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Traditional particulate embolic agents are small in diameter, but can easily
embolize the ends of blood vessels, resulting in ischemia and necrosis of normal
tissues and organs. The metal spring embolic agent has a larger diameter, but it
cannot be degraded and can easily cause permanent damage to blood vessels.
Ideally, a bleeding embolism should achieve rapid hemostasis without causing
long-term necrosis of organs and tissues. In this study, a modified sodium
alginate hydrogel (MSAH) was prepared by mixing an oxidized sodium alginate
(OSA) aqueous solution with a carboxymethyl chitosan (CMC) aqueous solution
at a ratio of 1:6 in a 38°C bath for 8 min. The feasibility of this modified hydrogel
was then tested in an internal iliac artery hemorrhage model using New Zealand
rabbits. The MSAH had good adhesion. The hydrogel was injected through a
single curved 4F catheter without obvious effects on uterine smooth muscle
cell proliferation and apoptosis. The blood flow of the internal iliac artery was
restored by long-term degradation of the sodium alginate hydrogel, and no
ischemia and necrosis were observed by histopathology. The MSAH prepared
using a mixture of OSA and CMC had good adhesion, biocompatibility, and
injectability and could be used for target-vessel embolization in an internal iliac
artery hemorrhage model. The MSAH can achieve main artery embolization
without affecting the peripheral artery blood supply, resulting in both short-term
rapid hemostasis and long-term degradation, with no target organ necrosis.

KEYWORDS

modified sodium alginate hydrogel, embolic agent, animal model of hemorrhage,
interventional embolization, biomaterial

Introduction

Hemorrhagic diseases, including pelvic fracture bleeding, postpartum hemorrhage
(PPH), and acute upper gastrointestinal bleeding (AUGIB), are commonly seen in
emergency departments, accounting for approximately 15%–20% of emergent visits
every year (Majeed et al., 2016). Pelvic fractures account for about 3% of all fractures
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(Chen et al., 2017) and are the main cause of death within 24 h
after injury due to massive bleeding, with a fatality rate of as
high as 40% (Cothren et al., 2007). In addition, the proportion of
pregnant and lying-in women aged over 35 years was as high as
17.13% nationwide, and 53.9% of maternal deaths were directly
due to obstetric causes, with PPH being the number one cause of
maternal death (Butwick et al., 2020; Liu and Lei, 2020; Zaidi et al.,
2020). Furthermore, in the United States, more than 400,000
patients have been hospitalized every year because of AUGIB,
with an annual death toll of more than 30,000 people (Cappell
and Friedel, 2008).

Early and rapid hemostasis, including drug hemostasis,
surgery, and interventional therapy, is critical for the treatment of
hemorrhagic diseases. Interventional hemostatic therapy achieves
the goal of hemostasis by identifying the bleeding vessel using
digital subtraction angiography (DSA) and blocking the blood flow
using embolic materials. Interventional therapy has become the
first choice for the treatment of fatal bleeding diseases due to several
advantages such as accuracy, rapidity, minimal invasion, no absolute
contraindication, and repeatability. Ideally, a bleeding embolism
should achieve rapid hemostasis without long-term necrosis of the
tissues and organs. At present, the commonly used endovascular
embolic materials include gelatin sponge particles (Alicon), alginate
microspheres (SHENGYIYAO), polyvinyl alcohol (Merit), and
metal coils (COOK, Boston). Traditional particulate embolic agents
have a diameter of 100–2,000 μm, but these can block the vascular
ends and cause ischemia and necrosis of normal tissues and organs.
Although metal coils have a relatively large diameter and can block
the vascular trunks, they cannot be degraded, and thus can easily
cause permanent damage to blood vessels.

