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(57) ABSTRACT

The invention aims to provide a nanofiber having self-heating
properties and biologically active substance release proper-
ties, which can release a drug at the same time as self-heating,
and can be safely used on a human body without diffusing
self-heating nanoparticles, a production method for the same,
and a nonwoven fabric having self-heating properties and
biologically active substance release capabilities. A fiber is
provided having a diameter in a range of 50 nm to 50 pm, and
a length of 100 times the diameter or more, the fiber includ-
ing: self-heating particles that generate heat in response to
stimulation from outside; a stimulation-responsive polymer
of which physical properties change by directly or indirectly
reacting due to the stimulation; and a biologically active
substance that is held by the stimulation-responsive polymer,
in which the biologically active substance is released to the
outside in response to the changes in the physical properties
of the stimulation-responsive polymer, a production method
for the same, and a nonwoven fabric having self-heating
properties and biologically active substance release capabili-
ties.

- 13




Patent Application Publication  Dec. 10, 2015 Sheet 1 of 20 US 2015/0352209 A1

FIG. 14

e,
o o
g;,.\-'”‘ i

FIG. 1B




Patent Application Publication  Dec. 10, 2015 Sheet 2 of 20 US 2015/0352209 A1

FIG. 2

b o o oo oo e e e



Patent Application Publication  Dec. 10, 2015 Sheet 3 of 20 US 2015/0352209 A1

FIG. 4

START

<ENVIRONMENTAL CHANGE>
NONWOVEN FABRIC AND/OR NANOFIBER ARE L~ §1
IRRADIATED WITH ALTERNATING MAGNETIC FIELD

l

<SELF-HEATING>
MAGNETIC PARTICLES IN NANOFIBER —— S2
GENERATE HEAT

i

<CONTRACTION OF NANOFIBER> 33
NANOFIBER IS THERMALLY CONTRACTED

'

<MEDICINE RELEASE>
WATER IN NANOFIBER IS RELEASED —— 5S4
T0 THE OUTSIDE TOGETHER WITH MEDICINE

END
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FIG. 6

START

FIRST MONOMER, SECOND MONOMER, AND POLYMERIZATION
INITIATOR ARE DISPERSED IN SOLVENT, AND HEATED IN
DEGASSING ATMOSPHERE, AND FIRST POLYMER INCLUDING | S11
POLYETHYLENE MAIN CHAIN, AND THERMAL- OR
PHOTO-CROSSLINKABLE SIDE CHAIN 1S SYNTHESIZED

'

FIRST POLYMER, MAGNETIG PARTICLES, AND MEDICINE
PARTICLES ARE DISSOLVED IN SOLVENT, AND FIRST -~ S12
POLYMER SOLUTION IS PREPARED

'

FIRST POLYMER SOLUTION IS SPUN BY USING

ELECTROSPINNING METHOD, TEMPERATURE RESPONSIVE - S13

NANOFIBER CONTAINING MAGNETIC PARTICLES AND
MEDICINE PARTICLES IS PRODUCED

:

TEMPERATURE RESPONSIVE NANOFIBER CONTAINING

MAGNETIC PARTICLES AND MEDICINE PARTICLES IS

CROSS-LINKED BY HEAT OR LIGHT, CROSS-LINKED 314

MATERIAL OF TEMPERATURE RESPONSIVE NANOFIBER

CONTAINING MAGNETIC PARTICLES AND MEDICINE
PARTICLES 1S PRODUGED

END
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FIG. 24



Patent Application Publication  Dec. 10, 2015 Sheet 19 of 20 US 2015/0352209 A1

FIG. 25
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NANOFIBER HAVING SELF-HEATING
PROPERTIES AND BIOLOGICALLY ACTIVE
SUBSTANCE RELEASE PROPERTIES,
PRODUCTION METHOD FOR SAME, AND
NONWOVEN FABRIC HAVING
SELF-HEATING PROPERTIES AND
BIOLOGICALLY ACTIVE SUBSTANCE
RELEASE CAPABILITIES

TECHNICAL FIELD

[0001] The present invention relates to a nanofiber having
self-heating properties and biologically active substance
release properties, a production method for the same, and a
nonwoven fabric having self-heating properties and biologi-
cally active substance release capabilities. Particularly, the
invention relates to a nanofiber that has a function of self-
heating in response to stimulation and releasing a biologically
active substance so as to be used in a cancer thermochemo-
therapy treatment tool, a nonwoven fabric of the same, and a
production method for the same.

[0002] Priority is claimed on Japanese Patent Application
No. 2013-003341, filed Jan. 11, 2013, the content of which is
incorporated herein by reference.

BACKGROUND ART

[0003] A nanofiber is a fiber-shaped substance of which a
diameter is several tens or several hundreds of nanometers,
and of which a length is 100 times the diameter or longer, and
is manufactured from one of nanomaterials. Since the nanofi-
ber has a structure in which the specific surface area is
extremely large compared with a general Fiber, the nanofiber
has unique physical characteristics in addition to existing
characteristics of the polymer that a fiber in the related art has.
For example, new functions such as excellent adsorption
properties, excellent bonding properties, a hole control func-
tion in a nanometer order, a function derived from an
advanced molecular structure, and excellent biocompatibility
can be exhibited.

[0004] By utilizing these functions, a new subject material
which did not exist in the related art can be developed, and
thus the new subject material is expected to be used in a
method that cannot be seen in the related art in many fields.

[0005] Such a nanofiber has received a great deal of atten-
tion in the biomedical field.

[0006] For example, a structure of a nanofiber structured
body is similar to that of an extracellular matrix made of
collagen or elastin, and thus characteristics required in a cell
anchorage material for tissue construction such as porosity,
dynamic intensity, and cell adhesion are satisfied. Therefore,
the nanofiber structured body is applied to a regeneration
treatment of bones, cartilage, blood vessels, or the like. In
addition, since the specific surface area thereof is large, and
handling thereof is easy, application to a wide range of areas
such as a drug delivery system (DDS) or a medical material
such as a synechia-preventive material is expected.

[0007] As a production method of a nanofiber, an electro-
spinning method, a melt-spinning method, a self-organizing
method, a mold-synthesizing method, an electro-blowing
method, a force-spinning method, and the like are widely
used.

[0008] Among these, an electrospinning method has
recently received attention since a nanofiber can be produced
comparatively easily and on an industrial scale.
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[0009] Theelectrospinning method is a method of perform-
ing spinning by extrafinely ejecting a polymer solution from
anozzle toward an electrode in a state in which a high voltage
is applied between the nozzle and the electrode, evaporating
a solvent from a flow of the extrafinely ejected polymer solu-
tion, and performing collection on the electrode. Nanofibers
can be obtained in one step, and bulky nonwoven fabric can be
manufactured with a small amount of raw material.

[0010] In addition, if various kinds of drugs are kneaded
with the polymer solution, functionality can be easily applied
to the nanofiber. For example, organic, inorganic, and metal
composite nanofibers can be manufactured by dispersing
gold nanoparticles, magnetic particles, carbon nanotubes,
hydroxyapatite, or the like in the polymer solution.

[0011] Further, in the electrospinning method, precise
structure control can be performed. For example, a sheath
core (hollow) structured nanofiber can be manufactured by
using a double pipe nozzle.

[0012] Manufacturing a conductive nanofiber or a stimula-
tion-responsive nanofiber by using a polymer having its own
function such as a conductive polymer or a stimulation-re-
sponsive polymer has been attempted.

[0013] The stimulation-responsive polymer is a polymer
that sensitively responds to an external environmental change
such as temperature, light, a magnetic field, an electric field,
pH, or the like, and changes its physical properties. The
stimulation-responsive polymer is also called a smart poly-
mer.

[0014] As a temperature-responsive polymer, there is an
N-alkyl-substituted acrylamide derivative polymer such as
poly(N-isopropylacrylamide) (hereinafter, simply referred to
as PNIPAAm).

[0015] PNIPAAm has been developed using a technique in
which PNIPAAm is fixed to a biopolymer (protein, DNA,
RNA, sugar chains, or the like), precipitated and dissolved
just by a temperature change so that PNIPAAm is separated
and collected, a technique in which PNIPAAm is introduced
to a cell culture dish or a separation carrier surface, hydro-
philicity or hydrophobicity of the surface is changed just by a
temperature change, and a cell or a biologically active sub-
stance is collected, and the like.

[0016] As another type of temperature-responsive polymer,
there is an aliphatic polyester derivative such as poly(e-ca-
prolactone) (hereinafter, simply referred to as PCL). PCL is a
semicrystalline polymer, the crystallinity of which greatly
changes on the border of the melting point, and thus transpar-
ency of the substance greatly changes near the melting point.
Therefore, PCL has been developed to a transmission-con-
trolling film of a drug (NPL 5). In addition, since PCL can
maintain a shape obtained by deformation at the melting point
or higher when being cooled to the melting point or lower,
PCL can be applied to a shape memory material (NPL 6) or
the like.

[0017] Recently, the inventors of the invention have devel-
oped a nanofiber of which characteristics drastically change
in response to environmental temperature by using
PNIPAAm and copolymers thereof.

[0018] In the related art, PNIPAAm is highly soluble in
water and an organic solvent, and if a nanofiber made of
PNIPA Am is synthesized, stability of the nanofiber in water is
low, and the treatment of the nanofiber in water is difficult. In
order to cause the treatment in water to be easy, a nanofiber
which is chemically cross-linked is synthesized by using a
polymer copolymerized with a monomer having a reactive
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group for cross-linking (NPL 1). The chemically cross-linked
nanofiber is stable in water, and is easily treated in water. In
addition, changes in structures and properties are reversibly
repeated in response to temperature (NPL 2).

[0019] In addition, in the related art, if a temperature-re-
sponsive polymer is copolymerized with another monomer, a
phase transition temperature thereof generally becomes unre-
sponsive. However, if structures of copolymerized monomers
are caused to be similar to each other, sensitive temperature
responsiveness can be maintained (PTL 1).

[0020] Hyperthermia (thermal therapy for cancer) is one
therapy for cancer, and is a therapy in which a section of a
tumor is heated to 42° C. to 43° C. or higher and this tem-
perature is maintained for 30 minutes to 60 minutes.

[0021] It can be expected that hyperthermia will enhance
effects of a radiation therapy or a chemical therapy, and it is
considered that the hyperthermia also has an effect of killing
cancer cells (carcinostatic effect) because cancer cells are less
resistant to heat than normal cells.

[0022] Recently, as clinically provided hyperthermia, a
method of placing electrodes on the surface of a body, irra-
diating the surface of the body with radio waves, and increas-
ing the temperature of the body of a patient by dielectric
heating is used. In this method, since normal tissue between
electrodes disposed on the surface of the body is also heated,
the temperature of an area affected by cancer can be increased
only to about 43° C. so that the temperature of the normal
tissue does not become too high. Accordingly, there is a
problem in that the carcinostatic effect of the hyperthermia
cannot be sufficiently exhibited.

[0023] As a method of selectively heating a tumor inside
the body or a deep-seated tumor, magnetic hyperthermia has
been developed. Magnetic hyperthermia uses a principle of
applying an alternating magnetic field to the magnetic nano-
particles and self-heating magnetic nanoparticles generated
by hysteresis loss due to magnetic wall movements (NPL 3).
Only the area affected by the cancer can be selectively heated
by collecting magnetic nanoparticles at the area affected by
the cancer and causing the magnetic nanoparticles to self-heat
using the principle above.

[0024] However, since nanoparticles such as magnetic
nanoparticles diffuse into the human body, there is a concern
that the nanoparticles may have a harmful effect on the human
body (NPL 4).
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SUMMARY OF INVENTION
Technical Problem

[0032] An object of the invention is to provide a nanofiber
having self-heating properties and biologically active sub-
stance release properties, which can release a drug at the same
time as self-heating, and can be safely used on a human body
without diffusing self-heating nanoparticles, a production
method for the same, and a nonwoven fabric having self-
heating properties and biologically active substance release
capabilities.

