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Transcatheter hepatic artery chemoembolization (TACE) is a universal treatment for patients with
hepatocellular carcinoma (HCC) that inhibits tumor growth by cutting off the blood supply and provides
chemotherapeutics locally to the tumor. The strategy of combining TACE formulation with image-guided
ablation holds tremendous potential, but patient tolerance and undesired toxicity/immunosuppression
remains a challenge. The application of nanotechnology in TACE opens new doors for the treatment of
HCC. Strikingly, nanomaterials or nano-drugs dispersed in the TACE formulation can effectively improve
the delivery efficiency of drugs by achieving both controlled and continuous release. In addition, the
utilization of multifunctional nanoparticles can provide guidance and monitoring for various advanced
imaging methods for TACE treatment, and can realize the combination therapy of thermal ablation,
microwave ablation, in situ radiotherapy, and other therapies, greatly expanding the therapeutic
strategies available for HCC treatment. Here, the current exploration of nanotechnology in TACE of HCC is
briefly summarized and the challenges of TACE with nanoformulations for clinical translation are
comprehensively discussed.
© 2020 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
Published by Elsevier B.V. All rights reserved.
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1. Introduction tumor area via a microcatheter under the guidance of digital

subtraction angiography (DSA) through arterial vessels, TACE is

Primary liver cancer is one of the most common malignant
tumors of the digestive system [1]. Hepatocellular carcinoma (HCC)
occupies the vast majority of liver cancer, becoming the fourth
leading cause of cancer death worldwide in recent years [2]. The
curative treatment strategy for early stage HCC patients includes
resection, transplantation and ablation [3]. Currently, due to the poor
diagnosis in clinical practice, only 10%-15% of HCC patients are
suitable for resection and transplantation [4]. Transcatheter hepatic
arterial chemoembolization (TACE) is the most popular palliative
treatment, whichis an intervention for those patients with advanced
liver cancer who are not suitable for surgery. By injecting an
embolization agent that contains chemotherapeutics into the liver
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believed to suppress the growth of tumors [5].

TACE prevents the growth of cancer by blocking blood supply to
the tumor, leading to ischemic necrosis while simultaneously
injecting chemotherapeutics in situ for further chemotherapy [6].
Since intrahepatic tumors are supplied by the hepatic artery and
hepatic tissue is mainly supplied by the hepatic portal vein, artery
occlusion would lead to necrosis of tumor cells. Due to its minimal
trauma and wide indications, TACE can greatly ameliorate the
quality of life and survival time of patients with HCC in clinical
practice [7,8]. However, incomplete embolization, poor controlla-
ble release of drugs, deterioration of hypoxia, and other factors will
affect the degree of tumor necrosis after TACE, leading to poor
therapeutic effect with high postoperative tumor residual [4]. In
particular, the deterioration of hypoxia, the improvement of
chemotherapy tolerance of tumor cells [9], the increase in
angiogenesis [10], and the aggravation of immunosuppression
[11] induced by TACE will promote tumor recurrence and
metastasis.
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In the past decades, the application of nanotechnology in the
field of medicine has received widespread attention. More
importantly, nanotechnology with different structures and
properties have been developed that show great application
prospects in the imaging diagnosis and treatment of cancer
[12,13]. For example, the coordination-driven self-assembly of
metal-organic nanoformulations have realized the combined
application of fluorescence/photoacoustic imaging-guided photo-
thermal therapy and gene therapy for cancer [14]. Such
multifunctional hybrid nanoparticles provide a “win-win” strate-
gy for cancer treatment. The application of gene-edited cell
membrane vesicles as a multifunctional targeted delivery
platform, with its good biocompatibility and convenience of
biological function modification, is widely exploited in the
immunotherapy and combination therapy with chemotherapy,
photothermal therapy and other therapies of various cancer
models [15-18]. In addition, the tumor microenvironment-
corresponding nanostructures obtained based on nanotechnolo-
gy, significantly improved the infiltration depth of therapeutic
drugs to solid tumors, inducing favorable effects for tumor
inhibition [19]. These multifunctional nanosystems in the early
diagnosis and detection of cancer [20,21], targeted delivery of
drugs, regulation of tumor microenvironment, stimulation of
immune system, and combination therapy in preclinical studies
have provided a rich repository of strategies for the clinical
treatment of cancer [22-24]. It is believed that the currently
unsatisfactory efficacy and limitation of application of TACE in the
treatment of HCC will be ameliorated by its combination with
nanotechnology [25,26].

