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COMPOSITIONS AND METHODS FOR CELL ACTIVATION AND
TISSUE REPAIR USING NANOPARTICLES AND LIGHT '

FIELD OF THE INVENTION

The present invention is of compositions and methods for ‘inducing cell

stimulation and in particular, such compositions and methods which feature sub-

cytotoxic nanoparticles or microparticles and light.

BACKGROUND OF THE INVENTION

Reactive oxygen species (ROS) mclude oxygen 1ons free radicals, and ”

peroxrdes both inorganic and organic. They are generally very small molecules and
are highly reactive due to the presence of unpaired valence shell electrons.

It is known that high amounts of ROS are lethal to the cell, a phenomenon
exploited in -photodynamic therapy (PDT), which is .typically employed for cancer
therapy and antibacterial treatment (1, 2). PDT employs exogenous photosensitizers;
such as hematoporphyrin derivatives, which are introduced to the cells and then
irradiated with an appropriate wavelength of visible or near infra-red (NIR) light. The
activated photosenstizer molecules pass on their energy to surrounding molecular
oxygen, resulting in the formation of ROS. Typically in PDT, a large amount of the
photosensitizer compounds accumulate within the target trssue_ and generate high ROS

concentrations upon irradiation.

Cytotoxic amounts of photosensitizers or nanoparticles which destroy

recipient cells via generation of cytotoxic ROS may be used for treating diseases such

as cancer, viral and bacterial 1nfect10ns (3 6).
At concentrations below those requrred for cytotoxrc1ty, ROS have a wide

range of positive strrnulatory effects on the cell.

For example, ROS promote cell growth (7 10) whrch in the case of fibroblasts

‘can be exploited for wound healing and skin rejuvenation. ROS can induce

differentiation of neurons (11) which could be used for nerve regeneration. In
spermatdzoa, ROS, such as the superoxide anion and H202,. were found to induce
sperm hypercapacitation and the acrosome reaction.(12) which lead to enharnced
fertilization rates. In cardiac cells and in cardiomyocytes, ROS function as an
important regulator of cell survival (13), and small amounrs of ROS were suggested to

play a role in preconditioning against myocardial stunning (14). In addition, recent

1 . -
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experiments have shown. that ROS stimulate signal transduction processes for
transcription factor activaﬁon, gene expressibn, muscle contraction and cell growth
(15, 16). The regulatory function of ROS was suggested as being connected to the
increased activity of guanosine triphosphate (GTP)-binding proteins such as GTPase
5 Rac-1(17), which play a pivotal role in multiple signél-tranéduction pathways (18).

Furthermore ROS may incréase nitric oxide (NO) synthesis (19-21). NO is a
simple diatomic, semi-stable molecule that has been found to be an important
biological messenger. NO is perhaps best known as a mediator of relaxatiqn of

vascular smooth muscle (VSM), causing dilation of blood vessels, and was known in

10_ _this role as endothelium-derived relaxation factor and_ therefore ~used. for_relieving. ... ..

ischemic pain (19-21).
Lasers, light-emitting diodes (LEDs) and broadband light sources in the

visible and near IR ranges have em,ergedi in recent years as having therapeutic uses
such as nerve regeneration (22, 23), pain relief (24) and more. _

15 | The stimulatory effects of light in the visible and near IR regions is termed-
"photobiomodulation" and has been reported to induce many cell processes, such as
proliferation (25-28), spermatozoa fertilization‘ (29) and motility (30), action
potentials (31), c;,ell'differentiation (32), pfotection of cells from' damage (33), and
recovery of damaged ceHs (34). Other réported effects are the stimulation of collagen

20  synthesis (35), release of cytokines (36) and growth factors (37, 38).

| .Moreover Oron et al '(90) have recently demonstrated the ability of visible

light to promote proliferation of rhesenchymal stem 'cells'(.MSCs) and cardiac stem

~ cells (CSCs) in vitro. These results mayr'have an-important impact on regenerative
medicine. | _ | _

25 The.mechanism of photdbiosfimulation is based on the finding that ROS are
produced by irréd_iated cellular endogenous photosensitizérs such as cytochromes and

flavins; and that ROS have biological effects as discussed above (39-43).

30 SUMMARY OF THE IN VENTION

The background art does not teach or suggest the use of sub-cytotoxic amounts

of nanoparticles or microparticles, either alone or with light stimulation to produce

cell-stimulatory amounts of ROS for cell stimulation and tissue regeneration.
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The present invention overcomes these deficiencies of the background art by
providing compositions and methods of use thereof, as well as methods of treatment,
featuring administration of nanoparticles or microparticles, either alone or in
combination with light stimulation to produce controlled, limited amounts of ROS for
cell stimulation and tissue regeneratio.n. The nanoparticles or microparticles_ are
introduced to the subject exogeneously, as described in greater detail below.

As used herein the term "method" refers to manners, means, techniques and
procedures for accomplishing a given task including, but not limited to, those
manners, means, techniques and procedures either known to, or readily developed
from known manners, means, techmqu_esA and procedures by practltloners of the
chem1ca1 pharmacological, biological, biochemical and medlca{l_e;;s N N

As used herein, the term “treating” includes abrogatlng, substantlally

ameliorating clinical or aesthetical symptoms of a condition or substantially
preventing the appearance of clinical or aesthetical symptoms of a condition.

The term “comprising” means that other steps and ingredients that do not
affect the final result can be added. This terrh encompasses the terms "consisting of"

and "consisting essentially of".

