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ABSTRACT: In this study, chitosan/alginic acid/zinc oxide (CHI/AA/ZnO) nanostructured hydrogel sponges were fabricated by incorpo-
rating ZnO nanoparticles (<100 nm) into polymer matrix to develop a new potential biomaterial for hemorrhage control. For this pur-
pose, the crosslinked CHI/AA/ZnO nanostructured sponges were synthesized by freeze-drying technique. Genipin was used as a
crosslinker. The prepared chitosan-based sponges were characterized by Fourier transform infrared spectroscopy, X-ray diffraction, and
scanning electron microscopy—energy-dispersive spectroscopy analysis. The effects of ZnO content on the physicochemical characteris-
tics of sponge-like nanostructured hydrogels were evaluated by swelling ratio in two different pH values. Physical immobilization of
dexamethasone as a model drug in hydrogel matrix resulted sustained release of drug more than 3 days. Antibacterial activity of hydro-
gel sponges was assessed against Staphylococcus aureus. The cytotoxicity and hemostatic efficacy of crosslinked CHI/AA/ZnO sponge
like-nanostructured hydrogels was evaluated in vitro and in vivo, respectively. The results of this study demonstrated that the prepared
CHI/AA/ZnO nanostructured sponge had the potential to be an antibacterial topical hemostat. © 2019 Wiley Periodicals, Inc. J. Appl. Polym.
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INTRODUCTION

Uncontrollable hemorrhage remains the pivotal leading cause of
deaths worldwide after traumatic or surgical situations on acci-
dents, disasters or battlefields. An urgent effective control of hem-
orrhage using hemostatic agents could decrease related mortality.1

Currently, a large number of hemostatic natural and synthetic
materials (e.g., chitosan,2 alginate,3 cellulose,3,4 hyaluronic acid,3

gelatin,5 collagen,6 poly(glycolic acid),6 poly(lactic acid),7 and
poly(vinyl alcohol)7) in different forms (e.g., granules, powder,
foam, fiber, membrane, hydrogel) have been developed for good
biocompatibility, low antigenicity, and rapid hemostatic ability.5–10

Although an array of hemostatic products is commercially avail-
able, disadvantages of these materials concerning biological safety,
hemostatic efficacy, and high cost cannot be neglected.3,11 There-
fore, the development of new hemostatic agents is still a challenge.
One of the most important limitations of commercially available
hemostatic products is bacterial infection on the bleeding area.

Since this is very common diagnostic that can delay or impair
healing, hemostatic agents with antibacterial behavior are urgently
required for improving survival rates.12

Among many biomaterials suitable for the hemostatic agent, chit-
osan (CHI) was selected to prepare sponge-like biomaterial. As
known, CHI, natural positively charged linear polysaccharide, has
a series of advantages that make it an ideal candidate material for
hemorrhage control. The protonated amine groups on CHI back-
bone could interact with negatively charged residues on red blood
cells and platelets and lead thrombus formation.1 In addition,
CHI-based biomaterials have excellent biocompatibility, biode-
gradability, antibacterial, and wound healing promoting activi-
ties.13 CHI has been used for the fabrication of various
polyelectrolyte complex materials with natural and synthetic
polyions.14 In this study, alginic acid (AA) was used to form
polyelectrolyte complex with CHI. AA is a rich natural polymer
formed by linking of β-D-mannuronic acid (M units) and
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α-L-glucuronic acid (G units) monomers.15 It has high water
absorption, ion-exchange ability, biocompatibility, biodegradation
potential, and low toxicity. The main problem with these CHI-
based scaffolds is the limited stiffness.13 In order to enhance the
mechanical properties, crosslinkers such as glutaraldehyde,
epichlorohydrin, carbodiimides, and triphosphate are used to
chemically crosslink the polymer network. Genipin, a natural
crosslinker, is a widely used crosslinking agent due to the low
toxicity property compared to other crosslinkers.16–19 In addition,
genipin crosslinked biomaterials have improved degradative
behaviors compared to the glutaraldehyde crosslinked biomate-
rials. Besides these, genipin itself may also provide an additional
therapeutic advantage by virtue of its anti-inflammatory behavior
that has been proved by in vivo studies.13

