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ABSTRACT

Antimicrobial mixed dressings have traditionally been used to minimize bacterial infection of burns and
other wounds. This study presents the advancement of biocompatible chitosan/silk sericin (CHT/SS) scaf-
folds combined with lauric acid (LA) and zinc oxide nanoparticles (nZnO) for the successful wound dress-
ing applications. Antibacterial assay results showed that the diameters of the inhibition zone increased
from 2+0.4 to 7+0.1 mm for Escherichia coli, as well as from 2.5+0.2 to 6 +0.4mm for Staphylococcus
aureus while CHTS/SS/100nZnO compared to CHT/SS/0.01LA. The results not only showed excellent
inhibition against Gram-positive and Gram-negative bacterial growth but also revealed improved prolifer-

ation and extended viability for HaCaT cells.

Introduction

A wound is described as a fracture in the normal body integ-
rity. Wound repair includes the activation of lots of intracellu-
lar and intercellular pathways for restoring tissue integrity and
homeostasis (Gurtner et al. 2008). One of the most serious
problems in wound repair is difficulty of the infection control
in wound care. This is due to the injured part being the most
unprotected to infection.

Wound dressings are very important for wound healing.
The aim of wound healing is to heal the wound with minimal
scarring and pain and preventing microbial invasion to the
patient (Jannesari et al. 2011). Wound dressings protect the
wound from contamination, side-infection, dryness, and bac-
terial invasion and they can be used for the treatment of
severe skin burns and injuries through the delivery of bio-
active agents to wound sites. The advanced dressings create
and maintain a local moist environment around the wound to
ease healing, absorb the wound fluids and exudates and min-
imize wound surface necrosis. The dressing materials must be
also be biocompatible, biodegradable, elastic, and nonanti-
genic (Jakubiak et al. 2001). In addition, an ideal wound dress-
ing should be a porous surface structure to ensure the
gaseous exchange between the surface of the wound and the
atmosphere.

Various wound healing dressings and devices are used in
different physical forms such as skin scaffolds, gauzes, films,
hydrogels, hydrocolloids, and xerogels (Boateng et al. 2008,
Lloyd et al. 1998) and these different types of wound dress-
ings rely on various materials that contain natural or synthetic
polymers or their combinations. Some natural polymers that
are present in the microporous structure improve wound heal-
ing by reason of its antimicrobial effectiveness. Chitosan
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(CHT), collagen, hyaluronic acid, and silicon can be currently
used to make different wound dressings.( Moczar and Robert
1993, Turley and Torrance 1985). Among the natural polymers,
CHT consists of glucosamine and N-acetyl glucosamine units
linked by B (1-4) glycosidic bonds, and is a linear aminopoly-
saccharide. CHT, formed by N-deacetylation of chitin, is a pol-
ycationic polymer. It has an amazing physical and biochemical
characteristics in wound healing applications as a dressing
(Alves and Mano 2008, Berger et al. 2004, Florea et al. 2006)
due to antibacterial, mucoadhesive, and hemostatic properties
(Muzzarelli et al. 1999). Since CHT has amino groups and cat-
ionic in nature, it exhibits powerful activity against Gram-posi-
tive and Gram-negative bacteria and shows antibacterial
activity versus to several pathogens like Escherichia coli or
Staphylococcus aureus (Felt et al. 2000) at low concentrations.
CHT induces type Il collagen production in the wound envir-
onment and improves the proliferation and migration of fibro-
blasts, which promote the healing grade (Jiang et al. 2014). In
addition, the nano and microparticles, combined with other
materials such as powders, granules, and sponges, another
form of CHT could be used to accelerate wound healing pro-
cess (Shigemasa and Minami 1996).

On the other hand, silk, a natural protein, envelops sericin
and fibroin. Silk sericin (SS) and their derivatives that have
pharmacological properties are widely used to promote
wound healing. SS, which surrounds the fibroin fiber, is a pro-
tein. It has a hydrophilic structure due to the presence of
hydroxyl, amino, and carboxyl groups. It has promising fea-
tures in the form of antioxidant, antibacterial, anticoagulant
properties, excellent oxygen permeability, and a moisture
organizing skill (Kurioka et al. 2004, Zhang 2002). There are
many studies reported about sericin (Gimenes et al. 2007, Kim
2007), but, there are few studies with regard to the
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preparation of antibacterial sericin scaffolds. Sericin can be
mixed with other polymers in order to make scaffolds.
Aramwit et al. fabricated sericin/PVA/glycerin scaffolds with
good physical and biological properties through the use of
the freeze drying technique. These scaffolds had a porous
structure and were used as wound dressing application. When
they were cultured with L929 mouse fibroblast cells, a lot of
cells were found in the scaffolds prepared using the salt-
leached method. (Aramwit et al. 2015).

