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(57) Abstract: Described herein are apparatus, compositions, systems and associated methods to occlude structures and malfor
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INJECTABLE HYDROGEL FILAMENTS FOR BIOMEDICAL USES

RELATED APPLICATIONS

[0001] This application claims priority to U.S. Provisional Application Serial No. 

61/363,978 filed July 13, 2010 entitled Injectable Hydrogel Filaments for Biomedical 

Uses, and U.S. Provisional Application Serial No. 61/245,613 filed September 24, 2009 

entitled Injectable Hydrogel Filaments for Biomedical Uses both of which are hereby 

incorporated herein by reference.

FIELD OF THE INVENTION

[0002] The present invention relates generally to medical treatment apparatus and 

methods, more particularly, extremely flexible injectable hydrogel filaments visible under 

x-ray fluoroscopy and optionally magnetic resonance imaging, and methods for use of 

such materials in biomedical treatment.

BACKGROUND OF THE INVENTION

[0003] Presently, for patients suffering from cerebral and/or peripheral vascular 

disease in extremely distal vessels, such as aneurysms, fistulae or arterio-venous 

malformations (AVM’s), an interventional neuroradiologist/neurosurgeon has a variety 

of embolic choices: polymer beads, polyvinyl alcohol foam particles, cyanoacrylate glue, 

injectable polymeric liquids, and soft injectable platinum coils. All these types of embolic 

agents have advantages and disadvantages associated with them. Polymer beads and 

foam particles are easily injected down flow directed microcatheters but generally are 

not visible under x-ray fluoroscopy. Cyanoacrylate glue and polymeric liquids often 

provide sufficient occlusion but at a risk of adhering sections of the microcatheter 

permanently inside the vasculature. Soft injectable platinum coils, described in U.S. 

Pat. No. 5,690,666, to Berenstein et al., are easy to deploy and provide durable 

occlusion but are not visible under magnetic resonance imaging (MRI) and do not permit 

the use of computed tomography angiography (CT) for patient follow up.
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5 [0004] Despite these embolic choices, there exists an unmet clinical need for safe,

extremely flexible, injectable embolic devices that deploy easily through flow directed
micro catheters into the distal vasculature, resulting in durable vessel occlusion,
visible under x-ray fluoroscopy, MRI and allows for CT follow up.

SUMMARY OF THE INVENTION

[0005] Described herein are apparatuses, compositions, systems and associated 
methods to occlude structures and malformations in body lumens with flexible, 
injectable hydrogel filaments with delayed controlled rates of expansion including one 
or more visualization agents. The structures and malformations can be a result of any 
number of cerebral and/or peripheral diseases. Generally, the controlled rate of 
expansion is imparted through the incorporation of ethylenically unsaturated 
monomers with ionizable functional groups, (e.g. amines, carboxylic acids). For 
example, if acrylic acid is incorporated into the cross-linked polymeric network the 
hydrogel can be introduced through a microcatheter filled with blood or saline at 
physiological pH and will not fully expand until the carboxylic acid groups deprotonate. 
Conversely, if an amine- containing monomer is incorporated into the cross-linked 
network the hydrogel can be introduced through a microcatheter filled with blood or 
saline at physiological pH and will not fully expand until the amine groups protonate.

[0005a] In one aspect, the present invention provides a device for implantation 
comprising: a filament including between about 30% and 33% (inclusive) of a 
difunctional, low molecular weight ethylenically unsaturated shapeable 
poly(tetramethylene oxide) macromer; a first ethylenically unsaturated monomer, 
wherein said first monomer is ionizable; a second ethylenically unsaturated 
monomer; and a visualization agent, wherein said device contains no support 
members and said filament has a bending resistance between about 0.5mg and 0.1 
mg.

[0006] In one embodiment described herein is a device for implantation comprising 
a difunctional, low molecular weight ethylenically unsaturated shapeable macromer; 
an ethylenically unsaturated monomer; and a visualization agent, wherein the device 
contains no metallic support members. The device can have a flexibility or stiffness
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that facilitates injection though a syringe with pressurized fluid to distal locations in the
body. Preferably, the device has a bending resistance between 0.5 and 0.1 mg on a
sample length of one inch and more preferably has a bending resistance of 0.3 mg
(as measured on a Gurley 4171ET tubular sample stiffness tester with a 5 g

5 counterweight attached to its measuring vein).

[0007] In one embodiment, the macromer has a molecular weight of about 100 
grams/mole to about 5000 grams/mole. In another embodiment, the hydrogel is
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environmentally-responsive. In yet another embodiment, the ethylenically unsaturated

monomer comprises one or more ionizable functional groups.

