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Current liquid embolic agents face several challenges, including poor biocompatibility and vascular recanali-
zation. Herein, we propose an innovative liquid embolic agent composed of a coenzyme-based polymer (poly
lipoic acid, PLA) and a biocompatible solvent (deep eutectic solvent, DES). The agent undergoes phase trans-
formation to form a stable hydrogel in situ through solvent exchange with water, thereby enabling safe and
effective embolization. First, DES is obtained by heating a mixture of choline chloride (ChCl) and glycerol (Gly).
Subsequently, lipoic acid (LA) is incorporated into the DES and heated to produce the PLA/DES complex. Owing
to the strong hydrogen bonding between the DES and PLA, the DES acts as a solvent while also inhibiting PLA
depolymerization. Upon contact with blood, most of the DES exchange with water, whereas some amount of ChCl
integrates within the PLA via strong hydrogen bonding. This hydrogen bonding not only prevents PLA depoly-
merization but also reinforces the PLA network, resulting in a stable PLA hydrogel rather than depolymerized LA
monomers. Furthermore, liquid-metal (LM) nanoparticles are incorporated to fabricate radiopaque PLA/LM/
DES. PLA/LM/DES shows better in vitro hemocompatibility and cytocompatibility, milder inflammatory
response in a rat model, and more effective and safer embolization in a rabbit model than a commercial embolic
agent (Onyx). Thus, this work provides an innovative liquid embolic agent and broadens the biomedical ap-
plications of DES.

1. Introduction polyvinyl alcohol, and gelatin particles, offer distinct advantages in

clinical settings, they are inherently limited by their fixed dimensions

Endovascular embolization is a minimally invasive technique used to
treat hemorrhagic lesions, arteriovenous malformations, aneurysms,
and solid tumors. In this procedure, embolic agents are precisely
deployed to occlude diseased or injured vessels, and the therapeutic
efficiency of this procedure is substantially influenced by the properties
of the embolic agents [1,2]. Although solid embolic agents, such as coils,
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and shapes, which prevent them from embolizing irregular target blood
vessels or distal small vessels. By contrast, liquid embolic agents exhibit
unique properties, forming casts upon contact with blood and entering
target blood vessels that catheters and solid embolic agents fail to reach.

Liquid embolic agents are of two types: shear-thinning and in sit-
u-gelling agents. Oklu et al. fabricated a series of injectable hydrogels as
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shear-thinning embolic agents by mixing negatively charged nanoclays
with silk [3], extracellular matrix [4], lyophilized platelet-rich plasma
[5], and gelatin [6]. These agents could be used as novel liquid embolic
agents. Moreover, in our previous study, a coacervate prepared based on
liquid—liquid phase separation was employed as a liquid embolic agent
[7]1. However, if the mechanical properties of shear-thinning embolic
agents are too strong, their advancement through microcatheters be-
comes challenging. Conversely, if the mechanical properties are too
weak, they are at a risk of being washed away by the blood, leading to
vascular recanalization. In situ-gelling agents can undergo gelation in
situ by solvent exchange, pH, temperature, or light; metal ions have also
been used for endovascular embolization [1,8-11]. For instance, com-
mercial liquid embolic agents (Onyx and PHIL) consist of a polymer and
dimethyl sulfoxide (DMSO), which undergo solvent exchange upon
contact with blood to form a precipitate in situ, resulting in embolization
[1]. Zhang and co-workers utilized mildly acidic stimuli to trigger the
welding of microgels within aneurysms, achieving complete emboliza-
tion [9]. However, DMSO and acidic solutions typically induce vaso-
spasm or vasoconstriction [12,13]. Furthermore, Duan et al. reported a
temperature-sensitive poloxamer 407 (F127)/hydroxymethyl cellulose
(HPMC)/sodium alginate (SA)-derived hydrogel, which undergoes a
sensitive phase transition in blood vessels to achieve embolization [10].
However, thermosensitive embolic agents tend to gel inside long cath-
eters, leading to their occlusion. Kim and co-workers reported a liquid
embolic agent based on an in situ formed double-crosslinked alginate--
based hydrogel that was triggered by harmless visible-light irradiation
and Ca* in the blood [11]. However, using a light source for tiger
gelation requires specialized catheters, which can increase the cost and
complexity of the operation. Overall, current in situ gelling systems are
either unfriendly to vascular walls, difficult to operate, or costly.
Therefore, new liquid embolic agents satisfying clinical requirements
must be developed.

Deep eutectic solvent (DES), which are defined as mixtures of
hydrogen-bond donors and acceptors with melting points below room
temperature, are emerging as ecofriendly alternatives to conventional
organic solvents [14]. Their exceptional solubilization properties,
biocompatibility, environmental sustainability, and versatility are
driving a surge in their applications in pharmaceutical and biomedical
fields. The solubilization capacity of DES is profoundly influenced by
their structural characteristics, particularly the identities of their
hydrogen-bond donors and acceptors. For example, DESs formulated
from choline chloride (ChCl) and various polyols (such as glycerol [Gly]
or ethylene glycol) exhibit enhanced solubility in active pharmaceutical
ingredients, which can be attributed to the formation of strong inter-
molecular interactions and the ability to establish a conducive micro-
environment for solute dissolution [15]. This solubilization
phenomenon can be further optimized by selecting DES components
with shorter alkyl chains and polar, nonaromatic characteristics,
enhancing selectivity and the capacity to solubilize compounds such as
quinine and clozapine [16]. Furthermore, the application of theoretical
models, such as COSMO-RS, combined with machine learning tech-
niques, aids in improving our understanding of the solubility landscape
and enables the rational design of DES specific for pharmaceutical ap-
plications, thereby unlocking new pathways for drug formulation and
delivery [15-21]. Liquid embolic agents derived from DESs have been
introduced recently. Oklu et al. reported a liquid embolic material
composed of polyethylene glycol (PEG) and a biocompatible ionic liquid
for rapid microvessel embolization to treat small-vessel hemorrhages.