The phrase "consisting essentially of" means that the composition or method

may include additional ingredients and/or steps, but only if the additional ingredients

and/or steps do not materially alter the basic and novel characteristics of the claimed

composition or method.

* inhibiting, slowing or reversing the progression of a condition, substantially .

- As.used herein, the term "nanopartlcles refers to particles having a diameter

of the order of about 200 nm or less. Such particles exhibit properties different from
those of the bulk material. Because of their _ultra-small _size, nanoparticles can
penetrate cell membranes and integrate themselvevs into larger molecules. They can
re51st cellular defense systems but are large enough to interfere with cell processes.
_ As used herem the term mlcropartlcles refers to partlcles of diameter in the
range of from about 1 to about 200 pm.
As used herein a "pharmaceutical composition" refers to a preparation of one
or more of the active ingredients described herein, either compounds or
physiologically acceptable salts thereef, with other chemical »corr_iponents such as

traditional drugs, physiologically suitable carriers and excipients.

(U8 ]
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As used herein, the term "pharrnac_eutically acceptable" means approved by a
regulatory agency of the Federal or a state government or listed in the U.S.
Pharmacopeia or other generally recognized pharmacopeia for use in animals, and
more particularly in humans. Herein, the phrases "physiologically suitable carrier”
and "pharmaceutically acceptable carrier”" are interchangeably used and refer to an
approved carrier or a diluent that does not cause signiﬁcant irritation to an organism
and does not abrogate the biological activity and properties of the administered
conjugate.

 As used herein, the term "carrier” refers to a diluent, adjuvant, excipient, or
~vehicle with which the therapeutic is adm1mstered

Herein the term "excipient" refers to an inert substance added to a>
pharmaceutical composition to further facilitate processes and administration of the
active ingredients. B

Also as described in greater detail below, a delicate balance must be
maintained with: regard to the properties of the nanoparticles or microparticles, the
amount administered, the type of light stimulation, the amount of light stimulation and
localization of the nanoparticles or microparticles_ and/or of the light stimulation, in
order to provide the most beneficial properties to the subject to be treated All of these
aspects are described herein collectively as “ROS treatment parameters”, as they
impact' upon the amount of ROS generated, as well as the location at which they are

generated.

The present invention, in some ernbodiments preferably provides a method

1ncreasmg their concentra’oon and hence their activity, in deep lying t1ssues by
1rrad1at1ng them with light in the visible and near IR region.

These embodiments of the present invention, as well as the present invention
overall, ‘may be contrasted with the background art, both as noted above and also as
descnbed in greater detall below ' '

For example, in U.S. Patent No 6,379,376, co-owned and by the present

" inventors, it is demonstrated and claimed that broad band visible and near IR light
induces in vitro and in vivo growth of cells and tissue, and also controls bacterial
infections. This is based on the finding that endogenous photosensitizers can produce

ROS. It is also claimed that the effect of light could be enhanced by introducing

for_generating ROS for. st1mulatory purposes 1n cells and tissues, more preferably
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small Eimounts of exogenous photosensitizers such as those used in PDT. While
correct, there is limited penetration of the photosensitizers into the cells and bacteria.
Moreover it has been found (44) that the main wavelengths responsible for
ROS production by endogenous photosensitizers are in the blue region (400-500nm).
S The disadvantage of this is the low penetration depth of these wavelengths.
 Thus, the present invention is able to overcome these known deficiencies of

_the background art, as well as to provide many other benefits, some of which are

described in greater detail below.

10  BRIEF DESCRIPTION OF THE DRAWINGS ™~~~ ~

The invention is herein described, by way of example only, with reference to
the accompanying drawings. With specific reference now to the drawings in detail, it
is stressed that the particulars shown are by way of exémple and for purposes of
_ illustrative discussion of the preferred embodiments of the present invention only, and
15  are presented in erdef to provide what is believed to be the most useful and readily
understood descriptioh of the principles and conceptual asbects of the invention. In
this regard no attempt is made to show structural details of the invention in more
detail than is necessary for a fundarnental understanding of the invention, the
description taken with the drawings making apparent to those skilled in the art how

20 the several forms of the invention may ‘be embodied in practice.

In the drawmgs

Flgure 1 shows an electon paramagnetlc resonance (EPR) spectrum of zinc

ox1de in water, in wh1ch hydroxyl and super oxide anion radicals formatlon is clearly

momtored Apphcatlon of white light increases ‘the ROS amount;

25 Flgure 2 shows that nanopartlcles such as TiO2 can generate ROS , the

amount of which can be increased by white light; and

Figure 3 shows that incubation of fibroblasts with TiO, at 50uM results in a

stimulation of 40% in the cell number.

30 DESCRIPTION OF PREFERRED EMBODIMENTS

The present invention provides compositions and methods of use thereof, as -

well as methods of treatment, featuring nanoparticles or microparticles, either alone or
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in combination with light stimulation to produce limited amounts of ROS for cell
stimulation and tissue regcneration. |
~ The use of nanoparticles to produce a cytotoxic effect via generation of high
levels of ROS is known, and has been used for treatment of cancer, and viral and
bacterial infections, as discussed in the Background section above. The present
inventors have surprisingly found that lower amounts of nanoparticles and
microparticles than those which result in cytotoxicity can cause stimulation of cellular
activity, including cell activation and ﬁssﬁe repair. |
~ The nanoparticles or microparticles themselves contain stable ROS, including
but not limited to hydroxyl, singlet oxygen and super oxide anion, hydrogen percxide,

and nitric oxide which stimulate cell activity. Upon introduction to the tissue, the

nanoparticles or microparticles cause cell stimulation and tissue regeneration; further

light stimulation increases the amount of ROS produced.