Solution to Problem

[0033] The inventors of the invention have developed a
functional nanofiber and a nonwoven fabric that can self-heat
and release a drug by embedding magnetic particles and a
drug between polymers obtained by copolymerizing a tem-
perature-responsive polymer and a monomer having a reac-
tive group for cross-linking. The functional nanofiber and the
nonwoven fabric cause the magnetic particles embedded
therein to generate heat by applying an alternating magnetic
field, and the temperature of the temperature-responsive
polymer can be increased to the phase transition temperature
or higher. In addition, the temperature-responsive polymer
can be caused to thermally contract by increasing the tem-
perature of the temperature-responsive polymer to the phase
transition temperature or higher. In addition, a drug can be
released to the outside together with water contained therein
by causing the temperature-responsive polymer to thermally
contract. Further, since the generation of heat by the magnetic
particles is stopped by stopping the application of the alter-
nating magnetic field, the temperature of the temperature-
responsive polymer can decrease to the phase transition tem-
perature or lower, and the size of the temperature-responsive
polymer can expand back to the original size. If the alternat-
ing magnetic field is repeatedly applied and stopped, the
shrinkage and the expansion of the temperature-responsive
polymer are repeated with high reproducibility, and almost
100% of the drug included in the temperature-responsive
polymer can be released to the outside. Based on this prin-
ciple, in a test of disposing the nonwoven fabric on cancer
cells and applying an alternating magnetic field, a thermal
therapy by the generation of heat by the magnetic particles
and a chemical therapy by the released drug can be applied to
cancer cells at the same time, such that the cancer cells can be
massively and effectively killed. According to the knowledge
above, it has been found that the functional nanofiber and the
nonwoven fabric can be used as thermochemotherapy treat-
ment tools so as to complete the invention.

[0034] The invention has the following configurations.
[0035] (I) A fiber having a diameter in a range of 50 nm to
50 um, and a length of 100 times the diameter or more, the
fiber including: self-heating particles that generate heat in
response to stimulation from outside; a stimulation-respon-
sive polymer of which physical properties change by directly
or indirectly reacting due to the stimulation; and a biologi-
cally active substance that is held by the stimulation-respon-
sive polymer, in which the biologically active substance is
released to the outside in response to the changes in the
physical properties of the stimulation-responsive polymer.
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[0036] (II) The fiber according to (I), further including
water.
[0037] (III) The fiber according to (I) or (II), in which the

stimulation-responsive polymer includes a structure in which
aplurality of polymer cross-linked bodies are cross-linked to
each other.

[0038] (IV) The fiber according to any one of (I) to (II1), in
which a diameter of the fiber is 50 nm or longer and shorter
than 1 pm.

[0039] (V) The fiber according to any one of (I) to (IV), in
which the self-heating particles are any one of magnetic par-
ticles, gold nanorods, gold particles, and carbon nanotubes, or
a combination thereof.

[0040] (VI) The fiber according to any one of (V), in which
the self-heating particles are magnetic particles made of iron
oxide.

[0041] (VII) The fiber according to any one of (V) to (VI),

[0042] wherein a particle diameter of the self-heating par-
ticle is in a range of 10 nm to 10 pum.

[0043] (VIII) The fiber according to any one of (I) to (VII),
in which a weight ratio of the self-heating particles is in a
range of 10 wt % to 50 wt % with respect to a total weight of
the fiber.

[0044] (IX) The fiber according to any one of (I) to (VIII),
in which the biologically active substance is a particle which
contains an anticancer drug.

[0045] (X) The fiber according to (IX), in which the particle
diameter of the particles is 10 nm or shorter.

[0046] (XI) The fiber according to (IX) or (X), in which a
weight ratio of the particles is in a range 0f 0.1 wt % to 10 wt
% with respect to a total weight of the fiber.

[0047] (XII) The fiber according to any one of (I) to (XI), in
which the stimulation-responsive polymer is any one selected
from the group consisting of a temperature-responsive poly-
mer, a light-responsive polymer, a magnetic field-responsive
polymer, an electric field-responsive polymer, and a pH-re-
sponsive polymer.

[0048] (XIII) The fiber according to (XII), in which the
temperature-responsive polymer has a polyethylene main
chain and an N-alkyl-substituted acrylamide side chain.

[0049] (XIV) The fiber according to (XIII), further includ-
ing a polymer cross-linked body represented by Formula (1)
below, in which, in a polymer cross-linked body, a polymer
having a polyethylene main chain R, (CH,CH),(CH,CH),, R,
and an N-alkyl-substituted acrylamide side chain CONHR,,
and a thermally- or photo-crosslinkable substituent X and a
polymer having a polyethylene main chain R,(CH,CH),
(CH,CH),R, an N-alkyl-substituted acrylamide side chain
CONHR,, and a thermally- or photo-crosslinkable substitu-
ent X are cross-linked with the thermally- or photo-crosslink-
able substituents X, so that a cross-linked portion X .. . X is
formed.

[0050] (In Formula (1) below, substituents R, R;, R,, and
R are hydrogen atoms or linear or branched alkyl groups
having 1 to 6 carbon atoms, and a substituent R, is any alkyl
group selected from the group consisting of an isopropyl
group, an n-propyl group, and a butylacrylamide. In addition,
1, m, s, and t respectively represent molar ratios (%) of mono-
mers, and a sum of | and m and a sum of's and t are 100%.)
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[0051] (XV) The fiber according to (XIV), in which the
cross-linked portion X . . . X is represented by Formula (2)
below.

[0052] (In Formula (2) below, n is a natural number in a
range of 1 to 6. A is an NH group and a linking group of O.)

A

(CHy),
JYO
[0053] (XVI) A production method for a fiber including: a
step of synthesizing a first polymer which is a stimulation-
responsive polymer including a polyethylene main chain, a
stimulation-responsive side chain, and a thermally- or photo-
crosslinkable side chain by dispersing a first monomer having
a stimulation-responsive functional group, a second mono-
mer having a thermally- or photo-crosslinkable functional
group, and a polymerization initiator in a solvent, and per-
forming copolymerization by heat in a degassed atmosphere;
a step of preparing a first polymer solution by dispersing the
first polymer, self-heating particles, and a biologically active
substance in a solvent; a step of producing a stimulation-
responsive fiber containing the self-heating particles and the
biologically active substance by spinning the first polymer
solution by an electrospinning method; and a step of produc-
ing a fiber made of a cross-linked body of the stimulation-
responsive fiber containing the self-heating particles and the
biologically active substance by cross-linking a stimulation-

responsive fiber containing the self-heating particles and the
biologically active substance by heat or light.

[0054] (XVII) The production method for a fiber according
to (XVI), in which the self-heating particles are magnetic
particles.

[0055] (XVIII) The production method for a fiber accord-
ing to (XVI) or (XVII), in which the first monomer is a
monomer including the stimulation-responsive functional
group.

[0056] (XIX) The production method for a fiber according
to (XVIII), in which the first monomer is a monomer of an
N-alkyl-substituted acrylamide derivative represented by
Formula (3) below.

[0057] (In Formula (3) below, an N-alkyl-substituted acry-
lamide group which is a stimulation-responsive functional
group is included, a substituent R, is a hydrogen atom or a
linear or branched alkyl group having 1 to 6 carbon atoms,

@
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and a substituent R, is any alkyl group selected from the
group consisting of an isopropyl group, an n-propyl group,
and a butylacrylamide.)

(©)

[0058] (XX) The production method for a fiber according
to any one of (XVI) to (XIX), in which the second monomer
is a cross-linking monomer having a thermally- or photo-
crosslinkable functional group.

[0059] (XXI) The production method for a fiber according
to (XX), in which the second monomer is a monomer repre-
sented by Formula (4) below.

[0060] (In Formula (4) below, a substituent R is a hydro-
gen atom or a linear or branched alkyl group having 1 to 6
carbon atoms, and a substituent X is a thermally- or photo-
crosslinkable functional group represented by Formula (5)
below.

[0061] In Formula (5) below, n is a natural number in a
range of 1 to 6. A is an NH group or a linking group of O.)

C
R3

®

A—¢CH,4—0H

[0062] (XXII) The production method for a fiber according
to (XVI), in which a condition of the electrospinning method
is a flow velocity in a range of 0.1 mL/h to 10 m[/h, and a
voltage in a range of 10 kV to 50 kV.

[0063] (XXIII) The production method for a fiber accord-
ing to (XVI), in which, in the step of producing the fiber, the
heating is performed under the condition of a temperature in
a range of 100° C. to 150° C. and a period of time in a range
of 10 hours to 20 hours.

[0064] (XXIV) A nonwoven fabric, in which the fibers
according to any one of (I) to (XV) are bonded to each other
in a mesh shape to form a sheet shape.

[0065] Inaddition, another aspect of the invention provides
the following aspects.

[0066] (1) A nanofiber having self-heating/drug release
capabilities, of which a diameter is 50 nm or longer and
shorter than 1 um, in which a stimulation-responsive polymer
is formed of a plurality of polymer cross-linked bodies which
are cross-linked to each other, and self-heating particles, drug
particles, and water are contained between stimulation-re-
sponsive polymers.

[0067] (2) The nanofiber having self-heating/drug release
capabilities according to (1), in which the self-heating par-
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ticles are any one of magnetic particles, gold nanorods, gold
particles, and carbon nanotubes, or a combination thereof.
[0068] (3) The nanofiber having self-heating/drug release
capabilities according to (2), in which the self-heating par-
ticles are magnetic particles made of iron oxide.

[0069] (4) The nanofiber having self-heating/drug release
capabilities according to (2) or (3), in which a particle diam-
eter of the self-heating particle is in a range of 10 nm to 100
nm.

[0070] (5) The nanofiber having self-heating/drug release
capabilities according to any one of (1) to (4), in which the
concentration of the self-heating particles is in a range of 10
wt % to 50 wt %.

[0071] (6) The nanofiber having self-heating/drug release
capabilities according to any one of (1) to (5), in which the
drug particles form an anticancer drug.

[0072] (7) The nanofiber having self-heating/drug release
capabilities according to (6), in which the particle diameter of
the drug particles is 10 nm or shorter.

[0073] (8) The nanofiber having self-heating/drug release
capabilities according to (6) or (7), in which the concentration
of the drug particles is in a range of 0.1 wt % to 1 wt %.
[0074] (9) The nanofiber having self-heating/drug release
capabilities according to any one of (1) to (8), in which the
stimulation-responsive polymer is any one selected from the
group consisting of a temperature-responsive polymer, a
light-responsive polymer, a magnetic field-responsive poly-
mer, an electric field-responsive polymer, and a pH-respon-
sive polymer.

[0075] (10) The nanofiber having self-heating/drug release
capabilities according to (9), in which the temperature-re-
sponsive polymer has a polyethylene main chain and an
N-alkyl-substituted acrylamide side chain.

[0076] (11) The nanofiber having self-heating/drug release
capabilities according to (10), further including: a polymer
cross-linked body represented by Formula (1) below, in
which, in a polymer cross-linked body, a polymer having a
polyethylene main chain R,(CH,CH),(CH,CH),,R; and an
N-alkyl-substituted acrylamide side chain CONHR,, and a
thermally- or photo-crosslinkable substituent X and a poly-
mer having a polyethylene main chain R ,(CH,CH),(CH,CH)
Rs, an N-alkyl-substituted acrylamide side chain CONHR,,
and a thermally- or photo-crosslinkable substituent X are
cross-linked with the thermally- or photo-crosslinkable sub-
stituents X, so that a cross-linked portion X . . . X is formed.
In Formula (1) above, substituents R,, R;, R,, and Ry are
hydrogen atoms or linear or branched alkyl groups having 1 to
6 carbon atoms, and a substituent R, is any alkyl group
selected from the group consisting of an isopropyl group, an
n-propyl group, and a butylacrylamide. In addition, 1, m, s,
and t respectively represent molar ratios (%) of monomers,
and a sum of 1 and m and a sum of s and t are 100%.

[0077] (12) The nanofiber having self-heating/drug release
capabilities according to (11), in which the cross-linked por-
tion X . . . X is represented by Formula (2) below. In Formula
(2) above, nis a natural numberinarangeof 1to 6. A is an NH
group and a linking group of O.

[0078] (13) A production method for a nanofiber having
self-heating/drug release capabilities including: a step of syn-
thesizing a first polymer which is a stimulation-responsive
polymer including a polyethylene main chain, a stimulation-
responsive side chain, and a thermally- or photo-crosslink-
able side chain by dispersing a first monomer having a stimu-
lation-responsive functional group, a second monomer
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having a thermally- or photo-crosslinkable functional group,
and a polymerization initiator in a solvent, and performing
copolymerization by heat in a degassed atmosphere; a step of
preparing a first polymer solution by dispersing the first poly-
mer, self-heating particles, and drug particles in a solvent; a
step of producing a stimulation-responsive nanofiber contain-
ing the self-heating particles and the drug particles by spin-
ning the first polymer solution by an electrospinning method;
and a step of producing a nanofiber having self-heating/drug
release capabilities made of a cross-linked body of the stimu-
lation-responsive fiber containing the self-heating particles
and the drug particles by cross-linking a stimulation-respon-
sive fiber containing the self-heating particles and the drug
particles by heat or light.

