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INTRODUCTION

Initiation and management of the project

The P.I was awarded the grant titled “Magnetic Resonance Studies of Photosensitizers and their
effects in tumors” in the latter half of 1999 while he was Associate professor of Radiology at the
University of Arkansas for Medical sciences. Subsequently he moved to the University of
Nebraska for Medical Center as Associate Professor and University MR physicist. This led to
the availability of modern high field MR instrument there by adding significant advantage for the
success of the project. The grant was reworked to meet the DOD-Army requirements and the
project received formal approval and activated in October of year 2001.

Soon there after an undergraduate level technician was hired and a year later a graduate level
technician was hired to perform higher level data analysis involved in the project. The project
did have ups and downs and the initial hurdle was that the 7T magnet could not be charged to the
required field strength and hence was maintained at 4.7T while the manufacturer would provide
a replacement magnet. The true 7T magnet was operational by end of April 2002 leaving 2 years
5 months to finish the three year project. The transition from the 4.7T to 7.0T also necessitated
retooling of the many radiofrequency coils built for 4.7T instrument. This also led to some slow
down in the progress of the project and consumed a substantial part of the project period. The
first technician had to leave the job to take care of her new born baby in mid 2004. A quick
replacement was found although the new person had to be trained for 5-6 months before the
required preliminary work could be performed towards the grant. As such, a request for an
additional year of no cost extension was sought.

We provide here a detailed progress report of the entire work done on this grant. The papers

published and results presented in scientific meetings are also provided as a part of this report
(please see Appendix B1 and B2). .

Introduction to Scientific project and Progress

The diagnosis and treatment of cancer is an important healthcare issue. This project is concerned
with the development and monitoring of fluorine labeled photosensitizer (PS) for the treatment
of breast cancer by a relatively new and evolving cancer treatment modality. The
photosensitizers are new and hence can not be administered to humans directly. This
necessitates the use of a suitable tumor model. Using a mouse foot tumor model, the fluorine
labeled photosensitizers (called DOD-2 and DOD-6) were monitored over time in single
subjects. The information obtained from in vivo MR studies on the rate of rate of absorption, the
time period during which the PS concentration peaked , and the rate of elimination were used to
choose the time to irradiate the tumor with laser light at appropriate wavelength. The response to
photodynamic therapy (PDT) was measured by *'P MR spectroscopy. These studies will provide

information of significant value to breast cancer research and treatment via photodynamic
therapy.




Body (Research accomplishments and details of the work)
Task-1

As a significant part of the study we have been able to obtain sufficient amount of
fluorinated photosensitizer with 12 equivalent fluorine atoms in the porphyrin
photosensitizer. This sensitizer has an absorption peak at 626nm and is effective at 10
pM/kg concentration in the animal model ( months1-36). However the last of the four
compounds arrived only in Nov. 2005 and we needed time to perform the stated MR studies.

As suggested in our original statement of work we developed two water soluble photosensitizers.
The two photosensitizers and their nonfluorinated analogs were synthesized( Dr Ravi Pandey and
Roswell park cancer Institute). Details of the synthesis of fluorinated chlorin PS are given here.

Preparation of Fluorinated Chlorin
Methyl pheophorbide-a 1 was converted into chlorin e trimethyl ester 2 by following the
literature procedure and was isolated in >75% yield. The intermediate unstable bromoderivative
obtained by reacting 2 with 30% HBr/acetic acid was dried under vacuum and immediately
reacted with 3,5-bis-(trifluoromethyl)benzyl alcohol. The resulting product obtained after the
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standard work-up was purified by Alumina (Gr III) column chromatography, eluting with
dichloromethane. The appropriate fractions were combined. Evaporation of the solvent gave 3 in
72% yield. The methyl ester functionalities were then hydrolyzed with aqueous sodium
hydroxide/THF/methanol and the reaction was monitored by HPLC analysis. After the
completion of the reaction the solvents were evaporated under high vacuum. The reaction
product was redissolved in phosphate buffer and the pH of the solution was adjusted to 7.4.

The structures of the intermediates (see Figure 1) and the final product were confirmed by NMR
and mass spectrometry analyses. The list of compounds received from the collaborator is shown
in Appendix-A as a table which provides the year (with appox date, month and years) the
compounds were received in our laboratory.

Task -2A

Grow tumors on mouse foot, inject photosensitizers and analyze effects using in vivo MR
technique, and measure tumor volumes at 3, 24, and 48 hours.

Details of research work

The RIF tumors used in the study were produced following the protocol of Twentyman et al (1).
We studied C3H/Hel mice tumors during the entire project period.

Effect of Photosensitizer alone

Photodynamic therapy is a novel cancer treatment modality in which the drug action is locally
controlled by light (2). Development of new photosensitizers (PS) for clinical applications needs
to minimize dark cytotoxicity while maximizing the PDT effects in the tumor. Photofrin with a
long incubation time in human ovarian carcinoma cells has shown dark toxicity effects (3).
Other photosensitizers such as Nile Blue A (NBA) have shown dark toxicity on human tumor
cells in vitro (4). The dark toxicity of NBA was not due to apoptosis. The cytotoxicity of
photosensitizers in an in vitro situation is often measured using a suitable cell system. For
example the cytotoxicity in dark or in the presence of laser light is generally monitored by
counting the number of cells in the untreated and PS treated cultures (5). Other methods such as
MTT cell proliferation assay ( 6 ) is based on the ability of mitochondrial dehydrogenase enzyme
from viable cells to cleave the tetrazolium rings of MTT and form a dark blue formazan crystal
which is largely impermeable to cell membranes. The number of surviving cells is directly
proportional of the formazan product created. The latter method has been used to detect a
portion of dark toxicity manifested by Photofrin II (7).

In the above in vitro models the effect is only seen in the number of cells that die and the
number of healthy cells that remain after a treatment. The results depend upon the
concentration of PS which remain constant during the time of incubation. However,in practice,
build up of the PS in the tumor and its subsequent cytotoxicity is a dynamic process involving
different absorption and elimination rates. Thus, a true and realistic model when used to
determine the cytotoxicity should take into account the dynamics of PS in the model.
Additionally, the presence of vasculature in tumors is not represented in cellular systems thereby
making it a less effective representation of a tumors present in humans. Thus, a tumor model in




a mammalian system should be of great preclinical value in obtaining more information on the
effects of PS on the tumor either in the dark or in the presence of laser light. For these studies
we use the murine tumor model where the tumor is grown on the foot dorsum.

Effect of new photosensitizers alone on tumor growth profiles

1500
% Phototen {10:Mkn}
© DOD-6 (2.5uM7%kg)
& DGR {10pMAkg)
foong @ DOD-B {10:M%g)
= £ Untrested # ;;
gwaa» / Figure 2. Growth profiles of mouse tumors
3 ’ treated with PFII and fluorinated photosensitizers
g such as DOD-2, DOD-6 along with untreated
g 500 - controls.
=
s
-

400 600 800 1000

TIME (hrs)

The effect of photosenitizers such as photofrin or the newly synthesized compounds at similar
concentrations did not show visible effects on the growth profiles(see Figure 2). However the
effect on the tumor bioenergetics were observed as demonstrated by the changes in high energy
phosphates. Representative figures are provided in Appendix-A for a quick reference.

Effect of PDT on tumor volumes

The growth of tumors before PDT and regression following PDT were monitored by making
tumor volume measurements 4 to 5 times a week. The volumes were measured by measuring the
three diameters and the volume computed using the ellipsoid approximation. The studies were
performed on the fluorine labeled photosensitizer, the non labeled analog and the FDA approved
photofrin. The drug was administered at a dose of 10uM/kg. A detailed presentation of the
synthesis along with mass spectroscopic and high resolution MR data was presented at the
ERA of Hope meeting at Florida (2002 August). A copy of the abstract is attached in the
appendix. The doubling times of tumor growth before PDT were found to be 125 mm® (n=9). A
complete analysis of several tumor doubling times before and after therapy are documented in
Table 1 (see Appendix A). The tumor regression with one PDT treatment with a single or
fractioned dose was observed for a few days post therapy. No complete tumor regression was
seen in a single treatment alone (Table 2, in Appendix A). Tumor regression with DOD-2 was as
large as 30-40% and tumor regrowth started after a few days of regression.

MR Studies of PS and PDT treated tumors (IH, 19F, p miclei)




Magnetic resonance studies allow PDT effects to be detected and monitored by *'P spectroscopic
measurements and also by making measurements of parameters accessible by imaging
techniques. Additionally, the Fluorine-19 labeled compounds used here will allow the
quantitation of the photosensitizer in the tissue by using "F MR methods. These methods are
noninvasive and hence are appealing as they can be translated to humans undergoing therapy

with new photosensitizers labeled appropriately as described here.

RF coil construction for MR imaging and spectroscopy

The construction of radiofrequency coils were a significant requirement for the project. The
coils that were require for this project were built at different stages of the grant period and only
four representative coils are discussed in a little detail. The project required a number of RF
coils of different shape, size and volume and operated at g H, 3'p frequencies at 4.7T and
subsequently 7.0T Bruker instrument.

The initial magnet that was charged could not hold steady at the required high field strength of
7Tesla and as such it was left operating at 4.7T. The machine was kept operational till April of
2002 when the switch to 7T was made. The 7T instrument has been operating with little
interruptions.

The initial coils made for 4.7T were non opearational at 7T and they have to be refabrictaed.
The coils were tested on phantoms and then on mice bearing tumors and treated with the new
photosensitizers. In addition to the above we also had access to a larger >'P-'H coil (not shown)
made by Bruker (the manufacturer of the instrument)

Below we display the two surface coils of 1.5 and 3.0 cm diameter (see Figs 1& 2) and saddle

coils for 'H and *'P nuclei (Figs 3 & 4). These were used to detect and quantitate the fluorine in
the tumor and the muscle.

Figure 3. Figure 4.
A 1.5 cm °F surface coil. A 3.0cm “F surface coil




Figure 5. Figure 6.
1.5 cm diameter saddle coil for 'H 1.5 cm diameter saddle coil for >'P

Task- 2B
PDT studies both the fluorine labeled nonlabeled Sensitizers

Our studies have shown that PDT performed with this drug administered IP at 10 pM/kg lead to
tumor regression.  Representative *>'P MR studies were performed on tumors both before and
after the initiation of PDT. The effect of PDT on tumor volumes with each of the three
photosensitizers (fluorine labeled, non labeled and photofrin) is shown in Figure7. The growth
pattern of untreated tumors and those treated with PS alone or laser alone are shown in Figure 8
An examination of growth pattern clearly indicates the effect of PDT in tumor volume reduction
which are substantial in the case of DOD-6 and are much smaller for DOD-2.
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Figure 7. Growth profiles under PDT Figure 8.Growth profiles of controls




Task-3

A chlorine type photosensitizer which we refer to as DOD-6 (with 6 equivalent fluorines)
was developed (with Co-I, Dr. Ravindra Pandey, Roswell Park Cancer Institute). A brief
description of the synthesis of this compound has been provided earlier. Similarly the
corresponding non labeled analog was also synthesized based on the principles shown in
Figure 1 and this was also studied for its PS activity like fluorinated counterpart.

The above tasks included the studies required to observe changes in diffusion coefficients upon
PDT treatments, relaxation measurements and detailed analysis from select regions of interest.

In order to obtain optimum time for laser irradiation and to quantitate the photosensitizer in the
tumor noninvasively, we used "°F spectroscopic technique to follow the labeled photosensitizer.
As a first approximation we assume that the rate of absorption, retention and elimination are
independent on the drug dose. At present we are able to perform these F MR studies at a drug
dose of 100 uM/kg. A home built surface coil was used to perform these studies on the 7Tesla
animal imager. A knowledge of the relaxation times T and T, are necessary for optimization of
the spectral data. The mean values of relaxation times in the solution were 924+38 ms for T
and 150+2 ms for T, and were used to optimize of tumor spectra. By comparing the intensities
from the tumor volume with a phantom containing a known concentration of PS, the amount of
PS in the tumor could be calculated. The entire Pharmacokinetic profile of PS in tumor model
was constructed using three tumors (Figure 9). Based on this profile PDT was performed at time

points 2hr, 4hr and 24 hrs post drug administration. The various parameters used in PDT studies
are listed in Table 3.
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Using this information from in vivo '°F MR studies, several mice tumors were studied for PDT
effects using the fluorine labeled and nonlabeled analog. Representative graph indicating the
PDT effects on the tumor volumes upon using DOD-1, DOD-2, DOD-6, and photofrin are shown
in Figure 7. Under similar doses of photofrin and DOD-2 , the tumors showed similar regression
pattern . The data shown in Figure 7 clearly demonstrates this (see the data shown in green and
sea blue colors for photofrin and DOD-2). DOD-1 did not exhibit any tumor regression in the
studies performed so far (data in green). Thus, under the assumption that the pharmacokinetics
for the labeled compound is similar to that of the labeled compound, it appears that the PDT
efficacy for the non labeled compound is comparatively low. This certainly demonstrates that
the properties of fluorine labeled photosensitizer has significantly different efficacy in this case.

The results show that this photosensitizer has fast elimination constant. The drug is eliminated
completely in about 16 hours. The peak value was reached around 2 hrs. The absorption,
distribution and elimination were obtained using equation

C=Ae™ +DeP +Ee

Where o ,3 and y are the three rate constants for absorption, distribution and elimination
phases. The analysis was done using the PK solutions software (8).

The laser energies used in the study were optimized at 10uM/kg dose of the PS. The laser
power was at 75 or 150 mw/cm® at the surface of the tumor and the irradiation time was 30
minutes. In some cases, at the higher power of 150 mW/cm?, laser irradiation was performed for
two 30 minutes duration separated by a time interval of 2 hours. The results are summarized in
Table 1(see appendix). It may be noted that tumor regression was more pronounced with the
administration of fractionated doses of laser.

Our results so far show that both DOD-2 and photofrin show very similar response (see Figure
7). However the non labeled PS did not show any tumor regression at any of the above
mentioned laser powers.

31p MR studies

Phosphorus -31 MR studies were performed using a home built *'P coil (diameter 1.5 cm, see
Figure. 6) operating at 121.6 MHz.

The *'P MR spectra were recorded for untreated, PS alone administered, and PDT treated
tumors and were used as reference spectra. For each tumor that was subject to PDT using one of
the photosensitizers, a control *'P MR spectrum was recorded followed by *'P spectra after PDT.
Our results show that the *'P spectra recorded post PDT using either DOD-1 or DOD-2 do not
show any measurable changes in the first few hours. DOD-6 showed significant decrease in
ATP and increase in Pi peaks. DOD-8 the nonfluorinated analog also showed decrease in ATP
but was considerably less compared with DOD-6. Photofrin, on the other hand has shown
measurable decreases in ATP peaks and a concomitant increase in Pi (inorganic phosphate
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peaks) (9-13). The spectral analyses were done using the JMRUI software (14) and a typical
spectral deconvolution is shown below.
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Figure 11: Typical fit to a tumor *'P spectrum performed using the MRUI program. The peak

assignments are: 1. PME, 2. Pi, 3. yATP, 4. aATP 5. BATP and 6. A hump arising mostly from
immobile phosphorus such as bone.

Although both DOD-1 and DOD-2 did not show any changes in >'P spectra, tumor administered
with DOD-2 showed tumor regression. We extended our studies to ~ 4-6 hours. These results
can provide more information about the function of the photosensitizer and aid in the
construction of more potent and efficient photosensitizer.
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MR studies of DOD-6 (newly synthesized 2" photosensitizer)

This photosensitizer has a strong absorption maximum at 650 nm. Because of the higher
wavelength we can expect better penetration in the tissue. We have performed relaxivity
measurements using the in vivo MR imager at 7T. The T; measurements were performed using
the saturation recovery method and the T, measurements were done using the Hahn spin echo
technique. The mean T, and T, values are ~250 and ~ 25 ms respectively.

The preliminary PDT studies have been performed using laser power of 150 mW/cm?® and
photsenitizer dose of 10 mg/kg. Interestingly the tumor regression was observed approximately
two days after the initiation of the therapy.

In our laboratory here at Nebraska, we have tested the efficacy of new photosensitizers (DOD-6
and DOD-8) in the mouse tumor model. Examples of this is shown below where the variation of
tumor volume with time under PDT treatments are shown (Figures 12, 13)
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0
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Figure 12 : Tumor volumes under PDT using Figure 13: Tumor volumes under PDT using
DOD-6 DOD-8
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Task-4

Perform detailed image analyses using the standard software on the P.C. The images are
transferred to a P.C with image analysis software. Average apparent diffusion coefficient
will be measured following PDT and several hours after. Attempts will be made to find
correlation between the tumor photosensitizer levels with the PDT effects that will be
demonstrated via significant changes in tumor volumes.

