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Therapeutic embolic agents for targeted drug
delivery in transcatheter therapies: a review

Keren Zhao, 2/? Peng Chen, (2% George Varghese P. J.,°
Mohammad-Reza Hosseini-Siyanaki,” Reza Talaie,”
Amirhossein Arzani,“® Charles Kim® and Jingjie Hu () *?

Embolization has evolved from a purely mechanical occlusion technique to a multifunctional platform
that supports imaging enhancement and therapeutic functions, including localized drug delivery,
immunotherapy, and vascular remodeling. Although reviews on embolic agents have been published,
the therapeutic performance of embolic platforms has not yet been systematically examined from a
materials perspective linking material design and formation mechanisms to drug loading, release
behavior, and therapeutic outcomes. In this review, we discuss the embolic system design principles and
mechanisms underlying both clinically used and emerging embolic agents, emphasizing liquid/gel
systems and microsphere (MS)-based platforms with integrated therapeutic functionality. We highlight
how material design governs catheter delivery, vascular penetration, occlusion stability, and controlled
drug release, key factors that govern the performance of all embolic categories. For liquid/gel embolics,
we summarize clinical formulations alongside their reported outcomes, and we review emerging
systems according to their mechanisms of solidification and biological interaction, including thermo-
responsive gels, chemically triggered networks, complex coacervates, and shear-thinning nanocom-
posites. For MS embolics, we summarize clinically used materials and discuss emerging systems,
focusing on how polymer chemistry, cross-linking, and network architecture regulate drug loading and
release. Finally, we discuss key translational challenges in the emerging embolic systems and highlight
opportunities for future embolic platforms that enable more precise and durable therapeutic control.

safe and effective alternative for patients who are not candidates
for conventional open surgery.

Transcatheter therapies represent a cornerstone of modern inter-
ventional medicine, enabling minimally invasive treatment for
localized tumors, vascular malformations, and benign condi-
tions. Compared with traditional open surgery, these procedures
enable localized treatment with benefits including reduced pain,
shorter hospital stays, and fewer complications.>? By selectively
occluding blood vessels, embolization deprives oxygen and
nutrients from target tissues, leading to tumor necrosis, hemo-
stasis, or attenuation of abnormal vascular activity. It provides a
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In recent years, research has expanded beyond mechanical
vessel occlusion toward therapeutic embolization. In this
approach, embolic agents are also designed to deliver active
therapeutic substances such as chemotherapeutic drugs,
radioactive isotopes, anti-inflammatory agents, or biolo-
gics." In oncology, transarterial chemoembolization (TACE)*
and transarterial radioembolization (TARE)>* have become
standard-of-care treatments for unresectable liver cancer,
providing localized delivery of chemotherapy or radiation.
In vascular and neurointerventional radiology, embolization
is used to manage aneurysms,’> arteriovenous malforma-
tions (AVMs),® and internal hemorrhage.” Additionally, embo-
lization has proven effective in managing benign and
non-oncologic conditions including uterine fibroids® and
benign prostatic hyperplasia,” underscoring the broad ther-
apeutic utility of embolization. Across these applications,
drug-loaded embolic agents enable localized and sustained
release at the target site, thereby enhances therapeutic effi-
cacy while minimizing systemic exposure and toxicity'®

(Fig. 1).
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Fig. 1 Representative clinical conditions for therapeutic embolization,
such as (A). Arteriovenous malformation (AVM). Reproduced from ref. 11,
under the terms of the CC BY 4.0 license. (B) Hepatocellular carcinoma
(HCC) showing tumor-feeding arterial supply targeted during emboliza-
tion. (B) is reproduced with permission from ref. 12. Copyright 2013,
Elsevier. (C). Lung cancer highlighting abnormal tumor-associated vascu-
lature accessible by endovascular intervention.
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The performance of embolic agents is fundamentally
governed by both material design and the efficacy of the
incorporated therapeutic components. From a performance
perspective, embolic agents must enable smooth catheter
delivery, effective vascular penetration, and stable vessel occlu-
sion under physiological conditions. Once deployed, local
hemodynamic forces govern embolic transport, spatial distri-
bution, and retention within the vasculature.’® In parallel,
therapeutic efficacy requires sufficient therapeutic-loading
capacity, predictable release kinetics, and stability within the
biological environment. Achieving these objectives demands
careful optimization of multiple interdependent material prop-
erties to balance mechanical reliability, deliverability, and
therapeutic functionality.

At the material level, these performance requirements arise
from key properties, such as rheological behavior, and other
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physicochemical properties. These characteristics govern how
embolic agents retain therapeutic payloads, respond to flow
conditions, maintain structural integrity after delivery, and
ultimately determine clinically relevant outcomes such as
injectability, vascular stability, and drug release kinetics.

Physical properties, such as material form (e.g. liquid/gel,
solid), influence catheter-based deliverability, vascular penetra-
tion, and distribution throughout target vessels."*'> Mechan-
ical properties, including viscosity and elasticity, affect the ease
of delivery through microcatheters and its ability to conform to
vessel morphology without causing injury. Mechanical stability
under physiological conditions is essential to prevent adverse
effects such as fragmentation, migration, or recanalization.’®
Imageability enables real-time monitoring during delivery and
facilitates post-procedural assessment."” It is typically achieved
by incorporating contrast agents that are compatible with
imaging modalities such as fluoroscopy, ultrasound, and
near-infrared fluorescence (NIR)."® Biocompatibility and hemo-
compatibility ensure that embolic agents do not trigger adverse
immune reactions, inflammation, or toxicity upon interaction
with biological tissues.

Finally, drug-loading capability allows embolic agents to
carry and control the release of therapeutic agents such as
chemotherapeutic drugs, radioactive isotopes, or bioactive
molecules."®" This enables localized and sustained treatment
at the target site. It affects therapeutic efficacy while minimizing
off-target effects and systemic toxicity compared to conventional
systemic drug administration. Together, these considerations
highlight the central role of material design of therapeutic
embolic agents.

The development of embolic systems for therapeutic appli-
cations is ongoing, with significant advances in material design
and delivery physics. However, clinical evidence remains limited
and requires further accumulation. Conventional transarterial
chemoembolization (¢TACE) using liquid agents such as lipiodol,
has been used for over 50 years,”® providing a well-established
approach for drug delivery. In contrast, studies on MS system
require further development.

In contrast, MS-based systems for drug delivery remain
under active development, with clinical studies often failing
to demonstrate significantly improved therapeutic efficacy™
and controlled adverse effect.”> Currently, the only commer-
cially available drug-eluting beads (DEBs), DC Bead LUMI™,
represent a relatively recent advancement, with clinical adop-
tion following their commercial introduction around 2017.*
However, DC Bead LUMI™ is CE-marked only in Europe, and its
availability remains geographically limited. Overall, current
MS-based platforms remain limited and require further opti-
mization in both material design and drug incorporation, as
well as more comprehensive clinical evaluation. Collectively,
these challenges highlight that effective and reliable drug-
delivery embolic systems have yet to be fully realized and
remain an unmet clinical need.

Gel-based embolic systems are at an even earlier stage of
development. Currently available gel products, including shear-
thinning Obsidio™*® (2022) and in situ gelling Embrace

This journal is © The Royal Society of Chemistry 2026
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Hydrogel Embolic System®* (2025) are all non-drug-eluting.
To date, no clinically available drug-eluting gel embolic systems
exist, and most remain at the research stage. These limitations
underscore the need for continued research across material
design, drug incorporation, and clinical evaluation to advance
these systems toward mature and clinically validated platforms.

This review highlights clinical and recent developments in
therapeutic embolic agents with a focus on material innovation
and underlying mechanisms. We discuss the design of embolic
agents in different forms, including liquid/gel and microsphere
(MS), and review strategies for incorporating therapeutic cargos
such as chemotherapeutics, immunotherapeutics, and bioactive
modulators. We further discuss key design requirements, the
current landscape of commercial and experimental agents, and
the translational challenges that remain. By bridging advances in
materials science, bioengineering, and interventional medicine,
we outline how material design is redefining embolization as a
multifunctional platform for targeted therapy.

2. Liquid/gel embolic agents for
therapeutic applications

2.1. Clinically available liquid embolic agents

Various liquid embolic agents have been applied clinically such
as Cyanoacrylates, ethylene vinyl alcohol copolymer, lipiodol,
and ethanol. However, their use as therapeutic drug carriers
remains limited. The liquid nature enables easier transcatheter
delivery compared to other forms of embolic agents but pro-
vides less control over deployment and the ability to concur-
rently deliver a precise therapeutic dose. Thus, liquid embolic
agents are regularly used with mechanical embolic agents, such
as particles or gelatin sponges, to further block the artery,
creating ischemia that enhances the therapeutic effect®

2.1.1. Lipiodol. Lipiodol is an iodinated oil-based contrast
agent first synthesized in 1901.%° It has been widely used in
clinical practice due to its therapeutic properties, including
drug-carrier capability, tumor-selective retention, and a transi-
ent embolic effect that further enhances local drug absorption
and retention.>”®

In 1982, Konno et al.?® first reported the selective accumula-
tion of Lipiodol in hepatocellular carcinoma (HCC) tissues. In
this study, Lipiodol served as a carrier for styrene-maleic acid
neocarzinostatin (SMANCS), a polymer-conjugated anticancer
drug designed with both hydrophilic and hydrophobic proper-
ties. This compatibility allowed SMANCS to form a stable
suspension when emulsified with Lipiodol, enabling selective
tumor targeting. The SMANCS-Lipiodol emulsion was adminis-
tered intra-arterially to 34 patients at a dosage of approximately
3-4 mg of SMANCS in 3-4 mL Lipiodol per cycle, repeated every
3-4 weeks. Most patients underwent two treatment cycles,
resulting in reduced alpha-fetoprotein levels (AFP) for 86% of
the patients, and decreased tumor size for 95% cases (reported
as a binary outcome).

Another key advantage is the gradual and sustained drug
release of Lipiodol-based emulsion, as demonstrated in a
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pharmacokinetic study involving five patients.>® In this study,
patients were treated with emulsions containing either doxor-
ubicin (DOX) (40-100 mg) or mitomycin (10-30 mg), both of
which are DNA-damaging anticancer agents. To further evalu-
ate clinical efficacy, a study involving 100 HCC patients com-
pared Lipiodol-drug emulsions with gelatin sponge-based drug
delivery systems. The Lipiodol group exhibited a markedly
higher 3-year survival rate (17.6%) compared to the gelatin
sponge group (3.8%). This improvement was attributed to the
enhanced stability of the emulsion, which extended the persis-
tence from a few hours to more than 24 hours. This also
prolonged intratumoral drug retention and enhanced thera-
peutic effectiveness through sustained release for up to 27 days.
Although most evidence on Lipiodol’s retention comes from
pharmacokinetics and tumor uptake studies, recent work by
Bannangkoon et al.*® explored its prognostic potential. In a
cohort of 124 HCC patients receiving TACE with mitomycin-
Lipiodol emulsion, CT imaging revealed four deposition pat-
terns: homogeneous, heterogeneous, defective, and deficient
(Fig. 2). Homogeneous accumulation was associated with
longer progression-free survival (median 33.2 months) and
overall survival (median 54.8 months), while defective patterns
correlated with tumor recurrence and poor prognosis.*’
Despite these benefits, the oily nature of Lipiodol presents
limitations for uniform dispersion of hydrophilic drugs. To
address this, various emulsion strategies have been developed
to improve drug incorporation and stability within the Lipiodol
matrix. One approach is to dissolve the hydrophilic drug in a
solution with a density similar to Lipiodol, followed by emulsi-
fication. For example, SMANCS is a therapeutic agent that
targets tumor tissue. It functions by inhibiting DNA synthesis
and leading to the apoptosis of cancer cells.*' In 1984, Kane-
matsu et al.”’ proposed dissolving SMANCS in Urografin, a
water-soluble contrast agent that has a comparable density to
Lipiodol and subsequently emulsifying. In this clinical study,
13 patients with HCC were treated via infusion of this emulsion
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Fig. 2 Diagram illustrates the four Lipiodol accumulation patterns
observed on non-enhanced computed tomography. Reproduced from
ref. 30, under the terms of the CC BY-NC-ND 4.0 license.
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into the hepatic artery. As a result, 10 patients (~77%) showed
marked decreases in alpha-fetoprotein (AFP) levels and reduc-
tions in tumor size. Histological evaluation of two of the
resected tumor specimens revealed clear signs of tumor necro-
sis and regression. This emulsification approach proved effec-
tive in delivering hydrophilic chemotherapeutic agents to liver
tumors and achieving meaningful therapeutic outcomes.

