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Transcatheter arterial chemoembolization (TACE), aiming to block the hepatic artery for
inhibiting tumor blood supply, became a popular therapy for hepatocellular carcinoma
(HCC) patients. Traditional TACE formulation of anticancer drug emulsion in ethiodized oil
(i.e., Lipiodol®) and gelatin sponge (i.e., Gelfoam®) had drawbacks on patient tolerance
and resulted in undesired systemic toxicity, which were both significantly improved
by polymeric beads, microparticles, or hydrogels by taking advantage of the elegant
design of biocompatible or biodegradable polymers, especially amphiphilic polymers
or polymers with both hydrophilic and hydrophobic chains, which could self-assemble
into proposed microspheres or hydrogels. In this review, we aimed to summarize recent
advances on polymeric embolization beads or hydrogels as TACE agents, with emphasis
on their material basis of polymer architectures, which are important but have not yet
been comprehensively summarized.
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INTRODUCTION

Transcatheter arterial chemoembolization (TACE), which aimed to block the hepatic artery to
inhibit the blood supply of solid tumor and to achieve localized chemotherapy, has now been
popularly applied for liver cancer patients who were at a middle or late stage and were not suitable
for surgical resection (Schwartz and Weintraub, 2008; Hyun et al., 2018). TACE was firstly proposed
by Yamada et al. (1983), who showed that the interruption or reduction of hepatic artery blood
supply during chemotherapy process was found to induce tumor necrosis or shrinkage without
adverse reaction (Tsurusaki and Murakami, 2015). Since then, TACE has been widely applied in
clinical practice, because this localized direct injection of chemotherapeutic drugs could lead to
more than a 200 times local drug concentration increase and could achieve a fast curative effect, as
well as a minimal side reaction (Varela et al., 2007).

The success of TACE was heavily reliant on the design of embolization reagents (Aliberti
et al., 2017). Ideal embolization reagents should be able to (1) quickly and effectively block the
blood supply upon intra-arterial injection; (2) release the embedded anticancer drugs for localized
chemotherapy; (3) degrade after treatment for preventing thrombus; (4) potentially impair the
angiogenesis. Initially, Lipiodol ™ (ethiodized oil, in form of iodinated fatty acid esters of seed
oil) was utilized to emulsify the anticancer drugs due to its lipophilic feature for intra-arterial

chemotherapy, which was followed by Gelfoam® (gelatin sponge) embolization and was
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recognized as conventional TACE. However, the manual

fabrication of Gelfoam®,as well as its heterogeneous feature,
led to the embolization effect of <3 days. Even worse, the

injection time interval between Lipiodol ~ and Gelfoam®™ might
lead to diffusion, systematic toxicity, and impaired patient
tolerance of anticancer drugs, indicating the urgent need for
better embolization agent designs.

Recently, polymers, especially amphiphilic polymers or
polymers with both hydrophilic and hydrophobic chains which
could self-assemble into microspheres, beads, or hydrogels (Hu
et al., 2017a,b; Wu et al, 2017; Cai et al.,, 2018; Cheng et al.,
2018b; Javanbakht and Namazi, 2018; Luo et al., 2018, 2019; Liu
et al., 2019; Xu et al,, 2019), have been successfully designed
as a new generation of TACE embolization reagents, due to
their ability to increase chemotherapeutic treatment efficiency
and patient tolerance in comparison with traditional TACE by
the formulation of Lipiodol® and Gelfoam® (Chen et al., 2016,
2018; Caietal., 2017; Ding and Li, 2017; Fan et al., 2017a,b; Liand
Loh, 2017; Li et al., 2017; Liu et al., 2017; Morimoto et al., 2017;
Xiang et al., 2017; Yang et al., 2017; Zheng et al., 2017; Chan et al,,
2018; Cheng et al., 2018a, 2019; Gao et al., 2018). In this report,
we aim to summarize the current design of new generation
embolization beads or hydrogels as illustrated in Figure 1, with
emphasis on their material basis of polymer architectures, which
are important but have not yet been comprehensively reviewed.

POLYMER BASED BEADS OR
MICROPARTICLES AS TACE REAGENTS

Polymeric microspheres or beads with an ability to encapsulate
chemotherapeutic reagents were developed as drug-eluting beads
(DEB) and served as a significant advance. In comparison with
traditional TACE formulation of Lipiodol® and Gelfoam®, DEB
with drug encapsulation in polymeric beads could effectively
prevent the systematic diffusion of chemotherapeutics, especially
at its first injection with high concentrations, and slowly release
the embedded drug in a controllable manner to im@grove

patience tolerance. As the first commercial DEB, DC Bead ™ was
fabricated by free radical polymerization of poly(vinyl alcohol)
(PVA) with modification of N-acryloyl-aminoacetaldehyde
(NAAADA), 2-acrylamido-2-methylpropane sulphonate sodium
salt (AMPS), and cellulose acetate butyrate. DC Bead® with
sulfonate groups was able to encapsulate chemotherapeutic
Doxorubicin (DOX), Irinotecan, Topotecan, or Epirubicin with
H™ ions, by electron attraction. It was worth mentioning that
a clinical study was conducted in 104 hepatocellular carcinoma

(HCC) patients receiving treatments of DC Bead® as DEB-TACE
reagents by Bruix group (Burrel et al., 2012). The results showed
that patients with DEB-TAC treatments could obviously receive a
high dose of DOX without considering the undesired systematic
circulation of injected drugs in comparison with conventional
TACE formulation. This improvement might be beneficial for
localized drug concentration increase and for overcoming drug
resistance, indicating the great advantages on the safety of DEB-
TACE. Furthermore, Gupta et al. (2011) demonstrated that

chemotherapeutic DOX loaded superabsorbent microparticles
could effectively increase the DOX intention concentration and
increase the therapeutic effect in a liver tumor rabbit model. More
importantly, Seki et al. (2011) explored the therapy procedure of
135 patients receiving TACE treatments with chemotherapeutic
epirubicin-embedded superabsorbent polymer microparticles.
The clinical results revealed that over 90% of patients receiving
these treatments were not found to have hepatic artery damage
and their 1- or 2- year survival rates were around 70 or
60%, respectively, indicating the practical value of drug eluting
polymeric beads for patients with non-resected HCC.

