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Abstract
Lipiodol-based transarterial chemoembolization (TACE) has been performed for over 3 decades
for the treatment of solid tumors and describes the infusion of chemotherapeutic agents followed
by embolization with particles. TACE is an effective treatment for inoperable hepatic tumors,
especially hypervascular tumors such as hepatocellular carcinoma. Recently, drug eluting beads
(DEBs), in which a uniform embolic material is loaded with a drug and delivered in a single
image-guided step, have been developed to reduce the variability in a TACE procedure. DEB-
TACE results in localization of drug to targeted tumors while minimizing systemic exposure to
chemotherapeutics. Once localized in the tissue, drug is eluted from the DEB in a controlled
manner and penetrates hundreds of microns of tissue from the DEB surface. Necrosis is evident
surrounding a DEB in tissue days to months after therapy; however, the contribution of drug and
ischemia is currently unknown. Future advances in DEB technology may include image-ability,
DEB size tailored to tumor anatomy and drug combinations.
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1.0 Introduction
Ehrlich’s concept of a “Magic Bullet” [1] has inspired generations of scientists in their
pursuit of drug therapies with improved efficacy and reduced side effects; by more specific
delivery to the target site (at the organ, cell and sub-cellular level). This Holy Grail has
become somewhat of an obsession for the drug delivery community, and when combined
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with the emergence of nanotechnology, has given rise to a vast array of nano drug delivery
systems (DDS) [2]. Common DDS include liposomes [3], micelles [4], and macromolecular
drug carriers [5, 6]. These approaches often use ligands to recognize specific cell surface
motifs [7]. The foundation of nano DDS is based on the enhanced permeability and retention
(EPR) effect for tumor accumulation [8, 9]. The EPR effect describes the passive
accumulation of long circulating DDS in a solid tumor which is due to the greater vascular
permeability and lack of functional lymphatics [10–12]. Despite the advances and promises
nano DDS have demonstrated in vitro and pre-clinically, relatively few have translated into
commercially-successful therapies with proven clinical benefits [8, 13].

Even though device-based DDS (such as Gliadel® and Lupron Depot®) have proven
clinical success [14], they have recently received less attention in the wave of nanomedicine
especially for cancer therapy. Microparticle-based DDS (20μm-1000μm) are relatively
simple to manufacture out of biocompatible materials. These DDS are capable of holding
large quantities of drugs and delivering these drugs in a controlled manner, often well
described by an elution profile. The administration of device-based DDS to a patient is not
as simple or elegant as nano DDS, often requiring surgery or other invasive means.
Alternative administration routes such as the use of intra-arterial infusion has a rich history
of effective clinical practice in cancer therapy for both chemotherapy and radiotherapy (i.e.,
radioembolisation), especially for primary and secondary hepatic malignancies [15–17].
Hepatic arterial infusion of chemotherapy may be very effective when the drug is properly
chosen to be fully extracted by the tissue of interest [18–20] and tumor feeding arteries may
be selected with a catheter by a physician, typically an interventional radiologist. This
review will focus on the use of microparticle-based DDS for the intra-arterial therapy of
solid tumors.

1.1 Basics of transarterial chemoembolization
Transartererial chemoembolization (TACE) has been practiced in patients for over 3 decades
[21, 22] and describes the infusion of chemotherapeutic agents followed by embolic
particles [23]. Although there is no worldwide standard technique, chemotherapeutics may
be emulsified with Lipiodol® which is a radiopaque contrast agent composed of iodinated
ethyl esters of fatty acids from poppyseed oil (37wt% Iodine). This infusion is normally
performed by selecting tumor feeding arteries with a catheter under image guidance (see
Figure 1) [17, 24]. TACE for hepatic malignancies is successful because these tumors have
predominant arterial blood supply while the remaining normal liver perfusion consists
mostly of portal blood flow. This arterial preference may provide some degree of selectivity
to the tumor while limiting ischemic and/or cytotoxic injury to the normal liver parenchyma
due to patent portal blood flow following TACE. The overall goal of TACE is to deliver a
high dose of drug directly to a tumor, prevent drug clearance, and induce ischemic necrosis
of the tumor [17]. Interestingly, some of the initial work by Maeda et al that led to defining
the EPR effect used an intra-arterial delivery route with Lipiodol [25].

1.2 Overview of drug eluting beads in transarterial chemoembolization
Despite the widespread use of TACE, there remains tremendous variability in material
choice and procedural technique, with a lack of clear consensus or standardization [23, 24,
26–28]. For example, there is variability in: 1) type and size of embolic agent, 2) type and
amount of chemotherapeutic agent(s), 3) degree of catheter selectivity (i.e., a measure of
how distal the catheter tip is positioned in an arterial network), and 4) optimal embolization
endpoint (i.e., the reduction in antegrade flow when the procedure is concluded) [29–32].
Recently, drug-eluting beads (DEBs), in which a uniform embolic material is loaded with a
drug and delivered in a single image-guided step, have been used more frequently in the
clinic. This approach is in contrast to “conventional” lipiodol-based TACE where
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chemotherapeutics and embolic agents are often delivered sequentially. DEBs have potential
to simplify and standardize the TACE procedure by first preloading the embolic with drug
followed by controlled drug elution once localized in the target tissue [33–38]. This DEB-
TACE approach also provides simultaneous delivery of the embolic and drug in the target
tissue, ensuring that clearance is minimized when the drug is present.