The alternative and more widely adopted method is water-
in-oil emulsions, with larger droplets demonstrating better
therapeutic efficiency. In 1996, de Baere et al.** conducted a
study on the effect of emulsion properties on therapeutic
effectiveness using a rabbit VX2 liver tumor model. In their study,
it was found that large-droplet (predominantly 70-100 pm) water-
in-oil emulsions achieved superior tumor-targeting efficacy,
attaining the highest tumor-to-normal liver uptake ratio of
up to 10.26 among all tested formulations. In contrast, small-
droplet (predominantly 20-30 pm) oil-in-water emulsions
demonstrated undesirable high pulmonary uptake and poor
tumor specificity with a tumor-to-normal liver uptake ratio of
4.49. Despite being limited to an animal model, these results
provided clear quantitative evidence highlighting the impor-
tance of emulsion structure in therapeutic performance.*

To further enhance therapeutic effect, Lipiodol, which
serves as therapeutic vehicle and transient embolic agent, is
routinely followed by particles in clinical practice to achieve
effective arterial flow stasis." Studies have also shown that the
therapeutic effect can be further enhanced by using particles as
drug carrier." For example, compared with conventional TACE
(cTACE), which yielded a median progression-free survival
(PFS) of 7.0 months and overall survival (OS) of 14.0 months,
TACE followed by drug-eluting beads significantly improved
outcomes in patients with HCC, extending PFS to 12.0 months
and OS to 21.0 months while achieving higher response and
disease control rates without increased toxicity.*® The practice
was first proposed by Uchida et al,*® using gelatin sponge
particles after the infusion of the drug-Lipiodol emulsion.
Currently, the solid agents include but are not limited to gelatin
sponge particles, polyvinyl alcohol (PVA) particles, degradable
starch microspheres (DSM), and embospheres.

In a prospective randomized controlled trial,** patients with
hepatocellular carcinoma were randomized to either lipiodol
TACE with cisplatin and gelatin-sponge particles or a control
group who did not receive any anti-cancer treatment. The
treatment group showed significantly better 1-, 2-, and 3-year
survival (57%, 31%, 26%) compared to controls (32%, 11%,
3%). Although survival outcomes (Table 1) after Lipiodol-based
TACE vary across studies, there is a consistent trend toward
improved patient survival. It is important to account for regio-
nal and etiological factors, in addition to chemotherapeutic
agent utilized, when comparing across studies.

2.1.2. Ethanol. Ethanol was reported as both an embolic
agent and a therapeutic agent in the early 1980s for ablation.
It has been mainly used in Japan despite its off-label status, and
the guideline was not published until 2016.>” Ethanol works
by disrupting proteins, promoting blood clot formation,
and damaging blood vessel walls and surrounding tissues.*”

This journal is © The Royal Society of Chemistry 2026
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Table 1 Summary of clinical trials analysing outcomes with lipiodol-based chemoembolization for treatment of liver cancer. Abbreviations: HCC,
hepatocellular carcinoma; SMANCS, styrene-maleic acid neocarzinostatin; AFP, alpha-fetoprotein; PFS, progression-free survival; OS, overall survival

Number
Year Embolic Additional anti-tumor drug Tumor type Subject of subjects Outcome measurement Ref.
1982 Lipiodol SMANCS (~1 mg mL ) HCC Patients 34 AFP, tumor size 20
1984 Lipiodol-urografin  DOX, Nimustine hydrochloride HCC Patients 13 AFP, tumor size, histology 27
1989 Lipiodol, urografin DOX (40-100 mg); HCC Patients 100 Cumulative survival rates: 29
Or mitomycin (10-30 mg) 6 months: 82.0%
1 year: 53.8%
2 years: 33.3%
3 years: 17.6%
1990 Lipiodol, gelfoam  Adriamycin (20-60 mg), HCC Patients 54 Tumor necrosis, cumulative survival, 25
Cisplatin
1996 Lipiodol N/A VX2 (rabbit Rabbits 29 Tumor/liver uptake ratio, lung uptake 32
liver tumor
2022 Lipiodol, gelatin Mitomycin (up to 30 mg) HCC Patients 40 0S: 1y: 57%, 2 y: 31%, 3 y: 26% 35
sponge
2024 Lipiodol, gelatin Mitomycin (10-20 mg) HCC Patients 124 PFS: median 33.2 months, 30
sponge OS: median 54.8 months

Its ability to penetrate capillary bed®® and its high occlusion
potential®*® make it a powerful embolic agent for permanent
occlusion at a capillary level. At the same time, these properties
can be dangerous, and the associated risks, including acute and
chronic complications and significant morbidity, should be
considered.”® This underscores the necessity of careful use to
avoid tissue devitalization and unintended embolization of
non-target vascular territories.

Absolute ethanol is commonly mixed with contrast agents to
ensure visibility. Lipiodol is the most widely used contrast
agent,”™"* with an ethanol-to-Lipiodol ratio ranging from 1:1
to 3:1.%7 The emulsification process creates a stable mixture
while maintaining ethanol concentration, thereby preserving
therapeutic efficacy. Additionally, studies have investigated
non-ionic contrast agents such as iohexol. Non-ionic contrast
agents have shown a reduced embolic effect compared with
Lipiodol-ethanol emulsions, primarily due to the dilution
effect.”> Furthermore, diluted ethanol (50-70%) can be used
effectively to treat micro-fistulas, providing a less aggressive
option for smaller vascular abnormalities.*?

Various techniques and materials have been employed to
enhance the safety and efficacy of ethanol-based embolization.
Balloon occlusion catheters are commonly employed during
the procedure to prevent ethanol reflux into non-target areas,
thereby minimizing the risk of complications.*' Coils may
be temporarily used to occlude arterial feeders prior to ethanol
embolization, ensuring controlled delivery of the embolic
agent.** Polyvinyl alcohol (PVA) can be mixed with ethanol as a
permanent vessel obliterator, providing long-term occlusion.*

Ethanol has been used to treat conditions such as slow flow
AVM***” due to its ability to directly damage the endothelium
of the arteriovenous shunt without capillary bed. High thera-
peutic efficacy has been reported for ethanol embolization in
AVM treatment,*® with 100% immediate angiographic throm-
bosis, complete cure in 6 of 8 patients, and no angiographic
recurrence at a mean follow-up of 4.2 months. Minor complica-
tions occurred in 3 patients, and no procedure-related mortality
was reported. However, depending on the location, organ

This journal is © The Royal Society of Chemistry 2026

and skin necrosis remain major risks. Thus, despite the well-
recognized risks, ethanol remains a highly effective embolic
agent for selected AVM cases when applied under carefully
controlled conditions.

2.2. Emerging therapeutic liquid/hydrogels based embolic
agents

Liquid embolic agents have been widely used in clinical prac-
tice for therapeutic purposes. However, their fluid nature can
make it difficult to achieve a stable and durable cast at the
target site, often requiring combination with particles or coils
to ensure durable occlusion.?® In addition, the oily character of
agents like Lipiodol limits their ability to load and release
hydrophilic compounds®® or large molecule therapeutics,®”
restricting their broader application.

To overcome these limitations, recent research has focused
on designing gel and liquid embolic agents that integrate
embolization with local therapy. Strategies include in situ gel-
ling systems such as thermo-responsive and chemically trig-
gered gels; complex coacervates formed via phase separation
that enable high drug loading with sustained release, and
shear-thinning where flow-induced viscosity reduction enables
delivery and rapid recovery of solid-like behavior, which
ensures localization. This section reviews these advanced gel
and liquid platforms that combine embolization with local
drug delivery or ablative chemistry (Table 2). In this section,
we will review these emerging gel and liquid platforms that
couple embolization with local drug delivery or ablative chem-
istry for therapeutic effects.

2.2.1. Thermo-responsive gels. Thermo-responsive in situ
gelling systems have been explored as embolic material since
mid-1990s.>® Their sol-gel transition is usually governed by
dehydration of hydrophobic polymer blocks, which promotes
micelle self-assembly and packing at physiological tempera-
ture.’>* This thermally driven property allows the formulations
to remain as low-viscosity sols at room temperature, facilitating
injections through microcatheters, but to form cohesive gels
once warmed in vivo. The resulting cast conforms to irregular

Chem. Commun., 2026, 62, 8791-8813 | 8795
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Contrast
Base components agent Drug loaded Animal studies Targeted application Sol-gel transition Ref.
Pluronic F127, Iohexol DOX Beagle dogs (renal artery Renal carcinoma Thermal-induced 53
hydroxymethyl embolization), Rabbit VX2 renal gelation at 27 °C
cellulose (HPMC), tumor models
sodium alginate
p(N-isopropyl- Iohexol DOX Normal rabbits (renal artery Liver cancer Thermal-induced 54
acrylamide-co-butyl embolization), Rabbit VX2 liver tumor gelation at 32 °C
methylacrylate) models
nanogel
Silk elast in like Visipaque DOX and Male New Zealand white rabbit HCC Thermal-induced 57,62
protein polymer 320 sorafenib hepatic embolization gelation at 37 °C
(SELP)
Chitosan, Topamidol Sodium Canine bilateral iliac aneurysm model Endoleak treatment Thermal-induced 66
B-glycerophosphate  (Isovue®™ 370) Tetradecyl after abdominal gelation at 37 °C
(B-GP) Sulfate (STS) aortic aneurysm

repair

Chitosan, sodium Visipaque Doxycycline Pig renal arteries Endoleak preven- Thermal-induced 65
bicarbonate 320 (VIS) tion/treatment after ~ gelation at 37 °C
(NaHCO3), EVAR
phosphate buffer
(PB)
Gelatin, oxidized Iohexol Ionic liquid Porcine perianal fistula model, Enterocutaneous Chemical cross- 67
dextran (O-Dex), (antimicrobial ~ Rat subcutaneous implantation fistula treatment linking (imine
ionic liquid (IL) agent bonds)
Quaternized chit- Iohexol DOX New Zealand rabbits (renal artery, Tumor Liquid-liquid 70
osan (QCS), gum ear VX2 tumor, liver orthotopic VX2 chemoembolization phase separation
arabic (GA) tumor) (electrostatic
interactions)
Silk fibroin proteins, Iohexol BSA, ICG, Porcine renal survival model, Rat vascular diseases/ Shear induced 75
nanoclay (NC) Nivolumab femoral artery model tumors
particles
Gelatin, LAPONITE® DOX, anti-PD-  Mouse liver tumor model (Hepa 1-6  TACE for HCC Shear induced 76
nanoclay 1 (aPD-1) cells)
Raltitrexed, kaemp- ~ Tantalum Raltitrexed Rabbit VX2 ear artery tumor model, a HCC, ear artery Shear induced 79
ferol, and tantalum  nanoparticles and mouse H22 subcutaneous HCC tumor
nanoparticles kaempferol model, and a rat N1-S1 orthotopic
HCC model

lumens and distal branches, thereby improving embolic precision,
limiting reflux and washout, and enhancing occlusion stability and
therapeutic efficacy. A 750 a7

One of the most widely used thermal responsive materials is
Pluronic F127 (F127), which undergoes a sol-gel transition near \ Heat
37 °C (Fig. 3A). This property aligns with physiological tem-
perature, allowing delivery as a low viscosity liquid that rapidly
transforms into a gel in situ. However, F127 gels alone are
mechanically weak and susceptible to erosion.” Thus, F127 is
usually blended with other polymers to reinforce the network. Bef Chemoembolization Aft
For example, He et al> blended F127 with hydroxymethyl B elore e
cellulose (HPMC) and sodium alginate to strengthen the SRR
matrix. DOX was loaded for chemotherapy along with iohexol - ok R
for X-ray imageability. This formulation achieved complete }‘\ '\ )
renal artery occlusion in beagle models within 10 minutes ; N 30"
and produced marked tissue necrosis by 2 weeks. In rabbit et
VX2 renal tumors, transarterial chemoembolization with the Tumor disappeared

DOX-loaded gel induced vessel occlusion, tumor necrosis,
and high apoptosis, confirming its combined embolic and
chemotherapeutic activity.

