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Single Component Polymers, Polymer Blends, and Polymer
Composites for Interventional Endovascular Embolization of

Intracranial Aneurysms

Hasan Hiiseyin Karadeli and Emel Kuram*

Intracranial aneurysm is the abnormal focal dilation in brain arteries. When
untreated, it can enlarge to rupture points and account for subarachnoid
hemorrhage cases. Intracranial aneurysms can be treated by blocking the flow
of blood to the aneurysm sac with clipping of the aneurysm neck or
endovascular embolization with embolics to promote the formation of the
thrombus. Coils or an embolic device are inserted endovascularly into the
aneurysm via a micro-catheter to fill the aneurysm. Many embolization
materials have been developed. An embolization coil made of soft and thin
platinum wire called the “Guglielmi detachable coil” (GDC) enables safer
treatment for brain aneurysms. However, patients may experience aneurysm
recurrence because of incomplete coil filling or compaction over time.
Unsatisfactory recanalization rates and incomplete occlusion are the
drawbacks of endovascular embolization. So, the fabrication of new medical
devices with less invasive surgical techniques is mandatory to enhance the
long-term therapeutic performance of existing endovascular procedures. For
this aim, the current article reviews polymeric materials including blends and
composites employed for embolization of intracranial aneurysms. Polymeric
materials used in embolic agents, their advantages and challenges, results of
the strategies used to overcome treatment, and results of clinical experiences

1. Introduction

An intracranial (cerebral) aneurysm is
the abnormal focal dilation in brain ar-
teries, which tend to be spherical in
shape and weaken arterial blood vessels
(Figure 1a,b)."?l Intracranial aneurysms
can be critical and may remain undetected
until the aneurysm ruptures and can cause
hemorrhaging in the subarachnoid space
surrounding the brain.’! Incidental rup-
ture of intracranial aneurysm is related
to 50-80% of subarachnoid hemorrhages;
it leads to death prior to medical atten-
tion and is related to a high mortality rate
of up to 40% in the first week, account-
ing for ~5-8% of all strokes.*"1% When
untreated, intracranial aneurysms can en-
large to rupture points and account for 50—
80% of subarachnoid hemorrhage condi-
tions. Owing to high morbidity and mor-
tality related to rupture, early and efficient
intracranial aneurysm therapy before rup-
ture can raise the survival rate of the individ-
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ual. Current common treatment techniques

(Figure 1c) are clipping (Figure 2a) and
endovascular embolization for blocking circulation into aneurys-
mal space to prevent aneurysm rupture.[? Balloon, catheter, and
coil methods have been added to equipment for endovascular
therapy of cerebral arterial aneurysms (Figure 2b—d).'" In the
years from 1960s to 1980s, neuroendovascular concepts, neu-
roangiographic anatomy, balloons for intracranial usage, and
micro-catheters of variable stiffness were precursors for en-
dovascular therapy of intracranial aneurysms. The capability to
repeatedly treat vasospasm allows the reduced mortality after
endovascular or surgical therapy of intracranial aneurysm.!?]
The development of detachable coils for aneurysm embolization
has led to advances in endovascular balloon techniques in ad-
dition to endovascular coils."!l Though positive outcomes are
achieved with balloon reconstruction, some interventionists con-
sider that balloon reconstruction does not reduce aneurysm re-
currence rates and might be related to an increased incidence of
thromboembolic events.!'3] Balloon remodeling of wide-necked
aneurysm is a significant adjunct to coil embolization, even in
the acute phase. Acute subarachnoid hemorrhage secondary to
wide-necked aneurysms is treated surgically. However, balloon
remodeling has facilitated aneurysm therapy in the acute phase
without the requirement of long-term antiplatelet therapy.l'!l The
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Figure 1. a) Cerebral aneurysm dome, from circle of Willis to histology. i) Location sample for aneurysm in the circle of Willis. ii) View for aneurysm
dome. Measuring the location of neck size and maximum dome diameter is depicted. Reproduced under the terms of the CC-BY license.l"] Copyright
2021, The Authors. b) Types of intracranial aneurysm: i) Saccular: It resembles a rounded outpouching by aneurysmal domes and necks connecting
with parent vessel. ii) Microaneurysm: It is an intracranial aneurysm less than 2 mm in diameter. iii) Giant: It is an intracranial aneurysm greater than
25 mm in diameter. iv) Fusiform: It is a widened and thinning segment of the artery. Reproduced under the terms of the CC BY 4.0 license.l?%] Copyright
2017, The Authors. c) Treatment for cerebral aneurysm. i) Clipping. ii) Coiling. iii) Foaming. Reproduced under the terms of the CC BY 4.0 license.[?"]

Copyright 2021, The Authors.

promotion of stents in the early 2000s altered the management
perspective of unruptured wide-necked intracranial aneurysms
that could not be easily treated by coil embolization solely, with or
without balloon, or with clipping.'!! The clipping requires cran-
iotomy, an invasive surgery of the brain, after which a neurosur-
geon embeds a clip along the aneurysm neck to block it from
normal circulation (Figure 2a).['* Clipping involves serious in-
herent risk to the patient. Also, clipping is not always feasible be-
cause of the inaccessible region of the aneurysm in the brain or
patients with high risk for surgery because of age or related medi-
cal cases. Due to these limitations of clipping, endovascular treat-
ment without open surgery has become an attractive option.!*>!
Embolization is a treatment in which some material is inserted to
block the blood flow to a vessel defect, such as aneurysm, which
is a swollen location on the artery wall.'®] Coils or an embolic
device are inserted endovascularly into the aneurysm including
fusiform, giant, and wide-necked aneurysms via a micro-catheter
to fill the aneurysm (Figure 3a). This filling treatment involves
isolating the weakened artery region from the rest of the vascula-
ture and leads to endothelium regrowth, the artery’s innermost
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layer over the entry point or aneurysm neck.’>) Endovascular
therapy of intracranial aneurysm includes delivery and implanta-
tion of embolization coils in the aneurysm (Figure 3b) to promote
the formation of thrombus and tissue healing (Figure 4).'7) It
will decrease shear stress onto the weakened vessel and promote
thrombosis with flow stagnation, speeding up healing.!8!
Several embolization materials have been developed, primarily
for brain aneurysms that could cause rupture and fatal internal
bleeding.['®! The first developed coil was indicated for peripheral
embolization for vascular malformation and facial tumors. The
coil was stiff, short in length, and did not involve specific shape
memory, frequently causing difficulty in achieving complete
occlusion of aneurysm.l"!! The emergence of an embolization
coil made of soft and thin platinum wire called the “Guglielmi
detachable coil” (GDC) in 1991 could provide safer treatment for
aneurysms.[?’] Micro-catheter delivery endovascular treatment
by GDCI#?] is a less invasive surgery method aimed at exclud-
ing aneurysmal sac and neck from normal circulation through
complete and lasting occlusion (Figure 5a—c). It is soft enough
to fit into aneurysms without damaging the aneurysm wall.[7-28]
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Figure 2. a) Intraoperative microscope-integrated near-infrared indocyanine green video angiography images prior to and after clipping (upper: micro-
scope view; lower infrared visualization for blood flow). i) Middle cerebral artery (MCA) aneurysm before clipping. ii) MCA intracranial aneurysm after
clipping. Reproduced under the terms of the CC BY 4.0 license.[2°] Copyright 2017, The Authors. b) Schematic diagram of i) balloon-assisted coiling and
ii) stent jail for wide-necked intracranial aneurysm. In balloon-assisted coiling, one or multiple nondetachable temporarily inflated balloons are used for
blocking the aneurysmal neck during coil placement. In the stent jail method, the micro-catheter is placed prior to stent bridging over the aneurysmal
neck. Reproduced under the terms of the CC BY 4.0 license.[2°] Copyright 2017, The Authors. ¢) Schematic diagram of special stent-assisted techniques. i)
Stent jack. i-1) Self-expandable stent navigated along aneurysmal neck and micro-catheter in aneurysmal sac. i-2) First coil deployed. i-3) Stent deployed
fully (or partially) bridging neck, pushing coil in sac. ii) Y-stent. ii-1) micro-catheter navigated into sac whereas two neuroform stents navigated along
basilar artery and respective posterior cerebral artery with exchange wires. ii-2) | stent deployed. ii-3) Contralateral stent deployed in “kissing” fashion.
i) Waffle-cone method. iii-1) Enterprise stent and exchange-wire positioned. iii-2) Stent deployed. iii-3) Micro-catheter positioned, coils deployed in
waffle-cone configuration. Reproduced under the terms of the CC BY 4.0 license.l?%l Copyright 2017, The Authors. d) Schematic view of treatment for
fusiform intracranial aneurysm. i) Hemodynamics within a fusiform intracranial aneurysm. Turbulence forms because of the geometric shape of the
fusiform intracranial aneurysm. ii) Stent-assisted coiling for fusiform intracranial aneurysm, requiring dense packing of coils. iii) Braided mesh stent of
fusiform intracranial aneurysm. iv) Covered stent of fusiform intracranial aneurysm. Reproduced under the terms of the CC BY 4.0 license.[2%] Copyright
2017, The Authors.
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Figure 3. a) Schematic view of surgical clipping (clip not shown with scale) (left) and endovascular embolization employing GDC (right) for aneurysm
treatment. Reproduced under the terms of the CC BY 4.0 license.[?2] Copyright 2022, The Authors. b) Schematic views for endovascular interventions
of basilar artery aneurysm. i— iii) The relationship between aneurysm neck and posterior cerebral artery (PCA) origin afFects the choice oftechniques for
ing one or both P1 origins are treated via one stent or two stents in Y configuration, respectively, to enable coil embollzatlon Inset (1, 2, 3) represents
intraprocedural angiography showing optimum stent position and coil embolization causing complete aneurysm obliteration of wide neck basilar artery
apex aneurysm (type 3). Injection, left vertebral. Projection, anterior-posterior. iv) In some basilar trunk aneurysms that can be circumferentially coiled to
embolize saccular components, a micro-catheter is jailed via stent in the basilar trunk to keep luminal patency. Then, stent-assisted coiling is conducted.
v—vii) Clinical outcomes (modified Rankin score, mRS) following endovascular and open surgery for basilar artery aneurysm. Left axis, pre-intervention
mRS. Right axis, mRS at last follow-up. Red, clinically important mortality or morbidity. Gray, unaltered or enhanced disability. Reproduced under the
terms of the CC BY 4.0 license.[23] Copyright 2021, The Authors.
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Figure 4. a) Patient with aneurysm in LC7. i) Angiography shows complete obliteration for aneurysm via stent-assisted coiling in the second therapy
(open arrow). ii) Pre-clipping angiography demonstrates aneurysm recurrence (aneurysm growth and coil compaction of residual neck and subarachnoid
hemorrhage) (open arrow). iii) Pre-clipping computed tomography (CT) demonstrates hemorrhage in the ventricle and fissures. iv) Gross sample with
coils packed with thrombus and wall. v—vii) Microscopic section (hematoxylin-eosin stain, magnification x4 and x12.5). v) Empty space is observed
near the aneurysm neck (open arrow), and coils are attached to the thrombus (arrow). vi) Granulation tissue (open arrow) composed of fibroblasts,
infiltrating inflammatory cells, and thrombus (arrow). vii) Coils forming tight junctions with scar tissue (mature granulation) (open arrow), resulting in
surface angiogenesis (endothelial cell formation) (arrow). Reproduced under the terms of the CC BY-NC 4.0 license.[?*] Copyright 2022, The Authors.
b) Patient with aneurysm in LC7. i) Digital subtraction angiography shows complete aneurysm occlusion in LC7 (open arrow). ii) CT demonstrates
recanalization by aneurysm growth (open arrow). iii) CT demonstrates subarachnoid hemorrhage from aneurysm (linear high signal in basal cistern and
longitudinal fissure, patchy heterogeneous high signal shadow in left frontal base, low signal ring around). iv) Gross sample having coils protruding
from the aneurysm wall (open arrow). v—vii) Microscopic section (hematoxylin and eosin stain, magnification X5 and x12.5 indicating fresh thrombus
loosely connected with coils (open arrow) and surrounding serum effusion and necrotic collagen fibers (arrow). Reproduced under the terms of the CC
BY-NC 4.0 license.[?#] Copyright 2022, The Authors.
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Figure 5. a) View for GDC, hydrogel coil, and liquid embolic devices. Reproduced under the terms of the CC BY 4.0 license.[??] Copyright 2022, The
Authors. b) GDC coils. i) GDC 360° coil. ii) GDC 10 3D coil. Reproduced with permission.[*6] Copyright, American Society of Neuroradiology. c) 3D
GDC. i) Large and small loops alternate at 90° when it was deployed from the micro-catheter and ii) when fully deployed, forming a complex, spherical,
3D coil shape. Angiograms in a patient with basilar tip aneurysm treated via 3D GDC. iii) Anteroposterior projection demonstrates a wide-necked
basilar aneurysm. iv) Lateral projection demonstrates basilar aneurysm. v) Anteroposterior projection after deployment of 3D GDC (8 mm X 25 cm)
demonstrates no important extension of coil loops in the parent artery. vi) Lateral projection after deployment for 3D GDC. vii) Angiogram after placement
for additional eight GDCs demonstrates complete aneurysm packing. Reproduced with permission.[*’] Copyright, American Society of Neuroradiology.
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Additionally, GDC can be separated from the delivery wire in
aneurysm within minutes, making the embolization procedure
quick and easy to use.?”! As in endovascular embolization,
patients may face aneurysm recurrence because of incomplete
coil filling or compaction over time.[**) Among the disadvantages
of GDC, coil compaction is the most crucial. After embolization,
internal pressure created with blood flow pushes the coil into
compression, resulting in coil compaction, a major cause of
recurrence and failure. It occurs when packing density (ratio
for implanted coil volume to aneurysm volume) for GDC is
small. The packing density for GDC is ~#30%, indicating that the
remaining 70% must be filled by fairly thrombus.*'-34 Though
GDC-based coil embolization treatment is an alternative to surgi-
cal clip ligation related to greater mortality,>3° some works!3’#"]
demonstrated that unsatisfactory recanalization rates and incom-
plete occlusion are drawbacks for endovascular embolization.
So, the fabrication of new medical devices and methods for
usage at less invasive surgical processes in accordance with the
patient’s complicated aneurysm shape is mandatory to enhance
long-term therapeutic results for existing endovascular methods
and to accomplish clinical difficulties declared here. In order
to increase packing density for platinum coil, HydroCoil was
developed where platinum one was wrapped by polymer hydro-
gel (Figures 5a, and 6a,b).[*!l HydroCoil compared with bare
GDCs concluded that the usage of hydrogel-coated coil reduced
major aneurysm recurrence, but other clinical outcomes were
comparable to the control group (i.e., bare GDC).[*>*3] This later
caused the development of HydroSoft, in which hydrogel was
employed as an inner core (Figure 6¢,d). HydroSoft intended
to the decrease drawbacks of HydroCoil that introduced coil
stiffness and greatly sensitive time constraints for delivery.[?] It
was declared that the HydroSoft coil had a smaller rate of neck
remnant (Raymond-Roy occlusion classification scale class II
[RROC-IT]) than HydroCoil.** Using ultra-low-density shape
memory polymers (SMPs) instead of traditional platinum coils
can give greater control and predictability to alleviate these
complications.”] Also, the SMP-coated coil increased packing
density and enhanced tissue healing. Bulk packing density was
computed as 37% without foam expansion and 92% with foam
expansion.*’]

