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Catheter embolization is a minimally invasive technique that relies on embolic agents and is now widely
used to treat various high-prevalence medical diseases. Embolic agents usually need to be combined
with exogenous contrasts to visualize the embolotherapy process. However, the exogenous contrasts
are quite simply washed away by blood flow, making it impossible to monitor the embolized location. To
solve this problem, a series of sodium hyaluronate (SH) loaded with bismuth sulfide (Bi,Sz) nanorods
(NRs) microspheres (Bi,Ss@SH) were prepared in this study by using 1,4-butaneglycol diglycidyl ether
(BDDE) as a crosslinker through single-step microfluidics. Bi,Ss@SH-1 microspheres showed the best
performance among other prepared microspheres. The fabricated microspheres had uniform size and
good dispersibility. Furthermore, the introduction of Bi,Ss NRs synthesized by a hydrothermal method as
Computed Tomography (CT) contrast agents improved the mechanical properties of Bi,Ss@SH-1
microspheres and endowed the microspheres with excellent X-ray impermeability. The blood
compatibility and cytotoxicity test showed that the Bi,Ss@SH-1 microspheres had good biocompatibility.
In particular, the in vitro simulated embolization experiment results indicate that the Bi,Ss@SH-1
microspheres had excellent embolization effect, especially for the small-sized blood vessels of 500-300
and 300 um. The results showed the prepared Bi,Sz@SH-1 microspheres have good biocompatibility and
mechanical properties, as well as certain X-ray visibility and excellent embolization effects. We believe
that the design and combination of this material has good guiding significance in the field of

rsc.li/rsc-advances embolotherapy.

1. Introduction

Transcatheter arterial embolization (TAE) is a minimally inva-
sive interventional procedure widely used in various fields,
including intracranial hemorrhagic lesions," and nonmalig-
nant® and malignant® tumors. The principle for TAE is to block
the vessels supplying blood in the target tumor by implement-
ing embolic agents, leading to ischemia and subsequent
necrosis of tumor cells.*® For example, uterine artery emboli-
zation (UAE) can be applied to treat uterine fibroids, pushing an
embolic agent through the uterine artery with a microcatheter
to block the blood supply of fibroids, making them shrink and
then eventually disappear.” Compared with traditional hyster-
ectomy and myomectomy, UAE treatment is advantageous due
to its relatively high safety and efficacy, being less invasive, and
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having fewer complications, and preservation of the uterus.?
Conventional embolization therapy is usually required to be
combined with imaging modalities such as Computed Tomog-
raphy (CT) to transport the embolic agents to the specific
vascular site under image guidance.” However, the majority of
clinically-used embolic agents, such as poly(vinyl alcohol) (PVA)
particles, gelatin sponges, and sodium alginate microspheres,
are not characterized by traceability.'®** Their visible process
was usually achieved when mixed with iodine-based contrast
agents.” However, due to blood flow, they are easily affected in
the vascular system and cannot be continuously tracked.'>'*
The embolic agents may contribute to the non-targeted embo-
lism or reflux into adjacent organs, which is quite dangerous.
Therefore, developing new embolic materials to address this
issue is significant. Generally, ideal embolic material should
have the following characteristics: (1) favorable biocompati-
bility; (2) easily transportable; (3) certain mechanical intensity;
(4) controllability in degradation; (5) traceability.” Embolic
microspheres are much easier to transport with microcatheters
than coils and have excellent mechanical properties that are
favorably compared with gel embolic agents. Therefore,
researchers have been paying considerable attention to this
demandable research area recently.*®
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Many methods, such as chemical precipitation,'”*® chemical
bonding of the radiopaque moieties,” or absorption®**' to
exploit embolic microspheres with radiopaque properties, have
been used to solve the problem that it is difficult to trace the
embolic microspheres. However, these fabrication methods are
either technically complex or produce non-unform micro-
spheres that are too large for small vessel embolization.**** For
example, DC Bead LUMITM and LC Bead LUMITM (70-150 pm
and 40-90 pm, respectively), are two radiopaque embolic
microspheres with small sizes while non-homogeneous size
distribution approved by Food and Drug Administration
(FDA).>*?¢ In embolization therapy, as the penetration depth of
microspheres in the target vessel depends on the depth,
controlling the accuracy of microsphere size is of great
significance.”