[0079] (14) The production method for a nanofiber having
self-heating/drug release capabilities according to (13), in
which the self-heating particles are magnetic particles.

[0080] (15) The production method for a nanofiber having
self-heating/drug release capabilities according to (13) or
(14), in which the first monomer is a monomer including the
stimulation-responsive functional group.

[0081] (16) The production method for a nanofiber having
self-heating/drug release capabilities according to (15), in
which the first monomer is a monomer of an N-alkyl-substi-
tuted acrylamide derivative represented by Formula (3)
below.

[0082] In Formula (3) above, an N-alkyl-substituted acry-
lamide group which is a stimulation-responsive functional
group is included, a substituent R, is a hydrogen atom or a
linear or branched alkyl group having 1 to 6 carbon atoms,
and a substituent R, is any alkyl group selected from the
group consisting of an isopropyl group, an n-propyl group,
and a butylacrylamide.

[0083] (17) The production method for a nanofiber having
self-heating/drug release capabilities according to any one of
(13) to (16), in which the second monomer is a cross-linking
monomer having a thermally- or photo-crosslinkable func-
tional group.

[0084] (18) The production method for a nanofiber having
self-heating/drug release capabilities according to (17), in
which the second monomer is a monomer represented by
Formula (4) below. In Formula (4) above, a substituent R, is
ahydrogen atom or a linear or branched alkyl group having 1
to 6 carbon atoms, and a substituent X is a thermally- or
photo-crosslinkable functional group represented by For-
mula (5) above. In Formula (5) above, n is a natural number in
arange of 1 to 6. A is an NH group or a linking group of O.

[0085] (19) The production method for a nanofiber having
self-heating/drug release capabilities according to (13), in
which a condition of the electrospinning method is a flow
velocity in a range of 0.1 mL/h to 10 mL/h, and a voltage in a
range of 10 kV to 50 kV.

[0086] (20) The production method for a nanofiber having
self-heating/drug release capabilities according to (13), in
which, in the step of producing the nanofiber having self-
heating/drug release capabilities, the heating is performed
under the condition of a temperature in a range of 100° C. to
150° C. and a period of time in a range of 10 hours to 20 hours.

[0087] (21) A nonwoven fabric, in which the nanofibers
having self-heating/drug release capabilities according to any
one of (1) to (12) are bonded to each other in a mesh shape to
form a sheet shape.
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Advantageous Effects of Invention

[0088] According to an aspect of the invention, a fiber is
provided having a diameter in a range of 50 nm to 50 pm, and
a length of 100 times the diameter or more and including:
self-heating particles that generate heat in response to stimu-
lation from outside; a stimulation-responsive polymer that
directly or indirectly reacts with the stimulation and of which
physical properties change; and a biologically active sub-
stance that is held by the stimulation-responsive polymer, in
which the biologically active substance is released to the
outside in response to the changes in the physical properties
of the stimulation-responsive polymer. According to the
effect ofthe configuration, the fiber self-heats, and at the same
time, the biologically active substance can be released. The
thermal therapy can be applied to an affected area by dispos-
ing the fibers on the affected area and causing the self-heating
particles in the fiber to self-heat by the stimulation from
outside of the fiber. In addition, in response to direct or indi-
rect stimulation from outside, physical properties of the
stimulation-responsive polymer change, the inside biologi-
cally active substance can be released to the outside, and thus
chemical therapy by a drug can be applied to the affected area.
Also, the self-heating particles are stably included in the fiber,
and thus even if the physical properties of the fiber change, the
self-heating particles do not diffuse to the outside together
with the biologically active substance such that the fiber can
be safely used on the human body.

[0089] According to another aspect of the invention, a
nanofiber is provided having self-heating/drug release capa-
bilities of which a diameter is 50 nm or longer and shorter
than 1 pum, in which the stimulation-responsive polymer is
formed of a plurality of polymer cross-linked bodies which
are cross-linked to each other, and self-heating particles, drug
particles, and water are contained between stimulation-re-
sponsive polymers, and thus the nanofiber can self-heat and
can release a drug at the same time. Particularly, since mag-
netic particles are used as the self-heating particles, the
nanofiber can be caused to generate heat by disposing a
nanofiber on an affected area, irradiating the affected area
with an alternating magnetic field, and causing the inside
self-heating particles to self-heat such that thermal therapy
can be applied to the affected area. In addition, since the
temperature-responsive polymer is used as the stimulation-
responsive polymer, the temperature-responsive fiber con-
tracts in response to the heat generated by self-heating, the
inside drug particles can be released to the outside together
with inside water, and thus chemical therapy due to the drug
can be applied to the affected area. In addition, since an
anticancer drug is used as the drug, apoptosis of the cancer
cells can be promoted. In addition, since magnetic particles
are used as the self-heating particles, positions and directions
of the nanofiber disposed on the body can be manipulated by
using a magnet from outside. Further, the self-heating par-
ticles are stably included in the nanofiber, and thus even if the
nanofiber contracts, the self-heating nanoparticles do not dif-
fuse to the outside together with water and the drug particles
such that the fiber can be safely used on the human body.
[0090] According to an aspect of the invention, a produc-
tion method for a fiber is provided including a step of synthe-
sizing a first polymer which is a stimulation-responsive poly-
mer including a polyethylene main chain, a stimulation-
responsive side chain, and a thermally- or photo-
crosslinkable side chain by dispersing a first monomer having
a stimulation-responsive functional group, a second mono-
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mer having a thermally- or photo-crosslinkable functional
group, and a polymerization initiator in a solvent, performing
copolymerization by heat in a degassed atmosphere; a step of
preparing a first polymer solution by dispersing the first poly-
mer, self-heating particles, and a biologically active sub-
stance in a solvent; a step of producing a stimulation-respon-
sive fiber containing the self-heating particles and the drug
particles by spinning the first polymer solution by an electro-
spinning method; and a step of producing a fiber made of a
cross-linked body of the stimulation-responsive fiber con-
taining the self-heating particles and the biologically active
substance by cross-linking a stimulation-responsive fiber
containing the self-heating particles and the biologically
active substance by heat or light. Therefore, a fiber that self-
heats in response to the environment, that can release a bio-
logically active substance, in which self-heating particles are
stably included in the fiber by cross-linking, that does not
diffuse self-heating particles to the outside together with a
biologically active substance even if physical properties of
the fiber change, and that can be safely used on the human
body can be easily produced.

[0091] According to another aspect of the invention, a pro-
duction method is provided for a nanofiber having self-heat-
ing/drug release capabilities including a step of synthesizing
a first polymer which is a stimulation-responsive polymer
including a polyethylene main chain, a stimulation-respon-
sive side chain, and a thermally- or photo-crosslinkable side
chain by dispersing a first monomer having a stimulation-
responsive functional group, a second monomer having a
thermally- or photo-crosslinkable functional group, and a
polymerization initiator in a solvent, and performing copoly-
merization by heat in a degassed atmosphere; a step of pre-
paring a first polymer solution by dispersing the first polymer,
self-heating particles, and drug particles in a solvent; a step of
producing a stimulation-responsive nanofiber containing the
self-heating particles and the biologically active substance by
spinning the first polymer solution by an electrospinning
method; and a step of producing a nanofiber, having self-
heating/drug release capabilities, which is made of a cross-
linked body of the stimulation-responsive nanofiber contain-
ing the self-heating particles and the drug particles by cross-
linking the stimulation-responsive nanofiber containing the
self-heating particles and the drug particles by heat or light.
Therefore, a nanofiber having self-heating/drug release capa-
bilities, that self-heats in response to the environment, and
that can release a drug, in which self-heating particles are
stably included in the fiber by cross-linking, that does not
diffuse self-heating nanoparticles to the outside together with
water and the drug particles even if the nanofiber contracts,
and that can be safely used on the human body can be easily
produced.

[0092] According to an aspect of the invention, a nonwoven
fabric is provided (according to another aspect of the inven-
tion, a nonwoven fabric having self-heating/drug release
capabilities) in which the fibers or the nanofibers having
self-heating/drug release capabilities are bonded in a mesh
shape to form a sheet shape. Therefore, a shape in planar view
can be easily processed according to a shape of the affected
area.

BRIEF DESCRIPTION OF DRAWINGS

[0093] FIG. 1A is a planar view illustrating an example of
a nonwoven fabric according to an embodiment.
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[0094] FIG. 1B is afront view illustrating an example of the
nonwoven fabric according to the embodiment.

[0095] FIG. 2 is an enlarged view of a portion A in FIG. 1A.
[0096] FIG. 3 is an enlarged view of a portion B in FIG. 2,
and illustrating an example of a fiber according to the embodi-
ment.

[0097] FIG. 4 is a flow chart illustrating an example of
releasing a drug of the fiber according to the embodiment.
[0098] FIG. 5 is an explanation diagram illustrating an
appearance of releasing a drug in a drug-releasing step S4 of
FIG. 4.

[0099] FIG. 6 is a flow chart illustrating an example of a
production method for the fiber according to the embodiment.
[0100] FIG. 7 is a drawing illustrating an example of a
cancer treatment performed by using a nonwoven fabric
according to the embodiment.

[0101] FIG. 8 is a graph illustrating a 1H-NMR spectrum
measurement result of a sample in Test Example 1.

[0102] FIG. 9 is a graph illustrating environmental tem-
perature dependency of a UV spectrum measurement result.
[0103] FIG. 10 is a scanning electron microscope (SEM)
picture of a sample (NIPAAm-HMAAm copolymer fiber) in
Test Example 2.

[0104] FIG. 11 is a scanning electron microscope (SEM)
picture of a sample (NIPAAm-HMAAm copolymer fiber
containing magnetic particles and anticancer drug) in Test
Example 3.

[0105] FIG. 12 is a scanning electron microscope (SEM)
picture of a sample (NIPAAm-HMAAm copolymer fiber
containing magnetic particles and anticancer drug after cross-
linking) in Example 1.

[0106] FIG. 13 is a transmission electron microscope
(TEM) picture of a sample (NIPAAm-HMAAm copolymer
fiber containing magnetic particles and anticancer drug after
cross-linking) in Example 1.

[0107] FIG. 14 is an XRD measurement result of the
NIPAAm-HMAAm copolymer fiber containing magnetic
particles and an anticancer drug before or after cross-linking.
FIG. 14 is a comparison of the sample in Example 1 and the
sample in Test Example 3.

[0108] FIG. 15A is a graph illustrating heat generation
behavior of the sample in Example 1, and is a graph illustrat-
ing a relationship between an alternating magnetic field irra-
diation time and surface temperature of the sample.

[0109] FIG. 15B is a graph illustrating heat generation
behavior of the sample in Example 1 and is a graph illustrat-
ing a relationship between an alternating magnetic field irra-
diation time and surface temperature of the sample.

[0110] FIG. 16 is a diagram including pictures illustrating
differences between alternating magnetic field irradiation
times of observation images using an infrared camera.
[0111] FIG. 17 is a graph illustrating a relationship of sur-
face temperature of the sample with respect to switching of
alternating magnetic fields and an explanation diagram (up-
per diagram) thereof.

[0112] FIG. 18 is a diagram including pictures illustrating
changes of positions of fibers according to the elapsed time
when a neodymium magnet is brought close.

[0113] FIG. 19 is a graph illustrating expansion and con-
traction behavior of the sample in Example 1.

[0114] FIG. 20 is a diagram including atomic force micro-
scope (AFM) images of the sample in Example 1 in water, in
which FIG. 20(a) is an image at 25° C., and FIG. 20(5) is an
image at 45° C.
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[0115] FIG. 21 is a graph illustrating relationships between
expansion and contraction behaviors in response to alternat-
ing magnetic fields and release of a drug with respect to the
sample in Example 1.

[0116] FIG.22isagraphillustrating a relationship between
cell culture periods and cell proliferation indexes.

[0117] FIG. 23 is a diagram including microscope obser-
vation pictures of respective samples at time points of fifth
days in a cell culture period.

[0118] FIG. 24 is a graph illustrating a 1H-NMR spectrum
measurement result of a sample in Test Example 4.