Recently, the blooming intersection of TACE and nano-
medicine has received wide attention and achieved remarkable
progressin the treatment of HCC with multiple therapeutic
approaches [27]. In addition, the reasonable introduction of
imaging probes with advanced nanocompositesgive the visual-
ization of embolization and multimodal monitoring for
efficient drug delivery [28,29]. In this review, based on
theamelioration of TCAE application via nanomaterials, it is
briefly summarized in accordance with efficient drug delivery,
nanotheranostic-based real-time monitoring and combination
treatment, which are the most critical aspects that affect the
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clinical application and efficacy of TACE (Fig. 1). Moreover, the
exploration directions and prospects in the future personalized
medicine such as hypoxia improvement and immune enhance-
ment in TACE were discussed and summarized,so as to provide
some ideas for follow-up studies.

2. Efficient drug delivery

Clinically, chemotherapeutic drugs are usually mixed directly
with the embolization agent (e.g., lipiodol) to form an emulsion for
TACE treatment. Although this method is straightforward and
practical, the loaded drug is volatile in this state, and will be
quickly eluted from the embolization agent following injection.
The rapid release can lead to high concentrations of drugs into the
circulatory system and induce acute side effects. Additionally, even
local administration in the tumor region cannot solve the problems
of non-specificity, high toxicity, and rapid clearance of chemother-
apeutic drugs [30].

Fortunately, nanocarriers with characteristics of adequate
drug loading and intelligent release will markedly improve
the effect of chemotherapy for cancer treatment. Recently,
drug-loaded nanoparticles dispersed in an embolization
agent, iodized oil, and embolization microspheres have been
commonly used for TACE treatment. Recently, Quan et al.
designed stable reversed lipid-based nanoparticles (RLBNs) in
lipiodol for carrying the hydrophilic doxorubicin (DOX) (Fig. 2A)
[27]. RLBNs differ from a simple mixture of drug and oil solution
in that it is a homogeneous system with hydrophobic nano-
structures that disperse significantly in oil. The prepared RLBNs
load DOX between the juxtaposing polar core and the
highly biocompatible lipid materials with stable nanostructure.
Interestingly, in this stable state, DOX will be released continu-
ously, which extends the drug’s retention time. When compared to
conventional TACE treatment, RLBNs loaded with DOX in lipiodol
were more effective at suppressing the growth of tumors in Wistar
rats.

Drug-eluting beads (DEBs), known as drug-carrying emboli-
zation microspheres, are also commonly used as embolization
carrier agents in clinical TACE, in which the release of
therapeutic drugs can be controlled during treatment [31].
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Fig. 1. Scheme of TACE for liver cancer using embolization agents in combination with multifunctional nanomaterials.
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Fig. 2. (A) Scheme of RLBNs in lipiodol designed for carrying hydrophilic chemotherapeutics for TACE. Reproduced with permission [27]. Copyright 2019, American Chemical
Society. (B) Scheme of emulsification method for TACE with PLGA microspheres incorporating DOX and HACE in a spatiotemporal manner. Reproduced with permission [33].

Copyright 2018, Informa Healthcare.

However, DEB-based TACE treatments nevertheless still present
some shortcomings, such as ineffective treatment, incomplete
tumor response, and adverse reactions. Thus, the ideal proper-
ties of drug-carrying embolic materials, such as targeted
delivery, imaging performance, tumor permeability, biodegrad-
ability, biocompatibility, and ability to achieve multiple thera-
peutic modalities must be leveraged. Taking on the advantages
of nanocarriers, the multifunctional “nano-on-micro” delivery
systems were newly developed. Lee et al. synthesized nanopar-
ticle-containing gellan gum (GG) embolic microspheres through
the water-in-oil emulsification method as the vehicle for DOX [32].
The hyaluronic acidcontained in short-chain hyaluronic acid/
polyethylenimine/doxorubicin (sHH/PH/DOX) nanoparticles can
increase the affinity of nanoparticulate systems with cancer cells
through the CD44 receptor. Besides, the grafted polyethylenimine
(PEI) features high transfection capability, which can facilitate the
transport of medicine into HepG2 liver cancer cells and boost the
ICs0 value of the HepG2 cell once merged into the GG micro-
spheres. Furthermore, GG/sHH/PH/DOX microspheres exhibited a
good embolization effect in rabbit ear arteries.

