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(57) Abstract: The present
invention relates to the treatment
of ischemic diseases, and more
particularly, to treatment of
diabetic retinopathy and ischemia
of the retinal and choroidal tissues.
The treatment, which will work
in vitrectomized eyes as well as
non-vitrectomized eyes, is based on
selective and fractional electrolysis
of the vitreous humor to produce
oxygen and optionally active
chlorine  while simultaneously
controlling pH. Oxygen or active
chlorine can suppress or reverse
the onset of diabetic retinopathy,
other retinovascular diseases, and
choroidal neovascularization.
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METHOD AND APPARATUS FOR TREATING ISCHEMIC DISEASES

FIELD OF THE INVENTION

The present invention relates to methods and an apparatus for the treatment of ischemic
diseases and more particularly to treatment of diabetic retinopathy and ischemia of other

biological tissues.

BACKGROUND OF THE INVENTION

Diabetes is known to adversely affect the circulatory system of the retina. This usually
occurs in several stages, two of which are background diabetic retinopathy and proliferative
diabetic retinopathy. In the proliferative stage of diabetic rctiﬁopathy, poor circulation in the .
retina causes it to become oxygen-deprived (causing ischemia of the retmal and choroidal
tissues). In response to this oxygen deprivation, neovascularization occurs, wherein vessels
develop in an attempt to maintain sufficient oxygen in the retina. However, the newly-formed-
vessels are delicate and hemorrhage easily, leaking blood into the vitreous, thereby causing
decreased vision. In latter stages of the disease, subsequent vessel growth and scar tiss_ug can

cause retinal detachment and glaucoma.

It is well-known that there is a close correlation between the onset of diabetic
retinopathy and loss of oxygen in the retina. See, for example, O. P. Van Bijsterveld (Editor),
Diabetic Retinopathy, Martin Dunitz Ltd., London, (2000); N. D. Wangsa-Wirawan and R. A..
Linsenmeier, “Retinal Oxygen: Fundamental and Clinical Aspécts,” Arch. Opthalmol. 121,
547-557 (2003); B. A. Berkowitz, R. A. Kowluru, R. N. Frank, T. S. Kern, T. C. Hohnia.n, and
M. Prakash. “Subnormal Retinal Oxygenation Response Precedes Diabetic-like Retinoj)athy,”
Invest. Ophthalmol. Vis. Sci. 40, 2100-2105 (1999), and R. Roberts, W. Zhang, Y. Ito, and B.
A Berkowitz, “Spatial Pattern and Temporal Evolution of Retinal Oxygenation Response in
Oxygen-Induced Retinopathy,” Invest. Ophthalmol. Vis. Sci. 44, 5315-5320 (2003).

~ Choroidal neovascularization has also been attributed to choroidal ischemki'éi:
(Choroidal Neovascularization Correlated With Choroidal Ischemia, Ann-Pascale Guagmm
MD; Bemnadette Snyers, MD; Alexandra Kozyreff, MD; Laurent Levecq, MD; Patrick De
Potter, MD, PhD Arch Ophthalmol. (2006) 124:1063). Choroidal neovascularization can occur

-1-
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in the setting of age-related macular degeneration and is the leading cause of blindness in the

age group of 65 years and older in the western countries.

Several patents disclose the use of compounds and pharmaceutical formulations for
treating retinopathy or ocular ischemia. For example, U. S. Patent 7,064,141 discloses a
method for preventing, treating or inhibiting development of simple retinopathy and
preproliferative retinopathy by use of a pharmaceutical composition having angiotensin II
antagonistic activity. U.S. Patent 6,943,145 discloses compounds -and a method for the
prevention and treatment of diabetic retinopathy. U.S. Patent 6,916,824 discloses methods of
treating cataracts and diabetic retinopathy with tricyclic pyrones. U.S. Patent No. 6,156,785
discloses a method for increasing oxygen tension in the optic nerve and retina by
administration of carbonic anhydrase inhibitors. U.S. Patent 5,919,813 discloses the use of a
protein tyrosine kinase pathway inhibitor in the treatment of diabetic retinopathy. ’

U.S. Patent 7,074,307 discloses electrochemical sensors for the measurement of
analytes in biological fluids. The patent discloses the production of oxygen by an electrode in
order to allow the electrochemical sensor to function at sufficient oxygen levels iﬁdependent of

the oxygen concentrations in the surrounding environment.

U.S. Patent 5,855,570 discloses an oxygen-producing bandage. The invention is a‘
portable self-contained device for the topical application of oxygen to promote the healmg of o
skin wounds. The device includes a wound dressing that mcorporates electrochermcal
chemical, or thermal means for generating high purity oxygen. The device can regulate the_ E
supply of oxygen to an area above the wound at various concentrations, pressures and dosaées:
The device is driven by a built-in or accessory power source. Ambient air is brought intc
contact with a gas permeable cathode. Oxygen present in the a1r is.reduced at the cathode to;
negative ions (i.e. peroxide, superox1de or hydroxyl ions) and/or their unprotonated and
protonated neutral species. One or more of these species diffuse through an electrolyte and are .
then oxidized at a gas permeable anode to produce a high concentration of oxygen directly

above the wound.

U.S. Patent 4,795,423 discloses oxygenated perfluorinated perfusion of the ocular giobé

to treat ischemic retinopathy. The ocular globe is penetrated with two small cannulae and an_

inflow and outflow perfusion is established with an oxygenated perfluorochemical emulsion of
other physiologically compatible oxygenated liquid at a rate and for a duration sufficierit to

permit the natural healing process to occur.
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However, there remains a need for precisely and controllably treating ischemic and pre- A
ischemic conditions in mammals. It would be particularly advantageous to treat such
conditions without introducing chemicals into the biological tissue. There is a particular need

for precisely and controllably treating ischemic and pre-ischemic conditions insucha manner i

" in the eye, as commonly found in patients suffering from diabetic retinopathy.

SUMMARY OF THE INVENTION

These and other objectives, as will be apparent to those having, ordinary skill in the art,
have been achieved by providing a method and apparatus for the precise and controllable

treatment of ischemic and pre-ischemic tissues.

The treatment involves supplying oxygen to ischemic or pre-ischérnic body tissue by
electrolysis of body fluid proximal to or within ischemic body tissue. When directed to .
ischemic tissue in the eyes, the treatment advantageously works in vitrectomized eyes as well .
as non-vitrectomized eyes. The method is based on selective and fractional eleci;roly's_ls.ofvtle‘_lle_
vitreous humor to produce oxygen, and optionally, active chlorine while shnultaneousiy -

controlling pH.

The apparatus includes a tissue-implantable electrochemical system having an arrode- o

electrode in electrical contact with a first cathode electrode. The electrochemical system visA o

designed to be implantable and operable in fluid-containing biological tissue and capable of t'ﬁe,:
electrolytic production of oxygen from tissue fluid proximal to or within ischemic tissue when -

powered by a suitable power supply.

An object of the present invention is to treat an ischemic disease in a patient. Another

object of the present invention is to delay or suppress the onset of diabetic retinopathy. This is_ '

- accomplished by selective electrolysis of the vitreous humor and control of pH in bothf -

vitrectomized and non-vitrectomized eyes. The formation of free chlorine (i. e., chlormous

substances other than chloride) can either be allowed, or alternatively, controlled by bemg

suppressed. The above strategy can be applied to appropriate organs and tissues to treat ‘

ischemic diseases in general.

For treating retinopathy (e.g., diabetic or other retinovascular dfseases), vitreous humor

»

embodiment, the formation of free chlorine is avoided. This can be accomphshed by the

selection of appropriate electrolytrc mono- or multr-phase pulse patterns or takmg advantage of '
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the natural antioxidant properties of the vitreous humor. Aqueous humor is continuo'usly .

produced and refreshed in the eye.