Oxidized sodium alginate (OSA) has been widely prepared
as a biomedical material due to its swelling, extensibility,
biocompatibility, adhesion, and biodegradability. Chen et al. planted
rabbit bone marrow mesenchymal stem cells on SA hydrogel
scaffolds, and the mesenchymal stem cells demonstrated survival
after 1, 3, 5, and 7 days of culture on the scaffolds. On day 7, the
cells proliferated rapidly on the scaffolds, and the cells exhibited a
spindle shape, indicating that the mesenchymal stem cells not only
survived on the scaffolds but could proliferate and differentiate
normally. Thus, the alginate hydrogel scaffolds showed good
biocompatibility. Mineralized alginate microspheres (M-ALG)
have good biocompatibility and osteogenic properties (Chen et al.,
2018). To verify the degradability of OSA, Parket et al. conducted
two cartilage regeneration studies on alginate and OSA. They
preferentially mixed unoxidized SA with hyaluronic acid and
injected this mixture with calcium to form a physical hydrogel for
cartilage regeneration. They found that the non-oxidized alginate
hydrogel remained in the animal model after cartilage regeneration,
but under the same conditions, the oxidized alginate hydrogel
treated with alginate completely degraded within 60 days (Park
and Lee, 2014). Zhao et al. loaded SA hydrogel microspheres onto
chondrocytes of New Zealand rabbits to study the degradation of
the SA hydrogel microspheres. They found that the degradation
time of the SA hydrogel in vivo and in vitro was 1 week and 4 weeks,
respectively, and the complete degradation time was 4 and 6 weeks,
respectively (Yu et al., 2016). In addition, Wu et al. subcutaneously
implanted the SA hydrogel scaffold seeded with Schwann cells
in the backs of rats, and showed that some of the alginate

hydrogel scaffolds were degraded 4 weeks later (Wu et al., 2020).
Devi et al. prepared calcium ion crosslinked alginate composite
microspheres as bone graft substitutes (Yashaswini et al., 2021; Liu
 et al., 2023).

OSA is often used to prepare SA microspheres. The alginate
microsphere is commonly used in embolization treatment of
benign and malignant tumors and achieves the therapeutic goal of
causing tumor necrosis. However, when used for the treatment of
hemorrhagic diseases, due to its small diameter, it can embolize the
ends of blood vessels and cause ischemia and necrosis of normal
tissues and organs (Tada et al., 2007). In this study, we prepared a
modified SA hydrogel by mixing an OSA aqueous solution with
a carboxymethyl chitosan (CMC) aqueous solution. The modified
hydrogel retains the advantages of SA, such as biocompatibility, non-
toxicity, and degradability, but also possesses new characteristics
such as high strength and strong viscosity. Because the hydrogel
does not embolize the terminal branch of the bleeding artery and
can be degraded, it cannot cause long-term ischemia and necrosis of
organs and is expected to become a new and safe embolic material
for clinical application.

Materials and methods

Instruments and materials

The instruments and materials used in this study include
biomicroscope (Laika, Germany), analytical balance (Seidolis),
collector magnetic agitator (Jintan Medical Instrument Factory),
digital subtraction angiography (GE), SA (Shenyang Bramble),
CMC (Shanghai Macklin), sodium periodate (Zhejiang Haichuan),
ethanol (Xilong Science and Technology), 21 G needle (Cook,
United States), V18 Guide Wire (Boston Scientific, United States),
microcatheter micro guide wires (Boston Scientific, United States),
iohexol injection (GE, United States), Semisynne II (Dunhua Santa),
Choutet 50 (Vicker, France), GELFOAM particles (ALICON), and
embolized coil (COOK, United States).

Laboratory animals

New Zealand female rabbits (6 months old, weighing 8–10 kg)
were purchased from Tian Qin, Changsha, China (permit
no. SCXK (Hunan) 2019-0015). The animals were bred and
treated according to the requirements for the management of
experimental animals.

Preparation of MSAH

A dispersion of SA in ethanol was prepared by dissolving 10 g
of SA in 50 g of ethanol using an analytical balance and stirring
for 2 h using a magnetic agitator heated by a collector. NAIO4
was dissolved in 50 mL of pure water, and the sodium periodate
was dissolved in 50 mL of pure water. The mixture was mixed at
room temperature in the ratio of N (NAIO4/SA) = 1 and then
left to react in the dark for 4 h. After the oxidation reaction was
completed, ethylene glycol with the same mass fraction as NAIO4
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was added, and the reaction was stopped for 30 min. SA was
precipitated using ethanol with a volume ratio of 1:5, and the
powder was obtained. After vacuum drying, the residual iodate
and ethanol were removed using dialysis with distilled water for
3 days, and theOSApowderwas obtained using lyophilization of the
purified product.