Relaxivity Values

The tumors were investigated for the changes in T, and T, values following the therapy. The
measurements were made in four different regions on the central slice of 2 mm thick similar to
that shown in Figure 14. The mean T, values before and within 1hr after therapy were 64.5
2.9 ms and 63.8+2.3 ms respectively. Thus no changes were seen for the T, values after the
therapy. The mean T, values before and after the therapy were 18284235 ms and 2553 + 63 ms
respectively indicating an increase of 40 %( P=0.004). The increase in T, values were
significant in all regions of the tumor area chosen in this study. These results are also consistent
with our earlier studies on whole tumors studied on a 4.7T instrument (15).

The detailed image analysis included the evaluation of apparent diffusion coefficients (ADC)
from several regions of interest from a given image of a slice. An example of the image and the
regions of interest chosen is provided below (see publication 16 by the P.I and associates under
list of references).

Apparent Diffusion Coefficients

From the diffusion weighted images the ADC’s in four different regions of interest (ROIs) were
obtained. The different ROIs chosen from 1mm thick mid slice of the tumor are shown in Figure
14.  The signal intensities were extracted for each ROI and ADCs measured using the Bruker
Paravision software for diffusion analysis. The standard deviations were recorded for the
selected regions of interest shown in Figure 14. The ADC values measured before therapy were
in the expected range for the tumor type studied here.

Figure 14: A diffusion weighted axial image from a central slice of the tumor recorded immediately following
PDT. The four regions of interest that were considered in the study are also show

The control ADC values were measured before the
induction of PDT in 4 different regions in a Imm
axial image that corresponds to the central slice of
the tumor. The volumes of the regions of interest
were typically of the order of 6-7 mm’. Significant
changes in the ADC values for both Photofrin® and
DOD-6 sensitizers were observed in the first two
hours post PDT. These changes were more
concentrated in region 4 (see Figure 14). An
increase in ADC was more evident with DOD-6
than with Photofrin®. In some regions a decrease
in ADC was also observed. The four regions of
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interest in a given slice that were chosen for ADC measurements along the X, y, and z directions
led to a total of twelve measurements of ADCs per slice. From the set of 12 measured values, we
observed increases in 7 values and decreases in 5 for the case of Photofrin® and 10 increases and
2 decreases for the case of DOD-6. The maximum increase in ADC was ~54% with Photoftin®
and 165% with DOD-6. Together our studies demonstrate that in  the time frame where *'P
studies indicate build up of inorganic phosphate, the different regions of the tumor also undergo
changes in the diffusion values which are indicative of a substantial increase in water diffusivity
that may be attributable to major cell loss, reduced cell density, and widening of extracellular
space leading to high water mobility (17). A decrease in ADCs has been attributed to possible
cell membrane break down that block active ion and water transport that lead to decline in ADC.
Detailed bar graphs indicating changes in ADC after PDT treatment are provided in Appendix-A.

Key Research Accomplishments

e Using F MR spectroscopic method, the entire pharmacokinetic profile of two fluorine
labeled photosensitizers were generated ( copy of the abstracts, poster presented at the
Era of Hope meeting at Philadelphia are enclosed in the Appendix B2 and see
publication # 18 for more details)).

e *'P MR spectra of tumors were studied before and after the initiation of PDT (see
publication #19).

e PDT studies were performed using laser light at 630 nm, 270 joules/cm energy. The
~ time point was chosen to represent maximum concentration of the photosensitizer as
obtained from the pharmacokinetics data.

o The photosensitizer DOD-2 showed tumor regression while the nonlabeled (DOD-1) did
not show any tumor regression. The incorporation of fluorine in the PS appears to have a
positive effect on the function of the photosensitizer. Similarly the nonlabeled

photosensitizer (DOD-8) showed less tumor regression than the fluorine labeled counter
part DOD-6. The results demonstrate the effect of fluorine on the PS activity which
appears to enhance the PS activity.

Reportable Outcomes

1. Abstract of the presentation made at the ERA of HOPE meeting held at Orlando,
Florida during September 25-28, 2002.

2. Abstract of the Talk to be presented at the ESMRMB meeting to be held at Rotterdam,
Netherlands, during September 18-21, 2003.

3. Abstract of the talk presented at the SPIE international symposium held in San Diego,
Feb15-17, 2004.

4. Abstract of the talk presented at the ESMRMB meeting held at Denmark, September 9-
12,2004
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5. Abstract of the talk presented at the SPIE international symposium held in San Diego,
Feb13-15, 2005.

6. Abstract of the talk that will be presented (upon acceptance) at the SPIE international
symposium held in San Diego, Feb13-15, 2006.

7. Abstract of the presentation made at the ERA of HOPE meeting held at Pittsburgh,
Pennsylvania, June 8-11, 2005.

8. Poster copy of the presentation made at the ERA of HOPE meeting held at Pittsburgh,
Pennsylvania, June 8-11, 2005.

9. A full paper related to synthesis and in vivo fluorine MR studies was published in
Tetrahedron, a well recognized scientific journal.

10. A full paper in the proceedings of SPIE (Medical imaging), Volume 5369, pp 380-386,
2004.

11. A full paper in the Proceedings of SPIE (Medical Imaging), Volume 5746, 16-22, 2005.
Funding applied for during the past two years in this or related area

1. DOD undergraduate research grant- submitted in year 2002. The proposal was not
funded. A resubmission was not done as this category of research was not open for
consideration in the year 2003 by DOD.

2. A grant application to Nebraska state was made in the early 2003 but was not funded.

3. A revised application was resubmitted in early 2004. This was not funded but the
reviewers suggested that the work be done on a breast tumor model. This pilot grant will
be will be submitted with more data in the year 2006.

4. A grant proposal to NIH/NCI is also being planned and will be submitted in early 2006.

Conclusions:

Our studies demonstrate the fluorine labeled compound can be noninvasively monitored in
the tumor and muscle by "°F magnetic resonance spectroscopy. The *'P spectroscopic data
on tumors show that even though the *'P spectra after PDT do not undergo significant
changes the tumor shows regression (for studies on DOD-1 and DOD-2 that were only
sparingly soluble in water). The changes in *'P spectra were indeed seen in both DOD-6 and
DOD-8 that is a nonfluorine analog of DOD-6. The changes in ATP and Pi peaks were more

significant for DOD-6 and less so in the case of DOD-8. The tumor growth charts showed
that DOD-6 leads to rapid tumor regression while DOD-8 shows much lower rate of
regression. Occasionally we also saw no regression at all in the case of DOD-8. Together, it
appears that the nonfluorinated analogs of the two fluorine labeled photosensitizers are
considerably less active compared to their fluorinated analogs. The role of fluorine in
enhancing the PS activity will be a different area of research.
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It is possible to produce larger amounts of the labeled compounds for further detailed studies
on the distribution in the animal and also in the tumor. The ability to monitor the fluorine
labeled PS in the animal model will provide useful data before PDT is performed. In vivo
MR will be a useful method in the development of new photosensitizers

Future Studies and Funding

The future studies will consider work on both RIF and subsequently breast tumor models.
The distribution of PS in the entire mouse and further studies on its distribution in the tumor
and muscle will be studied by '’F MR. New MR methods will be developed and further
improvements done to study small volumes of tissue and tumor. Relaxation, diffusion and
imaging will be performed both before and after the PDT studies. The techniques will
revolve around IH, PR , 3P huclei. Incorporation of nuclear overhauser methods to further

improve the signal to noise will be considered for future projects and grant proposals in the
coming years.
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Appendix-A

Research results Relevant to material reported here
(Tables, Graphs etc)




Compounds Received from

Material sent to UNMC from RPCI

Roswell Park Institute

as of 10/19/04

Compound label Date Amount
DOD 1 July 2002 as solution and solid: ( methyl, 2(COOH) )
solution 9 ml at 0. 356 mM
solid 50 mg
DOD 2 July 2002 as solution and solid: (trifluoromethyl, (2 (COOH))
solution 9 ml at 0. 275 mM
solid: 50 mg
DOD 4 * Oct 2002 (first batch) 40 *Also labeled DOD JM- 4
Trifluoromethyl (4 (COOH))
DOD 4 Mar 2004 (second batch) 28 Sent May 2004
DOD 6 Apr. 2003 golution 3.73 mM (3.1 mg/ml)
Ce6 derivative (fluorinated)
Volume approx 9 ml RApprox 27mg in solution
DOD 6 June 2004 solution 3.73 mM (3.1 mg/ml)
Ce6 derivative(fluorinated)
Volume approx 2 ml Approx 27mg in solution
DOD-8 November 2004 Appox 6mg in solution




Results related to dark toxicity of compounds studied in this
project

)

40 20 0 -20 -40
PPM

Ay

Figure 2: *'P spectra of mouse foot tumor recorded before (upper trace) and after (lower trace)
administration of Photosensitizers : A) DOD-6 administered at a dose of 10 uM/kg B) DOD-6
administered at a dose of 2.5 uM/kg C) DOD-2 administered at a dose of 10 uM/kg and D) Photofrin

administered at a dose of 10 pM/kg respectively. The various peak assignments are: 1) B-ATP 2) a—ATP
3) y- ATP 4) PCr 5) PDE 6) Pi and 7) PME. '




Table 1
Tumor doubling times* for various PDT treated and untreated tumors.

Tumor Doubling
Cage & Mouse Drug used Tumor treatment Time (Hr)
C5M1 DODI1 PDT treated 173.3
C5M2 DODI1 PDT treated ; 115.5
C5M3 DOD1 PDT treated 115.5
173.3,
C10M1 DOD2 PDT treated 6931
115.5,
C10M3 DOD2 PDT treated 231.0
693.1
173.3
C10M5 - DOD2 PDT treated 231.0
173.3
C7M3 None untreated 77.0
C7M4 None untreated 69.3
C8M4 None untreated 115.5
. ‘ 173.3
C8M1 Photofrin PDT treated 693.1
Ci12M2 Photofrin PDT treated g?

Note: In doubling time calculation is based on following segs.

C10M1: segl (ascending, March 24-April 17, 03), seg3 (descending, April 25-May 5,
03).

C10M3: segl (ascending, March 24-April 17, 03), seg2 (descending, April 17-21, 03),
seg3 (ascending, April 23-May 5, 03).

C10MS5: segl (ascending, March 24-April 24, 03), seg2(descending, April 24-30, 03),
seg3 (ascending, April 30-May 19, 03).

C8M1: segl (ascending, Dec. 23, 02 — Jan. 17, 03), seg2(descending, Jan. 20-29, 03), no
seg3.
C12M2: segl (ascending, May 23-June 19, 03), doubling time is 173.3. If taking
all points after peak (June 19-July 11, 03), including peak, the doubling time (DT)
is 693.1. After taking peak point and five points following it (June 19-June 27,
03), DT is 231.

* The term “doubling times™ is used to define the increase or decrease in tumor volumes.
The values corresponding to ascending or descending phases of the tumor growth refers
to increasing or decreasing volumes of the tumor.




Table 2

Tumor regression after PDT with DOD1 and DOD2 photosensitizers

Cage & | Drug used | Tumor vol Laser 1 | Laser 2 Remarks
Mouse # | and Dose | (day of PDT) Power | Power
C5 M1 DODI1 458.76 135 Joules | --—------ No real tumor
0.35ml regression seen
C5M2 | DODI 148.82 135 Joules | --------- No real tumor
0.33ml regression seen
C5M3 DOD1 487.03 135 Joules | --------- No real tumor
0.33ml regression seen
Ci12 M5 | DODI1 131.78 270 Joules | --------- No real tumor
0.7ml - _ , regression seen
Ci3M2 | DODI 65.54 270 Joules | 270 Joules | A little tumor
0.565ml regression seen
Ci13M4 | DODI 107.86 270 Joules | 270 Joules | No real tumor
0.649ml regression seen
C4 M3 DOD2 271.73 135 Joules | ~-------- No real tumor
0.43ml - regression seen
C4M4 | DOD2 245.2 135 Joules | --------- No real tumor
0.42ml ' regression seen
CioM1 | DOD2 179.22 270 Joules | ~=------ A very slight tumor
0.96ml regression 4 days
after irradiation
ClIoOM3 [ DOD2 391.18 270 Joules | --------- Some Tumor
10uM : regression on days
1-4 after irradiation
C01 M4 [ DOD2 150.37 135 Joules | -------- No real tumor
0.6ml regression seen
Ci10MS5 | DOD2 106.32 270 Joules | 270 Joules | Tumor regression
0.92ml seen for 8 days
after irradiation
Cl1 M1 | DOD2 83.18 270 Joules | ~-==------- A slight tumor
0.84ml regression 3 days
after irradiation
Cl11 M2 | DOD2 63.38 270 Joules | =--—------- No real tumor
0.81ml regression seen
Ci1 M3 | DOD2 70.78 270 Joules | 270 Joules | Regression seen the
0.60ml day after irradiation




The laser power, duration of irradiation used in our PDT studies

Table 3

Univ.# | Mice# | P.S. Date of Duration Of | Irradiation Power Total incident
(Cage #, Admin. irradiation irradiation time post PS used energy (joules)
ear notch #) injections
18 C4 M3 | DOD2 10/10/02 30 minutes | 24 hours 75mW 135
43 ml

19 C4 M4 | DOD2 10/10/02 30 minutes | 24 hours 75mW 135
42 ml ,

21 C5M1 |DODI1 10/10/02 30 minutes | 24 hours 75mW 135
35 ml

22 C5M2 |DODI1 10/10/02 30 minutes | 24 hours 75mW 135
33 ml

23 C5M3 | DODI1 10/10/02 30 minutes | 24 hours 75mW 135
.33 mli .

26 C6 M1 | Photofrin | 10/4/02 10 minutes | 24 hours 225-230 | 135
245 ml mwW

27 C6 M2 | Photofrin | 10/4/02 10 minutes | 24 hours 225-230 | 135

28 C6 M3 | Photofrin | 10/4/02 10 minutes | 24 hours 225-230 | 135
240 ml mW

29 C6 M4 | Photofrin | 10/4/02 10 minutes | 24 hours 225-230 | 135
265 ml mW

30 C6 M5 | Photofrin | 10/4/02 10 minutes | 24 hours 225-230 | 135
260 ml mW

36 C8 M1 | Photofrin | 1/15/03 30 minutes | 24 hours 75mW 135

25mg/kg

41 C9M1 | DoD2 3/20/03 30 minutes | 24 hours 150mW | 135

3mg

44 C9 M4 | Photofrin | 3/12/03 30 minutes | 24 hours 75 mW | 135

.24 mi




Diffusion Coefficients for various slices using PFll and DOD-
6 photosensitizers in a mouse tumor model

Diff. coefficients. ( x) in ROI-3 of C19M1,
| Photofrin

15
a
c
Q
5101
% Before PDT
8 9 g After PDT
£
(]

o

13 5 7 9 1113

Slice Number

Diff. coeff. (x) in ROI 4 of C19M1

15
g
s 10
© m Before PDT
E 5 || After PDT
&)
£
o 0

1 3 § 7 9 11 13

Slice Number




Diff. coeff. (x) in ROI 3 of C19M5,DOD-6
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Abstract of the Presentation made at the ERA of HOPE Meeting, held at Orlando,
Florida, September 25-28, 2002.

SYNTHESIS AND IN VITRO PHOTOSENSITIZING
EFFICACY OF FLUORINATED PORPHYRIN-
BASED PHOTOSENSITIZERS FOR IN VIVO

MR STUDIES

Suresh K Pandey, Amy L. Gryshuk, Andrew Graham,
Allan Oseroff, S. Ramaprasad,’ L.z
and Ravindra K. Pandey .

Photodynamic Therapy Center, Roswell Park Cancer
Institute, Buffalo, NY 14263 and 'Department of
Radiology, Nebraska Medical Center, Omaha, NE 68198

ravindra.pandey@roswellpark.org and
sramaprasad@unmc.edu

In vivo MR spectroscopy has been used increasingly to monitor metabolism and disease
states in humans. Both magnetic resonance imaging and spectroscopy have evolved into
sophisticated diagnostic techniques. In addition to the proton, nuclei such as fluorine can be
studied by in vivo spectroscopy and imaging. Fluorine-19 NMR is a technique with
significant potential because of the relatively high sensitivity and low endogenous
background. Fluorine-19 MR has been used to study metabolism, tumor growth, and blood
flow. MR of fluorinated compound is particularly attractive for in vivo studies of human
and animal models. The F-19 isotope has a 100% natural abundance, a spin of 1/2, and an
MR sensitivity that is 83% that of hydrogen.

