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PHOTOKINETIC DELIVERY OF BIOLOGICALLY ACTIVE
SUBSTANCES USING PULSED INCOHERENT LIGHT

Cross Reference to Related Applications

[0001] This application claims priority to United States

Provisional Patent Applications 60/416,361 and 60/479,501,

filed October 4, 2002 and June'l?, 2003, respectively, the

contents of"which are incorporated herein by reference.

Technical Field of the Invention

[0002] This invention relates to photokinetic delivery
of biologically active substances from an outer mammalian
skin surface to an underlYing tissue or blood vessel
(transdermal) and from an extracellular environment to
intracellular environment (transmembrane). More
particularly, the invention provides compositions for
enhanced transdermal and transmembrane delivery of

biologically active substances using pulsed incoherent

light. In addition, the invention provides methods and

devices for application of pulsed incoherent light to an

area of mammalian skin or membrane for safe and efficient
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transdermal and transmembrane delivery of biologically
active substances through the skin surface or cellular

membrane.

Background of the Invention

[0003] Therapeutic agents or biologically active
substances can be administered to vital tissues and organs
in a mammal by a plethora of delivery routes including, for
example, oral, nasal, aural, anal, dermal, ocular,
pulmonary, intravenous, intramuscular, intraarterial,
intraperitoneal, mucosal, sublingual, subcutaneous, and
intracranial routes. In the last decade, transdermal
delivery of biologically active substances has gailned
momentum due to the advantages it provides over those of
conventional dosage routes, such as oral and intravenous
administration. For example, biologically active
substances or drugs delivered transdermally avoids
deactivation caused by pH and digestive enzymes upon
passage of the active substance through the
gastrointestinal (GI) tract. In addition, other advantages
of transdermal delivery include, but are not limited to,
single application regimens or decreased dosages, increased
patient compliance, high percentage of drug reaching the
systemic circulation, sustained activity for drugs having
short half-lives, controlled release of drugs (no “burst
effect”), ability to quickly terminate drug dosing causing
adverse effects and administration of drugs without
hypodermic injection.

[0004] The success of transdermal delivery in a mammal
relies on the ability of biologically active substances to
penetrate the outer layer of the epilidermis known as the

stratum corneum. The stratum corneum is comprised mainly
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of about 10 to about 20 layers of flattened dead cells
(corneocytes) filled with keratin. Lipids, such as free
fatty acids, cholesterol, and ceramides, connect the
regions between the keratinized cells, forming a brick and
mortar-like structure. In mammals, this structure
primarlily serves as a barrier to chemicals and biological
agents, including bacteria, fungus, and viruses.

[0005] The penetration of biologically active substances
through the stratum corneum occurs by either passive or
active transport mechanisms. Passive delivery or diffusion
relies on a concentration density gradient between the drug
at the outer surface and the inner surface of the skin.

The diffusion rate is proportional to the gradient and is
modulated by a molecule’s size, hydrophobicity,
hydrophilicity and other physiochemical properties as well
as the area of the absorptive surface. Examples of passive
delivery systems include transdermal patches for controlled
delivery of, for example, nitroglycerine (angina),
scopolamine (motion sickness), fentanyl (pain control),
nicotine (smoking cessation), estrogen (hormone replacement
therapy), testosterone (male hypogonadism), clonidine
(hypertension), and lidocaine (topilcal anesthesia). The
controlled delivery of these drugs can include the use of
polymer matrices, reservoirs containing drugs with rate-
controlling membranes and drug-in-adhesive systems.

[0006] In contrast, active delivery relies on ionization
of the drug or other pharmacologically active substances
and on means for propelling the charged ions through the
skin. The rate of active transport varies with the method
used to increase movement and propulsion of ions, but
typically this transport provides a faster delivery of
biologically active substances than that of passive

diffusion. Active transport delivery systems include



CA 02500713 2005-03-30
WO 2004/032963 PCT/US2003/031532

methods such as iontophoresis, sonophoresis, and thermal
microporation.
[0007] Tontophoresis is a technique used to gulde one or
more therapeutic ions in solution into the tissues and
5 blood vessels of the body by means of a galvanic or direct

electrical current supplied to wires that are connected to
skin-interfacing electrodes. Although ionotophoresis
provides a method for controlled drug delivery,
irreversible skin damage can occur from galvanic and pH

