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Spun Nanofiber, Medical Devices, and Methods

_ Background of the Disclosure
Nanotechnology is an emerging field that uses the principles of science and

engineering to fabricate materials or structures of dimensions in the nanometer scale.
The nanoscale materials can display unusual and unique property profiles as
compared to macromaterials. Physical, chemical and biological properties such as
unique shape, orientation, surface chemistry, topology and reactivity exhibited by
these materials originate from their small dimensions. These material properties can
translate into unusual electrical, optical, magnetic, mechanical, thermal and biological
properties for these materials.

Some nanostructures or nanoscale rhaterials currently under investigation
include quantum dots and wires, nanoscale self-assemblies and thin films,
nanocrystals, nanotubes, nanowires, nanorods, nanofoams, nanospheres and
nanofibers. Among these nanostructures, nanofibers form one of the most extensively
investigated areas. The word nanofiber refers to fibrous structures usually made of
carbon, organic polymers or organometallic polymers with diameter less than one
micrometer. Nanofibers can be fabricated using various processing techniques such
as drawing, self assembly, template synthesis, phase separation, dry spinning, and
electrospinning.

Currently medical device catheters, and other types of medical devices where
a smaller size is preferred, have a need to further reduce size and mass. This
reduction in size and mass may allow for enhanced product performance leading to
minimized patient trauma and recovery time. Attempts have been made to
incorporate nanofibers into polymer matrices for the purpose of improving both the
durability and surface characteristics (e.g., abrasion resistance) of the polymer.
However, traditional nanofibers typically need to be surface treated with additional
compounds in order to prevent their conglomeration during the electrospinning
process and/or processed with or mixed into the base polymer material. A suitable

solution to this problem is desired.
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Detailed Description of Disclosure

The present disclosure provides compounds from which nanofibers can be
produced, the res{llting nanofibers produced from the compounds, and nanofiber
reinforced polymers prepared using the nanofibers and a polymer. The compounds
used in forming the nanofibers include chemical linkage moieties that are capable of
forming non-covalent bonds with portions of the polymer so as to form the nanofiber
reinforced polymers. This interaction allows the nanofibers to be integrated with the
polymer without conglomerating or clumping as could occur with nanofibers without -
such non-covalent bonding interactions. Because of their small diameters,
electrospun nanofibers have larger surface-to-volume ratios, which enable them
undergo a greater extent of non-covalent bonding with a polymer, as compared to
larger diameter fibers.

The nanofibers of the present disclosure can be incorporated into the polymer
so as to form the nanofiber reinforced polymers in a variety of ways. For example,
the nanofibers can be formed on and/or applied to a surface of the polymer, where the
nanofiber can non-covalently bond to the polymei‘ due to the presence of the chemical
linkage moieties in the nanofibers and the corresponding non-covalent bonding
groups in portions of the polymer. Alternatively, the nanofibers of the present
disclosure can be incorporated into (i.e., embedded into) the polymer so as to be
essentially surrounded by the polymer in forming the nanofiber reinforced polymers.
The nanofibers can function, besides other things, to provide reinforcement to the
polymer allowing for a reduced size and mass for the medical device. .

The nanofiber reinforced polymers of the present disclosure can be suitable for
use as a biomaterial and/or in medical devices. The nanoﬁber(s) and the polymer
each include chemical linkage moieties capable of forming non-covalent bonds that
allow the components of the nanofiber reinforced polymers to display excellent
performance in many characteristics important for medical device use, including
compressive strength, diametral tensile strength, flexural strength, fracture toughness,
puncture resistance, hardness; changes in. hydrophobicity, adhesion, non-adhesion,
friction, patency or biointegration of the device with one or more tissue surfaces of a
body of a patient depending on the particular application of the device, resistance to
wear (e.g., characterized by compressive strength and diametral tensile strength),
durability, thermal expansion, visual opacity, x-ray opacity, impact strength, chemical

durability, electrical conductivity, biocompatibility, modulus, shelf life, patient
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comfort, ease-of-use, and structural integrity relative to a polymer without the
nanofiber reinforcement of the silicon oxide based polymer of the present disclosure.

As used herein, "nanofiber reinforced polymers" refer to a polymer that
contains, at least in part, nanofibers of a silicon oxide based polymer formed from the
compound of the present disclosure that interact with the polymer and any desired
filler and/or adjuvants. Nanofiber reinforced polymers of the present disclosure can
be multiple- or one-part compositions, as will be discussed herein.

In addition, the nanofiber reinforced polymers of the present disclosure can be
further characterized in that they are substantially insoluble in body fluids and tissues
and are designed and constructed to be placed in or onto the body or to contact fluid
or tissue of the body. Ideally, the nanofiber reinforced polymers will be biostable,
biocompatible, and will not induce reactions in the body such as blood clotting, tissue
death, tumor formation, allergic reaction, foreign body reaction (rejection) or
inflammatory reaction; will have the physical properties such as strength, elasticity,
permeability and flexibility required to function for the intended purpose; can be

purified, fabricated and sterilized; and will substantially maintain its physical

' properties and function during the time that it remains implanted in or in contact with

the body. A "biostable" material is one that is not broken down by the body, whereas
a "biocompatible" material is one that is not rejected by the body.

As used hereln, a "medical device" can be defined as a device that has surfaces
that contact blood or other body fluids and/or tissues in the course of their opération.
This can include, for example, extracorporeal devices for use in surgery such as blood
oxygenators, blood pumps, blood sensors, tubing used to carry blood and the like
which contact blood which is then returned to the patient. This can also include
devices such as vascular grafts, stents, electrical stimulation leads, valves for use in
the cardiac system (e.g., heart valves), orthopedic devices; intracorporeal or -
extracorporeal devices (e.g., catheters), catheter shaft components, filters, guide wires,
shunts, clamps, sensors, membranes, balloons (e.g., angioplasty balloons),
anastomotic devices, aneurysm repair devices, embolic devices, implantable devices
(e.g., orthopedic implants), replacement devices for nucleus pulposus, cochlear or
middle ear implants, intraocular lenses, coatings for such devices, and the like that
comprise nanofiber reinforced polYmers.