[0008] In one embodiment, the macromer comprises poly(tetramethylene oxide) 

diacrylamide, polyethylene glycol, propylene glycol, polyethylene glycol) diacrylamide, 

polyethylene glycol) diacrylate, polyethylene glycol) dimethacrylate, derivatives 

thereof, or combinations thereof. In another embodiment, the ethylenically unsaturated 

monomer comprises Ν,Ν'-methylenebisacrylamide, N-vinyl pyrrolidinone, 2-hydroxyethyl 

methacrylate, derivatives thereof, or combinations thereof.

[0009] In one embodiment, the visualization agents include radiopaque element 

comprises of barium, tantalum, platinum, gold, or combinations thereof. In one 

embodiment, the visualization agent comprises gadolinium or super paramagnetic iron 

oxide to impart visibility under magnetic resonance imaging.

[0010] In one embodiment, the visualization agent is barium sulfate. In one 

embodiment, the percentage of barium sulfate used is between 35-55%. In a first 

preferred embodiment, the component percentage of barium sulfate used is 45.1%. In a 

second preferred embodiment, the component percentage of barium sulfate used is 

48.6%.

[0011] In one embodiment, the prepolymer solution is mixed with a homogenizer to 

evenly disperse the visualization agent resulting in a more consistent particle 

distribution, facilitating injection into small diameter tubes and strengthening the 

resulting polymer.

[0012] In one embodiment, the polymerization of the macromer and the monomer is 

initiated by azobisisobutyronitrile, Ν,Ν,Ν',Ν'-tetramethylethylenediamine, ammonium 

persulfate, benzoyl peroxides, 2,2'-azobis(2-methylpropionamidine) dihydrochloride, 

derivatives thereof, or combinations thereof.

[0013] In another embodiment, the hydrogel is substantially non-bioresorbable. In 

another embodiment, the hydrogel is bioresorbable.

-3-
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[0014] One embodiment described herein is a method for preparing a device for

implantation in an animal comprising: combining a difunctional, low molecular weight

ethylenically unsaturated shapeable macromer; an ethylenically unsaturated monomer;

a visualization agent, and a solvent to prepare a prepolymer solution.

[0015] In one embodiment of the method, the solvent comprises isopropyl alcohol, 

dichloromethane, acetone, water, ethanol, or combinations thereof. In another 

embodiment, the difunctional, low molecular weight ethylenically unsaturated shapeable 

macromer has a molecular weight of about 100 grams/mole to about 5000 grams/mole. 

In yet another embodiment, the ethylenically unsaturated monomer comprises ionizable 

functional groups.

[0016] In one embodiment, the method further comprises the step of adding a 

second an ethylenically unsaturated monomer to the prepolymer solution.

[0017] In another embodiment, a device is described for implantation comprising: a 

difunctional, low molecular weight ethylenically unsaturated shapeable macromer with a 

molecular weight of about 100 grams/mole to about 5000 grams/mole; an ethylenically 

unsaturated monomer; and a visualization agent, wherein the device contains no 

metallic support members.

BRIEF DESCRIPTION OF THE DRAWINGS

[0018] These and other aspects, features and advantages of which embodiments of 

the invention are capable of will be apparent and elucidated from the following 

description of embodiments of the present invention, reference being made to the 

accompanying drawings, in which

[0019] Figure 1 illustrates a preferred embodiment of a hydrogel filament according 

to the present invention;

[0020] Figure 2 illustrates the hydrogel filament of Figure 1 in a helical configuration;

[0021] Figure 3 illustrates the hydrogel filament of Figure 1 in an introducer according

to the present invention; and,
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[0022] Figure 4 illustrates the hydrogel filament of Figure 1 being delivered via a

microcatheter.

DESCRIPTION OF EMBODIMENTS

[0023] Specific embodiments of the invention will now be described with reference to 

the accompanying drawings. This invention may, however, be embodied in many 

different forms and should not be construed as limited to the embodiments set forth 

herein; rather, these embodiments are provided so that this disclosure will be thorough 

and complete, and will fully convey the scope of the invention to those skilled in the art. 

The terminology used in the detailed description of the embodiments illustrated in the 

accompanying drawings is not intended to be limiting of the invention. In the drawings, 

like numbers refer to like elements.

[0024] Unless otherwise defined, all terms (including technical and scientific terms) 

used herein have the same meaning as commonly understood by one of ordinary skill in 

the art to which this invention belongs. It will be further understood that terms, such as 

those defined in commonly used dictionaries, should be interpreted as having a 

meaning that is consistent with their meaning in the context of the relevant art and will 

not be interpreted in an idealized or overly formal sense unless expressly so defined 

herein.

