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Abstract

Minimally invasive transcatheter embolization is a common non-surgical procedure in
interventional radiology used for the deliberate occlusion of blood vessels for the treatment of
diseased or injured vasculature. A wide variety of embolic agents including metallic coils,
calibrated microspheres and liquids are available for clinical practice. Additionally, advances in
biomaterials such as shape memory foams, biodegradable polymer and /n situ gelling solutions
have led to the development of novel pre-clinical embolic agents. The aim of this review is to
provide a comprehensive overview of current and emerging technologies in endovascular
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embolization with respect to devices, materials, mechanisms, and design guidelines. Limitations
and challenges in embolic materials are also discussed to promote advancement in the field.
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Abstract

Advances in biotechnology and material science have facilitated the development of embolic
agents for vascular embolization. In this review, both clinical and pre-clinical embolic agents
including mechanical occlusion devices, particulates and liquids are discussed. The challenges and
future insights in this field are also highlighted. An integrated and multidisciplinary approach may
offer opportunities to revolutionize the next generation of embolic agents.
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1. Introduction

Minimally invasive interventions are the cornerstone of modern medicine.[*] Over the past
few decades there has been a gradual shift from complex open surgery to minimally
invasive, image-guided interventions that have fewer complications, often better outcomes
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and lower cost. Blood vessels constitute a common route of entry into the body for many
minimally invasive procedures and, through an endovascular approach, virtually any organ
can be accessed. One frequent indication for targeting a lesion from an endovascular
approach is to decrease blood flow to that part of the body--a procedure known as
embolization.[2] Embolization refers to the deliberate occlusion of blood vessels with
intravascular deposition of embolic agents from catheters for therapeutic purposes.[!
Therapeutic endovascular embolization is indicated in a variety of clinical scenarios. It can
be used to treat acute potentially fatal bleeds to more chronic processes including
aneurysms, vascular malformations, and in targeted oncologic applications such as the
embolization of blood vessels supplying a tumor (Figure 1A).

The first documented embolization was performed in 1904 by Robert Dawbain, who
embolized head and neck lesions of patients by preoperative injection of melted paraffin-
petrolatum into external carotid arteries to reduce tumor blood flow.l4 In 1930, Barney
Brooks first described vessel occlusion and proposed that the only satisfactory method to
treat arteriovenous malformation (AVM) was to close the fistula’s opening.[®! Later, a thin
strip of muscle was used to successfully embolize a carotid—cavernous fistula.[®] These and
other pioneering studies created innovative directions using both natural and synthetic agents
for embolization. In 1964, Charles Dotter, a radiologist from Oregon Health and Science
University, performed the first percutaneous transluminal angioplasty for the treatment of
atherosclerotic arterial stenosis, marking a breakthrough in the new era of catheter based
interventions for diagnosis and treatment.[”] He also pioneered balloon catheterization and
coronary angiography (X-ray imaging for vessel visualization), percutaneous arterial
stenting, and is credited with developing an entirely new medical specialty, interventional
radiology.[7P]

In the early years, muscle fragments, blood clots and stainless steel pellets were used as
embolic agents.[8] Since the 1970s, however, improvements in imaging and catheter
technology have significantly advanced embolization modalities.[] In response to the failure
of natural analogues for embolization, researchers and clinicians have used advances in
materials to create new embolic agents to address specific clinical applications. Examples of
these materials include metallic coils, calibrated microspheres and bioglue.l1%] All current
embolic materials have their advantages and shortcomings. Although no “one-size-fits-all”
material exists for embolization, the general properties of an ideal embolic material include
1) biocompatibility, 2) ease of delivery, 3) resistance to fragmentation/migration, 4)
biodegradability (depending on application), 5) visibility and trackability on common
imaging modalities such as fluoroscopy, magnetic resonance imaging (MRI), computed
tomography (CT) or ultrasound, and 6) the ability to serve as a therapeutic (e.g. anticancer
drug) delivery vehicle.

A principal challenge in developing embolic agents is the versatility of embolization as an
intervention. Clinical scenarios can call for the occlusion of blood vessels ranging in size
from arteries (up to 1-2 cm diameter) to capillaries (5-10 um diameter), as either a
temporary or permanent intervention.[3al Furthermore, the material must be deployable via
catheter, yet also maintain structural integrity to withstand arterial blood pressure.[10-11]
Therefore, the efficacy of an embolic agent is dependent on its ability to adapt to unique
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clinical scenarios presented by each patient and on its ability to deliver effective treatment
while minimizing collateral injury to adjacent structures.

Here, we address the clinical needs of embolization in minimally invasive therapy and
review the features of current and emerging embolic agents. This review starts with
addressing the clinical utility of endovascular embolization (Section 2), followed by a brief
introduction to the imaging modalities used in embolization (Section 3). Next, the embolic
agents are discussed and are categorized into three groups based on the size of blood vessels
they can occlude and on their physical properties (Figure 1B). These include mechanical
occlusion devices (e.g., large vessel embolization) in Section 4, particulates (e.g., small
vessel embolization) in Section 5 and liquid/gel embolic agents in Section 6. We
characterize the current state of embolization inspired by clinical problems from a
perspective rooted in materials science and engineering. This review evaluates both clinical
embolic agents and materials under development, in terms of their mechanical/physical
properties, mechanisms, and physiochemical/biological characteristics. We also highlight
limitations and future directions in this field, as presented in Section 7.

2. Clinical Utility of Endovascular Embolization

2.1

Embolization is performed in a wide variety of clinical scenarios.[!3] Successful
embolization occurs when hemostasis is achieved, as the aim of embolization is to prevent
blood flow. Examples of pathologic processes treated with embolization include
hemorrhagic lesions, aneurysms and pseudoaneurysms, AVMs, and solid tumors (Figure
1A).19

Hemorrhage

Hemorrhage, a potentially fatal condition during which blood escapes the circulatory system
either internally or externally; it can arise from trauma, from an underlying medical
condition, or often a combination of both. Hemorrhage can lead to serious complications
including cardiogenic shock and death with mortality rates of 40%.[14] Additionally, trauma-
related hemorrhage is the leading cause of death among those aged 1-44 years.[15] Since the
circulatory system carries blood throughout the body, hemorrhage can occur nearly
anywhere in the body; common locations include the head, gastrointestinal tract, lungs,
urinary tract, limbs and reproductive organs.[14a]

Prior to the development of endovascular techniques, the only treatment option for patients
with hemorrhage was open surgery. However, in the contemporary practice of medicine,
transarterial embolization (TAE) has supplanted surgery in some cases as the treatment of
choice, given its potential for rapid and effective hemorrhage control using a minimally
invasive approach.[26] In the context of embolization for gastrointestinal bleeding, the overall
procedural success rates have been reported to be 93%-100% with clinical success rates of
51-88%.[17] Patients with coagulation disorders or who are on anti-coagulation therapy are
more likely to present with hemorrhage, as their ability to form a clot is compromised.[18]
For these coagulopathic patients, an ideal embolic agent is an intrinsic plug rather than one
that leverages the coagulation cascade of the body to achieve hemostasis.
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The aim for embolization in hemorrhage is to selectively reduce arterial perfusion pressure
and blood extravasation from the bleeding vessels while simultaneously maintaining
adequate collateral blood flow in order to minimize ischemic injury to normal tissues.[1°]
Successful embolization typically introduces an instantaneous mechanical effect which
reduces blood pressure distal to the embolization site in order to minimize blood loss.[20]
Subsequently, a hemostatic clot may develop to further prevent bleeding and facilitate the
healing of injured vessel walls.

2.2. Aneurysms

An aneurysm is a focal dilatation of an artery due to weakening or injury to the vessel wall
(Figure 1A(a)).[122. 211 Aneurysms may occur in the cerebral circulation and in peripheral
arteries.[22] Depending upon their size and location, aneurysms are prone to rupture with
catastrophic bleeding. Intracranial aneurysm rupture affects approximately 30,000 people in
the United States every year and can lead to severe disability or death.[23] The walls of
cerebral arteries lack an external elastic lamina, a structural layer present in peripheral
arterial system that reduces their compliance and results in increased susceptibility to
aneurysm formation.[230] Additional risk factors for intracranial aneurysm formation include
hypertension and atherosclerosis.

Endovascular approaches including embolization have become a mainstay in treating
patients with brain aneurysms given the risks associated with open surgical repair (e.g.
craniotomy and clipping).[24] Every effort is made to treat aneurysms at risk for rupture in an
elective setting, with TAE forming the cornerstone of treatment.[2%] The ultimate goal of
embolization is to fill the sac, excluding it from the circulation and thus reducing the risk of
sac dilation and rupture.[20]

The development of soft steerable microcatheters and coils has allowed for safer and less
traumatic intra-arterial access to aneurysms.[28] Factors determining the effectiveness of coil
embolization of aneurysms have been studied /n vitro, as well as through in silico methods
involving finite element modeling and computational fluid dynamics.[27] These studies are
useful to guide innovations in coil design, embolic materials and devices for aneurysm
treatment. Additionally, the material (e.g. coils and gels) must be manufactured with a high
degree of precision over a wide range of available sizes, as non-target embolization
downstream can have extremely deleterious effects such as ischemia and infarction.[32]
Visibility of embolic agents on imaging modalities is also important for monitoring the real-
time deployment of the material, as well as for assessing the outcomes of the intervention
during follow up imaging.

2.3. Arteriovenous Malformation (AVM)

AVM is an abnormal connection between an artery and vein that bypasses the normal
capillary circulation, often resulting in a tangle of vessels called a nidus (Figure 1A(Db)).

[12b, 12¢] The malformation results in a high pressure shunting of arterial blood directly to the
venous circulation, placing excessive stress on the venous wall.[120: 28] Overstressed veins
may enlarge, stretch, and eventually rupture. While AVMs can happen anywhere in the body
(e.g., brain, spine, liver, pelvis and lung), they are associated with the highest morbidity and
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mortality when they occur in the central nervous system.[28] AVMs can also lead to localized
hypoxia since the oxygen-enriched blood in the artery bypasses the capillary circulation.[2°]
Clinically, AVMs are treated by microsurgery, embolization and radiosurgery.[120]

Acute bleeding from an AVM often requires urgent embolization to prevent fatal
complications. Typical embolic agents for AVM management include coils, particulates and
liquids, alone or in combination.[33] The goal is to embolize upstream or within the
arteriovenous shunt, thereby returning venous pressure to normal.l2% In particular, liquid
embolic materials permit a vascular area to be homogenously filled and limit the risk of
recanalization (i.e., a secondary reopening of the embolized area). [30] Liquid embolics that
have been used in AVM embolization include absolute alcohol, N-butyl cyanoacrylate glues
(e.g. TruFill®, Cordis, Miami Lakes, FL, approved by Food and Drug Administration, in
2000 for cerebral AVM embolization) and Onyx® liquid embolic system (Micro
Therapeutics, Inc., Irvine, CA).[31]

The primary challenge in embolizing an AVM stems from the difficulty involved with
adequately penetrating the dense, tortuous and low resistance nidus.[32] Proximal occlusion
leads to the development of collateral vessels that continue supplying the nidus bed,
promoting angiogenesis.[32] Therefore, blockage of the tortuous vessels in the nidus, in
addition to the feeding arteries, is essential for successful embolization. To treat AVMs
effectively, embolic materials should be radiopaque, deployable by microcatheters and
durable to prevent recanalization and recurrence.[33]

2.4. Tumor Embolization (Malignant and Benign)

Although the conventional approach to local control of solid malignant tumors is surgical re,
tumors can be difficult to remove due to their location, size or patient comorbidities. TAE
has emerged as an effective tool fsectionor the treatment of inoperable hypervascular tumors
(Figure 1A(c)).[22d] In this procedure, angiography and subsequent embolization is used to
preferentially block a tumors blood supply relative to adjacent healthy parenchyma (Figure
2). This approach aims to “starve” the lesion by depriving it of oxygen and nutrients, thereby
triggering ischemic injury and necrosis, resulting in reduction of tumor size. Generally,
embolization deliberately devascularizes a tumor by blocking various levels of its blood
supply (e.g. feeding arteries, peritumoral network, or intratumoral vessels).[20: 341 TAE can
also be used on resectable tumors preoperatively to reduce intraoperative bleeding—a
significant concern during surgery for highly vascular tumors.[3°]

Hepatocellular carcinoma (HCC) is the most common malignant primary tumor of the liver
and third most common cause of cancer related death worldwide.[38] The best potentially
curative options are ablation, surgical resection or transplantation (e.g., Figure 2A-E).[37]
However, at the time of diagnosis, 85% of patients are considered ineligible for curative
treatments, resulting in poor prognoses and median survival times of less than a year.[38]
Liver tumors are unique in that they receive the majority of their blood supply from the
hepatic artery, while normal liver parenchyma receives the majority of its blood supply from
the portal vein.[3% Therefore, TAE of the hepatic arteries or their segments can be used to
starve a tumor of its blood supply; in 1974, the first use of TAE for HCC was reported.[40]
Since this time, the role TAE plays in HCC treatment and the technique itself has evolved.
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TAE has evolved over time to include more advanced techniques such as transarterial
chemoembolization (TACE), which achieves ischemia via embolics while simultaneously
delivering therapeutics such as chemotherapy (Figure 2F-G). TACE allows for the targeted
delivery of chemotherapy to the tumor while reducing both the systemic circulation of these
cytotoxic drugs and their associated toxicities. Conventional TACE includes administration
of a chemotherapeutic agent (e.g., doxorubicin) emulsified in an oily suspension (e.g.,
lipiodol), followed by gelatin sponge embolization. The aim is to deliver therapeutics locally
and confine the drug within the lesion for highest local drug concentration.[1] Alternatively,
chemotherapeutics can be impregnated onto microspheres for use in a technique known as
drug eluting bead TACE (DEB-TACE).[42] In addition, microspheres can be loaded with
radioactive isotopes such as yttrium-90 (Y90) for use in radioembolization, which is a
contemporary alternative to TACE that has demonstrated improved efficacy specifically
when used as a bridge to surgery or transplantation (Figure 2A-E). [39. 43]

Embolization has also demonstrated efficacy for the treatment of benign tumors. Uterine
fibroids are the most common benign tumors of the uterus and are also the most common
benign tumors of women of reproductive age (Figure 1A(d)).[12¢: 441 Since fibroids receive
blood from branches of uterine arteries,[#®] uterine artery embolization (UAE) has been used
for uterine fibroid management (Figure 2K-N). The goal is to block blood flow to the uterus
thereby shrinking the fibroids and reducing uterine bleeding. The first UAE was carried out
successfully in 1995 with non-spherical particulates.[6] Compared to conventional
hysterectomy and myomectomy, UAE represents a safe, effective and minimally invasive
alternative for fibroid management[47] with the added benefits of reduced symptomatology
and uterus preservation.[48] Recently, embolization of the prostate artery has also been
described for the treatment of benign prostatic hyperplasia (Figure 2H-1J). It has
demonstrated similar efficacy to transurethral resection of the prostate with fewer
complications or adverse side effects.[49] Prostate artery embolization (PAE) using
microspheres has been FDA approved and is also approved by the United Kingdom’s
National Healthcare System.

In summary, minimally invasive endovascular embolization has demonstrated utility for a
variety of highly prevalent medical conditions. When compared to surgery, endovascular
embolization has lower complication rates, avoids general anesthesia and can often be
performed on an outpatient basis, reducing overall costs.

Imaging Modalities Used in Embolization Procedures

Vascular imaging plays an integral role in embolization procedures by providing a roadmap
for catheter and wire navigation, guiding procedural execution, and confirming successful
embolization. Visualization of embolic materials on imaging is essential as it enables the
operator to determine the level of vessel occlusion, ensuring targeted embolization. Various
imaging modalities are also used for procedural planning, procedural execution and follow

up.

Imaging modalities used in embolization include radiation-based X-ray fluoroscopy;,
ultrasound, computed tomography (CT) and less commonly magnetic resonance imaging
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(MRI). Although no single imaging system meets all clinical needs, each system is well
suited for specific treatment stages. Almost all embolization procedures are performed under
live visualization using fluoroscopy which provides angiography to visualize blood vessels.
Current fluoroscopy technology allows for real-time, high resolution imaging of radio-
opaque devices and iodinated contrast agents. Intra-procedural cone beam CT or CT
angiography can be used as an adjunct to fluoroscopy to determine optimal positioning of
the catheter for selective tumor treatment and to evaluate tumor coverage after the injection
of an embolic agent.[50]

Follow up imaging may include CT or MRI. CT is commonly used following embolization
since it is widely available, rapid and robust. Disadvantages of CT include ionizing
radiation, streak artifacts that limit visualization of the embolized region and relatively low
soft-tissue contrast.[11 To differentiate vasculature and tissues, radiopaque contrast agents
are usually administered and increase the attenuation of the tissues of interest. For CT,
iodinated contrast agents are FDA approved and widely used.[32]

When compared to CT, MRI offers superior soft-tissue contrast.[53] New MRI sequences
also allow for high-resolution vascular imaging without the need for intravenous
gadolinium-based contrast agents. This is particularly advantageous for patients with
compromised renal function or allergies to iodinated or gadolinium-based contrasts.[>4]
Despite these advantages, the lack of MRI-compatible interventional tools limits this
modality’s utility for intraprocedural image guidance.

Doppler ultrasound is a non-invasive imaging modality that is widely used for vascular
imaging. This technology allows for visualization of the vessel lumen and superficial
structures while simultaneously providing hemodynamic information. It is limited, however,
by depth of penetration of ultrasound signal, resolution and susceptibility to imaging
artifacts that preclude the use of ultrasound for deep vessel imaging.[] Ultrasound is widely
used in interventional radiology, whether for gaining arterial or venous access or for guiding
percutaneous thrombin injection for the treatment of common femoral artery
pseudoaneurysms, which are often iatrogenically induced.[]

The visibility of embolic materials is of paramount importance during embolization
procedures, as well as for long term monitoring. The multimodal visibility of embolic agents
is especially appealing since it offers flexibility for modality selection while providing both
qualitative and quantitative intensity information for /n vivo evaluation. Additionally, the
tracking of drug diffusion and distribution in tissue may be desirable for chemoembolization
assessment.

4. Mechanical Occlusion Devices

A variety of mechanical occlusion devices have been used clinically for embolization
including coils, plugs, stents and balloons.[31: 571 Coils are most commonly used for the
treatment of aneurysms and hemorrhage control. Often times, multiple coils are used and
may be combined with other devices or agents. In this section, the evolution of coil materials
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and coil induced tissue reactions are discussed. Newly developed polymeric coils and shape
memory foams are also briefly reviewed.

Coil embolization has been widely used to mechanically occlude aneurysmst®®8 or to block
bleeding vessels.[58-591 During the procedure, a catheter is steered through the blood stream
to reach the target vessel. Once positioned, the coil is pushed through the catheter using a
delivery system to wedge it against the vessel lumen or the aneurysm sac, leading to
embolization.[60]

Among the many properties of coils, biocompatibility is a key factor.[81] For long-term
implantation, the coil materials should be bio-inert to avoid provoking a local or systemic
adverse host response. Coils should also be malleable for ease of manufacturing, adequately
pliable for catheter delivery and visible under imaging modalities. Another critical property
of coils is surface thrombogenicity, which governs fibrin formation and platelet adhesion.[62]

Coils primarily consist of bio-inert metallic cores such as stainless steel, platinum or nitinol
and can also contain a coating (Figure 3A). Theoretically, the core should possess relatively
high longitudinal strength but low radial forces to prevent excessive stress on the vessel wall.
These dense metals are also intrinsically radiopaque, allowing for fluoroscopically-guided,
targeted embolizations. The mechanism of metallic coil embolization is primarily
mechanical occlusion with low thrombogenic properties. For improved thrombus formation,
coils with bioactive coatings have been developed.

4.1.1. Bare Metallic Coils

Stainless Steel Coils: Stainless steel has long been a dominant force in the field of
biomaterials since it is bio-inert, corrosion resistant and has excellent mechanical properties.
In 1975, the first documented stainless steel coil was introduced by Gianturco and
colleagues.[163] The team delivered the coils through 6 French (F) and 7F catheters into
canines and patients for permanent arterial embolization.[263] Stainless steel coils are
radiopaque, though to a lesser extent than newer metallic alloys, such as platinum.[63] These
coils are relatively stiff due to their high radial strength which can make dense packing a
challenge. Stainless steel coils are primarily used for large vessel occlusion, as opposed to
coils made of more flexible materials (e.g., platinum) that allow for smaller vessel occlusion.
Stainless steel coils have demonstrated efficacy in the treatment of arteriovenous fistulas,
hypernephromas, hypersplenism and bleeding from pelvic neoplasms.[64]

Platinum Coils: For improved packing density, softer platinum coils have been introduced
and are currently among the most widely used coils in contemporary clinical practice.
Platinum coils are more malleable, radiopaque and softer than stainless steel coils. They can
also be delivered through microcatheters (e.g., 2.8F). Due to their compliance, platinum
coils conform into the shapes of often-irregular aneurysms upon release. Since they do not
possess as high radial force like stainless steel coils, platinum coils can be packed tightly
without exerting excess pressure on the lumen of aneurysm sac. Furthermore, unlike
stainless steel, platinum is not prone to electrolysis and is three to four times more
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thrombogenic than stainless steel.[21] However, streak artifacts caused by platinum coils can
lead to impaired evaluation of the embolized segments.

Nitinol Coils: Shape memory nitinol is a relatively new coil core material, despite its
extensive use in the stent industry.[5%] It is an intermetallic alloy composed of almost equal
amounts of nickel and titanium, and has the ability to restore its shape after deformation (i.e.
self-expandable). Nitinol has a lower elastic modulus and greater strength compared to
stainless steel.[%6] It is 10 to 20 times more flexible than stainless steel, indicating excellent
torqueability. Nitinol also has excellent biocompatibility and is more corrosion resistant
when compared to stainless steel, given the presence of a formed passive titanium-oxide
layer. This layer shields the toxic nickel component from leaking into its surroundings,
protecting the bulk material from corrosion. Furthermore, it has been shown that nitinol
reinforced stainless steel coils increase intravascular stability due to higher radial forces
when compared to standard stainless steel coils, all without compromising coil handling.[67]
Nitinol has also been incorporated as a secondary coil inside of platinum coils with larger
diameters (Penumbra Coil 400™, Penumbra Inc., Alameda, CA) to provide structural
support and stiffness, allowing for greater packing density.[68]

The unique properties of nitinol alloys including shape memory and superelasticity are due
to their inherent phase transformation.[5%] At high temperatures, nitinol exhibits a stable and
non-transformable austenite phase. In contrast, at low temperatures, nitinol is in a
martensitic phase, demonstrating a uniquely twinning structure with less symmetry. This
characteristic allows martensitic nitinol to be sheared approximately ten times the strain of
common alloys by gradually increasing force, without exhibiting permanent deformation.[69]
The austenitic-martensitic transformation occurs either by lowering the temperature or by
applying a stress. Thus, nitinol alloys can be deformed at a lower temperature and return to
their original shape when activated by body heat.[6%] Once the coil is in the body, nitinol
restores its austenitic state and remains stable. These properties from thermoelastic
martensitic transformations (e.g., shape memory effects) help promote flexibility and
torgueability of nitinol based coils.

Furthermore, the stress-strain behavior of nitinol exhibits hysteresis (energy storage) after
unloading, similar to certain biological materials (e.g., human hair, bone and tendon). This
suggests that upon contact, the strain mismatch between nitinol and biological materials is
minimized and therefore leads to faster healing and less trauma. The superelasticity of
nitinol, therefore, allows deformation energy storage to accommodate imposed stresses and
pressure.