We have reviewed available studies and presented historical
milestones in the development of neuroendovascular surgery for
intracranial aneurysms. This article reviews polymeric materials
employed for embolization. Polymers, SMPs, polymer blends,
and polymer composites used in endovascular embolization of
intracranial aneurysms are presented in detail under separate
headings. Highlighted results obtained in studies using poly-
meric materials are summarized.

2. Single Component Polymers

The long-term durability question for platinum coil therapy has
caused advances in various embolic devices. The developed de-
vices often contain some kind of polymeric material to change the
physical or biological properties of the implant, along with a plat-
inum filament backbone for deliverability and radiopacity.>!! To
overcome the drawbacks of platinum-based coil, some polymer
embolization materials have been sought because they are ex-
pected to provide greater packing density and more rapid throm-
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bus formation to block blood flow at a much lower cost. They
are produced particles, liquids, or solutions forms for emboliza-
tion. For endovascular therapy of cerebral aneurysm, polymeric
embolization materials are present in the literature.[>>>*] Alterna-
tive aneurysm filling materials include collagen-based coil,l>) hy-
drogel polymer,°®l hybrid metal and hydrogel coil >’ SMP coil, 3!
and polymer foam,*®! but not limited to those mentioned herein.

Several embolic polymers have been used in the treatment of
intracranial aneurysms, including acrylics, muscle, silk, iron par-
ticulates, and hair."?l The main drawbacks of these techniques
include the unpredictable persistence of embolic polymer inside
the aneurysm, as well as dangerous imaging modalities. The ad-
vent of biplanar angiographic imaging, balloons, catheters for
enhanced intracranial flow, and most recently Onyx (MTI, Inc.,
Irvine, CA, USA) has caused version of balloon-assisted methods
to intracranial aneurysm embolization."!l In early 1990s, Kin-
ugasa et al.’>% used cellulose acetate as an embolic agent in
intracranial aneurysm therapy.’*% Cellulose acetate is throm-
bogenic and has a larger risk of leading to thrombosis. Even if
the aneurysm is initially successfully obliterated via it, it may
disappear, causing the aneurysm to be completely untreated.!!]
Though an attractive method, polymer distal migration into the
parent vessel was considered a complication for approach. Be-
sides great density and relatively rapid polymer solidification, bal-
loon assistance is needed in several cases. Polymer migration into
the parent vessel is less likely if precautions are taken. Optimum
micro-catheter performance is required to retain embolic poly-
mer while giving moderate strength, traceability, and stability.'!]
Yang et al.l%?] concluded that cellulose acetate is not an ideal em-
bolic for intracranial aneurysms as it severely damages vessels
with a strong chemo-corrosive effect and might cause aneurysm
rupture. Mordasini et al.[3] compared imaging characteristics of
the polymeric coil with platinum one in vitro with an aneurysm
model and in vivo with experimentally created rabbit carotid bi-
furcation aneurysm. Enhanced imaging quality with the usage of
polymeric coil compared to platinum one was obtained.[®*] Bio-
compatible poly(vinyl alcohol) (PVA) polymer in particle form
was developed for embolization.[®* It was difficult to deposit
PVA particles in the target aneurysm which led to side effects
because of moving particles.®] Silk-elastin-like protein polymer
combines the solubility of mammalian elastin and silk strength.
Silk-elastin-like was employed for embolizing aneurysms in a
rabbit elastase model in vivo, obtaining > 90% occlusion and
showing no cytotoxicity.!

An alternative procedure to coil or balloon methods proposed
for the treatment of cerebral aneurysms is an embolic liquid
that polymerizes or precipitates in situ upon contact with blood.
The molecular weight of the polymer is a significant selection
factor for embolic liquid, as only the greatest molecular weight
homologues provide satisfactory embolization. Solvent viscosity,
solvent-water mixture viscosity in injection region, and molecu-
lar weight of polymer need to be taken into consideration when
preparing novel embolic liquid for cerebral aneurysm therapy.!®’]
Cyanoacrylate is representative of a liquid embolization agent.
When in contact with blood, polymerization of cyanoacrylate
occurs very rapidly, thus resulting in embolization to the tar-
get site. Polymerization frequently took place inside or at the
catheter end, causing occlusion of the catheter or adherence
of the catheter to the arterial wall.l®®! Cyanoacrylate glue was
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Figure 6. a—i) Hybrid hydrogel-platinum coil. Left, bare platinum coil. Middle, prehydration view demonstrates the initial profile of the device. Extremely
compact hydrogel material is wrapped around a platinum coil. Outer “overcoil” is wrapped around a hydrogel-coated coil. The coil’s outer diameter is
0.008 inches. Hydrogel thickness is about 0.0005 inches such that the gel coat outer diameter is 0.009 inches. The outer diameter with “overcoil” is
0.013 inches. Right, posthydration view of the device demonstrates a marked expansion of hydrogel, becoming translucent. The expanded hydrogel radial
thickness is about 0.009 inches, such that the total outside diameter of the hydrated device is 0.027 inches. ii) Scatter plot of packing attenuation versus
aneurysm diameter in aneurysm treated via the HydroCoil. HydroCoil gave relatively great packing attenuation, with an average of 60% and it reduced with
the increment in aneurysm size. Reproduced with permission.[*3] Copyright, American Society of Neuroradiology. b) Aneurysm treated via HydroCoil. i)
Pre-embolization digital subtraction angiography (DSA), 4.8 X 9.5 mm (dome X length). ii) Post-treatment DSA, indicating a single loop protruding in
the parent artery. iii) Follow-up DSA, indicating decreased neck contrast filling and no parent artery protrusion. iv—vi) Ground section, rapid bone stain
surface staining. iv) Aneurysm overview, demonstrating platinum coil (MC) framing and HydroCoil 10 (HC10) filling at the sac center. HydroCoil was
located toward the sac center. Note the organized red thrombus (orgThr) trapped in the dome and fibrin remnants (Fi) in the center. Coils protruding from
the flat neck surface to parent arteries (PA) are not seen in this section. Enlarged top rectangle from (iv) demonstrating foreign body response (FBGC)
to MC and HC10. vi) Enlarged lower rectangle from (iv) demonstrating thick neointima covering of HC10. Reproduced with permission.[*?] Copyright
2009, Springer-Verlag. c—i) State of the HydroSoft coil before and after expansion. The platinum coil includes a hydrogel inner core and stretch-resistant
filament. It expands and fills up to 40% more volume than the platinum coil. ii,iii) Enhanced occlusion degree. i) Postembolization angiogram indicates
residual filling into the aneurysm sac (arrow). iii) Seven-month follow-up angiogram demonstrates complete obliteration of aneurysm lumen (arrow).
Reproduced with permission.[>%] Copyright 2011, American Society of Neuroradiology. d) Aneurysm treated via HydroSoft. i) Pre-embolization DSA, 5.0
X 8.5 mm (dome X length). ii) Post-treatment DSA. iii) Follow-up DSA, indicating stable neck contrast filling. iv—vi) Ground section, rapid bone stain
surface staining. iv) Aneurysm overview, demonstrating platinum coil (MC) framing, and HydroSoft (HySo) filling at the sac center. Flat neck surface at
orifice plane, however, neointima-covered coils protrude into parent artery (PA). v) Enlarged top rectangle from (iv) demonstrating pronounced foreign
body response (FBGC) to platinum overcoil and polymer filament (asterisk), however less to hydrogel of HydroSoft (HySo). vi) Enlarged lower rectangle
from (iv) demonstrating HySo with FBGC underneath neointima. Reproduced with permission.[*?] Copyright 2009, Springer-Verlag.

utilized as an embolic liquid for aneurysm occlusion, but its  into aneurysms. Liquid embolic can be delivered non-invasively
aggressive adhesive features could cause a “stick” of the catheter ~ and provide a greater degree of aneurysm volume occlusion. 8!

to the vessel.l®7% Advantages and disadvantages of some liquid
embolics used in aneurysm treatment are presented in Table 1.
A liquid, in situ gel polymer can be employed as an em-
bolic agent for intracranial aneurysms. Liquid-to-solid gel prop-
erties can permit non-invasive endovascular delivery of material

Macromol. Biosci. 2024, 24, 2300432 2300432 (8 of 34)

Important factors for the development of liquid embolics are
biocompatibility, biodegradability, in situ setting time, mechan-
ical properties, swelling, toxicity, viscidity, and viscosity.®?} AL-
GEL, an alginate-based embolic, was efficient in embolizing
aneurysms in the swine model.[”*?*] A great filling (> 93%) was
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Figure 6. Continued

achieved by injecting ALGEL into the sac while the neck was
blocked via a temporary balloon. Follow-up angiograms of work
animals demonstrated that the parent vessel remained open, with
the aneurysm remaining occluded after 90 days. Control animals
with partially filled aneurysms lived only 6-8 days.[] Safety con-
cerns for alginate gel are material flow from the aneurysm cav-
ity during administration, accidental embolization for non-target
vessels, and alginate mass fracture after reintroduction of flow.[2¢!
Takao et al.[®! developed thermoreversible gelation polymer as
a novel embolic agent for endovascular therapy of experimental
aneurysms created in bilateral common carotid arteries in swine.

