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- EMBOLIC DEVICE, AN APPARATUS FOR EMBOLIZING A TARGET VASCULAR

SITE AND A METHOD THEREOF

Cross-Reference To Related Application
[0001] This application claims the benefit of priority of US provisional application No.

61/925,983, filed on 10>January 2014, the content of it being hereby incorporated by

reference in its entirety for all purposes.

Technical Field

[0002] Various e_mbodiments relate to an embolic'device, an apparatus for embolizing a

target vascular site, and a method of embolizing a target vascular site.

Background

[0003] Embolization is a minimally invasive procedure to selectively occlude blood
vessels by intentionally introducing embolic agents into the blood vessels. Generally, the
embolization procedure is carried out by percutaneous insertion of a catheter into the
desired blood vessel (arfery or vein) under X-ray fluoroscopy guidance. Onc.e' in place, ah
embolic ageﬁt is then deployed to stdp blood ﬂ’ow' by either direct occlusion of the Blo_od |
vessel or induction_of local thrombosis, or both. |

[0004] Embolization is épplied to rtreat various conditions whereby occlusion of blood
vessels is beneﬁcial.‘qu example, such conditions may include but are ng)t limited to

traumatic hemorrhégé,’ bleeding from gastrointestinal or respiratory tracts, arteriovenous

-malformations _ (AMVs), aneurysm, uterine rﬁbroids, transcatheter  arterial

chemoembolization (TACE) and selective internal radiation therapy (SIRT) for

unresectable liver tumors.

- [0005] To date liver cancer is the third leading cause of cancer death worldwide and is

hi'gl;nly prevalent in Asia. Less than 30% of primary liver cancer patients and less than
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10% of metastatic liver cancer patients may be eligible for surgical removal while the

remaining patients may only turn to palliative treatments such as TACE and SIRT. |

[0006] Generally in TACE, the hepatic artery is embolized following.delivery of chemo-
therapeutic agents into the artery. The purpose of the embolization of the hepatié artery ist
twofold being (i) to prevént the washout of the therapeutic drug at the site of tumor and
(ii) to induce turhor ischemia. Thé desired outcome is ‘to enhance the efficacy of
chemothérapy while reducing systemic éxposure. In TACE, repeat procedures are
common so patency of the hepatic arteries needs to be restored before a subsequent
TACE is perform¢d. Thefefore, temporéry occlusion of the hepatic értery using a

biodegradable agent is desirable: In this procedure, Gelfoam, a biodegradable gelatin

. sponge, is typically used. It may be cut into small pledgets (about 1 mm or larger) and

delivered as a pérticulaté embolic agent. ‘

[0007] In other instances, occlusion of vessels may be required to divert blood flow or to
protect the vascular teﬁitory from reflux of toxic materials. For example in SIRT of liver
cancers, radio-active particles-are delivered into the hepatic artery and the gastroduodenal
artery (GDA) is often prophylactically embolized to prevent reflux of the radioactive
particles into the stomach and small intestines as tl;e radioactive parficles cause rédiation

ulcers which often lead to devastating gastrointestinal hemorrhages. Currently, solid

Vembolic device in the form of coil may be used. Coil-form solid embolic devices are

usually made of metals (e.g., stainless steel, platinum or nitinol alloys) and are therefore
non-biodegradable. As the reflux prophylaxis' is only relevant during delivery of the

radioactive particles, permanent occlusion of the GDA is unnecessary and a

. biodegradable embolic may be desirable in such a situation.
[0008] Currently, there are limited types of biodegradable embolic devices available. In

“this regard, Gelfoam may be considered the most Jw_idely used biodegradable embolic

agent for intravascular embolizaﬁon. It may be typically resorbed in days to weeks
depending on the amount of uses, the degree of fluid saturation and the site of use.
However, permanent occlusion fnay occur by residual organized 'thrombi or fibrotic
change of the vessel. In addition, the occlusion level may be unpredictable because of the
irrégulaf shape and Vgrjability in size of the Gelfoam. n gener,élv, Gelfoam tends: to

aggregafe in vessels more proximally than intended, and signiﬁcanfly small fragments of
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_Gelfoam may migrate into capillary beds. Therefore, it is difficult to perform controlled

target embolization using these ageﬁts. OcclusinTM 500 Artificial Embolization Device
(OCL 7500, IMBiotechnologies Ltd., Edmonton (Alberta), Canada) is another

biodegradable embolic agent for highly vascularised tumors. The agent consists of

- biodegradable‘.poly—lactic-co-glycolic acid (PLGA) microspheres coated with.type‘I

bovine collagen. Although OCL 500 is manufactured in multiple size ranges, there is a
risk of migration of micfospheres during the administration process. Yet another type of
embolic agent is a biodegradable liquid embolic agent and-fibrin glue may currently be
the only one available in the market. However, despite its good biocompaﬁbility, the use

of fibrin glue is hindered by its fast degradation and need for double-lumen

- catheterization.

- [0009] Accordingly, there is a need for a biodegradable embolic device (e.g., a

blodegradable embolic foam or plug) that precisely occludes the blood vessel and
degrades at a predictable rate, thereby addressing at least the problems above. This aims
to facilitate recanalization of the blood vessels and allow embolization procedures to be

repeated, especially in liver cancer treatment.
Summary

[0010] According to an‘embodiment, an embolic device for embolizing a terget vascular
site is provided. The embolic device may include a biodegradable shape memory element
having an-original shape and a deformed shape. The biodegradable shape memory
element in the deformed shape may be in at least one dihlension of a smaller size than the
biodegradable shape memory element in the orlglnal shape. The blodegradable shape

memory element may be provided in the deformed shape and configured to resume the

' ongmal shape in response to an external stimulus belng apphed to the blodegradable

_ shape memory element in its deformed shape, to embolize the target vascular site and

prevent fluid flow through the target vascular site.