To date, most of the fluorinated porphyrin-based analogs synthesized for in-vivo F-19 NMR
studies have been unsymmetrical, and thus lead to signal dispersion. In order to have strong
fluorine signal at a low concentration of the drug in tumor, it is necessary to have
photosensitizers containing multiple fluorine units. It would be advantageous to have a
center of symmetry in the fluorinated photosensitizer that will render the fluorine nuclei to
be equivalent and provide signal addition of all equivalent nuclei. We have succeeded in
synthesizing porphyrins containing six to 12 symmetrical fluorines. These compounds were
prepared in multi-step syntheses. The structures were confirmed by NMR, mass
spectrometry and elemental analyses. The symmetry of the fluorines was confirmed by F-
19 NMR studies. Compared to the non-fluorinated analogs, the fluorinated porphyrins
showed enhanced singlet oxygen producing efficiency.

The in-vitro photosensitizing efficacy of the fluorinated porphyrins was investigated in RIF
tumnors at various doses and showed promising activity. The synthesis, photophysical
characteristics and in-vitro photosensitizing results of the newly synthesized fluorinated
porphyin-based compounds will be discussed.

The U.S. Army Medical Research and Materiel Command under DAMD17-99-1-9065 supported this work.
P49-14 '
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Oral Presentation at the European Society of Magnetic Resonance in
Medicine in Rotterdam, Netherlands, September 2003.

In Vivo '°’F MR Studies of Fluorine Labeled Photosensitizer in Murine Tumor
Model

S. Ramaprasadl, E.Rzepka], S.S. Joshi?, M. P. Dobhal 3, J. Missert >, R K. Pandey3

! Department of Radiology, University of Nebraska Medical Center, Omaha, NE, U.S.A

2 Departments of Genetics, Cell Biology, and Anatomy, University of Nebraska Medical
Center, Omaha, Nebraska, U.S.A. * Photodynamic Therapy Center, Roswell Park Cancer
Institute, Buffalo N.Y, U.S.A.

Introduction

Photodynamic therapy (PDT) is a cancer treatment modality that combines light sensitive
drug and lasers [1]. Monitoring the photosensitizer (PS) in the tumor and in normal tissue
is helpful in the development of new photosensitizers. Syntheses of labeled
photosensitizer that can be monitored by MR studies offer the advantage of noninvasive
assessment of the photosensitizer in a single subject [2]. The assessment of the same in
the skin and underlying muscle may provide information about the cutaneous toxicity of
PS. In this work we present the construction of pharmacokinetic profile of a new
photosensitizer in a tumor model and its utility in PDT studies.

Methods

The Radiation induced fibrosarcoma (RIF) cells were maintained according to the
protocol of Twentyman et al [3]. Tumors were grown on mouse foot dorsum by
inoculating 2x10° cells. The photosensitizer was administered IP ( ~100uM). "°F MR
spectra were collected on a Bruker 7T instrument using a home built surface coil. The
F MR spectral parameters included a 90° pulse of 16ps, a spectral width of 20 KHz,
8K data points, and a 2s repetition time for a total accumulation time of 30 minutes.
PDT measurements were performed at 630 nm with an argon ion (Spectra physics model
2045) pumped dye laser (Spectra Physics, 375B). Laser irradiation was done for 30
minutes at a power of 150 mW cm™ leading to a total light dose of 270 J em™.

Results

In this presentation we report the results obtained using a newly synthesized water
soluble form of fluorine labled
photosensitizer which was monitored in
mouse tumor model over time. The
measured relaxation times in the solution
were 924438 ms for T; and 15042 ms for
T, and were used to optimize of tumor
spectra. The Pharmaco- kinetic profile of
PS in tumor model was constructed using
w0 three tumors (Figure 1). Based on this

Time
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profile PDT was performed at time points 2hr, 4hr and 24 hrs post drug administration.

Conclusions:
MR studies can provide quantitative data on photosensitizer in tumor and a rational basis

for PDT initiation. PDT studies done at 2hrs post PS administration led to tumor
regression between days 2-4.

References

1. Dougherty, TJ, et al. [1998] J.Natl. Cancer. Inst. 41:351-359.
2. Ramaprasad et al [1994] Proc. Soc.Magn. Reson Med. 3: 1348.
3. Twentyman et al [1980] J.Natl. Cancer. Inst.64: 595-604.

Acknowledgement

This research was funded by the Department of Defense (DAMD 17-99-1-9065).

19




Presented at the SPIE meeting (Medical Imaging) held at
Sandiego, Feb, 2004.

ABSTRACT

Monitoring PDT Effects in Murine Tumors by Spectroscopic and
Imaging Techniques

S. Ramaprasad®, E. Rzepka®, J. Pi%, SS. Joshi®, M Dobhal®, J. Missert®, RK. Pandey®
*Department of Radiology, University of Nebraska Medical Center, Omaha, NE,
USA, 68198-1045; ®Department Genetics and Cell Biology, University of Nebraska
Medical Center, Omaha, NE, USA, 68198-6395, °PDT Center, Roswell Park Cancer
Institute, Buffalo, NY-14263,USA. .

The changes in the tumor that occur following photodynamic therapy (PDT), a cancer
treatment modality, were studied using a small animal MR imager operating at 7Tesla.
The animal model used in these studies was mice implanted with radiation -induced
fibrosarcoma (RIF). The tumor bearing mice were injected with 10uM/kg of one of the
three photosensitizers: 1) Photofrin 2) Fluorine labeled photosensitizer and 3) Non-
labeled analog of the fluorine labeled sensitizer. Laser light at 630 nm (150 mW/cm?,
270 joules/ cm?) was delivered to the tumor at 2-24 hours of photosensitizer
administration. The MR spectroscopic and imaging examination of the tumors involved
both the 'H and *'P nuclei. The tumor bioenergetics was measured by *'P spectroscopy.
The water proton relaxivity and diffusion measurements are used to obtain local changes
in different regions of the tumor.

Significant changes in *'P MR spectra were observed using photofrin while no
statistically significant changes were observed when the fluorine labeled or its non
labeled analogs were used. The PDT induced changes in tumor volumes (as measured by
calipers) showed significant tumor regression with photofrin followed by moderate
regression with the fluorine labeled PS and no regression with the non labeled PS. The
growth pattern of tumors using nonlabeled photosensitizers followed the general pattern
of unperturbed tumors. The possible relationship between the function of these sensitizers
and the various MR derived parameters that characterize the tumor status will be
discussed.




Presented at the ISMRM Med¥ng held at Kyoto, Japan, 2004
In Vivo "’F MR Studies of Fluorine Labeled Photosensitizer in Murine Tumor Model
S. Ramaprasad', E.Rzepka', J. Pi', .S. Joshi?, J. Missert >, M. P. Dobhal >, R.K. Pandey’ ' Department of Radiology, University of
Nebraska Medical Center, Omaha, NE, U.S.A. ? Departments of Genetics, Cell Biology, and Anatomy, University of Nebraska
Medical Center, Omaha, Nebraska, U.S.A. > Photodynamic Therapy Center, Roswell Park Cancer Institute, Buffalo N.Y, U.S.A.
Introduction
Photodynamic therapy (PDT) is a cancer treatment modality that combines light sensitive drug and lasers [1]. PDT is most beneficial
when laser light is delivered at a time when the photosensitizer is greater in the tumor than the surrounding normal tissue. Monitoring
the photosensitizer (PS) in the tumor and in normal tissue is helpful in the development of new photosensitizers. The assessment of
the PS in the skin and underlying muscle has the potential to provide information about the cutaneous toxicity. Syntheses of
photosensitizers labeled with an NMR observable nucleus, such as Fluorine-19, offer the advantage of noninvasive assessment of the
photosensitizer concentration in a living subject {2]. In this work we present the construction of pharmacokinetic profiles of two new
photosensitizers in the tumor and muscle and their utility in PDT studies. The structures of the two photosensitizers are shown in
Figure 1. The details of the synthesis and subsequent confirmation of the structures have been recently published [3]. Here we report
the in vivo results obtained using new fluorine labeled photosensitizers that were monitored in tumor bearing mice.
Figure 1
Methods

CFy CF, C¥Fy Tumor model: The Radiation induced fibrosarcoma (RIF) cells
were maintained according to the protocol of Twentyman et al
[4]. Tumors were grown on mouse foot dorsum by inoculating
2x10° fresh cells. A total of 12 animals were studied here.
Laser and Delivery system: An argon ion (Spectra physics
model 2017) pumped dye laser (Spectra Physics, 375B) was
used. PDT measurements were performed at 630 nm for
sensitizer 1 and at 650 nm for sensitizer 2. Laser irradiation was
done for 30 minutes at a power of 150 mW cm™ leading to a
total light dose of 270 T cm™. Fractionated laser irradiation was
also employed in some studies.
In vivo MR and PDT studies: In vivo MR and PDT
measurements were performed under mild anesthesia maintained
by 1% isoflurane mixed with Nitrous oxide and Oxygen in 70:30
ratio. The photosensitizer was administered IP (~100uM). '°F MR spectra were collected on a Bruker 7T instrument using a home
built surface coil. The '°F MR spectral parameters included an RF pulse of 16us, a spectral width of 20 KHz, 8K data points, and a
2s repetition time for a total accumulation time of 30 minutes. The magnetic field homogeneity was optimized for each tumor by
shimming on the water proton signal. The in vivo '°F signal was compared with the signal from a phantom of known concentration to
quantify the photosensitizer in the tumor. These values were used to construct the profiles for the tumor and the muscle. Figure 2
shows the data for compound 1. The data for compound could be obtained on the muscle but not on foot tumors indicating compound
2 is less sensitive to detection in the tumor due to less number of fluorines in the molecule and small size of the tumors studied.
Alternatively the accumulation of the PS in the tumor may be significantly low compared to that in the muscle.

Figure 2 Results

The mean values of relaxation times for compound 1 in the solution were 924438 ms for T,

PH = «CHaCHCOuH

3 o and 15022 ms for T, Similarly for compound 2 the mean values were 250and 25 ms
g s @ & Tmor respectively. These values were used in the optimization of tumor '°F spectra. The signals from
f 50 4 Muscle the labeled sensitizers were found to be broad with mean line widths at 4044176 and 481£150
2 40 Hz for 1 and 2 respectively. The Pharmacokinetic profile of PS 1 in tumor model was

a0- constructed using three tumors (Figure 2). Based on this profile, PDT was performed at 2, 4 or
§ a0 a 24 hrs post drug administration. The PDT studies performed at 2 and 4 hours led to tumor
57 regression while that done at 24 hrs did not show any tumor regression. These data are in
g 10- — accordance with the pharmacokinetics of compound 1 shown in Figure 2. While using
o g, compound 2, laser irradiation was done at 24 hrs post drug administration and there was

significant tumor regression following PDT.
Time (Hrs) Conclusions L I —
MR studies can provide quantitative data on photosensitizer in tumor and a rational basis for
PDT initiation. PDT studies designed using the pharmacokinetic data showed significant tumor regression.
References
1. Dougherty, TJ, et al. J. Natl. Cancer. Inst. 41:351, 1998.
2. Ramaprasad et al. Proc. Soc. Magn. Reson. Med. 3: 1348, 1994,
3. Pandey SK et al, Tetrahedron, in press.
4. Twentyman et al. J. Natl. Cancer. Inst. 64: 595-604, 1980.
Acknowledgement
This research was funded by the Department of Defense (DAMD 17-99-1-9065).

Pl
i
s
=
b
o
Ead
[+3




Presented at the ESMIRMB meeting held at Debmark, 2004
Dark Cytotoxicity Measures of Photosensitizers in a Murine Tumor Model by 3'P MR Studies
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2 Departments of Genetics, Cell Biology, and Anatomy, University of Nebraska Medical Center,
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Introduction

Photodynamic therapy (PDT) is a novel cancer treatment modality in which the drug action is
locally controlled by light (1). Development of new photosensitizers (PS) for clinical
applications needs to minimize dark cytotoxicity while maximizing the PDT effects in the tumor.

Here we report the observation of dark toxicity of PS by in vivo 3'P MR and discuss their utility
in the development of new photosensitizers.

Methods

The Radiation induced Fibrosarcoma (RIF) cells were maintained according to the protocol of
Twentyman et al (2). Tumors were grown on mouse foot dorsum by inoculating 2x10° cells
Male C3H/HeJ mice bearing foot tumors (N=9) in the volume range of 200-300p were used in
this study. Two new water soluble photosensitizers (3) were tested for dark toxicity and tumor
growth monitored over 3-4 weeks. Of the two photosensitizers used in this study one was a
porphyrin derivative (DOD-4) and the other was a chlorin derivative (DOD-6). The PS
administered was in the dose range of 2.5-10uM/kg. *'P spectra from the foot tumor were
collected on Bruker 7 tesla animal imager and analyzed using the JIMRUI software (4)

Results
Both DOD-4 and DOD-6 showed significant increase in inorganic phosphate (Pi) resonance in

the first 2 hours post drug administration. Representative spectra for DOD-6 are shown in Figure
1. Studies performed between 5-24 hours

1.BATP
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5. PDE 7643 ,
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Figure 1: 3p spectra of mouse foot tumor before( A) and after (B) administering DOD-6.




showed characteristics of control spectra recorded before drug injection. When photofrin was
administered at similar doses, no significant changes were seen in >'P MR spectra indicating
minimal dark toxicity for Photoftrin.

Discussion

The studies on tumors using the new Photosensitizers demonstrate that dark toxicity can be
observed by *'P MR. The tumor volumes monitored over several days did not show any tumor
shrinkage as observed in PDT induced cytotoxicity. Although dark toxicity was shown by the
two new PS, it was not strong enough to interfere with the normal tumor growth. Our study

provides information on dark toxicity of a PS in an in vivo model and hence provides a complete
picture than those on cell lines.
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SUMMARY

Photodynamic therapy (PDT) is a novel cancer treatment modality where the therapeutic action is
controlled by light and the potency of the photosensitizer used. Development of new potent
photosensitizers (PS) for clinical applications requires that the PDT effects are maximized while
minimizing dark cytotoxicity. The dark toxicity of photosensitizers is generally confirmed using cell lines.
Photososensitizers that appear promising from in vitro assays need further investigations under in vivo
conditions. As in vivo MR methods have the potential to provide information on the tumor status, they can
be very effective tools to study dark toxicity of tumors.

The tumor produced on the mouse foot dorsum was tested on two newly synthesized photosensitizers along
with Photofrin as a control. The MR studies consisted of serial *'P spectral measurements both before and
after PS injection. The results show significant changes in the tumor metabolism with increased inorganic
phosphate while using new photosensitizers. However these changes slowly approached control levels
several hours later. The studies performed while using Photofrin did not show any significant changes
indicating minimal or no dark cytotoxicity. Similar studies performed on normal tissue such as the muscle
indicated that the energy metabolism was minimally compromised.

Our studies demonstrate that the effects of dark cytotoxicity can be observed by *'P MR. The growth
profiles of tumors treated with PS alone indicate that the metabolic changes are temporary and do not
interfere with the tumor growth. The studies suggest that MR is a new method of monitoring the effect of
PS administered toxicity in an in vivo model.
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MAGNETIC RESONANCE SPECTROSCOPIC QUANTITATION AND PDT EFFECTS
OF FLUORINE LABELED PHOTOSENSITIZERS
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Background and Objective: The purpose of these studies was to investigate by magnetic
resonance techniques the accumulation of fluorine labeled photosensitizers (PS) in tumor and
normal tissue in mice bearing RIF tumors. Additionally we demonstrate that MR can be used to
study the effects of PS alone as well as those from Photodynamic therapy.

Methods: RIF tumors were grown on mouse foot dorsum by inoculating 2x10° fresh cells. An

Argon ion (spectra physics model 2017) pumped dye laser (spectra physics 375B) was used to
deliver laser light.

In vivo MR and PDT studies were performed under mild anesthesia by using 1% isoflurane
mixed with N,O and O, in 70:30 ratio.

Results: The T, and T, relaxation times of the two photosensitizers were measured in solution.
For porphyrin PS the values were 924438 and 150+2 ms (n=3), while for the chlorin based PS
the values wee 250 and 25 ms respectively (n=1). The line widths of 'F signals in the tumor
were in the neighborhood of 400Hz.

The results from *>'P studies monitored over several hours (0-26) suggested that dark toxicity was
present for both the photosensitizers when administered at or above SuM concentration. A
decrease in ATP and an increase in inorganic phosphate were observed for several hours after PS
administration. These effects were very little or none at 8-24 hrs post PS administration.

The PDT studies were initiated at several time points post PS administration. The '°F
pharmacokinetic data was used as a guide in the design of PDT studies. The PDT results showed
significantly higher decease in ATP and increase in Pi peaks. The tumor volumes measured
before and after the PDT clearly showed significant tumor regression.