Droplet microfluidic techniques are widely used in various
fields, especially in life sciences.”® Compared with continuous
flow technology, it has many unique advantages such as fast
response, high size controllability, and low cost.**** The mon-
odispersed microdroplets were generated due to the interaction
between shear force and surface tension to separate continuous
fluid into droplets.** Micro-droplet technology can readily
provide uniform microspheres, which may be beneficial for
controlled embolization, controlled drug release, and enhanced
embolization efficiency.*

Hyaluronic acid (HA), which largely exists in the extracellular
matrix (ECM), is a natural hydrophilic polysaccharide, with
amazing biocompatibility and biodegradability.*® During the
past decades, sodium hyaluronate has been widely used in
fields such as surgery, tissue engineering, and drug develop-
ment. 1,4-Butaneglycol diglycidyl ether (BDDE) is a chemical
cross-linking agent commonly used to crosslink sodium
hyaluronate.***® The mechanical properties of sodium hyalur-
onate have improved considerably after the cross-linking reac-
tion, and the FDA has deemed HA-BDDE polymer to be used for
human implantation.’”?®* However, in the current market,
sodium hyaluronate embolization microspheres for commer-
cialized use have not been available. Bismuth-based materials,
characterized by notable biocompatibility and incredible X-ray
attenuation, have been the subject of interest as a potential
contrast agent in CT imaging in recent years.**** Bismuth
sulfide (Bi,S3) nanorods (NRs) can provide an effective contrast
in diagnosing CT imaging disease at an early stage thanks to
their existing form of nanoparticles and highly absorbed
surface coverage.** Compared to conventional contrast agents
based on iodine, BSA-Bi,S; NPs synthesized using a simple one-
pot method achieved a half-life of nearly 15 h.** In addition, it
exhibited a clearance rate that can be eliminated from the liver
and spleen within 72 h, suggesting the preclinical safety of these
NPs.*® Therefore, preparing embolization microspheres with X-
ray impermeability is feasible by physically encapsulating Bi,S;
NRs with microspheres.

Based on the above analysis, we have developed an embolic
microsphere with uniform size, particle dispersion, X-ray visi-
bility, and favorable biocompatibility in this research. Micro-
spheres mainly comprise sodium hyaluronate and Bi,S; NRs,
which are fabricated by simple-step microfluidics. The size
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distribution, mechanical properties, X-ray visibility, biocom-
patibility, and in vitro simulated embolization of sodium hya-
luronate embolization microspheres loaded with Bi,S; NRs
have been systematically studied in this paper. It turns out that
the fabricated microsphere embolic agent has good X-ray visi-
bility and embolic effect, reflecting a promising applicable
potential.

2. Experimental
2.1 Materials

Sodium hyaluronate (MW = 1 000 000-150 000), 1,4-butanegly-
col diglycidyl ether (BDDE), normal alkane, isobutanol, and
Span 80 were purchased from Aladdin Technology Co., Ltd.
Oleylamine, oleic acid, and thioacetamide provided by Heowns
Biochemical Technology Co., Ltd. The polymethyl methacrylate
(PMMA) microfluidic chip (the width and depth of the channel
at the intersection are both 250 pm) was purchased from Beijing
LiShi Micro-Nano Technology Co., Ltd. Bismuth neodecanoate
was obtained from Shanghai Eon Chemical Technology Co.,
Ltd. Cell Counting Kit-8 (CCK-8), pancreatic digest, and
penicillin/streptomycin was supplied by Beyotime Biotech-
nology Co., Ltd. Calcein-AM/PI was purchased from Sigma-
Aldrich. All the rabbit blood samples were bought from
Henan Yuechi Biotechnology Co., Ltd, and its hemolysis assay
and blood coagulation test procedures were performed in
accordance with the guidelines of Zhejiang Sci-Tech University.