[0119] FIG. 25 is a scanning electron microscope (SEM)
image of a sample in Test Example 5.

[0120] FIG. 26 is a diagram including pictures illustrating
differences between alternating magnetic field irradiation
times of observation images of the infrared camera with
respect to the sample in Test Example 5.

DESCRIPTION OF EMBODIMENTS

Embodiment of the Invention

[0121] Hereinafter, with reference to the accompanied
drawings, a fiber and a nonwoven fabric according to an
embodiment of the invention are described.

[0122] <Nonwoven Fabric>

[0123] A fiber according to an embodiment can be used in
a form of a subject material using the fiber, for example, a
subject material formed by knitting or bonding the fibers, but
in the embodiment, a product in a form of a nonwoven fabric
using a fiber as a subject material is used. Hereinafter, a
nonwoven fabric according to the embodiment (nonwoven
fabric having self-heating properties and biologically active
substance release capabilities or nonwoven fabric having
self-heating/drug release capabilities) is described.

[0124] Here, the nonwoven fabric is a cloth-form subject
material produced without a step of intertwining or knitting a
linear constituent material (fiber according to the embodi-
ment), and is a subject material mainly having a structure in
which the constituent material is entangled.

[0125] FIGS. 1A and 1B are diagrams illustrating an
example of the nonwoven fabric according to the embodi-
ment, in which FIG. 1A is a planar view and FIG. 1B is a front
view.

[0126] In FIG. 1A, a nonwoven fabric 1 according to an
embodiment has an approximately rectangular shape. How-
ever, the invention is not limited to this shape, and may have
a circular shape, a polygonal shape, or the like.

[0127] As illustrated in FIGS. 1A and 1B, the nonwoven
fabric 1 according to the embodiment has a sheet shape.
Accordingly, a shape in planar view can be easily processed
according to a shape of an affected area, such that the non-
woven fabric 1 can be bonded according to the shape of the
affected area and thermal therapy and drug therapy can be
effectively applied.

[0128] In addition, a thickness d of the nonwoven fabric 1
according to the embodiment is preferably in a range of 1 pm
to 1 mm. Therefore, the shape in planar view can be easily
processed according to the shape and the size of the affected
area such that the nonwoven fabric 1 can be adhesively
bonded according to the shape of the affected area.

[0129] FIG.2 is anenlarged view of a portion A in FIG. 1A.
[0130] As illustrated in FIG. 2, the nonwoven fabric 1
according to the embodiment is schematically formed by
causing fibers 11 to be in a mesh shape. The fiber 11 according
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to the embodiment may be called a nanofiber having self-
heating/drug release capabilities if the diameter of the fiber is
in a nanometer order. In addition, the fibers 11 are partially
bonded to each other.

[0131] <Fiber>

[0132] Next, the fiber according to the embodiment is
described.

[0133] Asillustrated in FIG. 3, the fiber 11 according to the

embodiment includes a stimulation-responsive polymer 21,
self-heating particles 24, and a biologically active substance
held by the stimulation-responsive polymer 21.

[0134] FIG. 3 is an enlarged view of a portion B in FIG. 2,
and illustrating an example of a fiber according to the embodi-
ment.

[0135] The fiber 11 according to the embodiment is formed
by causing plural stimulation-responsive polymers 21 to be
entangled. According to the embodiment, the stimulation-
responsive polymers 21 contain polymer cross-linked bodies
which are cross-linked in cross-linked portions 22. According
to the embodiment, the self-heating particles 24, the biologi-
cally active substance (drug particles 25 according to embodi-
ment), and water 23 are contained between the stimulation-
responsive polymers 21.

[0136] The fiber according to the embodiment is a thin and
long material, and is a material that can form a subject mate-
rial such as cloth or thread by being entangled with each,
other. The fiber according to the embodiment has a diameter
in a range of 50 nm to 50,000 nm (50 pm), as a standard, and
a length which is 100 times the diameter, as a standard.
[0137] In addition, the fiber 11 according to the embodi-
ment preferably has a diameter r which is 50 nm or longer and
shorter than 1 um (1,000 nm). The fibers that have a diameter
in this range and many of which are measured in the units of
nm are particularly called nanofibers. The diameter r is pref-
erably in a range of 100 nm to 800 nm, and more preferably in
a range of 200 nm to 500 nm.

[0138] [Self-Heating Particle]

[0139] With respect to the self-heating particles according
to the embodiment, the expression “self-heating” refers to
increasing temperature (that is, generating heat) in response
to stimulation from outside. The expression “from outside”
refers to stimulation by a cause other than the particle, mainly
applied from outside of the particle. The stimulation includes
electromagnetic waves such as heat or light, magnetic fields,
or physical stimulation (vibration, impact, or the like). As
described below, the particle is a part of a substance of which
the diameter is less than a millimeter in size as described
below, and according to the embodiment, particularly ones of
which the diameter is in a range of 1 nm to 1,000 nm.
[0140] The self-heating particles 24 are preferably any one
of magnetic particles, gold nanorods, gold particles, and car-
bon nanotubes, or a combination thereof. It is possible to
effectively cause the fiber to self-heat, by combining materi-
als.

[0141] Particularly, the self-heating particles 24 are prefer-
ably magnetic particles made of iron oxide. In this case, the
self-heating particles 24 can effectively self-heat by being
irradiated with an alternating magnetic field. In addition, the
positions and the directions of the fiber can be manipulated by
the magnetic field.

[0142] If the gold nanorods, the gold particles, and the
carbon nanotubes are used, the fiber can be caused to self-
heat, by using methods such as near infrared light irradiation.
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[0143] The self-heating particles 24 preferably have a par-
ticle diameter in a range of 10 nm to 10 pm. The polymer
cross-linked body has a three-dimensional network structure
having pouch-shaped spaces in various sizes therein, and
forms a hydrogel due to water being contained. If the particle
diameter is 10 nm or longer, the self-heating particles 24 that
are included in the spaces and are entangled into polymer
chains are not easily released to the outside even if the poly-
mer cross-linked body contracts. In addition, a predetermined
self-heating function can be performed. Further, if the mag-
netic particles are used as the self-heating particles 24, the
fiber can be manipulated by a magnet by accumulating the
magnetic particles in the polymer chain.

[0144] Ifthe particle diameter is 10 nm or shorter, when the
polymer cross-linked body contracts, the self-heating par-
ticles may be leaked to the outside from portions between the
polymer chains. In addition, if the particle diameter is 10 um
or longer, it may be difficult to disperse the self-heating par-
ticles between the polymer chains. In order to satisfactorily
disperse the self-heating particles 24 between the polymer
chains, the particle diameter is preferably 100 nm or shorter.
When the magnetic particles are used as the self-heating
particles 24, if the particles are not accumulated in the poly-
mer chain, the fiber may not be manipulated by a magnet.
[0145] The weight ratio (or concentration) of the self-heat-
ing particles 24 to the total weight is preferably in a range of
10wt % to 50 wt %. In this case, the self-heating particles can
effectively self-heat. Further, if magnetic particles are used as
the self-heating particles 24, the fiber can be manipulated by
the magnet.

[0146] The form in which the self-heating particles 24 are
included in the fiber 11 is not particularly limited, but accord-
ing to the embodiment, the self-heating particles 24 are held
by the stimulation-responsive polymer 21. The expression
“hold” refers to keeping a state of being close to the stimula-
tion-responsive polymer 21 if there is no external stimulation.
For example, a state of being adhered to the stimulation-
responsive polymer 21 without being chemically bonded to
the outside or a portion near the outside of the polymer, a state
of being adhered by being entangled with or interposed
between the stimulation-responsive polymers 21, a state of
being embedded in the polymer to a degree in which the
particles can be detached from a polymer by physical force, or
a state of being adhered to a portion between molecules in the
structure ofthe fiber 11 containing the stimulation-responsive
polymer 21 are included.

[0147] According to the embodiment, as illustrated in FIG.
3, the self-heating particles 24 include products in which the
self-heating particles 24 are interposed or entangled between
polymers of the stimulation-responsive polymer 21, and
products in which the self-heating particles 24 are held in a
state of being adhered to portions between molecules in the
structure of the fiber 11 made of the stimulation-responsive
polymer 21 and the water 23.

[0148] [Biologically Active Substance]

[0149] The fiber 11 according to the embodiment contains
a biologically active substance. The biologically active sub-
stance refers to a substance having influence on an organism,
particularly, a substance that exhibits activity in a physiologi-
cal function.

[0150] According to the embodiment, as the biologically
active substance, drug particles are used. The drug refers to a
biologically active substance that is mainly used for treat-
ments or prevention of diseases, or the like. The drug particles
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refer to products having the drug in a form of particles having
aparticle diameter described below. As the drug particles 25,
various kinds of drugs for various diseases are included, and
according to the embodiment, particles particularly made of
an anticancer drug or containing an anticancer drug are
included. In addition, according to an aspect of the fiber
according to the embodiment, a nano-sized fiber containing
drug particles as a biologically active substance may be called
a nanofiber having self-heating/drug release capabilities.
[0151] If the drug 25 particles made of an anticancer drug
are used as the biologically active substance, and the fiber 11
according to the embodiment and/or the nonwoven fabric is
disposed on a cancer cell, a thermal therapy and chemo-
therapy by an anticancer drug can be performed at the same
time.

[0152] The particle diameter of the drug particles 25 is
preferably 10 nm or shorter. If the particle diameter is 10 nm
or shorter, when the fiber 11 contracts, the drug particles can
be easily released to the outside together with water. If the
particle diameter is longer than 10 nm, when the fiber 11
contracts, the release may be difficult.

[0153] The weight ratio (concentration) of the drug par-
ticles 25 to the total weight of the fiber 11 is preferably in a
range of 0.1 wt % to 10 wt %. If the weight ratio is 0.1 wt %
or greater, when the fiber 11 contracts, a sufficient amount of
the drug particles 25 can be released to the outside, so that the
drug effect can be held to a certain degree or more.

[0154] When the weight ratio is greater than 10 wt %,
excessive drug may be released. Further, the more sufficient
releasing amount of the drug may be 1 wt % or less.

[0155] The biologically active substance is held by the
stimulation-responsive polymer 21. The expression “hold”
refers to keeping a state of being close to the stimulation-
responsive polymer 21 if there is no external stimulation. For
example, a state of being adhered to the stimulation-respon-
sive polymer 21 without being chemically bonded to the
outside or a portion near the outside of the polymer, a state of
being adhered by being entangled with or interposed between
the stimulation-responsive polymers 21, a state of being
embedded in the polymer in a degree in which the particles
can be detached from a polymer by physical force, or a state
of'being adhered to a portion between molecules in the struc-
ture of the fiber 11 containing the stimulation-responsive
polymer 21 are included.

[0156] According to the embodiment, as illustrated in FIG.
3, the drug particles 25 are held in a state of being adhered to
portions between molecules in the structure of the fiber 11
made of the stimulation-responsive polymer 21 and the water
23.

[0157] [Stimulation-Responsive Polymer]

[0158] The stimulation-responsive polymer 21 is a polymer
that directly or indirectly reacts to the stimulation caused by
the change of the external environment and of which physical
properties (physicality) are changed.

[0159] Specifically, the stimulation-responsive polymer 21
is any one selected from the group consisting of the tempera-
ture-responsive polymer responding to the environmental
temperature change, a light-responsive polymer responding
to the environmental light change, a magnetic field-respon-
sive polymer responding to the environmental magnetic field
change, an electric field-responsive polymer responding to
the environmental electric field change, and a pH-responsive
polymer responding to the environmental pH change.
According to the embodiment, a temperature-responsive
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polymer of which the stimulation from outside uses is a
temperature change is used. If the temperature-responsive
polymer is combined with the self-heating particles 24 to be
used, the biologically active substance described below is
released in response to the generation of heat of the self-
heating particles 24, and thus the combination can be prefer-
ably used in a thermal therapy in which heat is applied to the
affected area.

[0160] In addition, physical properties that are changed in
response to stimulation are a three-dimensional structure, a
melting point, a glass transition point, a state such as contrac-
tion or expansion, hydration, an electric charge, a crystal
condition, and the like. The change of the physical properties
is selected so as to release the biologically active substance
held by the stimulation-responsive polymer to the outside by
the change. For example, the three-dimensional structure of
the stimulation-responsive polymer changes to a form ofhav-
ing many voids, or the biologically active substance is
released to the outside by the contraction of the stimulation-
responsive polymer. More specifically, as the physical prop-
erties, for example, properties in which the release of hydro-
philic drug can be controlled in a hydration state, and the
release of a hydrophobic drug can be controlled by the change
of the crystal condition are preferable.