Conclusions: The multinuclear MR methods provide quantitative data on PS in the tumor and
allow us to noninvasively follow the PS and their effects when administered alone or with laser
to initiate PDT. This line of research has a high potential to treat and follow the patient
noninvasively when labeled photosensitizers are used.

Original work supported by the U.S. Army Medical Research and Materiel Command under
DAMD17-99-1-9065 and current work supported by the department of Radiology.
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In Vivo Magnetic Resonance Measures of PDT Effects on the Tumor
and Normal Tissue.
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Buffalo, NY, 14263, USA

ABSTRACT

Photodynamic therapy (PDT) is a novel cancer treatment modality where the therapeutic action is
controlled by light and the potency of the photosensitizer used. Development of new potent
photosensitizers (PS) requires PDT effects are maximized for the tumor while minimizing its effects on the
surrounding normal tissue. We are currently investigating effects of PDT on the tumor and normal tissue
using photofrin and the newly developed fluorine labeled photosensitizers. As an initial part of the overall
study we have used *>'P MR spectroscopy to gain insight into biochemical mechanisms that underlie cell
death caused by PDT. Magnetic resonance experiments were performed on tumor bearing mice to evaluate
photosensitizer effects in the absence and presence of laser irradiation at appropriate wavelength. The MR
studies consisted of serial *'P spectral measurements both before and after PS injection or PDT initiation
as the case may be. Metabolic differences were seen in *'P spectra following PDT treatment. These
differences include reductions in phosphocreatine and changes in phosphodiester levels. These results will
be further examined in the light of 'H relaxation measurements and imaging studies.

Our studies demonstrate that the effects of PDT on normal tissue can be observed by *'P MR. The studies
suggest that MR is a noninvasive method of monitoring the effects of PDT on the normal tissue and
subsequent recovery thereafter in an in vivo model.
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Abstract—For in vivo NMR swuadies, starting from pywroles, 2 sexies of fluorinaed porphyrins were synthesized by following the MacDonald
reaction conditions. Upoa reaction with osmium tetroxide, 2 ﬂuonna_tcd porphyria containing four triffuoromethyl groups (12 fucrine uaits)
was converted into the related chlorin and bactedochlorin :gi;h ex.‘mxtad Inng—v@vdg%!h a;mﬁm ass2 andm‘/’io :3. xsgecnv;z All
compounds uced singlet oxygea production eocy. A comparatve study of nine porphyrins wi without feorine
subsﬂmcnrs mpr:::ated nio:gvexsc effucty of the presence of ﬂnan:nawd groups in the photophysical properties of the porphyrins, chlodns ar
bacteriochlorins, The first and second one-electron reduction potentials (vs SCE) of the investigated compounds range between —1.29 and
=143V and berwaen —1.66 and —1.34 V in PECN contzining 0.1 M TBAP. UV-visible spectroelectrochemical daa suggested the
formation of =-anion and v-cation radicals upon ihe first redustion agd first oxidation. The in vivo 9F MR stady of a represeacative foorine
labeled compound with tweive equivalent Srorines confirmed the presence of the Buorine labeled sensitizer in mouse (C3H/HeJ) implanted
with RIF mmors on mouse foot dorsam by inoculating 2¢10° cells (the studies wers repeated on four tumared mice o confirm the feasibilicy
-andr:pmducﬂmicy).ﬁwmwmmumimbeqpimeﬁchvehm.hammﬁvemmdmwmﬁmmdy
with Rhodamine-123 in RIF. pmor cells, the most soluble porphyrin containing two propionic ester side chains was foand w0 locakize in
mitochondria as well as the related chlorin and bacteriochlorin. : o : . )
Om&eﬁummﬁ@nwed._

1. Introduction PD’rbasemcrgedasoneofﬂ:epmmisingm;iesin
cancer treatment In this therapy. patients are givea
i is now 2 well recognized inmnousinjecﬁomofzdmgdmaccmnulaminanccr
i’:ﬁm &%% both independcnﬂ).' and in . - cells in. much.highcr coocentraticns than in normal cells.
conjunction with other cancer trearments.! Coml‘nmng the Lasar hg}n with an app-opxi.am: wavelengxh. delivered _by
use of a light-sensitive drug, lasers and fiber-optic probes, fiber optics to these tumor sites produces highly reactive
' o WENSP?M(&S-’Oz)Mdsmythemmmmc;H;:

—— . . . T, Therefore, for a 1o be effactive, it is
Keywords: photadynamic therapy; paotosecsitizers; porpbyrins; chlodias; mummm 'e'inmmwymmm'ris
o Comeponting sathars. A Potodyoaie Thecipy ot Roswell  TI0SE beneficial when [ase Light i delfvered af 3 thac poiat
Park Cancer Inscimte, Elm and Cariton Streets, Buffalo, NY 14253, USA_ .when the photosensitizer’s concentration is greater in the
“Tel: +1-7168453208; fax- 1716845892, - . . - mmor than in the sorrounding tissae. Thus, a comprebensive
o-mail: ravindra. pandey@roswellpark.og; : knowledge of the extent of localization and the rate
fhiuzuni @ p.chem eng.osaic-u.ac.jp; Keadish@uh o .of accumulation is of immense value. While the

sramageasad S . e Pmmen: e .
' from tha Department of Chemistry, University of Rajasthan phommmzar’smneenmnqnmmemy determined
g?puhr‘;;:oo«& I e by chemical extraction techniques, these methods are
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invasive, time consuming, and clinically non-feasible. In
contrast, in vivo NMR is minimally invasive, considered
safe, and the therapy can be monitored over time in a single
Lving system3 . :

In vivo MR spectroscopy has been used increasingly to
monitor metabolism and disease states in humans. Both
‘magnetic resonance imaging and spectroscopy have evolved
into sophisticated diagnostic techniques. In addition to the
proton, nuclei such as fluorine* can be- srdied by in vivo
spectroscopy and imaging. Fluorine-19 (*9F) NMR’n a
technique with significant potential because of the relauve!y
high sensitivity and low eadogenous background. Dug in
part to its high MR sensitivity, fluorine has recsived
considerable atteation as an MR nucleus. Fluorine-19 MR
has been used to study metabolism, mmor growth, and biood
flow. More recently, in vivo F MR has been used to
‘measure tumor integrity and vasculature in subcutaneously
implanted tumors in ras.5 MR of fluorinated compounds is
particularly attracdve for in vivo studies of human and
animal models. The °F isotope has a 100% natural
abundance, a spin of 1/2, and a MR seusitivity that is 83%
then that of hydrogen.” >

To date, most of the fluorinated porphyrin-based analogs
synthesized for in vivo F NMR studies have been
unsymmetrical,® and thus lead to signal dispersicn. In
order to have a strong fluorine signal at a low concentration

8. K. Pandey et al. / Teerakedron 59 (2003) 10059-10073

. 4 R=CF,
PM* = CH,CH,00,0Hy  4a R=CHY

of the drug in tumors, it is necessary to have photosensi-
tizers containing multiple fluorine units. It would be
advantageous to bave a photosensitizer with equivalent
ftuorine substiments that will render signal addition of all
equivaleat ouclei.

In this manuscript we report the synthesis of a series of
fluorinated and the comresponding non-flucrinated por-
phyrin-based compounds, the effect of the substituents on
their photophysical and electrochemical characteristics,
their intracellular localization and their in vitro photo-
sensitizing efficacy. :

2, Results and discussion

For the synthesis of porphyrin-based fluorinated photo-
sensitizers, our synthetic strategy was divided into two
parts. These were the (a) synthesis of porphyrins 1 and
2 containing symmetrical trifluoromethyl groups (total
fluorine: 6) introduced at the meta-or para-positicn(s) of
the phenyl ring and (b) porpbyrins 3 and 4 bearing
symreetrical trifiucrometbyl groups introduced at the 3
and 5-positions (total flucrine: 12) of the phenyl ring
present at the meso-position of the porphyrin ring systam
(see Charr 1). - : _
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a 8. R = p-methexyhenyl, Ry = H
6. R = pmethaxypheny a Ry
7. R = m-mathaxyphenyl C 10. R = pmethoxyghenyl, R, = CHO
B. R = 3,5-dImethaxyphenyl aC 11. R = m-methcxyphenyl, Ry = H
12. R = m-methaxyphenyl, Ry = CHO
aC 13. R = 3,5-dimethoxyphenyl, Ry = H
14. R = 3,5-dimethoxyphenyl, Ry 3 CHO
(a = POCIy/CMF)
¢
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CH, pHe .
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BnC,C ‘,‘ CHs;

H

19 20
Scheme 1,
Porphyrins 14 were synthesized from pyrroles 5,7 15'0 or

19! by following the well established ‘242’ reaction
approach!? (see Scheme 1). In brief, reactions of pymole 5
with p-, m- or 3',5'-dimethoxyphenyl aldehyde under acidic
reaction conditions produced the comresponding dipyrro-
methanes 6, 7 and 8 in 60~80% yield, which on refluxing
with ethylene glycol/KOH gave the related a-free dipyrmo-
methanes 9, 11 and 13, respectively in >85% yield. Further
reaction of these dipyrromethanes with POClyDMF under
Vilsmeier's reaction conditions!? produced the comrespond-
ing diformy! dipyrromethanes 10, 12 and 14 in excellent
yields (>75%). For the preparation of dipyrromethane 17,
pyrrole 15 was first converted into the acetoxy derivative 16,
which on treating with K-10 clay!* in dichloromethane at
room temperature gave the desired dipyrromethane in
70% overall yield. Reaction of pymole 19 with bromine/
methanol!¥ gave the corresponding dipyrromethane 20 in
72% yield. Hydrogenation of dipyrromethane 17 and 20 in
presence of PA/C at room temperature produced’ the
corresponding carboxylic acids 18 and 21 in quantitative
yields. - ) ~r e
Diformyldipyrromethanes 10, 12 and 14 were then indi-
vidually reacted with dipyrromethane dicarboxylic acid 18
under McDonald reaction conditions.'? After purification

P! = CH,CH,CO,Me

porphynns 22-24 were isolated in modest yield By
following a similar approach, pyrromethane 14 was also
reacted with pyrromethane dicarboxylic acid 21, and
porphytin 25 was obtained in 38% yield. For the preparation.
of the finorinated analogs, porphyrins 22-25 conmaining
methoxy groups in the pheayl rings were reacted with boron
tibromide and the related hydroxyphenyl parphyrins 26-29
were obtained in 70-77% yields. Further reaction of these
porphyrins with 3,5-trifluoromethylbenzyl bromide pro-
@ced the desired fluorinated porphyrins 1-4 in modest
yield (Scheme 2). Reaction of 29 with 3,5-dimethylbenzy]
bromide produced the non-fluorinated porphyrin 4a in
good yield. The structures of the intermediates and the
final products were confirmed by 'H, 1F NMR, mass
spectrometry and elemental analyses.

Among the fluorinated porphyrins 1-4, compound 4,
containing two propionic ester functionalities at the bottom
balf of the molecule showed enhanced solubility compared
to those conmtaining alkyl groups in 1% Tween 80/water
formulation as well as improved in vimo photosexnsitizing
efficacy in comparison to the other analogues. Therefore, for
imvestigating the photosensitizing effecy(s) of finorinated
groups in long-wavelength dbsorbing compounds, par-
phyrin 4 was reacted with osmium temroxide (OsO,) and
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22, Ry = Ry = H, Ry OCHy, Re = CiHs 28. Ry = Ry = H, Ry3 OH, R¢ = CjH; 1. Ry = Ry = H, Ry = OX, Ry~ CoHg
23 R, = Ry = H. Ay OCHy, Ry = CHg Z7.Ry= Ry H, Ry = OH, Ry = g Z R) =R, = H, Ry 2 OX Ry = Gty
24 Ry = By = OCH, Ry= H Ry 2 O BRimarOh e ROl LRI RINRIGS
25. Ry = Ry = OCHy, Ry=H Ry = 29.Ry =Ry = CH.Ry=H Ry » 43 R, = Ry = OY, i = N, Ry » CHyCH3C0,CH,
[X= 3,5riduoromethyibenzyl]
[Y = 3, 5-dimathyf)}-enzyl}

Scheme 2.

4 : 3 31
P = CHCHLC0,CH,
Scheme 3.

the corresponding vic-dihydroxy chiorin 30 (Ame: 648 nm)  peaks with equal intensity at 12.98 and 12.99 ppm,
and tetra-hydroxy-bacteriochlorin 31 (as an isomeric respectively.

mixture, Am.y: 716 mm) were synthesized. The relative ,

Yiclds of 31 and 32 were found to depend on the amountof 2.2, In vivo *F MR spectral characteristics

OsQ, used (Scheme 3).
' A typical F MR spectrum of the fluorinated photo-
As expected, the “F NMR spectra of all the flucrinated seositizer recorded on a 7T animal imager 8.0 post IP
porphyrins 1-4 exhibited a single peak at & 13.0 ppm, administration of the compound (100 uM kg=?) is shown in
whereas chlorin 30 and bacteriochlorin 31 showed two Figure 1. The tumor volume was 0.18 mL and specra were
' recorded over 30 min. The ability to observe the photo-
seusitizer by '°F MR non-invasively is an important step

_ towards understanding its pharmacokinetic characteristics
and relating these to its in vivo photosensitizing efficacy.
\ " These details will be published elsewhere.
"‘\\!W\'\V \J\/\/\W 2.3, Photophysical properties

¥ 5 2 15 0 5.0 5 PhCN is shown in Figure 2. For the case of 3, virmally the

A typical fluorescence spectrum of fluorinated porphyrins in
PPM same finorescence maxima at 628 and 693 nm was observed

Figure 1. In vivo F-19 NMR spectrum of compaund 4 obtained fomaRIF 35 for non-flucrinated porphyrins. The absorption and
wmor implanted in s CIH/Bel moase foot dorsum in ane of the hind 1sgs.~fluorescence maxima of investigated porphyrins 1-4,
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Figure 2. Fluorescence spectrum of 3 (7.3%10™% M) in deaerated PACN o
298 X by excitation at 535 am.

26-29, chlcrin 20 and bacteriochiorin 31 are Jisted in Table
1. The absorption and the Buorescence maxima are red-
shifted in the order: porphyrin, chlodn and bacteriochlorin,
but they are not affected by the fluorine substiments.

The fluorescence decay of 3 is well fited by a single
exponential line with lifetime of 18.5 ns as shown in Figure
3. The fluorescence lifetimes are also listed in Table 1. The
fluorescence lifetimes (7) are also unaffected by fluorinated
substituents. The rvalues of the nine porphyrins in this table
are all similar in the range of 16.1—18.5 ns irrespecdve of
substituents, but they are significantly longer than those of
chlorin 30 (3.8 ns) and bacteriochlorin 31 (3.3 ns).

Phosphorescence spectra were observed in deaerated frozen
2-MeTHF at 77 K. The phosphorescence maxima are also
summarized in Tabtle 1. Again the phosphorescence maxima
of porphyrins (822823 mm) are nct affected by the
fluorinated substituents. The triplet excited states of the
porphyrins were detected from the transient absorption
spectra measured 4.0 ps after laser excitation at 355 om. A
typical example is shown in Figure 4 for the case of 3.
The negative absorption at 410 nm in Figure 3 is due to
bleaching of the ground-state absorption bands. The positive
absorption at 450 nm in Figure 4 is due to the triplet~-triplet
(T~T) transitdon. The T-T absorption decay obeys first-

Restdinl
o

}-wﬂww’!w,wmfm\j -----

J

103

Frdesrastiy

Wy

102§T
i;? y= L g 1 N
s} 10 20 30 40 50 60
Time, ns

Figure 3. Fluorescence decay (A,q=628 nm) of 3 (73x107*M) in
deaerated PhCN at 298 X by excitation at 535 nm. The instrumeat respoase
(gray Une), decay dama (solid line), and single-exponensal fuad line are
plousd in the bomom frame. The residuals of the fic for 3 lifetimse of
7=18.5 as are plotted ia the top frame.

-order kinetics as shown in Figure 5. This indicates that there

is no contribution of the iplet—triplet annihilation under
the present experimental conditons.

The T-T absorption maxima and the triplet lifetimes are

summarized in Table 2. The triplet lifetimes of porphyrins

are in the range of 8.3~25 us, which are shorter than the

1(17f7cum$ of chlorin 30 (185 ws) and the bacteriochlorin 31
ns). .