In recent years, extensive research has been directed toward devel-
opment the antibacterial polymeric platforms for efficient hemor-
rhage control.12,20,21 CHI has inherent antibacterial activity and
performs many other advantages for hemostatic activity. However,
its antimicrobial activity, coming from polycationic nature, is
limited above pH 6.5 due to the starting to lose its cationic
nature.22–24 To enhance the antibacterial behavior, some external
antibacterial agents have been incorporated into polymer network.
For this purpose, zinc oxide (ZnO) nanoparticles have fascinated
researchers because of their good photocatalytic activity, high sta-
bility, antibacterial activity, and nontoxicity.25–28

In this study, crosslinked CHI/AA/ZnO sponge like-nanostruc-
tured hydrogel sponges were synthesized and characterized by
Fourier transform infrared spectroscopy (FTIR), X-ray diffraction
(XRD), and scanning electron microscopy (SEM) analysis. The
swelling behaviors by the immersion in buffer solutions, drug
release behaviors, and the antibacterial activities against Staphylo-
coccus aureus were also investigated. In vitro cytotoxicity of the
hydrogel materials was measured by 3-[4,5-dimethylthiazol-2-yl]-
2,5-diphenyltetrazolium bromide (MTT) assay. The hemostatic
efficacy of crosslinked CHI/AA/ZnO sponge like-nanostructured
hydrogels was evaluated in vivo.

EXPERIMENTAL

Materials
Chitosan powder (Mv = 109,000 g mol−1 and DD = 85%), alginic
acid, acetic acid, genipin, and ZnO nanoparticle dispersion
(<100 nm particle size, 20 wt % in H2O), Dulbecco’s Modified
Eagle’s Medium (DMEM), penicillin–streptomycin, MTT, and
dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich
(St. Louis, USA). Fetal bovine serum (FBS) and trypsin-ethylene
diamine tetraacetic acid (EDTA, 0.25%) was purchased from
GIBCO (Paisley, UK). L-Glutamine was supplied by Biological
Industries (Israel). Umbilical cord-derived mesenchymal stem
cells (MSCs) were gift from Liv Hospital, Regenerative Medicine,
Stem Cell Research and Therapy Center, Istanbul, Turkey.

All other reagents were analytical grade.

Preparation of Genipin Crosslinked Hydrogel Sponges
Genipin crosslinked hydrogel sponges were fabricated by freeze-
drying technique.29,30 Both 2% (w/v) chitosan and alginic acid
were prepared in 1% acetic acid and distilled water, respectively.
CHI/AA/ZnO solutions were prepared by mixing chitosan and

alginic acid solution with different amounts of ZnO nanoparti-
cles. The prepared solutions were stirred for 4 h at room temper-
ature and then 2 mg of genipin was added to each solution. After
a quick stirring, polymer solutions were cast on an aluminum
dish and then frozen at −20 �C and lyophilized in a freeze-dryer
for 3 days. Sponges without genipin (CHI) were prepared in the
same manner.

FTIR Spectroscopy Analysis
FTIR spectra were obtained using PerkinElmer Spectrum One
Spectrometer equipped with attenuated total reflection (ATR)
crystal sampler at room temperature. The lyophilized hydrogel
sponges were used directly on an ATR crystal sampler at an
absorbance range from 4000 to 400 cm−1.

XRD Analysis
XRD analysis was performed using a Rigaku XRD diffractometer
(Cu Kα X-ray source). The lyophilized hydrogel sponges were
used directly and XRD runs were carried out over 2θ ranging
from 15� to 50� at a scan rate of 1� min−1.

Scanning Electron Microscopy
The morphology of hydrogel sponges was analyzed using a JEOL
JSM 6335F type SEM. Hydrogel samples were first cut, then
coated with platinum prior to SEM analysis. In addition, energy-
dispersive spectroscopy (EDS) was used to investigate the pres-
ence of ZnO nanoparticles in the matrix of CHI/AA/ZnO sponge
like-nanostructured hydrogels using Oxford Instruments AZtec
EDS System attached to the SEM.