[0161] According to the embodiment, the temperature-re-
sponsive polymer is used, and, as external stimulation and
physical properties changed in response to the external stimu-
lation, for example, a polymer that contracts when tempera-
ture of an external environment is higher than the phase
transition temperature (Lower Critical Solution Temperature;
simply referred to as LCST), and expands when the environ-
mental temperature is lower than the phase transition tem-
perature is used.

[0162] Asthe temperature-responsive polymer, an N-alkyl-
substituted acrylamide derivative polymer such as poly(N-
isopropylacrylamide) (hereinafter, simply referred to as
PNIPAAm) having a polyethylene main chain and an
N-alkyl-substituted acrylamide side chain is included.
[0163] The PNIPAAm shows water solubility in a tempera-
ture range lower than 32° C. of phase transition temperature,
and rapidly becomes insoluble in a temperature range higher
than the phase transition temperature and generates precipi-
tation.

[0164] Inthetemperature-responsive polymer, a thermally-
or photo-crosslinkable side chain may be included in the
polyethylene main chain. A thermally- or photo-crosslink-
able side chain of one temperature-responsive polymer and a
thermally- or photo-crosslinkable side chain of another tem-
perature-responsive polymer are cross-linked to each other,
and the cross-linked portion 22 is formed, such that the poly-
mer cross-linked body is formed.

[0165] According to the cross-linking of the side chains, the
fiber 11 according to the embodiment becomes insoluble in
water and an organic solvent. In addition, the outflow of the
self-heating particles 24 such as magnetic particles included
in the fiber can be prevented. Further, if magnetic particles are
used as the self-heating particles 24, positions and directions
of the fibers can be managed by a magnet using the self-
heating particles 24 accumulated and included in the fiber.
[0166] In addition, if poly(N-isopropylacrylamide) (PI-
PAAm) of the temperature-responsive polymer is three-di-
mensionally cross-linked, a large amount of water can be
included. Therefore, if a large amount of water is included,
the temperature-responsive polymer becomes a hydrogel.
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[0167] The fiber 11 according to the embodiment prefer-
ably has a polymer cross-linked body presented in Formula
(1) below.

[0168] Inthe polymer cross-linked body, a polymer having
a polyethylene main chain R,(CH,CH),(CH,CH),R;, a
N-alkyl-substituted acrylamide side chain CONHR,, and a
thermally- or photo-crosslinkable substituent X, and a poly-
mer having a polyethylene main chain R ,(CH,CH),(CH,CH)
R, an N-alkyl-substituted acrylamide side chain CONHR,,
and a thermally- or photo-crosslinkable substituent X are
cross-linked to each other by thermally- or photo-crosslink-
able substituents X such that a cross-linked portion X . . . X is
formed.

[0169] In Formula (1) below, substituents R,, R;, R,, and
R are hydrogen atoms or linear or branched alkyl groups
having 1 to 6 carbon atoms, and the substituent R, is an alkyl
group selected from the group consisting of an isopropyl
group, an n-propyl group, and a butylacrylamide. In addition,
1, m, s, and t respectively represent molar ratios (%) of mono-
mers, and a sum of 1 and m and a sum of s and t are 100%.
[0170] The LCST of the copolymer can be controlled in a
range of 5° C. to 80° C. by controlling the numbers of I, m, s,
and t. The LCST is preferably set to be near 40° C.

M

[0171] The cross-linked portion X . . . X is preferably
represented by Formula (2) below. In Formula (2) below, n is
a natural number in a range of 1 to 6. A is an NH group or a
linking group of O.

@

[0172] The fiber 11 according to the embodiment contains
the water 23 as described above. The water 23 is contained so
that a hydrogel is formed in the polymer cross-linked body
and the drug particles 25 are caused to be dissolved in the
water 23 and to be released, when the drug particles 25 are
released as described below. According to the embodiment, as
illustrated in FIG. 3, the water 23 exists between molecules of
the stimulation-responsive polymer 21 or in a manner of
being attached to a molecule so as to be contained in the fiber
11. In addition, as a modification example of the embodiment,
the fiber 11 may not contain the water 23. Particularly, if the
biologically active substance is not water soluble, the fiber 11
does not need to contain the water 23.
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[0173] <Self-Heating Properties and Biologically Active
Substance Release Capabilities>

[0174] FIG. 4 is a flow chart illustrating an example of
releasing the biologically active substance using the fiber
according to the embodiment.

[0175] As illustrated in FIG. 4, first, the nonwoven fabric
and/or the fiber according to the embodiment are irradiated
with the alternating magnetic field (alternating magnetic field
irradiation step S1).

[0176] According to the irradiation of the alternating mag-
netic field, the self-heating particles 24 (magnetic particle
according to the embodiment) in the fiber generate heat (mag-
netic particle heat generation step S2). The fiber thermally
contracts by the generation of heat by the magnetic particles
(fiber thermally contraction step S3). If the fiber thermally
contracts, the water 23 in the fiber is released to the outside
together with the biologically active substance (the drug par-
ticles 25) (drug-releasing step S4).

[0177] FIG. 5 is an explanation diagram illustrating an
appearance of releasing a drug in a drug-releasing step S4 of
FIG. 4.

[0178] As illustrated in FIG. 4, if the cross-linked body of
the fiber 21 thermally contracts in the direction indicated by
an arrow C by the generation of heat by the magnetic par-
ticles, the water 23 in the fiber 21 is released to the outside. In
this case, the drug particles 25 are released to the outside
together with the water 23.

[0179]

[0180] Next, the production method of the fiber according
to the embodiment is described.

[0181] FIG. 6 is a flow chart illustrating an example of a
production method for the fiber according to the embodiment.

[0182] As illustrated in FIG. 6, the production method for
the fiber 11 of the embodiment includes a first polymer syn-
thesization step S11, a first polymer solution preparation step
S12, a stimulation-responsive fiber production step S13, and
a stimulation-responsive fiber cross-linked body production
step S14.

[0183]

[0184] In this step, first, a first monomer, a second mono-
mer, and a polymerization initiator are dispersed in a solvent.

[0185] Next, copolymerization is performed by heatingina
degassed atmosphere, and a first polymer having a polyeth-
ylene main chain is synthesized.

[0186] For example, the first monomer is preferably a tem-
perature-responsive monomer, for example, having an
N-alkyl-substituted acrylamide group. Accordingly, as the
first polymer, a temperature-responsive polymer can be syn-
thesized.

[0187] Specifically, the first monomer is preferably a
monomer of the N-alkyl-substituted acrylamide derivative
expressed by Formula (3) below.

[0188] In Formula (3) below, the substituent R, is a hydro-
gen atom or a linear or branched alkyl group having 1 to 6
carbon atoms, and the substituent R, is an alkyl group
selected from the group consisting of an isopropyl group, an
n-propyl group, and a butylacrylamide.

<Production Method for Fiber>

<First Polymer Synthesization Step S11>
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[0189] The second monomer is preferably a monomer hav-
ing a thermally- or photo-crosslinkable functional group.

[0190] Specifically, the second monomer is preferably a
monomer expressed by Formula (4) below. In Formula (4),
the substituent R is a hydrogen atom or a linear or branched
alkyl group having 1 to 6 carbon atoms, and the substituent X
is a thermally- or photo-crosslinkable functional group
expressed by Formula (5) below. In Formula (5) below, nis a
natural number in a range of 1 to 6. A is an NH group or a
linking group of O.

@
R3

®)

A—¢CH,4—OH

[0191] As the temperature-responsive polymer, for
example, an isopropylacrylamide copolymer (hereinafter,
NIPAAm copolymer) expressed by Formula (6) below is
included. The substituent X is a thermally- or photo-
crosslinkable functional group expressed by Formula (5)
described above. In addition, 1 and m respectively represent
molar ratios (%) of monomers, and a sum of 1 and m is 100%.

[0192] A molecular weight (M. W.) of the NIPAAm
copolymer is preferably in a range of 1,000 to 500,000. In
addition, the phase transition temperature of the NIPAAm
copolymer is controlled in a range of 5° C. to 80° C. by
adjusting the kind and the amount of the substituent X and the
numbers of ] and m.

©)

[0193] More specifically, as the NIPAAm copolymer, the
NIPAAm copolymer expressed by Formula (7) below can be
included.



US 2015/0352209 Al
@
o NH O NH

[0194] In addition, as the temperature-responsive polymer
described above, aliphatic polyester expressed by Formula
(7-2) can be used in addition to the above. The substituents R
and R, in the drawing are hydrogen atoms or methyl groups.
In addition, n is a natural number in a range of 1 to 5. In
addition, 1 and m respectively represent molar ratios (%) of
monomers, and a sum of 1 and m is 100%.

O
o
Sy o
"

[0195] <First Polymer Solution Preparation Step S12>
[0196] In this step, the first polymer, magnetic particles,
and drug particles are dispersed in the solvent, and the first
polymer solution is prepared.

[0197] When the NIPAAm copolymer is prepared as the
first polymer, the NIPAAm copolymer can be dissolved in the
aqueous and general-purpose organic solvent. The first poly-
mer solution can be prepared by evenly dispersing magnetic
particles and drug particles in this solvent.

7-2)
Ry

o AéH)ﬂ\

C

|
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[0198] <Stimulation-Responsive Fiber Production Step
S13>
[0199] In this step, the first polymer solution is spun by

using the electrospinning method, and the stimulation-re-
sponsive fiber containing magnetic particles and drug par-
ticles is produced. In addition, when the stimulation-respon-
sive fibers contain a large amount of nano-sized fibers, the
stimulation-responsive fibers are called stimulation-respon-
sive nanofibers. Further, since the stimulation-responsive
fibers are fibers of which physical properties are changed in
response to the temperature, in the example illustrated in FIG.
6, fibers are noted as temperature-responsive nanofibers.
[0200] The first polymer solution in which the self-heating
particles 24 (magnetic particle according to the embodiment)
and the biologically active substance (the drug particles 25
according to the embodiment) are evenly dispersed is used,
the electrospinning method is used, and thus even fibers hav-
ing diameters in a range of 50 nm to 50 um can be processed.
In this case, the diameter can be limited to a nano order by
controlling conditions, and thus the fiber can be produced.
[0201] Specifically, when the first polymer solution made
of the NIPAAm copolymer is used, the electrospinning
method is performed under the condition of the flow velocity
in a range of 0.1 mL/h to 10 mI/h, and the voltage in a range
of 10kV to 50 kV, such that the fiber of which the diameters
are 50 nm or longer and shorter than 1 um can be produced.
[0202] In addition, if the condition of the flow velocity in a
range of 0.1 mL/h to 1 mL/h, and the voltage in a range of 10

11
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kVto30kV is set, fibers of which the diameters are in a range
01 100 nm to 800 nm can be produced.

[0203] Further, if the condition of the flow velocity in a
range of 0.5 mL/h to 0.7 mL/h, and the voltage in a range of
15kV to 20 kV is set, fibers of which the diameters are in a
range of 200 nm to 500 nm can be produced.

[0204] In addition, the fibers are accumulated on the elec-
trode surfaces under the respective conditions, and thus non-
woven fabrics in which fibers having respective diameters are
formed in the mesh shape can be formed.

[0205] <Fiber Production Step S14>

[0206] In this step, the stimulation-responsive fiber con-
taining the magnetic particles and the drug particles are cross-
linked by heat or light, the cross-linked body of the stimula-
tion-responsive fiber containing the magnetic particles and
the drug particles (fiber according to the embodiment) can be
produced.

[0207] In the fiber production step, when the polymer hav-
ing the substituent X described above is used, the fiber con-
taining the magnetic particles and the drug particles is pref-
erably heated under the condition of a temperature in a range
ot 100° C. to 150° C. and a period of time in a range of 10
hours to 20 hours. Accordingly, when the thermally- or photo-
crosslinkable functional group X is reacted by 90% or more,
the cross-linked portion 22 can be formed.

[0208] For example, the cross-linked body expressed by
Formula (8) described above can be manufactured by cross-
linking the NIPAAm copolymer expressed by Formula (7)
described above. 1 and m respectively represent molar ratios
(%) of monomers, and a sum of | and m is 100%.

