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In our present study, the blends of chitosan, poly(N-vinylpyrrolidone) (PVP) and titanium dioxide (TiO;)
were investigated by Fourier transform infrared (FTIR) spectroscopy and thermogravimetric analysis
(TGA). The size distribution of the TiO, nanoparticles was measured using transmission electron micro-
scope and scanning electron microscope. The studies on the mechanical properties of composite material
indicate that the addition of TiO, nanoparticles increases its strength. The prepared nanocomposite dress-
ing has excellent antimicrobial efficacy and good biocompatibility against NIH3T3 and L929 fibroblast
Keywords: . . S .
Chitosan cells. Compared to conventional gauze, soframycin skin ointment and chitosan treated groups, the pre-
PVP pared nano dressing caused an accelerated healing of open excision type wounds in albino rat model.
The synergistic effects of nanocomposite dressing material like good antibacterial ability, high swelling
properties, high WVTR, excellent hydrophilic nature, biocompatibility, wound appearance and wound

Titanium dioxide
In vivo

Wound healing applications

closure rate through in vivo test makes it a suitable candidate for wound healing applications.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Wound healing, as a normal biological process in the human
body, is achieved through four precisely and highly programmed
phases: hemostasis, inflammation, proliferation and remodeling.
The main aim of wound healing is a speedy recovery with minimal
scarring and maximal function. The selection of materials is very
important from wound healing application point of views. Chitosan,
a copolymer of glucosamine and N-acetylglucosamine units linked
by [B-1,4-glycosidic linkages and good biodegradability, nontoxi-
city, biocompatibility and antifungal activity, and its derivatives
have been widely used in the fields of medicine, cosmetics, agri-
culture, biochemical separation systems, tissue engineering and so
on (Archana, Dutta, & Dutta, 2010; Jayakumar, Selvamurugan, Nair,
Tokura, & Tamura, 2008; Jia et al.,2011; Leea, Chang, Yang, Chien, &
Lai, 2012; Muzzarelli, Greco, Busilacchi, Sollazzo, & Gigante, 2012;
Tripathi, Mehrotra, & Dutta, 2009a, 2009b). Chitosan promotes
surface induced thrombosis and blood coagulation (Amiji, 1995)
and accelerates coagulation in vivo by influencing the activation of
platelets (Muzzarelli et al., 2007).

The N-acetyl glucosamine (NAG) present in chitin and chitosan
is a major component of dermal tissue which is essential for repair
of scar tissues (Singh & Ray, 2000). Chitosan’s positive surface
charge enables it to effectively support cell growth (Kean, Roth,
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& Thanou, 2005). Chitosan has several advantages over other type
of disinfectants because it possesses a higher antibacterial activity,
a broader spectrum of activity, a higher killing rate and a lower tox-
icity toward mammalian cells. Its antibacterial and acceleration of
wounds makes it as wound healing material in various forms like
beads, powders, gels, sponges, tubes, fibers and films (Li, Kong, et al.,
2012; Li, Nan, Li, Zhang, & Chen, 2012; Muzzarelli, 2009; Wang, Liu,
Li, Ren, & Ji, 2012; Wang, Wang, Li, Ren, & Ji, 2012; Wang, Zhu, Xue,
& Wu, 2012).

PVP, a synthetic polymer, has good biocompatibility and for
many years has been applied as a biomaterial or additive to
drug compositions, e.g. as a blood plasma expander (Zileinski &
Acbischer, 1994) and as vitreous humor substitute (Altemeier et al.,
1954). Under action of ionizing radiation, PVP undergoes crosslink-
ing and lead to the formation of PVP hydrogel having excellent
transparency and biocompatibility. It has been used as a main
component of temporary skin covers or wound dressing. How-
ever, the hydrogel of PVP itself is of limited applicability because of
its poor mechanical properties. So, a series of PVP hydrogels pre-
pared by PVP blends play a significant role as biomedical materials.
The miscibility of chitosan and PVP in the films has been reported
and is considered that carbonyl groups in the pyrrolidone rings of
PVP interact with amino and hydroxyl groups present in chitosan
by forming hydrogen bonding and produces material of a novel
characteristics (Hong et al., 1998). Since synthetic polymers are
available at a lower price than biopolymer chitosan, substitution
of chitosan by these synthetic polymers could reduce the price of
chitosan-based films with safe effect on their functionality.