10 burns resulting from electrochemical reactions that occur
at the electrode and skin interface. This reaction
precludes the use of this method when extended application
times are needed to achieve prolonged systemic effects.
[0008] Sonophoresis is another active transport method

15 that uses ultrasound varying in frequency from 20kHz to
16MHz to transport substances across the stratum corneum.
Sonophoresis affects biological tissues by three main
routes -- thermal, cavitational and acoustic streaming.
For example, ultrasound will increase the temperature of a

20 given medium, and the absorption coefficient of that medium
increases proportionally with ultrasound frequency.
Cavitation can occur when ultrasound-induced pressure
variation causes rapid growth and collapse of gas bubbles,
causing structural alteration of the skin. Acoustic

25 streaming, a phenomenon that affects surrounding tissue
structure, can occur when shear stresses result from
ultrasound reflections, distortions, and oscilillations of
cavitation bubbles. It has also been postulated that
ultrasound interacts with the ordered lipids comprising the

30 stratum corneum, forming an opening for drug passage. The
interruption of the connective layer by any of the above-

identified routes can lead to an area of skin that is
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predisposed to sloughing as well as bacterial and viral
infiltration.

[0009] Microporation is an active transport method used
to produce micropores in the stratum corneum.

Microporation is accomplished by various means, including
ablating the stratum corneum by local rapid heating of
water, puncturing the stratum corneum with a micro-lancet
calibrated to form a specific pore diameter, ablating the
stratum corneum by focusing a tightly focused beam of sonic
energy, hydraulically puncturing the stratum corneum with a
high pressure fluid jet, and puncturing the stratum corneum
with short pulses of electricity. Laser energy can also be
used to cause microporation. Although the diameter of the
hole can be controlled, microporation can cause irritation,
damage and/or removal of stratum corneum cells.

[0010] Because of the inherent problems of the above-
identified methods, a need exists for a safe and efficient
transdermal drug delivery that eliminates side-effects and
damage to the barrier function or appearance of the skin
caused by drug administration. It would therefore be
desirable to provide compositions, methods, and apparatuses

to address these problems.

Summary of the Invention

[0011] The problems associlated with active transdermal
drug delivery can be overcome by this invention, which
relates to novel compositions, methods, and devices for
photokinetic transdermal and transmembrane delivery of
biologically active substances through the stratum corneum
or a biological membrane without causing damage to this

layer or underlying tissues and without denaturation and/or
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degradation of the biologically active substance being
administered.

[0012] The compositions, methods, and devices described
herein preferably use pulsed incoherent light to focus and
deliver biologically active substances through the outer
surface of the skin to an underlying tissue or blood vessel
or from an extracellular environment to an intracellular
environment. In some embodiments, compositions containing
only biologically active substances are used as delivery
media, whereas in other embodiments, biologically active
substances used in combination with other components are

used as delivery media.

[0013] Methods and devices employing pulsed incoherent

light are used to actively transport a biologically active
medium through the outer surface of the skin or cell
membrane. This provides many advantages, including the
ability to create a pathway for drug delivery without
causing damage to the skin or membrane while being able to
exclte biologically active molecules without degrading or
denaturing them. In addition, the rate of delivery of the
biologically active component can be controlled and
sustained by modulating the wavelength, pulse rate, duty
cycle and intensity of the light being used to
photokinetically propagate the component through the skin
or membrane. Finally, the use of a light pad containing
more than one light source permits light to expose a
biologically active medium over a well-defined surface
area. The skin permeability can be enhanced through the

use of compositions, methods and devices described herein.