Lipoic acid (LA), an essential coenzyme in animals, undergoes ther-
mal ring-opening polymerization (ROP) to form its metastable polymer
polylipoic acid (PLA), which undergoes spontaneous inverse ring-
closing depolymerization initiated by terminal reactive radicals [22].
Furthermore, PLA dissolves well in organic solvents while exhibiting
only limited solubility in water. This makes it a promising candidate for
the development of solvent exchange-based liquid embolic agents.
However, PLA prepared in conventional organic solvents is metastable,
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causing its depolymerization to semicrystalline PLA oligomers or LA
monomers following solvent exchange with water. Furthermore, the
Galinstan liquid metal (LM), characterized by excellent biocompatibility
and fluidity, was used as a contract agent to monitor the position of this
liquid embolic agent during operation.

In this study, we developed an innovative liquid embolic agent
comprising DES and PLA. DES not only functions as a solvent but also
plays a critical role in preventing the depolymerization of PLA. This dual
functionality facilitates the formation of a stable PLA hydrogel after
solvent exchange with water, thus ensuring effective embolization. First,
DES was obtained by heating a mixture of ChCl and Gly. Subsequently,
LA powder was added to the DES and heated to synthesize PLA. ChCl
forms strong hydrogen bonding with the carboxylic acid groups in PLA,
thus preventing its depolymerization. Upon contact with water, most of
the DES was replaced by water molecules, whereas some amount of ChCl
remained integrated within the PLA by means of the strong hydrogen
bonding. Thus, instead of depolymerized LA monomers, a stable PLA
hydrogel was formed. Furthermore, Galinstan LM nanoparticles (NPs)
were introduced to prepare radiopaque PLA/LM/DES, allowing the
monitoring of the liquid embolic agent’s position during the operation.
Moreover, the mechanical properties, hemocompatibility, cytocompat-
ibility, and in vivo biocompatibility of the PLA/LM/DES solution was
compared with those of a commercial liquid embolic agent (Onyx).
Finally, the embolization performance of the PLA/LM/DES solution and
Onyx in the renal artery and ruptured femoral artery molds of rabbits
was further studied. Owing to its easy preparation, desirable biocom-
patibility, and effective embolization performance, the PLA/LM/DES
liquid embolic agent may be a promising next-generation liquid embolic
agent for endovascular embolization (Fig. 1).

2. Materials and methods
2.1. Materials

ChCl, Gly, LA and DMSO were purchased from Aladdin, China.
Galinstan LM was procured from Dongguan Chingming Metal Technol-
ogy Co., Ltd., China. Iohexol contrast agent (300 mg/mL) was purchased
from Jiangsu Hengrui Medicine Co., Ltd., China. Onyx was bought from
Micro Therapeutics Inc. company, US, and glycerol assay kits and live/
dead cell staining kits were purchased from Beyotime (Shanghai, China).

2.2. Preparation

DES was prepared by heating ChCl and Gly at different molar ratios
at 80 °C for 8 h. The LA powder was then added into DES, and the
samples were heated at 99 °C for 12 h. Among all samples, we found that
the one with a ratio of 1:3 (ChCl: Gly) exhibited the highest solubility
(0.2 g/mL) for PLA. Dissolving more PLA can facilitate rapid emboli-
zation; therefore, we chose this ratio. Accordingly, 0.4 g LA powder was
dissolved into 2 mL DES, and the samples were heated at 99 °C for 12 h.
Meanwhile, LM was ultrasonicated (1800 W) in DES (1.27 g/mL) for 20
min to prepare LM NPs. PLA/DES and LM/DES were then mixed to
obtain the PLA/LM/DES solution. Finally, PLA/DES and PLA/LM/DES
were introduced into water to obtain the PLA and PLA/LM hydrogels.
Simultaneously, 0.4 g LA powder was dissolved in 2 mL DMSO, and the
samples were heated at 99 °C for 12 h. The PLA/DMSO solution was then
introduced into water to obtain PLA hydrates. Because DES and their
constituent components are highly hygroscopic, we ensured that these
samples were maintained in a sealed container throughout preparation
and storage.

2.3. Characterization
The LA powder, dried PLA gel, and PLA/DMSO hydrates were

analyzed using a Raman spectrometer (Horiba LabRAM HR, Japan) at an
excitation wavelength of 785 nm and subjected to X-Ray diffraction
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Fig. 1. (a) Schematic of the depolymerization of PLA/LM/DMSO upon solvent exchange with water. (b) Schematic of the transformation of PLA/LM/DES to stable a
PLA/LM hydrogel upon solvent exchange with water. (c) Schematic of transarterial embolization in a rabbit. (d) Schematic of solvent exchange-induced gelation of

PLA/LM/DES and its embolization in a blood vessel.

(XRD). Subsequently, the dried PLA gel and PLA/DMSO hydrates were
observed using a scanning electron microscope, and Fourier-transform
infrared (FTIR) spectroscopy (Thermo Scientific Nicolet iS10, USA)
was used to characterize LA, ChCl, ChCl + LA, Gly, DES, PLA gel, and
PLA/LM gel. UV-Vis spectroscopy (PerkinElmer, Inc., Waltham, MA,
USA) was used to characterize DES, PLA, and PLA/DES. The PLA/LM gel
was characterized using X-ray photoelectron spectroscopy (XPS; Axis
Ultra, Kratos, UK). All dried PLA/LM gel were prepared by freeze-
drying. The radiopacity and CT value of PLA/LM/DES containing
various LM NPs were evaluated using CT scanning.

2.4. Gelation time test

A total of 0.4 mL PLA/LM/DES was deposited into a centrifuge tube
(contact area = 1.8 cm?) and beaker (contact area = 15.8 cmz), and 5 mL
SGF was added and incubated at 37 °C. At a pre-set time, the centrifuge
tube and beaker were inverted to observe the fluidity of the samples. The
solidification time was recorded as complete gelation time.

