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Abstract—In patients with severe hemorrhage, complications
such as shock or death may occur if the patient is not treated
appropriately and expeditiously. To create a hemostat kit for
severe hemorrhage, ultraviolet light irradiation was applied
to photocrosslinkable chitosan hydrogel and calcium algi-
nate. As a hemorrhage model, the femoral arteries and veins
of anesthetized rats were cut. Hemodynamics and hemato-
logical parameters including red blood cell (RBC) count,
hemoglobin concentration, hematocrit, white blood cell
(WBC) count, and platelet count, and serum parameters
including aspartate aminotransferase (AST) and alanine
aminotransferase (ALT) were measured as a marker of
hemostasis. In rats for which no procedure was used, death
occurred within 30 min. By using the hydrogel hemostat, the
survival rate rose to 75% or more. RBC count, hematocrit,
hemoglobin, and platelet levels were not significantly
changed for 3 days. WBC count increased 1 day after
hemostasis. AST and ALT increased 1 day after hemostasis,
but it decreased 3 days later. The photocrosslinkable chito-
san hydrogel and calcium alginate were biodegraded at 3
and 28 days, respectively, by neutrophils and keratinocyte
chemoattractant.

Keywords—Hemostasis, Chitosan, Hydrogel, Calcium algi-

nate, Biodegradation.

INTRODUCTION

In cases of severe trauma, especially severe hemor-
rhage, no procedure can replace surgery. Complica-
tions such as shock may occur if the patient is not
treated appropriately and expeditiously. Uncontrolled
hemorrhage remains the leading cause of death on the
battlefield, large-scale disaster site, or contingency
operations, thus accounting for half of all such

deaths.30 It is also the leading cause of death among
combat casualties and is the second major cause of
death in civilian trauma patients.1,5,14,24 Severe hem-
orrhage and trauma are major risk factors leading to
the lethal triad that includes persistent hypothermia,
acidosis, and inability to form clots.13 Therefore, much
attention has been focused on the development of
alternative methods for controlling hemorrhage
including topical hemostatic dressings. While several
agents have been developed, the three most commonly
utilized agents on the battlefield include the chitosan
acetate bandage, chitosan granules, and zeolite
powder.2,16,31,32 The chitosan acetate bandage has
gained popularity for its effectiveness with limited side
effects, while zeolite powder produces significant
thermal tissue injury leading some to recommend its
use only as a last resort in life-threatening situations.
Kheirabadi et al. reported the result of comparisons of
some hemostatic agents.15 Each agent has both
advantages and disadvantages; especially, the more
effective it works as a hemostasis, the more difficult it
is to remove from hemorrhage area because of the
residue in lumens. One of the hemostatic agents,
chitosan-based agent, was reported to cause a severe
inflammatory reaction. Therefore, the development of
an effective new hemostat is required.

We previously reported on a photocrosslinkable
chitosan hydrogel that contains both lactose moieties
and photoreactive azide groups.12,20 Ultraviolet (UV)
irradiation of photocrosslinkable chitosan hydrogel
solution resulted in an insoluble hydrogel. The
photocrosslinkable chitosan hydrogel was reported
as a strong tissue adhesive and provided effective air
seal from pinholes on isolated small intestinal and
aortic tissues, as well as from incisions on isolated
tracheal tissue.21 It has been proposed that the
photocrosslinkable chitosan molecules could be used
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as a biologic adhesive in surgical applications.11,21

Alginate, which belongs to the same polysaccharide
group as chitosan, is also widely used as a biomedical
material. Calcium alginate was first introduced as a
wound dressing, and it is evaluated as a possible sur-
gical hemostat.27,28 It releases calcium ions on contact
with blood; the increased local calcium concentration
stimulates rapid coagulation through platelet aggre-
gation.3 The importance of Ca2+ ion release in the
hemostatic action of this material was demonstrated by
studies on whole blood coagulation and platelet
aggregation.

Based on these results from previous studies, we
examined the utility of hemostasis in severe hemor-
rhage by taking advantage of the sealing effect of
photocrosslinkable chitosan hydrogel and the platelet
aggregation effect of calcium alginate.