The DEB is not a new concept. As early as 1983 an excellent review was published by
Tomlinson that highlights some of the important considerations for microsphere drug
delivery including loading, elution, physicochemical properties, and delivery [39]. This was
further expanded upon in a review of microparticulate drug delivery systems for
embolization by Kerr in 1987 [40]. Over around a twenty year period following these
reviews, a large number of reports can be found in the literature covering in vitro, pre-
clinical and even clinical studies utilizing drug-loaded microspheres for chemoembolization,
some of which are summarized in a book chapter by Lewis [41]. These studies used
microspheres composed of either non-degradable and degradable systems based on synthetic
polymers such as poly(lactic/glycolic acid), poly(hydroxybutyrate), ethylene vinyl acetate,
or natural materials such as albumin, gelatin, chitosan or aliginate; with microsphere sizes
falling roughly into two categories- 15–60 μm and 100–250 μm. Drugs of choice included
doxorubicin, mitomycin C, cisplatin, methotrexate and paclitaxel amongst many others, with
a drug loading range of 1–65wt% [41]. Clearly, given the variability of embolization
technique, microsphere materials and drug identity between studies, there was little evidence
generated to indicate improved efficacy of one system over another.

The use of DEB in TACE was reinvigorated in 2007 by two clinical reports demonstrating
safety and efficacy (i.e. clinical response) [42, 43]. One of the most common DEB in clinical
use today is DC Bead® (DC Bead, Biocompatibles UK Ltd, known as LC Bead® in the
USA) [37, 44], which is the primary focus of this review as more published data is available.
Since 2005, there have been over 70,000 clinical treatments worldwide with DC Bead.
DEB-TACE using DC Bead is most commonly performed with Doxorubicin (known as
DEBDOX™) or Irinotecan (known as DEBIRI™). HepaSphere® (Merit Medical, known as
QuadraSphere® in the USA) is another commercially available DEB in clinical use [45–50].
Additional studies are warranted to investigate the difference between these two DEB
technologies.

1.3 Clinical evidence for TACE and DEB-TACE
TACE has been practiced around the world for many years largely driven by each
physician’s experience, using techniques that vary considerably from one hospital to the
next. Sporadic reports supported the benefit of TACE but it was not until 2002 that two
independently conducted randomized controlled trials demonstrated a statistically significant
survival benefit for conventional Lipiodol-based TACE versus best supportive care [51, 52].
Later, with the introduction of DEB into the clinic, two phase I/II studies to determine safety
and the pharmacokinetic profile for DEB-TACE were performed [42, 43]. Importantly,
DEB-TACE significantly reduced the peak plasma drug concentration and area under the
curve versus conventional Lipiodol-based TACE or hepatic arterial infusion (see Figure 2),
as evidenced by both pre-clinical (Figure 2B) [53] and these human clinical studies (Figure
2A) [42, 43]. These data suggest that the reduced systemic toxicity observed in DEB-TACE
may be due to the limited systemic exposure of this locoregional therapy.

1.3.1 DEB-TACE versus bland embolization and conventional Lipiodol-based
TACE—A randomized clinical trial in 212 patients with HCC demonstrated that DEB-
TACE is better tolerated than conventional Lipiodol-based TACE, and that DEB-TACE was
more effective in patients with more advanced disease (defined as Child-Pugh B, ECOG 1,
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bilobar disease, and recurrent disease) [54]. Although this trial failed to reach statistical
significance, there was a trend in the DEB-TACE group towards better complete response,
objective response, and disease control compared to conventional TACE [54]. A
retrospective study demonstrated that DEB-TACE provided a survival benefit over
treatment with conventional TACE in patients with unresectable HCC [55]. Although the
theory of TACE was built around the concept of trapping chemotherapy in the tumor and
reducing its washout, a pharmacokinetic study performed by Johnson et al demonstrated that
when doxorubicin was emulsified with Lipiodol without an additional embolic, levels in the
systemic circulation were similar post Lipiodol-based TACE to those from simple intra-
arterial hepatic administration of doxorubicin [56]. Recently in a preclinical Vx2 model, it
was demonstrated that Lipiodol deposition in a tumor (measured by CT attenuation) did not
correlate with the amount of doxorubicin delivered to the tumor [57]. These data suggesting
that Lipiodol rapidly releases doxorubicin consistent with in vitro elution assays [37].

A prospective randomized controlled trial also showed that DEB-TACE provided a better
local response, fewer recurrences, and a longer time to progression when compared with
bland beads of the same size, although no statistical difference in overall survival was
observed [58]. In principal, both bland embolization and DEB-TACE should be effective
due to the induced ischemia resulting in an initial response, but it is possible that the drug
provides an added benefit of limiting recurrence or time to progression. In the setting of
metastases to the liver, the drug may be beneficial to treat micro-metastatic liver disease not
apparent on conventional imaging due to selective activity of chemotherapeutics to cancer
cells.

1.3.2 DEB-TACE in HCC—There have been a number of studies that have reported on the
use of DEBDOX to treat HCC, most of which use response rates as a measure of therapeutic
efficacy (usually by either EASL [European Association for the Study of the Liver] or
RECIST [Response Evaluation Criteria in Solid Tumors] criteria). A recent review of the
literature [24] reported on 8 published DEB-TACE studies in a total of 353 HCC patients
and found complete or partial responses at 6 months in the range 44–80.6% (by EASL
criteria). Long-term follow-up is still on-going in some studies but there are very promising
2 year survival rates in the range of 55–91.1 %. A randomized Phase II study (PRECISION
V) reported objective response rate of 52% for DEBDOX vs 44% for Lipiodol-based TACE
(by EASL), which although not statistically significant across the entire patient population,
revealed a significant advantage of DEBDOX for patients with advanced liver disease [54].
DEBDOX is therefore proving to be an effective treatment for HCC, with its use expanding
into other treatment regimes, such as for patients prior to orthotopic liver transplant [59] or
in earlier stage patients in combination with RFA [60, 61].