4.1.2. Bioactive Coils—Bio-inert bare metallic coils stop blood flow mechanically and
are dependent upon the patient’s individual ability to form a clot, which is triggered by coil-
induced flow dynamics changes.[79). Thus, the formed thrombus on the surface of bare
metallic coil is usually thin and may vary significantly on different areas of the coil, between
coils and from patient to patient.[”*] Moreover, the newly developed thrombus mainly
consists of erythrocytes and thin fibrin fibers, and therefore may not withstand arterial blood
pressure. Additionally, physiologic thrombus breakdown can lead to coil compaction and
migration which can lead to recurrence of bleeding.[”2] Surface modifications to existing
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metallic coils can improve thrombogenicity which has led to the development of a new class
of coils - bioactive coils.

Fibered Coils: Fibered coils represent one class of the bioactive coils (Figure 3B and 3C).
In 1975, Gianturco and his team used cotton-tailed coils for small artery embolization and
wool coils for larger vessel embolization in canine models.[162] Cotton-tailed coils consisted
of 3 mm of steel tubing and 5 mm cotton threads. Woolen coils were composed of 3 cm long
wool strands weaved onto a 5 cm long steel coil. It took approximately 10 minutes for a clot
to form on woolen coils. Intense foreign body reaction and chronic inflammation was
observed with wool coils.[73] Alternatively, coils with attached synthetic Dacron (polyester),
Ivalon (polyvinyl alcohol) and silk fibers demonstrated reduced inflammation while
maintaining platelet aggregation properties.[73-74] Nylon fiber coated platinum coils
improved the occlusion rate compared to that of bare platinum coil from 85% to 96%.[71]

Compared to bare metallic coils, fibered coils are generally more thrombogenic and further
stabilize the thrombus as a result of fiber dispersion within the clot[’}]. Because the cellular
and fibrin adhesions on fibered coils effectively increase with larger coil diameters, reduced
thrombus dislodgement from the aneurysm has been reported.[”2] However, in a
retrospective study of 474 aneurysms, the recurrence rate was found to be comparable
between bare platinum coils (27.8%) and platinum coils with nylon fiber (24%).
Additionally, coil compaction rates were similar (27.8% for bare coils and 24% for fibered
coils).[7]

Though fibers can effectively increase thrombogenicity, friction comes into play if the fibers
are longer than 2-3 cm.[62] Enhanced friction makes pushing fibered coils through the
catheter extremely difficult, especially when traversing tortuous vessels. Additionally, too
rapid of thrombus formation associated with fibers is undesirable due to the high risk of
thrombus dislodging from either the coil or within aneurysm during coil delivery and
placement.[75]

Polymer Coated Coils: Biodegradable poly(lactic-co-glycolic acid) (PLGA) or
poly(glycolic acid) (PGA) polymers have been used as surface coatings on platinum coils to
promote tissue response and thrombus formation.[78] The use of PLGA copolymer coated
platinum coils was reported to accelerate aneurysm healing with intensified neck neointimal
formation and pronounced fibrosis compared to bare platinum coils.’7] However, PLGA
coated coils do not necessarily exhibit a sustained benefit over bare platinum coils.[”8] For
example, FDA approved Matrix® and Matrix2™ coils (Boston Scientific, Marlborough,
MA, platinum coils with PLGA coating) showed disappointing clinical outcomes with
elevated recanalization rates.[7% It is possible that PLGA degrades before thrombus
formation, leading to coil compaction, insufficient volume filling and recanalization.[232]
PLGA coated coils were also technically more difficult to deliver through the catheter
because of increased stiffness and friction against the catheter wall.[8% Additionally, a
higher rate of headache and fever after embolization of intracranial aneurysm was reported
with the use of PGA coils compared to bare platinum coils; this may be attributed to
inflammation associated with PGA coating.[81]
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In another example, polyurethane coated platinum coils demonstrated tunable
thrombogenicity.[82] This was achieved by altering hard and soft segments or the ratio
between the two components that produce polyurethane. In a rabbit model, bare platinum
coils led to 40% embolization within 30 minutes in aortas, whereas thrombogenic
polyurethane coated polymers led to 100% occlusion in 30 minutes. SEM images of
retrieved coils after implantation further confirmed that thrombus coverage correlated with
the degree of polyurethane thrombogenicity; the most thrombogenic polyurethane coated
platinum coil was covered with the heaviest amount of thrombus.

The surface structure of polyurethane is complex. The thermodynamic immiscibility of the
alternating hard and soft segments in polyurethane leads to its microphase separated
structure,[82] creating a local microenvironment with spatially distributed chemical,
physiological and mechanical properties due to different segment characteristics.[83] Major
factors that influence the structure include chemical composition of the segments, the
polarity of soft segments, the ratio between the hard/soft segment, as well as the
environment. Therefore, the blood interface may respond differently to fibrin recruitment,
platelet aggregation and cell migration.[83] Additionally, the urethane group content and the
type chain extender also affect polyurethane characteristics. For instance, sulfonic acid
groups,[84] amino acid[®%] and peptide[®®] based chain extenders can be incorporated to tailor
the surface thrombogenicity and physical properties to selectively attract cellular elements
for desired thrombus formation.

Protein Coated Coils: Fibroblast invasion and thrombus formation are critical steps in
aneurysm healing.[87] Some key proteins involved in the healing and recanalization process
include monocyte chemoattractant protein-1 (MCP-1),[88] osteopontin (OPN), interleukin-10
(1L-10) and matrix metallopeptidase 9 (MMP-9).[87]

One of the notable proteins with pronounced elevated expression in densely packed and
well-healed aneurysms is OPN.[89 It is a cell-adhesion molecule that mediates a variety of
physiological and pathological activities such as chemotaxis and wound healing. In addition,
its anti-apoptotic property promotes cell adhesion and migration to mediate vascular smooth
muscle cell differentiation.[%%] Chen et a/. found that OPN modified PLGA/platinum coils
markedly increased tissue growth in a rat carotid aneurysm model in 7 days compared to
PLGA/platinum coils.[87] The tissue ingrowth of OPN modified PLGA/platinum coils was
over twice that of PLGA/platinum coils post treatment at 7, 20 and 60 days, which
highlighted the potential of using OPN as an effective protein coating to accelerate healing
of aneurysms. In addition, 1L-10 was also shown to facilitate tissue ingrowth but at a later
stage (60 days). Conversely, MMP-9/PLGA did not promote, but rather inhibited tissue
ingrowth compared to PGLA coils.[87] It is interesting to note that MMP-9 induces
aneurysm recanalization while also promoting neointima formation.[9]

Additionally, the combination of fibrinogen and vascular smooth muscle cells may promote
neointima generation at the aneurysm neck.[®] Specifically, human vascular endothelial
growth factor coated platinum coil is beneficial in promoting endothelialization, clot
organization and tissue/coil integration to hasten aneurysm occlusion.[2] Thrombogenic/
antithrombolytic and fibroblast molecule coated coils have also been investigated.[®3]

Adv Mater. Author manuscript; available in PMC 2020 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hu et al.

Page 13

4.1.3. Hydrogel-Coated Coils—Recanalization after coil embolization often occurs
due to coil compaction and at least 20-25% packing density is recommended to prevent
recanalization. To address this issue, hybrid hydrogel-coated platinum coils (e.g. HydroCoil
Embolic System, MicroVention, Inc., Aliso Viejo, CA) have been developed to improve
packing density and achieve larger filling volumes when compared to Matrix and platinum
coils (Figure 3D).[941 Upon contact with blood, polymer chains disentangle. Hydrogel-
coated coils can expand up to five times their original diametersl7% 951 and undergo full
expansion within 20 minutes.[72] They appose the vessel wall to prevent dislodgement(6°]
without exerting excess pressure on the vessel wall itself, since they expand to the volume
that is available. Furthermore, hydrogel-coated coils are especially useful in high flow
vessels which are often difficult to embolize due to increased risk of coil migration.

Hydrogel-coated coils appear to exhibit reduced recanalization and recurrence rates in large
aneurysms when compared to bare platinum coils at early stages.[25 961 Additionally, in a
pulmonary AVM study, no recanalization was reported for 57 patients treated with hydrogel-
coated platinum coils over a median follow up time of 19 months.[%] This may be attributed
to the increased packing density associated with hydrogel-coated coils compared to an
equivalent amount of bare platinum coils. It is also possible that hydrogel gives rise to more
tissue reaction and organization due to elastic lamina damage and vascular smooth muscle
cell proliferation, which was observed in a rat sidewall aneurysm model.[9€]

However, some studies suggest that current hydrogel-coated coils do not show sustained
benefit over bare platinum coils in aneurysm treatment.[78 991 Furthermore, delayed aseptic
meningitis and hydrocephalus development have been reported as potential side effects
associated with hydrogel-coated coils.[72 96. 1001 Additionally, relatively fast deployment of
hydrogel-coated coil is required to prevent its pre-expansion inside of the catheter.

4.1.4. Coil-Tissue Interactions

Mechanism of Bare Platinum Coil Embolization: The combined coil mass and
subsequent induced thrombosis initiates lumen obliteration due to hemodynamic changes
and intrinsic blood clotting pathways. Eventually, the blood clot becomes fibrotic and
obliterates the vessel wall.[72 1011 Although the type of coil metal influences short term
thrombus formation, the long term occlusive behavior depends on the formation of fibrous
tissue.[102]

Histologic studies of treated human aneurysms illustrate the progression of acute thrombus
formation to fibrosis following bare platinum coil embolization.[%] Generally within the
first week, thin fibrin layer covers the coil and disorganized thrombus is observed around the
coil.[193] Fibroblasts and macrophages begin to invade the thrombus. A thin but incomplete
layer of fibrin then presents at the aneurysm neck. One to two weeks after coil embolization,
there is an increase in the amount of fibrin surrounding the coil. This is accompanied by
myofibroblast invasion and a thin fibrin layer at the aneurysm neck is observed.[104] More
rigorous myofibroblast invasion persists up to one month after the embolization. During this
period, the coil is covered by fibrin, and more organized thrombus starts to form.
Additionally, neointima formation is observed at the aneurysm neck.[193] Afterwards, the
inflammatory activity decreases within the sac due to apoptosis of myofibroblasts and
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macrophages, and endothelialization increases at the neck of aneurysm. After three months,
vascularized connective tissue initiates within the sac, together with markedly increased
fibrin around the coil and maturing of the endothelialization layer at the neck. Generally, at
one year following the procedure, vascular fibrous connective tissue fills the sac. The
aneurysm neck is covered with a layer of mature fibrous tissue and the coil is completely
sealed within the sac.[90. 93a, 103]

Mechanical Properties of The Coil-Clot Complex: An understanding of the underlying
mechanical mechanism during coil embolization and mechanical properties of coil-clot
complexes facilitates the prevention of aneurysm recurrence. It has been reported that

reduced aneurysm wall stress is associated with increased stiffness of the filling material.
[106]

Uniaxial compression tests were performed on coil-clot complexes[197] and clot stiffness
was characterized by clot modulus (Young’s modulus).[207] After 3 hours of clot formation,
bare platinum coils increased clot stiffness almost eight times that of clot alone, while
HydroCoil did not have a significant impact on clot modulus (Figure 4A).[2071 After 3 days,
the stiffness of the bare platinum coil-clot complex reduced to the same order of the
HydroCoil-clot system, whereas the sources which contributed to the stiffness of complex
were totally different. In particular, the coil modulus determines the stiffness of the coil-clot
complex while fibrin network contributes to the clot modulus. The fibrin structure governs
fibrinolytic and viscoelastic properties of mesh,[198] with individual fibrin fiber modulus on
the order of megapascals.[19%] In addition, the implantation of platinum coils did not alter
fibrin characteristics (e.g., fibrin diameter and density) compared to fibrin characteristics
found in clots alone.

As opposed to the observed mature fibrin network on the surface of platinum coil, no fibrin
is observed on the surface of retrieved HydroCoils (Figure 4B and 4C). The lack of fibrin
formation associated with HydroCoils has also been observed elsewhere.[119] The long-term
occlusion by HydroCoil, therefore, does not depend on host response to the coil and
thrombus formation, but rather the occlusion of the aneurysm.[*1] In particular, HydroCoils
fill a larger volume fraction (over four folds of magnitude) of the aneurysm compared to
platinum coils alone.[110] A substantially improved volumetric packing of the aneurysm
lumen is observed clinically compared to standard platinum coils (74% versus 32%).[112]
The stable occlusion may be the reason behind the low recanalization rate and recurrence
rate following hydrogel coated platinum coil embolization.[113]

4.1.5. Shape Memory Polymeric Coils—Recent advancements in shape memory
polymers highlight their potential in biomedical applications. Shape memory polymers have
been actively explored in the fields of stents, surgical sutures, scaffolds and tissue
engineering.[114] External stimulation (e.g., from heat or light) can trigger the shape memory
effect. Therefore, a large bulky device can be delivered in a temporarily compressed form

through a minimally invasive approach and can then be expanded into its permanent shape.
[114b, 115]
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While embolic coils are primarily considered for permanent occlusion, a bioabsorbable
water-induced shape memory plug was recently introduced for temporary vascular
occlusion.[16] The plug consisted of a PLGA core doped with radiopaque materials (e.g.,
barium sulfate, tantalum and bismuth oxychloride) and a crosslinked poly(ethylene glycol)
diacrylate (PEGDA) hydrogel coating for enhanced vessel occlusion.

The shape memory behavior of the plug was attributed to phase transformation between the
crystalline and amorphous states of PLGA and PEGDA polymers in response to both
physiological solution infusion and thermal activation. At an elevated temperature (70°C),
both polymers were in their amorphous phases and could be deformed into temporary shape.
The temporary configuration could then be fixed at a temperature below PEG glass
transition temperature due to the immobilization of the PEG crystalline phase. The initial
rigid gel stripe facilitated catheter delivery. When infused with aqueous solution at 37°C, the
system became fully amorphous. The PEGDA coating expanded for improved occlusion in
conjunction with the activated PEG crystalline phase. Specifically, buckling initiated in the
PLGA core, which gradually overcame the resistance from the PEGDA coating, and the
stripe eventually recovered its programmed coil shape.

The composite polymeric plug was examined in various arteries in a rabbit model and
exhibited a complete occlusion time ranging between 38 seconds and 2 minutes. No vascular
rupture was observed and significant enlargement of the vessels was clear at the
embolization sites due to swollen PEGDA hydrogel. Additionally, the gel composite
degraded /n vivo (70% mass reduction in 10 weeks) primarily due to hydrolysis.
Specifically, the PEGDA hydrogel coating encapsulated the degraded PLGA core and
subsequent downstream migration, which was a clinical concern. [116]

A long lingering problem associated with smart hydrogels is their low modulus and strength
which severely limits their biological applications.[!17] Since the vast majority of the
temperature-triggered hydrogel coils are too soft with moduli far below those of metallic
coils, they deform easily within the catheter, making delivery difficult. Additionally, they
may not return to their programmed shape /n vivo. Recently, a high strength, high modulus
and temperature-responsive radiopaque PAN-PAAmM-PEG3kDMA hydrogel microcoil was
developed for permanent embolization (Figure 5A-5C).[118] PAN-PAAM-PEG3kDMA gel,
composed of acrylonitrile (AN), acrylamide (AAm, for bonding) and PEG3KDMA
(synthesized from PEG3k and methacryloyl chloride) was synthesized through a combined
copolymerization and phase conversion method. BaSO4 was blended to render the hydrogel
coil radiopaque.

The smart gel network consisted of dual physical crosslinking construction with strong
hydrophobic dipole-dipole pairings of polyacrylonitrile and weak hydrophilic hydrogen
bonding of polyacrylamide. The former interaction stabilized the latter and enhanced the
hydrogel’s mechanical properties due to formed hydrophobic crystalline microdomains[11°]
that inhibited hydrogel swelling and facilitated stability at elevated temperature.[120] The
reinforced hydrophobic aggregation, a result of physical crosslinking, offered a pronounced
network strengthening of the gel which possessed a Young’s modulus of approximately 16
MPa at room temperature. The rigidity of the material helped the coil to be delivered
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smoothly through the catheter. While most hydrogels are brittle with a fracture energy on the
order of ~10 J/m?2,[117a] pPAN-PAAM-PEG3KDMA gel was tough (fracture energy ~16
kJ/m?2) and also highly stretchable (breaking elongation ~ 950%). Its fracture energy was
higher than that of natural rubber (~10 kJ/m?). The superior mechanical properties allowed
this microcoil to maintain stable occlusion in vivo,[1172. 121]

The embolization effect of shape memory PAN-PAAmM-PEG3kDMA microcoil was also
examined in a porcine renal artery model. The coil was delivered in the form of a rigid
hydrogel strip via a 4F catheter under the protection of cooled saline (Figure 5D). When
released into the blood vessels, the thermo-responsive strip softened and twisted into a coil
in less than 10 seconds (Figure 5E). The microcoil remained stable in blood vessels with no
evidence of recanalization 12 weeks after surgery, as confirmed by angiographic images
(Figure 5F). The embolized kidneys became atrophic with histology revealing coagulation
necrosis in the affected tissue, suggesting the therapeutic efficacy of the microcoil (Figure
5G).

4.1.6. Challenges in Coil Embolization—Challenges in coil embolization mainly
include nontargeted embolization and coil migration. Non-target embolization usually
results from coil misplacement or coil-vessel size mismatch. If the coils are too small, they
may migrate into the systemic circulation. Systemic migration rates of up to 3% have been
reported.[122] If the coils are too big for an aneurysm, they may extrude into the parent
vessel and lead to thrombosis of non-target vessels. Due to excessive radial force, the
oversized coil can also elongate within the sac and cause aneurysm rupture.

Recanalization is also a complication commonly observed after aneurysm embolization and
may necessitate additional procedures. Reasons for recanalization include aneurysm
regrowth, coil compaction, unstable thrombus formation and lack of neointima formation at
the aneurysm neck.[90] There is a strong correlation between aneurysm volume, packing
density and recanalization rate. Residual volume, determined by the difference of the
volume of the inserted coils and the aneurysm volume (e.g., packing density), has been
identified as a major risk factor in recanalization.[®9] Furthermore, computational modeling
between coil and blood flow interaction has suggested that densely and uniformly packed
coils would reduce permeability, thereby promoting clotting and thrombosis formation.[123]

4.1.7. Design Guidelines for Coils—The physical properties (e.g. stiffness) of coils
can be referenced to those of springs.[61: 1241 The spring constant is usually related to the
material modulus, number of turns per unit distance, the pitch of the coil, and stock wire
diameter.[61. 124] |nternal materials placed within the primary wind such as bioactive
coatings and fibers also mediate coil stiffness.[125] Additionally, coils must be radiopaque
for visualization during both treatment and follow-up imaging.

Endovascular coils need to be easily deployable through the catheter, without binding inside
of catheter due to inappropriate rigidity or excess wall friction. After release, it is critical
that coils are able to withstand blood pressure and restore to their desired shape without
collapsing. In the case of aneurysm treatment, the coils should maintain adequate packing
density without exerting excessive force on the aneurysm wall. Excellent mechanical

Adv Mater. Author manuscript; available in PMC 2020 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hu et al.

4.2. Shape

Page 17

strength and low stress relaxation behavior are characteristics that are critical to successful
aneurysm occlusion in the long term.[115]

Finally, coils aid to provide either mechanical (e.g., hydrogel-coated coils) or biological
support (e.g., bioactive coils) and these are two generally adapted approaches that
manufacturers use in current coil design. Permanent occlusion and coil surface activation are
desired to promote endothelium formation at the aneurysm neck, which prevents
recanalization and re-bleeding of an aneurysm. Though each of above-mentioned
characteristics and functionalities has been studied extensively, existing coils fail to employ
multiple functionalities, necessitating further exploration to optimize coil design.

Memory Polymer (SMP) Foam

Shape memory materials have emerged as an important class of stimuli-responsive materials
in medicine for minimally invasive procedures.[126] Due to the inherent risks that are
associated with metallic based coils including inflammation and recanalization, shape
memory polymer (SMP) foam based occlusion devices have been proposed as an alternative.
[127] They have many favorable properties that make them suitable as aneurysm filling
materials.[128] Primary advantages include tunable pore sizes that can be tailored for optimal
cellular infiltration and stable tissue integration within the foam.[22] Biocompatibility,
mechanical property and contrast visualization enhancement has been characterized for SMP
foams.[130] For example, less inflammatory activities have been found with SMP foam.[131]
Additionally, a simulated aneurysm model demonstrated that typical hemodynamic forces do
not hinder the shape recovery process. SMP foams can be rendered radiopaque with doped
tantalum or tungsten.[231-132] They have also been coated onto the coils to facilitate delivery
and packing performance in aneurysm treatment.[133]

In one study, polyurethane based SMP foam was crimped over a nitinol wire for
transcatheter delivery (Figures 6A).[128] When released into the body, body temperature and
body fluid absorption activated foam expansion. The foam expanded ten times its crimped
diameter to fill a larger volume within 20 minutes (Figure 6B and 6C).[1281 /5 vitro blood
perfusion assay suggested that SMP foam stopped blood flow completely in 270 seconds
and the foam was covered by dense fibrin rather than interspersed fibrin at 30 seconds of
blood perfusion (Figure 6D). Furthermore, the porous structure of SMP foam provided a
scaffold for cell growth and thrombus formation leading to ultimate tissue regeneration.[128]
The degree of foam porosity (e.g., 0.5 mm, 1 mm and 1.5 mm of pore diameter) can be
tailored by varying physical blowing agents (for foaming).[2341 A 200-800 um pore diameter
has been reported to be effective for connective tissue regeneration in porcine side wall
aneurysm occlusion.[31] The surface chemical properties of SMP foam can also be tuned
(e.g., by plasma sterilization).[13%] Moreover, the foam’s intrinsic echogenicity allow SMP
foams to be imaged by ultrasound during both the delivery and follow-up processes. This
could significantly reduce the patient’s radiation exposure from fluoroscopy.

The radial force and pressure exerted on the vessel wall by any occlusion device is important
to identify in order to prevent rupture. The aneurysm wall strength is in the range of 700-
5000 kPall36] and Konig et a/. reported an average burst pressure of human saphenous veins
to be 213 + 177 kPa.[137] For the polyurethane based SMP device, even when the polymer
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was expanded to over 50% of the size of the target vessel, the radial force exerted by the
SMP was less than 0.5 N, which was significantly below the threshold for autologous vein
rupture (107 N).

The polyurethane based SMP foam device also demonstrated encouraging /n vivo results.
The SMP foams resulted in complete occlusion of various porcine hind limb vessels in an
average of 90 seconds .[238] More importantly, partial healing was observed at one month
post SMP foam embolization in a porcine aneurysm model. Three months after the
procedure, a complete endothelial layer presented across the aneurysm neck with minimal
inflammatory response, indicating almost complete healing (Figure 6E).[13%] Moreover, at
180 days, a 89-93% reduction in cross-sectional area of the neck was reported for SMP
foam treated porcine vein pouch aneurysms, whereas coil treated aneurysms only
demonstrated an 18-34% reduction.[140] These results suggested that SMP foam treated
aneurysms exhibited superior healing at advanced stages compared to bare metal coil treated
aneurysms.[140]

Compared to the large clot formation seen in conventional metallic coils, the porous
polymeric foam allows for the generation and connection of numerous small clots, resulting
in a faster coagulation and healing process. The porosity also permits ingrowth of
granulation tissue and neointima formation to seal the aneurysm neck. These features
effectively reduce the chances of recanalization.[12] Compared to shape memory alloy, SMP
foams possesses the advantages of lower density, higher inelastic recovery (after plastic
deformation) and lower cost. Furthermore, the mechanical properties and transition
temperature of SMP foam can be tailored over a wide range with minimal adjustments to
chemical structure and composition.[229] In addition to its biocompatibility and non-
mutagenicity, polyurethane can also serve as drug carrier and hemostatic agent.[*41] These
studies highlight the potential of SMP foams as viable mechanical occlusion devices for
aneurysm treatment with long term occlusion efficacy and benefits.