2.5. Injectability test

A syringe containing the PLA/LM/DES solution connected to
different microcatheters was loaded and fixed on an electronic universal
testing machine (MTS, C42.503, USA). The solution was pushed at a
flow rate of 1 mL/min, and the force was recorded. The experiment was
performed in triplicate to ensure data reliability.
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2.6. Mechanical tests

An MCR 92 rheometer (Anton Paar, Austria) and a parallel plate
system (diameter = 25 mm) were used to test the rheological properties
of the samples at 37 °C. Time oscillatory sweeps were performed at
constant strain (1 %) and angular frequency (w = 10 rad/s). The elec-
tronic universal testing machine was used to test the tensile properties of
the samples. Dumbbell-shaped hydrogels specimens with a thickness of
2 mm (standardized as DIN-53504 S3 with an overall length of 35 mm,
width of 6 mm, inner width of 2 mm, and gauge length of 10 mm) and a
crosshead speed of 10 mm/min were used as samples. Tensile strain was
defined as the change in the length relative to the initial length. Tensile
stress was calculated as F/ab (a and b are the initial thickness and width
of the specimen, respectively). To ensure data reliability, the experiment
was performed three times.

2.7. Hemolysis test

Rabbit erythrocytes were collected from whole blood by centrifu-
gation (200xg, 10 min) and diluted to 5 % (v/v) with physiological
saline. To 1 mL of diluted erythrocyte solution, 100 pL PLA/LM/DES
solution, 100 pL Onyx, or 100 mg PLA/LM hydrogel was added, and they
were coincubated at 37 °C. Negative group: physiological saline solu-
tion; positive group: deionized water. After 24 h, the erythrocyte sus-
pensions were centrifuged at 500 x g for 5 min, and the absorbance (A) of
the supernatants were measured at 540 nm to calculate hemolysis ratio,
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given by the following formula.

Hemolysis ratio (%) = (A; — A,) / (Aa—A4A,) x 100%

Here, A;, Ap, and A represent the absorbance of samples, physiological
saline, and water, respectively. The experiment was performed in trip-
licate to ensure data reliability.

2.8. Invitro biocompatibility and degradation tests

Human umbilical vein endothelial cells (HUVECs) were added to
plates and cultured at 37 °C for 12 h (density = 2.5 x 10* cells per well).
Thereafter, 100 pL. PLA/LM/DES solution, 100 pL Onyx, or 100 mg PLA/
LM hydrogel were added to HUVECs. Positive group: pure growth me-
dium. After 24 h, the live/dead cell staining method was used to assess
cell viability. PLA/LM hydrogels were soaked in simulated physiological
fluid at 37 °C, and their dried weight was recorded at pre-set time to
calculate degradation ratio per the following formula.

Degradation ratio (%) = (mo —my) / my x 100%

Here, m; and my represent the remaining and initial mass of the dried
hydrogels, respectively.

2.9. In vivo biocompatibility and degradation tests

All the experiments complied with the animal ethics guidelines of the
Animal Ethics Committee of the Fifth Affiliated Hospital of Sun Yat-sen
University (00551). Male Wistar rats (6-8 weeks of age) were purchased
from Guangzhou Jin Wei Biotechnology Co., Ltd. and acclimated to the
environment for one week. After anesthesia, 300 pL. PLA/LM/DES or
Onyx were injected into the dorsal subcutaneous tissue of rats. At a pre-
set time, whole blood was collected for routine blood and serum
biochemistry tests. On days 14 and 28, the hydrogels were collected to
determine their in vivo degradation ratios. The tissues surrounding the
hydrogels were collected, fixed, dehydrated, and embedded in paraffin.

2.10. Renal artery embolization in a rabbit model

All the experiments complied with the animal ethics guidelines of the
Animal Ethics Committee of the Fifth Affiliated Hospital of Sun Yat-sen
University (IAC24W123). Rabbits (2.4-3.0 kg, male) were purchased
from Zhuhai Bestest Biotechnology Co., Ltd. and acclimated to the
environment for one week. Anesthesia was induced with Zoletil 50 (5
mg/kg, intramuscular injection) and 2 % xylazine (2 mg/kg, intramus-
cular injection). First, we dissected and suspended the femoral artery
(FA) and made an incision (diameter = 0.1 mm) on it. Thereafter, a 2.7 F
microcatheter (SL 10, Stryker, USA) was inserted into the FA through the
incision and advanced to the right renal artery via the abdominal aorta
under real-time X-ray fluoroscopy guidance using a digital subtraction
angiography (DSA) machine (Allura Xper FD20, Philips, Netherlands).
After that, iohexol (0.2-0.4 mL) was employed to confirm the patency of
the renal artery. Subsequently, 0.1-0.2 mL of the PLA/LM/DES solution
or Onyx was slowly deployed to embolize the renal artery via a micro-
catheter with a real-time X-ray fluoroscopy monitor. Computed to-
mography (CT) (Brilliance 16 row, Philips, Netherlands) was performed
to confirm embolization of the renal artery. Simultaneously, blood was
collected and tested for glycerol levels from O to 3.5 h. On days 14 and
28, the rabbits were re-examined using CT, color Doppler flow imaging
(CDFI), and contrast-enhanced ultrasound (CEUS). The rabbits were
euthanized, and the embolized renal arteries and kidneys were
collected, fixed in phosphate-buffered formalin, dehydrated, and
embedded in paraffin.