The decay of the T-T absorption in oxygen-saturated PhCN
is enhanced significantly over that observed in deaerated
PhCN. The decay rate obeys first-order kinetics and the
decay rate constant increases with inmcreasing oxygen
concentration. Thos, an efficient energy transfer from the
triplet excited state of 3 to oxygen occurs to produce singlet
oxygen. The rate constants of the energy transfer (key) were

Table 1. Fluorescence emission maxima and fluorescence lifetimes in deserated PHCN at 298 X, and phosphorescence emission maxima in deacrated

2-MeTHF &t 77K
Aspex(fluorescence) (nm) 7 (Bucrescence)® (nm) Aqax{phosphorescence) (nm)

26 628 653 185 b v]
27 627 693 179 R 774
23 628 693 173 822
29 628 - 692 176 83
1 628 693 186 7]
2 627 652 161 3
3 623 693 185 2
4 628 691 17.7 v+
da 629 693 ° 182 822
30 652 M 33 842
31 720 T 33 306
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Figure 4. T-T absarption spectram of 3 (7.3X107* M) abtained by the
laser flash photolysis in deaerarzd PHCN at 4.0 s after laser excitasion
(355 am) at 298 K.
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Figure &, Kinetlc tace for tbe T-T ahsorption of 3 (7.3X107M) at
450 um in deaerated PhCN after lager excitation (355 nm) at 298 K. Inser:
First-arder plot.

Table 2. T~T absorption maxima (Anes(T-T)) wiplet lifetimes (q(TTT))
in the deaerated PhCN nnqunmcﬁn;me?mmu.dmemplu
excited states by oxygen in PRCN, and quanmm yields of singlet oxygen
in CDg

Amsa(T=T) (nm)  o(T=TI(* e M8 OO
2% 450 1.0x10™3 0.26
el 450 lIxi0™3 0.57
a8 450 1.ix1073 0.68
29 450 1.1x1072 033
1 450 3.3x10™* .61
2 450 1.4x10™* 0.75
3 450 1.9%1075 081
4 450 2.5%10~% 0.36
4a 450 23%1072 027
3¢ 440 1.9%x10™* .30
31 440 7.2%10™% 031

* The experimental errors are within +5%.
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datermined from the dependence of the decay rate constants
on oXygen concentration as listed in Table 2. The &gy values
are in the range of 8.9x108-1.1x¢10° M~! s™%. There is no
specific effects of the fluorinated substituents on the ke

. values which are smaller than the diffusion-limited value in

PhCN (5.6X10° M~ 571) 16

Irradiation of an oxygen-saturated benzenme solution of 3
results n formation of singlet oxygen which was detected
by the 'O, emission at 1270 nm (see Section 3). Quanmm
yields (@) of 'O, generation were determined from the
emission intensity which was compared to the intensity
obtained using a Cep reference compound.?” Relatively high
@ values are obtained for all investigated compounds as
summarized in Table 2. The highest P value is obtained as
0.81 for the tetrafluorinated compound 3.

2.4. Electrochemical studies

The electrochemically investigated compounds can be
divided into three groups based on the macrocycle and
substrutents. The first group includes the four flucrinated
porphyrins 1, 2, 3 and 4 (Chart 1, Scheme 2), the second, the
four non-flucrinated porphyrins 26, 27, 28 and 29 (Scheme
2) and the third, the one fluorinated chlorin 30 and the one
fluorinated bacterdochlorin 31 (Scheme 3). The electro-
chemistry of these ten complexes was carried out in PhCN
contzining 0.1 M TBAP as supporting elecrolyte. The
half-wave or peak potential for each reduction is listed in
Table 3. .

In all but one case (compound 29), the first reduction was
reversible and the second irreversible due to a chemical
reaction following formation of the dianion. This led to
cyclic voltammograms of the type illustrated in Figure 6.
A chemical reaction also followed the first oxidation of each
porphyrin and this led to imreversible or quasi-reversible
oxidations as graphically shown in Figure 7 for the case of

-compounds 3 and 4. The UV-visible spectral changes

obtained upon the first reduction were recorded in PhCN
containing 0.2 M TBAP. An example of the thin-layer
spectral changes are shown in Figure 8 for compounds 3 and

.30 and a summary of the spectral data for the eight singly

reduced porphyrins is given in Table 3. The neumral
compounds have a Soret band at 407-412nm and four
visible bands between 503 and 626 nm (sec Table 4). Upon
the first reduction, the Soret and visible bands decrease in
intensity while a new broad visible band appears at
799-813 nmn (see Table 3). These results are consistent
with a one-electron addition to the porphyrin 7-ring system
and indicate the formation of a porphyrin #-anion radical.’®
The cyclic voltammograms illustrating the stepwise oxi-
dadon of compounds 3, 4 and 30 are shown in Figure 7. The
same spectral patterns are observed for the eight porphyrins
in Table 3 and these dara may be contrasted to what is
observed . for reduction of the chlorin 30 (Fig. 8(b)} and
bacteriochlorin 31 whose mr-anion radical absorption bands
are also summarized in this table. The spectral changes
obtained upon oxidation of the porphyrin 3 and the chlorin
30 are illustrated in Figure 8. The reaction of the porphyrin
is quasi-reversible while that of the chlorin is reversible on
the cyclic voltammetry timescale (see cyclic. voltamogram

" Figare 7). Thus only the spectrum of the chlorin 30
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Table 3. Reduction potentials of investigated complexes and UV-visibie speztral data of sisgly reduced compounds in PhCN ccntaining 0.1 M TBA?

Croup Compound " Poteatial (Y vs. SCE) Singly reduced complexes
Ein E, Ao B {eX10™* M~ em ™)

1 1 -1.78 409 (6.1) 432 (4.0 - 806 (0.7
2 -1.80 408 (5.7) 435 3.y - 813 (1.0)
3 -1.80 407 (4.3) - - 801 (0.9)
4 -~1.66 412 (7.1) - - 801 (1.1)

o 26 -168 410 (6.3) 434 (6.3) - 799 (1.8)
27 -1.62 409 (5.1) 437(4.) - 800 (1.9)
28 -1.66 409 (5.7) 439 (2.8) - 800 (1.0)
29 -1.66 408 (5.2) 439 25" - 800 (1.2

o 30 -1.74 402 (3.5) - 535 (0.7) 735 (1.2)
31 ~1.34 406 (6.3) - 750 (0.8) 827 (0.3)

* E,arascan cae of 0.1 V/s. Two small peaks at E,=—0.52 and ~0.54 V also can be seen on first scan.

B A peak at E,=~1.29 V also can be seen. sh=shoulder peai.

corresponds to a true measurement of the first electro-
generated oxidation product which should be a w-cation
radical. The oxidations of other compounds were not
chemically or electrochemically reversibic and thus no
meaningful spectra-could be obtained (Fig. 9).

2.5. In vitro photosensitizing efficacy
The in vitro photosensitizing activity of fluorinated photo-

a) compound 3

b) compound 4

F::

¢) compaund 30
——i %130
 ——

T ¥ ¥ + L)

04 03 2 s 20
Poientials (V v KCEB)

Figure 6, Cyclic voltammograms iMustrating the stepwise reductions of

compounds (2) 3, (b) 4 and (c) 30 in PhCN containing 0.1 M TBAP.

I“m-b
—
00

sensitizers 1-4 was determined in radiadon induced
fibrosarcoma (RIF) tumor cell lines.'? For determining the
drug dose, one of the fluorinated porphyins 4 was initially
tested at two different concentrations (0.5 and 1.0 uM). The
drug concentration at 1.0 pM, together with a light dose at

a) compound 3
-—
0.90
—
0.50
124
b) compaund 4 -

120
¢) compound 30 ’ P
i
0.74
116 e
1.6 12 _ 0.8 04 0.0
" .. Potentials(V vs SCE) .

Fl'gm 7. Cyclic yollammograms illustrating the stepwise oxidaﬁonbof
compounds (2) 3, (b) 4 aed (c) 30 in PhCN containing 0.1 M TBAP.
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Figure 8. Thin-layer UV ~visible spectral changes of (2) compound 3 and
(b) compound 30 upon the firss reducdon at —1.50 V in FRCN cootaining
0.2 M TBAP.

4.0 J/em?, produced a significant phototoxicity without any
dark toxicity. Other photosensitizers were then evaluared
under similar drug concentration. From the results sum-
marized in Figure 10 it can be seen that all the fluorinated
porphyrins, the chlorin and the bacteriochlorin produced
significant in vitro efficacy. However, the compounds in the
porphyrin series containing bis-trifluoromethyl groups were
found to be less effective than those contining tetrakis-
wrifluoromethyl groups. The vic-dihydroxy chlorin 30 and
the related temahydroxy bactedochlorin 31 were quiie
effective with similar efficacy. In order to correlate the

S. X Pandey 4@ / Tetrchedron 59 (2603} 106059-10073
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Figure 9, Thin-layer UV-visible spccr:-al changes of @ compound 3 and
(b) compound 30 upan the first oxidation at 1.10 and 0.90 V in PACN
containing 0.2 M TBAP.

singlet oxygen efficiency with photosensitizing acdvity,
these compounds were also evaluated for their photo-
physical charactedstics. Although the presence and position
of the fluorinated substituents in the porphyrin macrocycle
produced a remarkable difference in singlet oxygen
producing efficiency, no direct correlation was observed
between singlet oxygen yield and in vitro photodynamic
activity. For example, the singlet oxygen yields of
porphyrins 1-3, are quite similar (0.61-0.81) but these
compounds showed a significant difference imn photo-
sensitizing activity. In contrast, similar photosensitizing
results were obtained among the terrakis-trifluorinated

Table 4. UV—visible data of investigated compounds in PRCN contzining 0.2 M TBAP

Aroazs BIR {£X1074, M~ em™Y)

Group Compound
Soret band Visible bands

1 4 408 (12.70) 503 (1.13) 536 (0.31) 572 (0.47) 626 (0.19)
2 409 (11.23) 503 (0.74) 538 (0.60) 572 (0.74) 624 (0.29)
a 407 (7.25). 503 (0.63) 535 (0.30) 571 (0.27) 625 (0.10)
1 407 (13.12) 503 (129 535 (0.62) 572 (058) 625 (0.28)

u 26 407 (16.20) 504 (124) 536 (027) S73(023) 624 (0.09)
27 407 (12.47) 503 (0.48) 535 (0.20) 572 (0.16) 624 (0.10)
29 412 (12.70) 504 (0.57) 538 (0.74) 570 (0.95) 615 (021)
28 407 (3.58) 503 (0.88) 535 (0.40) 572 (037) 624 (0.15)

m 30 402 (328) 501 (0.79) 548 0.1 593 (0.26) 648 (2.12)
31 399 (3.90) 506 (1.28) 593 (035) 645 (2.02) 715 (1.70)
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Figure 10. The in vitro photosensilizing activity of various fluoriaated
porphyins 1-4. cklorin 30 and Sacteriochlorin 31 (1.0 wM) in RIF umor
ceilx 3 4h ineutation. Control: Cell exposed to light without photo-
sensitizer and cells witk photosensitizer but no light sxposure.

analogs (3 and 4) in spite of a signiﬁcant' difference in
singlet oxygen yields (0.81 and 0.36. respectively).

On the basis of in vitro results, it is difficult to predict the in
vivo photosensitizing efficacy of these photosensitizers
because the pharmacokinetc and pharmac_odynamx_c pro-
files as well as photobleaching characteristics play impor-
tant roles in drug localization and clearance. These
properties could also be influenced by the overall lipo-

Rhodamine 123

philicity of the molecule which has proven to be an
important molecular descriptor that often is well correlated
with the bioactivity of drugs. The lipophilicity is indicated
by lipephilic indice such as the logarithm of a partition
coefficient, Jog P, which reflects the equilibrium partidoning
of a molecule between a non-polar and a polar phase, such
as n-octanol/water system. Partition coefficients can be
measured either experimentally by following a simple
‘shake flask’ approach or by using a currently available
computer program (PALLAS system).!% We calculatad the
log P values of the fluorinated porphyrins 1-4, the chlorin
30 and the bacteriochlorin 31 and these were in the range
of 12.76-19.75 [1 and 2: 15.58. 3: 19.75, 4: 18.43,
30:15.60 apd 31:12.76]. For investgadng a correlaton
between singlet oxygen yields and PDT efficacy, the in vivo
studies of fluorinated photosensitizers at diferent drugfight
doses are currently in progress. These results along with
the in vivo YF mumor imaging dawa will be reponed
elsewhere.

2.6. Tntracellular localization - -~

In general, porphyrin-based compounds have shown very
diverse patterns of localization, based on structure,
lipophilicity and charge.?® Localization in the lysosomes
and mitochondria are reported o be predominant. However,
in a QSAR smudy of certain photosensitizers the compounds
that localize in mitochondria are generally found to be more
effective. Therefore, the site of localization of the
fluorinated porphyrin 4 and the related chiorin 30 and
bacteriochlorin 31 were compared with Rhodamine-123,
which is known to target mitochondria. Images of the

Chlorin 30

Overlay

Figure 11. Comparative intraceHular localizadion of Rbodamine-123 {mmitochendrial probe) and fluorinated chlorin 30 in RIF cells ar 24h post-incubation.
Similar paiterns were observed from Aucarinated poarphyrin 4 and the comresponding bacteriochlorin 31 (oaly a represemative example is shown). The overlay
picture clearly indicates that both Rhodamine-123 and chlorin 30 localize in mitochondria. ' :
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photosensitizers and Rhodamine-123 were taken in rapid
succession. The resulting images clearly indicate that these
photosensitizers localize to the same .cellular region as
Rhodamine-123, suggesting that these compounds localize
in mitochondria, 2 more sensitive site for cell damage by
PDT (see Figure 11 for a represcntative example).

3. Experimental
3.1. Chemistry

All chemicals were of reagent grade and used as received
Solvents were dred using standard methods unless stated
otherwise. Reactions were carried out under a Ny atmos-
phere and were monitored by analytical preccated
{0.20 mm) silica TLC plates (POLYGRAM’; SIL N-HR).
Melting points were determined on electrically h:aceﬁ
melting point apparats and are uncosrected. UV-vis
spectra were recorded on a Varian (Cary-30 Bio) spectro-
photometer. 'H and '5F NMR spectra were recorded on a
Brucker AMX 400 and 376.5 MHz NMR spectrometer,
respectively at 303°K in CDCl; containing teu_-a.med-x_yl-
silane (TMS) as an internal standard. Proton chemical shifts
(5) are reported in parts per million (ppm) relative to TMS
(0.00 ppm) ar CDCl; (7.26 ppm) while fluorine chernical
shifts are reported in ppm reladve to wiffuoroacetc acid
(0.00 ppm). Coupling constants. (/) are reporied in Hertz
(Hz) and s, 4, t, g, m, dd and br refer to singlet, doublet,
triplet, quartet, multiplet, doublet of doublet a.nd broad
respectively. Mass spectral data (FAB) were obtained from
the University of Michigan, East Lansing, MI (the matrix is
usually nitrobenzyl alcohol) and from the Biopolymer
Facility of Basic Studies Center, Roswell Park Cancer
Institute, Buffalo, NY. Elemental analysis data were
obtained from Midwest Microlab, LLC, Indianapolis, IN.

3.2. General method for the synthesis of dipyrromethane
6,7 and 8 '

Pyrrole § (10.0 g, 0.055 mol) and p-methoxy benzaldehyde
(3.74 g, 0.0275 mol) were dissolved in ethanol (70 mL) and
p-toluenesulfonic acid (200 mg) was added. The.rmxion
mixmure was refluxed for 2 h under nitrogen. Analytical TLC
at frequent intervals was used to monitor the completion of
the reaction. It was then cooled, the solid was filtered, the
product was washed with cold water and dried under
vacuum at room temperature. The desired pyrromethane
6 [3,9-diethyl-6-(p-methoxyphenyl)-4,8-dimethyi-2,10-
diethoxycarbonyl dipyrromethane] was jsolated as a white
powder in 80% (21.2 g) yield. :

3.2.1. 3,9-Diethyl-6-(p-methoxyphenyl)-4,8-dimethyl-
2,10-diethoxycarbonyl dipyrromethane (6). Mp 105~
108°C; 'H NMR: & 8.20 (brs, 2H, 2xNH), 7.0l (4, J=
8.9 Hz, 2H, ArH), 6.87 (d, J=8.9 Hz, 2H, ArH), 5.43 (s, 1H,
CH), 4.26 (q, J=7.3 Hz, 4H, 2xOCH,CH,), 3.81 (s, 3H,
OCH,), 2.74 (g, J=7.5 Hz, 4H, 2XCH,CH,), 1.78 (s, 6H,
2%CHj), 1.31 (1, J=7.1 Hz. 6H, 2XQCH,CH,), 1L.12 (¢, J=
7.7Hz, 6H, 2xCH,CH3). Anal caled for CysHieN2O4:
C, 69.98; H, 7.55; N, 5.83. Found: C, 70.15; H, 7.37;
N, 5.93. By following a similar approach, pymrole 5 was
reacted with m-methoxy or 3, 5-dimethoxy benzaldehyde
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and the comesponding dipyrromethane 7 and 8 were
synthesized.