[0025] Described herein are apparatuses, compositions, systems and associated 

methods for occluding structures and malformations resulting from one or more cerebral 

and/or peripheral vascular diseases. Hydrogel filaments comprising one or more 

visualization agents having delayed, controlled rates of expansion are used to treat 

these structures and malformations. Further, the hydrogel filaments including one or 

more visualization agents, for example radiopaque elements or fillers, with controlled 

rates of expansion give a surgeon a sufficient amount of time to deliver the hydrogel 

through a microcatheter filled with blood or saline at physiological pH without the need 

to rush as a result of immediate filament expansion.

[0026] Turning to Figure 1, a preferred embodiment of a hydrogel filament 100 in a 

dried state is illustrated in a straight configuration. Preferably, the hydrogel filament 100
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has a length between about 0.5 cm and about 100 cm and has a diameter between 

about 0.008 inches and about 0.100 inches. Once delivered to the chosen intravascular 

site, the Hydrogel filament 100 can form a memory-set, three-dimensional shape, such 

as the helical shape shown in Figure 2. However, it should be understood that a variety 

of different shapes are possible, such as a tornado shape, multiple adjacent coils and 

similar complex arrangements.

[0027] As seen in Figure 3, the dried hydrogel filament 100 is positioned within an 

introducer 102 prior to use in a treatment procedure. Preferably, both the introducer 102 

and the hydrogel filament 100 can be sterilized and packaged for use at a later date.

[0028] When the user is ready to begin the procedure, a delivery system is used to 

deliver the hydrogel filament. Figure 4 illustrates an example delivery system, including 

a rotating hemostatic valve 114, a guide catheter 116, and a microcatheter 106.

[0029] The microcatheter 106 is advanced with in a vessel 112 of a patient until a 

distal end of the microcatheter 106 is located at the target location within the vessel 112. 

Next, a distal end of the introducer 102 is connected to the delivery system and an 

introducer hub 104 is connected to a syringe (not shown). Preferably the syringe 

contains saline or other physiological solution compatible for use within a patient.

[0030] The syringe delivers pressurized solution within introducer 102 so as to 

advance the hydrogel filament 100 out of the introducer 102 and into the microcatheter 

106. Once the hydrogel filament 100 has completely entered the microcatheter 106, the 

introducer 102 can be removed from the proximal end of the microcatheter 106 and 

replaced with a syringe containing additional physiological solution.

[0031] When the user is ready to deliver the hydrogel filament 100, the syringe is 

depressed, causing the physiological solution to pressurize within the microcatheter 106 

and push the hydrogel filament 100 into the vessel 112, as seen in Figure 4. Preferably, 

the hydrogel filament 100 then begins a controlled rate of expansion at the target area.

[0032] Generally, the controlled rate of expansion of the hydrogel filaments is 

imparted through the incorporation of ethylenically unsaturated monomers with ionizable 

functional groups, (e.g. acidic or basic groups). For example, if acrylic acid is
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incorporated into the cross-linked polymeric network the hydrogel can be introduced 

through a microcatheter filled with blood or saline at physiological pH. The hydrogel 

cannot and will not expand until the carboxylic acid groups deprotonate. Conversely, if 

a basic, amine containing monomer is incorporated into the cross-linked network, the 

hydrogel can be introduced through a microcatheter filled with blood or saline at 

physiological pH. The hydrogel cannot and will not fully expand until the amine groups 

are protonated.

[0033] In one embodiment, whether acidic or basic groups are utilized on the 

monomeric species according to the present description, the devices described herein 

are expansible at physiological conditions. Physiological condition as used herein 

means a condition having at least one environmental characteristic found within or on 

the human body. Such characteristics include isotonic environment, pH buffered 

environment, aqueous environment, a pH of about 7, or combinations thereof and can 

be found in, for example, an isotonic solution, water, blood, spinal fluid, plasma, serum, 

vitreous humor or urine.

[0034] In one embodiment generally described herein are devices for implantation 

comprising a difunctional, low molecular weight ethylenically unsaturated shapeable 

macromer; an ethylenically unsaturated monomer; and a visualization element, wherein 

the device contains no support members.

[0035] Further, the absence of metallic support members from the devices described 

herein allow for better resolution under various imaging procedures. Metallic support 

members, for example, can distort the imaging of a device by producing flares from the 

metallic support members within the image. As such, providing a device with no metallic 

support members, but including one or more visualization agents, such as radiopaque 

elements or fillers, as taught herein allows one skilled in the art to attain a more precise 

and accurate image of the device both during and after implantation. Such devices with 

no metallic support members may include support members not visible to imaging 

techniques, for example polymeric support members.