dx.doi.org/10.1016/j.carbpol.2013.03.034
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.carbpol.2013.03.034&domain=pdf
mailto:pkd_437@yahoo.com
dx.doi.org/10.1016/j.carbpol.2013.03.034

D. Archana et al. / Carbohydrate Polymers 95 (2013) 530-539 531

Nanosized titanium dioxide (TiO,) particles occupy a special
place due to its favorable biological effects and high corrosion
resistance. TiO; is also widely used as food and pharmaceutical
additive, as well as white pigment in the paper industry and in
cosmetic products. The TiO, nanotube films have been extensively
explored as adhesion and growth support platforms for bone and
stem cells for the prevention of bacterial adhesion, drug delivery
and enhancing blood clotting for control of hemorrhage (Brammer,
Oh, Gallagher, & Jin, 2008; Peng, Eltgroth, LaTempa, Grimes, &
Desai, 2009; Tang et al., 2009). Nanoparticles of titanium diox-
ide are used in cosmetics, filters that exhibit strong germicidal
properties and remove odors, and in conjunction with silver as
an antimicrobial agent. It is considered non-toxic and has been
approved by the American Food and Drug Administration (FDA)
for use in human food, drugs, cosmetics and food contact materials
(Wist, Sanabria, Dierolf, Torres, & Pulgarin, 2004). The nanoparticles
provide a slow release of titanium ions that have wound heal-
ing and antimicrobial properties. The titanium ions released from
nanoparticle inhibits microbial proliferation and hence it acceler-
ates wound healing (Grassian, Oshaughnessy, Adamcakova-Dodd,
Pettibone, & Thorne, 2007). Nontoxicity studies examining the
effects of TiO, have shown induction of inflammatory responses,
cytotoxicity and reactive oxygen species (ROS) formation in a vari-
ety of cell types and tissues (lan, Su, & Tan, 2011; Sayes et al.,
2006). CS-TiO, complex film was reported due to their good sur-
face properties and bactericidal activities (Han, Su, & Tan, 2006;
Lieder et al, 2012; Peng et al., 2008). In a very recent study,
Chen et al. shown that polyurethane based TiO, membrane as
an excellent wound dressing material (Chen, Yan, Yuan, Zhang,
& Fan, 2011). Our present study is much more effective wound
healing substance because the basic material is natural biopoly-
mer.

The individual features of each chitosan, PVP and TiO,
nanoparticle have inspired us the feasibility of combining
all those to make an effective material for wound healing
application. The water/wound secretions may trigger the
nanoparticle’s disassembly and facilitates attacks to micro-
bial cell membranes. In this work, we demonstrated additive
effect of chitosan-PVP-TiO, ternary nanocomposite dressing
with improved antibacterial, compatible with cell lines, good
hydrophilic behavior and faster healing effect than control for
wound healing applications.

2. Experimental
2.1. Materials

Chitosan (79% deacetylated) was purchased from Central Insti-
tute of Fisheries Technology (CIFT, Cochin, India). PVP was
purchased from Central Drug House Pvt. Ltd., Mumbai, India.
Nutrient agar and nutrient broth were obtained from Hime-
dia, Mumbai, India. The test strains Escherichia coli (MTCC 739,
Gram +ve), Staphylococcus aureus (MTCC 3160, Gram +ve), Pseu-
domonas aeruginosa (MTCC 1688, Gram —ve) and Bacillus subtilis
(MTCC 121, Gram +ve) were obtained from IMTECH, Chandigarh,
India. Double distilled water was used as solvent throughout the
experiment.

2.2. Preparation of TiO; nanorod powder

0.001 mol titanium and 0.05 mol ammonium chloride powders
were mixed and grounded in a carnelian mortar, then transferred
to a corundum crucible. The crucible containing the mixture was
heated at 600°C for 3h in an electric oven and then allowed to

cool to room temperature naturally. The resultant solid powder
was directly collected as the final product.

2.3. Preparation of chitosan-PVP-TiO, ternary nanocomposite
dressing

Chitosan powder was first dissolved in 1% acetic acid solution
and then added to PVP solution. To the above mixture, 10 mg of tita-
nium dioxide nanorod powder was added and continuously stirred
to form homogeneous mixture. The gel-like solution was poured
onto ceramic plate in a dust free environment and dried in air at
room temperature for 48 h and then in vacuum oven to obtain dry
composite dressing.

