PCT

WORLD INTELLECTUAL PROPERTY ORGANIZATION
International Bureau

INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(51) International Patent Classification 7.

GOIN 21/64 Al

(11) International Publication Number:

(43) International Publication Date:

WO 00/26643

11 May 2000 (11.05.00)

(21) International Application Number: PCT/US99/25723

(22) International Filing Date: 1 November 1999 (01.11.99)

(30) Priority Data:

09/183,235 US

30 October 1998 (30.10.98)

(71) Applicant (for all designated States except US): THE
TRUSTEES OF THE UNIVERSITY OF PENNSYLVA-
NIA [US/US]J; Suite 300, 3700 Market Street, Philadelphia,
PA 19104-3147 (US).

(71)(72) Applicants and Inventors: WILSON, David, F. [US/US];
207 St. Marks Square, Philadelphia, PA 19104 (US).
VINOGRADOV, Sergei, A. [US/US]; 4405 Osage Avenue,
Philadelphia, PA 19104 (US).

(74) Agent: McCONATHY, Evelyn, H.; Dilworth Paxson LLP,
3200 Mellon Bank Center, 1735 Market Street, Philadelphia,
PA 19103-7595 (US).

(81) Designated States: AE, AL, AM, AT, AU, AZ, BA, BB, BG,
BR, BY, CA, CH, CN, CU, CZ, DE, DK, EE, ES, FI, GB,
GD, GE, GH, GM, HR, HU, ID, IL, IN, IS, JP, KE, KG,
KP, KR, KZ, LC, LK, LR, LS, LT, LU, LV, MD, MG, MK,
MN, MW, MX, NO, NZ, PL, PT, RO, RU, SD, SE, SG,
SI, SK, SL, TJ, ™™, TR, TT, UA, UG, US, UZ, VN, YU,
ZA, ZW, ARIPO patent (GH, GM, KE, LS, MW, SD, SL,
$Z, TZ, UG, ZW), Eurasian patent (AM, AZ, BY, KG, KZ,
MD, RU, TJ, TM), European patent (AT, BE, CH, CY, DE,
DK, ES, F], FR, GB, GR, IE, IT, LU, MC, NL, PT, SE),
OAPI patent (BF, BJ, CF, CG, CI, CM, GA, GN, GW, ML,
MR, NE, SN, TD, TG).

Published
With international search report.

(54) Title: METHOD FOR NON-INVASIVE IMAGING OXYGEN DISTRIBUTION IN MULTI-DIMENSIONS AND APPARATUS

THEREFOR
8 10
67 A\ \ _a
FPGA LASER DIODE | LASER swTeH =
DECODING LOGIC POWER SUPPLY | DIODE
CENTRAL A/D
P A e /1 REFERENCE SIGNAL
UNIT 12
TMS320C31 §
DATA v OPTICAL
conmoL ., ?8 PHOSPHORESCENCE MATRIX
14
16 \
Q -
fzz 20 —
PHOTODIODE 70— =
3 POWER SUPPLY %73055 —
128k 256k AND AMPLIFIERS —
“;ORD WORD 5 Vv —
AM ONLY FLASH —
ROM

(57) Abstract

A detection device for three~dimensional tissue oxygen measurement in animals and humans comprising an array of optical fiber (12)
effective for transmitting emitted phosphorescent light, and further comprising an array of phosphorescent detectors (14) and an excitation
light (4), forming a matrix (12) and effective for sequential introduction of pulses of excitation light from a plurality of sites in the matrix.
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METHOD FOR NON-INVASIVE IMAGING

OXYGEN DISTRIBUTION IN MULTI-DIMENSIONS
AND APPARATUS THEREFOR

Cross-Reference to Related Applications

This application is a continuation-in-part of United
States Patent Application Serial Number 08/767,158, filed on
December 16, 1996, entitled PHOSPHORESCENT DENDRITIC
MACROMOLECULAR COMPOUNDS FOR IMAGING TISSUE OXYGEN, now U.S.
Patent No. _5,837,865 ‘

Field of the Invention

This invention relates to imaging of body portions of
humans and animals via phosphorimetry, and more particularly, ,to
optical methods for imaging oxygen pressure in human and animal
tissue using oxygen-dependent quenching of phosphorescence to
generate two- and three-dimensional images of oxygen partial

pressure.

Background of the Invention
As known oxygen has a quenching effect on the molecular
luminescence of various chemical compounds. This effect has been

exploited for imaging oxygen-concentratiops (partial pressure) in
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various body portions of humans and animals. Information about
the distribution and concentration of various oxygen partial
pPressure in various body locales is useful as an indication of
tissue health, structure, defects, abnormalities and diseases.
For example, in Eraumatic injury, the primary threat to life is
often the loss of blood and resulting hemorrhagic shock. The
latter results in hypotension, under perfusion of tissue and the

blood flow which does occur is abnormally distributed among and

yithin the tissues. As a result, regions in the tissue become

hypoxic or relatively devoid of oxygen, the vasculature becomes
leaky, and tissue function is compromised. If the damage is
sufficiently severe and/or involves essential organs, surgical
repair of the traumatic injury and reinfusion of blood may not be
sufficient to sustain life. Treatment of trauma victims during
transit to the site where surgical repair will occur is designed
to alleviate the loss of blood volume, usually by plasma
expanders, in an effort to maintain blood pressure. This is
believed to improve oxygen d&€livery to the tissue and therefor
gtabilize its condition until surggfy can be performed. A
reliable method for measuring the oXygen pressure in tissue would
be an invaluable asset in the critical period between the
occurrence of trauma and completion of surgery. The extent of
compromise of oxygen delivery to tissue can be accurately
followed, helping in such decisions as to whether intervention is
necessary, the choice of treatment modality and evaluation of
treatment efficacy.

For examples of oxygen mapping devices, see U.S. Patent
-No. 5,583,899, which discloses methods and apparatus for imaging
internal body structures of animals. the apparatus and methods
disclosed in this application are directed to measuring tissue
‘oxygenation through the skin using oxygen- dependent quenching of
phosphorescence. In addition, there have been additional patents
directed to this technology.
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U.K. patent application No. GB 2,132,348A, published
July 4, 1984, discloses the use of fluorescent materials to

measure levels of oxygen in blood both in vitro and in vivo using
a fiber optic probe or catheter.

The prior art has disclosed indwelling devices for use

during measurement of various blocd parameters. For example, U.S.

Patent No. 3,787,119 discloses a catheter having a microlamp and
a photosensitive element and other elements including a cup-like
element for use in receiving blood and providing electrical

output signals by means of wires extending through the catheter.

U.S. Patent No. 3,814,081 discloses an optical

measuring oxygen saturation in blood, as well as blood: pressure.

U.S. Patent No. 4,200,110 discloses a fiber optic pH
probe which includes an ion permeable membrane which encloses a
guide containing solid material comprised of a'hydrophilic
copolymér having a pH sensitive dye attached thereto. the probe
functions by optically detecting a change in color of.ﬁhe pH

sensitive dye when excited by light. 2 phencl red dye is

employed so that it absorbs light at a particular wavelength,
with the amount of light being absorbed varying in dependence
upon the pH level.

U.S. Patent No. 4,476,870 discloses a fiberoptic oxyger

partial pressure probe. This probe includes a hydrophobic gas
permeable envelope which contains an adsorptive support which

contains a fluorescent dye. Use of the probe for measuring

partial pressure of gaseous oxygen in the bloodstream is based on
the principle of dye fluorescent oxygen quenching. with the
probe in place with a bloodstream, fluorescent dye is excited by
light having a blue wavelength, thus causing the dye to fluoresce
at a green wavelength with the intensity of emitted light
decreasing (quenching) with increasing levels of the partial
pressure of gaseous oxygen in the bloodstream.
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U.5. Patent No. 5,127,405 discloses a fiber optic probe
incorporating a luminescent composition which is used to monitor
conditions of a subject. A response light from the flber optic
probe is detected and a frequency domain presentation of the
response light is derived. Characteristics of the frequency
domain representation are used to derive values for luminescent
lifetimes or similar decay parameters and these values in turn
are translated into the values of the conditions to be .sensed.

Finally, U.S. Patent No. 4,898,175 discloges an
apparatus in which an illuminating light is fed by a device
emitted from the tip part of an insertable endoscope. The
endoscope is inserted into a body cavity and is radiated onto a
part of the body to be observed. this illuminating light, having
passed through a living body tissue, is imaged by an imaging
device provided outside the body. the imaging device delivers a
picture image signal ‘to a signal processing device. the signal
processing device processes the signal and outputs a video signal
to a display device. &his device displays the image observed
within the living body. S5ee also U.S. Patent No. 4,974,850,

In addition to the above technologies, oxygen
electrodes have also been designed for transcutaneous oxygen
measurements. Oxygen electrodes, in contrast tovsystems which
are based on the oxygen dependent quenching of phosphorescence,
utilize substantial amounts of oxygen. The oxygen permeability

of the skin-'is low and oxygen consumption by the electrodes can
.serlously deplete the oxygen pressure at the surface of the skln
resulting in measured oxygen values which are art1f1c1ally low
and which are strongly dependent upon blood flow in the immediate
v1c1n1ty of the electrodes. 1In general an oxygen electrode
system must compensate by heating the skin to well above normal
values in order to maximally dilate the vessels. In the
phbsphorescence method, the negligzble oxygen consumption by the
measuring system will permit.the use of only one modest heating,

primarily to overcome possible vasoconstriction due to depressed

SUBSTITUTE SHEET (RULE 26)



WO 00/26643 PCT/US99/25723

body temperature to assure uniform conditions among subjects.
Oxygen electrodes further require calibration before each use.
the calibration cannot alter with the time of measurement.