10

15

20

25

30

CA 02500713 2005-03-30

WO 2004/032963 PCT/US2003/031532

Brief Description of the Drawings

[0014] FIG. 1 shows a Franz skin diffusion device
equipped with a light source to generate pulses of defined
wavelengths for testing of biologically active substances;
[0015] FIG. 2 shows a Franz skin diffusion device
similar to that in FIG. 1 except the light source 1is
embedded in an optically clear medium or light pad that
does not absorb the wavelength emitted from the light
source;

[0016] FIG. 3A shows an array of light sources embedded
in an optically clear medium or light pad and electrically
coupled to each other and to a control device or power
supply;

[0017] FIG. 3B illustrates multiple light sources
electrically connected in series and embedded in an
optically clear medium or light pad wherein the upper
surface of the light pad is coated with a reflective layer
and the lower surface of the light pad is optically clear;
[0018] FIG. 4 1llustrates the amount of a compound
transported across intact human partial thickness skin over
25 hours in the presence and absence of ambient light. See
Example 10;

[0019] FIG. 5 1llustrates the effect of wavelength on
transdermal delivery of hormones at a pulse rate of 24
cycles per second (cps). See Example 11;

[0020] FIG. 6 1llustrates the effect of pulse rate on
transdermal delivery of hormones at different pulse rates.
See Example 12;

[0021] FIG. 7 illustrates the effect of photocatalytic
agent and pulse rate on transdermal delivery of vitamin C

and derivatives at 350 nanometers (nm). See Example 13;
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[0022] FIG. 8 1llustrates the effect of photocatalytic
agent and pulse rate on transdermal delivery of vitamins at
405 nm. See Example 14;

[0023] FIG. 9 1llustrates the effect of photocatalvytic
agent and pulse rate on transdermal delivery of insulin at
350 nm. See Example 15;

[0024] FIG. 10 illustrates the effect of pulse rate on
transdermal delivery of peptides at 405 nm. See Example
16;

[0025] FIG. 11A i1illustrates the effect of wavelength,
photocatalytic agent and pulse rate on transdermal delivery
of methlonine enkephalin acetate. See Example 17;

[0026] FIG. 11B 1llustrates the effect of wavelength,
photocatélytic agent and pulse rate on transdermal delivery
of leucine enkephalin. See Example 17;

[0027] FIG. 12A represents the percent increase or
decrease in transdermal permeation of methionine enkephalin
acetate as a function of wavelength and photocatalytic
agent at a pulse rate of 24 cps. See Example 17;

[0028] FIG. 12B represents the percent increase or
decrease in transdermal permeation of methionine enkephalin
acetate as a function of wavelength and photocatalytic
agent at a pulse rate of 80 cps. See Example 17;

[0029] FIG. 12C represents the percent increase or
decrease 1n transdermal permeation of leucine enkephalin as
a function of wavelength and photocatalytic agent at pulse
rates of 24 and 80 cps. See Example 17;

[0030] FIG. 13A 1lllustrates the effect of wavelength,
photocatalytic agent and pulse rate on transdermal delivery
of small peptide, Gly-Tyr. See Example 18;

[0031] FIG. 13B illustrates the effect of wavelength,
photocatalytic agent and pulse rate on transdermal delivery

of small peptide, Val-Tyr-Val. See Example 18;
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[0032] FIG. 14A represents the percent increase or

decrease in transdermal permeation of small peptide, Gly-
Tyr, as a function of wavelength and photocatalytic agent
at pulse rates of 24 and 80 cps. See Example 18;

[0033] FIG. 14B represents the percent increase or
decrease in transdermal permeation of small peptide, Val-
Tyr-Val, as a function of wavelength and photocatalytic
agent at pulse rates of 24 and 80 cps. See Example 18;
[0034] FIG. 15A illustrates the effect of wavelength,
photocatalytic agent and pulse rate on transdermal delivery
of insulin. See Example 19;

[0035] FIG. 15B represents the percent increase or
decrease in transdermal permeation of insulin as a functilon
of wavelength and photocatalytic agent at pulse rates of 8,
24 and 80 cps. See Example 19;

[0036] FIG. 16A illustrates the effect of wavelength,
photocatalytic agent and pulse rate on transdermal delivery
of lidocaine. See Example 20;

[0037] FIG. 16B represents the percent increase ox
decrease in transdermal permeation of lidocalne as a
function of wavelength and photocatalytic agent at pulse
rates of 8, 24 and 80 cps. See Example 20;

[0038] FIG. 17 shows permeation of lidocailne as a
function of time. See Example 20;

[0039] FIG. 18A i1llustrates the effect of wavelength,
photocatalytic agent and pulse rate on transdermal delivery
of amphotericin B. See Example 21; and

[0040] FIG. 18B represents the percent increase or
decrease in transdermal permeation of amphotericin B as a
function of wavelength and photocatalytic agent at pulse

rates of 8, 24 and 80 cps. See Example 21.
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Detailed Description of the Invention

[0041] Unless otherwise defined herein, scientific and
technical terms used in connection with the invention shall
have the meanings that are commonly understood by those of
ordinary skill in the art. Further, unless otherwise
reguired by context, singular terms shall include
pluralities and plural terms shall include the singular.
Generally, nomenclatures used in connection with, and
techniques of, column chromatography, optics, chemistry,
peptide and protein chemistries, nucleic acid chemistry and
molecular bilology described herein are those well known and
commonly used in the art.