Due to the non-bioresorbable nature of DC beads, many
researchers have developed bioresorbable DEB by using a
biocompatible and biodegradable polymer, to achieve long-term
delivery of chemotherapeutics without considering the removal
of the device after use. As a typical case, Golzarian’s group
designed a series of biodegradable DEB with a size of 300-
700 wm by using chitosan and carboxylmethyl cellulose (Weng
etal,, 2011). Thanks to the carboxyl groups in these microspheres,
DOX could be effectively loaded in DEB by electron interactions,
with an efficiency of up to 0.3-0.7 mg DOX/sphere. Furthermore,
this DEB exhibited a lysozyme dependent polymer degradation,
which demonstrated a promising safe DOX carrier for
transcatheter embolization application.

Recent endeavors also revealed that poly(lactic-co-
glycolic acid) (PLGA), hydrophobic as well as biocompatible
macromolecules, approved by the food and drug administration
(FDA), could also serve as potential TACE reagents due to the
high biodegradability. As a typical example, Choi et al. (2015)
developed DOX embedded PLGA microspheres by the emulsion
approach. Furthermore, they further trapped hyaluronic acid-
ceramide (HACE) into the PLGA microspheres (MS) during
the emulsion process (as shown in Figure 2A), to render TACE
reagents with active liver cancer cell targeting ability (Lee et al.,
2018). It was worth mentioning that intra-arterial injection of
this tumor targeting DOX/HACE MS, with size of 13-44 pum,
could significantly inhibit liver tumor growth in a McA-RH7777
liver cancer cell implanted rat tumor model, in comparison
with the microspheres without targeting ability (as shown in
Figure 2B).

It was worth mentioning that current commercial
biodegradable microspheres still had their limitations. For
example, Embocept®, a starch based microspheres with
size of <100 wm, was only suitable for vessel embolization
for a short time (<1h) due to size limitation, which was
not efficient for tumor necrosis (Yamasaki et al., 2012).
Another case of Occlusin 500, poly(lactide-co-glycolide)
(PLGA)/collagen core/shell microspheres with size of 150-
210 pm, required long degradation time (several months)
with undesired inflammatory reactions (Owen et al, 2012).
Ideal biodegradable microspheres should: (1) be able to induce
vessel blockage for several hours to a few days, which is
sufficient for tumor necrosis induction; (2) be able to degrade
with non-harmful product and quick elimination; (3) be of
uniform size ranging between 100 and 1,000 pm for board
vessel embolization; (4) be easy in drug loading and be
made of soft polymeric materials for micro-catheter injection
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FIGURE 1 | Schematic illustration of design of transarterial chemoembolization (TACE) agents, in terms of polymeric beads or hydrogels, to occulate the blood supply
of liver tumor and to synergically achieve localized chemotherapy to reduce its side effects on surrounding healthy tissues.

(Hidaka et al, 2011). To achieve this design, Louguet et al.
(2014) synthesized biodegradable polymeric microspheres
with a size of 300-500 wm, which was made of amphiphilic
poly(ethylene glycol) methacrylate (PEGMA) and biodegradable
PEG-PLGA. These PEGMA/PEG-PLGA microspheres could be
degraded in a few days with minimal toxicity effects induced by
degradation products in fibroblast 1929 cells and with a mild
inflammatory reaction in an in vivo animal model, which showed
promising application as safe biodegradable microspheres for
TACE utilization.

AMPHIPHILIC POLYMER AS
CROSS-LINKER OF MICROBEADS

To achieve a better embolization effect, material scientists tried
to further conjugate microbeads into a polymeric mesh, using
amphiphilic polymers. As a typical example, Arya et al. (2017)
designed biopolymer chitosan-glutaraldehyde (chitosan-GA)
microbeads with surface modification, i.e., having sulfated
a-cyclodextrin (a-CD) as host molecules on the microbead
surfaces, by taking the advantages of electronic attraction

between cationic chitosan-GA microbeads and anionic sulfated
a-CD (Figure 3, upper panel). Furthermore, the reaction
between hydrophilic chitosan and hydrophobic n-dodecyl
aldehyde rendered amphiphilic chitosan derivatives, whose
hydrophobic segments could form an inclusion complex with a-
CD due to its hydrophobic inner cavity nature. The experimental
results showed that the addition of these amphiphilic chitosan
derivatives with «a-CD/chitosan-GA microbeads could lead
to the bridging occurrence between microbeads and further
formation of a polymeric mesh outside the microbeads
(Figure 3, lower panel). Potentially, these amphiphilic
macromolecule based microspheres with cluster formation
ability could be utilized for reliable embolization and blood
supply blockage.

COMPOSITE MICROBEADS MADE OF
MAGNETIC NANOPARTICLES AND
POLYMER MATRIX

It was also worth mentioning that the materials or polymeric
basis of artery embolization agents were important, but it was not
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FIGURE 2 | (A) Schematic illustration of tumor targeting HACE modified DOX/PLGA microsphere fabrication and treatment process as TACE reagent. (B) DOX/HACE
MS (HACE modified DOX/PLGA microsphere) treatment could significantly decrease tumor size in McA-RH7777 tumor-implanted rat model, in comparison with
control or DOX MS (DOX/PLGA microsphere) treatments. The tumor was recorded by magnetic resonance imaging. Scale bar is 1 cm. [Reproduced with permission
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the only criteria for embolization design. For example, the size,
homogeneity, and specific delivery of microbeads also served as
key factors affecting the artery embolization efficiency. Typically,
microspheres with size of 40-100 um were suitable for hepatic
artery end branch blockage; microspheres with a size of around
300 pm were utilized for tumor proximal vascular occlusion;
while microspheres with size of 500-900 um were applied for
uterine arteries blockage for fibroid treatments; indicating that
the size of embolization agents depended on the diameter of the
target vessel (Maluccio et al., 2008). Furthermore, particles with
undesired homogeneity might attribute to end organ damage

or un-predictable distribution of microspheres, indicating the
importance of controling the narrow size distribution or
geometry of embolization agents (Stampfl et al., 2007). Last
but not least, non-specific distribution of embolization agents
after intra-arterial injection might induce undesired damage
of healthy tissue (Hagit et al, 2010; Pouponneau et al,
2014).