Swelling Behavior Study
The swelling behavior of the hydrogel sponges under two differ-
ent conditions was investigated by immersing the lyophilized
samples (~10 mg) in buffer solutions (pH 7.4 and 2.0) at
37 �C.30 After 48 h, the swollen samples were removed from the
buffer solutions and blotted with a piece of filter paper to remove
excess water on the hydrogel surface. The weight of the swollen
sponge was measured and the swelling ratio (S) was then calcu-
lated with the following equation:

S¼ Wt −W0ð Þ=W0 ð1Þ

where S is the swelling ratio of the sponge, and W0 and Wt

are the weight of the dried sponge and the swollen sponge,
respectively.

Drug Loading and In Vitro Drug Release Studies
Dexamethasone (DEX) was selected as a model drug. First, 3 mg
of DEX was dissolved in 1 mL of ethanol31 before mixing with
20 mL of polymer solutions at the rates given in Table I. Then,
DEX-loaded hydrogels were prepared according to the same pro-
cess described in the Preparation of Genipin Crosslinked Hydro-
gel Sponges section.

For in vitro drug release experiments, DEX-loaded hydrogel sam-
ples were immersed in phosphate-buffered saline (PBS; pH 7.4).
The experiments were carried out at 37 �C with gentle shaking
(100 rpm). At regular time intervals, 2 mL aliquots of the release
medium were replaced with fresh PBS and the concentration
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DEX in that aliquot was measured by using a ultraviolet
(UV) spectrophotometer at 242 nm.32

Antibacterial Study
The bacterial culture of S. aureus ATCC 25923 was grown on
nutrient agar slants and stored at 4 �C. A loopful of bacteria from
the agar slant was transferred into 15 mL tryptic soy broth in a
sterile centrifuge tube and incubated at 35 �C for 24 h. The bac-
terial culture for antibacterial activity testing was diluted to a
concentration of 107 cfu mL−1 to obtain the test suspension.
Antibacterial activity of the sponge-like chitosan samples was
assessed using the disc diffusion and the plate count technique.
Antibacterial activity tests were performed using chitosan sam-
ples, which were cut into a disc form of 6 mm in diameter using
a sterile circular cutting die.

For the disc diffusion method, the chitosan discs of each of the
sample were placed on Baird-Parker agar plates, which were ini-
tially inoculated with 0.1 mL of S. aureus suspension in the range
of 106 cfu mL−1. The plates were incubated at 37 �C for 24 h. The
diameter of the inhibition zone surrounding the chitosan discs was
measured. For the quantitative assessment of the antibacterial
activity, the chitosan discs were placed into 15 mL sterile tubes.
Then, 200 μL of the S. aureus suspension was transferred into each
tube. After 2–3 min, 800 μL of PBS (pH 7.4) was added to each
tube and incubated in a shaking incubator at 37�C for 24 h. Serial
dilutions from each sample were spread inoculated on Baird-
Parker agar plates and incubated at 35�C for 24 h before the colo-
nies were counted. The experiments were performed in triplicate.
Data points are expressed as means � standard deviations. Differ-
ences between the means were analyzed using Student’s t test, tak-
ing p < 0.05 as statistically significant.

In Vitro Cytotoxic Evaluation
The in vitro indirect cytotoxicity of hydrogel samples was deter-
mined according to the literature.1 Umbilical cord-derived MSCs
were used to determine cytotoxic effect of extracts of hydrogel

samples. MSCs were cultured at 37 �C in a humid atmosphere of
5% CO2 in DMEM, supplemented with 10% FBS, 1% penicillin/
streptomycin, and 1% L-glutamine. The culture medium was
changed every 2 days. When the MSCs reached 80% confluence,
they were digested with 0.25% trypsin-0.02% EDTA and then
suspended in DMEM. Cells were collected by centrifuging at
1500 rpm for 5 min.