Macromol. Biosci. 2024, 24, 2300432 2300432 (9 of 34)
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The material is original in that solidification takes place at phys-
iological (body) temperature. Thermoreversible gelling polymer
remains liquid at a temperature smaller than the sol-gel transi-
tion temperature (20 °C) and turns into a gelatinous solid greater
than the sol-gel transition temperature. All aneurysms were suc-
cessfully embolized with the new polymer but further modifica-
tions such as mechanical stability will be necessary before the
clinical application of this polymer.*®! Calcium alginate gel has
been employed in aneurysm occlusion. By simultaneously in-
jecting calcium chloride and alginate into the sac, calcium algi-
nate gel is created immediately in contact with two solutions.[*4]
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Table 1. Benefits and drawbacks of some liquid embolics utilized in aneurysms treatment.

Product Benefits Drawbacks Reference(s)
Onyx v Injectable liquid, allowing small X Material suspended in dimethyl [71-90]
PHIL vessel embolization. sulfoxide (DMSO) demonstrated
v Non-adhesive. to result in vascular inflammation
v PHIL provided for usage in and angionecrosis.
single syringe, inherently X Onyx needs multi-stage
radiopaque. preparation via special tool.
X Catheter entrapment may take
place.
lodine-containing v Not require any preparation X From immediate results some [97]

PVA dissolved in
N-methyl
pyrrolidone (NMP)

prior to use (heating or shaking).

v Not require radiopaque

mixtures.

v Artifact-free evaluation for

aneurysms treated with

multisection CT and magnetic

resonance (MR) angiography.

v Employs NMP as solvent, which
possesses low angiotoxicity

complications (dissection, small

leakage and lethal rebleeding)

were observed.

X From follow-up results mild and
moderate inflammatory
response were observed.

While this gel system presents good mechanical strength and
biocompatibility features, emboli from unstable calcium alginate
might occur in the parent artery, incomplete embolization might
form, and instability may cause gel fracture.?°! Also, a couple of
lumen catheter used for simultaneous injection of calcium chlo-
ride and alginate needs a higher size catheter and coordination in
synchronized injection of both materials in the sac. Therefore, ad-
ditional development is required in the area of liquid embolic for
aneurysm occlusion.[*! Chen and Taguchil®”! prepared injectable
inclusion complexes with a-cyclodextrin (a-CD) and hydropho-
bically modified PVA (hm-PVA) by different alkyl chain lengths
(C3, C9, C18) as an embolization material not employing organic
solvent at composition for the treatment of cerebral aneurysm
(Figure 7a,b). hm-PVA (5% mol nonanal-modified PVA) with
15 mM «-CD gave moderate thixotropic features and the complex
demonstrated gel-sol transition at various strain values (1% and
1000%). Lipids in the blood can facilitate gelation of a-CD/5%
mol nonanal-modified PVA inclusion complex and improve its
stability. After injecting a-CD/5% mol nonanal-modified PVA in-
clusion complex in an in vitro model produced by silicone rubber
and glass plate, it caused aggregates in phosphate buffer solution
(PBS) at 37 °C and completed the entire space (Figure 7c). There-
fore, this inclusion complex can be a promising material for the
treatment of cerebral aneurysms due to good injectability.
Alternative aneurysm embolic material appears in hydrogel
form since they could be injected in liquid phase and solidified in
situ. Hydrogel has the capability to fill aneurysm sac completely
than solid implants such as that employed for coil embolization
(Figure 8a).181 Hydrogels should entirely fill the aneurysm, show
long-term stability, not protrude or migrate in the parent vessel,
and match the mechanical features of the aneurysmal wall to
the surrounding native tissue (Figure 8b).”! For hydrogel to be
employed in vivo, degradation and swelling must be considered.
Controlling swelling characteristic of hydrogel is significant in
endovascular embolization of aneurysms. If hydrogels undergo
creep deformation due to viscoelastic behavior in vivo, this can
eventually result in the gel leaking into the parent vessel, causing

Macromol. Biosci. 2024, 24, 2300432 2300432 (10 of 34)

further complications. Therefore, the drawbacks of hydrogel can
be decreased via synthesis.”®! The potential risks of hydrogels
are depicted in Figure 8c. Volume ratio and swelling pressure of
hydrogels are important parameters. As aneurysm rupture could
take place when wall stress passes tissue strength, hydrogel
swelling and expansion should be sufficient to complete the
cavity, as little as possible to avoid applying great pressure to the
aneurysmal wall or protruding into the parent artery to prevent
thromboembolic complication (Figure 8c).°®! Early hydrogel
deformation, degradation, or shrinkage might favor aneurysm
recurrence,'%) underlining the importance of the polymer with-
standing continuous dynamic biomechanical load associated
with pulsatile blood flow.[1!] Elasticity, compliance, and hydrogel
strength should match with the parent artery.121%] Maintain-
ing the original shape, mechanical properties, and weight of
hydrogel is critical to obtaining long-term outcomes.['* Poupart
et al.®®l developed liquid poly(ethylene glycol) dimethacrylate
(PEGDMA, 10, 15, and 20 wt%) precursor at various molecular
weights (2, 6, and 20 kDa) with the potential to be delivered to in
vitro intracranial aneurysm model and to be photopolymerized
employing UV light in situ. The material shows potential in
vitro applications because of ease of usage and small erosion
rate.”®1%] Swelling ratio increased by polymer content and
molecular weight. When polymer content was increased, the
mechanical properties (compressive elastic modulus, failure
stress) of hydrogels increased. PEGDMA hydrogels with a
molecular weight of 6 kDa at a 15% concentration appeared
suitable to withstand continuous interactions with blood flow.
Under pulsatile flow in in vitro model for 1 month, hydrogels
demonstrated complete occlusion, stability, and integrity be-
cause of preservation of weight, mechanical features, and shape
notwithstanding slight surface erosion, minimum swelling vol-
ume preventing protrusion of parent artery, and small swelling
pressure that limits the stresses implemented on the aneurys-
mal wall; and elastic modulus and compliance that covered
native aneurysm tissue range. In vivo works are essential to
determining the long-term integrity and stability of hydrogel.[®
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Figure 7. a) Schematic view of aneurysm embolization employing a-CD/hm-PVA inclusion complex. This inclusion complex having thixotropic features
could be injected into the aneurysm via a catheter. Owing to physical crosslinks recovery (hydrophobic and hydrogen bond interactions), a-CD/hm-PVA
inclusion complex could complete aneurysm. At last, stable hm-PVA gel made possible aneurysm embolization after a-CD release. Reproduced with
permission.[°”] Copyright 2020, The Society of Polymer Science, Japan. b) Synthesis and characterization for hm-PVAs. i) hm-PVAs synthesis. i) "TH-NMR
for hm-PVAs. iii) FT-IR spectra for hm-PVAs. Reproduced with permission.[?”! Copyright 2020, The Society of Polymer Science, Japan. c) Embolization
for aneurysm model with a-CD/hm-PVA. i) Injection for a-CD/hm-PVA inclusion complex in aneurysm model. ii) Stability for a-CD/hm-PVA inclusion

complexes having various alkyl chain lengths in PBS after incubation at 37 °C for 24 h. Reproduced with permission.[*’] Copyright 2020, The Society of

Polymer Science, Japan.
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Figure 8. a) Suggested solution to use in situ photopolymerized hydrogel in embolization in place of coil. Reproduced under the terms of the CC BY
license.[%8] Copyright 2021, The Authors. b) Requirements. Reproduced under the terms of the CC BY license.[?8] Copyright 2021, The Authors. c) Risks
that such a solution needs to be evaluated. Reproduced under the terms of the CC BY license.[*®] Copyright 2021, The Authors.

To overcome the drawbacks of platinum coils, second-
generation coils, consisting of polymer in coating or filament
form incorporated into platinum coil, have been fabricated.!'%!
Xu et al.1%! fabricated coil-in-shell device consisted of a metal
coil (nitinol wire) surrounded with elastic biocompatible poly-
mer [hyaluronic acid (HA) with polyurethane (PU) copolymer]
shell, and tested in in vitro saccular aneurysm model and in vivo
porcine aneurysm model. Both in vivo and in vitro works showed
that developed coil-in-shell devices might be attractive in some
cases as alternatives for conventional coil techniques, enabling
more precise and controlled occlusion.['”] Hydrophilic polymers
of different compositions have been implemented as coatings for
endovascular devices to facilitate navigating within tortuous ves-
sels, reduce endothelial trauma, and decrease thrombotic phe-
nomena during the procedure.['%] Improving biological activity
for the platinum coil can promote thrombus organization and
accelerate endothelial cell proliferation.['®] Polymeric materials
can be used in surface modification method of coils for intracra-
nial aneurysm treatment. Coils containing filaments reduce flow
across the aneurysm neck, increasing aneurysm occlusion.!']
Cerecyte bioactive coils contain a polyglycolic acid (PGA) filament
within the lumen of the platinum coil. Its volume does not alter
when PGA degrades. Another benefit of coils is their mechani-
cal features.['''] Works about Cerecyte coils were more hopeful
than other bioactive coils and demonstrated similar complica-
tion rates and enhanced durability in comparison to bare plat-
inum coils."'"=11 In vitro thrombogenicity of platinum coils con-
taining nylon and polyglycolic/polylactic acid (PGLA) filaments
was evaluated, and it was concluded that these polymeric fila-
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ments increased thrombogenicity of the coil (Figure 9a,b). Ny-
lon filament exhibited much greater thrombogenicity than PGLA
filament (Figure 9¢).l'%] Q. Wang et al.'*®] developed bioactive
coil coating by poly(p,L-lacticide)—7co-(1,3-trimethylene carbon-
ate) (P(DLLA-co-TMC) and the efficiency of the coil was evalu-
ated by carotid artery aneurysm model in rats. Platinum coils
were developed via sequential coating by anionic heparin and
cationic P(DLLA-co-TMC). Next, recombinant human VEGF-165
(thVEGF) was immobilized with binding affinity to heparin. It
was found that P(DLLA-co-TMC)/thVEGF-coated platinum coil
could enhance clot organization and endothelial cell proliferation
in the aneurysm model. However, further animal tests should be
conducted to provide long-term safety for P(DLLA-co-TMC) dur-
ing degradation into blood vessels.l'"! cPax aneurysm therapy
(NeuroVasx, Maple Grove, MN) is composed of a polymer strand
that could be delivered by micro-catheter and detached at any
point across the device length. The system is US Food and Drug
Administration (FDA)-approved for cerebral aneurysms higher
than 10 mm in diameter.[!!®! The hydrogel-coated coil was devel-
oped to reduce the amount of coil required to completely fill the
aneurysm and to ensure increased coil packing.'!]