5. Particulates

Particulates were the first embolic agents to be developed and are currently the mostly
commonly used agent due to their versatile functionality.[X: 142] They can be either
irregularly shaped or calibrated, natural or synthetic, and permanent or bio-degradable.
Although non-calibrated particulates have historically been widely used and are still used
clinically today (e.g. gelatin pledgets), the /n7 vivotravel trajectory and occlusion level are
usually unpredictable. Therefore, calibrated microspheres are often preferred due to their
controllable size distribution and spherical shape, which may improve embolization
outcomes. There is a limit on how small particulates can be when used for embolization. It
has been reported that particles with a mean diameter of 9 um can lead to pulmonary emboli
in rabbits.[243] Overall, 40 um is an accepted lower limit for particulate embolic agents.[144]

This section begins with natural and polymeric non-spherical particles, followed by a
discussion on calibrated microspheres and recently developed multi-functional beads.
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5.1. Autologous Clots and Tissues

Naturally autologous embolics include blood clot and muscle tissues. Different types of
blood clots have been used for embolization: unmodified clots, heated clots (to retard clot
lysis), aminocaproic acid modified clots (to resist fibrinolysis), oxidized cellulose modified
blood, thrombin modified blood, as well as aged blood with sprayed tantalum powder for
radiopacity.[14%] Blood clots are temporary embolic agents that can last for a few days; their
lysis and fragmentation can lead to distal migration.[16]

Conversely, autologous tissues are considered permanent embolic agents, though
recanalization may occur after 14—18 days.[24%] Muscle and subcutaneous tissue are taken
from patients just before the procedure.[145] Autologous tissues are then cut into small
pieces to form a “meatball” and suspended into saline for injection.

Both autologous clots and tissues can be individualized for each patient and both are non-
toxic.[4%] The main advantage is their low cost and inherent biocompatibility. However,
autologous embolic agents are rarely used in current clinical practice, given rapid
advancements in particle embolization technology.[162]

5.2. Polyvinyl Alcohol (PVA) Particulates

Polyvinyl alcohol (PVA) particles have been used since the 1970s.[246] They are prepared by
mechanical fragmentation of the PVA polymer block followed by sieving to separate
particles with different size ranges.[147] However, PVA particulates tend to aggregate
because of surface charges and due to surface hydrophobicity, they also aggregate in
physiologic solutions. This can lead to unintended occlusion of proximal larger vessels,[148],
which is often disadvantageous when more distal embolization is desired. The main
challenges of PVA particulates are associated with their irregular shape and lack of size
precision, since their dimension does not necessarily correlate with the diameter of occluded
vessels. These shortcomings give rise to unpredictable embolization behavior and even
blockage of the delivery catheter.[14°]

Non-calibrated PVA particulates cause immediate mechanical occlusion of blood vessels,
followed by thrombus formation. The sequence of histologic events following PVA particle
embolization can be summarized into three stages: 1) within the first few hours or days,
thrombus forms around the trapped particulates; 2) in a few weeks, inflammation processes
starts, and vessel remodeling initiates; 3) in a few months, recanalization may occur due to
particle migration.[20] PVA particle is considered a permanent occlusion agent. Its long-term
biocompatibility, tissue effects and bio-inertness are well established in humans, though
recanalization may occur through old thrombi.[150]

5.3. Gelatin Embolics

Gelatin-based systems are biodegradable embolic agents that are currently available on the
market for temporary embolization. Gelatin foams (e.g., Gelfoam®, Pfizer, New York, NY)
are prepared from purified porcine skin gelatin (a non-antigenic carbohydrate) and have
been widely used in endovascular procedures since 1964.[1511 Gelatin foams are available in
different configurations, such as sponge and sterile sheets, which can be cut into pledgets
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(1-2 mm). Other standard uses are gelatin powders, which range in size between 40 and 60
um, and gelatin microspheres. Gelatin foams serve as hemostatic embolic agents; they can
be opacified through mixing with contrast medium (e.g., iodinated contrast) to form a slurry
for injection. Clinically, gelatin-based systems are used as pre-operational embolic agents to
reduce subsequent blood loss during surgery. They have also demonstrated promising
clinical outcomes in the treatment of HCC,[152] hone malignancies,[152: 1531 yterine fibroids
(both mid-term and long-term)[54] and massive arterial bleeding.[15%]

Gelatin powders lead to distal vessel obstruction and thrombus formation both within and
around the emboli.[58: 1451 They mechanically pack a lumen with smaller diameter to
promote blood clotting. Their hemostatic ability is almost identical to that of fibrin when
directly adhering to the bleeding surface. The coagulation time is reduced from 9.5 minutes
to 6.2 minutes when gelatin powder is added to a whole-blood sample.[558] Furthermore,
the porous structure of gelatin foam serves as a scaffold to promote cell adhesion and tissue
regeneration. When placed in soft tissues, it usually biodegrades completely within 4-6
weeks, although gelatin microspheres with a degradation period of 5 days have been
designed for clinical trials.[*520] Gelatin embolization is considered to be temporary because
of its enzymatic degradation. The degradable nature of gelatin matrix has been considered
advantageous for some applications such as the embolization of internal iliac arteries and
occluding hepatic arteries in chemoembolization.[>6] However, because its degradation
profile is unpredictable, gelatin-based embolization may lead to early recovery of blood flow
or can lead to permanent occlusion.[52]

5.4. Calibrated Microspheres

Unpredictable embolization resulting from irregular shaped particles has led to the
development of calibrated microspheres. Accurate particle size is crucial for localized
targeted embolization since delivery of microspheres is driven by blood flow and their
accumulation /n vivois size-dependent. For example, in tumor embolization, a deep, distal
microvascular embolization is often desired. This requires consistently sized, small
microparticles (45-150 pm) to penetrate the vascular bed. Once distal embolization is
complete, more proximal vessels may be embolized with larger particles (150-250 um). This
strategy of tailored embolization results in the greatest degree of tumor necrosis. 8l
Additionally, for preoperative treatment of meningiomas, relatively small particles (45-150
um) are most effective, whereas uterine fibroids are mostly managed with larger particles
(up to 900 um).[571 Moreover, multiple therapeutics (e.g., gene and cell therapies) can be

encapsulated into microspheres to induce cancer cell apoptosis and limit angiogenesis.
[144, 158]

5.4.1. Trisacryl Gelatin Microspheres (TGMS)—The first commercially available
calibrated microsphere embolic agents were trisacryl gelatin microspheres (TGMS) (i.e.,
Embosphere® Microspheres, Merit Medical, South Jordan, UT, licensed in the US in 2000).
They are hydrophilic, compressible, and non-biodegradable. TGMS consists of a trisacryl
matrix with embedded gelatin.[*59] Trisacryl polymer has long been used as base material in
chromatography column manufacturing for protein filtration due to its low porosity and
biocompatibility.[159-160] The impregnated gelatin allows for cell growth and spreading.[15°]
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TGMS can be synthesized from a reversed emulsion process, followed by wet-sieving for
size selection.[159. 16061 TGMS obtained from this methodology appear spherical, exhibit
smooth contour and are homogenously distributed. They are soft and adaptable for delivery
using microcatheters with no tendency of clogging or forming aggregates.

Embosphere is commercially available with a wide range of size distribution, including 40—
120 pm, 50-100 pm, 100-300 pm, 300-500 pm, 500-700 um, 700-900 pum and 900-1200
pum. Marked inflammatory responses (e.g., giant cell response after 4 weeks) have been
observed with smaller particles (100-300 um) compared to larger microspheres (300-500
pum), due to small particles’ deeper penetration and their allogeneic overcoat.[62] Simple
coloration has been incorporated to enhance visualization of TGMS during injection;
EmboGold® Microspheres (Merit Medical, South Jordan, UT) are commercially available as
TGMS doped with 2% gold.

Clinical evidence indicates that Embosphere microspheres lead to deeper penetration in
meningioma embolization when compared to PVA particles, with less intraoperative blood
loss.[148] Interestingly, on histology, Embosphere microspheres do not cluster but form
chains in smaller vessels.[248] PVA particles tend to clump, block wider blood vessels and
are associated with more intense necrosis compared to TGMS embolization.[162] No direct
correlation was found between sizes of PVA particles and occluded vessel diameters. In
contrast, there was a strong correlation between the sizes of calibrated TGMS and the
diameter of occluded vessels. Similar results were also obtained when comparing PVA
particles to Embosphere microspheres in UAE.[163]

5.4.2. PVA Microspheres—Calibrated PVA microspheres overcome some of the
aforementioned disadvantages associated with PVA particles.[164] For example, Bead
Block® (Biocompatibles UK Ltd) (sizes ranges: 100-300 pm, 300-500 pm, 500-700 pm,
700-900 pm and 900-1200 pm) is a type of PVA microsphere (PVA crosslinked with acrylic
polymer) that is commercially available for embolization. Additionally, LC Bead®
(Biocompatibles UK Ltd) and LC Bead LUMI™ (with intrinsic radiopacity)
(Biocompatibles UK Ltd) have also been cleared by FDA for the embolization of
hypervascularized tumors and AVMs.

5.5. Temporary Microspherical Embolic Agents

Biodegradable embolic materials are selected when temporary, non-permanent embolization
is desired, often in cases in which re-intervention at a later date may be planned or when
non-target embolization to normal issue is unavoidable.[65] Clinical indication for
temporary embolization may include trauma, postpartum hemorrhage and gastrointestinal
bleeding.[*66] The typical aim of temporary embolization is to stop blood flow, allowing
hemostasis and healing of injured blood vessels. As the temporary embolization agent
gradually degrades, the blood vessels recanalize at a later stage and restore the normal blood
flow.[166]

A variety of degradable embolic particles/microspheres have been developed.l167] In
addition to fundamental microsphere properties (calibrated sizes, compressibility and
resiliency), biodegradable embolic agents should also encompass the following design
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considerations: occlusion period, fate of the degraded fragment, intrinsic radiopacity and
therapeutic loading capability.

5.5.1. Chitin and Chitosan Derived Microspheres—Chitin, a (—1,4) polymer
chain of N-acetyl-D-glucosamine, is the second most abundant natural biopolymer in the
world after cellulose.[168] Due to its limited solubility in common solvents, chitin’s
derivative, chitosan (poly(p—1,4-D-glucosamine) (by chitin N-deacetylation), is more
commonly used in biomedical and pharmaceutical applications.[169] Both chitin and
chitosan can be extracted from the crust of crabs and shrimps, and are highly biocompatible,
biodegradable and antigenic. They are anti-oxidant, anti-inflammatory, thermosensitive and
can serve as drug carriers for chemoembolization.[168-1701 Additionally, chitosan has a
hydrophilic surface to promote cell adhesion, proliferation and differentiation, without
evoking intense foreign body reaction in vivo.[171] It degrades slowly into harmless
gluocosamine that can be absorbed completely by the body.

The embolic effect and degradation profile of chitin and chitosan particles were assessed in
the renal arteries of rabbits.l721 Compared to similarly sized PVA particles, chitin and
chitosan particles (150-250 pm) were found to pack blood vessels more compactly, with less
frequent capillary vessels formation within the embolized arteries, suggesting less chances
of recanalization. Giant cells were observed 1-2 weeks after embolization (before particle
degradation occurs) and continued to be present until week 32, which was after complete
chitosan absorption at 24 weeks. Histologic examinations revealed deformed and fragmented
emboli, some of which were gradually engulfed by giant cells via phagocytosis.[172] These
observations suggest that the degradation of chitin and chitosan particle is likely governed
by enzymatic hydrolysis, a major degradation route of carbohydrates.

The level of deacetylation and amount of amino groups contributed to biocompatibility,
physicochemical characteristics and degradation profile of chitosan microspheres.[173]
Uniformly sized chitosan microspheres (CM) (132, 260 and 429 um) were prepared by the
water-in-oil (W/Q) emulsification technique and aceylated chitosan microspheres (ACM)
were obtained by aceylating CMS with anhydride acetic.[1731 ACMs have reduced bovine
serum albumin adsorption compared to CMs; in addition, ACMs and CMs exhibit hemolysis
rates of less than 1.2% (non-hemolytic) and 3.3% (slightly hemolytic), respectively,
suggesting that ACMs are more hemocompatible than CMs. In aqueous solution, amino
groups on chitosan are protonated in to ~NH3*. Therefore, less positively charged ACMs
can reduce the attraction of negatively charged red blood cell glycoproteins, thereby
preventing cell membrane rupture and reducing the amount of subsequently released
hemoglobin. At constant temperature, ACMs deemed to maintain a stable swelling ratio,
which was not significantly affected by pH value as CMs were. Hence, ACMs may be more
stable (e.g. less swelling-induced pressure on vessel walls) in response to /n vivo
environmental changes.

The Jin vitroand in vivo biocompatibility and degradation profile were also assessed for both
CMs and ACMs.[174] ACMs underwent faster lysozyme degradation (40% residual mass at 8
weeks) compared to CMs (60% residual mass at 8 weeks) under identical /n vitro conditions.
Their implantation in rat gluteal regions did not lead to noticeable adverse effects. Histologic
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sections revealed gradual degradation of CMs and ACMs over a period of 24 weeks. Cell
infiltration was observed at early stages (at both 1 week and 8 weeks), followed by
granulation tissue deposition (16 weeks) with connective tissue replacing the microspheres
completely beginning at 24 weeks. The embolic efficacy of ACMs was examined in a rabbit
ear model, which exhibited complete occlusion and ischemic necrosis 15 days after ACM
administration.[174]

Chitosan’s poor long-term stability and restricted shelf-life remain significant challenge that
hinders its clinical applicability. Both intrinsic and external factors that influence chitosan
stability have been identified. Intrinsic parameters include purity, molecular weight,
polydispersity, deacetylation and water content. External factors consist of environmental
factors (e.g., humidity and temperature) and processing factors (e.g., acidic dissolution,
sterilization, heating and lyophilization).[269] The addition of stabilizer, nonionic polymers,
as well as physical and chemical crosslinkers are strategies that have been employed to
effectively enhance the physiochemical stability of chitosan. Proper storage condition is also
critical to optimize its performance.[16]

5.5.2. Chitosan/Carboxymethyl Cellulose Microspheres—Bioresorbable chitosan
(CN)/carboxymethyl cellulose (CMC) microspheres have been made via the reverse
emulsion process and their degradation profile depends on the composition and degree of
oxidation of CMC.[175]. The two naturally-derived, highly biocompatible materials form
hydrogel beads through in situ intermolecular crosslinking via a Schiff base reaction
between amino groups on chitosan and aldehyde groups on oxidized CMC.[171. 1751 The
CMC oxidation level, therefore, directly affects cross-linking density. This methodology
avoids small molecular cross-linkers for reduced toxicity. The particles are able to deform as
much as 33% of their original size and pass through a catheter with a smaller diameter
without structural compromise.[17] Their highly porous internal structures are also
beneficial for therapeutic delivery.[175-176]

In vitro studies demonstrate that CN/CMC microspheres crack and break into small pieces in
lysozyme with tunable degradation rate at 37°C (ranging from 15 days to over 4 weeks,
depending on oxidation level). The degradation mechanism is based on hydrolysis due to
cleavage of Schiff bases in an aqueous environment.[17 1731 |n particular, highly cross-
linked (e.g., high oxidation level of CMC) microspheres exhibit a lower degradation rate
compared to microspheres with low cross-linking densities.

In vivo occlusion level, degradability and biocompatibility of CN/CMC microspheres were
investigated in a rabbit kidney model. Successful renal embolization was observed 73 days
after the procedure. Mild tissue reaction occurred, possibly due to ischemia and degraded
byproduct, while no vessel wall destruction was observed. Partial degradation was observed
on day 7 and no particles were found at day 73, whereas proximal vessels were patent.[17°]
Moreover, no systemic complications (e.g. necrosis and neutrophilic inflammation) were
reported at either 6 or 12 months after CN/CMC particles delivery.[177] Pathological findings
suggested mild local tissue responses at both time points, and new vessel formation was
observed in treated kidneys at 6 months. Biodegradable CN/CMC microspheres
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demonstrated no adverse long-term effects, highlighting their potential as safe agents for
arterial embolization.

5.5.3. Hydrogel Microspheres with Hydroxylamine Containing Crosslinker—
A class of degradable hydrogel microspheres were synthesized by homopolymerizing a
variety of acrylic monomers and hydroxylamine containing crosslinker, namely N,N’-
(dimethacryloyloxy)adipamide (CgNCL), for temporary embolization.[166] Some of the used
monomers include 2-hydroxyetheyl acrylate (HEA), acrylamide (AAm) and acrylic acid
(AA). The in vitro degradation period of formulated microspheres varied between 6 hours to
31 days (at 37°C, pH=7.4).[166] The degradation profiles were tunable by the type of
monomer, crosslinkers and pH values (of both physiological and storage solutions). Faster
degradation Kkinetics are usually achieved by reduced cross-linking density; however, this can
compromise the microsphere mechanical properties (e.g. breakage of particles due to
fragility). Instead, the new hydrolytically degradable agent, CgNCL, was composed of two
degradation sites that offered relatively faster degradation rates while maintaining the
microspheres with desired mechanical properties.[166]1 Among all the candidates, HEA
microspheres, with sizes between 300 and 500 um, were selected for further investigation.
They exhibited /n vitro degradation time of 22 days and no swelling after three months of
storage.

The occlusion efficacy of HEA microspheres was examined in both canine renal arteries (up
to 3 weeks) and rabbit median auricular artery (up to 2 weeks).[166] Biodegradable Human
Serum Albumin (HSA) microspheres and permanent EmboGold microspheres with same
sizes were also used for comparison. After renal embolization in canine model, small
infarcts were visible in the kidney with temporary embolic agents (both HEA and HAS
microspheres), whereas more pronounced abnormalities and moderate inflammatory
reactions were seen in kidney treated with permanent microspheres. The degradable
microspheres were found to be encapsulated at different stages of degradation and
phagocytosis. HSA microsphere embolized arterial branches recanalized in 1 week while no
recanalization was observed for the permanent EmboGold microsphere treated vessels. For
HEA microsphere embolized renal arteries, the occlusion persisted for 1 week and blood
flow reestablished at 2—3 weeks, which is similar to the degradation time of that to gelatin
sponge.[178] This is a reasonable degradation period that provides sufficient time to achieve
tumor ischemia, vessel repair and embolization.[179]

5.5.4. Microspheres with PLGA-PEG-PLGA Crosslinker—Another hydrolysable
cross-linker, PLGA-PEG-PLGA, was used in synthesizing poly(ethylene glycol)
methacrylate (PEGMA) microspheres through a suspension polymerization process.[179] The
degradation of PEGMA is based on the hydrolysis of the ester bond in the crosslinker. Its
decomposition rate is mainly determined by the molecular weight of polymethacrylate
chains, size of lacoyl/glycolidyl segments, crosslinking density and hydophilicity.[179]

The subcutaneous implantation of PEGMA microspheres in rabbits demonstrated that they
degraded to an advanced stage in two days; PEGMA microspheres degraded completely in
seven days, which was before the onset of a chronic inflammatory response. Such rapid
degradation and body elimination occurred because the molecular weight of
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polymethacrylate in formulated microspheres was below the threshold of 50kg/mol to be
filtered out by kidney.[179-1801 Mild inflammatory reaction, without lymphocytes or giant
cells, was observed: neutrophils were found 2 days after implantation and microphages
appeared after 7 days, corresponding to normal acute and progression phases of foreign
body reactions.

5.5.5. Hydrophobic Linear Polymers Based Microspheres—In addition to
hydrolysable cross-linker, hydrophobic linear polymers represent another class of
hydrolytically degradable polymer material (e.g., PLGA, plyanhydridge, and polyesters),
which can decompose into oligomers or monomers.[1811 As an example, PLGA degrades
into lactic acid and glycolic acid by hydrolysis of ester linkage.[182] However, PLGA
microspheres are typically dense and non-compressible; they are not flexible enough to pass
through a catheter with smaller inner diameter.[183] Although PLGA microspheres are
commercially available (e.g., Occlusin® 500 Embolization Microspheres,
IMBiotechnologies, Ltd., Edmonton, AB, Canada) and have been used for embolization,
their decomposition is usually slow and gradual (i.e., on the order of months).[183b. 184]

In a sheep UAE model, 150-212 um OCL 503 (type | bovine fibrillar collagen-coated PLGA
microspheres) was observed with significant shape deformation due to partial degradation at
1 month, with fibrous connective tissue between and surrounding the particles. They
degraded completely in 6 months, whereas the arteries remained fully occluded 6 months
after the procedure due to fibrous connective tissue; however, recanalization was observed at
12 months. Additionally, OCL 503 was shown to rapidly attract platelets enhancing its
stability of formed clots through platelet-platelet interaction and cross-linking between the
microspheres. Though no complications were observed over the study period, long-term
clinical benefits associated with OCL 503 microspheres cannot be identified and a more
rapidly biodegradable microsphere may be favorable when repeated embolization is
necessary.[183b]

Imageable Microspheres

Currently most available microsphere embolic agents are radiolucent and, therefore, are
usually mixed with intravenous contrast agents for fluoroscopic imaging. However, the body
rapidly clears contrast media, precluding their applications in long-term monitoring.[185].
Simple mixing of contrast agent (usually heavy metal or heavy metal salts) with polymer can
cause leakage of the radiopaque agent due to the lack of primary bond formation. This not
only deteriorates the physiomechanical properties of polymer matrix, but can also lead to
systemic toxicity or complications such as non-target embolization. Moreover, detection of
loosely mixed contrast media does not necessarily correlate with the actual location of
microspheres and whether repeated embolization is necessary is also hard to assess.[144: 186]
Therefore, intrinsically radiopaque microspheres are needed, as they would reduce the need
for multiple injections of contrast agents, thereby reducing allergic complications and
potential nephrotoxicity.

The most commonly incorporated radiodense agents are organoiodine compounds.[52! lonic
contrast agents (e.g., ioxithalamate) have been found to cause transient endothelial cell
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injury, while non-ionic contrast agents (e.g., iomeprol) do not lead to detectable endothelial
damage.[1871 Compared to nonionic contrast agents, ionic contrast media have greater
biological effects and high osmolality, which may cause osmotic dilution and renal toxicity.
[52] Besides iodinated contrast agents, radio-opacifiers, including barium sulfate, [188] silver
iodide,[189] tantalum[9% and zinc-silicate,[191] have also been impregnated into
microspheres to render them radiopaque to monitor embolization and long-term occlusion
level. Additionally, multimodal visibility on fluoroscopy, MRI, CT and ultrasound are worth
exploring for the development of multimodal microspheres as the next generation of embolic
microspheres.