[0011] According to an embodiment, an apparatus for embolizing a target vascular site is

" provided. The apparatus may include an embolic device in accordance with various
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_embodiments, and a catheter configured to deliver the embolic"device to the target

vascular site.

[0012] According to an embodiment, a method of embolizing a target vascular site is
provided. The method may mclude providing an embolic device in accordance with
various embodiments, inserting a catheter toward the target vascular site, loadrng the
embolic device 1nclud1ng the biodegradable shape memory element in the deformed
shape into the catheter, and delivering the embolic device to the target vascular site to
allow the biodegradable shape memory element in the deformed shape toresilme thev'

original shape to embolize the target vascular site.

Brief Description of the Drawings

[0013] In the drawings, like reference characters generally refer to like parts throughout
the different views. The drawings are not necessarily to scale, emphasis instead generally
being placed upon illustrating the principles of the invention. In the following
description,' various embodiments of the invention are described with reference to the.
following drawings, in which: | |
[0014] FIG. 1A shows a Schematic view of an embolic device for emholizing a target
Vascular site, according to various embodiments |
[0015] FIG. 1B shows a schematic view-of an apparatus for embolizing a target vascular
site, according to various embodiments.

[0016] FIG. 1C shows a flow chart illustrating a method of ‘embolizing a target vascular
site, according to yarious embodiments.

[0017] FIG. 2 shows a schematic diagram illustrating an example of a biodegradable

~embolic device for occluding blood vessel andl_a:pro»c'ess for occluding blood vessel,-‘

" according to various embodiments.

[0018] FIG. 3A shows a Schematic Viewi of an embolic device with a radiopaque marker

core, according to various embodiments.

[0019] FIG 3B shows a schematic view of an embolic device with distributed radiopaque

markers accordlng to Var1ous embodlments

‘ [0020] FIG. 4 shows an 1mage of polyurethane (PU) shape memory polymer foams.
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~ [0021] FIG. 5 shows an image of water-responsive shape memory hybrids.

[0022] FIGs. 6A to 6D show images demonstrating the cencept of a water-responsive
plug. |
[0023] FIG. 7 shows a plot illustrating the recovery ratio of poly(DL-lactide-co-

, "g_lycolide) (P(DL)GA) (500% pre-stretched) upon gradually heating,

[0024] FIGs. 8A to 8D show schematic views of an embolic device and its mechanism of

embolization, according to various embodiments.

Detailed Description

- [0025]} The following detailed description refers to the accompanying drawings that

" show, by way of illustration, specific details and embodiments in which the invention-

may be practiced. These embodiments are described in sufficient detail to enable those-
skilled in the art to practice the invention. Other embodiments ‘may be utilized and
structural, logical, and electrical changes may be made without departing from the scope
of the invention. The various embodiments are not necessarily mutually exclusive, as
some embodiments can be combined ‘with one or more other embodiments to form new

embodiments.

[0026] Embodiments described in the context of one of the methods or devices are

analogously valid for the other methods or devices. Similarly, embodlments described in
the context of a method are analo gously valid for a device, and vice versa.

[0027] Features that are described in the context of an emhddiment may eonespondmgly

" be applicable to the same or similar features in the other embodiments. Features that are

described in the context of an embodiment may correspondingly be-applicable to the
other embodiments, even if not explicitly described in these other embodiments.
Furthermore, additions and/or combinations and/or alternatives as described for a feature

in the context of an embodiment may correspondlngly be apphcable to the same or

- similar feature in the other embodlments

[0028] In the context of various embodlments the artlcles “a” “an and “the” as used '
with regard to a feature or element include a reference to one or more of the features or

elements.
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~ 10029] In the context of various embodiments, the phrase “at least substantlally may

include “exactly” and a reasonable variance.
[0030] In the context of various embodiments, the term “about” or “approximately” as
applied to a numeric value ericompasses the exact value-and a reasonable variance.

[()_031] As used herein, the term “and/ or” includes any and- all combinations of.' one or

" more of the associated listed items.

[0032] As used herein, the phrase of the form of “at least one of A or B” may include A
or B orboth A and B. Correspondingly, the phrase of the form of “at least one of A or B
or C”, or in_chiding further listed items, may include any and all combinations of one or

more of the associated listed items.

- [0033] Various embodiments may provide biodegradable shape ‘memory polymer

embolic devices for temporary endovascular embolization.

[0034] Various embodiments may relate to endovascular embolization and more

particularly to drug-eluting biodegradéble shape memory polymer embolic devices for

temporary endovascular embolization.

[0035] Various embodiments may provide a biodegradable embolic device for occluding

" blood vessel. The embolic device may include a biodegradable shape memory pblymer

(SMP) and a water-responsive material. The biodegradable shape memory polymer may

" include a copolymer of-polylactic acid and polyglyqolide. The biodegradable shape

memory polymer may include a shape memory polymer foam having an open cell foam
structure inqluding a radiopaque marker. The biodegrada‘ble shape memory polymer may
be customiz_ed to degrade in a period of about 2 — 16 weeks. The water-responsive
material may include water soluble or swellable materials. The biodegradable embolic
dev1ce may be mcorporated w1th therapeutlc agents for anti-thrombogenic purpose. The, '

release of therapeutic agents may-last up to 90 days.

' [0036] Various embodiments. may provide a water activated blodegradable hydrogel

- composite device for embolization of blood vessel.