A second embodiment allows for the formation of free chlorine. Since the onset of '
retlnopathy is believed to be a redox sensitive molecule such as cytochrome or hypoxxa' -
inducible factors, the presence of high potential free chlorine in the form of hypochlorite : 1onsf
or hypochlorous acid can provide the signaling mechanism to avoid the onset of new and‘

fragile vessel formation.

In accordance with one aspect of the present invention the foregoing and_other objects
are achieved by mono-, bi- or multi-phasic pulsed electrolysis of water to selectively produce

oxygen and avoid the formation of free chlorine. Selective formation of oxygen can be

| achieved in multiple ways.

First, the electrical double layer which forms spontaneously at the surface of a metal

electrode in sodium chloride solutions such as vitreous humor excludes chloride i ions near the.

surface of the electrode. By judiciously injecting charge using the correct mono- or multl-"
pulsed time profiles, the water of the aqueous component of the vitreous humor can be

selectively oxidized to molecular oxygen while simultaneously av01dmg the ox1dat10n of _

~ chloride ions to form free chlonne The selected time profiles may be monophas1c blphasw or’ _

multiphasic.

Second, in the case of vitreous, even if low levels of free chlorine are forrhed, they will
be converted to chloride because of the antioxidant properties of ascofbate, glucose and other .

reduced organic species that are naturally-occurring components of the vitreous

Third, in one embodiment, free chlorine is electrolytically produced to mamtam an
oxidizing redox potential by the CIO/CI” couple, which has a high oxidation potentlal to?l__'"

prov1de the signaling mechanism to avoid the onset of new and fraglle vessel formatlon .
Sy

Fourth, pH excursions that might be caused by electrolysis of a body ﬂu1d such as the- :
vitreous humor can be corrected by use of a “pH clamp.” In the absence of such a pH- o
controlling device, pH excursions can unfavorably alter the biochemistry of the vitreous |
humor. The pH clamp preferably uses three electrodes plus oxygen and/or pH sensors. In, the -

case of the vitreous humor, two electrodes are preferably located in the vitreous while the third-.

is preferably external to the ocular cavity (for example, unplanted behind the ear of the' '

patient). Information gathered by the sensors is used for selecting the operatlon of speclﬁc

electrodes.
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As described in further detail below, the operation of spec1ﬁc electrodes adjusts the pH' Z‘_
and keeps the pH within a specified range. This approach advantageously prevents - pH i
éxcursions beyond ranges that may have a detrimental effect on the normal biochemistry ot_‘

body fluid, such as the vitreous humor.

The invention advantageously provides a treatment for ischemic and pre-isc;hetr'licf_f

‘tissues in mammals in a precise and controlled manner. In addition, the invention also achieves

this without introducing chemicals into the biological tissue. The benefits of the invention are
particularly advantageous for treatments of the eye since the eye is 'particularly sensitive to’v 3

chemicals and invasive treatments.
BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic illustration of the structure of the electric double layer of a metal -

'electrode dipping in an electrolyte solution such as sodium chloride, the pnmary electrolytlc'

medium of vitreous humor. It is well known that the layer of water in immediate prox1m1ty to
the metal electrode surface has a concentration of chloride ions lower than the bulk rgg;gg__
(Butt et al., Physics and Chemistry of Interfaces, Wiley-VCH, 2003). '

FIG. 2 is an illustration of the monophasic injection of a finite amount of ‘posi'ti;ve:}ii;,

charge into an electrode to oxidize the water that is in immediate proximity to the metal surface- - |

can be preceded by a brief injection of negative charge to further expel chloride ions away

from the electrode surface. This will enlarge the chloride-depleted region.

: FIG. 3 illustrates a biphasic pulse that can be applied to reverse the formation of free -

chlqrine. In this case the free chlorine that is formed during the anodic phase' can be reduced to '

* chloride during a cathodic phase that immediately follows the anodic phase.

FIG. 4 illustrates a cross-section of a human eye with the. natural flow of ﬂuldand
production of aqueous humor. | A
FIG. $ illustrates one embodiment of the pH clamp. Cathode, anode, pH and oxygen - L,f

sensors are located in close proximity to the region to be oxygenated. A second cathode is

located outside the ocular cavity. As described below, the pH of the vitreous hurpor_gcan;,il?f:‘_

" maintained within the desired range with this electrode configuration.
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FIG. 6 is a model glass eye-chamber that replicates the physical chemistry of :
electrolysis in the eye and the three-electrode pH clamp. It was used to collect the data that
demonstrate that the pH clamp works. ‘ '

FIG. 7 presents data on the formation of oxygen and chlorine in phosphate buffered

 saline (PBS). The data are for 800 pA amplitude pulses with corresponding time durations o

rpresented on the abscissa. The time duration between pulses is 10 ms. Oxygen formation -

proceeds the formation of chlorine.

FIG. 8 contains data for the simultaneous formation of hydrogen and oxygen in PBS.
The amplitude of the pulses was 800 pA and the duration of the pulses are presented on the

abscissa. The time duration between pulses is 10 ms.

FIG. 9 presents a point-by-point calculation of the stoichiometric ratios of hydrogen to‘ P

‘oxygen for the data points of FIG. 8.

FIG. 10 contains data on the simultaneous electrochemical formation of hydrogen and
oxygen in a medium containing a synthetic chemical formulation for vitreous humor. The o
amplitude of the pulses was 800 pA and the duration of the pulses are presented on the

abscissa. The time duration between pulses is 10 ms.
FIG. 11 shows data for photothrombic retinal vein occlusions in rabbits.

FIG. 12 shows results from a subgroup of rabbits which were treated with vitréous

oxygenation after photothrombic vein occlusion.

FIG. 13 shows intraretinal oxygen measurements before ‘and after 'retinal‘ anery a

occlusmn
FIG. 14 shows fundus photos one week aﬂer photothrombosns in dog eyes
FIG. 15 shows OCT data from pre and post photothrombotlc occlusion in dog retma .
FIG. 16 shows results of short-term electrolytic oxygen production in a dog.

FIG. 17 shows the histology from control dog eyes which underwent occlusions -and - .

received no treatment and oxygenation in dog eyes which underwent occlusion followed by

vitreal oxygenation at days 3 and 7.

FIG. 18 is a photomicrograph showing a parylene electrode :«irray in a dog eye after six g

‘months of implantation with very little gross inflammation and no signs of infection or ret.inail'

detachment.

L
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FIG. 19 is a generalized schematic of the system level design for th¢; ;

OXYGENERATOR electrochemical system.

FIG. 20 is a schematic showing the approximate size of the proposed implant.

FIG. 21 is a chart showing the correlation between steady state production of O or Cly
under repetitive pulses at 100 Hz, 800 pA amplitude and pulse duration in phosphate buﬁ’erb;d " ::"1

saline.

FIG. 22 is an illustration of the pH-control concept of the present invention.

FIG. 23 is a chart showing pH shift during electrolysis of Ames medium plus 200 pg |

per ml of hyaluronic acid.

FIG. 24 shows photoé of parylene-encapsulated electrodes and coils.

FIG. 25 illustrates an alternate view of the pH clamp as shown in FIG. 5. The secéﬁd

cathode is located outside the ocular cavity.

