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Embolization with microspheres is a therapeutic strategy based on the selective occlusion of the blood
vessels feeding a tumor. This procedure is intraarterially performed in the clinical setting for the treat-
ment of liver cancer. The practice has evolved over the last decade through the incorporation of drug
loading ability, biodegradability and imageability with the subsequent added functionality for the physi-
cians and improved clinical outcomes for the patients.

This review highlights the evolution of the embolization systems developed through the analysis of
the marketed embolic microspheres for the treatment of malignant hepatocellular carcinoma, namely the
most predominant form of liver cancer. Embolic microspheres for the distinct modalities of embolization
(i.e., bland embolization, chemoembolization and radioembolization) are here comprehensively compiled
with emphasis on material characteristics and their impact on microsphere performance. Moreover, the
future application of the embolics under clinical investigation is discussed along with the scientific and
regulatory challenges ahead in the field.

Statement of significance

Embolization therapy with microspheres is currently used in the clinical setting for the treatment of most
liver cancer conditions. The progressive development of added functionalities on embolic microspheres
(such as biodegradability, imageability or drug and radiopharmaceutical loading capability) provides fur-
ther benefit to patients and widens the therapeutic armamentarium for physicians towards truly person-
alized therapies. Therefore, it is important to analyze the possibilities that advanced biomaterials offer in
the field from a clinical translational perspective to outline the future trends in therapeutic embolization.
© 2022 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc.

This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

cancer ranks 2" in terms of annual deaths with respect to new
cases, only after pancreas cancer (Fig. 1a). Alarmingly, the WHO

According to data from the World Health Organization (WHO)
for 2020, it is estimated that the incidence of liver cancer world-
wide is of 905,677 new cases, being the 6™ in terms of incidence.
However, when taking into account the number of deaths due to
liver cancer, it rises to the 3™ place, having been the cause of
830,180 estimated deaths worldwide in 2020 [1,2]. As a result, liver
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estimates that 1276,679 patients will die from liver cancer in 2040
[3]

Liver cancer can be a primary cancer itself or secondary, metas-
tasized from a primary tumor (mostly colorectal liver metastases).
There are different types of primary liver cancer (Fig. 1b): hepa-
tocellular carcinoma (HCC) is the predominant form of liver can-
cer as it represents about 90% of the cases, followed by intrahep-
atic cholangiocarcinoma or bile duct cancer [4]. Other less frequent
primary liver cancers are hepatic angiosarcoma (<2%), fibrolamel-
lar carcinoma (1%) and hepatic epithelioid hemangioendothelioma
(0.1%) [5-7]. Risk factors for HCC are highly heterogeneous among
patients and geographic regions, including chronic hepatitis B, hep-
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Fig. 1. a) Ratio of annual deaths per estimated new cases by cancer type in 2020 according to WHO estimates. b) Percentage of primary liver cancer subtypes.

atitis C , alcoholic cirrhosis, obesity, diabetes, non-alcoholic fatty
liver disease or non-alcoholic steatohepatitis [8,9].

Depending on the degree of liver injury and the stage in which
the tumor is detected, the treatment options will be different [10].
In early stages (I or II), partial hepatectomy or transplantation rep-
resents the first-line treatment supplemented with neoadjuvant lo-
coregional therapies as embolization, radiofrequency or microwave
ablation. However, surgical treatment can only be used in 20% of
cases, as most liver cancer patients have no symptoms until the
tumor is at an advanced stage [11]. When tumours are detected in
more advanced stages (Il or IV), the treatments of choice are, in
addition to ablation and embolization, immunotherapy, radiother-
apy and chemotherapy [12,13].

Transarterial embolization (TAE), also referred to as bland em-
bolization, involves the selective occlusion of blood vessels feeding
a tumor through the arterial administration of micrometric sys-
tems [14]. In this sense, the liver is the ideal target for this type
of therapy since it has two fundamental blood sources: the portal
vein and the hepatic artery. The portal vein is mostly responsible
for the blood supply of healthy liver parenchyma, while the hep-
atic artery is predominantly responsible for the tumor blood sup-
ply [15]. Thus, embolization of the branches of this artery would
prevent the cancer cells from receiving nutrients since they would
not be irrigated whereas the normal cells of the liver would not
be affected. This technique has been used in clinical practice since
the early 1980s, when it was discovered that this therapeutic strat-
egy improved the survival rate of patients, with almost no side
effects [16,17]. Since then, these systems have evolved to deliver
sequentially or concurrently chemotherapeutics (procedure termed
as transarterial chemoembolization, TACE) or radiopharmaceuti-
cals (procedure termed as transarterial radioembolization, TARE)
(Fig. 2). In all cases, the intraarterial embolization procedure is
usually performed by an interventional radiologist.

The most common complication of bland, chemo and radioem-
bolization is the post-embolization syndrome, which is hypothe-
sised to be caused by an inflammatory response to tissue infarc-
tion and necrosis. This syndrome consists of pain in the right up-
per quadrant, fever, nausea, vomiting and fatigue [18]. The post-
embolization syndrome usually occurs within the first 72 h after
embolization and tends to be self-limiting with complete resolu-
tion in 7 to 10 days but can also be alleviated with medication
[19]. Other possible complications after embolization include infec-
tion in the liver, appearance of blood clots in the main blood ves-
sels of the liver, non-target embolization of extrahepatic vascular
supply and worsening of liver function depending on the extent of
healthy liver tissue that is affected by embolization. Side effects of
radioembolization also include radiation-induced liver disease and,

in case of significant hepatopulmonary shunting, radiation pneu-
monitis due to unintended radiation to the lungs [20,21].

Overall, the introduction of embolic microspheres to conduct
the distinct forms of embolization for HCC enables fewer systemic
adverse effects in comparison with standard chemotherapy or ra-
diotherapy because microspheres are selectively delivered through
the hepatic artery to the tumor while sparing most of the healthy
liver tissue. Indeed, conventional radiotherapy has a limited role in
the treatment of liver cancer on these grounds [12].

The marketed embolic material needs to be suspended prior
to its administration through an appropriately positioned micro-
catheter. An adequate suspension is required to minimize catheter
occlusion. Overall, viscous suspension media reduce the sedimen-
tation over time and prolong time to loss of suspension within
a syringe. Altogether, suspension of embolic microspheres is typi-
cally conducted with viscous radiopaque contrast agents for image-
guided administration.

The aim of this review is to highlight the evolution of the em-
bolization systems developed through the analysis of the distinct
commercially available embolic microspheres for the treatment of
malignant HCC. Moreover, the future application of the embolics
currently under clinical investigation will be evaluated along with
the challenges ahead in the field.

2. Commercially available embolic microspheres for the
treatment of liver cancer

2.1. Commercially available embolic microspheres for trans-arterial
embolization (TAE)

There are multiple microspheres commercially available to be
used as embolization devices for TAE both in the USA and Europe
(Table 1). In this article, the approved embolic devices are classi-
fied first as a function of the type of embolization (either perma-
nent or transient) that they allow. A third subcategory of evolved
embolic microspheres for TAE with imaging capability is included.
In all cases, the composition and characteristics of the distinct mi-
crospheres as well as the influence of these on their clinical out-
come are detailed.