The nanoparticles can penetrate easily into cells, while microparticles generate
ROS at the cell membrane. |

According to some embodiments, there is provided the use of a particle
selected from the group consisting of a nanoparticle and a microparticle for inducing
cell stimulation.

According to some embodiments, there is provided a method of inducing
cellular activity, thé method comprising administering to a subject a » pafticle
consisting of a nanoparticle and a rhiéroparticle.

According to some embodiments, there is provided a composition for inducing

cell -stimulation; the -composition -comprising- a- particle .selected- from the- group

consisting of a nanoparticle and a microparticle and a pharmaceutically acceptable
carrier.
The nanoparticles or microparticles are preferably present in sub-cytotoxic

concentrations.

The sub-cytotoxic concentration varies according to the particular material and
size of the nanoparticle or microparticle.

The present inventors have found that nanoparticles or microparticles at
concentrations in the range of 1-100 pg/l can stimulate skin cells.

ZnO at-1mM or 80 ug/ml was found to have antibacterial effect on a broad -
spectrum of microorganisms (88); while TiO; at 0.1-1 mg/ml was found to have a

phot'ocafalytic effect on E. coli (89).
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According to some embodiments, the nanoparticles or microparticles may
optionally comprise one or rnore metal oxides, more pfeferably metal dioxides of
biologically compatible metals, semiconductors and metal oxides doped in silica.
Examples of suitable metal oxides inciude‘ZnO, TiOz, FeO, CuO Ag;O, Co30y4,

5  Mn;04 or other metal oxides doped in silica, including but not limited to Fe;O3 /Si0s.

Alternatively or additionally, a fullerene, carbon, a heterocrystal mineral, or a
combination thereof may be used. ‘

The heterocrystal mineral optionally includes but is not limited to rutile,
sphere, loparite, perowskite, anatase, ilmenite lenkoxen ferrite, argyrite, graphite,

10 CaO phosphoritemonooxides phosphoritedioxide, or CdSe/ZnS. |

Without wishing to be hmlted by a single hypothe51s the capability of certain
semiconductor nanoparticles or microparticles, such as, for example those comprising
ZnO to generate stable oxygen radicals is mamly attributed to their crystal defects. It
is becoming increasingly established that the functional properties of nano- and micro

15 scale materials depend not only on.their bulk composition and morphology but also
on their defect structure (46). |

The bandgap size and oonsequently the electronic properties are very much
dependent on the preparation of the nanoscale or microscale semiconductor.

The nanoparticle diameters are in the range of up to about 1000 nm.

20  Preferably, the dimensions are in the range of from about 0.5 to about 200 nm, more
preferably from about 0.5 to about 50 nm. | i
The microparticle diameters are pfeferably in the range. of 1 to about 200 pm,
. -.__more_preferably.in the range of from.about 1 to about-10pm.. .— .-~ . -
Optionally, mixtures of different sized nanoparticles and microparticles at
25  different ratios may be used. _ »

According to some embodiments, the nanoparticles and microparticles of the
present invention may have spherioal and /or rod shapes. |

The nanoparticles or microparticles are optionally coated with polyvinyl
alcohol (PVA), poly-(N-vinyl-2-pyrrolidone) (PVP) Polyethylene Glycol (PEG),

30  and/or other coatings to avoid aggregation.

To control the microenvironment of the nanoparticle or microparticle in the

cell, the nanoparticles and microparticles may optionally be administered to the cells

by means of binding them to units (such as proteiné) targeted to a specific location. .
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For example, magnetic nanoparticles such as Fe;O; can be targeted to a specific cell
through an external static magnetic field.

According to some embodimenté of the present invention, there are provided
coated nanoparticles or microparticles which form “quantum . dots”. These
nanoparticles comprise a metal or metals, and/or carbon, and are coated with
photosensitizers such as porphyrins derivatives or flavins which are excited by visible
and near IR light and/or which have poor solubility in water and tend to aggregate in
aqueous solutions (47, 48). The nanoparticles fécilitate penetration 6f the
photosensitizers into the cells. Nanopartlcles and mlcropamcles can serve as 1deal.
carriers for photosensitizer molecules for photobiostimulation and tissue repair.

According to some embodiments, the use or method of the present invention
further comprises irradiating the particles with light: | |

~ For each nanoparticle and microparticle, there is an optimal wavelength or a
band of wavelengths m the visible and near IR region with regard to stimulation of
ROS. The optimaﬂ wavelength can be identified by methods known in the art, such as,
for example, electron paramagnetic resonance (EPR) methods. This optimal

wavelength is preferably balanced against one' or more other treatment parameters,

- such as for example the need to penetrate deeply into tissue.

The irradiation can take place before, during or after 1ntroduc1ng the
nanoparticle or microrparticle to the cells and/or tissue.
Without wishing to be limited by a single hypothesis, the suggested

mechanism for light induced ROS in semiconductors such as ZnO, TiO, is as follows.

___Upon ultraviolet or._visible. light excitation, the photon energy excites valance =

25

30

electrons and generates pairs of electrons and holes (electron vacancy in a valence
band) that diffuse and become trapped on or near the nanoparticle or microparticle

surface. These excited electrons and holes have strong reducing and oxidizing

activities and react with water and oxygen to yield active oxygen species, such as

hydroxyl radicals ( - OH) and superoXide anions (Oz_) (49).