See also for example, U.S. Patent No. 4, 474, 850 in
which there is described a method and associated apparatus for
imaging an oxygen-containing internal body portion of a host
animal comprising, inter alia, adding to a body fluid of the host
animal a phosphorescent compogition (e.g., zinc verdin or a metal
porphyrin compound) compatible with the body fluid, and in which
the phosphorescence of the composition is quenchable with oxygen
in the body portion, irradiating the body portion with a pulse of .
light at a wavelength and for a time sufficient to effect
phosphorescence of the composition to be emitted as light from
the body portlon, scanning across the body portion to measure the
decay of the emitted phosphorescence across the body portion,
relating any variations in the decay measured across the body
portion to variations in structure of the body portion based on
oxygen contained by the body portion, and displaying an image of
said body portion. |

Further, in U.S. Patent No. 5,501,225, there is
described yet another method and apparatus for imaging internal
body structure of humans and animals. By this method and
apparatus, light focused through an epiflucrescence attachment
excites a phosphorescent material within a body portion or
tissue, with the light emanating from the phosphorescent material
being collected from outside of the tissue. However, this method
- and apparatus suffers from the drawback of not being convenient
for isolating and measuring oxygen partial pressure of specific
sections of back/portions of tissue samples.

In U.S. Patent No. 5,593,899, there is described a non-
invasive system for measuring tissue oxygen dependent upon
quenching phosphorescence entailing, inter alia, a phosphorescent
brobe or otherwise oxygen-quenchable compound applied to the

surface of a skin portion of a human or animal patient via an
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oxygen impermeable film placed over the probe.énd skin portion.
This system also includes an optical head overlaying the oxygen
impermeable film in which the optical head comprises a means for
heating the impermeable film and probe. Also provided is a means
for providing an excitation light signal for exciting the probe
to permit the probe to emit phosphorescent light, and a
photodiode circuit to detect the phosphorescent light emitted by
the probe to provide an output signal characteristic of the
oxygen partial pressure via oxygen quenching measurement of the
skin portion proximate to the reflected phosphorescent signal.

Several other sensor devices are known which are useful
for measuring oxygen and pH content in human and animal tissue.
For example, U.S. Patent No. 4,758,814 describes a device which
.is composed of an elongated flexible optical fiber containing a
light sensing or light emitting end, and a light collecting and
processing end. The light sensing end, which is adapted to be
ingserted into a human or animal body, i.e. a blood vessel, is
composed of a portion of the optical fiber which is covered with
a membrane, and which senses and returns light through the
optical fiber to the light cdllecting and processing end which
is, for example, a detector comprising photosensitive equipment
such as a photomultiplier.

The membrane is constructed of a hydrophilic porous
material containing a pH sensitive dye. Several hydrophobic
microspheres are embedded in and carried by the membrane, each of
which carries a fluorescent dye quenchable by oxygen. Light is
supplied to the proximal end of the optical fiber and conveyed
through the fiber to the membrane causing the pH sensitive dye to
react, and light is thereafter conveyed back through the fiber
with an intensity indicative of blood pH level. The oxygen
sensitive dye also is caused to fluoresce, and transmit readable
fluorescence via the oxygen gquenchable dye which varies with
oxygen partial pressure.
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This reference thus discloses a fiber optic sensitive
probe for sensing both pH and oxygen partial pressure, either
simultaneously or in sequence, which is made possible by the
employ of the composite membrane. As also described in this
reference, the hydrophilic membrane containing the pH sensitive
dye and the hydrophobic microspheres contained in the membrane
which contain the oxygen quenchable dye, i.e. the two measurement
vectors, can be admixed with one another the mixture deployed at
the same time in the same probe to obtain their respective
measurements.

In U.S. Patent No. 5,127,405, another version of a
fiber optic probe is describ&d in which, inter alia, specialized
light collecting and processing equipment is employed at one end
of an optic fiber and a probe is employed at the other end for
insertion into the body. This is described as an oxygen-
permeable transport resin in which is embedded a luminescent
composition comprising crystals of an oxygen guenchable
phosphorescent material. Response light from the fiber optic
probe is processed in the detection equipment by derivation of
frequency domain representation, and characteristics of the
frequency domain are thereafter employed to derive values for
luminescence lifetimes or decay parameters, which are corrected
into values of conditions to be monitored.

U.S. Patent No. 4,752,115 discloses an oxygen sensing
device which employs an optical fiber, 250 nm in diameter or
small enough for insertion into veins and/or arteries, and in
which one end is coated with an oxygen sensitive (oxygen
quenchable) fluorescent dye which fluoresces light back,
dependant upon regional oxygen partial pressure, to the other end
which is adapted to receive the fluorescent light and provide an
outlet for the light to go to a signal detector to provide oxygen
measurement. The oxygen sensing end is made by dipping an end of
the optical fiber into a solution containing an oxygen sensitive
fluorescent dye, such as, tris (4, 7-diphenyl-1, 10-
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phenanthroline) Ru(II) perchlorate, a carrier polymer, such as,
polyvinyl chloride and a plasticizer dissolved in, for example,
THF. The plasticizer is said to be necessary for a fast response
and high sensitivity. The oxygen sensing end can also include a
gas-permeable sleeve about the optical fiber.

Another fluorometric oxygen sensing device is described
in U.S. Patent No. 5,012,809 which employs a fluorometric sensor
constructed with silicone polycarbonate bonded to one or more

plastic fiber optic light pipes using polymethylmethacrylate
glues.
U.S. Patent No. 4,476,870 discloses a fiber optic probe

for implantation in the human body for gaseous oxygen measurement

in the blcod stream. The probe employs oxygen quenchable dye

fluorescence,‘ahd uses two 150 um strands of a plastic optical
"fiber which end in a tubular envelope packed with fluorescent
light-excitable dye placed on a pbrous absorptive particulate
polymeric support. The tubular envelope is made of a
hydrophobic, gas-permeable material.

U.S. Patent No. 4,200,110 discloses a fiber optic pH
probe employing an ion-permeable membrane envelope enclosing the
ends of a pair of optical fibers, with a pH sensitive dye
indicator composition disposed within the envelope.

U.S. Patent No. 3,814,081 describes another variant of
an optical measuring catheter for measuring the degree of oxygen
saturation in blood using an illuminating fiber optical system
and a light receiving fiber optical system, both of which are
afranged along side of each of other, and both having forward
ends adapted to be inserted together into the organ of a living
body to detect illumination of from 600 to 750 nm to measure
blood oxygen concentration. This method does not rely on oxygen
quenchable phosphor/fluorbphor compounds, but instead employs

direct measurement of light absorption of Hb vs. HbO, at specific
wave lengths. '
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In another example, U.S. Patent No. 3,787,119 describes
a multiple photometer device mounted in a catheter, which
utilizes at least two associated photosensitive cells to measure
physical and chemical characteristics of blood in vivo.

Finally, in co-pending U.S. Application Serial No.
08/767,305, now U.S. Patent No. 5,830,138 the

t

entire disclosure which is incorporated herein by reference,
there is described an improved optical probe for use in measuring
blood and tissue oxygen partial pressure and pH (CO,)
measurements. In this method and apparatus, a probe is provided
for use in measuring blocod and tissue oxygen partial pressure and
pH (CO,) measurements in humans and animals, which comprises a
fiber optic means effective for transmitting phosphorescent
and/or fluorescent light, an oxygen and/or pH probe means
situated at one end of the fiber optic means which comprises a
portion of the fiber optic means enclosed by a gas permeable
membrane, a reservoir means which«comprises a solution of an
oxygen-quenchable phosphorescenée—emitting compound and/or
fluorescent-emitting compound situated between the gas permeable
membrane end fiber optic means, and further comprising at the
other end of the fiber optic means a phosphorescent and/or
fluorescent light detection means to receive light from the fiber
optic means, to measure tissue and blood oxygen and/or pH. The
device further comprises an excitation light-emitting means to
provide light to the phosphorescent and/or fluorescent emitting
compounds.,

In other embodiments of this invention, the oxygen-
quenchable phosphorescence-emitting compound and/or fluorescence-
emitting compound (hereinafter "phosphor" and fluorophoxr™
respectively) is dissolved in a solvent having substantially the
gsame refractive index as the fiber optic means, and/or the fiber
optic means portion comprising the probe means has at least a
portion thereof etched or is otherwise provided with a plurality

of grooves or depressions to provide additional angled surfaces
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to aid in scattering excitation light outward into the phosphor
and/or fluorophor-containing medium to the fiber optic means, and
thereafter back to the light detection means. In a further
embodiment the probe means contains a plurality of grooves or
depressions, a portion of which contain an oxygen-quenchable
phosphor for oxygen measurement and a portion of which contain a
fluorophor for pH (CO,) measurement.