2.4. Characterization of chitosan nanocomposite dressing

The infrared spectra were recorded on Perkin Elmer RX1
FTIR spectrophotometer. The morphology was studied by JEOL
JSM-5200 model scanning electron microscopy at 15kV. TGA
was carried out at Perkin Elmer diamond analyzer. The size
distribution of the TiO, nanoparticles was measured using a trans-
mission electron microscope and scanning electron microscope.
The mechanical properties of the films were determined by using a
universal testing machine (Model 1185, Instron, USA) with a cross-
head speed of 5 mm/min under 10 Hz at 23 °C. Dressing’s thickness
(mm) was determined on six films per ratio treatment averaging
measurements at five points for each film using a screw gauge and
verified with Vernier caliper.

2.5. Swelling test

The prepared chitosan-PVP-titanium dioxide based dressings
were immersed in phosphate buffer saline (PBS) (pH 7.4) solution
for different times at room temperature. Excess surface water was
blotted out with filter paper before weighing. The procedure was
repeated until there was no further weight increase. Percentage
swelling of ternary film at equilibrium was calculated from the
formula (Dhimana, Ray, & Panda, 2004)

Wiy — Wy

DS:{ Wy

} x 100
where DS is the degree of swelling, Wy, and W, are weights of wet
and dry film, respectively.

2.6. Water vapor transmission rate

Water absorption studies are of great importance for a
biodegradable material. Water vapor transmission (WVT) of films
was determined gravimetrically at 25 °C to find the moisture barrier
properties of free films at room temperature and also their tight-
ness and homogeneity. Free dressings with appropriate dimensions
were sealed to WVT cups containing 10 ml of distilled water. The
cups were accurately weighed and placed in a desiccator containing
silica gel and appropriate amounts of calcium chloride to create a
climate of low relative humidity (approximately 0%). Then, the cups
were re-weighed at determined intervals (24, 48, 72,96 and 120 h)
and the profile of mass change versus time was plotted for each free
dressing. WVTR was calculated using following equation:

gx27:|

WVTR (g*zdayfl):{ =

where g represents mass loss, t is time (measured in hours during
which the weight loss occurred), and A is the exposed area of the
dressing (Mooter, Samyn, & Kinget, 1994).
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2.7. Invitro antibacterial test

Antimicrobial test was performed using agar disc diffusion
method (Tripathi et al.,, 2009a, 2009b). The agar diffusion test
is a method commonly used to examine antimicrobial activity
regarding the diffusion of the compound tested through water-
containing agar plate (Singh & Dutta, 2010). For antibacterial
activity nutrient agar (2.8 g in 100 ml water), nutrient broth (1.3 g
in 100 ml water) were prepared and sterilized. The nutrient agar
media was then poured into autoclaved petri dishes. A loopful of
each bacterial strain was spread on nutrient agar and incubated
at 37°C for 24 h to give single colonies. A representative bacteria
colony was picked off with a wire loop, placed in pre-sterilized
nutrient broth and then incubated overnight at 37°C for 12h.
By appropriately diluting with sterile distilled water and nutrient
broth, the cultures of bacteria containing ~108 CFU/ml were pre-
pared. Then prepared bacteria medium was dispensed on to agar
plate and the solution was placed. The incubation was continued
for 12 h at 37 °C inhibition zone was measured.

2.8. Blood compatibility assay

2.8.1. Blood collection

Approximately 50 ml whole blood was drawn from healthy vol-
unteers into syringes preloaded with 10% acid citrate dextrose
(ACD). ACD solution was prepared by mixing 0.544 g anhydrous
citric acid, 1.65g trisodium citrate dihydrate and 1.84 g dextrose
monohydrate with 75 ml distilled water (Qu, Wu, & Chen, 2006).
The first milliliter of ACD was discarded.

2.8.2. Hemolysis assay

Blood testing solution was prepared by diluting 4 ml fresh ACD
human blood with 5ml 0.9% saline. Dressing was cut into small
pieces (approximately 1 cm x 1 cm) and equilibrated in 4 ml saline
for 30 min at 37 °C. Diluted blood (0.2 ml) was added to each sam-
ple and incubated for 60 min at 37 °C. Positive or negative controls,
which did not contain material films, were performed by adding
0.2 ml of human blood to 4.0 ml of distilled water (100% hemol-
ysis) or saline solution (0% hemolysis), respectively. All solutions
were centrifuged at 1000 rpm for 5 min. The absorbance of the
supernatant was measured at 545 nm. Hemolysis was calculated
as described by Dey and Ray (2003) as follows:

ODtest — Wheg

Hemolysis (%) = |:0Dpos—ODneg

}xlOO

In this equation, ODpeg control is the adsorption of 0.2 ml human
blood dissolved in 4 ml distilled saline solution; ODpos control is the
adsorption of 0.2 ml human blood dissolved in 4 ml water; OD¢est
is the absorption of sample. All the hemolysis experiments were
performed in triplicate.