Table I. The Sample Codes and Feed Compositions of Hydrogel Sponges

Sample code

ZnO
suspension
(μL)

Genipin
(mg)

Chitosan
solution (mL)

Alginic
acid (mL)

CHI — — 20 —

CHI/AA — 2 10 10

CHI/AA/ZnO-1 12 2 10 10

CHI/AA/ZnO-2 24 2 10 10

CHI/AA/ZnO-3 48 2 10 10

Figure 1. Images of freeze-dried hydrogel sponges. Different shades of the blue color are an indication of genipin-crosslinking reaction. [Color figure can be
viewed at wileyonlinelibrary.com]

Figure 2. The FTIR spectra of CHI, CHI/AA, CHI/AA/ZnO-2, and
CHI/AA/ZnO-3 hydrogel sponges.
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Figure 3. The XRD spectra of (a) CHI/AA and (b) CHI/AA/ZnO-3 hydro-
gel sponges.
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Both sides of the samples were sterilized under UV light for 30 min.
To extract potential cytotoxic residues, the sterile samples were incu-
bated with MSCs culture medium at 37 �C for 24 h with an extrac-
tion ratio of 1 cm2 mL−1.33 After the incubation period, the
hydrogel samples were removed and the incubated media with sam-
ples were diluted twofold in fresh MSCs culture medium. In vitro
cytotoxic activity of hydrogel samples was assessed using MTT
assay. MSCs from passages number 5 were seeded in 48-well plates
at a density of 1 × 104 cells/well in 300 μL MSCs culture medium
and incubated at 37 �C in 5% CO2 atmosphere for 24 h. The cul-
ture medium was then replaced with the prepared medium as

mentioned above and was incubated for another 24 h. After the
incubation period, the medium was removed and 300 μL DMEM
and 50 μL MTT in sterile PBS (20 μg mL−1) was added to each
well. After another 2 h incubation, the medium was replaced with
300 mL DMSO and read at 570 nm using a microplate reader after
20 min incubation.

In Vivo Evaluation
The hemostatic effect test was performed using six New Zealand
rabbits, weighing <2 kg. Rabbit ear peripheral capillary hemor-
rhage model was created by forming an “L” incision in the ear

Figure 4. SEM images of CHI, CHI/AA, and CHI/AA/ZnO hydrogel sponges. [Color figure can be viewed at wileyonlinelibrary.com]
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tip region of the middle ear axis.34 In vivo operations were per-
formed under general anesthesia (ketamine 35 mg kg−1 + xyla-
zine 5 mg kg−1).35 The test was carried out by applying CHI,
CHI/AA, CHI/AA/ZnO-1, and control samples (Oxidized Regen-
erated Cellulose Absorbable Hemostat) to be tested on the wound
after the first bloodshed. When the samples were applied to the
bleeding zone, a weight of about 114.96 g was applied to create a
pressure of 3 N force. One ear of the test animals was used for
the main product and the other ear was used for the control
product. After the application of the sample bleeding was
observed every 30 s. The duration of the bleeding and the
amount of bleeding was tried to be determined by weighing the
tested sample after the bleeding.

RESULTS AND DISCUSSION

New sponge-like chitosan-based nanostructured antibacterial
materials were successfully synthesized via freeze-drying tech-
nique and characterized by FTIR, XRD, and SEM–EDS analysis

for the potential use in biomedical applications as the antibacter-
ial hemostatic agent. The effects of amount of ZnO nanoparticles
on the physicochemical characteristics of sponge-like nanostruc-
tured hydrogels were evaluated by swelling ratio and antibacterial
activity against gram positive and negative bacteria, in vitro cyto-
toxicity and in vivo hemostatic efficacy of the hydrogels was
investigated.