[0037] Various embodlments may provide a method of occludlng a blood vessel using a
water-responswe shape memory polymer- embohc device. The shape memory polymer :

may be actuated by a solvent so that the secondary (deformed) shape may resume its

© . primary (origina‘l) shape upon external stimulus, e.g., blood.
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. [0038] Various embodiments may provide a method of occluding a blood vessel. The

* method may include providing a biodegradable embolic device including abiodegradable

SMP and a water-responsive material, wherein the biodegradable embolic device has
been deformed to a diameter smaller than the li'nner diameter of a target vessel of a living
m‘almmal,‘ inserting the embolic device into the vessel via a catheter, and upon exposure to

body fluid, recovering its primary (original) shape and generally conforming to the

~ diameter of the target veesel :

[0039] FIG. 1A shows a schematic view of an embolic device 100 for embollzmg a target
vascular site, according to various embodlments The embohc device 100 1ncludes a

biodegradable shape memory element 102 having an original shape 104 and a deformed

- shape 106. The biodegradable shape memory element 102 in the ‘deformed shape 106 is

in at least one dimension of a smaller size than the biodegradable shape memory element
102 in the original shape‘ 104, and the biodegradable shape memory element 102 ls
provided in the deformed shape 106 and configured to resume the original shar)e 104 in
response to an external stimulus‘ 110 being applied to the biodegradable shape memory
element 102 in its deformed shape 106, to embolize the target vascular site and prevent
fluid flow through the target Vascular site. |
[0040] In other words, the embolic dev1ce 100 may include a biodegradable shape' '
memory element 102 conﬁgured to transition between a original shape 104 and a
deformed shape 106, wherein the biodegradable shape memory element 102 in the’
deformed shape 106 may be in at least one dimension of a 'smaller size than the v
biodegradable shape memory element 102 in the original shape 104 such that the
biodegradable shape memory element 102 in the deformed shape 106 may be incapable
of embohzlng the target vascular site to prevent fluid flow through the target vascular
site; ‘and wherein the biodegradable shape memory element 102 in its deformed shape -
106 may be configured to transit to the original shape 104 ina controlled and predictable
manner to embolize the target vascular site and prevent fluid flow through the target
vascular site. |

[0041] In various embodiment_s,' the embolic device 100 may l‘)e for temporary

“embolizing the target 'vasc'ular site. Upon use, the biodegradable shape memory element ’

102 may. be configured to ‘degrade at a predictable rate, e.g., within a period of about 2. |
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. 'weeks to about 16 weeks. Accordingly, the embolic device 100 may be,'edhﬁgured to

facilitate recanalization of the target vascular site and subsequently allow for
embolization procedures to be repeated. In the repeated embolization procedures, a
separate embolic device (e.g., similar to the embolic-device 100) may be used for a
subsequent embolization of the target vascular site.” Such- repeated' embohzatioh

procedures may be appropriate for various cancer treatments, e.g., liver cancer treatment.

-[0042] In various embodiments, the embolic device 100 may be a biodegradable solid

embolic device. .
[0043] In the context of various embodiments, the phrase “target vascular site” may mean

a target part of a blood vessel.

- [0044] In various embodiments, the biodegradable shape memory element 102 may be

configured to transit from the original shape 104 to the deformed shape 106 in response
to an external stlmulus 108 being applied to the blodegradable shape memory element
102 in its original shape 104.

[0045] In various embodiments, the biodegradable shape memory element 102 may be

‘configured to transit from the original shape 104 to the deformed shape 106 upon

exposure to an external stimulus 108 in form of externally applied pressure optionally at a |

" temperature sufficient to allow the transition of the biodegradable shape memory element

102 from the original shape 104 to the deformed shape 106. In other words, the external

stimulus 108 may be in form of externally applied pressure optionally at 5 temperature

~sufficient to allow the transition of the biodegradable shape memory element 102 from

25

30

the original shape 104 to the deformed shape 106 and this temperature may be referred to
as a transition temperature For example, the transition temperature may be in the range
of about 10 °C to about 80 °C.

[0046] For example the blodegradable shape memory element 102 may be a foam made
ofa polymer which may be capable of retaining its deformed shape (or compressed state)
by warming the polymer above its glass transition temperature, compressing the foam and
cooling the foam'in the compressed state to retain the foam in the compressed state. '

[0047] In another embodiment, the biodegradable shape memory element 102 may be a

‘ pblymer-hydrogel composite which may be capable of retaining its deformed shape by

warming th_e polymer-hydrogel composite above its transition temperature, stretching the
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~ polymer-hydrogel composite and cooling the composite in the deformed state to retain
the polymer—hydfogel composite in the compressed state. ' |
[0048] Alternatively, the original shape 1047 may be in the form of a coil having the same
‘or variable N(perip}-lerél) diameter. The coil 'may be heated to its transition temperature
5 and then may be uncoiled to the form of a substantiélly straight filament héving a
diameter suitable to fit in the catheter and subsequently may be cooled below its
transition temperature. -
[0049] In various embodiments, the biodegradable shape memory element 102 in its
deformed shape 106 may be configured to resume the original shape 104 upon exposure
. 10 }‘ to an external stimulus 110 in form of coming into contact with water or beiﬁg exposed to
- an eleva;ced temperature. In an example, the external stimulus 110 may relate to a body
fluid, e.g.; blood flowing through the target vascular site. In another example, depending
on the type of material used for the biodegradable shape méinory element 102, the
“external stimulus 110 may relate to the elevated temperature of the ﬁormal body
15  temperature at about 37 °C )
[0050] In yet another example, the external stimulus 110 for recovering the original
shape 104 may be fluid i.e. blood flowing through the target vascular site, or body -
temperature, or both acting Lsi‘multaneously. Another stimulus 110 such as external
heating pads or inductive heating using alternating magnetic field for suitably modified
, 20 polymer composition may be used if the a;:tivation teﬁlperature is higher.fhan the body
temperature. | 7 o , | |
[0051] In various embodiments, the biodegradable shape memofy element 102
configured to resume the original shape 104 may be of a plug'c(mﬁgu'ration.
[0052] In the context of various embodimepts,_ the phrase “resume the original shape” -
25  may mean recovery of shape and size to tho‘sevcv)f the original shape. | |
[0053] In various embodiments, the biodegradable shapermervnor'y element 102 in the
original shape 104 may have at. least one of a different size or a different peripheral
(outline) shape to the biodegradable shape memory element 102 in the defonﬁed shape
106. | o |
30 7' [0054] In various :émbodiments, the biodegradable shape memory eler_rient 102 in the
‘ original shape 104 may generaily be shaped and sized substantially shﬁilarly to. the
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_ dimensions of the target vascular site. More specifically, the biodegradable shape

memory element 102 in the original shape 104 may have a size and a peripheral (outline)
shape that is the same or subsfantially similar to the size and shape defined by the inner
walls of the target vascular site. v