®

(@) NH O NH
)\ HN O HN 0
m, 1
[0209] <Behavior and Effect of Fiber>
[0210] [Self-Heating Behavior of Fiber|
[0211] In the case of the fiber including magnetic particles

as the self-heating particles 24, if an alternating magnetic
field is applied, the fiber can be heated to about 80° C. due to
hysteresis loss or the like caused by a domain wall displace-
ment. In addition, heating temperature can be adjusted in an
error range within =1° C. by adjusting the electric current or
the output of the alternating magnetic field.

[0212] [Drug-Releasing Behavior from Fiber|

[0213] The drug particles 25 included in the fiber are
released from the fiber in response to the change of the tem-
peratures interposing the LCST of the polymer therebetween.
The releasing behavior can be controlled by hydrophobicity
of'the drug particles 25, the molecular weight, fiber density of
the fibers, and cross-linkage density.

[0214] [Anticancer Activity of Fiber]|

[0215] FIG. 7 is a drawing illustrating an example of a
cancer treatment performed by using a nonwoven fabric
according to the embodiment.
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[0216] First, as illustrated in FIG. 7(a), a nonwoven fabric
disposed in a certain position in the body of a human is moved
to a cancer cell portion by using a magnet from outside of the
body of the human. The nonwoven fabric is made of fibers
including self-heating bodies (the self-heating particles 24),
biologically active substances (drug particles 25) (nanofiber
in the example illustrated in the drawing).

[0217] Next, an alternating magnetic field is applied.
Accordingly, as illustrated in FIG. 7(b), the magnetic par-
ticles self-heat (self-heating behavior), and thermal therapy
can be performed only on the cancer cell portion.

[0218] Further, as illustrated in FIG. 7(c), the self-heating
fibers contract, biologically active substances (drug particle)
are released (biologically active substance releasing behav-
ior, drug-releasing behavior according to the embodiment)
together with water, and chemotherapy can be performed
only on the cancer cell portion.

[0219] Only the cancer cells in the affected area can be
killed by the self-heating behavior and the biologically active
substance releasing behavior described above.

[0220] The fiber 11 according to the embodiment is made
of polymer cross-linked bodies in which the plural stimula-
tion-responsive polymers 21 are cross-linked to each other,
and has a diameter of 50 nm or longer and 1 pm or shorter, and
has a configuration in which the self-heating particles 24, the
drug particles 25, and the water 23 are contained between the
stimulation-responsive polymer 21. Therefore, when the
magnetic particles are used as the self-heating particles, after
the fibers are disposed in the affected area, the affected area is
irradiated with the alternating magnetic field, the inside self-
heating particles self-heat, and thus the fiber can be caused to
generate heat, such that the thermal therapy is applied to the
affected area. In addition, if the temperature-responsive poly-
mer is used as the stimulation-responsive polymer, the tem-
perature-responsive fiber contracts in response to the heat
generated by self-heating, the inside biologically active sub-
stance can be released to the outside together with the inside
water, and thus chemotherapy by the biologically active sub-
stance can be applied to the affected area. Therefore, when the
anticancer drug is used as the biologically active substance,
apoptosis of the cancer cells can be promoted. In addition, if
the magnetic particles are used as the self-heating particles,
positions and directions of the fibers disposed in the body can
be managed by using a magnet from outside. Further, the
self-heating particles are stably included in the fiber, and even
if the fiber contracts, the self-heating particles are not diffused
to the outside together with water and the biologically active
substance, such that the fiber can be safely used on the human
body.

[0221] The fiber 11 according to the embodiment has a
configuration in which the self-heating particles 24 are one of
magnetic particles, gold nanorods, gold particles, and carbon
nanotube, or the combination thereof. Therefore, the fiber 11
can self-heat due to the external environmental change such
as the application of the alternating magnetic field.

[0222] The fiber 11 according to the embodiment has a
configuration in which the self-heating particles 24 are mag-
netic particles made of iron oxide, and thus can effectively
self-heat due to the application of the alternating magnetic
field.

[0223] The fiber 11 according to the embodiment has a
configuration in which particle diameters of the self-heating
particles 24 are in a range of 10 nm to 100 nm, and thus can
self-heat in a constant temperature rising rate. Therefore,
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when the fiber 11 is used on the affected area, the thermal
therapy can be applied. In addition, the fiber can be safely
used on the human body without diffusion to the outside by
the contraction of the fiber. In addition, the positions and the
directions of the fiber can be controlled by the magnet.
[0224] The fiber 11 according to the embodiment has a
configuration in which the concentration of the self-heating
particles 24 is in a range of 10 wt % to 50 wt %, and thus can
be caused to self-heat at a temperature required for the ther-
mal therapy.

[0225] The fiber 11 according to the embodiment has a
configuration in which the drug particles 25 which are the
biologically active substance are made of the anticancer drug,
and thus the anticancer effect can be applied to the affected
area.

[0226] If the fiber 11 according to the embodiment has a
configuration in which the particle diameters of the drug
particles 25 are 10 nm or shorter, drug in an amount capable
of applying a constant drug effect to the affected area can be
effectively released to the outside by the contraction of the
fiber.

[0227] The fiber 11 according to the embodiment has a
configuration in which the concentration of the drug particles
25 is in arange of 0.1 wt % to 10 wt %, and thus an optimum
amount of a drug can be applied to the affected area.

[0228] The fiber 11 according to the embodiment has a
configuration in which the stimulation-responsive polymer
21 is one selected from the group consisting of a temperature-
responsive polymer, a light-responsive polymer, a magnetic
field-responsive polymer, an electric field-responsive poly-
mer, and a pH-responsive polymer, and thus can be a fiber of
which physical properties and a structure can be changed in
response to the external environmental change described
above.

[0229] The fiber 11 according to the embodiment has a
configuration in which the temperature-responsive polymer
has a polyethylene main chain and an N-alkyl-substituted
acrylamide side chain, and thus can be a temperature-respon-
sive fiber that can contract or expand in response to the exter-
nal temperature.

[0230] The fiber 11 according to the embodiment is a fiber
having the polymer cross-linked body expressed by Formula
(1) described above. The polymer cross-linked body has a
configuration in which the polymer having the polyethylene
main chain R,(CH,CH),(CH,CH), R;, the N-alkyl-substi-
tuted acrylamide side chain CONHR,, and the thermally- or
photo-crosslinkable substituent X and a polymer having the
polyethylene main chain R,(CH,CH),(CH,CH)Rs, the
N-alkyl-substituted acrylamide side chain CONHR,, and the
thermally- or photo-crosslinkable substituent X are cross-
linked to each other by the thermally- or photo-crosslinkable
substituent X such that the cross-linked portion X . . . X is
formed. Therefore, the fiber can include a large amount of
water by a three-dimensional cross-linking structure so as to
form a hydrogel, and thus the fiber can be caused to the
temperature-responsive fiber that can contract and expanded
in response to the external temperature.

[0231] The fiber 11 according to the embodiment has a
configuration in which the cross-linked portion X . . . X is
expressed by Formula (2) described above, and thus the three-
dimensional cross-linking structure can be easily formed.
[0232] The production method for the fiber according to the
embodiment includes the step S11 of synthesizing the first
polymer which is the stimulation-responsive polymer includ-
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ing the polyethylene main chain, the stimulation-responsive
side chain, and the thermally- or photo-crosslinkable side
chain by dispersing the first monomer having the stimulation-
responsive functional group, the second monomer having the
thermally- or photo-crosslinkable functional group, and the
polymerization initiator in the solvent and performing copo-
lymerization by heat in a degassed atmosphere, the step S12
of preparing the first polymer solution by dispersing the first
polymer, the self-heating particles, the drug particles in the
solvent, the step S13 of producing the stimulation-responsive
fiber containing the self-heating particles and the drug par-
ticles by spinning the first polymer solution by using the
electrospinning method, and the step S14 of producing the
fiber made of the stimulation-responsive fiber cross-linked
body containing the self-heating particles and the drug par-
ticles by cross-linking the stimulation-responsive fiber con-
taining the self-heating particles and the drug particles by
heat or light. Therefore, it is possible to easily produce a fiber
that self-heats in response to the environment, that can release
the drug, in which the self-heating particles are stably
included in the fiber by cross-linking, and thus that can be
safely used on the human body without diffusing the self-
heating nanoparticles to the outside together with water and
the drug particles even if the fiber contracts.

[0233] The production method of the fiber according to the
embodiment has a configuration in which the self-heating
particles are magnetic particles, and thus it is possible to
easily produce a fiber that can self-heat by the application of
the alternating magnetic field.

[0234] The production method of the fiber according to the
embodiment has a configuration in which the first monomer is
a monomer including a stimulation-responsive functional
group, and thus it is possible to easily produce a fiber of which
physical properties and a structure can be changed in response
to the external environmental change.

[0235] The production method of the fiber according to the
embodiment has a configuration in which the first monomer is
a monomer of the N-alkyl-substituted acrylamide derivative
expressed by Formula (3) described above, and thus it is
possible to easily produce a fiber of which physical properties
and a structure can be changed in response to the external
temperature change.

[0236] The production method of the fiber according to the
embodiment has a configuration in which the second mono-
mer is the crosslinkable monomer having the thermally- or
photo-crosslinkable functional group, and thus it is possible
to easily produce a fiber which is insoluble in water and the
organic solvent since the polymer is cross-linked.

[0237] The production method of the fiber according to the
embodiment has a configuration in which the second mono-
mer is the monomer expressed by Formula (4) described
above, and thus it is possible to easily produce a fiber of which
physical properties and a structure can be changed in response
to the external temperature change, which is insoluble in
water and the organic solvent since the polymer is cross-
linked.

[0238] The production method of the fiber according to the
embodiment has a configuration in which the condition of the
electrospinning method is the flow velocity in a range of 0.1
ml./hto 10 mL/h, and the voltage in a range of 10kV to 50kV,
and thus it is possible to easily produce a fiber of which the
diameters are 50 nm or longer and shorter than 1 um.

[0239] The production method of the fiber according to the
embodiment has a configuration in which in the fiber produc-
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tion step, heating is performed under the condition of a tem-
perature in a range of 100° C. to 150° C. and a period of time
in a range of 10 hours to 20 hours, and thus it is possible to
easily produce a fiber which is insoluble in water and the
organic solvent since the polymer is cross-linked.

[0240] The nonwoven fabric according to the embodiment
has a configuration in which the fibers described above are
bonded in a mesh shape to form a sheet shape, and thus the
shape in planar view can be easily processed according to the
shape of the affected area.

[0241] In addition, according to the embodiment, the non-
woven fabric is exemplified as a subject material using the
fiber as the constituent material, but the subject material using
the fiber is not limited thereto. For example, a form of thread,
cloth other than the nonwoven fabric, and mesh produced by
weaving or bonding the fibers can be taken.

[0242] The nanofiber having self-heating properties and
biologically active substance release properties according to
the embodiment, the production method for the same, and the
nonwoven fabric having self-heating properties and biologi-
cally active substance release capabilities are not limited to
the embodiments described above, but can be achieved by
being changed in various ways within the scope of the tech-
nical idea of the invention. The specific examples of the
embodiments are described in the following examples, but the
invention is not limited to the examples.

EXAMPLES

Test Example 1

[0243] First, NIPAAm, N-hydrosymethylacrylamide
(hereinafter, simply referred to as HMAAm), and 0.01 mol %
@ polymerization initiator azobisisobutyronitrile (simply
referred to as AIBN) with respect to the NIPAAm and N-hy-
droxymethylacrylamide were dissolved in 20 mL of N,N-
dimethylformamide (hereinafter, simply referred to as DMF).

[0244] Next, the solution was degassed and sealed in a tube
and stirred at 62° C. for 20 hours.

[0245] Next, precipitation in diethyl ether was performed
twice, so as to refine the resultant.

[0246] Inthe steps above, a NIPAAm-HMAAm copolymer
(referred to as P(NIPAAm-co-HMAAm): Sample in Test
Example 1) was produced by the chemical reaction expressed
by Formula (9) below.

[0247] P(NIPAAm-co-HMAAm) is a thermally-crosslink-
able structured body.

D

oHn
HMAAm

©

DMF, AIBN
—_—
62° C., 20 hours

NIPAAm
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-continued

NH O NH
Ao L

P(NIPAAm-co-HMAAm)

[0248] Next, a 1H-NMR spectrum measurement of the
sample in Test Example 1 was performed.