2.2 Characterization

Transmission electron microscopy (TEM) (JEM-2100, Japan),
Scanning Electron microscopy (SEM) (ZEISS, USA), and EDS
elemental mapping (Carl Zeiss ultra 55, Germany) were
employed for the morphological characterization of the various
samples. The size distribution of the samples was observed
using Malvern Zetasizer Nano ZS instrument (UK) and Image]
software. The average diameter of the swollen microspheres was
divided by the average diameter of the non-swollen micro-
spheres to get the swelling ratio. Fourier transform infrared (FT-
IR) spectroscopy (IS 50, Thermo Electron Scientific Corporation,
USA) was used to characterize the chemical compositions, with
arange from 400 cm ™" to 4000 cm ™', The crystal structure of the
samples was determined using a powder X-ray diffraction
instrument (XRD) (Bruker AXS GMBH, USA) with 26 ranging
from 20.0° to 80.0°. The thermal behavior of the samples was
analyzed by Thermogravimetric analysis (TGA), with the
temperature gradually increased from 20°C min ™" to 30-550 °C
(HS-101, Heson, China). The mechanical properties of samples
were analyzed by a rheometer at 37 °C (CP5000, LamyETT,
China). The dried microsphere samples were swollen in PBS for
24 h, followed by the measurement of the storage modulus (G'),
and the loss modulus (G”), at a fixed strain (0.1%) and frequency
range of 0.1-100 rads s ' with 10 points per decade, using
a microsensing test bench. The X-ray radiopacity of the samples
was observed using Xradia 600 Versa Micro-computed tomog-
raphy (Micro-CT) (ZEISS, USA) and the grayscale value of
samples was analyzed by the Image] software.
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2.3 Synthesis of Bi,S; NRs

Bi,S; NRs were synthesized according to the previous proto-
cols.** First of all, 1.45 g of bismuth neodecanoate was added to
a mixture of 20 mL of OA and 10 mL of ethanol under stirring
conditions. Following this, 4 mL oleylamine solution contain-
ing 0.15 g of thioacetamide was promptly introduced to the
mixture. The colloidal solution was vigorously stirred for 30 min
before being transferred to a 50 mL Teflon-lined autoclave. The
was sealed and heated to 150 °C for 10 h, followed gradual
cooling to room temperature. The sediments were obtained
through centrifugation, washed with ethanol, and placed in an
oven at 80 °C for 6 h to dry. Finally, the Bi,S; NRs obtained were
lightly ground for further use.

2.4 Fabrication of SH and Bi,S;@SH microspheres

A facile one-step microfluidic method was employed to
synthesize SH and Bi,S;@SH microspheres. To prepare homo-
geneous gel, 0.4 g sodium hyaluronate powder was solubilized
in a 16 mL dilute hydrochloric acid solution (pH = 5), and
stirred at 600 rpm for 12 hours. During stirring, BDDE and Bi,S;
NPs were added to the solution. The fabricated gel solution was
used as the dispersed phase in subsequent experiments. The
continuous phase contented liquid paraffin containing 4 wt%
Span 80 as a surfactant for fabricating gel microdroplets. The
dispersed and continuous phases were maintained at flow rates
of 200 pL h™* and 200 uL min ™, respectively, unless otherwise
specified. Microdroplets were passed into isobutanol and stir-
red at 900 rpm for 2 h to break the emulsion and dehydrate. The
product was then vacuum dried at 40 °C for 10 h to remove the
solvent from the microspheres completely.

2.5 Cytotoxicity

To evaluate the cytotoxicity of the samples, microspheres were
sterilized by ultraviolet disinfection for 1 h.** Then, 200 mg of
each microsphere group was soaked in 15 mL DMEM with 10%
fetal bovine serum, and 1% penicillin-streptomycin solution,
then placed in an incubator for 24 hours. Subsequently, the
microsphere supernatant was subjected to two rounds of
filtration by a 0.5 um strainer. The HUVECs plating density was
6000 cells per well in three 96-well plates and then incubated for
24 h before replacing the original DMEM media with 200 pL
microsphere extracts of each group. CCK-8 solution was intro-
duced into individual wells at 24, 48, and 72 h time points. After
1 h incubation, the wavelength of 490 nm was selected to test
the absorbance of each well. Live/dead cell assays were per-
formed by co-culturing HUVECs with 20 mg mL~" microspheres
in small dishes for 24 and 72 h. The DMEM medium and
microspheres were removed at different time points. Next, the
Calcein AM and PI were added to stain cells and observed by
a confocal laser scanning microscope.