The successful crosslinking of polymer network with genipin
was confirmed by significant color change in the hydrogel
sponges from white to blue color (Figure 1). In addition, there
is a color differences between genipin crosslinked hydrogels.
The color of ZnO nanostructured hydrogels is deeper blue
than CHI/AA hydrogel. According to the literature, altering
the pH within the small range of 4.00–5.50 dramatically affects
the reaction, leading to hydrogels differing both in appearance
and in properties. This is because the degree of chitosan pro-
tonation depends on pH and the protonated chitosan reacts
with genipin.19

Figure 5. EDS images of CHI, CHI/AA, and CHI/AA/ZnO hydrogel sponges. [Color figure can be viewed at wileyonlinelibrary.com]
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Figure 2 displays FTIR–ATR spectra of CHI, CHI/AA, and
CHI/AA/ZnO sponges. The spectrum of chitosan-based sponge
without genipin (CHI) shows absorption peaks at 1637, 1554, and
1069 cm−1 assigned to the C=O stretching (Amide I band), N-H
deformation (Amide II band) and C-O stretching vibration,
respectively. In addition, the representative bands of CHI around
893 and 1153 cm−1 were due to the asymmetric stretching vibra-
tions of C-O-C of the saccharide structure.1,36–39 As observed from
the FTIR spectra of the CHI/AA and CHI/AA/ZnO sponges, the
adsorption band intensity at 1637 cm−1 decreased while the sharp
adsorption band at 1407 cm−1 revealed. These findings are attrib-
uted to the formation of secondary amide linkages due to the reac-
tion of carboxymethyl units of genipin and the amino units of
chitosan.36,38,40 According to the FTIR spectra of hydrogels incor-
porating ZnO nanoparticles, the broadening peaks around
3450 cm−1 attributed to the intermolecular hydrogen bonding
between the ZnO nanoparticles and chitosan.25 In addition, the
absorption peak observed at the range of 500–580 cm−1 are
ascribed to the vibration of O-Zn-O groups, which confirming the
presence of ZnO nanoparticles in the polymer matrix due to the
hydrogen bonds between ZnO and CHI.41,42

XRD patterns of CHI/AA and CHI/AA/ZnO-3 hydrogel sponges
are shown in Figure 3. CHI/AA hydrogel sponges have no sharp
diffraction peaks except a broadband in the range of 2θ = 18�–
25� which imply the amorphous nature of the hydrogel structure.
In addition, CHI/AA/ZnO-3 nanostructured hydrogel sponges
showed three additional peaks at 2θ values of 33�, 38�, and 45�

which were related to the ZnO crystallite.41 These characteristic
peaks in the XRD pattern of CHI/AA/ZnO-3 nanostructured
hydrogel sponge indicated that ZnO particles were successfully
loaded into CHI/AA sponge, supporting the SEM–EDS results. In
addition, characteristic peaks of ZnO nanoparticles are not seen
in the spectra of CHI/AA/ZnO-1 and CHI/AA/ZnO-2 hydrogel
(data not shown) the reason of which may be the slight presence
of ZnO in hydrogel structure.43

SEM images of CHI/AA and CHI/AA/ZnO nanostructured hydro-
gel sponges are presented in Figure 4. The hydrogel sponges include
microporous network with interconnected pores in that are sur-
rounded by polymer walls. SEM images show that adding ZnO
nanoparticles causes a reduction in the porosity of hydrogel sponges,
which is due to the formation of intermolecular hydrogen bonding
between polymer network and ZnO nanoparticles.44 This interaction
causes the polymer chains of chitosan to be packed together leading
to a reduction in porosity. The presence of ZnO nanoparticles in
the nanostructured hydrogel networks was evident from the SEM–
EDS experiments (Figure 5).

Swelling capacity of the hemostatic agents has an important role for
prevention of loss of body fluid.45 In this work, swelling behavior of
the hydrogel sponges upon exposure to two different swelling media
(pH 2.0 and pH 7.4) and influence of different amounts of ZnO
nanoparticles on swelling behavior was studied (Figure 6). All
sponges were swelled higher in the acidic conditions than in neutral
conditions. It is expected that –NH2 groups on the hydrogel chain
get protonated under acidic conditions.46,47 The electrostatic repul-
sion of this protonated amine groups on chitosan backbone could
cause to an expansion of the hydrogel network and thus a higher
swelling.48 The swelling ratio of the CHI/AA and CHI/AA/ZnO
nanostructured hydrogel sponges seems to slightly decrease as the
ZnO nanoparticles were incorporated in the hydrogel sponges to
cause a more crosslink bond. This is related to the connection of
ZnO nanoparticles and electrons of oxygen and hydrogen atoms of
hydroxyl groups and amines existing in CHI and AA chains44 to
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Figure 6. Swelling behaviour of CHI, CHI/AA, CHI/AA/ZnO-1,
CHI/AA/ZnO-2, and CHI/AA/ZnO-3 in pH 7.4 and pH 2.0. [Color figure
can be viewed at wileyonlinelibrary.com]