It is believed that placing functionalized nanoparticles in
embolic microspheres and elevating targeted delivery of drugs
could significantly elevate the efficacy of TACE. Cho et al
developed poly(lactic-co-glycolic acid) (PLGA) microspheres
incorporating DOX and hyaluronic acid-ceramide (HACE) in a
spatiotemporal manner, which modified the emulsification
method for TACE (Fig. 2B) [33]. DOX and HACE could release
from PLGA microspheres following self-assembly into nano-
particles after microspheres were biodegraded in artificial
biological fluids. The DOX-HACE nanoparticles further enhanced
the cellular internalization efficiency of DOX in HepG2 and McA-
RH7777 liver cancer cells. Notably, the strategy of improved
penetration depth and delivery targeting induced excellent
suppression of tumor growth in McA-RH7777 tumor-implanted
rat models after intra-arterial (IA) administration. Furthermore, it
has been reported that antagonizing integrin expression in the
tumor environment can prevent tumor recurrence and metastasis
[34]. To achieve targeted delivery of integrin inhibitors, Vogl et al.
applied superparamagnetic iron oxide (SPIO) nanoparticles to load
GRGDSP, which is a Gly-Arg-Gly-Asp-Ser-Pro integrin inhibitor
including an RGD peptide to further combine with TACE [35]. In
their study, the application of GRGDSP-loaded nanoparticles in
TACE significantly inhibited tumor growth via the superiority of

nanoparticle delivery relative to the control group, but their
therapeutic mechanisms and imaging advantages have not been
well studied.

3. Nanotheranostic-based real-time monitoring

lodide oil is radiopaque and the injection of iodide oil
containing chemotherapy drugs can be observed in real time
under DSA. Moreover, the deposition and embolization of iodide oil
in the tumor area can be evaluated by computed tomography (CT)
detection after IA administration. However, evidence indicates
scarcely any significant correlation between the iodine content in
the tumor area and the chemotherapy level of the tumor. In other
words, the CT detection of iodized oil could not be used as a reliable
indicator of local drug concentration [36,37].

In addition to their ability to load drugs, nanoparticles with
imaging properties can provide richer imaging information for
treatment. For example, SPIOs have been widely used as
magnetic resonance imaging (MRI) contrast agents and drug
delivery carriers [38,39]. Recently, porous magnetic nano-
clusters (pMNCs) with porous structures and carboxylic groups
developed by Kim et al. afford high-drug-loading efficiency,
unremitting drug release, and high MRI T,-weighted image
contrast [40]. DOX-pMNCs within iodinated oil provides a stronger
signal for MRI monitoring while improving the efficacy of liver
cancer after infusion via IA administration to target rabbit VX2
orthotopic liver cancer.

At present, applied DEBs are not visible by X-ray or MRI, leading
to the delivery and embolization status of DEBs, which cannot be
directly monitored. The newly developed multifunctional “nano-
on-micro” delivery system with a contrast agent, embolization
agent, and chemotherapy agent can be used as an ideal carrier for
selective arterial catheter-guided TACE [31]. The visible micro-
spheres in multi-mode MRI or CT can directly display the delivery
of these crafts containing medicine. Thus, it appears that novel
multifunctional nano-on-micro formulations can overcome the
shortcomings of traditional TACE and are expected to be the most
effective non-surgical treatment for HCC [25].