5.6.1. lodinated Microspheres—There are two major approaches to introduce intrinsic
radiopacity to microspheres through primary bonding: a) polymerization of radiopaque
monomers and b) attachment of the radiopaque moiety onto the host polymer structure.[192]
lodinated benzyl based starting materials are widely used in either approach due to synthetic
flexibility and high iodine content (Figure 7A).[193]

For example, the triiodobenzyl moiety can be linked to PVA-AMPS microspheres
(sulfonate-modified acrylamide-polyvinylalcohol) via hydroxyl groups presented on the
surface.[193] These microspheres, with sizes between 70 and 150 pum, were infused for
embolization into hepatic lobar arteries in a porcine model. Subsequent CT scans confirmed
no loss of the bead signal over a 90-day period. This suggested successful covalent
attachment of iodine moieties onto the microsphere. Pathologic studies indicated initial
inflammation, as expected in a typical foreign body response, whereas no chronic
inflammation was seen. The microspheres were shown to be biocompatible by passing
standard 15010993 biocompatibility tests.[293] A pilot pig study suggested that a minimum
of 20 wt% iodine was required to distinguish individual particles. However, the
determination of whether to visualize single or clusters of microspheres depends on the
application, and the radiodensity is also device specific.[1572]

5.6.2. Nano-on-Micro Systems—Another commonly used approach to render embolic
microspheres visible on imaging modalities is to introduce contrast agents in the form of
nanoparticles, which can be incorporated into the microparticle matrix. This methodology
allows the microspheres to be visualized under several imaging modalities, including
fluoroscopy, CT and MRI. The advantage of MRI is its high sensitivity in soft tissue
evaluation and non-invasiveness, which does not expose patients to ionizing radiation. On
the other hand, CT can provide additional diagnostic information, e.g. pulmonary reflux of
embolic material.[194]

Iron Oxide Nanoparticle Based Microspheres: Iron oxide nanoparticles have received
attention as potential MRI contrast agents, due to their magnetic properties and
biocompatibility.[195] Several formulations of iron oxide nanoparticles have been approved
by the FDA for clinical trials. These include Feraheme® (vascular imaging), Feridex 1.V.®
(liver and spleen imaging), Gastromark® (bowel imaging) and Combidex® (lymph node
imaging).[195b]
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Chitosan microspheres (100-900 pm) loaded with superparamangetic iron oxide
nanoparticles (SPIONs) (10-15 nm) have been synthesized for both embolization and MRI
visualization.[198] The nano-on-micro formulation was made by ionotropic gelation and PEG
leaching, in order to distribute SPIONSs uniformly within the chitosan microspheres.[197] The
addition of SPION particles did not alter the morphology, or the size of chitosan
microspheres. Though Young’s modulus increased five times (477kPa versus 95kPa), the
SPION chitosan microspheres were still sufficiently deformable. Freeze dried SPION-loaded
chitosan microspheres contain approximately 18 wt% of SPION and a maximum of 11.8
mg/mL SPION content was reported in wet condition. Effective blockage of the right renal
artery of rabbits was observed for up to 18 weeks after embolization, with concomitant
decrease in the size of the embolized kidney and hypertrophy of the contralateral kidney.
The particles remained visible on T2-weighted images after 18 weeks.

In another study, SPION impregnated poly(acrylic acid) microspheres were developed via an
inverse suspension polymerization method.[19] Due to the addition of SPION particles
during the polymerization process, the Young’s modulus of SPION-poly(acrylic acid)
microspheres (75 kPa) was almost half that of plain poly(acrylic acid) microspheres (146
kPa), as a result of decreased polymerization degree. The SPIONs content in this
formulation was shown to be 18.3 + 2.0 mmol Fe, which was detectable in mice by a clinical
3.0T MRI scanner. Furthermore, embolization with SPION loaded poly(acrylic acid)
microspheres led to local tissue necrosis in rabbit kidney embolization. Their MRI signals
were found to be detectable 7 days post embolization. In clinical practice, the degree of
contrast on MRI depends on the strength of the magnetic coil, as well as size, surface
charges, presence of coatings and saturation magnetization of SPIONSs.

Barium Sulfate Nanoparticle Based Microspheres: A one-step droplet microfluidic
technique was used to fabricate alginate microspheres containing in situ synthesized BaSOy4
nanoparticles (Figure 7B).119] The monodispersed droplets were generated as a result of
competition between viscous and capillary forces. Alginate matrix provided a porous
structure for even dispersion of BaSO,4 nanoparticles. The sizes of microspheres could be
tailored by varying the concentration of and flow rate between the dispersed and continuous
phases. The final particle size was 250 um and the diameter in the dried state was 60 pm
(Figure 7B).

Whereas a concentration of 5 wt% BaSO,4 loaded alginate microspheres (ALG) is
sufficiently visible, higher BaSO,4 content (e.g., 9 wt%) leads to microspheres brittleness and
consequent rupture.[19%] The minimum BaSO, content of in microspheres to meet the
visibility criteria is approximately 5 wt% for CT and 10 wt% for fluoroscopy. [200]
Furthermore, BaSO4/ALG microspheres are visible fluoroscopically up to 1.5 hours after
kidney embolization in rabbits, and continue to be detectable with CT after 14 days. Their
embolic efficacy and performance are comparable to commercial calcium alginate
microspheres based on pathologic studies. Their intrinsic radiopacity is beneficial for
tracking and follow-up assessment of the fate of the embolic agents /in vivo.

Tantalum Nanoparticle Based Microspheres: Tantalum is another radiodense material to
render microsphere radiopaque.[292] A one-step electrospraying method can be used to
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produce monodisperse and radiopaque tantalum nanoparticle-loaded calcium alginate
particles.[202] Tantalum suspended sodium alginate mixture is sprayed into CaCl, solution
and solidified. Tantalum nanoparticles are homogenously embedded in calcium alginate
matrix. Microsphere morphology and radiopacity is controlled by spinneret voltage,
spinneret size, Ca2* concentration and tantalum nanoparticle concentration. Optimized
tantalum loaded calcium alginate microspheres have a diameter of 330 um and 10% (w/v)
tantalum concentration. In renal embolization of rabbits, radiolucent calcium alginate
microspheres (without tantalum) were used to embolize the kidney; these were not visible
fluoroscopically (Figure 7C). However, Tantalum loaded calcium alginate microspheres
demonstrated successful embolization, which were visible in both fluoroscopy (i.e., digital
radiography) and CT scans 4 weeks after the procedure, indicating their potential for real-
time imaging and long-term assessment.

5.6.3. Microspheres with Multimodal Visibility—Modifications have been made to
Embozene™ Microspheres (polyphosphazene-coated polymethylmethacrylate, Boston
Scientific, Marlborough, MA) to achieve multimodal imaging with fluoroscopy, CT and
MRI by impregnating iodine, barium sulfate and iron oxide through precipitation.[203]
Pronounced change in particle visibility, as quantitatively indicated by signal to noise ratio,
after porcine liver embolization was observed on CT (up to 200% increase), as well as on
T1- and T2-weighted MRI (up to 80% decrease). Control particles (without contrast agents)
had a 15% intensity change and were not visible. These signal measurements quantitatively
evaluated the visibility of contrast agent modified Embozene microspheres and the
multimodal visibility of these particles may offer improved monitoring on both CT and MRI
for embolotherapy.

Nano-on-micro microspheres comprised of iodinated monomer 2-methyacryloyloxyethyl
(2,3,5-triiodobenzoate) (MAOETIB) and magnetic nanoparticles were synthesized as dual
imaging modalities for CT and MRI.[2041 P(MAOETIB-GMA) microsphere core (diameter
of 40-200 um) was first prepared by suspension copolymerization of MAOETIB and
glycidyl methacrylate (GMA). GMA was used during the emulsion process to create a
hydrophilic surface, allowing subsequent nucleation and growth of -y-Fe,O3 nanoparticles to
form a thin layer on surface of P(MAOETIB-GMA) microspheres. Hence, while the
microsphere core is visible by fluoroscopy and CT due to the presence of iodine, the external
iron oxide shell makes the particle visible in MRI. The bulk of microsphere contained 56.9
wt% iodine and the surface iodine content was 0.6 wt%. y-Fe,O3/P(MAOETIB-GMA)
microspheres were successfully used to embolize a rat kidney.[204] Signal changes were
observed by both fluoroscopy and T2-weighted MRI. Additionally, the size of the signal
change (70 um) appeared to be correlated with single particle diameter.

Another type of magnetic nanoparticles, Fe30,4 nanoparticles, were impregnated into
P(MAOETIB-GMA) microspheres following homopolymerization.[194] Nanoparticle
dispersion was achieved by adding rabbit albumin to relieve the aggregation due to surface
charges. Rabbit renal arteries were successfully embolized by Fe304/P(MAOETIB-GMA)
microspheres, as confirmed by histologic studies, revealing particles located at various sites
inside of the arteries with associated thrombus.[1%4] The microspheres were visible under
three imaging modalities, including CT (hyperdense and punctuate areas), T2* and T2-

Adv Mater. Author manuscript; available in PMC 2020 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hu et al.

5.7.

Page 29

weighted MRI (hypointense and darkening confluent areas) and fluoroscopy (focal, small
hyperdense areas). Larger particles containing more iodine would likely perform better for
fluoroscopic and CT imaging, but not necessarily for MRI, since the relative amount of iron
oxide decreases as a result of the reduced surface-to-volume ratio of larger particles. Hence,
the balance between the contrast compound within the core and surface should to be further
tailored for optimum results.[194]

Drug Eluting Beads (DEBS)

Localized drug delivery and controlled drug release can improve therapeutic efficacy and
safety. Targeted drug carriers are critical in cancer therapy although localizing therapeutic
agents to a specific area remains challenging. For instance, doxorubicin, a common
anticancer drug, is intrinsically toxic. Because it is rapidly cleared, it must be administered
to patients with multiple injections, leading to cardiotoxicity. Conventional TACE delivers a
mixture of chemotherapeutics (e.g., doxorubicin), alone or with cisplatin and mitomycin C,
and lipiodol (as a contrast agent) into the targeted organ (e.g., liver), followed by
embolization with bland agents (e.g., gelatin sponge) (Figure 8).[205] Radioactive beads
(Figure 8B) are also used extensively for brachytherapy to induce local cell death [206],
However, radioembolization is beyond the topic of current review.

In the early 2000s, a variety of DEBs were developed.[1920. 207] The aim of DEBs is to
deliver drugs over a longer period of time directly to the tumor while reducing systemic
toxicity (Figure 8C and 8D).[208] |deally, DEBs should have the following characteristics:
visibility, targetability and capability of delivering multiple therapeutic modalities, as well as
maintaining effective drug concentrations for prolonged periods of time. These
characteristics should strongly increase the efficiency of the drug while limiting
complications. The matrix of the drug carrier is critical as it controls the general release
profile,[144] while the drug pharmacokinetics are dominated by the physiology of particular
embolized tissues.[299] In addition to the cytotoxic effects of the drug, DEBs retard tumoral
growth through ischemic cell death via feeding vessel embolization.[210] Combining DEB-
TACE and anti-angiogenic therapy (e.g., sorafenib) is well tolerated and has demonstrated
favorable disease control rate in phase Il trials for patients with unresectable HCC.[211]

Overall, therapeutic drugs are either encapsulated during microsphere fabrication procedures
(e.g., emulsion and precipitation processes) or they can be loaded onto the microsphere
surface via ion exchange or swelling. In particular, ion exchange is the major drug capture
mechanism for commercially available, non-degradable beads. This method does not
compromise drug bioactivity.[209 212] Additionally, the drug release profile can be
modulated by microsphere microstructure (e.g., porosity).[18¢] In the following sections,
drug encapsulation mechanisms, release kinetics for DEB applications, as well as
corresponding pharmacokinetics are discussed.

5.7.1. lon Exchange Mechanism—PVA microspheres containing sulfonate groups
(e.g., DC Bead®, Biocompatibles UK Ltd, UK) or sodium acrylate groups (e.g.,
HepaSphere™ Microspheres, Merit Medical, South Jordan, UT) are commercially available
embolic agents to encapsulate drugs for TACE in treating HCC.[213] In particular, DC beads
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are made of sulfonate-modified PVA hydrogel, which contains negatively charged 2-
acrylamido-2-methylpropanesulphonate sodium (AMPS) units throughout its structure to
bind to positively charged drug. Specifically, cationic drug molecules (e.g. protonated
doxorubicin) interact with the sulfonic acid group (R-SO3%")[181b] on AMPS for both loading
and release through ion exchange mechanism. Up to 99% of doxorubicin uptake occurs
between 30 minutes and 8 hours, depending on bead size.[214]

The recommended doxorubicin loading level is 25 mg/mL in hydrated DC beads.[152a 215]
The high drug-loading efficacy allows drugs to remain in the tumor for at least three months,
promoting apoptosis and cell death. Due to the targeted and sustained nature of drug release,
DC beads deliver 11.5-fold more doxorubicin to a tumor than conventional TACE, as seen in
a rabbit liver model.[216] Furthermore, clinical studies demonstrated improved 6-month
response (disease control, objective response and complete response) in patients treated with
DEB-TACE compared to conventional TACE.[217] DEBs have also demonstrated
effectiveness in the treatment both primary and metastatic liver cancer. The liver is the most
common metastatic site for colorectal cancer, and hepatic metastases occur in over 50% of
colorectal cancer patients.[218] Additionally, irinotecan-loaded DC beads were shown to be
an effective and well-tolerated therapy in patients with unresectable colorectal liver
metastasis.[219] These studies suggested that DEBs offer a new level of therapeutic
consistency and patient tolerability.[220]

By activating a portion of hydroxyl groups on DC beads with 1,1’-carbonyldiimidazol
(CDI), radiodense species can be attached to render the microspheres radiopaque.[213] These
chemically modifiable and reactive hydroxyl groups can then be used for attachment of
positively charged drugs (e.g., doxorubicin, ironotecan and topotecan).[223] The final
formulated beads can contain an average of 45.6% iodine and exhibited doxorubicin loading
capacity of 40-80 mg/mL, which is comparable to the maximum theoretical loading
capacity of DC bead of 45 mg/mL.[215]

However, for commercially available DC beads (although not FDA-approved for use in
USA) with negative surface charges, only cationic drugs (e.g. doxorubicin, irinotecan(221]
and sunitinib[222]) can be loaded. Therefore, their release kinetics are primarily governed by
the ionic environment. Additionally, the nonbiodegradable nature of the beads could also
lead to late stage inflammatory responses due to persistent occlusion.[223]

5.7.2. Swelling Mechanism—Superabsorbent HepaSphere Microsphere, comprised of
polyvinyl alcohol and sodium acrylate copolymer, is a newly developed embolic material for
controlled drug release.[224] As the name “superabsorbent” suggests, these microspheres
absorb up to 64 times of their volume at dry state.[225] This swelling behavior allows
massive loading of aqueous solutions(e.g., contrast agent, drug solution and serum). With
their negatively charged surfaces, these particles are ideal for encapsulating positively
charged cancer drugs (e.g., doxorubicin and paclitaxel) in TACE. Currently, HepaSphere is
not approved for use or sale within the US, although clinical trials have been carried out in
other countries for TACE in HCC with promising results.[22¢]

Adv Mater. Author manuscript; available in PMC 2020 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hu et al.

Page 31

In another example, ketoprofen was loaded into N-(Tris(hydroxymethyl)methyl)—-acrylamide
gelatin beads through swelling mechanism for pain relief after UAE.[48] The plain
microspheres were synthesized through inverse suspension polymerization, followed by
drying. The dried particles (sized range between 150 and 1430 um) were then soaked in
concentrated drug solution for ketoprofen loading. It was found that the drying method
(lyophilization versus anhydrous ethanol wash) affected ketoprofen loading efficacy;
lyophilized particles provided an overall higher loading capacity (79-122 mg/mL) compared
to ethanol dried particles (61-106 mg/mL). This was due to increased porosity as a result of
volume expansion and water sublimation during the lyophilizing process. Since ketoprofen
cannot be loaded during polymerization reaction due to its insolubility in either water or
paraffin oil, the dry-and-soak method appears to be feasible for ketoprofen encapsulation.[48]

5.7.3. Emulsification/Precipitation Mechanism—Well-dispersed adriamycin
hydrochloride (ADM) loaded alginate-chitosan microcapsules (mean diameter of 77 pm) can
be prepared by an emulsification-gelation process.[227] The two biodegradable and nontoxic
components are polyelectrolyte polymers containing opposite charges. The positively
charged amino groups on chitosan interact with negatively charged carboxylic acid groups in
alginate to form microcapsules electrostatically.[228] Embolization using plain alginate-
chitosan microspheres was tested in a rabbit kidney model.[227] The particles caused
permanent coagulation necrosis of the kidney and ischemic necrasis in renal tubular cells by
4 weeks. The particles were identified in renal tubules up to 8 weeks after procedure.[227]

The maximum reported ADM encapsulation efficiency was 84% (with higher drug/carrier
ratio), possibly because of enhanced electrostatic interactions between ADM and sodium
alginate. Additionally, the interaction between alginates and chitosan contributed to the
formation of a complex polyelectrolyte layer on microsphere surface.[22%] This complex
polyelectrolyte membrane became thick and tight with elevated chitosan concentration,
which increased encapsulation efficiency accordingly.[227] /n vitro ADM release profile was
strongly dependent on the medium pH, but less so on chitosan concentration. For instance,
ADM was more likely to dissolve in acidic solutions. As the microcapsule shrank in low pH

environment, ADM was rapidly released by dissolution and diffusion via H* ion exchange.
[227]

Using alginate-chitosan as matrix, norcantharidin (NCTD) loaded microspheres have also
been prepared via an emulsification-gelation method, and examined in a VX2 rabbit liver
cancer model.[230] Sustained release of NCTD of over 20 days (with accumulated release up
to 90%) was obtained in both small (60-120 pm) and large microspheres (120-200 um);
large microspheres exhibited more extended release, and small microspheres significantly
slowed the tumor growth rate. Histologic results revealed the presence of small infarcts and
necrosis in embolized livers with no metastasis, which occurred in the control liver. The
tumor tissue around the beads entrapped within in tumor vessels appeared to be necrotic
without giant cells. The profound necrotizing effect at tumor margins, where the tumor cells
are most vigorous, suggested that these microspheres have high therapeutic efficacy.[230]

Microfluidics is an effective emulsion technique to produce monodisperse (uniformly sized)
microspheres for embolization.[156: 207¢] polysaccharide alginate microspheres (~25 um)
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consisting of both gold nanorods and magnetic clusters for dual MRI/CT imaging, and 6-
methyxyethylamino numonafide (MEAN) can be loaded for chemoembolization, as
demonstrated in a rat model of HCC.[207¢] |n this study, FDA approved biodegradable
polysaccharide alginate polymers were used as the matrix due to their biocompatibility and
mild gelation at room temperature, which is critical to the microfluidic gelation process. An
oil mixture was used as continuous phase, and the aqueous phase consisted MEAN-magnetic
clusters, gold nanorods, and alginate solution. Gold nanorods (33x8.6 nm) were synthesized
with seed mediated method as CT imaging component. The magnetic clusters (~62 nm),
synthesized via high temperature hydrolysis reaction, allowed for imaging on MRI. After
shearing from microfluidic channel, the aqueous phase contacted the CaCl, solution,
solidified and formed alginate based microspheres via cross-linking gelation.

The presence of iron oxide nanocluster influences the MEAN release profile. With MEAN
loaded magnetic clusters, MEAN release lasted for 2 weeks, with burst release of 47% by
day 1. However, without iron oxide clusters, 90% MEAN released within a single day. This
indicates that iron oxide nanoclusters effectively slow release rates down, due to porous
structure generated among iron oxide clusters. The porosity also altered local field gradients
and disturbed hydrogen atoms locally, which gave rise to strong T2 contrast (Figure 9A and
9B). After microsphere infusion, the tumor edges were enhanced (with negative contrast to
noise ratio) in MRI compared to before infusion (Figure 9C). In addition, both MRI and CT
have been used to monitor and track microsphere embolization (Figure 9D). The particles
were found to preferentially accumulate at HCC tumor margins, rather than in normal
hepatic tissues, confirming their super-selectivity.

5.7.4. Biodegradable DEBs—For biodegradable DEBs, drug release mechanisms are
primarily governed by microsphere swelling and polymer degradation, and the release
profile can be triggered by heat or enzymatic hydrolysis.[144: 209l Choi et a/. developed an
embolic microsphere consisting of sorafenib, 2,3,5-triiodobenzoic acid (TIBA, for CT
imaging) and a PLGA matrix, with diameter between 24.8 and 28.5 pum, for HCC
embolization.[1842] The imageable drug-loaded microsphere was fabricated by oil-in-water
(O/W) emulsification, with up to 58% sorafenib encapsulation efficiency and 5.11% (w/w)
sorafenib content. The sizes were chosen to match the internal diameter of the terminal
arterioles (10-50 pm) and capillaries (8-10 um) in rat liver. The microspheres were
delivered through intra-arterial administration and the iodine content (average of 23.15%
(w/w)) appeared to be adequate for CT visualization. In biological fluids, PLGA matrix
degraded gradually into lactic acid and glycolic acid via hydrolysis, which directly
contributed to the sustained SOF release.

Biodegradable poly(D,L-lactic acid) (PDLLA) microspheres were loaded with either
cisplatin or sorafenib or both drugs through an emulsion solvent evaporation method to
produce particles with final diameter ranging between 200 and 400 pm (~60% yield).
[223,231] prug loading capacity in cisplatin, sorafenib and cisplatin+sorafenib microspheres
was 12.4%, 15.7% and 4.8%+7.3%, respectively. Dual drug-loaded microspheres are highly
porous due to solvent extraction during microsphere formation, compared to dense PDLLA,
cisplatin-PDLLA and sorafenib-PDLLA microspheres.[231] The porosity resulted faster /i
vitro release rates during the first 14 days compared to single drug-loaded particles. The
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particle morphology, drug distribution and release kinetics were all controlled by nature of
polymer, polymer concentration, type of solvent, temperature, stirring speed, and pH of the
environment.[232]

Degradation of PDLLA microspheres in aqueous solution typically involves three steps: 1)
water absorption; 2) hydrolysis of ester bonds and 3) polymer erosion and bulk degradation.
[223, 231] As a result of PDLLA degradation process, the drug is usually associated with tri-
phasic release profile: 1) a burst-release phase (initial release from microsphere surface and
diffusion through water-filled pores), 2) a slow release phase (diffusion through polymer
matrix); and 3) a faster release phase (onset of erosion).[223. 2311 A|| types of microspheres
were shown to be intact /n vitro after three months. Therefore, drug release during the first
two weeks was more likely to be dominated by surface release, rather than bulk release due
to polymer degradation.

Cisplatin is a powerful cytotoxic and cytostatic agent used to treat a variety of solid tumors.
[233] 1t binds to DNA to facilitate apoptosis and cell death. Sorafenib is a multi-kinase
inhibitor with anti-angiogenic and anti-proliferative properties for liver and kidney cancers.
[234] 1t inhibits receptor kinases to block angiogenesis, tumor growth, and subsequent
metastasis.[234] In nude mice, cisplatin-loaded microspheres have no significant effect on
tumor growth compared to plain PDLLA microspheres, whereas dual drug loaded (cisplatin
+sorafenib) PDLLA microspheres are the most effective, inducing tumor shrinkage at day
28, demonstrating a combined cytostatic and antiangiogenic effect on solid tumors. The dual
agent may destroy tumor cells and suppress tumor vessel growth to effectively inhibit tumors
in situ.

5.7.5. Drug Concentration and Distribution in Tissues—Drug concentration and
distribution in serum and tissue at different times after HCC chemoembolization have been
characterized in rats,[184b] rabbits,[216. 222, 235] pjgs[236] and humans[208. 226a. 237] for
pharmacokinetic and safety evaluation. Furthermore, the drug release profile of DEBSs has
also been investigated. For example, small radiopaque DEBs (70-150 um) travel more
distally compared to large radiopaque DEBs (100-300 pm) in a porcine liver model (Figure
10A), whereas no substantial difference in doxorubicin distribution or penetration from the
DEB surfaces was observed between these two groups (Figure 10B and 10C).[236¢]

In patient liver explants, doxorubicin was detected in the adjacent tissue at 8 hours, 9-14
days and 32—36 days after DEB-TACE, with overall reduced amount of doxorubicin with
increased time after embolization (Figure 11A and 11B).[237a] Concentration also decreased
with increasing distance to bead surface, e.g., from 8.45 uM at the bead surface to 3.55 pM
at a distance of 600 pm away from bead edge 8 hours post procedure (Figure 11A). In
addition, for the liver explanted 8 hours after embolization, histology revealed the
distribution of DEB both inside and outside the tumor, with an average penetration depth of
3.8 mm inside of the lesion and 4.9 mm away from the tumor edge (Figure 11C). As time
elapsed from embolization, there was no significant change in tissue response around the
beads. For 9-14 day liver explants, inflammatory-fibrotic tissue was observed in half of
cases, with 37% cases showing coagulative necrosis around the bead, 8% cases of viable
liver parenchyma and 2% cases of viable tumor. In 32-36 day liver explants, 40% of the
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beads were surrounded by necrosis, while the remaining beads were covered by
inflammatory-fibrotic tissue.[2378] This study demonstrated the efficacy of DEBs, which
offered controlled drug delivery for over one month and diffused over 1 mm from the
surface, with local drug concentration above the cytotoxic threshold. Moreover, clinical
trials demonstrate better safety and efficacy of using DEB-TACE for HCC, compared to
conventional TACE with doxorubicin-lipiodol emulsion (Figure 8),[208. 2381 \with lower
complication rates, decreased toxicity and increased tumor response.[23%] DEB-TACE may
also be effective in treating liver metastases.[240]

For cancer treatment, in addition to chemotherapy, efforts have also made in gene therapy by
incorporating peptides or genes into microspheres to modify DNA replication in cancer
cells. As described, these microspheres would be delivered by catheters directly to arteries
that supply the tumor. Combined gene therapy, chemotherapy and possibly immunotherapy
may be considered in future embolic microsphere designs.