Nanofiber reinforced polymers of the present disclosure can be used in

medical devices as well as nonmedical devices. As discussed, they can be used in
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medical devices and are suitable as biomaterials. Examples of medical devices are
listed herein. Examples of nonmedical devices include foams, insulation, clothing,
footwear, paints, coatings, adhesives, and building construction materials, besides
others.

' As used herein, chemical linkage moieties capable of forming a "non-covalent
bond" include those that are capable of forming a chemical bond that allows for non-
bonded interactions due to van der Waals, electrostatic, and/or hydrogen bonding
forces. For example, chemical linkage moieties capable of forming a "non-covalent
bond" include those that can form hydrogen bonds such as, but not limited to,
urethanes, amides, esters, and combination thereof. . '

As used herein, the term "organic group" is used for the purpose of this
disclosure to mean a hydrocarbon group that is classified as an aliphatic group, cyclic
group, or combination of aliphatic and cyclic groups (e.g., alkaryl and aralkyl groups).
In the context of the present disclosure, suitable organic groups of this disclosure are
those that do not interfere with the formation of the nanofibers and the nanofiber
reinforced polymers.

In the context of the present disclosure, the term "aliphatic group" means a
saturated or unsaturated linear or branched hydrocarbon group. This term is used to
encompass alkyl (e.g., --CHs, which is considered a "monovalent" group) (or alkylene
if within a chain such as --CH,--, which is considered a "divalent" group), alkeny!l (or
alkenylene if within a chain), and alkynyl (or alkynylene if within a chain) groups, ‘for
example. The term "alkyl group" means a saturated linear (i.e., straight chain), cyclic
(i.e., cycloaliphatic), or branched monovalent hydrocarbon group including, for

example, methyl, ethyl, n-propyl, isopropyl, t-butyl, amyl, heptyl, dodecyl, octadecyl,

~2-ethylhexyl, and the like. The term "alkenyl group" means an unsaturated, linear or

branched monovalent hydrocarbon group with one or more olefinically unsaturated
groups (i.e., carbon-carbon double bonds), such as a vinyl group. The term "alkynyl
group" means an unsaturated, linear or branched monovalent hydrocarbon group with
one or more carbon-carbon triple bonds. The term "cyclic group” means a closed ring
hydrocarbon group that is classified as an alicyclic group, aromatic group, »or
heterocyclic group. The term "alicyclic group" means a cyclic hydrocarbon group
having properties resembling those of aliphatic groups. The term "aromatic group" or
"aryl group” means a mono- or polynuclear aromatic hydrocarbon group. These

hydrocarbon groups can be substituted with heteroatoms, which can be in the form of
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functional groups. The term "heteroatom" means an element other than carbon (e.g.,
fluorine, nitrogen, oxygen, sulfur, chlorine, etc.).

As a means of simplifying the discussion and the recitation of certain
terminology used throughout this disclosure, the terms "group” and "moiety" are used
to differentiate between chemical species that allow for substitution or that can be
substituted and those that do not so allow for substitution or can not be so substituted.
Thus, when the term "group” is used to describe a chemical substituent, the described
chemical material includes the unsubstituted group and thaf group with nonperoxidic
0, N, S, Si, or F atoms, for example, in the chain as well as carbonyl groups or other
conventional substituents. Where the term "moiety" is used to describe a chemical
compound or substituent, only an unsubstituted chemical material is intended to be
included. For example, the phrase "alkyl group” is intended to include not only pure
open chain saturated hydrocarbon alkyl substituents, such as methyl, ethyl, propyl, t-
butyl, and the like, but also alkyl substituents bearing further substituents known in
the art, such as hydroxy, alkoxy, alkylsulfonyl, halogen atoms, cyano, nitro, amino,
carboxyl, etc. Thus, "alkyl group" includes ether groups, haloalkyls, nitroalkyls,
carboxyalkyls, hydroxyalkyls, sulfoalkyls, etc. On the other hand, the phrase "alkyl

moiety" is limited to the inclusion of only pure open chain saturated hydrocarbon

' alkyl substituents, such as methyl, ethyl, propyl, t-butyl, and the like.

As used herein, the terms "a," "an,"” "the,”" "one or more," and "at least one" are
used interchangeably and include plural referents unless the context clearly dictates
otherwise. Thus, for example, reference to "a nanofiber" optionally includes a
plurality of such nanofibers, and the like. Unless defined otherwise, all scientific and
technical terms are understood to have the same meaning as commonly used in the art
to which they pertain. For the purpose of the present invention, additional specific
terms are defined throughout. »

The term "nanofiber" as used herein, refers to a nanostructure typically
characterized by at least one pHysical dimension less than about 1000 nm, less than
about 500 nm, less than about 250 nm, less than about 150 nm, less than about 100
nm, less than about 50 nm, less than about 25 nm or even less than about 10 nm or 5
nm. In many cases, the region or characteristic dimension will be along the smallest
axis of the structure. In addition, nanofibers typically have one prinéiple axis that is

longer than the other two principle axes and, thus, have an aspect ratio greater than
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one, an aspect ratio of 2 or greater, an aspect ratio greater than about 10, an asbect
ratio greater than about 20, or an aspect ratio greater than about 100, 200, or 500.

It will be appreciated that the term nanofiber can optionally include such
structures as, e.g., nanowires and nanowhiskers.