MATERIALS AND METHODS

Animals

This study was conducted in accordance with the
guidelines for the care of animal subjects, as defined
by the Institutional Review Board of the National
Defense Medical College, Tokorozawa, Japan. Male
Sprague-Dawley rats (250–400 g, Japan SLC Inc.,
Shizuoka, Japan) were used for the study. They were
anesthetized with an intraperitoneal injection of pen-
tobarbital (50 mg/kg, Abbott Labs, Chicago, IL).

Preparation of Chitosan

Photocrosslinkable chitosan hydrogel was prepared
as previously reported.12,21 In brief, chitosan (Yaizu
Suisankagaku Industry Co., Ltd., Shizuoka) with a
molecular weight of 800–1000 kDa was 80% deacety-
lated. Azide (p-azidobenzoic acid) and lactose
(lactobionic acid) moieties had been introduced into
the amino group and approximately 2.5 and 2% of
the amino groups in chitosan had been replaced by
p-azidobenzoic acid and lactobionic acid, respec-
tively. In this study, 4% photocrosslinkable chitosan
hydrogel was prepared by dissolving the lyophilized
photocrosslinkable chitosan with phosphate-buffered
saline.

Measurement of Binding Strength

In the UV irradiation apparatus, two square slices
of ham (2 9 4 cm and 2-mm thick each) were placed
side-by-side with the smaller side closely touching each
other. Chitosan gel prepared from 4% photocross-
linkable chitosan hydrogel was then applied to the
boundary between the two slices over the 2 cm side

(with a thickness of 2 mm) to adhere the slices. After
UV irradiation (wavelength: 254 and 365 nm; Vilber
Lourmat, Torcy, France) for 30, 60, 90, or 120 s, the
adhered ham preparations were hung on a hook with a
thread attached to the unglued 2 cm side of one ham
slice, and subsequently, they were pulled by hanging
various weights on the lower 2 cm side (each ham;
n = 7). When the adhered ham separated into the
original two slices at a certain weight, the cross-
sectional area of the adhered chitosan gel (perpendic-
ular to the larger surface of ham) was measured. The
binding strength was calculated using the following
formula: binding strength = A ‚ B, where B is the
cross-sectional area (cm2) of residual photocrosslink-
able chitosan hydrogel and A is the weight (g) at which
the ham preparations separated into two slices.

Hemostasis Procedure

Photocrosslinkable chitosan hydrogel was applied
to Duraseal film (Diversified Biotech, Boston, MA);
99% of UV irradiation is transmitted through the
Duraseal. The rat’s femoral artery and vein were
exposed and cut with scissors. Calcium alginate was
applied to the area of hemorrhage, and firm pressure
was applied. The Duraseal film with photocrosslink-
able chitosan hydrogel was then applied over hemor-
rhage area, and firm pressure was applied with UV
irradiation for 90 s (Fig. 1). The effective wavelength
of UV was examined using two different wavelengths,
256 nm (n = 12) and 354 nm (n = 10). We sutured
without removing each materials.

Measurements of Hemodynamics
and Hematological Parameters

Surgical catheters (polyethylene indwelling needle
24G, Terumo Co., Tokyo, Japan) were inserted into
the carotid arteries of the rats. The mean arterial
pressure (MAP) was measured from the cannulated
carotid artery with a polygraph recording system
(model RM-6000, Nihon Kohden, Tokyo, Japan).
Blood samples were collected from the carotid arteries
after suturing and from the tail veins. The red blood
cell (RBC) count, hemoglobin concentration, hemat-
ocrit, white blood cell (WBC) count, and platelet count
were measured with a hematology analyzer (PCE 170,
Erma Inc., Tokyo, Japan).

Measurements of Serum Parameters

Serum total protein, aspartate aminotransferase
(AST), and alanine aminotransferase (ALT) concen-
trations were measured with a Fuji dry-chem system
(Fuji Film Co., Tokyo, Japan).
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Histological Examinations

The rats were euthanized to remove tissue from the
area of hemorrhage at 3 and 28 days after hemostasis
as shown in Fig. 1. The tissue samples were immersed
in 10% formalin for 2 days. Slides were prepared from
the fixed tissue specimens and stained with hematox-
ylin and eosin (H&E).