Barium alginate (ALG) microspheres containing BaSO4 nano-
particles (BaSO4/ALG microspheres) in situ were synthesized via a
one-step microfluidic technique according to Shen et al. (Fig. 3A)
[41]. Evenly dispersing in the form of ALG microspheres, the
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Fig. 3. (A) Schematic illustration of BaSO4/ALg microspheres in situ synthesized via a one-step microfluidic technique. Reproduced with permission [41]. Copyright 2015,
American Chemical Society. (B) Schematic illustration of Ta@CaAlg via a one-step electrospray. Reproduced with permission [28]. Copyright 2018, Ivy spring International

Publisher.

existence of radiation-opaque BaSO4 nanoparticles were capable of
directly detecting the embolization efficiency and the position of
microspheres in the TACE process under X-ray, which offers great
promise for direct and real-time monitoring. For the same purpose,
hoping to endow embolism microspheres with radiopaque
properties, Yang et al. designed calcium alginate microspheres
that load tantalum nanoparticles (Ta@CaAlg) via a one-step
electrospray (Fig. 3B) [28]. The intrinsically radiopaque micro-
spheres that were prepared yielded high drug loads and
controllable drug release. Ta@CaAlg microspheres, in particular,
demonstrated excellent X-ray imaging and embolization in normal
renal arteries under digital radiography and CT. As expected, those
preponderances of Ta@CaAlg microspheres ameliorated the
accuracy of embolization according to the location and distribution
of embolization agents during TACE surgery through real-time
feedback under DSA.

MRI-capable embolic microspheres have received wide-
spread attention given that they can be used for noninvasive
post-operative monitoring while concurrently reducing
radiation exposure. Lee et al. designed a therapeutic magnetic
microcarrier (TMMC) which is a chitosan microsphere
containing SPIOs with capability of MRI detection for anti-cancer
embolotherapy [42]. Deformable chitosan with SPIOs (SPIO-
chitosan MS) was prepared by crosslinking the ionic sensitized
gel and genipin with polyethylene glycol (PEG) as a pore-forming
agent. In their work, magnetic imaging performance of SPIO-
chitosan MS with different concentrations of SPIO was studied in
vivo and in vitro, and the subsequent embolization was
identified in the renal artery of rabbit by MRI at 18 weeks.
Analogously, poly(acrylic acid) microspheres (PMs) that proved
to be an ideal embolic agent were initially prepared by Fan et al.
using inverse suspension polymerization [43]. The morphology,
elasticity and magnetic property of SPIO-loaded PMs (SPMs) were
studied to evaluate embolization and MRI detectability in vitro and
in vivo.

Additionally, magnetic nanoparticles can be used not only as
imaging agents but also for efficient drug delivery. Accordingly,
MRI-visible amonafide (AMN)-eluting alginate microspheres
were synthesized using a highly efficient microfluidic gelation
process by Larson et al. for targeted arterial-infusion chemother-
apy [44]. The microspheres included magnetic clusters formed by
SPIOs possessing biocompatibility, MRI contrast, and sustained
release of AMN. Afterwards, operability of AMN-loaded magnetic

microsphere-applied TACE infusions and visualization of the intra-
hepatic delivery in MRI was immediately demonstrated in a rat
hepatoma model. Recently, the feasibility of TMMCs, such as
magnetic iron-cobalt nanoparticle-encapsulated degradable PLGA
particles developed by Martel et al. was verified in a channel
mimicking the rabbit liver artery [45]. TMMCs are coated with
multiple layers of graphite shells to reduce the saturation
magnetization (Ms) reduction in the packaging step exhibiting
high Ms required for the MRI steering and the advisable mean
diameter for arterial embolism. In a later in vivo study [46], TMMCs
were used for directional steering to the target blood vessel under
the intervention of magnetic resonance navigation (MRN).
Meanwhile, tracking accumulation of particle and the assessment
of the efficiency of MRN can be achieved via a hypointense signal
induced by TMMC. This kind of multifunctional embolism
microspheres markedly facilitates the selection of drug delivery,
visualization of in vivo distribution of embolization microspheres,
persistence of drug release, and penetration depth of the drug in
the tumor for hepatoma therapy [47].

4. Combination treatment

Based on the advanced drug delivery nanosystems, the
combination of several treatments (i.e., chemotherapy, radiother-
apy, surgery, or TACE) can greatly improve the effect of cancer
therapy. For example, hydrogels have excellent biocompatibility
and water absorption expansion properties, which are widely used
in the field of biomedicine and have been used as embolization
agents in TACE of HCC. With the hydrogel as a carrier and a
sequence of the multifunctional nanometer system, Liu et al
achieved controlled release of drugs in a mouse subcutaneous
tumor model [48], and used photodynamic therapy [49],
chemotherapy [50], local radiotherapy [51], surgical resection
[52], and other treatment methods combined with immunothera-
py to eradicate the tumor and significantly inhibit tumor
recurrence and metastasis.

