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ARTICLE INFO ABSTRACT

Keywords: Polyvinyl alcohol (PVA) embolization particles, currently used in clinical practice, have good expansibility and
EleCthPif{ning ) ) are capable of permanent embolization. However, the lack of adhesion of embolization particles contributes to
PVA/Gelatin/I embolic material facilitated recanalization after embolization, while the lack of visualization facilitates misembolization. At pre-
Fiber blocks s . . . . . . . . .

Visualization sent, embolization materials with good expansion, adhesion, and visualization potential are urgently required in
Embolization clinical practice. Here, we report the development of PVA/gelatin/iohexol (I) fiber blocks as a novel embolization

material for liver embolization in rats. In our work, electrospun PVA/gelatin/I nanofibrous mats were first pre-
pared, homogenized, centrifuged in a gradient manner, and freeze-dried to obtain fiber blocks (fiber diameter =
296.2 + 74.23 nm, length 99.6 + 17.0 pm x width 46.9 + 13.3 pm). The fiber blocks exhibited excellent
cytocompatibility and hemocompatibility. Fiber blocks with a PVA/gelatin/I mass ratio of 8:2:10 were selected
due to their excellent expansibility and adhesive properties. The PVA/gelatin/I fiber blocks display excellent liver
embolic effects and computed tomography (CT) imaging potential due to a combination of the following char-
acteristics: expansibility of PVA and gelatin, adhesive property of gelatin, and CT imaging potential of I. The
developed fiber block material is an embolic material that may potentially be used in interventional medicine.

1. Introduction

Interventional radiology is a field of medicine which has seen major
breakthroughs and advances since the second half of the 20th century.' >
In this century, the continuous emergence of more advanced equipment,
including finer guidewire catheters and stronger stents, has significantly
facilitated the development of clinical intervention. Arterial emboliza-
tion, one of the most important components of interventional therapy,
requires the injection of embolic material into the target tissue through a
catheter inserted into the target blood vessel to achieve precise emboli-
zation.® The ideal embolic material should be non-toxic, non-antigenic,
capable of quickly occluding blood vessels of different calibers, easily
injected, non-sticky, and easily visualized or tracked. However, the
application of arterial embolization is hindered due to the lack of desired
embolization materials.”®

Gelatin sponges, commonly used in clinical practice, can be trans-
formed into particles of different sizes and embolized in different
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branches for specific conditions, which is convenient and facilitates their
use in clinical practice. However, it is difficult to achieve the effect of
terminal embolization, and blood vessels are easily recanalized after
embolization due to the lack of solidity in gelatin sponges.® Theoretically,
although anhydrous ethanol can achieve terminal and permanent
embolization, the dose and rate of injection are difficult to control, and
an excessive dose can lead to extensive necrosis of normal tissues and
other serious complications.m’11 The Guglielmi detachable coil, a per-
manent embolization material, can only be applied for embolization of
large branches of a blood vessel and may induce thrombosis of
non-embolized branches due to its metallic texture. Due to the tumor-
ophilic nature of lipiodol, the combined use of lipiodol and chemother-
apeutic drugs can significantly increase the residence time of the drug in
the lesion, which facilitates its use in the interventional treatment of
malignant solid tumors. However, lipiodol is mucous and easily excluded
after embolizing tumor blood vessels, and the residence time in tumor
tissue is limited. Therefore, target blood vessels are not completely
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Fig. 1. Fabrication and embolic application of the PVA/gelatin/iohexol fiber blocks.

embolized with the use of this material. In addition, an excessive dose of
lipiodol can cause discomfort in some patients.

Currently, polyvinyl alcohol (PVA) with good biocompatibility has
been considered a promising terminal permanent embolization
agent'>'® and is commercially available (e.g., PVA Particle Embolic
Agent, Hangzhou Alicon Pharm SCI&TEC Co., Ltd.) for use in interven-
tional clinical practice. However, the limitations of PVA are also
apparent. For example, PVA particles without imaging ability must be
mixed with an imaging contrast agent before embolization to prevent
serious complications caused by accidental embolization. Additionally,
the embolization mechanism of PVA is based on mechanical dilation after
water absorption, and the material lacks adhesion. In addition, the size of
the lumen of the target blood vessels in vivo is altered based on changes in
pressure, thus causing vascular recanalization after PVA embolization,
which severely limits its long-term effectiveness.