1.3.3 DEB-TACE in metastatic colorectal carcinoma (mCRC) to the liver—The
use of DEB-TACE to treat mCRC is still in its infancy but growing rapidly [62–64]. The
approach of the technique is fundamentally different for metastatic disease where tumors
may be more diffuse and less vascular than HCC. Irinotecan is the favored drug due to its
activity in colorectal cancer and DEBIRI has been performed as a monotherapy in 3rd line
patients or in combination with systemic therapies in first and second line settings. A more
lobar infusion of smaller sized beads (70–150 or 100–300 μm) of up to 200 mg irinotecan is
preferred over the more super-selective approach to HCC. This lobar infusion is used
because mCRC often presents as more diffuse disease throughout the liver rather than then a
solitary focal lesion that are often found with HCC. Early clinical data are very encouraging,
with local disease control rates of >60% (by modified RECIST criteria) [62–64] with one
study reporting a statistically significant improvement in median overall survival compared
to chemotherapy (FOLFIRI) of 23 versus 15 months [65]. Some patients treated with
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DEBIRI have been subsequently down-staged to surgery, which demonstrates the feasibility
of this treatment in a neoadjuvant setting [66].

1.3.4 DEB-TACE in other malignancies—As DEB-TACE becomes more established
in the treatment of HCC and the early positive results emerge from its use in mCRC therapy,
the approach is also being investigated as a potential therapy in the treatment of a variety of
other liver tumor histologies. It is feasible to treat patients suffering with low-grade
gastroenteropancreatic endocrine tumors, which have metastasized to the liver with
DEBDOX, resulting in response rates of 80% [67]. DEBDOX has also been used in patients
with intrahepatic cholangiocarcinoma, with a response rate of 100% at 3 months [62].
Others have chosen to treat these patients with DEBIRI (sometimes in combination with
systemic therapies) and have demonstrated improved median overall survival for the
combined DEB + systemic regimen compared to chemotherapy alone (17.5 vs. 7.4 months,
P=0.02) [68]. In a study of 10 patients with uveal melanoma metastases to the liver treated
with DEBIRI at a dose of 100mg, all had an objective response, three with a very good
partial response and encouraging survival data given this particularly devastating disease
[69]. Clearly both DEBDOX and DEBIRI have a part to play in the treatment of hepatic
cancers beyond HCC and mCRC.

2. Principles of DEB
2.1. Chemistry

A wide range of synthetic and natural biodegradable polymeric microspheres ranging in
sizes between 10–400 μm, have been described as vehicles for the delivery of a similarly
broad variety of chemotherapeutic agents via intra-arterial administration [41]. Whilst many
of these systems demonstrated some potential efficacy, the development of a commercially-
viable product was hampered by an inability to iterate and therefore optimize the therapy by
selection of appropriate drug, dose, release kinetics (e.g. degradation rate) and delivery
vehicle size. The advent of compressible embolization microspheres available in a series of
calibrated diameters (often defined by a diameter size range) provided an interventional
radiologist with a device that could be delivered through a microcatheter for more
reproducible targeting of tissue lesions [70, 71]. A major advancement was made in 2004
when calibrated microspheres were synthesized that were able to load charged
chemotherapeutic agents by virtue of the inclusion of ionic binding moieties within the
microsphere structure [37]. These so-called drug-capable beads (hence DC Bead) offered the
option for a physician to load a choice of appropriate anticancer drugs, in therapeutically
meaningful doses, into an embolization device with a range of sizes. This has enabled some
degree of standardization of the TACE procedure and potential to identify the most
efficacious combination of drug, dose, size and technique.

The capability to load positively-charged drugs is a consequence of the inclusion of
anionically-charged functional groups pendent to the polymer chains. The microspheres are
formed from a high water content hydrogel based upon polyvinyl alcohol (PVA), a
biocompatible non-biodegraded polymer with proven use in biomedical applications and as
an embolic microparticulate for several decades [72]. The PVA is chemically modified to
create a macromonomer capable of participating in free radical polymerization with acrylic
monomers. An inverse suspension polymerization is used to prepare microspheres of the
PVA-acrylic hydrogel hybrid. By appropriate selection of the acrylic comonomer, various
functionality can be introduced into the polymer network; 2-acrylamido-2-methylpropane
sulfonate (AMPS) was chosen for its potential biocompatibility, thermal stability and the
presence of charged sulfonate groups (Figure 3A).
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The subsequent hydrogel beads have a high water content (>95%) which enables diffusion
of water-soluble small molecules into the network structure. When the molecule is a
positively charged drug, it may interact reversibly with the sulfonate groups by ion-
exchange to displace the sodium counter ion from the AMPS and secure the drug into the
structure by ionic interactions. Evidence for this interaction is provided by Fourier
Transform infra-red spectroscopy, which clearly demonstrated an increasing shift to lower
wavenumber of the sulfonate S=O stretch with increasing amount of drug bound, as shown
in Figure 3B and CError! Reference source not found.. This technique can also be used to
image and map the drug distribution across thin sections of the beads and moreover, that
remaining in beads and tissue using histological slides [73, 74].