Figure 7. DEX release profiles of CHI/AA and CHI/AA/ZnO hydrogel sponges at pH 7.4 at 37�. [Color figure can be viewed at wileyonlinelibrary.com]
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closely wrap the polymer chains.49 As a result, the hydrogel network
contains additional cavities in which water is trapped and a decrease
in swelling behavior is observed.

In vitro drug release profiles of the hydrogel sponges are pre-
sented in Figure 7. DEX release was found to be 91.9, 76.1, 85.0,
and 88.7% from CHI/AA, CHI/AA-ZnO-1, CHI/AA-ZnO-2, and
CHI/AA-ZnO-3, respectively, in 4300 min (approximately
3 days). DEX release (%) from the hydrogels was higher in the
CHI/AA than CHI/AA/ZnO nanostructured hydrogels, which
was mainly due to higher swelling of hydrogels in pH 7.4, as dis-
cussed above. As it is obvious, there is a significant decrease in
the drug release from the CHI/AA-ZnO-1 hydrogel sponges.
Because the releasing time of drug from nanostructured hydrogel
sponges is prolonged due to a longer path required for DEX to

Figure 8. (a) Baird-Parker agar Petri plate images of S. aureus inoculated samples after incubation at 37 �C for 24 h. (b) Inhibition zones of hydrogel sponges.
(c) S.aureus counts of CHI, CH/AA, CHI/AA/ZnO-1, CHI/AA/ZnO-2, and CHI/AA/ZnO-3 samples after 24 h of incubation at 37 �C. (d) Inhibition zones in
mm for chitosan samples on S. aureus plates. [Color figure can be viewed at wileyonlinelibrary.com]

Figure 9. Cytotoxicity of CH/AA, CHI/AA/ZnO-1, CHI/AA/ZnO-2, and
CHI/AA/ZnO-3 samples against MSCs after 24 h. [Color figure can be
viewed at wileyonlinelibrary.com]

Table II. Mean and Standard Deviation Value of Test and Control Groups
for Hemostatic Time and Total Blood Loss

Samples Total blood loss (mg) Hemostatic time (s)

CHI 610 � 339.41 137 � 24.75

CHI/AA 365 � 91.92 85 � 7.07

CHI/AA/ZnO-1 263 � 168.62 93 � 10.41

Positive control 70 � 28.28 60 � 0

Negative control 973 � 50.33 —
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move from the CHI/AA-ZnO-1 hydrogel sponges to the release
medium compared with the neat hydrogel sponges.41,50 On the
other hand, DEX release rate exhibited a tendency to increase
while ZnO amount increased in the hydrogel network. This is
because ZnO aggregation exists into the hydrogel network when
ZnO amount is above a certain concentration in the medium.50,51

Antibacterial activity of chitosan-based hydrogel sponges was
assessed against S. aureus using the disc diffusion and the plate
count techniques. As shown in Figure 8(a,b), the CHI/AA/ZnO-3
samples showed the highest inhibition zone, and the lowest final
S. aureus counts after 24 h of incubation at 37 �C. Compared to
the CHI sample, significant inhibition of the S. aureus growth
was observed for all of the ZnO incorporated hydrogel sponges.
Having the highest ZnO content, the CHI/AA/ZnO-3 samples
showed significantly higher (p < 0.05) bacteriostatic effect com-
pared to the other samples [Figure 7(c,d)].