OSA and CMC were mixed in a flask at ratios of 1:1, 1:2, 1:4,
1:6, 1:8, and 1:10, and shaken for 1 min. The mixture was placed in a
38°C bath for 1–9 min. The time for formation of the OSA aqueous
solution and CMC aqueous solution was observed to obtain the
fastest gelatinous ratio of the solution with the fastest gel formation
time. To obtain the best gel formation time, the modified sodium
alginate hydrogel (MSAH) was placed in the bath for 1–9 min and
then injected onto glass slides with a 5-mL syringe to observe
gel formation.

Biocompatibility of the injectable MSAH

Uterine smooth muscle cells (USMCs) were cultured in
a high glucose medium (Control group) and high glucose
medium with the MSAH (MSAH group). The growth of the
USMCs was observed at 3, 6, 12, 24, 48, and 72 h. After
culturing for 72 h, the cell proliferation rate was detected using
the CCK8 kit, and apoptosis rates were detected using flow
cytometry.

Injectability and adhesion of the MSAH

The MSAH was extracted with a 1-mL syringe and injected
through a 4f single-curved catheter and a microcatheter,
respectively. The injectability of the MSAH was evaluated by
observing whether the MSAH was successfully injected on the glass
slides through a 4F single curved catheter and microcatheter. The
MSAH was injected into food-grade silica gel tubes with inner
diameters of 16, 12, and 5 mm, respectively, and the adhesion to the
tube wall was observed.

Evaluating the effects of the MSAH in the
animal hemorrhage model

Twenty New Zealand female rabbits (3 months old, weighing
8–10 kg) were randomly divided into four groups (n = 5 for each
group): Control group; MSAH group, embolized with MSAH;
Gelfoam group, embolized with gelfoam particles; and Coil group,
embolized with coil. The internal iliac artery (IIA) hemorrhage
model was successfully established in the MSAH group, Gelfoam
group, and Coil group, and the internal iliac arteries were
embolized by injecting the MSAH, gelfoam particles, and coils
via a microcatheter, respectively. Embolization was evaluated using
angiography immediately after embolization. The puncture point of
the left CCA was pressed with a gelatin sponge for 30 min until no
blood overflow from the CAA was observed. The operation area was
sterilized, and the skin was sutured and bandaged with sterile gauze.
After waking from anesthesia, the rabbits were placed back in the
experimental center, and penicillin (500,000 u/d) was administered

1 week after the operation to prevent infection. DSA was performed
1 month after the operation to check the recanalization of the
bilateral internal iliac arteries.

Assessment of plasma inflammatory factors

Blood (2 mL) was collected from the ear vein into a
sterile centrifuge tube containing sodium citrate after the first
angiography in the Control group, and 3 days after IIA embolization
in the MSAH group, Gelfoam group, and Coil group. After
centrifugation, the plasma was collected with a pipette and
the precipitate was discarded. Plasma levels of tumor necrosis
factor-α (TNF-α) and interleukin (IL)-1β were determined using
ELISA kits.

Histopathology

The rabbits were euthanized by air embolism after the first
angiography (Control group) or after bilateral IIA embolization
(MSAH group, Gelfoam group, and Coil group). The uterus was
removed to observe pathological changes in the uterine smooth
muscle using hematoxylin and eosin (HE) staining.

ELISA

The uterus was cut with scissors, and the tissue was
homogenized in a glass homogenizer. After centrifugation at 4°C,
the supernatant was obtained. The levels of tumor growth factor
(TGF-β) and IL-1β in the tissue homogenates were detected using
ELISA kits.

Statistical analysis

SPSS25.0 statistical software was used to analyze the
data. Data with normal distribution are expressed as
mean and standard deviation and were analyzed using the
independent sample t-test. p < 0.05 was considered statistically
significant.