In the event that there is a high infection risk into burns
and other wounds, antimicrobial-impregnated dressings may
be required. A wound dressing containing antimicrobial agent
(e.g., silver, chlorhexidine, honey, and iodine) can be used to
prevent the colonization of the wound and to improve the
established infection. Silver (Ag), an effective antimicrobial
agent, is most commonly used in burn wound management
(Caruso et al. 2004). Dressings containing silver act by absorb-
ing wound exudates, killing the microorganisms entering the
dressing and sending silver onto the wound area. These active
ions inhibit the replication, minimize growth, and metabolism
via attaching to DNA, RNA, and proteins that are negatively
charged. There have been several reviews regarding the use
of silver dressings for wound management and the majority
have concluded that there was not enough evidence to
advise the use of dressings containing silver to prevent
wound infection and promote wound healing (Storm-Versloot
et al. 2010). Nevertheless, clinicians are still using silver dress-
ings due to the absence of any alternatives and common
marketing (Cutting et al. 2007). Besides, large amounts of sil-
ver have a toxic effect that it is hazardous to the wound
(Poon and Burd 2004). For this reason, other antimicrobial-
sucked dressings may have an important role to play in pre-
venting the infection of wound. Among them, both zinc oxide
nanoparticles and lauric acid (LA) have indicated powerful
antimicrobial activity with less toxicity in vitro. LA, the stron-
gest natural antimicrobial agent, a middle chain-free saturated
fatty acid and a minor sebum component, indicates potent
antimicrobial activity against many Gram-positive bacteria
(Wille and Kydonieus 2003). It is also nontoxic and found in
natural products. ZnO carries antibacterial, anti-inflammatory,
and antifungal features and can be used in the manufacturing
of sun protection cream, acne treatment and also wound
dressings. Both wound’s epithelialization effect and the bac-
teriostatic characteristic of ZnO improve the efficiency of it in
wound dressings. ZnO nanoparticles have a broad spectrum
of antibacterial capacity to improve wound healing (Kumar
et al. 2012a, Singh et al. 2013).

In the present study, new CHT/SS scaffolds with high por-
osity as a wound dressing material were synthesized and
characterized corresponding to physicochemical properties,
biocompatibility and tested for antimicrobial activities. For this
purpose, antibacterial agents, zinc oxide nanoparticles (nZnO)
and LA incorporated into wound dressing materials in order
to increase the antibacterial activity of them. In this study, we
have indicated the powerful use of nZnO and LA, respectively,
as alternative options for antibacterial therapy in wound heal-
ing application. Therefore, a CHT/SS dressing impregnated
with nZnO and LA was tested against Gram-negative E. coli
and Gram-positive S. aureus. The incorporation of different
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amounts of LA and nZnO into CHT/SS dressing material is a
key factor to alter the scaffold characteristics. According to
the inhibition test results, it was clearly seen that the LA-
impregnated CHT/SS dressing was much more effective than
the pure and nZnO-incorporated one. Consequently, both
CHT/SS/nZn0O and CHT/SS/LA with excellent antibacterial activ-
ity have promising scaffolds as a wound dressing composite
materials.

Materials and methods
Materials

Bombxy mori (B. mori) silkworm cocoons were obtained from
Kozabirlik (Bursa, Turkey). Low molecular weight CHT (with
degree of deacetylation about 75-85%) with a number of
average molecular weight of 22kDa was purchased from
Sigma-Aldrich (St. Louis, MO) as well as disodium carbonate
(Na,COs), LA and phosphate buffer saline (1x PBS). The com-
mercial nZnO solution (an average particle size of ~35nm)
was obtained from Sigma-Aldrich (St. Louis, MO).
Immortalized human keratinocyte cell line (HaCaT) was
obtained from Lonza (Basel, Switzerland). Cell culture grade
chemicals include Dulbecco’s modified Eagle’s medium
(DMEM, Sigma), L-glutamine, penicillin-streptomycin antibiot-
ics, trypsin-EDTA and fetal bovine serum (Biological Industries,
Kibbutz Beit-Haemek, Israel). MTT (4,5-Dimethylthiazol-2-yl)-2,5-
Diphenyl tetrazolium bromide (MTT) and live/dead cell double-
staining kit were obtained from Sigma-Aldrich (St. Louis, MO).

Isolation of SS protein from silk cocoons

Isolation of SS protein from B. mori cocoons was performed
according to previously established protocols with slight mod-
ifications (Rockwood et al. 2011). In brief, B. mori silk cocoons
were cut into small pieces and immersed in 0.05 M Na,HCO3
and autoclaved at 120°C for 60 min. After extracting the struc-
tural fibroin protein from glue-like sericin protein through a
filter paper, the sericin solution was cooled to a temperature
of -80°C (Revco ULT390-5-V31, Thermo Scientific, Asheville,
NC) and the suspension was placed into a freeze-drying vessel
(CHRIST ALPHA 2-4LD, Osterode, Germany) at a preset tem-
perature of -70°C for 24h to remove the water phase
completely.