In certain embodiments, nanofibers herein have a substantially uniform
diameter. In some embodiments, the diameter shows a variance less than about 20%,
less than about 10%, less than about 5%, or less than about 1% over the region of

greatest variability and over a linear dimension of at least 5 nm, at least 10 nm, at

least 20 nm, or at least 50 nm. For example, a wide range of diameters could be

desirable due to cost considerations and/or to create a more random surface. Typically
the diameter is evaluated éway from the ends of the nanofiber (e.g. over the central
20%, 40%, 50%, or 80% of the nanofiber). In yet other embodiments, the nanofibers
herein have a non-uniform diameter (i.e., they vary in diameter along their length).
The present disclosure relates to a nanofiber formed from at least one silicon
alkoxide having a chemical linkage moiety that can form a non-covalent bond for

interaction with a polymer. These compounds are of the formula (Formula I):
[(R20)3-Si- R31—Y-[(R1)m- Oxlq—Y'- [R3-Si-(OR;)3]),

where each R;, R, and R; can be the same or different (i.e., is independently)
an organic group. Examples of such organic groups include a straight chain or
branched alkyl group, a straight chain or branched alkylene group, where each Ry, R;
and R; optionally includes heteroatoms that can be in the chain of the organic group
or pendant therefrom as in a functional group. X and z are each independently O or 1;
mis 1to 18;and qis 1 to 200. Y and Y" are the chemical linkage moieties that can
form é non-covalent bond with a portion of a polymer, where Y and Y' are selected

together from the group consisting of:
—NH-(C=0)-0 — for Y and (C=0)-NH- for Y', where z=1
—NH-(C=0) — for Y and (C=0)-NH- for Y', whére x =0 and z=1 -

—0-(C=0) - for Y and (C=0) — for Y', where z=1
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- (NR4)-(C=0)-(NH) - for Y and Y', where z=1; and
-N — [CH;-(CHOH)-CH,-0-R3-Si-(OR3)3]2 for Y and Y', where z=0.

In one embodiment, the values for m, x, and q, and R,, R; and Rj3 groups are
selected such that the number average molecular weight of a compound of Formula I
is suitable to allow for subsequent melt processing with one or more polymers, as
discussed herein. .

In one embodiment, each R, is independently a straight chain or branched
alkylene group optionally including heteroatoms, such as nitrogen, oxygen,
phosphorus, sulfur, and halogen. The heteroatoms can be in the backbone of the R, or
pendant therefrom, and they can form functional groups. Such heteroatom-containing
groups (e.g., functional groups) include, for ekample, an alcohol, carbonyl, ether,
acetoxy, ester, aldehyde, acrylate, amine, amide, imine, imide, and nitrile, whether
they are protected or unprotected. In one embodiment, R does not include
heteroatoms. In an additional embodiment, each R, is independently a straight chain
or branched alkylene group includes 18 carbon atoms or less. In a further
embodiment, each R, is independently a straight chain or branched (C2-C8) alkylene
group. In other embodiments, each R, is independently a straight chain or branched
(C2-C4) alkylene group (e.g., ethylene, n-propylene, isopropylene, or butylene). In
one example, R, is a C3 alkylene group (propylene or isopropylene).

In an alternative embodiment, when m=1, g=1 and x=0 and R, can be selected
from groups consisting of polypropylene, polyurethane, fluorpolymer (e.g.,
polytetrafluoroethylene), polyester, polyethylene, polyvinyl chloride, polyamide, and
polyimide.

In one embodiment, each R, and R, is independently a straight chain or
branched alkyl group optionally including heteroatoms, such as nitrogen, oxygen,
phosphorus, sulfur, and halogen. The heteroatoms can be in the backbone of R;
and/or R4 or pendant therefrom, and they can form functional groups. Such
heteroatom-containing groups (e.g., functional groups) include, for example, an
alcohol, carbonyl, ether, acetoxy, ester, aldehyde, acrylate, amine, amide, imine,

imide, and nitrile, whether they are protected or unprotected. In one embodiment, R,
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and/or R4 do not include heteroatoms. In an additional embodiment, each R; and Ry is
independently a straight chain or branched alkyl group includes 18 carbon atoms or
less. In a further embodiment, each R, and Ry is independently a straight chain or
branched (C2-C8) alkyl group. In other embodiments, each R; and R4 is
independently a straight chain or branched (C2-C4) alkyl group (e.g., ethyl, n-propyl,
isopropyl, or butyl). In one exampie, R; and R4 are each a C2 alkyl group.

In one embodiment, each R3 is independently a straight chain or branched
alkylene group optionally including heteroatoms, such as nitrogen, oxygen,
phosphorus, sulfur, and halogen. The heteroatoms can be in the backbone of R; or
pendant therefrom, and they can form functional groups Such heteroatom-containing
groups (e.g., functional groups) include, for example, an alcohol, carbonyl, ether,

acetoxy, ester, aldehyde, acrylate, amine, amide, imine, imide, and nitrile, whether

. they be protected or unprotected. In one embodiment, R3 does not include

heteroatoms. In an additional embodiment, each R; is independently a straight chain
or branched alkylene group includes 18 carbon atoms or less. In a further
embodiment, each Rjis independently a straight chain or branched (C2-C8) alkylene
group. In other embodiments, each R; is independently a straight chain or branched
(C2-C4) alkylene group (e.g., ethylene, n-propylene, isopropylene, or butylene). In
one example, Rj is a C3 alkylene group (propylene or iéopropylene).

As will be appreciated, for the formulas herein, R,, R», and R; can vary within
any one molecule. For example, in addition to eaéh R, Ry, and R; being the same or
different within each [(R20)3-Si- R3] z -Y—[(R1)m- Ox]q—Y"-[R3-Si-(OR>)3]. group,
the (R})m-Oy groups can be the same or different in any one molecule.