In order to overcome this problem, Nosrati et al. (2018)
embedded magnetic iron oxide nanoparticles in a poly(lactic-
co-glycolic acid) (PLGA) microsphere matrix using droplet
microfluidics technology (as shown in Figure4A), to
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FIGURE 3 | Schematic illustration of using amphiphilic hydrophobically modified chitosan (hmC) as cross-linking reagents for chitosan-glutaraldehyde (chitosan-GA)
microbeads with surfaced modification of sulfated a-cyclodextrin (a-CD), as well as the self-assembly between hydrophobic chain of hmC and a-CD cavity, which
could lead to formation of polymeric mesh outside microbeads for clotting applications. [Reproduced with permission from Arya et al. (2017), Copyright 2017
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fabricate homogeneous magnetic microbeads in a size
range of 130-700pum (as shown in Figure4B). This gave
potential to precisely monitor and control the accumulation
of microbeads at disease vessel sites. Similarly, Liang et al.
(2017) fabricated PLGA based magnetic microspheres (PLGA-
MMs) by emulsion of PLGA polymer matrix and iron oxide
nanoparticles. More interestingly, upon exposure to alternating
magnetic field, these PLGA-MMs could not only act as
embolization agents to block the blood supply in the VX2
liver tumor model of rabbit, but could also elevate the
synergetic local temperature for magnetic ablation of liver
tumors, as shown in Figure4C. Last but not least, Hagit
et al. (2010) synthesized composite microparticles using the
copolymerization of hydrophobic 2-methacryloyloxyethyl
(2,3,5-triiodobenzoate) (MAOETIB) and hydrophilic glycidyl
methacrylate (GMA) as a core and a y-Fe;O3 thin layer for
shell coating, which were successfully explored as magnetic
resonance imaging (MRI) as well as computed tomography
(CT) contrast reagents to visualize the embolization procedure
in a real-time pace. In short, composite microbeads, made of
magnetic nanoparticles and polymeric matrix microspheres,
demonstrated great advantages for targeted accumulation
of embolization microbeads, thus might induce more
desirable tumor ablation effects upon application of alternating
magnetic field.

POLYMER BASED HYDROGELS AS
TACE REAGENTS

Due to the size limitation, microspheres or DEB were not
suitable for large aneurysms, indicating the importance of
developing more flexible embolic reagents. As a potential
candidate, injectable polymeric hydrogel, with the ability to
retain liquid status before injection but to form a solid hydrogel
at the desired disease site, was favored and successfully applied
to treat hemorrhage, cerebral aneurysms, or used as vessel
sealants. For example, Golzarian’s group had developed an in
situ forming porous chemical crosslinking hydrogel made of
carboxylmethyl chitosan and cellulose, with biocompatibility to
endothelial cells, hemocompatibility, and bio-degradability in
lysozyme solution (Weng et al., 2013). More importantly, the
hydrogel precursor solution was injected, via a 5-F catheter,
into an aneurysm sac and it successfully formed the solid
hydrogel to fill the sac site and to prevent endoleakage. Further
microcatheter injection of this hydrogel into rabbit kidney
induced immediate renal artery occlusion and less injection
volume in comparison with bead formulation (1-2 mL hydrogel
vs. 5.5-7mL microsphere), indicating the advantage of using
hydrogels as embolization agents.

Besides to chemical crosslinking hydrogel, physical
crosslinking hydrogels with stimulus responsive phase changes
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FIGURE 4 | (A) Schematic illustration of fabricating magnetic microbeads by using micro-fluid technique, to fabricate magnetic nanoparticle embedded PLGA

Magnetic Microspheres

Magnetic ablation

microparticles. (B) Scanning electron microscopy observation of magnetic microparticles embedding (b-1) 50 wt% magnetic iron oxide nanoparticles and (b-2) 60 wt%
magnetic iron oxide nanoparticles. [Reproduced with permission from Nosrati et al. (2018), Copyright 2018 American Chemical Society]. (C) Fabrication of magnetic
PLGA-MMs (PLGA-magnetic microspheres) by emulsion of PLGA polymer and iron oxide magnetic nanoparticles, which was utilized as liver arterial embolization
agent in VX2 liver tumor of rabbit. PLGA-MMs could block the local blood supply and induce local temperature increase upon exposure to alternating magnetic field,

which could cause synergetic magnetic ablation of tumor. [Reproduced with permission from Liang et al. (2017), Copyright 2017 American Chemical Society].