2.1.1. Microspheres for permanent embolization

Permanent embolization is the complete and non-transient
blockage of blood vessels. This long-lasting blockage of the tumor
blood supply is achieved using microspheres manufactured with
non-degradable materials capable of being permanently lodged in
the tumor-feeding vessels. Permanent embolization may be of sub-
stantial benefit before surgery decreasing the size of the tumor and
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Fig. 2. Distinct therapeutic strategies for hepatocellular carcinoma (HCC) using embolic microspheres: a) Transarterial embolization (TAE, green); b) Transarterial chemoem-
bolization (TACE, yellow); c) Transarterial radioembolization (TARE, orange). (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

reducing the intraoperative bleeding, which is a significant con-
cern during surgery of hypervascular tumours [22]. Nonetheless,
the possibility of producing the obstruction of non-target blood
vessels or producing certain side effects such as post-embolization
syndrome should be carefully considered [23,24].

Although several types of microspheres have been authorized
to perform permanent embolization, the selection of the most ap-
propriate device is not trivial. The most relevant factors that af-
fect the clinical performance of embolic microspheres are parti-
cle size, shape, density, and mechanical properties. Overall, larger
microspheres are prone to become lodged proximally to the site
of administration occluding larger caliber vessels, whereas smaller
particles result in more distal penetration from the catheter
within arteries ultimately occluding smaller caliber vessels. Be-
sides, irregularly shaped microspheres have more probability to
clump together, therefore making the occlusion extent less pre-
dictable [25]. Finally, mechanical properties such as the abil-
ity to deform and resilience also dictate the occlusive behavior
of embolic microspheres. On the one hand, the ability to de-
form of the microspheres dictates the force required for their
delivery through the catheter lumen. On the other hand, the
resilience or elasticity, defined in terms of extent of recovery
of the initial size after compression, dictates that non-elastic
microspheres may cause more distal penetration than expected
due to their irreversible shrinkage during catheter delivery [26].
Taken together, the development of spherical and calibrated mi-
crospheres through control of all these parameters has been pri-
oritized to achieve a more efficient embolization with fewer side
effects [27].

There are six non-degradable, spherical, and calibrated types of
microspheres authorized as medical devices for TAE. All of them
are available in various calibrated sizes. First, Embosphere® re-
ceived authorization in 1997 and 2000 to be commercialized in
Europe and in the USA, respectively. Embosphere® microspheres
are made of a copolymer of acrylamide-derived monomers reticu-
lated with gelatine [28]. These trisacryl gelatine microspheres have
a hydrogel structure that transiently deforms to facilitate smooth
catheter passage but are also very elastic, returning to their origi-
nal spherical shape after delivery for consistent and durable occlu-
sion. Secondly, Contour SE® was approved in 2002 and 2003 in Eu-

rope and in the USA, respectively. Contour SE® are sponge-like mi-
crospheres composed of cross-linked polyvinyl alcohol (PVA); i.e.
their internal structure is highly microporous unlike hydrogel-like
microspheres [29]. However, the pore size progressively increases
from the surface to the sphere core as these PVA embolic micro-
spheres have a smooth surface [30]. Thanks to the properties of
PVA, these microspheres also show a good deformability but do
not recover their original size after catheter delivery, which results
in causing more distal embolization than expected from the origi-
nal particle size.

As an evolution of Embosphere® and Contour SE®, a third
type of microspheres reached the market in 2004. BeadBlock®
are microspheres composed of a PVA hydrogel cross-linked with
an acrylic polymer that imparts hydrophilicity and anionic char-
acter to the hydrogel. These microspheres are deformable to ap-
proximately 30% by diameter for catheter delivery. With a simi-
lar composition to that of Bead Block®, but synthesized using a
higher content of acrylic polymer, LC Bead® are PVA hydrogel mi-
crospheres authorized in 2003 [28]. The higher content of acrylic
polymer in LC Bead® lowers their ability to deform in comparison
with Bead Block® and for this reason are manufactured at lower
size ranges.

Next, Embozene®, poly (methylacrylic acid) microspheres
coated with the inorganic perfluorinated polymer Polyzene-F, were
authorized in the USA in 2008 [31]. Embozene® has a higher in
vivo deformation, which results in a more distal occlusion within
the vascular network compared with Embosphere® [32]. Finally,
HydroPearl® was introduced in 2015 as pioneering microspheres
manufactured with a copolymer of polyethylene glycol (PEG) and
diacrylamide. The use of PEG ensures good ability to deform and
elasticity while maximizing the time in suspension thanks to the
low density of hydrated PEG hydrogel. Taken together, it improves
catheter deliverability [30]. After catheter delivery, HydroPearl® re-
covers the original spherical shape.

A comparison of the mechanical properties of these embolic mi-
crospheres revealed that Contour SE®, due to their macroporous
structure, exhibited the highest ability to deform, while Embo-
sphere®, due to their hydrogel-like structure, showed the highest
elasticity. Moreover, thanks to their hydrophilicity, BeadBlock® re-
mained suspended in saline for longer [33,34].
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Table 1

Authorized microspheres for TAE in the treatment of HCC. N.d.: not disclosed.

Radiopacity
material

X-ray

Degradation

time

Type of

First

embolization imageability Size (um)

Material

authorization

Manufacturer

Trade name

40-120, 50-100, 100-300, 300-500, 500-700, 700-900,

900-1200

permanent no

tris-acryl gelatin

1997

Merit Medical

Embosphere®
Contour SE®
BeadBlock®

70-150; 100-300; 300-500

no

permanent
permanent

2002 PVA

Boston Scientific

100-300, 300-500, 500-700, 700-900, 900-1200

no

PVA hydrogel cross-linked
with acrylic polymer

2004

Boston Scientific

70-150, 100-300, 300-500, 500-700

no

permanent

acrylamido sulfonate-PVA

Boston Scientific 2003
hydrogel

LC Bead®

40, 75, 100, 250, 400, 500, 700, 900, 1100, 1300

permanent no

poly(methylacrylic acid)

2008

Varian Medical

Systems

Embozene®

coated with Polyzene-F
copolymer of PEG and
diacrylamide

starch
starch

75, 200, 400, 600, 800, 1100

no

permanent

2015

Terumo

HydroPearl®

50
50

35-40 min
35-40 min

transient
transient
transient
transient

n.d.
n.d.

Pharmacept

Embocept®
Spherex®

no

Magle Life Sciences

Teleflex

100-300, 300-500, 500-700, 700-1000

150- 210

no

4-12 weeks

gelatin

2014

Gel-Bead®

12-24 weeks

collagen-coated PLGA

2010

IMBiotechnologies

Occlusin500®
EmboGold®

permanent no 40-120; 100-300; 300-500; 500-700; 700-900;
900-1200

acrylic polymer

2001

Merit Medical

400-600; 600-710; 710-850

iodinated
moiety

yes

permanent

triiodobenzyl-modified

2015
acrylic polymer

Interface

X-Spheres®

Biomaterials

75-150; 100-300; 300-500

iodinated
moiety

yes

trilodobenzyl-modified permanent

2018

Boston Scientific

LC Bead
LUMI™

acrylamido-sulfonate PVA

hydrogel
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2.1.2. Biodegradable microspheres for TAE

Alternatively, biodegradable microspheres with predictable
degradation rates that cause the transient embolization of tumor
blood vessels ranging from minutes to months have been mar-
keted. These devices can be subclassified according to whether
they cause shorter or longer embolization and, consequently, their
clinical use will be different. First, biodegradable microspheres
that produce transient embolization over 30-60 min are used
in patients with decreased hepatic function to protect normal
liver parenchyma from ischaemia following TAE. To this end, they
are injected into non-tumor-supplying arteries immediately before
permanent embolic microspheres [35]. Moreover, this shorter tran-
sient embolization may clinically prove advantageous for other hy-
pervascular tumours that do not necessarily have dual blood sup-
plies as occurs in HCC. Secondly, those that produce transient em-
bolization over weeks-months may be useful in TAE procedures
where retreatment is required after several weeks, while limit-
ing the duration of tumor hypoxia that drives angiogenesis, which
eventually accounts for the high relapse rates after permanent em-
bolization. The degradation rate of microspheres should be tailored
to balance the desired duration of tissue ischemia with vessel re-
canalization.