The compounds of Formula I: [(R20)3-Si- R3] —Y-[(R1)m- Ox)¢—Y'- [R3-Si-
(OR3)3], are capable of being formed, either alone or with other precursor compounds
(e.g., at least one silicon alkoxide), into a cross-linked network of a silicon oxide
based polymer from which nanofibers and/or nanofiber reinforced polymers can be
formed, as discussed herein. Although certain compounds are described herein, the
compounds used to form the nanofiber and the nanofiber reinforced polymers of the
present disclosure can be formed from a wide variety of compounds ha\;ing chemical
groups that can' form chemical lirikage moieties capable of forming non-covalent

bonds. For example, a method of preparing the nanofibers from the compounds of

Formula I involves the combining of (1) at least one compound of the formula
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(Forrhula 1) RO¢-(C=0)i-[(R1)m~Ox]q(C=0)-O¢-R and (2) at least one alkoxy silane
containing compound of the formula (Formula III) (R>0);Si(R3-A) that can react to
form the compound of Formula I: [(R20)3-Si- R3], =Y—[(R1)m- Ox]¢— Y- [R3-Si-
(OR3)3],, as discussed herein, and (3) preparing nanofibers from a solution of a cross-
linked network from at least one compound of Formula I.

For the compound of Formula 1L, i, n, x, e and fare e_ach independently O or 1;
each R is independently H, an amine (e.g., a primary amine and/or a secondary
amine), an isocyanate, or an organic group, R, is an organic group, as discussed
herein, mis t to 18, and q is 1 to 200, as discussed herein. For the compound of
Formula III, R; and Rj3 are each independently an organic .group, as discussed herein.
Each A is independently a hydroxyl (-OH), an isocyanate, an amine (e.g., a primary

amine and/or a secondary amine), or an epoxy compound, selected based upon the

~ value of i, n, e and £, and the group selected for R.

In one embodiment, when R is an organic group it can be a straight chain or
branched alkyl group optionaily including heteroatoms, such as nitrogen, oxygen,
phosphorus, sulfur, and halogen. The heteroatoms can be in the backbone of the R, or
pendant therefrom, and they can form functional groups. Such heteroatom-containing
groups (e.g., functional groups) include, for example, an alcohol, carbonyl, ether,
acetoxy, ester, aldehyde, acrylate, amine, amide, imine, imide, and nitrile, whether
they are protected or uniirotected. In one embodiment, R does not include
hetéroatoms. In an additional embodiment, R is a straight chain or branched alkyl
group includes 18 carbon atoms or less. In a further embodiment, R is a straight chain
or branched (C2-C18) alkyl group. In other embodiments, R is a straight chain or
branched (C2—C8) alkyl group (e.g., ethyl, n-propyl, isopropyl, butyl, pentyl, hexyl,
hepyl, or octyl). In one example, R is a C2 alkyl group.

Examples of nanofibers can be prepared from an amine-containing compounds
of Formula III where A is either a primary amine (—-NH3) ‘or. a secondary amine (—‘
(NH)-R), and the compound of Formula II having at least one functional group
reactive with the amine group of Formula III, such as an acid, to form an amide for
the chemical linkage moiety. In an additional embodiment, one could react the amine
group on the compound of Formula III with an anhydride grbup on the compound of

Formula II to make an imide for the chemical linkage moiety. Alternatively, one
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could react the amine group on the compound of Formula III with an isocyanate group
on the compound of Formula II to make aureylene for the chemical linkage moiety.
In addition, nanofibers can be prepared from a hydroxyl containing
compounds of Formula III and the compound of Formula IT having at least one
functional group reactive with the hydroxyl group of Formula III, such as an acid, to
form an ester for the chemical lirikage moiety. Alternatively, the nanofibers can be
prepared from an amine containing compounds of Formula II (e.g., R is an amine) and
the compound of Formula III having at least one functional group reactive with the
amine group of Formula II, such as an epoxy compound for A, to form a compound
having one or more cabocationic species, such as carbenium ions and/or alkanium

ions for the chemical linkage moiety. For example, group A in Formula III can have

0.

an epoxy structure, such as
1L

, that is reactive with the amine group of Formula

Nanofibers can also be prepared from compounds of Formula III, where A is
an isocyanate group, and the compbund of Formula II having at least one functional
group reactive with the isocyanate group of Formula III, such as an alcohol and/or a
primary (i.e., -NHZ) or secondary amine (i.e., -(NH)-R) to form a urethane and/or a
urea for the chemical linkage moiety, Y and Y' in Formula I.

In one example, a urethane- and/or a urea-linkage containing compound of the
formula (Formula I): [(R20)3-Si- R3]x ~Y~[(R1)m" Ox)q—Y'-[R3-Si-(OR2)3]x, where Y
and Y' provide the urethane- and/or a urea linkage, are made using an isocyanate-
containing cdmpound of Formula I1I (R;0)3Si(R3-A). It should be understood,
however, that a variety of polyols and/or f)olyamines can be used, including polyester,
polyether, and polycarbonate polyols, for example. Furthermore, the polyols and
polyamines can be aliphatic (including cycloaliphatic) or aromatic, including
heterocyclic compounds, or combinations thereof.

Suitable polyols for use as the compound of Formula II include polyalkylene
oxides (e.g., polyethylene oxide and polybutylene oxide), polypropylene ether
glycols, polytetramethylene ether glycols (e.g., PTMEG sold under the trade
designators "POLYMEG" or "Terathane"), polycaprolactone diols, and polyester

polyols (e.g., hydroxyl terminated polyesters obtained from esterification of

dicarboxylic acids and diols.
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Examples of suitable isocyanate-containing compounds of Formula III
(R20)3Si(R3-A) for preparation of urethane or urea linkage containing nanofibers

from the compound of Formula I are typically aliphatic monoisocyantes, diisocyantes
and triisocyantes, or combinations thereof. In addition to the isocyanate groups they
can include other functional groups such as biuret, urea, aliophanate, uretidine dione
(i.e., isocyanate dimer), and isocyanurate, etc., that are typically used in biomaterials.
In one example, the isocyanate-containing metalloid alkoxide can be 3-
(triethoxysilyl)propyl isocyanate (Sigma-Aldrich, Milwaukee, WI).