[0055] The biodégradgble shape memory element 102 in the deformed shape 106 being
in at least one dimension of a smaller size than the biodegradable shape memory element
102 in the original shapé 104 may mean ;that the biodegradable shape memory element
102 may be at least substantially cyliﬁdﬁcal and the biodegradablek shape memory
element 102 in the _defofmed shape 106 may have a diameter smaller than that of the

biodegradable shape memory element 102 in the original shépe 104.

- [0056] In various embodiments, the biodegradable shape memory element 102 in the

original shape 104 may be at least substantially cylindrical. The biodegradable shape
memory element 102 in the oﬁginal shape 104 may have a diameter of about 3 mm to
about 10 mm. For example, the biodegradable shape memory element 102 in the origihal
shape 104 may have a diameter of about 4 mm to about 10 mm, or about 5 mm to about
10 mm, or about 6 mm to about 10 mm,; or about 7 mm to about 10 mm, or about 8 mm to
about 10 mm, or about 9 mm to about 10 mm, or about 4 mm to about 9 mm, or about 5 |
mm to about 9 mm, or about 6 mm to ab'out 9 mm, or about 7 mm to about 9 mm, or

about 8 mm to about 9 mm, or about 4 mm to about 8 mm, or about 5 mm to about 8 mm,

‘or about 6 mm to about 8 mm, or about 7 mm to about 8 mm, or about 4 mm to about 7

mm, or about 5 mm to-about 7 mm, or about 6 mm to about 7 mm, or about 4 mm to
about 6 mrh, or about 5 mm to about 6 mm, or about 4 mm to about 5 mm.

[0057] In various embodiments, the biodegradable shape memory element 102 in the

 deformed shape 106 may generally take any shape and/ or size as long as the

biodegfadable shape memory element 102 in the deformed shape 106 may be smaller
than the biodegradable shape memory element 102 in the original shape 104 and may bé

inserted through a catheter for accessing the target vascular site.

- [0058] For example, the biodegradable shape memoryrelement 102 in the deformed

shape 106 may be at least substantially cylindrical. The biodegradable shape memory
element 102 in the deformed shape 106 may have a diameter of about 0.3 mm to about

1.0 mm. For example, the bi(;degradable shap‘e memory element 102 in the deformed

10
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. shape 106 may have a diameter of about 0.4 mm to about 0.9 mm, or about 0.5 mm to

“about 0.8 mm, or about 0.6 mm to about Ov.7 mm. The biodegradable shape memory

element 102 may retain in the deformed shape 106 by crystallization or vitrification of
the polymeric chain of the b1odegradable shape memory element 102.

[0059] The size (or diameter) ratio between the biodegradable shape memory element
102 in the original shape 104 and the biodegradable shape memory element 102 in the
deformed shape 106 ma)t be in a range of about 2 to about 25.

[0060] In various -embodiments, the biodegradable shape memory element 102
cenﬁgured to resume the original shape 104 may mean that the biedegradable shape

memory element 102 may be configured to "remember" its original shape 104 and transit

- toward the original shape 104, and not to any other shape or itregular _shape. For example,
if the biodegradable shape memdfy element 102 in the original shape 104 is cylindrical,
the biodegradable shape memory element 102 transited to the deformed shape 106 may

be cylindrical and the biodegradable shape memory element 102 resumed to the original
shape 104 may also be cylindrical. - ,

[0061] The capabilities of the biodegradable shape memory element 102 to transit
between the original shape 104 and the deformed shape 106 at a predetermined size ratio
and to resume the original shape 104 may mean that the biodegradable shape memory
element 102 may be configured to trahsit to the original shape 104 in a controlled and
predictable manner. | -

[0062] In various embodiments, the blodegradable shape memory element 102 may be of

a biocompatible material.

[0063] In various embodiments, the biodegradable shape memory element 102 may

include a b1odegradable shape memory polymer (SMP) or copolymer.

foam structure and the deformed shape may be a compressed. shape

[0065] In various embodiments, the biodegradable shape memory element 102 may

_ include an open-cell foam structure. In other words, the open-cell foam structure may

include gas pockets that are connected with each other.
[0066] The mean pore size of the foam structure may be about 0.1 mm to about 0.5 mm.

Th1s may advantageously allow for promotmg rap1d aspiration of blood fluid into the

11
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_ foam, thereby aiding foam expansion, and for a foam structure with relatively high

expansibility. ‘ )
[0067] The biodegradable shape memory element 102 may be in a non-particulate form.

For example, the biodegradable shape memory element 102 may be a single whole

~ structure, different from a particulate structure formed by a number of parts (particles)

coming together (e.g., adjacent to one another).

[0068] The.biodegradable shape memory element 102 may be surface-erode or bulk-
erode. 7 - ' B 7
[0069] In various embodiments, the biodegradable shape memory element 102 may

include a polymer material selected from the group consisting of polyesters, polylactide

- acid, polyglycolide, polycaprolactones, poly(anhydrides), poly(ortho esters), and any

- mixture or copolymers thereof.

[0070] In various embodiments, the coeolymer may include poly(D,L-lactide-co-
glycolide), poly-3-hydroxybutyrate-co-3-hydroxyvalerate, polylaetide-co—poly(glycolide-
ce-caprolactone), poly(glycol-glycerol-sebacate), poly(lactide-co-p-dioxanone) or ‘
poly(lactide-co-g-caprolactone). A 7

[0071] In various embodiments, the embolic device 100 may further include a water-
responsive element configured to react upon exposure to water and cause or facilitate the
b1odegradable shape memory element 102 in the deformed shape 106 to resume the
original shape 104 ’

[0072] In an example, the b10degradable shape memory element 102 may be distributed
at a core area or as a core, with the water responsive element surroundmg or covering at

least part of the biodegradable shape memory element 102.

