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ABSTRACT: The present study describes the development of multifunctional hemostatic
sponges to control bleeding. Chitosan (Ch) and poly(vinyl alcohol) (PVA) were selected as
the basic polymeric matrix [Ch/PVA] for sponges. Glycerol and citric acid were used as
crosslinkers [Ch/PVA/G(Cl)] to enhance the mechanical properties of the developed
sponges. Ciprofloxacin (AB) was added to the developed sponge to impart antibacterial
activity. Hydroxyapatite (HA) was also added, which would make the sponge suitable for
bone surgery. Among the developed sponges, the Ch/PVA/G(Cl)-HA-AB sponge
demonstrated enhanced cell viability, mechanical properties, and strong antimicrobial effect
against Escherichia coli, Pseudomonas aeruginosa, and Staphylococcus aureus, in addition to
platelet aggregation activity. The addition of ciprofloxacin and hydroxyapatite promotes a
unique synergistic effect of antimicrobial activity and hemostasis. Thus, the present study
introduces Ch/PVA/G(Cl)-HA-AB, a multifunctional hemostatic sponge that would be
suitable for bone surgical applications.

■ INTRODUCTION

Hemorrhage may cause hypoperfusion, acute ischemia, and
disseminated intravascular coagulation, and in severe cases, it
may cause hypovolemic shock, organ failure, and death.
Prehospital mortality rates due to hemorrhage account for
35%.1 Such high rates can be avoided if hemostasis is achieved
with a minimal loss of blood and perfusion to the tissue that is
affected. In this regard, hemostatic sponges and dressings are
the most important and effective tools in managing hemostasis.
It is important to tailor hemostatic materials to suit certain

needs at the hemorrhagic site in different cases such as bone
surgery and dentistry.2 Additionally, it is recommended that
the hemostatic material should be nonimmunogenic and have
antibacterial effects to avoid sepsis.2−5

Many sponges were developed to achieve hemostasis and
wound healing.5,6 Chitosan is an important polymer in
hemostatic applications due to its anti-inflammatory properties,
biocompatibility, and in vivo degradation.2,7 Chitosan exhibits
excellent wettability and high absorption ability, in addition to
its ability to promote the aggregation of the negatively charged
red blood cells due to its protonated structure. However,
chitosan exhibits poor mechanical properties7−9 and thus
needs to be combined with other biocompatible synthetic
polymers, such as poly(vinyl alcohol) (PVA), to improve the
mechanical properties and functionality of the hemostatic
sponge.10,11 In this study, we mixed chitosan, PVA, and
glycerol. PVA exhibits several properties such as biodegrad-
ability, low toxicity, good mechanical properties, and high
water absorption ability. Glycerol, on the other hand, improves
the flexibility of the sponge, as well as its wettability.12−14 To

optimize the mechanical integrity, crosslinking of the sponges
was performed using citric acid as a crosslinker via the
esterification reaction that occurs between the carboxyl groups
on citric acid and the hydroxyl groups on PVA and glycerol.15

To develop a multifunctional hemostatic sponge for bone
surgery applications, the PVA/chitosan sponge was further
loaded with hydroxyapatite (HA) and ciprofloxacin. Hydrox-
yapatite is widely utilized for its bone regenerative capabilities.
It is a naturally existing mineral that exists as a hexagonal
crystal of calcium, oxygen, and phosphorus. It was demon-
strated that when the hydroxyapatite is incorporated into
hemostatic agents, it promotes osteogenic differentiation.16−18

HA was also reported to have antimicrobial activity due to its
high concentration of calcium ions, which increases the
probability of its uptake by the bacteria and thus induces
calcium stress that initiates signaling for bacterial death.
However, a few bacteria exhibit a defense mechanism that can
efflux the Ca2+ ions through calcium-binding proteins or stored
in vesicles at the outer-surface membrane of the bacteria.19

Ciprofloxacin is a broad-spectrum antibiotic from the
tetracycline family of antibiotics that have been used for
endodontic infections.20 For dental surgeries, ciprofloxacin is
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the first line of defense against microbial infections.21,22

However, due to antibiotic abuse, several bacterial strains have
developed resistance to ciprofloxacin due to mutations in the
GyrA gene, the gene responsible for topoisomerase II in several
bacterial strains, in addition to the ability of these bacterial
strains to efflux the antibiotic from the cell membrane.21,22

Thus, within the current work, HA was combined with
ciprofloxacin and tested for their synergetic antibacterial
activity within the developed chitosan/PVA sponges, which
were optimized to serve as a multifunctional hemostatic sponge
for bone surgery applications.