[0036] In another embodiment described herein is a method for preparing a device 

for implantation in an animal comprising the steps of combining a difunctional, low
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molecular weight ethylenically unsaturated shapeable macromer; an ethylenically

unsaturated monomer; a visualization element, and a solvent to prepare a prepolymer

solution; and treating the prepolymer solution to prepare hydrogel that is expansible at

physiological conditions.

[0037] Generally, the prepolymer solution is comprised of a solvent, a difunctional 

ethylenically unsaturated macromer, optional ethylenically unsaturated monomer or 

monomers, optional cross- linkers, and one or more visualization agents, such as 

radiopaque elements or fillers, which include, but are not limited to, barium, tantalum, 

platinum, and gold.

[0038] The solvent in the prepolymer solution serves to completely dissolve of all of 

the macromers and monomers within the prepolymer solution. If a liquid monomer (e.g. 

2- hydroxyethyl methacrylate) is used, a solvent may not be necessary. The solvent, if 

necessary, is selected based on the solubility of the macromers and monomers. 

Preferred solvents are isopropyl alcohol (I PA, isopropanol), ethanol, water, 

dichloromethane, and acetone; however, a number of other solvents could be utilized 

and are know to those skilled in the art. Preferred solvent concentrations range from 

about 10% w/w to about 50% w/w of the prepolymer solution. In one preferred 

embodiment, the solvent concentration is about 20% w/w of the prepolymer solution.

[0039] The difunctional low molecular weight ethylenically unsaturated shapeable 

macromer serves to cross-link the polymer chains during polymerization and impart 

flexibility to the resulting polymer. Such macromers include two ethylenically unsaturated 

groups. In one embodiment, the macromers described herein have a low molecular 

weight. The macromers described herein have a molecular weight ranging from about 

100 g/mol to about 5,000 g/mole, or about 200 g/mole to about 2,500 g/mole, more 

preferably about 400 g/mole to about 1,000 g/mole. A preferred macromer is 

poly(tetramethylene oxide) diacrylamide because of its relative tensile strength and ability 

to hold a shape. If degradation of the resulting polymer is desired, a preferred macromer 

is poly(tetramethylene oxide) diacrylate. Alternatively, other macromers such as the 

polyethers polypropylene glycol) and polyethylene glycol) or derivatives of polyolefins 

such as poly(ethylene) are suitable.
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[0040] "Ethylenically unsaturated" as used herein generally describes a compound

with a group such as, but not limited to, vinyl, acrylate, methacrylate, or acrylamide

groups including derivatives thereof or combinations thereof.

[0041] A "shapeable" macromer is used herein to describe the relative rigidity of the 

macromer and its ability to hold a particular shape. For example, a shapeable macromer 

according to the present description can be formed using a device such as a mandrel 

and can hold the resulting shape for implantation.

[0042] "Visualization agent" as used herein refers to any element that is added to or 

encompassed within the devices described herein that impart a means of visualizing the 

device either during or after implantation. Methods of visualization include, but are not 

limited to, x-rays, ultrasound, fluoroscopy, infrared radiation, ultraviolet light methods, 

magnetic resonance and combinations thereof. In one embodiment, the visualization 

agent can be one or more radiopaque elements or fillers which impart radiopacity to the 

devices described herein. In another embodiment, the visualization agent can be a non- 

radioapque element or filler such as gadolinium or iron oxide. Such non- radiopaque 

elements or fillers do not impart radiopacity to the devices described herein and can be 

imaged by, for example, magnetic resonance.

[0043] "Radiopaque" as used herein refers to elements or fillers as described above 

that impart radiopacity to the devices described herein and are detectable by a means of 

electrometric radiation such as, but not limited to, x-rays, ultrasound, fluoroscopy, 

infrared, ultraviolet and combinations thereof. In one embodiment, radiopaque elements 

described herein are detectable using x-rays or x-ray fluoroscopy.

[0044] The ionizable ethylenically unsaturated monomer serves to delay the 

expansion of the hydrogel filament, thereby establishing a controlled rate of expansion. 

In one embodiment, at least a portion, preferably about 1% to about 10% w/w of the 

monomer solution, more preferably about 1% to about 5% w/w of the prepolymer 

solution, of the monomers selected are ionizable. The preferred ionizable monomers 

may be acrylic acid or methacrylic acid. Derivatives and salts of both acids are also 

suitable ionizable components. Alternatively, in one embodiment, ionizable ethylenically 

unsaturated monomers are not utilized.
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[0045] In one embodiment optional ethylenically unsaturated monomers are used to 

aid the polymerization process and can be any mono or multifunctional ethylenically 

unsaturated compound. In one embodiment, ethylenically unsaturated monomers with 

low molecular weights are preferred. Hydroxyethyl methacrylate (e.g. 2-hydroxyethyl 

acrylate), hydroxyethyl acrylate, N- vinyl pyrrolidinone and N, N'- 

methylenebisacrylamide are preferred ethylenically unsaturated monomers. Preferred 

concentrations of the ethylenically unsaturated monomers are less than about 15% w/w, 

more preferably about 10% w/w of the prepolymer solution.