Animal Treatment for Biodegradation of Materials

Rats were divided into three groups: photocross-
linkable chitosan hydrogel-embedded, calcium alginate-
embedded, and non-embedded (sham) groups (n = 6
for each group). Rats were incised the inguinal region,
bared femoral artery and vein. The photocrosslinkable
chitosan hydrogel were put on the inguinal region,
irradiated UV of 356 nm for 90 s, and sutured. Simi-
larly, calcium alginate was implanted into the inguinal

region. As sham groups, rats were incised the ingui-
nal region, bared femoral artery and vein, and were
sutured.

Measurements of Hemogram

The differential count of leukocytes was measured
after embedding each photocrosslinkable chitosan
hydrogel and alginate calcium in the subcutaneous
inguinal region. Leukocytes were categorized into
five groups in a peripheral blood microscopic image.
Leukocyte parameters were distinguished in blood
smear preparations. Leukocyte segmentation was
assessed in a giemsa-stained image of peripheral blood
smears. As a sham model, the skin of the inguinal
region was incised, detached from neighboring muscle,
and sutured. Hemography was performed by a tech-
nical service center at Mitsubishi Chemical MKV
Company (Tokyo, Japan).

Measurement of Cytokine

The serum levels of tumor necrosis factor (TNF)-a,
interferon (INF)-c, monocyte chemotactic protein
(MCP)-1, and keratinocyte chemoattractant (KC) were
measured using the respective ELISA kits (Endogen,
MA and R&D systems, MN).

Statistical Analysis

Statistical analyses were performed using the
Microsoft Excel 2003 software package (Microsoft,
Berkeley, CA). Statistical evaluations between two
groups were compared with the Student’s t test, and
any other statistical evaluations were compared using
the one-way analysis of variance, followed by the
Bonferroni post hoc test. Data are presented as the
mean ± standard error (SE), with p< 0.05 considered
statistically significant.

RESULTS

The Binding Strength of Photocrosslinkable
Chitosan Hydrogel

UV rays are classified into three main groups; UV-A
(400–315 nm), UV-B (315–280 nm), and UV-C (280–
100 nm). Wavelengths below 300 nm damage a living
tissue. While comparing the binding strength by using
different UV wavelength, 356 nm was intentionally
higher than 254 nm (Fig. 2). It shows the binding
strength of insoluble chitosan gels between the two
slices of ham. The change in binding strength by UV
irradiation time increased time dependently until 90 s;

UV irradiation apparatus

Procedure of hemostasis

Apply PRC gel on a Duraseal. Set aside.

Amputation of femoral artery and vein under anesthesia

PRC

Remove the Duraseal, and suture skin if not hemorrhage.

Calcium alginate

Duraseal

Put calcium alginate on the wound, 
and apply firm pressure absorbing blood.

PRC

artery
vein

HHemorrhageemorrhage

PRC

Place the Duraseal with PRC gel over hemorrhage area, 
and apply firm pressure with UV irradiation 

Duraseal

FIGURE 1. Hemostasis procedure. Photocrosslinkable chito-
san hydrogel (PRC) was applied to Duraseal film. The rat’s
femoral artery and vein were exposed and cut with scissors.
Calcium alginate was applied to the area of hemorrhage,
and firm pressure was applied. The Duraseal film with
photocrosslinkable chitosan hydrogel was then applied over
hemorrhage area, and firm pressure was applied with UV
irradiation for 90 s.
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in cases of further irradiation, binding strength
decreased conversely (Fig. 2). When UV irradiation of
356 nm was applied for 90 s, the average binding
strength was 30.5 g/cm2. When the irradiation time
was short, the binding strength was weak; however,
when the irradiation time was longer than 90 s, the gel
lost flexibility and broke.

Survival Rate

For rats in which no procedures were provided,
death occurred within 30 min due to hypovolemic
shock (Fig. 3a). These animals developed decreased
MAP (Fig. 3b). When we provided the hemostasis

procedure (Fig. 1), survival rate increased. The
hemostasis procedure with a wavelength of 356 nm
had a survival rate of 90%. The hemostasis procedure
with a wavelength of 254 nm had a survival rate of
75%. MAP decreased rapidly with severe hemorrhage,
however, the MAP began to rise when it was possible
to stop hemorrhage appropriately. After it stopped
hemorrhage, it recovered up to 70% with a wavelength
of 254 nm, and 80% with a wavelength of 356 nm in
1 day, and returned to normal in 3 days (Fig. 3).
However, there was no statistical difference according
to UV wavelength.