■ MATERIALS AND METHODS
Chitosan with a molecular weight of 240,000 and a degree of
deacetylation of 84% was obtained from Primex, Iceland.
Glacial acetic acid and poly(vinyl alcohol) (Mw 85,000) were
obtained from Oxford, U.K. Anhydrous citric acid, glycerol,
calcium chloride, sodium dibasic phosphate, ammonium
oxalate, Leishman stain, ciprofloxacin, and glass petri dish
were obtained from a local vendor. Tryptic soy broth was
obtained from NEOGEN, U.K. Agar-agar was obtained from
B&V, Italy. Phosphate buffer saline, Dulbecco’s minimal Eagle
medium (DMEM), L-glutamine, penicillin−streptomycin
100×, trypsin-EDTA, and fetal bovine serum (FBS) were
obtained from Lonza, Switzerland. 3-(4,5-Dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium (MTT) was obtained from
SERVA, Germany. Sodium hydroxide was obtained from
Sigma, Germany. Dimethyl sulfoxide (DMSO) and glycerol
(Gly) were obtained from Fisher U.K., and 96-well F-bottom
plates were obtained from Greiner, Austria. T75 flasks were
obtained from Corning, USA. Thermogravimetric analyzer
(TA Instruments, New Castle, Delaware), Fourier transform
infrared spectrometer (FTIR; Thermo Fisher, Waltham,
Massachussetts), shaking incubator (JSR JSSI-100T, Korea),
biosafety cabinet (JSR, Korea), CO2 incubator (NuAire,
Plymouth, Minnesota), incubator (BTC, local vendor), Instron
3342, inverted phase-contrast microscope (Olympus, Tokyo,
Japan), and Omega FLOUstar (BMG LABTECH, Germany)
were purchased.
Hydroxyapatite Synthesis. Hydroxyapatite was prepared

according to the literature with slight modifications.23 Briefly, 9
g of CaCl2 and 8 g of Na2HPO4 were mixed slowly in 400 mL
of distilled water, and then 2 mL of 2 M NaOH was added
dropwise. The hydroxyapatite (HA) is formed from the clear
mixture as a white precipitate, and then HA was washed twice
with distilled water by decantation. The samples were then
filtered and left to dry under ambient temperature.
Preparation of the Chitosan/PVA Sponges Loaded

with Hydroxyapatite and Ciprofloxacin. Chitosan (Ch;
1% (w/v)) was dissolved in 0.5% acetic acid, and then 1% (w/
v) PVA and 15% (w/w of PVA) of anhydrous citric acid were
added to the solution. Lastly, Gly was added to the final weight
ratio of Cs/PVA/Gly of 1:1:2. To enhance the antibacterial
property of the sponge, 10% of the total polymer of
ciprofloxacin was added to the final solution. Moreover, 10%
of the total polymer of HA was added to the final solution and
stirred well until homogeneity was achieved and placed in the
bath sonicator for degassing for 5 min. The solutions were
freeze-dried and then thermally crosslinked (Cl) at 110 °C for
10 min and then packed in sealed plastic bags.
Tensile Strength (TS) of Ch/PVA/G(Cl) Sponges and

their Derivatives. The mechanical properties of sponges
were tested using the Universal Testing Machine (UTM) with

100 newton (N) load cells. Sponges were cut into rectangular-
shaped (10 cm × 0.5 cm) strips, and their ends were clamped
with the steel grip jaws of a UTM instrument for the
measurement. The percentage of elongation is derived from eq
1

% (length final length initial)/length initialδ = − (1)

Characterization of the Ch/PVA/G(Cl) Sponges and
their Derivatives. The sponges were cut into squares, and the
squares were further cut into traverse sections and placed on
carbon tapes on the side of the sponge showing the porosity of
the sponges; the images were taken without sputtering.
Scanning electron microscopy (SEM) was performed under
high vacuum, and the electron beam was set at 5 kV.
The images were further analyzed using Image J using a

simple threshold in an 8-bit jpg format. The results of the area
of porosity were further analyzed in R studio (version 4.0.1).
The area of the porous structure is assumed to be circular, and
hence the diameter is calculated as follows

diameter square root (pi area/4)= × (2)