were also popular design as TACE reagents. As a typical
example, Nguyen et al. (2016) synthesized an amphiphilic
anionic PCLA-PUSSM copolymer made of poly(ethylene
glycol) (PEG), poly(e-caprolactone-co-lactide) (PCLA), and
poly(urethane sulfide sulfamethazine) (PUSSM), as illustrated
in Figure 5A. The PCLA-PUSSM copolymer solution remained
liquid status at pH 8.5 and experienced fast phase change and
solid status hydrogel formation upon pH decrease. By taking this
unique pH responsive phase change process, this PCL-PUSSM
hydrogel could be intra-arterially injected into hepatic tumor

of VX2 rabbit model, and achieved embolization as well as
controllable release of embedded DOX in a sustainable manner,
as shown in Figure5B. Animal model evaluation revealed
that this PCLA-PUSSM hydrogel could effectively perform
the chemoembolization effect and release DOX in a sustained
manner to inhibit the tumor growth, as shown in Figure 5C.
Similarly, Lym et al. (2016) designed a pH-responsive PCL-
PEG-SM copolymer by free radical polymerization of PEG,
poly(e-caprolactone) (PCL), and sulfamethazine (SM). More
interestingly, the aqueous solution of PCL-PEG-SM copolymer
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FIGURE 5 | (A) Synthesis of amphiphilic anionic PCLA-PUSSM copolymer with pH-dependent hydrogel formation ability. (B) lllustration for the microcatheter
mediated intraarterial injection of PCLA-PUSSM hydrogel in rabbit HCC model. (C) CT observations revealed the shrinkage of tumor size when using PCLA-PUSSM
hydrogel as TACE agent. [Reproduced with permission from Nguyen et al. (2016), Copyright 2016 Royal Society of Chemistry].

experienced a sol-to-gel transition from pH 8.0 to pH 7.4 at 37°C,
and could achieve a sustained release of DOX for up to 4 weeks. It
was also worth mentioning that the embolic formulation of PCL-
PEG-SM copolymer solution at pH 8.0 could be intra-arterially
administrated in rabbit VX2 liver tumor model.

In short, injectable hydrogel with environment responsive
ability had been successfully applied in TACE procedure for
hepatocellular cancer (HCC) treatment in an animal model, and
it exhibited the ability to stably maintain high drug concentration
at the tumor site. Hence, the design of biocompatible and
biodegradable polymeric hydrogels might serve as a practical

TACE agents, which could be further combined with a wide
spectrum of chemotherapeutics or X-ray contrast agents to show

improved performance compared to traditional Lipiodol® or
Gelfoam ~ formulation.

CONCLUSIONS AND PERSPECTIVES

In conclusion, this review showed the recent progress of
polymeric TACE agents, in terms of polymeric beads or
microparticles, polymeric meshes by crosslinking beads,
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polymeric hydrogels, with great potential for treating patients
with unresectable HCC. More importantly, the design of these
polymeric TAC agents, especially polymer backbone materials,
degradability, size, or geometry, was important for safe and
efficient tumor blood supply blockage, as well as localized and
sustained release of chemotherapeutics to achieve better liver
cancer therapy.

It was also worth mentioning that, in addition to the above
mentioned formulations of microbeads or microspheres, cross-
linked microspheres, and hydrogels, Lipiodol oil embedded
PEO-PPO-PEO/PEG  (poly(ethylene  oxide)-poly(propylene
oxide)-poly(ethylene oxide)/poly(ethylene glycol) composite
capsules containing paclitaxel (PTX) (Bae et al, 2007),
poly(ethylene glycol) PEG liposomes containing 5-fluorouracil

poly(lactic-co-glycolic acid)

o b
[
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from Davaa et al. (2017), Copyright 2017 American Chemical Society].
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FIGURE 6 | (A) lllustration of environment sensitive drug-eluting composite particles, as well as their low pH responsive chemotherapeutics release in hepatic vessels.
[Reproduced with permission from Park et al. (2016), Copyright 2016 American Chemical Society]. (B) Synthesis of tumor targeting PLGA/pSMA microspheres with
conjugation of MT1-MMP binding peptide and chemotherapeutic doxorubicin, for more precise transarterial chemoembolism therapy. [Reproduced with permission
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(5-FU) (Pohlen etal., 2011), methoxy-poly (ethylene glycol)-
block-poly(e-caprolactone) (mPEG-b-PCL) micelles carrying
doxorubicin (DOX), as well as radio-active rhenium-188 for
combined radiotherapy and chemotherapy, were also actively
applied for hepatic artery embolization and cancer therapy
(Shih et al, 2015). This demonstrates the wide applications
of polymeric materials for TACE applications. Furthermore,
besides to polymeric embolization agents, injectable precursor
of polar lipid phytantriol at cubic liquid crystalline phase
(Han et al.,, 2010), and drug eluting composite containing pH
sensitive lipid-peptides conjugation (octadecylamine—poly (API-
L-Asp)10) as shown in Figure 6A (Park et al., 2016), could also
be designed for vascular embolization, and to achieve localized
drug sustained release. This could also be further combined with
polymeric embolization agents for enhanced therapeutic effect.
Last but not least, functional peptide could also be conjugated to
polymeric microparticles for targeted delivery of embolization
beads. As a typical example, Davaa et al. (2017) linked matrix
metalloproteinase responsive peptide (MTI1-MMP binding
peptide) to poly(lactic-co-glycolic acid/poly-(styrene-alt-maleic
anhydride) (PLGA/pSMA) microspheres, which exhibited
enhanced accumulation in MT1-MMP overexpressing Hep3B
cells, as shown in Figure 6B. More interestingly, these peptide

REFERENCES

Aliberti, C., Carandina, R., Lonardi, S., Dadduzio, V., Vitale, A., Gringeri,
E., et al. (2017). Transarterial chemoembolization with small drug-eluting
beads in patients with hepatocellular carcinoma: experience from a cohort
of 421 patients at an Italian center. J. Vasc. Interv. Radiol. 28, 1495-1502.
doi: 10.1016/j.jvir.2017.07.020

Arya, C., Saez Cabesas, C. A., Huang, H., and Raghavan, S. R. (2017). Clustering
of cyclodextrin-functionalized microbeads by an amphiphilic biopolymer: real-
time observation of structures resembling blood clots. ACS Appl. Mater.
Interfaces 9, 37238-37245. doi: 10.1021/acsami.7b05435

Bae, K. H,, Lee, Y., and Park, T. G. (2007). Oil-encapsulating PEO-PPO-PEO/PEG
shell cross-linked nanocapsules for target-specific delivery of paclitaxel.
Biomacromolecules 8, 650-656. doi: 10.1021/bm0608939