Haematological Value and Serum
Biochemical Constituents

We measured RBC count, hemoglobin, and
hematocrit as markers of internal hemorrhage. RBC
count, hemoglobin, hematocrit, and platelet levels were
not significantly changed for 3 days (Figs. 3c–3f). No
difference was observed according to the different UV
wavelengths used. WBC count increased 1 day after
the rats were treated (Fig. 3g). The effects of hemor-
rhage on liver function were also investigated. AST
and ALT increased 1 day after the rats were treated,
but decreased 3 days later (Figs. 4a, 4b). With a UV
wavelength of 254 nm, the AST and ALT values were
higher than those with a UV wavelength of 365 nm.
Total protein levels showed no significant change for
3 days (Fig. 4c).

0

10

20

30

40

30 60 90 120
s

bo
un

di
ng

 s
tr

en
gt

h 
(g

/c
m

2 )

FIGURE 2. Comparison of binding strength according to
different UV wavelength, 356 nm (closed columns) and
254 nm (open columns), respectively. *p < 0.05, **p < 0.01.
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FIGURE 3. Effect of hemostasis as in Fig. 1. Moreover, comparison based on using different UV wavelengths of 356 nm (closed
circle) or 254 nm (open circle). Survival rate after hemostasis (a), time-dependent change of MAP (b), RBC counts (c), hemoglobin
concentrations (d), hematocrit levels (e), platelet counts (f), and WBC count (g) in rats undergoing hemostasis.
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FIGURE 4. Effects of severe hemorrhage on liver function using different UV wavelengths of 356 nm (closed circle) or 254 nm
(open circle). ALT (a), AST (b), and total protein (c). *p < 0.01.

FIGURE 5. The photograph of re-incision in hemorrhage area at 3 days (a) and 28 days (b) after hemostasis as in Fig. 1. Histo-
logical sections of H&E staining showing hemorrhage area at 3 days (c–f) and 28 days (g, h). c and d show several neutrophils and
very few macrophages around the liquid residue of photocrosslinkable chitosan hydrogel. Black arrows show the liquid residue of
photocrosslinkable chitosan hydrogel. Similarly, e and f show several neutrophils and very few macrophages around the calcium
alginate. Black arrows show calcium alginate. g and h show dermal granulation tissue and very little residue of calcium alginate.
Black arrows show residue of calcium alginate. Bar 5 100 lm.
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Biodegradation of Materials

Three days after carrying out hemostasis, when the
hemorrhagic area was exposed, photocrosslinkable
chitosan hydrogel did not retain its original form—a
liquid residue of photocrosslinkable chitosan hydrogel
and alginate calcium was observed (Fig. 5a). Twenty-
eight days after carrying out hemostasis, when the
hemorrhagic area was exposed, neither photocross-
linkable chitosan hydrogel nor alginate calcium was
seen, a very small area of scar tissue was seen, but
healthy subcutaneous tissue was recovered (Fig. 5b).
Three days after carrying out hemostasis, several
neutrophils and very few macrophages migrated
around the liquid residue of photocrosslinkable
chitosan hydrogel and alginate calcium (Figs. 5c–5f).
Twenty-eight days after carrying out hemostasis,
granulation tissue was forming, with a small residue of
alginate (Figs. 5g, 5h).

Hemogram

Since the biodegradation of photocrosslinkable
chitosan hydrogel after hemostasis were high, at first,
we measured the differential count of leukocytes in
blood. The number of neutrophils reached a high peak
(60%) in 3 h after hemostasis, increased again 3 days
later (Fig. 6a). To investigate the mechanism of bio-
degradation of photocrosslinkable chitosan hydrogel
and alginate calcium, without hemorrhage, the dif-
ferential count of leukocytes was measured after

embedding each photocrosslinkable chitosan hydrogel
and alginate calcium in the subcutaneous inguinal
region. For rats in which photocrosslinkable chitosan
hydrogel and alginate calcium were embedded, the
number of leukocytes in the blood increased at 3 days
(Fig. 6b). For rats in which photocrosslinkable
chitosan hydrogel was embedded, the number of
neutrophils reached a peak 3 h after embedding and
decreased 3 days later (Fig. 6c). For rats in which
alginate calcium was embedded, the number of neu-
trophils reached a peak 6 h after embedding and
decreased 1 day later, but the number of neutrophils
increased again 3 days later (Fig. 6d). In sham groups,
the number of neutrophils reached a peak 6 h after
treatment and decreased after that (Fig. 6e).

