogen, USA), incubated
at 37 °C with 5% CO,,.

N. Characteristic of Cell Morphology with SEM

After 1 day of cell seeding, the samples were washed twice
at PBS and then stabilized with 2.5% glutaraldehyde at
4 °C for 2 h. Then, the samples were air-dried under a hood
and gold-coated and then imaged by SEM.

O. Statistical Analysis

Statistical analysis was carried out using analysis of
variance. Mean standard deviation was calculated by data
obtained from triplicate samples (n=3) and was considered
statistically significant when P<0.05.

P. Antibacterial Test

Antibacterial test shows the efficiency of samples in killing
gram-negative and gram-positive bacteria. For this purpose,
the antibacterial activities of films were investigated against
model microbial species, including Escherichia coli (gram-
negative) and Staphylococcus aureus (gram-positive),
according to the clinical and laboratory standards institute
(CLSI) using the method of 0.5 McFarland standard. The
films were cut into 6 mm diameter discs and placed on
Mueller-Hinton agar plates (QUELAB, UK) inoculated
with bacteria’s [47,48]. After 24 h of incubation at 37 °C,
the inhibited areas of bacterial growth were measured by
Image J software.

II. RESULTS AND DISCUSSION
A. Water Uptake
Figs. 1 and 2 show the absorption percentage of CA,
CA/Cur, and CA/mHNTs/Cur films after 24 and 48 h of
immersion, respectively. CA/mHNTs/Cur film is inflated
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Fig. 1. Water uptake versus time for CA, CA/Cur, and CA/mHNTs/Cur
films.
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Fig. 2. Column graph for water uptake of CA, CA/Cur, and CA/mHNTs/
Cur films at 48 h.

about 83% of its primary weight in PBS solution. Indeed,
after 24 h, the absorption of CA/mHNTs/Cur film is more
than that of CA and CA/Cur films. It is due to the numerous
terminal groups (amine) of modified halloysite, keeping
curcumin for longer times. So, before primary 24 h, there
is less curcumin in comparison to CA and CA/Cur samples.
After a while, curcumin adhesion to halloysite walls will
decrease, and it absorbs more PBS to itself.

According to the statistical analysis, the correlation
or significance coefficient between CA and CA/Cur is
0.00987 and between CA and CA/HNT/Cur is 0.00883.
Also, the correlation coefficient between CA/Cur and
CA/HNT/Cur is 0.00845 and the correlation coefficient
between 3 variables is 0.00962. The results reveal that the
high distribution of data is due to many changes in different
hours. In this way, this amount increases during different
hours and it has increased with a suitable slope during a
relatively long period (Fig. 1). As shown in Fig. 2, there is
no significant difference between the variables (P>0.05).
The results show that the Mean+SD scores are at an almost
appropriate level and the confidence level is 95%.

Contact angle (°)

60
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B. Contact Angle

Contact angle test is a good determinant for film
hydrophilicity, it is less than 90°, the
corresponding film is hydrophilic. This test is repeated five
times, and an average is reported. The surface contact angles
of CA, CA/Cur, CA/mHNTSs/Cur films are investigated. As
shown in Fig. 3, the amount of hydrophilicity and contact
angle changes when the drug and/or halloysite are added.
Contact angle decreases and hydrophilicity increases,
also activating halloysite operating groups have the same
effect. The contact angle of CA/Cur enhanced owing to
the chemical structure of curcumin. Moreover, Water and
air transmission improved due to the tubular structure of
halloysite.

According to the statistical analysis, the coefficient of
significance between the variable CA and CA/Cur and CA/
HNT/Cur is 0.04995 and the coefficient of significance
between CA/Cur and CA/HNT/Cur is 0.842; finally,
the overall significance coefficient is 0.79. The standard
deviation of the data is a little high compared to their mean,
which indicates the distribution of the data. According to
Fig. 3, there is a significant relationship between only two
series of variables. Thereisasignificantrelationship between
the polymer film of CA and CA/Cur, and then between CA
and CA/HNT/Cur. By means of SPSS software, the data
are verified with each other and the relationship between
the data is measured. There is a significant relationship
between only two series of variables. The results of this
test show that the data have a high level of distribution and
diminish the reliability of the data.

and when

C. Water Vapor Transmission Rate (WVTR)

The steam permeability of the film was measured in every
hour in periods of 7, 24, and 48 h. The rate of permeability
was calculated in permanent dynamic mode. Therefore, the
water absorbed by the film was neglected. Water removed

40

204

0

CA CA/Cur CA/mHNTs/Cur

Fig. 3. Contact angle of: (a) CA, (b) CA/Cur, (c) CA/mHNTSs/Cur films (left), and (d) Column graph for contact angle of the samples.
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from the system by evaporation as it passes through the
film is linearly dependent on time (R%>0.99), implying a
constant rate for steam passage.