2.6 Hemolysis assay

The hemolysis assay was carried out by using the previously
described method.* The microspheres of each group (10 mg)
were incubated in 1 mL of saline solution for 1 h. Before the
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hemolysis experiment, citrated whole rabbit blood was diluted 50
times with saline solution and added to centrifuge tubes,
covering the bottom of the microspheres. The obtained diluted
rabbit blood was mixed with the incubated embolization micro-
sphere solution and incubated at 37 °C for 4 h. Subsequently, the
components were centrifuged at 10 000 rpm for 10 min, and the
supernatant was collected as the experimental group solution.
Negative and positive control groups were represented with
saline solution and deionized water, respectively. The absorbance
of the supernatant was measured at 545 nm, and the hemolysis
rate was calculated through the following equation:

Hemolysis (%) = (ODg — ODyn)/ODp x 100%

where, ODg, is the absorbance of different samples, ODy is the
absorbance of the negative control, ODjp is the absorbance of the
positive control.

2.7 Blood coagulation test

The blood coagulation test of both SH and Bi,S;@SH micro-
spheres was evaluated according to the previous protocol,
utilizing citrated whole blood from rabbits.*” Firstly, 10 mg of
each microsphere component was incubated in 2 mL of PBS for
1 h at 37 °C. The incubated microspheres were then transferred
to a 96-well plate, and 100 pL of sodium citrate anticoagulated
rabbit blood was added to each well. Next, 100 pL of CaCl,
solution was added to each well to initiate the coagulation
reaction with constant shaking. The clotting reaction was regu-
larly terminated by adding 200 pL of 0.109 M sodium citrate
solution and then rinsed thrice with deionized water. Finally, the
phenomena in each well were documented by capturing images.

2.8 In vitro embolization simulation

To confirm the efficacy and functionality of Bi,S;@SH-1 micro-
spheres, in vitro simulated embolization tests were performed. A
polymethyl methacrylate (PMMA) microfluidic device was used to
simulate small-scale blood vessels, with three different vascular
diameters set at 800-500, 500-300, and 300 pm, respectively. To
observe the embolic effect of Bi,S;@SH-1 microspheres in blood
vessels of different sizes, the microspheres were mixed with
carmine pigment-colored PBS and injected into the microfluidic
chip until no further injection was possible.

2.9 Statistical analysis

The results were presented as mean =+ standard deviation (SD),
and the significance of the difference was analyzed by the ¢test.
The value for *P < 0.05 and **P < 0.01 indicated statistical
significance and extraordinary statistical significance respec-
tively. The statistical analysis was performed using OriginPro
Software.

3. Results and discussion
3.1 Fabrication and characterizations of Bi,S; NRs

Bi,S; NRs have been considered as a potential CT contrast agent
due to their high atomic number and X-ray attenuation

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Characterizations of Bi,Sz NRs. (A) TEM image and histogram of
the size distribution. (B) XRD spectra. (C) In vitro CT images of Bi,Ss
NRs with different concentrations (2.5, 5, 10, 15, 30, and 60 mg mL™%,
from left to right, respectively).

properties. TEM inspection confirmed that the particles were
nano-sized and possessed a rod-shaped structure (Fig. 1A) with
a smooth surface and the mean particle size of Bi,S; NRs was
95.4 + 30.5 nm measured by DLS analysis.***° The results in
Fig. 1A indicated that the length of Bi,S; NRs was 50.4 & 9.2 nm
and the width was 11.1 & 1.9 nm, thereby the aspect ratio of the
Bi,S; NRs was close to 4.5. The XRD pattern confirmed the
formation of the compound Bi,S; NRs. The diffraction peaks
were in accordance with the JCPDS card for Bi,S; NRs (JCPDS
card no. 17-0320), as displayed in Fig. 1B. The XRD pattern was
well aligned with the orthorhombic structure of Bi,S; NRs.
Fig. 1C showed the CT images of Bi,S; NRs synthesized by
hydrothermal methods. The brightness of Bi,S; NRs under X-
ray increased synchronously with increasing concentration of
Bi,S; NRs. The CT images slightly appeared faint due to the
insufficient content of Bi,S; NRs (less than 15 mg mL ™). The
brightness peak of 60 mg mL ™" of Bi,S; NRs reached the
maximum. The compositional distribution (EDS) of the Bi,S;3
NRs was presented in Fig. S1, which showed the Bi and S
elements among the nanocrystals. The fabrication of Bi,S;@SH
microspheres with X-ray radiopacity was made fundamental by
the successful synthesis of Bi,S; NRs.