If combined with TACE, this treatment strategy may yield better
results in the treatment of HCC. Li et al. designed hollow gold
nanospheres (HAuNS) as nanocarriers that could be used for drug
loading, drug tracking, and photothermal ablation (PTA) of the
tumor [29]. PEG-modified HAuNS (PEG-HAuNS) can be marked
with radioactive elements %4Cu for detecting biological distribu-
tion of nano-carriers and verifying the loading of potent vascular
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Fig. 4. (A) Schema shows HCuSNPs loading PTX in PLGA microspheres and further labeled them with radioactive iodine-131 (i.e., *'I-HCuSNPs-MS-PTX as a clinical
integration complex). Reproduced with permission [54]. Copyright 2018, Ivyspring International Publisher. (B) Schematic illustration of multifunctional nanocapsules into
lipiodol via interventional injection into the tumor for synergizing HIFU ablation and TACE. Reproduced with permission [56]. Copyright 2016, Royal Society of Chemistry.

disrupting agents such as combretastatin A-4 phosphate disodium
(CA4P). Treatment with ethiodized oil-mingling CA4P combined
with DOX@PEG-HAuNS for TACE can not only facilitate the
effective conveyance of chemotherapy drugs and thereby optimize
the effect of chemotherapy, but also trigger the ablation effect of
local photothermal therapy on tumors under near-infrared
irradiation, reducing the damage to normal tissues. Granov et al.
developed a silicone composite material with magnetic nanopar-
ticle that can be used for arterial embolization combined with
hyperthermia [53]. The silicone elastomer matrix composite
material doped with magnetic nanoparticles has been proved to
exhibit excellent efficiency in thermal conversion and thermal
expansion under alternating magnetic fields in vitro. Through the
addition of potassium iodide, it can be endowed with opaque
properties for CT imaging. This compound, which can generate
heat and deforms upon magnetic interference, can achieve local
high-heat ablation on cancer cells while amplifying the degree of
vascular closure for the suppression of tumors.

Recently, Song et al. encapsulated hollow copper nanoparticles
(HCuSNPs) loading paclitaxel (PTX) in PLGA microspheres
and further labeled them with radioactive iodine-131 (i.e.,
BBII_HCuSNPs-MS-PTX as a clinical integration complex)
(Fig. 4A) [54]. The integrator was capable of combining with local
photothermal therapy and radiotherapy to destruct the tumor after
interventional arterial administration. It is worth mentioning that
BII_HCuSNPs-MS-PTX containing HCuSNPs with photoacoustic
imaging performance and ' with single-photon emission
computed tomography (SPECT) imaging performance provides
multiple imaging detection tools for this treatment strategy. Su
et al. also developed mPEG-PLGA@ZrO,@(ILs + DOX) microspheres
with PEG modification of PLGA microcapsule-implanting DOX
carried hollow ZrO, nanoparticles and microwave (MW)-sensitive
ionic liquid insurance-linked securities (ILS) for combining MW
ablation with TACE in a rabbit liver cancer model [55]. More
sophisticated imaging techniques need to be developed to monitor
therapeutic responses. Li et al. blended perfluorohexane (PFH),
Fes0, and PLGA integrated multifunctional Fe;04-PFH/PLGA
nanocapsules into lipiodol via interventional injection into the
tumor for synergizing high-intensity focused ultrasound (HIFU)
ablation and TACE (Fig. 4B) [56]. The ultrasound, MRI and
photoacoustic tri-modality imaging systems were successfully

applied for treatment guidance and monitoring, showing great
potential for future clinical translation.