2.11. Ruptured femoral artery embolization in a rabbit model

After dissection and suspension, an incision was made in the carotid
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artery (diameter = 0.1 mm) using microscissors. A 2.7 F microcatheter
was inserted into the carotid artery through the incision and advanced to
the femoral artery (FA) via the abdominal aorta. After puncturing the FA
to induce bleeding, PLA/LM/DES or Onyx (0.2-0.3 mL) was slowly
deployed into the ruptured FA to stop bleeding. The weight of lost blood
was recorded, and the blood was tested for glycerol levels from 0 to 3.5
h. On days 1 and 7 after treatment, the rabbits were reexamined by using
CT, CDFI, and CEUS. The rabbits were euthanized, and the femoral ar-
teries were collected and fixed in phosphate-buffered formalin, dehy-
drated, and embedded in paraffin.

2.12. Hematoxylin & eosin (H&E) and Masson’s staining

All slides were baked at 60 °C for 10 min, deparaffinized with xylene
and gradient ethanol, and rehydrated in deionized water. The slides
were stained with H&E and Masson’s staining kit according to the
manufacturer’s instructions. All stained slides were scanned using the
Case Viewer software (3DHISTECH Ltd., Hungary).

2.13. Statistical analysis

Statistical analyses were executed in GraphPad Prism version 10.
Data are presented as mean =+ standard deviation (SD). Comparative
assessments of the experimental datasets were performed using Stu-
dent’s t-test for two-group comparisons and one-way ANOVA for mul-
tiple groups, complemented by Tukey’s post-hoc test for detailed
intergroup significance. Statistical significance levels are denoted as ns,
p > 0.5, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

3. Results

3.1. Preparation and properties of the PLA/DMSO and PLA/DES and
their derived hydrates

Upon heating, LA underwent ROP to form metastable PLA, which
spontaneously depolymerized to yield LA monomers (Fig. 2a). First, a
conventional organic solvent, dimethyl sulfoxide (DMSO) was used. LA
was added to DMSO and heated, resulting in the formation of a PLA/
DMSO solution in which DMSO formed weak hydrogen bonding with the
carboxylic acid (-COOH) groups of PLA. Upon introducing PLA/DMSO
into water, DMSO was fully replaced by water molecules, resulting in the
formation of a metastable PLA/H,0 complex. Subsequently, the meta-
stable PLA spontaneously depolymerized to yield LA monomers in water
(Fig. 2¢). Second, by heating Gly, a hydrogen bond donor, and ChCl, a
hydrogen bond acceptor, at 80 °C for 8 h, DES was formed because of
strong hydrogen bonding (Fig. 2b) [23-25]. Subsequently, LA powder
was added to DES and heated at 99 °C for 12 h to form PLA/DES. In this
system, the DES could form strong hydrogen bonding with PLA, which
prevents PLA depolymerization [26,27]. The hydrogen bonding be-
tween the components were characterized using FTIR and UV-Vis
spectroscopy. In the FTIR spectra, the hydroxyl group (-OH) peaks of
Gly (3282 cm™!) and ChCl (3252 cm ™) shifted to 3299 cm ™! in the DES,
indicating hydrogen bonding between Gly and ChCl. The —~OH peaks in
the DES (3299 cm ™) and PLA gel (3325 cm™ 1) shifted to 3304 cm ™! in
the PLA/DES, indicating hydrogen bonding between them (Fig. S1 and
Table S1). Moreover, in UV-Vis spectroscopy, the absorption peaks of
Gly (253 nm) and ChCl (252 nm) shifted to 255 nm in the DES, and those
of DES (255 nm) and PLA gel (259 and 309 nm) shifted to 266 and 335
nm in the PLA/DES, respectively (Fig. S2) [28,29]. Thus, these results
indicated hydrogen bonding between PLA and DES.

After the introduction of PLA/DES into water, most of the DES was
replaced with water molecules, whereas some ChCl remained integrated
within the PLA via strong hydrogen bonding. This hydrogen bonding
prevented PLA depolymerization and enhanced the PLA network,
resulting in the formation of a stable PLA hydrogel capable of stretching
(Fig. 2d). After immersion in water for one week, the PLA hydrogel
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maintained good elasticity (Fig. 2e). Moreover, scanning electron
microscopic images revealed that the dried PLA oligomers exhibited a
dispersed granular morphology, whereas the PLA gel showed a contin-
uous structure containing pores (Fig. 2f).

The PLA/DMSO and PLA/DES-derived hydrates were studied using
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XRD. LA powder and depolymerized LA monomers derived from PLA/
DMSO exhibited sharp crystalline peaks, further indicating that the
PLA/DMSO-derived hydrates were unstable. However, for the PLA/DES-
derived hydrates, the crystallization peaks of pristine LA disappeared
completely, suggesting that DES can stabilize PLA and prevent its
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depolymerization (Fig. 2g). The samples were analyzed using Raman
spectroscopy. LA powder and depolymerized LA monomers exhibited a
disulfide bond (S—S) at 510 cm’l, whereas the PLA gel showed two new
peaks at 508 and 524 cm™!, highlighting the unstable PLA in PLA/
DMSO-derived hydrates and stable PLA in PLA/DES-derived hydrates

Bioactive Materials 48 (2025) 550-563

(Fig. 2h). Moreover, the FTIR spectra of LA, ChCl, and PLA/ChCl com-
plex exhibited that the hydroxyl peak at 3252 cm™! in ChCl shifted to
3219 em ! in complex and carboxylic acid peaks at 1690 cm ™! in LA
shifted to 1700 cm ™! in PLA/ChCI complex, suggesting strong hydrogen
bonding between LA and ChCl (Fig. 2i and Table S1). Finally, the final
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solution and its derived PLA/LM hydrogel. (b) Size distribution of the LM nanoparticles. (c) Fourier transform infrared (FTIR) spectra of the PLA gel and PLA/LM gel.
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***p < 0.0001.
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chemical compositions of the PLA hydrogels were investigated. The
PLA/LM/DES solution was immersed in deionized water, and the
released glycerol content was tested using a glycerol kit. In the first 7
min, 86.0 + 3.2 % glycerol was released, and nearly all the remaining
glycerol released in the next 2 min. Thus, nearly no glycerol was present
in the final PLA/LM hydrogel (Fig. 2j). XPS was employed to test the
final gel, and the contents of the nitrogen (N) and chlorine (Cl) were 1.4
+ 0.4 % and 0.3 + 0.2 %, respectively, indicating the presence of a few
ChCl that remained in the final PLA/LM hydrogel (Fig. 2k). Thus, during
the solvent exchange process, most DES was replaced with water mol-
ecules; however, a few ChCl molecules remained integrated in PLA
through strong hydrogen bonding to prevent PLA depolymerization,
resulting in a stable PLA hydrogel.