Based on the computed tomography (CT) imaging ability of iohexol
(D) and the good adhesion property of gelatin, we propose the design of a
multifunctional PVA-based embolic material with visualization and
adhesion properties by integrating PVA with I and gelatin.'® PVA with
appropriate molecular weight was selected and dissolved in water to
obtain a uniform solution, and then mixed with a gelatin/I solution at a
given concentration, followed by electrospinning to create composite
fibrous mats with different PVA/gelatin/I ratios.'”2° By comparing the
structure, adhesion, and expansion properties of different fiber mats, a
fiber mat with a PVA/gelatin/I ratio of 8:2:10 was selected for the
preparation of fiber blocks. The fibrous mats were homogenized and
processed by gradient centrifugation to create a multifunctional embolic
material with good adhesion and CT imaging potential for embolization
of the liver in rats (Fig. 1). The developed PVA/gelatin/I fiber blocks
were thoroughly characterized and evaluated in terms of their hemo-
compatibility, cytocompatibility, CT imaging, and embolization proper-
ties. To our knowledge, this is the first example of the development of an
embolic material based on fiber blocks.

2. Materials and methods
2.1. Preparation and crosslinking of electrospun fiber mats

PVA (0.8 g) was dissolved in water (5 mL) and stirred at 85 °C for 3 h.
The gelatin/I solution was obtained by dissolving gelatin (0.2 g) in I
solution (4 mL) under stirring at 45 °C for 0.5 h. After both solutions were
cooled to room temperature, the gelatin/I solution was blended with the
PVA solution to form a homogeneous suspension. Electrospinning was
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performed to generate a PVA/gelatin/I fibrous mat by using a 19-gauge
needle under the optimized conditions of applied voltage of 21 kV, flow
rate of 0.5 mL/h, collecting distance of 14 cm, ambient temperature of
25 °C, and humidity of 55%. Under the same conditions, fiber mats with
different PVA/gelatin/I ratios (pure PVA, PVA/gelatin/I = 9:1:10 or
7:3:10) were obtained and further crosslinked by glutaraldehyde (GA)
vapor. The process was as follows: 10 mL of GA aqueous solution (36%)
and 10 mL of concentrated hydrochloric acid were placed at the bottom
of a vacuum dryer, while the fibrous mats were placed on the upper side
of the dryer, which was evacuated for 2 min to generate vapors of GA and
hydrochloric acid to crosslink the fibrous mats for 2 h at room
temperature.

2.2. Preparation and screening of fiber blocks

The crosslinked fiber mats were homogenized (24,000 rpm, 40 min)
and then separated by gradient centrifugation (5000, 3000, and 1500
rpm, 80 s each time). After each centrifugation step, the supernatant was
collected, and a drop of the suspension was placed on a glass slide to
observe the size and morphology of the fiber blocks using a Leica DM IL
LED inverted phase contrast microscope (Wetzlar, Germany). Based on
gradient centrifugation, the optimized centrifuge condition (1500 rpm,
80 s) was adopted to obtain the desired dimensions of the fiber blocks. To
determine the amount of I in the fiber blocks, the crosslinked fiber blocks
were digested with aqua regia for 4 h, diluted 25 times with water, and
sonicated for 20 min, followed by quantification using Leeman Prodigy
inductively coupled plasma-optical emission spectroscopy (ICP-OES,
Hudson, NH).