[0249] FIG. 8 is a graph illustrating the 1H-NMR spectrum
measurement result of the sample in Test Example 1. Sym-
bols corresponding to respective peak values in the chemical
formula of P(NIPAAm-co-HMAAm) are also illustrated.
[0250] From the peak positions and the peak strengths in
the 1H-NMR spectrum measurement result, it was found that
the sample in Test Example 1 was P(INIPAAm-co-HMAAm).
[0251] Next, a change of light transparency of the sample in
Test Example 1 when the environmental temperature was
raised from 35° C. to 60° C. was examined by UV spectrum
measurement.

[0252] FIG. 9 is a graph illustrating environmental tem-
perature dependency of a UV spectrum measurement result.
As illustrated in FIG. 9, in the temperature range from 47° C.
to 50° C., the light transmittance of the sample in Test
Example 1 was drastically changed from 100% to 0%. That s,
it was considered that if the temperature was caused to be
higher than the scope, PINIPAAm-co-HMAAm greatly con-
tracts.

Test Example 2

[0253] First, P(INIPAAm-co-HMAAm) (Sample in Test
Example 1) was dissolved in 1,1,1,3,3,3hexafluoro-2-pro-
panol (hereinafter, simply referred to as HFIP), so as to pre-
pare a polymer solution.

[0254] Next, the electrospinning method was used, the volt-
age of 20kV was applied at the flow velocity of 0.5 mIL/h, and
the polymer solution was spun such that a temperature-re-
sponsive fiber (Sample in Test Example 2) was manufactured.
[0255] As illustrated in FIG. 10, it was found that the
sample in Test Example 2 was fibers of which the average
diameter was 350 nm by the observation with a scanning
electron microscope (SEM).

[0256] In addition, even if the concentration of the sample
in Test Example 1 was changed, fibers of which the average
diameter was substantially the same could be formed.

Test Example 3

[0257] P(NIPAAm-co-HMAAm) (Samplein Test Example
1), magnetic particles made of Fe,O; and y-Fe,O;, and drug
particles made of doxorubicin which is an anticancer drug
were dissolved in HFIP so that the amount of the magnetic
particles was 18 wt %, so as to prepare the polymer solution.
[0258] Next, the electrospinning method was used, the volt-
age of 20kV was applied at the flow velocity of 0.5 mIL/h, and
the polymer solution was spun such that a temperature-re-
sponsive fiber (Sample in Test Example 3) containing the
magnetic particles and the drug particles was manufactured.
[0259] As illustrated in FIG. 11, it was found that the
sample in Test Example 3 was fibers by the observation with

14
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the scanning electron microscope (SEM). In addition, sub-
stantially spherical particles in various sizes were formed
inside.

[0260] In addition, even when the temperature-responsive
fiber containing the magnetic particles and the drug particles
was manufactured by changing the amount of the magnetic
particles of the sample in Test Example 1 to 31 wt %, fibers of
which the average diameter was substantially the same could
be formed.

Example 1

Manufacturing of Temperature-Responsive Fiber
Containing Magnetic Particles and Drug Particles
and Having Cross-Linked Polymer

[0261] The temperature-responsive fiber (sample in Test
Example 3) containing the magnetic particle and the drug
particles was heated at 130° C. for 12 hours.

[0262] Accordingly, by the chemical reaction expressed in
Formula (10) below, a methylol group of HMA Am was dehy-
drated and condensed, and further HCHO was removed, such
that the polymer of the sample in Test Example 3 was able to
be thermally cross-linked.

[0263] Accordingly, the sample in Example 1 made of the
temperature-responsive fiber containing the magnetic par-
ticles and the drug particles and having cross-linked polymer
was manufactured.

(10)

2 mole HZO
P(NIPAAm-co-HMAAm)
1 m
NH
)\ k —HCHO
—_—
O A
O NH O NH
LT ~
HN O HN

[0264] The UV spectrum measurement of the sample in
Example 1 was performed.
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[0265] Inthe UV spectrum measurement result, decrease of
the peak near 305 nm could be observed. Accordingly, it was
found that the polymer of the sample in Example 1 was
cross-linked.

[0266] The sample in Example 1 was observed with the
scanning electron microscope (SEM).

[0267] As illustrated in FIG. 12, it was found that the fiber
structure was held by the sample in Example 1 by the obser-
vation with the SEM. In addition, substantially spherical par-
ticles in various sizes formed inside were maintained.
[0268] The sample in Example 1 was observed with a trans-
mission electron microscope (TEM).

[0269] As illustrated in FIG. 13, the existence of black
dot-shaped magnetic particles contained in the sample in
Example 1 was found by the observation with the TEM.
[0270] The X-ray diffraction (XRD) measurement was per-
formed on the sample in Example 1.

[0271] As illustrated in FIG. 14, the existence of the mag-
netic particles was found from the peaks of XRD.

[0272] Thermogravimetric analysis, (hereinafter, simply
referred to as TGA) and energy dispersive x-ray spectroscopy
(hereinafter, simply referred to as EDX) measurements were
performed on the sample in Example 1.

[0273] Asillustrated in Table 1, with respect to 18 wt % and
31wt % in feed, the contents of the magnetic particles were 15
wt % and 24 wt % in the TGA measurement results, and were
11 wt % and 22 wt % in the EDX measurement results.

TABLE 1
In feed(wt %) TGA EDX
18 15.66 £ 4.41 11.47 £0.82
31 24.23 £2.81 22.00 £3.55

[0274] <Heat Generation Behavior of Fiber>

[0275] Heat generation behavior of the sample in Example
1 was examined.

[0276] First, 5 mg of the sample in Example 1 was taken,
and was immersed in 300 pulL of water in a beaker.

[0277] Next, the beaker was disposed in the winding of a
copper coil (inner diameter of 5 cm, 10 turns).

[0278] Next, electric currents were caused to flow in the
coil, and an alternating magnetic field of 480 A, 166 kHz, 362
W was applied to the sample in Example 1 in water in the
beaker.

[0279] In this manner, the relationship between the alter-
nating magnetic field irradiation time and the sample surface
temperature was examined.

[0280] In addition, the relationship between the alternating
magnetic field irradiation time and the sample surface tem-
perature was examined in the same manner as described
above except that the amounts of the sample in Example 1
were set to be 15 mg and 25 mg.

[0281] FIGS.15A and 15B are graphs illustrating heat gen-
eration behaviors of the sample in Example 1, and are graphs
illustrating relationships between alternating magnetic field
irradiation times and sample surface temperatures.

[0282] According to the increase of the alternating mag-
netic field irradiation time, the sample surface temperature
increased, and became substantially constant after 800 s.
Among the samples (fiber) of Example lof which the
amounts were 5 mg, 15 mg, and 25 mg, the sample surface
temperature when the alternating magnetic field irradiation
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time was 800 s was highest in 25 mg of the sample, and the
temperature became about 50° C.

[0283] In addition, among the sample in which an amount
of the magnetic particles was 1.8 wt % as illustrated in FIG.
15A and the sample in which an amount of the magnetic
particles was 31 wt % as illustrated in FIG. 15B, the sample
surface temperature when the alternating magnetic field irra-
diation time was 800 s was high in the sample having 31 wt %,
and the temperature became about 70° C.

[0284] That is, if the amount of the sample (fiber) in
Example 1 and the content of the magnetic particles in the
fiber increased, the sample surface temperature increased.
[0285] The relationship between the alternating magnetic
field irradiation time and the sample surface temperature with
respect to the sample in Example 1 was observed using an
infrared camera.

[0286] FIG. 16 is a diagram including pictures illustrating
differences between alternating magnetic field irradiation
times of observation images using an infrared camera.
[0287] At alternating magnetic field irradiation time of 9
(min), the fiber generated heat of about 50° C.

[0288] The relationship with the sample surface tempera-
ture to the switching of the alternating magnetic fields was
examined.

[0289] FIG. 17 is a graph illustrating a relationship of
sample surface temperature to switching of alternating mag-
netic fields and an explanation diagram (upper diagram)
thereof.

[0290] Attime points corresponding to the explanation dia-
gram (upper diagram), the ON and OFF switching of the
alternating magnetic fields was repeated.

[0291] As illustrated in FIG. 17, the temperature quickly
increased and decreased with respect to the ON and OFF
switching of the alternating magnetic fields. From 23° C. to
48° C., the reproducibility was high, and the sample surface
temperature could be changed.

[0292] <Magnetic Properties of Fiber>

[0293] The response of the magnetic field of the neody-
mium magnet of the sample in Example 1 was observed.
[0294] First, water was introduced to a petri dish having a
diameter of 10 cm, and 25 mg of a sample in Example 4 was
floated on the water.

[0295] Next, aneodymium magnet was brought closeto the
petri dish, and the appearance of the sample in Example 4 was
continuously observed with a moving image.

[0296] FIG. 18 is a diagram including pictures illustrating
changes of positions of the sample (Nanofiber) in Example 1
according to the elapsed time when a neodymium magnet
(Magnet) was brought close to the petri dish.

[0297] Pictures at elapsed times of 0s, 15,25,3s,and4 s
are illustrated. The sample in Example 4 which was floating
around the center of the petri dish was quickly drawn to the
neodymium magnet at 4 s.

[0298] <Expansion and Contraction Behavior in Response
to Temperature of Fiber>

[0299] The behaviors of the fiber with respect to tempera-
ture changes were examined.

[0300] FIG. 19 is a graph illustrating expansion and con-
traction behavior of the sample in Example 1. With respect to
the repeat of the temperature change from 20° C. to 50° C., the
sample in Example 1 had high reproducibility and repeated
expansion and contraction changes. The expansion and con-
traction behaviors of the sample in Example 1 were reversible
in response to the temperature.
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[0301] FIG. 20 is a diagram including atomic force micro-
scope (AFM) images of the sample (fiber) in Example 1 in
water, in which FIG. 20(a) is an image at 25° C., and FIG.
20(b) is an image at 45° C. It was found that the cross-linking
fiber structures were stably maintained.

[0302] <Expansion and Contraction Behavior and Release
of Drug in Response to Alternating Magnetic Field with
Respect to Fiber>

[0303] Relationships between expansion and contraction
behaviors and the release of a drug (anticancer drug) in
response to the alternating magnetic field with respect to the
sample (fiber) in Example 1 were examined.

[0304] FIG. 21 is a graph illustrating relationships between
expansion and contraction behaviors in response to alternat-
ing magnetic fields and release of a drug with respect to the
sample (fiber) in Example 1.

[0305] First, an alternating magnetic field was applied to
the sample (fiber) in Example 1. As a result, the magnetic
particles contained in the sample (fiber) in Example 1 gener-
ated heat in response to the alternating magnetic field.
[0306] Next, the temperature of the sample (fiber) in
Example 1 increased to the LCST or higher by the heat. As a
result, the sample (fiber) in Example 1 contracted. As aresult,
the drug (anticancer drug) contained in the fiber was released
to the outside together with water.

[0307] If the application of the alternating magnetic field
was stopped, the temperature of the sample (fiber) in Example
1 was returned to the LCST or lower. As a result, the sample
(fiber) in Example 1 was expanded. As a result, the release of
the drug (anticancer drug) to the outside was stopped.
[0308] Ifthe application and the stopping of the alternating
magnetic field were repeated, as described above, the release
and the stopping of the release of the drug (anticancer drug) to
the outside were repeated.

[0309] Ifthe application and the stopping of the alternating
magnetic field were repeated four times, about 90% of a drug
(anticancer drug) was released to the outside.

[0310] <Cancer Cell Killing Test>

[0311] Ananticancer effect of the sample in Example 1 was
examined by using a COLO679 cell, which is a human mela-
noma cell line.

[0312] First, after cells were plated at 1.0x10* cells/well,
the cells were cultured for 2 days at 37° C.

[0313] Next, the sample in Example 1 was added to the
medium, and the cells were further cultured for 1 day.
[0314] Next, an alternating magnetic field (480 A, 1.66
kHz, 362 W) was applied for 5 minutes.

[0315] Next, the cells were cultured at 37° C. for 1 day.
[0316] Next, the alternating magnetic field (480 A, 166
kHz, 362 W) was applied again, for 5 minutes.

[0317] First, arelationship between cell culture periods and
cell proliferation indexes (hereinafter, simply referred to as
CPI) was examined.

[0318] FIG. 22 is a graph illustrating the relationship
between the cell culture periods and the cell proliferation
indexes (CPI).

[0319] Inasample in which nothing was performed, as the
cell culture period increased, the CPI linearly increased. That
is, the number of cells increased (indicated as control group in
FIG. 22).