3.2. Preparation and properties of the PLA/LM/DES liquid embolic agent
and its derived PLA/LM hydrogel

Galinstan LM was used as a contrast agent to monitor the position of
the liquid embolic agent during operation. Using an ultrasonic disruptor,
LM was transformed into LM NPs in DES, which were further mixed with
PLA/DES to prepare radiopaque PLA/LM/DES (Fig. 3a and b). Mean-
while, the LM NPs formed electrostatic interactions with the carboxyl
groups in the PLA, as indicated by the shifted characteristic peaks in the
FTIR spectra (Fig. 3c). First, we assessed the fundamental characteristics
of the PLA/LM/DES solution to evaluate its potential as a liquid embolic
agent. For CT scanning and X-ray fluoroscopy images, the PLA/LM/DES
solution containing 30 wt% LM NPs exhibited excellent X-ray radio-
pacity, which could be clearly identified during the operation (Fig. 3d).
Moreover, the injection force of the PLA/LM/DES solution delivered
using narrow and long microcatheters with different diameters was
tested (Fig. 3e and S3). The injection forces of the PLA/LM/DES solution
in 2.7, 4, and 5 F microcatheters were 26.5 + 1.4, 18.4 + 0.8, and 8.6 +
0.2 N, respectively, which were lower than 50 N, indicating that the
PLA/LM/DES solution can easily be delivered via microcatheter [30].

Next, the solvent exchange-induced gelation of the PLA/LM/DES
solution was studied. Dropping a drop of the PLA/LM/DES solution into
a simulated physiological fluid (SPF), the solution instantly spread on
the water and underwent solvent exchange to form a hydrogel film
within several seconds. This indicated that the surface of the PLA/LM/
DES solution can instantly gel upon contact with water (Fig. 3f).
Thereafter, the complete gelation time of the PLA/LM/DES solution was
studied using the vial inversion method at 37 °C (Fig. 3g). The flow
performance of the sample in the centrifuge tube gradually weakened
until it reached a nonflowing hydrogel state, which was considered the
complete gelation time. This process also indicated that the gelation of
the PLA/LM/DES solution occurred from the outer layer to the inside via
gradual solvent exchange, which allowed PLA/LM/DES to be pushed
forward into the small branches via blood pressure and injection force.
Moreover, to investigate the influence of contact area and temperature
on the complete gelation time, we added 5 mL and 50 mL of SPF into a
centrifuge tube (contact area = 1.8 cm?) and beaker (contact area =
15.8 cm?) containing 0.4 mL of PLA/LM/DES solution and then inversed
the centrifuge tube and beaker at pre-set times. The complete gelation
time was shortened with increasing contact area, whereas the temper-
ature had no effect on the complete gelation time. In addition, the PLA/
LM/DES solution can be deposited into molds with different shapes to
prepare PLA/LM hydrogels with corresponding shapes, demonstrating
that the PLA/LM/DES-derived hydrogel can fit the target sites with
irregular shapes (Fig. 3h). The rheological properties of PLA/LM/DES
solution and PLA/LM hydrogels are shown in Fig. 3i. The loss modulus
(G", 52.4 + 1.0 Pa) of PLA/LM/DES solutions was higher than their
storage modulus (G, 41.4 + 1.5 Pa), indicating their liquid-like char-
acteristics. The G' (53350 + 2174 Pa) of PLA/LM hydrogels was higher
than their G" (27334 + 528 Pa), indicating their elastomer-like char-
acteristics. Finally, the mechanical properties of the PLA/LM hydrogels
and commercial liquid embolic agent Onyx-derived samples were
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compared (Fig. 3j and k and S4). The PLA/LM hydrogels exhibited
higher failure tensile strength (226.9 + 25.6 kPa) and failure tensile
strain (529.0 + 31.0 %) than those of the Onyx-derived samples (3.0 +
0.1 kPa and 30.9 + 4.9 %). These better mechanical properties of the
PLA/LM hydrogels indicated that they can effectively resist blood
pressure without breaking during embolization.

3.3. Biocompatibility and biodegradability of PLA/LM/DES and its-
derived PLA/LM hydrogel

We first evaluated the hemocompatibility of the PLA/LM/DES so-
lution and PLA/LM hydrogel, which was an important parameter for
embolic agents, using a hemolysis assay. Co-incubating the erythrocyte
suspensions with different samples at 37 °C for 24 h, the supernatant in
DES, PLA/LM/DES solution and PLA/LM gel groups exhibited a similar
extent of transparency to that of the saline group, and their hemolysis
ratios were lower than 5 %, indicating their excellent hemocompati-
bility. The hemolysis ratio of the commercial embolic agent (Onyx) was
approximately 10 %, owing to the presence of DMSO (Fig. 4a). More-
over, the viability of the human umbilical vein endothelial cells
(HUVECQC) after coincubation with the DES, PLA/LM/DES solution, or
PLA/LM hydrogel was higher than 98 %, with no statistical difference
from that of the blank control group, and the cells stained green with
calcein/acetoxymethyl ester (Calcein/AM) exhibited a spindle-like
morphology. However, cell viability in the Onyx group was lower than
96 % (Fig. 4b). These results indicated better hemocompatibility and
cytocompatibility of DES, PLA/LM/DES solution, and PLA/LM hydrogel
than those of Onyx.