2.9. Cell culture

Two cell lines, L929 and NIH3T3 (mouse fibroblast and embry-
onic cell lines, respectively, NCCS, Pune, India) were used in this
study. For the cytotoxicity test, NIH3T3 and L929 cells were cul-
tured in minimum essential medium (MEM) supplemented with
10% fetal bovine serum (FBS), 501Uml~! penicillin, 50 pgml~!
streptomycin (Invitrogen, CA, USA). NIH3T3 and L929 cells were
seeded in to 96 well plates at a seeding density 1 x 104 cells/well
and incubated for overnight.

2.10. Cytotoxicity test

Cell viability of the prepared samples was evaluated by indirect
cytotoxicity test using Alamar blue (Kumar et al., 2010). The cyto-
toxicity test of samples was done according to ISO 10993-5. The
cytotoxic effect of samples was evaluated on NIH3T3 (Li, Kong, et al.,
2012; Li, Nan, et al., 2012) and L929 cells (Kim et al., 2004). Sam-
ples were sterilized by ethylene oxide gas treatment with 50 mg/ml
(sample/medium) extraction ratio. Triplicates of each sample were
taken and incubated in serum containing media for 24 h at 37°C.
100 pul of the media from each sample was taken and transferred
into each well. The cells were then incubated for 1, 3 and 7 days
using Alamar blue assay (Invitrogen, USA). The optical density was
measured at 570 nm with 620 nm set as the reference wavelength
using a microplate spectrophotometer (Biotek Power Wave XS,
USA).

2.11. Invivo wound healing study

Wound closure rate was evaluated using albino rat model. The
animal study was carried out abiding by the national regulations
related to the conduct of experimentation. Adult male albino rats
(140-180¢g) were used in the present study. The mice were divided
into four treatment groups: gauze (negative control), soframycin
skin ointment (positive control), chitosan, nanocomposite dress-
ing; each group contained six rats (total 24 rats). The animals
were anesthetized with an intraperitoneal (i.p.) injection of pen-
tobarbitone sodium (50 mg/kg). A 2cm x 2cm (400 mm?2) open
excision-type wound was created to the depth of loose subcuta-
neous tissue. Animals after recovery from anesthesia were housed
individually in properly disinfected cages at room temperature
of 25+ 2°C. During this period, the animals were repeatedly and
gently handled to minimize the stress and to get them acclimatized
to the laboratory environment.

On Oth, 7th, 11th and 16th postoperative days, the dressings
were removed and the appearance of the wound was photo-
graphed. The rate of wound closure was determined by the
following equation:

Wound area = [ﬂ} x 100

Ao
where A; and Ag were the wound areas on the specified day and the
day of operation, respectively.

2.12. Statistical analysis

All experimental values are presented as means + S.D. The data
were analyzed using ANOVA, and then Tukey’s test was used to
analyze multiple differences between the groups by using Origin-
Pro software, version 8. p value at less than 0.05 was considered
statistically significant.

3. Results and discussion
3.1. Characterization of chitosan nanocomposite dressing

3.1.1. Fourier transform infrared (FTIR) spectroscopy

The infrared spectra of chitosan and chitosan-PVP-TiO,
films are depicted in Fig. 1. For chitosan spectrum (Fig. 1(a)):
3422 cm~! (O—H stretch overlapped with N—H stretching), 2921
and 2867 cm~! (C—H stretch), 2364cm~! (C—N asymmetric band
stretching), 1653 cm~! (amide Il band, C—O stretch of acetyl group),
1592cm~! (amide Il band, N—H stretch), 1375cm~! (asymmet-
ric C—H bending of CH, group) and 1071 cm~! (skeletal vibration
involving the bridge C—O stretch) of glucosamine residue (Singh
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Fig. 1. FTIR spectra of chitosan (a), chitosan-PVP-TiO, nano dressing material (b).