[0320] If the sample in Example 1 was used (indicated as
anticancer drug/magnetic particle fiber group in FIG. 22),
after two respective time points of applying the alternating
magnetic field, the CPI greatly decreased.
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[0321] If a sample in which the magnetic particles only
were included and the anticancer drug was not included was
used (indicated as magnetic particle fiber group in FIG. 22),
after two respective time points of applying the alternating
magnetic field, the CPI slightly decreased.

[0322] Inareference example (indicated as free anticancer
drug addition group in FIG. 22), an anticancer drug was added
instead of the application of the alternating magnetic field.
The same change as in the case in which the sample in
Example 1 was used was brought about, but the decrease
amount of the CPI was smaller than in the case in which the
sample in Example 1 was used.

[0323] According to the results above, when the sample in
Example 1 was used, by the anticancer drug and the self-
heating, that is, by the simultaneous realization of the gen-
eration of heat and the release of the drug, more cells were
killed than in the other samples, such that the proliferation of
the cell was dominantly suppressed.

[0324] Next, respective samples of the control group, the
magnetic particle fiber group, the free anticancer drug addi-
tion group, and the anticancer drug/magnetic particle fiber
group at time points of the fifth day of the cell culture period
were immunostained with DAPIL, Annexin V Cy-3, and
TNEL, and observed with a microscope.

[0325] FIG. 23 is a diagram including microscope obser-
vation pictures of respective samples at time points of fifth
days in cell culture period.

[0326] InFIG.23, theleft column is a phase contrast micro-
scope observation results of the respective samples, the sec-
ond column from the left is DAPI staining results on nucle-
uses (indicated with blue color), the second column from the
left is Annexin V staining results (indicated with red color),
and the right column is TUNEL staining results (indicated
with green color). White lines on the lower right sides in
respective pictures are scales, and the unit of the scale is 100
mm.

[0327] In the sample in Example 1 (the anticancer drug/
magnetic particle fiber group), high Annexin V staining and
TUNEL staining were observed.

[0328] Since both the AnnexinV and TUNEL were derived
from apoptosis of cells, it was found that promotion of apo-
ptosis of the cancer cells by the sample in Example 1 con-
taining the anticancer drug and the magnetic particles was the
cause of the proliferation suppression (killing capabilities).
[0329] In addition, apoptosis is one way by which cells
configuring a multicellular organism die, and is the suicide of
a cell actively performed in order to maintain an individual in
a better state compared with necrosis, which is cell death
caused by the deterioration of the environment inside or out-
side the cell, that is, programmed cell death.

Test Example 4

[0330] First, e-caprolactone (hereinafter, simply referred to
as CL), D,L-lactide (hereinafter, simply referred to as
DLLA), an initiator tetramethylene glycol, and a catalyst tin
hexanoate were mixed, and stirred at 120° C. for 24 hours.
Next, precipitation in ethyl acetate was repeated two times, so
as to refine the resultant. In the steps above, poly(e-caprolac-
tone-co-D,L-lactide) (hereinafter, simply referred to as
P(CL-DLLA): sample 4) was produced.

[0331] Next, a 1H-NMR spectrum measurement of the
sample in Test Example 4 was performed. FIG. 24 is a graph
illustrating the 1H-NMR spectrum measurement result of the
sample in Test Example 4. From the peak positions and the
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peak strengths in the lH-NMR spectrum measurement result,
it was found that the sample in Test Example 4 was P(CL-
DLLA).

Test Example 5

[0332] Next, simply referred to as P(CL-DLLA)), magnetic
particles made of Fe,O; and y-Fe, O, and drug particles made
of paclitaxel, which is an anticancer drug, were dissolved in
1,1,1,3,3,3 hexafluoro-2-propanol (hereinafter, simply
referred to as HFIP) so that the amount of the magnetic
particles was 20 wt %, so as to prepare the polymer solution.
Next, the electrospinning method was used, the voltage of 20
kV was applied at the flow velocity of 0.5 ml/h, and the
polymer solution was spun such that a temperature-respon-
sive fiber (Sample in Test Example 5) was manufactured. As
illustrated in FIG. 25, it was found that the sample in Test
Example 5 was fibers having the average diameter of 500 nm
by the observation with the scanning electron microscope
(SEM).

[0333] <Heat Generation Behavior of Fiber>

[0334] The heat generation behavior of the sample in Test
Example 5 was examined. First, 5 mg of the sample in Test
Example 5 was taken, and was immersed in 300 pL. of water
in a beaker. Next, the beaker was disposed in the winding of
acopper coil (inner diameter of 5 cm, 10 turns). Next, electric
currents were caused to flow in the coil, and an alternating
magnetic field of 480 A, 166 kHz, 362 W was applied to the
sample in Test Example 5 in water in the beaker. In this
manner, the relationship between the alternating magnetic
field irradiation time and the sample surface temperature was
observed using an infrared camera. FIG. 26 is a diagram
including pictures illustrating differences between alternat-
ing magnetic field irradiation times of observation images of
the infrared camera. At alternating magnetic field irradiation
time of 9 (min), the fiber generated heat of about 45° C.

INDUSTRIAL APPLICABILITY

[0335] A fiber, a production method thereof, and a non-
woven fabric having self-heating properties and biologically
active substance release capabilities relate to a technique used
for a thermochemotherapy treatment tool for cancer that can
self-heat and release a drug in response to an environmental
change so as to be safely used on a human body without
diffusing self-heating nanoparticles. The technique is appli-
cable to the medical treatment tool industry such as DDS, the
production industry thereof, and the like.

REFERENCE SIGNS LIST

[0336] 1...NONWOVEN FABRIC HAVING SELF-
HEATING PROPERTIES AND BIOLOGICALLY
ACTIVE SUBSTANCE RELEASE CAPABILITIES,
11...FIBER, 21 ... STIMULATION-RESPONSIVE
POLYMER, 22 ... CROSS-LINKED PORTION, 23 ..
. WATER, 24 . . . SELF-HEATING PARTICLE, 25 . ..
DRUG PARTICLE

1. A fiber having a diameter in a range of 50 nm to 50 pm,

and a length of 100 times the diameter or more, the fiber
comprising:

self-heating particles that generate heat in response to
stimulation from outside;

a stimulation-responsive polymer of which physical prop-
erties change by directly or indirectly reacting due to the
stimulation; and
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a biologically active substance that is held by the stimula-
tion-responsive polymer,

wherein the biologically active substance is released to the
outside in response to the changes in the physical prop-
erties of the stimulation-responsive polymer.

2. The fiber according to claim 1, further comprising:

water.

3. The fiber according to claim 1,

wherein the stimulation-responsive polymer includes a
structure in which a plurality of polymer cross-linked
bodies are cross-linked to each other.

4. The fiber according to claim 1,

wherein a diameter of the fiber is 50 nm or longer and
shorter than 1 pm.

5. The fiber according to claim 1,

wherein the self-heating particles are any one of magnetic
particles, gold nanorods, gold particles, and carbon
nanotubes, or a combination thereof.

6. The fiber according to claim 5,

wherein the self-heating particles are magnetic particles
made of iron oxide.

7. The fiber according to claim 5,

wherein a particle diameter of the self-heating particle is in
arange of 10 nm to 10 pm.

8. The fiber according to claim 1,

wherein a weight ratio of the self-heating particles is in a
range of 10 wt % to 50 wt % with respect to a total weight
of the fiber.

9. The fiber according to claim 1,

wherein the biologically active substance is a particle
which contains an anticancer drug.

10. The fiber according to claim 9,

wherein the particle diameter of the particles is 10 nm or
shorter.

11. The fiber according to claim 9,

wherein a weight ratio of the particles is in a range 0o 0.1 wt
% to 10 wt % with respect to a total weight of the fiber.

12. The fiber according to claim 1,

wherein the stimulation-responsive polymer is any one
selected from the group consisting of a temperature-
responsive polymer, a light-responsive polymer, a mag-
netic field-responsive polymer, an electric field-respon-
sive polymer, and a pH-responsive polymer.

13. The fiber according to claim 12,

wherein the temperature-responsive polymer has a poly-
ethylene main chain and an N-alkyl-substituted acryla-
mide side chain.

14. The fiber according to claim 13, further comprising:

a polymer cross-linked body represented by Formula (1)
below,

wherein, in a polymer cross-linked body, a polymer having
a polyethylene main chain R; (CH,CH),(CH,CH), R
and an N-alkyl-substituted acrylamide side chain
CONHR,, and a thermally- or photo-crosslinkable sub-
stituent X and a polymer having a polyethylene main
chain R ,(CH,CH),(CH,CH),R,, an N-alkyl-substituted
acrylamide side chain CONHR,, and a thermally- or
photo-crosslinkable substituent X are cross-linked with
the thermally- or photo-crosslinkable substituents X, so
that a cross-linked portion X . . . X is formed.

(In Formula (1) below, substituents R,, R;, R, and R are
hydrogen atoms or linear or branched alkyl groups hav-
ing 1 to 6 carbon atoms, and a substituent R, is any alkyl
group selected from the group consisting of an isopropyl
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group, an n-propyl group, and a butylacrylamide. In
addition, 1, m, s, and t respectively represent molar ratios
(%) of monomers, and a sum of 1 and m and a sum of s
and t are 100%.)

15. The fiber according to claim 14,

wherein the cross-linked portion X . . . X is represented by
Formula (2) below.

(In Formula (2) below, n is a natural number in a range of
1t0 6. A is an NH group and a linking group of O.)

@

16. A production method for a fiber comprising:

a step of synthesizing a first polymer which is a stimula-
tion-responsive polymer including a polyethylene main
chain, a stimulation-responsive side chain, and a ther-
mally- or photo-crosslinkable side chain by dispersing a
first monomer having a stimulation-responsive func-
tional group, a second monomer having a thermally- or
photo-crosslinkable functional group, and a polymeriza-
tion initiator in a solvent, and performing copolymeriza-
tion by heat in a degassed atmosphere;

a step of preparing a first polymer solution by dispersing
the first polymer, self-heating particles, and a biologi-
cally active substance in a solvent;

a step of producing a stimulation-responsive fiber contain-
ing the self-heating particles and the biologically active
substance by spinning the first polymer solution by an
electrospinning method; and

a step of producing a fiber made of a cross-linked body of
the stimulation-responsive fiber containing the self-
heating particles and the biologically active substance
by cross-linking a stimulation-responsive fiber contain-
ing the self-heating particles and the biologically active
substance by heat or light.

17. The production method for a fiber according to claim

16,

wherein the self-heating particles are magnetic particles.
18. The production method for a fiber according to claim

16,

wherein the first monomer is a monomer including the
stimulation-responsive functional group.
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19. The production method for a fiber according to claim
18,

wherein the first monomer is a monomer of an N-alkyl-
substituted acrylamide derivative represented by For-
mula (3) below.

(In Formula (3) below, an N-alkyl-substituted acrylamide
group which is a stimulation-responsive functional
group is included, a substituent R, is a hydrogen atom or
a linear or branched alkyl group having 1 to 6 carbon
atoms, and a substituent R, is any alkyl group selected
from the group consisting of an isopropyl group, an
n-propyl group, and a butylacrylamide.)

&)

20. The production method for a fiber according to claim
16,

wherein the second monomer is a cross-linking monomer
having a thermally- or photo-crosslinkable functional
group.

21. The production method for a fiber according to claim

20,

wherein the second monomer is a monomer represented by
Formula (4) below.

(In Formula (4) below, a substituent R is a hydrogen atom
or a linear or branched alkyl group having 1 to 6 carbon
atoms, and a substituent X is a thermally- or photo-
crosslinkable functional group represented by Formula
(5) below.

In Formula (5) below, n is a natural number in a range of 1
to 6. A is an NH group or a linking group of O.)

@
R;

®)

A—¢CH,3—OH

22. The production method for a fiber according to claim
16,
wherein a condition of the electrospinning method is a flow
velocity in arange 0of 0.1 mL/h to 10 mL./h, and a voltage
in a range of 10 kV to 50 kV.
23. The production method for a fiber according to claim
16,
wherein, in the step of producing the fiber, the heating is
performed under the condition of a temperature in a
range of 100° C. to 150° C. and a period of time in a
range of 10 hours to 20 hours.
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24. A nonwoven fabric,
wherein the fibers according to claim 1 are bonded to each
other in a mesh shape to form a sheet shape.

#* #* #* #* #*

Dec. 10, 2015