3.2 Fabrication and characterizations of SH microspheres

The SH microspheres were fabricated by single-step micro-
fluidics, as illustrated in Fig. 2B. The continuous phase (marked
with oil) consisted of liquid paraffin containing 4 wt% Span 80,
and the dispersed phase (marked with water) consisted of the
SH gel. Monodisperse aqueous droplets containing SH gel were
prepared due to the interplay between viscosity and capillary
forces. Fig. S21 showed that the microdroplets of SH gel were
perfectly spherical and well dispersiveness. The microdroplets
were demulsified and dehydrated with isobutanol in stirring
progress. Compared with traditional methods for the fabrica-
tion of microspheres, such as the emulsion method and the
spray drying method, microspheres produced by microfluidics
have the advantages of uniform size and good dispersibility.
The SH microspheres obtained after vacuum drying had
a perfectly spherical shape and quite a smooth surface, no
agglomeration between the microspheres occurred, as shown in
Fig. 3A-C. The above microspheres had uniform size with an
average particle size of 87 pm (Fig. 3D). The SH microspheres
vacuum dried were immersed in PBS for swelling, as shown in
Fig. 3E. The diameter of the microspheres changed consider-
ably after 24 h. The swelling rate of the microspheres was

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 SH and Bi,Ss@SH microspheres fabrication schematic: (A)
a schematic depicting imaginable (sodium hyaluronate) SH gel fabri-
cation. (B) Schematic depicting microspheres fabrication. (C) Local
magnification image of a flow-focused droplet microfluidic chip. (D)
Optical micrograph of hydrated SH microspheres.

calculated to be 200.4%. To confirm the successful cross-linking
reaction of SH powder with BDDE, it was analyzed by FT-IR, as
depicted in Fig. 3F. For the SH microspheres, the peaks at 3363,
2950, and 946 cm ™' are ascribed to the stretching vibrations of
O-H/N-H bond, C-H band, and C-O-H deformation respec-
tively, demonstrating the successful loading of BDDE into the
SH microspheres. Additionally, the C-O stretching vibrations at
910 cm ™" that belonged to the BDDE vanished, which indicated
the chemical reaction between the -OH group of the SH powder
and the C-H band of BDDE. These FT-IR results were consistent
with previous research, indicating that the crosslinking reaction
between SH and BDDE was operated.**

3.3 Characterizations of Bi,S;@SH microspheres

For the effective clinical outputs of the SH microspheres,
bismuth sulfide (Bi,S;), was encapsulated in the fabricated
microspheres to achieve imaging-guided embolotherapy. Bi,S;
NRs were introduced into the gel solution and physically
encapsulated directly during the gel formation process to
fabricate the imaginable SH gel (Fig. 2A). The liquid paraffin
containing Span 80 (4 wt%) was used as the continuous phase

onnn SH

5 1

1000

80 85 90 95 3000 2000
Diameter (um) Wavenumber (cm™)

Fig.3 Characterizations of SH microspheres: (A—C) SEM images of SH
microspheres at various magnifications. (D) Histogram of the size
distribution of SH microspheres. (E) Optical micrograph of SH micro-
spheres post-swelling in PBS after 24 h. (F) FT-IR spectra of SH
powder, BDDE, and SH microspheres.
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and the imaginable SH gel was used as the dispersed phase. To
fabricate the microdroplets containing imaginable SH gel, the
syringes filled with the continuous and dispersed phases are
compressed, forcing the liquids through a flow-focusing droplet
microfluidic chip. The above microdroplets were dropped into
isobutanol for demulsification and drying.