Another widely studied thermoresponsive material is poly(N-
isopropylacrylamide), commonly abbreviated PNIPAm, which
undergoes a sol-gel transition near 32 °C. Because this tran-
sition temperature is below physiological temperature,

8796 | Chem. Commun., 2026, 62, 8791-8813

Fig. 3 (A) Sol-gel transition of DOX-loaded temperature sensitive
hydrogel. (A) is reproduced with permission from ref. 53. Copyright
2020, Elsevier. (B) Angiography (DSA) of rabbit VX2 liver tumor before
and after treatments of intra-arterial infusion with TACE with IBi disper-
sion. lohexol (350 mg | mL™Y) was used as a blood-vessel contrast for DSA
images. (B) Reproduced with permission from ref. 54. Copyright 2015,
Elsevier.
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unmodified PNIPAm gels too early, raising the risk of prema-
ture solidification and catheter clogging during delivery. To
address this limitation, PNIPAm can be copolymerized with
hydrophobic monomers such as butyl methacrylate (BMA),
typically in the presence of a crosslinker and stabilizing
agents.”>> The incorporation of BMA disrupts polymer-water
hydrogen bonding and strengthens hydrophobic interactions,
thereby shifting the transition upward to approximately 37 °C.
Importantly, this modification sharpens the gel transition, ensur-
ing that the system remains injectable at room temperature but
gels rapidly and completely at physiological temperature, which
improves delivery safety and on-target solidification.>®

Qian et al.>* developed DOX-loaded PNIPAm-BMA nanogels
dispersed with iohexol (IBi-D) for TACE. The system exhibited a
sol-gel transition point of 37 °C. It displayed a pH-sensitive
release profile, where only ~5-6% of DOX was released over
7 days at neutral pH, while ~28% was released under acidic
tumor-like conditions, and the presence of surfactant further
accelerated release to ~87%. In the rabbit renal arteries, IBi-D
showed clear dose-dependence embolization. A low dose of
0.5 mL mainly occluded peripheral arteries, whereas increasing
the dose to 2 mL resulted in complete blockage of peripheral,
small, and large arteries. In rabbit VX2 liver tumors, transarter-
ial chemoembolization with IBi-D resulted in complete arterial
occlusion with controlled intratumoral DOX delivery. The
authors reported that tumors treated with IBi-D grew at a rate
approximately four times lower than those treated with free
DOX (TAC) or embolic-only therapy (TAE) (Fig. 3B). Overall, the
formulation combined thermos-responsive cast formation,
radiopacity, and pH-tuned chemotherapy in a catheter-deliver-
able format.

Recently, silk elastinlike protein polymers (SELPs) have been
developed as thermosensitive gelling polymers that are inject-
able as low-viscosity fluid at room temperature and undergo
in situ gelation to form solid hydrogels at physiological tem-
perature (37 °C).>” Owing to their tunable network structure
and biocompatibility, SELPs have been explored as delivery
platforms for a broad range of therapeutic payloads, including
cells,®® adenoviral genes,> plasmid DNA,*® proteins,®" che-
motherapeutics etc. Poursaid et al. developed an in situ gelling
SELP formulation (SELP-815K) for chemoembolization of
HCC.” By tuning the relative lengths of silk and elastin blocks
in the polymer, the polymer was formulated at 12 wt% and
processed under shear to achieve a low viscosity (<150 cP),
enabling catheter injectability, rapid gelation (<5 min) for
local fixation, and a high storage modulus (>1 x 10° Pa)
sufficient for arterial occlusion. An in vitro occlusion model
designed to simulate TACE procedure demonstrated a marked
increase in the systemic pressure from 1 psi (pre-embolization)
to 4 psi (post-embolization). This indicated effective vessel
occlusion by the SELP-815K gel. In an in vivo hepatic emboliza-
tion study in male New Zealand White rabbits, SELP-815K gel
was injected proximally at the left and right hepatic artery
branch points. Angiographic and fluoroscopic imaging before
and after injection clearly identified the point of vascular stasis.
Histological analysis of the hepatic tissue also identified the
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SELP-815K within hepatic arterioles, and within associated
lymphatic vessels. Vacuolization in the hepatocytes was also
observed, indicating a decreased blood supply to the liver
cells.”” Expanding this work, HCC therapeutic drugs namely
sorafenib and DOX were incorporated into the SELP-815K
polymer. Drug incorporation had no significant effect on
viscosity, gelation kinetics and gel stiffness of the embolic
agent. The gel had a single drug loading of 25 mg mL ' and
50 mg mL ', and dual drug loading of 25 mg mL " of each drug
yielding a total drug loading of 50 mg mL . The release profile
was evaluated for 30 days in vitro. For dual drug loaded gels,
30% of the total drug content of the DOX and sorafenib was
released after 30 days. Interestingly, dual-drug loaded gels
exhibited significant increase in cumulative release over the
50 mg mL ™" single drug loaded gels.

In a separate study on SELP-815K, Poursaid et al.*®* demon-
strated that the chemical and physical form influence the
injectability and release kinetics. For both doxorubicin HCI,
sorafenib tosylate or base forms dissolved in dimethyl sulfoxide
(DMSO), drug incorporation increased the viscosity of the SELP
solution beyond the 150 cP injectability threshold. In contrast,
formulations incorporated either drug in base form (milled
powder) preserved the rheological behavior and gelation
kinetics of SELP, thereby maintaining catheter injectability.
Drug distribution studies showed that DMSO-dissolved drugs
achieved more homogeneous dispersion within the polymer
matrix, whereas milled drugs formed hydrophobic clusters
within the polymer network. Despite this heterogeneous dis-
tribution, milled formulations exhibited more sustained
release profiles, particularly for sorafenib, which showed slower
cumulative release due to hydrophobic interactions with the
SELP matrix. In vitro release studies using 12% SELP gels
demonstrated therapeutically relevant concentrations of DOX
for HepG2 cells (ICs, of 0.62 + 0.41 uM) for at least 14 days and
sorafenib for up to 30 days (ICs, of 1.72 £ 0.7 uM). Notably, the
presence of DOX significantly enhanced sorafenib release in
dual-drug formulations by day 7, where dual-loaded sorafenib
released 2.1 £+ 0.3 pM compared to 0.7 £ 0.2 pM in the single-
drug gels. These findings suggest that complementary drug-
polymer and drug-drug interactions within the gel matrix
effectively modulate the delivery profile.

2.2.2. Chemically triggered gels. Chemically triggered
hydrogels undergo sol-gel transition or network formation in
response to chemical changes in their environment. These
changes may include pH or ionic shifts, which alter polymer
protonation and solubility, or covalent reactions such as Schiff
base crosslinking between aldehyde and amine groups. In the
context of embolization, such mechanisms allow the materials
to be injected as liquids and then solidify in situ under physio-
logical conditions. Beyond simple vascular blockage, chemi-
cally triggered systems are often designed to deliver additional
therapeutic functions, such as endothelial ablation, inhibition
of matrix metalloproteinases, or tissue adhesion, thereby
improving occlusion stability and reducing recurrence.

Chitosan-based hydrogel has been adapted as chemically
triggered embolics with added sclerosants to achieve therapeutic
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Fig. 4 Embolization of CH and CH/STS gels in a canine bilateral aneurysm
model of EVAR. (A). Angiography at 3 months with a significant type |
endoleak on a CH-embolized aneurysm (arrows). (B) and (C) Histopathol-
ogy showing the persistence of CH and CH/STS blocs at 3 months. Cell
infiltration within the material was observed on both cases. However,
infammation was more intense around CH/STS (HPS staining). (A), (B)
and (C) are reproduced with permission from ref. 66. Copyright 2012,
Elsevier. (D). Factor VIII immunostaining of aortic vessels: (I) untreated or
embolized ex vivo with () CH gel; (lll) CH-DOXO0.1 gel; (IV) CH-DOX0.3
gel; (V) CH-DOX1 gel. Endothelial cells (Arrow, brown staining) are present
at the lumen of untreated artery and still partially present after emboliza-
tion by CH gel but absent after embolization with DOX-containing
CH gels. Factor VIII immunostaining of in vivo embolized vessels:
(E) untreated; (F) embolized with CH-DOXO0.1. The figure shows that the
endothelial lining is removed in vivo after embolization with CH-DOXO0.1
gels, while it is clearly visible on untreated arteries (brown stain, arrows).
(D), (E) and (F) are reproduced with permission from ref. 65. Copyright
2017, Elsevier.

effect. Fatimi et al.®* mixed chitosan with B-glycerophosphate

as a gelling agent, iopamidol for radiopacity, and sodium
tetradecyl sulfate (STS) as a detergent-based sclerosant for
treating abdominal aortic aneurysm endoleaks. The increase
in STS content accelerated gelation and strengthened the gels
(storage modulus up to ~1357 Pa at 3% STS) and induced
endothelial denudation in ex vivo canine arteries. In a bilateral
iliac aneurysm dog model, aneurysms treated with chitosan/
STS gels showed no endoleaks after three months, whereas
those treated with chitosan alone developed leaks (Fig. 4A).
Histopathological analysis of the explanted aneurysm specimen
confirmed that the CH and CH/STS gels were present en bloc.
(Fig. 4B and C). Despite ongoing degradation, the CH gel exhi-
bited cell infiltration, and portions of the gel were surrounded
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by fibrous tissue. (Fig. 4B). The CH/STS material exhibited poor
healing and appeared less porous. Strong inflammatory
responses, including macrophages and numerous polymorpho-
nuclear (PMN) cells, indicated acute inflammation, particularly
around CH/STS (Fig. 4C).

Building on this concept, Zehtabi et al.®® added sodium
bicarbonate as a second gelling agent to gradually raise pH and
deprotonate chitosan amine groups to further support ion-
triggered gelation. Doxycycline was introduced as the therapeu-
tic component, replacing STS, while iopamidol again provided
radiopacity. The doxycycline release followed a two-stage pro-
file. First, there is a burst release within the first 24 hours,
~85% doxycycline release for gel with 1% w/v doxycycline
content and ~60% doxycycline release for gel with 0.1% w/v
doxycycline content. This first release promoted endothelial
sclerosis and ablation. Then, a slower release continued for up
to 7 days. The kinetic parameters calculated from Korsmeyer—
Peppas formula were n = 0.89 (k = 4.5) for 1% w/v doxycycline in
gel, and n = 0.96 (k = 1.81) for 0.1% w/v doxycycline content gel,
indicating controlled release close to zero order kinetics. This
helped inhibit matrix metalloproteinases (MMPs) and reduced
the risk of vessel wall degradation and recanalization. The gels
showed suitable mechanical properties for embolization, with
storage moduli >800 Pa and resistance high perfusion pres-
sures greater than 200 mmHg. Ex vivo, chitosan-only gel had a
little effect on the endothelium (Fig. 4D(II)), whereas doxycy-
cline loaded gels effectively removed the endothelial lining
(Fig. 4D(III-V)). In vivo studies in pig renal caudal polar artery
model demonstrated high embolization success (96% immediate,
86% after 20 min) and good radiopacity. Factor VIII immuno-
staining of embolized artery exhibited removal of endothelial
lining by the doxycycline loaded chitosan gel (Fig. 4F) whereas a
stable endothelium was observed for untreated vessels (Fig. 4E).

Tissue-adhesive hydrogels represent another chemically trig-
gered strategy for therapeutic embolization. These systems
form strong and stable bonds with surrounding tissues, which
help secure the embolic cast, reduce reflux and migration, and
promote local healing. Adhesion is generally achieved through
two complementary mechanisms. Covalent coupling occurs
when reactive groups, such as aldehydes in oxidized dextran,
form Schiff base bonds with tissue amines. Noncovalent inter-
actions, like hydrogen bonding, contribute additional adhesion
even when covalent bonding is incomplete. These bonds allow
hydrogels to anchor firmly to wet and irregular tissue surfaces,
enhancing cast stability.