5.8. Other Notable Bio-Functionalized Microspheres

5.8.1. Thrombin-Functionalized Microspheres—Additional surface
biofunctionalization, such as immobilizing the coagulation factor thrombin on microspheres,
can be used to trigger blood coagulation. Intrinsically radiopaque acrylic microspheres were
first synthesized from iodinated monomer via suspension polymerization.[241] The addition
of methacrylic acid allowed further surface conjugation. Thrombin was then covalently
bound to the surface through EDC/NHS (EDC: 1-ethyl-3-(—3-dimethylaminopropyl)
carbodiimide hydrochloride; NHS: N-Hydroxysuccinimide) reaction, aiming to facilitate
thrombus formation.[241] Both optical imaging and SEM confirmed the aggregation of
thrombin-loaded particles by thrombus formation, compared to dispersed non-functionalized
microspheres. Thrombin coated particles were able to induce clotting of blood within 6-8
minutes while non-coated microspheres required 12—14 minutes (Figure 12). Though
excessive thrombin may form thrombus too rapidly and cause premature clotting, the surface
density of attached thrombin can be tuned to achieve a desired clotting time frame.

Thrombin was also encapsulated into alginate calcium microspheres (TACM) through an
electrostatic droplet technique, without the need of either high temperatures or cross-linking
agents.[242] This approach allowed for the production of compressible and monodispersed
microspheres with average diameter of 350 um. Super-selective hepatic artery embolization
was conducted in a canine model and was successful in all animals during 90 day
observation period. No systemic inflammatory reactions were induced. The hemostatic
mechanism of TACMs combined with mechanical occlusion of blood vessels and
procoagulant activities induced by thrombin release from TACMs could reinforce particle/
clot complexes.[2421 TACMs were simple to fabricate, hemocompatible, biocompatible, and
exhibited long-term hemostasis, revealing their potential as new hemostatic embolic material
for interventional applications.

5.8.2. PEGylated Microspheres—The mononuclear phagocytic system (MPS) is
known to effectively digest large particles through phagocytosis and PEGylation is a widely
used technique to shield the microspheres from MPS uptake.[243] The protective PEG
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coating results in a prolonged blood circulation of the particles, thereby improving efficacy
of delivery. Moreover, PEG is widely used in biomedical applications, such as drug delivery
and cell encapsulation, due to its excellent biocompatibility, chain flexibility and
hydrophilicity for reduced cell adhesion and protein adsorption.[179. 244]

Madani et a/. demonstrated that PEG-coated trisacryl microspheres lowered the complement
system activation rate by a third, compared to non-coated counterparts.[243] The polymer
contained positively charged surface and tertiary amine groups, which enabled efficient and
reproducible loading of the negatively charged anti-inflammatory drug, indomethacin,
through an ion-exchange mechanism. Indomethacin loaded to PEG-coated trisacryl
microspheres was found to suppress complement activation, revealing their promising
biological performance. Moreover, PEGylated DEBs appeared to be efficient and safe in
HCC treatment.[245] Although PEG coatings have been widely accepted to be non-
immunogenic and non-antigenic, some studies have demonstrated that pre-existing anti-PEG
antibodies exist in some healthy individuals.[246] These antibodies may lead to rapid blood
clearance and reduced efficacy of PEGylated therapeutics.

5.9. Physical and Mechanical Properties of Microsphere Embolic Agents

Despite similar morphologies (e.g., spherical shape and calibrated sizes) of microspherical
embolic agents, their physical (e.g., surface tension, charges, hydrophobicity) and
mechanical (e.g., stiffness, fatigue resistance, fracture strength) properties vary due to
differences in their chemical composition and manufacturing processes, which in turn
influence microsphere/tissue interactions and clinical outcomes.[161. 2471

The deformability of microspheres is one of the major determinants of embolization
performance. Ideally, the particles should deform and pass through the catheter, especially
when the catheter is in a torturous vessel, and then recover their shape upon release. During
an embolization procedure, microspheres are localized within the targeted region by catheter
infusion, followed by size-dependent accumulation in blood vessels near the organ.
Theoretical and computational models have been carried out to predict fluid-driven
trajectories, and the effect of particle physical properties (e.g., size and density) on transport
extent.[248] An average of 9%-18% deformation in diameter of microsphere agents in both
sheep uterus and kidney models was reported.[249]

Typical physical/mechanical characterization of microspheres include size distribution,
compressibility, suspension evaluation (i.e., time to achieve suspension and time maintaining
suspension) and catheter deliverability.[165] Failure stress also needs to be assessed;
fragmentation of microspheres under pressure could lead to non-target embolization and
cause tissue necrosis.[222] In addition, fracture behavior is important to characterize for any
new embolic microspheres. This is because during injection both compression and shear
forces are imposed on the microsphere, which may cause fracture before reaching its
maximum deformation limit. [171]

Compression tests are typically performed to evaluate embolic microsphere deformability by
assessing their elasticity[224] and viscoelasticity[250]. Since testing the compressibility of a
single microsphere is usually challenging, compressing a monolayer of particles is more
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assessable. The mechanical properties of four types of commercially available microspheres
(Embosphere, EmboGold, Bead Block and Contour SE) of sizes 700-900 pum were evaluated
with a monolayer compression test.[165] The compression force of Embosphere (TGMS),
Embogold (TGMS), Bead Block (PVA crosslinked with acrylic) all fell into the similar
range of 21-27.5 kPa while the compression force for Contour SE (PVA) was substantially
lower (5 kPa).[165] Contour SE microspheres were easily squeezed by simple finger
compressions; they collapse, become flat and do not recover their shape until several
minutes later. This is primarily due to their internal porosity, which can be tuned by the ratio
between PVA and gelling agent.[?%1] In terms of occlusion level, highly compressible
Contour SE would have higher potential to travel more distally compared to less porous
particles in similar size range. This phenomenon has been confirmed in both sheep uterus
and kidney models, with higher degree of deformation associated with Contour SE
compared to Embosphere of same size.[162 249]

Hidaka et al. systematically performed compression tests on a single microsphere with a
micromanipulator[?24] and an additional relaxation test on particle monolayer with a texture
analyzer in physiological saline.[250] |n the single particle compression test (Figure 13A),
Young’s modulus was obtained by fitting the Hertz contact model to linear elastic range of
the loading curve (up to 25% deformation). The TG-ms (Embosphere, 700-900 pm) exhibit
a Young’s modulus of 19 £ 5 kPa, significantly higher than that (9 + 2 kPa) of
superabsorbent Hepasphere (300350 pm).[224] Histological evaluation revealed
Hepasphere’s excellent vessel wall adaptability, with no intravascular cells identified
between the particles and arterial endothelium.[252] From monolayer compression testing,
Young’s moduli of TG-ms (Embosphere, 900-1200 pm), acrylamino polyvinyl alcohol
microspheres (APVA-ms) (Bead Block, 900-1200um) and polyphosphazene-coated
polymethylmethacrylate microspheres (PP-PMMA-ms) (Embozene, 900 pm) were 40 £ 5
kPa, 19 + 4 kPa and 14 + 2 kPa, respectively (Figure 13B).[250] In embolized porcine
kidneys, Hepasphere and Bead Block tended to travel distally, compared to Embosphere and
Contour microspheres in the similar size ranges.[252]

Because most materials are not completely elastic, repeated compression and relaxation
times are important to investigate for the recovery ability of embolic agents through stress
relaxation tests, since the microspheres may undergo multiple compressions in the catheters
and within blood vessels before reaching their destination.[212] Stress relaxation can be
divided into two stages. During the initial stage, the resistance of microspheres decreases
rapidly, due to the reduced hydraulic pressure resulting from water loss from the beads. This
is followed by gradual decaying to an equilibrium state, where relaxation slows. The second
stage, therefore, reveals the intrinsic viscoelastic characteristics of microspheres as a result
of the deformation and rearrangement of polymer chains.[20] The relaxation half time,
which characterizes the duration required for the force return to half of its initial value, for
TG-ms, APVA-ms and PP-PMMA-ms are 52 + 55, 60 £ 8 s and 31 + 7 s, respectively
(Figure 13C).[250] This suggests that Embozene returns to its equilibrium position faster than
other types of particles. Embozene has considerably higher in vivo deformation than
Embosphere, and travels more distally in renal and uterine vasculature in sheep.[253]

Adv Mater. Author manuscript; available in PMC 2020 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hu et al.

Page 37

Less time required to distribute and the ability to remain in suspension in contrast agent are
also important microsphere properties for clinical use. The four types of microspheres used
in clinical practices (Embosphere, EmboGold, Contour SE and Bead Block) all exhibit times
between 2 and 4 minutes to reach homogenous suspension in Isovue 300 contrast agent.[165]
Particularly, Bead Block remains suspended for ~4.6 minutes, which is over twice as long as
Contour SE (~2 minutes) and Embosphere (~2.5 minutes).[165] Particle density, surface
properties and suspension solution all attribute to suspension time,[17] which need to be
assessed on new particle agents to optimize microsphere/solution performance in a clinically
relevant preparation time frame.

These results demonstrate the complexity of the physical and mechanical properties of
microspherical embolic agents, despite similarities in their original morphological
characteristics. Both elasticity and viscoelastic properties explain a microsphere’s flow
behavior and its ability to adapt to the vessel wall, which is especially important to evaluate
for DEB/vessel interaction in drug efficacy.[252] Furthermore, the addition of drugs alters the
microsphere properties, including relaxation half time, suspension time and swelling
behavior.[48: 212, 254] The accurate prediction between microsphere and blood flow would,
therefore, facilitate efficient and safe use of particles to achieve desired occlusion, as well as
assist agent selection to fit various therapeutic purposes.

6. Liquid/Gel Embolic Agents

There is a growing interest in liquid/gel embolic agents for peripheral interventions given
their ability to penetrate into targets where catheters and coils cannot reach. Liquid/gel
embolics block blood flow by forming permanent casts that do not depend on the patient’s
coagulation system for thrombosis formation.[2%%]

For liquid/gel embolic agents, phase transformation of the material is typically required
between administration (i.e., inside of the syringe and the catheter) and operating conditions
(i.e., in the body). Low viscosity is desired to pass through the delivery system (e.g., syringe
and catheter), while the formation of a more stiff and solid-like structure is required after
exiting the catheter in order to achieve vessel casting. Such liquid- to solid-like (sol-gel)
phase transition can be achieved via approaches categorized into physical crosslinking (e.g.,
precipitation and ionic cross-linking) and chemical crosslinking (e.g., polymerization).[256]
In particular, the environmental difference between /in vitroand /n vivo conditions provides
various triggering factors for certain physical mechanisms to take place, such as pH, ionic
strength and temperature. Lastly, flow induced shear thinning effect (reduced viscosity with
increasing shear rate) also enables the development of new embolic agents, regardless of
environmental factors. A summary of liquid/gel materials in development is presented in
Table 1.

In this section, both clinical and pre-clinical liquid/gel embolic agents are introduced,
including the setting mechanism, settling time, change of mechanical properties upon phase
transformation, therapeutic effects and embolic efficacy (if investigated) (Figure 1B).
Finally, a brief design guideline of materials for liquid/gel agents is discussed.
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6.1. Sclerosing Agents

Sclerosing agents include detergents, osmotic agents and chemical irritants that induce
blood-vessel sclerosis. Ethanol is one of the most commonly used sclerosing agents for
embolization.[20. 287] |t leads to permanent endothelial cell injury, blood protein denaturation
and also gives rise to vessel wall necrosis.[288] In AVM treatment, the maximum tolerated
dose for absolute ethanol injection is 1 mL/kg to a maximum of 15 mL. Above this level,
patients are at the risk for complications, such as respiratory depression, seizures and cardiac
arrhythmias.[289] Ethanol is cost effective and accessible, though its high diffusivity limits its
therapeutic window. A more viscous ethanol based emulsion (~0.55 Pa-s at 20°C) is
commercially available as Ethibloc (Ethnor Laboratories/Ethicon, Norderstedt, Germany),
which comprises maize protein zein, sodium diatrizoate, absolute ethanol and oleum
papaverius.[29] It is a radiopaque agent for AVM treatment,[2%0] though its use has decreased
in the last 10 years.[20]

6.2. Droplet Agents

Lipiodol (Ethiodol), in the form of ethyl esters of iodinated fatty acids from poppyseed oil,
is an extensively used radiopaque liquid contrast agent. It contains 38 wt% iodine and has
viscosity of 34—70 mPa:s at 20°C, slightly denser than water. Due to its rapid diffusivity,
lipiodol penetrates the capillary bed evenly, and may serve as a capillary embolic agent to
achieve capillary stasis.[291] However, due to blood scouring and tissue clearance, lipiodol is
rapidly eliminated by the body and vascular recanalization occurs, lowering its embolic
efficacy.[265]

6.3. In Situ Polymerization - nBCA

N-bnutyl-2-cyanoacrylate (nBCA) (e.g., TruFill), commonly known as “glue,” is a clear,
free-flowing liquid used for embolization since the mid-1980s.1292] It is also widely used in
wound healing since it provides an antimicrobial barrier with 99% efficacy for at least 72
hours.[110] nBCA has relatively low viscosity of about 10 mPa-s.[293] It adheres to tissue by
in situ polymerization upon contact with tissue fluid, an ionic and high pH environment,
creating a glue effect. The polymerization process is anionic (induced by OH™) and
exothermic (released heat is up to 80°C and can be very painful).[2%] Due to its rapid
polymerization upon contact of body fluid (in seconds),[2%4] nBCA may not adequately
penetrate the tumor bed or reach distal vessels but is excellent for embolizing branches that
are 500 um or greater.

Clinically, nBCA has been mainly used to manage high-flow vascular malformations.[33! Its
high thrombogenicity and excellent hemostatic properties require only a minimal injected
volume for occlusion, thereby reducing embolization/fluoroscopy time and radiation
exposure.[33. 2951 The permanent embolic nature of NBCA is effective for permanent
vascular embolization, although it is difficult to control. Hence, its administration requires
more experienced operators as unpredictable polymerization may lead to non-target
embolization, especially in high-flow regions. As an adhesive liquid casting agent, nBCA
demonstrates adequate mechanical strength and homogeneity similar to tissue adhesives.[29]
Proper dilution of nBCA and thorough flushing of the delivery catheter with nonionic
solution (e.g., dextrose) prior to injection is necessary.[58] Additionally, its adhesive nature
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requires catheters to be withdrawn immediately after nBCA injection to avoid adhering to
vessel walls. Since nBCA is radiolucent, lipiodol or tantalum microparticles are usually
added for radiopacity and lipiodol has been shown to slow down the solidification time of
nBCA.[259]

Precipitating Liquid Agents

6.4.1. EVOH/DMSO—In situ precipitation gelling solutions are composed of a polymer
in a solvent. After the solvent is replaced by body fluids, the polymer precipitates and forms
a cast.[20. 297] The first gelling solution consisted of ethylene vinyl alcohol (EVOH) polymer
and dimethyl-sulphoxide (DMSO) solvent. It was developed in 1990 and revolutionized
liquid embolic agents given its major advantage of non-adhesiveness.[2%]

EVOH/DMSO forms a slightly viscous polymer suspension. When delivered inside the
body, DMSO rapidly diffuses into the blood and EVOH precipitates. EVOH polymer
hardens on the outer surface first, gradually gelling towards the core over several minutes.
The viscosity of EVOH/DMSO liquid is adjustable by varying the concentration of EVOH,
and its viscosity increases when more DMSOQ diffuses out. The tunable initial viscosity of
the mixture is beneficial for tailoring occlusion level.[293] Since precipitation is due to the
loss of solvent, not polymerization, its solidification time (10 minutes) is relatively longer
than that of nBCA (few seconds),[29%] allowing extended delivery in a controlled manner.[38]
The slow solidification time allows EVOH to penetrate the tumor bed for percutaneous
embolization. Similar to nBCA, EVOH completely obstructs blood vessels by mechanical
casting, which is independent of thrombus formation.

The major limitation of the EVOH system is associated with the use of organic solvent.
DMSO has exhibited both local and systemic cardiovascular toxicity. In addition, since
DMSO is as a powerful solvent of plastic polymer, specialized and costly DMSO-
compatible catheters are needed. It is important to note that rapid injection of DMSO
containing gelling solutions induces vasospasm and can cause vascular toxicity.[300]
Therefore, a slow injection pace (2—4 mL/min in the peripheral circulation and 0.6 mL/min
in the cerebral circulation) is critical and required.[392] One alternative organic solvent to
replace DMSO is n-methyl-2-pyrrolidone (NMP), which produces less vasospasm than
DMSO when used as carrier for precipitating liquid embolics.[302] NMP-dissolved iodinated
PVA liquid agent can effectively embolize aneurysms.[303] Another alternative is water-
soluble liquid agent, such as hydrogels, which contain over 90% water and have are highly
absorbent polymeric networks that exhibit the advantages of both liquid and solid embolic
agents.[256] The gel composition can be tuned to achieve good injectability and strong
mechanical properties for embolization, without complications associated with organic
solvents.[304]

One commercially available product based on EVOH gelling solutions is Onyx (Onyx,
Micro Therapeutics, Inc., Irvine, CA), mainly used in brain and pulmonary AVMs, as well as
in pseudoaneurysms.[393] Onyx was FDA-approved for cerebral AVM treatment in 2005.[31]
It was shown to block vessels down to 5 pm compared to 20 um vessel occlusion achieved
by nBCA, demonstrating Onyx’s ability for deeper penetration.[3%€] Onyx is also easier to
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manipulate compared to nBCA.[397] Both agents cause inflammatory reactions,[3%] but
Onyx gives rise to smaller inflammatory areas, increasing tolerability for patients.[308]

The radiolucency of EVOH/DMSO requires the addition of contrast agents (e.g., tantalum
powders) for fluoroscopic visualization. However, upon rapid release of organic solvent, the
originally entrapped contrast agent (e.g., tantalum powders) may precipitate in the catheter
or slowly release to surrounding areas. Additionally, the long-term fate of leached contrast
agent is also concerning, and multiple injections of contrast agents are often needed. Hence,
the development of leach free liquid embolic agents represents major progress, as discussed
in the next section.

6.4.2. PHIL™—Recently, a newly developed precipitating hydrophobic injectable liquid
(PHIL™) (MicroVention, Aliso Viejo, CA, USA) with intrinsic radiopacity was introduced
for endovascular use. PHIL consists of nonadhesive copolymer, polylactide-co-glycolide and
polyhydroxyethylmethacrylate, in DMSO solvent.[307. 309 Similar to Onyx, PHIL diffuses
into blood and precipitate into a cast. It solidifies from the outside to the inside within 5
minutes [397]. The major advantage of PHIL over Onyx is its intrinsic radiopacity due to
chemically bound iodine component (triiodophenol), which produces considerably less
artifact on CT compared to tantalum-based embolic materials.[310] Furthermore, PHIL is
ready to use and does not require the additional 20 minute contrast agent mixing time as
needed in Onyx preparation.[8]

The embolization characteristics of PHIL are similar to those of Onyx.[30%] Additionally,
both PHIL and Onyx cause moderate disintegration and mild inflammation of embolized
blood vessels during a 7-day period, due to both contained active substances and interactions
with DMSO.[30%] However, the use of PHIL does not lead to angionecrosis, which has been
observed after Onyx treatment of human cerebral AVMSs.[39%0] Additionally, PHIL has been
shown to penetrate 2.9 pm blood vessels while Onyx may only penetrate 5 pm vessels.[3090]
PHIL is clinically available for embolization in Europe and is used to treat intracranial dural
arteriovenous fistulas and cerebral AVMs in patients.[307. 310-311] jts feasibility and
effectiveness in aneurysm embolization were previously investigated in a canine model.[312]

6.4.3. Other Radiopaque In Situ Precipitating Liquid Embolic Agents—The
incorporation of leach free contrast agents into liquid embolic agents has become a major
area of study. In addition to PHIL, other iodinated in situ precipitating polymeric liquid
embolic agents have also been developed. For example, Mottu ef a/. verified the
effectiveness of iodinated cellulose based polymeric precipitating solution in cerebral
malformations in a sheep model.[257] The degree of radiopacity was shown to be affected by
the amount of iodine content and steric effects.[313]

Leach free radiopaque iodinated polymeric agents can be made by attaching iodobenzyl
bromides covalently to PVA backbones via the Williamson etherification reaction.[192a] ts
chemical stability, due to ether linkage, resists hydrolysis. However, their iodobenzoyl esters
are prone to hydrolysis and consequent fragmentation. The newly formed iodinated polymer,
which contains 40-70 wt% of iodine, can be prepared either in NMP or DMSO. Its viscosity
generally increases with increasing molecular weight of PVVA; however, all synthesized
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iodinated PVA liquids exhibit much lower viscosity than Onyx with the same polymer
concentration. For instance, 50 wt% iodinated PVA solution has viscosity up to 1.8 Pa's,
which is difficult to inject; however, this value is still much lower than the viscosity of Onyx
500 (~2.25 Pa-s) with 20% EVVOH. Suspension of PVA polymers with high molecular weight
formulations form a cohesive mass through precipitation within 3 minutes, similar to the
time frame for Onyx. With relatively low viscosity, the radiopaque iodinated PVA/
DMSO/NMP liquid has the potential for AVM embolization with a tunable degree of
occlusion by tailoring the polymer’s molecular weight, concentration, degree of radiopaque
group substitution, and the type of organic solvent.[192a]

lonically Crosslinked System - Calcium Alginate

Calcium alginate, a two-component biocompatible polymer system, demonstrates potential
as an embolic agent due to its high mechanical strength in its solid state and low viscosity in
its liquid form.[314] Calcium alginate gel (ALGEL) (Neural Intervention Technologies, Ann
Arbor, MI) is a relatively new embolic agent developed primarily for neuroendovascular
procedures.[31]

Alginates are a class of water-soluble salts derived from alginic acid, a natural
polysaccharide gel found in brown seaweed. [314-315] They have been used for polymer
films,[326] cell encapsulation,[317] wound dressings[318] and surgical sponges.[31%] Alginate
consists of blocks of mannuronic (M) and guluronic (G) acids in various configurations
along a polymer chain (Figure 14A).[314] Molecular weight, M/G ratio, block length and
block arrangement are the key factors that govern the elastic moduli and degradation rate of
alginate as well as its resultant gels.[320] pParticularly, the M/G ratio contributes to the
structural and biocompatible characteristics of alginate. The purity of alginate also governs
biocompatibility, since contaminants and proteins (phenols and endotoxins) lead to
undesirable immune responses.[258. 3211 pyrified alginates can be compressed up to 40%
without significant loss in elasticity.[258]

Water-soluble alginate can be ionically cross-linked with nontoxic divalent cation solution,
such as calcium chloride (Figure 14A).1258] The calcium ions bind to the G-blocks of
alginate strands and form a stable gel. G-blocks are the most important fragments in
intermolecular cross-linking with divalent cations (Ca?*) at both acidic and neutral pH to
form gel, whereas M-blocks only support acidic gel formation.[315] The addition of Ca%*
into alginate solution replaces the weak polar interactions between the polysaccharide chains
with stronger cation-induced electrostatic interactions. For example, Ca?* replaces the Na*
in sodium alginate and connects two polymer strands. The cross-linking by Ca2* makes the
gel significantly stronger but less elastic. The gelation kinetics and rheological properties are

tunable by adjusting the calcium content, polymer concentration and gelation temperature.
[322]

Becker et a/. found that G/M of 66/34 provides the alginate gel, namely PHG, with optimum
strength and injectability (Figure 14B).[258] PHG exhibits the best strength, highest polymer
yield (high G-block composition increases polymer yield) (Figure 14B) and low viscosity
(<250 mPa-s with concentration <3 wt%) of all composed gels (Figure 14C). PHG alginate
could be compressed to 66 kPa, which is five times the cerebrovasular pressure (13 kPa).
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[258] A 38% reduction occurs in viscosity of 2.5 wt% PHG with increasing shear rate (158
mPa:s at low shear rate 10 s1 versus 98 mPa-s at high shear rate 2000 s71). A 15% decrease
in viscosity at low shear rate (10 s71) occurs (158 mPa-s at 28°C and 135 mPa:s at 37°C)
when temperature is elevated from room temperature to body temperature.[258] Alginate
concentration that is too high renders the solution too viscous to inject. Whereas the intrinsic
shear thinning property of alginate mixture allowed it to be injected at a flow rate that was
significantly higher than Newtonian fluid (i.e., viscosity remains constant, independent of
shear stress, at constant temperature) with the same viscosity (Figure 14D).