24

The sponges were cut into disks of 3.5 cm in diameter and
placed on the sample holder of the X-ray diffraction (XRD)
instrument and 2θ values ranging from 5 to 60° were
measured. The graph was plotted using Origin version 8.0.
The functional groups of the sponges were scanned (400−

4500 cm−1) using an FTIR with an attenuated total reflection
(ATR) accessory with a resolution of 2 cm−1. The graph data
points were computed in the Origin program.
Thermal degradation of the sponges was obtained via

thermogravimetric analysis by adding 10−15 mg of each
sponge type on a platinum pan and calculating the retained
mass after heating from ambient temperature to 210 °C under
nitrogen gas. The data points were smoothened using
LOESS.25−27

Evaluation of Swelling and Degradation. The sponges
were cut into small masses (10−20 mg) and placed in each
well of a 24-well plate containing 1 mL of phosphate-buffered
saline (PBS) pH 7.4 w/o Ca+2/Mg+2. Sponge mass was
measured after lightly blotting with filter paper to remove
damped water. Degradation was performed with the same
apparatus, but the sponges were dried completely and then
weighed after 1, 3, 5, and 10 days.

Antimicrobial Evaluation of the Ch/PVA/G(Cl)
Sponges and their Derivatives. The antibacterial activity
of the chitosan sponges was tested against Escherichia coli,
Staphylococcus aureus, and Pseudomonas aeruginosa, using the
disk diffusion method according to ISO 20645:2004 for
antibacterial efficiency with the disk diffusion method. Briefly,
using an overnight culture of each bacterial strain, the bacterial
strains were diluted using the 0.5 McFarland standard in 10
mL of broth. The bacterial cells were spread on agar plates (9
cm), and the disks were placed either as a whole disk or cut in
halves or in quarters. The plates were placed inverted in the
incubator and left overnight, and then inhibition zones were
assessed. The area of the inhibition zone was calculated using
Image J. The diameter was then calculated according to eq 2.24

Evaluation of the Hemostatic Ability of the Ch/PVA/
G(Cl) Sponges and Their Derivatives. The chitosan
sponges Ch/PVA, Ch/PVA/AB, Ch/PVA/HA, and Ch/
PVA/HA/AB were evaluated for their hemostatic ability
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utilizing a qualitative method using blood smear aggregation
and a quantitative method of platelet count aggregation.
One hundred microliters of whole blood from a blood bank

was placed on a glass slide. The chitosan/PVA sponges were
placed on top of the blood and left for 3 min. The slide was
then smeared and left to dry. Absolute ethanol was utilized as a
fixing media for 5 min. Leishman stain was used to cover the
whole slide for 15 min and then washed with tap water and left
to dry. The micrograph images were taken with an Olympus
microscope at 10× magnification.
For quantification of platelet aggregation, 100 μL of serum

was added to each well. The chitosan/PVA sponges were cut
into 0.5 × 0.5 cm2 pieces, sterilized, and placed in each well for
3 min, and platelet count at 0, 1, and 3 min was obtained. Ten
microliters of the sample was aspirated at each time point and
placed in 1% ammonium oxalate (1:19) and left for 5 min.
Then, 10 μL was loaded into hemocytometer chambers and
left for 15 min in a humidified chamber. Platelets were counted
in both chambers at each time point. The platelets were
counted and calculated as follows

platelet per mL platelet count/5 1/0.2 2000= × × (3)

Cytotoxicity Study. Sponge disks were cut into 1−2 mm
in thickness and 5.5 mm in diameter. The disks were sterilized
on each side by exposure to UV for 20 min. The disks were
soaked in warm maintenance media for 24 h (DMEM high
glucose, 2% FBS, 100 U/mL of penicillin−streptomycin, and
1× of L-glutamine). L929 cells were seeded at a cell density of
10,000 cells/well and incubated for 24 h in a 96-well plate with
a complete medium (DMEM high glucose, 10% FBS, 100 U/

mL of penicillin−streptomycin, and 1× of L-glutamine). The
media was replaced with the preconditioned media and
incubated for 24 h. An MTT solution (10 mg/Ml) was
added to 10% of the volume of the well plate incubated for 3 h,
and then the solution was discarded, leaving the insoluble
formazan to be dissolved in 100 μL of DMSO. The plate was
incubated for 15 min with gentle rocking and read using a plate
reader at 570 nm.