Preparation of CHT/SS 3D scaffolds

Briefly, sericin powder was suspended in 2% (w/v) CHT solu-
tions dissolved in 1% solution of acetic acid (v/v) at a 0.01:1
weight/volume ratio (w/v). After the homogenization proced-
ure, antibacterial 3D porous CHT/SS scaffolds were prepared
by the addition of nZnO and LA. For CHT/SS/nZnO scaffolds,
100 and 250l of the previously provided nZnO suspension
were added dropwise to the abovementioned CHT/SS mixture.
Similarly, LA was added to the mixture to prepare antibacter-
ial CHT/SS/LA scaffolds with a weight ratio of 3.5/96/0.5% and
2.8/96/0.96%. CHT/SS/nZnO and CHT/SS/LA mixture kept vig-
orous stirring for 1h to minimize the formation of agglomer-
ates and sonicated to ensure nanoparticle dispersion. The
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mixture was placed at a preset temperature of -70°C for 24 h
to remove the water phase completely and the samples were
freeze-dried.

CHT/SS blends were made using epichlorohydrin (ECH) as
a cross-linking agent. The prepared 3D porous scaffolds were
cross-linked at a reaction temperature of about 70°C under
ECH vapor. The effect of the cross-linking reaction of the scaf-
folds was determined by Fourier transform infrared spectros-
copy (Perkin Elmer SpectrumOne, Nicolet 520, USA). The
spectra were recorded over the range of 500-4000cm™".

Surface characterization of CHT/SS 3D scaffolds by
scanning electron microscopy

The surface morphologies of freeze-dried antibacterial CHT/SS
scaffolds were examined by scanning electron microscopy
(SEM), using a JEOL JSM700F (JEOL, Welwyn Garden City, UK) at
an operating voltage of 15 kV. For further examination, the anti-
bacterial CHT/SS scaffolds were coated with gold/palladium in
a sputter coater. In order to monitor the scaffolds seeded with
cells for 2 days, the samples were fixed with paraformaldehyde
solution (4%, w/v) for 2h and then the samples were sub-
merged in ethanol solutions (50, 70, 90, 100% v/v). Finally, the
scaffolds were treated with hexamethyldisilazane (HMDS) for
dehydration and coated with gold/palladium for SEM analysis.

Additionally, elemental composition analysis of CHT/SS
scaffolds was conducted by coupled EDX with SEM.

Mechanical properties of CHT/SS 3D scaffolds

Compression testing was performed on the CHT/SS scaffolds
(1.5cm diameter; 1cm height) using a universal testing-
machine (Zwick, 250 kN, Ulm, Germany) at a constant compres-
sion rate of 10 mMN/min. The tests were performed at room
temperature. Compressive stress—strain curves were plotted
and mechanical compression data were presented as an aver-
age of three tests.

Porosity of CHT/SS 3D scaffolds

The mean pore size and porosity percent of CHT/SS 3D scaf-
folds were determined by a mercury intrusion porosimeter
(Quantachrome Corporation, Poremaster 60, Instruments,
Boynton Beach, FL). The relationship between the applied
pressure and the pore size i.e., the pore diameter distribution
was determined according to the Washburn equation. Here, P
is pressure, D is pore diameter, vy is the surface tension of
mercury (480 dyne cm™') and 9 is the contact angle between
mercury and the pore wall, (commonly accepted at 140°).

D = (—4ycos0)/P

The measurements were obtained under low pressure and
the pore size ranges from 200 to 4 um.

In vitro release testing of nZnO from the CHT/SS 3D
scaffolds

In order to study nZnO release from the 3D porous scaffolds, the
nZnO-loading samples were incubated in phosphate-buffered

saline solution (PBS, pH 7.4) at 37°C for 10 days with continu-
ous shaking. The buffer was collected (1 mL) at different incu-
bation times and replenished using an equal volume of fresh
PBS. At the end of the experiment, the samples were diluted
10 times with water. The amount of nZnO that had been
released into the solution was measured by atomic absorption
mass spectroscopy (AAS, ThermoFischer). This analysis was
performed in triplicate for each time point with mean+SD
values reported.