[0073] The water-responsive element may retain the b1odegradable shape memory

element 102 in its deformed shape 106 in the absence of water.,

[0074] In various embod1ments, the water-responsive element may 1nclude a hydrogel.

- For example, the water-responsive element may include a material selected from the

group consisting of polyethylene glycol, gelatin hydrogel, cellulose acetate, polyvinyl
alcohol, chitosan, and any combination thereof.

[0075] The water-respons1ve element may be made of a water soluble materlal of a water

swellable mate_n_al

12
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~ [0076] In an example, the water-responsive element may hold the biddegfadablé shape

memory element 102 in the deformed shape 106 and upon exposure to water (body fluid),
the water-responsive element made of a water soluble material may dissolve and thus
unable to hold the biodegradable shape memory elemént 102 in the deformed shape 106.
C(')n'sequently,' the biodegradable shape mémory element 102 may resume the 61‘igina1
shape 104. o ,

[0077] In another examblc, the water-responsive element may hold the biodegradable
shape memory element 102 in the deformed shape 106 and upon expxosure to water (body
fluid), .the water-responsive element made of a water swellablé material may swell or

expand outwardly and thus pfevent the biodegradable shape memory element 102 from

- retaining in the deformed shape 106. Consequently, the biodegradable shape rmemory

element 102 may resume the original shape 104. ;

[0078] In various embodiments, the Biodegradable shape memory element 102 may
include a biodegradable shape memory polymer forming a backbone or core structure and
the water-responsive element may include a hydrogel applied as a coaﬁng to the
biodegradable shape memory polymer 102, to form a biodegradable shape memory
polymer: hydrogel hybrid.

[0079] The hydrogel may coat the blodegradable shape memory polymer and the
biodegradable shape memory polymer:hydrogel hybrid may retain in its (compresSed).
deformed shape and upon contact with water, the hydrogel may swell so that the recovery
of shape may occur concurrently. For example the biodegradable shape memory polymer
may include poly(lactl_c-co—glycollc acid) and the hydrogel applied as the coating may
include polyethylene glycél. | '

[0080] In various embodiments, the embolic device 100 may further include a therapeutic

: égent.

[0081] Foréxamplé the thefapeﬁtic agent may be heparin or heparin-albumin pOnjugateé
or hyaluromc acid, for anti- thrombogemc purposes. o

[0082] The therapeutic agent may be incorporated mto the blodegradable shape memory
element 1 02,. or the water-responsive element, or both depending of the intended release
kinetics. Incorporétien of the ‘fhel"apeutic agent- may be dong’ by compounding. The

thefapeutic agent may be eluted up to 90 days to prevent acute and chronic thrombosis.

13
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~ [0083] In various embodiments, the embolic device 100 may further include a radiopaque

marker configured to provide visibility of at least part of the embolic device 100 under
exposure to a radiant energy source.

[0084] In various embodiments, the radiopaque marker may be located within the
embolic device 100 along its centre axis. In other words, the radiopaque marker may
form a radiopaque marker core.

[0085] In other embodiments, the radiopaque marker may include a plurality of
radiopaque markers dispersed within the embolic device 100. _

[0086] For example, the radiopaque marker may include barium sulfate, or platinum, or a

gold nanoparticle or tantalum or iodine or bismuth oxychloride or bismuth trioxide or

- bismuth subcarbonate or a radiocontrast medium. The radiant energy source may include

an X-ray source. The radiopaque marker may be configured to provide visibility of the at
least part of the embolic device 100 under X-ray ﬂuoroscopy. The radiopaque marker
may be conﬁgured to provide proper placement of the embolic'de\(ice 100 at the target
Vascuiar site, | ,

[0087] FIG. 1B shows a schematic view of an apparatus 120 for embolizing a target
vascular site, accordrng to various embodiments. The apparatus 120 includes an embolic |
device 122, and a catheter 124 configured to deliver the embolic device 122 to the target
vascular site. ' 7 .

[0088] The embolic device 122 may include the same or like elements or cor_nponents as
those of the embolic device 100 of FIG. 1A, and as such, the same numerais‘ are assigned
and the like elements may be as described in the context of the biodegradable shape
memory element 102 ‘and the deformed shape 106 of FIG. 1A, and therefore the

correspondlng descmptlons are omltted

[0089] In FIG. 1B the blodegradable shape memory element 102 of the embolic dev1ce .

122 is in the deformed shape 106, and the embolic device 122 is loaded into the catheter
124, | o

[0090] In various embodiments, the biodegradable shape memory element 102 of the
embolic device 122 in the deformed shape 1_06 may be adapted to paSs through the
catheter 124 to allow the embolicr device 122 to exit a distal end of the 'catheter 124 to the

target vascular site. .
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~ [0091] In various embodiments, the apparatus 120 may further include an element

configured to deliver the embolic device 122 from the catheter 124 to the target vascular
site. In other words, the element may be inserted through the catheter 124 at one end to
reach and push the embolic device 122 to exit the d1stal end of the catheter 124 to the

'target Vascular site.

[0092] The apparatus 120 may further mclude a radiant energy source (as described
herein) configured to provrde a radiant energy (e.g., X-ray) onto a radiopaque marker (as
described herein). The apparatus 120 may further include a detector configured to detect
the radiated_ radiopaque marker and allow the embolic device 122 at the target vascular

site to be visualized.