DETAILED DESCRIPTION OF THE INVENTION

In one aspect, the invention is directed to a method for treating ischemic conditions"'o'r:; .
diseases in a mammal by treatment of the corresponding ischemic tissue. The ischemic-tissué;_i;s
any biological tissue suffering from lower than normal levels of oxygen, or any tissue

considered predisposed or susceptible to lower levels of oxygen, i.e.; pre-ischemic. The lower

levels of oxygen are generally a result of a lower than required blood supply to speclﬁed body

tissue. The mammal in need of treatment can be any mammal, most notably human

Examples of ischemic tissues that can be treated include, but are not limited to, those -

by choroidal ischemia (e.g., various forms of macular degeneration), ischemia in joint spaces
(e.g., knee and shoulder), ischemia for cutaneous and subcutaneous spaces, ischemia in central _
and peripheral nervous systems (e.g., brain and spinal cord), ischemia of organs (e.g., heart, )

kidney, and organs of the gastrointestinal system), and ischemia on tfanspla_nted organs and

tissue including stem cell transplants.

The method involves the electrolysis of body fluid in close or intimate contact w1th ‘

(i.e., proximal or within) ischemic tissue to increase the oxygen levels in the ischemic tissue: -

-7-
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‘retinovascular disease other than diabetes (e.g., vein and artery occlusions), retinopathy caused
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By “proximal” is meant an area of tissue containing biological fluid that is not necessarily B
within the ischemic tissue but maintains an intimate contact By exchange of biological fluid ‘;:}
with the ischemic tissue undergoing treatment. Proximal tissue can also include tissue
containing fluid that can act as a reservoir for higher oxygen conceritratibns where oxygen

from the fluid can be diffused into the ischemic tissue. Some examples of fluid includes:

vitreous fluid, aqueous fluid, cerebrospinal fluid, or interstitial fluid such as lymphatics. )

In a preferred embodiment, the electrolysis is conducted by implantation and electrical
operation of an electrochemical system into the fluid of ischemic tissue. The implanted
electrochemical system preferably includes an anode and a cathode (also referred to herein as a

first anode or a first cathode).

The cathode operating in biological fluid will primarily reduce water to hydrogen' .

‘according to the followmg half reaction:

H,0+2¢ ——> Hjy(g)+20H (aq)

Superoxide anions and hydrogen peroxide can also form by cathodic reduction of
dissolved oxygen. Though these species tend to be biologically toxic, the cellular enzymes "

superoxide dismutase and catalase are normally available for the efficient conversion of these

species into non-toxic species. o S e

The anode operating in biological fluid will oxidize water to oxygen according to the

following half reaction:

H,0 —> % 0y(g) + 2H (aq) + 2¢ (Eo at 25°C = 1.23 Volts vs NHE)

Since biological fluid naturally contains chloride salts, the anode w111 addluonally

2CI —> Cly(g)+2¢ (Epat25°C=1.36 Volts vs NHE)

Although the chlorine half reaction has a higher standard potential than that of oxygen, .
it has a lower overpotential. Because of this, the chlorine oxidation reaction becomes‘

significant during normal operation of the anode.

Molecular chlorine (Cl,) produced at the anode immediately reacts with water to form _V

" various hydrolysis products of chlorine. The predominant hydrolysis products of chlorine:

include HOCI (hypochlorous acid) and its ClO™ salts. In this application, chlorine and 1ts

hydrolysis products are also referred to as ‘“chlorinous substances.”

-8-
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In one embodiment, production of chlorinous substances in biological fluid undergoing, :

electrolysis is not controlled. This embodiment can be advantageous in certain situations where - -

chlorinous substances are believed to have a beneficial effect. For example, as with oxygen,
active chlorine can suppress or reverse the onset of diabetic retinopathy, ‘other retinovascular -

diseases, and choroidal neovascularization. In addition, where chlorinous substances may not: . :

be advantageous, or perhaps even deleterious, these substances can, under . certain -

circumstances, be rendered harmless by the natural antioxidant processes of the cell. As further

discussed below, this is particularly true of the vitreous humor.

In another embodiment, the production of chlorinous substances in biological fluid
undergoing electrolysis is controlled. This embodiment can be advantageous in certain

situations where chlorinous substances are known or believed to be toxic, inflammatory, or-

deleterious in some other way. The production of chlorinous substances can be contrqlled by )

removal of chloride ion from the vicinity of the electrodes where electfolysis is beingA
performed. The removal of chloride ion can be accomplished by any suitable method known in .°
the art, including chemical or physical methods. Alternatively, the production‘,of chlorinous

substances can be controlled by converting produced chlorinous substances back to chloride-or- -

~to other compounds that do not possess the same adverse effects. The conversion: can‘bé- .

accbmplished by any of the means known in the art, including chemical or physical methods’“ i

In a preferred embodiment, the production of chlorinous substances is controlled by

electrolytic means. By “controlled,” is meant that the production of chlorinous substances 1s

lessened by any amount, including to a pomt where chlormous substances are considered not -

present or in trace amounts that are below the threshold of adverse eﬁ'ects By one k

embodiment, the electrolytic means is a pulsed electrolytic technique capable of altering’ ‘the o
location or concentration profile of chloride ions within an electrical double layer of the anodi¢ -

electrode in such a manner that selective oxidation of water, and not chloride, is made possible.

The pulsed electrolytic technique may be monophasic, biphasic, or multiphasic, and may -
include one, but more preferably, several successive pulses separated by a uniform, patterned;
or variable time delay. Any suitable electrical (electrode) pulse generator can be used for

generatlng the electrolytic pulses described herein.

A pulsed electrolytic technique as described above can accomphsh such selectlve;
oxidation of water, by, for example, applying a succession of monophasm'posmvg ‘pulses: )
having a duration shorter than the kinetic relaxation time constant for reestablishingf‘ the -

electrical double layer of the anode. In this manner, water is being selectively oxidized over

-9-
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chloride during the electrolytic pulse since chloride ion is not provided the neces'sar)" time:jfo :
enter the microscopic layer of the electrical double layer containing only water. To lessen’th'e ;
oxidation of chloride, the pulse duration needs to be shorter than the relaxation time necessary

for reestablishing the electrical double layer. The relaxation time varies according to electrode. _. ;;

" type, size, and chemical and phys1ca1 conditions. Accordingly, a suitable pulse duration is veryf

‘much dependent on the conditions encountered, and therefore, an appropriate pulse duratlon.

can vary substantially from one situation to another. For example, in one embodlment a -
positive pulse is anywhere within a range having a minimum pulse time of about 50
microseconds (50 ps) and a maximum pulse of about 10 milliseconds (1.(_) ms). More
preferably, a positive pulse is within a range having a minimum pulse time of about 50 ps and
a maximum pule time of about 500 us. More preferably, the pulse duration can be in the range -

of about 100 to 200 ps.

The positive pulses are separated by a suitable time delay. The time delay is preferably
long enough for the anode to reestablish the electrical double layer. For example in one '
embodiment, the time delay is preferably within a range having a minimum of about 500 us :

and a maximum of about 10 ms. In other embodiments, the time delay can be in the range of ;

RN

, about 500 ps to 5 ms or 5 ms to 10 ms.