Statistical Analysis. All statistical analyses were performed
using the R program (R studio). For multiple mean
comparisons, the Kruskal−Wallis test was used, followed by
the Dunn test.

■ RESULTS AND DISCUSSION

Mechanical Properties of Ch/PVA/G(Cl) Sponges. The
tensile strength and percent elongation values of the fabricated
sponges with different compositions are shown in Figure 1.
The plain chitosan sponge exhibited the least tensile strength
value and the lowest percent of elongation due to its inherent
mechanical properties. Upon addition of the PVA to Ch, the
tensile strength was improved due to hydrogen bond formation
between the positive charges of the amine groups in chitosan
and the hydroxyl groups of PVA;28 however, the percent of
elongation was not improved. Thus, glycerol was added as a
plasticizer within the Ch/PVA/G to increase the elongation
percentage. As shown in Figure 1B, the addition of glycerol
resulted in a dramatic increase in the elongation percentage
from 5% of the Ch/PVA to 25% of the Ch/PVA/G.
Additionally, glycerol is a small molecule that can diffuse
between the larger polymer and hence increase hydrogen

Figure 1. (A) Tensile strength of Ch, Ch/PVA, Ch/PVA/G, and Ch/PVA/G(Cl) and (B) their respective percentage elongations. (C and D)
Percentage of elongation of chitosan sponges.
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bonding with chitosan; thus, it results in an increase in the
tensile strength of the sponge.29,30 Lastly, the thermal
crosslinking of PVA with citric acid in Ch/PVA/G(Cl) has

allowed the maximum increase in the tensile strength within
Ch, Ch/PVA, and Ch/PVA/G sponges. However, the
elongation percentage decreased to 18% due to the cross-

Figure 2. SEM images showing the microscopic structure with their histogram plot showing the pore diameter captured with Image J analysis: (A)
Ch/PVA/G(Cl), (B) Ch/PVA/G(Cl)-AB, (C) Ch/PVA/G(Cl)-HA, and (D) Ch/PVA/G(Cl)-HA-AB.
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linking of the lattice structure of the polymeric network and
thus restricted the movement of the polymers.31 Consequently,
Ch/PVA/G(Cl) was selected to be utilized in the rest of the
study as the basic multifunctional hemostatic sponge due to its
maximum tensile strength and a comparable percentage of
elongation.
The Ch/PVA/G(Cl) sponges were loaded with ciproflox-

acin (AB) and/or hydroxyapatite (HA). It was observed that
the addition of ciprofloxacin (AB) within the Ch/PVA/G(Cl)-
AB reduced the tensile strength by 3-fold in comparison to
Ch/PVA/G(Cl) and reduced the percentage of elongation by
almost half. This decrease in mechanical properties is due to
the disturbance of homogeneity of the lattice structure by the
antibiotic molecules. This is also clear in Ch/PVA/G(Cl)-HA,
where the mechanical properties were reduced to zero for both
elasticity and tensile strength due to the presence of Ca2+ ions
in the matrix, which disrupted the lattice structure of the
polymers.32

However, the combination of HA and AB in Ch/PVA/
G(Cl)-HA-AB resulted in tensile strength and elasticity similar
to those in Ch/PVA/G(Cl)-AB. This is due to ciprofloxacin’s
ability to chelate Ca2+ ions, thus canceling its negative impact
on the mechanical properties (Figure 2).33−35

Characterization of the Developed Sponges. The
sponges were analyzed for their morphological structure using
a benchtop scanning electron microscope. The pore number in
the descending order of the sponges is as follows: Ch/PVA/
G(Cl) > Ch/PVA/G(Cl)-HA-AB > Ch/PVA/G(Cl)-AB >
Ch/PVA/G(Cl)-HA. The pore size/diameter in all sponges
ranged between 2.3 and 60 μm. The Ch/PVA/G(Cl)-HA
exhibited the least number of pores.
The developed sponges were tested for their crystallinity via

XRD. As shown in Figure 3, all of the tested samples had an
amorphous pattern with observed peaks at 2θ values of 11 and
20°, which are characteristic of chitosan.23 It can be observed
that the Ch/PVA/G(Cl)-HA-AB sample had relatively higher
crystallinity. This could be attributed to the ability of
ciprofloxacin to chelate calcium ions from the hydroxyapatite,
which upon freeze-drying may make a sort of a crystalline
pattern.36