et al., 2009). The IR spectrum of chitosan-PVP-TiO, nanocompos-
ite dressing (Fig. 1(b)) contains the characteristic adsorption bands
of the two polymer components. The —OH band in chitosan appears
at3422 cm~! where asin composite dressing appears at 3405 cm™~1.
This shifting of peak toward lower frequency range is due to hydro-
gen bonding between —OH of PVP and —OH or —NH, of chitosan
(Wang, Liu, et al., 2012; Wang, Wang, et al., 2012; Wang, Zhu, et al.,
2012). PVP and chitosan can form a homogeneous phase due to the
strong hydrogen binding forces between two kinds of molecules
(Anjali Devi, Smitha, Sridhar, & Aminabhavi, 2006).

3.1.2. Thermogravimetric analysis (TGA)

Thermal behavior of the chitosan and chitosan-PVP-TiO, dress-
ing was investigated by TGA. TGA is considered as the most
important method for studying thermal stability of polymers. Two
weight losses are observed in the chitosan TGA curve shown in
Fig. 2. The weight loss at 50-150 °C is due to the moisture vaporiza-
tion. The other weight loss at 200-300 °C is due to the degradation
of chitosan molecule. For nanocomposite dressing weight loss at
65-140°C with a weight loss of 12% is due to loss of water. The
second stage starts at 170-370°C with a weight loss of 47.5% due
to the decomposition (thermal and oxidative) of chitosan and PVP.
The third stage starts at 400-500°C with a weight loss of 11% due
to grafting of nano titanium dioxide into chitosan PVP matrix.

3.1.3. Scanning electron microscopy (SEM) and transmission
electron microscope (TEM)

Electron micrographs of SEM and TEM are used to evaluate the
distribution of TiO, nanoparticles in chitosan-PVP matrix with its

100 \ o~

Welght (46)
553388

0100 200 300 400 500 600 700 800 %00 1000
Temperatare (%)

Weight (%)
3

30 i

100 200 300 400 500 600 700
Temperature (°C)

Fig. 2. TGA curve of chitosan-PVP-TiO, dressing material (inset chitosan thermo-
gram).

morphological and crystallographic features. In Fig. 3(a) and (b)
SEM exhibits the agglomerated distribution of TiO, nanoparticles in
ternary matrix composition. The possibility of agglomeration could
be due to the viscous nature of chitosan-PVP complex matrix that
does not allow the TiO, nanoparticles to distribute uniformly in
the whole binary polymer mixture under ambient stirring condi-
tions. To alleviate the concern of agglomeration, sonication process
could be a solution but its effect on the ternary composition is little
understood and therefore avoided in this case. TEM studies
(Fig. 3(c)) have shown spherical particles with good polycrystalline
nature as shown by electron diffraction pattern (in inset). This
diffraction pattern has close similarity with X-ray diffraction inten-
sities (data not shown here). Fig. 3(d) demonstrates the histogram
of TiO, nanoparticles embedded in binary polymer matrix that have
shown average particle size of nanoparticles under consideration
of about 25-35 nm with a good distribution for short ranges.

3.2. Swelling test

To prevent a secondary infection of bacteria, an ideal wound
dressing absorbs wound fluid (Lin, Chen, & Chu, 2001). Water
uptake ability of a biomaterial is animportant factor for cell seeding,
which affects distribution of cell suspension throughout the mate-
rial and a transfer efficiency of oxygen and nutrient. The degree
of swelling of the dressing determined through this investigation
was calculated by applying conventional Flory Huggins swelling
formula. There are several parameters affecting the swelling ratio,
hydrophilicity, stiffness and pore structure of a matrix. The sample
with the highest degree of swelling will have the highest sur-
face area/volume ratio. The hydrophilic nature of chitosan material
may be a major factor that influences the extent of swelling of
these matrices. It can be easily observed from Fig. 4 that the film
attains equilibrium state after certain period of time. The dressing
shows the maximum swelling rate about 2289% after 6 h. This high
swelling property of chitosan-PVP-TiO, dressing material is due to
hydrophilic nature of material and important for quick absorption
of exudates for wound healing materials.