[0046] In one preferred embodiment, the use of a multi-functional ethylenically 

unsaturated compound, such as Ν,Ν-methylenebisacrylamide can be used to further 

cross-link the polymer matrix. In another preferred embodiment, the preferred 

component percentage is in the range of up to 1%.

[0047] In one embodiment, the hydrogels and devices described herein further 

comprise visualization agents, such as, gadolinium or super paramagnetic iron oxide in 

addition to radiopaque elements to impart visibility of the devices under magnetic 

resonance imaging. In other embodiments, the gadolinium or super paramagnetic iron 

oxide are used instead of or in place of the radiopaque elements.

[0048] The prepolymer solution can be cross-linked by reduction-oxidation, radiation, 

heat, or any other method known in the art. Radiation cross-linking of the prepolymer 

solution can be achieved with ultraviolet light or visible light with suitable initiators or 

ionizing radiation (e.g. electron beam or gamma ray) without initiators. Cross-linking 

can be achieved by application of heat, either by conventionally heating the solution 

using a heat source such as a heating well, or by application of infrared light to the 

prepolymer solution.

[0049] In a preferred embodiment, the cross-linking method utilizes 

azobisisobutyronitrile (AIBN) or another water soluble AIBN derivative (2,2'-azobis(2- 

methylpropionamidine) dihydrochloride). Other cross-linking agents useful according to 

the present description include Ν,Ν,Ν',Ν'-tetramethylethylenediamine, ammonium 

persulfate, benzoyl peroxides, and combinations thereof, including
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azobisisobutyronitriles. In one embodiment, the AIBN or derivative thereof is used at an

elevated temperature.

[0050] After addition of AIBN, the prepolymer solution is injected into tubing with an 

inner diameter ranging from 0.010 inches to 0.075 inches and incubated for several 

hours in boiling water, i.e. 100°C. The immersion in boiling water allows for rapid heat 

transfer from the water to the prepolymer solution contained in the tubing. The selection 

of the tubing imparts microcatheter or catheter compatibility. For delivery through micro 

catheters, tubing diameters from about 0.010 inches to about 0.025 inches are 

preferred. In a preferred embodiment, the tubing is made from HYTREL® (DuPont, 

Wilmington, DE). The HYTREL® tubing can be dissolved in solvents, facilitating 

removal of the polymer from the tubing.

[0051] In a preferred embodiment the prepolymer solution is mixed with a 

homogenizer prior to the addition of the AIBN.

[0052] If the tubing is wrapped around a mandrel prior to polymerization of the 

prepolymer solution, the resulting polymer will maintain the shape of the tubing, primarily 

as a result of the shapeable macromer within the prepolymer solution. Using this 

technique, helical, tornado, and complex shapes can be imparted to the polymer. The 

memory of the imparted shape is strongly influenced by the macromer selection. More 

hydrophobic macromers retain their imparted shape better than more hydrophilic 

macromers. It is preferred that an ethylenically unsaturated shapeable macromer be 

used in this embodiment.

[0053] In a preferred embodiment the inner diameter of the Hytrel tubing is formed 

with an oval shape. Once wrapped the inner diameter of the tubing will be drawn round 

as the tubing is compressed on the mandrel.

[0054] In one embodiment, the devices described herein are environmentally 

responsive. Environmentally responsive as used herein means that the devices change 

in some way in response to the surrounding environment. In one embodiment, this 

response to the surrounding environment is in the form of a controlled rate of expansion. 

A controlled rate of expansion of the hydrogels described herein is achieved through the
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protonation/deprotonation of ionizable functional groups present within or on the

hydrogel network.

[0055] After the cross-linked hydrogel has been washed, it is dried to produce a dried 

hydrogel filament. The length can range from about 0.5 cm to about 100 cm and the 

diameter can range from about 0.008 inches to about 0.100 inches. To manufacture a 

fluid assisted injectable embolic device, a dried hydrogel filament is loaded into an 

introducer, packaged in a suitable pouch, and sterilized. Upon receipt, the surgeon 

injects saline through the introducer to remove air. The dried hydrogel filament is then 

injected into the microcatheter or catheter with a syringe filled with saline or other 

physiological solution. The saline or other physiological solution is used to assist in 

advancing the hydrogel filament down the catheter. The dried hydrogel filament is then 

advanced down the microcatheter or catheter to the embolization site with subsequent 

injections.

