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Abstract: Using ammonium bicarbonate (AB) particles as a porogen, chitosan (CS)-based
hemostatic porous sponges were prepared in supercritical carbon dioxide due to its low
viscosity, small surface tension, and good compatibility with organic solvent. Fourier
transform infrared spectroscopy (FTIR) spectra demonstrated that the chemical
compositions of CS and poly-(methyl vinyl ether-co-maleic anhydride) (PVM/MA) were
not altered during the phase inversion process. The morphology and structure of the sponge
after the supercritical fluid (SCF) process were observed by scanning electron microscopy
(SEM). The resulting hemostatic sponges showed a relatively high porosity (about 80%)
with a controllable pore size ranging from 0.1 to 200 pm. The concentration of PVM/MA
had no significant influence on the porosity of the sponges. Comparative experiments on
biological assessment and hemostatic effect between the resulting sponges and Avitene®
were also carried out. With the incorporation of PVM/MA into the CS-based sponges, the
water absorption rate of the sponges increased significantly, and the CS-PVM/MA sponges
showed a similar water absorption rate (about 90%) to that of Avitene®. The results of the
whole blood clotting experiment and animal experiment also demonstrated that the clotting
ability of the CS-PVM/MA sponges was similar to that of Avitene®. All these results
elementarily verified that the sponges prepared in this study were suitable for hemostasis and
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demonstrated the feasibility of using SCF-assisted phase inversion technology to produce
hemostatic porous sponges.

Keywords: chitosan; hemostatic sponge; porous structure; supercritical fluids

1. Introduction

Studies and applications of absorbable hemostatic material are meaningful to both hygiene and
military [1]. Hemorrhage is one of the leading causes of death on the war field and in other contexts of
trauma. This continuously stimulates the development of novel absorbable hemostatic materials [2].
Commonly used absorbable hemostatic materials include collagen and collagen fibers, fiber protein,
oxidized cellulose and oxidized regenerated cellulose, medical hemostatic gelatin, alginate, and chitosan
(CS) [3-6]. Among them, CS has been widely investigated because of its unique features. The CS-based
hemostatic materials have been prepared in different forms which have been shown to possess no
genetic toxicity, no subacute toxicity effects, no cytotoxicity, no hemolysis, good biological
compatibility, and biodegradable properties [7,8]. For example, CS has been made into sponges to
absorb a high amount of fluid (more than 20 times their dry weight) [9]; different molecular weight
CS-based membranes have been developed for tissue regeneration and hemostasis [10]; the American
company HemCon developed a hemostatic bandage whose main composition was chitosan and named it
the HemCon Bandage; and the SAM (US) company extracted a mixture called Celox from shrimp shell
and made it a hemostatic powder: one of its effective ingredients is chitosan [11]. However, the
preparation methods in these studies mainly concentrated on particle leaching, electrospinning, gas
foaming processes, and freeze drying technology [12-14]. The main disadvantages of these methods
were the use of organic solvents and the special temperatures required. Since the presence of residual
organic solvents is rigorously controlled by international safety regulations, a heavy downstream
process is necessary to reduce the organic residue to a safe limit.

Over the past few decades, supercritical fluid (SCF) technology has been developed and widely utilized
in tissue engineering and biomedical applications. It appears to be an interesting alternative to the
traditional processing method [15,16]. Compared with the conventional methods mentioned above, the
unique advantages of supercritical CO,-based techniques include mild critical points (T, = 304.1 K,
P. = 7.38 MPa), non-toxicity, non-flammability, the virtual absence of organic residue, and a relatively
low price [17,18]. Recently, a process in which supercritical CO, replaces the liquid non-solvent for
phase separation has been proposed. Our previous study [15] produced a porous nanostructured
poly-L-lactide (PLLA) scaffold with interconnected pores by phase inversion, using supercritical CO, as
an anti-solvent in the presence of ammonium bicarbonate (AB) particles. It confirmed the possibility of
using supercritical fluid technology to produce porous material. The contact between the solvent and the
supercritical CO, causes phase separation of the solution. The participation of supercritical fluid as the
anti-solvent adds several advantages to the process. One of the most important advantages of using
supercritical CO; is the fact that the final structure of the product can be tailored by simply tuning the
operating parameters of pressure and temperature [19]. Additionally, when using CO, as an anti-solvent,
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a subsequent drying step was avoided, and the porous structure obtained was a dry product free of
residual solvent [20].