Results

Preparation and performance evaluation of
MSAH

The OSA aqueous solution and CMC aqueous solution at a ratio
of 1:1 was largely ungelatinized.Themixtures at ratios of 1:2, 1:4, 1:6,
1:8, and 1:10 were gelatinized at 4 min and complete gelatinization
was achieved at 15 min in a 38°C water bath (Figure 1A). The
mixture at the ratio of 1:6 had the fastest gelatinization time, which
exhibited gelatinization at 4 min and stabilized at 8 min (Figure 1B).
A stable MSAH was prepared by placing the OSA aqueous solution
and CMC aqueous solution at a ratio of 1:6 into a 38°C water bath
for 8 min and was injected on the slide using a syringe, a glue-head
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FIGURE 1
Preparation and evaluation of MSAH. (A) OSA aqueous solution: Gelling of CMC aqueous solution at different proportions; (B) gel formation of MSAH at
different times in the water bath; (C) injectability of the MSAH was verified by using 1 mL syringe, 4F single curved catheter and microcatheter; (D) The
MSAH was injected into food-grade silica gel tubes with inner diameters of 16mm, 12mm and 5 mm to verify its adhesion.

dropper, and a 4F single-bent catheter (Figure 1C).The hydrogel was
injected into silicone tubes using a syringe through a 4f single-bent
catheter and adhered to different diameters of silicone tube walls
(Figure 1D).

USMCS WERE treated with MSAH for 72 h in the MSAH
group (Figure 2A). There was no significant difference in the
proliferation rate between the MSAH group and the Control group
(p > 0.05; Figure 2B), and there was no significant difference in
the apoptosis rate between the MSAH group and the control group
(Figures 2C–E).

Establishment of the hemorrhage model

New Zealand female rabbits were fasted for 12 h before the
operation. Anesthesia was induced by xylazine hydrochloride
injection II (2 mg/kg) and maintained by intravenous injection
of Zoletil (7.5 mg/kg). The left common carotid artery (CCA)
was passively separated using elbow hemostatic forceps (12.5 cm)
(Figure 3). After placement of 2–0 Mousse thread at the proximal
and distal segments, the left CCA was punctured with a 21 g
micropipette, and a V18-wire exchange microcatheter was inserted.
Heparin saline (0.5 mg/kg) was infused into the artery according to
the weight of rabbits.

Under the road map, the microcatheter was super-selected into
the left internal iliac artery. After the microcatheter was fixed, the
microcatheter was removed, and the hard end of the V18 guide
wire was entered into the microcatheter to quickly puncture the
left internal iliac artery. The leakage of contrast media in the left
IIA was confirmed using angiography. Before and 10 min after
the establishment of the IIA hemorrhage model, 5 mL of whole
blood was taken from the ear vein and placed into the blood
collection tube containing EDTA-k2 anticoagulants. Red blood cell
(RBC) count, hemoglobin (HGB) content, and hematocrit (HCT)
were measured using a hematology analyzer. No infection, death,
hematuria, bloody stool, hemiplegia, lip deviation, or any other
complications of cerebral infarction were found in any of the rabbits.
In the first 3 days aftermodeling, the appetite andmental state of the
rabbits decreased.

DSA of the rabbit model

According to the angiographic findings, the vascular anatomy
of the rabbit was similar to that of the human body. Angiographic
results via subclavian artery catheterization showed that the
brachiocephalic trunk (BCT), left CCA, left subclavian artery (LSA),
and right subclavian artery (RSA) originated from the aortic arch.
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FIGURE 2
Cell compatibility of the MASH. (A) Proliferation of USMCs in the SA group at different times, (B) proliferation rate of USMCs in the MSAH group and
Control group, (C) apoptosis rate of USMCs in the MSAH group and Control group, (D) apoptosis rate of USMCs in the Control group, and (E) apoptosis
rate of USMCs in the MSAH group.

The celiac axis (CA), splenic artery (SA), superior mesenteric
artery (SMA), left renal artery (LRA), and right renal artery
(RRA) were visualized on the upper segment of the abdominal
aorta, and the common iliac artery (CIA) was visualized on
the lower segment of the abdominal aorta. The IIA was the
first branch of the CIA, followed by the external iliac artery
(EIA), common femoral artery (CFA), and deep femoral artery
(DFA). The left IIA showed the superior gluteal artery (SGA),
interior gluteal artery (IGA), uterine artery (UA), vesical arteries
(VA), and internal pudendal artery internal iliac artery (IPA)
(Figure 4A).