3.2.2. 3,9-Diethyl-6-(m-methoxyphenyl)-4,8-dimethyl-
2,10-diethoxycarhonyl dipyrromethane (7). Yield 70%;
mp 122-125°C; JH NMR: & 8.25 (brs, 2H, 2xNH), 7.23-
727 (m, 1H, ArH), 6.82 (dd, J=2.2, 7.8 Hz, 1H, ArH), 6.68
(d.J=7.4 Hz, 1H, ArH), 6.63 (s, 1H, ArH), 5.45 (s, 1H, CH),
4.25 (g, =73 Hz, 4H, 2xX0OCH,(Hj3), 3.76 (s, 3H, OCH,),
2.73 (q, /=7.6 Hz, 4H, 2xXCH,CH,), 1.79 (s, 6H, 2xCH,),
1.30 (r, J=7.1 Hz, 6H, 2XOCH;CH,), 1.11 (t, J=7.3 Hz,
6H.. ?XGI;CH;). Anal. caled for ngHggNzOs: C, 69.98: H,
7.55; N, 5.83. Found: C, 70.08; H, 7.60; N, 5.82.

3.2.3. 3,9-Diethyl-6-(3',5/-dimethoxyphenyl)4,3-dimethyi-
2,10-diethoxycarbonyldipyrromethane (8). Yield 60%;
viscous oil; 'H NMR: § 8.25 (brs, 2H, 2xXNH), 6.38 (s, 1H,
ArH), 6.24 (s, 2H, ArH), 5.39 (s, 1H, CH), 4.26 (g, J=
7.3 Hz, 4H, 2XOCH,CHj), 3.74 (s, 6H, 2x0OCH;), 2.70-
278 (m, 4H, 2XCH,CH3), 1.79 (s, 6H, 2xXCH,), 1.32
(t F=7.2Hz, 6H, 2xOCH;CH;), 1.10-1.16 (m, 6H.
2xCH,CH3).

33. General method for the preparation of pyrro-
methanes 9, 11, 13 ‘

The diethoxycarbony! dipymomethanes 6, 7 or 8 (for
example 11.6 g of 6) were individnally dissolved in ethylene
glycol (250 mL). Sodium hydroxide (12 g, crushed powder)
was added, and the reaction mixture was refluxed for L1 h. It
was then cooled, diluted with dichloromethane (250 ml.)
and washed with water (2%200 ml). The dichloro-
methane layer was dried over anhydrons sodium sulfate.
The residue obtained after evaporating the solveat was
chromatographed over silica column eluted with chloro-
form. The appropriate eluates were combined, the solvent
was evaporated, and the desired dipyrromethane 9 was
cbtained in 95% yield.

3.3.4. 3,9-Diethyl-6-(p-methoxyphenyl)4,3-dimethyl-

dipyrromethane (9). Mp 64—-66°C; lit?! *H NMR: § 7.30
(brs, 2H, 2xNH), 7.06 (d, J=8.8 Hz, 2H, ArH), 6.85 (d.
J=8.8 Hz, 2H, ArH), 6.38 (s, 2H, 2%Pymolic CH), 5.45
(s, 1H, CH), 3.81 (s, 3H, OCH»), 2.44 (q, J=7.2Hz, 4H.
2xCH,CH,), 1.81 (s, 6H, 2xCHj3), 1.19 (t, J=7.9 Hz, 6B.
2xXCH;CH3)-. :

332 3,9-Diethyl-6-(m-methoxyphenyl)-4,8-dimethy!-
dipyrromethane (11). Yield 88%; mp 202-204°C:
TH NMR: § 9.49 (s, 2H, ZXCHO), 5.08 (brs, 2H, 2xNH).
723-727 (m, 1H, ArH), 6.83 (dd, J=2.5, 8.0 Hz, IH.

-ArH), 6.66 (d, J=7.6Hz, 1H, ArH), 6.62 (s, 1H, ArH).

5.53 (s, 1K, CH), 3.75 (s, 3H, OCH,), 2.71 {q, J=7.6 Hz.
4H, 2xCH,CH3), 1.86 (s, 6H, 2xCH,), 1.20 (t. J=7.8 Hz.
6H, 2xCH,CH,). Anal. caled for C;HasN>0.2H,O:
S,:’ 70.94; H, 8.66; N, 7.52. Found: C, 71.29; H, 7.17; N.

333, 3,9-Diethyl-6~(¥,5'-dimethoxyphenyl)~4,S-dimethyl-

.dipyrromethane (13). Yield 97%; mp 119-121°C; 'H

NMR: 3 7.34 (brs, 2H, 2xXNH), 6.33~636 (m, 3H, ArH),
6.31 (s, 2H, 2xpymolic CH), 5.40 (s, 1H. CH), 3.74 (s, 6H.
2X0CH;), 2.40-2.45 (m, 4H. 2xCH,CH3), 1.81 (s, 6H.
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2XCHy), 1.14-1.19 (m, 6H, 2XCH,CHj). Anal. caled for
C3H3oN,0, 5H,0: C, 60.50; H, 8.83; N, 6.40. Found: C,
€0.00; H, 8.82; N, 5.91.

3.4. General method for the preparation of diformyl-
dipyrromethanes 10, 12 and 14

The pymomethane(s) [e.g. 9 (7.1 g}] was dissolved in
Vilsmeier reagent, prepared by reacdon POCl; (10.5 =)
and DMF (45 mL) was added and the reaction mixure ¥as
stirred at room temperature overnight. The reaction mixture
was poured into ice cold water (250 mL) and aqueous
sodium hydroxide (50%, 35 mL) was thea added‘slowly;_the
pH was adjusted to 10-12 and stimed overnight before
extracting with dichloromethane (3200 mL). The organic
layer was separated, washed with water (2x200 mL) untll
neutral and dried over anhydrous sodium sulfate. Evapo-
ration of the solvent gave a residue which was chromato-
graphed over a silica column, eluting with 1:1 ethyl acetara/
cyclohexane. The major band was separated, and the
product obuined after evaporating the solvent was crystal-
lized with methanc] and compound 10 was. isolated in
80% (6.80 g) yield. T

3.4.1. 3,9-Diethyl-2,10-diformyl-6-(p-methoxyphenyl)-
4,3-dimethyldipyrromethane (10)- Mp 168-165°C;
14 NMR: & 9.50 (s. 2H, 2XCHO), 8.70 (brs, 2H. 2XNH),
6.98 (d, J=8.7 Hz, 2H, ArH), 6.86 (d, J=8.7 Hz, 2H, A,
5.47 (s, 1H, CH), 3.80 (s, 3H, OCHy), 2.70 (g, J=75 Hz,
4H, 2XCH,CH,), 1.81 (s, 6H, 2xCH3), 1.20 (1, /=75 Hz,
SH, 2XCH2C.H3). Anpal. caled for CyH;gNzO;.IﬂH;O:
C, 71.80; H, 7.28; N, 6.98. Found: C, 7L.69; H, 6.74; N,
6.76. -

3.42. 3,9-Diethyl-2,10-diformy}-6-(m-methoxyphenyl)-
4,8-dimethyldipyrromethane (12). Yield 79%; mp 202-
204°C; 'H NMR: § 9.49 (s, 2H, 2xCHO), 9.08 (brs, 2H,
2xNH), 7.23-7.27 (m, 1H, ArH), 6.33 (dd, F=2.5, 8.0 Hz,
1H, ArH), 6.66 (d, J=7.6 Hz, 1H, AtH), 6.62 (s, 1H, ArfD),
§.53 (s, 1H, CH), 3.75 (s, 3H, OCH,), 2.71 (g, /=7.6 Hz,
4H, 2XCH,CH,), 1.86 (s, 6H, 2xCHj;), 1.20 (t, /=7.8 Hz,
6H, 2XCH,CH>). Anal. calcd for CuHzsN,04: C, 73.44; H,
7.19; N, 7.14. Found: C, 73.65; H,7.29; N, 7.06.

3.4.3. 3,9-Diethyl-2,10-diformyl-6-(3,5-di-methoxyphenyl)-
4,8-dimethyldipyrromethane (14). Yield 78%; mp 202~
204°C; 'H NMR (CDCl,, 400 MHz) §9.52 (s, 2K, 2xCHO),
8.56 (brs, 2H, 2XNH), 6.40 (s, 1H, ArH), 6.20 (s, 2H, ArH),
5.42 (s. 1H, CH), 3.74 (s, 6H, 2XOCH,), 2.70 (q, /=7.7 Hz,
4H, 2XCH,CH,), 1.81 (s, 6H, 2xCHy), 120 (¢, J=7.8 Bz,
6H, 2XCH,CHj). Anal. calcd for CpsH3oN20,.1/2H,0: C,
69.58; H, 7.24; N, 6.49. Found: C, 69.52; H, 7.00; N, 6.16.

3.5. General method for the synthesis of porphyrins
22-25 .

The diformyl dipymromethane (e.3. 10, 2.52 g, 6.43_1m:nnl),
and dipyrromethane 18 (2.04 g, 6.42 mmol) were dissolved
in dichloromethane (500 mL). p-Toluenesulfonic acid
(6.0 g) dissolved in methanal (100 mL) was added, and
the reaction mixture was stimed at room lemperamure
overnight under nitrogen atmosphere. A satrated solution

of zinc acetate/methanol (125mL) was added, and the

reaction was stirred for another 12 b. It was then diluted
with dichloromethane, washed with water and the organic

-layer was dried over anhydrous sodium sulfate. Evaporation

of the solvent gave a residue which was dissolved in
trifluoroacetic acid (30 mL) and stirrzd at room temperature
for 30 min. The Zn-free porphyrin thus obuined after
standard work-up was chromatographed over a short
Grade I Alumina column and eluted with dichloro-
methane. The major band was collected and the solvent -
evaporated. The residue was crystallized from dichloro-
methane/hexane and porphyrin 22 was isolated in 17%
(640 mg) yield.

3.5.1. 2,3,13,17-Tetraethyl-5-(p-methoxyphenyl)-3,7,12,
18-tetramethyiporphyrin (22). Mp 280~282°C; UV-vis
[CH,Cl,, nm (5, M~ em™1)] 403 (3.82x10%), 503 (3.15%
10%), 535 (1.39x10%, 571 (1.35x10%), 623 (4.832x10%); 'H
NMR: §10.13 (s, 2H, 2xmesoH), 9.92 (5. 1H, mesoH), 7.86
(4, J=9.0Hz, 2H, ArH), 7.16 (4, J=9.0 Hz, 2H, ArH),
4.00-4.06 (m, 8H, 4xCH,CH,), 3.99 (s, 3K, OCH,), 3.62
(s, SH, 2¢CHy), 2.47 (s, 6H, 2xCHa), 1.87 (1, J=7.7 Bz, 6K,
2xCH,CH3), 1.75 (1, J=1.6 Hz, 6H, 2XCH,;CH;), ~3.19
(brs, 1H, NH), —3.27 (brs. 1H., NH). Anal caled for
CasH.N,O: C, 80.10; H, 7.58: N, 9.58. Found: C, 80.14; H.
7.54; N, 9.62.

3.52. 2,8,13,17-Tetraethyl-3-(m-methoxyphenyl)-3,7,12,
18-tetramethylporphyrin (23). Yield 30%; mp 270-
272°C; 'H NMR: 810.16 (s, 2H, 2xnesoH), 9.96 (s, 1H,
meso M), 1.67 (4, J=72Hz, 2H, ArH), 7.59 (t, J=
78 Hz, 1H, ArH), 7.50 (s, 1H, ArH), 4.02-10 (m,
8H, 4xCH,CH3), 4.00 (s, 3H, OCHy), 3.65 (s, GH,
2ZXCHy), 2.60 (s, 6H, 2xCH,), 1.90 (L J=7.7Hz, 6H,
2XCH,CH3y), L.78 (1, J= 7.94 Hz, 6H, 2xCH,CH3), —3.20
(brs, 1H, NH), —3.35 (brs, 1H, NH). Anal. caled for
C3eHLNLO: C, 80.10; H, 7.58; N, 9.58, Found: C, 80.76; H,
7.60; N, 9.54.

3.5.3. 2,8-Diethyl-5-(3',5'-dimethoxyphenyl)-2, 3-diethyl-
13,17-bis~(2-methoxycarbonylethyl)-3,7,12,18-tetra-
methylporphyrin (25), The title compound was prepared

by reacting diformyldipyrromethane 14 with dipymo-

methage dicarboxylic acid 21 by following the procedure
reported by Chen et al.2 o

3.6, General method for the synthesis of porphyrins
26--29 .

Reaction of porphyrins 2225 (100 mg each) with ethereal

‘boron tribromide solution afforded porphyrin 26-29 in

70-77%.

3.6.1. 2,8,13,17-Tetraethyl.5-(p-hydroxypheny})-3,7,12,
18-tetramethyiporphyrin (26). Yield 77%; mp >300°C;
UV-vis (CH,CL,, nm (e, M™! cm~)] 404 (3.79x10%), 503
(2.91X10%), 536 (1.19%10%, 570 (1.14x10%); IH NMR: §
10.15 (s, 2H, 2xmeso H), 9.94 (s, 1H, meso H), 7.89 (d,
J=92 Hz, 2H, AH), 7.18 (4, /=8.7 Hz, 2H, Arl)), 4.00-
4.08 (m, SH, 4xCH,CHy), 3.64 (s, 6H. 2XCH,), 2.53 (s, 6H,
2xCH,), 1.88 (t, }=7.7 Hz, 6H, 2xCH,;CH3), 1.76 (t, J=
7.5 Hz, 6H, 2XCH,CH;), —3.75 (brs, 2H, 2xNH). Anal.
caled for CapHoNO: C, 79.66; H, 7.42; N, 9.82. Found: C,
79.75; H,745; N, 9.70. :
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3.6.2. 2,8,13,17-Tetraethyl-5-(m-hydmxyphenyl)-3,7,°12,
18-tetramethylporphyrin (27). Yield 72%; mp >300°C;
" UV-vis [CH,Cly, nm (2, M~} em™)] 402 (5.00x10-z),
502 (4.03x10%), 536 (1.76x10%, 570 (1.61x10%, 623
(4.60x10%; 'H NMR: & 10.18 (s, 2H, 2xmeso H), 9.93
(s, 1H, mescH), 7.69 (4, J=7.0 Hz, 2H, ATH), 7.61 (t, J=
7.7 Hz, 1H, ArH), 7.51 (s, 1H, ArH), 4,04-4.12 (m, 81—?,
4xCH,CH;), 3.66 (s, 6H, 2xXCHy), 2.38 (s, 6H, 2xCHa),
1.91 (t, J=7.7 Hz, 6H, 2xCH,CH3), 1.79 (1, J=7.94 Hz, 6H,
2%XCH,CH,), —3.85 to —3.75 (each brs, 1H, 2xNH). Anal.
caled for C3gHLN,O: C, 79.66; H, 7.42; N, 9.82. Found: ol
80.02; H, 7.37; N, 9.83.

3.6.3. 2,8,13,17-Tetraethyl-5-(¥,5'-di-hydroxyphenyl)-
3,7,12,18-tetramethylporphyrin (28). Yield 75%; mp
>300°C; UV-vis [CHyCl,, nm (z, M~! cm™h)] 402
(4.16x10%), 502 (3.45x10%), 536 (1.62x10%), 569 (1.49x
104, 623 (6.50x10%); 'H NMR (CDCl5, 400 MHz) 510.18
(s, 2H, 2xmesoH), 9.98 (s, 1H, meso H), 7.05 (s, 2H, ArH),
6.69 (s, 1H, ArH), 4.04—4.12 (m, 8H, 4xCH,CH,), 3.66 (s,
6H., 2%XCH;), 2.67 (s, 6H, 2xCHa), 1.90 (¢, J=7.7 Hz, 6H,
2XCH,CH), 1.80 (. J=75Hz, 6H, 2xCH,CHj3). Anal
caled for CagHaaN,02.H0: C, 7547, H, 7.33; N, 9.26.
Found: C, 75.31; H, 7.38; N, 9.14.