The FTIR graph shows that the representative peaks of the
hydroxyl group overlapped with amine group stretching

vibrations around υ3255 cm−1, followed by CH2 stretching
at υ2930 cm−1, which are present in the main scaffold. The
primary amine peak as well as CO and C−O stretching
vibrations were observed at 1580, 1640, and 1400 respectively.
In addition, the peak at 1030 cm−1 is characteristic of the C−N
stretching vibration.33,37

The developed sponges were tested for their thermal
stability. As shown in Figure 4, the Ch/PVA/G(Cl) sponges

had the least thermal stability, retaining only 25% at 174 °C.
Ch/PVA/G(Cl)-AB demonstrated greater thermal stability,
retaining 65% of its mass at 210 °C, while Ch/PVA/G(Cl)-HA
and Ch/PVA/G(Cl)-HA-AB retained 50% of their mass at 202
°C. This greater thermal stability in Ch/PVA/G(Cl)-AB could
be attributed to the high melting point of ciprofloxacin, which
increased the thermal stability of the Ch/PVA/G(Cl)-AB
sponge; such a pattern has been detailed by Turel and
Bukovec.38 Such an effect was also observed in the Ch/PVA/
G(Cl)-HA-AB; however, due to the presence of HA at 200 °C,
the thermal stability decreased compared to that of Ch/PVA/
G(Cl)-HA. The data obtained were smoothened using locally
estimated scatterplot smoothing (LOESS) as the data points
represented ∼1000 observations.25

Figure 3. (A) FTIR spectrum of Ch/PVA/G(Cl), Ch/PVA/G(Cl)-AB, Ch/PVA/G(Cl)-HA, and Ch/PVA/G(Cl)-HA-AB. (B) X-ray diffraction
patterns for chitosan/PVA, Ch/PVA/HA, Ch/PVA/AB, and Ch/PVA/HA/AB sponges.

Figure 4. TGA graphs of the four sponges show that sponges
containing ciprofloxacin had the highest thermal stability, while those
of the blank showed the lowest thermal stability. The graph was
smoothened through LOESS.
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Evaluation of the Swelling. The swelling ability of the
developed sponges, Ch/PVA/G(Cl), Ch/PVA/G(Cl)-AB,
Ch/PVA/G(Cl)-HA, and Ch/PVA/G(Cl)-HA-AB, was tested
for their ability to swell in PBS solution.
As shown in Figure 5, the Ch/PVA/G(Cl) sponges

exhibited a maximum swelling ability that reached 800%.
However, the swelling ability decreased in the rest of the
sponge derivatives relative to Ch/PVA/G(Cl). The minimum
swelling ability was recorded for the Ch/PVA/G(Cl)-HA as
400% of its mass. This reduction in swelling is due to the
morphological analysis of the developed sponges (Figure 2),
where the Ch/PVA/G(Cl)-HA sponges demonstrated the
lowest porosity, reaching almost half the porosity of the other
developed sponges. Moreover, the good crystalline structure
observed for the Ch/PVA/G(Cl)-HA could hinder the
swelling property of the sponge.39

On the other hand, the AB-loaded sponges displayed a
better swelling profile than those loaded with HA. This could
be attributed to the release of the ciprofloxacin from the
sponges upon immersion in PBS, allowing more water to enter
the sponge. Such an effect was confirmed by the enhancement
of the swelling profile of the AB-loaded sponges at 20 min,
where with the increases in immersion time, more AB is
allowed to be released and dissolved. The Ch/PVA/G(Cl)-
HA-AB displayed a swelling profile (600%) similar to the Ch/
PVA/G(Cl)-AB (750%) at 20 min and better swelling ability
than the Ch/PVA/G(Cl)-HA (410%). Although XRD graphs
show that Ch/PVA/G(Cl)-HA-AB has the highest crystalline
form, it has a better porosity profile, and because ciprofloxacin
can chelate Ca2+ and is released in the medium during the
swelling process, it allows Ch/PVA/G(Cl)-HA-AB to exhibit
enhanced swelling ability.34,35,40 Such swelling ability is crucial

Figure 5. Swelling of chitosan sponges within 20 min and degradation for 7 days. The sponges were kept in PBS pH 7.4, incubated at 37 °C, and
then weighed after the removal of water from the surface of the sponge disks. The error bars represent standard error (n = 3).