[0056] In other embodiments, the hydrogel is non-bioresorbable or substantially non

bioresorbable. A "non-bioresorbable" hydrogel as used herein is biocompatible and not 

subject to breakdown in vivo through the action of normal biochemical pathways. In one 

embodiment, the hydrogel is substantially non-bioresorbable and remains greater than 

95% intact after 1 year of implantation. In other embodiments, the substantially non

bioresorbable hydrogel remains greater than 90% intact after 1 year.

[0057] In yet a further embodiment, the hydrogel is bioresorbable, meaning the 

hydrogel is biocompatible and is broken down in vivo through the action of normal 

biochemical pathways. In one embodiment, the hydrogel is bioresorbable and remains 

less than 5% intact after 1 year of implantation. In other embodiments, the hydrogel is 

bioresorbable and remains less than 5% intact after 2 years of implantation. In other 

embodiments, the hydrogel is bioresorbable and remains less than 5% intact after 5 

years of implantation.

[0058] Examples

[0059] The following are non-limiting examples of some of the biomedical 

applications of hydrogels with visualization agents described herein. It will be
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appreciated, however, that this material has many other medical and non-medical

applications in addition to the specific examples set forth herein.

[0060] Example 1

[0061 ] Preparation of PTMO 1000 Diacrylamide

[0062] First, 150 g of poly(tetramethylene oxide) (PTMO)1000 was dried by 

azeotropic distillation with 1100 mL of toluene. Then, 50.2 mL of triethylamine was 

added with 27.9 mL of mesyl chloride and stirred for 4 hr. The solution was then filtered 

to remove salt and the solvent evaporated. The resulting product was added to 1000 ml 

of acetonitrile and 300 mL of 25% ammonia hydroxide and stirred for 3 days. The water 

was removed and the product dried by azeotropic distillation with toluene. The resulting 

dried PTMO diamine was dissolved in 1000 mL toluene. Then, 46.0 mL of triethylamine 

and 29.1 mL of acryloyl chloride were added and the reaction proceeded for 4 hr while 

stirring. The resulting solution was filtered and the solvent was removed leaving PTMO 

1000 diacrylamide.

[0063] Example 2

[0064] Preparation of a Gd-DTPA Methacrylate Monomer

[0065] First, 2.74 g of gadolinium diethylenetriamine penta-acidic acid was dissolved 

in 95 mL of water along with 2.1 g of ethyl-3-(3-dimethylaminopropyl)-carbodiimide 

(EDO) and 1.65 g of aminoethylmethacrylate. The solution was adjusted to pH 8.0 and 

stirred for 5 hours. Once the reaction was complete, the solution was rotary evaporated 

under vacuum to remove the bulk of the water. The resulting product was placed in a 

vacuum oven and dried completely leaving gadolinium diethylenetriamine penta acidic 

acid methacrylate.

[0066] Example 3

[0067] Preparation of a 10-svtem Flexible Barium Loaded Radiopaque Hydrogel 

Filament
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[0068] To prepare a barium-loaded radiopaque hydrogel in an organic solvent, 0.625 

g of acrylic acid, 6.25 g of poly(tetramethylene oxide) diacrylamide 1000, 1.56 g of 2- 

hydroxyethylmethacrylate, 265 mg of Ν,Ν-methylenebisacrylamide and 125 mg of 

azobis(2-methylpropionitrile) were dissolved in 4.38 mL of isopropyl alcohol. The 

solution was filtered through a 0.2 micron syringe filter. To 10.56 g of solution, 10 g of 

barium sulfate was added. This results in the following w/w component percentages: 

PTMO 24.3%, AIBN 0.5%, HEMA 6.1%, acrylic acid 2.4%, bisacrylamide 1.0%, 

isopropanol 17.0%, and barium sulfate 48.6%. The solution was homogenized using a 

Ultra-Turrax T-25 homogenizer. Once homogenized, the solution was sparged with 

argon for 10 min before injection into 0.010 inch HYTREL® tubing wrapped around a 4 

mm mandrel using a % cc syringe. The tubes were heat sealed at both ends and placed 

in a 100°C water bath for 1 hr, then overnight in an 80°C oven to polymerize the 

solution. The resulting filament has a diameter when dry of 0.008 inches.

[0069] After drying and evaporation of the solvent, the weight percentages of the final 

implant are PTMO 30%, HEMA 7%, acrylic acid 3%, bisacrylamide 1%, and barium 

sulfate 59%.