3.3. Water vapor transmission rate

An ideal dressing should maintain evaporative water loss from
the skin at an optimal rate. Queen et al. reported that a water
vapor transmission rate of 2000-2500 g~2 day~! would provide an
adequate level of moisture to prevent excessive dehydration and
build up the exudates on the wound area. A higher WVTR dried the
wound more quickly and produces scars. Moreover, a lower WVTR
accumulated exudates, which might retard the healing process and
result in increased risk of bacterial growth (Queen, Gaylor, Evans,
Courtney, & Reid, 1987). The WVTR of the nano ternary dressing
material was 1950-2050 g~2 day~! which is very close to the ideal
value for wound dressing. According to Queen’s recommendation,
it seemed that nano ternary film is quite suitable as dressing mate-
rial in terms of WVTRs.

3.4. Mechanical properties

To investigate the influence of chitosan on the mechani-
cal properties of dressing material, their tensile strength (MPa)
was evaluated. Tensile strength expresses the maximum stress
developed in a film during tensile testing. Fig. 4(b) shows the
effect of chitosan, PVP and nanoparticles on tensile strength of
nanocomposite dressing. The tensile strength of chitosan, PVP with
nanoparticle (1:1)* was maximum followed by chitosan, PVP with-
out nanoparticle (1:1), chitosan, PVP (1:2) and chitosan, PVP (1:4)
blended films. It was found that with a decreasing ratio of PVP up
to 50% in the composite membranes, the strength of the prepared
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Fig. 3. Microscopic images of the chitosan-PVP-TiO, dressing material: scanning electron micrograph depicting a homogenous dispersion of titanium dioxide nanoparticles
(scale 11 mm) (a, b), TEM of composite dressing material (scale 50 nm) (c) and histogram revealing the nanoparticle size distribution (d).

dressing significantly increased (Demirci, Alaslan, & Caykara, 2009).
There were significant differences in tensile strength of with-
out and with nanoparticle, demonstrating that the incorporation
of nanoparticles modified the resistance of the dressing mate-
rial. The tensile strength of chitosan-PVP-TiO, matrix without
nanoparticle was 34.6 + 1.0 MPa increasing to a maximum value of
36.28 + 1.0 MPa when the nanoparticle was incorporated in com-
posite dressing. For an ideal wound dressing material, the prepared
nanocomposite film must have good tensile strength because the
dressing should not be damaged by handling. From the study, it
was found that 1:1 ratio of chitosan, PVP blended dressing with
nanoparticle showed moderate tensile strength.
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3.5. Antibacterial activity

Antimicrobial activity is the prerequisite condition for any
wound dressing material because microbial contamination is
a major cause of worry during treatment. Inhibitory effect of
chitosan-PVP-TiO, ternary solution against microbial strains
E. coli, S. aureus, P. aeruginosa, and B. subtilis are shown in Fig. 5.
The inhibitory effect was measured based on clear zone sur-
rounding circular film strips. Measurement of clear zone diameter
included diameter of film strips, therefore, the values were always
higher than the diameter of film strips whenever clearing zone
was present. If there is no clear zone surrounding, we assumed

25 (b) ;

1

=

2
o
1

(2]
L

o

1:4 1:2 1:1 1:1*
Sample

Fig. 4. Swelling studies of prepared dressing (a) and tensile strength of chitosan, PVP and TiO, blended dressing materials (b).
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Fig. 5. Inhibitory effect of chitosan-PVP-TiO, solution against E. coli (a), Staphylococcus aureus (b), Pseudomonas aeruginosa (c) and Bacillus subtilis (d).

that there is no inhibitory zone, and furthermore, the diam-
eter was valued as zero. The Antibacterial inhibition zone for
chitosan-PVP-TiO, solution against different microbial strains, i.e.
E. coli (Fig. 5(a)), S. aureus (Fig. 5(b)), P. aeruginosa (Fig. 5(c)),
and B. subtilis (Fig. 5(d)) was measured as 30 mm, 32 mm, 38 mm
and 28 mm, respectively. This inhibition zone against different
microbial cultures proves that chitosan-PVP-TiO, dressing had an
excellent antibacterial activity. Moreover, the antibiotic property
of the nanocomposites against the gram positive was much more
pronounced than against the gram negative. It is clear from the
experiment that Gram-positive bacteria exhibited the most suscep-
tibility to the nanocomposites in comparison to gram negative. This
is due to nanocomposites may be a result of their cell wall plasmol-
ysis or the separation of cytoplasm from their cell wall (Nathanael,
Lee, Mangalaraj, Hong, & Rhee, 2012). The extremely high surface
area of nanoscaled TiO, facilitated the adsorption of target bacte-
ria, which accelerated the rate of antibacterial reaction (Kanna &
Wongnawa, 2008).