In summary, to overcome the drawbacks of today’s endovas-
cular methods, the optimum embolic agent should completely
fill aneurysms, show long-term stability, not protrude or mi-
grate in the parent vessel, and match the mechanical features
of the aneurysmal wall to the surrounding native tissue.®! The
methodology and clinical outcomes of common polymeric mate-
rials employed in endovascular embolization procedures are pre-
sented in Table 2.
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Figure 9. Axium MicroFx coil and post-experimental thrombus. a) Representation for Axium MicroFx coil section. All coil kinds used the same metallic
chassis consisting of platinum alloy. The difference was that PGLA or nylon filament was added to Axium MicroFx PGLA and Axium MicroFx nylon coil.
Reproduced with permission.!'%¢] Copyright 2014, Elsevier B.V. b,top) Coils arrangement in a 96-well polystyrene microplate. Coil deployed in a random
direction. b, bottom) Greater thrombus volume was found for filament-modified coil at the experiment end. Reproduced with permission.l1%] Copyright
2014, Elsevier B.V. ¢) Thrombogram of thrombogenicity results for Axium and Axium MicroFx coils. Greater thrombin (peak thrombin, thrombin rate,
and overall area under curve) was produced in Axium MicroFx coil specimens compared to the control. Reproduced with permission.!'%! Copyright

2014, Elsevier B.V.

3. Shape Memory Polymers (SMPs)

As an intelligent material, SMP absorbs energy to overcome
internal stress, can respond to external stimuli (solution, light,
electricity, water, etc.), and has good features such as shape mem-
ory, biocompatibility, and deformability.'*}] Biomedical devices
manufactured employing SMPs could be implanted into the
body in compressed form and then expanded to programmed
form as needed. Because shape recovery could be facilitated
by specific triggering mechanisms like temperature rise, the
release of medical devices could be completed via micro-catheter
instead of additional complex surgical operations.?] Actuation
mechanism selection for shape recovery is a key criterion in the
fabrication of endovascular devices.[??! Currently, most biocom-
patible SMPs employed in medical applications are thermally
activated. As heated higher than glass transition temperature
(T;), amorphous segments of SMP transition from glassy to
rubbery state, permitting the polymer to deform with external
load. After cooling lower than T, and subsequent load release,
a temporary shape is achieved. When the polymer temperature
rises again above T, the polymer could return to programmed
form autonomously without external stimuli.l?) For thermally

Macromol. Biosci. 2024, 24, 2300432 2300432 (13 of 34)

actuated SMPs, increasing the polymer temperature above T,
causes the decrement in elastic modulus from glassy (~10° Pa)
to elastomer (~10° to 107 Pa). In SMP foam, the decrease in mod-
ulus corresponds to expansion force during thermal actuation
(< 1 kPa at recovered strain over 50%) that is less!'?*1%5] than the
force (700 to 5000 kPa) needed to rupture aneurysm wall.[126] Af.
ter cooling, the original modulus is almost completely recovered
and the first shape is stabilized. As SMP T, is higher than body
temperature (37 °C), an external heating mechanism like elec-
trical (resistive) or photothermal (laser) is needed.!'?”] Compared
with conventional materials, SMP has several advantages such as
adjustable T,, biodegradability, large deformation, lightweight,
and low cost.[12%128-131] Because of shape memory influence,
medical devices dependent on SMP could be implanted in the
body in contracted or folded state through minimally invasive
surgery and recovered to the required original shape at the aimed
position. The most positive feature of SMP is that its stiffness
is tunable.)] SMP has two phases, fixed and reversible, having
inseparable synergy to retain its original form and contribute
to its capability to shape-shifting. The fixed phase plays an
important task in keeping and recovering the initial shape and
preventing material flow deformation. Fixed phase possesses
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Table 2. Methodology and clinical outcomes with polymeric materials for intracranial aneurysm treatment.

Material Methodology Clinical outcome Reference(s)
Bioactive Platinum coils having bioactive Aneurysm healing enhanced [113, 117, 18]
polymer-platinum PGLA/poly(p-L-lactic-co-glycolic compared to bare platinum
coils acid) (PLGA) or PGA embedded coils, but declared recurrences
in coil or coated were delivered ranged from 15-37% of
endovascularly into aneurysm patients.
and detached to cause
embolization. Biodegradable
polymer was developed to
enhance tissue response and
fast formation of thrombus.
Hydrogel-coated coils Hydrogel-coated platinum coils Aneurysm volumetric occlusion [119, 120]
were delivered endovascularly enhanced compared to bare
into aneurysm and detached to platinum coil with
cause embolization. Blood recanalization forming in
contact caused swelling of 22-28% of patients.
hydrogel, rising aneurysm
completing.
Liquid embolics Polymer suspended in solvent was High volumetric occlusion of [127,122]

injected into aneurysm by
balloon catheter blocking
aneurysm neck, and polymer
precipitated and solidified
within aneurysm. It was
frequently utilized in connection
with stenting.

aneurysm was obtained,
however process was more
complex. Recurrence was
demonstrated in 5-13%

aneurysms.

greater crystalline melting temperature or T,. But the reversible
phase has lower melting temperature or T,. At the reversible
phase, SMP can undergo reversible hardening and softening
alters with changing external conditions (e.g., temperature)
that promote polymer deformability.'?’] GDC-based coils are
developed to remain in the body, therefore it is crucial that
SMPs utilized for endovascular embolization do not relax over
time, causing the aneurysm to recur.l?’ SMP in the form of an
aneurysm can completely fill the site and block blood flow.['#]
Endovascular devices could be enhanced by SMP coating that
fills spaces between coils (Figure 10). Another approach is the
production of a coil-free foam device that uses a patient-specific
shape to occlude aneurysm after its form has been recovered
(Figure 10).1221 SMP is crimped over a platinum-tungsten coil
for catheter delivery and self-expands to a predefined volume
upon contact with blood (Figure 11).["*2] TrelliX coil is coated by
polyurethane (PU) SMP foam, allowing the device to fill 2.5 times
more volume than GDCs after activation. Foam expansion could
be triggered after aneurysm coiling, supposed to raise packing
density and prevent recurrence. It was reported that the poly-
mer formulation of this device promoted healing through neoen-
dothelium formation and promoted collagen deposition on the
material surface.['*313°] Also, it was reported that these devices
had an acceptable occlusion rate for the in vivo rabbit model
where progressive occlusion was seen.['**) PU SMPs were im-
plemented as a coating on platinum coil in the modified adapta-
tion of coil embolization, showing hopeful outcomes with in vitro
experiments and in vivo animal works.[!3¢137] But, even by SMP-
enhanced coil, coil compaction risk, and recanalization available
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technical and clinical drawbacks because of the resorption of
polymer coating.[123138]

Bioactive coils depended on SMP have been designed to re-
place metal coils. As in contact with blood, the polymer-coated
platinum coil swells. Finally, the coil can expand up to nine-
fold from its initial state. Therefore, the technology could max-
imize coil volume while reducing the number of coils needed
and decreasing the treatment time.[*”) Compared to a metal coil, a
hybrid-hydrogel coil performs better for causing aneurysm occlu-
sion, and this was confirmed by animal experiments.['*] In the
porcine aneurysm model, SMP caused a higher decrement for
aneurysm cross-sectional area in comparison to metal coil.!33]
In the rabbit elastase model, an aneurysm treated by the SMP
coil possessed more connective tissue and less debris than those
treated by the metal coil at 180 days after embolization.'3’] It was
found that SMP coils were efficient and safe for the treatment of
intracranial aneurysms over 12 months in human studies.!'*?!

Kunkel et al.[?! characterized aliphatic urethane-based SMP for
determining efficiency as a new material in embolization. The
time of shape recovery was lower than 11 s with SMP formula-
tions, being low enough to change shape during the emboliza-
tion procedure.?] In the context of an implantable embolic de-
vice, SMP should have T, higher than body temperature (37 °C)
but lower than tissue damage threshold (45 °C).I"/ If T, is higher
than body temperature, the implant exists in a continuously mal-
leable state and does not have a definite shape; however, at tem-
peratures above 45 °C, body tissues may begin to be damaged.
Some candidate formulations were identified that have T, higher

g
than body temperature and lower than the threshold to cause
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Figure 10. Schematic view for two approaches to manufacture SMP-based endovascular devices in intracranial aneurysm therapy. a) SMP-coated coils.
Reproduced under the terms of the CC BY 4.0 license.[?2] Copyright 2022, The Authors. b) SMP coil-free foams. Reproduced under the terms of the CC

BY 4.0 license.[?2] Copyright 2022, The Authors.

tissue damage. Researchers showed low-stress relaxation and
high-strength behavior, suggesting that they could poten-
tially be applied to endovascular embolization in intracranial
aneurysms./?!

SMP foam is a favorable biomaterial in endovascular em-
bolization applications owing to shape recovery ability and poros-
ity. SMP foam is more efficient than embolic coil at causing flow
stagnation in the treated aneurysm.!'*!] The embolization device
composed of an SMP foam-on-wire device and an optional laser-
heated saline-injected cable tube delivery and detachment device
for SMP foam expansion is illustrated in Figure 12.[137] Recently,
PU-based SMP foam has been studied as a material to occlude
aneurysms with hopeful output!'*?] and biocompatibility.[14>143]
Metcalfe et al.l'*?] presented a number of experimental and ani-

mal studies employing PU SMP foam for the therapy of carotid
aneurysms. After compaction, SMP foam was implanted into
the aneurysm and could gently fill the aneurysm during expan-
sion because of the shape memory effect. This technique could
obviously reduce operation complexity and avoid coil-induced
rupture. After three weeks, angiographic scores were enhanced
with SMP. Histological outcomes indicated that foam had a thick
layer of neointima on its surface; most of the aneurysm neck
was sealed with connective tissue and thrombus. Researchers
stated that because of T, was 60 °C, SMP foam did not fully
deploy at body temperature. So, it only sealed most of the
aneurysm neck. It will have a better influence if T, is lowered to
near body temperature.l'*?] Metcalfe et al.['*?] demonstrated that
foam pore size could affect cellular infiltration and stable tissue

Figure 11. SMP coil at a) crimped and b) expanded shapes. Polymer expands when it meets blood. Pores for expanded shape are ~200 um diameter and
promote thrombus creation. The volume occupied by a fully expanded polymer coil is about four times greater than the volume occupied by a crimped
form. Reproduced under the terms of the CC BY-NC license.['*2] Copyright 2023, The Authors.
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Figure 12. Schematic views of SMP foam-over-wire (top), delivery and detachment device (middle), and laser mechanism for heating (bottom). Repro-

duced with permission.!'37] Copyright 2015, Wiley Periodicals, Inc.