2.3. Cytotoxicity assay

The in vitro cytotoxicity of the PVA/gelatin/I fiber blocks was eval-
uated using a standard cell counting kit-8 (CCK-8) cell viability assay. In
brief, HUVECs (human umbilical vein endothelial cells) were seeded into
a 96-well plate at a density of 1 x 10* cells per well in 0.1 mL medium
and cultured overnight at 37 °C and 5% CO,. The next day, the medium
in each well was replaced with fresh medium containing PVA/gelatin/I
fiber blocks at different concentrations (0, 1, 2, 4, and 8 mg/mL). After
24 h, the cells were washed thrice with phosphate-buffered saline (PBS)
and treated with 100 pL of medium containing 10% CCK-8 for an addi-
tional 3 h. The absorbance of each well was read using a Thermo Sci-
entific Multiskan MK3 ELISA reader (Waltham, MA, USA) at 450 nm.
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Fig. 2. SEM images and fiber diameter distributions of four fiber mats with different PVA/gelatin/I ratios (pure PVA (a, b), PVA/gelatin/I = 9:1:10 (c, d), 8:2:10 (e, ),
and 7:3:10 (g, h), respectively) before (a-g) and after (b-h) GA-vapor crosslinking.

2.4. Animal embolization tests

All animal experiments were performed after approval by the Insti-
tutional Animal Care and Use Committee of Shanghai General Hospital
(IACUC 2019-A018-01), Shanghai Jiao Tong University School of Med-
icine, and in accordance with the policy of the National Ministry of
Health. Healthy adult Sprague-Dawley rats (average weight of 280 g per
rat) were purchased from Beijing Vital River Laboratory Animal Tech-
nology Co., Ltd. (Beijing, China). The rats were divided into two groups
(n = 6 for each group) and were treated by embolization of the liver with
the prepared PVA/gelatin/I fiber blocks (Group A) and commercial
medical PVA embolization particles (150-350 pm, Hangzhou Alicon
Pharm SCI&TEC Co., Ltd., Hangzhou, China) of the same size as that of
the fiber blocks (Group B).

Before surgery, the materials used in groups A and B were disinfected
by overnight exposure to an ultraviolet lamp. The specific steps were as
follows. First, Groups A and B were further divided into three subgroups
(n = 2 for each group) and marked based on the injection dose (10, 20,
and 40 mg, respectively, Table S3). After each rat was anesthetized with
10% pentobarbital sodium, the abdomen was incised, and the suspension
containing embolic material was injected into the superior mesenteric
vein of the rat with a syringe for embolization of the liver. The suspension
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was prepared at a concentration of 15 mg/mL to prevent clogging of the
needle. The amount of material in the experimental group was based on
that of gelatin and PVA used in the fiber blocks. After injection of embolic
material into the superior mesenteric vein, the blood vessels and
abdomen were quickly sutured. The postoperative mice were fed and
monitored regularly. Liver specimens were removed using the spinal cord
dissection method after the embolization test and used for hematoxylin
and eosin (H&E) staining.

3. Results and discussion
3.1. Preparation and characterization of PVA/gelatin/I fiber materials

In this study, we prepared four different fibrous mats with different
PVA/gelatin/I mass ratios using electrospinning technology (PVA/
gelatin/I = 9:1:10, 8:2:10, or 7:3:10 and pure PVA) and crosslinked them
using GA vapor based on our previous report.?! The fiber materials before
and after crosslinking were characterized using scanning electron mi-
croscopy (SEM) and Fourier transform infrared (FTIR) spectroscopy.

As shown in Fig. 2, the mean diameters of the fiber mats with
different PVA/gelatin/I mass ratios (pure PVA, PVA/gelatin/I = 9:1:10,
8:2:10, 7:3:10) before crosslinking were 249.8 + 59.96 nm, 230.6 +
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Fig. 3. Fluorescence microscopic images of HUVECs treated with four fiber mats with different PVA/gelatin/I mass ratios (400 x , pure PVA (a), PVA/gelatin/I =

9:1:10 (b), 8:2:10 (c), and 7:3:10 (d)).