The Secretion of Cytokine

The concentrations of interferon-c, TNF-a, KC, and
MCP-1 in serum were measured using ELISA. The
concentration of TNF-a reached a peak 9 h after
embedding each photocrosslinkable chitosan hydrogel
and alginate calcium, and then was not detected at all.
In the sham group, TNF-a was not detected at all
(Fig. 7a). The concentration of KC (815 pg/mL)
reached a peak 6 h after embedding photocrosslink-
able chitosan hydrogel, and decreased to 25% of peak
hour after 1 day. The concentration of KC (231 pg/mL)
increased slowly 9 h after calcium alginate was
implanted, and detected at the same level for 3 days
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when photocrosslinkable chitosan hydrogel (c), or calcium alginate (d) was implanted in the subcutaneous inguinal region. WBC
count (b). The time-dependent changes in hemogram of sham (e).
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afterward (Fig. 7b). The concentration of MCP-1
(21 ng/mL) reached a peak 3 days after embedding
photocrosslinkable chitosan hydrogel. It showed no
significant differences between the group embedded
calcium alginate and sham (Fig. 7c). Interferon-c was
not detected at all in all groups.

DISCUSSION

Chitin is a linear homopolymer of 1,4-b-linked
N-acetyl-D-glucosamine, and chitosan is a partially
N-deacetylated chitin. Polysaccharides, such as chitin
and chitosan, are advantageous in their application
as a wound dressing material.6 Both chitin and chito-
san have several useful and advantageous biologi-
cal properties in their application as a wound
dressing, namely biocompatibility, biodegradability,
hemostatic activity, antibacterial activity, and the

ability to accelerate wound healing.10,23,25 It is reported
that the hemostatic mechanism of chitosan may be
independent of the classical coagulation cascade.26

During the process of hemostasis, activation of platelet
adhesion and aggregation have an initial and critical
role.3 Moreover, chitosan enhances platelet adhesion
and aggregation accompanied by a significant increase
in platelet Ca2+ and increased expression of glyco-
protein IIb/IIIa on platelet membranes.7 In normal
physiological conditions, platelets do not adhere to
endothelial cells. However, in wounds, damaged vessel
walls, or ruptured atherosclerotic plaque, platelet
adherence to exposed subendothelial tissue is a critical
step in hemostasis or thrombosis.

We previously reported a photocrosslinkable
chitosan hydrogel containing both lactose moieties and
photoreactive azide groups.12,20 UV irradiation of a
photocrosslinkable chitosan hydrogel aqueous solu-
tion resulted in an insoluble hydrogel within 90 s. This
hydrogel was able to firmly adhere two pieces of sliced
ham together (Fig. 2), as well as effectively seal air
leakage from pinholes in small intestinal, tracheal, and
thoracic aortal tissues.21 In animal studies, the photo-
crosslinkable chitosan hydrogel also exhibited per-
fect sealing properties for artery hemostasis and
provided air-sealing capacity in the lung.21 However,
photocrosslinkable chitosan hydrogel is not able to
stop severe hemorrhage. We noticed that the photo-
crosslinkable chitosan hydrogel was not able to bind
tissue when there was fluid such as blood between the
photocrosslinkable chitosan hydrogel and the tissue. In
severe hemorrhage, this photocrosslinkable chitosan
hydrogel has a low water absorption rate; the excess
blood interfered with conjugation of the azide group
and the amino group of proteins. Therefore, photo-
crosslinkable chitosan hydrogel alone cannot stop
severe hemorrhage.