The present disclosure further provides methods of preparihg a nanofiber from
the compound of Formula I, as discussed herein. In one embodiment, methods of
preparing the nanofiber can include forming a cross-linked network from at least one
compound of Formula I using a sol-gel process. The nanofiber can then be produced
from a solution of the cross-linked network through a spinning process, such as dry-
spinning and/or electrospinning. The nanofiber can then be applied to and/or
incorporated into a polymer having a functional group that can non-covalently bond
with the chemical linkage moities of the nanofibers to form the biomaterial of the
present disclosure. Surprisingly, the nanofibers of the present disclosure can be
integrated with and/or into the polymer of the biomaterial so as to provide
reinforcement to the biomaterial.

Although certain-.compounds capable of forming nanofibers are described
herein, the nanofibers of the present disclosure can be formed from a wide variety of
compound of Formula I. For example, a method of preparing the nanofibers involves
(1) providing at least one compound of Formula I; (2) forming a cross-linked network
with at least one compound of Formula I; and (3) preparing nanofibers from a solution
of a cross-linked network with at least one compound of Formula 1.

A In one embodiment, the nanofibers are formed from a cross-linked network
with the silicon oxide based polymer (i.e., the compound discussed herein) formed
through, for example, a sol-gel process. In ohe embodiment, the cross-linked network
of the silicon oxide based polymer used to form the nanofibers is provided in a
solution from which the nanofibers can be spun.

The Sol-gel process is generally described, for exérhple, in "Sol-Gel Science:
The Physics and Chemistry of Sol-Gel Pfocessing" (Brinker et al., Academic Press,

1990). As used herein, "sol-gel" refers to methods of forming the cross-linked
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network of the silicon oxide based polymer formed from the compound of Formula 1
that involves the evolution of inorganic networks through the formation of a colloidal
suspension (sol) and gelation of the sol to form a network in a continuous phase (gel).

Three reactions are generally used to describe the sol-gel process: hydrolysis,
alcohol condensation, and water condensation. The characteristics and properties of
the cross-linked network formed throughout the sol-gel process can be related to a
number of factors that affect the rate of hydrolysis and condensation reactions, such
as, pH, temperature and time of reaction, reagent concentrations, catalyst néture and
concentration, aging temperature and time, and drying. Controlling these factors
allow for the structure and properties of the sol-gel-derived cross-linked network
formed from the compound to be varied as desired.

A method for preparing the cross-linked network for the present disclosure
through a sol-gel process involves the combining of (1) at least one of the compound
of the present disclosure and (2) an aqueous or organic dispersion or sol of reagents
that include at least one alcohol and a catalyst provided under conditions for the sol-
gel reaction to take place.

Examples of suitable catalysts include mineral acids such as hydrochloric acid
(HCI), ammonia, acetic acid, potassium hydroxide (KOH), titanium alkoxides,
vandium alkoxides, amines, KF, and HF. Additionally, it has been observed that the
rate and extent of the hydrolysis reaction is most influenced by the strength and
concentration of the acid- or base catalyst. In one embodiment, the concentration of
the acid- or base catalyst can be from 0.01 M to 7M. In addition, the nature of the
cross-linked network can be influenced by the selection of an acid or base catalyst,
where under acid-catalyzed conditions the cross-linked network yields primarily
linear or randomly branched polymers which entangle and form additional branches
resulting in gelation. On the other hand, cross-linked network derived under base-
catalyzed conditions can yield more highly branched clusters which do not
interpenetrate prior to gelation and thus behave as discrete clusters.

Exémples of suitable alcohols include anhydrous alcohol such as methanol,
ethanol, propanol, butanol, pentanol, and mixtures thereof. Suitable alcohols have a
water content of less than about 1% by weight, especially less than about 0.5% by
weight or less than about 0.1% by weight. Other organic solvent (or mixtures of

solvents) can also be used that are miscible with the other components.
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According to the present disclosure, the sol-gel reaction can take place with
the reagents in a liquid phase. Typical reaction conditions for the sol-gel reaction can
occur in a temperature range of 20°C through 100°C. Other temperature ranges are
also possible.

The present disclosure also provides for forming the nanofibers from the
compounds of Formula I that can be used in biomaterials to form medical devices.
Methods of preparing the compound of Formula I, a cross-linked network of at least
one compound of Formula I, and preparing the nanofiber from a solution of the cross-
linked network are also provided. The cbmpounds of Formula I can be made through
an end-capping reaction that forms the chemical linkage moieties (e.g., Y and Y") that
can form a non-covalent bond with portions of the polymer and an endcap of a silicon
alkoxide.

In a typical end-capping reaction, the compound(s) of Formula II, as described
herein, and at least one silicon containing compound of Formula III are combined in
the presence of a suitable solvent, and optionally additives to control the chemical and
thermal stability of the end-capping reaction.” An example of a suitable solvent
includes tetrahydrofuran (THF). An example of a suitable additive includes
monophenyltriethoxysilane (MPH). The reactions typically take place under reflux
conditions (e.g., temperatixre range of 20 to 80° C) in an inert atmosphere (e.g., under
nitrogen) for a time sufficient for the reaction to come to completion.

The one or moi'e compounds can then be processed to cross-link the
compounds prior to forming the nanofibers. An example of such a cross-linking
process includes the sol-gel process, as discussed herein. Examples, of suitable
methods of producing nanofibers according to the present disclosure include one or
more spinning techniques from a solution of the cross-linked network in an
appropriate solvent(s). For example, an electrospinning p;'bcess is used to pfoduce the -
desired nanofibers. Alternatively, a dry-spinning process is used to produce the
desired nanofibers.