In vitro cytotoxicity test and proliferation assay of CHT/
SS 3D scaffolds

HaCaT were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM), supplemented with 10% fetal bovine serum and 1%
Ul mI™" penicillin-streptomycin and 1% L-glutamine in tissue
culture flasks, at 37°C, with 5% CO, in an incubator for main-
tenance. Cell culture studies were conducted on CHT/SS 3D
porous scaffolds using MTT assay. MTT measures cell viability
based on the activity of mitochondrial enzymes in live cells.
So, the living cells reduced the MTT (3-[4,5-dimethylthiazol-2-
ylI-2,5-diphenyltetrasodium bromide) substrate to a dark-blue
formazan crystal and thus measured the mitochondrial activity
of cells in a culture. Briefly, the samples were sterilized with
70% v/v ethyl alcohol for 30 min followed by washing three
times in sterile PBS (pH 7.4) to remove alcohol. The 3D scaf-
folds were conditioned in the HaCaT-medium for 24 h (i.e., the
extraction medium) and immortalized human keratinocytes
were seeded onto each well of a 24-well plate at a density of
9 x 10% cells/well. After 24 h of cell seeding, the medium was
changed to the extract of each scaffold and the cells were
cultured for a further 24 h at 37 °C, with 5% CO, in an incuba-
tor. At the end of the exposure time, the cell culture medium
was removed and 200 pl of MTT solution (5ug/ml, diluted
with RPMI 1640 without phenol red) was added to each well.
Adding 200l of isopropanol/HCl mixture, the absorbance
was read at 570nm by a microplate reader (Biochrom Asys
Expert Plus. Microplate Reader, Holliston, MA). Cell viability
was calculated according to the following equation:

A570(sample)

—— = x 100
A570(control)

Cell viability (%) =

where A570 is the absorbance value at 570 nm. The experi-
ments were performed in triplicate, the results of which are
presented as means.

Similarly, the cell proliferation on the CHT/SS 3D porous
scaffolds was evaluated by the colorimetric assay. Briefly, the
immortalized human keratinocyte cell line was maintained in
DMEM supplemented with 10% FBS (Gibco, BRL, Gaithersburg,
MD) and 1% penicillin-streptomycin and L-glutamine at 37°C
in a 5% CO2 incubator. The cells were harvested by trypsin/
EDTA treatment. After sterilization of the 3D porous scaffolds
using 70% v/v ethyl alcohol, the 3D porous scaffolds were
incubated in 24-well tissue culture plates with HaCaT cells at
a density of 9 x 10% cells/well for 1, 2, 3 and 4 days at 37°C
in 5% CO, incubator. The scaffolds were transferred to a new
24-well plate at the end of the predetermined time. Two hun-
dred microliters of MTT reagent was pipetted as described



earlier into each well. After removal of the media at the end
of 4h, 200 uL of isopropanol/HCl mixture was added to the
wells to dissolve the converted dye. The solution (100 pL)
from each well was transferred to 96-well plates and the
optical density (OD) was measured with a microplate reader
(Biochrom Asys Expert Plus. Microplate Reader, Holliston, MA)
at an absorbance of 570 nm.

Antibacterial studies

In vitro antibacterial activity of the prepared 3D porous scaf-
folds was qualitatively evaluated using the disc diffusion
method. The antibacterial activities of pristine CHT/SS, CHT/
§5/100nZn0O, CHT/SS/250nZn0O, CHT/SS/0.01LA, and CHT/SS/
0.02LA were investigated against model microbial species
including E. coli (Gram-negative) and S. aureus (Gram-positive).
Microbial species S. aureus was grown in nutrient broth,
whereas E. coli was grown in the Luria—Bertani medium over-
night at 37°C in a shaking incubator at a speed of at
250rpm. Disc shape samples of 3D porous scaffold with
1.5 x 1.5 cm? dimension were prepared and sterilized with UV-
irradiation for 30 min. After the bacterial population was effi-
ciently increased, the suspension of microbial species used for
inoculation were prepared by adjusting fresh cultures at 0.5
Mac Farland standards (approximately 108 CFU/ml) and spec-
troscopically controlled. The inoculum was streaked on agar
plates and air-dried under sterile conditions for 10 min. The
samples in the form of small discs were placed carefully on E.
coli and S. aureus culture plates and the agar plates were
incubated at 37°C for 24 h. The relative antibacterial activity
was calculated by measuring the mean diameter of inhibition
zones developed around the samples. All samples were
studied in triplicate. Photographs of the inhibition zones were
taken to support these obtained data and so, CHT/SS/nZnO
and CHT/SS/LA were tested to check whether nZnO or LA pre-
sent was actually responsible for Gram-positive and Gram-
negative bacterial inhibition.

Figure 1. SEM images (A, B) of CHT/SS (1:0.01, w/v) composite 3D porous scaffolds.
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In vitro cell cytotoxicity

To visualize cell viability in the 3D porous scaffolds, the cells
were stained using a live/dead cytotoxicity/viability kit
included calcein-AM (live) and propidium iodide (dead) dye
solutions. The assay is based on a cell-permeable dye for
staining the live cells (calcein-AM) and a cell-impermeable dye
for staining dead and dying cells (propidium iodide). For ana-
lysis, HaCaT cells (8 x 10® cells per well) were grown in DMEM
supplemented with 10% fetal bovine serum and 1% penicil-
lin-streptomycin at 37°C, 5% CO,. HaCaT cells were treated
with pristine CHT/SS and composite 3D porous scaffolds
which include different concentrations of nZnO and LA for
24 h period. The scaffolds and cell culture medium were sub-
sequently removed and the cells were gently washed with
PBS. They were then incubated in the mixture of calcein-AM
and Pl solution for 10min at 37°C (as per manufacturer’s
instructions). The cells were imaged using a fluorescence
inverted microscope (Leica, Wetzlar, Germany) including Texas
Red® and FITC filters. The tissue culture plate (TCP) was taken
as a control for the double-staining test.