In this study, we attempted to prepare CS-based hemostatic porous sponges by phase inversion, using
supercritical CO, as an anti-solvent in the presence of AB particles. We compared the prepared sponges
with Avitene® in terms of morphology, porosity, water absorption rate, and clotting ability. A femoral
artery hemorrhage mouse model was established to investigate the hemostatic effects.

2. Results and Discussion
2.1. The Morphology of the CS-Based Sponge

Figure 1 shows the schematic diagram of the apparatus for the SCF process and Figure 2 shows the
optical images of the CS-based hemostatic sponges. The resulting shape can be controlled by changing
the shape of the steel mold. It has been demonstrated that the morphology of the sponges could be
reproduced accurately by the SCF phase inversion process [15]. In the phase inversion process, the
properties of the final porous structure were mainly controlled by the precipitation temperature, the
pressure of the bath, the flow rate of CO,, the concentration of the casting solution, and the particle size
of the porogen. Figure 3 shows the SEM images of the sponges. The results show that the pore size can
vary from 0.1 to 200 jm because of the use of a porogen and the control of the supercritical fluid
conditions. In tissue engineering, in order to properly identify an optimal pore size for maximal cell
attachment, uniform scaffolds with a wider range of pore sizes were investigated. It was shown that
different cell types would respond to different scaffold structures [21]. However, the hemostasis
mechanism of CS has not been thoroughly understood until now. The hemostatic action of CS depends
mainly on adhesion of red blood cells, aggregation of platelets for effective stimulation, activation of the
complement system, and stimulation of other blood components to promote blood coagulation. Whether
a wide range of pore size was good for hemostasis was not confirmed. However, the results of this study
indicated that CS-based porous hemostatic sponges with a wide range of pore size can be prepared by
SCF-assisted phase inversion, and this would be helpful for the further study of CS-based
hemostatic materials.

Figure 1. Schematic diagram of the apparatus for the supercritical fluid (SCF) process.
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Figure 2. Optical digital photo of the porous sponge.
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Figure 3. SEM photos of porous sponges with different mean pore sizes of (a) 0.1 pm;
(b) 60 pm; (c) 80 pm; and (d) 200 pm.

e T | Ao
; -

" e B B e e S B
200um IUE 5.0kV 10.2mm x100 SE(M) 500um

(c) (d)



Materials 2014, 7 2463

2.2. FTIR Spectra of CS and PVM/MA after Treatment

The FTIR spectra of the CS and PVM/MA after the SCF process are shown in Figure 4. In these
spectra, the characteristic bands of chitosan and PVM/MA are indicated. For chitosan, the band at
3428 cm* was attributed to O—H and N—H stretching. The band at 1626 cm™* was attributed to C=0
stretching, and the band at 1093 cm ™ was attributed to C—O stretching. For PVM/MA, the bands at
1861 cm}, 1225 cm ™, and 1090 cm* were attributed to C=0, C-O—C, and ether bonds, respectively.
According to previous research [22,23] about the characteristic peaks of raw CS and PVM/MA, there
were no changes in the chemical composition after the SCF process. The results indicate the same
conclusion as in our previous study [15], that the supercritical process is a physical process and is capable
of producing CS-based hemostatic materials.

Figure 4. FTIR spectra of chitosan (CS) and poly-(methyl vinyl ether-co-maleic anhydride)
(PVM/MA) after the SCF process.
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2.3. Porosity of the Sponges

Some parameters related to the sponges, such as porosity, pore volume per gram, and density are
exhibited in Figure 5. The porosities of the four kinds of sponges were all about 80%, which
demonstrates that the PVM/MA had no significant influence on the porosity of the CS-based sponges.
With the increase of PVM/MA, the density of the sponges increased and the pore volume per gram
decreased greatly. The porogen has two functions. First, it mixed with polymer and solvent to form
polymer/salt/solvent paste, thus the polymer/salt/solvent paste can be casted into the steel mold to form
a designed shape. The second function of porogen is to increase the porosity of the hemostatic sponge.
The experiment of producing samples without porogen was also carried out. However, the resulting
sponge showed a lower porosity with a relatively high sclerosis and fragile structure. Thus, the sponge
produced without using porogen is not suitable for hemostasis under this condition. In a word, porogen
played an important role in this system.
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Figure 5. (a) Pore volume per gram of plain CS, Avitene®, and CS-PVM/MA sponges;
(b) porosity of plain CS, Avitene®, and CS-PVM/MA sponges; and (c) density of plain CS,
Avitene®, and CS-PVM/MA sponges. The “* indicates a significant difference between the
prepared sponge and Avitene when p < 0.05, while the “**” indicates a significant
difference between the prepared sponge and Avitene when p < 0.01 (Student’s t-test, n = 3).
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2.4. Water Absorption Rate