2.2. Drug loading and elution
The rate of uptake of a particular drug increased with decreasing size of the beads due to the
relative increase in surface area to volume ratio. As can be seen from Figure 4, when drug is
sequestered into the bead structure, it may change color if the drug itself is colored (as for
doxorubicin which is red (Figure 4b&e), mitoxantrone which is an intense blue (Figure 4c),
or irinotecan which is straw yellow, yielding a turquoise color when loaded into the blue
beads (Figure 4f)). Moreover, as the drug interacts with the bead structure, water is
displaced from the hydrogel, lowering the water content, increasing the compressive
modulus and resulting in a decrease of the average bead diameter [36, 38]. Note in Figure 4
that mitoxantrone (Figure 4c) has two cationic binding groups compared to one for
doxorubicin (Figure 4b) and hence interaction is stronger, resulting in a greater decrease in
diameter. Both of these drugs are anthracene dione derivatives which are conducive for
stacking via pi-pi interactions between the fused aromatic ring systems. These drug-drug
interactions can be the over-riding influence on how tightly the drug will bind within the
bead and hence dictate their overall rate of release.

The subsequent elution profile of a drug may therefore be described as a function of not only
the ionic strength and composition of the elution medium but also dependent upon the nature
and degree of drug-polymer and drug-drug interactions. Again, the size of the beads is an
important determinant of elution rate, as the surface area to volume ratio comes into play.
The rate of release can be determined in vitro by a variety of different elution methods; the
simplest being a USP II apparatus in which all of the drug can be eluted rapidly by selection
of an appropriate elution medium under sink conditions (Figure 5). This technique, whilst
useful from a product development and quality control perspective, offers no insight into
how rapidly the drug might be released in vivo. Various other apparatus such as the USP IV
flow-through cell or T-apparatus have been described, which have been shown by in vitro in
vivo correlation to better predict the fraction of drug that is released into the systemic
circulation following DEB administration [34, 46].

The dose used for DEBDOX is typically 25–37.5 mg doxorubicin/mL of beads, with 2–4
mL of beads generally administered in the treatment of HCC making the total dose in the
range 50–150 mg doxorubicin. For DEBIRI, a loading of 50 mg of irinotecan/mL beads is
recommended, with up to 4mL (200 mg total irinotecan) administered per treatment
(typically for metastatic colorectal cancer to the liver with a lobar infusion), although less
drug than this is commonly used but then on a more frequent repeat schedule.

HepaSphere is composed of a polyvinyl alcohol – acrylic acid superabsorbent copolymer
that can swell up to 64x its initial volume. It interacts with drugs by much the same
mechanism as DC Bead, only via ionic interactions with the carboxylate groups instead of
sulfonate groups. This gives rise to similar elution characteristics when doxorubicin is used
as the drug-drug interactions predominate coulombic forces, whereas interaction between
the carboxylate and irinotecan is particularly weak and hence elution is more rapid [46].
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3. Locoregional drug delivery
Locoregional drug delivery may be clinically warranted when a cancer patient has
unresectable disease. Often systemic therapy may be ineffective or not well tolerated by
these patients. It is important to note that although locoregional drug delivery may be
effective at a local targeted site, there is little evidence that such local therapies may
influence widespread systemic disease. In this regard, it is becoming more common for
systemic therapies, such as sorafenib, sunitinib or everolimus, to be combined with DEB-
TACE; this is currently being evaluated in clinical trials [76]. We will focus our discussion
on liver directed locoregional drug delivery with DEB-TACE. Additional trancatheter intra-
arterial therapies, including embolization, intra-arterial infusion, TACE, DEB-TACE and
radioembolization was recently reviewed [17].

Locoregional drug delivery may be examined at many length scales: whole body, organ/
tissue, tumor and cellular. Figure 2 suggests that most of the delivered dose in DEB-TACE
with doxorubicin is confined to the liver, because the peak plasma drug concentration and
AUC are dramatically reduced with DEB-TACE compared to conventional Lipiodol-based
TACE or intra-arterial infusion. This reduced systemic exposure on whole body scale
implies that DEB-TACE is effective at localizing the drug to the desired organ/tissue. In one
perspective, DEB-TACE may be considered the most extreme EPR effect in that the
commonly used drugs (Doxorubicin and Irinotecan) are sufficiently permeable due to their
physicochemical properties (e.g., low MW) and retention is high since the predominant
clearance route, the blood vessels, are eliminated. However, confining a drug to the desired
organ does not imply that the drug is entirely bioavailable (contained by the bead or free) in
the desired region or targeted cellular population. The following sections will examine the
known data on DEB-TACE and drug location at various length scales as well as the tissue
effects.

3.1. Bead penetration into the tumor
After DEB is infused through a catheter into an artery directed at a tumor, the intension or
belief is that the DEB will be carried by blood flow directly to the tumor. Preferential
arterial supply of the tumor should help tumor selectivity but the final location of the DEB
will depend on the physical interaction of the bead (e.g., size, mechanical and surface
properties) with the tissue (e.g., architecture of the arterial system and blood flow).
Geschwind and colleagues demonstrated in a preclinical Vx2 tumor model that DEB-TACE
provides greater tumor concentration of drug (max = 413.5 nmol/g, at 3 days) than
traditional Lipiodol-based TACE (12–36 nmol/g) [53]. Although the exact location of the
DEB and drug in a tumor or drug bioavailability was unknown, these data motivated the use
of DEB-TACE to provide improved tumor exposure.