The biocompatibility and embolization properties of calcium alginate were tested in rat
kidney capsules and rabbit kidneys, respectively.[258] PHG alginate (2.5 wt%) (via venous
injection) and CaCl,-2H,0 (0.68M) (via arterial injection) were delivered from opposite
directions (i.e., bi-directional injection) into the vascular bed of a rabbit kidney and reacted
in situ. A stable polymeric plug formed, stopping all flow out of kidney and maintaining
vascular occlusion during a one week study. Histologic analysis reveals that PHG gel is
biocompatible and does not cause vessel wall injury.

The effectiveness of calcium alginate gel has also been examined in a porcine aneurysm
model.[259] The gel entered the aneurysm in a strand form and then formed a cohesive mass.
[323] Complete aneurysm filling was achieved (90%-100%) when the gel was used with
temporary balloon protection across the aneurysm neck. This filling percentage was difficult
to achieve with either coils or Onyx. One month following embolization, a minor bioactive
response was observed, with fibrous tissue across the aneurysm neck excluding the sac from
the parent vessel. Cerebral aneurysms completely healed within 90 days with no tissue
necrosis or neointimal growth into the parent vessel. No migration or dislodgment of
calcium alginate gel was observed three months after embolization. Additionally, evaluation
of ALGEL for AVM treatment was performed in a porcine model for 1 week and 6 months
respectively.[260] During 6-month long-term study, increased stability of ALGEL was
observed and no tissue damage was seen.

The main advantage of the two-component calcium alginate system is its rapid in situ
gelation when released from the catheter without depending on thrombosis formation for
occlusion. However, separate delivery of alginate and calcium ions is required for the
system, e.g., concentric/dual-lumen catheter, to prevent polymerization inside catheter. Thus,
meticulous clinical experience is essential for this technique, limiting its use.[31: 323]

Lastly, a mixture of enzyme alginate lyase and ethylenediaminetetraacetic acid (EmboClear)
was also developed to selectively dissolve calcium-alginate gel (EmboGel).[261] As opposed
to ALGEL, EmboGel contains iohexol which renders the calcium-alginate gel radiopaque.
[324] Following EmboGel administration to occlude pelvic vessels in a rabbit model,
EmboClear solution was administrated, dissolving the gel within 1 minute.[261] The initially
occluded arteries then regained patency. EmboClear has been used successfully to dissolve
EmboGel in aneurysms and in the craniocervical circulation in rabbits.[261] Theoretically,
the EmboGel/EmboClear system could reverse non-target embolization, which would
represent an innovative safety feature.

Adv Mater. Author manuscript; available in PMC 2020 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hu et al. Page 43

6.6. Temperature-Induced In Situ Gelling Systems

Thermally responsive gels take advantage of temperature-induced material property changes
between room and body temperatures for embolization.[262] The liquid embolic agent ideally
possesses low enough viscosity during injection and forms a gel with sufficient strength in
response to elevated temperature at the target site inside of the body to impede flow. For
example, a temperature-sensitive N-isopropylacrylamide (NIPAAm)-based system has been
extensively investigated for embolization (e.g., AVM).[262-263, 325] |y this section, a few
major classes of thermosensitive materials proposed for embolization are presented.

6.6.1. PNIPAM Nanogels—Nanogels are formed from polymer nanoparticles and the
crosslinked, highly hydrophilic network has the ability to hold large amounts of water
without being dissolved.[326] The unique properties and versatile utility of nanogels, such as
their stimuli-responsive behavior and their ability to deliver small molecule therapeutics,
even under harsh conditions, demonstrate their potential as the next generation of functional
materials for biomedical applications. As a result of their spatial microtopological structure,
nanogels exhibit more prominent shear-thinning properties compared to corresponding bulk
polymers. Additionally, their porosity allows for a high drug loading capacity and sustained
release, and they may serve as injectable bioactive scaffolds.[327]

Zhao et al. evaluated the potential of p(N-isopropylacrylamide-co-butyl methacrylate)
(PNIPAM) based nanogel as a new embolic agent due to its temperature sensitivity.[265] Pure
PNIPAM gels above 46 °C, which is above body temperature, whereas the addition of
methylacrylate reduces this gelation temperature to 36.5°C. The newly formed nanogel,
namely PIB, travels quickly inside of blood vessel due to good diffusivity. The subsequent
vessel occlusion is achieved by the formation of a three dimensional hierarchical gel
network due to hydrophobic interactions above phase transition temperature.

lohexol has been blended into translucent PIB through physiosorption for fluoroscopic
visualization and the radiopaque gel, namely PIB-1-6150, reduced the sol-gel transition
during nanogel formation while maintaining a similar gelation trend of PI1B.[265] Phase 1, 2
and 3 represent its swollen-gel phase, flowable-gel phase and shrunken-gel phase,
respectively (Figure 15A and 15B). Figure 15B demonstrates that PIB-1-6150 possesses low
enough viscosity in sol phase (storage modulus, G < loss modulus, G”) for delivery and high
strength (G?) in gel phase (G >G”) at body temperature. The gel point (sol-gel transition
point) can be evaluated from loss tangent, tané, a ratio between G”and G’to measure the
viscous component to elastic portion. The gelation time can be tailored by temperature
change (A7) experienced by the gel and larger A7 leads to the slower sol-gel transition
kinetics. For instance, the gelation time for A7 at 32°C, 13°C and 7°C was found to be 192s,
113s and 77s, respectively.

The embolic effect of radiopaque gel PIB-1-6150 was studied in rabbit renal arteries and
compared to clinically used Ivalon (PVA) and lipidol (Figure 15C and 15D). [265] Flow
recovery and collateral circulation occurred in renal artery treated with lvalon after 35 days,
while PIB-1-6150 remained stable, with no recanalization after 60 days. lvalon’s incomplete
embolization was attributed to disordered packing in vessels, whereas nanogel resisted blood
scouring and tissue clearance. For tumor embolization, both lipiodol and PI1B-1-6150
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nanogel resulted in immediate vascular occlusion in VX2 liver tumors in rabbits. However,
recanalization occurred 2 weeks after embolization with lipiodol, but not with PIB-1-6150
(Figure 15C). Histological analysis revealed better tumor necrosis, lower tumor growth rate,
smaller tumor nests and no surviving tumor cells in PIB-1-6150-treated tumors, compared to
lipiodol-embolized liver. These results suggest that nanogel successfully inhibits collateral
circulation and vascular recanalization.

In a rabbit kidney model, the penetration depth of iohexol/PIB gels was shown to be
dependent on injection rate.[264] Slowly injected (e.g., 0.05 mL/s) gel reached the segmental
and interlobar arteries while rapidly injected (e.g., 0.15 mL/s) gel penetrated interlobular
arteries, afferent arterioles and glomerular capillaries.[264] Flow conditions at the injection
site (e.g., high flow AVM versus the terminal circulation of a main renal artery) also affected
the distribution of PIB gels. Homogenous and persistent occlusion of rabbit kidney arteries
was observed during a 3-month observation period. The durable embolization may be
attributed to the addition of iohexol contrast agent, which forms hydrogen bonding with
nanogel particles, strengthening the embolic’s structure.[328] No granulomas,
neovascularization, recanalization or vessel wall destruction was observed,[264] contrary to
findings with PVA particlest329 and nBCA.[33%] The bio- and hemo-compatibility of PIB
based nanogel suggests its utility for permanent and peripheral embolization.[26°]

6.6.2. Poloxamer 407 and Alginate Based Composite Hydrogel—
Thermosensitive liquid embolic hydrogel (PSHI) consists of poloxamer 407, sodium
alginate, hydroxymethyl cellulose and iodixanel, and was synthesized for liver cancer
therapy.[266] Poloxamer (or Pluronic) is a triblock copolymer of polyethylene oxide,—
polypropylene oxide,—polyethylene oxide,. PSHI flows at 4°C and forms into a gel when
introduced into the body.[331]

The exact sol-gel transition temperature of PSHI depends on the concentration of poloxamer,
which remains a monomer in liquid and self-assembles into micelles for gelation.[332] The
sol-gel transition time of PSHI varies from 30 s to 140 s, depending on the concentration of
components, the addition of contrast agent (e.g., 23% v/v iodixanel) and temperature
differences. Additionally, the storage modulus and viscosity of PSHI are influenced by the
concentration of poloxamer 407 and are strongly affected by temperature. For 18%
poloxamer solution, the storage modulus at 25°C and 37°C was 0.08 Pa and 10MPa, while
the viscosity at these two temperatures was ~ 0.2 Pa-s (25°C) and 3000 Pa:s (37°C),
respectively.

Though PSHI gel is stiffer at higher temperatures, it undergoes significant erosion
(completely dissolution after 250 minutes).[266] To address this challenge, Ca?* was
introduced into PSHI and formed PSHI-Ca%* gel with improved strength. Its weight
remained unchanged for 5 hours, suggesting Ca2* hinders the erosion of PSHI in the
aqueous environment. This may be achieved by diffusion of Ca2* through the Poloxamer
407 micelle for the formation of a stable three-dimensional network.

PSHI-Ca?* gel occluded normal rabbit blood vessel for 7 days, whereas PSHI led to
recanalization 30 minutes after embolization. Furthermore, complete occlusion was achieved
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with PSHI-Ca2* with concomitant disappearance of tumor (VX2 liver cancer). Tumor cell
apoptosis and necrosis were observed histologically. Conversely, both saline- and PSHI-
treated groups had no significant differences before and after embolization, with tumor still
persisting in both cases. This study suggests the embolic efficacy of PSHI-Ca2* gel, whereas
its injection procedure remains to be optimized, as indicated by the authors.[26¢]

6.6.3. Chitosan-Based Thermosensitive Materials—Chitosan/ p-glycerophosphate
(B-GP) solution was first introduced in 2000 as a new class of material that underwent sol-
gel transition at body temperature.[333] Pure chitosan solution is highly pH sensitive and
precipitates once the pH exceeds 6.2, a major limitation to its biological application.
Glycerophosphate, a weak base, is naturally found in the body and its intravenous
administration is FDA-approved.[267] The addition of B-GP adjusted purely pH dependent
chitosan solution to become a temperature-controlled and pH-dependent mixture.[334] For
example, chitosan/p-GP remains a liquid in the physiological pH range (6.8-7.2) at low
temperatures and transitions into a gel when trigged by body heat[333],

Unlike divalent anions (e.g., Ca%*) that induce ionic cross-linking for the gelation of
chitosan, B-GP affects chitosan purely with secondary interactions. These include
electrostatic interactions between the ammonium groups of chitosan and the phosphate
groups in p-GP, hydrogen bonding associated with chitosan interchains, and chitosan-
chitosan hydrophobic interactions, which is believed to play a major role in the gelation
process.[333] Specifically, the glycerol (polyol) part of B-GP modulates thermo-induced
hydration or dehydration of chitosan chains due to its influence on water.[333] The polyol
components create hydrogen bonds to prevent chitosan chains from forming gels at low
temperature. While this protection mechanism is removed upon temperature elevation,
chitosan chains are left to interact with each other through stronger hydrophobic bonding
and give rise to gelation.[335] Chemical composition, size and structure (e.g., attachment
between polyol and phosphate moiety) of the gelling agents all play roles in the gelation
process. Additionally, greater deacetylation degree in chitosan leads to faster gelation, which
may be due to increased cross-link density between ammonium groups of chitosan and
phosphate groups of p-GP.[3350]

The liquid to gel transition of chitosan/B-GP at body temperature makes it a potential
embolic material.[267: 2701 |n one study, a liquid composed of 2% chitosan and 56% B-GP
was prepared at a volume ratio of 7:1 and tantalum powders were doped as contrast agent.
This liquid agent embolized and completely occluded rabbit renal arteries with no
recanalization during an 8-week observation period. The occlusion led to the infarction of
the kidney, which appeared pale and substantially smaller than the control kidney, without
inflammation. Since the gelation time was approximately 2 minutes for this particular
chitosan/p-GP system, the injection window was controlled between 1.8—-2 minutes to
prevent gel wash away. No catheter blockage or non-target embolization occurred.[267] In
another study, a radiopaque system consisted of chitosan, p-GP and Visipaque demonstrated
successful acute embolization of splenic and gastric vessels in pigs.[27]

Chitosan/B-GP mixture was also used for embolization of cerebral AVM in a porcine model.
[268] The chitosan (80.4 kDa) used in the study had a viscosity of 130 mPa-s and 94% degree
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of deacetylation. The optimum ratio between 2% chitosan and 8% B-GP was selected to be
1:1. The mixture had a final pH value of 7.28, a modulus of up to 14 kPa, and an average
gelation time of 2 minutes at 37°C. Tantalum powders or Omnipaque (GE healthcare,
Chicago, IL) were blended to achieve radiopacity. Histological analysis confirmed that the
basicranial rete mirabile (i.e., an AVM model) vascular cavity was filled with gel, and the
tunica intima and muscle layer remained clear and intact. No vessel wall inflammation or
necrosis was observed.[268]

The chitosan/p-GP system may also be used as an injectable drug carrier for embolization.
[336] It has been shown that the addition of B-GP in chitosan reduced the initial burst release
of chlorpheniramine maleate; chitosan alone was associated with a 53% release compared to
15% release in the chitosan/B-GP system within 4 hours.[33%0] SEM micrographs
demonstrated an interconnected pore structure of chitosan/p-GP system with pore diameters
between 5 and 10 pum.[3350] The “open-cell” structure was dependent on the ratio between
chitosan and B-GP, which also influenced the gelation temperature, swelling kinetics and
degradation rate.[337] The highly porous structure suggested that chitosan/B-GP system
allowed the delivery of large molecules. In one study, sodium tetradecyl sulfate (STS) was
combined with radiopaque (iopamidol) chitosan/B-GP to produce a seclerosing gel for
endoleak repair after aneurysm treatment.[269]

It is important to note that pure chitosan solution solidifies even without the presence of -
GP as a result of buffer release into the surroundings. However, this spontaneous process is
usually too slow to form highly organized structures and will lead to burst release of
therapeutics.[3350] Hence, the addition of B-GP into chitosan is essential for the efficient
formation of an organized hierarchical porous structure for embolization.[335]

In addition to B-GP-induced physical gelation of chitosan, other gelling agents may be used
to provide chitosan based gel adequate strength to impede physiological pressure.[338] For
example, sodium bicarbonate coupled with phosphate buffer has been used as gelling agent
and mixed with chitosan.[2791 By varying gelling agent composition, the physical/
mechanical properties of the final gel was optimized with initial G’ of ~2233 Pa at body
temperature. The thermosensitive gel was loaded with doxycycline, a MMP inhibitor, as a
sclerosing embolic agent for aneurysm repair. Doxycycline inhibited MMP progression by
combining to zinc, a factor required for MMP function in aneurysm recurrence.[90. 339]
Embolization of the porcine renal artery with this formulated doxycycline/chitosan gel

exhibited short term occlusion success of 86%, without gel migration or catheter blockage.
[279]

6.6.4. Silk-Elastinlike Protein Polymer (SELP)—Synthetically designed silk-elastin-
like protein polymer (SELP) was investigated as a novel formulation for TACE in HCC.
[271,340] SE|_P sequential block copolymers consist of two natural materials, silk and elastin
proteins, where silk provides the strength and elastin provides flexibility.[2720] In particular,
the crystalline structure in silk domains, formed via long-range physical interactions
between polymer chains, governs hydrogel stiffness.[271] Elastin blocks offer the water-
solubility of the polymer and also separate silk components to create a porous structure.[341]
When injected into the body, SELP gels rapidly due to irreversible thermally induced sol-gel
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transition without the need for chemical crosslinking.[342] The rate of gelation depends on
polymer composition, concentration, temperature and presence of additive, which either
hinders or accelerates hydrogen bond-mediated crystallization[342] The polymer is soluble in
aqueous solution and can be loaded with drugs at room temperature (Figure 16A).

The mechanical and physiochemical properties of SELP, such as stiffness, swelling ratio and
drug-loading capacity, were tunable by varying the ratio and sequence between two
components, as well as externally applied shear processing.[343] The shearing caused drastic
increases in gelation kinetics and stiffness. This may have been due to the breakage of weak
intramolecular bonds, followed by realignment of polymer strands to form stronger

intermolecular hydrogen bonds between silk units that made up major SELP networking.
[343]

After optimization, one final formulation, namely sheared 12 w/w SELP-815K, was selected
for further /in vitroand in vivotesting due to its excellent physical properties. SELP-815K
was genetically engineered with eight silk and fifteen elastin units and a lysine (K) modified
elastin (Figure 16B). It had initial viscosity of less than 150 mPa:s, gelation time within 5
minutes and final gel stiffness over 100 kPa. Injected sheared 12 w/w SELP-815K
successfully occluded /n vitro microfluidic devices mimicking flow conditions in a
vasculature system. /n vivo hard stasis was observed within 5 minutes after injection of 0.8—
0.9 mL SELP into the hepatic artery of rabbits and stable embolus was achieved 10 minutes
after injection. SELP-815 gels reached arterioles with no non-target embolization in draining
veins.[271] |ts long-term embolic persistence and stability remain to be examined.

Doxorubicin and sorafenib can be loaded into SELP-815K gel through physical mixing for
potential chemoembolization of HCC.[272P] Drug loaded SELP has demonstrated a total
drug loading level of 25 mg/mL, which is comparable to the clinically specified loading
level of doxorubicin-loaded DEBs.[215: 272b] Theoretically, combining both drugs would be
beneficial as they have complimentary mechanisms of action: doxorubicin induces
cytotoxicity and intercalates DNA to prevent DNA replication, whereas sorafenib blocks
tumor angiogenesis. Although sorafenib cannot be delivered by DC beads because the drug
is not sufficiently soluble and also not positively charged, it can be loaded on SELP and a 50
mg/mL loading has been achieved. Additionally, drug formulation (base form versus salt
form, and powdered form versus solvent dissolved suspension) influences mixture viscosity,
which is also temperature-dependent.[2720. 344]

Whereas the /n vitro release profile of doxorubicin is similar in single or dual drug systems,
sorafenib has a higher release rate in dual compared to single drug systems (Figure 16C and
16D).[272b] Additionally, doxorubicin (in both single and dual drug systems) exhibits a burst
release (up to 18%) by day 1, with an overall release of 30% by day 30. For sorafenib, a
sustained and relative linear release profile has been observed in single and dual drug
systems up to 20 days, with cumulative release of 16% and 28%, respectively. /n vitro
characterization reveals the ability of the SELP system to achieve a therapeutically effective
drug concentration from a clinical standpoint for a minimum of 14 days and 30 days, for
single and dual systems, respectively. The enhanced release profile of sorafenib may be due
to relatively greater hydrophilicity of doxorubicin, which facilitates water diffusion into the
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gel.[2726] The prolonged release of drug is primarily attributed to the hydrophobic domains
within SELP that shield the drug from aqueous solution. Preliminary study in a rat liver
cancer model has been carried out to demonstrate synergetic effects favoring dual-drug,
compared to single-drug delivery systems.[272a]

6.7. pH-Sensitive Gelling Systems

pH-sensitive materials undergo sol-gel transition due to pH differences between the injection
and operating conditions. This pH difference changes the charges on polymer chains to
activate consecutive swelling and drug release.[34%] pH-triggered materials may serve as
embolic agents since they can be delivered in liquid form and gel at the targeted site in
response to pH shifts. Whereas temperature-responsive embolic agents may pre-maturely gel
within long catheters placed inside of a vessel, the on-demand gelation of pH sensitive
hydrogel, which only occurs once the material has emerged from the catheter, may avoid
catheter blockage.

Sulfamethzaine (SM)-based pH-sensitive hydrogels have been proposed as injectable liquid
embolic agents for vascular embolization and chemoembolization.[273-275] A variety of SM
containing polymeric hydrogels have been formed. These include a copolymer comprising
poly(ethylene glycol) and poly(urethane sulfide sulfamethazine) (PEG-PUSSM),[274] 3
block copolymer system composed of triblock poly(e-caprolactone-co-lactide)-b-
poly(ethyleneglycol)-b-poly(e-caprolactone-co-lactide) (PCLA-PEG-PCLA) and
SM(PCLA-PUSSM),[275] and polycaprolactone(PCL)-PEG-SM block copolymers.[273]

As an anionic pH-sensitive moiety, SM transitions from an ionized state at high pH to a
deionized state at physiological pH. This feature is responsible for the gel’s sol-gel transition
behavior.[274] For example, in the PEG-PUSSM system, decreased pH values deionize SM
and induce PUSSM to transition from a hydrophilic to hydrophobic state, leading to the
formation of micelles that ultimately interconnect into a three-dimensional hydrogel network
for occlusion.[274] Therefore, SM-based hydrogels undergo phase transition from a liquid
state at high pH (e.g., 8.5 during injection and within the catheter) to a gel state at
physiological pH (e.g., 7.4) or a relatively acidic tumor pH (e.g., 6.5-7.2). For example, for
25 wt% PCL-PEG-SM solution, the viscosity has been measured to be less than 1 Pas at
injection conditions (i.e., room temperature and pH 8.0) and ~3900 Pa:s at operating
conditions (i.e., 37°C and pH 7.4).[273] Storage moduli before and after activation were not
reported.