Sponges with a higher water absorption rate will absorb more blood at one time, which is
important for an effective hemostasis. Figure 6 shows the water absorption rates of the different sponges
in 30 min. The results show that the incorporation of the PVM/MA into the CS sponges improved the
water absorption rate compared with the plain chitosan sponge. Previous studies [14,24] had reported
that there were several parameters affecting the water absorption rate of sponges, including the
hydrophilicity and the pore structure of the sponges. From the pore parameters of the sponges shown in
Figure 5, it was found that the water absorption rate coincided well with the pore volume per gram. This
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indicates that the pore volume per gram may be the dominant factor in the water absorption rate of the
sponges with similar porosities. The high water absorption rate of the prepared CS-PVM/MA sponges
was similar to that of Avitene®.

Figure 6. Water absorption rate of different sponges. The “*” indicates a significant
difference between the prepared sponge and Avitene when p < 0.05, while the “**” indicates
a significant difference between the prepared sponge and Avitene when p < 0.01 (Student’s
t-test, n = 3).
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2.5. Results of Whole Blood Clotting Experiment

The whole blood clotting experiment was designed to test the in vitro clotting ability of the prepared
sponge. The results of the whole blood clotting experiment are shown in Figure 7. A higher absorbance
value meant a poorer clotting ability. Firstly, all of the CS-PVM/MA sponges had lower absorbance
values than the plain CS sponge, which indicated that the clotting ability of the sponges was enhanced by
the incorporation of PVM/MA. This was verified by Cochrum’s research [25], which indicated that the
clotting ability of plain CS was not satisfactory compared with the other CS-based composites.
PVM/MA is a polyanhydride and often used as a film forming agent, a denture adhesive, an adjuvant for
transdermal patches in cosmetics and personal care products, and in the fabrication of drug-loaded
polymer particles, due to its bioadhesive and mucoadhesive properties [22,26,27]. When PVM/MA is
hydrolyzed, carboxylic groups are produced which enhance the ability of polymers to form hydrogen
bonds with components from the mucosa [28]. The hydrogen bonds may also enhance the adsorption
capacity of sponges for blood cells. Thus, the sponges incorporated with PVM/MA would possess a
higher clotting ability.

When the water absorption rates were compared, it was noticeable that the CS-PVM/MA sponge (5:1,
wt/wt) exhibited the highest water absorption rate but the lowest clotting ability, which indicated that the
highest water absorption rate did not correspond to the highest clotting ability; some other characteristic,
such as red blood cells adhesion, may be more decisive. However, it is generally accepted that the water
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absorption rate is important to hemostasis in surgery. The use of sponges with a low water absorption
rate may result in secondary hemorrhage or hemostatic failure.

Figure 7. Results of whole blood clotting experiment. The “*” indicates a significant
difference between the prepared sponge and Avitene when p < 0.05, while the “** indicates
a significant difference between the prepared sponge and Avitene when p < 0.01 (Student’s

t-test, n = 3).
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2.6. Results of Animal Experiment