On the one hand, Spherex® and EmboCept® are the main rep-
resentatives of short-term transient embolics. Both are degrad-
able starch microspheres capable of providing vessel occlusion for
35-40 min. The hydrolysed starch is degraded by serum alpha-
amylases into oligo and monosaccharides that eventually enter
the physiological metabolic cycle [36,37]. Both starch microspheres
have a considerably smaller diameter than most other TAE embol-
ics, averaging 50 pm.

On the other hand, Occlusin-500® and Gel-Bead® are the most
representative marketed microspheres among the long-term tem-
porary embolics. Oclussin-500® was introduced in the market in
2010 and consists of poly (lactic co-glycolic acid) (PLGA) micro-
spheres coated with type I bovine fibrillar collagen. Their degrada-
tion mechanism is through hydrolysis of the ester linkage of PLGA
into lactic acid and glycolic acid, with a degradation time of 12-24
weeks [22]. The collagen coating of Occlusin 500® serves to bind
platelets effectively increasing the nominal size of the embolic mi-
crospheres. Gel-Bead® was introduced in the market in 2014. They
are biodegradable gelatin microspheres pre-filled in a 20 mL sy-
ringe with a specific degradation time of 4-12 weeks.

2.1.3. Imageable microspheres for TAE

As a first attempt to develop imageable microspheres, a
coloured version of Embosphere® was authorized under the trade
name of EmboGold® in 2001 and 2002 in the USA and Europe,
respectively. These microspheres are impregnated with 2% of el-
ementary gold so that their visualization during handling and
administration is improved. However, EmboGold® does not offer
real-time visualization of the microspheres within the body.

The capacity of real-time visualization is a mainstay of em-
bolization procedures, as it would allow the accurate tracking
of spatial distribution of the embolic material to be assessed
both intra- and post-procedurally as a subrogate of the extent
of the target embolization to early detect undertreated regions.
Unfortunately, most microspheres approved for TAE do not of-
fer possibility of visualization, so that they are usually mixed
with soluble contrast medium before administration and are in-
directly monitored using fluoroscopic angiography. However, the
co-localization of the microspheres and the contrast agent is
not ensured, hindering therefore their applications in long-term
monitoring. For this reason, the clinical need of improving the
visualization of microspheres compared with soluble contrast
medium alone has prompted the development and authoriza-
tion of various radiopaque embolic microspheres [38,39]. Micro-
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spheres have been tailored to produce radiopacity through the
encapsulation, attachment, or polymerization of inorganic or or-
ganic radiopaque moieties such as tantalum, barium, or iodine
species into the microsphere structure, allowing therefore its X-ray
imageability [40].

Two radiopaque microspheres have been authorized for TAE;
namely, X-Spheres™ and LC Bead LUMI™. In X-Spheres™, ra-
diopacity is introduced by using a methacrylate monomer that
contains a covalently bound iodine-derivative. Due to their
three-dimensional macromolecular poly(methacrylate) network, X-
Spheres™ are non-resorbable microspheres [41-43]. LC Bead
LUMI™ entered the market in 2018 as the imageable coun-
terpart of LC Bead®. The difference between these two micro-
spheres is that in LC Bead LUMI™ an iodine moiety (i.e., 2,3,5-
trilodobenzaldehyde) is covalently bounded into the PVA hydro-
gel structure to gain radiopacity [44,45]. However, the iodination
of the microsphere structures increases their density, which re-
duces the suspension time and ultimately hampers handling and
administration of the embolics [46]. As a result, for X-ray image-
able microspheres, the sedimentation effect must be reduced by
using more viscous suspension media.

2.2. Commercially available embolic microspheres for trans-arterial
chemoembolization (TACE)

Alternatively, TAE can be supplemented with local chemother-
apy for synergism, a procedure known as trans-arterial chemoem-
bolization (TACE). TACE delivers through the same catheter the
embolic device in combination with a chemotherapeutic agent,
to locally deliver and retain drug therapeutic levels into the tu-
mor [47]. Currently, there are two modalities of this procedure:
conventional TACE (cTACE) [48] and TACE using drug-eluting mi-
crospheres (DEMs) [18]. The first modality involves the delivery
of a mixture of a chemotherapeutic drug and Lipiodol® followed
by the administration of the embolic microspheres. Lipiodol® is
an ethiodized oil derived from Papaver somniferum approved in
1954 by the FDA as contrast agent for imaging tumours in adults
with HCC [49,50]. However, to increase chemotherapeutics reten-
tion at the tumor site and reduce systemic drug exposure, the sec-
ond modality of TACE utilizes DEMs that can act both as a em-
bolic agent and as a drug carrier with the capability of slowly re-
leasing chemotherapeutics locoregionally [51,52]. Pharmacokinetic
studies have evidenced that DEM-TACE, in comparison with con-
ventional TACE, significantly reduced both peak plasma drug con-
centrations and area under the curve, as a subrogate of lim-
ited systemic exposure with subsequent reduced systemic side ef-
fects [53,54]. Nevertheless, in terms of efficacy, the superiority of
DEM-TACE over conventional TACE remains controversial [55,56].
In general, indications of cTACE and DEM-TACE are almost the
same. However, DEM-TACE should be preferable over cTACE for pa-
tients with more advanced disease, poor heart function and im-
paired liver function [53,57]. Conversely, given the higher associ-
ation of DEM-TACE with hepatic locoregional toxicities, cTACE is
deemed to be more appropriate for patients with less advanced
cirrhosis [58].

In general, drug loading may affect the mechanical properties
of the microspheres and therefore affect clinical outcome. For ex-
ample, the presence of drugs might alter the surface characteris-
tics and affect the tendency of the microspheres to aggregate. Be-
sides, drug loading usually reduces the water content of the micro-
spheres, which can affect the density and hence time in suspension
of the product [59,60]. This reduction in the water content comes
together with a decrease in particle size, which tends to be off-
set by the fact that drug loading also increases the elasticity of the
DEMs so that the penetration potential remains largely unaltered
in comparison with their unloaded counterparts [61].

Acta Biomaterialia 149 (2022) 1-15

2.2.1. Drug-eluting microspheres (DEMs) for permanent embolization

Over the last 20 years, four DEMs have been approved for use
in permanent embolizing therapies in Europe (Table 2), although
unlike embolizing agents for TAE, drug-loading microspheres have
not been approved by the FDA. Doxorubicin and irinotecan are
the most frequent drugs authorized for its extemporary incorpora-
tion into DEMs prior to administration. However, there are embolic
microspheres that exceptionally are authorized to be loaded with
idarubicin and epirubicin in addition to doxorubicin and irinotecan
[14].