51.29 nm, 289.7 + 72.56 nm, and 346.7 + 71.83 nm, respectively. The
morphologies and structures of the fiber mats did not exhibit appreciable
changes after crosslinking. The fiber diameter tended to decrease first
and then increase with an increase in the gelatin content, likely due to an
increase in gelatin content, which led to a decrease in the viscosity of the
electrospinning liquid, making it easier for the liquid to be fully stretched
under a high-voltage electric field. In addition, the conductivity of the
system gradually became unstable during the electrospinning process.
After the conductivity of the electrospinning solution increased to a
certain level, many droplets left the apex of the cone and aggregated on
the needle to intermittently form fibers, causing an increase in fiber
diameter. When the gelatin content exceeded 20% of the total amount of
PVA and gelatin, the morphology of the fibers deteriorated (Fig. 2g) due
to the poor mutual solubility of PVA and gelatin. Moreover, FTIR spectra
were acquired to investigate the structure of the fiber mat (PVA/gelatin/
I = 8: 2: 10) before and after crosslinking (Figure S1). Compared with the
fiber mat before crosslinking, the ~-OH characteristic absorption peak for
the crosslinked PVA/gelatin/I fiber mat at 1647 cm ™! disappeared. There
were characteristic peaks of -CHO and -(C=0)- at 1698 cm ™, suggesting
that PVA and GA may react under acidic catalysis to form acetal or
hemiacetal bonds. Furthermore, after crosslinking, the fibrous mats dis-
played excellent water stability, in contrast to the pristine non-

crosslinked fibrous mats that are quickly soluble in water, indicating
successful crosslinking of PVA and GA to create water-stable fibrous
mats.

3.2. Screening of fiber materials

Good swelling and adhesion properties are considered the main
evaluation indicators of embolic materials, which enable the material to
rapidly and firmly embolize the target vessel and seal vascular bleeding.
PVA, as an embolic material with good expansion properties, is prone to
recanalization due to the absence of adhesion after embolization. How-
ever, gelatin, with its swellability and adhesive properties, may play a
role in increased adhesion. Therefore, we incorporated an appropriate
amount of gelatin into the fiber materials for increased swellability,
while simultaneously improving their adhesive property.

First, the water absorption ability of the fibrous mat was tested to
investigate the swelling properties of the four types of mats. We
measured the masses of the fibrous mats before and after soaking them in
water for 30 min to determine their water absorption rates (Table S1).
The water absorption rate of the pure PVA fibers was only 76.7%. The
water absorption rate of the fiber materials increased with increasing
gelatin content, indicating the significant expansion performance of the

Mean size = 178.3 pm

< &)

th
>
T

¢ =22.41 pm

w &
S S

Frequency (%)
3

0
50 100 150 200 250 300 350 400
Fiber size (1 m)

Fig. 4. Microscopic images of the fiber blocks (PVA/gelatin/I = 8:2:10) in the supernatant under the condition of 1500 rpm centrifugation (80 s) (a), and medical PVA
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PVA/gelatin/I fiber material.

Furthermore, the adhesive properties of the four fibrous mats were
tested by checking cell adhesion to the mats. As depicted in Fig. 3 and
Figure S2, with increased gelatin content in the fiber mats, more cells
were attached to the fiber mats, proving that high gelatin content leads to
improved cell adhesion of the fiber materials. Combined with the results
of the swelling tests, we showed that the fiber mat composed of PVA/
gelatin/I at a mass ratio of 7:3:10 was the best in terms of swellability and
adhesive property. Excessive gelatin content leads to failure to form fi-
bers with a uniform fibrous morphology (Fig. 2g) during electrospinning.
In addition, the high gelatin content causes excessive viscosity, making it
difficult to shear the fiber mat during the preparation of the fiber blocks,
and subsequently causes over-adhesion of tubes, making the emboliza-
tion operation difficult. Therefore, the fiber material with a PVA/gelatin/
I mass ratio of 8:2:10 was selected for subsequent experiments.

3.3. Preparation and screening of fiber blocks

The selected fiber mat (PVA/gelatin/I mass ratio = 8:2:10) was
subjected to high-speed shearing, gradient centrifugation, and freeze-
drying to obtain fiber blocks with dimensions in the range of 50-350
pm (Fig. 4a), which is similar to the size of medical PVA embolization
particles (Fig. 4b). To further investigate the composition of the fiber
blocks, the iodine content in the freeze-dried fiber blocks was determined
to be 25% by inductively coupled plasma-optical emission spectroscopy
(ICP-OES).