While the above-described methods and apparatus for
imaging oxygen partial pressure in tissue using oxygen-dependent
quenching of phosphorescence are capable of generating two-
dimensional images of oxygen pressure, three-dimensional
information has been unobtainable, or relatively difficult to
obtain. Such information would be highly beneficial as a
diagnostic tool, and in many cases pivotal in quickly, accurately

and precisely diagnosing many heretofore difficult to diagnose
maladies. |

Summary of the Invention

The present method and apparatus provides both two- and
three-dimensional images using an approach which takes advantage
of novel technology and phosphors.

In accordance with the present invention, oxygen
measurements in tissue take advantage of novel phosphors which
absorb and emit light in the near-infra red region of the
spectrum for which both excitation and emission light can pass
through relatively great thicknesses (several cm) of tissue.
Further, in accordance with this invention, light-emitting diodes
are used for excitation of the phosphorescence, thereby taking
advantage of their ability to provide a bright monochromatic
light source which can easily be modulated at the required
frequency and with the desired waveform.

In this inventive procesé and apparatus,
phosphorescence emission is measured using a specially
constructed matrix of light guides and/oxr phosphorescence
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detectors which allow precise and sequential introduction of
pulses of excitation light from several different sites in the
matrix. For each injection of a pulse of excitation light at a
site, phosphorescence detectors collect the emitted .
phosphoreSCence and determine: (a) the total phosphorescence
signal amplitude; (b) the histogram of the distribution of oxygen
pressures, and (c) the fraction of the phosphorescence gsignal due
to phosphor in regions with oxygen pressures less than selected
values. In accordance with this invention, it has been found
that the combination of these measurements unexpectedly enables
and/or enhances the expedited calculation of the three-
dimensional image of the distribution of hypoxic regions in the
tissue.

This invention is more fully illustrated and described
by the following detailed description with reference to preferred
embodiments and figures.

Brief Description of the Drawings

FIG. 1 illustrates a matrix array of detection and excitation
points for three-dimensional oxygen imaging in

accordance with the present invention.

FIG. 2 illustrates a block diagram of a digital signal
processing unit (DSP) for use in the invention in

generating three-dimensional oxygen imaging.

FIG. 3 illustrates a two-dimensional section of a three-
dimensional tissue volume with the applied inventive

matrix array of detection and excitation sites.
FIG. 4 illustrates an exemplary embodiment for the production

of PATRP and PATPTPB functionalized derivatives, for

initiating divergent dendrimer growth.
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illustrates another exemplary embodiment for the
production of PATBP and PATPTBP functionalized

derivatives for initiating divergent dendrimer growth.

illustrates the production of dendrimer growth on a

core functionalized porphyrin with functional groups

located at the para-positions of meso-phenyl rings.

illustrates the production of dendrimer growth on a

core functionalized porphyrin with functional groups

located at the meta-positions of meso-phenyl rings.

illustrates a preferred embodiment of the invention of
the production of a functionalized PATBP with meta- (or
psuedo meta-) functional groups by direct nitration of
non-substituted TBP into meso-positions to produce

(Pd) tetraminotetrabenzoporphyrin (PATNTRBP) .

further illustrates the preferred embodiment of the
functionalized core porphyrin of FIG. 4A by the
transformation of (Pd)TNTBP into the corresponding

tetraminotetrabenzoporphyrin (TATBP or PATATRP).

further illustrates a preferred embodiment of the
invention by additional functionalization of TATBP or
PATATBP in FIG. 5B with 1, 3, 5 -benzenetricarboxylic

acid to produce (Pd) metacarboxytetra-benzoporphyrin
(MCTBP or PAMCTEP).

illustrates the occurrence of branching in a divexgent
dendrimer growth mode through amide linkages formed
using glutamic acid.
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FIG. 9 illustrates a preferred embodiment of the invention of
divergent dendrimer growth through two generations
using MCTBP or its derivative PAMCTEP as a core
porphyrin and diallylglutamate as a monomeric unit.

FIG. 10 illustrates a preferred embodiment of the invention of

the modification of an outer layer of dendritic
porphyrin.

FIG. 11 illustrates another preferred embodiment of the

invention of the modification of an outer layer of
dendritic porphyrin.

Detailed Description of Preferred Embodiments
As set forth hereinabove, the present inventive method

and apparatus employing novel technology in the form of oxygen-
quenchable phosphorescence-emitting compounds (

"phosphors') and
apparatus to monitcr'oxygen—dhenching of phosphorescence provides
both a two- and three-dimensional quick and reliable imaging
approach to measure blood and tissue oxygen partial pressure, or
concentration. '

As further set forth above, two-and three-dimensional
oxygen imaging of tissue is accomplished in the present inventive
method by measuring phosphorescence emission of the oxygen-
quenchable compounds in an apparatus comprising a matrix of light
guides and/or phosphorescence detectors to allow precise and
sequential introduction of pulses of excitation light from a
pluraiity of sites in the matrix. Further in accordance with

this invention, for a given injection of a pulse of excitation
'light at a site, a phosphorescence detector collects the emitted
light and determines one or more measurements selected from the
group consisting of, (a) the total'phosphorescence signal
amplitude; (b) the histogram of the distribution of oxygen

pressures, and (c) the fraction of the phosphorescence signal due
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to the phosphor in regions with oxygen pressures less than
selected values (for example, less than 40% and less than 10% of
the primary value, i.e., if the primary value is 35 torr, the
fractions less than 14 torr and less than 3.5 torr would be
'calculated) to unexpectedly enhance and expedite the calculation

of a three-dimensional image of the distribution of hypoxic
region in a sample.

The Optical Matrix

The matrix of points for excitation light and emission
collection are preferably arranged such that for each site of

excitation there are collection sites at selected intervals for a
distance appropriate to the required spatial resolution. For
example, the matrix can be d351gned to detect regions of relative
hypoxia down to 1 mm in diameter in breast tissue. In this
example, the excitation sites may be placed at intervals of 0.8
cm and the matrix shaped to fit the breast. On the other hand,
for the evaluation of the larger regions of hypoxia which might
occur in the brain of neonates, the excitation sites may be
‘placed at 2 cm intervals and the matrix shaped to fit the head.

A posgible design for the matrix is shown in two dimensions in
FIG. 1. |

Excitation and Phosphoregcence Measuring Matrix

In FIG. 1, the points of excitation preferably using
optical fibers are indicated with an E and the sites for

measuring phosphorescence emission are indicated with D. 1In a
preferred configuration, the excitation fibers are from
approximately 10 um to approximately 1000 um in diameter, and are
more preferably 125 micron graded index fibers, and the emission
sites may be from approximately.loou Lo approximately 4 mm in
diameter with approximately 2 mm diameter light collection sites
being most preferred and also preferably covered with an optical
filter to exclude the excitation light while passing the longer
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wavelength phosphorescence emission prior to applying excitation
light. A phosphor solution is injected into the gsystemic blood in
an area with tissue having suspected regions of hypoxia and
measured for oxygen concentration via infusion of excitation
light and measurement of phosphorescent emission. While not
critical to this invention, phosphor solutions preferably used
are in amounts ranging from about 0.1 to about 10 mg/kg body
weight. |

In a preferred mode of'operation in accordance with
this invention, phase modulation is used to measure phosphores-
cence lifetime. While not critical to the invention, a laser
diode is modulated, for example, preferably at from about 200 to

about 20,000 Hz for current phosphors, and the light conducted to

the inventive matrix with 125 micron fibers. The phosphorescence

collection sites are approximately 2 mm in diameter. The time

necessary to make the phosphorescence lifetime measurements may
be about 2 seconds per excitation injection site. As excitation
light is injected at one of the sites, the phosphorescence
emission is measured at all of the collection sites for which
sufficient intensity is available to give an appropriate signal
to noise, which are preferably all sites within about S cm of the
‘excitation site using the electronic scheme diagramed below in
FIG. 2 (to be further explained hereinbelow). Thus, for each
pulse of excitation light, the phosphorescence decay characteris-
tics (oxygen distribution information) is measured at a plurality
of different sgites in the matrix, for ekample, up to 50 or more.
The phosphorescence decay data for a Sequence of pulses of
excitation light, one at each of the excitation sites, can be
collected in a relatively short time, for example, less than
about 4 minutes. Following data collection, the digitized data
is resolved into the underlying distributions of phosphorescence
lifetimes (and thereby oXygen-concentrations) and their relative
signal strengths (related to their relative tigsue volumes).

This allows the apparent tissue volume at each oxygen pressure
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(oxygen histogram) to be determined for each excitation site and
detection site pair (one E and one D site, respectively, as
described more fully hereinbelow) and such data then used to
generate a three-dimensional map of oxygen distribution in the
tissue volume. Such method of determination therefore utilizes
oxygen distributions measured from a plurality, for example, from
one hundred to several thousand positions about the tissue volume
of interest.