3.6.4. 2,8-Diethyl-5-(3',5'-dimethoxyphenyl)-13,17-bis-
(2-methoxycarbonylethyl)-3,7,12,18-tetramethyiporphy-
rin (29). Yield 70%; mp >300°C; UV-vis [CH;Cl;, am
(e, M~} cm—1)] 403 (4.64x10%), 502 (5.21x10%), 536
(3.35%10%, 571 (4.00x10%; 'H NMR: § 10.18 (s, 2H,
2xmeso H), 9.95 (s, 1H, meso H), 7.10 (s, ZH, ArH), 6.70
(s, 1H, ArH), 4.30-4.40 (m, 4, 2xCH,CH,CO,CH3),
3.98-4.08 (m, 4H, 2xCH,CH,), 3.70 (s, 6H, 2xCCH;),
3.65 (s, 6H, 2XCH,), 3.30-3.40 (m. 4H. 2xCH,CH,CO,
CHa). 2.66 (s, 6H, 2xXCH,). 1.80-1.90 (m, 6H, 2XCH,CHj3).
Anal. caled for CoHugN{OsH0: C, 63.69; H, 6.11; N,
7.08. Found: C, 63.32; H, 6.07; N, 6.41,

3.7. General method for the symheds of porpl;yrins 1tod

3,5-Bis(trifluromethyl)benzylbromide (40 pL, 0.22 mmol)
and anhydrous K,CO, (250 mg) were added 0 a stnrad
solution of 5-(4-hydoxyphenyl)tetracthylporphyrin 26
(85 mg, 0.15 mmol) in dry acstonitrile (10mL) and the
reaction mixmre was refluxed overnight under nimogen.
Solvent was evaporated under reduced pressure; water
(20 mL) was poured and extracted with CH,Cl (2X20 mL).
The combined organic exwracts were washed with water
(2x20 mL) and organic fraction was dried over Na;SOa.
Removal of organic. solvent in vacuo gave a cx_’qde
solid residue, which was chromatographed over silica
column using CH,Cl, as an eluant to yield 77 mg (65%)
of 5-[4-{3,5-Bis(trifluromethyl)benzyloxy)phenyl]ietra-
ethylporpbyrin 1 as purple plates.

3.7.1. 5-[4-(3,5-Bis(trifinromethy)benzyloxy}phenyl]-2,
8,13,17-tetraethyl-3,7,12,18-tetramethylporphyrin  (1).
Mp. 274-276°C; UV-vis [CHCl;, om (g, M™! em—1)}
403 (2.52x10%),. 502 (2.08x10%), 535 (9.25x10%, 570
(8.82x 10%), 624 (3.13x10%); 'H NMR: § 1021 (s, 2H,
2xXmeso CH), 10.00 (s, 1H, meso CH), 8.14 (s, 2H, AzH),
7.98 (s, 1H, ArH), 7.96 (&, J=4.5Hz, 2H, ArH), 731 (4,
J=4,5Hz, 2H, ArH), 5.42 (s, 2H, OCH>y), 4.06-4.13 (m,

8H, 4xCH,CH;), 3.70 (s, 6H, 2xXCHj3), 2.52 (s, 6H, 2ZXCH3),
1.94 (t, J=1.7 Bz, 6H, 2xCH,CH3), 1.82 (1, J=7.5 Hz, €H,
2XCH,CHs). '°F NMR: 8 13.12 (s, 6F, 2%CF;). Anal. caled
for Cy7HLNFO.H.0: C, 69.27; H, 5.94; N, 6.87. Found:
C, 65.37; H, 6.19; N, 6.33.

3.7.2. 5-[3-Bis{3,5-trifiuromethyl)benzyloxy}phenyl]-
2,8,13,17-tetraethyl-3,7,12,18-tetramethylporphyrin (2).

- Yield 96%; mp 109-110°C; UV ~vis{CHE,Cl,;, nm (g, M~}

cm™ 1] 404 (6.49x10%), 501 (6.83x10%), 537 (4.27x 10%),
570 (4.98x10%); SH NMR: 6 10.17 (s, 2H, 2xmeso CH), 9.96
(s. 1H, meso CH), 7.94 (s, 2H, ArH), 7.75-7.35 (m, 3H,
ArH), 7.62 (1, }=7.8 Hz, 1H, ArH), 7.40 (dd, J=2.6, 7.8 Hz,
1H, ArH), 532 (s, 2H, OCH.), 4.00-4,10 (m, 8H,
4xCH,CH,), 3.65 (s, 6H, 2XCHz), 253 (s, 6H, 2XCH>),
1.89 (1, J=7.8 Hz, 6H, 2xCH,CHs), 1.77 (t, J=7.6 Hz, 6H,
2XCH,CH,), =3.10 and —3.30 (each brs, 1H, 2xNH). ¥F
NMR: & 13.00 (s, 6F, 2xCF;). Mass (FARB) caled for
CarHNF;0: 796.35. Found: 797.36 (M+1).

3.7.3. 5-[3,5-Bis{¥,5" - rifluromethyl)benzyloxy}phenyl]-
2,8,13,17-tetraethyl-3,7,12,18-tetra-methyl porphyrin
(3). Yield 45%; mp 214~-216°C; UV-vis{CH,Cl,, nm (e,
M~} em™ Y] 403 (2.29%10%), 502 (1.93x10%, 536 (9.27x
10%), 570 (8.53x10°), 623 (3.34x10%); *H NMR: § 10.20 (s,
2H, 2xmeso CH), 9.98 (s, 1H, meso CH), 7.96 (s, 4H, ArH),
7.87 (s, 2H, ArH), 742 (d, J=2.9 Hz, 2H, ArH), 7.12-7.16
(m, 1H, ArH), 537 (s, 4H, 2xOCH,), 4.03-4.10 (m, 8H,
4xXCH,CH,), 3.66 (s, 6H, 2xCH3), 2.60 (s, 6H, 2xCH;),
1.91 (1, J=7.5Hz, 6H, 2xCH,CH>), 1.78 (t, J=7.5 Hz, 6H,
2xXCH,CH,). ¥F NMR: 5 12.98 (s, 12F, 4xCFs). Anal.
caled for CsgHsoNF1204: C, 64.74; H, 4.35; N, 5.39.
Found: C, 64.20; H, 4.94; N, 5.00.

3.7.4. 5-[¥,5-Bis(3",5"-trifturomethyl)benzyloxy}phe-
nyl}-2,8-diethyl-13,17-bis(2-methoxycarhonylethyl)-3,7-
dimethylparphyrin (4). Yield 75%; mp 72-75°C; UV-vis
[CHCl,, mm (2, M~} cm™1)] 404 (3.81x109), 502
(3.02x10%, 536 (1.41x10%, 570 (1.32x10%, 624 (4.82x
10%), 653 (2.59x10%; *H NMR: & 10.16 (s, 2H, 2xmeso
CH), 9.97 (s, 1H, meso CH), 7.92 (s, 3H, ArH), 7.81-7.84
(m, 3H, AtH), 737 (4, J=2.0Hz, 2H, ArH), 7.11 (d.
J=2.4Hz, 1H, AtH), 535 (s, 4H, 2xXOCHy), 4.40 (t,
J=7.6 Hz, 4H, 2XCH,CH;C0O,CH3), 4.00 (q, /=7.8 Hz,
4H, 2xCH,CH,), 3.67 (s, 6H, 2xOCH,), 3.66 (s, 6H,
2xCH3), 3.30 (t, J=7.6 Hz, 4H, 2XCH,CH,C0,CHj,), 2.56
(s, 6H, 2xCH,), 1.74 (t, J=7.4 Hz. 6H, 2xCH,CH,), =3.27
(brs, 1H, NH), —3.33 (brs, 1H, NH). 'F NMR: 8 12.96
(s,12F, 4xCF;). Anal. caled for CeoHsaN Fi206.H-0: C,
61.43; H, 4.31; N, 4.77. Found: C, 61.56; H, 4.71; N, 4.71.

3.7.5. 5-{35-Bis(3",5"-dimethylbenzyloxy)}phenyl-2,8-
diethyl-13,17-bis(2-methoxycarbonylethyl)-3,7-di-
methylporphyrin (4a). Yield 30%; mp 158-160°C; UV-
vis [CH,Cl,, nm (e, M~} em™?)] 404 (3.81x10%), 502
(3.43x10%, 536 (1.56x10%), 570 (1.50x10%, 623 (5.19%

- 10%); 'H NMR (CDCl;, 400 MHz) § 10.18 (s, 2H, 2Xmeso

CH), 9.98 (s, 1H, meso CH), 7.31-7.32 (;m, 2H, ArH), 7.11
(brs, 1H, ArH), 7.08 (s, 3H, ArH), 6.99 (s, 1H, ArH), 6.96
(brs, 2H, ArH), 5.17 (s, 4H, 2X0OCH»), 4.42 (1, 7=1.6 Hz, 4H,

- XCH,CH,COLCH,), 4.04 (g, J=7.0 Hz, 4H, 2xCH,CHa),

3.70 (s, 6H. 2XOCH3), 3.69 (s, 6H, 2XCHy), 3.32 (t, J=
7.8 Hz, 4H, 2XCH,CH,CO,CHs), 2.58 (s, 6H, 2XCHa), 2.30
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(s, 12H, 4xPhCH;), 1.78 (t, J=7.4 Hz, 6H, 2xCH;CH3),
:3.25 (brs, 1H, NH), —3.28 (brs, 1H, NH). Mass (FAB)
Caled for CygoHgeN,Os: 938.22. Found: 939.20 (M-+1).

3.3, Synthesis of chlorin 30 and bacteriochlorin 31 from
porphyrin 4

0Os04 (75 mg) dissolved in diethy! ether (S mL) was addad
to a stirred solution of 4 (100 mg) in dry CH,Cl; (20 mL)
and pyridine (0.2 mL). Tae reaction mixture was stirred at
room temperature for 6 b UV-vis spectrum showed wo
peaks at 645 nm (chlorin 30, major, R=0.5 in 5_% MeOH in
CH,Cl,) and at 713 nm (bacteriochlorin 31, minor, R=0.4
in 5% MeQH in CH,Cl,). The reaction was worked up :oy
passing a stream of H,S gas for one minute, diluted with
CH;Cl; (50 mL) and theq filtered through fluted filter paper.
The residue was washed with CH2Cl; (3350 mL), dried
over Na,SO,. The solvent was concentrated and the cmde
mixwre so obtained was purified by preparative TLC using
5% MeOH in CH,Cl; as an eluant. Three bands wers
isolated. The fast moving band (10 mg) was identified as
unreacted starting material 4;-the middle band (25 mg, 40%)
was found to be chlorin 30 and the slowest moving ba.nd
isolated in 13 mg (20%) was characterized as bacterio-
chlorin 31. .

3.8.1. 5-[3,5-Bis{3,5-bis(trifluromethyl)benzyloxy}phenyl]-
2,3-diethyl-7,3-dihydroxy-3,7,12,18-tetramethyl-13,17-
bis(2-methoxycarhonylethyl)porphyrin (30). Mp 172-
174°C; UV -vis [CH,Cly, am (8, M™! cmm™1)] 397 (4.44%
109%), 500 (4.16x10%), 648 (1.17x10%); 'H NMR: 5 9.38 (s,
1H, meso CH), 9.61 (s, 1H, meso CH), 9.21 (s, 1H, meso
CH), 7.97 (s, 2H, ArH), 7.91 (s, 2H, ArH), 7.88 (s, 1H,
ArH), 7.84 (s, 1H, AcH), 7.35 (s, 1H, ArH), 7.12 (s, 1H,
ArH), 7.06 (s, 1H, ArH), 5.40 (s, 2H, OCH,), 530 (s, 2H,
OCH,), 4.24 (t, J=72Hz, 2H, CH,CH,CO,CH,), 4.15
(t, /=7.4 Hz, 2H, CH,CH,C0,CHj;), 3.96 (g, J=7.4 Hz, 2H,
CH,CHy), 3.69 (s, 3H, OCH,), 3.67 (s, 3H, OCH;), 3.47
(s, 3H, CHj;), 3.44 (s, 3H,-CHy), 3.17 {t, J=7.6Hz, 4H,
2xCH;CH,CO,CHj), 2.26 (3,3H, CH;), 2.23-2.34 (m, 3H,
CH,), 1.70 (¢, J=7.8 Hz, 3H, CH,), 0.89-0.93 (m, 2H,
CH,CH3), 0.44 (t, 7=8.0 Hz, 3H, CH,CHj;), —2.32 (by, 1H,
NH), 'F NMR: & 12.98 (s, 6F, 2xCFy), 12.99 (s, 6F,
2X%CF3). Mass (FAB) calcd. for C60H35N4P1.10;l 1183.12,
Found: 1189.50 (M+-1).

3.8.2. 5-[3,5-Bis(3,5-bis(triffuromethybenzyloxy)}phenyi]-
2,8-diethyl-7,8,17,18-tetrahydroxy-3,7,12,18-tetramethyl-
13,17-bis(2-methoxycarbonylethyl)porphyrin (31). Mp
100-103°C; UV-vis (CH;Cl,) 395 (1.65x10%), 504
(2.22x10%), 644 (3.81x10%, 716 (2.67)(_10‘). Note: Due to
mixitire of isomers it was difficult to assign the resonances

_ for each proton in the 'H NMR spectrum. The 1F NMR
spectrum showed mainly two peaks at & 12.97 .and
1296 ppm. Mass (FAB) caled for CeoHsaNiF12040:
1223.13. Found: 1223.30 M<+1). .

39. Method for in vitro biological studies

The in vitro photosensitizing activity of ﬂuonnated photo-
sensitizers 1—4, chlorin 30 and bactericchlorin 31 was
determined in the -radiation induced fibrosarcoma (RIB
tumor cell line.!$ The RIF nmmor cells wers grown in

a-MEM with 10% fetal calf serum, penicillin and
streptomycin. Cells were maintained in 5% CO,, 95% air
and 100% humidity. For decermining the PDT efficacy,
these cells were plated in 96-well plates at a deasity of
1.25%10* cells well in complete media. After an overnight
incubation at 37°C, the photoseasitizers were added at the
same concentration (1.0 M), incubatad at 37°C for 4 h in
the dark. Cells were then illuminated with a 1000 W quartz
halogen lamp with IR and band pass dichroic filters to allow
light between 400 and 700 nm, at a dose rate of 16 mW/cm?.
After PDT, the cells were washed once and placed in
complets media and incubated for 48 b Then 10 pL of
5.0 mg/mL solution of 3-{4,5-dimethylthiazo}-2-y1)-2.5-
diphenyltetrazoliumbromide dissolved in PBS (Sigma, St.
Louis, MO) was added to each well. After a 4 h incubation
at 37°C the MTT and media were removed and 100 mL
DMSO was added to solubilize the formazin crystals.
The 96-well plate was read on a microtiter plate reader
(Miles Inc. Titertek Multiscan Plus MK II) at 560 nm. The
results were plotted as percent survival of the corresponding
dark (drug no light) control for each compound tested.
Each data point is the average of 5 replicate wells and
the error bars are the standard deviation of a single
experiment. ' .

3.10. Intraeellnlar_ localization

In order to determine the subcellular localization of the

.fluorinated porhyrin 4, chlorin 30 and bacteriochlorin 31, the
RIF czlls were seeded on poly-L-lysine coated glass cover
slips at 1X10% in 6 well plates and cultared for 48 b to allow
for attachment and spreading. The cells were incubated at
37°C in dark with the 1 uM concentration of photosensitizers
for 1, 4 and 24 h and then co-incubated with the 0.25 M
concentration of the organelle-specific dyes Rhodamine-123
for mitochondria and Fluospheres for lysosomes. Immedi-
ately prior to microscopy (Zeiss Axiovert 35, Carl Zeiss, Inc.
Germany), the cells were gently rinsed with PBS. Cells were
illuminated- with 2 mercury arc lamp with a filtsr cube
containing 530~ 585 nm excitation filter, 2 600 nm dichoric
filter and a long pass emission filter to detect the
photosensitizer. Fluorescent images were recorded and
analyzed using a GenIISys intesifier coupled toa Dage MTI
CCD72 camera and digitally processed with Metamorph
software (Universal Imaging Corp., Downingrown, PA).

3.11. Photophysical measurements

Absorption spectra were recorded on a Hewlett Packard
8453A diode array spectrophotometer. Time-resolved
fluorescence and phosphorescence spectra were measured
by a Photon Technology Intemational GL.-3300 with a
Photon Technology International GL-302, nitrogen laser/
pumped dye laser system, equipped with a four channel
digital delay/pulse generator (Stanford Research Systam
Inc. DGS535) and a motor driver (Photon Technology
International MD-5020). Excitation wavelengths were
from 535 to S51nm using coumarin 540A (Photon
Technology International, Canada) as a dye. Fluorescence
lifetimes were determined by a two-exponential curve fit

" nting 2 microcompnter. Nanosecond transient absorption
- -meastirements were camied out using a2 Nd:YAG laser

(continuum, SLI-10, 4-6 ns fwhm) at 355 am with the
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power of 10 ml as an excitation source. Photoinduced
events were estimatsd by using.a continuous Xe-lamp
(150 W) and an InGaAs-PIN photodiode @maﬁu
2949) as a probe light and a detector, res;_;equvely. Tae
output from the photodiodes and a photomultiplier tube was
recorded with a digitizing oscilloscope (Tektronix,
TDS3032, 300 MHz). The transient spectra were recorded
using fresh solutions in each laser excitation. All exped-
ments were performed at 298 K.