DSA images before and after establishing
the hemorrhage model

Before establishing the hemorrhage model, the bilateral IIA
showed normal deformation without abnormal stenosis and tumor-
like dilatation. After the microcatheter was placed on the left IIA,
the left IIA was punctured by the hard end of the V18 guide wire,
and signs of hemorrhage were observed, evidenced by the spilling
of the contrast medium. After the bilateral IIA was super-selected

separately via the microcatheter and embolized with a self-made
gelatin sponge strip, DSA showed that the bilateral IIA was blocked,
and bleeding signs disappeared (Figure 4B).

Erythrocyte count, hemoglobin and
hematocrit

Before establishing the hemorrhage model, total RBC was
4.4 d th12/L, HGB content was 93 G/L, and HCT was 32%.
After model establishment, the total RBC was 3.6 days th12/L,
HGB content was 75 G/L, and HCT was 25%. The levels of
RBC (Figure 4C), HGB (Figure 4D), and HCT (Figure 4E) after
model establishment were significantly lower than before model
establishment (p < 0.01).

Effects of different embolic materials in the
hemorrhage model

DSA images before establishing the hemorrhage model showed
that the bilateral IIA and its branches were visualized in the MSAH
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FIGURE 3
Hemorrhagic rabbit model established using interventional therapy. (A) Surgical instrument; (B) leaky carotid artery; (C) microcatheter placement in the
carotid artery; (D) postoperative gelfoam tablet compression puncture point; and (E) carotid artery healed postoperatively.

FIGURE 4
Hemorrhagic rabbit model established using interventional therapy. (A) DSA image of the systemic artery; (B) DSA images of the hemorrhage model
before and after establishment and embolization; (C) changes in RBC, HGB, and HCT levels before and after establishment of the hemorrhage model;
(D) changes in HGB levels before and after establishment of the hemorrhage model; and (E) changes in HCT levels before and after establishment of
the hemorrhage model.
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FIGURE 5
DSA images of IIA bleeding following embolization with different embolic materials. (A) DSA images of the MSAH group, (B) DSA images of the Gelfoam
group, and (C) DSA images of the Coil group.

group, Gelfoam group, and Coil group, but the left IIA showed
contrast agent overflow on DSA after the hemorrhage model was
constructed. The bilateral IIA and its branches were not shown on
DSA after embolization with the MSAH, and DSA taken 1 month
later showed clear visualization of the bilateral IIA and its branches
(Figure 5A). The bilateral IIA and its branches were not developed
on DSA after embolization with the gelfoam particles, and DSA
taken 1 month later showed no evidence of the bilateral IIA and its
peripheral branches (Figure 5B). The bilateral IIA and its branches
were not developed on DSA after embolization with the coil, and
DSA taken 1 month later showed no evidence of the bilateral IIA
and its peripheral branches (Figure 5C).

Effects of different embolic materials on
plasma inflammatory factors in the
hemorrhage model

Blood was withdrawn from the ear vein 3 days after the
operation. Plasma levels of TNF-α and IL-1β were detected using
ELISA kits.The TNF-α levels were significantly higher in theMSAH
group (p < 0.05), in the GELFOAM group (p < 0.01), and in the
Coil group (p < 0.01) compared to the Control group. Compared

with the MSAH group, the TGF-α levels were significantly higher
in the Gelfoam group (p < 0.01) and in the Coil group (p < 0.01)
(Figure 6A). Compared with the Control group, the plasma levels
of IL-1β were significantly higher in the Gelfoam group (p < 0.01)
and in the Coil group (p < 0.01), but not in the MSAH group (p >
0.05). The plasma levels of IL-1β were significantly increased in the
Gelfoam group (p < 0.01) and the Coil group (p < 0.01) compared to
the MSAH group (Figure 6B).