In electrospinning, a solution of the cross-linked network of at least one
compound of Formula I is subjected to an electrical potential as the solution is
continually pumped into spinnerets or a spray cannula. The spinnerets or the spray
cannula is separated some distance from a counterelectrode (target) of opposite
polarity to establish a static electric field. The counterelectrode can typically be in the

form of a metal screen, plate, or rotating mandrel.
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As the charged solution is pumped from the spinnerets or a spray cannula a so-
called "Taylor Cone" forms due to the competing forces of the static electric field and
the solution’s surface tension. In the present disclosure, the solution includes the
cross-linked polymer in solution and the concentration of that cross-linked polymer is
sufficiently high to cause molecular chain entanglement so as to allow a fiber to be
drawn from the tip of the Taylor Cone. Field strengths for the electrical potential
(kV) and linear spinning speeds (exit speed at spinneret in m/s) and weight percentage
of cross-linked polymers in solution (e.g., in a volat‘ile organic solvent or solvent
mixture) can be determined for each individual cross-linked polymers in solution.
Examples of possible solvents include, but are not limited to, dimethyl ether;
dichloromethane, chloroform, ethylene glycol dimethyl ether, ethylglycol isopropyl
ether, ethyl acetate or acetone or a mixture thereof with or without further solveﬁts.

During the nanofiber's travel from the spinnerets or spray cannula to the
counterelectrode, the solvent gradually evaporates, and a charged nanofiber is left to
accumulate on the coutnterelectrode. The charge on the nanofibers eventually
dissipates into the surrounding environment. In one embodiment, the resulting
product is a non-woven fiber mat that is composed of the nanofibers of the présent
disclosure. It is also possible for the counterelectrode to be moved with respect to the
nozzle position, which allows for specific fiber orientations (parallel alignment or
random) to be achieved. The mechanical properties of the scaffold can be varied by
varying the fiber diameter and orientation. It is also possible for the nanofibers to be
collected on spools for forming yarns and/or woven textiles, as discussed herein.

The vaporizing step may be carried out at atmospheric pressure or else under
reduced pressure. If necessary, the pressure shall be adapted to the boiling points of
the solvents.

The nanofibers of the present disclosure can also be produced through a dry-
spinning process that is carried out in a spinning column. The temperature of the
solution of the cross-linked network in the volatile organic solvent or solvent mixture
can be sufficiently high to allow for rapid evaporation of the solvent as the nanofiber
is prdduced. Extrusion speed (m/min), take-up speed (m/min), and the amount and
temperature of the spin gas (m>/h) used conforming with known practices can be
applied. The tow leaving the dry-spinning column and obtained in the manner

described can be wound on spools or stored for after treatment.
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The nanofibers produced by the process of the present disclosure can be
processed into nonwoven fibrous assemblies or into linear assemblies that can include
weaving, braiding or knitting into 2-dimensional and 3-dimensional configurations.
The degree of complexity for the nonwoven fibrous assemblies and/or the linear
assemblies can depend in part upon, e.g., the length of the nanofibers, the diameter of
the nanofibers, the length:diameter aspect ratio of the nanofibers, and the growth
conditions of the nanofibers. Thus, it will be appreciated that the utility of the
nanofibers herein is optionally controlled through manipulation of these and other
parameters.

The nanofibers can also be wet-chemically and plasma-chemically modified,
or loaded with materials having different objectives, for example pharmaceutically
active entities or catalytic precursors, by impregnating and subsequent drying.
Surface modification may be used to confer on the nanofibers a more hydrophilic or
hydrophobic surface, and this is advantageous for use in the biological or biomedical
sector. In an additional embodiment, the nanofibers may be stiffened by sintering the
fibers together (or otherwise cross-linking the fibers, e.g., by chemical means) prior to
or after incorporating the nanofibers into or onto the polymer to provide enhanced
rigidity and strength. _

In one embodiment, the nanoﬁbefs according to the present disclosure can be
used as reinforcing composite components in the nanofiber reinforced polymers of the
present disclosure. In addition, the nanofibers in the nanofiber reinforced polymers
can also be used to enhance the durability and resistance to wear. Of course, it will be
appreciated that the current invention is not limited by recitation of particular
nanofiber and/or polymer compositions, and that, unless otherwise stated, any of a
number of other materials are optionally used in different embodiments herein. It is
to be understood that this invention is not limited to particular configurations, which
can, of course, vary (e.g., different combinations of nanofibers and substrates and
optional moieties, etc. which are optionally present in a range of lengths, densities,
etc.). |

The nanofibers of this invention can be substantially homogeneous in material
properties, or in certain embodiments they are heterogeneous (e.g. nanofiber
heterostructures). As will be appreciated, the nanofibers of the present disclosure can,
thus, be composed using any of a myriad of possible compounds of Formula I (or

combinations thereof). Some embodiments herein comprise nanofibers composed
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using one or more compounds of Formula I. Any recitation of specific nanofiber
compositions herein should not be taken as limiting.

Additionally, the nanofibers of the invention are optionally constructed
through any of a number of different methods, and examples listed herein should not
be taken as limiting. Thus, nanofibers constructed througﬁ means not specifically
described herein, but which fall within the parameters as set forth her;:in are still
nanofibers of the invention and/or are used with the methods of the invention.

The present disclosure also provides nanofiber reinforced polymers and
medical devices comprising such nanofiber reinforced polymers, as well as methods
and uses for such nanofiber reinforced polymers and medical devices. In one
embodiment, the nanofibers of the present disclosure may be spun and/or applied on
or to a surface of a polymer having a desired shapé, where the polymer includes
functional groups that can non-covalently bond with chemical linkage moities of the
nanofibers. -

Such enhanced interactivity is generally provided by providing a nanostructure
surface that interacts with the surface of the polymer to promote integration therewith
or attachment thereto. The nanofibers can either be attached to the polymer by

growing the nanofibers directly on the surface(s) of the polymer, or by embedding the

~nanofibers into the polymer of the medical device itself to enhance the rigidity and

strength of the medical device. The shape and size of the nanofibers as well as their
density on the graft surfaces can be varied to tune the material properties of the
medical device to the desired levels.