Figure 8 shows the photographic record of the femoral artery trauma model, and Figure 9 shows the
results of the animal experiment, where a shorter hemostatic time indicated a higher in vivo clotting
ability of the sponge. In each case, the bleeding stopped within 70 s. From the statistical analysis, the
composition CS:PVM/MA 1:1 shows a significant difference with Avitene except for water absorption
rate, porosity and hemostatic time. It possesses a better clotting ability than other compositions and
Avitene in the whole blood experiments. Compared with Avitene, the composition 1:0 (plain chitosan)
shows a significantly worse clotting ability in the whole blood experiment and animal experiment
while the other two compositions share similar parameters and clotting ability. Thus, we can conclude
that the prepared sponge was enhanced with the incorporation of PVM/MA into the CS-based sponges.
Among them, the hemostatic ability of composition CS:PVM/MA 1:1 is significantly improved and
similar to Avitene in vivo and in vitro. It was also observed during the treatment that the adsorption rate
and adhesion of the CS-PVM/MA sponge were better than those of the plain chitosan sponge; when the
blood flowed briskly, blood was seen to leak from the pore structure of the plain CS sponge, while this
phenomenon was absent when using the CS-PVM/MA sponges. This may be because the poor
flexibility of the CS sponges results in crushing of the inner pore structure when the sponge is
compressed during use, while the incorporation of PVM/MA makes the sponges more flexible and
adhesive, thus increasing their hemostatic effect.
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Our previous study [29] has verified that the HFIP residual in the samples produced by
SCF-assisted phase technology was controlled as low as 20 ppm. Chitosan has been widely used in
tissue engineering and introduced as cell-carrier material and discussed in terms of the biocompatibility
with chondrocytes. Results indicated that chitosan was suitable as a carrier-material for the transplant of
chondrocytes [30]. It is also proved that PVM/MA was not only safe as cosmetic ingredients but also
suitable for other use and would not raise any significant toxicity [31]. We believe that the low organic
solvent residue (as low as 20 ppm) of the samples prepared by supercritical process will not cause an
additional toxicity to the materials (CS/PVMMA) which have been proved as biocompatible and
nontoxic materials. However, the detailed biological evaluation includes the cytotoxicity measurements
should be carried out to confirm this conclusion.

Figure 8. Photographs of (a) mouse leg after removing the hair; (b) trauma model on
femoral artery of mouse; and (c) the hemostatic effect of sponge on mouse.
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Figure 9. Hemostasis time of different sponges on mouse femoral artery. The “*” indicates
a significant difference between the prepared sponge and Avitene (p < 0.05, Student’s

t-test, n = 12).
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3. Experimental Section
3.1. Materials
3.1.1. Experimental Animals

Kung Ming mice were provided by the Fuzhou Experimental Company (Fuzhou, China). They had
free access to water and food, and were used for experiments after 7 days.

3.1.2. Other Main Materials

CS with a low viscosity was purchased from the Aladdin Co. (Los Angeles, CA, USA). AB (99.8%
purity) was purchased from the Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China), and CO, of
99.9% purity was purchased from the Rihong Air Products Co., Ltd. (Xiamen, China). PVM/MA
(analytical purity) was purchased from Sigma-Aldrich (St. Louis, MO, USA). Hexafluoroisopropanol
(HFIP, analytical purity) was purchased from Sigma-Aldrich (USA).

3.2. Preparation of Hemostatic Sponges

CS solution was prepared by dissolving CS in HFIP [19]; the solution was stirred for 6 h until it
became homogeneous. AB particles (300—600 pum) were added into the solution which was then mixed
vigorously. The polymer/salt/solvent paste was cast into the steel mold, and then the resulting samples
with a diameter of 1.0 cm and height of 5.0 mm were placed in the high-pressure vessel. Supercritical
CO, was pumped into the high-pressure vessel to achieve the desired pressure (15 MPa) and temperature
(308 K). After treatment for 1.5 h, the vessel was flushed with fresh CO, at a constant flow rate
(approximately 5 g min %) for 1.5 h to remove the organic solvent. The temperature in the high pressure
vessel was increased to 313 K to confirm the decomposition of the AB particles. During this process, the
pressure and temperature were kept constant. The system was then rapidly depressurized to atmospheric
pressure within 2 min.

The preparation process of the CS-PVM/MA hemostatic sponges was similar to that of the CS
sponges. After the CS was dissolved in HFIP, the PVM/MA solution in acetone was added into the
chitosan solution with vigorous stirring, and the subsequent steps were the same as in the preparation of
the CS sponges. In this study, CS-PVM/MA sponges with different compositions (1:1, 5:1, and
10:1, wt/wt) were prepared.

3.3. Surface Morphology Observation

CS-based hemostatic sponges were fractured in liquid nitrogen. Samples were sputter coated with
gold for 180 s (lon Sputter E-1010, Hitch, Japan). The overall sponge surface morphology was analyzed
using SEM equipment (S-4800, Hitch, Japan).
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3.4. FTIR Analysis

Samples of approximately 1 mg in weight were pressed into a pellet with 200 mg of potassium
bromide, and FTIR spectra were collected in continuous scan mode (wavenumber range: 4000-400 cm ™)
and at a resolution of 10 cm ™ on a Nicolet iS10 system (Thermo, Waltham, MA, USA).