Laurent and colleagues recently provided valuable clinical evidence, although in only one
patient, on the DEB location in an explanted liver, as shown in Figure 6 [75]. They
demonstrated that most of the beads are confined within 10 mm of the tumor boundary with
58% of the occluded blood vessels in normal liver and 42% of the occluded blood vessels
found in the tumor with a mean tumor penetration of 3.8 ± 3.7 mm from the tumor
boundary. The mean embolized blood vessel size was 237±135 μm, very comparable to the
size of DEBs used in this patient (100–300μm DC Bead). Although limited data exist, it is
rational that most of the DEBs may be routinely found in the tumor periphery and
surrounding normal tissue due to the size of the DEBs and the enlarged tumor blood vessels
and greater vascularity often found at the tumor margin [75].
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3.2. Drug distribution surrounding DEBs
Once the DEB is delivered to the target tissue, the drug may be eluted into the surrounding
tissue. The spatial distribution of the drug will depend on the drug elution profile as well as
the interaction between the drug and the tissue. The fluorescent properties of doxorubicin
were used to visualize doxorubicin distribution with fluorescence microscopy [77]. Initially,
substantial quantities of drug were contained within the DEB but this diminished
dramatically over 24 hours. Doxorubicin levels within the tissue were greatest immediately
surrounding the DEB and declined over hundreds of microns from the bead surface. Semi-
quantitative image analysis was used to document the penetration of doxorubicin from the
bead surface over 1 week following DEB-TACE as shown in Figure 7. Thirty minutes
following embolization, the drug levels were very high (~30–40 μM) adjacent to the DEB
surface. The overall concentration increased from 30 min to 1 hr, and remained markedly
elevated up to 8 hours following embolization. After 24 hr, the concentration substantially
declined to ~0.5–5.0 μM for distances up to 150 μm from the DEB surface. One week
following embolization, doxorubicin was still detected but the concentration was much
lower. Laurent and coworkers have used microspectrofluorimetry, which is a more rigorous
and quantitative technique, to measure doxorubicin penetration for time periods up to 90
days [73, 75]. The overall shape of the penetration profile is similar to that presented in
Figure 7 suggesting diffusion dominated transport. In resected liver tumors, the mean
concentration surrounding the DEBs ranged from 5 μM at 8 hours to 0.65 μM at 32–36days
[75].

3.3. Tissue effects
It is important to note that drug localized to the tissue in DEB-TACE is not immediately
100% bioavailable. Much of the drug is initially held by the DEB and is then eluted in a
controlled fashion to become bioavailable. Confocal microscopy in Error! Reference
source not found. demonstrates the intracellular uptake and subcellular distribution of
doxorubicin. Doxorubicin was found surrounding normal hepatocytes in swine liver 30 min
after embolization followed by strong nuclear localization by 1 hr that increased up to 8 hr.
Cellular organization and tissue architecture were affected by 24hr with less cellularity
observed by 7 days.

Explanted liver specimens 9–36 days following DEB-TACE often demonstrated
inflammatory-fibrotic tissue as well as coagulative necrosis surrounding the DEBs as shown
in Figure 9. At early timepoints between 9 and 14 days, viable liver parenchyma (8% of
DEBs) and viable tumor (2% of DEBs) was identified. In other patients at 32–36 days
following DEB-TACE, viable tissue disappeared with necrosis observed surrounding 40%
of the DEBs and inflammatory-fibrotic tissue was evident around 60% of the DEBs. The
localization of necrosis and inflammatory fibrosis to the bead proximity suggests an
influence of drug on tissue necrosis but ischemia may also play a significant role.

4. Future directions in DEB-TACE
Although DEB-TACE treatment produced response rates of 44–80.6% in HCC [24] we must
ask how, why and where tumors escape this form of therapy? Escape may be broadly
classified into two categories: incomplete treatment or ineffective treatment. Incomplete
treatment may be due to selecting only a fraction of the tumor feeding arteries to be
embolized, thus leaving substantial blood flow to a portion of the tumor. In addition,
insufficient quantities of the embolic and/or drug may be delivered to a tumor due to
physical properties of a DEB such as unwanted aggregation or too large of a diameter to
access the entire tumor, leaving regions under-dosed. The treatment may be ineffective due
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to tumor cell resistance to drug and/or ischemia. The following sections will describe
advances that may be pursued in the near future to hypothetically improve patient outcomes.

4.1. Image-able DEB-TACE
In contrast to conventional Lipiodol-based TACE, DEB-TACE lacks the intraprocedural
imaging feedback of Lipiodol deposition in the target tumor, which is seen with fluoroscopy
or CT. During DEB-TACE, the embolization process is monitored by detecting changes in
antegrade flow of soluble iodinated contrast in which the DEBs are diluted. The
embolization is continued until a desired embolization endpoint is reached or reflux of
contrast material into non-target vessels is observed, without specific feedback on DEB or
drug location. In order to address this lack of feedback, investigators have developed image-
able spherical beads or other particles that can be visualized with magnetic resonance [78–
83] and X-ray-based (e.g., fluoroscopy and CT) imaging [84, 85] or both [86]. Image-ability
is obtained by trapping the relevant contrast material within the porous particle/bead
structure or chemically attaching contrast to the polymer backbone. Knowledge of bead
distribution during a procedure may provide useful real-time feedback to modify the
intervention and tailor the procedure to a specific patient.

The ability to visualize radiopaque DC bead in vivo during and after transcatheter
embolization procedures was studied in normal swine liver using clinical fluoroscopy and
CT units. Although individual radiopaque beads could not be visualized leaving the catheter
tip with real-time fluoroscopy as is observed for iodinated contrast or conventional
chemoembolization using Lipiodol, their accumulation in branches of the hepatic and renal
arteries was easily visualized with fluoroscopy after approximately 0.4 mL of radiopaque
beads and after approximately 0.2 mL with more sensitive CT imaging. Figure 10 depicts
the three dimensional spatial distribution of the radiopaque beads shown as a surface shaded
display. Radiopaque beads filled the hepatic arterial arborization in a peripheral (furthest
from the catheter tip) to central (closest to the catheter tip) fashion demonstrating a dose
response. This is different from soluble contrast that opacified the hepatic arteries in a
central to peripheral fashion. The discordance between the soluble contrast and the
radiopaque bead images emphasized the utility of radiopaque beads as well as the limitations
of soluble contrast to indicate bead and/or drug location. The use of radiopaque DEBs in
clinical practice may report on embolic location, and since the chemotherapeutics (e.g.,
doxorubicin and irinotecan) are initially held by the DEB, imaging DEB location may also
serve as a surrogate to report on local drug levels, or at least for the location of the drug
source.