The water-chloride separation effect at the anode, as descrlbed above, can, be:
accentuated by preceding (preoondltlomng) the positive pulse w1th a negatlve pulse of
adequate duration. The negative pulse has the primary effect of repelling chloride ions fuﬂher ‘
away from the electrode surface, thereby increasing the separation of water and ehloride ionat -

the electrode surface. This method provides the beneficial effect of allowing for longer pos_vitiy;’e -

» pulse durations prior to the onset of chlorinous compound formation. To be pa‘rtimll"arlyl

effective for the foregoing purpose, the negative pulse has a duration preferably in the range of -
‘about 1 to 1000 ps. More preferably, the negative pulse is m the range of about: 500 to 1000 ps o
The time lapse between the negative pulse and the positive pulse is preferably in the range of
about 1 to 1000 ps, and more preferably about 500 to 1000 ps. The magmtude of the .
preconditioning voltage is preferably below the threshold for electroly51s '

l‘ -

In another embodiment, the productlon of chlorinous substances is controlled by

| applying a positive pulse for oxidation of water followed by a negative pulse of sufficient’ g

-duration and voltage for reducing any remaining chlorinous substances to chloride ion salts:

-10 -
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For example, hypochlorite ion is converted by the negative pulse to chloride ion according to .)

the following half reaction:

2¢ +2H '+ OCIT ——> H,0 +2Cl'(aq)

The water oxidation reaction at the anode and the water reduction reaction at the,' ;

cathode in themselves combine without any change in pH. ‘However, when water-redox.

reactions are accompanied by formation of chlorine and its hydrolyéis products, a drift tov;/ardv |

lower pH occurs. Processes in the cell other than production of chlorinous substances can also

cause a drift of the pH during electrolysis of biological fluid.

In order to prevent the pH from going beyond a range that may have a detrimental

effect, the pH can be controlled by any suitable means known in the art. In a preferred
embodiment, the pH is controlled by any suitable electrolytic means. Preferably, the - .

proximal or adjacent to the region where the first anode and first cathode have been 1mp1anted,

i.e., the “pH clamp” described earlier. The second cathode is preferably not in electrochemical

‘electrolytic means involves implanting a second cathode in biological tissue or fluid that is - :

contact (i.e., not in the same electrolyte compartment) with the first anode/cathode pair. For

example, the second cathode is preferebly external to the ocular cavrty when the method. is
applied to ocular ischemia. See Figure 25. Since the formation of oxygen in water lowers the=
pH, inclusion of a second operational cathode, which produces hydroxide ion, will have the e

effect of counterbalancing the lowered pH. The pH of the biological fluid- undergomg B

electrolysis can be monitored by inclusion of a suitable pH sensor in the vicinity of ‘wheré

electrolysis is being conducted. Likewise, the oxygen level of the biological fluid undergoing -
electrolysis can be monitored by inclusion of a suitable oxygen sensor in the vicinity of where

~ electrolysis is being conducted.

The second cathode can be operated within an electrochémical system not part of the -

alternatively, electrically connected to the first anode and cathode which have been implanted

in the biological fluid of ischemic tissue. Feedback information from the pH and/or oxygen -

sensors will cause either the first anode and first cathode, or the second cathode, or both, to

operate at any given time in order to adjust the pH into a desired range

The normal physiological range for b1010g1ca1 tissue is in the range of about .6. 5 tov o

Depending on the application and the level of pH control required, the pH can be conlrolled ‘m'
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different ways, such as by controlling the production of chlorinous substances, or controllihg h

the production of chlorinous substances in combination with use of a second cathode, or by -

3

sole use of a second cathode. The pH can be controlled so as to remain within a rénge of al‘)o'uth ’

6.5 to about 8.5, or more preferably about 6.5 to about 8.0, or even more preferably from abouftj o

6.5 to about 7.5.

In another aspect, the invention is directed to an apparatus for accomplishing fhg
method described above. The apparatus includes the tissue-implantable ele.ctrochet.nicall
systems described above. The electrochemical system is capablé of electrolytic production of
oxygen from biological fluid proximal to ischemic tissue when the electrodes are implanted

and made to operate by connection to a power supply source.

The connection to the power supply source need not be a physical (e.g., wired)

connection. The connection may be, and in some instances may preferably be, in the form of a
non-physical connection, such as a wireless electromagnetic transmission link between the : -
electrochemical system and a wireless power supply source. In a w1reless transmission dewce,’%‘ -

the transmission of power is normally accomplished by interaction between adj acent mutually o

inductive devices such as coils that transfer energy by Faraday’s Law of Electromagnetlc R

Induction. The wireless power supply source needs to be capable of transmlttmg power via an

electromagnetic frequency while the electrochemical system needs to be able to receive the -~

electromagnetic transmission. The electromagnetic transmission can use any suitable
electromagnetic frequency known in the art for transmitting power or information. The
electromagnetic frequency used, can be, for example, based on an infrared, microwave, ora |

fadiofrequency. More preferably, the transmission is based on a radiofrequency. The

electrochemical system can be configured, if desired, to store the power transmitted for later = -
use. |

Examples of physically-connected power supplies that can be used to drive-electrolyéi‘s: o

in connection with the present invention include conventional battenes, fuel cells, blologlcal

fuel cells or bio-batteries or batteries powered by biomotion, and solar power devices.

The use of implanted electrodes for medical appllcatlons is well known (see eg., J

Weiland, W. Liu and M. S. Humayun, “Retinal Prosthesis,” Ann. Rev. Biomed. Eng 7, 361- - :,.‘-,‘f‘,ﬁ"
401 (2005)). Any of the electrodes known in the art that are suitable for 1mplantat10n mto R

blologlcal tissue are considered suitable for the present invention. The electrodes can be of any

suitable size, shape, and construction that permit them to be 1mplanted and non-ln_lurlous to the - -
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subject under treatment. For example, in one embodiment, the electrodes are spherical in shape

and constructed of platinum. The size of the electrodes is preferably within the range of about .. ',

0.1 to 10 mm, and more preferably, particularly for use in the eye, in the range of about 0.5 to
2 mm, and even more preferably about Imm. It is well known that the functional surface area

of electrodes and catalysts can be made much larger than the apparent geometrical area. These :

‘techniques will be advantageously employed in this invention.

The distance between the first anode and cathode is f)referably_ in a range of about 20.t6.“ '
80 microns. More preferably, the distance between electrodes is about 30 to 70 microns, such

as, for example, 50 microns.

Examples have been set forth below for the purpose of illustration and to describe the

~ best mode of the invention at the present time. However, the scope of this invention is not to be

in any way limited by the examples set forth herein.
EXAMPLE I

FIG. 1 is an illustration of the structure of the electric double layer at the metal
électrolyte interface. The aqueous region 10 immediately surrounding electrode 12 has a lower .

chloride ion concentration than that of the bulk aqueous phase 16. The concentration iof

* chloride ions increases with distance from the electrode surface until it reaches the bulk value.’

Chloride ion concentration at the outer Helmholtz plane 14 has an intermediate value. . |

FIG. 2 illustrates the injection of ;;ositive charge 10 into the electrode. If the durati'oﬁ‘ i
12 of the pulse is less than the characteristic kinetic time constant for the movement of chloride -
ions to the surface of the electrode, water will be primarily oxidized to molecular oxygen at the '

anode while avoiding excessive formation of free chlorine. This is'illustr'ated by the first :

~ equation 16 of FIG. 2, 2H204>02+4H++4e‘. Chlorine gas, if formed, immediately reacts w1th ’

-water to form hypochlorite ions and hypochlorous acid. These équations, 2CI"' > Clz-ljZe"and'

Cl+H,0 — OCI™ +2H" +CI” are shaded indicating that they do not occur because of the
kinetic strategy that was used for oxidative charge injection. Followﬁig this injection, there is
a natural kinetic relaxation time that is needed to reestablish the original structure of '‘the

electric double layer. This suggests a wait time 14 prior to injection of another pos1t1ve charge -
‘ o
As illustrated by the inset to FIG. 2, repetitive pulses can be used to preferentlally_.