3.5. Porosity of Sponges

The porosity and other pore parameters of the sponges were determined according to the method
described in the reference [32]. Firstly, the pycnometer was filled with anhydrous ethanol, and the total
weight was recorded as W;; the sample was weighed (W;) and then put into the pycnometer. After
ultrasonic degassing, the pycnometer was filled with ethanol again and weighed (W-). The sample was
then taken out, and the weight of the remaining ethanol together with the pycnometer was recorded
as Ws; p was the density of the ethanol under the experimental conditions. The pore parameters of the
sponges can be calculated as follows:

e = (Wy=W3=W)l (W, —W3) 1)
p=PWJ/ (W —W3) 2
n:(WZ_ W3_ Ws)/pWs (3)

where p, €, p_, and m represent the density of ethanol, porosity, sponge density, and pore volume per
gram, respectively.

3.6. Water Absorption Rate

(1) Five hundred milliliters of a simulation solution was prepared (containing 4.199 g of sodium
chloride and 0.139 g of anhydrous calcium chloride), which had an ion content equal to that of human
serum or percolate on the surface of a wound.

(2) The samples (0.5 cm =<0.5 cm, the weight was recorded as m;) were put into a drying oven (80 <C),
weighed every 5 min until the variation was less than 0.0005 g, and then placed in a petri dish.

(3) A certain amount of simulation solution (40 times heavier than the sample) was added to the petri
dish (preheated to 37 £1 <TC).

(4) All the petri dishes were placed in a drying oven and kept for 30 min at 37(21) <C. One end of the
samples was clamped with tweezers for 30 s to remove the water on the sample’s surface, and then the
weight was recorded as m..

m, —m,

Water absorption rate = m x 100% 4)
2

3.7. The Whole Blood Clotting Experiment

The sponges were cut into 0.5 cm > 0.5 cm squares and placed into tubes. Then, 0.2 mL of rabbit
whole blood (using sodium citrate as an anticoagulant) and 20 L of CaCl, solution (0.2 M) were
dispensed onto the surface of the sponges. The tubes were incubated at 37 <C and 30 rpm for 10 min.
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Next, 25 mL of distilled water was added to the tubes slowly. The unclotted blood cells were dissolved
with distilled water and measured at 540 nm (UV-VIS). The absorbance of 0.2 mL of rabbit whole blood
in 25 mL of distilled water was used as a negative control.

3.8. The Femoral Artery Hemorrhage Mouse Model

Kung Ming mice were chosen to investigate the hemostatic effects. Each group comprised 10 mice.
The Kung Ming mice whose weight was about 20-30 g were picked out as experimental animals after
being raised under experimental conditions for one week. The mice were given intraperitoneal
anesthesia with 2% pento-barbital sodium, and the hair on one leg of each mouse was removed with 8%
Na,S depilatory solution. The femoral artery was cut with a sterilized bistoury, resulting in an open
wound of 0.5 cm, and the time was recorded immediately. After free bleeding for 10 s, a square of
hemostatic sponge (50 mm?) was used to cover the wound. The hemostasis time was recorded when the
wound stopped bleeding. The experiments were carried out in accordance with the guidelines issued by
the Ethical Committee of Huagiao University.

3.9. Statistical Analysis

All quantitative data were expressed as means = standard deviations. Differences between means
were analyzed for statistical significance using the Student’s t-test. p-values less than 0.05 were
considered statistically significant.

4. Conclusions

CS-based hemostatic sponges with a porous structure were successfully prepared using AB particles
as a porogen in a supercritical CO, process. The sponges possessed the structural characteristics of large
pores and micro pores which varied from 0.1 to 200 m in diameter, and they can be utilized for different
needs. They were characterized by a high porosity (about 80%) and a porous structure that allows red
blood cells to form erythrocyte clots or plugs. The incorporation of PVM/MA did not alter the sponges’
porosities significantly, but the water absorption rate and the in vivo and in vitro clotting ability of the
sponges were improved. The porosity may be determined by the dosage of the porogen and the
parameters of the SCF process. The results of the whole blood experiment and the animal experiment
also indicate that the prepared CS-PVM/MA sponges showed a similar clotting ability to that of
Avitene®. This confirmed the feasibility of using SCF technology to produce hemostatic sponges.
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