In an alternative embodiment, the nanofibers can be collected on a surface of a
mold having a desired shape for a resulting medical device. Once the nanofibers are .
collected on the mold surface, the polymer can then be at least partially molded
around the nanofibers to form the biomaterial and the resulting medical device. As
will be discussed herein, examples of such molding techniques can be selected from
blow molding, injection molding, extrusion, casting, and coating. In these
embodiments, the nanofibers can act as reinforcing elements to the polymer.

The resulting nanofiber formed from the cross-linked network can provide
both mechanical and surface properties, as discussed hereiﬁ, for the resulting
biomaterial. As a result, the biomaterial of the present disclosure can combine the

advantages of organic polymers (flexibility, low density, toughness, formability) with
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the excellent mechanical and surface modification properties of the nanofibers
(strength, modulus, etc.).
The medical devices of the present disclosure may also be coated on one or

more surfaces with other materials to still further enhance their utility. Examples of

. suitable coatings are medicated coatings, drug-eluting coatings, hydrophilic coatings,

smoothing coatings, collagen coatings, human cell seeding coatings, etc. The above-
described nanofiber coatings on the medical device can provide a high surface area
that helps the medical device retain these coatings. The coatings can be adsorbed
directly to the nanostructure surface of the medical device.

A wide variety of polymers can be used with the present disclosure in forming
the nanofiber reinforced polymers. Polymers suitable for use in forming the nanofiber
reinforced polymers can include those having sufficient strength, hydrolytic stability,
and non-toxicity to render them suitable for use in a biological environment.
Polymers used with the nanofibers of the present disclosure can be copolymers,
random, alternating, block, star block, segmented copolymers (i.€., containing a
multiplicity of both hard and soft domains or segments on any polymer chain), or
combinations thereof (e.g., where certain portions of the molecule are alternating and
certain portions are random). In addition, polymers of the present disclosure can be
linear, branched, or crosslinked.

The polymers suitable for forming the nanofiber reinforced polymers of the
present disclosure further include, but are not limited to, chemical linkage moieties
that have the ability to form non-covalent bonds. Examples of such polymers include
those having urethane, ester, amide, imide, urea, carbonate, sulfone, ether, and/or
phosphonates linkages, or combinations thereof. Examples of such polymers include
polyamide (nylon), polyurethane, polyureas, polyurethane-ureas, and/or polyester,
among others. '

In addition, polymers suitable for forming the nanofiber reinforced polymers
according to the present disclosure can include both hard and soft segments. As used
herein, a "hard” segment is one that is either crystalline (i.e., has ordered domains) at
use temperature or amorphous with a glass transition temperature above use
temperature (i.e., glassy), and a "soft" segment is one that is amorphous with a glass
transition temperature below use temperature (i.c., rubbery). Typically, hard
segments add considerable strength and higher modulus to the polymer. Similarly,

soft segment adds flexibility and lower modulus, but can add strength particularly if it
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undergoes strain crystallization, for example. The polymers can vary from hard and
rigid to soft and flexible. In one example, the polymers are elastomers. An
"elastomer" is a polymer that is capable of being stretched to approximately twice its
original length and retracting to approximately its original length upon release.

Suitable polymers can have a viscosity and molecular weights suitable for
blending and/or melt processing with the nanofibers, as discussed herein. In addition
to the polymers described herein, the nanofiber reinforced polymer of the disclosure
can also in;:lude a variety of additives. These can include antioxidants, colorants,
processing lubricants, stabilizers, imaging enhancers, fillers, and the like. The present
disclosure also provides polymers and compounds used to form such polymers, and
biomaterials formed from such polymers that can be used in medical devices.

Additional additives can also include, but are not limited to, metal alkoxides
M(OR3)s, where the value for n is dependent on the oxidation state of the metal M. In
one embodiment, th§ metal alkoxides can be incorporated into mixture of Formula I
the prior to the so'_.l-.gel process. M can be selected from the group of metals consisting
of Groups 2, 4, 5,1 8; 9, 13, 14 and 15. For example, M can be selected from the group
of metals consisting of Si, Fe, Ti, Zr, Ir, Ru, Bi, Ba, Al, Ta, and Sr. In an alternative
embodiment, the.examples of M elements can include non-metal element C and a
polyhedral oligomeric silsesquioxane (POSS). Addition of the additives such as the
metal alkoxide can then be used in the sol-gel process to modify the nature of the
resulting nanofiber.

The invention has been described with reference to various specific and
preferred embodiments. It is understood, however, that there are many extensions,
variations, and modification on the basic theme of the present invention beyond that
shown in the detailed description, which are within the spirit and scope of the present
invention.

The complete disclosures of the patents, patent documents, and publications
cited herein are iﬁcorporated by reference in their entirety as if each were individually
incorporated. Various modifications and alterations to this disclosure will become
apparent to those skilled in the art without departing from the scope and spirit of this
disclosure. It should be understood that this disclosure is not intended to be unduly
limited by the illustrative embodiments set forth herein and that such embodiments
are presented by way of example only with the scope of the disclosure intended to be

limited only by the claims set forth herein as follows.
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What is claimed is:

1. A method of preparing a nanofiber, comprising:

providing at least one compound of the formula (Formula I):
[(R20)3-Si- R3]Z—Y—[(Rl)m‘ Ox]q"Y'_ [R3‘Si'(OR2)3]z

where x and z are each independently Oor 1; mis 1 to 18; q is _1 to 200; R;, R»
and R; are each independently an organic group; and Y and Y are selected together

from the group consisting of:
—NH-(C=0)-O- for Y and (C=0)-NH- for Y' where z=1; .