Among the four permanent DEMs approved for TACE, two of
them were approved in the 2000s and two in the 2010s. On
the one hand, DC (Drug Capable) Bead® and HepaSphere® re-
ceived authorization in Europe in 2003 and 2005, respectively. DC
Bead® stems from LC Bead®, so both are composed of PVA hy-
drogel cross-linked with acrylic polymer. The higher content of
acrylic polymer with negatively charged sulfonate groups in LC
Bead® in comparison with Bead Block® enables the loading of
positively charged chemotherapeutics via ion-exchange upon sub-
mersion of the microspheres in a solution of the drug to obtain DC
Bead® [62-64]. Conversely, HepaSphere® are superabsorbent mi-
crospheres composed of a copolymer of vinyl alcohol and methyl
acrylate with negatively charged carboxylic groups. They are sup-
plied dry and swell 4-fold upon hydration. Indeed, unlike DC
Bead®, the drug loading mechanism of HepaSphere® is swelling,
so that when the dry microsphere gets in contact with an aqueous
solution containing the drug of interest, it quickly swells up and
drags the drug together with water into it. Then, electrostatic in-
teractions between the drug and the carboxylic groups maintain
the drug within the microsphere [65]. As a result, both micro-
spheres are authorized for loading with the cationic drugs doxoru-
bicin or irinotecan. Both microspheres show similar loading pro-
files in terms of encapsulation efficiencies, i.e., 98 and 100% for
doxorubicin and 93 and 90% for irinotecan in DC Bead® and Hep-
asphere®, respectively [61]. According to the technical recommen-
dations for DC Bead®, its maximum drug loading capability is 25-
37.5 mg/mL for doxorubicin and 50 mg/mL for irinotecan [66]. In
the case of Hepasphere®, the maximum loadable amount of drug
is referred to the dry amount of microspheres per vial as pro-
vided by the manufacturer (namely, 75 mg of doxorubicin/25 mg
of dry microspheres or 100 mg of irinotecan/25 mg of dry micro-
spheres). Nonetheless, the in vitro drug release profiles in saline
by using a pharmacopeia flow-through apparatus were different for
both drugs: whereas irinotecan, with little interaction with the mi-
crospheres rapidly achieved complete release from both DC Bead®
and Hepasphere® within 2-3 h, doxorubicin, with higher affinity
for the negatively-charged microspheres, took longer to achieve
a partial release of only 20-25% of the dose over 1 week from
both DC Bead® and Hepasphere® [61]. Moreover, in the case of
doxorubicin-loaded DC Bead®, it has been evidenced that smaller
microspheres display faster release rates in comparison with larger
microspheres due to their higher surface area [67].

On the other hand, two additional permanent DEMs were au-
thorized in the European Union for TACE in the 2010 decade: Em-
bozene Tandem® and LifePearl®, marketed in 2012 and 2015, re-
spectively.

Embozene Tandem® are polymethacrylate hydrogel micro-
spheres coated with Polyzene-F pioneeringly manufactured with
tighter size distributions and smaller particle sizes than their TAE
counterparts (i.e., Embozene®) to achieve more distal intratumoral
embolization. Remarkably, as a result, Embozene Tandem® is only
available in three distinct size ranges in comparison to the ten
sizes in which its TAE counterpart is available. Analogously to the
aforementioned DEMs, Embozene Tandem® has been authorised
for loading doxorubicin and irinotecan. The mechanism of drug
loading in Embozene Tandem® is ionic interaction between the
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negatively charged carboxylate binding groups on its hydrogel ma-
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doxorubicin provide positive clinical outcomes for HCC [72,75,76].
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2.2.2. Biodegradable drug-eluting microspheres for TACE

The development of biodegradable microspheres for TAE (see
Section 2.1.2) represented an important milestone. As a result of
this, the possibility of developing the same type of microspheres
with drug-loading capacity was proposed [77,78]. The rationale is
that all the advantages of temporary embolization (such as reduced
liver damage and avoidance of ischemia-induced neovasculariza-
tion) and of DEMs (such as increased drug concentrations at the
tumor site and fewer systemic side effects) could be merged in one
pioneering system to improve clinical outcome and patient’s qual-
ity of life. When developing biodegradable DEMs. it should be con-
sidered that drug release times must occur within the timeframe
of microsphere degradation times to avoid unexpected drug bursts
[79]. In 2020, BioPearl® was introduced in the market of the Eu-
ropean Union as the first biodegradable DEM authorized for the
treatment of HCC. According to manufacturer’s information, Bio-
Pearl® is loadable with three distinct chemotherapeutic drugs (i.e.,
doxorubicin, idarubicin and epirubicin) Unfortunately, no further
information is available to date except that a post market follow-
up study (BioPearl-FIRST) has just been launched to confirm the
safety and efficacy of doxorubicin-loaded BioPearl® microspheres
(NCT04231929).

2.2.3. Imageable drug-eluting microspheres for TACE

In the same vein as microspheres authorized for TAE, one of
the drawbacks of the previous DEMs is that they are radiolu-
cent and thus their distribution cannot be directly tracked. To ad-
dress this issue, the formulation of DEMs has been tailored to
produce intrinsically X-ray imageable DEMs by incorporating ra-
diopaque moieties together with chemotherapeutics. Altogether,
radiopaque DEMs allows real-time tracking of the extent of ves-
sel occlusion to early identify undertreated regions of a tumor as
microsphere imaging has been demonstrated to serve as a surro-
gate for drug levels. Indeed, in a study with doxorubicin-loaded ra-
diopaque DEMs, Mikhail et al., pioneeringly demonstrated the pos-
itive linear correlation (0.950) existing between microsphere vol-
ume measured on computed tomography images and doxorubicin
content measured through fluorescence microscopy in rabbit VX2
liver tumours 1 hour after embolization [80]. DC Bead LUMI™ is
the only radiopaque DEM available in the market [45,81]. It was
authorized in 2015 and has the same composition as DC Bead®
(i.e., it causes permanent embolization) except that part of the
hydroxyl functional groups are conjugated with an iodine deriva-
tive to gain X-ray imageability. Analogously to DC Bead®, DC Bead
LUMI™ s authorized to be loaded with doxorubicin and irinote-
can. Remarkably, unlike DC Bead®, DC Bead LUMI™ does not
shrink upon loading of either doxorubicin or irinotecan at their
maximum recommended levels [45]. However, this fact may be
due to the smaller original size of DC Bead LUMI™ in compar-
ison with DC Bead®, where the actual shrinkage in the average
microsphere diameter was more pronounced for larger sizes and
less significant for 100-300 pm-sized DC Bead® [63]. With the
same mechanism for drug loading as DC Bead® based on ion-
exchange between sulfonic acid groups on the matrix and posi-
tively charged amine groups of doxorubicin and irinotecan, release
profiles for both drugs from DC Bead LUMI™ showed complete
doxorubicin release over approximately 2 weeks and much faster
irinotecan release within just few hours. However, for equally sized
microspheres, because of the increased hydrophobicity of the DC
Bead LUMI™ hydrogel matrix, elution profiles for both doxoru-
bicin and irinotecan were slightly delayed in comparison with
those from DC Bead®. [45]. DC Bead LUMI™ shows appropri-
ate catheter deliverability and imageability both on intraprocedu-
ral fluoroscopy, and on follow-up computed tomography [82,83].
There are still few clinical trials that have studied the safety and
efficacy of these radiopaque microspheres but those that exist have

Acta Biomaterialia 149 (2022) 1-15

shown promising efficacy and tolerability with side effects of mild
intensity [82,84].