Alginate is an anionic polysaccharide comprising
b-D-mannuronate and its C5 epimer, a-L-glucuronate.
In extracted form, it absorbs water quickly; in water, it
is capable of absorbing 200–300 times its own weight.9

Calcium alginate was first introduced as a wound
dressing, and it is evaluated as a possible surgical
hemostat. Calcium alginate dressings are designed to
liberate calcium early in the acute phase to promote
hemostasis through platelet aggregation. The impor-
tance of Ca2+ ion release in the hemostatic action of
this material was demonstrated by studies on whole
blood coagulation and platelet aggregation. In the
process of platelet activation and aggregation, Ca2+ is
one of the most important cellular second messengers
that determine platelet action.8 Ca2+ ions activate
coagulation by stimulating platelets and the clotting
factors VII, IX, andX.8 Because alginate has a very high
water absorption rate, it was used to compensate for the
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weak point of photocrosslinkable chitosan hydrogel.
Based on these previous studies, we attempted to stop
severe hemorrhage with a combination of photocros-
slinkable chitosan hydrogel and calcium alginate
(Fig. 1). As a conventional treatment we used chitosan-
based gauze, CELOX (Seaberg Co. OR), on severe
bleeding models. Time to complete hemostasis was
about 10 min in the group of CELOX used vs. <3 min
in the group of our materials used. When the wave-
length was 356 nm, the survival rates (90%) were
comparable (data not shown). Since we developed the
hemostasis kit for use in battlefields or large-scale
disaster sites, where many people injured and a brief
period of treatment required, the difference of 7 min
can be fatal in terms of getting medical care to the
injured. Moreover, even if bleeding is temporarily
arrested, there is a possibility of rebreeding when the
blood pressure recovers or the body is moved. By sealing
on whole hemorrhage area, the gel produces a rebreed-
ing prevention effect. Since prolonged direct pressure to
the area of injury in the neck and the face tends to make
it hard to ensure adequate breathing. On the other hand,
in disaster sites, not all medics would carry this UV
irradiation apparatus. We tested to arrest severe bleed-
ing in the open air with the sun’s UV rays (instead of the
UV irradiation apparatus). It went successful when the
sunlight was in the summer (data not shown).

We were surprised that photocrosslinkable chitosan
hydrogel did not visually exist in the hemostasis area
3 days after hemostasis, and calcium alginate did not
visually exist in the hemostasis area 28 days after
hemostasis (Fig. 4). The mechanism of high bio-
degradation of photocrosslinkable chitosan hydrogel
and calcium alginate was unspecified. It is important to
investigate this mechanism for its clinical applications.
Chitosan is a biodegradable molecule, and it has been
reported that migrated neutrophils degrade chitosan
molecules by secretion of lysozyme18 and chitotriosi-
dase,19,29 in addition to phagocytosis of the molecules.
When photocrosslinkable chitosan hydrogel was
implanted, the ratio of the neutrophilic leukocytes in
blood increased excessively at an early stage (Fig. 5b).
Similarly, KC in serum increased excessively at an
early stage (Fig. 6c). With control rats (Fig. 5d), when
the body was incised, the neutrophil levels in blood
increased 3 h after the operation. Chitosan could
induce fibroblasts to secrete interleukin (IL)-8 and KC
with neutrophil migration.17 Chitosan binds and acti-
vates complement proteins circulating in the blood,
which can eventually cause neutrophil migration.4

Moreover, it was reported that neutrophil-like cells
secreted the potent neutrophil chemokine IL-8, the
same kind of CXC-chemokine as KC, when exposed to
chitosan and IL-8 levels increased.22 It is assumed that
the secretion of KC was promoted by exposing the

neutrophils to chitosan, and neutrophil levels in the
blood increased further. The biodegradation during
the short time of only 3 days is not phagocytosis by
macrophages, but also phagocytosis by neutrophils.
Photocrosslinkable chitosan hydrogel was almost
completely biodegraded by these actions in 3 days.
When calcium alginate was implanted, neutrophil lev-
els in the blood decreased temporarily 1 day after the
implantation, although they increased again 3 days
later. The neutrophils might be activated by secreted
KC for the long term; although the amount of KC is
less than that in implantation of the photocrosslink-
able chitosan hydrogel, biodegradation will progress
slowly through interactions of neutrophils and KC.

In this study, we developed a hemostatic kit (see
Fig. 1) for severe hemorrhage using photocrosslink-
able chitosan hydrogel and calcium alginate with a rat
amputation model using the femoral artery and vein.
This hemostatic mechanism used both whole blood
coagulation and platelet aggregation by the action of
calcium alginate and sealing effect of photocrosslink-
able chitosan hydrogel. Moreover, if these materials
remain within the body, they will be biodegraded in
approximately 28 days by neutrophils. Further studies
are needed to confirm these results and verify biodeg-
radation of these materials in humans.
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