In 2025, Kim et al.%” developed a tissue-adhesive system for
enterocutaneous fistula closure. The system was based on a
gelatin-oxidized dextran matrix, where Schiff base crosslinking
occurred both internally and with tissue proteins. A choline-
and geranate- based ionic liquid were incorporated to reinforce
mechanical properties and provide intrinsic antimicrobial
activity, while iohexol was added for radiopacity. The optimized
formulation exhibited high elasticity (storage modulus >4000 Pa)
and recoverability. The gel also exhibited excellent adhesive
properties with explanted porcine skin where it withstood all
mechanical challenges including stretching, bending, twisting,
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Fig. 5 (A). Images illustrating ECFGel's tissue adhesiveness on pig skin and
resistance against various mechanical challenges. (B). Fistulogram at D14
before and after injecting ECFGel into the fistula tract, confirming success-
ful occlusion of the tract with ECFGel. Asterisks indicate the outer opening,
“R" denotes the rectum, and arrows point to the fistula tract. (A) and (B) are
reproduced with permission from ref. 67. Copyright 2025, John Wiley
and Sons.

and water flushing, indicating its potential to durably occlude
enterocutaneous fistula tracts without detachment or fracture
(Fig. 5A). In porcine perianal fistula models, the hydrogel
was delivered under fluoroscopic guidance and successfully
occluded fistula tracts, promoting tissue healing. Pre-injection
fistulography identified a distinct tract extending from the peria-
nal skin to the rectum, whereas post-injection imaging confirmed
complete occlusion of the fistula (Fig. 5B). Histology confirmed
accelerated healing, with increased deposition of type I collagen,
reduced bacterial burden (7-44 folds lower than untreated), and
enhanced cellular proliferation and vascularization. Compared to
the chitosan-sclerosant systems, which rely on endothelial abla-
tion and MMP inhibition, this adhesive hydrogel exerted its
therapeutic effect through a combination of mechanical sealing,
antimicrobial protection, and pro-healing activity.

2.2.3. Complex coacervates gels. Complex coacervation
occurs when two oppositely charged macromolecules are mixed
in water. Driven by electrostatic interactions and counterion
release, the solution spontaneously separates into a dilute,
polymer-poor phase and a dense, polymer-rich phase called the
coacervate.®® The injectability of coacervates for embolization
arises from their reversible ionic interactions, which allow flow
under shear. Once delivered, these interactions reform to create
a dense, cohesive phase that resists washout and stabilizes the
embolic cast.

Complex coacervates have been shown to achieve distal
embolization, durable occlusion, and sustained chemotherapy
within a catheter-deliverable format, addressing key limitations
of Lipiodol and particle-based systems. Liu et al.®® developed a
complex coacervate for TACE using quaternized chitosan (QCS)
and gum arabic (GA), with iohexol (I) added for radiopacity and
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Fig. 6 Rabbit ear VX2 tumor chemoembolization with QCS/GA/I/DOX
complex coacervate. (A) DSA images of the central auricular artery before
embolization. (B) DSA image of QCS/GA/I/DOX complex coacervate (red
arrow) post-embolization. (C) Macroscopic view of the rabbit ear VX2
tumors before and post-embolization with QCS/GA/I/DOX complex coa-
cervate and saline. (A), (B) and (C) are reproduced with permission from ref.
70. Copyright 2024, John Wiley and Sons.

DOX for chemotherapy. The formulation with 30% iohexol
achieved comparable imageability to Lipiodol, while providing
higher drug loading efficiency (96%) and sustainable release
over 35 days in contrast to the rapid burst release of Lipiodol
emulsions. Rheological testing showed shear-thinning beha-
vior, allowing smooth delivery through clinical microcatheters
(<1.7 F) with injection forces below 50 N. In rabbit VX2 tumor
mode, the QCS/GA/I/DOX coacervate achieved complete embo-
lization of the central auricular artery and its branches and
formed a stable cast without fragmentation and migration
(Fig. 6A and B) Tumors embolized with QCS/GA/I/DOX coacervate
gradually underwent ischemic necrosis and its volume was
significantly reduced over time (Fig. 6C). Histological analysis
confirmed coacervate deposition in distal branches’ diameters of
16 pum, which was associated with shrinkage of glomeruli and
tubules. These findings correlated with significant tumor regres-
sion and, importantly, occurred without formulation-induced
ischemic necrosis. Contrast-enhanced ultrasound confirmed com-
plete perfusion loss, while histology demonstrated coacervate
distribution into vessels as small as 16-20 pm, a penetration
depth superior to that achieved by commercial MSs (> 125 pum).*?

2.2.4. Shear-thinning nanocomposite gels (mechanical
trigger). Shear-thinning gels exhibit decreased viscosity when
exposed to shear stress but recover their solid-like behavior
once the stress is removed.”"”” This property allows them to be
injected as a fluid through microcatheters and then regain
stability to form a solid-like durable occlusion once delivered.
The behavior is governed by dynamic and reversible crosslinks
such as hydrogen bonding, electrostatic interactions, n-n stack-
ing, polymer chain entanglement, particle-particle interac-
tions, and polymer-particle interactions, which are disrupted
under shear and reformed after delivery to stabilize the embolic
cast.”>”*
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Unlike in situ gelling or phase-separating systems, shear-
thinning embolic materials rely on rheological behavior to
enable injectability and localization, without requiring a dis-
tinct chemical or thermal phase transition. Complex coacer-
vates described in Section 3.1.3 can also display shear-thinning
behavior. However, they are not typically classified as shear-
thinning systems because their primary identity lies in ionic
complexation that drives liquid-liquid phase separation. In
contrast, shear-thinning nanocomposite gels are explicitly
designed around reversible networks that rely on shear disrup-
tion and recovery. For this reason, despite some overlapping
rheological features, coacervates and nanocomposite gels are
discussed in separate sections.””

Hu et al.”® developed a silk-fibroin nanoclay embolic mate-
rial (SEM) in which noncovalent electrostatic interactions pro-
vided shear-thinning behavior. The molecular weight of silk
fibroin was tuned by adjusting degumming time during silk
cocoon processing, which in turn modulated rheological prop-
erties. The resulting gels displayed solid-like mechanics with
rapid recovery after shear and could be readily delivered
through clinical microcatheters. When supplemented with
Omnipaque (iohexol), the formulations also became radiopa-
que, allowing clear visualization under fluoroscopy, CT, and
MRI. Beyond mechanics, SEMs were engineered for multifunc-
tional therapy. The gels co-loaded Indocyanine Green (ICG) and
Alexa-594 BSA as imaging probes, and nivolumab (Nivo), an
immune checkpoint inhibitor. In vitro, Nivo showed sustained
release (~ 6% over 28 days), indicating compatibility with large
biologics. In a porcine renal artery model, SEM-Nivo-ICG
achieved persistent embolization with strong radiographic
visibility. Importantly, SEM-I-BSA-ICG-treated kidneys exhib-
ited strong arterial BSA-Alexa fluorescence at day 0, whereas
by day 14, the signal had shifted to the renal parenchyma and
interstitial space (Fig. 7A), indicating successful protein deliv-
ery. ICG also remained arterial at day 0 but showed markedly
reduced fluorescence at D14 (Fig. 7A). Additionally, histology
revealed that BSA-Alexa remained intravascular when the IEM
was intact whereas when the IEM was disrupted, the tracer
leaked into surrounding tissue (Fig. 7B). Fluorescence imaging
detected BSA-Alexa in the renal cortex (Fig. 7C), confirming its
peripheral localization compared to controls. The combination
of tissue ischemia (kidney) and targeted delivery to the renal
cortex via SEM-I embolization offers a dual approach for mini-
mally invasive oncologic therapy. By first disrupting the vascu-
lar endothelium barrier with embolization and then releasing
the drug into adjacent parenchyma, this method may overcome
transport limitations. Similarly, Nivo delivery via SEM-I-Nivo-
ICG was assessed. Two weeks post-embolization, immunohis-
tochemistry showed high Nivo levels in both the embolized
arteries and surrounding parenchyma (Fig. 7D), confirming
successful delivery to the renal cortex. IHC confirmed that
Nivo localized both the embolized arteries and surrounding
parenchyma, reaching ~35-fold higher local concentrations
compared with intravenous dosing, without systemic toxicity.
These results highlight a novel, localized approach for sustained
immunotherapy delivery directly to tumor tissue, reducing
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Fig. 7 (A) NIRF imaging of BSA-Alexa and ICG distribution in the bisected
kidneys at DO and D14 post-SEM-1-BSA-ICG embolization. Comparison of
BSA-Alexa and ICG signal, respectively, in NIRF imaging at the renal cortex
DO and D14 (n = 4). (B) Representative BSA-Alexa fluorescence imaging
(red), H&E, and elastin stains in arteries with intact elastic membrane (IEM;
arrow) and disrupted IEM. BSA-Alexa was detected outside of the artery in
the interstitial space in arteries with disrupted IEM (white dotted box), not
from the artery with intact IEM (black arrows). (C) Representative H&E
image and BSA-Alexa fluorescence imaging (red) at the renal cortex of
SEM-1-BSA-ICG embolized kidney at D14, showing the successful delivery
of BSA-Alexa (red) to the renal cortex. D. Representative H&E and IHC
staining of Nivo at D14 post-SEM-I-Nivo-ICG embolization, showing
successful delivery of Nivo outside of an artery (arrow) and its presence
at the renal cortex. (A), (B), (C) and (D) are reproduced with permission
from ref. 75. Copyright 2021, John Wiley and Sons.

systemic side effects and improving response rates in solid
tumors. This gel-embolic platform could also lower healthcare
costs and improve patient quality of life.

A gelatin-LAPONITE® nanoclay shear-thinning hydrogel
carrying DOX and the immune checkpoint inhibitor aPD-1
was developed for HCC.”® The reversible interactions among
nanoclay and gelatin particles provided the gels with solid-like
mechanics, rapid recovery, and comfortable injectability
(<35 N). The authors proposed that electrostatic interaction-
controlled DOX release, leading to increased release under
acidic conditions (~70% at 10 days), while aPD-1 release was
governed by diffusion, desorption, and matrix degradation,
resulting in higher release at neutral pH (~85% at 10 days).
In vitro, DOX alone induced modest cytotoxicity in HepG2 cells,
but DOX treatment upregulated PD-L1 on tumor cells after
7 days, enhancing tumor responsiveness to aPD-1 therapy. This
mechanistic synergy supported the rationale for co-delivery of
DOX and aPD-1 within one embolic platform. In vivo, a mouse
liver tumor model showed that the DOX + aPD-lembolic gel
resulted in smaller residual tumor size, greater apoptotic
tumor cell death, and enhanced infiltration of cytotoxic T cells
(Fig. 8A and B). Histology and immunofluorescence confirmed
increased apoptosis and immune activation, supporting the
potential of shear-thinning nanocomposites as dual chemo-
immune embolization platforms (Fig. 8C).

Raltitrexed is a chemotherapeutic drug used in the treat-
ment of colorectal cancer. It is administered as an aqueous
solution via intravenous infusion, and its clinical use has been
established primarily in Europe.”” More recently, there has
been emerging interest in incorporating raltitrexed into loca-
lized delivery systems. In a novel approach, raltitrexed forms a
supramolecular hydrogel in water under ultrasonic irradiation.
In 2021, Qian et al.”® used ultrasonication promote molecular
dispersion and facilitates subsequent self-assembly, which is

This journal is © The Royal Society of Chemistry 2026
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Fig. 8 (A) Tumor growth curve of DESTH treatments in Hepa 1-6 mouse
tumor model. *p < 0.05, **p < 0.01, ANOVA (*: compared to control, #:
compared to STH, and §: compared to DOX-STH). B. Endpoint tumor gross
images of experimental groups. The red dotted line: tumor. (C) Histo-
pathological analysis of Hepa 1-6 mouse tumor models treated with
DESTHSs (DOX, ICI, DOX-ICI). Blue dotted line in the whole mount: tumor,
red dotted line in the whole mount: STH remnant. The red dotted line
in 200 x: the border between the tumor and STH. Scale bar is 2 mm, 500,
and 100 pm for whole mount, 40x, and 200x, respectively. (A), (B) and
(C) are reproduced with permission from ref. 76. Copyright 2023, John
Wiley and Sons.
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governed by non-covalent interactions, primarily hydrogen
bonding and n-n stacking. These interactions drive the for-
mation of nanofibrous structures that further intertwine into a
three-dimensional network.