Among the advantages of using nanoparticles or microparticlés and light for
cellular stimulation, in comparison to previous techniques using light alone for
photobiostimulation, is the possibility of using less intense and yet more penetrative
light to obtain the same ROS amounts. Use of such light provides the possibility of
optionally treating deeper tissues, including but not limited to bone, muscle and

nerves. Furthermore, the use of light provides the optional ability to regulate ROS

8
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concentrations within the cell for various fime intervals.'This permits the introduction
of very small concentrations of nonactive nanoparticles and microparticles (less than
atbout 1 mM) to the tissue, which are then activated through controlled administration
of light.

5 According to some embodiments,' a light source in the visible and near
infrared range (400-3000nm), continuous wave (CW) and/or pulsed, is preferably
used. The light could optionally be coherent, polarized or 400-500nm.

In order to shift the sensitivity of certain nanoparticles from the ultraviolet or
the blue region to the red and near infrared range (500-900nm) wherein light

10 _penetration depth is higher, it is possible to use nitrogen- and carbon-doped

semiconductors like N-doped TiO,. This leads to ROS generation in deep lying
tissues, as red and near infrared light to penetrate the tissue to a high extent. |

The light source is preferably selected from the group consisting of lasers

LEDs and broad band visible light devices. The limit of the light intensity is such that

15 it does not lead to a significant thermal effect to skin cells, when applied on the skin:

For example, it may cause a 5°C increase in the tissue temperature, which is not

considered to have a signiﬁcant thermal effect on the tissue. The term "skin" as used

herein, refers to the outlining tissue of a human or mammalian body, as well as other

epithelial tissue.

20 The nanoparticles or microrparticlesv are introduced to the subject
exogeneously. ' |
By “subject” it is meant any living cells or tissue, Whether in vivo or ex vivo.
____ The subject may optionally comprise_any mammal or non-mammal. The term .
“mammal” preferably includes any commermally important animal as well as
25  humans. _ |
| According to some embodiments, pharmaceutical carriers of the composition
of. the present 1nvent10n can be sterile l1qu1ds such as water and oils, including those ‘
of petroleum animal, vegetable or synthetic origin, such as peanut oil, soybean oil,
mineral oil, sesame oil and the like. Water is a preferred carrier when the
30  pharmaceutical composition is administered intravenously. Saline solutions and
' aqueous dextrose and glycerol solutions can also be employed as liquid carriers,
particularly for injectable solutions. - |
According to some embodiments of the present invention, the

pharmaceutically acceptable carrier of compositions of the present invention

9
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optionally comprlses one or more of a physmloglcal salt solution, dlmethyl sulfox1de
(DMSO), a solution of colloid liquid proteln a polymer solution, a su1table
suspension etc. The nanoparticles or m1cropart1cles could also optlonally be added to
a powder which would then be administered to the subJ ect.

The pharmaceutlcalcompos1t10n may optionally further comprise one or more
components selected from blnding agents, stabilizers, diluents, excipients, surfactants,
, and odorants.

Pharmaceutical compositions of the present invention may be manufactured by

processes well known in the art, e.g., by means of conventional mixing, dissolving,

~ granulating, levigating, emulsifying, entrapping or.lyophlllzlng processes. -

Suitable pharmaceutical excipients include without limitation, calcium
carbonate, calcium - phosphate, various sugars and types of starch, | cellulose
derivatives, gelatin, vegetable oils, polyethylene’ glycols, .sodium‘stearate, glycerol
monostearate, talc, sodium’ chloride, glycerol, propylene, glycol, water, ethanol and |
the like. The composition, if desired, can also contain minor amounts of wetting or
emulsifying agents, or pH buffering agents. These compositions can take the form of
solutions, suspensions, emulsion, powders, sustained-release formulations and the
like. | |

Further techniques for formulation and administration of active ingredients
may be found in “Remington’s Pharmaceutical Sciences,”. Mack Publi‘shing Co.,
Easton, PA, latest edition, which is incorporated herein by reference as if fully set
forth herein. ' | _ |
- . ... The phar.maceut-ical composit-ions herein described may -also-comprise suitable -
solid or gel phase carriers or excipien’rs.r Examples of such carriers or excipients
include, but are not limited to, calcium carbonate, calcium phosphate, various sugars,
starches, cellulose derivatives, gelatm and polymers such as polyethylene glycols.

Pharmaceutrcal composmons for use in accordance with the present invention
thus may be formulated in conventlonal manner using one or more pharmaceutically
acceptable carriers comprising exc1prents and auxiliaries, which facilitate processmg.

of the active 1ngred1ents into preparations whlch can be used pharmaceutically.

Proper formulation is dependent upon the route of administration chosen.

. Preferably, administration is by the transdermal route.

Formulations for oral delivery can include standard carriers such as

pharmaceutical grades of mannitol, lactose, starch, magnesium stearate, sodium

10
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saccharine, cellulose, magnesium carbonate, etc. Examples of suitable pharmaceutical
carriers are described in "Remington's Pharmaceutical Sciences" by E. W. Martin.
Such compositions will contain a thérapeutically effective amount of the compound,
preferably in pu'riﬁed form, together with a suitable amount of carrier so as to provide
the form for proper administration to the patient. The formulation should be suitable
for the mode of administration. '

The composition for transdermal administration can be formulated in a form
of a gel, a cream, an ointment, a paste, a lofion,' a milk, a suspension, an aerosol, a
spray, a foam, a serum, a swab, a pledget, a pad or a patch. Formulations for
transdermal delivery can typically include carriers such as water, liquid alcohols,
liquid glycols, liquid polyalkylene glycols, liquid esters, liquid amides, liquid protein
hydrolysates, liquid alkylated protein hydrolysates, liquid lanolin, lanolin derivatives,
glycerin, mineral oil, silicone, petroleum jelly, lanolin, fatty aéids, Vegetable oils,
parabens, waxes, and like materials commonly employed in topical compositions. |