Burrel, M., Reig, M., Forner, A., Barrufet, M., de Lope, C. R., Tremosini,
S., et al. (2012). Survival of Patients with hepatocellular carcinoma treated
by transarterial chemoembolisation (TACE) using drug eluting beads:
implications for clinical practice and trial design. J. Hepatol. 56, 1330-1335.
doi: 10.1016/j.jhep.2012.01.008

Cai, P., Leow, W. R,, Wang, X., Wu, Y.-L,, and Chen, X. (2017). Programmable
nano-bio interfaces for functional biointegrated devices. Adv. Mater.
29:1605529. doi: 10.1002/adma.201605529

Cai, P., Zhang, X., Wang, M., Wu, Y.-L., and Chen, X. (2018). Combinatorial
nano-bio interfaces. ACS Nano 12, 5078-5084. doi: 10.1021/acsnano.8b03285

Chan, B., Cheng, H., Liow, S., Dou, Q., Wu, Y.-L,, Loh, X, et al. (2018).
Poly(carbonate  urethane)-based  thermogels with enhanced drug
release efficacy for chemotherapeutic applications. Polymers 10:89.
doi: 10.3390/polym10010089

Chen, X,, Chen, Z, Hu, B, Cai, P, Wang, S, Xiao, S, et al. (2018).
Synergistic lysosomal activatable polymeric nanoprobe encapsulating pH
sensitive imidazole derivative for tumor diagnosis. Small 14:1703164.
doi: 10.1002/smll.201703164

Chen, X,, Qiu, Y.-K., Owh, C,, Loh, X. J., and Wu, Y.-L. (2016). Supramolecular
cyclodextrin nanocarriers for chemo- and gene therapy towards the
effective treatment of drug resistant cancers. Nanoscale 8, 18876-18881.
doi: 10.1039/C6NR08055C

conjugated microspheres could accumulate in hepatic vessels
for up to 24h without undesired diffusion to lung, and they
significantly inhibited the tumor growth in a Hep3B xenografted
mice model. Hence, we can expect great potential for the design
of functional polymeric materials with nationally designed
stimulus-responsive crosslinking segments or biodegradable
groups, for embolizing tumor blood supply in a fast and
controllable manner, as well as ensuring biodegradability in
order to be safely removed after use. This might significantly
broaden the choice of TACE agents for more successful and
precise HCC therapy.

AUTHOR CONTRIBUTIONS

Y-LW and Y-PC initiated the project. Y-PC, J-LZ, YZ,
and Y-LW searched the data base, wrote, and finalized
the manuscript.

FUNDING

This project is supported by the National Natural Science
Foundation of China (81773661), and the Fundamental Research
Funds for the Central Universities (20720170066).

Cheng, H., Fan, X, Wang, X, Ye, E, Loh, X. J, Li, Z, et al. (2018a).
Hierarchically self-assembled supramolecular host-guest delivery system
for drug resistant cancer therapy. Biomacromolecules 19, 1926-1938.
doi: 10.1021/acs.biomac.7b01693

Cheng, H., Fan, X.,, Wu, C.,, Wang, X., Wang, L.-]., Loh, X. J,, et al. (2019).
Cyclodextrin-based star-like amphiphilic cationic polymer as a potential
pharmaceutical carrier in macrophages. Macromol. Rapid Comm. 40:1800207.
doi: 10.1002/marc.201800207

Cheng, H., Wu, Z., Wu, C., Wang, X,, Liow, S. S., Li, Z., et al. (2018b). Overcoming
STC2 mediated drug resistance through drug and gene co-delivery by PHB-
PDMAEMA cationic polyester in liver cancer cells. Mater. Sci. Eng. C 83,
210-217. doi: 10.1016/j.msec.2017.08.075

Choi, J. W., Park, J. H., Baek, S. Y., Kim, D. D., Kim, H. C., and Cho, H. J. (2015).
Doxorubicin-loaded poly(lactic-co-glycolic acid) microspheres prepared using
the solid-in-oil-in-water method for the transarterial chemoembolization of a
liver tumor. Colloids Surf. B 132, 305-312. doi: 10.1016/j.colsurfb.2015.05.037

Davaa, E., Lee, J. H., Jenjob, R, and Yang, S. G. (2017). MT1-MMP
responsive doxorubicin conjugated poly(lactic-co-glycolic acid)/poly(styrene-
alt-maleic anhydride) core/shell microparticles for intrahepatic arterial
chemotherapy of hepatic cancer. ACS Appl. Mater. Interfaces 9, 71-79.
doi: 10.1021/acsami.6b08994

Ding, C., and Li, Z. (2017). A review of drug release mechanisms from nanocarrier
systems. Mater. Sci. Eng. C 76, 1440-1453. doi: 10.1016/j.msec.2017.03.130

Fan, X, Cheng, H., Wang, X,, Ye, E., Xian, J. L, Wu, Y. L, et al. (2017a).
Thermoresponsive supramolecular chemotherapy by “V”-shaped armed f-
cyclodextrin star polymer to overcome drug resistance. Adv. Healthc. Mater.
7:1701143. doi: 10.1002/adhm.201701143

Fan, X., Wang, X., Cao, M., Wang, C., Hu, Z., Wu, Y.-L,, et al. (2017b). “Y”-shape
armed amphiphilic star-like copolymers: design, synthesis and dual-responsive
unimolecular micelle formation for controlled drug delivery. Polym. Chem. 8,
5611-5620. doi: 10.1039/C7PY00999B

Gao, Y., Xu, H. ], and Cheng, Q. F. (2018). Multiple synergistic toughening
graphene nanocomposites through cadmium ions and cellulose nanocrystals.
Adv. Mater. Interfaces 5:1800145. doi: 10.1002/admi.201800145

Gupta, S., Wright, K. C,, Ensor, J., Van Pelt, C. S., Dixon, K. A, and Kundra, V.
(2011). Hepatic arterial embolization with doxorubicin-loaded superabsorbent