Statistical analysis

All quantitative experiments were performed in triplicate and
results are expressed as mean values+standard deviation
(SD). Statistical analysis of data was performed by one-way
analysis of variance (ANOVA). Results with p values of <0.05
and 0.005 were considered statistically significant.

Results and discussions
Characterization of CHT/SS 3D scaffolds by SEM

Four compositions of the CHT/SS (CHT/SS/100nZnO, CHT/SS/
250nZn0O, CHT/SS/0.01LA, and CHT/SS/0.02LA) were fabricated
through freeze-drying techniques. Figure 1 depicts the SEM
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Figure 2. SEM images of CHT/SS/100nZn0O (A-C) and CHT/S5/250nZn0 (D-F) composite 3D porous scaffolds and EDX scan spectra of (I) CHT/SS/100nZnO, (Il) CHT/SS/

250nZn0.

images of the 3D porous scaffolds. Freeze-dried CHT/SS scaf-
folds show well-defined, porous structures with high pore
interconnectivity.

In this work, we have prepared and characterized CHT/SS
after incorporation of nZnO and LA. As previously reported,
nZnO were in the size range approximately ~ 35nm. Figures
2(A—F) shows the SEM images of the composite scaffolds
reinforced with nZnO of two different concentrations. nZnO-
reinforced CHT/SS scaffolds present a unique porous structure
and the addition of ZnO NPs did not have any significant
impact on the pore size or pore structure that could be
observed in the SEM experiment. Figure 2(C) shows the repre-
sentative images of surfaces recorded inside the pores of pro-
duced scaffolds. There is a clear presence of nZnO on the wall
surface inside the pores and it probably has an influence on
the bactericidal properties.

Figures 3(A—D) shows the SEM images of the LA-rein-
forced scaffolds. The representative images reveal that there
were no LA residues on the wall surface of pores. It is import-
ant to note that biphasic scaffolds with good integration of
two phases were developed. Most importantly, SEM images
show homogenous distribution of pores which is a desirable
feature for optimal cell distribution and cell proliferation in
wound-dressing applications.

EDX and infrared analysis of CHT/SS 3D scaffolds

Figure 2(I—II) represents the EDX analysis of 3D porous anti-
bacterial CHT/SS/nZnO scaffolds. EDX analysis results were

used to confirm the presence of nZnO nanoparticles in the
scaffolds of CHT/SS. Zn peak is the marker of choice for con-
firming the presence of nZnO nanoparticles in the scaffolds.
The analysis of the data confirmed that nZnO nanoparticles
were successfully incorporated into CHT/SS 3D porous scaf-
folds. Furthermore, it is significant that the increase in elem-
ental peak of Zn corresponds to the predetermined
concentrations of nZnO in composite scaffolds. The EDX
spectra of the LA-reinforced scaffolds are illustrated in
Figures 3(I—Il). The presence of CHT and sericin in the 3D
porous scaffolds was confirmed by the appearance of the
characteristic peaks of oxygen, nitrogen, and carbon, which
are the main components of CHT and sericin. Additional
nitrogen peak increment was also observed in the EDX spec-
tra of LA-reinforced 3D scaffolds. Furthermore, a new bind-
ing structure causes a decrease in the oxygen elemental
value. These were attributed to the presence of LA in the
structure.

Fourier transform infrared spectroscopy (FTIR) data of the
pristine CHT/SS scaffolds have been compared with the LA
and nZnO-reinforced scaffolds. SS had the characteristic
peak of an amide | at 1656cm™ ', an amide Il at 1542 cm™!
and an amide Ill at 1246cm™' which were ascribed to the
typical peaks of random coil structure (Figure 4(A))
(Srihanam et al. 2009). The peak positions are corresponded
to C=0, N-H, and C-N stretching, C-N stretching and C=0
bending, respectively. The peaks are characteristic of a ran-
dom coil structure. The two bands at 1398cm™' and
1075cm™" were appointed to the C-H and O-H bending
vibrations and the C-OH stretching vibration, respectively.

1
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These were due to the side-chain of abundant serine resi-
dues in the sericin (Srihanam et al. 2009). A typical FTIR
spectrum of CHT shows a peak at 3303cm™" corresponding
to -NH, and -OH groups’ stretching vibration. The peaks at
2926 and 2856cm ' are attributed to asymmetric stretching
of CH; and CH,, whereas absorption band at 1627cm™' is
determined as a bending vibration of -NH, group and
stretching vibration of C=0 group (Chen et al. 2015). As
shown in Figure 4, the obtained characteristic peaks of the
CHT and SS verify that they are well-integrated in the
structure.