produce oxygen instead of chlonne by waiting a period of time equal to or greater than the4 4
relaxation time required to reestablish the electric double layer structure. The data of FIG. 7

provides experimental proof of this aspect of the invention. .‘Whefeas oxygen is formedat
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pulse durations of 100 to 200 ps, no dctectable chlorine is formed into this range of pulse
durations. The onset of chlorine formation by the oxidation of chloridé‘ ions at vthe
énode/electrolyte interface is kinetically slower than the onset of oxygen formation by the E
electrochemical oxidation of water. The data of FIG. 8 contains lthe sirnultaneou§
electrochemical formation of oxygen and hydrogen by the pulsed electrolysis of PBS. Thef

oxy"gen data is the same as that presented in FIG. 7. FIG. 9 contains the correspond‘in"g"_-j
stoichiometric ratios of hydrogen to oxygen in PBS. The ratio approaches two as the absoluté

amount of injected charge saturates the capacitance of the interfacial double layer.
EXAMPLE II

The preferential formation of oxygen over free chlorine can be -enhanced by a

preparatory injection of negative charge immediately followed by the injection of Faradaic

‘positive charge for the production of oxygen. The formation of a higher absolute value of

negative potential will contribute to the further depletion of chloride ions in tﬁe immediatg '
proximity of the metal electrolyte interface. This will have the beneficial effect of lengthemng o

the allowable pulse duration prior to the onset of free chlorine formation.
| EXAMPLE III

Another method to reduce the formation of free chlorine is illustrated in FIG.'3. -

'Foliowing the formation of oxygen by positive charge injection 10 for duration 12, -unwanted

hypochlorite ions may form as illustrated by reactions 18. An immediate negative reversal

pulse 14 for duration 16 will reduce the hypochlorite/hypochlofous acid back to-chloride ions,
illustrated by reaction 20, 2¢™+2H +OCI"—H,0+ CI". ’

EXAMPLE IV

The variation of chloride ion concentration at the metal electrode-electrolyte interface

e

follows a Boltzmann distribution, which is a continuous exponential dependence on distancéi
Therefore, some formation of free chlorine with increasing pulse duration is td. be expeétedf o
’i’he natural antioxidant properties of the vitreous humor can be used to further suppress the .
formation of free chlorine. Vitreous humor has the following'composit‘ion:‘water, collagen - .
ﬁbﬁls, sugar, ascorbic acid, hyaluronic acid and inorganic salts, mostly sodium ch_lo;_idg.'
Sugar and ascorbic acid are good antioxidants in the context of reacting with free gh]origéi

Moreover, they are also good antioxidants for reacting with superoxide anions and hydrogen
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peroxide that may form at the cathode (in addition to the action of the superoxide dismntasc'

and catalase, mentioned above).

Vitreous humor has a glucose concentration of 3.4 mM .and .‘an ascorbic acid -

~ concentration of 2.0 mM. Also, as illustrated in FIG. 4, aqneous humor 10 is naturally 5

produced in the eye 12 at a rate of 2 - 3 pL per minute. Therefore, there is a steady-sta_té': E
supply 14 of both glucose and ascorbic acid. By setting an upper limit for the rate of ﬁ-e'e_f
chlorine production and taking into account the natural antioxidant action of aqueous humor
and its rate of production, one can set an upper limit for the rate of fonnation of free chlorine. -
FIG. 10 presents data on the simultaneous electrochemical formation of hydrogen and oxygen
in a synthetic medium of vitreous humor. Under these conditions chlorine formation at the
anode is quickly eliminated by its rapid reaction with ascorbate and its somewhat slower rate -

of reaction with glucose.
EXAMPLE V - pH Clamp

In performing the electrolysis of vitreous humor, at least three major electrochemical |

. reactions occur. The two anodic reactions are H>O (liquid) — 140, (gas) +2H" (aq) + 2e and )

2CI" (aq) - Cl» (gas) + 2¢”. The ma_]or cathode reaction is 2H,0 (liquid) +2e > Hz (gas) + ‘ _T' _

' 20H". The exclusive formatlon of hydrogen and oxygen produce compensating amounts of -

-hydrogen ions and do not alter the pH. However, the oxidation of chloride ions to produce free‘ _-f

chlorine does not involve hydrogen ion formation. Therefore, pH dnﬁ can occur. The solutlon -
to pH drift is to use the pH clamp illustrated in FIG. 5 (or as alternately shown in FIG 25) -
The pH clamp is comprised of two intraocular electrodes 10-and 12 along with pH and 02_

sensors 14 and 16. When the oxygen sensor signals the onset of ischemia of retlnal and

- choroidal tissue electrolytic production of oxygen/free chlorine (and hydrogen) may proceed

A third electrode 18 that is employed as an alternate cathode is also present.

This second cathode is physically located outside the intraocular cavity, but is )
electrolytically connected to the vitreous humor by the conductive ionic pathways that exist m
the natural fluids of the tissue. Depending on pH, an electronic switch can be used to connect .

the appropriate pair of electrodes that will maintain the pH within a specified range. FIG. 6 e

~a model eye chamber that provides proof of principle for the pH clarnp concept. FIG. 6

contains the chemical mixture that represents the vitreous humor. 10 is a pH probe." Two
electrodes numbered 14 are in the “ocular cavity” whereas a third electrode (second cathode)

16 is located outside the cavity (“behind the ear”) and separated by a fine frit in a tubiilar °
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pathway that is filled with synthetic vitreous. The following tables contain experimental data
for pH as a function of time for two electrode configurations: ‘

Table 1. 1 mA DC, Table 2. 1 mA DC,
Anode in the cell Cathode and anode in the
chamber and cathode in cell chamber
the side arm. Time (hr) "pH
Time (hr) pH 0 7.7
0 7.9 1 8.1
1 2.6 2 9.1
2 1.9 3 9.3
3 1.9 4.75 9.4

These data demonstrate the strategy to clamp the pH to a predetermined level. If the
cell cavity contains a single anode and the side arm contains a single cathode, the local pH of
the cell cavity will become progressively more acidic because hydrogen ions are produced via
water oxidation according to the reaction: H;O — %0, + 2H™ + 2¢”. The 'compensating- E
hydro gen ion consuming reaction at the cathode is removed from the mtraocula.r cavity and has
negligible effect on alteration of local pH. However, if both electrodes are in the intraocular
cavity, pH drifts in the opposite direction toward more basic values because of the difference in
hydrogen ion production between water oxidation versus chloride ion oxidation. In the former,
hydrogen ions are produced whereas in the latter they are not. The hydrogen-evolving cathode
consumes hydrogen ions on a stoichiometric basis that exceeds the 'hydrogen ion production '

via the oxygen reaction by the equivalent amount of chloride ions that are oxidized.

EXAMPLE VI - Vitreous Oxygenation in Animals with Vein Occlusions

In a previous study, photothrombotic vein occlusions were successfully created in both.
rabbit and dog, and both were treated with intermittent vitreal oxygenation. The occlusions .
were confirmed with fluorescein angiography (FA) and retinal édema was analyzed with |
optical coherence tomography (OCT). Intraocular oxygen tension measurements were also .
performed using a fiberoptic fluorescence quenching system, as was an ELISA analysis of 1
vitreous samples for VEGF. Due to the need for invasive techniques to directly measure |
retinal oxygen consumption, no firm value has been established for the rate of oxygen
consumption of human retina. Multiple expenmental techniques attempting to quantify '
oxygen consumption in holangiotic retina (Q O2) have been performed with estimates rangmg
from 3.4 to 8.3 ml O,/100g/min in the light. Assuming a rate in the middle of this range of 5.0
ml O,/100g/min and a wet weight of canine/feline retina of 122mg, the totq.l oxygen
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consumption of the retina can be calculated as 6.1 ul O,/min. Data from primate retina

~ indicates a consumption rate of 0.5 pl Ox/min/cm in the light, which using a retinal area of

2 : :
'11.89 cm in humans, indicates an estimated oxygen consumption rate for the entire retina of -

roughly 5.94 ul O,/min. These estimates of retinal oxygen consumption were used to guide .

further experimental oxygenation efforts.