To compare the in vivo biocompatibility and biodegradability of the
PLA/LM hydrogel and Onyx, the samples were directly injected into the
dorsal subcutaneous tissues of rats (Fig. 4c). On days 14 and 24, blood
was collected from the rats for blood routine and serum biochemical
analyses. No significant differences were observed in blood routine (red
blood cell, white blood cell, and platelet concentrations) or serum
biochemical analyses (total protein, albumin, alanine aminotransferase,
aspartate aminotransferase, creatinine, and urea nitrogen concentra-
tions) between the normal rats and rats implanted with PLA/LM/DES
solution and Onyx, indicating that these samples did not cause systemic
inflammatory response syndrome (Fig. 4d and e). Second, PLA/LM
hydrogels degraded 25.2 + 1.0 % in SPF at 20 weeks and 10.0 + 0.6 %
in vivo at four weeks after implantation in the dorsal subcutaneous
tissue of rats. Onyx was not degraded in vivo (Fig. 4f and g). Third,
hematoxylin and eosin (H&E) staining was used to study the tissues that
were adjacent to the implanted samples. In the PLA/LM hydrogel (red
arrow) group, there was a mild acute inflammatory infiltration con-
taining neutrophils (green triangle) and macrophages (yellow triangle)
on day 14, and the number of inflammatory cells was significantly
reduced on day 28, indicating a reduced inflammatory reaction. More-
over, no necrosis was observed in skin or muscle tissues. By contrast, the
tissue around Onyx exhibited a continuous increase in inflammatory
cells, including neutrophils (green triangles) and macrophages (yellow
triangles), from day 14-28, suggesting a persistent inflammatory reac-
tion. These observations demonstrated that the PLA/LM hydrogel eli-
cited a less pronounced inflammatory response than Onyx (Fig. 4h and
S5). Finally, H&E staining of other vital organs (e.g., the heart, brain,
liver, lung, spleen, testis, and kidney) showed no significant differences
between experimental and control rats, indicating that these embolic
agents did not cause systemic response syndrome (Fig. S6). These results
demonstrate good biocompatibility and biodegradation of the PLA/LM/
DES solution and its-derived PLA/LM hydrogel, allowing it to be used as
a liquid embolic agent.

3.4. Kidney embolic performances of the PLA/LM/DES and Onyx

The kidney embolic performance of the PLA/LM/DES and Onyx
embolic agents in New Zealand rabbit models was compared to evaluate
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Fig. 4. Biocompatibility and biodegradability of the PLA/LM/DES and Onyx embolic agents. (a) Photographs of hemolysis (left) and hemolysis ratios (right) of
physiological saline, DES, PLA/LM/DES, PLA/LM gel, Onyx, and deionized water (37 °C, incubation time = 24 h), n = 3. (b) Live/dead staining images (left) and cell
viability (right) of HUVEC after coincubation with the blank media, DES, PLA/LM/DES, PLA/LM gel, or Onyx for 24 h, n = 3. (¢) Schematic for injecting liquid
embolic agents into the back of a rat. (d, e) Serum biochemical (d) and blood routine tests (e) of rats before and after subcutaneous implantation of PLA/LM/DES or
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neutrophils and macrophages, respectively. Data shown are mean + SD. Statistical significance was analyzed using one-way ANOVA. ns, not significant.

their embolic efficiency and safety (Fig. 5a). Superselective insertion of a
2.7-F microcatheter into the right renal artery via the femoral artery
approach and injecting of 0.5 mL iohexol (contrast agent) into the renal
artery (white arrow) to confirm patency of the renal artery using digital
subtraction angiography (DSA). Then, 0.1-0.2 mL of PLA/LM/DES so-
lution or Onyx was deployed into the right renal artery and its branches
under X-ray fluoroscopy monitoring (Video S1). Upon contact with
blood, the surface of the PLA/LM/DES underwent gelation instantly and
formed a plug with the tip of the catheter, preventing the inside solution
from being washed away before complete gelation. The inside solution
was then pushed into the branches and underwent gradual gelation via
solvent exchange, achieving effective embolization of the right renal
artery and its small branches. Finally, iohexol was injected into the
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bilateral renal arteries to confirm embolization of the right renal artery
(Fig. 5b). We monitored the glycerol concentration in the blood. The
glycerol in the blood rapidly increased to 0.20 mM in the first 0.5 h, and
then decreased to 0 at 3.5 h, indicating that the blood glycerol levels
were maintained well below the danger level throughout the process
(Fig. S7) [31-33].

After 14 and 28 days of embolization, the PLA/LM hydrogel- and
Onyx-embolized kidneys were reexamined using nonenhanced
computed tomography (NECT), computed tomography angiography
(CTA), color Doppler flow imaging (CDFI), and contrast-enhanced ul-
trasound (CEUS) imaging techniques (Fig. 5¢). NECT and CTA scanning
images demonstrated that the PLA/LM hydrogel (red dotted circle) and
Onyx (cyan dotted circle) remained stable in the right kidney without
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any fragmentation or migration. Simultaneously, these images indicated
that the PLA/LM hydrogel could be clearly visualized during or post
embolization, which can avoid ectopic embolism. Moreover, CDFI and
CEUS images showed no blood flow signal in the embolized kidneys,
accompanied by gradual shrinkage in kidney volume (Fig. 5c, Videos S2
and S3). These results highlighted that the renal artery and its branches
can be embolized using the PLA/LM/DES-derived hydrogel without
recanalization. Furthermore, the embolic efficiency of the PLA/LM/
DES-derived hydrogel was similar to that of the commercial embolic
agent Onyx. In addition, the systemic effects in rabbits embolized with
PLA/LM hydrogel and Onyx were assessed using CECT scans. No
apparent abnormal density or structural changes were observed in vital
organs including the brain, heart, liver, and lungs on day 27, suggesting
that these embolic agents did not enter the microcirculation to induce
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ectopic embolism (Fig. 5d).