FTIR spectra of the nZnO-reinforced CHT/SS scaffolds in
Figure 4(A) show a spread and intensification at 3446cm™"
which are corresponding to the hydroxyl, amine, and amide
groups of CHT (Li and Du 2003). The absorption band at
2866cm~' corresponding to the CH, asymmetric vibration
shifted to 2846cm ™. A reduced intensity at 1450-1650cm ™'
that are attributed to the amide groups indicates the
reinforcement of nZnO into the CHT/SS scaffolds (Tan and
Arof 2006). Furthermore, the shifting in the sericin scan sup-
ported the interaction of the structure with nZnO. It can be
seen in Figure 4(B) at the FTIR scans of LA-reinforced scaf-
folds, the peak located at 1711-1760cm™" assigned to C=0
stretching of LA. The infrared spectrum obtained from CHT
and sericin displayed all the characteristic peaks at the
LA-reinforced scaffolds.

ARTIFICIAL CELLS, NANOMEDICINE, AND BIOTECHNOLOGY 1177

Mechanical properties of CHT/SS 3D scaffolds

A typical compressive stress/deformation curve of the pristine
and LA and nZnO-reinforced 3D CHT/SS scaffolds are shown
in Figure 5. The compressive strength of CHT/SS/0.02LA
(205 kPa at 45% of deformation) was almost twice that of pris-
tine CHT/SS ones (127 kPa at 45% of deformation) in the dry
state. In contrast, the compressive strength of CHT/SS/nZnO
and CHT/SS/0.01LA are similar to the pristine CHT/SS 3D scaf-
folds. The compressive strength values for CHTS/SS/250nZnO0O,
CHTS/SS/100nZn0O, and CHTS/SS/0.01LA are 159, 158, and
159kPa at 45% of deformation, respectively. Jamuna-Thevi
et al. reported the successful fabrication of a novel triple-lay-
ered poly(lactic-co-glycolic acid) (PLGA)-based composite
membrane containing nanoapatite and LA. Tensile testing
under dry conditions showed that the membranes containing
1wt% and 2wt% of LA exhibited a higher tensile strength
and elastic modulus compared to pure PLGA membranes
(Jamuna-Thevi et al. 2014). Furthermore, a composite from fly
ash (FA) and recycled polypropylene (R) were developed using
LA as a coupling agent. Nanoindentation tests results also
demonstrated an increase in the mechanical properties in the
case of the 1 and 2wt % LA-coated composites in comparison
to the uncoated counterpart (Sengupta et al. 2015).

The literature studies related to the effect of nZnO
reinforcement on the mechanical properties of the scaffolds
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40}

produced indicate that nZnO has a significant effect on com- nZnO into scaffolds, a significant increase in tensile strength
pression strength and fracture toughness (Shuai et al. 2016). of scaffolds was obtained (Meshram and Pawar 2015).
Meshram et al. prepared novel CHT-gelatin/nZnO composites  Similarly, Hojati et al. indicated that the incorporation of nano-
with enhanced antibacterial activity. After incorporating 1% particles into the resin composite resulted in an increase in
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Figure 5. Stress-deformation curves of CHT/SS, CHT/SS/100nZn0O, CHT/SS/250nZn0, CHT/SS/0.01LA and CHT/SS/0.02LA 3D porous scaffolds in dry-state.

the flexural modulus of the composites (Tavassoli et al. 2013).
Inferior mechanical performances of the CHT/SS/nZnO 3D
porous scaffolds compared to the LA-reinforced scaffolds in
this study can be associated with the concentration of nZnO
used.

Porosity of CHT/SS 3D scaffolds

The pore size distribution and % porosity of pristine and com-
posite CTS/SS 3D porous scaffolds were tested using mercury
intrusion porosimetry. The obtained % porosity values are
shown in Figure 6. These % porosity values were approxi-
mately similar to each other. The results showed LA and
nZnO-reinforced CHT/SS scaffolds having a porosity of 80%
greater than that of pristine CHT/SS scaffolds. A high porosity
and adequate pore size are essential factors in allowing high
density cell seeding and maintaining efficient nutrient and
oxygen supply to the seeded cells. It has been reported in the
literature the optimum pore size and porosity in the range of
100-500 um and 90%, respectively (Elsner et al. 2012, lkada
2006).

Zhao et al. fabricated a dual-layer fiber dressing that
included nitrofurazone (NFZ)-loaded poly(L-lactide) (PLLA)/
sericin nanofibers as the first layer and NFZ-loaded PLLA
nanofibers by electrospinning. The performance of these
fiber-dressings as an ideal wound dressing were investigated
and this research reported that different compositions of
dual-layer fiber mats had porosities between 75.14+5.43%
and 78.35+2.38% (Zhao et al. 2015). The obtained porosity
percentage is high enough for usage as a wound-dressing
material.