Various additives, known to those skilled in the art, may be included in the
transdermal formulations bobf_ the invention. For example, ‘solvents may be used to
solubilize certain active ingredients substaﬁces. Other optional additives include skin
permeation enhancers, opacifiers, anti-oxidants, gelling ageﬁts, thickening agents,
stabilizers, and the like. |

The pharmaceutical compositions herein described may also comprise suitable
solid of gel phase carriers or eXcipients. Examples of such carriers or excipients

include, but are not limited to, calcium carbonate, calcium phosphate, various sugars,

-starches, cellulose derivatives, gelatin and polymers-such as polyethylene glycols--

Compositions of the present invention may, if desired, be presented in a pack
or dispenser device, such as an FDA approved kit, which may contain one or more
unit dosage forms containing the active ingredient. The pack may, for example,
comprise metal or plastic foil, such as a _bl_ister pack. The pack or. dispenser device

may be accompanied by instructions for administration. The pack or dispenser may

“also be accompanied by a notice associated with the container in a form prescribed by

a governmental agency regulating the manufacture, use or sale of phai’maceuticals,
which notice is reflective of approval by the agency of the form of the compositions
or human or veterinary administration. ‘Such notice, for example, may be of labeling
approved by the U.S. Food and Drug Administration for prescription drugs or of an
approved product insert. | |

11
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Compositrons comprising the nanoparticles or microparticles of the invention,
and optionally other active ingredients, formulated in a compatible pharmaceutical
carrier may also be prepared, placed in an appropriate container, and labeled for
treatment of an indicated condition, as is detailed herein.

According to some embodiments, the cell stimulation induced by the present
invention is one or more of cell growth, cell proliferation and differentiation, tissue
regeneration (including regeneration of skin, stem cells, muscle, cartilage, connective
tissue, epithelial tissue, heart and bone), skin rejuvenation, blood vessel dilation, and
muscle relaxation.

_ Recent evidence has suggested that ROS might act as. modulators of neural
processes, including synaptlc transmission (50); also the klnetlcs of ROS productron
may deterrmne whether nerve cells will differentiate or proliferate (51). Moreover it

has been suggested that preconditioning-induced neuroprotection is mediated by ROS

through activation of the transcription factor nuclear factor kappaB (52). The

nanoparticles and microparticles of the present invention may thus be used to
modulate synaptic transmission, differentiation and proliferation of nerve cells, and
provide neuroprotection. |

Treatment of the sciatic nerve of the rat with low energy He-Ne laser caused a
significant increase in the amplitude of the action potential recorded in the
corresponding gastrocnemius relative to the action potential of injured but not treated
nerves and was accompanied by a diminution of the size of the scar tissue from these

nerves (53, 54). As low energ'yvvisibl_e light effects are attributed to ROS formation,

~rthe-—present—~in~vent—ion—may-~be—used---for->nerve-regeneraﬁon;*the -advantage-of whichis—

the generation of ROS in:nerves lying not only in superficial sites. ‘
Embodiments of the present invention may be used for treatment of any
condition which Vis treatable by phototherapy‘ |
For example phototherapy 1n the “visible range has been shown to be
beneﬁcral in the treatment of tissue regeneration which leads to the heahng of chronic
and acute wounds (55). Studies with fibroblasts and keratinocytes indicate that at

specified relatively low energy doses ‘of He-Ne laser or 780 nm diode laser,

accelerated mitosis occurs (56).

12
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' Phototherapy also has beneficial effects on mouse, rat, dog and pig ischemic
heart models. Phototherapy has a markedly beneficial effect on repair processes after
injury or ischemia in skeletal and heart muscles (57).

Animal studies on the enhanced wound healing, bone, cartilage and muscle
repair of laser light of low power density have been performed in toads, mice, rats,
guinea pigs, and swine (58, 59). Human studies with laserlight have demonstrated
greater amounts of epithelialization for wound closure and stimulation of skin graft
healing (60, 61). -

Hence, accordrng to some embodiments, the methods and composrtlons of the
present invention may be used for wound healing, including healing of chronic and
acute wounds. "

The present inventors have previously shown, by using tlie electron
paramagnetic resonance (EPR) coupled with the probe trapping technique, that the
first step in photobiostimulation including stimulation of skin, sperm, and cardiac
cells is ROS formation following irradiation (62, 63). |

According to some embodiments of the present mvention there is provided a
method and compositions for tissue regeneration, for example for regeneration of
skin, epithelial cells, muscle heart and bone, through the generation of small,
controlled amounts of ROS using nanoparticles or microparticles with or without
light. o |
Considerable amounts of research have been perforrned in the field of non-
ablative skin rejuvenation, in response to the continuous demand for a simple method
of treating, for example, rhytids, UV._exposure-and acne-scars--Numerous-studies :
involve visible light systems operating at energy doses that do not burn the skin (64).

In a recent study by the present inventors, it was found that the mechanism for
photorejuvenatron i1s based on light induced Reactive Oxygen Species (ROS)

formation (65). In this study, collagen was irradiated in- -vitro w1th a broad band of

visible light, 400-800 nm, 24-72J/cm? , after which the spin trapping method coupled

with electron paramagnetic resonance (EPR) spectroscopy was used to detect ROS.
Irradiated collagen resulted in hydroxyl radical formation.