3.6. Hemocompatibility

Hemolysis is considered to be a very simple and reliable mea-
sure of estimating blood compatibility of materials. Generally the
smaller the Hemolysis value, the better the blood compatibility
of the biomaterial. Autian, Kronenthal, Oser, and Martin (1975)
reported that a value of up to 5% hemolysis is permissible for bioma-
terials. The nanocomposite dressing material induced 1.14% of con-
tacting erythrocytes to hemolyze over 60 min of contact with whole
blood. This is well within the permissible limit set by Autian. So pre-
pared nano ternary dressing material could be considered highly
hemocompatible.

3.7. Cytotoxicity test

The evaluation of cytotoxicity is very important for films used
in wound healing applications. The biosafety and biocompatibility
of chitosan-PVP (Wang, Liu, et al., 2012; Wang, Wang, et al., 2012;
Wang, Zhu, et al., 2012) and nanosize TiO, materials had been pre-
viously studied by both in vitro and in vivo tests (Gulati et al., 2012;
Li et al., 2007; Long, Saleh, Tilton, Lowry, & Veronesi, 2006).

The impact of the chitosan—-PVP-TiO, dressing material on cell
viability was assessed in two cell lines, L929 mouse fibroblast cells
and NIH3T3 mouse embryonic cells using Alamar blue assay. In this
study, the viability assay was measured for 1, 3 and 7 days after cell
seeding, which is shown in Fig. 6. According to GB/T 16886.5-2003
(ISO 10993-5: 1999), samples with cell viability larger than 75%
can be considered as noncytotoxic. Fig. 6(a) indicates that the cell
viability is 98% after 3 days and 97% after7 days on NIH3T3 cells and
for L929 (Fig.6(b))itis 97% after 3 days and 96% after seven days. The
Alamar blue assay indicates that the cells grew very well after 7 days
of exposure to ternary nanocomposite dressing material. Therefore,
ternary film can be considered as biocompatible product.

Soto et al. have also done a correlation study between particle
size, aggregation and toxicology using cellular experimental proto-
cols. In these studies TEM is extensively used to analyze the particle
sizes and the results suggest that TiO, are much less cytotoxic
compared to other types of nanomaterials such as carbon nano-
tubes and SiO, (Soto, Carrasco, Powell, Garza, & Murr, 2005; Soto,
Garza, & Murr, 2007). Yoshida et al. have reported that LDH (lactate
dehydrogenase) assay revealed TiO, to be the least toxic material
from sub-100nm up to 1 mm. According to their studies toxico-
logy assessed using cell membrane damage assays, metal oxides are
toxic in the following order: TiO; < Al,03 <SiO, regardless of size
under 1 mm. This study, however, does not probe different types of
TiO; (Yoshida, Morita, & Mishina, 2003).



536 D. Archana et al. / Carbohydrate Polymers 95 (2013) 530-539

(a)

NIH3T3
100 -

= |

<

)

S 50

o

S

K]

o

0
Sample
(b)
L929
100 -

5

S

&

S 50 -

.|

>

o

Q

0
Sample Medium

Sample

Fig. 6. Cytotoxicity profile of chitosan-PVP-TiO, dressing material in NIH3T3 (a) and L929 cells (b).

3.8. Photographic analysis

Representative images of each group, namely, negative con-
trol, positive control, chitosan and chitosan-PVP-TiO, dressing
material onto Adult male albino rats and complete schematic func-
tioning presentation of wound dressing material are shown in
Fig. 7. At the day of surgery, no visible difference in wound appear-
ance was observed for all groups. At the 7th day of post-surgery,
granulation tissue formation was clearly observed in chitosan and

chitosan-PVP-TiO, treated groups. On day 16, wounds treated with
the chitosan-PVP-TiO,, complete wound closure was observed.
During the wound healing process, chitosan gradually depoly-
merizes to release N-acetylglucosamine, which initiates fibroblast
proliferation and helps in ordered collagen deposition and stimu-
lates increased level of natural hyaluronic acid synthesis at the
wound site (Jayakumar, Prabaharan, Kumar, Nair, & Tamura, 2011).
Nho and Park (2002) reported that the PVA/PVP-chitosan hydrogel
dressing stopped the bleeding from the wound and had a better
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Fig. 7. In vivo study of wounds onto Adult male albino rats (140-180g) and complete schematic functioning presentation of wound dressing material.
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Fig. 8. Wound closure profiles of the wounds treated with negative control, positive
control, chitosan and nano dressing. The data are presented with mean +S.D.(N=6).
The star (%) indicate a significant difference at p <0.05.