Figure 6. Smear images of whole blood after exposure to sponges for 3 min and staining with Leishman stain. All images are in 10× magnification.
(A) Ch/PVA/G(Cl) sponge showing minimal platelet aggregation (arrows). (B) Ch/PVA/G(Cl)-AB sponge showing small platelet aggregation.
(C) Ch/PVA/G(Cl)-HA sponge showing multiple and sporadic platelet aggregations. (D) Ch/PVA/G(Cl)-HA-AB sponge showing multiple
platelet aggregations. All scale bar is at 200 μm.
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as it imparts enhanced ability of the developed sponges to
absorb blood. The Ch/PVA/G(Cl)-HA-AB sponge, despite
being loaded with two materials, still maintains a swelling
ability of 600% after 20 min.
The degradation of the sponges was assessed after 1 and 7

days of soaking in PBS. About 60% of the sponge’s original
mass was degraded after the 1st day. Total loss of mass was
70% after 7 days, indicating the fast release of ciprofloxacin
during the first day, followed by very slow sponge degradation
(and slow release of the antibiotic) up to the 7th day. Hence,
for assessing the antibacterial and cytotoxic effects of the
sponges, they were only left for 24 h immersed in any medium.
Hemostatic Effects of Sponges. The hemostatic ability

of the developed sponges was examined by observing the
interaction of blood upon contact with the sponge. In the case
of the Ch/PVA/G (Cl) sponges, the RBCs seem to be fused
together without much platelet aggregation, as shown in Figure
6a. Such a response is due to the positive charge on the surface
of chitosan, which electrostatically interacts with the negative
charge on the RBC surface, thus causing the RBCs to fuse
together forming clots.41

The Ch/PVA/G (Cl)-HA sponge showed the highest
platelet aggregation, where multiple sporadic platelet aggrega-
tions were observed (Figure 6c). This is due to the ability of
the Ca2+ present in the HA to initiate the coagulation cascade
of blood.42 As for Ch/PVA/G(Cl)-AB, platelet aggregates
were very few, with fused RBCs seen in the blood smear
(Figure 6b). Although ciprofloxacin does not trigger the
coagulation cascade per se, it relies on other coagulation
factors to enhance coagulopathy.43

The combination of AB and HA within the Ch/PVA/
G(Cl)-HA-AB sponges allowed some enhancement of
aggregation as compared to the Ch/PVA/G(Cl)-AB due to
the positive effect of HA on platelet aggregation.
The hemostatic activity of the developed sponges was

further evaluated via quantitative measurement of the
reduction in the platelet count after contact with the sponge.
A significant decrease in platelet counts (initial count of
610,000/well) was observed for all sponges from 1 to 3 min
(Figure 7).
The Ch/PVA/G(Cl)-HA sponges demonstrated the highest

platelet aggregation ability, where the number of platelets was
reduced to 60,000 platelets per well after 1 min of contact.

This is due to the presence of Ca++ in the HA within the Ch/
PVA/G(Cl)-HA sponges, which binds to dense bodies inside
the platelets, releasing coagulation factors and more Ca2+ ions
outside, allowing more platelets to undergo the same
pattern.42,44

The Ch/PVA/G(Cl) sponge demonstrated the lowest
platelet aggregation ability, as chitosan tends to attract and
fuse RBCs rather than platelets.45 On the other hand, both
Ch/PVA/G(Cl)-AB and Ch/PVA/G(Cl)-HA-AB showed a
similar and enhanced platelet aggregation ability as compared
to the Ch/PVA/G(Cl) after 1 and 3 min of contact (p-value =
0.591, 0.923). Such similar behavior could be attributed to the
chelation ability of ciprofloxacin toward Ca2+, thus hindering
the platelet coagulation cascade caused via HA.34,35,40 Still,
some enhancement in the platelet aggregation, especially after
1 min, was observed for the Ch/PVA/G(Cl)-HA-AB as
compared to the Ch/PVA/G(Cl)-AB.