integration in foam. Foam having about 250-800 pm pore di-
ameter was found to be effective in occlusion of porcine side-
wall aneurysm and served as a good scaffold for connective
tissue deposition, providing positive long-term healing.[** The
pore size of SMP foam could be tailored with changing ini-
tial monomer concentrations during synthesis,* allowing op-
timization of cellular infiltration, proliferation, and retention.®!
Maitland et al.l'?¢] presented the development and laser deploy-
ment of the SMP foam device. Results from the in vitro basilar
aneurysm model without and with flow demonstrated success-
ful therapy, with flow rate influencing foam expansion and tem-
perature at the aneurysmal wall. Zero flow caused rapid, full ex-
pansion with overheating at the aneurysmal wall. Low (diastolic)
flow caused slow, full expansion with minimum temperature in-
crement at the aneurysmal wall. High (systolic) flow caused in-
complete expansion.l'?®) PU SMP foams were utilized to create
uniform embolization plugs (Figure 13a), which showed stable
thrombus and complete aneurysm neck endothelialization in 90
days (Figure 13b).13¢] SMP foam in porcine saccular aneurysm
models has been declared to have rose angiographic occlusion,
improved healing marked with mature connective tissue, and a

Macromol. Biosci. 2024, 24, 2300432 2300432 (16 of 34)

thicker neointima layer in comparison with the metal coil.[133136]

Although both hydrogels and SMP foams demonstrate volume-
filling ability, SMP foams show interconnected pores hundreds
of microns in diameter in comparison with hydrogel pore sizes
lower than 10 um.!1*41%5] The SMP foam interconnected poros-
ity behaves as a scaffold for blood flow, thrombus formation,
and tissue healing through material volume.['**13¢] Ultra low-
density PU SMP was used to support vessel and aneurysm
embolization.*#146] Material could be crimped for catheter de-
livery and self-expands to a predefined volume as a porous struc-
ture within the vessel (warm aqueous conditions). Expanded
form possesses great surface area and promotes the formation
of thrombus throughout its structure.!'3?] ]. Wang et al.[!3¥] devel-
oped a biocompatible and highly porous PU SMP material for the
fabrication of endovascular devices in the treatment of complex
intracranial aneurysms. These researchers claimed that porous
PU SMP material and electrical resistance heating trigger mech-
anism can enhance long-term therapeutic outputs of endovascu-
lar intracranial aneurysm therapy.!**®]

Foam-coated coil prior to and after compression is depicted
in Figure 14a. Deployment of the device into an in vitro
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wide-neck aneurysm model is demonstrated in Figure 14b.[*]
Both in vivo and in vitro observations demonstrated that SMP
foam-coated embolization coils gave improved healing responses
at the aneurysm site while maintaining pro-healing macrophage
phenotype compared to bare platinum coils.[**’]

In clinical medicine, therapy of wide-neck aneurysm will be
different. It always requires staged treatment techniques, includ-
ing stent-assisted coil embolization during the curing process.
The technologies have been successfully proven in wide-neck
aneurysms but fall short in the therapy of fusiform aneurysms
with clearly identifiable necks.[!2)] Small et al.['*®] presented pro-
totype device for fusiform aneurysm treatment depended on
thermally activated SMP. Two components of the device were
the SMP scaffold and SMP embolic foam. The light-diffusing
fiber was compressed into the device for photo-thermal activa-
tion. Functionality was studied with an in vitro model: Aneurysm
lumen was successfully completed with foam, while the shape
memory scaffold kept a flow channel.['*8]

SMPs employed in endovascular embolization procedures are
summarized in Table 3.

4. Polymer Blends

The use of polymers is widely attractive in endovascular em-
bolization applications. However, polymers generally do not
encompass all desirable properties such as aneurysmal recanal-
ization, cytocompatibility, degradability, and long-term safety.
Developing and synthesizing an entirely novel polymer could be
a long and expensive procedure.'*! To overcome shortcomings
when employing a single polymer in endovascular embolization
applications, concepts of polymer composites or polymer blend-
ing have been employed. A polymer blend is composed of two
or more polymers/copolymers mixed by physical technique to
form a homogeneous mixture, developing novel material with
combined features of original polymers (Figure 15). The physical
properties of polymer blends can be changed, depending on the
ratio of each polymer.

In the 2000s, polyglycolic and polylactide acids were added
to coil lattice to cause inflammatory reactions, in the hope that
recurrence and retreatment rates could be decreased. Results
demonstrated that polymer was absorbed over several weeks pe-
riod, showing thicker, denser neointimal tissue along the exper-
imental aneurysm neck. Longer-term clinical trials are needed

www.mbs-journal.de

to show effectiveness, and prospective, larger, randomized tri-
als are now being carried out to evaluate the long-term effec-
tiveness of PGLA-coated coils and the capability to increase
long-term neck and aneurysm healing by reducing the inci-
dence of recurrence in the long term."!l Polymer-coated coil
might be safe for patients with aneurysm.l*"! Matrix and Ma-
trix2 are composed of platinum coil core by coating of PLGA.
High recanalization rates were reported for Matrix coil com-
pared to bare platinum coil.'>!! Designed to mitigate issues
with first-generation coils, Matrix2 coils improved over Matrix
coils 8 months after treatment, but demonstrated important re-
canalization at long-term follow-up, about 18 months, which
raised durability concerns.l'*l Nexus and Axium are composed
of platinum coil by PLGA and PLGA/nylon fibers intertwined in
coil, respectively.'32153] Short-term effectiveness and long-term
safety for thin platinum coil coated by bioabsorbable polygly-
colic acid (90%)/polylactide (10%) polymer were evaluated. Plat-
inum coil coated by polyglycolic acid/lactide polymer may pre-
vent recanalization after endovascular therapy of aneurysm./*>*
It was declared that polyglycolide (90%)/polylactide (10%)-coated
platinum coil speeded up clot fibrosis and decreased recanal-
ization rate and aneurysm volume.l'>"! Skolarus et al.'**! pre-
sented two patients having mild clinical symptoms, who faced
postprocedure neurological symptoms with white matter alter-
nations on brain imaging after basilar tip aneurysm therapy by
PGLA coil. Researchers hypothesized that symptoms and MR
imaging findings of patients not all within the territory pro-
vided with the coiled vessel were because of the overexuber-
ant inflammatory response associated with the PGLA coil.'%]
For intracranial aneurysms, PGLA-coated coil embolization was
not found to be superior to platinum coil in terms of aneurys-
mal recanalization.['®] PGLA-coated coils did not provide a bet-
ter long-term (> 12 months) recanalization rate than platinum
coils in aneurysms treatment.['*®¥] However, Hwang and Kim!**]
declared that bioactive PGLA-coated coils were found to be
a safe method for recanalization in patients with intracranial
aneurysms.

Besides coated coil techniques, other coils were developed by
biopolymers like PGLA in coil structure to retain acute full occlu-
sion rate leading to biological reaction from foreign polymer.l'!]
Murayama et al.['%8! evaluated bioabsorbable lactide/glycolic acid
copolymer PLGA ribbons at the concentrations of 85/15, 75/25,
65/35, and 50/50 (Figure 16), which may promote cellular reac-
tion in aneurysms, with animal study.

Figure 13. a) Recommended SMP foam device in aneurysm filling. i) Crimped (temporary form) device, delivered via catheter into aneurysm. ii) Inter-
mediate view for expanded foam in aneurysm when it returns to permanent form with stimuli. iii) Treated aneurysm by fully expanded foam. iv) Foam
detail. v) Foam devices. Reproduced with permission.['3¢] Copyright 2013, Wiley Periodicals, Inc. b) Gross and microscopic assessment of healing for
implanted SMP foam. A.0) 30 min SMP foam implant in vein pouch model. B.0) En face view for aneurysm artery interface after 30 min in vivo. C.0)
LV-SEM indicates partial protrusion of foam material in the lumen. D.0) Porous surface in contact with vessel lumen possesses patchy aggregates of
fibrin-enmeshed erythrocytes attached to foam struts. A.30) Dissected aneurysm in situ after 30 days of implantation. Aneurysm outer surface consisted
of dense white to slightly opaque connective tissue with patchy tan to golden brown discoloration. B.30) Excised aneurysm by two clips marking the
cranial end. In patchy areas, this outer capsule was adherent to adjacent skeletal muscle. The left carotid artery was bisected parallel to the long axis
to visualize the ostium of the left aneurysm sac. The cranial end was labeled by two clips. C.30) Most of the ostium demonstrates imprint for polymer
foam under endothelial covering. D.30) 30 days after implantation, a focal area of disruption is present and the polymer is subjected to lumen. A.90)
Right carotid in situ indicated outer surface of artery and aneurysm with multifocal adhesions of dense white connective tissue. B.90) The right carotid
artery was bisected parallel with the long axis to visualize the ostium of the left aneurysm sac. The surface covering the ostium was white, glistening, and
looked intact. C.90) A bisected section of the artery and an endothelial cell-covered surface are seen in the en face ostium of the aneurysm sac. D.90)
No evidence of proliferating mural thrombosis. Endothelial cell morphology across the ostium is mostly spindle-shaped and parallel with the long axis.
Reproduced with permission.!'3¢] Copyright 2013, Wiley Periodicals, Inc.
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Figure 14. a) SMP foam-coated coil. i) Prior to radial compression. ii) After radial compression. iii) After expansion at 37 °C water at 30 min. Reproduced
with permission.[*4l Copyright 2017, IPEM. published by Elsevier Ltd. b) SMP foam-coated coil embolization device deployment in in vitro wide-necked
aneurysm model. i) Aneurysm model before device deployment. Air bubbles are seen. ii) First device deployed. iii) Second device deployed. iv) Third
device deployed. v) Packed aneurysm model 30 min after implant of the third device. vi) Reverse side of packed aneurysm model 30 min after implant
of the third device. Reproduced with permission.[*4] Copyright 2017, IPEM. Published by Elsevier Ltd.

Liquid embolics from poly(propylene glycol) diacrylate
(PPODA) and pentaerythritol tetrakis (3-mer-captopropionate
(QT),19 poly(N-isopropylacrylamide-co-acrylic acid)
(NIPAAM)””] polymer systems were developed. Both poly-
mer systems are non-adhesive and non-degradable and have
been taken into consideration for usage in the treatment of in-
tracranial aneurysms.l”38 Usage of these polymers can prevent
recanalization seen in coil embolization by obtaining higher

Macromol. Biosci. 2024, 24, 2300432 2300432 (19 of 34)

filling volume in aneurysms. Also, these materials do not create
toxic byproducts like n-BCA and/or utilize hazardous solvents
like DMSO.[%?]