curing effect than the vaseline gauze. The nanoparticles provide a
slow release of titanium ions that have wound healing and antimi-
crobial properties. The titanium ions released from nanoparticle
inhibits microbial proliferation and hence it accelerates wound
healing during in vivo test (Lipovsky, Gedanken, Nitzan, & Lubart,
2011).

3.9. Wound closure observation

Many researchers demonstrated preparation of nanocompos-
ites based on chitosan for wound healing applications. Lu, Gao,
and Gu (2008) fabricated wound dressing composed of nano-Ag
and chitosan to observe the healing rate of Ag-chitosan dressing.
The rate of nano dressing with healing time of 13.51 +4.56 days
was higher (99%) than control Ag sulfadiazine with 17.45+6.23
days (82%). The affects of wound environment for nano-Ag was
far less than the ionic form of Ag, in the same concentration, and
this is due to the bactericidal activity of nano-Ag is greater than
that of the ionic form of Ag. Lu et al. (2010) also reported that gold
colloid/chitosan scaffold could promote adhesion and proliferation
of keratinocytes. Kumar et al. (2012) prepared microporous chi-
tosan hydrogel/nano ZnO composite bandages (CZBs) for wound
dressing applications. In this study after two weeks, the CZBs
achieved significant closure to 90% only assisted by the chi-
tosan control and comparison to Kaltostat-treated wound and bare
wounds (70%). Peng et al. (2008) prepared TiO,-chitosan with
collagen nanocomposite (NTCAS) for artificial skin. In the animal
model, NTCAS showed better and faster recovery than the other
groups, which can be attributed to the unique bactericidal effect of
nano-TiO; and immune-enhancing effect of chitosan. Commercial-
ization of these new nanoparticles based wound dressing materials
(Ulkur, Oncul, Karagoz, Yeniz, & Celikoz, 2005) is sprouting almost
as fast as they are developed.

In our investigation, the wounds treated with
chitosan-PVP-TiO, dressing material healed faster than chi-
tosan and those of the control groups. Fig. 8 shows the wound
closure rate (WCR, %) of +ve control, —ve control, pure chitosan
and chitosan-PVP-TiO, matrices. All experimental groups began
to show reductions in open wound area from day 3. The wound
closure rate of the negative control group is 10.45%, 45.91%, 81.87%,
and 90.42% for 3,7,11 and 16 days, respectively. The wound closure
rate of the positive control group is 27.79%, 55.58%, 86.51%, and
93.34% for 3, 7, 11 and 16 days, respectively. The wound closure
rate of the chitosan treated group is 28.48%, 59.19%, 89.11%, and

94.21% for 3, 7, 11 and 16 days, respectively. The wound closure
rate of the chitosan-PVP-TiO, treated group is 31.48%, 62.33%,
91.49%, and 99.09% for 3, 7, 11 and 16 days, respectively which is
more than CZBs as reported by Kumar et al. (2012). The prepared
dressings neither dissolve during the application period nor adhere
to the wound and were easy to remove without ripping the skin.
On day 16, the wounds treated with the chitosan-PVP-TiO,
nanocomposite film had healed almost completely (99%), whereas
in chitosan, negative control and positive control treated groups
the wound closure rates are 94%, 90% and 93%, respectively. Finally,
wounds healed under the chitosan-PVP-TiO- sheet via in vivo test
demonstrated better tissue quality with less scarring.

4. Conclusion

In conclusion, a new dressing consisting of biopolymer chitosan,
synthetic polymer poly(N-vinylpyrrolidone) (PVP) and nanopar-
ticle titanium dioxide has been developed, which had powerful
antibacterial efficacy against four pathogenic bacteria and found
nontoxic toward NIH3T3 and L929 fibroblast cells. In full-thickness
wound model of albino rats, the wound closure rate is effective in
nanocomposite treated wounds compared with that treated with
chitosan, positive control and negative control groups. From the
outcome of the in vivo evaluation, it is concluded that the reported
nanocomposite film is effective for wound care.
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