Biocompatibility is a primary requirement for wound dressing
applications.38 An ideal topically used hemostatic dressing should
not release toxic products or produce adverse reactions.52 In this
context, the level of cytotoxicity of CH/AA, CHI/AA/ZnO-1,
CHI/AA/ZnO-2, and CHI/AA/ZnO-3 hydrogel sponges toward cell
viability were performed by means of indirect MTT assay according
to the literature. MSCs were incubated in the extracted medium
from hydrogel samples. Cell viability results are presented in
Figure 9. CHI, CHI/AA, and CHI/AA/ZnO-1 hydrogel samples
show no toxicity within 24 h and no statistical differences were

observed between these products. In addition, the increase of
ZnO nanoparticle concentration into the hydrogel sponges,
CHI/AA/ZnO-2 and CHI/AA/ZnO-3, led to significant decrease in
cell viability (<50%). This means that only CHI/AA/ZnO-1 prod-
uct, containing the least amount of ZnO nanoparticles, does not
have any negative release into the medium. Consequently, the
obtained results indicated that CHI/AA/ZnO-1 hydrogel sponge
had no toxicity making it an ideal material for wound dressing.

In this study, CHI/AA/ZnO nanostructured hydrogel sponges
were fabricated as a potential antibacterial biomaterial for hemor-
rhage control. Their effectiveness on hemostasis was evaluated by
ear peripheral capillary hemorrhage model in vivo. The hemo-
static time was measured and total blood loss in animals was
weighted as shown in Table II. The total blood loss in the CHI,
CHI/AA, and CHI/AA/ZnO-1 groups (Figure 10) were found to be
610 � 339.41, 365 � 91.92, and 263 � 168.62 mg, respectively.
In addition, hemostatic time in CHI/AA group (93 � 10.41 s)
was shorter than in the CHI (137 � 24.75 s) and CHI/AA/ZnO-1
(93 � 10.41 s) groups. According to these results, CHI/AA hydro-
gel seems to have the lowest time and has the closest bleeding time
to the positive control group. At this point, it was seen that the
CHI hydrogel has the longest average bleeding time. On the other
hand, the difference between CHI/AA/ZnO-1 hydrogel and posi-
tive test groups seems to be statistically significant in terms of
bleeding time. When the groups were evaluated in terms of weight
difference, it was seen that the CHI hydrogel had the highest
amount of bleeding in accordance with the findings of the bleeding

Figure 10. Peripheral capillary bleeding in the ear tip region of the middle ear stopped by hydrogel sponges: (a) CHI, (b) CHI/AA, and (c) CHI/AA/ZnO-1.
[Color figure can be viewed at wileyonlinelibrary.com]
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time. CHI/AA is more flexible and thin than CHI hydrogel. This
form was advantageous in terms of product penetration into the
wound. It was rapidly softened and sticks to the wound when it
came into contact with blood. So, the tissue penetration into the
bleeding point was more successful. This result showed that blood
sucking property of the CHI/AA hydrogel was also more success-
ful. On the other hand, CHI/AA/ZnO-1 hydrogel also show a more
rigid structure than CHI. When it came into contact with blood,
it hardly softened like CHI products, which was a problem in
terms of tissue penetration in wound region. As a result, the clini-
cal application of these results in the future studies may provide a
standard information after a detail optimization experiments to
adjust the best ZnO ratio in polymer matrix.

CONCLUSIONS

In this study, a new sponge-like chitosan-based nanostructured
antibacterial material was synthesized and characterized for the
potential use in biomedical applications as the hemostatic agent.
According to the SEM images, all hydrogel samples include
microporous network with interconnected pores in that are sur-
rounded by polymer walls. The presence of ZnO nanoparticles in
the nanostructured hydrogel networks was evident from the XRD
and SEM–EDS results. In antibacterial experiments, ZnO incor-
porated hydrogel sponges had good bacteriostatic effect on S.
aureus antibacterial property increased with the increase of ZnO
amount in polymer network. In vitro cytotoxicity evaluation
studies confirmed the biocompatibility of CHI/AA/ZnO-1 nano-
structured hydrogel sponges. In addition, by performing in vivo
bleeding models, it was demonstrated that CHI/AA/ZnO-1 nano-
structured hydrogel sponges can be potential candidate as a topi-
cal hemostat for controlling wound infection.
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