Frontiers in Chemistry | www.frontiersin.org

June 2019 | Volume 7 | Article 408


https://doi.org/10.1016/j.jvir.2017.07.020
https://doi.org/10.1021/acsami.7b05435
https://doi.org/10.1021/bm0608939
https://doi.org/10.1016/j.jhep.2012.01.008
https://doi.org/10.1002/adma.201605529
https://doi.org/10.1021/acsnano.8b03285
https://doi.org/10.3390/polym10010089
https://doi.org/10.1002/smll.201703164
https://doi.org/10.1039/C6NR08055C
https://doi.org/10.1021/acs.biomac.7b01693
https://doi.org/10.1002/marc.201800207
https://doi.org/10.1016/j.msec.2017.08.075
https://doi.org/10.1016/j.colsurfb.2015.05.037
https://doi.org/10.1021/acsami.6b08994
https://doi.org/10.1016/j.msec.2017.03.130
https://doi.org/10.1002/adhm.201701143
https://doi.org/10.1039/C7PY00999B
https://doi.org/10.1002/admi.201800145
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Chen et al.

Polymeric TACE Agents

polymer microspheres in a rabbit liver tumor model. Cardiovasc. Interv. Radiol.
34,1021-1030. doi: 10.1007/s00270-011-0154-6

Hagit, A., Soenke, B., Johannes, B., and Shlomo, M. (2010). Synthesis and
characterization of dual modality (CT/MRI) core-shell microparticles
for  embolization  purposes.  Biomacromolecules 11,  1600-1607.
doi: 10.1021/bm100251s

Han, K, Pan, X,, Chen, M. W,, Wang, R. C,, Xu, Y. H,, Feng, M., et al.
(2010). Phytantriol-based inverted type bicontinuous cubic phase for vascular
embolization and drug sustained release. Eur. J. Pharm. Sci. 41, 692-699.
doi: 10.1016/j.¢jps.2010.09.012

Hidaka, K., Moine, L., Collin, G., Labarre, D., Grossiord, J. L., Huang, N., et al.
(2011). Elasticity and viscoelasticity of embolization microspheres. J. Mech.
Behav. Biomed. Mater. 4, 2161-2167. doi: 10.1016/j.jmbbm.2011.08.001

Hu, B., Leow, W. R., Amini, S., Nai, B., Zhang, X., Liu, Z., et al. (2017a).
Orientational coupling locally orchestrates a cell migration pattern for re-
epithelialization. Adv. Mater. 29:1700145. doi: 10.1002/adma.201700145

Hu, B., Leow, W. R, Cai, P, Li, Y. Q, Wu, Y. L, and Chen, X.
(2017b). Nanomechanical force mapping of restricted cell-to-cell collisions
oscillating between contraction and relaxation. ACS Nano 11, 12302-12310.
doi: 10.1021/acsnano.7b06063

Hyun, D., Cho, S. K,, Shin, S. W., Park, K. B, Lee, S. Y., Park, H. S,, et al. (2018).
Combined transarterial chemoembolization and radiofrequency ablation for
small treatment-naive hepatocellular carcinoma infeasible for ultrasound-
guided radiofrequency ablation: long-term outcomes. Acta Radiol. 59, 773-781.
doi: 10.1177/0284185117735349

Javanbakht, S., and Namazi, H. (2018). Doxorubicin loaded carboxymethyl
cellulose/graphene quantum dot nanocomposite hydrogel films as a
potential anticancer drug delivery system. Mater. Sci. Eng. C 87, 50-59.
doi: 10.1016/j.msec.2018.02.010

Lee, S. Y., Choi, J. W,, Lee, J. Y., Kim, D. D., Kim, H. C., and Cho, H. J. (2018).
Hyaluronic acid/doxorubicin nanoassembly-releasing microspheres for the
transarterial chemoembolization of a liver tumor. Drug Deliv. 25, 1472-1483.
doi: 10.1080/10717544.2018.1480673

Li, Z.,, Liu, X, Chen, X, Chua, M. X,, and Wu, Y.-L. (2017). Targeted
delivery of Bcl-2 conversion gene by MPEG-PCL-PEI-FA cationic copolymer
to combat therapeutic resistant cancer. Mater. Sci. Eng. C 76, 66-72.
doi: 10.1016/j.msec.2017.02.163

Li, Z., and Loh, X. J. (2017). Recent advances of using polyhydroxyalkanoate-based
nanovehicles as therapeutic delivery carriers. Wiley Interdiscip. Rev. Nanomed.
Nanobiotechnol. 9:e1429. doi: 10.1002/wnan.1429

Liang, Y. ., Yu, H, Feng, G. D., Zhuang, L. L., Xi, W., Ma, M., et al. (2017). High-
performance poly(lactic-co-glycolic acid)-magnetic microspheres prepared by
rotating membrane emulsification for transcatheter arterial embolization and
magnetic ablation in VX2 liver tumors. ACS Appl. Mater. Interfaces 9,
43478-43489. doi: 10.1021/acsami.7b14330

Liu, X, Chen, X., Chua, M. X,, Li, Z,, Loh, X. J., and Wu, Y.-L. (2017). Injectable
supramolecular hydrogels as delivery agents of Bcl-2 conversion gene for
the effective shrinkage of therapeutic resistance tumors. Adv. Healthc. Mater.
6:1700159. doi: 10.1002/adhm.201700159

Liu, X,, Li, Z, Loh, X. J,, Chen, K, Li, Z.,, and Wu, Y.-L. (2019). Targeted
and sustained corelease of chemotherapeutics and gene by injectable
supramolecular hydrogel for drug-resistant cancer therapy. Macromol. Rapid
Comm. 40:1800117. doi: 10.1002/marc.201800117

Louguet, S., Verret, V., Bedouet, L., Servais, E., Pascale, F., Wassef, M., et al.
(2014). Poly(ethylene glycol) methacrylate hydrolyzable microspheres
for transient vascular embolization. Acta Biomater. 10, 1194-1205.
doi: 10.1016/j.actbio.2013.11.028