Using LA and nZnO, we obtained highly porous CHT/SS
scaffolds with pore sizes in the range of 0-250 um, indicating
that pore size distribution of LA or nZnO-reinforced scaffolds
well correspond to the pristine counterparts. The mean pore
diameter was 25.32+0.4pum, 20.39+03um, 21.51+£0.3 um,

2455+04um and 24.05+04um for CHT/SS, CHT/SS/
100nZnO, CHT/SS/250nZn0O, CHT/SS/0.01LA and CHT/SS/
0.02LA, respectively. The data demonstrate that the doping of
nZnO or LA to the structure does not change the pore size
and distribution.

In vitro release testing of nZnO from the CHT/SS 3D
scaffolds

A rapid antibacterial agent release is needed to clear the
wound of contaminating microorganisms in infected wounds.
In vitro release profile of CHT/SS/250nZnO and CHT/SS/
100nZn0O 3D porous scaffolds is displayed in Figure 7. A simi-
lar release pattern in both was obtained without the initial
burst release in the first day. CHT/SS/100nZnO had the lower
release in the fourth day compared to the first day while the
relative concentration of Zn®"after 5 days, measured for CHT/
SS/250nZn0O 3D porous scaffolds was much higher in com-
parison to the other content. The amount of Zn®ions
released from the CHT/SS/250nZn0O scaffold reached 0.25 mg/
L after 10 days of incubation in PBS. Especially, CHT/SS/
250nZn0 3D porous scaffolds showed prolonged release peri-
ods besides a slow and sustained release.

In vitro cytotoxicity test and proliferation assay of CHT/
SS 3D scaffolds

The metabolic activity of cells, as determined by the MTT
assay, is shown in Figure 8(A). The results indicate that there
is no statistically significant difference between all samples.
According to the classification criteria of toxicity reaction, a
relative growth rate value higher than 75% is evaluated to be
safe for the growth of cells (Chen et al. 2014). This graph
shows over 75% cell viability on the CHT/SS scaffolds and it
suggested that the fabricated pristine or composite scaffolds
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of 3D porous scaffolds.

were noncytotoxic. MTT results confirmed that they had favor-
able properties for tissue engineering.

Figure 8(B) shows the results of the proliferation test car-
ried out using MTT assay. Cell proliferation after culturing in
day 1, 2, 3, and 4 of nZnO and LA-reinforced CHT/SS porous
scaffolds were compared with the pristine CHT/SS porous
scaffolds. At the end of the fourth day, the living cell concen-
tration on the CHT/SS/100nZn0O, CHT/SS/0.01LA, and CHT/SS/
0.02LA is significantly higher than that of the pristine CHT/SS
porous scaffold (p < 0.005). Similarly, we observed significant
changes in cell proliferation between the CHT/SS/250nZn0O
and CHT/SS porous scaffolds at day 4 (p < 0.05). On the basis
of the obtained absorbances on the third day, it was observed
that LA- or nZnO-reinforcement improved the HaCaT cell
adhesion and proliferation (p <0.05). As shown in Figure 8,
we tested the effect of different nZnO and LA concentrations
on cell proliferation activity. The insignificant changes in cell
proliferation were observed when the concentration of nZnO
was increased to 250 ug. However, the LA-reinforced group
did not exhibit toxic effect with various LA compositions. MTT

data confirmed that LA induced an increase in the number of
viable cells in a concentration-dependent manner compared
to nZnO.

A published report has demonstrated that PLGA mem-
branes modified with LA and hydroxy apatite is promising in
terms of its cell compatibility resulting from good cell/mem-
brane extracts interactions (Jamuna-Thevi et al. 2014).
Furthermore, Augustine et al. investigated the effects of the
PCL membrane containing different concentrations of nZnO
on the proliferation and viability of adult goat fibroblast cells.
They found that the PCL membranes containing 0.5 and 1%
ZnO nanoparticles enhanced cell proliferation more compared
to the neat PCL membrane (Augustine et al. 2014).

Cell adhesion behavior on the CHT/SS scaffolds with differ-
ent contents of nZnO and LA was studied using HaCaT cells
after incubation of two days and shown in Figure 9. The pho-
tographs indicated that the keratinocyte cells on scaffolds
including nZnO and LA presented good cell adhesion and
cytoplasmic extension and the adhered cells closely contacted
with the scaffolds.
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Live/dead assay

Additionally, in order to determine the cytotoxicity, HaCaT
cells were incubated with porous scaffolds containing varying
concentrations of nZnO and LA. The double-staining method
was utilized to assess the viability in terms of cell death and
the obtained photographs are given in Figure 10. The number
of dead cells in all of the groups was clearly statistically
nonsignificant in comparison to the number of live cells

the cell proliferation of HaCaT cells on the pristine CHT/SS-, nZnO-, and LA-reinforced CHT/SS 3D porous scaffolds. Values are

(Figure 10(A-E)). The results indicated that the insertion of
nZnO and LA-content into the scaffolds had an optimum pro-
motion effect for cell attachment and growth of HaCaT cells
and presented nontoxicity to the cells.