The results of the study suggested that visible light at the energy doses used
for skin rejuvenation (20-30J/cm?), produces ROS which destroy old collagen fibers,
encouraging the formation of new ones. In places where low amounts of ROS are

formed, they stimulate fibroblast proliferation, thereby regenerating the skin (66-69).

13
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According to preferred embodiments of the pfesen_t invention, there is
“provided a method and combositions for skin réjuvenation, using nanoparticles or
microparticles, with or without light. The method and composition according to these
embodiments may be ﬁsed for treatment of rhytids, ultraviolet exposure, and acne
scars.
Mammalian sperm undergo acrosome reaction before fertilization in order to
penetrate the oocyte zona pellucida (ZP). This process occurs following binding to the

ZP only if the spermatozoa have previously undergone a poorly-defined maturation

~ process known as capacitation (70). The binding of the capacitated spermatozoa to the

10

oocyte ZP activates a low-voltage Ca™ channel (71) and a store-operated Ca™*

. channel, which causes a sustained elevation of intracellular Caz+, leading to the

15

20

25

30

acrosome reaction (72). The priming of spérmatozoa- to such calcium signals during
capacitation involves many changes, including cholesterol efflux from the plasma
membrane (73, 74), and increases in intracellular free Ca** (75-77), cAMP (78-80) pH
(81), protein tyrosine phosphorylation (82, 83), and actin polymerization (84). It has
been found that reactive oxygen species (ROS) such as hydrogen peroxide and
superoxide anion are involved in the regulation of human sperm capacitétion and

protein tyrosine phosphorylation (85-87).

The present inventors have previously found that He-Ne laser ‘enhances

intfacellixlar calcium levels and the fertilizing potential of mouse spermatozoa. It was
demonstrated that the effect of light is mediated through the generation of ROS by the

spermatozoa and that this effect plays a significant role in the augmentation of the

In another study, the present inventors showed, using the hamster egg
penetration essay (SPA), that He-Ne radiation may improve poor human sperm egg
penetration ability. The presenf invéntors also demonstrated, by using fhe Electron
Paramagnetic Resonance (EPR) technique, that ROS are formed in illuminated sperm
cells, which again proves thé involvement of ROS in increasing the fertilization fates
(92).

U.S. Patent No. 6,379,939 discloses that visible light enhances fertilization.

According to some embodiments of the present invention, there is provided a

- method and compositions comprising nanoparticles and microparticles for increasing

fertilization rates by sperm of animals, including humans, with or without light.

14
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Methods for relieving pain from pain -affected body areas of a patient by
| _radiating light, are known in the art.
The pain affected area is irradiated with a beam of laser light, or a LED, of a
.particular wavelength in the visihle or near IR region. For examplé, He-Ne (632nm)
5 and GaAlAs (830nm) leisers are used for pain relief. An updated suminary concemirig
this modality has been written by Bijordal et al, review, Photoirradiation in acute
pain.(2006), Photomedicine and Laser Surgery, 24, 2, 158-168.
The mechanism of light induced pain relief seems to be rélated to ROS formed
by the irradiated nerve. v
10 For example it has been shown (93) that a high power 300mW, 700mW/cm2
830nm laser, which had an analgesic effect caused a decrease in the mitochondrial -
membrane potential and the ATP of rat neurons. Such an effect could be explained by
high ROS concentrations generated in the cell, inhibiting the celiular respiratory chain
(RC), and hence inhibit Adenosine Tri-Phosphate (ATP) production (94).
15 It is also known that ROS increase Niiric oxide (NO) synthesis which has an
important role in ischemic pain relief. '
According to some embédimen_ts of the present invention, there is provided a
use, method and composition for providing' pain relief in a subject in need thereof,
“through the generation of small, controlled amounts of ROS usirig microparticles or
20 nanoparticles with or without light. Preferably, if blight is used, the lightl is in the
visible range. More preferahly, sufficiently penetrative light is used to treat deep lying.

tissues for pain relief.

< e The. present -invention;--in-at ~least -Some- embodiments pr0v1des “eX~ VIVO~ — -

apphcations for cellular stimulation for example for increasing the rate of cultivation
25  of skin cells in order to rapidly obtain skin-like tissue for grafting onto burn wounds.
According to optional embodiments of the present invention, the subject is

placed in a unit arranged to irradiate the subject with light, thereby activatmg the

nanoparticles or microparticles

30 | | EXAMPLES
Reference is now made to the following exarhples, which together with the

above description, illustrate the invention in a non limiting fashion.
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Example 1: Formation of ROS (hydroxyl and super oxide anion fédicals) in water
suspehsions of ZnO nanoparticles with and without White light irradiation.

In order to detect ‘OH and O, the EPR—spin trapping technique coupled with
the Spin trap DMPO was used. DMPO is a common spin probe that detects ‘OH and
Oy to give the spin adduct DMPO-OH which yields a quartet EPR spectrum.

Samples containing ZnO nanoparticles (10nm) solution and DMPO were
drawn by a syringe into a gas-permeable Teflon caplllary (Zeus Industries, Raritan,
NJ) and 1nserted into a narrow quartz tube that was open at both ends. Then the tube -
was placed into the EPR cavity and the spectra were recorded while or after
illumination with white light (40mW/cm?® for Imin) through the 'EPR eaviry on a
Bruker EPR 100d X-band spectrometer. The EPR measurement conditions were. as
follows: frequency 9. 75 GHz; mlcrowave power: 20 mW; scan width: 60 G;
resolutron 4096; receiver gain: 5x10°; conversion time: 82 ms time constant: 1310
sweep time: 335 s; scans: 2; modulation frequency 100 KHz.