Table S11 shows the composition of different groups of the
Bi,S;@SH microsphere. The morphologies of the microspheres
with and without the loading of Bi,S; NRs were observed by
SEM. Fig. 3A and B showed the high magnifications of Fig. 3D
and E. The above images showed the surface roughness of the
microspheres has increased after loading various contents of
Bi,S; NRs on Bi,S;@SH microspheres compared to SH micro-
spheres, confirming the successful loading of Bi,S; NRs.
However, the Bi,S;@SH microspheres were unable to retain the
sphere when the content of Bi,S; NRs was high and began to
distort or even burst (Fig. 3C, F and S3t). The phenomenon
occurred because the excessive addition of Bi,S; NRs during the
dehydration process caused the microspheres to become more
brittle and thus deformed by centrifugal force when stirring was
performed. For loading the Bi,S; NRs with sodium hyaluronate
without deformation or rupture, the Bi,S;@SH-1 microsphere
was selected for the subsequent study. Fig. 3G showed that the
SEM image of a single Bi,S;@SH-1 microsphere and the sche-
matic of its internal structure was displayed in Fig. 3H. The
distribution of Bi,S; NRs on the surface of the single Bi,S;@SH-
1 microsphere was determined by the EDX mapping images in
Fig. 3I-L. Different elements were observed on the surface of the

Fig. 4 Characterizations of Bi>S;@SH microspheres: (A-C) SEM
images of the SH-0, Bi,Ss@SH-1, and Bi,Sz@SH-2 microspheres,
respectively, scale bar: 200 pm. (D—F) The high magnifications of (A-
C), scale bar: 200 um. (G) The high magnification of a single Bi>Ss@SH-
1 microsphere, scale bar: 30 pm. (H) The schematic of (G) internal
structure. (I-L) The EDS-mapping images of (G), scale bar: 30 um.
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Bi,S;@SH-1 microspheres. The elements Bi and S are derived
from the Bi,S; NRs, and the elements C and O are derived from
the SH matrix. Compared with the previous reports,'®** the
Bi,S; NRs loaded microspheres were prepared according to the
same method, which mixed the NRs and HA physically by stir-
ring over 24 h, increasing the uniform dispersion of Bi,S; NRs
within the complex relatively. According to the above results, it
could be inferred that the Bi,S;@SH-1 microspheres by loading
Bi,S; might have excellent X-ray radiopacity (Fig. 4).

The XRD patterns of Bi,S; NRs, SH-0 microspheres, and
Bi,S;@SH-1 microspheres, as depicted in Fig. 5A. The Bi,S; NRs
XRD pattern demonstrated that all diffraction peaks at 15.80°,
17.58°, 22.39°, 28.61°, and 52.61° indexed as typical (020), (120),
(220), (211), and (351) planes of Bi,S; crystals, respectively. The
above results confirmed that the synthetic NRs were pure Bi,S;
with an orthorhombic crystal structure. The bond peak at about
24.4° in the SH-0 microsphere XRD pattern was ascribed to the
semicrystalline structure. The characteristic peaks of Bi,S; NRs
appeared in the XRD pattern of Bi,S;@SH-1 microspheres, which
was attributed to introducing Bi,S; NRs into SH-0 microspheres.
Furthermore, the characteristic peaks remained distinguishable,
demonstrating that Bi,S; NRs exhibited phase stability in the
load process, which indicated Bi,S; NRs suitability for emboli-
zation applications. Rheological tests are used to analyze the
compressibility and flexibility of Bi,S;@SH-1 microspheres. The
mechanical properties of the microspheres are critical for the
embolic effect of the embolized microspheres. The elastic and
viscous properties of the material were assessed by the storage
and loss moduli at 37 °C, respectively. The storage modulus was
used to describe the stiffness of the material. According to
previous reports, the storage modulus must be higher than 800
Pa to withstand blood pressure.* Fig. 5B exhibited the storage
(G') and loss (G”) moduli of microspheres at 37 °C. It is obvious
that the G’ value was higher than that of G”, and both values were

A = B
. 60000
~ |88 2 ~45000
2 Bi,S, NR -
e N 2 30000] G Bi,S,;@SH-1 —s— SH-0
2 »
= 3
g Bi,S,@SH-1 g 15000 Bi,S;@SH-1 SH-0
£ ou 2 5400
3600 — I
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Fig. 5 Characterizations of Bi,Ss@SH-1 microspheres: (A) XRD
spectra. (B) Storage (G) and loss (G”) moduli were recorded for
samples. (C) TGA curves of Bi,Ss NRs, SH-0, and Bi,Ss@SH-1 micro-
spheres. (D) In vitro CT images and the radiopacity values of the
samples (n = 5).
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unaffected by angular frequencies in the frequency sweep, indi-
cating typical chemically cross-linked gels and the high elasticity
of the microspheres. The G’ value and G” value of Bi,S;@SH-1
microspheres were both higher than SH-0 microspheres, indi-
cating that the introduction of Bi,S; NRs into the matrix of
microspheres could improve the deformation resistance and the
flexibility of the microspheres. The phenomenon may be due to
the physical mixing of the sodium hyaluronate gel and Bi,S; NRs,
which wrapped around the gel chains contribute to improved
stiffness and ductility.>*