2.3. Commercially available embolic microspheres for trans-arterial
radioembolization (TARE)

Trans-arterial radioembolization (TARE), also known as ra-
dioembolization or as selective internal-radiation therapy, is an
intra-arterial procedure performed by the interventional radiologist
for the treatment of primary and secondary hepatic cancers, in-
cluding HCC, associated with high therapeutic efficacy and low rate
of adverse events [85,86G]. It essentially consists of the intra-arterial
injection of micron-sized embolic particles loaded with a radioiso-
tope to locally increase the dose of radiation in the tumor with mi-
nor radiation-induced hepatic damage. Unlike the DEMs approved
for TACE, in these microspheres the radioisotope is already sup-
plied incorporated in the microsphere itself. This fact provides two
important advantages over DEMs for TACE. Firstly, the extempora-
neous loading phase of the therapeutic agent prior to administra-
tion, characteristic of DEMs, is eliminated providing therefore rapid
intraprocedural access to loaded microspheres. Secondly, the reg-
ulatory discrepancies that exist for DEMs, where extemporaneous
drug loading is only authorized in some European and Asian coun-
tries, disappear.

Several clinical trials support that TARE may provide some clin-
ical benefits over TACE in the treatment of HCC. One clinical trial
compared 123 patients assigned to TARE and 122 patients receiv-
ing TACE. Results showed longer time to progression (13.3 months
vs 8.4 months) and less incidence of complications in patients af-
ter treatment with TARE, although no difference in overall survival
was reported [87]. However, the potential irradiation of nontarget
liver tissues, the complexity of the procedure and high costs are
obstacles that impede the widespread use of TARE [88].

There are various microspheres loaded with radioisotopes au-
thorized for the treatment of HCC (Table 3). Among the different
radioisotopes available, Yttrium® (Y?0), which is the most used
for radioembolization, emits B-radiation with a tissue penetration
that ranges from 2.5 mm to 11 mm. Differently, other radioiso-
topes such as Holmium166 (166Ho) are showing promising poten-
tial. 16Ho emits 8 and y -radiation with a tissue penetration that
ranges from 2.5 mm to 8.7 mm. Y?° and Ho!66 have a half-life of
2.7 and 1.2 days, respectively [89].

2.3.1. Radiolabeled microspheres for permanent embolization

Currently, there are two commercially available radioembolic
agents approved for permanent TARE and both are loaded with
90Y (Table 3). The first one is TheraSphere®, authorized since 1999
by the FDA as a humanitarian exemption device- based on proven
safety and potential clinical benefit and since 2014 in Europe. In
2021, the FDA has finally granted TheraSphere premarket approval
for HCC. The second one is SIR-Spheres®, authorized in 2002 both
in the USA and Europe. Both microspheres can deliver high doses
of radiation, resulting in cell death and tumor necrosis [89,90].

On the one hand, TheraSphere® consist of radioactive 0Y in-
tegrated within an oxide-aluminosilicate non-biodegradable glass
matrix [91,92]. Their mean sphere diameter ranges from 20 to 30
pm. The final product has a specific activity of 2500 Bq per sphere
and is supplied in six activity sizes (3, 5, 7, 10, 15, and 20 GBq).
As a result, the number of microspheres supplied in each vial is
proportional to the activity size (i.e., 3 and 20 GBq vials contain
approximately 1.2 and 8 million microspheres, respectively [93].

On the other hand, SIR-spheres® are cation exchange resin mi-
crospheres with 20Y adsorbed in the resin matrix [94]. In this case,
the mean sphere diameter ranges between 20 and 60 pm. Each
vial contains approximately 45 million microspheres [95]. Tradi-
tionally, the final product was provided with a maximum specific
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Table 3
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Authorized radiolabelled microspheres for TARE in the treatment of HCC. SPECT/CT: Single-photon emission computed tomography/ computed tomography; MRI: magnetic

resonance imaging.

First Type of Degradation Imaging
Trade name Manufacturer authorization Material embolization time Size (um) technique
TheraSpheres® Boston Scientific 1999 glass permanent - 20-30 SPECT/CT
SIR-Spheres® SIRTeX 2002 resin permanent - 20-60 SPECT/CT
QuiremSpheres® Terumo 2015 polylactic acid transient > 1 year 15-60 SPECT/CT, MRI

activity of 75 Bq per microsphere supplied as a single 3 GBq dose.
Nonetheless, the manufacturing company has recently enabled the
FLEXdose delivery program which introduces three delivery op-
tions supplied with 7.3, 5.6 or 4.3 GBq (i.e., 3-, 2- or 1-day pre-
calibration, respectively) to deliver the same activity with more or
less spheres [96].

Due to their physical differences, these microspheres will have
different clinical performance [93]. For instance, as SIR-Spheres®
have high embolic power compared to TheraSphere® (45 million
vs up to 8 million of microspheres), it is possible to achieve a
higher and more homogeneous coverage of the tumor with SIR-
Spheres® when compared with TheraSphere®. Nonetheless, per-
forming TARE with a limited number of microspheres may be less
toxic, preventing the microspheres from reaching healthy liver tis-
sue [97-99]. Indeed, although strong evidence from phase III trials
comparing the efficacy of both 2°Y microspheres is not yet avail-
able, results from 31 observational studies that compared Thera-
Spheres® and SIR-Spheres® showed that more patients treated
with SIR-Spheres® reported gastrointestinal and pulmonary ad-
verse events. However, in terms of post-embolization syndrome,
both 90Y microspheres showed a similar safety profile [97].

The safety of TARE must also control the exposure dose to the
medical staff and family members as following treatment with
radiolabeled microspheres, patients become a source of radiation
that could potentially affect people around them. Although during
the week following radioembolization, patients are encouraged to
limit social contact to maintain the exposure to other individuals
as low as possible, it has been evidenced that patients treated with
90Y glass and resin microspheres were within current US Nuclear
Regulatory Commission regulations for release without instructions
[100]. Likewise, after adequate training, medical staff (i.e., radio-
pharmacists, nuclear medicine physicians and interventional radi-
ologists) are exposed to safe levels of radiation during preparation
and administration of radiolabelled embolic microspheres. Impor-
tantly, their exposure to radiation was lower with radiolabelled mi-
crospheres than with treatments using iodinated-lipiodol [101].

2.3.2. Biodegradable and imageable radiolabeled microspheres for
TARE

Alternatively, a new type of microspheres labelled with 66Ho
entered the European market in 2015. They are authorized un-
der the trade name of QuiremSpheres® and are the first micro-
spheres made of poly-L-lactic acid. For the process of labeling
with 166Ho, a chemical complex is first formed between 56Ho and
acetyl-acetonate, which acts as a chelating agent. Then, the com-
plex is mixed with the poly-L-lactic acid dissolved in chloroform
and added to an aqueous solution of 1% polyvinyl alcohol to pre-
pare the final microspheres by the solvent displacement technique
[102].

Poly-L-lactic acid is a biodegradable polymer. However, it has
been evidenced that no significant degradation occurs within the
first year, which is a considerable low degradation rate to be con-
sidered truly biodegradable microspheres [103,104]. Their mean
sphere diameter ranges from 15 to 60 pum. The final product has
a maximum specific activity of 450 Bq per microsphere and the
number of microspheres is 30 million per vial.

More importantly, QuiremSpheres® present a significant advan-
tage over the 20Y microspheres in terms of radiopacity. Certainly,
imaging properties are of highly importance for evaluating the
distribution in the targeted tissues and for a quantitative assess-
ment of the dose deposition. Both isotopes (°°Y and 66Ho) emit
B-radiation that can be visualised by imaging techniques such as
single-photon emission computed tomography (SPECT)/computed
tomography (CT) [105]. However, %6Ho additionally emits y radia-
tion and has paramagnetic properties, which allows it to be imaged
both by SPECT and magnetic resonance imaging (MRI). For this
reason, the visualization capacity provided by '6Ho in Quirem-
Spheres® is of higher quality and accuracy compared to °Y mi-
crospheres [106].