-NH-(C=0)- for Y and (C=0)-NH- for Y'

where x = 0 and z=1;
—0-(C=0)- forY and ({(C=0)- for Y' where z=1;

- (NR4)-(C=0)-(NH) - for Y and Y', where z=1, and R is an organic group or
H; and
-N — [CH;-(CHOH)-CH,-0O-R3-Si-(OR3)3]2 for Y and Y', where z=0;

forming a cross-linked network from at least one compound of Formula |
using a sol-gel process; and
spinning the nanofiber from a solution of the cross-linked network from the at

least one compound of Formula I.

2. The method of claim 1, where spinning the nanofiber includes electrospinning
the nanoﬁber from the solution of the cross-linked network from the at least one

compound of Formula I.

3. The method of claim 1, where spinning the nanofiber includes dry-spinning
the nanofiber from the solution of the cross-linked network from the at least one

compound of Formula L.
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4. The method of any one of claims 1-3, where spinning the nanofiber includes
collecting the nanofiber on a polymer having a functional group that can non-

covalently bond with the group Y to form a biomaterial.

5. The method of any one of claims 1-3, where spinning the nanofiber includes

collecting the nanofiber on a surface of a mold used to shape a medical device.

6. The method of claim 5, including injection molding a polymer at least .
partially around the nanofiber collected on the surface of the mold, where the polymer
includes a chemical moiety capable of forming a non-covalently bond with the group
Y.

7. The method of any one of claims 1-6, where each R, and Rj is independently a
(C1-C1 8)alkylené group, and R; is a (C1-C18)alkyl group.

8. A nanofiber formed from a compound of the formula (Formula I):
[(R20)3-Si- R3]~ Y—[(R1)m- Oxl¢—Y'- [R3-8i-(OR2)s],

where x and z are each independently O or 1; mis 1 .to 18; qis 1 to 200; Ry, R,
and Rj; are each independently an organic group; and Y and Y' are selected together

from the group consisting of:
—NH-(C=0)-O— for Y and —(C=0)-NH- for Y' where z=1;

~NH-(C=0)~ for Y and H(C=0)-NH- for Y’

where x = 0 and z=1;
—_O-(C=0)- for Y and —(C=O)- for Y' where z=1;

- (NRy)-(C=0)-(NH) - for Y and Y', where z=1, and R4 is an organic group or
H; and
-N — [CH;-(CHOH)-CH,-O-R3-Si-(OR>)3]> for Y and Y', where z=0;
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produced by a spinning process.

9. The nanofiber of claim 8, where the spinning process used to produce the

nanofiber 1s a dry-spinning process.

10. The nanofiber of claim 8, where the spinning process used to produce the

nanofiber is an electrospinning process.

11. The nanofiber of any one of claims 8-10, where the nanofiber is used as a

reinforcement component with a polymer to form a biomaterial.

12. The nanofiber of claim 11, where the nanofiber coats the polymer to form the
biomaterial.
13. The nanofiber of any one of claims 11-12, where the nanofiber is embedded in

the polymer to form the biomaterial.

14. The nanofiber of any one of claims 11-13, where the nanofiber includes

chemical moieties that can non-covalently bond with portions of the polymer.

15. The nanofiber of ariy one of claims 8-14, where the compound of Formula |

can form a cross-linked network using a sol-gel process.
16. A medical device prepared from the nanofiber of any one of claims 8-15.

17. The nanofiber of any one of claims 8-16, where each R and Rj is

independently a (C1-C18)alkylene group, and R; is a (C1-C18)alkyl group.

18. A nanofiber reinforced polymer, comprising:

a polymer; and v

nanofibers of a eross-linked network of a metal-oxide based polymer formed
through a sol-gel process, where the metal-oxide based polymer includes chemical

moieties capable of forming a non-covalently bond with portions of the polymer.
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19. The reinforced polymer of claim 18, where the nanofibers coat a surface of at

least a portion of the polymer.

20. The reinforced polymer of claim 19, where the nanofibers are in a random

pattern on the surface of at least a portion of the polymer.

21. The reinforced polymer of any one of claims 18-20, where the nanofibers are

imbedded in at least a portion of the polymer.

22. The reinforced polymer of claim 21, where the nanofibers are in a random

pattern imbedded in at least a portion of the polymer.

23. The reinforced polymer of any one of claims 18-22, where the metal-oxide
based polymer of the cross-linked network is formed using at least one compound of

the formula (Formula I):
[(R20)3-Si- Rs],~Y-[R1)m- Oxl—Y'= [R3-Si-(ORy)s].

in the sol-gel process, where x and z are each independently 0 or 1; mis 1 to
18; q is 1 to 200; R;, R; and Rj; are each independently an organic group; and Y and

Y' are selected together from the group consisting of:

—NH-(C=0)-O- for Y and -(C=0)-NH- for Y' where z=1;
—NH-(C=0)- for Y and (C=0)-NH- for Y'

where x =0 and z=1;
—O-(C=0)- forY and -(C=0)- for Y' where z=1;
- (NRy)-(C=0)-(NH) - for Y and Y', where z=1, and Ry is an organic group or

H; and
-N — [CH,-(CHOH)-CH,-0-R;3-Si-(OR3)3]; for Y and Y', where z=0;
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where Y is a chemical moiety that can non-covalently bond with portions of

the polymer.

24. The reinforced polymer of claim 23, where each R, and Rj is independently a
(C1-C18)alkylene group, and R; is'a (C1-C18)alkyl group.

25. The reinforced polymer of any one of claims 18-24, where the portions of the
polymer that can chemically bond with chemical moieties of the metal-oxide based
polymer are selected from the group of a urethane, an ester, an amide, an imide, a urea

and a combination thereof.

26. The reinforced polymer of any one of claims 18-25, where the polymer is

selected from the group polyamide, polyurethane, polyurea, polyurethane-urea, and

polyester.

27. A biomaterial comprising the reinforced polymer of any one of claims 18-26.

28. A medical device comprising the reinforced polymer of any one of claims 18-
27. | |
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