As is known, the intensity of the excitation
lightdecreases with increasing distance from the excitation site
and the intensity of the phosphorescence decreases with
increasing distance from the point of emission. Thus, the
position of any hypoxic region within the tissue can be
calculated from a combination of the total phosphorescence signal
strength, which is a measure of distance from the excitation
source, and the fraction of the total phosphorescence signal
generated by the hypoxic tissue volume, a measure of the size of
the hypoxic volume and its distance from both the excitation and
emission sites. The hypoxic fraction will therefore increase
with closeness to the excitation site and with closeness to the
emission site. The positions of all of the excitation and
emission sites within the matrix can thus be accurately known.
Their relative positions in three dimensional space can thus be
directly calculated as can position and size of the hypoxic
volume. The calculations of Ehe three-dimensional image of
oxygen distribution, particularly the positions and sizes of  any
regions of relative hypoxia, requires a relatively short period
of time, such as less than about 3 minutes.

Again, while not critical to the invention, in a
preferred embodiment, imaging apparatus employed in this
invention may comprise an instrument comprising a central
microcomputer with, for example, a 300 Mhz pentium processor, 64
MB RAM and a high resolution dispiay. This is connected to a

series of 5 digital signal processors (DSP) units, each
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consisting of a central RISC processor, two A/D units capable of
500 kHz, 16 bit operation (for 10 channels of phosphorescence
data), memory and ROM. The DSP units are responsible for
~digitizing and analyzing the phosphorescence data and
transmitting this data to the central microcomputer for
calculation of the final oxygen distribution images. The
excitation light is provided by a plurality of laser diodes, for
example 5, each coupled to a 125 micron fiber. These fibers lead
Lo 4-way optical switches to allow automatic switching, providing
excitation light to a plurality of fibers, e.g., excitation
sites. The phosphorescence collection sites are preferably
amplified photodiodes built directly into the optical matrix,
each with 4 mm?® active surface area and covered with an
appropriate optical filter to isolate the phosphorescence from
the excitation light. As these photodiodes may operate with only
5 V power supplies, the electrical hazard is minimal.
Alternately, the light can be collected with optical fibers and
carried to photodiodes mounted in the DSP unit, resulting in a
measurement matrix being electrically completely isolated, as
shown in the block diagram below in FIG. 2.

DSP units suitable for use in the inventive apparatus
needs only a few surface-mounted chips for real time measurements
of signal amplitude and phase relative to the output of the laser
diode. Each DSP unit prefetably includes a high speed A/D chip,
such as a 500 kHz, 16 bit A/D, a high speed RISC processor, such
as 60 MHz TMS320C31, digital filters, memory and ROM to contain
the data processing programs, etc. Each DSP unit is able to run
extensive internal diagnostics to assure its own optimal
operation. 1In addition, the digital output can be directly
transmitted to the central control unit.

The optical head is preferably connected to the
instrument pack by flexible optical fibers approximately 244
long. A 125 um fiber can carry the excitation light from the
laser diode and a 4 mm? area of 50 pm fibers may collect the
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phosphorescence emission. The excitation and emission areas are
preferably separated by a plurality of distances as shown in FIG.
1. This separation can be easily altered and the final values
will be chosen on the basis of routine experimental performance.
The rest of the optical head may be flexible skin compatible
material which does not transmit near infra red light and can be
taped in place.

Utilizing the above combination of laser diodes,
photodlode light sensors, microcircuits and novel phosphors, to
be discussed more fully hereinbelow, a phosphorescence lifetime
measurement instrument is provided which is both very small and
highly reliable. The phosphorescence lifetime and signal

strength data is transmitted to a remote data handler for final
analysis.

Block Diagram of a Digital Signal Processing Unit
In FIG. 2, there is shown a block diagram of a

preferred digital signal processing unit for use in accordance
with this invention. As shown, the DSP comprises a central RISC
processor unit 2 (60 Mhz TMS320D31), a high speed analog-to-
digital (A/D) chip 4 500 kHz, 16 bit A/D. The central processor
computes a table of values for the laser diode current and these
values are processed by a 16 bit digital-to-analog (D/A) to
provide the desired time dependence of the laser diode light
output (single or multiple frequencies). The light is coupled
into a 125 micron fiber to a 1 x n switch that can selectively
direct the light to a plurality of excitation sites El, E2, E3,
--En. When El1 is illuminated the phosphorescence is collected
from a plurality of detection sites D1, D2, D3, ----Dn. The
switch then directs the excitation light to E2 and the process
repeated. This continues until all of the excitation sites have
been illuminated. For each excitation site the signals from
detectors D1 through Dn are digitized and stored in memory by a
DSP unit. The phase and amplitude relative to the excitation
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light of each is determined by the DSP and this data sent to the
central computer for further analysis. Since each DSP unit can
evaluate data from 2-6 channels in "real time", there need be
only one DSP processor for each 2-6 detectors. In a non-limiting
illustrative example, the requirements for a 20 x 20 square
matrix (400 measurements per image) are one laser diode with a 1
X 20 switch, 20 bundles of collection fibers with associated
detector units, and 4-5 DSP units and a central computer. The
data collected is 20 measurements for each excitation site,
providing a total of 400 measurements per image. For the matrix
shown in FIG. 1, there would be 10 excitation sites and 66
detection sites or 660 measurements per image.

Turning now to FIG. 2 in detail, there is shown an
example of a preferred configuration of A DSP unit for use in
this invention. The components shown comprise a central
processor unit, laser diode, laser diode power supply, switch,
optical matrix, photodiodes, photodiode power supply and
amplifiers, A/D, 256 k Word flash ROM, and 128 k Word SRAM.

The central digital signal processor (DSP) 2 handles
all of the data processing, including calculation of the tables
of values used for driving the laser diode light output in the
selected mode (single or multiple frequencies), and processes the
digital phosphorescence intensity data from the A/D unit.
Suitable DSPs include the currently available TMS320C31 and ADSP
21000 series processors. The laser diode 4 provides the
phosphorescence excitation light appropriate to the phosphor,
such as 635 nm light for tetrabenzoporphyrin probes to be more
fully discussed below. The laser diode power supply 6 provides
current to the laser diode which is modulated under control of
the DSP to give the selected light output pattern appropriately
for determination of phosphorescence lifetimes and lifetime
distributions. The optical switch 8 allows light from a single
laser diode, coupled tc a smdll optical fiber (preferably 100 to

200 microns) to be selectively directed into any one of several
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other fibers 10 (controlled by the DSP) for conduction to the
optical matrix 12. The optical matrix determines the relation-
ships of the several excitation sites and the several detection
gsites selected for analysis (see FIG. 1). The photodlodes 14 are
sensitive light detection units (photodiode, avalanche photodiode
or photomultiplier), one for each detection site, which detect
the phosphorescence and convert the light intensity to electrical
current or voltage for amplification and digitization. The
photodiode power supply and amplifiers 16 condition the photo-
diode output to allow optimal input to the A/D 18 for digitiza-
tion. The A/D unit digitizes the signal from the photodiode
amplifiers with a sampling frequency (such as 48 kHz) and
accuracy (such as 16 bits) that provides appropriate resolution
of the light modulation frequencies. The A/D may digitize the
signal from more than one photodetector if it has sufficient
capacity (e.g., a 200 kHz A/D could digitize 4 signals each at 50
kHz) . The ROM 20 (read-only memory) contains the programming
necessary to initiate operation of the DSP when it is turned on.
The RAM 22 is used for the program that operates the DSP and
provides memory for data processing by the DSP. The larger the
calculation carried out by the DSP the greater the requirements
for RAM. In some configurations, ~this could be as large as
several MB.

| Other parts of the DSP unit illustrated in FIG. 2 are
the communication chips, such as a serial port for communication
with the central computer, and a digital to analogue converter
(D/A) for controlling the laser diode current.

EXAMPLE

Determination of Tissue Oxygenation in 3-Dimensions

As shown in FIG. 3, there is a 2-dimensional section of
a 3-dimensional tissue volume with the inventive measurement
matrix designated by the array of D,, E,, D,, D,, E,;, D,, Ds, E,,
Ds, with D designating a site for detection of phosphorescence
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and E designating a site of excitation, fitted to the tissue
surface with the designations of 1, 2, 3, ---n being the number
assigned to that particular site. As mentioned above, this array
is fitted to or placed on, incorporated or otherwise associated
with a in a material that is preferably skin-compatible, and
which can be applied or fitted to an area for oxygen measurement.
Tissue is a highly scattering medium with low absorbance in the
near infrared. Light, both excitation and phosphorescence,
diffuses through the tissue with attenuation of approximately 90%
per cm linear distance traversed through the tissue. In this
Creatment, the attenuation is fitted with an exponential series;
the form of the fitting equation is not critical to the invention
and is merely relevant to the computation approach.

E; = points of introduction of excitation light where i
is the positiofl (i varies from 1 to n)

P = a tissue volume with local hypoxia and therefore
longer lived phosphorescence.

D; = light (phosphorescence) detection ports.

Without wishing to limit this invention to any
particular theory, it is thought that as the exXcitation light
travels outward through the tissue, it will be both scattered and
absorbed, decreasing in intensity as the distance from the point
of introduction increases. As light passes through tissue it is
both scattered by the membranes and other particles and absorbed
by tissue pigments, a process which results in an exponential
decrease in intensity with increasing thickness of tissue. There
are several methods in use for calculating the attenuation of
light as it passes through tissue, including without limitation,
empirical curve fitting, Monte Carlo calculations of diffusion,
and Beer-Lambert law altered to include the increase in light

path due to scattering. Any of these technigues can be
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successfully used to describe light attenuation in tissue. One

method for expression of this attenuation can be represented as
follows in Equation (1):

Ey = E° (l-adi -bd? - cd; - dd?) (1)
where E° is the initial excitation intensity, E; is the intensity
at position j within the measured volume, a, b, c, d, are
constants and d, is the distance from the site E,.