Poly(NIPAAm-co-HEMA-acrylate) /poly(NIPAAm-co-
cysteamine) blends, simultaneous physical and chemical
gelling polymer system, can be utilized as a liquid-to-solid
embolic agent with use in vivo endovascular embolization for
intracranial aneurysm.[®l In vitro properties of crosslinking
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Table 3. SMPs used for aneurysm occlusion in the literature.

www.mbs-journal.de

SMP Form Characteristics Highlighted results Reference(s)
PU Cold hibernated elastic * Biocompatible * Cellular invasion and [142]
memory (CHEM) foam * Non-mutagenic reendothelialization.
* Non-toxic * Minimal inflammatory reaction.
* Self-deployable * Successful occlusion of carotid
aneurysm.
Hexamethylene diisocyanate Foam * Laser-activated * Applicability showed in vitro [126]
(HDI), N, N, N’, basilar aneurysm model.
N’-tetrakis (2-hydroxypropyl) * Full expansion in absence of
ethylenediamine (HPED), and flow.
triethanolamine (TEA)
HDI, HPED, and TEA Foam-augmented stent * Laser-activated * Applicability in embolization for [148]
non-necked fusiform and
wide-necked aneurysms.
PU Foam * Heat-actuated * Aneurysm healing through [133]
* Biocompatible increased collagen deposition on
the material surface.
* SMP caused larger decrement in
aneurysm cross-sectional area
in comparison to bare metal
coil.
Trimethyl-1,6-hexamethylene Foam * Biocompatible * Applicability of intracranial [44]
diisocyanate (TMHDI), HPED, * Cytocompatible saccular aneurysms.
and TEA * Excellent packing volume.
* Scaffolding capability.
TrelliX (Shape Memory Medical Foam * Temperature activated * Greater packing density. [132]

Santa Clara, California, USA)

experience with SMP coil in

* First report about clinical

* Porous polymer scaffold
promotes thrombus formation.

intracranial aneurysm
embolization

polymer systems (PPODA and QT) with two different liquid
contrast agents (Conray and Omnipaque) for cerebral aneurysm
embolization were determined. PPODA-QT was evaluated for
feasibility of delivering by mock delivery to the model aneurysm.
Swelling, cytotoxicity, and compression testing were performed.
Conray-formulated gels gave smaller initial cytotoxicity whereas
they responded to higher swelling and faster degradation.
Conray-formulated gels might be better equipped to promote
neointimal tissue growth in vivo, helping to minimize con-
cerns about excessive swelling and degradation.®®! PPODA
and QT monomers are liquid at room temperature, however,
when combined with nucleophilic activators in aqueous me-
dia they react chemically by Michael-type addition to create
hydrogel.8*#7] The concept was validated in vivo by employing a
canine model by creating an aneurysm in the lateral wall of the
carotid artery.®) PPODA and QT were blended in 2:1 mole to
form a hydrophobic monomer solution. Before administration,
the monomer solution was blended at a 3:1 ratio with Conray,
ionic contrast dye, at 11.0 pH for 2 min.[!”#8 Incorporation
of great pH contrast initiates polymerization while giving a
mechanism to monitor administration for embolic. PPODA-QT
possessed 10 min gel time, but time could be decreased by
manipulating the PPODA/QT ratio, tuning pH, and rising
blending time of monomer and initiating solutions.!¥38] The
toxicity of the activating solution is a disadvantage of the system.
Conray is cytotoxic, especially at high pH, but co-administration

Macromol. Biosci. 2024, 24, 2300432 2300432 (20 of 34)

with polymeric matrix partially improves toxicity.®8! This work
demonstrated that the application of polymers is suitable for
usage in aneurysms, however small specimens number and lack
of control prevented the comparison of efficiency with other
polymer embolics.[??! Liquid-to-solid gel polymer (poly(ethylene
glycol) diacrylate-QT (PEGDA-QT)) may fill aneurysm more
completely than existing embolization materials, decreasing
aneurysm recurrence. PEGDA-QT gels were developed em-
ploying various molecular weights PEGDA and their properties
(crosslink integrity, cytotoxicity, gel time, mass change, protein
release capability) were investigated in vitro. Although molec-
ular weight 700 PEGDA-QT swells more and degrades more
rapidly than molecular weight 575 PEGDA-QT, the protein
release properties and cytocompatibility might prove to be more
advantageous for aneurysm therapy in vivo.[1%%]

NIPAAM polymers exhibit less critical solution tempera-
ture (32 °C) in aqueous media, below which dissolve and
above which precipitate out of solution.”*! This permits the
polymer to be delivered in liquid and then entropically re-
moved from solution after injection to create solid hydro-
gel. NIPAAM-based polymers were functionalized to form
degradable® and radiopaque embolic versions.®! An impor-
tant novelty was the copolymerization of NIPAAM with other
polymers to form a liquid-solid transition platform in which
chemical and physical gelation takes place simultaneously under
physiological conditions.®82] Dual gelation systems combined
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Figure 15. Schematic representation of polymer blends. Homogeneous
(miscible) blends are single-phased with one T,. Heterogeneous (immis-
cible) blends have phase separation and show two or more T,s. Repro-
duced with permission.l#! Copyright 2021, Elsevier Ltd.

NIPAAM-co-cysteamine (NC) polymers containing thiol and ei-
ther NIPAAM-co-hydroxyethimethacrylate-acrylate (NCHA) or
NIPAAM-co-cysteamine-vinylsulfone (NCVS) polymers, both
containing vinyl groups. NC-NCHA or NC-NCVS blends include
thiol and vinyl groups that undergo Michael-type addition at pH
7.4 to chemically crosslink polymers in body temperature.[*!]
In the in vitro model, dual gel exhibited adhesive features
and was loosely adhered to the catheter; this is not beneficial
for clinical use because of the potential for delivery system
entrapment.®?] Live/dead staining and cell proliferation works
with T3T mouse fibroblasts demonstrated that both systems had
great biocompatibility.®2192] As proof-of-concept work, a swine
model via surgically created aneurysm was successfully treated
by NC-NCHA. Work confirmed the system’s capability to be deliv-
ered with a catheter and solidified in the aneurysm at physiolog-
ical conditions.[®?] But aneurysm recanalization was seen shortly
after the process.[?]

Some polymer blends employed in endovascular embolization
procedures are summarized in Table 4.

5. Polymer Composites

A polymer composite is a material that has at least two physically
combined phases (continuous and dispersed [or discontinuous]
one embedded in continuous phase). The continuous phase be-
haves as a “matrix”, whereas the discontinuous phase behaves as
“reinforcement” (Figure 17).

It is important that the endovascular device needs to be visi-
ble by X-ray fluoroscopy in order for medical doctors to pinpoint
orientation and location during deployment. Polymeric materi-
als are invisible to radiographic imaging methods and thus ra-
diopaque additives must be added to polymer for their usage in
endovascular embolization applications.?] Radiopaque polymers
in which the radiopacifying derivative is covalently bonded to

Macromol. Biosci. 2024, 24, 2300432 2300432 (21 of 34)
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Figure 16. a) Spiral-shaped bioabsorbable polymeric ribbon (Diameter =
5 mm, length = 8 mm). Reproduced with permission.['>8] Copyright 2002,
American Heart Association, Inc. b—i) Low-magnification light microscopy
for aneurysm treated via 50/50 PLGA 14 days after embolization (Mas-
son trichrome; magnification x3.1). Note highly organized connective tis-
sue along the neck of the aneurysm through small polymer content (star
mark) in the sac. There is an intraaneurysmal unorganized clot near the
sac. i) Low-magnification light microscopy for aneurysm treated via GDCs
14 days after embolization (hematoxylin and eosin; magnification x3.1).
In the center of the sac is the intra-aneurysmal unorganized clot. iii) Low-
magnification light microscopy for aneurysm treated via 85/15 PLGA 14
days after embolization (Masson trichrome; magnification x3.1). Note
neck remnant and the existence of intraaneurysmal unorganized clot in
the sac. iv) High-magnification light microscopy for an aneurysm treated
with GDC 14 days after embolization. Soft connective tissue surrounds
coils, and there are lightly organized collagen and fibroblasts. Note mul-
tiple microneovascular formations (star mark) (hematoxylin and eosin;
magnification x25). v) High-magnification light microscopy for aneurysm
embolized with 50/50 PLGA 14 days after embolization. There is a moder-
ate inflammatory reaction consisting primarily of foreign body giant cells
and macrophages (arrows) (hematoxylin and eosin; magnification x25).
Star marks denote polymer. Reproduced with permission.['*8] Copyright
2002, American Heart Association, Inc.

the polymer backbone will create homogeneous, non-leachable
materials that develop mechanical characteristics substantially
equivalent to those of the main polymer.['**] Radiopaque em-
bolics can be trackable in vivo. Onyx liquid embolic agent
is non-adhesive, biocompatible including ethylene-vinyl alco-
hol (EVOH) copolymer with DMSO incorporated into tantalum
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Table 4. Some polymer blends employed in endovascular embolization.
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Polymer blend Form

Characteristics

Highlighted results Reference(s)

PPODA and QT Gel * Radiopaque

Poly(NIPAAmM-co-HEMA- Gel
acrylate) /poly (NIPAAm-co-

* Biocompatible

cysteamine) * Waterborne

* Physical and chemical gelling

* Easily deliverable. [88]

* Experiments represented more

difficult situations than available

in vivo, and thus the declared
conclusions are likely an
overestimation of in vivo
conclusions.

* Initial cytotoxicity might be more
significant than long-term
parameters when selecting
optimum formulation in
aneurysm embolization.

*

Delivered endovasculary and [96]
injected into aneurysm sac.

* By optimizing injection volume

and gelation features, nearly

complete occlusion can be

obtained.

i Fillers/ Reinforcement Phase : ! Matrix
| 0708 W A ’: A LB
, O¢ // E | -i :
e Tiieiies vy L) ey |

Composites/ Microcomposites/ Nanocomposites

Types of Composites

Figure 17. Schematic representation of polymer composites. Reinforce-
ment is combined with a polymeric matrix to create a composite. Repro-
duced with permission.l*?! Copyright 2021, Elsevier Ltd.

powder and this combination makes Onyx radiopaque.l'!l When
in contact with liquids, DMSO rapidly separates phase from
copolymer and forms in situ solidification, allowing embolic ma-
terial to be delivered at the aneurysm lumen.[??! Onyx’s high den-
sity gives a 20% polymer concentration ideal for aneurysm em-
bolization. The high complication rate is appreciated with low
molecular weight Onyx, having a great incidence of reflux in the
parent artery and distal migration of Onyx to distal unrelated
arterial territories, causing strokes. Besides, the micro-catheter
used with Onyx must be removed slowly due to the risk of ar-
terial tear, aneurysm rupture, massive intracranial hemorrhage,
and death.'"]