Changes in inflammatory factors in the
uterine tissues after embolization in the
hemorrhage model

The uterine homogenate supernatant was obtained 3 days after
the second operation in the Control group and after bilateral IIA
embolization in the MSAH group, Gelfoam group, and Coil group.
Compared with the Control group, the TGF-α levels in the MSAH
group (p < 0.01) and the Gelfoam group (p < 0.01) were significantly
increased. Compared with the Control group, the TGF-α level in the
Coil group was significantly increased (p < 0.01). The TGF-α levels
in the Gelfoam group were significantly increased compared with
the MSAH group (p < 0.01). The TGF-α levels were significantly
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FIGURE 6
Evaluation of IIA hemorrhage after embolization with different embolic materials (A) ELISA for plasma Il-1β, (B) ELISA for plasma TGF-α, (C) ELISA for
homogenate Il-1β, (D) ELISA for homogenate TGF-α; and (E) histopathology analyes.

higher in the Coil group compared to the MSAH group (p < 0.01)
(Figure 6C). Compared with the blank control group, the IL-1β
levels were significantly higher in the MSAH group (p < 0.01), in
the Gelfoam group (p < 0.01), and in the Coil group (p < 0.01). The
IL-1β levels in the Gelfoam group were significantly higher than
that in the MSAH group (p < 0.01), and the IL-1β levels in the
coil group were significantly higher than that in the MSAH group
(p < 0.01) (Figure 6D).

Effect of different embolic materials on
myometrium histopathology in a model of
bleeding

Uterine pathology showed no lytic necrotic smooth muscle cells
in the myometrium in the Control group. There were no necrotic
smooth muscle cells in the myometrium in the MSAH group. There
were moderate amounts of necrotic smooth muscle cells in the
myometrium in the Gelfoam group. There was a large number of
lytic and necrotic smooth muscle cells in the myometrium in the
Coil group (Figure 6E).

Discussion

In this study, SAwas dissolved in ethanol, dispersed bymagnetic
stirring, and then mixed with NAIO4 in different proportions for
oxidation. Using this method, the oxidation effect was relatively
satisfactory when the ratio of NAIO4/SA was 1. The alginate was
oxidized by NAIO4 twice during the oxidation process, and the
carbon-carbon bond of the alginate chain was destroyed after each
oxidation, resulting in two aldehydes. The aldehydes increase the
number of active functional groups of alginates, which makes

alginate biodegradable.This study provides a theoretical basis for the
application of MSAH as a degradable vascular embolic material. In
addition, the swelling rate and degradation rate of alginate can be
adjusted by changing the oxidation degree (OD) of OSA. It has been
reported that OSA, which has higher OD values, has a higher water
absorption rate and higher degradation rate (Cai K et al., 2007).
The biodegradable properties of alginate provide a new choice for
biological tissue materials.

OSA powder was dissolved in purified water to prepare the
OSA aqueous solution at 100 mg/mL, and CMC was dissolved in
purified water to prepare the CMC aqueous solution at 30 mg/mL.
The Schiff base reaction between the aldehyde group of OSA and
the amino group of CMC is a mild chemical covalent cross-linking
reaction, which does not require special and difficult reaction
conditions. The Schiff base reaction is also a rapid reaction to ensure
the speed of gelation. The rapid gelation of the MSAH provides
a theoretical basis for its function as a vascular embolization
material. In addition, when kept at 38°C for a longer time, the
MSAH is more stable, adhesive, and hard, but the injectability
worsens. Therefore, it is necessary to find an optimal water bath
time to ensure the injectability of the modified alginate hydrogel
with certain adhesion and hardness. Here, we found that the
MSAH not only adhered to the wall of the silica gel tube but also
had a certain hardness when the hydrogel was incubated in the
water bath for 8 min. In addition, the hydrogel was successfully
injected into the silica gel tube using a 1-mL syringe through a
microcatheter.

It has been reported that Cynomolgus monkeys, pigs, dogs,
rabbits, and mice can be used to establish a hemorrhage model.
Although pigs, monkeys, and dogs have advantages, including large
body size, thick blood vessels, and relatively easy intravascular
intervention, they also have some disadvantages such as high
cost and high demand for feeding site and conditions. Mice are
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less costly and the feeding condition is simple, but the size of
the mouse is too small and the blood vessels are thin, resulting
in extreme difficulty of intravascular interventional procedures.
The rabbit model of pelvic hemorrhage established in this study
has been used in basic research to investigate the efficacy of
interventional embolic materials. New Zealand rabbits are medium
in size, and the vessel diameter is suitable for intravascular
interventional procedures. In addition, the rabbits are not too
costly and the feeding conditions are not demanding (Gao et al.,
2008; Zhu et al., 2009; Chi Keung et al., 2014; Chang et al., 2018;
Yu and Yi, 2019; Huang et al., 2021). Furthermore, the CIA of
New Zealand rabbits is divided into the bilateral IIA and EIA,
and the UA originates from the IIA, which is similar in humans
(Liu et al., 2020). In this study, we found that the shape and
anatomy of the arteries in the New Zealand rabbits nicely paralleled
human anatomy.