The phosphorescence arising from a volume of tissue
(Pf) is proportional to the concentration of phosphor (C), its
extinction coefficient (€), the quantum efficiency (Q), Ei and

Vi, where V; is the relative volume of tissue measured for that

excitation-detection pair, as represented below in Equation (2):

P? « CEQE,V; (2)

For most tissue the phosphor is nearly uniformly distributed and
Ce and V, can be considered constants, as represented below in

Equation (3).

P = kEiQ, (3)

where k = F(c, €, V;)and the quantum efficiency is a function of
‘the local oxygen pressure.

As the phosphorescence travels from the position P, to
each detector, it is attenuated such that,

P, = Py ((1—ad;—bd2k~cd3k—dd‘;) (4)

where d, is the distance from P, to D;.
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For any given site of introduction of excitation light,
the values related to excitation light are the same for every
detection site and only equation (4) needs to be considered. Any
‘two detector sites can be used to triangulate the position of the
phosphorescent volume P;. Given there will be several detector
sites at different positions about the perimeter of the volume,

an appropriate computer program may be used to minimize the

differences in the values of a, b, ¢, and d required for best

localization of Pi. A complete three-dimensional (3-D) map of
phosphorescence distribution can therefore be generated from -
measurements using a single point (E,) of excitation. The
resolution of the map improves rapidly, however, as solutions for
additional excitation sites are included.

For each additional site of injection of excitation
light the position(s) of the hypoxic regions remain in the same
position in 3-D space, this being achieved through equation (1)
which corrects for the change in E, (excitation intensity).

Oxygen Dependent Quenching of Phosphorescence
as a Preferred Method for Evaluating Tissue

Oxygen dependent quenching of phosphorescence is the
preferred method for evaluation of tissue oxygenation in three-
dimensions in accordance with this invention.

Phosphorescence quenching is an accurate measure of
oxygen pressure over a wide range, with particular advantage over
other methods for oxygen measurement in the lower range of
physiological oxygen pressures (e.g., 10 Torr). The response
time is only a few msec, even at low oxygen pressures, and rapid
measurements are possible at all oxygen pressures.
Phosphorescence quenching has been effectively used, for example,
to measure the oxygen dependence of the respiration of
suspensions of mitochondria (WILSON et al. 1988) intact cells
(ROBIOLIO et al. 1989); RUMSEY et al. 1990) where it is the only

available method with the necessary combination of rapid response

SUBSTITUTE SHEET (RULE 26)



WO 00/26643 PCT/US99/25723

time and sensitivity at low oxygen concentrations. Optical
quenching measurement is an optical method which is non-invasive
except for the necessity for injecting phosphorescent probe
(oxygen-quenchable compound or phosphor), into tissue to be
measured for oxygenation. It is the only available oxygen
measuring system capable of non-invasive, quantitative
determination of the oxygen pressure in the vasculature of tissue
in vivo. Phosphor dissolved in the blood provides an excellent
measure of the oxXygen pressure within the vasculature, particu-
larly the microvasculature tissue. Thus, the phosphorescence
measurements provide a rapid and accurate measure of the degree
of hypoxia in the tissue in either hypoxic or hemorrhagic
hypotension.

Quenching of phosphorescence by oxygen occurs by well
understood principles and the relationship of phosphorescence of
oxygen pressure can be expressed in the form of a simple linear
equation. The measured phosphorescence intensity or lifetime
may be converted to oxygen pressure using the Stem-Volmer

relationship shown below in Equation (5):
To/T = 1 = k, Te PO2 (5)

where T° is the phosphorescence lifetime in the absence of
oxygen, and T is the phosphorescence lifetime at oxygen pressure
PO;. ko is a constant related to the frequency of quenching
collisions between the probe molecules in the triplet state and
molecular oxygen and is a function of the diffusion constants for
probe (phosphor) and oxygen, temperature and phosphor
environment. Measurements have verified that the phosphors (or

probes) used in the present invention accurately follow

Equation (5).
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No known agents in blood, other than oxygen, affect the
measured phosphorescence lifetime. Phosphors for use in humans
and animals in this invention are preferably synthetically
encased in a molecular environment which replaces binding to
albumin. | The final molecule preferably was a molecular weight
(approximately 4,0000-7,000 Daltons) and other properties such
that it is excreted in the urine without modification. This
means the micro environment of the phosphor is constant and the
éalibration constants measured in vitro are valid for
measurements in vivo. Moreover, once the values of kg and Te
have been determined, these values can be used indefinitely,
e.g., the calibration is only dependent on the chemical
structures involved and not the measuring apparatus or the

preparative procedures. Values of k, and T° determined in the

laboratory are shown to be equally valid for measurements in
vivo, eliminating the need for calibration in the field.

There is no evidence for toxicity of the phosphors
(probes) used in the present invention including the novel
phosphors absorbing in the near infrared region of the spectrum
as discussed more fully below. For example, 5 mg. of Green 2W
(about 150 mg/kg) have been injected per mouse into 6 mice with
no evidence of toxicity in the following 10 days. In contrast,
even with conventional instruments less than 0.3 mg/mouse (10
mg/kg) is sufficient for imaging oxygen pressure, using even
transillumination, and measﬁrements with light guides require
less than 0.1 mg/mouse. Further increase in sensitivity with the
inventive apparatus will lower the phosphor requirement to less
than about 0.3 mg/kg body weight. The possibility of phosphor
toxicity is completely eliminated in the present invention by

designing it to remain in the blood until excreted through the
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kidney, chemicaliy unchanged; a process requiring only a few
hours.

Phosphorescence lifetime is independent of phosphor
concentration throughout the range utilized for measurements in
vivo. Thé calibration parameters.for many of the phosphorescent
oxygen probes, such as Green 2W are also completely independent
of pH in the physiological range, and only small temperature
dependence need be considered. |

Phosphorescence lifetime measurements are independent
of the absorbance or fluorescence of other chromophores which may
be present in the system. Weakly absorbing chromophores (in the
near infrared), such as hemoglobin and myoglobin, which are
present do not change absorbance during a phosphorescence decay
(approx1mately 1 msec), and therefore cannot affect the measured
phosphorescence lifetimes. Fluorophors, if present, have
lifetimes of less than 100 nanoseconds and therefore are easily
separated from phosphors which optimally have lifetimes of
greater than 5 microseconds.

The oxygen-quenchable phosphorescent compound (probe)or
hereinafter "phosphor" employed in this invention is preferably a
material having a substantial sensitivity to oxygen, i.e.
phosphorescence with high quantum yields at room temperature
(22%); and a suitable phosphorescent lifetime, preferably on the
order of from about 0.1 to about 1 m sec.

A novel class of phosphors suitable for oxygen
measurements which have the above desirable qualities is now
available; and are preferably used as the phosphors of choice in
this invention. These phosphars are described in detail in
VINOGRADOV et al., "Metallotetrabenzoporphyrins. New
Phosphorescent Probes for Oxygen Measurements", J. Chem. Soc.,

Perkin Trans. 2:103-111 (1995) and in copending application
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Serial No. 08/137,624, filed October 15, 1993, the entire
disclosures of which are incorporated herein by réference. These
phosphors are metallo complexes of, for example, extended
porphyrins, such as Pd or Pt tétrabenzoporphyrins (PATBP)
tetranaphthaloporphyrins (PATHP), and tetraphenyltetra-
benzoporphyrins (PdTPTBP) and derivatives thereof, which are
preferred for use in this invention. These compounds can be

represented by the general formula,

where R; 1s substituted or unsubstituted aryl; R, and R; are
independently hydrogen or are linked together to form substitutéd
or unsubstituted aryl; ~anci M is H, or a metal.

As is apparent to those skilled in the art, when R, and
R; are linked together to form an aryl system, the aryl system is

necessarily in a fused relationship to the respective pyrrole
~ substrate.
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M is preferably a metal selected from the group
consisting of zZn, Al, Sn, Y, La, Lu, Pd, Pt and derivatives
thereof. Non-limiting examples of suitable metal derivatives
include LuOH, YOH, AlOH and LaOH.

In certain preferred embodiments, the compounds of the
present invention are tetrabenzoporphyrin (hereinafter "TBP")
compounds, which correspond to the compound of formula I above
wherein vicinal R, and R, groups are linked together to form
benzene rings which are fused to the respective pyrrole rings.
Also preferred are tetranaphthaporphyrin (hereinafter "TNE") énd
tetraanthraporphyrin (hereinafter "TAP") compounds wherein
vicinal R, and R; groups are linked together to form naphthalene
and anthracene ring system$, respectively. As with the fused
benzene rings, the naphthalene and anthracene ring systems are
fused to the respective pyrrole rings.

Unless indicated otherwise, or unless apparent from the
disclosure, further references herein to "TRpP" compounds is
understood to refer also to TNP and TAP compounds.