- [0093] FIG. 1C shows a flow chart illustrating a method of embolizing a target vascular

site 140, according to various embodiments. At 142, an embolic device in accordance
with various embodiments is provided. At 144, a catheter is inserted toward the target
vascular site. At 146, the embolic device including the biodegradable shape memory
element in the deformed shape is loaded into the catheter. At 148, the embolic device is
delivered to the target vascular site to allow the biodegradable shape memory element in
the deformed shape to resume the original shape to embolize the targét vascular site.
[0094] The hiodegradable shape memory element resumed to the original shape at the
target vascular site may prevent fluid ﬂow,through the target vascular site.

[0095] The embolic device may include the'same or like elements or components as

 those of the embolic device 100 of FIG. 1A or the embolic device 122 of FIG. 1B, and as

such, the like elements may be as described in the context of the biodegradable shape

memory element 102, the deformed shape 106, the original shape 104, the external

: stlmulus 110 of FIG. 1A and the catheter 124 of FIG. 1B, and therefore the correspondmg

~ descriptions are omitted here.

[0096] In various embodlments, delivering the embolic device to the'target vascular site
148 may include delivering the embolic device from the catheter to the target vascular

site via an element.

- [0097] In various embodiments the method 140 may further include prior to loading the

~ embolic devrce into the catheter 146, exposmg the brodegradable shape memory element

of the embolic device to an external stlmulus in form of externally applied pressure 7
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- optionally at a temperature sufficient to allow the transition of the biodegradable shape

memory element from the eriginal shape to the deformed shape.

, [0098] While the method described above is illustrated and described as a series of steps |

or events, it w111 be appreciated that any ordering of at least some steps or events are not
to be interpreted in a limiting sense. For example, some steps may occur in dlfferent
orders and/or concurrently with other steps or events apart from those illustrated and/or
deseribed herein. In addition not all illustrated 'steps may be required to implement one
or more aspects or embodiments descrrbed herein. Also, one or more of the steps depicted.
herein may | be carried out in one or more separate acts and/or phases.

[0099] Various exemplary embodiments will now be described below.

- [0100] FIG. 2 shows a schematic diagram 200 illustrating an example ofa blodegradable ,

embolic device 202 for occluding a blood vessel and a process for occluding a blood

- vessel.

[0101] For example, the embolic device 202 may be described in the context of ‘the

- embolic device 100 of FIG. 1A, and elemerrts of the embolic device 202 may also be

described in the context of like elements of the embolic device 100 of FIG. 1A.

[0102] The embolic device 202 may include a biodegradable shape memory polymer
(SMP) and a w'atersresponsive material. The biodegradable SMP material body may be
heated above its transition temperature (Tyans) and deformed from its primary (original)
shape to a secorrdary (deformed) shape having a diameter smaller than the irmer diameter
of a target vessel for implantation in the‘presence of a solution of water-responsive "
material. Once the SMP material body has been deformed as desired, it may be held in
the deformed shape followed by drying and cooling to a temperature below its transition
temperature SO that the SMP material body may retain the deformed shape by virtue of
the crystallization or vitrification of the polymeric chains.

[0103] The deformed embolic device 202 may then be loaded into- a catheter 204 and

~ delivered endovascularly to the site or blood vessel (not shown in FIG. 2) for
_embolization via the catheter 204. Once the catheter 204 is positioned near the

“embolization site, the device 202 may be deployed into the blood vessel. UpOrr exposure

to body fluid (e.g., blood in the blood Vessel),‘the_water-responsive material of the’

~ embolic device 202 may either dissolve or swell. As a result, the rigid SMP material body
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. inthe defoi‘med configuration (shape) may become soft and its shape may start to resume

its prlmary (original) shape, resulting in the occlusmn of the blood vessel.

_[0104] The embolic device 202 in its primary (original) shape may be of a size and shape

which may enable ﬁttmg within the blood vessel, e.g., ﬁttlng snugly against the wall of
the blood vessel. The embolic device 202 in its primary (original) shape may have a
diameter of about 3 — 7 millimeters. The deformed or compressed embolic device 202
may have a diameter of about 03-1 millimeter for mlcro -catheter deployment.

[0105] In another example the embolic device 202 may include a biodegradable SMP
The SMP may be fabricated into foam by a variety of techniques 1ncl.ud1ng gas foaming,

porogens leaching, solvent blowing, freeze drying process, supercritical CO, assited,

- foaming or any combination of the above techniques. The SMP foam may be an open cell

foam structure with a mean pore size in the range of about 0.1 to 0.5 millimeters. Such a
pore size may be advantageous for the embolic device 202 as (i) rapid aspiration of blood
fluid into the foam, aiding foam expansion may be promoted, and (ii) making of foam
structure with high expansibility may be allowed. The expanSion ratios of the foams may
be in the range of 2 to 25. The SMP may be fabricated into the plug conﬁguration via
techm'ques including solvent casting, extrusion, electrospinning, injection moulding, and .
any combination of these techniques. |

[0106] SMP foams may be made of any blodegradable polymerlc material exhibiting
shape memory effect and suitable for use in the application descrrbed herein. The

biodegradable polymeric materials may be surface-erode or bulk-erode. This ‘may

‘inclqde, but is not limited to, polyesters, polylactide acid, polyglycolide, -

polycaprolactones, ooly (anhydrides) poly (ortho esters) and copolymers and any
combmatlon thereof. The SMP composmon havmg the following properties may be
des1rab1e 1) the trans1t10n temperature being in the range of 10 to 45°C, and (ii) the
polymer being blocompatlble and blodegradable over a controlled period of time, €.
about 2 to 10 weeks. The blodegradable SMP foam may include a copolymer. The
eopolymer_ may include a poiy (D,L-lactide-co-glycolrde). The water-responsive material
for use in the eXemplary embodiments described herein may .inelude water soluble or
swellable polymers. This may include, but is not limited to, polyethylene_ glycol, gelatin

hydrogel, cellulose acetate, polyvinyl alcohol, chitosan, or any combination thereof.
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_ [0107].’The biodegradable embolic device (e.g., the embolic device 202) including the

biodegradable SMP and the water-responsive material may include a radiopaque marker .
such as barium sulfate, gold nanoparticles, platinum, and the like. The purpose of 'the

radiopaque marker may be to provide visibility under X-ray fluoroscopy for proper

- placement of device. The radlopaque marker may be distributed w1th1n the embohc :

device in different manners as shown in FIGs. 3A and 3B. In FIG. 3A the embolic device
300 may includes a radlopaque marker core 302, which is embedded by .the
biodegradable SMP-foam 304. In the schematic view 320 of FIG. 3]3, the radiopaque "
markers 322 may distributed, .e.g., evenly, within the biodegradable SMP foam 304. The

weight percentage of the radiopaque marker 322 may be in the range of about 5% to

- about 50%. .