Trufill(Codman Neurovascular, Raynham, MA) was the first
FDA-approved liquid polymer embolic in the treatment of in-
tracranial saccular aneurysms.!*%] It is composed of n-BCA liquid
polymer, ethiodized oil, injectable radiopaque diagnostic agent,

Macromol. Biosci. 2024, 24, 2300432 2300432 (22 of 34)

and tantalum. Liquid materials are injected by micro-catheter and
solidified upon contact with ions available in the blood. Solidifi-
cation time is controlled by tuning the proportion of ethiodized
oil into a liquid polymer blend. Complications from the use of
cyanoacrylate like n-BCA are acute and chronic inflammatory re-
actions that may take place in vessel walls or surrounding tissue
and recanalization.['®]

Radiopaque bismuth (III) oxide was incorporated into the
solution possessing suitable precipitation properties and an-
giographic assessment, for the in vitro aneurysm model.
Cellulose acetate, poly(acrylonitrile), poly(butyl methacrylate),
poly(ethyl acrylate-co-methyl methacrylate), poly(ethyl methacry-
late), poly(methyl methacrylate), poly(vinyl acetate), poly(vinyl
butyral), poly(vinyl chloride), and poly(vinyl formal) were se-
lected as polymers. For solvents, diethylene glycol dimethyl ether,
dimethyl isosorbide, dimethyl sulfoxide, ethanol, ethyl lactate,
DL-a,f,-isopropylidene-glycerol, glycerol formal, glycofurol, N-
methyl 2-pyrrolidone, 1,2-dimethoxyethane, tetrahydrofurfuryl
alcohol, and water were used. Precipitation of each solution was
evaluated in PBS of pH 7.4 at 37 °C to mimic the physiolog-
ical case. 1,2-dimethoxyethane solutions of methacrylates hav-
ing great molecular weight such as poly(ethyl acrylate-co-methyl
methacrylate) or poly(methyl methacrylate) were satisfactory as
embolic polymers. Because of great solubilizing capacity and ad-
equate viscosity, N-methyl 2-pyrrolidone was the solvent for se-
lected preformed polymers. Highly viscous poly(ethyl acrylate-
co-methyl methacrylate) and cellulose acetate solutions were not
feasible as embolic liquids in the in vitro model.[*’]

Cellulose (microcrystalline and powder) and partially substi-
tuted cellulose acetate (two viscosity values) were chosen for be-
ginning materials to develop iodine-including polymer compos-
ites. Embolic liquids were tested for precipitation characteristics
at PBS (pH 7.4) that mimic physiological conditions employing
an in vitro model. A sheep model was utilized for evaluating
in vivo radiopacity and precipitation characteristics of a greatly
concentrated solution of cellulose acetate 2,3,4-triiodobenzoate
mixed ester. Cellulose acetate iodobenzoate mixed esters
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dissolved in dimethyl isosorbide or diglyme can be feasible em-
bolic fluids in aneurysm therapy.'®3! Dudeck et al.l’!l evalu-
ated iodine-containing PVA dissolved in small angiotoxic or-
ganic solvent NMP during embolization of porcine wide-neck
aneurysm. Fourteen carotid sidewall aneurysms were created in
seven swine. Liquid embolic was well seen by fluoroscopy and
exhibited a good precipitation pattern that allowed controlled
polymer delivery. Ten aneurysms (71%) were initially entirely oc-
cluded, while minimal polymer leakage was seen in 1 aneurysm.
The other four aneurysms (29%) were nearly entirely occluded.
An animal presented fatal rebleeding from anastomosis af-
ter uneventful embolization. Aneurysm embolized by iodine-
containing PVA was well differentiated from the parent artery
without beam-hardening artifacts in multisection CT angiogra-
phy and no susceptibility artifact was detected on MR imaging.
Histological observation showed that all aneurysms were covered
by the membrane of fibroblasts and endothelial cell layer, and
a good intraaneurysmal inflammatory response to polymer was
seen. Therefore, iodine-containing PVA dissolved in NMP was
effective for the embolization of wide-necked aneurysm.(*!]

The performance of three detachable hydrogel filament com-
positions (polyethylene glycol opacified by aromatic iodine,
polyethylene glycol opacified by barium sulfate, or polypropy-
lene glycol opacified by barium sulfate) in rabbit experimen-
tal aneurysms was compared. Embolization of experimental
aneurysm by hydrogel filament caused durable histological and
angiographic occlusion from 2 and 26 weeks.>!l To replace the
metallic embolization coil with polymer, PVA hydrogels were pre-
pared as bilayers. The hydrogel layer was fabricated by blending
aqueous PVA solution with tantalum particulates for radiopac-
ity, crosslinking the mixture with a glutaraldehyde crosslinking
agent, and casting it into an aimed thickness film. It was found
that the linear expansion and swelling ratio of hydrogel film can
be controlled with crosslinking density. The time needed to reach
the equilibrium swelling state was 2 min. Hydrogel film demon-
strated sufficiently great elastic modulus appropriate for inser-
tion to a catheter. Bilayer including 16.5 vol% tantalum was seen
under X-ray having a Hounsfield unit (HU) value similar to hu-
man bone. In the occlusion test via glass aneurysm model, a high
packing density of 66% was obtained, which was much greater
than the platinum coil. The conclusion suggested that polymeric
coil with less price and greater packing density can be an option
to replace platinum coil as embolic material.l*®]

Wei et al.[1%®] fabricated embolic microspheres by employing
poly(carbonate urethane) (PCU) and iron oxide (Fe,O,) particles
(0,10, 15, and 20 wt%) (Figure 18a,b). Results indicated that com-
posites can enhance cell proliferation and adhesion of vascular
smooth muscle cells in vitro tests conducted in subcutaneous rat
models, especially composites containing 10 and 15 wt% Fe;O,
Composites demonstrated smaller hemolysis ratios and showed
higher clotting time, giving better hemocompatibility than PCU.
Composite containing 15 wt% Fe,O, was found to be the best
option for promoting neointima formation to decrease recanal-
ization and improve occlusion rate.[1¢]

The lack of radiopacity and bioinertness of SMP limit its po-
tential applications in the interventional radiology technique.!*®]
The developed SMP foam aneurysm-filling device needs to meet
some objectives. The first requirement is the opacification of
SMP foam, permitting visualization during endovascular treat-
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ment employing standard imaging (fluoroscopy). The second
need is that the mechanical characteristics of opacified foam
should be similar or better in comparison with the original SMP
foam. When SMP foam was doped with 4% tungsten particles,
the second requirement was met by maintaining its integrity and
increasing modulus. The third requirement concerns the chem-
ical properties of the material. The fourth requirement is that
developed material should not have a greater inflammatory re-
sponse in vivo in comparison with FDA-approved materials. This
was met with nearly complete healing of the aneurysm region af-
ter 90 days and the absence of inflammation in comparison with
suture material.l*%]

Hampikian et al.l’l used PU SMP and 3 wit% tantalum
filler-based SMP composites as candidates for aneurysm coils
(Figure 19a). Tantalum filler did not contribute to shape recov-
ery response (Figure 19b), but increased modulus. Radiopaque
SMP embolic coil increased the probability of occurring stable
tissue matrix. It reduced aneurysm recanalization risk in com-
parison to platinum coil. Deploying of the SMP coil into the
aneurysm is demonstrated in Figure 19c. Hot water employed
for simulation had the same pressure and velocity as in vivo flow.
A coil was implanted to model verticality status. When the coil
was exposed to hot water, it recovered its initial state within the
glass aneurysm. Outcomes showed that coil recovery was not hin-
dered by hydrodynamic force. At the same time, the coil remained
stable in the aneurysm dome without migrating to the cavity.*!
Wong et al.l'%] developed polymer composites of PLGA contain-
ing bismuth (III) oxychloride (BO), barium sulfate (BaSO,), and
tantalum (Ta) and they are clearly visible in radiographic im-
ages while maintaining shape memory effect (Figure 20a). In
vivo embolic plugs in the rabbit model indicated that the proto-
type was seen by fluoroscopy and complete occlusion formed in
less than 2 min in all cases (Figure 20b).[17] Tt was reported that
tungsten-doped PU-based SMP foam was a suitable filling ma-
terial for intracranial aneurysm therapy.['>1%] Rodriguez et al.**]
determined the minimum content of tungsten necessary to make
SMP foam visible under imaging methods and reported increas-
ing radiopacity by adding tungsten filler, while keeping similar
physical properties of SMP foams. It was declared that 4% load-
ing of tungsten into SMP foams was an efficient method for
enhancing radiopacity while conserving the chemical, physical,
and mechanical properties of the original polymer.'>] J. Wang
et al.l' formed highly porous multi-walled carbon nanotube
(CNT)/SMP nanocomposites in endovascular treatment of in-
tracranial aneurysm (Figure 21a,b). Infiltration of CNTs into PU
SMP foam was studied and Joule heating was shown for SMP
shape recovery at endovascular treatment (Figure 21c). It was
found that CNTs could successfully infiltrate SMP foam, giving
adjustable resistivity and shape recovery time, and CNT infiltra-
tion decreased the T, of SMP and changed its mechanical proper-
ties (Figure 22a—c). CNT infiltration of SMP foam is the hopeful
procedure for the development of electrically triggered embolic
devices in intracranial aneurysm therapy (Figure 22).1'7°1 Hybrid
nanocomposites of radiopaque fillers (BaSO, and hydroxyapatite
[HaP)) in PU SMP matrix were developed via a twin-screw ex-
truder and mechanical, radiopacity, shape recovery, and thermal
characteristics of hybrid composites were compared to those of
neat SMP and its composites with single filler. Shape recovery
properties of hybrid nanocomposites were reduced by 20-30%
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Figure 18. a) PCU and Fe;O,/PCU microspheres synthesis. After prepolymer formation, chain extender and Fe;O4 nanoparticles were incorporated
to produce magnetic PCU microspheres containing Fe;O,. Reproduced with permission.['6] Copyright 2022, American Chemical Society. b—i) Micro-
scopic images of PCU and microspheres. The inset indicates a magnified picture of microspheres. Pure PCU microspheres were opaque and white,
while Fe;O4/PCU microspheres were opaque and dark brown. All were regularly spherical however provided large size distribution. ii) Digital photos
demonstrating magnetic response. When placed near a magnet, pure PCU microspheres showed no alternation, whereas composites were attracted by
the magnet. Magnetic response was greater for microspheres having higher Fe;O, loading. Reproduced with permission.['%¢] Copyright 2022, Ameri-
can Chemical Society. c—i) Digital photograph for subcutaneous implantation procedure on the back of a rat. ii) Gross observation for skin tissue after
2 weeks of implantation of polymer films. The tissue surrounding implanted polymers was not swollen and no severe tissue response was observed.
White PCU and black Fe;O,/PCU biostable polymer films adhered to the tissue. iii) Histological images of hematoxylin and eosin-stained tissue sections
achieved 1, 2, and 4 weeks after implantation. Red asterisks denote regions of implanted polymer. Yellow arrows indicate inflammatory cells and white
arrows indicate blood vessels. No acute inflammatory reactions were seen. One week after surgery, there was a mild inflammatory infiltration in the
area adjacent to implanted films, in which few inflammatory cells can be seen (yellow arrows), particularly 15% Fe/PCU. Irregular and loose connective
tissues are also seen, with numerous formed blood vessels (white arrows) in these groups. At two weeks, there were fewer inflammatory cells and denser
connective tissue near implanted Fe;0,/PCU. No inflammation signs were observed in the PCU group. Four weeks after implantation, fibrous capsules
with a few inflammatory cells were seen in the surrounding area. In capsules, organized collagen fibers, and elongated fibroblasts were parallel to the
polymer surface. Inflammatory reaction in the PCU group was much less than in composite groups, however, no important distinction can be seen
among groups by various Fe;O, loading (10, 15, and 20%). Reproduced with permission.['] Copyright 2022, American Chemical Society.
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Figure 19. a) Fluoroscopic view for SMP coils having 3% tantalum of various diameters immersed in water. Coils possessed 10 mm coil diameters,
and wire diameters of 0.25 (top), 0.45 (bottom left), and 0.088 mm (bottom right). Reproduced with permission.[*] Copyright 2005, Elsevier B.V. b)
Recovery stress results for unfilled and filled SMP. Reproduced with permission.[3l Copyright 2005, Elsevier B.V. c) Deployment of SMP coils for aneurysm
occlusion. Reproduced with permission.[3] Copyright 2005, Elsevier B.V.