In 2025, Peng et al.”® further developed the raltitrexed gel
system by incorporating kaempferol, a clinically used che-
motherapeutic drug, and tantalum nanoparticles as an X-ray
contrast agent. In this system, kaempferol reinforces mechan-
ical strength through additional hydrogen bonding and n-n
stacking with raltitrexed, and tantalum nanoparticles are phy-
sically embedded within this network. In vitro drug release
studies conducted at pH 7.0 and 5.5 over 720 hours demon-
strated pH-responsive and sustained release for raltitrexed,
kaempferol, and tantalum nanoparticles, with accelerated
release under acidic tumor microenvironment conditions.
In vivo evaluation spanned rabbit and rat renal artery emboliza-
tion models, a rabbit VX2 ear artery tumor model, a mouse H22
subcutaneous HCC model, and a rat N1-S1 orthotopic HCC
model. Raltitrexed gel achieved complete macrovascular and
occlusion with negligible recanalization,
confirmed by DSA and CT imaging. When combined with
radiotherapy, raltitrexed gel demonstrated superior tumor sup-
pression across all models, with tumor volume in the orthoto-
pic HCC group decreasing below baseline over 14 days while
radiation alone failed to arrest tumor progression. Key mecha-
nistic findings included tantalum nanoparticles mediated
radiosensitization via elevated ROS and y-H2AX expression,
kaempferol-mediated downregulation of HIF-1o. and VEGEF,

microvascular
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and robust induction of immunogenic cell death evidenced
by CRT exposure, HMGB-1 release, and ATP secretion. These
effects collectively promoted dendritic cell maturation, CD®*" T
cell infiltration, and a shift from immunosuppression to
immunoactivation, with no significant systemic toxicity.

3. MS-based embolization by drug
class

Drug-eluting MSs (DEMs), also known as drug-eluting beads
(DEBs), are MS-based therapeutic agents that provide simulta-
neous vascular occlusion and localized drug release.®’ This
strategy enables high intratumoral drug concentrations with
reduced systemic toxicity. Over time, these MSs have been
designed to carry and deliver a wide variety of therapeutic
agents, from conventional chemotherapeutics to modern tar-
geted drugs. They differ in the types of drugs incorporated into
DEMs, the polymer materials used for MS fabrication, and the
mechanisms governing drug loading and release.

DEMs were initially developed to deliver cytotoxic che-
motherapy agents for TACE.®" In Europe, several MS systems
have received CE marking (European conformity certification
that permits marketing within the European Economic Area)
for use with specific chemotherapeutic agents such as DOX and
irinotecan. Notable examples include DC Bead™ and DC Bead
LUMI™ (Boston Scientific, USA), Embozene TANDEM™ (Varian
Medical Systems Inc., USA), HepaSphere™ (Merit Medical Sys-
tems, USA), and LifePearl™ and BioPearl™ (Terumo European
Interventional Systems, Belgium).*® Although significant pro-
gress has been demonstrated in both in vitro and in vivo
studies, broader clinical adoption remains limited, and further
research is needed to optimize therapeutic outcomes. In the
United States, no MS product has yet received U.S. Food and
Drug Administration (FDA) approval as a drug-eluting device.*®

In this section, DEMs are discussed according to the ther-
apeutic class of the incorporated drug, as most systems share
similar hydrogel compositions and drug-loading mechanisms.
Both clinically approved and experimental systems are
included, and each category is analyzed with respect to its
drug-loading and release mechanisms, polymer composition,
and therapeutic applications across various cancers.

3.1. Cytotoxic chemotherapeutic agents

Cytotoxic chemotherapeutic agents, such as anthracyclines and
topoisomerase inhibitors, remain a cornerstone in cancer
treatment. Most of these drugs induce cytotoxicity by targeting
DNA or microtubule structures, disrupting DNA replication
or mitotic processes and ultimately inducing apoptosis.®?
To enhance therapeutic efficacy and reduce drug resistance,
cytotoxic agents are often administered in combination
regimens.®> Nevertheless, treatment resistance and tumor
relapses remain major clinical challenges.®

3.1.1. Commercially available DEM. A common mechanism
that DEMs used for cytotoxic chemotherapy in TACE operate
through is ion-exchange loading of cationic chemotherapeutics
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onto anionic hydrogel matrices, followed by diffusion-controlled
release within embolized vessels. These systems are generally
composed of non-biodegradable hydrogels functionalized with
negatively charged groups, such as sulfonate or carboxylate
moieties, which enable electrostatic binding and gradual eluting
of positively charged drugs.®* Polymer composition and cross-
linking density play crucial roles in governing both drug-loading
efficiency and release kinetics.

Among the existing systems, sulfonate-modified Polyvinyl
alcohol (PVA) MSs are the most widely used in clinical
practice.®* A representative example is DC Bead™, a PVA MS
modified with 2-acrylamido-2-methylpropanesulfonate (AMPS).%>%¢
The incorporation of sulfonate groups enables ionic loading of
cationic drugs such as DOX (Fig. 9 A and B), where positively
charged DOX hydrochloride exchanges with counter-ions bound
to the sulfonate sites.®””*® DC Bead™ can load up to 45 mg DOX
per mL of MSs*® or 50 mg mL ™" of irinotecan,’® a topoisomerase-
I inhibitor. It can achieve controlled release over weeks. Besides,
drug loading causes changes in MS diameter (Fig. 9C). During
loading, larger MSs (700-900 pum) contracted by approximately
35% in mean diameter at maximum loading capacity, whereas
the smaller MSs (100-300 pm) demonstrated markedly minimal
shrinkage under the same conditions.?*® Following drug release,
the MS remained in place as a permanent embolic. This durable
occlusion, combined with slow diffusion-driven drug elution
(less than 20% of DOX eluted within 24 hours from DC Bead™
compared to 100% eluted within 4 hours from lipiodol
emulsion),*® achieved high local drug concentration and

60 =e— DC Bead LUMI

40 =#= LC Beads

Drug eluted (umole/mL Beads)

T T T
4000 6000 8000

T
0 2000
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Fig. 9 (A) and (B): LC beads before (A) and after (B) loading of DOX;** (C):
time-dependent release profiles of DOX from DC Bead LUMI (74.4 +
0.5 pmol Dox per mL) compared with LC Bead (31.9 + 0.3 umol Dox per
mL). Data are shown as mean + SD (n = 3).° (A), (B), and (C) are reproduced
with permission from ref. 91. Copyright 2022, Springer Nature. (D), (E), and
(F): contrast-enhanced CT images from a patient demonstrating a complete
response based on the modified Response Evaluation Criteria in Solid
Tumors (MRECIST).%? (D) Baseline CT showing a 4 cm hypervascular tumor
prior to therapy. (E) CT at 1 month following the second DEB-TACE session
indicating complete necrosis with decreased tumor size. (F) CT at 4 months
post-treatment confirming complete necrosis and additional shrinkage of
the tumor. (D), (E), and (F) are reproduced with permission from ref. 92.
Copyright 2007, Elsevier.
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prolonged tumor exposure while minimizing systemic levels.
Research® shows that DC Bead LUMI™ has a higher doxorubi-
cin loading capacity of 205 + 4 mg mL ™" compared with LC
Bead™ (also known as DC Bead™ in the US) (45 mg mL ') and
therefore exhibits a higher drug release amount (Fig. 9 C) under
similar conditions. A phase I/II trial®> showed the safety and
efficacy of DOX-eluting beads (DEB, Biocompatibles UK,
London, UK) which is a safe and effective treatment for HCC
(Fig. 9 D, E, and F) without systemic toxicity. Other PVA-
sulfonate products include CalliSpheres® (Jiangsu Hengrui
Medicine Co., Ltd, Jiangsu, China), a DEM similar in composi-
tion (a PVA macromer) to DC Bead™.”

Recent commercial MSs have introduced alternative
polymers and designs. HepaSphere™/QuadraSphere® (Merit
Medical) uses a sodium acrylate-vinyl alcohol copolymer MS
that is supplied desiccated and expands around 4 times upon
hydration.’**> HepaSphere™ MSs can be loaded with DOX;
however, studies have found that their drug uptake and release
are less uniform compared with DC Bead, exhibiting more
rapid release and occasional MS fragmentation.’® This is attri-
buted to differences in polymer crosslinking and ionic content:
HepaSphere™’s poly(acrylate) carries fewer fixed charges than
AMPS-rich PVA, resulting in weaker drug binding and a faster
initial burst release (in one report, 75% of loaded idarubicin
was released in ~42 minutes from HepaSphere™ vs. ~24 minutes
for DC Bead and >90 minutes for certain newer MSs).””

Tandem® (Embozene-TANDEM) MSs (Varian) represent a
core-shell design: a polymethacrylate-based hydrogel core cap-
able of drug loading, coated with an ultrathin Polyzene-F®
(polyphosphazene) outer layer for biocompatibility and size
precision.”®®® Tandem’s tight size distribution (104.8 +
6.8 um after loading of DOX)'°® and non-swellable hydrophobic
coating improve predictable catheter delivery and may slow
drug diffusion out of the core, contributing to more prolonged
release profiles (e.g. Tandem showed the slowest idarubicin
elution in vitro among tested MSs).””

LifePearl™ (Terumo) is composed of a polyethylene glycol
(PEG) hydrogel network co-polymerized with 3-sulfopropyl
acrylate (a sulfonic acid monomer)."”" This PEG-based MS
similarly binds DOX or irinotecan via sulfonate groups, but
the PEG matrix and rigorous calibration yield higher drug
loading concentration compared to DC Bead, HepaSphere™,
and Tandem® and better handling (e.g. longer suspension
stability in syringes) compared to DC Bead and HepaSphere™.®’
Across these commercial DEMs, differences in polymer charge
density, porosity, and mechanical compliance largely dictate
therapeutic behavior. Highly charged matrices such as AMPS-
modified PVA or PEG-sulfonate hydrogels retain drugs for
multi-day release, whereas less-charged or more porous struc-
tures (e.g., HepaSphere™) promote faster elution. Deformable
hydrogels (PVA, PEG) navigate microcatheters efficiently and
achieve distal embolization, while rigid or highly expandable
systems can alter penetration depth within the vasculature.'®?

In 2025, a prospective, open-label, randomized phase IV
trial'® involving 239 patients with Barcelona Clinic Liver
Cancer (BCLC) stage B hepatocellular carcinoma compared

This journal is © The Royal Society of Chemistry 2026
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idarubicin- and epirubicin-loaded DEBs. The idarubicin group
demonstrated a significantly longer median progression-free
survival (10.8 vs. 8.7 months; hazard ratio = 0.61; P = 0.002).
In addition, overall survival rates at 12 and 24 months were
higher in the idarubicin cohort (81.5% and 71.8%, respectively)
compared to the epirubicin group (77.3% and 54.0%). The
objective response rate was also significantly improved with
idarubicin (70.8% vs. 57.1%, P = 0.03), indicating superior
therapeutic efficacy.

3.1.2. MSs under development. Biodegradable polymer
MSs are a major research focus for delivering cytotoxic drugs,
aiming to avoid the long-term presence of permanent MSs. One
example is poly (lactic-co-glycolic acid) (PLGA) MSs loaded with
chemotherapeutics such as DOX. PLGA MSs can be formulated
by emulsification'® into a calibrated size (e.g. 26.36 + 6.39 um)'*
and provide drug release via erosion of the polymer matrix.'*®
Unlike PVA hydrogels, which release drugs primarily by diffusion,
PLGA hydrolytic degradation enables continuous drug release
over days to weeks. The MSs ultimately resorb, resulting in
temporary vessel occlusion. This transient embolization may
reduce long-term vascular damage and allow reperfusion once
the drug has acted.'® In vitro study showed an initial burst with
35% cumulative DOX release in the first 2 days, followed by a
plateau (63%) after 14 days.'® Release kinetics can be tuned by
adjusting PLGA formulations, such as lactic/glycolic ratio or
polymer molecular weight.'%”

In addition, natural polymer-derived MSs have also been
explored. Chitosan-based hydrogel MSs, often crosslinked with
co-polymers like carboxymethyl cellulose, can be loaded with
DOX and gradually dissolve in vivo.'®'% The polycationic
nature and gel porosity of chitosan enable high drug loading
(0.085 mg DOX per mg MSs), swelling, and tunable resorption
(hours to days). It provides controlled drug release and the
potential for repeated embolization without leaving permanent
emboli.’® One patented formulation uses a carboxymethyl
chitosan-carboxymethyl cellulose crosslinked matrix that is
initially embolic but enzymatically degradable, allowing vessel
recanalization in rabbit renal models within a few weeks.""°
These materials exhibit bio-adhesive properties that promote
arterial retention and undergo hydrolytic degradation, enabling
eventual clearance."""