3. Embolic microspheres for the treatment of liver cancer
under clinical investigation

Given the versatility of DEMs for TACE, which can be loaded
with distinct drugs extemporaneously, most of the new active clin-
ical investigations have mostly focused on embolic microspheres
for TACE over those for TAE or TARE [30]. Only clinical trials with
embolic microspheres in different combinations than those already
authorized and that are registered in the clinical trials.gov database
are here discussed (Table 4).

Among CE-marked embolic microspheres, optimization of TACE
in HCC has largely focused heretofore on the development of dis-
tinct DEMs almost exclusively loaded with doxorubicin or irinote-
can, although their superiority over other drugs remains elusive.
In this regard, DC Bead® has entered clinical trials to evaluate its
efficacy with chemotherapeutics other than those that have been
CE-marked for chemoembolization.

Idarubicin can be efficiently loaded into DC Bead® through
the ionic interaction between the positively charged protonated
amine group of idarubicin and the negatively charged sulphonate
group of the microspheres. Two single-arm clinical trials evaluat-
ing idarubicin-loaded DC Bead® have been registered on clinical-
trials.gov, namely the phase I trial IDASPHERE (NCT01040559) and
the phase II study IDASPHERE II (NCT02185768).

In both cases, microspheres were loaded with idarubicin for
60 min in aseptic conditions at the hospital pharmacy prior to
TACE. The IDASPHERE trial was conducted in cirrhotic patients
with unresectable nonmetastatic hepatocellular carcinoma (n = 21)
with a single administration of idarubicin-loaded 300-500 pm-
sized DC Bead® [107]. The maximum tolerated dose of idarubicin
was 10 mg. The 2-month objective response rate was 52%, which
equated the rate reported for patients from the doxorubicin-loaded
DC bead® arm of the PRECISION V trial, namely the largest phase
I study published to date comparing DEM-TACE with conventional
TACE [53]. Moreover, the median time to progression and the over-
all survival in the IDASPHERE trial were 12.1 and 24.5 months, re-
spectively, which was encouraging as 2-year survival is rarely ob-
served in TACE trials.

Given the promising clinical results of the IDASPHERE trial, the
IDASPHERE I trial was subsequently conducted in patients with
unresectable hepatocellular carcinoma (n = 44) through chemoem-
bolization with idarubicin-loaded 100-300 pm-sized DC Bead® ev-
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Table 4

Embolic microspheres for the treatment of liver cancer in NCT-numbered clinical studies.
Embolic microsphere Drug Condition NCT number Status
DC Bead Idarubicin Unresectable hepatocellular carcinoma NCT01040559 (IDASPHERE) Completed
DC Bead Idarubicin Unresectable hepatocellular carcinoma NCT02185768 (IDASPHERE II) Completed
Callispheres Doxorubicin or Hepatocellular carcinoma, intrahepatic NCT03317483 (CTILC) Completed

irinotecan cholangiocarcinoma, secondary liver cancer

Callispheres Oxaliplatin Inoperable neuroendocrine neoplasm liver metastases NCT03881306 Recruiting

ery 4-8 weeks [108]. In the IDASPHERE II trial, smaller drug-
eluting DC Bead® was used as smaller sized microspheres al-
low for more distal embolization with an improved safety profile
[109,110]. In this study, the 6-month objective response rate was
maintained at 52% with a median time to progression and a me-
dian overall survival of 9.5 and 18.6 months, respectively. The IDA-
SPHERE 1I trial was stopped for efficacy at the interim analysis be-
cause 23 patients had an objective response at 6 months. In con-
clusion, idarubicin-eluting DC Bead® confirmed a promising clini-
cal response when used as a TACE regimen for unresectable hepa-
tocellular carcinoma.

Initial clinical experience is also being gained with Calli-
Spheres® in recent years. Callispheres® are non-resorbable em-
bolic microspheres made of a macromer derived from PVA that
are available in a range of sizes (from 100 to 1200 pm). These
microspheres are negatively charged, so that they can be loaded
with positively charged chemotherapeutic drugs. In the CTILC co-
hort prospective study (NCT03317483), 300-500 pm-sized Calli-
Spheres loaded with doxorubicin or irinotecan were evaluated for
TACE in patients with liver cancer including hepatocellular carci-
noma (n = 275), intrahepatic cholangiocarcinoma (n = 37) and sec-
ondary liver cancer (n = 55). After 1-3 months, treatment response
was assessed resulting in an objective response rate of 79.6%. This
objective response rate was slightly higher in primary HCC patients
(83.6%) compared with primary intrahepatic cholangiocarcinoma
(67.6%) and secondary liver cancer patients (67.3%), suggesting that
primary HCC patients could benefit more from DEM-TACE than the
other groups. However, no differences in overall survival (384 days)
were observed among the distinct liver cancer conditions [111].

A new phase 2 clinical trial which uses CalliSpheres loaded with
oxaliplatin (DEBOXA) for TACE is currently recruiting patients to
study their safety and effectiveness in treating inoperable neuroen-
docrine neoplasm liver metastases (NCT03881306).

4. Combination therapies with embolic microspheres for the
treatment of liver cancer under clinical investigation

Embolization therapies with microspheres have also started be-
ing tested in clinical trials in conjunction with systemic therapies
for HCC. Tyrosine kinase inhibitors (TKIs) currently constitute the
first-line systemic treatment for HCC. Among them, sorafenib is
considered the standard of care for advanced-stage HCC since 2008
[112,113]. As sorafenib and TACE are both recommended therapies
for HCC, the combination of both has been hypothesized to be syn-
ergistic. The rationale for this combination is supported by the fact
that liver embolization generates hypoxia and triggers the release
of angiogenic factors, increasing therefore the risk of revascular-
ization and recurrence, while TKIs are multikinase inhibitors with
anti-angiogenic effects [114,115].

For this reason, various phase III clinical trials have studied the
combination of both therapeutic strategies. First, Kudo et al. re-
ported a phase III multi-center randomized study that included
458 patients which were treated with sorafenib after cTACE [116].
Unfortunately, neither the primary nor the secondary endpoint
(i.e., time to progression and overall survival, respectively) were
met, as results showed that sorafenib did not significantly pro-

long any of those over placebo. Subsequently, Meyer et al. inves-
tigated in another phase III clinical trial whether the combination
of DEM-TACE with sorafenib suppresses tumor progression and ex-
tends progression-free survival in 313 patients [117]. However, also
in this case no statistical difference in progression-free survival
was observed over placebo, concluding therefore that the combi-
nation of DEM-TACE and sorafenib did not improve patients’ out-
come compared with DEM-TACE alone. Noticeably, in the phase III
STAH trial, it was also observed in 339 patients with advanced HCC
that the combination of cTACE with sorafenib did not improve the
overall survival compared with sorafenib alone, but this combina-
tion did improve time to progression, progression-free survival and
tumor response rate [118].

Combination of TACE with lenvatinib (namely, the second TKI
approved as first-line treatment for HCC [119]) has likewise been
explored in the phase IIl LAUNCH trial in 338 patients with ad-
vanced HCC, with encouraging data from interim analysis recently
presented [120]. The combination of lenvatinib plus TACE signif-
icantly improved clinical outcomes in terms of overall survival,
progression-free survival and objective response rate compared
with lenvatinib alone. Of note, TACE with either cTACE or DEB-
TACE were allowed in the LAUNCH trial, depending on the con-
dition of each center. In particular, 69% of patients received DEM-
TACE, while the remainder received cTACE.