To assess the precise content of Bi,S; NRs in Bi,S;@SH-1
microspheres, the TGA test was carried out by heating
samples from 30 to 550 °C. The Bi,S; NRs showed negligible
weight loss, demonstrating excellent thermal stability. The final
weight loss percentages of SH-0 and Bi,S;@SH-1 microspheres
were 74.5% and 64.3%, respectively. The actual content of Bi,S;
NRs encapsulated in Bi,S;@SH-1 microspheres was calculated
to be 10.2%, as illustrated in Fig. 5C. The embolism agents with
X-ray visibleness are important to achieve real-time monitoring
of intraoperative or postoperative embolotherapy. In this study,
Bi,S; NRs have been physically encapsulated in SH matrix for
the preparation of radiopacity embolic microspheres. Observa-
tion of in vitro X-ray radiopacity of SH microspheres, Bi,S;@SH-
1 microspheres, and pure Bi,S; NRs using Micro-CT. As shown
in Fig. 5D, compared to SH microspheres, Bi,S;@SH-1 micro-
spheres can be observed under Micro-CT with significant X-ray
radiopacity, and the Bi,S; NRs have the strongest signal inten-
sity. Compared with pure Bi,S; NRs, the mean relative
percentage of SH-0 microspheres and Bi,S;@SH-1 micro-
spheres were 3.56% and 74.42%, respectively. As a result,
introducing Bi,S; NRs into the microsphere matrix can effec-
tively enhance its X-ray radiopacity.

3.4 Cytotoxicity test

The ideal embolic agents should have good biocompatibility.
Thus, the CCK-8 assay and the Live/Dead cell assay were used to
determine the cytotoxicity test of the microspheres in HUVECs.
To obtain 20 mg mL™"' of microsphere extracts, the culture
medium was incubated with the microspheres for 24 h to
ensure that the toxic substances in the microspheres had
diffused into the medium. The CCK-8 assay was used to deter-
mine the cell viability after the extracts of various microspheres
were co-cultured with HUVECs for 24, 48, and 72 h. Fig. 6A
showed that the cell viability of SH-0, Bi,S;@SH-1, and Embo-
sphere microspheres after co-cultured with HUVECs for 24 h
was 95.81%, 93.46%, and 95.02%, respectively. After 48 h and
72 h, the cell viability values were all higher than 90%, which
followed the in vivo toxicity test standard. The above results
demonstrated that the extracts of Bi,S;@SH-1 microspheres
have good biocompatibility in vitro. As shown in Fig. 6B, the
cytotoxicity test of the microspheres was further determined
using the Live/Dead assays, and the morphology of the cells was
observed using confocal microscopy after co-culture of the
microspheres with the HUVECs for 24 and 72 h, respectively. In
contrast to the negative control group, living cells (stained
green) exhibited normal growth in distribution and morphology

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 In vitro biocompatibility: (A) the cell viability of HUVECs co-
cultured with Bi,Ss@SH-1 microsphere extracts at 20 mg mL~* for
24 h, 48 h, and 72 h, respectively (n = 6). (B) Confocal microscopy
images of HUVECs incubated with Bi,Ss@SH-1 microspheres after 1
and 3 days, scale bar: 200 um. (C) Hemolysis test of Bi,Sz@SH-1
microspheres, the insert digital photograph of rabbit carotid blood
supernatant and solution after centrifugation of samples, data were
shown as mean =+ standard deviation, **p < 0.01. (D) Blood coagulation
test of samples for a different period, scale bar: 1 cm.

on days 1 and 3. The negative control and experiment groups
exhibited almost no dead cells (stained red). The Live/Dead
assay results demonstrated no adverse effect on the normal
growth of cells when the microspheres were co-cultured with
HUVECs. Overall, the CCK-8 assay and the Live/Dead assay
results demonstrated that the prepared microspheres have
good biocompatibility without cytotoxicity.