The results of the WVTR tests were obtained for CA,
CA/Cur, and CA/mHNTs/Cur films. According to Fig. 4,
there is a significant difference between CA/mHNTSs/Cur
and two other films. It is evident from the results that
WVTR of CA/mHNTs/Cur film increased in comparison
with CA film. Also, the water vapor transmission rate in CA/
mHNTs/Cur film is more than that in CA/Cur film. It can
be said that the addition of halloysite with the mentioned
properties will facilitate the transmission of water and air
and, in the same way, the WVTR.

According to Fig. 4, there is a significance level of
0.01 between CA/HNT/Cur composite film and other two
samples. The results show that the Mean+SD scores are at
an almost appropriate level and the confidence level is 95%.

D. FTIR Spectroscopy

The chemical structure of curcumin, halloysite, cellulose
acetate, CA film, CA/Cur, and CA/mHNTs/Cur samples
was analyzed by FTIR test (Fig. 5). There are new peaks
in the FTIR spectra of CA/Cur that indicates the placement
of curcumin in the polymer film. For example, the alcohol
peak of CA is sharp, but the phenol peak of curcumin is
slightly broad. So, the overlap of these two peaks gave rise
to a smooth broad peak at 3461 cm™ in CA/Cur.

Curcumin has carbonyl groups created from a carbon
atom double-bonded to an oxygen atom. For CA/Cur, the
typical carbonyl peak is replaced by peaks at 1733 and
1654 cm! corresponding to single-bonded carbon and
oxygen atom. In addition to the negative shift, the intensity
and height of the peak decreased. The increase in the
intensity and width of the peak at 1733, 1300, and 1400 cm’!
indicates the increase in the concentration of C=0O and
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Fig. 5. FTIR spectra of curcumin, halloysite, cellulose acetate, CA film,
CA/Cur, and CA/mHNTs/Cur samples.

C-0O, which shows the presence of CA and curcumin in
the film. This study, which is consistent with that of Owlia
et al., concluded that the halloysite peaks that reveal the
presence of halloysite in polymer films are O-H band at
3620-3694 cm!, Si-O-Si bending band at 469 cm™', Al-O-Si
strain band at 537 cm’!, and Si-O-Si bending band as a
widened peak at 1067 cm™'. They prove that Si is present in
polymer films [49].

For CA/mHNTs/Cur film, the peaks at 3694 and
3620 cm (twin peaks appeared) are related to OH strain
vibrations on the surface of halloysite. The Si-O-Si bond
vibrations at 1040-1067 cm™ are fully sharped, which
indicate the existence of halloysite.

E. SEM

According to the SEM images of samples shown in Fig. 6,
CA film has a relatively flat surface. After taking the drug,
the morphology changes because curcumin appears as
micelle on the polymeric surface. Also, adding halloysite
changes surface morphology of the CA polymeric film.
Halloysite cylinders as suitable substrates for drug loading
have curcumin in the internal and external wall. Curcumin
migrates to the surface and increases contact angle and
forms cavities on the surface. Theses phenomenon lead to
faster degradation and easier release of curcumin.

F. Stress-Strain Test

The thickness of the films was measured at different points,
and its average value was obtained 250-300 pm. According
to the tensile results taken from the stretcher device, the
stress-strain curves were plotted. As it can be seen in Table
I, the sample containing halloysite is stronger and harder
than others. Indeed, at constant strain, the stress is larger
in halloysite-containing samples that could be concluded
from the steep slope of the stress-strain curves. Thus,
halloysite acts as a reinforcing agent and increases bulk
modulus.
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TABLE I
ELASTIC MODULUS, STRAIN STRENGTH, STRESS-AT-BREAK POINT, AND STRAIN-AT-BREAK
POINT OF CA, CA/CUR, AND CA/MHNTS/CUR FILMS

Sample Elastic modulus Strain strength Stress-at-break point Strain-at-break point
(MPa) (MPa) (MPa) (%)
CA 0.14+0.06 1.73+£0.12 1.14+1.15 41.53+£3.13
CA/Cur 0.17+0.35 1.33+0.84 1.7840.2 7.734£2.12
CA/mHNTs/Cur 0.45+0.20 4.67+0.2 4.942.55 19.94+7.24
The halloysite-containing sample is more stable than 70 =
free-halloysite ones. As in Huang ef al. 5 study, the strain o0 . gxgﬂNTS/Cur
strength of the sample containing CA increases almost
4 times with the addition of mHNT [50]. As expected, the < 501
elongation value reduced by adding halloysite, because it is % 2 o
a resistive component and decreases strain-in-break point. § . B
The elastic modulus, strain strength, stress-at-break point, © 304 s
and strain-at-break point of CA, CA/Cur, and CA/mHNTs/ ] o b /
Cur films have been reported in Table I. 0 209 ] i s AN —
of[ BT
G. In Vitro Curcumin Release o-i'_/".‘. : . i
The percentage of drug release versus time is shown in 0 20 40 _ (h)50 80 100

Fig. 7. According to the drug release diagram, the free
halloysite sample has a fast release during the first 3 and 4 h
and almost 10% release after 96 h. In the sample containing
halloysite, drug release has a slow rate due to more stability
and adhesive properties created by activating functional
groups. It firstly keeps some curcumin and after 96 h has
approximately 70% drug release.