Preferred TBP compounds have the following formula

(IT)
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wherein R, and M are as defined above. Particularly preferred
TBP compounds are metallotetrabenzoporphyrin (hereinafter "MTBP")
compounds where M is a metal or meta; derivative as described
hereinbefore.

TBP compounds of formula II above can be synthééized,
for example, by template condensation of potassium phthalimide
with sodium acetate (or sodium phenylacetate) in the presence of
zinc acetate (See, for example, V.N. KOPRANENKOV et al., J. Gen.
Chem. (Russ), Vol. 51(11), pp. 2165-68 (1981) and V.N.
KOPRANENKOV et al., J. Org. Chem. of USSR, Vol. 15(3), pp. 570-75
(1979)) as described in the following equation:

(o]

)k Zn(0Ac),
¥X ¢+ p,CE,” TONa %,

where R, is defined as above. The reaction mixture is preferably
heated to a substantially elevated temperature, for example,

about 3600C, for about 40 minutes. Zinc acetate in this reaction
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is reportedly replaceable with Zinc benzoate. See K. ICHIMURA et
al., Inorgan. Chem. Acta, 182:83-86 (1991). ’
The product from the reaction of equation 1, zinc

tetrabenzoporphyrin (hereinafter "ZnTBP"), is reduced to the

dihydro product by heating in a mixture of acetic and phosphoric

acids as described in the following equation:

AcOE-H;PO,

(2)

ZnTBP

wherein R, is defined as above. Preferably, the acetic and
‘phosphoric acids are mixed in a ratio of about 1:3 and the
reaction mixture is heated to about 800C. The reaction is
substantially complete in about 2_hours.

The dihydrotetrabenzoporphyrin product from the above®
reaction (hereinafter "H,TBP"), can be purified by flash
chromatography on an alumina (Al,0,) column. Metal insertion can
be carried out in an imidazole melt as set forth in the following

equation:
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wherein MX, is a source of metal ions and preferably dorresponds

to chlorides, bromides and acetates of metals. Metal acetates

are preferred sources of metal ions as compared to the
corresponding halides. Palladium acetate (Pd(OAc),) is particu-
larly preferred and has been shown to provide approximately 99%
conversion to the metal complex in refluxing tetrahydrofuran
(THF) . The reaction of equation 3 is preferably conducted at
elevated temperatures, for ekample, temperatures .greater than
lbOOC. Preferably, the reaction Is conducted at a temperature of
about 200°C, and the reaction-is substantially complete after
about 1 hour.

Particularly preferred among the TBP compounds are the
compounds of formula II above where at least one of R, is

substituted or ﬁnsubstituted phenyl. These compounds are
referred to hereinafter as phenyltetrabenzoporphyrin (hereinafter
"PhTBP") compounds. Preferred PhTBP compounds include
substituted or unsubstituted tetraphenyltetrabenzoporphyrin
(hereinafter "TPhTBP") compounds, including mesotetraphenyl-

tetrabenzoporphyrin (hereinafter "m-TPhTBP") compounds, which
have the following formula:
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(ITI)

where R,, R; and M are as defined above, R, is a substituent
group, and X is an integer from 0 to 3. Particularly preferred
TPhTBP compounds are substituted.;ompounds of formula III where x
is an integer from 1 to 3.

In connection with the preferred substituted compounds
of the invention, Applicants have found that substituent groups
impart desirable properties to the compounds. For example,
compounds which comprise substituent groups are characterized by
solubility in polar solvents, including aprotic solvents, such as
dimethylformamide (DMF), acetone and chloroform (CHCl;), and
protic solvents, such as water. The degree of substitution and’
the nature of the substituent groups may be tailored to obtain
the desired degree of solubility and in the desired solvent or
solvent mixture.

The substituent groups are preferably substituted on
the chromophobe portion of the compounds of the invention. The
term "chromophobe portion" includes, for example, the atoms in

the compound of formula I which are immediate to the porphyrin

molety, as well as the R,, R, and Ry groups. Preferably, the
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substituent groups do not negatively affect or alter the
absorbance and/or emission characteristics of the chromophores.

Particularly preferred phosphorescent oxygen sensors
for use in the method and apparatus of this invention include Pd-
tetrabenzoporphyrin and Pd-meso-tetra-(4-carboxyphenyl)
phosphine.

Also preferred for use in this invention are highly
soluble phosphorescent probes suitable for measurements of oxygen
in tissue of animals and humans. The inventive probes are
surrounded by an inert globular structure, an example of which is
derivatized PdTBD surrounded by three-dimensional supramolecular
structure known as a dendrimer.

As is well known, one of the most effective methods to
build a three-dimensional supramolecular structure around a
functionalized core, such as a derivitized phosphor, is by
dendritic polymer growth. Dendrimers are three-dimensional
supramolecular radial symmetrical molecules comprised as an
initiator core, such as nitrogen, polyfunctional amines such as
ethylenediamine, or in the present invention the oxXxygen-measuring
phosphors, with interior layers attached to the core which are
comprised of, for example, three or four arms with each arm being
composed of repeating units, and with the number of repeating
units in each arm considered to be a generation of the dendrimer.
The outermost generation typically contains terminal functional
groups, such as a primary amine attached to the outermost
generation. The size and shape of the dendrimer molecule, and
the functional groups present therein can be controlled by the
choice of the initiator core, the number of generations, and the
nature of the repeating units employed at each generation. For
example, the chemical functionality of the repeating units in the

interior layers can be, amidoamines, such as diethylene diimine,
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and with terminal functionalities, such as, for example, amino
groups, hydroxyl groups, carboxylic acid groups, carboxylates and
the like. See URDEA et al., Science 261: 534 (1993) and FRECHET,
263: 1710-1715 (1994). Therefore, dendrimers are combinations of
monomeric units which allow branching at each step of polymeriza-
tion. As shown, for example, by BLUMEN et al., Angewandte
Chemie, Int., Ed. Eng. 29: 113-125 (1990), dendrimers tend to
form globular structures with increasing numbers of monomeric
hnits, which eventually will cover the centralized functional
entity or compound. See also, for example, WINNIK et al., U.S.
Patent No. 5,256,193.

At least two methods are known for the synthesis of
dendrimer polymeric structures: the convergent and divergent
growth approaches, respectively. Both are contemplated for use
in the present invention.

In the convergent dendrimer synthetic route, polymer
synthesis is initiated from the periphery and ends by linking
branched fragments to a central core. For a detailed description
of the convergent synthetic method, see Hawker et al., J. Anm.
Chem. Soc. 114: 8405-8413 (1992), WOOLEY et al., J. Chen. Soc.,
Perkin Trans. 1:1059-1076 (1991), and FRECHET et al., U.S. Patent
No. 5,041,516, all of which are incorporated herein by reference.

It has recently been reported that the convergent
synthetic route is useful in the modification of porphyrins,
i.e., producing a dendritic molecule with a core having photo-
chemical functionality. See JIN‘et al., J. Chem. Soc. Chen.
Commun. 1260-1262 (1993). This reference describes measuring
quenching of fluorescence of a Zn porphyrin encapsulated in a
dendritic cage, and that the dendrimer polymeric structure

provides good protection for the porphyrin core, serving as a
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barrier for large molecules while allowing access to smaller
species.

The more typically used divergent synthetic method
employs a reverse order of synthééis which involves an initial
reaction of a monomer with an initiator core, followed by
successive reaction of the resulting functional groups with a
difunctional compound, such as a diamine, to provide the next
generatlon of reactive amino groups such that layers of monomeric
unlts are added to a central core sequentially until the desired
degree of branching is achieved. A detailed explanation of this
method can be found, for example, in TOMALIA et al., Angewandte
Chemie, Int., Ed. Eng. 29: 138-175 (1990) and TOMALIA et al.,
Macromolecules 19: 2466-2468 (1986), which are also incorporated
by reference herein.

Other references relating to dendritic macromolecules
and their methods of production can be found in U.S. Patents Nos.
5,418,301; 4,568,737; 5,393,795; 5,256,193; 5,393,797; 5,393,795;
5,393,797; 5,098,475; 5,041,516 and 4,568,737, the entire dis-
closures of which are incorporated herein by reference.

As described below, in one aspect of this invention,
one-, two-, and three-~layer polyglutamate dendritic cages
synthesized divergently around novel derivatized metallo extended
porphyrin oxygen-measuring phosphor compounds results in
phosphors which are highly water-soluble in a wide pH range;
excretable from the blood of mammals (mice) by filtration thereof
through the kidney; and display narrow distribution of
phosphorescence lifetimes in deoxygenated water solutions.

As further shown below, the combination of the novel
phosphor derivatives with dendrimers which are used as the
phosphor's surrounding environment, provides a novel class of

phosphorescent probes for accurate and reliable 3~-dimensional
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oxygen measurements in human and animal tissue in accordance with
this invention. "

The preparation of the phosphorescent oxygen probe
dendrimers is illustrated below by a preferred synthetic
embodiment. First, synthesis of PdTBP derivatives with
chemically active functional groups is carried out to allow for
further addition of dendritic fragments. Next, the actual layer-
by layer divergent growth of the dendrimer polymeric structure
around the porphyrin core is accomplished to form the completed
probe.

An alternate embodiment of convergent synthesis of the
branched dendritic fragments, followed by attachment to a control

porphyrin moiety is also contemplated.