Rabbits were initially used instead of dogs to establish the methodology to' measure
oxygen because of the lack of inner retinal blood flow and large pre-retinal oxygen tension
gradients that exist over vascularized medullary wings and avascular retina. TIﬁS allows for
easy calibration of the oxygen probes. Moreover, vein occlusions lead to profound retinal
ischemia making oxygen measurements easy. Briefly, pigmented rabbits underwent |
fluorescein angiograms (FA), color fundus photos, and optical coherence tomography (OCT), -
and vitreous samples for VEGF at baseline and then occlusions were created ' |
photothrombotlcally in the right eye. Following this, the animals were divided into three
experimental groups; Control, Sham and Oxygenation. In the initial group, oXygen was

dehvered via direct administration into the vitreous and once an effect was established,

“electrolysis was used to generate the oxygen. In the initial group, control animals rece1ved o |

vitreous therapy, whereas Sham group animals had injections of room air (21% 02) at a rate of “‘.'
6uL. Oy/min for one hour at follow up day 3 and day 7, and Oxygenaﬁoh group animals had - ", .
100% O, injected at 6uL. Oo/min for one hour also at day 3 and day 7 follow ups. At each

follow up visit, all the animals had repeat color photos, FA, vitreous samples; oxygen -

‘ recerdings before and after vitreous injections and OCT imaging. At Day 14, the animals were

sacrificed and the eyes harvested for histological analysis. Oxygen measurements were taken at: _' l

multiple points (in the mid- vitreous as well as pre-retinal) at baseline and folloWing occlusion
using a fiberoptic oxygen sensitive probe (Oxford Optronix) This system based on : o
ﬂuorescence quenching has a range from 0 to 100mmHg O, and has been used prewously for o
mtraocular oxygen recordings in human. Measurements were recorded in each position for a |

minimum of 30 seconds or until the reading stabilized.

- In a (N=4) pilot series of rabbits, the following results have been found: 1) Vein ‘
occlusions were successfully created in all rabbits, and confirmed with FA; OCT confirmed 5the'.~ . .,
associated retinal edema; 2) Intraocular oxygen recordings were a) at baseline consistent with,
published data from rabbit, and b) demonstrated marked decrease in post occlusion rabblts‘(seeﬁv-

Figure 11); 3) After oxygenation, pre-retinal and vitreous oxygen levels increased and vitreous -
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levels of VEGF as measured by ELISA were much less elevated in animals receiving
oxygenation (see Figure 12). Note, that in this part of the study, the oxygen was applied
intermittently for short periods and hence not likely to completely return VEGF levels te ‘

‘normal.

As shown in Figure 11, retinal vein occlusions were performed in four rabbits. Data -
shown is from baseline (preocclusion), and three days after phetothromboﬁc occlusion. -
étandard deviations are in parentheses. Intraocular oxygen recordings taken at different
positions in the vitreous demonstrated marked reduction in oxygen levels after occlusion. OCT
recordings demonstrated increased retinal thickness consistent with the edema seen on clinical
exam. Vitreous samples analyzed for VEGF showed large increases in the VEGF levels in the

post-occlusion state.

Figure 12 shows results from a subgroup of rabbits which were treated with vitreoﬁ,e
oxygenation after photothrombotic vein occlusion. 10A: OXygen reeordings taken 7 days ;
following occlusion, before and immediately after one hour of oxygen delivery to the v1treous
at the rate of 6 pL. O2/min. Oxygen levels over the retina were considerably higher th'an'the.'
very low oxygen levels seen in animals with RVO before oxygenation (i.e., baselme
recordings). P values are shown in parentheses. 10B: The percent increase in vitreous VEGF
levels relative to pre-occlusion levels, at 7 days after occlusion. Treated animals were ngen X .
aone hour of oxygenation 3 days following occlusion. Oxygenated animals had a lesser de.gre'e .
of upregulation of VEGF within the vitreous. Note that because only one hour of oxygen was |

administered, VEGF levels were not expected to normalize.

In addition to vitreous and pre-retinal oxygen levels, it has been shown that 1ntraretma1

oxygen levels also increase in the animal model of RVOQO’s (see Figure 13). Flgure 13A showsA

markedly reduced levels of intraretinal oxygen after retinal artery occlusion. Figure 13B- -~

;hows increased pre-retinal oxygen levels as well as increased oxygenation' in the retina )
especially to the inner retina after retinal artery occlusion and after increasing the oxygen in'thé
vitreous. | v BN
In the second phase, electrolysis tests were advanced to dogs since positive results were
already obtained with vitreal oxygenation in rabbits with RVO’s. Dog eyes prov1de a
holoangiotic retina, and the retinal blood vessels have autoregulation. They also are of a s1ze' ‘
closer to human and big enough for implanting the electrolysis electrodes. Flgures 14 and 15'-

show the result of the procedure for inducing RVO’s in dogs (see Figures 14, 15).
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In Figure 14, photos A and B show fundus photos one week after phbtoihrombosis in
dogs. The photos show dilated and tortuous retinal vessels, intraretinal he'merrhage and edma.

' Fluorescein angiography photos C and D show similar findings as well as the site of occlusion .

surrounded by leakage of dye (see arrow in D).

Figure 15 shows OCT data from pre and post photothrombic occlusion in dog retin'a:.;
Photo A shows an OCT image from an area of canine retina located inferiorly outside of the
tapetum prior to occlusion. Photo B shows an OCT image from the same area of the retina four -
days following occlusion shows marked retinal edema, cystic changes within the retina (white

arrow) as well as serous retinal detachment (red arrow). Images are each 2mm x Smm.

Figure 16 shows the results of short-term electrolytic oxygen production in one dog.
Oxygen recordings were taken in a preretinal location over normal retina and over retina that
had undergone photothrombotic vein occlusion both before and a’ftef one hour of eleclrolytie
oxygenation. A drop in pre-retinal oxygen levels with occlusion is demonstrated as well as the

restoration of pre-retinal oxygen levels after one hour of electrolytic oxygen productlon

- Bubble evolution was not visible and pH recordings always remamed stable at 7.5.

After occlusion, intraocular oxygen recording were taken before and after one hour of
electrolytic oxygen production within the vitreous. The electrolysis was carried out w1th two .v

Imm sphere platinum electrodes surgically introduced via the pars plan and pos1t10ned m

anterior vitreous and stimulated with 800pA monophasic pulses of 200us duratxon w1th a !
1000us delay. A marked elevation of the oxygen gradients within the v1treous was observed
(see Figure 16). In order to extend the electrode metal half-life, blphasw pulses are also bemg'
studied.

As shown in Figure 17, hlstologlcal analysis (TUNEL and GFAP stammg) revealed nov B
difference between control dog eyes with RVO’s and the intermittently oxygenatlon treated, ;
eyes This can be considered an encouraging result as delivering oxygen through the v1treous o
d1d not result in increased toxicity to the retina. As for observing a protective effect, there was
not expected to be a beneficial response because the oxygenatlon was intermittent and on1y~

delivered twice for one hour each time over the 14 day period after RVO.

Figure 17 shows histology from control dog eyes which underwent’ occlusmns andi.- f
received no treatment (A, C) and oxygenation eyes which underwent occlusion fol]owed by‘
vitreal oxygenation at days 3 and 7 (B, D). The eyes were harvested post-oeclusmn day 14
Images A & B demonstrate TUNEL staining in control (A) and oxygenated eyes (B). TUNEL ;
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;;ositive cells are indicated with black arrows and were equivalent in both groups. Images C/D
demonstrate GFAP (green) and DAPI (blue) staining in control (C) and oxygenated eyes (D). .-

 There was no significant difference in the levels of both GFAP and DAPI staining. Bar = 100 -

microns.