Macromol. Biosci. 2024, 24, 2300432 2300432 (25 of 34) © 2023 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH

85U80|7 SUOWILIOD BAIER.D 8|qe![dde 8Ly Aq pausenob ae S9olie YO 8Sn JO S3|NJ 10} A%eud1 78U UO A8]1M UO (SUOTIPUOO-PUB-SWLBY /W0 A8 | 1M ARIq U UO//SANY) SUORIPUOD Pue SWe 1 8y 89S *[G202/0T/ST] Uo Akiqiauliuo A8|Im ‘AIsieAlun unpleH ud| Aq ZEr00EZ0g Idew/Z00T 0T/I0p/LLI00" A3 1M Ae.d 1 jpuluo//:Sdny Wwolj papeoumod ‘G ‘120z ‘G6TSITIT


http://www.advancedsciencenews.com
http://www.mbs-journal.de

QACIo-
ADVANCED IMISSSia
SCIENCE NEWS Bioscience

www.advancedsciencenews.com www.mbs-journal.de

PLGA PLGA PLGA
BS502 TTS02 80502

= N
: ﬁﬁ'-%‘te'v
Za YY),

i [T
at70°c Cool and fix
,

<4 PEG chemical crosslinks
== PEG crystalline phase

%ﬁ

%PEG crystalline phase after absorbing water

2 =SS T SR
= - _0) — ’A.‘d“ | \_—~ PEG amorphous phase
at37°c
m? = .~/ PLGA amorphous phase

® Radiopaque filler

b)

Figure 20. a-i) Optic and a-ii) radiographic images for PLGA filaments for various radiopaque content (PLGA: 100 wt% PLGA; PLGA-BS502: 48 wt%
PLGA, 2 wt% PEG, 50 wt% BaSO,; PLGA-TT502: 48 wt% PLGA, 2 wt% PEG, 50 wt% Ta; PLGA-BO502: 48 wt% PLGA, 2 wt% PEG, 50 wt% BO). iii)
Schematic representation of water-induced shape memory mechanism for embolic device. Molecular entanglement in PLGA and covalent crosslinks
in PEGDA hydrogel are netpoints responsible for maintaining permanent form and straight rod form. Programming at 70 °C, higher than the melting
temperature for the PEG crystal phase, PEG and PLGA are amorphous and deformable, enabling molecular chains to be oriented across deformation
direction and associated loss of entropy. The temporary deformed form is fixed with recrystallization of PEG and transition of PLGA to a glassy state
when the temperature is decreased to room temperature. PEG crystallites behave as reversible switch points that drive shape recovery of PEGDA along
with the swelling after immersion at 37 °C, where water molecules diffuse in the system and the network becomes completely amorphous when the PEG
crystal phase “dissolves”. Similarly, as PEGDA hydrogel softens sufficiently, PLGA molecular chains resume mobility and trigger recovery of PLGA shape.
The water-responsive shape recovery mechanism for PLGA-PEGDA hydrogel provides the formation of an embolic plug capable of achieving complete
occlusion in vitro in 120 s. The recovering form of the PLGA core facilitates the formation of an embolic plug and also provides mechanical integrity
and radiopacity. Reproduced with permission.l"®’] Copyright 2016, Elsevier Ltd. b) In vitro embolization with embolic plug employing a flow model to
simulate blood flow along the artery. After the device was deployed by 4-F catheter (at 0 s), water molecules began to diffuse in the system, actuating
recovery of hydrogel coating. At 120 s, complete embolization was observed. Reproduced with permission.['87] Copyright 2016, Elsevier Ltd.
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Figure 21. a) Fabrication and characterization ofCNT/SMP nanocomposites. i) Fabrication scheme for CNT/SMP nanocomposites. ii) SEM micrograph
for pristine SMP foam. iii-v) SEM micrographs for CNT-enhanced nanocomposites at various magnifications. vi) Pore size and distribution for SMP
foam achieved by Image). Reproduced with permission.l'®°l Copyright 2019, Elsevier B.V. b) Shape recovery for SMP foam, electrical resistivity and
surface temperature for CNT/SMP nanocomposites. i) Shape recovery for pristine SMP foam on a hot plate (60 °C). ii) Influences of ultrasonication
time and CNT amount on electrical resistivity for nanocomposites. iii) Temperature for CNT/SMP nanocomposites when resistive heating. Reproduced

with permission.[1%] Copyright 2019, Elsevier B.V. c) Shape recovery for compressed CNT/SMP nanocomposite foam via a resistive-heating technique.
Reproduced with permission.['%] Copyright 2019, Elsevier B.V.
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Figure 22. a) i) Photographs for pristine SMP foam (left) and CNT-infiltrated SMP foam (right) cubic samples (30 x 30 X 10 mm). ii) Density for CNT-
infiltrated foams at different CNT/POR (porogen). iii) ATR-FTIR for synthesized pristine aliphatic PU SMP. Reproduced with permission.['7 Copyright
2021, Wiley-VCH GmbH. b) T, results after DSC for (i) pristine SMP at varying monomer ratios (SMP11 is the target ratio). i) Porous CNT-infiltrated
SMP foams at different CNT/POR. Results for iii) shape recovery time of CNT-infiltrated SMP foams at different CNT/POR. iv) Volumetric resistivity.
Reproduced with permission.l'7%! Copyright 2021, Wiley-VCH GmbH. c) Results for cyclic compression tests at Tg of i) pristine and i) CNT-infiltrated
SMP foams. iii) Cumulative stress drops for pristine and CNT-infiltrated SMP foams at different CNT/POR after tests, showing stress relaxation. (***
indicates p < 0.001, and * denotes p < 0.05). Reproduced with permission.['7% Copyright 2021, Wiley-VCH GmbH.
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Figure 22. Continued

during the 1% cycle and more than 90% was recovered during
the 2" recovery cycle. The tensile strength of composites dimin-
ished by increment of filler concentration because of agglomera-
tion and void in composites. Radiopacity of composites increased
by filler concentration, where BaSO, was dominant as compared
with HaP nanoparticles. Thus, fabricated hybrid nanocompos-
ites could be used as embolic agents for interventional radiology
technology because of appropriate actuation, radiopacity, and me-
chanical properties.*®!

Polymer composites employed in endovascular embolization
are presented in Table 5.

6. Summary and Perspectives

Several techniques have been introduced to treat intracranial
aneurysms, including platinum coil filling, stent, liquid polymer
injection, polymer coil, SMPs, and metal-polymer coil combina-
tions, each with benefits and limitations. However, all these de-
vices seek to enhance device/thrombus stability, biocompatibil-
ity, greater volume occlusion, and enhanced compliance while
decreasing adverse effects.

GDC coil was the first FDA-approved coil for the treatment
of intracranial aneurysms and recurrence rate was < 30%, the
mortality rate was 8%, and was not suitable to treat wide-
neck aneurysms. Liquid polymer embolics provide benefits over
metallic coil such as injecting a controlled amount of polymer re-
quired to completely fill the aneurysm, minimizing prolapse of
the device into the vessel lumen, and minimal stress applied to

Macromol. Biosci. 2024, 24, 2300432 2300432 (29 of 34)

the aneurysm sac. But the inability of the solidified polymer to
be repositioned or retrieved after delivery, and a high rate of de-
vice migration in the parent vessel are some limitations of liquid
polymer embolics. Hybrid coils are designed to address some of
the problems related to metal coils, such as weak aneurysm fill-
ing and tissue response while retaining the mechanical and ra-
diopaque benefits of platinum coil. Hydrogel coil contains coat-
ing expanding with blood, rising volumetric filling of aneurysm
in comparison with bare platinum coils. Hydrogels can be a good
option as a long-term embolic agent for intracranial aneurysm.
However, hydrogels do not provide an important promotion in
tissue response and possess short working times; furthermore,
hydrogel has the potential to swell prior to the device being prop-
erly positioned into the aneurysm. Bioactive and biodegradable
coils contain a polymer that elicits a cellular response to pro-
mote the fast formation of clots and endothelialization. How-
ever, the outer polymer degrades faster than the time needed for
an organized thrombus to occur, causing incomplete filling and
aneurysm recanalization. SMPs for intracranial aneurysm treat-
ment can enhance existing approaches to aneurysm emboliza-
tion by decreasing residual flow and preventing aneurysm recur-
rence. In sumriary, the mentioned materials attempt to enhance
results by employing polymers, lower invasive processes, greater
aneurysm volume filling, and materials with mechanical charac-
teristics closer to native vessel properties.

Liquid embolics solidifying in situ are extensively being inves-
tigated. They are a good choice because of their capability to pene-
trate deep into the vascular system and entirely fill vascular space.

© 2023 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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Table 5. Polymer composites used for aneurysm occlusion in the literature.
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Polymer composite Form Characteristics Highlighted results Reference(s)
PU+3% tantalum filler Composite coil * Radiopaque * Actuation at 32-35 °C. [3]
* Applicability showed in vitro
* Visible with traditional imaging.
PU+4% tungsten filler Foam composite * Biocompatible * Applicability showed in vitro. [15]
* High porosity * Enhanced radiopacity.
* Low density
CNT/SMP Porous foam * Flexibility * Resistive-heating activation [169]
(Three monomers: i) HDI, ii) * High porosity mechanism is designed to
HPED, iii) TEA were utilized to * Good shape recovery trigger shape recovery due to
synthesize SMP) the ease of implementation of
mechanism.
Hybrid composites (BaSO,4 and * Temperature-activated * Shape recovery properties of 18]

HaP in PU SMP matrix).

Pure SMP dispersed with 4, 10,

and 12.5 wt% concentration of

nano BaSOy, nano-HaP added at

concentration of 2.5%, 5%, 7.5%,

and 10 wt% in SMP hybrid

composites.

for individual filler concentration
of 7.5 wt% HaP/2.5 wt%
BaSO,, 5 wt% HaP/5 wt%
BaSO,, and 2.5 wt% HaP/7.5
wt% BaSO,.

hybrid nanocomposites reduced.
* Tensile strength of composites
diminished by increment in filler
concentration.
* Radiopacity of composites
increased with filler concentration.
* Hybrid PU SMP/HaP/BaSO,
nanocomposites could be used
as embolic agents in
interventional radiology
method.

Future direction should focus on enhanced effectiveness and de-
creased toxicity. While the first-generation liquid embolics Onyx
and Trufill possess toxic byproducts, most of new generation ones
show low or no cytotoxicity. Trends in liquid embolics will be the
capability to deliver one or more therapeutic agents locally to the
aimed site while restricting blood flow.

The use of polymeric materials in coils can provide less toxic-
ity and better biocompatibility when compared to metallic coils.
However, most polymers are radiolucent and not visible on tradi-
tional imaging methods. The addition of radiopaque agents such
as tantalum or tungsten can increase tracking in diagnostic imag-
ing and monitoring of catheterization processes.

Multiple design criteria should be considered in the design
of materials used for endovascular embolization of intracra-
nial aneurysms including biodegradability, compliance, and ra-
diopacity.

Current research shows that polymeric devices enhance vol-
umetric filling and subsequent stabilization of aneurysms, re-
sulting in better patient results and lower morbidity and mor-
tality rates. While the usage of polymers, polymeric blends, and
polymeric composites is conceptually promising, further clinical
work will be required to ensure the applicability of polymeric ma-
terials in clinical settings.

In summary, intracranial aneurysm treatment has shifted
from complex open surgical access methods to minimally inva-
sive endovascular techniques, with growth in imaging and mate-
rial science areas in recent years. Advances in the development
of novel polymeric materials can help the therapy of intracranial
aneurysms with minimum side effects. Therefore, future stud-
ies should focus on the development of new polymeric materials.
Future works may also consist of histological observation of tis-

Macromol. Biosci. 2024, 24, 2300432 2300432 (30 of 34)

sue collected at the operating site at different post-treatment time
points to evaluate the extent of injury.

Employing polymeric materials, it is possible to design unique
materials that can be implemented in other applications be-
yond interventional embolization of intracranial aneurysms
such as cardiovascular implants (ranging from coronary stents
to tissue-engineered constructs),**171172] left atrial appendage
occluders,['73) biomedical implants (e.g., bone fixation, bone
screws),l74 and so on.
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