4.2. Tailor bead size to tumor arterial anatomy
DEB size is one of the key variables that a physician may select. Image-able DEBs may be
used as a research tool to investigate the influence of DEB size on eventual tissue
localization. Figure 11 shows microCT of swine kidney tissue comparing a more standard
size range DEB (100–300 μm) to a smaller size range version (70–150 μm) of the same
product. The 70–150 μm DEBs penetrated further into the tissue reaching more distal
locations as observed near the renal capsule surface in the axial image of Figure 11.
Furthermore, the spatial frequency or density of 70–150 μm DEBs appeared greater than
100–300 μm beads. In normal arterial architecture, smaller arteries or capillaries are more
spatially frequent to improve the transport of nutrients to tissues. Tumor blood vessel
diameters have reported mean or median values between 12.6 and 55.8 μm but depend on
histology and location [87–90]. The improved density of small DEBs in Figure 11 is logical
since these smaller DEBs are capable of accessing smaller caliber arteries. The penetration
of drug is relatively independent of DEB size [77] suggesting that DEBs with a greater
tissue density have potential to yield greater drug coverage. In swine kidney tissue, drug
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coverage was increased from 10.9 ± 2.1% to 19.0 ± 3.1% (P < 0.05) by decreasing the size
range from 100–300 μm to 70–150 μm [77]. The low level of drug coverage (<20%)
suggests there is substantial room for improved drug coverage with newer DEB
technologies. The initial evidence in the first ~150 patients to be treated with 70–150 μm
DEB suggests that greater DEB volume may be delivered, presumably due to an improved
access to a greater vascular volume for smaller DEBs.

4.3 Integration with imaging guidance
Although TACE is performed under image guidance, most of the technologies and
techniques are borrowed from traditional angiographic procedures. Advancement in TACE-
specific imaging techniques may improve the reproducibility and completeness of TACE.
X-ray fluoroscopy is used to identify the tumor and monitor changes in tumor blood flow
with soluble iodinated contrast, but this assessment is very subjective. Quantitative image
processing algorithms may be applied to an angiogram to assess tumor blood flow and the
degree of stasis [91]. The emergence of cone beam CT, where a traditional C-arm is used to
generate 3D imaging data, may help guide and monitor TACE [92–94]. A combination of
cone beam CT and radiopaque DEBs may allow for intraprocedural determination of DEB
and/or drug spatial distribution. A DEB-TACE procedure may then be modified in real-time
to improve coverage of the entire tumor.

Cone beam CT may also be used to plan and guide a DEB-TACE procedure as shown in
Figure 12 [95]. The tumor can be identified and segmented in a semi-automated fashion
followed by isolation of tumor feeding arteries. In practice, DEB-TACE planners appear to
improve the performance of less experienced physicians and may provide a consistent basis
to standardize a treatment [92]. The widespread use of such imaging technologies may help
standardize TACE but this would require seamless integration into the clinical workflow to
realize the potential clinical impact.

4.4 Degradable drug eluting beads
One question that was raised early in the development of DEB was that of what happens to
the beads once all the chemotherapy has been eluted? In those instances where treatment is
not complete or the tumor recurs, physicians would like to be able to access a tumor on
multiple occasions in order to administer additional DEB-TACE treatments as needed; the
current materials are considered non-biodegradable which led to early objections to DEB
therapy since it may not be possible to re-enter the feeding artery once this artery had been
occluded. However, numerous clinical studies have largely allayed these fears, as it has been
generally proven possible to perform multiple repeat DEB-TACE procedures per patient
[24]. The potential value of biodegradable DEBs for retreatment has therefore been
unfounded, although as with drug eluting stents, there is an undercurrent of opinion that
DEB evolution will eventually move in this biodegradable direction as an essential feature.
This is likely to be driven by the ability to administer difficult-to-deliver drugs that cannot
be delivered via existing non-biodegradable DEB technology, rather than by improvement in
clinical benefits related to biodegradability.

4.5 DEB Combination Therapies
The current state of cancer therapy involves a combination of various treatments including
surgery, chemotherapy and radiation, such as neo-adjuvant chemotherapy prior to surgery. It
is likely that DEB-TACE will evolve into part of a comprehensive treatment for certain
cancer patients, rather than a stand-alone therapy. Logical combinations in the short term
include DEB-TACE and thermal ablative technologies (e.g., radiofrequency ablation, RFA
[96]) or concurrent drug combinations (e.g., systemic [97] or delivered on the DEB).
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DEB-TACE or Lipiodol-based TACE is well suited for combination with other image-
guided locoregional therapies such as RFA [60, 61, 98]. Embolization prior to ablation [61,
98] may reduce tumor perfusion sufficiently to improve size of the ablation by limiting
convective heat loss through blood flow [99, 100]. If DEBs were image -able, documenting
their distribution following DEB-TACE may serve to guide thermal ablation [101], where
the needle can be directed towards tumor tissue with fewer beads and potentially lower drug
levels. Alternatively, treatment may be enhanced by performing DEB-TACE following RFA
[60].