Additionally, the combination of TACE with alternative TKIs
such as brivanib and oranitib has been investigated separately in
the BRISK-TA and ORIENTAL phase III clinical trials [121,122]. These
trials were intended to evaluate the efficacy of brivanib and oran-
itib after performing TACE in 502 and 889 patients, respectively. In
the case of the BRISK-TA trial, both DEM-TACE and cTACE were al-
lowed in the study protocol, whereas only cTACE was allowed in
the ORIENTAL trial. Nonetheless, no improvement in overall sur-
vival was observed combining TACE neither with brivanib nor with
oranitib.

Alternatively, immune checkpoints inhibitors (ICIs) such as
nivolumab, camrelizumab, pembrolizumab or ipilimumab have re-
cently been introduced as second-line systemic treatment in ad-
vanced HCC [123,124]. They are inhibitory drugs able to restore
or enhance the killing effect of immune cells on tumor cells. On
this basis, the combination of these immune agents with locore-
gional treatments such as embolization therapy is being assessed
under clinical trials. In this regard, the phase Il TACE-3 trial eval-
uating nivolumab in combination with TAE/TACE for intermediate
stage HCC is still ongoing (NCT04268888), so it is still too early
to evaluate whether this combinatory regimen offers a significant
improvement in safety and efficacy for patients with HCC.

Further efforts to enhance the efficacy of embolization therapies
include their combination with two or more different kinds of sys-
temic therapies (i.e., TKIs + ICIs -NCT04246177 [125], NCT0505633,
NCT05301842, NCT05320692-; the FDA-approved combination
treatment for HCC consisting of atezolizumab plus bevacizumab -
NCT04246177- or alternative combinations - NCT0377895-). How-
ever, results from all these phase III trials are still pending as they
are currently ongoing.

In comparison with TACE, the combination of TARE with sys-
temic therapy is lagging behind as it has not reached phase III tri-
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als yet. Only the phase II SORAMIC trial has been completed eval-
uating the combination of sorafenib with SIR-Spheres in 424 pa-
tients with advanced HCC. However, results did not show a signifi-
cant improvement in overall survival in comparison with sorafenib
alone [126].

Altogether, despite the positive outcomes obtained with the use
of TKIs/ICIs in monotherapy for HCC, most of the clinical trials
evaluating the combination of TACE/TARE with TKIs have failed to
meet their primary endpoints in terms of overall survival. However,
there are many phase III trials still ongoing that will enable the ef-
ficacy of the combination of embolization therapies with ICIs and
alternative TKIs to be evaluated in the future. In this regard, the
interim analysis from the latest trial has shown promising results
stemming from the combination of TACE with lenvatinib. More-
over, subgroup analyses of existing trials may also give indications
to support the design of future studies using the combination of
locoregional embolization and systemic therapies.

5. Outlook

TACE is currently the recommended first-line therapy for pa-
tients with intermediate-stage HCC [127,128], although, according
to a recent survey, 40% of TACEs in daily clinical practice are per-
formed also in patients with early-stage HCC as a bridge to liver
transplantation or, more rarely, in patients with advanced-stage
HCC [129]. The use of DEM-TACE has shown similar benefit to
CTACE, although in terms of systemic side effects DEM-TACE is pre-
ferred over cTACE [53,56]. Several cost-effectiveness studies have
consistently demonstrated the lower overall treatment costs per
patient in favor of DEM-TACE compared with cTACE [130-132]. For
example, Vadot et al. reported a significantly shorter mean hospi-
tal duration for patients who received DEM-TACE [130]. Cuchetti
et al. concluded that cTACE patients more frequently experienced
postembolization syndrome, had a longer hospitalization and a
shorter life expectancy than patients treated with DEM-TACE (3.3
years vs. 4 years) [131]. Finally, Fateen et al. observed that patients
undergoing DEM-TACE required fewer procedures over the studied
period [132]. Altogether, DEM-TACE should be the TACE technique
of choice at least in clinical trials, due to the higher standardized
and reproducible methodology and the lower systemic drug levels
in comparison with cTACE [133].

Even though overall survival and progression free survival ob-
served for both TAE and TACE are not statistically different [18] the
truth is that very few institutions perform TAE as their standard of
care for intermediate-stage HCC patients.

TARE using microspheres is indicated for the treatment of pa-
tients with locally advanced HCC, although its performance is more
demanding than TACE and is therefore less available [128]. A cost-
effectiveness study comparing TARE with cTACE revealed that ra-
dioembolization costs seem to be justified for patients with more
advanced stages of HCC. In fact, as the overall cost of treatment
strongly depend on the total number of procedures, the treatment
of advanced HCC is more likely to involve multiple TARE or cTACE
procedures, ultimately leading to higher costs in both treatments
but with higher survival benefit after radioembolization [134].

Altogether, as a proof of their translational potential, the dis-
tinct modalities of particle embolization reviewed herein are cur-
rently used in the clinical setting. In both DEM-TACE and TARE,
microspheres serve both as an embolic and a locoregional drug
or radiopharmaceutical delivery vehicle to the tumor feeding ves-
sels. Currently, there are 13 microspheres commercially available
for TAE (59.1% of marketed embolic microspheres), 6 for TACE
(27.3%) and 3 for TARE (13.6%). Whereas all of them have been
granted CE marking, no DEM has been approved by the FDA. The
ever-increasing functionality incorporated to embolic microspheres
over the last decades such as degradability and X-ray imageabil-
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ity has not distributed uniformly among the distinct type of em-
bolotherapies. On the one hand, biodegradable microspheres ac-
count for 30.8%, 16.7% and 33.3% (considering QuiremSpheres®
as biodegradable despite their prolonged degradation times) of
the microspheres marketed for TAE, TACE and TARE, respectively.
On the other hand, radiopaque microspheres for post-procedural
follow-up represent 15.4%, 16.6% and 100% of the microspheres
marketed for TAE, TACE and TARE, respectively.

Marketed embolic microspheres vary in material composition
and mechanical properties (such as size, ability to deform, re-
silience, density, or flow behavior), which ultimately affect their
clinical outcome as they dictate the extent and the duration of
occlusion. For this reason, upon modification with the introduc-
tion of imaging or drug/radiopharmaceutical loading capabilities,
the mechanical properties of microspheres must always be com-
pared with their approved counterparts-to verify that the addi-
tional functionalities do not adversely alter their embolic features
[26].

Comparing in broad terms the embolic potential of the distinct
locoregional embolization strategies, it is worth highlighting that
DEM-TACE is usually used for more distal penetration of HCC to
deliver the drug dose within the tumor feeding vessels [26]. This
is the reason why microspheres for DEM-TACE are overall manu-
factured in smaller sizes than their TAE counterparts.

Concerning the microspheres for TARE, their size is the smallest
(20-60 pm range) among the three types of locoregional therapy,
which explains why this procedure provides most of its therapeutic
effect via radiation rather than via embolization [19]. Indeed, due
to their minimal level of embolic effect, TARE is highly dependent
on hemodynamics. As a result of this lower embolic effect, TARE is
particularly indicated for HCC patients with portal vein thrombosis,
although, in return, TARE is contraindicated in case of hepatopul-
monary or hepato-enteric shunts due to the higher likelihood of
unintended non-target embolization given the small microsphere
size.

The future directions in the development of novel embolic mi-
crospheres are likely to be determined not only by the unmet clin-
ical needs but also to a great extent by the distinct regulatory re-
quirements based on their material composition and intended use.