As can be seen from Figure 1, a characterist_icbDMPO-OH spin adduct with
hyperfine splitting constant (HFSC), giving rise to 4 resolved_peaks (An = Ag=1.49
mT) was obtained. These HFSC values suggest that HO" -and Oy~ were. generéted
from ZnO (Buettner, 198 7) before (grey) and after (black) irradiation.

Example 2: Formation_‘of ROS (hydroxyl and super oxide anion radicals) in water

suspensions of TiO, hanoparticles with and Wi_thout white light irradiation.

Samples containing TiO- nanoparticlesv (25nm) in water solution and DMPO

.were inserted-into.the EPRﬂrnachine_and- the EPR spectra before and after-illumination- -~ — -

with white light (34OmW/cm2 for 1min) were recorded. As can be seen from Figure 2,
a characteristic DMPO-OH spin adduct with hyperfine. splitting constant (HF SC),
giving rise to 4 resolved peaks (Ay = Ay’ = 1. 49 mT) was obtamed These HFSC
values suggest that HO' and Oz were generated from TiO2 before (grey) and after

: (blaek) irradiation.

Example. 3: Stimulation of fibroblast proliferation following incubation with T; i0;

nanoparticles

Fibroblasts were incubated with TiO, nanoparticles (25nm) at concentration 2-

150uM for 24h, and cell number was evaluated using the MTT method (95).

16
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‘As can be seen from Fig. 3, TiO2 at concentrations up to 70 uM stimulates

fibroblasts proliferation.

Exdmple 4: Nerve regen.ér(_ztion
5 The sciatic nerve of injured rats is treated for 20 consecutii)e days, with the
compositions of the present invention, with and without light, and the amplitude of
the action potential is recorded in the corresponding gastrocnemius. For example ZnO
(IOhm) in an appropriate gel or ointment is smeared on fhe injured rat leg followed by
blue light irradiation. An increase in the amplitude of the action potential récorded in
10 the corresponding gastrocnemius relative to the action potential of injured but not

treated nerves monitors nerve fibers recovery.

Example 5: Effect on myocardial infarction (MI)
In order to investigate the possibility of applying _nanopérticles to the ischemic
15 heart with or without light-laser application for improving heart function, the model
of induction of MI to the rat heart is used (96).
Thirty minutes post MI (rat chest open) narioparticles are injected into the
infarcted area and its.vicinity in a well controlléd manner in a first group of rats. In a
second group of rats, low level blue light irradiation is applied in addition to the
20  nanoparticle injection. A third group of infarcted rats serve as sham (coritrol) group
- and are injected only with the vehicle 6f the nanoparticles. Histological observations

follow the changes in scar tissue of the treated hearts relative to non- treated ones.

Example 6: Effect on muséle repair

25 Ischemia/repeffusion type of injury is i_nduced in the skeletal leg muscles (3 h
of ischemia) of rats. TiO, nanoparticles in a cream or lotion are smeared or injected at
the site of 'injury, followed by white light illumination. Muscle regeneration folloWing
nanoparticle adtﬁinistraﬁon alone or with light irradiation is examined by heat shock
proteins (HSP-70i) content, and an increase in total antioxidants:

30

Example 7: Skin rejuvenation : L

Creams containing nanopafticles in the (ug/l range are smeared twice a day for
a period of one month, on the skin of patients suffering from acne scars and the

improvement of the scars is evaluated by the physician.
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Example 8: Effect on feftili}.atibn

A suspension of TiO, nanoparticles in water in the ug/l range is added to
human spermatezoa in the presence or absence of blue light at very low intensity (in
the range of mW/cm?) . The zona-free hamster egg (SPA) assay is used for evaluating |

the percentage of pénetrated eggs (SPA percent) in treated sperms compared to that of

the control.

Example 9: Pain relief

ZnO nanoparticles in a cream or lotion are smeared onto the wrist of patients
sufferlng from Carpal Tunnel Syndrome (CTS) accompamed by an edema. White
light irradiation follows. the nanopartlcle administration in some of the patients. The
edema and the local tingling sensation are evaluated after 10 local treatments

compared to non treated patients.

It is appreciated that certain features of the invention, which are, for clarity,
described in the context of separate embodiments, may also be provided in
combination in a single embodiment. Cdnversely, various features of theinventi()n,
which are, for brevity, des_cribed in the context of a single embodiment, may also be
provided separately or in any suitable subcombination.

Although the invention has been described in conjunction with speeiﬁc

embodiments thereof, it is evident that many alternatives, modifications and variations

-.will_be apparent to_those-skilled-in ~the—art.~-Accordi-ngly-,—it--i-s~~ intended-to -embrace-all

such alternatives, modifications and vanatlons that fall within the spmt and broad

~ scope of the appended claims.

All publications, patents and patent applications mentioned in this speciﬁcatien
are herein incorporated in their entlrety by reference into the specification, to the same
extent as if each individual publ1cat10n patent or patent apphcatlon was spemﬁcally
and individually indicated to be incorporated herein by reference. In addition, citation
or identification of any reference in this application shall not .be construed as an

admission that such reference is available as prior art to the present invention.
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CLAIMS

1. Use of a particle selected from the group consisting of a nanopartlcle

and a mlcropartlcle for inducing cell stimulation.

2. A method of inducing cell stimulation, the method comprising

administering to a subject a particle consisting of a nanoparticle and a microparticle.

3. A composition for inducing cell stimulation, the composition
comprising a particle selected from the group consisting of a nanoparticle and a

microparticlé and a pharmaceutically acceptable carrier.