3.4. Blood compatibility and cell viability tests

Hemocompatibility must be considered for any material implanted in
the human body. Hemolysis assays were performed to check the hemo-
compatibility of the PVA, PVA/gelatin (mass ration = 8:2), and PVA/
gelatin/I (mass ratio = 8:2:10) fiber blocks to prove their usability. As
shown in Table S2, the hemolysis rates of all fiber blocks with three
concentration gradients (2, 4, and 6 mg/mL) were less than 5%, sug-
gesting good hemocompatibility of the developed fiber blocks.

In addition, severe coagulation causes local tissue necrosis or even
death. Dynamic coagulation assay was employed to evaluate the anti-
coagulant property of the fibrous mats. As depicted in Fig. 5a, the optical
density (OD) values of the PVA, PVA/gelatin, and PVA/gelatin/I fiber
mats were slightly lower than those of the control group (tissue culture
plates, TCPS) within 15-40 min of the same time point, suggesting that
the fiber blocks may accelerate blood coagulation for a period of time,
but within an acceptable range. However, coagulation of the fiber block
and control groups remained consistent over 40-60 min, demonstrating
that the fiber blocks were endowed with good anticoagulant properties.
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Collectively, we can safely conclude that the prepared fiber blocks
exhibit excellent hemocompatibility.

The viability of HUVECs treated with different concentrations of fiber
blocks (PVA/gelatin/I mass ratio = 8:2:10) at different concentrations for
24 h was tested to determine the cytocompatibility of the fiber blocks (n
= 5). The cell viability hardly decreased in the fiber block concentration
range of 0-8 mg/mL (Fig. 5b), suggesting good cytocompatibility.
Interestingly, when the concentration was higher than 4 mg/mL, cell
viability exceeded 100%, implying that the fiber blocks can promote
HUVEC growth due to the presence of gelatin and a unique porous
structure.

3.5. Invitro CT imaging

Afterward, to test the potential of using the PVA/gelatin/I fiber blocks
for CT imaging, we performed a CT phantom investigation of the fiber
blocks with different I concentrations. As shown in Fig. 6a and b, the fiber
blocks exhibited an I concentration-dependent increase in CT imaging
brightness and X-ray attenuation intensity. This suggests that with the
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40 mg

»7

Fig. 7. H&E staining of rat liver after embolization with different injection amounts of PVA/gelatin/I fiber blocks (A) and medical PVA embolization particles (B)

(focusing on the analysis of histological structure (a) and cell structure (b)).

incorporation of I, the PVA/gelatin/I fiber blocks may hold great promise
for use in CT imaging applications.

3.6. Animal embolism test

An embolism test was performed on the liver of healthy rats to check
the embolization properties of the PVA/Gelatin/I fiber blocks. On the
first day after the embolism operation, we collected the livers of three
rats in the control group (B2, B4, and B5) that died. On postoperative day
14, B1 died, and necropsy revealed severe intra-abdominal decomposi-
tion and a large amount of feces in the abdominal cavity, which can be
attributed to postoperative ischemic intestinal necrosis or intestinal fis-
tula. B6 died on postoperative day 17, while the remaining animals had
normal development. The remaining seven liver specimens (A1-A6 and
B3) were dissected using the spinal cord dissection method on post-
operative day 18 and preserved in formalin solution. Later, 10 liver tissue
samples (A1-A6 and B2-B5) were obtained and H&E stained (Fig. 7).