Next, the bilateral kidneys were collected and studied with patho-
logical analyses. The embolized kidney showed significant atrophy, and
the other kidneys showed compensatory enlargement on days 14 and 28.
The weight of the embolized kidneys gradually decreased (Fig. 6a and
S8). Moreover, H&E staining was used to examine the renal parenchyma
before and post embolization. After 14 days of embolization using the
PLA/LM hydrogel or Onyx, although the renal glomerulus (blue dotted
outline) and tubules (blue triangle) maintained their structure, the
number of nuclei significantly decreased owing to ischemia. Subse-
quently, the glomeruli and renal tubules gradually atrophied until
extensive coagulative necrosis appeared on day 28. While the non-
embolized contralateral kidney showed compensatory hyperplasia, the
renal glomerulus enlarged (green dotted outline), and the tubules
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dilated (green triangle) (Fig. 6b). Furthermore, the degree of dispersion
of embolic agents in the renal parenchyma was evaluated (Fig. 6¢). PLA/
LM gel entered the blood vessels with diameters ranging from 39 to 552
pm (red arrow), while Onyx can diffuse to 8 pm small blood vessels. Such
a small vascular arrival point indicated that the embolic agent poses the
risk of being washed away by blood flow to other organs, causing an
ectopic embolism [34-36].

Next, cross sections of the renal artery were stained using H&E
(Fig. 6d). The normal renal artery displayed a clear lumen, arterial in-
tima (blue triangle), arterial media (black double arrow), and arterial
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externa (green triangle). After embolization using the PLA/LM hydrogel
for 14 and 28 days, the lumen of the renal artery was filled with a
thrombus (yellow star) and PLA/LM hydrogels (blue star). Simulta-
neously, the arterial intima and arterial externa gradually disappeared,
and the thickness of the arterial media decreased over time owing to the
ischemia of the arterial wall. Moreover, the thickness of the arterial wall
(cyan double arrow) decreased from days 0-14 and then increased from
days 14-28 (Fig. S9). These changes may be attributed to the destruction
of the arterial wall in the early stage and proliferation of collagen fibers
in the later stage, as confirmed by Masson’s staining. The arterial wall
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was gradually replaced by collagen fibers (yellow double arrow), and
the thickness of the collagen fibers increased (Fig. 6e and S10). Thus, the
increased total thickness of the renal arterial wall in later stages may be
caused by the deposition of collagen fibers. Massive collagen fibers were
observed in the lumen of the embolized renal artery (green arrows). The
destruction and fibrotic remodeling of the embolized renal artery sug-
gested that the PLA/LM hydrogel can permanently embolize blood
vessels, eliminating the risk of vascular recanalization over time. Finally,

a Femoral artery b
embolization
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body weight, routine blood and serum biochemical tests, and vital or-
gans between normal and experimental rabbits demonstrated no sig-
nificant differences, indicating the safety of PLA/LM/DES as a liquid
embolic agent (Fig. S11—-S13).

In general, the PLA/LM/DES-derived hydrogel not only exhibited
effective, permanent, and safe embolization of the renal artery and its
smaller branches but also guaranteed clear visibility via X-rays during
and after embolization.
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3.5. Hemostasis of the PLA/LM/DES and Onyx

We further employed a rabbit femoral artery (FA) puncture bleeding
model to demonstrate the embolic efficiency of the PLA/LM/DES
(Fig. 7a). Inserting a 2.7-F microcatheter into the FA via the trans-
carotid approach, and injecting iohexol to confirm the patency of the
common iliac artery (CIA), external iliac artery (EIA), internal iliac ar-
tery (IIA), and FA. Then, the FA was punctured, which can be confirmed
in DSA images (Video S4). Immediately, 0.3 mL PLA/LM/DES solution
(red triangle) was slowly deployed into the bleeding point to stop the
bleeding, resulting in invisible FA (red arrow) and less lost blood
(Fig. 7b—c and Video S5). Moreover, the lost blood in the PLA/LM/DES
and Onyx groups was not significantly different. In addition, the con-
centration of glycerol in the blood was always within the safe range and
decreased to zero within 3.5 h (Fig. S14).

The treatment sites were re-examined on days 1 and 7 post emboli-
zation. NECT and CTA images showed that the PLA/LM gel (red dotted
outline) remained stable in FA without fragmentation or migration. The
CDFI images showed no blood flow signal in the embolized FA (white
dotted outline). These results demonstrated that the PLA/LM gel could
effectively embolize ruptured FA without vascular rebleeding and
recanalization (Fig. 7d, Videos S6 and S7).

Next, cross-sections of the FA were studied using H&E and Masson’s
staining (Fig. 7e and f). Normal FA exhibited a clear lumen, arterial
intima (blue triangle), arterial media (black double arrow), and arterial
externa (green triangle). After embolization, the lumen of the FA was
filled with thrombus (yellow star), PLA/LM gel, or Onyx (blue star).
Meanwhile, the arterial intima and arterial externa gradually dis-
appeared, and the thickness of the arterial media decreased over time
owing to the ischemia of the arterial wall (Figs. S15-16). Moreover, the
total thickness of the entire FA wall decreased from day O to day 1 and
then increased from day 1 to day 7, which could be attributed to the
destruction of the arterial wall in the early stage and the proliferation of
collagen fibers (yellow double arrow). Notably, the Onyx-embolized
lumen contained more thrombi than the PLA/LM gel group. In addi-
tion, after embolization with the PLA/LM gel, there were no other sys-
tematic effects on the rabbits, indicating its safety as a liquid embolic
agent (Figs. S17-19). These results indicated that the PLA/LM hydrogel
could permanently embolize blood vessels, eliminating the risk of
vascular recanalization over time.