One argument against the use of embolization to treat tumors is that the incomplete kill of
the tumor coupled with hypoxic conditions may lead to the transformation of the cancer
cells into a more malignant phenotype that becomes more aggressive in its invasiveness and
ultimately more difficult to treat effectively. Indeed, there is evidence that the effect of
embolization-induced hypoxia is stabilization of hypoxia-inducible factor – 1α (HIF-1 α)
and subsequent up-regulation of pro-survival genes leading to escape from apoptosis,
expression of vascular endothelial growth factor (VEGF) and recruitment of a new blood
supply [102, 103]. This provides a strong rationale for the combination of DEB-TACE with
agents that block pathways of angiogenesis. Several studies are on-going to evaluate the
combination of DEB-TACE with oral agents such as sorafenib, sunitinib (both multikinase
inhibitors that block VEGF expression by different mechanisms) and everolimus (an
inhibitor of mTOR, a cell-signalling protein known to have influence over HIF-1 α
regulation) in the treatment of patients with HCC [76]. Similarly, in patients with colorectal
metastases to the liver, DEB-TACE is being used to deliver irinotecan locally, in
combination with systemic chemotherapy regimens such as FOLFOX and erbitux [76]. It is
therefore likely, as with most of the successful cancer chemotherapy regimes, that DEB-
TACE will be used as part of a cocktail of anti-cancer agents in order to improve patient
outcomes.

Whilst clinical trials aim to understand if there could be complimentary activity from
combining DEB-TACE with orally-active new agents, it is conceivable there may still be
dose-limiting toxicities that curtail the potential effectiveness of this combination treatment.
One possible approach to overcoming this limitation may be to combine two or more drugs
within the same or different DEBs and locally deliver the drugs concomitantly to a solid
tumor. This may of course, only be a relevant approach where the molecular targets of each
of the active agents can be clearly accessed by locoregional administration and their
biodistribution and bioavailability within the tissue is in the correct timeframe and at the
appropriate tissue concentration in order to bring about synergistic activity. This has been
achieved practically, where combinations of doxorubicin or irinotecan with rapamycin
(contained within individual or the same DEBs) have been shown to have synergistic effects
with in vitro cell culture assays [104, 105]. More sophisticated tumor models and techniques
are required in order to elucidate which drug combinations and at what relative doses may
have such synergistic effects in vivo.

4.6 Protein eluting bead
One problem with current DEB technology is that there is a limit to the amount of drug that
can be delivered and ultimately the number of times the procedure can be performed.
Furthermore, available drugs are largely restricted to small molecules. A unique approach
would be to program cells to deliver a peptide or other biomolecule and encapsulate these
cells into a bead to be delivered intra-arterially. CellBeads® are composed of immortalized
mesenchymal stromal cells that can be engineered to secrete a range of therapeutic proteins,
encapsulated in an immune-protective shell of an ultra-pure alginate biopolymer. The
resulting beads can be made in dimensions from 150–600 μm in size, containing 60–3000
cells per bead. Once implanted, the CellBeads produce the engineered protein, which can
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diffuse across the alginate barrier and into the surrounding tissue [106]. The barrier provides
protection against the host’s immune response, leading to a prolonged therapeutic delivery
period of weeks to months, depending upon the site of implantation. One current application
in pre-clinical evaluation is the use of 150 μm CellBeads for intracoronary delivery post
myocardial infarction [107]. The intracoronary delivery of an embolic cell bead after
myocardial infarction appears counterintuitive at first, but sufficient coronary reserve
appeared to exist. Intracoronary delivery has the advantage of securing the all the cells in
place, whereas for similar delivery of cells alone the retention is very poor. Recent work
suggests the cells remain viable for up to 8 weeks in this xenogeneic setting, which is
considered long enough to have a major impact on myocardial salvage and improvement of
cardiac function. With a limitless range of therapeutic protein possibilities, the CellBead
could be the ultimate DEB of the future.

4.7. Other indications
Many tumors can’t be treated with transcatheter approaches due to limitations of vascular
access or other contraindications. As DEBs essentially act as controlled-release vehicles,
they could be used to treat tumors by direct intratumoral injection. Both doxorubicin and
irinotecan eluting beads have been studied for the treatment of brain tumors in two different
rat models of glioblastoma. The beads used in these preclinical investigations were DC Bead
in the size range 100–300 μm. Whilst both drugs were effective, doxorubicin had a much
narrower therapeutic window beyond which toxicity was severe [108–110]. Irinotecan
eluting beads have been granted orphan drug status in this indication and are about to
undergo first clinical evaluation in patients with recurrent glioblastoma by direct multiple
injections of a DEB suspension into the resection cavity of the excised tumor. Other studies
have shown that both irinotecan and topotecan eluting beads are active towards PSN1
pancreatic cancer cells [111]. Furthermore, additional studies have shown that it is feasible
to administer the beads using endoscopic ultrasound guided needle injection into the
pancreas [112]. Finally, doxorubicin and mitoxantrone eluting beads have demonstrated
activity in pre-clinical mouse models of peritoneal carcinomatosis from colorectal cancer
[113], although the safety of intraperitoneal injections of DEBs would need confirming in
appropriate animal models. An interesting regulatory perspective for these non-arterially
administered indications is that the DEB are classified and regulated as a drug, whereas for
DEB-TACE they are regulated as a device (albeit a drug-device combination product) due to
their primary mode of action being a physical occlusion of the blood vessels.