Ideal bleeding embolism should achieve rapid hemostasis,
without long-term necrosis of organs and tissues. At present,
the commonly used materials for intravascular embolization are
gelatin sponge particles, polyvinyl alcohol microspheres, and metal
coils. Traditional particulate embolic agents re small in diameter,
but can easily embolize the ends of blood vessels, resulting
in ischemia and necrosis of normal tissues and organs. The
metal spring embolic agent has a larger diameter but cannot be
degraded and can easily cause permanent damage to blood vessels.
Some studies have found that SA has the properties of swelling,
biocompatibility, adhesion, and biodegradability. However, there
are some disadvantages of using alginate alone as the embolic
material, including weak mechanical properties of the gel, fragile gel
structure in physiological saline, poor adhesion of the gel, and ease
of embolizing vascular terminals due to its small particle diameter.
In this study, the MSAH was prepared by oxidizing SA and then
mixing it with a CMC aqueous solution at a certain proportion.
This modification not only has the advantages of SA, such as
biocompatibility, non-toxicity, and degradability, but also has new
characteristics of high strength, strong viscosity, and embolization
of the main arteries of bleeding vessels without influence on the
vascular ends.

In this study, the MSAH was used to embolize the bilateral
IIA in a New Zealand rabbit hemorrhage model. The modified
alginate hydrogel resulted in the development of both sides of IIA
and peripheral arteries, suggesting the long-term degradability of
the modified alginate hydrogel. One month after embolization, the
myometriumhad almost no lysis andnecrosis ofmyometrial smooth
muscle cells, suggesting that the MSAH did not affect the blood flow
of peripheral blood vessels and did not cause tissue ischemia and
necrosis. It has been reported (Prieto-Moure et al., 2017; Xu et al.,
2017) that tissue cells produce and release TNF-α after tissue
ischemia to activate T cells, promote the production and secretion
of IL-1β, and induce inflammation. In this study, we found that the
levels of TNF-α and IL-1β both in the plasma and uterine tissue
were significantly lower in the MSAH group than in the Gelfoam
group and the Coil group, suggesting that MSAH can induce a
slight inflammatory reaction and does not cause the peripheral
tissue necrosis.

Altun et al. combined platelet rich fibrin fraction, nanoclay,
and ethiodized oil to prepare a novel embolic biomaterial, blood-
derived embolic materials (BEM). However, the disadvantages of

BEM are that it is a permanent embolism, which can easily lead
to ischemic necrosis of organs and tissues (Altun et al., 2020).
Rong et al. prepared a new biodegradable macromolecule material
(thrombin-loaded alginate-calcium microspheres (TACMs), which
is capable of hemostasis in a rabbit model of renal hemorrhage.
TACMs are biodegradable, but due to their small diameter, they can
easily embolize the peripheral blood vessels and cause tissue necrosis
(Rong et al., 2015).

Through this study, we found that, on the one hand, MSAH
can quickly embolize bleeding vessels with its strong viscosity and
high intensity, but on the other hand, MSAH is characterized by
good biocompatibility and degradability. After embolization of the
bleeding vessels, we observed a mild inflammatory reaction is and
no necrosis of the peripheral tissues. Thus, MSAH could potentially
be used in the treatment of varying bleeding diseases, such as
postpartum hemorrhage, acute gastrointestinal bleeding, traumatic
rupture of parenchymal organs, bronchial artery hemorrhage, and
tumor hemorrhage.

Conclusion

In summary, MSAH not only has the same advantages of
an alginate hydrogel such as biocompatibility, non-toxicity, and
degradability, but also possesses new characteristics such as high
strength and strong viscosity. In addition, the material can quickly
embolize the main artery to stop bleeding in the early stage but does
not embolize the peripheral branches of the bleeding artery to cause
organ necrosis. Furthermore, the material can be degraded in the
medium- and long-term without affecting the blood supply to the
organs. This MSAH could be a new embolic material for clinical
application.
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