As depicted in Fig. 7a, histological analysis of the experimental group
injected with 10 mg of fiber blocks revealed a large amount of hepatocyte
necrosis. Nuclear pyknosis or fragmentation (black arrow), lymphocyte
infiltration (yellow arrow) in the liver section, and hepatic sinusoids
filled with eosinophilic fluid (blue arrow) were observed. In the experi-
mental group injected with 20 mg of fiber blocks, we found that the liver
cord arrangement was not clear, and the number of white blood cells in
the local liver sinusoids increased slightly (black arrow). Necrosis with
nuclear fragmentation or dissolution of venous vascular epithelial cells
(yellow arrow) can be seen locally in this section. Similarly, the hepatic
sinusoids are filled with eosinophilic fluid (blue arrows). Moreover, in
the experimental group injected with 40 mg of fiber blocks, a large
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amount of hepatocyte necrosis with nuclear pyknosis or fragmentation
(black arrow) was also widely visible in the tissue. Simultaneously,
lymphocytic punctate infiltration can be seen around the blood vessels
(yellow arrow), and the hepatic sinusoids are filled with eosinophilic
fluid (blue arrow).

For comparison, the histological structure of the control group
injected with 10 mg of medical PVA embolization particles was also
analyzed. The results are as follows: hepatocyte necrosis (black arrow),
lymphocyte focal infiltration (yellow arrow), a specific amount of
necrotic cell debris in the local vascular lumen of the portal vein in the
portal area, and eosinophilic fluid filled with hepatic sinusoids (blue
arrow) were observed. In the control group injected with 20 mg of
medical PVA embolization particles, we found a large amount of hepa-
tocyte edema with cytoplasmic looseness and light staining (black arrow)
in the tissue, more hepatocyte necrosis with pyknosis, dark staining, or
fragmentation (yellow arrow) in local tissues, swollen hepatocytes with
vacuolated cytoplasm (red arrow), and congestion and expansion of the
liver sinusoids and portal vein in the portal area (blue arrow). In the
group injected with 40 mg of medical PVA embolization particles, there
was also significant hepatocyte necrosis with nuclear pyknosis or frag-
mentation (black arrow), brown-yellow particles in the tissue (yellow
arrow), lymphocyte infiltration around the portal vein in the portal area
(red arrow), and eosinophilic fluid filled with the liver sinusoids (blue
arrow).

Based on the analysis of the cell structure of the experimental group
injected with 10 mg of fiber blocks (Fig. 7b), we found many swollen
hepatocytes with centered nuclei and vacuolated cytoplasm (black
arrow), a granuloma wrapped by connective tissue, and multinucleated
giant cells (red arrow). When the injection dose was increased (20 and
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40 mg), many swollen hepatocytes with vacuolated cytoplasm (black
arrow) were observed. Furthermore, at an injection dose of 40 mg, the
granulomas were encapsulated with a thin layer of connective tissue in
the bile duct area (yellow arrow), and punctate infiltration of lympho-
cytes (red arrow) was noted. In the control group injected with 10 mg of
medical PVA embolization particles, a neatly arranged hepatic cord
(black arrow) and punctate infiltration of lymphocytes around the bile
duct in the portal area (yellow arrow) were observed. We found
increased hepatocyte steatosis (20 mg control group) and hepatocyte
necrosis with nuclear fragmentation or lysis (black arrow, 40 mg control
group) with increased injection dose. Compared to medical PVA embo-
lization particles, the developed PVA/gelatin/I fiber blocks exhibit
similar embolic effects in rats, which is attributed to the low gelatin
content in the fiber block or the short embolization time, resulting in a
lack of benefit associated with gelatin adhesion.

4. Conclusion

In conclusion, we developed a novel PVA/gelatin/I fiber block
embolization material that combines expansion, adhesion, and CT im-
aging potential for embolization of the liver in rats by homogeneous
shearing, gradient centrifugation, and freeze-drying. Comparing the
morphology, expansion, and adhesion properties of embolic materials
with different PVA/gelatin/I mass ratios, we show that the embolic
material with a mass ratio of 8:2:10 is optimal. Moreover, based on the
natural composition of gelatin and the unique porous structure of the
fiber block, the PVA/gelatin/I fiber blocks possess good cytocompati-
bility. Although the PVA/gelatin/I fiber blocks showed similar emboli-
zation effects in rats compared to medical PVA embolization particles,
they have unique CT imaging potential for visualization of the embolism.
Overall, the designed fiber block, a powerful imaging-guided emboliza-
tion platform, may be further modified with other imaging agents and
therapeutic elements to achieve visualized embolization therapy.
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