3.2. Anti-angiogenic agents

Tumor embolization creates a hypoxic microenvironment that
stimulates pro-angiogenic signalling pathways. Among these,
upregulation of vascular endothelial growth factor (VEGF) can
compromise therapeutic efficacy by promoting neovasculariza-
tion and restoring blood supply to the treated tumor.''?
To address this response, anti-angiogenic agents have been
integrated into MSs. By releasing anti-angiogenic agents locally
within the embolized tissue, MSs can potentially suppress
hypoxia-driven neovascularization and mitigate the pro-angio-
genic rebound triggered by TACE.®°

3.2.1. Anti-angiogenic agents combined with commercially
available MSs. Although anti-angiogenic (AA) drugs have been
widely studied in DEMs, none have yet achieved clinical
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adoption or commercialization. Existing PVA-based DEBs can
be loaded with tyrosine kinase inhibitors (TKIs), small-
molecule anti-angiogenic drugs such as sunitnib and sorafenib.
For example, DC Bead™ was evaluated for loading sunitinib,
which was absorbed into the hydrogel and released in a
controlled manner in vitro and in vivo."** Embolization with
sunitinib-eluting MSs produced a sustained increase up to
around 35 ng mL ' in plasma sunitinib levels, whereas oral
administration of a single dose resulted in a decline from
around 10 ng mL™' to 7 ng mL ™" after 6 hours."*?

Hagan et al."** loaded vandetanib into DC Bead™ (Fig. 10A)
and DC Bead LUMI™ (Fig. 10B) for comparison. The release of
vandetanib from both DC Bead™ and DC Bead LUMI™ into PBS
exhibited an initial burst during the first 2 hours, followed by a
gradual plateau phase (Fig. 10C). Over the full testing period,
DC Bead™ demonstrated a higher cumulative release, reaching
approximately 85% within 24 hours, whereas DC Bead LUMI™
released only about 50% on average. Notably, vandetanib
elution from DC Bead LUMI™ did not reach completion, even
though the maximum concentration in the release medium
remained below the drug’s theoretical solubility limit of
0.008 mg mL™".
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Fig. 10 (A). Image of vandetanib-loaded DC Bead™ (30 mg mL7?
pH 4.6).1% (B) Image of vandetanib-loaded DC Bead LUMI™ (100 mg mL™%,
pH 4.6).1** (C) Vandetanib release profiles from DC Bead™ (@) and DC
Bead LUMI™ (M), expressed as a percentage of the available drug dose.
MSs (0.3 mL), containing the equivalent of 12 mg vandetanib, were
incubated in 1 L of PBS (pH 7) under stirring. Data represent mean + SD
(n = 3).1* (A), (B), and (C) are reproduced with permission from ref. 114.
Copyright 2017, Elsevier. D. H&E-stained sections of excised liver tumors
and major organs (lung, heart, kidney) from the control, PLGA MSs,
Sorafenib-PLGA MSs, Catalase-PLGA MSs, and Sorafenib-Catalase-PLGA
MSs groups.**®> MSs were detected within tumor-associated vasculature
and surrounded by necrotic tissue, while no MSs were observed in healthy
liver parenchyma. Red arrows indicate MSs. Scale bar = 100 um. D is
reproduced with permission from ref. 115. Copyright 2020, Elsevier.
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In contrast, the release kinetics of sorafenib are different
from those of ionic chemotherapeutics. Owing to its hydro-
phobic and weakly ionic, sorafenib interacts weakly to the PEG/
PVA hydrogels,''® leading to rapid elution with an initial burst
within hours to a day.''” Strategies such as co-loading with
catalase have been proposed to slow the release and improve
local retention.'™

3.2.2. MSs under development. Experimental MS systems
have been developed to enable local delivery of anti-angiogenic
agents.''®'"? Although none have yet entered routine clinical
practice, ongoing research demonstrates promising therapeutic
potential. One notable example is resorbable embolization
MSs (REM), designed to combine anti-angiogenic delivery with
temporary embolization. Bédouet et al."** developed a one-day
degradable MS containing 10-20% methacrylic acid. The meth-
acrylic acid introduced carboxylate groups that enable efficient
loading of sunitinib at levels comparable to DOX-DEBs. These
REMs degrade within ~24 hours in aqueous media, releasing
30% of sunitinib in 1 hour, and releasing the remaining sunitinib
linearly while gradually dissolving. In vitro, sunitinib-eluting REMs
steadily released drug over several hours, and the eluate signifi-
cantly inhibited endothelial cell and VX2 tumor cell proliferation,
demonstrating preserved anti-angiogenic activity. Importantly,
these MSs are completely resorbed, providing a temporary embo-
lization that is sufficient to induce ischemia during peak drug
release, while potentially allowing reperfusion. After cTACE, this
strategy may enable localized anti-angiogenic therapy while mini-
mizing systemic exposure. This has been approved by in vivo
results. VX2 rabbit liver tumor models™™ were used to evaluate
the antitumor efficacy of different MS formulations delivered
through TACE. Histological analysis (Fig. 10D) demonstrated that
Sorafenib-Catalase-PLGA MSs effectively occupied the tumor vas-
culature and induced almost complete tumor necrosis. Impor-
tantly, H&E staining of major organs-including the heart, liver,
kidneys, and lungs-showed no apparent pathological changes,
tissue damage, or inflammation.

Permanent and temporary embolic MS materials function
differently in anti-angiogenic drug delivery. Permanent PVA/
PEG MSs can load TKIs with incomplete drug release'*? with a
durable embolization, but they are less suitable when vessel
recanalization is desired for repeated chemoembolization
procedures,"?° nor when monoclonal antibodies'*" is required.
In contrast, degradable hydrogels such as PLGA-based systems
allow more complete release of drug as the matrix itself breaks
down. A key design challenge with degradable MSs is to balance
degradation rate, since rapid resorption can lead to early
reperfusion and reduced drug retention. To address this,
modified systems have been explored, such as embedding
forming sorafenib microcrystals inside MSs or by layering
polyelectrolyte coatings onto MSs to trap the drug. Studies have
shown that a layer-by-layer alginate-chitosan coating can
achieve a near-linear release over days instead of a burst.'*?

A recent study'*® developed chondroitin sulfate-based MSs
capable of co-delivering the chemotherapeutic agent idarubicin
and Lenvatinib, aiming to address post-TACE tumor recurrence
driven by hypoxia-induced angiogenesis. By incorporating
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Lenvatinib directly into the MSs, the system enables localized
inhibition of VEGF signaling, overcoming the poor tumor
penetration and systemic toxicity associated with oral anti-
angiogenic therapy.

3.3. Hypoxia-activated prodrugs

Hypoxic is a hallmark of aggressive solid tumors and a major
contributor to resistance to conventional therapies."** Hypoxia-
activated prodrugs (HAPs) are an emerging class of anticancer
agents developed to address the hypoxic tumor microenviron-
ment. These prodrugs remain inactive under normoxic condi-
tions but undergo enzymatic reduction in hypoxic regions to
release potent cytotoxic payloads, thereby targeting resistant
tumor subvolumes selectively while sparing normal tissue.'?®
Thus, HAPs-loaded MSs have been widely studied, as TACE-
induced hypoxia can serve as a natural ‘“‘trigger” to active
prodrugs and target hypoxic tumor cells."*®

3.3.1. Commercially available MSs. Up to date, no HAP has
been incorporated into commercial MSs, and no off-the-shelf
embolic specifically designed for HAPs exists. In clinical prac-
tice, HAPs such as tirapazamine or evofosfamide have been
administered systemically or intra-arterially alongside cTACE,
for example, by mixing the prodrug with lipiodol or injecting it
during embolization.”*”"*® Due to the activation of the HAPs, it
is critical to validate the stability of HAPs within the MS matrix
and to confirm their activation within tumor tissue before
clinical translation can be achieved.

CalliSpheres (PVA) MSs have been used in a study to carry
tirapazamine, demonstrating that commercial DEBs can be
loaded with HAPs.**® In that study, the investigators pre-soaked
CalliSpheres in a tirapazamine solution (Fig. 11 A) and delivered
them by TACE in a VX2 rabbit liver tumor model. The results
(Fig. 11B and C) showed that Tirapazamine-loaded Callispheres
MSs therapy enhances tumor necrosis from 72.6% (TAE alone) to
99.5% (TPZ-loaded CalliSpheres). While this is not a regulated
product, it shows that existing MS technology is compatible with
HAP delivery (the MSs acted as a depot releasing tirapazamine into
hypoxic tumor regions). However, because no regulatory-approved
HAP-eluting MS is on the market, any such use remains experi-
mental or off-label.

3.3.2. MSs under development. Among the HAPs investi-
gated, evofosfamide (TH-302) has drawn particular attention.
It is a 2-nitroimidazole prodrug of a DNA-alkylating agent that
is selectively activated in hypoxic environments.*° It has
demonstrated enhanced efficacy in preclinical models and
progressed into clinical evaluation.”®' Ma et al."** developed
TH-302-loaded PLGA MSs for TACE, aiming to achieve localized
delivery of prodrug to the tumor and use embolization-induced
hypoxia to activate the prodrug intracellularly. The PLGA MSs
were fabricated via an oil-in-water emulsion solvent evapora-
tion method, producing spherical particles in three calibrated
size ranges (75-100, 100-200, 200-300 pm), with TH-302 dis-
persed in the polymer matrix. In vitro, these MSs showed
sustained TH-302 release (Fig. 11D) for up to 360 h (~15 days)
as the PLGA gradually degraded. Under hypoxic conditions, the
released drug exhibited enhanced cytotoxicity to cancer cells

This journal is © The Royal Society of Chemistry 2026
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Fig. 11 (A) Micrographs of tirapazamine-loaded CalliSpheres® MSs before

and after drug loading and after drug eluting;*?° (B) and (C). Tirapazamine-
loaded CalliSpheres®™ MS therapy improves tumor necrosis.!?° Represen-
tative hematoxylin—eosin—stained sections (x10; inset x400) of tumors
treated with free tirapazamine B and with TPZ-loaded CSMs C. (A), (B), and
(C) are reproduced with permission from ref. 129. Copyright 2022, Elsevier.
(D) Liver tissue concentrations of TH-302 in rabbits (n = 3) following TACE
using TH-302-loaded MSs, TH-302 mixed with iodized oil (IOD), or direct
TH-302 injection.'*2 E. Antitumor efficacy of TH-302 MS, TH-302 10D, and
TH-302 injection in VX2 tumor—bearing rabbits, shown as tumor volume
change over 14 days after TACE.*2 D and E are reproduced with permis-
sion from ref. 132. Copyright 2020, Taylor & Francis.

(HepG2) than under normoxia, confirming that the prodrug
was effectively activated under low-oxygen condition. In a
rabbit liver tumor model (VX2), TACE with TH-302-PLGA MSs
led to significantly greater tumor necrosis (Fig. 11E) and slower
tumor growth than either ¢TACE or systemic TH-302. Impor-
tantly, no major systemic toxicity was observed, indicating that
localized delivery spared normal tissues. This work demon-
strates the feasibility of a biodegradable TH-302-eluting MS
where the polymer ensures prolonged intratumoral prodrug
presence and then safely resorbs."*?

Metal-phenolic network-engineered MSs loaded with the
hypoxia-activated prodrug TH302 have been developed'** to
exploit embolization-induced hypoxia. These systems enable
hypoxia-triggered drug activation and pH-responsive release,
resulting in enhanced tumor necrosis and improved therapeu-
tic efficacy, highlighting the potential of hypoxia-responsive
DEB in TACE.

3.4. Monoclonal antibodies

Monoclonal antibodies (mAbs) have emerged as key agents in
solid tumor therapy due to their high specificity for tumor-
associated antigens and multifaceted mechanisms of action.'*
Building on their success, recent research has investigated the
integration of mAbs into drug-eluting embolic MSs for locoregio-
nal therapy, aiming to achieve high sustained intratumoral anti-
body concentrations while minimizing systemic exposure."*
3.4.1. Commercially available MSs. Monoclonal antibodies
(e.g. bevacizumab, trastuzumab, or immunotherapy agents,

This journal is © The Royal Society of Chemistry 2026
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such as nivolumab) are large (~ 150 kDa) proteins'*® that pose
unique challenges for loading into MSs."*” Developing MS
systems capable of encapsulating large, hydrophilic protein
therapeutics (such as full-length antibodies) remains challen-
ging because of the intrinsic characteristics of these molecules,
including their susceptibility to physical and chemical degra-
dation, complex charge profiles, and tendency to self-associate
or aggregate. These challenges are further compounded by
fabrication methods that involve organic solvents and high
shear forces.'*® Post-fabrication modifications to amino acid
residues, such as isomerization, deamidation, and oxidation,
along with protein aggregation or self-association, can signifi-
cantly diminish the bioactivity of the therapeutic protein,
leading to markedly reduced efficacy in vivo."*” As a result, no
vendor has released an antibody-eluting MS for clinical use.