EXAMPLE VII - Surgical Implantation in Animals of Bioelectronics -

Small subconjunctival, transscleral wires connecting the sclerally fixated bioelectronics
with intraocular electrodes were implanted in animals. This approach places only the
electrodes inside the eye while keeping the electronics outside. It is ideal because it minimizes
the exposure of the retinal tissue to electrical, thermal and mechanical effects as well as makes
it easier to surgically implant and explant. In one design, OXYGENERATOR electrodes that

are foldable are used. These can be inserted through a 1mm diameter incision whereas: the

remaining portion of the device is sutured extraocularly to the sclera under the cox}ijuncst_iya.-;

Figure 18 is a photomicrograph showing a parlyene electrode array in a dog eye aftél“
six months of implantation with very little gross inflammation and no signs of infection ot ..
retinal detachment. The arrow shows the site where the electrode array is transscleral. F or the
OXYGENERATOR electrode, the intraocular electrode arrﬁy ends just inside the eye wall-and.' ¢

not need to be tacked onto the retina as shown here.
EXAMPLE VIII -- Science and Engmeermg ofa Bloelectromc Oxygen Generator - '_ ‘

| An implantable device has been designed which raises dlssolved 02 levels in the eye' :
by select electrolysis of the intraocular fluid. Besides producing oxygen, sensors are 1_1,s'e“c‘1_:t_qf -
monitor physiologically important parameters such as the dissolved oxygen levels énd pH.’ Tﬁe
electrolysis circuit is under the feedback control of the sensors. RF coils are used to transfer;.
power and data between the implanted device and external (wearable/portable) electromcs“.., 12

Figure 19 shows a block diagram of the system.

The implanted part of the dev1ce not only has the telemetry receiving 0011 and the

' microelectronic circuitry to receive this radio frequency (RF) data and power link but also the

ab111ty to receive input from sensing electrodes and drive current through electrolysis . .
electrodes. In Figure 19, the second cathode electrode (thlrd electrode) used for pH clampmg is
not shown. The external unit includes a transmitting coil, electronics, and battery (not shown)

that will activate the implanted unit. This wireless (e.g., radio frequency, RF) controller can bé . s
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used during day or night. At night, it is possible for the transmitter coil to be in the pillow. o

The main electrolysis components except the application spec1ﬁc integrated chipset

(ASIC) have been prototyped with microelectromechanical systems (MEMS) engineering

using parylene, a biomaterial with the highest possible FDA biocompatibility rating i.e,
class VI FDA biomaterial. Using advanced electroplated platinum techniques, an effective ...~ :.
surface area can be obtained that exceeds the actual electrode aréa by 50x. This increases - o
the efficiency of electrolysis hence requiring less power to produce more O per apparent
geometric area. Similarly, by controlling the distance between the anode and cathode to 50

microns, pH fluctuations can be prevented.

Specifically, given the efficiency of the electrolysis electrode design, the required
6uL/min rate of oxygen production at T=37 °C and P=15mm Hg can be attained while
consuming only 9 nL/min of intraocular fluid (less than 1% of what is'produced per rhinute by
the eye normally) using a very nominal 3 mW of power. In fact, the total power consumption

for the entire device including the discrete components for the inductive (RF) link, as well as

- ASIC and the cantilever sensors is less than 10 mW, which will result in no observable_.

temperature increase in the tissue. Moreover, a flexible 5-layer 1mp1antable coil has been built.
This implanted receiver coil with an outer diameter of 10 mm and an inner diameter of 3 mm_ .

operating at a frequency of 2 MHz is capable of wirelessly transmitting the needed powerv;-
levels. The ASIC design also uses standard CMOS process that makes it easy to fabﬁéate. The f:;

éoil combined with the ASIC, limited number of discrete electronic éomponents, and

electrolysis electrodes creates a compact and flexible package suitable for long-term.

implantation. The incision in the eye wall to introduce the foldable electrodes would be less’
than 1mm in diameter and the rest of the device on a flexible substrate with a soft polymer -
consistency can be easily sutured to the eye wall under the conjunctiva limiting the risk. of . -";

exposure. A diagram showing the approximate size of the implant is shown in Figure 20. L o
EXAMPLE IX — Selective Electrolysis of Saline Solution o

Although state-of-the-art sensors and shutdown features capable of sensing and reactmg -

to a significant pH change or presence of toxic byproducts can be included, even such a

protectively-equipped process is not foolproof against such possibly adverse situations.
Therefore, additional protective features can be included, such as pulsed eletrolysm methods

for the selective production of oxygen over chlorinous byproducts. Moreover 02 and H, w111 )
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not back react on the platinum electrodes because of the geometric design and low temperaturé _
(37°C). ' |

Figure 21 contains kinetic data for 0.85 mm platinum diameter electrodes with PBS and -
demonstrates the kinetic time course for the onset of oxygen and chlorine evolution. PBS, ;1
buffered 0.15 M NaCl solution, contains approximately the same concentration of NaCl as'
human vitreous humor. As mentioned above, except for a low ievel of specific chemisoxption; .
chloride anions are largely excluded from the inner and outer Helmholtz planes, the regions of ‘
the electrolyte that are immediately adjacent to the electrode. The extént of exclusion can be

estimated from the Debye length (Ap) which, for the case of physiological temperature and

-saline (37°C and 0.15 M NaCl), is Ap = 0.78 nm. Each data point represents the steady-state

production of oxygen or chlorine for 100 Hz repetitive anodic pulses of 800 pA and 0 — 400 ps
pulse duration. The onset of chlorine production occurs at a 200 us pulse width. That is ’tdf
say, sufficiently rapid injection of positive charge into the anode can complete the oxidation of .'

water to molecular oxygen prior to the movement of bulk chloride ions to the electrode surface

where the Cl is oxidized to chlorine. Oxygen and the coevolved hydrogen were detected in .

‘the gas phase using flow comprised of an electrogalvanic cell for the oxygen sensor ard a tini ’

oxide semiconductor for the hydrogen sensor. The production of free chlorine was detected-ifi ‘
a standard spectrophotometric assay based on the rapid and quantitative oxidation of ascorbw
acid. The time between pulses was 10 ms, a value much longer than the relaxatii_)n time of thé o

electric double layer which is in the nanosecond range. It is also longer v_'than the RC timé

| constant discharge of the double layer capacitance. Figure'Zl is an original ‘discovery

assbciated with this proposal which shows that the structure of the electric double layer _canfb‘éj ,

‘used to selectively oxygenate tissue in chloride ion containing fluids without the corresponding -

electrolytic formation of free chlorine. Interestingly, this is the inverse goal of the 'chlor-alk'ali‘
process, one of the oldest industrial processes, in which the aim is to maximize the p'roduc'tidvn‘;_
of chlorine by the electrolysis of brine. It may also be possible to extend the half-life of'th’é i
platinum electrodes by use of charge-balanced symmetric and asymmetric biphasic current -

~ pulses.