[0108] The biodegradable SMP foam 304 may be described in the context of the

“biodegradable shape memory element 102 of FIG. 1.

[0109] A biodegradable embolic device in accordance with various embodiments may
have advantages over conventional devices of being capable of catheter delivery, being
easily} and accurately positioned, and having rapid and controlled expansion.
Addit{onally, being a foam or plug, there may be a higher degree of occlusion as
compared to a metallic coil, which may only elhbolize Vessels‘ partially thus still allowing
blood flow through unembolized parts. As coil embolization may typically depend on the
ability of a patient to form vthrombus coagulopathic -states such as. abnennal clotting
factors may hinder complete vessel occlusmn and time to occlusion may also depend on

type of coils used and the patients’ condltlon Other complications of coil embolization

- may include vessel rupture due to large rmsmatch between the mechanical properties of

the coil and the vascular wall. ] ‘
[0110] The ~embolic device ‘in accordance with various embodiments may be
programmed and controllably expanded to completely occlude vessels of various sizes by

mechanical occlusion. ‘Furthermore, the modulus of the SMP may be accurately

~ controlled so that it may match the mechanical properties of the vascular wall such that

the expansion forces may be low, reducing injuries to areas of the vascular lumen. Due to

the biodegradability of the embolic devices in accordance with various embodiments,
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" recanalization of the vessels may be facilitated and embolization procedures may be

allowed to be repeated in cancer treatment like TACE and SIRT.. »

[0111] A number of tests may be carried out to demonsirate the concept (working
principles) of the SMP. _

[0112] For example, as shown in an image 400 of FIG. 4, a piece of polyurethaﬁe (PU)
shape memory polymef foam 402 is compressed to 95% (left). Upon heating to 37 °C, the
foam 404 may be shown to be able to fully return to its erighlal shape (righf). The
expansion ratio may be about 2000%.

[0113] The concept of a water-responsive shape memory hybrid may be demonstrated, as

shown in an image 500 of FIG. 5, in which polyethylene glycol (PEG), a water-

- dissolvable, biocompatible polymer, may be used to hold the conipressed polymeric

sponge in shape. Without optimization of processing parameters, in the case of 70%
compression, the expansion ratio may be about 300%.

[0114] FIGs. 6A to 6D show i images 600, 620, 640, 660 demonstratmg the concept of a
water-responsive plug. In FIG. 6A, a piece of polymeric elastic sponge or plug 602, is
compressed, held in the compact shape using PEG and then placed in a plastic tube 622
(FIG. 6B), which represents a catheter. In the next step (FIG. 6C), the plug 602 may be |
delivered to the required position along a big tube 642 and the polymeric elastic sponge .
602 may then be released from the plastic tube 622. After the dissolving of PEG in water,
the polymeric elastic sponge 602 may expand and thus block the big tube 642, which may
represent a blood vessel (FIG 6D).

[0115] FIG. 7 shows a plot 1llustrat1ng the recovery ratio of poly(DL-lactide-co-

glycolide) (P(DL)GA), which is blodegradable, upon heating. The sample may be pre-

stretched to 500% and the recovery temperature may be at about normal body
tempei'ature and may be adjustable by using different stretehing temperature. Plotline 702
refers to the sample deformed at 37 °C, while plothne 704 refers to the sample deformed
at 50 °C ‘ '

[0116] The tests described in FIGs. 4 to 7 may demonstrate the concepts of (i) the
feasibility to deploy an elastic plug by means of thermo/water—responswe shape memory
effect and (11) the feasibility to achleve significant shape recovery ratio in biodegradable

polymers by means of optimizing the processmg parameter_s in pre-distortion.
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_[0117] In another example, water induced shape memory effect and swelling of a

hydrogefmay be responsible for the deployment of an embolic device inside a blood
vessel, as shown in the schematic views 800, 820, 840, 860 of FIGs. 8A to 8D. Hydrogel
may be coated on P(DL)GA, which may serve as the backbone for enhanced
performance » ' ’ ' |

[0118] In an examplary process a P(DL)GA strand 802 may be coated with a hydrogel
804 using a UV crosshnkmg method. After drying the gel 804, the embolic device 806
with the P(DL)GA 802 in the core and the dry hydrogel 804 coating on surface may be
obtained. F_or example, the embolic device 806 may be described in the context of the

embolic device 100 of FIG. 1A, or the embolic device 122 of FIG. 1B.

- [0119] In various embodiments, the radiopaque marker may be located within the

hydrogel 804. For example, the radiopaque marker may include barium sulfate, or

~ platinum, or a gold nanoparticle or tantalum or iodine or bismuth oxychloride or bismuth

trioxide or bismuth subcarbonate or a radiocontrast medium.