Luo, Z., Jiang, L., Ding, C. Z, Hu, B. H, Loh, X. J, Li, Z. B, et al.
(2018). Surfactant free delivery of docetaxel by poly[(R)-3-hydroxybutyrate-
(R)-3-hydroxyhexanoate]-based polymeric micelles for effective melanoma
treatments. Adv. Healthc. Mater. 7:1801221. doi: 10.1002/adhm.201801221

Luo, Z., Xu, Y, Ye, E, Li, Z, and Wu, Y.-L. (2019). Recent
progress in  macromolecule-anchored  hybrid gold nanomaterials
for biomedical applications. Macromol. Rapid Comm. 40:1800029.

doi: 10.1002/marc.201800029
Lym, J. S, Nguyen, Q. V., Ahn, D. W.,, Huynh, C. T, Jae, H. ], Kim,
Y. I, et al. (2016). Sulfamethazine-based pH-sensitive hydrogels with

potential application for transcatheter arterial chemoembolization therapy.
Acta Biomater. 41, 253-263. doi: 10.1016/j.actbi0.2016.05.018

Maluccio, M. A., Covey, A. M., Ben Porat, L., Schubert, J., Brody, L. A., Sofocleous,
C. T, et al. (2008). Transcatheter arterial embolization with only particles for
the treatment of unresectable hepatocellular carcinoma. J. Vasc. Interv. Radiol.
19, 862-869. doi: 10.1016/j.jvir.2008.02.013

Morimoto, M., Kobayashi, S., Moriya, S., Ueno, M., Tezuka, S., Irie, K,
et al. (2017). Short-term efficacy of transarterial chemoembolization with
epirubicin-loaded superabsorbent polymer microspheres for hepatocellular
carcinoma: comparison with conventional transarterial chemoembolization.
Abdom. Radiol. 42, 612-619. doi: 10.1007/500261-016-0900-y

Nguyen, Q. V., Lym, J. S., Huynh, C. T., Kim, B. S,, Jae, H. J., Kim, Y. I, et al.
(2016). A novel sulfamethazine-based pH-sensitive copolymer for injectable
radiopaque embolic hydrogels with potential application in hepatocellular
carcinoma therapy. Polym. Chem. 7, 5805-5818. doi: 10.1039/c6py01141a

Nosrati, Z., Li, N., Michaud, F., Ranamukhaarachchi, S., Karagiozov, S., Soulez,
G., et al. (2018). Development of a coflowing device for the size-controlled
preparation of magnetic-polymeric microspheres as embolization agents
in magnetic resonance navigation technology. ACS Biomater. Sci. Eng. 4,
1092-1102. doi: 10.1021/acsbiomaterials.7b00839

Owen, R. J., Nation, P. N., Polakowski, R., Biliske, J. A., Tiege, P. B., and Griffith,
L. J. (2012). A preclinical study of the safety and efficacy of occlusin (TM) 500
artificial embolization device in sheep. Cardiovasc. Interv. Radiol. 35, 636-644.
doi: 10.1007/s00270-011-0218-7

Park, W., Chen, J., Cho, S., Park, S. J., Larson, A. C., Na, K., et al. (2016). Acidic
pH-triggered drug-eluting nanocomposites for magnetic resonance imaging-
monitored intra-arterial drug delivery to hepatocellular carcinoma. ACS Appl.
Mater. Interfaces 8, 12711-12719. doi: 10.1021/acsami.6b03505

Pohlen, U., Reszka, R., Buhr, H. J., and Berger, G. (2011). Hepatic arterial infusion
in the treatment of liver metastases with PEG liposomes in combination with
degradable starch microspheres (DSM) increases tumor 5-FU concentration.
An animal study in CC-531 liver tumor-bearing rats. Anticancer Res.
31, 147-152. doi: 10.1288/00005537-198504000-00018

Pouponneau, P., Bringout, G., and Martel, S. (2014). Therapeutic magnetic
microcarriers guided by magnetic resonance navigation for enhanced liver
chemoembilization: a design review. Ann. Biomed. Eng. 42, 929-939.
doi: 10.1007/s10439-014-0972-1

Schwartz, M., and Weintraub, J. (2008). Combined
chemoembolization and radiofrequency ablation for hepatocellular carcinoma.
Nat. Clin. Pract. Oncol. 5, 630-631. doi: 10.1038/ncponcl216

Seki, A., Hori, S., Kobayashi, K., and Narumiya, S. (2011). Transcatheter

transarterial

arterial  chemoembolization ~ with  epirubicin-loaded  superabsorbent
polymer microspheres for 135 hepatocellular carcinoma patients:
single-center  experience. Cardiovasc. Interv. Radiol. 34, 557-565.

doi: 10.1007/500270-010-9975-y

Shih, Y. H., Peng, C. L., Chiang, P. F,, Lin, W. J,, Luo, T. Y., and Shieh, M.
J. (2015). Therapeutic and scintigraphic applications of polymeric micelles:
combination of chemotherapy and radiotherapy in hepatocellular carcinoma.
Int. J. Nanomed. 10, 7443-7454. doi: 10.2147/1jn.§91008

Stampfl, S., Stampfl, U., Rehnitz, C., Schnabel, P., Satzl, S., Christoph, P., et al.
(2007). Experimental evaluation of early and long-term effects of microparticle
embolization in two different mini-pig models. Part II: Liver. Cardiovasc.
Interv. Radiol. 30, 462-468. doi: 10.1007/s00270-005-0350-3

Tsurusaki, M., and Murakami, T. (2015). Surgical and locoregional therapy of
HCC: TACE. Liver Cancer 4, 165-175. doi: 10.1159/000367739

Varela, M., Real, M. I, Burrel, M., Forner, A., Sala, M., Brunet, M,, et al.
(2007). Chemoembolization of hepatocellular carcinoma with drug eluting
beads: efficacy and doxorubicin pharmacokinetics. J. Hepatol. 46, 474-481.
doi: 10.1016/j.jhep.2006.10.020