Antibacterial Disk Diffusion Method. The disk diffusion
method was utilized for antibacterial evaluation of the
antimicrobial ability of the developed sponges against three
different bacterial species, namely, E. coli, S. aureus, and P.
aeruginosa. To study the effect of the sponges in different sizes
and thus concentrations of the loaded materials, the sponges
were cut into 5.5 mm disks, and then the disks were further cut
in half and quarter disks (equivalent diameters of 2.25 and
1.125 mm, respectively). The full set of masses of each
component is represented in Table 1.
Ch/PVA/G(Cl) exhibited the lowest antibacterial activity

against P. aeruginosa, E. coli, and S. aureus, with inhibition
zones of 6.4, 11.74, and 13.4 mm, respectively (Figure 8).
Chitosan exhibits antibacterial property where the positive
charge on the polymer chains of chitosan binds electrostatically
to the negatively charged cell walls of bacteria. This would lead
to disruption in the cell membrane, leaking the DNA out of the
matrix and binding with chitosan, inhibiting DNA replication,
and causing bacterial death.46−48 Hence, chitosan has inherent
antibacterial properties, and since the sponges degrade rapidly
within the first 24 h, chitosan can diffuse outward from the disk
and cause the inhibition zone observed (Figure 9).
The addition of ciprofloxacin, as a broad-spectrum anti-

biotic, in Ch/PVA/G(Cl)-AB, leads to an increase in
antibacterial activity against all tested bacteria. The inhibition
zone increased significantly when tested against P. aeruginosa,
up to 27.24 mm (p-value = 0.02). The observed antibacterial
activity of Ch/PVA/G(Cl)-AB against S. aureus and E. coli is
similar to that found commonly in the literature.49

Ciprofloxacin disrupts topoisomerase II, which is responsible
for untangling the DNA during replication, thus leading to the
prevention of DNA replication due to the supercoiling of
DNA.35

The Ch/PVA/G(Cl)-HA exhibited comparable antibacterial
activity across all bacteria, with the exception of S. aureus.
Inhibition of S. aureus was only observed when the content of
Ch/PVA/G(Cl)-HA was 146 μg (the full-size disk). HA,
within the Ch/PVA/G(Cl)-HA, has two pathways to induce
bactericidal effect: in the first pathway, Ca2+ ion stress is
induced, and the ions disrupt the cell membrane of the
bacteria.50 In the second pathway, the hydroxyapatite generates
superoxide species on the surface of HA, thus disrupting the
bacterial cell wall upon contact.51 Since S. aureus can produce
catalase enzyme, which breaks down superoxide species, the
only other pathway to induce bactericidal effect would be to
induce Ca2+ stress, which induces disruption in the cell wall of

Figure 7. Platelet count of sponges that are in contact with platelet-
rich plasma for 1 and 3 min. Error bars represent standard error (n =
3). *p-value < 0.05, **p-value < 0.01, ***p-value < 0.001.
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S. aureus, and such an effect could not be realized except at the
full-size disk of the hemostatic sponge as the concentration is
sufficient to induce the antibacterial effect (Figure 9).50,52

Ch/PVA/G(Cl)-HA-AB exhibited the strongest antibacte-
rial activity against all bacterial species. Ciprofloxacin, being
homogeneously distributed with HA, will chelate Ca2+ ions.
This chelation will result in delivering Ca2+ ions inside the
matrix of the bacteria instead of being inside the vesicles on
their membranes, thus preventing the efflux of ciprofloxacin
out of the bacteria or degradation by bacterial enzymes.
Moreover, the chelation of Ca2+ by ciprofloxacin may change
the antibiotic structure, thereby preventing the possible acetyl
modification that virulent bacterial strains produce to inhibit
antibiotic effects.
Sponges containing ciprofloxacin (Ch/PVA/G(Cl)-AB and

Ch/PVA/G(Cl)-HA-AB) showed significant statistical differ-
ences in their antibacterial activities as compared to blanks or
sponges containing only HA (Figure 8).
Cytotoxicity of the Developed Sponges. The cytotox-

icity of sponges was examined within 24 h of incubation with
fibroblasts (L929). Different sizes and concentrations of the
loaded materials were examined for their cytotoxicity. The
developed sponges Ch/PVA/G(Cl), Ch/PVA/G(Cl)-AB, Ch/