Researchers have begun exploring ways to “arm” embolic
MSs with monoclonal antibodies for localized therapy. One
pioneering study by Sakr et al.'®** employed a layer-by-layer
(LbL) assembly approach to load bevacizumab onto embolic
MSs. In this method, the negatively charged DC Bead™ surface
(due to sulfonate groups) was coated with positively charged
polycations and layers of the antibody, building a multilayer
film that entrapped bevacizumab on the MS (Fig. 12A).
By changing the order of coating, lyophilization, and bevacizu-
mab loading, drug loading in 2 hours can be tuned from 4% to
96%, and the drug release can be increased to 64% after 6
hours. This LbL-coated “immunobead” maintained bevacizu-
mab’s bioactivity (inhibiting endothelial cell proliferation
in vitro (Fig. 12B) and demonstrated the feasibility of delivering
large antibodies via catheter without clogging.

¢

Polycation
(Poly L Lysine, PLL)

Polyanion
(Alginate, Alg)

Fig. 12 (A) Schematic representation of BEV-loaded DC Bead® coated
with alternating layers of alginate and poly-L-lysine.**® (B) Endothelial cell
viability following treatment with VEGF alone, VEGF + PBS, VEGF + Avastin,
or VEGF + F5 MSs.** The results demonstrate the anti-angiogenic activity
of BEV released from F5 MSs in a 3D fibrin MS sprouting assay. Bright-field
images show Cytodex MSs with endothelial sprouts after 4 days in culture.
Scale bar = 150 pm. (A) and (B) are reproduced with permission from
ref. 135. Copyright 2016, Elsevier. (C and D) Clinical case of lung adeno-
carcinoma treated with BEV-loaded Callispheres®**® (C) Contrast-
enhanced chest CT revealing cavitary lesions in the left upper lobe (arrow).
(D) Post-treatment CT showing reduction in tumor size (arrow). (C) and (D)
are reproduced with permission from ref. 139. Copyright 2023, Frontiers.
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A case study conducted by Liu et al."*° used Callispheres™
loaded with BEV for bronchial arterial chemoembolization. The
treatment (Fig. 12C and D) achieved an objective response rate
of 44% and a disease control rate of 100% following DEB-BACE.
The 6- and 12-month overall survival rates were 77.8% and
66.7%, respectively, which indicates that bronchial arterial
chemoembolization using BEV-loaded Callispheres™ MSs is both
effective and well tolerated in patients with lung adenocarcinoma.

3.4.2. MSs under development. One research thrust
involves degradable hydrogel MSs specifically designed to carry
proteins. The one-day REM system mentioned earlier success-
fully loaded bevacizumab by incorporating methacrylic acid
groups, achieving ~80-90% of the loading capacity seen with
smaller drugs.'®° These MSs released intact bevacizumab over a
few hours and then dissolved, showing that even without a
multilayer shell, a suitably engineered hydrogel can carry an
antibody locally. The key is to have enough charged sites to
adsorb the antibody and a gentle release mechanism (MS
degradation) to avoid protein deactivating. The REM MSs,
being larger (100-300 pm), provided ample surface area and
internal network for the antibody to distribute, and cytotoxicity
tests confirmed that the blank MSs were cell-friendly.

Beyond VEGF-targeted therapy, there is interest in immune
checkpoint inhibitors (ICIs) (such as anti-PD-1 or anti-CTLA4
antibodies) delivered directly into tumors via MSs to boost
immune response. Early-stage research has looked at small-
molecule checkpoint inhibitors (which are not antibodies but
mimic their effect) loaded into MSs. For example, Negussie
et al.®* loaded a PD-1/PD-L1 inhibitor (BMS-202, a small mole-
cule) and a toll-like receptor agonist (imiquimod) into radio-
paque DC Bead LUMI™ particles. While not antibodies, this
work demonstrates the concept of “immunoembolization” MSs
that combine embolization with immune modulation. The
drugs were successfully loaded by ion-exchange and released
in a controlled fashion, around 70 pmol per mL of MSs in 72
hours, laying groundwork for eventually loading true biologic
drugs. For actual mAbs, similar principles (surface attachment,
hydrogel entrapment) would apply.

A recent study'*® demonstrated the feasibility of incorporat-
ing monoclonal antibody-based immunotherapy into embolic
MSs by developing biodegradable MSs loaded with the anti-PD-
L1 antibody envafolimab. Delivered via TACE, these MSs
enabled sustained and localized immune checkpoint blockade
within the tumor microenvironment. This approach effectively
counteracted TACE-induced immunosuppression, particularly
by reducing PD-L1" myeloid-derived suppressor cells and
enhancing T-cell-mediated antitumor immunity. As a result,
significantly improved tumor suppression was achieved com-
pared to conventional treatments. This work provides direct
evidence that monoclonal antibodies can be successfully inte-
grated into DEB, highlighting their potential for localized
immunotherapy in embolization-based cancer treatments.

In summary, monoclonal antibodies can be incorporated
into MSs through tailored surface and network design strate-
gies. Techniques like LbL deposition provide a controlled
release reservoir for antibodies on MS surfaces,’*® and
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modified degradable hydrogels allow absorption and release
of large biologics. No material has yet been proven fully
optimal: PVA-based MSs needed surface coatings to effectively
load bevacizumab,'*> while new hydrogel formulas (e.g. PVA/
MA REM) can load mAbs but only retain for short durations
(useful for burst release during embolization).'*® The material
properties (pore size, charge density, degradability) directly
impact loading efficiency (~milligrams of antibody per mL
MSs) and release kinetics (hours vs. days). Each strategy could
be tuned depending on the clinical need - a short intense local
immunotherapy vs. a prolonged low-dose exposure. Though
still experimental, these advances hint at future “immunoembo-
lization” MSs that could deliver immune checkpoint inhibitors or
other antibodies directly to the tumor microenvironment, poten-
tially enhancing anti-tumor immunity with fewer systemic side
effects.”

In conclusion, MS-based embolization spans a growing array
of drug classes and therapeutic strategies. Comparative
insights across materials and drug types are crucial: a PVA-
sulfonate MS excellently delivers ionic chemotherapeutics but
may require creative re-engineering (co-monomers, coatings) to
handle proteins or hydrophobic molecules. Biodegradable
polymers like PLGA bring flexibility for loading novel agents
(TKIs, prodrugs, etc.) and ensure no permanent implant
remains, while the release profile is more complex due to
polymer breakdown.'** Natural polymers (gelatin, starch, chit-
osan) offer transient occlusion and innate biocompatibility,
which is advantageous for short-acting therapies like HAPs or
gene vectors, yet their lower mechanical strength can limit
precise calibration and delivery control.**' Material selection
for a given drug class is therefore a deliberate choice to
optimize loading efficiency (ionic vs. hydrophobic interactions),
release kinetics (diffusion wvs. degradation-controlled), and
embolic duration (temporary vs. permanent) for the therapeutic
goal at hand. For future research, a critical priority is the tuning of
mechanical properties of DEBs to improve occlusion**'*® for
creating better hypoxic environments. Current hydrogel-based
MSs (e.g., PVA, PEG) are compressible, but finer control of Young’s
modulus would allow MSs to navigate tortuous vessels while
achieving secure occlusion.'** Another potential avenue is the
development of stimuli-responsive materials-responsive to pH,
enzymes, temperature, or force-represent an exciting frontier for
on-demand drug release within the unique tumor.

4. Discussion

4.1. Drug transport and release across embolic platforms

Embolic platforms exhibit fundamental differences in how they
interact with the vascular environment. Low-viscosity embolic
systems such as ethanol can access distal vasculature easily,*®
although this often comes at the expense of spatial control over
embolic distribution. In contrast, lipiodol, with a viscosity
relatively higher than blood, generates mechanical resistance
within microvasculature, limiting its ability to navigate fine
tumor vessels.'*> Moreover, if deep and stable distal deposition
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is not achieved, lipiodol may be washed out, and is therefore
sometimes combined with particles or coils to achieve more
controlled and durable occlusion.*

In contrast, MS-based systems consist of discrete, size-
controlled particulates suspended in carrier fluid. Their inject-
ability is governed by both particle properties and suspension
characteristics."*® Upon delivery, MSs embolize tumor-feeding
vessels in a size-dependent manner, producing localized intravas-
cular occlusion, with penetration depth constrained by particle
diameter. They form a stable occlusive structure through mechan-
ical lodging and packing within the vasculature."*’

Therapeutic agents are incorporated into embolic materials
through multiple distinct mechanisms (Fig. 13). In liquid
systems, drugs are primarily incorporated through solubiliza-
tion or emulsification within a carrier phase.'®'® In contrast,
gel and MS embolic agents involve multiple concurrent
mechanisms, including physical entrapment (e.g., encapsula-
tion or network entrapment), ionic or electrostatic interactions,
adsorption, and covalent conjugation. These combined
mechanisms, particularly physical entrapment mechanisms
such as network entrapment and encapsulation, enable higher
and more tunable drug incorporation potential®* compared to
liquid systems. This is because structured matrices and discrete
carriers provide defined physical domains for drug confinement,
in contrast to liquid systems where loading is constrained by
phase behavior and solubility.”*

Drug release behavior is governed by how drugs are incorpo-
rated within the material matrix. In liquid embolic platforms,
drug release is driven by diffusion and phase separation, with
release time within 24 hours.”® Also, drug loading is clinically
defined on a dose basis, representing the total amount adminis-
tered per procedure. As a result, intrinsic loading capacity is less
critical in liquid systems. In gel-based systems, release is con-
trolled by network characteristics such as crosslinking density.
This enables sustained release over days to weeks depending on
material design, with reported drug loadings on the order of 25—
50 mg mL ™" and sustained release ranging from several days to
over 30 days depending on material design.®> MS-based systems
further shift toward controlled release through interaction-driven
and encapsulation-based mechanisms, with commonly reported
examples including ionic interactions and physical encapsulation.
These systems are able to achieve higher loading capacities
(approximately 45-200 mg mL~")°" and more predictable release

Drug incorporation mechanism in embolic agent o Drug
~——— Embolic agent matrix

Liquid/ gel Microsphere

Shared mechanisms
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/¢ 8§
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conjugation

2 8
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@
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with high drug load
(crystallization)

Emulsion

Fig. 13 Drug incorporation mechanism summary in embolic agents.
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profiles over days to weeks.*> While in biodegradable MS, drug
release is governed by polymer degradation, enabling prolonged
drug release. Release kinetics can be further tuned through
formulation design,'®” typically exhibiting an initial burst release
during the first few days, followed by a sustained release phase
(e.g., plateau after ~14 days).'®

Overall, embolic agents exhibit distinct transport and drug
delivery behaviors that arise from differences in material form
and structure (Table 3). Liquid systems with low viscosity
enable distributed drug delivery and deeper vascular penetra-
tion, while higher-viscosity systems such as lipiodol-based
emulsions may exhibit limited or heterogeneous tumor pene-
tration. MS-based systems are associated with localized intra-
vascular occlusion and more controlled, sustained drug release,
with penetration constrained by particle size. Gel-based sys-
tems occupy an intermediate position, enabling transient distal
transport prior to gelation while providing tunable localization
and release characteristics. These differences establish a con-
tinuum of embolic behavior across platforms, reflecting how
material structure governs transport, localization, and release.

4.2. Design principle

Differences in embolic platforms translate into a set of inter-
dependent design trade-offs that govern safe and effective
embolization. Accordingly, therapeutic embolic agents should
be designed as a multiparameter system, where material form
and formulation define transport behavior, occlusion stability,
and therapeutic function. The following sections outline the
key trade-offs that establish the operational constraints for
embolic performance.