[0042] The following terms, unless otherwise indicated,
shall be understood to have the following meanings:

[0043] The term “biologically active substance” refers
generally to any chemical, drug, antibiotic, peptide,
hormone, protein, DNA, RNA and mixtures thereof that
affects biological pathways or interacts with cellular
components.

[0044] The term “chemical” denotes any naturally found
or synthetically made small molecule or polymer. A
chemical can be a polar (hydrophilic), non-polar
(hydrophobic), oleophobic or oleophilic compound. Although
not an exhaustive list, examples of polar compounds include
theophylline-7-acetic acid, sodium ascorbyl phosphate,
ascorbic acid, ascorbyl palmitate, pyridoxine, nicotinic
acid and lidocaine. Examples of non-polar compounds
include theobromine, theophylline, caffeine and
nicotinamide. Oleophobic compounds are those compounds
lacking affinity for oils and oleophilic compounds are any
compounds that have a stronger affinity for oils over that

of water. Accordingly, the invention described herein is
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[

particularly useful for transport of compounds with
chromophores, which can be polar, non-polar, oleophobic,
including fluorochemicals, and oleophilic.
[0045] The term “drug” denotes any natural or synthetilc
compound used for therapeutic treatment 1n mammals.
Examples of drugs include, but are not limited to,
analgesics, antacids, antianxiety drugs, antiarrhythmics,
antibacterials, antibiotics, anticoagulants and
thrombolytics, anticonvulsants, antidepressants,
antidiarrheals, antiemetics, antifungals, antihistamines,
antihypertensives, anti-inflammatories, antieoplastics,
antipsychotics, antipyretics, antivirals, barbiturates,
beta-blockers, bronchodilators, cold cures,
corticosteroids, cough suppressants, cytotoxics,
decongestants, diuretics, expectorant, hormones,
hypoglycemics, ilmmunosuppressives, laxatives, muscle
relaxants, sedatives, sex hormones, sleeping drugs,
tranquilizer and vitamins.
[0046] Vitamins are organic chemicals that are essential
for nutrition in mammals and are typically classified as
fat-soluble or water-soluble. Vitamins required to
maintain health in humans include, but are not limited to,
vitamin A (retinol), precursor to vitamin A (carotene),
vitamin B, (thiamin), wvitamin B, (riboflavin), vitamin B;
nicotinic acid), vitamin B (pantothenic acid), vitamin C

(
(ascorbic acid), vitamin D (calciferol), vitamin E
(tocopherol), vitamin H (biotin) and vitamin K

(

napthoquinone derivatives).

[0047] The term “antibiotic” refers to any natural or
synthetic substance that inhibits the growth of or destroys
microorganisms in the treatment of infectious diseases.

Although not an exhaustive list, examples of antibiotics

include amoxycillin, ampicillin, penicillin, clavulanic
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aclid, aztreonam, imipenem, streptomycin, gentamicin,
vancomycin, clindamycin, ephalothin, erythromycin,
polymyxin, bacitracin, amphotericin, nystatin, rifampicin,
teracycline, coxycycline, chloramphenicol and zithromycin.
[0048] The term “peptide” refers to a compound that
contains 2 to 50 amino acids and/or imino acids connected
to one another. The amino acids can be selected from the
20 naturally occurring amino acids. The twenty
conventional amino acids and their abbreviations follow
conventional usage. See Immunology - A Synthesis (2°¢
Edition, E.S. Golub and D.R. Gren, Eds., Sinauer
Asgocilates, Sunderland, Mass. (1991)), which 1s
incorporated herein by reference. The amino acids can also
be selected from non-natural amino acids such as those
found on the following website: http://www.sigmaaldrich.
com/img/assets/6040/chemFiles v1in5 unnaturalaa small.pdf).
Although not an exhaustive list, examples of peptides
include glycine-tyrosine, valine-tyrosine-valine, tyrosine-
glycine-glycine-phenylalanine-methionine, tyrosine-glycine-
glycine-phenylalanine-leucine and aspartic acild-arginine-
valine-tyrosine-~isoleucine-histidine-proline-phenylalanine.
[0049] The term “hormone” refers to a substance that
originates in an organ, gland, or part, which is conveyed
through the blood to another part of the body, stimulating
it by chemical action to increased functional activity or
to increase secretion of another hormone. Although not an
exhaustive list, examples of hormones include methionine