5.0 Conclusion
DEBs represent a relatively simple DDS that are effective in the treatment of hepatic lesions
with TACE, especially hypervascular tumors such as HCC. Drug loading and elution, as
well as material properties of the DEBs, may be manipulated through rational DDS design.
DEB-TACE results in localization of drug to targeted tumors while minimizing systemic
exposure to chemotherapeutics. Once localized in the tissue, drug is eluted from the DEB in
a controlled manner and penetrates hundreds of microns of tissue from the DEB surface.
Necrosis is evident surrounding a DEB in tissue days to months after therapy; however, the
contribution of drug and ischemia is currently unknown. Future advances in DEB
technology may include image-ability, DEB size tailored to tumor anatomy and drug
combinations.
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Figure 1.
Schematic describing the principles of TACE. Access is gained in the femoral artery (left)
and a hepatic artery is selected by use of a guidewire and a catheter (middle). A
microcatheter is then often positioned a tumor feeding artery (right). From this location,
TACE is performed by infusing a mixture of chemotherapeutics and embolic agents (right).
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Figure 2.
Comparison of doxorubicin pharmacokinetic (PK) profile following conventional Lipiodol-
based TACE (cTACE), intra-arterial infusion (IA) and DEB-TACE using doxorubicin. (A)
Human plasma doxorubicin concentration. (B) Rabbit plasma doxorubicin concentration in a
rabbit Vx-2 tumor model. Note the similarities between (A) and (B) indicating the useful
predictive nature of the animal model for systemic drug levels obtained using DEBs. Direct
comparison between cTACE in part A and IA in part B is not possible. From [44] with
permission.
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Figure 3.
A) Chemical structure of the sulfonate-modified polyvinyl alcohol hydrogel polymer used in
the fabrication of DC Bead. B) and C) Demonstration of the ionic interaction between the
sulfonate groups in DEB (see dashed circle in A) with doxorubicin (B) or irinotecan (C)
using Fourier Transform Infrared Microscopy. Note the shift in the position of the S=O
stretching absorption from higher to lower wavenumber with increasing concentration of
drug bound within the system, denoting a shift from free to bound S=O groups. B and C
courtesy of Dr. J. Namur.
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Figure 4.
Optical micrographs of DEBs. (a) Unloaded 500–700 μm DEB; (b) Doxorubicin (18.2 mg/
mL) loaded 500–700 μm DEB; (c) Mitoxantrone (19.8 mg/mL) loaded 500–700 μm DEB.
Note the effect of mono or divalent drug binding on bead size and the color imparted by the
drug. (d) Unloaded DEB (70–150 μm); (e) Doxorubicin (37.5 mg/mL) loaded DEB (70–150
μm); (f) Irinotecan (50 mg/mL) loaded DEB (70–150 μm). Note that these DEBs (d, e and
f) are much smaller than that used to conduct the early Phase I/II clinical studies with DEB
(b).
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Figure 5.
Comparative release of 25 mg/mL doxorubicin from the various DEB size ranges as
measured by a USP II method using PBS as elution medium under sink conditions at 25°C.
Release is a function of the surface area to volume ratio. Under these conditions, release can
be modeled as approximating to first order [34]. Whilst useful for product development and
QC purposes, this elution test is non-predictive for in vivo drug release, which has been
demonstrated to occur over many weeks to months [73, 75].
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Figure 6.
Distribution of DEB inside or at the periphery of the tumor nodule in a patient transplanted
at 8 hours after DEB-TACE. From [75] with permission.
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Figure 7.
Penetration of doxorubicin in swine liver for 100–300 μm radiopaque drug-eluting beads.
Insert displays a magnified view of the same data to better appreciate the influence of time
(N = 14–34). These DEBs were made radiopaque by the inclusion of Lipiodol inside the
DEBs. From [77] with permission.
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Figure 8.
Doxorubicin distribution surrounding radiopaque DEBs with confocal microscopy.
Doxorubicin (red) and nuclei (blue) levels were adjusted to best appreciate the drug
distribution. All images are identical magnification with 100 μm bar except for the higher
magnification image at 8 hr included in lower right panel (bar = 50 μm). Both 70–150μm
and 100–300 μm radiopaque DEBs are included in this figure. These DEBs were made
radiopaque by the inclusion of Lipiodol inside the DEBs. From [77] with permission.
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Figure 9.
DEB associated with (A) liver parenchyma, (B) inflammatory-fibrotic tissue or (C) necrotic
tissue. Scale bar = 100μm for A, B and C. Modified from [75] with permission. (D) Low
magnification overview of HCC tumor border (tumor on left and Liver on right) with
extensive tumor necrosis. Courtesy of Drs. M. Wassef (Hospital Lariboisière) and S. Citron
(Piedmont Hospital) [75].
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Figure 10.
Detection of radiopaque beads with CT during transcatheter embolization of swine liver.
Representative three-dimensional surface-shaded display (SSD) images of swine liver
reconstructed from data acquired with a clinical 16 detector row CT scanner during
transcatheter embolization with radiopaque beads. The image labeled “Contrast” is from a
pre-embolization transcatheter CT angiogram using dilute contrast. The other images were
obtained following transcatheter embolization of 0.2 mL increments of radiopaque beads
from the same catheter tip location within a lobar branch of the hepatic artery. From [85]
with permission.
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Figure 11.
microCT of swine kidney tissue embolized with radiopaque DEBs. Small size range (70–
150 μm) and large size range (100–300 μm) DEBs are displayed with consistent size
scaling. Small beads penetrate to more distal regions and yield a greater spatial density.
These DEBs were made radiopaque by the inclusion of Lipiodol inside the DEBs. From [77]
with permission.
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Figure 12.
Automatic identification of tumor feeding vessels (red) by a hepatic embolization treatment
planning system. Tumor is indicated by a green circle. From [95] with permission.
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