4. The use, method or composition of any of claims 1 to 3, wherein said

nanoparticle or microparticle is present in a sub-cytotoxic amount.

5. The use, method or composition of claim 4, wherein said sub-cytotoxic

amount is in the range of from about_O.'l p.g/l to about 100 mg/1.

6. The use, method or composition of claim 4 wherein a concentration of

said sub-cytotoxic amount is less than about 1 mM.

7. The use or method of any of claims 1 to 6 further comprlsmg

__irradiating said particle with light. -~ .

8. The use, method or cemp'osition of any of claims 1 to 7, wherein said
particles comprise a material selected from the group con51st1ng of a metal oxide, a

fullerene carbon and a heterocrystal mmeral

9. The use, method or composition of claim 8, wherein said metal oxide

is selected from the group consisting of ZnO, TiO,, FeO, CuOQ Agr0, Co304, Mn304,
and Fe, 05 /Si0, |

10. The use, method or composition of claim 8, wherein said heterocrystal-

mineral is selected from the group consisting of rutile, sphere, loparite, perowskite,
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anatase, ilmenite, leukoxen femte argynte graphlte CaO, phosphor1temon00x1de

phosphor1ted10x1de and CdSe/ZnS.

11. The use, method or comp.osition of any of claims 1 to 10, wherein a

5 diameter of said nanoparticles is less than about 1000 nm. -

12. The use, method or composition of claim 11, Whereln sald diameter is

in the range of from about 0.5 to about 200 nm.

10 13. The use, method or composition of claim 12, wherein said diameter is

in the range of from about 0.5 to about 50 nm.

14. The use, method or co“mposition of any of claims 1 to 10, wherein a

diameter of said microparticles is in the range of from about 1 to about 200 pm.

15 .
15. The use, method or composition of claim 14, wherein a diameter of

said microparticles is in the range of from about 1 to about 10 pm.

16.  The use, method or comp'osition of any of claims 1 to 15, wherein said

20  particles comprise a coating comprising a photosensitizer.

17.  The use, method or composition of any of claims 1 to 16, wherein said

- .——particles further comprise an anti-aggregation-coating.——--———--— - —————— ..

25 18. ~ The use, method or composition of claim 17, wherem said anti-
aggregatmn coatmg is selected from the group con51st1ng of polyvinyl alcohol (PVA),
poly -(N- vmyl 2-pyrrohdone) (PVP) Polyethylene Glycol (PEG).

19.  The use, method or composition of any of claims 1 to 18, wherein a

30  shape of said particles is selected from the group consisting of a sphere and a rod.

20. The use, method or cemposition of clai_m'7, wherein said light has a

wavelength in the range of from about 400 to about 3000 nm.
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21.  The use, method or composmon of claim 20 wherem said wavelength

is in the range of from about 400 to about 500 nm.

22, The use, method or composition of clalm 20, wherem said hght 1S

selected from the group consisting of continuous wave and pulsed light.

23.  The use, method or composition of claim 20, wherein said light is

selected from the group consisting of coherent, polarized or monochromatic light.

24.  The use, method or composition of claim 7, wherein said light is
provided by a source selected from the group con51st1ng ofa laser a hght emlttmg

diode, and a broad band visible light source.

25.  The use, method or composition of any of claims 1 to 24, wherein said
cell sﬁ_rnulation is selected from the group consisting of cell growth, cell
differentiation and proliferation, tissue regeneration, blood vessel dilation, muscle

relaxation, synaptic transmission, neuroprotection, or combinations thereof.

26.  The use, method or cofnposition of claim 25, wherein said tissue
regeneration is selected from the group consisting of regeneratlon of skm stem cells

muscle, cartilage, connective tissue, ep1theha1 tissue, heart and bone or combinations

thereof, -

25

30

27. The use, method or composition of any of claims 1 to 24, for use in an

ex vivo application.

28. The use, method or composmon of c1a1m 27 wherem sa1d ex v1vo

application comprlses cultlvatlon of skin cells for graft preparatlon

29.  The use, method or composition of any of claims 1 to 24, wherein said

cell stimulation comprises skin rejuvenation.

33



10

15

20

25

PCT/IL2008/001336

WO 2009/050696

30. The use, method or compos_i_tion of claim 29, for treatment of a

condition selected from the group con51stmg of rhytlds damage caused by exposure

to ultraviolet light, and acne scars.

31.  The use, method or compOsitiori of any of claims 1 to 24, wherein said

cell stimulation comprises fertilization by' sperm.

32. Use of a particle selected from the group consisting ofa nanoparticle

and a microparticle for providing pain relief in a subject in need thereof.

33. . A method of inducing pain relief in a subject in need thereof, the
method comprising administering to a subject eiparticle consisting of a nanoparticle

and a microparticle.

34. A composition for inducing pain relief in a subject in need thereof, the
composition compr.ising a particle selected from the group consisting of a

nanoparticle and a microparticle and a pharmaceutically acceptable carrier.

35.  The composition of claim 3, wherein said pharmaceutically acceptable
carrier is selected from the group consisting of a physiological salt solution, dimethyl

sulfoxide, a solution of colloid liquid protein and a polymer solution.

.36 The,usermethod-o_rgcompos_ition-offan-yfof—clai-ms—1~—to—3-5,—wherei-n~saidf
particle is comprised in a form selected from the group consisting of gel, a cream, an
ointment, a paste, a lotion, a milk, a suspenswn an aerosol, a spray, a foam, a serum,

a swab, a pledget, a pad and a patch
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