The pH Clamp Although vitreous humor is primarily physiological saline, it contains
other components such as hyaluronic acid, glucose, ascorbate, collagen fibrils, etc. Even if;*iz R
chlorine formation was completely suppressed, the pH may still drift. | Accordingly, a pH '
clamp, as specially designed for the present invention, can be used. The pH clamp uses a thxféé%’  : "

electrode configuration to maintain constant pH under all conditions of oxygenation of the "
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v1treous Figures 22 and 23 illustrate the idea. The anode is the source of oxygen The cathode

s the source of hydrogen. Two cathodes are illustrated. One cathode is in the intraocular

cav1ty, adjacent to the anode. The other cathode is located outside the ocular cavity, butis -
electrically connected to it via the ionic conductivity of the tissue. Which pair of electrodes is - "'Z:
used for the electrolysis is determined by the pH sensor and the electronic feedback sw1tchmg
circuit that selects the electrodes. A photograph of the expenmental chamber is presented in i
the inset in Figure 22. The data of Figure 23 represent electrolysis of 800 pA for one hour of

Ames medium + 200 pg per ml hyaluronic acid. Note that the starting pH of this solution was -
7.4 and that, while using the internal electrodes, there is a slight increase in the pH which in the

‘eye should be buffered by the vitreous. But should the electrolysis begin to show such a pH

drift while in the eye (i.e., the pH would increase becoming more basic because of the chlor-
alkali process) , the cantilevered pH sensors would detect this and switch the device intoa . - K
mode of using the extraocular electrode. With the cathode external to the vitreous cavity, the

pH becomes acidic. This is because the oxidation of water generates four moles of protons per E

: + - : _
mole of oxygen, 2H20 — O2 + 4H + 4e . By selecting the external electrode, the pH canbe
reduced, thereby restoring the pH to its original value. It is this ability to alternately select the

.appropriate pair of electrodes that provides constant pH control inside the eye. Although this¥ o

strategy is a technical fix to the problem of oxygenating the vitreous under pH neutral : i
conditions, it does not, of course, change the overall chemistry of electrolysis. It “exports” the o

pH problem outside the eye to the area of the extraocular cathode in the subcon_]unctrval space

where pH change can be treated easily as the volume of subconjunctlval fluid is 10 X (rmlhon

tlmes) greater and acts as a buffer. These data demonstrate the fea51b111ty of the approach

Oxygen and hydrogen evolution are by far the major electrolync reactions at the anode
and cathode. The objective of the repetitive pulsing strategy is to suppress formatlon of free

chlonne Cl,. However, should it form, it quickly reacts with water to form hypochlonte 1ons, o

'O l_, and hypochlorous acid, HOCl which has a pKa of 7.53. Electrolytlc formation, of :

, molecular hydrogen, H, can be ignored. It is unreactive under experimental conditions in the

eye. The inset in Figure 22 illustrates minor pathways that can potentially form superoxrde

‘amons, O, and hydrogen peroxide, HO;. However, these species are normally efﬁcrentlyf

eliminated by the natural superoxide dismutase and catalase act1v1ty in the vrtreous Moreover B
ascorbate and glucose, which have antioxidant actrvrty, are present at mrllrmolar',f_.:,

concentrations in the vitreous.
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While there has been shown and described what are at .present _considéred' the preferred
embodiments of the invention, it will be obvious to those skilled in the art that various changes and |
modifications can be prepared therein without departing from the scope of the inventions defined by the:
appended claims. )
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WHAT IS CLAIMED IS:

1. A method of treating ischemic tissue in a mammal, the method comprising electrolysis of -
biological fluid proximal to and/or within ischemic tissue present in said mammal such’ thaf g

oxygen is supplied to the ischemic body tissue.

2. The method of claim 1, wherein formation of chlorinous substances in biological ﬂuid |

undergoing electrolysis is controlled.

3. The method of claim 1, wherein pH of the biological fluid undergoing electrolysis is

controlled.

4. The method of claim 1, wherein electrolysis is performed by implanting and electrically -
operating an anode and a first cathode in electrical contact with said anode in biological fluid -

proximal to or within ischemic body tissue.

~

5. The method of claim 4, wherein formation of chlorinous substances in biological fluid .,

undergoing electrolysis is controlled.

6.’ The method of claim 5, wherein formation of chlorinous substances is controlled bya. .
pulsed electrolytic technique capable of altering the location or concentration profile of chloridve'ﬁ
ions within an electrical double layer of the anode electrode so as to permit selective oxidation‘ Qi

water in body tissue to oxygen.

7. The method of claim 6, wherein the pul‘sed electrolytic technique uses a monophasic, .

biphasic, or multiphasic electrical pulse technique.
8. - The method of claim 7, wherein the technique comprises a monophasxc positive pulse -

havmg a duration shorter than the kinetic relaxation time constant for reestabhshmg the electncal;

double layer.
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9. The method of claim 6, wherein a positive pulse having a duration shorter than the kinetic
relaxation time constant for reestablishing the electrical double layer at the anode is preceded'.b')i'

a negative pulse to heighten chloride depletion from water at the electrode surface.

10.  The method of claim 6, wherein the technique compriées a positive pulse for oxi_datio_t; df :
water followed by a negative pulse of sufficient duration and voltage for.reducing any remammg

chlorinous substances to chloride ion salts.

11.  The method of claim 4, wherein pH of the body fluid undergoing electrolysis is
controlled.

12.  The method of claim 11, wherein pH is controlled by electrolytic means.

13.  The method of claim 12, wherein the electrolytic means further comprises a-secondv L ’
cathode electrode located and electrically operated in tissue proximal to the anode and ﬁrst RTI
cathode located and operated within tissue proximal to or within ischemic tissue, said secopd 3
cathcsde electrode in electrical contact with the anode and first cathode, and a pH and/or oXygen"‘,' A, ;

sensor operated within tissue proximal to or within ischemic tissue and in electrical dont_act withy :

 the anode, first cathode, and second cathode in such a manner that feedback information ﬁomthe
pH and/or oxygen sensor will cause either the anode and first cathode, or the second cathode, or -

both, to operate at any given time.

14. The method of claim 1, wherein the ischemic tissue is located in an eye and the biological_j'_,

fluid is vitreous humor.

15.  An apparatus for delivering oxygen to ischemic tissue of a mammal, the apparatusl g E
comprlsmg a tissue-implantable electrochemical system comprising an anode electrode in | ‘
electrical contact with a first cathode electrode, the electrochemical system capable of electrolytlc

productlon of oxygen from biological fluid proximal to or within ischemic tissue in the mammal o

when connected to a power supply source.

16.  The apparatus of claim 15, wherein the apparatus further comprises means for controllmg

the formation of chlorinous substances in biological fluid undergoing electrolysis. -
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17. ~ The apparatus of claim 16, wherein the means for controllihg the formation of chlorinous - -

substances is an electrode pulse generator in contact with the anode electrode.

18.  The apparatus of claim 15, wherein the apparatus further comprises means fbr controllmg

pH of body fluid undergoing electrolysis.

19.  The apparatus of claim 18, wherein the means for controlling pH of body fluid
undergoing electrolysis is a second cathode electrode designed to be implanted and electrically
operated in biological fluid of tissue proximal to the anode and first cathode located and operated
within biological fluid of tissue proximal or within to ischemic tissue, said second cathodé |
electrode being in electrical contact with the anode and first cathode during operation, a'nd"a" pH
and/or oxygen sensor capable of being operated within biological fluid in tissue proxnnal to or i
w1thm ischemic tissue and in electrical contact with the anode, first cathode, and second cathode
durlng operation in such a manner that feedback information from the pH and/or oxygen sensor. -
will f:ause either the anode and first cathode, or the second cathode, or both, to operate at any -

giveﬂ time.

20.  The apparatus of claim 15, wherein the power supply source is selected from a w1reless

power transmission device, battery, fuel cell, solar power device, or combination thereof.

21.  The apparatus of claim 15, wherein the tissue-implantable electrochemlcal system is ; L

powered wirelessly by electromagnetlc power transmission from a w1re1ess power supply source

22.  The apparatus of claim 21, wherein the electromagnetic transmission is a‘rad_ioﬁféqu.égc

transmission.
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