Functionalizing a (Pd)TBP into (Pd)MCTRP

TBP and tetraphenyltetrabenzoporphrins (TPTBP) for use
in this invention can be syntﬁesized by the template céndensation
of potassium phthalimide with phenylacetate in the Presence of 7Zn
salts, according to the method reported by KOPRANENKOV , J. Gen.
Chem. (Russ.) 51: 2165-2168 (1981) and ICHIMURA , Inorg. Chenm.
Acta. 182: 83-86 (1991). Tetratoluyltetrabenzoporphyrin can also
be synthesized in approximately 10% yield by using 4-methyl-
phenylacetate as a condensing agent. See, for example,
Kopranenkov (1981). However, as both TBP and TPTBP compounds do
not contéin functional groups suitable for further modification,
functional groups must be added to the formed TBP and TPTBP

structures.,

General approaches for modification of TBP and TPTBP in
accordance with this invention include a) electrophilic
substitution (chlorosulfation, nitration, etc.) of phenyl rings

in TPTBP's, and b) electrophilic substitution, such as nitration,
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of meso-positions of non-substituted TBP followed by reduction
and attachment of 1,3,5, - tricarboxylic acid fragments.

It is known that phenyl rings of TPTBP and PATPTBP are
most active in electrophilic substitution reaction. See, for
example, VINOGRADOV and WILSON, J. Chen. Soc., Perkin Trans. 2:
103-111 (1995). Such reactiens, however, are not always very
selective and can lead to non-selectively modified probes, with
substitution occurring in either the orth. or para-positions of
phenyl substituents, with the resulting production of a variety
of regio- and stereo-isomers which are present in the reaction
products. As exemplified below in FIG. 4, chlorosulfation of
PATPTBP leads to a mixture of tetra substituted chlorosulfonate-
PATPBP, each of which can then react with different amines to
initiate divergent dendrimer growth.

It has also been shown that PATPTBP can be readily
chlorosulfated and converted into the corresponding sulfonamide
~with aminopolyethyleneglycols. See VINOGRADOV and WILSON (1995),

In accordance with this invention, it is also
contemplated that the employ of phenyl rings substituted with
methyl groups will significantly decrease the number of isomers
formed in electrophilic substitution due to stearic restrictions,
especially when soft electrophiles are used for modification,
thereby increasing selectivity. Therefore, in accordance with
this invention it is contemplated that nitration of Pd
tetratoluyltetrabenzoporphyrin with agents such as esters of
nitric acid in presence of weak Lewis acids such as LnCl;, ZnCl,
or zeolites will lead to only one regioisomer, Pd tetra(4-methyl-
3-nitrophenyl) tetrabenzoporphyrin. This can then be reduced to
the corresponding amino derivative (FIG. S5). Separation of the
stereoisomers can be performed chromatographically and methods

have been described previously for meta- and orth-tetra-
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aminophenylporphyrins. See ROSE "Large-scale preparation of «,
B, «', P'-atropoisomer of meso-tetrakis (0O-aminophenyl)
porphyrin, J.0Org.Chem., 58:5030-5031 (1993) . B
: Molecular-mechanics simulations carried out with
‘MacroModel (Unix Version 3.5, MM2 force field) in accordance with
-that reported in MOHAMADI et al., J. Comput. Chem. 11: 440 (1980)
show that 6-10 layers of monomeric units, such as glutamates, are
preferably added to a porphyrin if the initial functional groups
are located at the para-positions of meso- phenyl rings to
desirably achieve good protection of the central porphyrin
fragment using the divergent synthetic approach (see FIG. 6A).
This leads to molecules with molecular weights of about 14,000-
30,000 Daltons. However, such large species might not be very
useful in practice because of difficulties in excretion from the
blood streaﬁ.

Further experimental data has shown that three layers
decreases the oxygen quenching constant from near 2 x 103 Torr™

sec™? to about 750 Torr! sec-! The latter is similar to that

observed for the porphyrin bound to albumin and is suitable for
measurements in vivo. Thus, it is preferable that up to four
layers of glutamate will be sufficient for achieving an optimized
oxXygen probe. In any case, molecular modeling shows that if
dendrimer growth starté from the meta-positions, globular
structures form much faster and only three to five layers of
monomers are needed for generation of a fully globular structure
(see FIG. 6B). 1In this case, the molecular weight of the probe
molecules will be between about 4,000 and 5,000 Daltons, which is
a desirable size for good penetration through the kidney filters.
Thus, it is preferred that functional groups be introduced

selectively into the meta-positions of the meso-phenyl
substituents.
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However, i1t is contemplated that the porphyrin moiety
will direct electrophlllc substltutlon to the para- and orth-
positions of the phenyl rings. B
| In a further embodiment of this invention, another
reaction pathway to achieve formation of PdTBP with meta- (
pseudobmeta—) functional groups is provided.

or

This reaction is
based on the direct nitration of non-substituted TBP into meso-

positions, (see FIG. 7A) As shown in FIG. 7A, the arrows

1nd1cate the most probable direction for electrophilic attack.
Direct nitration of porphyrins is known. See DRACH et al., J.
Org. Chem. 39: 3282-3284 (1974) and BONNET et al., J. Org. Chen.
30: 2791-2798 (1965). The direct nitration of ZnTBP is also
known. See KOPRANENKOV et al., Chem. Heter. Comp. (Russ.), 960-

964 (1986). ' As shown in this reference, by using HNO,/acetic

~acid and HNO,/trifluoroacetic acid, up to four nitro groups can

be introduced into the meso-positions of TBP cycle ‘with vields of

up to 11%.

It is also contemplated 1n this invention that strong
ionic nitrating agents, such _as, for example, BF,NO,
activated covalent nitrating systems, such as,
ACONO,/BF,*ET,0 and RONO,/TiCl,

or highly
for example,

be employed to increase both
overall yield of nitration and the relative yield of

tetranitrotetrabenzoporphyrin (TNTBP) . Nitration can be carried

out at the earliest state of transformation when TBP is present
as its Zn complex.

It has also been found that Zn tetranitrotetra-
benzopophyrins (meso~TNTBP) can be easily demetallated by using
AcOH/H;PO, and that the insertionﬁof Pd into TNTBP proceeds
faster than into non-substituted TBP, which.is due to increased
non-planarity of the tetranitrated macrocycle, as confirmed using

molecular-mechanics calculations (MacroModel V.3.5, MM2 force
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field). The reduction of TNTBP (or PAdTNTBP) into corresponding
tetraaminotetrabenzoporphyrin (TATBP or PdTATBP) is shown in FIG.
7B. In accordance with this invention, the resulting TATBP can
be produced in good yield by preferably employing systems with
increasing reducing activity, such as 2Zn/HCl, SnCl,/AcOH,
Na/MeOH, NaBH,/MeOH, LiAlH,/THF.

After formation of TATBP, further derivatization can be
achieved by any of several methods employing high reactivity of
%he amino groups. A preferred method is amide formation between
1,3,5-benzene-tricarboxylic acid and TATBP (or PdTATBP) carried
out in the presence of dicycibhehylcarbodiimide (DCCD) to produce
a TBP containing pseudo meso-phenyl substituents with meta-
carboxyl groups, or as termed herein, metacarboxytetra-
benzoporphyrin (MCTBP). In accordance with this preferred
illustrative embodiment, MCTBP, or its Pd derivative, as shown
below can be used as a core for dendritic polymer growth. See
FIG. 7C.

In yet another aspect of this invention, a preferred
direct synthesis of functionalized porphrins is provided which
leads directly to substituted TPTBP with chemically active
functionalities and suitable as a core for dendritic polymer
growth. As discussed hereinabove, tetrabenzoporphrins, TBP, and
tetraphenyltetrabenzoporphyrins, TPTBP, are generally synthesized
by template condensation of potassium phthalimide with sodium
acetate or sodium phenylacetate in the presence of Zn salts.
However, due to the harsh conditions required for the template
condensation, functional groups in either phthalimide or
phenylacetic acid fragments usually do not survive. In
accordance with the present invention, it has now been found that
under modified conditions, meso-p-Br-phenyltetrabenzoporphyrins

(PdTBrPTBP) and meso-p-Cl-phenyltetrabenzoporphrins (PdTC1PTBP)
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can be synthesized directly from bromo-and chloro-phenylacetic
acids. These compounds can then be converted to reactive
functionalized TPTBP's by means of Pd-catalyzed cross-coupling
and catalytic carbonylation. For example, with Pd catalysis,
PATPhTBP's containing Br-substituents can be converted into

corresponding carboxyl compounds as follows:

CO (1 atm.), ToH /NaOH(aq.), Pd(PPh,),Cl,

P PATBP OOH

Catalytic reactions, including carbonylation and cross-
coupling, for transformation of aryl halides into more reactive
aryl derivatives are discussed in COLQUHOUN et al., "Carbonyla-
tion: direct synthesis of carbonyl compounds", Plenum Press, New
York, (1991) and HECK, "Palladium reagents in organic synthesis”,
Academic Press, New York, (1985).