3.5 Hemocompatibility evaluation

Evaluation of the hemocompatibility of embolic agents is
essential due to their direct contact with blood in the body during
clinical treatment. Thus, Bi,S;@SH-1 microspheres hemolysis
assay and blood coagulation test were required. As shown in
Fig. 6C that compared with the positive control, the hemolysis
ratios of Embosphere, SH-0, and Bi,S;@SH-1 were much lower,
which were similar to the previous report.”” The result was also in
accordance with the international permissible level of 5%
according to the standard of ASTMF/756-08 (2000).>> The above
result suggested that the samples would barely trigger the
hemolytic reaction. As shown in Fig. 6D, representative photos of
the blood coagulation test were taken at various time intervals. It
was seen that there was no discernible difference between SH-
0 and Bi,S;@SH-1 microspheres and Embosphere, indicating
that the clotting times of the Bi,S;@SH-1 microspheres were
almost the same as that of the commercially available product.
Furthermore, the clot sizes of Bi,S;@SH-1 microspheres were not
less than those of the control groups at each test period. It
demonstrated that Bi,S;@SH-1 microspheres did not cause slow
blood clotting when in direct contact with blood and affected the
normal formation of blood clots. Therefore, the above results
indicate that the Bi,S;@SH-1 microspheres prepared in this
study have good hemocompatibility, which grants the micro-
spheres excellent prospects for application in the field of embo-
lization therapy.
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Fig. 7 In vitro vascular model embolization: (A) the design image of
the PMMA chip. (B) In vitro embolization model, scale bar: 1 cm. (C)
Before embolization, scale bar: 1 cm. (D) After embolization, scale bar:
lcm.

3.6 In vitro embolization simulation

To investigate the embolic effect and performance of micro-
spheres in vitro embolization simulation was carried out. As
shown in Fig. 7A and B, PMMA microfluidic chips with different
sizes of microfluidic channels were used to simulate small-sized
blood vessels. When the above chip was not injected with
Bi,S;@SH-1 microspheres, PBS (stained with carmine) could
quickly flow out of the vascular model (Fig. 7C). PBS (stained
with carmine) was mixed physically with Bi,S;@SH-1 micro-
spheres and injected into the microfluidic chip until the PBS
(stained with carmine) in the flow channel could no longer flow
and the injection was stopped, signaling that the embolization
process had finished. As shown in Fig. 7D, the microfluidic
channels were mainly embolized in the size of 500-300 and 300
um by Bi,S;@SH-1 microspheres, indicating that the Bi,S;@SH-
1 microspheres fabricated have excellent embolic effect for
small-sized blood vessels of 500-300 and 300 um.

4. Conclusions

In this study, a kind of sodium hyaluronate embolized micro-
spheres were successfully prepared using BDDE as the cross-
linker by single-step microfluidics. The fabricated microspheres
had uniform size and good dispersibility. Moreover, the rod-
shaped Bi,S; CT contrast agents were successfully synthesized
by the hydrothermal method. The Bi,S;@SH-1 microspheres
were prepared by physically encapsulating Bi,S; NRs into the
sodium hyaluronate gel. The introduction of Bi,S; NRs
improved the mechanical properties of the Bi,S;@SH-1 micro-
spheres and endowed them with excellent X-ray radiopacity.
Blood compatibility and cytotoxicity test showed that
Bi,S;@SH-1 microspheres had no blood toxicity and cytotoxicity
when used as embolic agents in direct contact with blood and
cells, which met international standards. In vitro, simulated
embolization results indicate that Bi,S;@SH-1 microspheres
had a good embolization effect. Taken together, compared with
traditional embolic microspheres, Bi,S;@SH-1 microspheres
introduce the imaging function into the embolization micro-
spheres, presenting a simple strategy for the synthesizing of
embolization biomedical materials, which further enhances its
great potential in precise embolization. Hence, the Bi,S;@SH-1
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microspheres fabricated by single-step microfluidics in this
study have potential application prospects in the field of inter-
ventional embolization therapy.
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