Antibacterial activity

We had tested the antibacterial activity of pristine and nZnO/
LA-reinforced CHTS/SS porous scaffolds against S. aureus and
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Figure 9. SEM images of the adhered HaCaT cells on the pristine (A) CHT/SS, (B) CHT/SS/0.01LA, (C) CHT/SS/0.02LA, (D) CHT/SS/100nZn0, and (E) CHT/SS/250nZn0.

Scale bars are 100 and 200 pum.

E. coli (Table 1). Figure 11 shows the agar plates containing
pristine and nZnO/LA-reinforced CHT/SS porous scaffolds.
Pristine CHT/SS control did not show toxicity against the bac-
teria while the bacteria were inhibited to grow around both
composite scaffold compositions. The data obtained revealed
that CHT/SS scaffolds with higher concentration of nZnO and
LA showed enhanced activity in comparison to the 3D porous
scaffolds with lower concentrations of nZnO and LA. This
could be attributed to the fact that nZnO or LA-reinforced
scaffolds with higher concentrations are able to release signifi-
cantly more zinc ions or LA than those with lower
concentrations.

The antibacterial activity of nZnO and LA has been
reported in the literature studies. nZnO produces reactive oxy-
gen species (ROS) and the ROS or zinc ions attack the nega-
tively charged bacterial cell wall and disintegrate the cell
membrane (Prasanna and Vijayaraghavan 2015). LA is the
most potent antimicrobial saturated fatty acid (Wille and
Kydonieus 2003) and shows a strong antimicrobial activity

against many Gram-positive bacteria that included
Staphylococcus genus (Kitahara et al. 2004, Rouse et al. 2005).

Shalumon et al. prepared sodium alginate (SA)/poly (vinyl
alcohol) (PVA) fibrous mats by electrospinning technique in
their study. They reported that SA/PVA/ZnO mats showed an
antibacterial activity due to the presence of ZnO against two
different bacteria strains; Staphylococcus aureus and E. coli
(Shalumon et al. 2011). Similary, Kumar et al. showed that chi-
tin hydrogel/nZnO composite bandages enhanced the anti-
bacterial activity through increasing the nZnO concentration
(Kumar et al. 2012b). Furthermore, the literature review
attested that LA has the greatest antibacterial activity (Chu-
Kung et al. 2010, Ding et al. 2004).

Discussion

Here we report an alternative wound dressing material for
obtaining an efficient wound healing process using nZnO and
LA, which is a minor free fatty acid in sebum and has
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Figure 10. Fluorescence microscopy images of HaCaT cells after 24 h incubation with the extraction medium of 3D-porous scaffolds. (A) CHT/SS, (B) CHT/SS/250ZnO,

(C) CHT/SS/250Zn0, (D) CHT/SS/0.01LA, and (E) CHT/SS/0.02LA. Scale bars are100 um.

Table 1. Inhibition zone diameter of pristine and composite CHT/SS 3D porous
scaffolds containing nZnO and LA in different concentrations.

inhibition zone diameter (mm)

Formulation S. aureus E. coli
CHT/SS 0 0
CHT/S5/250nZn0O 55+0 45+0
CHT/S5/100nZn0O 25+0.2 2+04
CHT/SS/0.01LA 6.0+0.4 7.0x0.1
CHT/SS/0.02LA 8.0+0.3 8.5+0.2

antimicrobial activity. Interestingly, it is unknown whether LA
reinforced into a 3D porous scaffold in vitro would have a
similar effect; therefore, the potential of LA to be used as a
wound dressing material is also unknown. In this study, we
have demonstrated the potential of LA as an alternative
option for antibacterial therapy in wound dressing application
and the results were presented comparatively with nZnO.

In conclusion, 3D porous scaffolds were fabricated contain-
ing SS, CHT, nZnO and LA. FTIR studies and EDX confirmed
the presence of the individual components. SEM images
showed an interconnected microporous structure and
the reinforcement of nZnO or LA had no influence on pore
size and porosity. Moreover, positive antimicrobial effects
were observed for CHT/SS/nZnO or CHT/SS/LA against two dif-
ferent bacterial strains; E. coli and S. aureus. However, CHT/SS/
LA groups show a higher antimicrobial potential compared to
the nZnO-reinforced groups. A double-staining assay showed
that there was no damage of HaCaT cells in the presence of
nZnO or LA. Most importantly, these nanocomposites 3D scaf-
folds improve the HaCaT cells’ growth, attachment and prolif-
eration and had no negative effect on the cytocompatibility
of HaCaT cells. All the above results suggest that these 3D
CHT/SS porous scaffolds have great potential to be used as
wound dressing materials.
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