Building a Dendrimer Around (Pd)MCfBP

Dendrimers can be grown from any multi-substituted
core, such as a multi-substituted porphyrins, with their
different respective properties merging with increase of polymer
layers. A divergent dendritic growth scheme example in

accordance with this invention is conveniently shown as built
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around that of a functional (Pd)MCTBP core. While a convergent
growth scheme is also contemplated, divergent growth is preferred
as it appears to allow for more economical use of PAMCTBP and for
more convenient measurements of optical and gquenching properties
on each step of modification. Once the necessary protection of
the porphyrin is achieved, as measured by oxygen quenching
constant, the addition of extra layers is not necessary; a
finished probe molecule having the desired optimal size is easily
synthesized.

In the present invention, any one of several known
monomeric units for the formation of divergent dendrimers are
useful, such as, for example, as described in U.S. Patent Nos.
4,507,466; 4,631,337; 4,558,120; 4,568,737 and 4,587,329, and in
TOMALIA, Angewandte Chemie, Int. Ed. Eng. 29:138-175 (1990) and
TOMALIA, Macromolecules, 19:2466-2468 (1986), the entire
disclosures of which are incorporated herein by reference. Other
monomeric units suitable for use in the present invention for
carrying dendrimer growth around a porphyrin core can be, for
example, «, €-L-lysine described in U.S. Patent No. 4,289,872 and
1,3-diaminopropan-2-ol in combination with suitable e, B-
unsaturated éarbonyl compound, such as described in TWYMAN et
al., Perkin Trans. 1:407-411 (1994), which are incorporated
herein by reference.

In a preferred embodiment of the invention, glutamic
acid diallyl ester (diallylglutamate) is employed as a monomeric
unit for the modification of PAMCTBP. Diallylglutamate has two
protected carboxylic groups and one amino group as shown in FIG.
8. Branching and dendritic polymer formation occurs through
formation of amide linkages of each step of polymer formation.

It is noted that the reaction scheme in FIG. 8 is drawn for

simplicity reasons, and only illustrates non-protected glutamic
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acid, and not diallyl-glutamate.

The reaction between the carboxyl functionalities of
the porphyrin PAMCTBP (Pd-meso-tetra-(4-carboxyphenyl) .porphyrin)
and diallylglutamate proceeds smoothly in THF at room temperature
in the presence of a 1.2 molar excess of DCCD, to produce the
corresponding tetraamide in practically quantitative yield.

The allylic moiety on the introduced carboxylic groups
can be readily removed by treatment of the ester with warm
équeous NaOH. Amide linkages are completely stable under these
reaction conditions. Thus, hydrolysis gives porphyrin with twice
as many carboxyl groups, which is ready for the addition of a new
glutamate layer, or a second generation. The two first stages of
the overall reaction prbcess are shown in FIG. 9. Step 1 denotes
amide linkage formation, while Step 2 denotes base catalyzed
hydrolysis of the allyl ester profective groups. Purification of
the final reaction product can be achieved using membrane
filtration, dialysis and size exclusion chromatography, such as
successfully employed for the purification of "caged" Zn
porphyrin. See JIN et al., J. Chem. Soc. Chem. Commun. 1260-1262
(1993).

As mentioned above, other monomeric units can be
employed for dendrimer formation. These units can have protected
functional groups suitable for formation of ester or ether
linkages, such as frequently used in convergent dendrimer growth
schemes and which are described in HAWKER, J. Am. Chem. Soc.
112:7683-7647 (1990); and J. Am. Chem. Soc. 114: 8405-8413 (1992)
WOOLEY, J. Chem. Soc., 1:1059-1076, Perkin Trans. 1 (1991) (1992),
the entire disclosures of which are incorporated herein by
reference.

In a further aspect of the present invention, it has

been found that modification of the outer layer of dendritic
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porphyrins with various hydrophobic groups improves protection of
core porphyrins. While not wishing to limit any aspect or:
portion of this invention to theory, it is thought that the
addition of surface hydrophobic groups causes formation of more
compact structures in water solutions, thereby decreasing oxygen
quenching constants. It is also thought that hydrophobic .
interactions within rélatively locosely packed polyamide dendrimer
~ causes it to shrink into smaller ball-like structures of high
aensity which prevent or at least decrease the rate of diffusion
of oxygen molecules tc the porphyrin core. As illustrated, for
example in FIG. 10, significant protection of porphyrin can be

achieved when 2-layered polyglutamate dendrimer is surface

modified with L-leucine. Furthermore, lower quenching constants

are observed for 2-layered polyglutamate modified with sixteen
ll-aminoundecanoic acid residues. See FIG. 11.
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CLAIMS
What is claimed is:
1. A detection device for three-dimensional tissue

oxygen measurement in animals and humans comprising an array of
fiber optic means effective for transmitting emitted
phosphorescent light, and further comprising an array of
phosphorescent detection means and an excitation light emitting
means, forming a matrix means and effective for sequential

lntroductlon of pulses of excitation light from a plurality of
sites in said matrix.

2. The device of claim 1 wherein said device is used

in conjunction with an oxygen—quenchable phosphorescence emitting
oxXygen sensor,

3. The device of claim 2 wherein said oxXygen sensor

comprises an absorption band at a wavelength of greater than
about 400 nm.

4, The device of claim 1 wherein said sensor

comprises an emission band at a wavelength of greater than about
400 nm.

5. The device of claim 1 wherein said absorption and

emission bands are located in the range from about 400 nm to
about 1000 nm.

6. The detection device of claim 1 wherein said

absorption band ranges from about 400 to about 700 nm.
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7. The dgvice of claim 2 wherein said sensor
comprises porphyrin.

8. The detection device of claim 7 wherein said

porphyrin comprises metalloporphyrin.

9. The detection device of Claim 8 comprising an

OXygen sensor compound which is capable of phosphorescing and
which has the formula:

wherein:

R, is substituted or unsubstituted aryl;
R, and R; are independently hydrogen or are linked
together to form substituted or unsubstituted aryl; and

M is H, or a metal.
10. The detection device of claim 9 wherein the oxygen
sensor compound M is a metal selected from the group consisting

of Zn, Al, Sn, Y, La, Lu, Pd, Pt and derivatives thereof.

11. The oxygen sensor compound of claim 10 wherein

said derivatives comprise LuOH, YOH, LaOH or AlOH.
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12. The detection device of claim 9 wherein R, and R,

of the oxygen sensor compound are linked together to form an aryl

system.

13. The oxygen sensor compound of claim 12 wherein

said aryl system comprises phenyl, naphthyl or anthryl:'

14. The oxygen sensor compound of claim 13 wherein R,
comprises substituted phenyl.

15. The oxygen sensor compound of claim 14 which is

Pd-meso-tetra- (4~carboxy-phenyl) porphine.

16. The sensor of claim 2 for oxygen measurement in
human or animal tissue comprising a porphyrin chromophore capable
of releasing absorbed energy as phosphorescent light and a

dendrimer, wherein said porphyrin chromophore comprises the core
of the dendrimer.

17. The phosphorescent probe of claim 16 wherein the
absorption spectrum of the chromophore exhibits strong light
absorption in the near infrared region of the spectrum where

natural tissue chromophores exhibit relatively weak absorption.

18. The phosphorescent probe of claim 16 wherein the
absorption spectrum of the chromophore exhibits strong light

absorption at from between about 600 nm to about 720 nm.

19. The phosphorescent probe of claim 16 wherein the
absorption spectrum of the chromophore exhibits strong light

absorption at from between about 610 nm to about 720 nm.
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20. The phosphorescent probe of claim 16 wherein the

porphyrin chromophore comprises a functionally derivatized
metalloporphyrin.

21. The functionally derivitized metalloporphyrin of
claim 20 which has the formula: H

wherein:

R; is a hydrogen atom or a substituted or unsubstituted
aryl;

R, and R; are independently hydrogen or are linked
together to form substituted or unsubstituted aryl; and

M is H, or a metal.

22. The compound of claim 21 wherein M is a metal
selected from the group consisting of Zn, Al, Sn, Y, La, Lu, Pd,

Pt and derivatives thereof.
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23. The compound of claim 20 wherein the porphyrin is
selected from the group consisting of tetrabenzoporphyrin,

tetranapthoporphyrin, tetraanthraporphyrin, and derivatives
thereof.

24. The compound of claim 23 wherein the metal is
selected from the group consisting of Zn, Al, Sn, Y, La, Lu, Pd,
Pt and derivatives thereof.

25. The compound of claim 24 wherein the derivative is
a meso-tetraphenylated compound.

26. The compound of claim 25 wherein the
metalloporphyrin is tetraphenyltetrabenzoporphyrin.

27. The compound of claim 24 wherein the

metallcporphyrin is (Lu) tetraphenyltetranapthoporphyrin.

28. The compound of claim 24 wherein the

metalloporphyrin is meso—tetra—(4—carboxylphenyl)porphyrin.

29. The compound of claim 24 which is meso-
Letraphenyltetrabenzoporphyrin.

30. The compound of claim 24 which is meso-
tetraphenyltetranapthoporphyrin.

31. The compound of claim 23 wherein the porphyrin is
tetrabenzoporphyrin.
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32. The compound of claim 24 wherein said dendrimer is

a first, second, third, fourth or fifth generation dendrimer.

33. The compound of claim 32 wherein said dendrimer
comprises polyglutamate dendritic cages.
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