PVA/G(Cl)-HA, and Ch/PVA/G(Cl)-HA-AB exhibited dif-
ferent cytotoxic activities against fibroblasts. Ch/PVA/G(Cl)
and Ch/PVA/G(Cl)-HA showed the least cytotoxicity among
other derivative sponges. These outcomes agree with previous
reports, where the addition of HA to scaffolds enhanced the
proliferation of cells and even, in some cases, differentiation of
mesenchymal stem cells or osteogenic progenitor cells to
osteoblasts.53−56

Both Ch/PVA/G(Cl)-AB and Ch/PVA/G(Cl)-HA-AB
showed 50% viability toward normal cells. However, upon
reducing the disk size, the content of the sponges reduced to
half, where both Ch/PVA/G(Cl)-AB and Ch/PVA/G(Cl)-
HA-AB exhibited normal viability toward L929 cells. Although
ciprofloxacin exhibits strong cytotoxicity toward mammalian
cells, ciprofloxacin will still be effective and safe at half the
concentration with reduced disk sizes, as shown in Figure 10.

■ CONCLUSIONS

Biocompatible multifunctional hemostatic sponges were
developed, which also exhibit strong antibacterial activity,
good mechanical properties, and pronounced hemostatic
activity. Gelatin/dopamine cryogels were prepared to stop
deep noncompressible hemorrhage.55 Additionally, quater-

Table 1. Mass of Ch/PVA/G(Cl) Sponges and Their Derivatives in mg

sponge type mass of disk ø 5.5 mm (mg) Ch (mg) PVA (mg) ciprofloxacin (mg) HA (mg)

Ch/PVA/G(Cl) 8.3 2.075 2.075
Ch/PVA/G(Cl)-AB 5.05 1.26 1.26 0.25
Ch/PVA/G(Cl)-HA 2.875 0.72 0.72 0.14
Ch/PVA/G(Cl)-HA-AB 4.475 1.12 1.12 0.22 0.22

Figure 8. Inhibition zones of P. aeruginosa, E. coli, and S. aureus against the four sponge types Ch/PVA/G(Cl), Ch/PVA/G(Cl)-AB, Ch/PVA/
G(Cl)-HA, and Ch/PVA/G(Cl)-HA-AB. The error bars represent standard error bars (n = 3).
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nized chitosan and polydopamine cryogels were prepared to
stop surface hemorrhage.56 Chitosan-based sponges developed
in this study have strong antibacterial properties and can

support bone tissue regeneration due to the loaded
ciprofloxacin and HA, respectively. The mechanical tests
demonstrated the need to add PVA and glycerol to the
chitosan sponges in addition to a crosslinking agent, where
their addition allowed the enhancement of the tensile strength
and elastic modulus of the sponges. Ch/PVA/G(Cl) was
selected as the basic sponge material, which was further loaded
with HA and AB and their combination to develop the
multifunctional hemostatic sponge. For clinical applications,
the biodegradability and inflammatory responses of the
prepared sponges should be assessed in hemostatic animal
models.
Ch/PVA/G(Cl)-HA demonstrated the strongest platelet

aggregation activity and good cell viability; however, it
exhibited poor mechanical properties and poor antibacterial
activity, especially against S. aureus.
On the other hand, both the Ch/PVA/G(Cl)-AB and Ch/

PVA/G(Cl)-HA-AB demonstrated enhanced mechanical
properties. However, the Ch/PVA/G(Cl)-AB exhibited high
cytotoxicity. In contrast, the Ch/PVA/G(Cl)-HA-AB exhibited
enhanced cell viability, swelling properties, and platelet
aggregation ability. The Ch/PVA/G(Cl)-HA-AB exhibited

Figure 9. Antibacterial assay of the developed sponges utilizing the disk diffusion method. (n = 3). The scale bar in white is 10 mm.

Figure 10. MTT assay of the sponge extract showing that antibiotic
activity had a major effect on cell cytotoxicity. Kruskal−Wallis and
Dunn tests (n = 3). * p-value < 0.05, ** p-value < 0.01.
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the strongest antibacterial activity among all of the prepared
sponges due to the chelation of Ca2+ions within the HA by
ciprofloxacin. Therefore, the developed Ch/PVA/G(Cl)-HA-
AB sponges are proposed as multifunctional homeostatic
sponges, which demonstrated strong antibacterial activity
against E. coli, S. aureus, and P. aeruginosa, low cytotoxicity,
enhanced platelet aggregation and swelling capabilities, and
good mechanical properties with possible application in dental
and bone surgeries.
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