4.2.1. Injectability vs. post-delivery stability. Injectability is
primarily governed by viscosity and shear-dependent flow
behavior, defining a fundamental trade-off between ease of
delivery and post-injection structural integrity."® Lower viscos-
ity or pronounced shear-thinning behavior reduces injection
pressure and facilitates navigation through microcatheters and
distal vasculature. However, excessive fluidity increases the risk
of uncontrolled dispersion and non-target embolization. In MS-
based systems, injectability is additionally governed by suspen-
sion stability, where particle sedimentation and aggregation
must be minimized to ensure consistent delivery."*® If not
properly controlled, these factors may lead to catheter clogging,
inconsistent delivery, or unintended embolization, resulting in
non-target tissue ischemia and severe complications such as
stroke."®

Following delivery, embolic agents must maintain effective
occlusion under physiological pressure, requiring sufficient
yield stress, viscoelasticity, and structural recovery. Materials
with insufficient post-delivery stability may deform or migrate,
whereas excessively stiff systems compromise injectability and
increase catheter pressure.

In systems undergoing in situ transitions (e.g., thermal- or
pH-triggered gelation),>® transition kinetics further constrain
this trade-off. Slow transitions improve deliverability but increase
distal migration, whereas rapid solidification enhances localiza-
tion at the expense of injectability and catheter compatibility.

Chem. Commun., 2026, 62, 8791-8813 | 8807


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6cc01050d

Open Access Article. Published on 20 April 2026. Downloaded on 6/26/2026 12:42:14 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Feature Article

View Article Online

ChemComm

Table 3 Comparison of material characteristics and delivery performance across embolic platforms

Liquid/gel systems

Microsphere systems

Material form
Injectability
Penetration
Drug release

Consequently, transition kinetics must be tuned relative to injec-
tion duration and local hemodynamics, defining a narrow opera-
tional design window.'®

4.2.2. Penetration depth vs. localization precision. As dis-
cussed in Section 4.1, embolic platforms differ in their trans-
port characteristics, reflecting a fundamental trade-off between
penetration depth and localization precision. Increasing pene-
tration depth enables access to distal vasculature but reduces
spatial confinement, whereas improved localization limits dis-
persion at the expense of distal reach.

This trade-off arises from material form and transport
behavior, where flowability, particle size, and phase transition
determine spatial distribution within the vascular network.
Accordingly, embolic systems should be designed to achieve
an appropriate balance between distal access and controlled
localization. Reduced localization precision increases the like-
lihood of off-target embolization, linking transport behavior to
clinical risk.'®'7'%”

4.2.3. Degradability vs. functional persistence. The time-
dependent behavior of embolic materials defines a trade-off
between functional persistence and controlled degradation.
Materials used for permanent embolization maintain structural
integrity and sustain occlusion, whereas temporary embolic
agents are designed to degrade in a controlled manner to
restore blood flow.

Material properties such as degradation rate, swelling beha-
vior, and solubility determine this balance. Faster degradation
is associated with earlier loss of occlusion, while prolonged
persistence is associated with potential chronic foreign body
response or delayed tissue recovery."*® As such, degradation
behavior defines the functional lifetime of the embolic material
relative to the therapeutic objective.

Beyond transport and mechanical considerations, embolic
materials must satisfy biological and procedural requirements.
Biocompatibility, hemocompatibility, and thrombogenicity
influence host response, while imageability supports real-time
procedural guidance. These factors may introduce competing
effects, such as incorporation of imaging agents or bio-
functional components can alter rheological behavior or influ-
ence material performance.

As a result, embolic design reflects a balance between
procedural visibility, biological response, and mechanical func-
tion, where modifications to improve one aspect may influence
others.

4.2.4. Drug incorporation design. As discussed in Section
4.1, embolic agents differ in both spatial distribution and
temporal release behavior. Accordingly, a central trade-off
exists between the extent of drug distribution within the
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Continuous (fluid/hydrogel)

Flowable, viscosity-dependent

Deep, distal access/limited by viscosity
Liquid: rapid; Gel: sustained

Discrete particles

Particle suspension-dependent
Limited by particle size
Sustained

vasculature and the rate of drug release, where broader dis-
tribution (liquid systems) is generally associated with faster,
diffusion-driven release, while localized embolization (e.g., MSs)
exhibits more sustained, structure-dependent release.

Besides, material structure governs drug loading capacity,
with systems that provide greater structural confinement
(e.g., MSs) and interaction sites generally enable higher loading
compared to liquid embolic systems. However, optimal drug
loading should be guided by clinical considerations, as
increased loading does not necessarily translate into improved
therapeutic outcomes.

5. Challenges and opportunities

5.1. Current research and clinical translation of therapeutic
embolic agents

Fig. 14 summarizes the key milestones in the development of
therapeutic embolic platforms and highlights the translational
trajectory of the field. Since cTACE was first reported in 1982,>°
embolic agents have expanded from early liquid systems
toward MS and hydrogel-based platforms, with ongoing efforts
to improve localization, drug delivery, and treatment consis-
tency. Importantly, liquid embolic approaches remain widely
used in clinical practice due to their established efficacy,
adaptability, and extensive clinical validation.

The transition from cTACE to DEB reflects a shift in design
philosophy toward improving drug localization and reducing
systemic exposure since the 1990s.% This concept evolved into
drug-eluting bead systems, with early clinical investigations
initiated around 2005 and the introduction of commercially
available radiopaque DEBs in 2017.">" Despite enabling more
sustained and localized drug delivery, DEB-TACE has not con-
sistently demonstrated superior clinical outcomes or reduced
adverse effects compared to cTACE, leading to variable adop-
tion in clinical practice.>"*** Notably, lipiodol-based c¢TACE is
an established clinical procedure and is commonly used as a
control in comparative studies.

ic Embolic Agents | Drug-eluting systems are boxed

#1% C L
15tC LMS Clinical DEBs radiopaque DEB
hydrogel beads (Embosphere™) reports (DC Bead LUMI™)
MS systems 1987 1997 2005 2007 2017
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Fig. 14 Key milestones in the development of therapeutic embolic
agents. Drug-eluting systems are highlighted with boxes.
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Clinical comparisons between cTACE and DEB-TACE reveal
distinct safety profiles, suggesting that DEB-TACE should be
applied with caution. These findings also highlight the need for
further optimization of both material design and drug incor-
poration strategies to achieve improved therapeutic outcomes
with reduced adverse effects.

A randomized controlled study includes 200 patients in
2022 reported selective ¢cTACE achieved higher CR rates for
local tumor control as compared to selective DEB-TACE in HCC.
In addition, a multicenter study includes 1002 patients in
2021"* reported DEB-TACE was associated with a greater
frequency of hepatobiliary injury and severe abdominal pain
compared to ¢cTACE. An earlier study in 2012>* also suggest
caution when using DEB-TACE, particularly in the non-cirrhotic
liver. The study reported that liver and biliary injuries were
independently associated with DEB-TACE, particularly in non-
cirrhotic livers. Among these, biloma and liver infarction, the
most severe complications, were significantly associated with
DEB-TACE whereas such associations were not observed in
cTACE-treated HCC.

A similar trajectory is emerging for gel-based embolic systems.
Recent advances include non-drug-eluting, clinically available
shear-thinning embolic systems (Obsidio®?) and in situ forming
gel embolic systems (Embrace>!). In parallel, there is an increas-
ing exploration of drug-loaded hydrogel formulations. These
systems aim to complement existing platforms by improving
spatial localization and enabling more controlled therapeutic
delivery. However, their clinical translation remains at an early
stage, with limited evidence compared to established liquid and
MS-based systems.

5.2. Research opportunities and future therapeutic directions

Several emerging research directions have the potential to
address current limitations and expand the therapeutic cap-
abilities of embolization. Continued advances in material
design are expected to enable embolic systems that combine
mechanical robustness with controlled biodegradability, sup-
porting stable occlusion while minimizing long-term vascular
complications. These developments provide a foundation for
incorporating a broader range of therapeutic payloads and
release strategies.

Additionally, in response to the growing emphasis on non-
animal testing methodologies, alternative preclinical evalua-
tion strategies such as computational modeling are increas-
ingly important. The development of digital twin models with
personalized computational fluid dynamics for pre-therapy
planning, optimizing the embolization procedure, and asses-
sing the risk of off-target embolization is another direction.
While MS-based computer models of embolization have been
relatively more studied,"*****® liquid and gel-based emboliza-
tion have received less attention.">*"°
Beyond conventional chemotherapeutics, embolic platforms

increasingly compatible with emerging therapeutic
modalities. For example, immunomodulatory agents, including
immune checkpoint inhibitors and cytokines, have already
demonstrated feasibility in both liquid/gel-based and MS

are
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embolics. Looking ahead, embolization may also support deliv-
ery of larger'®'*®> and more complex payloads such as nucleic-
acid-based therapeutics (e.g., siRNA, mRNA), viral vectors for
gene therapy, and potentially cell-based therapies. The ability of
embolic materials to localize and retain therapeutic agents
within defined vascular territories offers a unique advantage
for these modalities, particularly in minimizing systemic expo-
sure and enhancing local efficacy.

Furthermore, combination therapies represent another
underexplored opportunity. While multiple anticancer drugs
have been successfully incorporated into embolic agents,**
systematic investigation of multi-drug regimens, such as drug
incorporation mechanisms and resulting material behaviors,
remains limited®> to predict performance; instead, drug
incorporation mechanisms and resulting material behaviors.
Sequential or staged release of complementary agents, such as
cytotoxic drugs combined with anti-angiogenic or immunomodu-
latory therapies, could enable more effective control of tumor
progression and recurrence. Material architectures that support
differential release kinetics or spatial segregation of therapeutic
agents offer a promising route to realizing such strategies.

Stimuli-responsive embolic systems further expand the ther-
apeutic design space. In addition to enzyme-responsive or pH-
sensitive materials, external triggering modalities such as ultra-
sound, laser irradiation, or near-infrared light provide oppor-
tunities for spatiotemporal control of drug release. Ultrasound-
triggered embolics, for example, could leverage acoustic energy
to modulate permeability or disrupt carrier networks on
demand, while light-activated systems may enable precise activa-
tion in superficial or image-guided settings. These approaches
align naturally with interventional workflows and imaging gui-
dance already used during embolization procedures.

Together, these directions highlight the potential of embo-
lization as more than a passive delivery vehicle. With continued
integration of materials science, pharmacology, and interven-
tional techniques, embolic platforms may evolve into adaptable
therapeutic systems capable of delivering diverse payloads and
responding dynamically to local or externally applied cues.
Systematic preclinical evaluation will be essential to establish
safety, efficacy, and reproducibility as these concepts move
toward clinical translation.

5.3. Translation and standardization challenges

Beyond methodological advancement, research in therapeutic
embolic agents should be driven by the broader objective of
meaningful clinical translation, with the aim of improving
patient care and saving lives.

The successful development of therapeutic embolization
systems relies on the integration of mechanical reliability,
controlled drug delivery, imaging visibility, and biocompatibil-
ity. Despite substantial progress at the laboratory and preclini-
cal levels, translation to clinical practice and large-scale
production remains constrained by the absence of standar-
dized evaluation and manufacturing frameworks.

A major barrier to clinical translation is the lack of unified
standards for assessing mechanical integrity and embolic
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performance. Appropriate mechanical strength, toughness,
flexibility, and durability are crucial to prevent embolic agent
migration, non-target embolization, or vessel rupture that can
result in severe adverse events such as ischemia or stroke.
Although current studies often assess parameters such as com-
pressibility, elasticity, and injectability, no unified testing frame-
work or regulatory guideline exists to ensure cross-comparability
between materials and platforms. Developing consistent mechan-
ical and performance standards will be vital to ensure reproduci-
ble embolic behavior and reduce procedure-related risks.

Long-term safety evaluation remains insufficient for many
emerging embolic systems. Although short-term cytotoxicity
and hemocompatibility are commonly assessed, extended
in vivo studies aligned with international standards such as
ISO 10993 and FDA guidance are limited. In particular, large-
animal investigations exceeding 90 days to evaluate chronic
vascular response, recanalization, degradation behavior, and
systemic exposure are limited. These gaps hinder risk assess-
ment and delay clinical translation.

From a manufacturing perspective, most reported systems
lack validation under Good Manufacturing Practice (GMP)
conditions, including batch-to-batch consistency, formulation
stability, and sterility assurance. Addressing these production
and regulatory requirements will enable scalable manufactur-
ing, regulatory approval, and eventual clinical adoption.

Additionally, the relatively short development history has
limited the availability of clinical evidence. This is particularly
evident for MSs, with some studies reporting inconsistent out-
comes and adverse effects. As a result, further clinical validation
and standardization are still needed. Overall, this progression
helps explain why different embolic platforms coexist today and
why key challenges in controlled therapeutic release and treat-
ment predictability remain active areas of research.
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