[0070] Example 4

[0071 ] Preparation of an 18-svtem Flexible Barium Loaded Radiopaque 

Hydrogel Filament

[0072] To prepare a barium-loaded radiopaque hydrogel in an organic solvent, 0.625 

g of acrylic acid, 6.25 g of poly(tetramethylene oxide) diacrylamide 1000, 1.56 g of 2- 

hydroxyethylmethacrylate and 125 mg of azobis(2-methylpropionitrile) were dissolved in 

4.38 mL of isopropyl alcohol. The solution was filtered through a 0.2 micron syringe 

filter. To 10.38 g of solution, 8.5 g of barium sulfate was added. This results in the 

following w/w component percentages: PTMO 26.5%, AIBN 0.5%, HEMA 6.6%, acrylic 

acid 2.7%, isopropanol 18.6%, and barium sulfate 45.1%. The solution was 

homogenized using a Ultra-Turrax T-25 homogenizer. Once homogenized, the solution 

was sparged with argon for 10 min before injection into 0.018 inch oval shaped 

HYTREL® tubing wrapped around a 4 mm mandrel using a 3 cc syringe. The tubes 

were heat sealed at both ends and placed in a 100°C water bath for 1 hr, then overnight
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in an 80°C oven to polymerize the solution. The resulting filament has a diameter when

dry of 0.016 inches.

[0073] After drying and evaporation of the solvent, the weight percentages of the final 

implant are PTMO 33%, HEMA 8%, acrylic acid 3%, and barium sulfate 56%.

[0074] Example 5

[0075] Preparation of PEG 1000 Diacrylamide

[0076] First, 18 g of polyethylene glycol (PEG) 1000 was dried by azeotropic 

distillation with 200 mL of toluene. Then, 7.0 mL of triethylamine was added with 4.6 mL 

of mesyl chloride and stirred for 4 hr. The solution was then filtered to remove salt and 

the solvent evaporated. The resulting product was added to 150 mL of 25% ammonia 

hydroxide and stirred for 2 days. The water was removed and the product dried by 

azeotropic distillation with toluene. The resulting dried PEG diamine was dissolved in 

20 mL dichloromethane and 50 mL toluene. Then, 7.0 mL of triethylamine and 4.9 mL 

of acryloyl chloride were added and the reaction proceeded for 4 hr while stirring. The 

resulting solution was filtered and the solvent was removed leaving PEG 1000 

diacrylamide.

[0077] Example 6

[0078] Preparation of a Gd-DTPA Hydrogel Filament in Water

[0079] To prepare a Gd-DTPA hydrogel filament in water, 0.59 g of Gd-DTPA 

methacrylate, 0.25 g of acrylic acid, 5.25 g PEG diacrylamide 1000, 0.125 g 

methylenebisacrylamide, 6.0 g of barium sulfate, 0.5 g 2-hydroxyethylmethacrylate and 

100 mg of 2,2'azobis(2- methylpropionamidine) dihydrochloride were dissolved in 2.5 

mL of water. The solution was then sparged with argon for 10 min before injection into 

0.020 inch HYTREL ® tubing wrapped around a 4 mm mandrel using a 3 cc syringe. 

The tubes were heat sealed at both ends and placed in a 100°C water bath for 1 hr, 

then overnight in an 80°C oven to polymerize the solution.

[0080] Example 7
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[0081 ] Preparation of a SPIO Hydrogel Filament in Water

[0082] To prepare a super paramagnetic iron oxide (SPIO) hydrogel filament in 

water, 0.953 mg of SPIO, 0.25 g of acrylic acid, 5.25 g PEG diacrylamide 1000, 0.125 g 

methylenebisacrylamide, 6.0 g of barium sulfate, 0.5 g 2-hydroxyethylmethacrylate and 

100 mg of 2,2'azobis(2- methylpropionamidine) dihydrochloride were dissolved in 2.5 

mL of water. The solution was then sparged with argon for 10 min before injection into 

0.020 inch HYTREL ® tubing wrapped around a 4 mm mandrel using a 3 cc syringe. 

The tubes were heat sealed at both ends and placed in a 100°C water bath for 1 hr, 

then overnight in an 80°C oven to polymerize the solution.

[0083] Example 8

[0084] Washing of a Radiopaque Hydrogel Filament

[0085] The hydrogel was removed by dissolving the tubing in a solution of 20% 

phenol in chloroform. After the tubing was dissolved, the phenol solution was 

exchanged with chloroform and washed for 1 hr. After 1 hr, the chloroform was 

exchanged and the hydrogel washed for another 1 hr. The chloroform was removed 

and the hydrogel dried in a vacuum oven for 2 hr at 50°C. To remove any unreacted 

monomers, the hydrogel was placed in ethanol for 12 hr. After 12 hr, the ethanol was 

exchanged and washed for 2 hr. After 2 hr, the ethanol was exchanged and the 

hydrogel washed for another 2 hr. The ethanol was removed and hydrogel dried in a 

vacuum oven for 12 hr.