Given that their principal intended action is physical occlu-
sion of a blood vessel feeding a tumor, embolic microspheres are
considered medical devices. Microspheres intended for permanent
bland embolization are regulated in Europe as implantable class
IIb devices under the Regulation (EU) 2017/745 of the European
Parliament and of the Council on medical devices (MDR) requiring
a conformity assessment by a notified body, whereas in the USA
they are regulated as class Il medical devices requiring a Premar-
ket Notification 510(k) by the FDA that demonstrate that the device
is substantially equivalent to a previous one (i.e., predicate device)
legally in commercial distribution. The addition of biodegradable
features to embolic microspheres intended for bland embolization
puts them at the highest risk class possible (class III devices) ac-
cording to the European MDR because they are implantable devices
to be absorbed with the subsequent obligation to demonstrate that
biodegradability does not raise additional safety concerns. These
additional requirements may well account for the fact that current
marketed biodegradable microspheres for TAE are fewer in num-
ber than those marketed for permanent TAE (30.8% versus 69.2%,
respectively). To palliate this hurdle, manufactures often opt to use
biodegradable materials with solid track of use with well-known
breakdown products such as polylactide-co-glycolide derivatives.

Medical devices can be assisted in their principal intended ac-
tions by medicinal substances on an ancillary basis. Indeed, the
incorporation of medicinal substances in medical devices to sup-
port their action is an ever-growing trend [135]. This is also the
case for drug- and radiopharmaceuticals-eluting embolic micro-
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spheres intended for TACE and TARE, respectively. In these cases,
even though the medicinal substance contributes to the therapeu-
tic effect through pharmacological means upon local release, the
principal intended action is still achieved by physical occlusion of
the blood vessel. Taken together, embolic microspheres (intended
either for permanent or transient embolization) including an ancil-
lary medicinal substance, are regulated in Europe as class Il med-
ical devices in virtue of the MDR. Moreover, a favorable scientific
opinion must be provided by a medicinal products authority be-
fore a notified body can issue an EU certificate for the device. On
the contrary, in the USA, drug-eluting microspheres have not been
granted FDA approval yet, whereas microspheres intended for TARE
are regulated as class III devices requiring a Premarket Approval.

The level of clinical evidence required to gain regulatory ap-
provals depends on the type of product. In broad terms, the Pre-
market Approval process is more involved and includes the sub-
mission of clinical data to support claims made for the device,
whereas for microspheres intended for bland embolization, clinical
investigations may not be needed. Given the extensive and costly
nature of clinical studies for manufacturers, this can explain why
DEMs have not been granted FDA approval yet. Analogously, it can
explain why previous clinical investigations have been required for
approval of the distinct microspheres for TARE (i.e., DOSISPHERE-
01 [136], LEGACY [137], HEPAR I [138] or HEPAR II [139] stud-
ies) whereas the first clinical investigation registered in clinicaltri-
als.gov for the latest approved DEMs for TACE such as BioPearl is
a postmarket follow-up study (BioPearl FIRST, NCT0423129). How-
ever, the situation is likely to change in Europe since the full ap-
plication of the MDR on 26th May 2021, as for the first time the
MDR states that clinical investigations shall be performed for all
implantable devices and class Il devices to prove clinical benefit
[140] not only for being issued an EU certificate, but also for their
post-market clinical follow-up, which will need to be updated an-
nually for such devices.

Altogether, this strengthening of the requirements for approval
of new embolic microspheres will lead to a considerable increase
in clinical investigations, which will likely result in additional costs
and more prolonged times for certification that may discourage
manufactures from continuing with some of their market access
strategies for these products. Although the actual impact is yet dif-
ficult to measure, this can ultimately lead to stifle innovation in
the field.

In this context, future innovations in the remit of embolic
microspheres may well be oriented to exploit new combina-
tions of chemotherapeutics and already marketed DEMs to en-
hance the efficacy of TACE. In fact, unlike microspheres for TARE,
which are marketed with the radiopharmaceutical already incorpo-
rated, all currently marketed DEMs for TACE are extemporaneously
loaded immediately before use in the hospital pharmacy by mix-
ing the microspheres with a solution of the drug. This gives higher
versability for inclusion of alternative chemotherapeutics with dis-
tinct mechanisms of action to screen the optimal drug for delivery
with DEMs. A major drawback of currently marketed DEM-TACE is
that they can only be loaded with positively charged chemother-
apeutics due to the anionic character of their polymeric matrixes.
As a proof of it, doxorubicin remains the most used drug for DEM-
TACE despite its abandonment as a systemic therapy for HCC and
in vitro evidence suggesting that other drugs may have greater
efficacy [79]. This limitation has spurred investigational advances
on the development of alternative microspheres for DEM-TACE in-
cluding other drugs such as sorafenib, a hydrophobic non-ionizable
drug, to reduce the incidence of adverse effects in comparison with
its oral administration [141]. To this end, biodegradable PLGA mi-
crospheres have been used as an alternative to commercially avail-
able DEM-TACE hydrogel-based platforms [142-144]. ICIs loaded
into embolic microspheres are also currently under investigation,
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although in this case, given their ionizable nature, loading has been
achieved into commercial LC Bead LUMI® microspheres [145].

Noticeably, new combinations of radiopharmaceuticals and mi-
crospheres are also under investigation for TARE. In this context,
microspheres loaded with 13'] have been developed for investiga-
tional TARE [146-148]. Some of these microspheres are made of
new biodegradable polymers (i.e., silk fibroin or chitosan-collagen
composite) that degrade within a much shorter timeframe in com-
parison with Quiremspheres® (8-12 weeks versus at least 1 year),
overcoming thereby some of its limitations to eventually enable
multiple administrations and prevent ischemia-induced angiogen-
esis [146,148].

Moreover, in parallel to the trend observed in clinical trials
for combination therapies, the combination of distinct therapies
within embolic microspheres is currently under investigation. This
can be achieved either by co-encapsulating two distinct drugs to
combat postembolization hypoxia and prevent neovascularization
[149-151] or by supplementing embolization with a distinct type
of therapy such as photothermal therapy [152] or magnetic abla-
tion [153]. In the same vein, the pioneering combination of TACE
and TARE (under the name of TARCE) in embolic microparticles
loaded with both doxorubicin and 13'I has recently been evaluated
with promising results [147]. However, in these cases, the micro-
spheres sizes were adapted for animal embolization, which makes
them yet too small for translation into clinical practice with a true
embolic effect in humans.

Given the suitability of embolotherapy for hypervascularized
tumors, manufacturers have also started diversifying their appli-
cations to hypervascular tumors other than hepatocellular carci-
noma. In this respect, the development of biodegradable micro-
spheres has expanded therapeutic options to tumors that do not
necessarily have dual blood supply. This is the case, for exam-
ple, of Embocept®, that is also indicated for lung cancer to per-
form transpulmonal embolization. Moreover, some of the currently
available permanent TAE microspheres are also indicated for the
treatment of uterine fibroids and, more recently, for embolization
of prostatic arteries for symptomatic benign prostatic hyperplasia
(Embosphere®, BeadBlock®, Embozene® or HydroPearl®).

Altogether, embolic microspheres have provided added func-
tionality for the physician and improved clinical outcomes for the
patients with the incorporation of biodegradability and imageabil-
ity to the embolic material over the last decades. In the same
vein, embolic microspheres are expected to become more sophis-
ticated to ultimately fulfill the promise of truly personalized ther-
apies through multi-drug loading and real-time multi-parametric
image follow-up in the decades to come.
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