4. Discussion

First, we selected Gly as the hydrogen-bond donor and ChCl as the
hydrogen-bond acceptor to prepare DES. ChCl, one of the most common
hydrogen-bond acceptor, is a nutrient similar to vitamin B, whereas Gly
is a Food and Drug Administration (FDA)-approved inactive ingredient
that can be used in formulating intravenous injection preparations.
Moreover, among DES solutions prepared with different ratios of ChCl to
Gly, the sample with a 1:3 ratio demonstrated the highest solubility (0.2
g/mL) in PLA. Dissolving a large amount of PLA can facilitate rapid
gelation and embolization; therefore, we chose this ratio. In addition,
DES and its constituent components are highly hygroscopic; therefore,
throughout the preparation and storage processes, these samples should
be kept in a sealed container.

For the contrast agent, the addition of tantalum (Ta) powder to PLA/
DES can obtain a stable PLA/Ta/DES gel, which could not be then
injected through the microcatheter (Fig. S20). Thus, LM, with excellent
fluidity and biocompatibility, was used as a contrast agent. The LM used
in this study was an alloy composed of Ga (68.5 %), In (21.5 %), and Sn
(10 %). Its toxicity is closely associated with the properties of Ga, In, and
Sn. Ga exhibits very low toxicity and serves as an effective immuno-
suppressant, making it clinically acceptable for disease treatment. In has
relatively low toxicity; however, caution should be exercised regarding
the potential health risks associated with high-dose exposure. Sn and its
simple derivatives are generally nontoxic. Nonetheless, excessive
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ingestion or inhalation of Sn can result in adverse symptoms, including
dizziness, diarrhea, nausea, chest tightness, shortness of breath, and dry
mouth. Therefore, the toxicity of LM is dose-dependent [37,38]. More-
over, the form of LM significantly affects its toxicity. LMs are generally
safe for use in solution; however, when large amounts of free ions are
released, their toxicity increases considerably. In our study, the LM was
embedded in a PLA hydrogel network, which can help prevent LM
leakage and associated risks. Throughout the four-week experimental
period, the rats and rabbits remained healthy and showed an increase in
body weight. Additionally, typical liver function markers, including
alanine aminotransferase (ALT) and aspartate aminotransferase (AST),
and kidney function markers, including creatinine (CREA) and urea
(UREA), did not increase over the four weeks. H&E staining of other
vital organs (e.g., the heart, brain, liver, lung, spleen, testis, and kidney)
revealed no significant differences between the experimental and blank
groups (Fig. 4d and e, S6, S11, S12, S13, S18, and S19) [39]. These re-
sults suggest that LM embedded in PLA hydrogel networks exhibit low
toxicity in vivo. Additionally, we plan to investigate the embolic per-
formance, safety, and biodegradation of PLA/LM/DES embolic agent in
large animal models (such as pigs and dogs) for an increased duration,
such as 1-2 years, in a follow-up study.

The difference in inflammation between Onyx and PLA/LM/DES can
be explained as follows: 1) The DMSO in Onyx has a strong stimulatory
effect on tissues and is likely to induce a stronger inflammatory response
[40]. By contrast, DES has improved biocompatibility and does not
cause a strong stimulatory effect on tissues. 2) The non-degradable
ethylene vinyl alcohol (EVOH) polymer in Onyx can lead to sustained
activation of immune cells, which release proinflammatory cytokines,
thereby triggering a stronger inflammatory response. By contrast, PLA is
biodegradable, and its degradation products are coenzymes in the body,
resulting in a milder inflammatory response [41]. Furthermore, the
difference in embolization performance between Onyx and PLA/DES
can be explained as follows. After Onyx undergoes solvent exchange
with water, it forms loose precipitates with weak mechanical properties
that are easily washed away by blood flow. By contrast, when
PLA/LM/DES undergoes solvent exchange with water, it transforms into
a continuous PLA/LM hydrogel with good mechanical properties,
allowing it to effectively resist removal by blood flow (Fig. 3j). This
behavior leads to risks in Onyx-embolized patients. For instance, some
cases of recanalization, recurrence, and even death have been reported
after Onyx embolization in a rabbit animal model [42,43].

5. Conclusion

We present an innovative and biocompatible liquid embolic agent
composed of a coenzyme-based polymer (PLA), a green and biocom-
patible solvent (DES), and a biocompatible contrast agent (LM NPs).
Owing to the strong hydrogen bonding between PLA and DES, DES not
only was used as a green and biocompatible alternative to conventional
organic solvents (such as DMSO and ethanol) to dissolve PLA, but also
can prevent depolymerization of the PLA. After introducing PLA/DES/
LM into water, most of the DES was replaced with water molecules,
whereas some ChCl remained integrated within the PLA through strong
hydrogen bonding. This hydrogen bonding prevented PLA depolymer-
ization and enhanced the PLA network, resulting in the formation of a
stable PLA hydrogel rather than yielding depolymerized LA monomers.
Moreover, the electrostatic interactions between PLA and LM NPs can
further enhance the hydrogel network, leading to the formation of a
stable PLA/LM hydrogel with excellent mechanical properties. PLA/LM/
DES showed better mechanical properties, better in vitro hemo-
compatibility and cytocompatibility, and milder in vivo inflammatory
response than the DMSO-containing commercial embolic agent Onyx. In
the animal experiments, when PLA/LM/DES was injected into the tar-
geted blood vessel, it underwent gelation from the outer layer to the
inside via gradual solvent exchange, which allowed the PLA/LM/DES to
be pushed forward into the small branches via blood pressure and



Y. Zhou et al.

injection force. In rabbit renal artery and ruptured FA models, PLA/LM/
DES showed more effective and safer embolization than Onyx. Owing to
its easy preparation, good biocompatibility, and effective and safe
embolization performance, PLA/LM/DES liquid embolic agent is a po-
tential candidate for a new embolic agent.
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