[0086] Example 9

[0087] Measurement of Bending Resistance

[0088] The bending resistances of the unexpanded hydrogel samples were obtained 

using a Gurley 4171 ET tubular sample stiffness tester with a 5 g counterweight attached 

to its measuring vane. The sample length was one inch. The average result for three 

replicates is summarized in the following table.

Sample Measured Resistance (mg)
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D-78 radiopaque

hydrogel filament
0.3 ±0.2

[0089] The results demonstrate that the flexibility required for an injectable coil can 

be achieved with a radiopaque hydrogel filament.

[0090] Although the invention has been described in terms of particular embodiments 

and applications, one of ordinary skill in the art, in light of this teaching, can generate 

additional embodiments and modifications without departing from the spirit of or 

exceeding the scope of the claimed invention. Accordingly, it is to be understood that 

the drawings and descriptions herein are proffered by way of example to facilitate 

comprehension of the invention and should not be construed to limit the scope thereof.
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5 The Claims Defining the Invention are as Follows:

1. A device for implantation comprising:

A filament including between about 30% to about 33% (inclusive) of a 
difunctional, low molecular weight ethylenically unsaturated shapeable 
poly(tetramethylene oxide) macromer;

a first ethylenically unsaturated monomer, wherein said first monomer is 
ionizable;

a second ethylenically unsaturated monomer; and 

a visualization agent,

wherein said device contains no support members and said filament has a 
bending resistance between about 0.5mg and 0.1 mg.

2. The device according to claim 1, wherein said macromer has a molecular 
weight of about 100 grams/mole to about 5000 grams/mole.

3. The device according to claim 1 or claim 2, wherein said filament is 
environmentally-responsive.

4. The device according to any one of claims 1 to 3, wherein said macromer 
comprises poly(tetramethylene oxide) diacrylamide.

5. The device according to any one of claims 1 to 4, wherein said first 
ethylenically unsaturated monomer comprises one or more ionizable functional 
groups.

6. The device according to any one of claims 1 to 5, wherein said second 
ethylenically unsaturated monomer comprises N, N’-methylenebisacrylamide, N-vinyl 
pyrrolidinone, 2-hydroxyethyl methacrylate, derivatives thereof, or combinations 
thereof.
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5 7. The device according to any one of claims 1 to 6, wherein said visualization 

agent comprises 48.6% w/w barium sulfate.

8. The device according to any one of claims 1 to 6, wherein said visualization 
agent comprises 45.1% w/w barium sulfate.

9. The device according to any one of claims 1 to 6, wherein said visualization 
agent comprises 59% barium sulfate after drying.

10. The device according to any one of claims 1 to 7, comprising about 7% 
hydroxyethyl methacrylate, about 3% acrylic acid, about 1% bisacrylamide, and about 
59% barium sulfate after drying.

11. The device according to any one of claims 1 to 6, wherein said visualization 
agent comprises 56% barium sulfate after drying.

12. The device according to any one of claims 1 to 6, comprising about 8% 
hydroxyethyl methacrylate, about 3% acrylic acid, and about 56% barium sulfate after 
drying.

13. The device according to any one of claim 1 to 6, wherein said visualization 
agent comprises gadolinium or iron oxide.

14. The device according to any one of claims 1 to 6, wherein said visualization 
element comprise barium.

15. The device according to any one of claims 1 to 14, wherein said macromer, 
said first monomer, and said second monomer are crosslinked with Ν,Ν,Ν’,Ν’- 
tetramethylethylenediamine, ammonium persulfate, azobisisobutyronitrile, benzoyl 
peroxides, 2,2’-azobis(2-methylpropionamidine) dihydrochloride, derivatives thereof, 
or combinations thereof.

16. The device according to claim 15, wherein said cross linker comprises N, N’- 
methylenebisacrylamide.
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5 17. The device according to claim 5, wherein said ionizable functional groups 

comprise basic groups or acidic groups.

18. The device according to claim 17, wherein said basic groups comprise amine 
groups, derivatives thereof, or combinations thereof.

19. The device according to claim 17 or claim 18, wherein said acidic groups 
comprise a carboxylic acid, derivatives thereof, or combinations thereof.

20. The device according to any one of claims 1 to 19, wherein said filament is 
substantially free of acrylamide.

21. The device according to any one of claims 1 to 20, wherein said filament is 
substantially non-bioresorbable.

22. The device according to any one of claims 1 to 20, wherein said filament is 
bioresorbable.
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