The stability and degradability of SM based gel have also been investigated in vivo.[273-275]
Specifically, PEG-PUSSM was found to have 74% of its original weight 12 weeks after
subcutaneous implantation into rats. Its slow degradation profile may be attributed to erosion
or cleavage of urethane bonds. Faster degradation was reported for PCL-PUSSM system
(e.g., loss of 50% mass at 4 weeks). The long term embolization stability for both systems
has been examined in rabbit renal and liver models. /n vivo gelation of PEG-PUSSM was
observed to occur within 30 minutes and was observed within 15 minutes for PCL-PUSSM
system.
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The chemoembolization potential of doxorubicin-loaded PCLA-PUSSM and doxorubicin-
loaded PCL-PEG-SM was investigated both /n vitroand in a VX2 rabbit liver cancer model.
Sustained release of doxorubicin over four weeks was observed 7 vitro in both systems.
Released doxorubicin exhibited a bioactivity level (with respect to inhibiting hepatic cancer
cell proliferation) comparable to that of free doxorubicin.[273: 275] This suggests that both
systems could be used for sustained delivery of active anti-cancer drugs. Moreover,
intraarterially injected doxorubicin-loaded PCLA-PUSSM hydrogel led to a significant
decrease (~48%) of tumor volume at 2 weeks, suggesting its chemoembolization effect.[275]

In addition to the anionic SM based systems, biodegradable cationic poly(amino ester
urethane) (PAEU) block copolymers also exhibit pH-triggered sol-gel transition and have
been investigated as potential liquid chemoembolic agents.[276] In contrast to the SM-based
system, PAEU-based hydrogels undergo sol-gel transition with increased pH (e.g., sol state
at pH 6.5 and gel phase at pH 7.4). For example, the viscosity increased from 2.7 to 1901.3
Pa-s when the pH shifted from 6.6 to 7.4. The gelation kinetics are affected by PAEU
fraction, molecular weight and concentration of copolymer. The critical gelation pH is
influenced by the addition of contrast agent (e.qg., lipiodol), which introduces hydrophobicity
to the system. The /n vivo occlusion level and stability of PAEU gel was investigated
subcutaneously and also in hepatic tumor artery, and were directly correlated to the
completeness of gelation, which ultimately governs gel strength.[275-276]

6.8. Pre-Activated Chemically Crosslinked Systems

In addition to on-site polymerization due to change in solvent states (e.g., protein and
enzymes) for chemically induced sol-gel transition (e.g., nBCA), gelation can also be
initiated chemically beforehand and then delivered to the targeted site within a precise
window. The predictability of curing time is critical because the material may breakdown if
gelation is not complete, leading to migration or potential micro-emboli downstream, which
can have harmful consequences (e.g., stroke).[346] Conversely, delivery that is too delayed
can lead to pre-mature gelation of the liquid/gel in the catheter , resulting in catheter
blockage. Next, embolic systems that depend on pre-activated chemical crosslinking are
presented.

6.8.1. PPODA-QT System—The PPODA-QT polymeric system is composed of liquid
organic monomers poly(propylene glycol) diacrylate (PPODA) and pentaerythritol tetrakis
3-mercaptopropionate (QT), which are mixed and reacted in a basic environment (NaOH).
[347] The diffusion of OH™ groups from aqueous droplets into organic phases initiates the
reaction.[348] The thiol groups on QT undergo deprotonation in basic aqueous solutions and
then interact with the acrylate group on PPODA. The material gradually gels through cross-
linking via Michael-type addition to form a network in a time-dependent manner.[34¢] Before
the polymer becomes fully cross-linked, the mixture is still deliverable through the catheter.
Therefore, there is a critical window for delivery during which the solution has low enough
viscosity.

Higher pH, increased pre-mixing time and presence of surfactant all lead to faster reaction
kinetics of PPODA-QT. Furthermore, the type of contrast agent also alters gelation kinetics
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as a result of interactions between the contrast medium and PPODA-QT. Faster gelation
occurs in the Conray™ (Mallinckrodt, St Louis, MO) system (e.g., ~11.1 minutes with 0.5-
minute pre-mix) compared to the Omnipaque system (e.g., 28.5 minutes with 0.5-minute
pre-mix).[3471 In addition, the Conray gels swell nearly 60% in volume, whereas Omnipaque
gels swell only 30-40% after 10 months.[348] Uncontrollable and unpredictable swelling is
undesirable after embolization as it is possible to overstress weakened blood vessels. Both
types of gels have remain intact after 10 months, with a minimum Young’s modulus of 0.5
MPa.[348] Conray gels have exhibited lower initial in vitro cytotoxicity, which may
encourage neointimal tissue growth to overcome its limitation in swelling. Furthermore, the
addition of iodobenzoyl poly(ethylene glycol) diacrylate (IPEGA) renders PPODA-QT
intrinsically radiopaque.[297]

The biocompatibility and deliverability of PPODA-QT was examined in lateral wall carotid
artery aneurysms in a porcine model under balloon protection across the neck.[277] For this
small-scale study, the gel was formulated with a relatively long gelation time of 10-15
minutes in order to offer a flexible delivery window. Incomplete initial filling appeared to
provide the best outcome, with accelerated neointimal tissue growth and progressive
occlusion 1 month after embolization. 100% material filling appeared to overstress the
aneurysm, but still facilitated neointimal tissue growth.

Furthermore, a 6 month pilot study was carried out in a canine lateral wall aneurysm model
with temporary balloon occlusion.[278] Three groups were tested 1) PPODA-QT only; 2)
placement of coil followed by PPODA-QT; and 3) coil only. Group 1 led to complete
obliteration with no signs of recanalization or material compaction; a protective continuous
tissue layer formed over the polymer. Group 2 exhibited complete occlusion at 6 months,
though the radiographically dense coil caused difficulty in visualizing the PPODA-QT
during delivery. Group 3 failed to induce a neointimal layer and instead developed
nonuniform and flimsy tissue. This study suggests the biocompatibility of PPODA-QT
system as well as its long-term stability for potential aneurysm treatment. The water-born
system eliminates the use of organic solvents.[348] One concern of the PPODA-QT system is
potential leakage of unreacted QT, a very toxic monomer.[34°]

6.8.2. Graphene-oxide Enhanced Hydrogel—A graphene-oxide (GO) enhanced
generation five poly(amidoamine) dendrimers (PAMAM-5) hydrogel demonstrates
satisfactory mechanical strength for arterial occlusion.[256] Briefly, the gel is prepared by
first mixing PAMAM-5 and sodium hydroxide (NaOH) with GO, followed by adding fresh
glucono-delta-lactone (GDL). The gelation mechanism results from the reaction between
GO and NaOH. The slowly released H* from GDL during its hydrolytic process activates
carboxyl group on GO. Therefore, the gel has to be freshly mixed prior to administration
since addition of GDL initiates the gelation process.

The addition of GO improves the mechanical performance of PAMAM-5 hydrogels, while
its potential toxicity is still under evaluation. Its mechanical properties depend on system
pH, which is governed by the NaOH/GDL ratio. By varying this ratio, acceptable storage
moduli for embolization application is achieved and is 2050Pa. Subcutaneous implantation
of GO/PAMAM-5 hydrogel into rats induces a foreign body response, mainly on the fifth
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day after injection. Due to its nonbiodegradable nature, the gel induces granulomas and
forms a clear border with surrounding tissues. No infections have been observed four weeks
after injection.

The embolic strength of GO/PAMAM-5/Iohexol mixture was assessed in the subclavian
artery of rabbits. The gel was injected rapidly within 5 minutes after addition of GDL. No
complications or artifacts were observed during two-week observation period. Granulomas
containing inflammatory cells and macrophages were observed in the artery and fibroblasts
were found around vascular emboli, indicating recanalization was not possible. Active
fibrosis and thrombus blocked arteries completely. Therefore, the GO/PAMAM-5 hydrogel
not only occluded the vessel but also irritated the lumen, stimulating thrombus formation.
The highly thrombogenic nature of GO induces thrombus formation by platelet aggregation
at a scale comparable to that of thrombin.[350] The main challenge associated with this
technique is its limited operating window. As the authors mentioned, although premix time
for this gel has been shortened from 20 minutes to 2 minutes, prolonged injection time may
lead to hydrogel clogging inside of the microcatheter.

6.8.3. Carbazochrome-Containing Chitosan-PEG Hydrogel—A dibenzaldehyde-
terminated poly(ethylene-glycol) (DF-PEG) gelator has been shown to interact with glycol-
chitosan and carbazochrome through Schiff-base cross-linking, and a self-healable drug-
loaded hydrogel (PCC) starts to form in 200 seconds.[280] 10 wt% PCC exhibits a storage
modulus of 5.7 kPa and its embolization efficacy was demonstrated in a rat kidney model.
The self-healing property of PCC is established by uncoupling and recoupling imine linkage
in Schiff-based bonds. This characteristic offers tunable hemostatic release in conjunction
with occlusion.

6.9. Tandem Thermal Gelling Chemical Cross-Linking System

A simultaneous physically and chemically crosslinked NIPAAmM-based system has been
developed and demonstrated increased strength and reduced creep (i.e., time dependent
permanent deformation under elevated temperatures and stresses, which are lower than the
material’s yield strength) in embolization applications.[3%1] Physical gels formed by
secondary interaction are usually soft and easy to inject, though their viscoelastic properties
are not suitable for AVM treatment given their tendency to undergo considerable creep [352]
in response to the constant stress exerted by blood pressure.[353]1 Conversely, because
chemically cross-linked gels are stronger and less viscoelastic due to covalent bonds, they
can be difficult to inject and may undergo swelling at body temperature.[354] Therefore, a
combined physical and chemical cross-linking mechanism provides a unique approach to
balance injectability at room temperature and high strength/stability at body temperature.

The tandem system is based on poly(NIPAAm), a temperature-sensitive moiety with low
critical solution temperature (LCST) at approximately 32°C.[354] Below LCST, it is soluble
in aqueous solutions with an unfolded conformation. It undergoes sol-gel transition at
sufficient polymer concentration above LCST due to chain entanglement (physical
crosslinking). Chemical crosslinking has been achieved through a Michael-type addition
between vinyl groups present on either acrylate[3] or vinylsulfone functionalized[351]
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poly(NIPAAm) system (produced by free radical polymerization), and a thiol compound
(such as cysteaminel281] or QT[3%4]). Some of the investigated poly(NIPAAmM) systems
include poly(NIPAAm-co-cysteamine) (NC), poly(NIPAAm-cysteamine-co-vinylsulfone)
(NCVS) and poly(NIPAAmM-co-HEMA-acrylate) (NHA), with LCST at 30°C, 34°C, and
29°C, respectively.[351] The conjugation of hydrophobic monomers decreases the LCST
while hydrophilic monomers increase the LCST.[351]

Gelation time determines the delivery window for the tandem agent. Pre-mixing time, pH,
buffer strength, number and type of thiol and acrylates, and the molecular weights of
polymers all affect poly(NIPAAm) gelation kinetics. [349: 3541 For instance, NC-NHA gels
within 22 to 37 minutes depending on pre-mixing duration, whereas NC-NCVS gels
immediately regardless of pre-mixing time. This may be due to both higher cross-linking
density and higher reactivity of vinylsulfone groups on NCVS compared to NHA.
Furthermore, NC-NHA has superior mechanical strength, with G”measuring 10 kPa,
compared to that of its pure chemical gel with G’of 1 kPa. Deliverability and embolization
efficacy for both NC-NHA and NC-NCVS were examined in a porcine aneurysm model for
1 hour, as proof of concept.[281]

Compared to exclusive physical gels, the tandem system exhibits low-frequency load
bearing, an indicator of reduced creep compliance and long-term stability confirmed by
rheological studies, owing to its chemical crosslinking.[354 Importantly, the swelling ratios
(i.e., a representation of percentage weight increase compared to initial formulation) for both
NC-NCVS and NC-NHA systems remain stable for 1.5 years /n vitro. Lastly, the
compatibility of the NIPAAm-based polymeric system (poly(NIPAAm-co-CysOEt) and NC-
NHA\) have been examined after subcutaneous implantation in rats at 1 and 4 weeks.[3%4]
Minimal chronic inflammation was observed, without toxic systematic reactions.

The class of NIPAAm-based tandem systems offers advantages over purely physical or
chemical gels. The physical cross-linking enables smooth delivery and filling of the targeted
vasculature, which can be tortuous and irregular (e.g., AVMs and aneurysms). Gradual
curing from chemical crosslinking further strengthens the mixture and maintains long-term
occlusion. System parameters, including delivery window and final storage modulus, may be
further optimized for appropriate use /n vivo.

6.10. Other Notable Classes of In Situ Gelling Systems

6.10.1. Liquid Crystals—Liquid crystals are polar amphiphilic cohesive materials that
can be reconfigured upon external stimuli (e.g., light, electrical field and pH values).[356]
They self-assemble in water by aggregation of amphiphilic molecules, which are beneficial
for enhanced drug delivery.[282. 3560, 357] A cybic phase forms from polar amphiphilic
material in aqueous environments. This cubic phase is of great importance in biological and
medical applications since it can hold hydrophilic, amphiphilic, and hydrophobic substances.
Indeed most anti-cancer drugs are hydrophobic.[282. 358] The cubic phase precursor (e.g.,
DMSO and NMP) can be prepared as a liquid for injection.[282] The precursor then gels in
situ to cubic phase by water absorption and forms a cast. This phase transformation is
helpful for embolization and may overcome some of the hurdles of current embolic agents.
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Liquid crystal was discovered in 1888.[35%] However, its utility in embolic materials has not
been investigated until recently. In one study, glyceryl monooleate (GMO) based liquid
crystalline material has been proposed for embolization.[284] GMO precursors (GMO-
ethanol-water system), with viscosity less than 30 mPa-s, were formed to facilitate
microcatheter delivery. Upon contact with blood, GMO-based liquid crystals transitioned
from low viscous injectable liquid into a highly viscous cubic phase gel that forms vessel
casts in less than 15 seconds. Superselective occlusion of rabbit renal artery was confirmed 5
weeks after GMO embolization and biodegradation was observed. For this system, the
catheter needs to be flushed with ethanol thoroughly before and after GMO precursor
delivery to avoid catheter blockage due to phase transformation upon aqueous exposure.

Recently, Qin et al. investigated phytantrol based liquid crystals as a potential embolic liquid
agent for delivering hydroxycamptothecin (HCPT), an antiangiogenic inhibitor for HCC.
[282] Although HCPT has been used clinically, its poor stability and solubility hinder loading
capability while its burst release limits its clinical application. 3601 As such, liquid crystal
may serve as a novel and effective drug vehicle for HCPT delivery since the cubic phase can
hold drugs with different polarities, protect a drugs bioactivity, and achieve a high drug
loading rate, in addition to facilitating its sustained release. The phytantrol-water-ethanol
system has been shown to embolize rabbit hepatic artery with phytantriol cubic phase.[283]

NMP-based precursor (loaded with HCPT) passes through a 2.8F microcatheter with no
difficulty and forms into a bulky hydrogel when exposed to excess water at 37°C /n vitro.
The precursor solution is able to contain up to 20 mg/mL (2% w/w) HCPT. However,
precipitates form after 30 minutes of standing when HCPT concentration exceeds 0.5% w/w.
Therefore, 0.5% w/w HCPT loaded precursor was selected for further study and
demonstrated a viscosity of less than 200 mPa-s at 37°C.[3611 The overall gelation time was
on the order of 40 seconds despite precursor formulations and the formed gel maintained its
integrity in the flow of saline at 0.3 mL/s.

I n vitro, HCPT exhibits a rapid release (up to 15%) during the first day, followed by
sustained release for over 30 days with a cumulative release of up to 90%. The initial rapid
release may be due to cubic gel formation which expels some of the HCPT (initially
dissolved in NMP) when NMP diffuses out. Since HCPT has poor solubility in water, only
small amounts of drug are released at the beginning, while the majority of the drug remains
crystallized and encapsulated within the gel. From a clinical perspective, the initial release
of HCPT induces an adequate drug concentration to inhibit topoisomerase-1 for cancer cell
apoptosis. The sustained and extended release of HCPT inhibits DNA replication that is
essential for cancer cell growth, while also creating an antiangiogenic effect.[3621 Its jn vivo
performance and therapeutic efficacy remains to be tested.

6.10.2. Coacervates—Complex coacervation is an associative, liquid-liquid phase
separation in response to the change of thermodynamic states (i.e., driven by entropy)
caused by electrostatic interaction of oppositely charged micro-ions.[383] Upon aqueous
colloidal solution separation, one phase contains little colloid and the other colloid rich
phase is the coacervate.[364] These hierarchically structured materials possess self-healing
properties due to their non-covalent nature of molecular interactions.[365] Their structural
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recovery ability could be exploited to create an embolic agent that has low viscosity for
injection and returns to gel phase when recovered.[363] As an important class of self-
assembling materials, coacervates’ dynamic behaviors are poorly understood. Rheology
studies have been conducted to understand coacervate dynamics, such as their structure, self-
assembly and intermolecular interactions.[366]

Sal-1Pg: This liquid embolic agent was inspired by the undersea adhesiveness of marine
sandcastle worms.[285. 367] The adhesiveness of underwater glues arises from
electrostatically condensed, oppositely charged polyelectrolytes, which are complex
coacervates.[388] Mimicking the chemistry of these undersea fluid adhesives, Jones et al.
developed phase-separated embolic coacervates (Sal-1Pg) from polyelectrolytes, which
consisted of polycationic salmine sulfate (Sal) and polyanionic sodium inositol
hexaphosphate (1Pg) (Figure 17). Both Sal and 1Pg are FDA-approved.[285]

The sol-gel phase shift is attributed to the morphological change of Sal-IP6 in response to
the presence of NaCl, which has different concentrations between prepared stock solution
and physiological conditions (Figure 17A, 17B and 17E). Specifically, Sal-1P6 transitions
from a clear, homogenous fluid at high ionic strength (e.g., 1200 mM NaCl) with a viscosity
~1 Pa:s, to a stiff gel formulation at physiological ionic strength (e.g., 150 mM NacCl, similar
to that in plasma) with a viscosity of ~39.7 Pa-s (Figure 17E). Therefore, the change of
viscosity of Sal-1Pg was triggered on site as a result of NaCl ionic strength differences. For
fluoroscopic visualization, tantalum microparticles were added into Sal-1Pg, leading to
increased viscosity (e.g., 1.1 Pa-s to 56.8 Pa-s from 1200 mM to 150 mM NacCl) and reverse
shear thinning behavior. The injection pressure (maximum 4.3 MPa) has also been shown to
be within of the range of that normally handled by endovascular radiologists.[28%]

In vivo studies have demonstrated that Sal-1Pg penetrates the entire arterial vasculature of a
rabbit kidney, precluding the venous sides of the renal cortex or ducts (Figure 17C and 17D).
[285] Up to 4 cm of total distance was reached by the coacervate. No adverse tissue reactions
were observed. Since the solidification mechanism of Sal-1P6 depends on the diffusion of
NaCl out of the material, no catheter blockage occurred. Therefore, Sal-1Pg, an ionic
dependent embolic coacervate, can be potentially delivered discontinuously in a controllable
manner without the danger of gluing the catheter or use of organic solvent, which are the
major disadvantages of nBCA and EVOH/DMSO.

Polyphosphate Based Coacervates: Radiopaque coacervates have been developed by
chelating polyphosphate (PP) and divalent cations (e.g., Sr2*, Ba2* and Ca2*) as temporary
liquid embolic agents.[28¢] The cation-induced phase separation is governed by both
electrostatic and hydrophobic interactions.[369] [364a]

The physical appearance and material kinetics of PP coacervates depend on PP
concentration and degree of polymerization (Dp).[286] Viscosity of low Dy, is much lower
compared to that at high Dp [286], The incorporation of divalent cation reduces the viscosity
(maximum of 67 Pa-s) compared to unloaded NaPP solution (over 2000 Pas), which is
favorable for injection. This is because the chelation process reduces the amount of negative
charges in PP. Pre-loaded Ba and Sr ions have been shown to reduce cell toxicity to a greater
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degree than Ca2* because the greater stability of Ba and Sr reduces their ion release.
Rheological studies show that impregnated Ba and Sr ions enhance elasticity and viscosity
more than Ca2* only counterparts.[370]

The addition of heavy metal Sr and Ba into PP significantly improves its radiopacity (up to 3
folds compared to PP coacervates).[286] The Ba/P molar ratio contributes more to the
contrast than Sr/P does, due to higher atomic number of Ba. Successful occlusion and
radiopacity was documented in PP embolized rabbit auricular arteries after 15 days. Higher
levels of macrophages were observed with PP based coacervate implants compared to
gelatin sponge. The higher degree of complex foreign body response may be due to local
drops in pH from PP dissolution, though no gross toxicity was observed. Similar to calcium
alginate system, a concentric delivery device was deployed in this work to deliver ions (e.g.,
CaCly) and PP in separate paths before getting into contact on site. Though in both /in vitro
and /n vivo studies, the embolic mass was noted to fragment, suggesting the need for further
improvement of the embolic’s cohesiveness to avoid errant dislodgement.

Coacervates represent an intriguing class of materials as they can be loaded with cations for
intrinsic radiopacity, hydrolyzed into simple byproducts (e.g., phosphate salts), and carry
drugs.[384a] Drug encapsulation has been reported with coacervates while the addition of
drug could lower the system storage modulus significantly.[372] Coacervate-drug systems are
usually complicated as temperature, pH, and presence of protein can all affect release
kinetics.[371 Studies also show that coacervates enhance platelet adhesion and reduce
clotting time by promoting thrombin activation and consequent fibrin generation,
highlighting their hemostatic abilities.[3642]

6.11. Shear Thinning Hemostatic Hydrogels

Shear thinning hydrogels have received great attention in minimally invasive delivery since
they are injectable, self-healable, and capable of delivering cells and growth factors.[372] The
shear thinning property is ideal to facilitate injection during transcatheter delivery due to
reduced viscosity at increased strain rate and can be characterized by rheology.[373]

A shear thinning biomaterial (STB), consisting of gelatin and silicate nanoplatelets, has been
developed as an hemostatic embolic agent and attempts to take advantage of the strong
electrostatic interactions between these two components (Figure 18A).[10] Highly charged
synthetic bioactive silicate nanoplatelets have negative charges on their surfaces and positive
charges along the edges.[374] Due to anisotropic charge distribution, the positively charged
gelatin interacts with silicate nanoplatelets. They self-assemble, dynamically form and break
upon external stimuli and exhibit shear thinning behavior.[375] Additionally, nanoplatelets
induce coagulation by concentrating clotting factors and the procoagulant response is
dependent on their surface properties and structure.[376] As a result of the intrinsic
coagulation of gelatin and silicate nanoplatelets, STB exhibits hemostasis behavior and was
original discovered as a hemostasis agent.[37] Its in vitro clotting time in anticoagulated
whole blood is between 3 and 5 minutes, similar to that of coils.

Compared to other in situ gelling systems that undergo sol-gel transition, STB remains in its
natural gel structure both before and after injection. Its syringeability depends on the
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reduced viscosity at high shear rates during injection. Blood vessel occlusion is achieved by
recovered STB strength upon the removal of shear stress after delivery, followed by
thrombus formation (Figure 18B). The modulus and viscosity of STB can be tailored by
varying the ratio between gelatin and silicate nanoplatelets.[*®] Among all formulations,
6NC75 (1.5 wt% gelation, 4.5 wt% nanoclay and 94 wt% water) was selected as the optimal
composition, which provided comfortable injection forces between 20 and 25 N (Figure
18C). The material exhibits fluid-like behavior within the catheter during injection. When
stress is removed, it returns to its original gel formulation with storage modulus ~200 Pa for
operating condition. The rheology and injectability of STB can be affected by the presence
of salt in physiological environments.[377]

STB has demonstrated promising results in arterial embolization in both small and large
animals.[20] When injected into the left external iliac artery of a pig, STB immediately
ceases blood with no fragmentation or migration. This has important clinical implications;
the iliac artery in pig has high flow rate at 100 cm/s, similar to that of human iliac arteries.
These results suggest that STB renders stable and complete occlusion in high flow targets.
Furthermore, its excellent stability to resist cyclic loading and frequent movement was
confirmed in forelimb vein embolization in the pig (Figure 18D and 18E) Both CT and
histological analysis revealed complete occlusion 24 days after embolization in a porcine
model with no evidence of pulmonary embolism (Figure 18F and 18G).[10]

Moreover, STB occludes vessels mechanically without depending on thrombus formation,
while both gelatin and silicate nanoplatelets facilitated coagulation to further stabilize STB
in place to prevent dislodgement. Histological analysis revealed that macrophages
surrounded STB locally, indicating ongoing degradation and clearance of residual STB
inside of the embolized vessel. Continuous vessel remodeling in conjunction with STB
degradation was observed in the lumen of occluded vessels (Figure 18H). Connective tissue
was present at occlusion sites, further suggesting the unlikelihood of recanalization.[*%] This
work indicates that STB has the potential to serve a hemostatic embolic agent.