[0120] A temporary shape of the device 806 (actual dimensions used for deployment) |

~ may be programed by heating the device 806 at about the transition temperature of both

the P(DL)GA 802 and the hydrogel 804, and then stretching it (about four times the

' original length) and quenching it to room temperature so as to obtain the device 806 with

the required diameter for deployment

- [0121] When such a device (e. g the embolic device 806) is deployed in a blood Vessel

808 through a catheter 810 (FIGs. 8A and 8B), the ‘embolic device 806 may come in |
contact with blood fluid and may start recovering to its permanent (original) shape of a
reduced length. Recovery may be activated by the fluid medium (e.g., blood). A pushing
wire 8427(e.g., the eliementfor delivering the embolic device from the catheter to the
target Vascular site as described herein in accordance with various embodiments) may
pass through the catheter 810 and may push the embolic device 806 at one end o deliw;er
the embolic device 806 to the blood vessel 808 (FIG. 8C) The hydrogel 804 coating may

become soft and may start to return the permanent (orxgmal) shape As the core 802 may

still remain hard; the device. 806 may start to buckle and thus may form -a random or

regular coiled shape (FIG. 8C). Swelling of the gel 804 may start concurrently with the ‘

recovery of the shape, so maximum occlusion volume may be achieved within a couple
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) of minutes (FIG. 8D). This device 806 may work based on the‘buCkling phenomenbn in

water activated shape memory effect and the swelling of the hydrbgel 804. Both the
hydrogel 804 (polyethylene glycol (PEG) may be used) and the P(DL)GA 802 may be
biodegradable. ‘

[0122] While the invention has been particularly shown and described with 'rcferénce to
speéiﬁc embodiments, it should be understood by those skilled in the art that various
changes in form and detail may be made therein without departing from the spirit and
séope of the invention as defined by the appended claims. The scope of the invention is

thus indicated by the appended claims and all changes which come within the meanihg

~ and range of equivalency of the claims are therefore intended to be embraced.
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_ CLAIMS

1 An embolic device for embolizing a target vascular site, the embolic device

comprising; o k _ ‘

a biode‘gradable shape memory element having an original shape and a deformed

shape, . o _
wherein the biodegradable shape memory element in the deformed shape

is in at least one dimension of a smaller size than the biodegradable shape memory

~ element in the original shape; and

wherein the biodegradable shape memory element is provided in the

! deformed shape and configured to resume the original shape in response to an external

stimulus being applied to the biodegradable shape memory element in its deformed:
shape, to embolize the target vascular site and prevent fluid flow through the farget

vascular site.

2. The embolic device of qiaim 1, wherein the biodegradable shape memory element

is Conﬁgured to transit from the original shape to the deformed shape in response to an

external stimulus being applied- to the biodegradable shape memory element in its .

original shape.

3. The embolic device of claim 1, wherein the biodegradable shape memory element _

comprises a biodegradable shape memory polymé_r or copolymer.

4. The embolic device of claim 1, whefein the biodegradable shape memory element
comprises an open-cell foam structure. - v

. , T
5. | The embolic device of claim 1, wherein the biodegradable shape memory element
comprises a polymer material selected from the grbup consisting of polyesters,
polyiactide acid, polyglycolide, polycaprdlaé_tones, poly(anhydrides), poly(ortho esters),

and any mixture or copolymers thereof.

22



10

15

20

©.25

30

WO 2015/105459 PCT/SG2015/000002

6. The embolic device of claim 3, wherein the copolymer comprises poly(D,L-

lactide-co-glycolide).

7. The embolic device of claim 1, further comprising a water-responsive element

configured to react upon exposure to water and cause or facilitate the biodegradable

shape memory element in the deformed shape. to resume the original shape.

8. The embolic-device of claim 7, wherein the water-responsive element retains the

biodegradable shape memory element in its deformed shape in the absence of water.

- 9. The embolic device of claim 7, wherein the water-responsive element comprises a
hydrogel. '
10.  The embolic device of claim 9, wherein the water-responsive element comprises a

material selected from the group consisting of polyethylene glycol, gelatin hydrogel,

cellulose acetate, polyvinyl alcohol, chitosan, and any combination thereof.

11.  The ernbolie device of claim 7, wherein the biodegradable shape memory element
comprlses a blodegradable shape memory polymer forming a backbone or core structure
and the water-responsive element comprlses a hydrogel applied ‘as a coatmg to the

biodegradable shape memory polymer, to form a biodegradable shape memory

. polymer:hydrogel hybrid. -

12 The embohc device of claim 1 wherein the blodegradable shape memory element

has a foam structure and the deformed shape is.a compressed shape
13.  The embolic device of claim 1, further comprising a therapeutic agent.

14. The embolic device of claim 1, further comprising a radiopaque marker

conﬁgured to prov1de v1s1b111ty of at least part of the embolic dev1ce under exposure toa

~ radiant energy source.
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15.  The embolic device of claim 1, wherein the biodegradable shape memory element
iscconfigured to transit from the original shape to the deformed shape upon exposure to an
external stimulus in form of externally applied pressure optionally at a temperature

sufficient to allow the transition of the biodegradable shape memory element from the

original shape to the deformed shape.

16.  The embolic device of claim 1, wherein the biodegradable shape memory element
in its deformed shape is configured to resume the original shape upon exposure to an

external stimulus in form of coming into contact with water or being exposed to an

- elevated temperature.

17.  An apparatus for embolizing a target vascular site, the apparatus cdmprising:
an embolic device of claim 1; and ‘

a catheter configured to deliver the embolic device to the target vascular site.

18.  The apparatus of claim 17, wherein the biodegradable shape memory element of
the embolic device in the deformed shape is adapted to pass through the catheter to allow

the embolic device to exit a distal end of the catheter to the target vascular site.

19.  The apparatus of claim )17, further comprising an element conﬁgured to deliver

the embolic device from the catheter to the target vascular site.

200 A method of embolizing a target vascular site, the method comprising:

providﬁlg an embolic device of claim 1; .

inserting a catheter toward the target vascular site;

loading the embolic device comprising the biodegradable shape memory element '
in the deformed shape into the catheter; and- ’ 7

delivering the embolic device to the target vascular sité to allow the biodegradable
shape memory element in the deformed shape to reSumc the original shape to embolize

the target vascular site.
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