enkephalin acetate, leucine enkephalin, angiotensin II

acetate, P-estradiol, methyl testosterone, progesterone and
insulin.

[0050] A polypeptide is defined as a chain of greater
than 50 amino acide and/or imino acids connected to omne

another.
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[0051] A protein 1s a large macromolecule composed of
one or more polypeptide chains. The term “isolated
protein” 1s a protein that by virtue of 1ts origin or
source of derivation (1) 1is not associated with naturally
assoclated components that accompany i1t in i1ts native
state, (2) 1s free of other proteins from the same species
(3) 1is expressed by a cell from a different species, or (4)
does not occur in nature. Thus, a protein that 1is
chemically synthesized or synthesized in a cellular system
different from the cell from which it naturally originates
will be “isolated” from its naturally associated
components. A protein may also be rendered substantially
free of naturally associated components by i1lsolation, using
protein purification techniques well known in the art.
[0052] The terms DNA and RNA as referred to herein mean
deoxyribonucleic acid and ribonucleilic acid, respectively.
The term “polynucleotide” means a polymeric form of
nucleotides of at least 10 bases in length, either
ribonucleotides or deoxynucleotides or a modified form of
either type of nucleotide. The term includes single and
double stranded forms.

[0053] Gelling agents according to this invention are
compounds that can behave as reversible or non-reversible
networks. Under certain conditions, a gelling agent can be
placed in a solvent to form a viscous solution. Under
other conditions, that same gelling agent can be placed in
the same or different solvent to form a gel. The role of
gelling agents according to the invention is to prevent
evaporation loss of the biologically active substance in
the appropriate solvent. Examples of gelling agents
include, but are not limited to, hydroxyethyl cellulose,
Natrasol®, pectines, agar, alginic acid and its salts, guar

gum, pectin, polyvinyl alcohol, polyethylene oxide,
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cellulose and its derivatives, propylene carbonate,
polyethylene glycol, hexylene glycol sodium
carboxymethylcellulose, polyacrylates, polyoxyethylene-
polyoxypropylene block copolymers, pluronics, wood wax
alcohols and tyloxapol.

[0054] The term “photocatalytic agent” refers to any
semiconductor having a wide band gap energy. In an
embodiment of the invention, the band gap energy i1s on the
order of about 2.9 - 3.2 eV. A band gap on this order
allows infrared and the entire visible spectrum to be
transmitted upon excitation of an electron from the wvalence
band to the conduction band. Without being bound by
theory, pulsed incoherent light energy that 1s stored and
released from the wide band gap semiconductor can enhance
the bond vibration of a biologically active molecule also
present during this excitation. The stimulation of active
molecules with the transfer of energy from the
semiconductor at discrete wavelengths and pulse rates can
enhance the transport of that molecule across biological
membranes, while the semiconductor can also protect the
skin from harmful ultraviolet (UV) rays by absorbing UV
light. By modulating the wavelength of excitation with
that of the band gap enexgy, the production of free

radicals 1is avolded entirely. Accordingly, the use of

- rutile form of titanium dioxide (T10;) as the photocatalytic

agent is preferred because it has a band gap energy of
about 2.9 to 3.0 eV. Other photocatalytic agents suiltable
for this invention include, but are not limited to, anatase
TiO,, brookite TiO,, ZnoO, Zr0O, and Sc,0;. According to the
invention, doped semiconductors can also be used.