6.12. Characterization and Injectability of Liquid/Gel Embolic Agents

For liquid/gel embolic agents, their viscosity must be low enough at room temperature for
smooth delivery, followed by an increase in viscosity and stiffness when introduced into the
target site to avoid washout by blood flow. Therefore, the physical and mechanical properties
of the material at the injection site (e.g., inside of the syringe at room temperature), within
the catheter (e.g., during delivery at body temperature) and in the target environment (e.g.,
stasis within the body) must be carefully balanced.

A key physical and mechanical property of a liquid/gel embolic agent is its viscosity, which
determines its feasibility for transcatheter delivery. Viscosity represents the material’s ability
to resist deformation in response to applied stress and depends on the molecular weight of
the polymer, the type of the solvent and agent concentration.[1924] It is also a measure of the
response of the material to change of shear strain during injection. For injectable embolic
material, viscosity less than 150 mPa:s is preferred for smooth transcatheter delivery.[2720]
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The critical viscosity value depends on the targeted vessel diameter and blood pressure, and
may be used to identify the safety range of liquid materials when used for embolization in
different clinical applications. For instance, for AVM embolization and small capillaries, low
viscosity in the 30-150 mPa:s range is optimal, whereas high viscosity (e.g., 400 mPa-s and
above) is preferred to fill larger structures such as aneurysms.[1922] |_ess viscous liquids may
pass the target site into the venous side while highly viscous materials may not reach the
nidus but occlude the proximal arteries only, limiting the extent of transport.

Additional critical rheological parameters to characterize liquid/gel embolic agent include
storage moduli and loss moduli before (liquid-like state) and after injection (solid-like state),
since the material’s strength at body temperature determines the embolization efficacy in
both the short and long term. In response to oscillatory shear, storage moduli (G’) measures
the material’s ability to absorb energy, while loss moduli (G”) provides information on
whether material undergo stress relaxation to dissipate energy. Overall, storage and loss
moduli evaluate the elastic and viscous properties of a material, respectively. Most
importantly, storage modulus measures material stiffness and is an indicator of gel network
cross-linking.[272b] |t describes the agent’s ability to cast blood vessels against flow and the
capability to withstand blood pressure without breakage. It has been suggested that the
initial G’ of the embolic agent needs to be higher than 800 Pa upon injection to resist
pressure up to 200 mmHg.[2701 Additionally, the final storage modulus of the gel should be
more than 0.1 MPa for stable gel embolus formation against hepatic blood pressure.[2720]
However, a wide range (i.e., from few hundreds of pascals to thousands of pascals) of final
gel moduli have been reported with successful embolization, as presented. Furthermore, a
material’s viscoelastic behavior (e.g., physically versus chemically cross-linked gels)
reflects its fatigue resistance, an important characteristic of the embolic material subjected to
endovascular oscillation pressures.[258. 2751 The formulation of embolic materials is,
therefore, critical to be tuned for optimized embolic performance.

The critical gelation time also needs to be defined and correlated to both delivery time and
procedure duration to avoid catheter blockage due to pre-gelation. In particular, the sol-gel
transition time governs the delivery window (for pre-activated mixture) and the onset of
effective occlusion (for on-site gelation). It has been reported that the ideal sol-gel transition
time in arterial vessels is less than 5 minutes to prevent venous washout.[2720] Alternatively,
the use of photocurable polymers may obtain rapid increase in strength by on site curing.
[378] 1t is important to note that for temperature responsive liquid/gel agents, the material
property may be affected due to long catheter that has been pre-heated to body temperature
before actual delivery. Therefore, too rapid temperature triggered gelation may cause
catheter blockage. As a result, assessment of deliverability should always be carried out in
clinically relevant catheters, not needles.

Though rheology properties influence the injectability of materials, injection force
determines whether the agents are suitable for clinical use and is the key parameter that is
directly related physicians’ experience. Injection force is usually measured by compression
test using either force sensors or mechanical testing machines, e.g., pushing down the
plunger.[10. 373,379 A typical force-time or force-displacement plot includes plunger-stopper
break loose force (i.e., the force to initiate plunger movement) and injection force (also
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known as dynamic glide force which is the force to sustain the movement of syringe) (Figure
18C).[380] The break-loose force is critical, as in practice, this is the force that physician
needs to overcome to initiate liquid dispersal.

In additional to the nature of the embolic agent, the injection force can be influenced by
many factors, such as injection speed, environment (e.g., temperature, pH), types of syringe
and catheter, and whether the injection is delivered to open air, liquid or tissues. Regardless,
the system must be useable by any physician.[373. 3790, 3811 Ap injection is typically
performed with the thumb pushing on the plunger with ipsilateral index and middle fingers
to stabilize flanks.[381a] At this position, the maximum force applied by a male is 95.4 N and
is 64.1 N for females.[382] /1 vitro injection forces less than 50 N are considered injectable
and forces between 51-100 N correspond to injectable but with some difficulty, and over
100 N indicates too difficult to inject.[379P] The injection force can be predicted from
Hagen—Poiseuille law.[314. 383]

7. Outlook and Conclusions

The development of current and next generation embolic agents depends on the
understanding of their physical, mechanical and physiochemical properties. Thorough
material characterizations (e.g., mechanical and rheological testing) offer fundamental
knowledge to predict occlusion level and embolic agent/tissue interactions. However, there
are no standardized protocols to compare different products and agents (e.g., elasticity of
calibrated microspheres). Additionally, the clinically relevant shelf life of newly developed
embolic agents is overlooked. Both short- and long- term stability and biocompatibility
should to be assessed. Furthermore, despite the development of multifunctional
microspheres and on-demand gelling liquid embolic agent, their retrievability and
reversibility have not been adequately addressed. The development of a reversible embolic
mechanism would allow for material retrieval, which offers flexibility to benefit
embolization practice.

Furthermore, material-specific cell/tissue interactions, which are known to influence
biological performance, play an important role in any embolization application. The surface
properties of the embolic agents, such as hydrophilicity and lipophilicity, directly affect cell
adhesion, growth, migration and death. There is constant exchange between cells and
materials via direct penetration, endocytosis, exocytosis and immune reactions.[26]
Therefore, post embolization inflammatory reactions (e.g., macrophages, giant cells, and
lymphocytes) should be assessed to quantitatively evaluate and compare tissue changes in
response to different embolic agents.[61] One crucial property of embolic materials is
thrombogenicity, which is largely determined by net electric charges. Even small amounts of
voltage may damage endothelium, giving rise to non-specific thrombosis formation.
Therefore, balanced surface charge is required for optimal thrombogenicity, since positively
charged materials appear more thrombogenic but Hageman factor activation requires a
negative charged surface.[384]

In order to determine the best embolic agent to use, one needs to at least ask the following
questions: 1) is the vessel to be blocked large or small; 2) would the embolization be
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temporary or permanent; and 3) is the tissue supplied by the vessel to remain viable after the
embolization?[® 385] Regardless of composition, the smaller the agent, the greater the
likelihood of organ ischemia.l42] The specific type of embolic material depends on the
clinical condition, though one particular medical condition can be treated with different
embolic materials.[388] In any case, embolic agents need to be biocompatible, cost effective
and easily deployed. The ideal agent should be able to block an artery rapidly, fill 100% of
the targeted vasculature, prevent recanalization, fragmentation and dislodgement, carry
therapeutics, endow tunable embolic duration, render intrinsic visibility, leave limited trace
artifacts, and possess clinically relevant shelf life. Table 2 summarized clinical used embolic
agents discussed in this review.

Unmet needs include controlled biodegradation and sustained drug release for embolization
applications. While DEBs have been developed and clinically deployed, they cannot
penetrate arteriocapillaries due to finite sizes. Though tremendous amounts of efforts have
been devoted into biodegradable and drug loadable microspheres, systems designed and
examined specifically for embolization are rather limited. Alternatively, liquid/gel embolic
agents serve as a promising platform to penetrate deeply and encompass all branches inside
of the tumor. However, they should never traverse into draining veins and their ability to
carry therapeutics is limited.[2720] Drug release mechanism and profile depends on the
hierarchical network of the gel, drug-drug interactions, drug-matrix interactions, drug
surface charges, and drug hydrophobicity.[387] As a general design criterion for a gel-based
drug system, inclusion of hydrophobic segments is commonly used to contain hydrophobic
drugs and reduce porosity for controlled release.[388] Regardless, the development of
therapeutic liquid/gel embolic agents is still limited (compared to DEBs) and remains to be
explored.

Before closing, it is important to note that the investigation of embolic agent efficacy relies
on accurate preclinical models. In theory, the pig makes an ideal large animal model because
its fibrinolytic system closely simulates that of humans. Although canine models are also
used widely as large animal models, the englobulin lysis time in dog is much shorter (40
min) than man (2-8 hours).[245] The porcine rete mirabile has widely been used as
endovascular embolization model for AVM since it has a fine vascular network that
resembles human arterioles with the same histological structures.[39%] Regarding aneurysm
models, pigs have an aggressive healing response that is different from humans. Therefore,
porcine aneurysms may seal rapidly with presence of thrombus. To address this issue,
anticoagulation treatment should be considered. Also, thrombus formation should to be
closely monitored at the aneurysm neck during healing process.[259] Furthermore, when
examining recurrence after aneurysm embolization, an animal model that is prone to
recanalization would be more appropriate, such as a canine bifurcation aneurysm model and
the elastase-induced aneurysm in rabbits.[389] Lastly, to model liver tumor embolization, the
VX2 tumor in rabbit is commonly used because of its rapid growth and similarity in blood
supply to that of human HCC, though VX2 tumor is not of hepatic origin.[25] The liver is
widely selected for embolization because of its dual blood supply. Its unique structure
minimizes necrosis and fibrotic tissue change that may influence the infiltration of
inflammatory cells.[161. 390]
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Successful embolization relies on material selection, radiological imaging and the
experience of the interventional radiologists. Thorough understanding of material properties,
anatomy and meticulous surgical technique are required to investigate embolic efficacy of
newly developed agents and minimize complications. Bridging engineering and patient-
inspired problems provides an emerging paradigm to address limitations in clinically used
embolic agents and highlights the design criteria for desired materials.[3%1] This fertile and
multidisciplinary field requires integrated effort from all disciplines to revolutionize the next
generation embolic materials.
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Figure 1.
A) Schematic demonstrating embolization of (a) aneurysms; (b) AVMs; (c)malignant tumors

(e.g., hepatocellular carcinoma, HCC) and (d) benign tumors (e.g., uterine fibroids). Figure
components adapted and reproduced with permission.[12] Copyright 2000, Elsevier; 2014,
BMJ Publishing Group Ltd.; 2015 Springer Nature; 2013, Elsevier; and 2016, Springer
Nature. B) Summary of clinical and pre-clinical embolic agents. PVA: polyvinyl alcohol;
TGMS: trisacryl gelatin microspheres; DEB: drug eluting bead; SM: sulfamethzaine; B-GP:
B-glycerophosphate; Sal: polycationic salmine sulfate; IPg: polyanionic sodium inositol
hexaphosphate; nBCA: N-bnutyl-2-cyanoacrylate; PPODA: poly(propylene glycol)
diacrylate; QT: pentaerythritol tetrakis 3-mercaptopropionate.
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Figure 2.
(A-E) Catheter-based endovascular approaches to the treatment of cancer (A-E and F-G) and

benign conditions (H-J and K-N). A) Digital subtraction angiography (DSA) from a catheter
inside the celiac artery shows a liver tumor blush in the liver (black arrow). B) The same
lesion is demonstrated in a contrast enhanced liver MRI measuring more than 6 cm in
diameter. C) Following high dose segmentectomy radioembolization, the lesion is
completely ablated allowing the patient to receive potentially curative surgical resection in
D) with a 6 month follow-up CT imaging E) showing absence of any malignancy. F) and G)
demonstrates MRI images before and after TACE embolization of a 4 cm liver tumor; white
arrow in G) shows complete ablation of tumor. H) DSA from the prostate artery in a patient
benign prostatic hyperplasia (BPH); corresponding Dyna-CT at the time of procedure is
shown in 1) Using particulate embolization, this prostate artery was completely blocked in J)
(white arrow). (K-N) demonstrates particulate embolization of fibroids in uterus K). DSA of
the uterine artery in L) and M) demonstrates the large fibroids; these were successfully
embolized and follow-up MRI in N) shows successful treatment of the fibroids.
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Figure 3.
Illustrations of A) a AZUR® framing coil (coil OD of 0.014-0.015 inches or 0.022 inches);

B) a polymer-fibered (either PLGA or nylon) Concerto™ 3D detachable coil system
(available diameter ranging between 2mm and 18 mm with length spanning from 2 cm to 40
cm); C) a polymer-fibered (either PLGA or nylon) Concerto™ HELIX detachable coil
system (available diameter ranging between 2mm and 20 mm with length spanning from 4
cm to 50 cm); and D) a AZUR® HydroCoil, which combined a platinum coil and an
expandable hydrogel polymer (pre expansion coil OD at 0.014-0.017 inch (or 0.024-0.030
inch) and post expansion OD of 0.034 inch (or 0.048 inch)) (Courtesy of Terumo and
Medtronic). OD represents outer diameter.
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Figure 4.
A) Box plots of Young’s modulus of coil-clot complex. SEM images of B) HydroCoil—-clot

complex and C) bare platinum coil-clot complex, Figure components adapted and
reproduced with permission.[107] Copyright 2014, BMJ Publishing Group Ltd..
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Figure 5.
A) Schematic fabrication process of radiopaque hydrogel coils. B) The temperature triggered

response of shape memory hydrogel coil. C) The shape memory induced embolism by the
hydrogel coil assessed at 37 °C. D) Schematic of the transarterial embolization process. E)
Angiograms of radiopaque coil delivery (yellow dots outlined contour of delivered hydrogel
coils) into the renal artery. F) Angiographic images obtained at 4, 8, and 12 weeks after
embolization with red circles denotes microcoil position. G) Gross appearance of the
embolized and normal kidneys at 4, 8, and 12 weeks, respectively, after procedure. (Scale
bars: 2 cm). Figure components adapted and reproduced with permission.[118] Copyright
2018, John Wiley & Sons Inc..
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Figure 6.
SMP device A) before and B) after expansion. C) Schematics demonstrating temporary

shape of SMP foam device for catheter delivery into aneurysm, intermediate stage of SMP
during expansion and fully recovered foam for aneurysm filling. D) Histology of SPM
samples perfused with blood /n vitro, with perfusion time of 30 seconds in a-c and 270
seconds in d-f. Samples a&d, b&e, and c&f represent proximal, middle and distal regimes,
respectively. Pinkish red stained for erythrocytes and purple stained for fibrin and
leukocytes. E) Gross examination of the implanted SMP foams in vein pouch aneurysm
model thirty-minute, thirty-day and ninety-day after embolization, respectively. Figure
components adapted and reproduced with permission.[128. 1391 Copyright 2016, Elsevier and
2013, John Wiley & Sons, Inc.
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Figure 7.

A) (a) 2,4,5 triiodinated benzyl nucleus in commercial contrast media; (b)-(d) examples of
iodinated vinylic monomers used for microsphere synthesis; and (e) 2,3,5, triiodinated
compound for conjugation. B) (a) Schematics of microfluidics technique to fabricate
alginate microspheres with in situ synthesized BaSO,4 nanoparticles; (b) optical image of
hydrated BaSO4/ALG microsphere and SEM image of a dried particle; and (c) BaSO4/ALG
microsphere solution. C) Digital radiography of tantalum nanoparticle loaded calcium
alginate particle (a-e) and blank calcium alginate particle (f-j) immediately, 1 week, 2
weeks, 3 weeks and 4 weeks of rabbit kidney after embolization. Figure components adapted
and reproduced with permission.[193. 199, 202] copyright 2016, Elsevier; 2015, American
Chemical Society and 2018 Ivyspring International Publisher.

Adv Mater. Author manuscript; available in PMC 2020 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

« Capillaries:
5-10 um

* Arterioles:
10-20 um

Hepatic artery

CONVENTIONAL CHEMOEMBOLIZATION

ARTERIAL EMBOLIZATION

* MECHANISM OF ACTION: Disruption of
tumor blood supply resulting in tumor
ischemia/hypoxia.

+ PARTICLE SIZE: 100-300 um

* MECHANISM OF ACTION: Delivery of a
high-dose chemotherapy/ethiodized oil
emulsion (yellow) followed by arterial
embolization to prevent drug washout
and pt tumor

« PARTICLE SIZE: 300-500 um

Arterial flow
to tumor

DRUG-ELUTING BEAD CHEMOEMBOLIZATION

RADIOEMBOLIZATION

* MECHANISM OF ACTION: Delivery of
drug-loaded microspheres that provide
local, sustained tumor drug delivery

with tumo

* MECHANISM OF ACTION: Delivery of
[-emitting microspheres that provide
local, high dose tumor radiation. The

affects tissues 2.5-11 mm

r
The drug distributes up to 0.06 mm from
the microspheres (orange).
+ PARTICLE SIZE: 100-300 yum

from the delivered microsphere (green).
+ PARTICLE SIZE: 20-60 ym

Figure 8.

Page 84

C DEB-TACE
1000

S 800 1

3

>

A

S 600 1

Q

w

®

=4

S 400

o

2

(=}

x

o

Q200 1

0 L w L w L L L b
6. S, o B 6 o 6, <& Y
£ . @, TOL N0 6 6 v, O
e%.)o % % % % 5 %
Time postprocedure
D conventional TACE
1000

I 800

E

(=]

£

S 600

?

©

c

S 400

o

2

(=}

x

[}

Q200

0‘ v v L v v e — b

b S, < B G ° 6, <% %
% S0, o, % v, %
%% % % % 2

Time postprocedure

Schematics of A) arterial blood supply to HCC and B) mechanisms of bland embolization,
conventional chemoembolization, DEB chemoembolization, and radioembolization.
Pharmacokinetic assay measured during 7 days in patients treated with DEB-TACE and
conventional TACE. Doxorubicin level in serum at different time points posted C) DEB-
TACE treatment, and D) conventional TACE procedure. Figure components adapted and
reproduced with permission.[205. 208] Copyright 2013, Elsevier and 2007, Elsevier.
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Contrast to Noise Ratio (CNR)
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Figure 9.
T2-weighted MRI A) pre- and B) post- transcatheter intra-arterial infusion of nanocomposite

microspheres consisting of gold nanorods and iron oxide coatings in a rat HCC model
(yellow circle indicates tumor location), showing enhanced tumor edge contrast. C) contrast
to noise ratio (CNR) of tumor margin before and after microspheres embolization. D) Whole
body coronal CT (left panel) and three dimensional maximum intensity projection (right
panel) image after nanocomposite microspheres embolization, with circles highlighting
regions with enriched signal. Figure components adapted and reproduced with permission.
[207¢] Copyright 2016, Nature Publishing Group.
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Figure 10.
A) MicroCT of normal porcine liver embolized with small and large DEBs. Doxorubicin

concentration and penetration depth from the bead surface of B) small (70-150 um) and C)
large (100-300 um) radiopaque DEBs in porcine liver over one week. Figure components
adapted and reproduced with permission.[236¢] Copyright 2012, Elsevier.
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Figure 11.

A) Doxorubicin distribution around and away from the bead and B) doxorubicin
concentration in patient liver explants at 8 hours, 9-14 days, and 32-36 days after
embolization. C) Distribution of beads in peritumoral and intratumoral regimes in the patient
transplanted at 8 hours. Figure components adapted and reproduced with permission.[237a]
Copyright 2011, Elsevier.
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Figure 12.
Comparison between thrombin-loaded and non-thrombin coupled iodinated acrylic

microspheres in platelet rich plasma at various time points. Thrombin-loaded microspheres
aggregate within 30 seconds while control particles (without thrombin) do not show obvious
aggregation after 20 minutes. Figure components adapted and reproduce with permission.
[157a] Copyright 2007, Elsevier.
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A) Compression testing on single TG-ms microsphere; Summary of B) modulus and C)
relaxation half time of the TG-ms, APVA-ms, and PP-PMMA-ms obtained by compressing a
monolayer of microspheres immersed in physiological saline. Figure components adapted
and reproduced with permission.[224. 2501 Copyright 2010, Elsevier and 2011, Elsevier.
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A) Alginate structure and reaction mechanism with divalent calcium ions, transitioning from
liquid to solid gel states. B) Strength and polymer yield percentage of the four alginates,
with different compositions, at 40% and 60% compression levels. C) Concentration
dependent viscosity of four types of alginate (at room temp. 28°C) versus alginate
concentration. D) Flow rates at different catheter diameters for non-Newtonian alginate and
Newtonian glycerin solution with similar initial viscosities, injected at a maximum pressure
of 2100 kPa. The shear-thinning properties allow alginate flow at wider ranges compared to
Newtonian fluid with same viscosity. Figure components adapted and reproduced with

permission.[258] Copyright 2000, John Wiley & Sons Inc.
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Figure 15.

Sol-gel transition behavior of temperature sensitive PIB-1-6150 A) phase diagram and B)
storage modulus, loss modulus and loss tangent. C) Digital subtraction angiography (DSA)
images of VX2 rabbit tumor embolization. (a-c) are DSA images of PIB-1-6150 treated
group before embolization, 7 and 14 days post embolization, respectively. (d-f) are DSA
images of Lipiodol treated group before embolization, 7 and 14 days post embolization,
respectively. D) Schematics of Ivalon, Lipiodol and PIB-1-6150 embolization. Figure
components adapted and reproduced with permission.[265] Copyright 2011, Jon Wiley &
Sons Inc..
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A) Schematics of drug loaded SELP liquid embolic agent. B) Illustration of SELP-815 K
structure. In vitro drug release profiles from 12% SELP-815 K loaded with doxorubicin and
sorafenib powders. Relative release rates of C) Doxorubicin and D) Sorafenib from single
drug loaded gels (either 25 mg/mL or 50 mg/mL) or from dual drug loaded gel at 25 mg/mL
loading (per drug). Statistical significance between single drug loaded versus dual drug
loaded gels (*); single drug loaded 25 mg/mL versus single drug loaded 50 mg/mL gels
(+);single drug loaded 50 mg/mL gels and the dual drug loaded gels (¢). Statistical
significance is reported as p <0.05, highly significant as p <0.01 and very highly significant
as p <0.001. Figure components adapted and reproduced with permission.[271. 272b]
Copyright 2016, American Chemical Society and 2015, Elsevier.
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Figure 17.
A) Illustration of fabrication process of injectable radiopaque Sal-1P6 embolic coacervate.

B) The fluid rapidly solidifies into a stable gel under physiological saline. C) Fluoroscope
image and D) Post-mortem dorsal three dimensional image of a rabbit kidney 90 min after
arterial embolization with Sal-1P6. E) Morphological changes of Sal-1P6 as a function of
NaCl concentration. Figure components adapted and reproduced with permission.[285]
Copyright 2016, John Wiley & Sons Inc..
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Figure 18.
A) Schematic illustration of STB fabrication. STB is extruded from the catheter tip. B)

Storage moduli (G”) of 6% (w/v) STBs after repeated cycles of low and high strain. C) A
representative injection force curve to deliver STB through the catheter. Laser Doppler
microperfusion imaging in mouse showing D) hindlimb perfusion before STB injection and
E) no perfusion in STB injected limb. F) Coronal CT study confirmed no pulmonary
embolism occurred in porcine model during 24 days after STB embolization. G) Gross
evaluation at 24 days shows STB (arrow) occluding the vein. H) Percentage of vessel
remodeling (replacement of STB with connective tissue) over time. Figure components
adapted and reproduced with permission.[19] Copyright 2016, The American Association for
the Advancement of Science.
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