In fact, hydroxyl groups are converted to amines and
the activity of functional groups in halloysite increases.
With the continuation of this stage, the number of available

Fig. 7. Drug release of curcumin for CA/Cur and CA/mHNTs/Cur films
and the inset exhibits drug release for 5 h.

amine groups and consequently functional groups increases.
Adhesion and integrity between nanoparticles and polymer
matrix are improved. Consequently, the amount of drug
loading is enhanced and a more controllable release will be
resulted. It could be concluded that the halloysite-contained
sample has a better release rate and halloysite, as a suitable
carrier, improves the release rate [29].
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Fig. 8. Degradation rate of CA, CA/Cur, and CA/mHNTs/Cur films.

H. Weight Loss Analysis

The results presented in Fig. 8 implicate that halloysite
decreases the rate of degradation. It is due to the excellent
adhesion of halloysite to the polymeric matrix and its role
as a reinforcing agent receptor and produces a signal for
the cells for entering the growth stage or stimulating DNA
replication.

1. Cell Adhesion

Halloysite behaves as a positively charged part, and the
outer surface of the cell membrane has a negative charge.
The electrostatic reaction between the cell and halloysite led
to adhesion and round form of the cell [51]. Fig. 9 shows
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Fig. 10. Column graph of cell viability for CA, CA/Cur, CA/mHNTs/Cur,

and control samples.

SEM images of cell adhesion on the CA, CA/Cur, and CA/
mHNTs/Cur films after 48 h. The molecules of CA and
halloysite can adhere to the extracellular matrix (ECM),
integrin receptors or other receptors on the cellular surface
in a restricted region. The quick response of these reactions
creates cluster integrin.

J. Cell Viability Assay

The cell viability in contact with 48 h sample’s extract was
investigated by MTT assay. As presented in Fig. 10, the cell
viability more than 80% is obtained in the presence of all
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TABLE 11
DIAMETER OF GRAM (+) BACTERIA AND GRAM (-) BACTERIA FOR CA, CA/CUR, AND CA/
MHNTS/CUR SAMPLES
CA (Control) CA/Cur CA/mHNTs/Cur
Sample

(mm) (mm) (mm)
diameter (gram (+) bacteria) 16.54 19.49 20.64
diameter (gram (-) bacteria) 17.89 21.24 27.39

gram (+) bacteria

gram (-) bacteria

CA CA/Cur CA/mHNTs/Cur
Fig. 11. Column graph of the zone of inhibition diameter for: (a) gram
(+) bacteria and (b) gram (-) bacteria for CA, CA/Cur, and CA/mHNTSs/

Cur samples.

samples extract after passing two days. There is no significant
difference in cell viability for CA and CA/mHNTs/Cur films
(p>0.05), but in the case of CA/Cur sample, it looks that
burst release of Cur decreases fibroblast cell viability by
about 80% which is still an acceptable percentage [46].

K. Antimicrobial Activity

The results obtained from disk images have shown that
there was a zone of inhibition around some disks. This
indicates the sensitivity of that bacteria to the disk, and
should be reported as sensitive. The disks and halos were
investigated under light, and the zone of inhibition diameter
was measured by Image J software (Fig. 11 and Table II).
It could be obtained from Fig. 11 that CA/mHNTs/Cur and
CA/Cur films have higher inhibition zone compared with
CA for both gram-positive and gram-negative bacteria.
The enhancement in the bacterial activity of CA/mHNTs/
Cur rather than CA/Cur sample might be attributed to
the mHNTs intrinsic antibacterial properties [52-57]. The
addition of curcumin in HNT and CA films and the direct
investigation of their properties is the novelty of our study.

IV. CONCLUSION
CA, CA/Cur, and CA/mHNTs/Cur films were prepared by
solution casting/solvent evaporation method. FTIR spectra
confirmed the presence of CA, Cur, and HNT in the films
obtained. Halloysite as additive influences mechanical

properties, water vapor transmission rate, and drug release
of the samples. Halloysite improves mechanical properties,
increases curcumin release and controls the rate of release.
This is due to the high activity of Halloysite terminal groups
(amine), which retain curcumin for a longer time and
prevent eruptive release. After 96 h, the release percentage
of the curcumin-containing sample is 70% while it is 10%
for the halloysite-free sample in the first 4 h and the next
96 h. The results of the anti-bacterial test show that
halloysite-contained film has better properties compared to
halloysite-free samples, because of its antibacterial effect.
Finally, cell culture and antibacterial tests were performed
on the sample in order to examine biologic properties,
adhesion rate and cellular morphology of the samples. The
results of cell culture assays have shown that all cellulose
acetate films are biocompatible, non-toxic, and provide an
appropriate substrate for adhesive 1929 fibroblast cells.
Based on these results, it could be said that the obtained
composite is suitable for alternative skin applications. The
authors declared no competing financial interest.
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