5. Problems and perspective

After TACE, the tumor environment tends to deteriorate due to
the interruption of oxygen and blood supply induced by vascular
obstruction. Aggravated hypoxia after embolization is the driving
factor of vascular endothelial growth factor (VEGF) expression [10].
VEGF as a biomarker of tumor angiogenesis is directly involved in
tumor growth and metastasis of liver cancer [57]. Relevant studies
have suggested that hypoxia is an important factor in promoting
angiogenesis [58] and tumor growth [59]. If there is existence of
incomplete embolization during TACE, postoperative hypoxia of
tumor tissue will expedite the growth of tumors. To solve this
problem, oxygen supply needs to be supplied during TACE. Cross-
linked tetramer hemoglobin has been used as an artificial oxygen
donor for tumors after TACE [60]. It was found that apoptosis and
necrosis of tumor cells were promoted due to delivery of cisplatin-
and hemoglobin-based oxygen carriers in situ rat HCC models.
Furthermore, multifunctional nanovectors can provide oxygen for
the tumor microenvironment via acid-catalyzed oxygen release or
hydrogen peroxide reaction in the tumor area. In early research, by
regulating hypoxia, the tolerance of cancer cells to drugs can be
reduced [61] and the sensitivity to radiotherapeutic [62],
photodynamic [63], and sonodynamic therapy [64] can be
enhanced [65]. The application of this multifunctional nanocarrier
in TACE of HCC may bring new opportunities to mediate the
progression of HCC [26].

The tumor microenvironment is an immunosuppressive
environment that provides favorable conditions for the immuno-
logical escape of cancer cells. In recent years, cancer immunother-
apy has received unprecedented attention [66]. Moreover, research
on nanosystem-based tumor immunotherapy has made extensive
progress, yielding remarkable results in the treatment of cancers
when combined with traditional treatment strategies such as
surgery [52], chemotherapy [67], photothermal therapy [68], and
radiotherapy [69] among others. On the other hand, embolization
leads to tumor tissue necrosis and secretion of tumor-related
antigens, which may induce a systemic immune response;
however, this effect is too weak to effectively inhibit local
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recurrence and distant metastasis. Embolization also reduces the
number of peripheral T helper cells, thereby weakening the anti-
tumor immune response [70]. At the same time, the hypoxic
microenvironment caused by embolization leads to up-regulation
of HIF-1« and PD-L1 expression in the tumor, amplifying the
immunosuppressive effect [71]. Therefore, in the process of TACE
treatment, multifunctional nanosystems can regulate the immune
system by, for example, suppressing immune checkpoints or
activating immune cells, which will have great potential for
ameliorating the therapeutic effect of HCC.

Despite its reaches, there are certain conjectural limiting factors
for the application of nanotechnology in TACE that depend
predominantly on multidisciplinary cooperation between clinical
intervention doctors, chemists/physicists/materials scientists, and
imaging specialists. The regulatory hurdles to nanomaterials in TACE,
such as safety and efficacy, remain roadblocks for clinical translation.
Additionally, TACE operation must be conducted under the guidance
of DSA, and postoperative efficacy monitoring by CT and MRI. These
devices are usually available altogether only in hospitals, but not in
general laboratories. Therefore, if researchers cooperate with
clinicians for combining technology, facilities, and research literacy,
treatment efficacy may dramatically improve. With continuous
efforts by multidisciplinary approaches, the use of nanotechnology
in TACE will shed new light on the treatment of HCC.

6. Conclusions

In summary, as a conservative treatment for patients who
cannot undergo surgical treatment, TACE can improve treatment
efficacy and survival time to some extent. However, it requires
improvements in its unsatisfactory efficacy due to uncontrollable
drug delivery, insufficient imaging monitoring, hypoxic aggrava-
tion, neovascularization, and immunosuppression, among other
problems. The application of nanotechnology in the medical field
brings new light to the diagnosis and treatment of tumors. Through
continuous exploration by researchers, nanomaterials have
achieved remarkable results in the field of HCC for clinical
translation. Combined with the previous research, the application
of nanotechnology in TACE has opened a new door for liver cancer
therapy. Although some work on nanomaterials combined with
TACE has seen preliminary exploration in animals, it is mainly
focused on enhancing controllable delivery of drugs and enhancing
imaging methods, which are relatively basic. More strikingly, based
on nanotechnology, the combined application of thermal ablation,
MW ablation, radiotherapy, and other treatment methods with
TACE has achieved remarkable results in animal models, and the
endowed multi-modal imaging of detection methods has greatly
enriched the diagnosis and treatment strategies of HCC. However,
the exploration of hypoxia, neovascularization, and immunosup-
pression caused by TACE would accelerate the development of
effective medical products by exploiting nanotechnology, and it is
believed to become a new avenue of exploration to improve TACE
treatments.
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