Weng, L., Le, H. C, Lin, J., and Golzarian, J. (2011). Doxorubicin loading
and eluting characteristics of bioresorbable hydrogel microspheres: in
vitro study. Int. J. Pharm. 409, 185-193. doi: 10.1016/j.ijpharm.2011.0
2.058

Weng, L., Rostambeigi, N., Zantek, N. D., Rostamzadeh, P., Bravo, M.,
Carey, J., et al. (2013). An in situ forming biodegradable hydrogel-based
embolic agent for interventional therapies. Acta Biomater. 9, 8182-8191.
doi: 10.1016/j.actbio.2013.06.020

Frontiers in Chemistry | www.frontiersin.org

June 2019 | Volume 7 | Article 408


https://doi.org/10.1007/s00270-011-0154-6
https://doi.org/10.1021/bm100251s
https://doi.org/10.1016/j.ejps.2010.09.012
https://doi.org/10.1016/j.jmbbm.2011.08.001
https://doi.org/10.1002/adma.201700145
https://doi.org/10.1021/acsnano.7b06063
https://doi.org/10.1177/0284185117735349
https://doi.org/10.1016/j.msec.2018.02.010
https://doi.org/10.1080/10717544.2018.1480673
https://doi.org/10.1016/j.msec.2017.02.163
https://doi.org/10.1002/wnan.1429
https://doi.org/10.1021/acsami.7b14330
https://doi.org/10.1002/adhm.201700159
https://doi.org/10.1002/marc.201800117
https://doi.org/10.1016/j.actbio.2013.11.028
https://doi.org/10.1002/adhm.201801221
https://doi.org/10.1002/marc.201800029
https://doi.org/10.1016/j.actbio.2016.05.018
https://doi.org/10.1016/j.jvir.2008.02.013
https://doi.org/10.1007/s00261-016-0900-y
https://doi.org/10.1039/c6py01141a
https://doi.org/10.1021/acsbiomaterials.7b00839
https://doi.org/10.1007/s00270-011-0218-7
https://doi.org/10.1021/acsami.6b03505
https://doi.org/10.1288/00005537-198504000-00018
https://doi.org/10.1007/s10439-014-0972-1
https://doi.org/10.1038/ncponc1216
https://doi.org/10.1007/s00270-010-9975-y
https://doi.org/10.2147/Ijn.S91008
https://doi.org/10.1007/s00270-005-0350-3
https://doi.org/10.1159/000367739
https://doi.org/10.1016/j.jhep.2006.10.020
https://doi.org/10.1016/j.ijpharm.2011.02.058
https://doi.org/10.1016/j.actbio.2013.06.020
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Chen et al.

Polymeric TACE Agents

Wu, Y.-L, Engl, W, Hu, B, Cai, P, Leow, W. R, Tan, N. S, et al
(2017). Nanomechanically visualizing drug-cell interaction at the early
stage of chemotherapy. ACS Nano 11, 6996-7005. doi: 10.1021/acsnano.
7b02376

Xiang, Y., Oo, N.N. L, Lee, J. P., Li, Z., and Loh, X. J. (2017). Recent development
of synthetic nonviral systems for sustained gene delivery. Drug Discovery Today
22,1318-1335. doi: 10.1016/j.drudis.2017.04.001

Xu, C., Wu, Y.-L,, Li, Z., and Loh, X. J. (2019). Cyclodextrin-based sustained gene
release systems: a supramolecular solution towards clinical applications. Mater.
Chem. Front. 3, 181-192. doi: 10.1039/C8QM00570B

Yamada, R., Sato, M., Kawabata, M., Nakatsuka, H., Nakamura, K., and
Takashima, S. (1983). Hepatic artery embolization in 120 patients with
unresectable hepatoma. Radiology 148, 397-401. doi: 10.1148/radiology.148.2.
630672

Yamasaki, T., Saeki, I., Harima, Y., Zaitsu, J., Maeda, M., Tanimoto, H., et al. (2012).
Effect of transcatheter arterial infusion chemotherapy using iodized oil and
degradable starch microspheres for hepatocellular carcinoma. J. Gastroenterol.
47,715-722. doi: 10.1007/s00535-012-0537-8

Yang, D. P., Oo, M., Deen, G. R,, Li, Z., and Loh, X. J. (2017). Nano-star-shaped
polymers for drug delivery applications. Macromol. Rapid Comm. 38:1700410.
doi: 10.1002/marc.201700410

Zheng, C., Gao, H,, Yang, D.-P., Liu, M., Cheng, H., Wu, Y.-L,, et al. (2017). PCL-
based thermo-gelling polymers for in vivo delivery of chemotherapeutics to
tumors. Mater. Sci. Eng. C 74, 110-116. doi: 10.1016/j.msec.2017.02.005

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Chen, Zhang, Zou and Wu. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Chemistry | www.frontiersin.org

11

June 2019 | Volume 7 | Article 408


https://doi.org/10.1021/acsnano.7b02376
https://doi.org/10.1016/j.drudis.2017.04.001
https://doi.org/10.1039/C8QM00570B
https://doi.org/10.1148/radiology.148.2.630672
https://doi.org/10.1007/s00535-012-0537-8
https://doi.org/10.1002/marc.201700410
https://doi.org/10.1016/j.msec.2017.02.005
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

	Recent Advances on Polymeric Beads or Hydrogels as Embolization Agents for Improved Transcatheter Arterial Chemoembolization (TACE)
	Introduction
	Polymer Based Beads or Microparticles as TACE Reagents
	Amphiphilic Polymer as Cross-Linker of Microbeads
	Composite Microbeads Made of Magnetic Nanoparticles and Polymer Matrix
	Polymer Based Hydrogels as TACE Reagents
	Conclusions and Perspectives
	Author Contributions
	Funding
	References