[0055] The term “solvent” according to the ilnvention is
any aqueous or organic solvent that can be combined with

the biologically active agent to form a solution. In one
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embodiment, the agueous solvent i1is water. In another
embodiment, the solvent can be an aqueous solution of
either ethyl lactate or propylene glycol, both of which act
as permeation enhancers. Alternately, the term “solvent”
can also mean an adhesive used to embed a biologically
active substance, for example, in a patch. Solvent can
also refer to a pharmaceutically-acceptable medium combined
with the biologically active substance to be used in powder
form.

[0056] In another embodiment, the biologically active
substance can be emulsified. For example, lipophilic
compounds, such as vitamins A, D, and E, can be dispersed
in an aqueous solvent to which an emulsifing agent, such as
Carbopol or triethanol amine, can be added.

[0057] Likewise, 1n the absence or presence of a
solvent, the biologically active agent according to the
invention can also be combined with a carrier or adjuvant,
a substance that, when added to a therapeutic, speeds or
improves its action (The On-Line Medical Dictiomnary,
http://cancerweb.ncl.ac.uk/omd/index.html). Examples of
adjuvants include, for example, Freud's adjuvant, ion
exchanges, alumina, aluminum stearate, lecithin, buffer
substances, such as phosphates, glycine, sorbic acid,
potassium sorbate, partial glyceride mixtures of saturated
vegetable fatty acids, waters, salts or electrolytes, such
as Protamine sulfate, disodium hydrogen phosphate, sodium
chloride, zinc slats, colloidal silica, magnesium,
trisilicate, celluslose-based substances and polyethylene
glycol. Adjuvants for gel base forms may i1lnclude, for
example, sodium carboxymethylcelluslose, polyacrylates,
polyoxyethylene-polyoxypropylene-block copolymers,
polyethylene glycol and wood wax alcohols.
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[0058] Although not required to facilitate transdermal
delivery, skin-penetrating agents, for example, propylene
glycol, DMSO, oleic acid, azone, cineol, liposomes and
nanosomes, can also be present in the compositions
according to the invention.

[0059] The term “donor solution” or “delivery medium”
comprises the biologically active substance itself or any
mixture of this substance with a solvent, a gelling agent,
a photocatalytic agent, a carrier or adjuvant, a skin-
penetrating agent, a membrane-penetrating agent and
combinations thereof. The biologically actilive substance,
or alternately “active ingredient” does not have to be
dissolved in a solvent but can be suspended or emulsified
in a solvent. The donor solution or delivery medium can
take the form of an agueous or an organic liquid, a cream,
a paste, a powder or a patch.

[0060] Although not an exhaustive list, examples
illustrating the term “mammal” include human, ape, monkey,
rat, plg, dog, rabbit, cat, cow, horse, mouse, and goat.
Skin surfaces or membranes according to the invention refer
to those of a human or other mammal.

[0061] The term “viscous solution” refers to a solution
that has an increased resistance to flow.

[0062] The term “cellular surface” refers to an outer
layer of the skin or a cell membrane. Human skin 1s
comprised of three layers: the epidermls or stratum
corneum, the dermis and the hypodermis. The stratum
corneum forms the outermost layer of the epidermis and
consists of about 10 to about 20 layers of flattened,

closely packed cells without nuclei having a thickness of

about 10 to about 20 um. The stratum corneum serves as a

barrier to many substances and is selectively permeable to

water and other compounds. On the other hand, the
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epldermls, having a thickness of about 50 to about 100 um,
comprilses rapidly dividing basal cells that flatten as they
move 1into the stratum corneum. Finally, the innermost
layer of skin, the dermis, comprises a matrix of wvarious
cells incluéing collagen and other fibrous proteins and has
a thickness of about 1 to about 3 mm. It is this layer
that houses hair follicles, sebaceous glands and sweat
glands. The term “transdermal” refers to the penetration
and movement of a biologically active substance through the
eplidermls and dermis, or epidermis, dermis and hypodermis.
[0063] The term “transmembrane” refers to the
penetration and movement of a biologically active substance
from an extracellular environment to an intracellular
environment.

[0064] The term “percutaneous penetration” refers to
molecules that have by-passed the dermal blood supply and
have diffused into tissue layvers below the dermis.

[0065] The term “incoherent light” refers to
electromagnetic waves that are unorganized and propagate
with different phases. The term “pulsed incoherent light”
1s any 1ncoherent light having a discrete ON and OFF
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