For the 0, phosphorescence measurements, an Oz-satu-
rated Cg¢Dg solution containing the sample in a quarz cell
(optical path length 10 mm) was excited at 532 om using 2
Casmo System LVU-200S specometer. A photomultiplier
(Hamamatsu Photenics, R5509-72) was used 1o detect
emission in the near mfrared region (band path 1 mm).

3.12. Electrochemical and spectroelectrochemical
measurements

Cyclic voltammetry (CV) measurements were performed at
298 K on an EG&G Model 173 potentiostat coqpled with an
EG&G Model 175 universal programmer in deacrated
benzonitrile solution containing 0.1 M TBAP as a support-
ing electrolyte. A three-electrode systém was unlxur.} and
consisted of a glassy carbon working electrode, a platinum
wire counter electrode and a saturated calomel reference
electrode (SCE). The reference electrode was séparated
from the bulk of the solution by 2 fritted-glass bridge filled
with the solvent/supporting electrolyte mixture. Thin-layer
spectroelectrochermical measurements of the one-slectron
oxidized and one-electron reduced bacteriochlorin
derivatives were carried out using an optically transparent
platinum thin-layer working electrode and a Hewlen-
Packard model 8453 diode array spectrophotometer coupled
with an EG&G Model 173 universal programimer.

3.13. In vivo 19F mmeasurements

The radiation induced fibrosarcoma (RIF) cells were

maintained according to the protocol of Twentyman’

et al? Tumors were grown on mouse foot dorsum by
jnoculating 2103 cells. The photosensitizer was adminis-
tered IP (~100 wM). *°F MR spectra were collected an a
Bruker 7T instrument osing a home built surface coil. The
15F MR spectral parameters included a 90° pulse of 16 ps, 2
spectral width of 20 KHz, 8K datm points, and 2 25
repetition time for a total accumulation time of 30 min.
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SUMMARY

The changes in the tumor that occur following photodynamic therapy (PDT) were studied using a small animal MR
imager operating at 7Tesla. The animal model used in these studies was mice bearing radiation induced fibrosarcoma
(RIF) tumor on the foot dorsum. The mice were injected with 10uM/kg of one of the photosensitizers: 1) Photofrin® 2)
Non-fluorinated porphyrin photosensitizer (DOD-1) 3) Fluorinated porphyrin photosensitizer (DOD-2) and, 4)
Fluorinated chlorin photosensitizer (DOD-6). Laser light at 630 or 650 nm (150 mW/cm?, 270 joules/ cm?) was
delivered to the tumor at 2-24 hours of ghotosensitizer administration. The MR spectroscopic and imaging examination
of the tumors involved both the 'H and *'P nuclei. The tumor bioenergetics was measured by *'P spectroscopy. The
water proton relaxivity and diffusion measurements were used to obtain local changes in different regions of the tumor.

Changes in P MR spectra were observed following PDT using Photofrin® and fluorinated chlorin sensitizer (DOD-6).
However, no significant changes were observed when the fluorinated porphyrin and its nonfluorinated analog were used.
The PDT induced changes in tumor volumes showed significant tumor regression with Photofrin®, fluorinated porphyrin
and chlorin sensitizers. No tumor regression was observed with the non labeled porphyrin sensitizer and the growth
profile followed the general pattern of unperturbed tumors. Serial noninvasive measurements of tumor response to PDT
are measurable by both MRI and MRS. The MR derived parameters that are characteristic of the tumor status before and
after the therapy are discussed here.

KEY WORDS? RIF tumor, Tumor regression, Photodynamic therapy, Magnetic Resonance Spectroscopy, >'P MR,
Relaxivity, Diffusion, Solenoid coil

1. INTRODUCTION

Photodynamic therapy is a cancer treatment modality that combines light sensitive drugs and lasers. Cytotoxic singlet
oxygen and free radicals produced by photodynamic therapy can damage the cell and lysosomal membranes. One of the
other major contributions to tumor destruction may be damage to tumor circulation following PDT initiation (1).
Monitoring the photosensitizer (PS) effects in the tumor and in normal tissue is helpful in the development and function
of new photosensitizers. MR studies offer the advantage of noninvasive assessment of the photosensitizer in a single
subject. The assessment of the same in the skin and underlying muscle may provide information about the cutaneous
toxicity of PS.

Magnetic resonance measurements being noninvasive in nature have been used on humans and animal models to study
in situ biochemistry and metabolism of tumors in a single individual subject. Phosphorous-31 NMR spectroscopy has
been used to detect the early metabolic response of tumors to PDT (2-6) which generally indicate a decrease in
nucleoside triphosphate (NTP) and an increase in inorganic phosphate (P;) within 1 hour of treatment and continuing for
several hours thereafter. These data generally demonstrate that early changes in *'P metabolism can be studied by
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MR and early changes are attributable to direct cellular damage as opposed to later changes that may be indicative of
overall hypoxia caused by vascular damage (7). Phosphorous -31 MR studies has been used to follow the therapeutic
effects and to assess whether the initiation of therapy is optimal or subcurative (4). However, if a proton based imaging
technique can prowide basic information about the initiation and progress of therapy, it would be more widely applicable
as tissue water protons are present at much higher concentrations than phosphorous-31 nuclei. When the spectral
changes seen in >'P MR examinations correlate with tumor regression and the spectral measures can be clearly correlated
to changes in one or more of the MR parameters such as perfusion, diffusion, or relaxivity, then it will provide a quick
way of effectively monitoring the therapeutic effects. Here we discuss the tumor response to PDT therapy while using
new photosensitizers as measured from >'P MR and 'H diffusion weighted imaging studies at 7Tesla animal imager. The
structures of new photosensitizers, representative in vitro PDT studies and, MR observation of fluorine labeled
photosenitizer in an in vivo RIF tumor model have been published by us recently (8). The molecular structures of three
such photosensitizers studied in this project are shown in Figure 1.

R R
CFy
R R ’
CH3 CHs
HsC2 CeHs
HsC CHy

COOH COOH

DOD -1: R=CH;, DOD-2: R= CF; DOD-6
Figure The structures of photoensitizers used in the study.

An ideal tumor size for the studies involving PDT and MR is one which is not too large to be a physiological burden (9)

to the animal but sufficient enough to provide signals of high signal to noise ratio from small tumor volumes. The tumor
size we used in our studies was in the neighborhood of 1-2% of the body weight. The tumors grown on the foot dorsum

with volumes in the range of 100-300 ul were found suitable for the studies using MR techniques.

2. METHODS
2.1Animal and tumor model

RIF tumor was implanted on the foot dorsum of male C3H/HeJ mice (Jackson laboratories, Bar harbor, ME). PDT and
MRI studies were performed on foot tumors while the animal remained steady under 1% isoflurane anesthesia.

2.2 Tumor production
Male C3H/HeJ mice, three to four weeks of age, were used in our studies. The mice were housed at five per cage in
humidity and temperature controlled animal facility with a 12 hour light/dark cycle. All mice were fed standard chow

and provided with water ad libitum. Mice treated with photosensitizers were maintained in subdued light for the
experiments.

Frozen RIF cells originally obtained from Roswell Park Cancer institute (Buffalo, NewYork) were maintained
according to the general protocols of Twentyman et al ( 10) with appropriate changes of the growth media at least twice
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a week. Tumors on the foot dorsum were produced by inoculating subcutaneously with 2x10° fresh RIF cells on three
week old male mice. The inoculation sites were observed two or three times a week for tumor growth until a tumor size
of sufficient volume for NMR and in vivo experiments were obtained.

23PDT

All PDT measurements were performed at 630nm using an argon ion (Spectra physics model 2045) pumped dye laser
(Spectra Physics, 375B). A fractionated laser irradiation scheme was employed that consisted of two laser irradiations,
separated by a dark interval of 2 hours. Laser irradiation was done for ten minutes each along each one of the three
tumor directions leading to 30 minutes of laser irradiation and a light dose of 270 J cm This method provides nearly
uniform light delivery to the entire tumor mass.

The photosensmzers were administered IP at a dose of ~10pMrkg. The photosensitizers considered in the study are: 1)
Photofrin® 2) Non-fluorinated porphyrin photosensitizer (DOD-1) 3) Fluorinated porphyrin photosensitizer (DOD-2)
and, 4) Fluorinated chlorin photosensitizer (DOD-6). After 2-24 hours post drug administration, the tumors were
illuminated with laser light at the required wavelength.

2.4 Tumor growth before and after PDT

Tumor measurements were done every day both before and after the treatment. The tumor volumes were estimated
using the formula V= 7t (axbxc) /6 where a, b and c¢ are the tumor dimensions in three directions measured using a
caliper. Tumor bearing animals were divided into treated and control groups. The control study groups were those that
remained untreated or those that were treated with photosensitizer alone or laser alone. The three tumor dimensions
and the total tumor volume were recorded. The tumor volumes post PDT were used to measure the tumor regression and
were used to evaluate the PDT effects using different photosensitizers on mice tumor model. Growth charts were
produced for both the controls and treated tumors. The tumor doubling rates or tumor regression rates were computed
from the charts so produced. To compare the PDT effects of different photosensitizers, the tumor doubling times from
the day 0 to the day of laser irradiation and the tumor halving times post PDT were computed.

2.5 Magnetic resonance spectroscopy and imaging

The*'P MR spectra were collected both before and after PDT using a Bruker 77T instrument and a home built saddle coil

2 (see Figure 2). The MR spectral parameters included a 90° pulse of
20us, a spectral width of 20 KHz, 8K data points and a 2s repetition
time for a total accumulation time of 30 minutes. >'P spectra were
collected prior to injecting the drug, before PDT initiation, and up to
6 hrs after PDT initiation. The ratio of Pi to total phosphorus content
is measured as a possible indicator of onset of PDT.

Figure 2: The 3P saddle coil designed for 7T animal imager was constructed
at our center. This coil with a diameter of 1.5 cm was used in foot tumor
studies.

2.5.1 Relaxivity studies

The optimized imaging of tumors to visualize the contrast between the necrotic, viable and, edematous zones requires
knowledge of both T, and T relaxation times. We have performed multislice T, and T, relaxation time measurements
on both control and PDT treated mice. The image based water T, relaxivity measurements were performed using

variable repetition times (TRs). The T, measurements were done using a series of spin echo images with variable echo
times. Both the studies were done in a multi-slice imaging mode.
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2.5.2 Diffusion Imaging ‘

Diffusion MRI studies were done using proton saddle coil of 1.5 cm diameter and 1.5 cm length. Diffusion weighted 'H
images were collected both before and after PDT on a 1 mm axial slice with 128x64 matrix with an FOV of 4cm. The
data matrix was interpolated to obtain a 128x128 square matrix. Mice were covered with cotton blanket to keep them
warm inside the magnet. Diffusion sensitizing gradient (0-120mT/M) pulse was applied in the three directions with

durations (8) of 10ms, a diffusion-gradient separation time (A) of 19.7 ms and 12 b values. The b values used in this
study were: 57.125, 102.107, 162.083, 280.160, 431.974, 617.524, 836.811, 1001.744, 1181.672, 1376.593, 1586.508,
and 1697.089 s/mm’.

2.5.3 Image Processing

All MR data were analyzed using the Bruker Paravison software. Four regions of interest (ROI) were chosen for our
measurements. The relaxation times (T, or T;) and the apparent diffusion coefficients (ADC'’s) from different regions of
interest (ROIs) were measured from the relaxivity and diffusion weighted images.

3. RESULTS

Representative tumor growth patterns of control tumors such as untreated, PS treated, and laser treated tumors are
shown in Figure 3a. The growth profiles for the PDT treated tumors are shown in Figure 3b.
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Figure 3a: Growth profiles for tumors for 1) unperturbed Figure 3b: Growth profiles for PDT treated tumors using DOD-1,
2) laser irradiation alone and 3) drug alone. The v DOD-2, DOD6, and Photofrin®. The arrows indicate
arrows indicate time of drug or laser administration the time at which PDT was started.

The slopes obtained from the growth phase alone and regression phase alone were used to compute the rates given in
Table 1. The growth and regression rates correspond to increase or decrease in tumor volumes. As can be seen from the
values in the last column, DOD-1 did not show any PDT response and there is only one rate which characterizes this
growth profile. The growth is represented by the doubling time and the regression rates are represented by the time
required for the tumor to regress to half its volume. The tumor volume measurements clearly demonstrate PDT effects
with DOD-2, DOD-6, and Photofrin®. No such effects were seen on laser alone or drug alone controls.
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Table 1

Mouse |Drug used| Treatment | Regression

Growth/ The changes that result following PDT studies were measured
using *'P MR spectroscopic technique. 'The fluorine labeled
photosensitizer (DOD-2) did not show significant changes in *'P

Number Times spectra but the tumor volume measurements showed regression
1 None | Untreated 1103 as shown in Tablel. The studies involving Photofrin® and
2 ‘Saline | Laser alone 178.9 DOD-6 showed tumor regression and changes in >'P spectra.
4 DOD-6 | Drug Alone 113.3 The nonlabeled photosensitizer did not show tumor regression or
° changes in *'P spectra.
5 DOD-1 | PDT treated 150.5
e The 3'P spectral data obtained for the case of Photofrin® were
6 DOD-2 | PDT treated 1 77' 0 analyzed and percent inorganic phosphate and o-ATP with
. respect to total tumor phosphorous were measured. These
7 DOD-6 | PDT weated 138.6 values were obtained using the AMARES algorithm as included
-414.0 in jMRUI software package (11). An increase in the
o : 122.9 concentration of inorganic phosphate (Pi) and a corresponding
8 Photofrin™ | PDT treated | " /") decrease in ATP values over time after PDT initiation are
i shown in
Figure 4. A similar set of results were also seen while using DOD6 40
sensitizer. There were greater effects on phosphate metabolism within P
in the first 2 hours of PDT when the sensitizer was Photofrin® or DOD-
6. The effects of PDT on *'P spectra were little or none when the 304
sensitizers used were DOD-1or DOD-2. However all the ‘_3'_
photosensitizers except DOD-1 showed tumor regression as shown in g
Figure 3. The results presented in Figure 3 describing the growth o
profiles are for qualitative analysis only and further studies with DOD- £ 2
1 and DOD-2 under similar treatment conditions as photofrin and
DOD-6 are currently in progress.
10

3.1 Relaxivity Values

The tumors were investigated for the changes in T, and T, values
following the therapy. The measurements were made in four different
regions on the central slice of 2 mm thick similar to that shown in
Figure 5. The mean T, values before and within 1hr after therapy

were 64.5 2.9 ms and 63.8%+2.3 ms respectively. Thus no changes
were seen for the T, values after the therapy. The mean T, values
before and after the therapy were 18281235 ms and 2553 £ 163 ms
respectively indicating an increase of 40 %( P=0.004). The increase
in Ty values were significant in all regions of the tumor area chosen
in this study. These results are also consistent with our earlier studies
on whole tumors studied on a 4.7T instrument (12).

3.2 Apparent Diffusion Coefficients

0 100 200 300 400
Time (min)

Figure 4; Intensities of P; and o-ATP peaks
measured at various times post PDT

From the diffusion weighted images the ADC’s in four different regions of interest (ROIs) were obtained. The different
ROIs chosen from 1mm thick mid slice of the tumor are shown in Figure 5. The signal intensities were extracted for
each ROI and ADCs measured using the Bruker Paravision software for diffusion analysis. The standard deviations were
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recorded for the selected regions of interest shown in FigureS. The ADC values measured before therapy were in the
expected range for the tumor type studied here.

The control ADC values were measured before the induction of PDT in 4 different regions in a2 1mm axial image that
corresponds to the central slice of the tumor. The volumes of the regions of interest were typically of the order of 6-7
mm®, Significant changes in the ADC values for both Photofrin® and DOD-6 sensitizers were observed in the first two
hours post PDT. These changes were more concentrated in region 4 (see figure 5). An increase in ADC was more
evident with DOD-6 than with Photofrin®. In some regions a decrease in ADC was also observed. The four regions of
interest in a given slice that were chosen for ADC measurements along the x, y, and z directions led to a total of twelve
measurements of ADC:s per slice. From the set of 12 measured values, we observed increases in 7 values and decreases
in 5 for the case of Photofrin® and 10 increases and 2 decreases for the case of DOD-6. The maximum increase in ADC
was ~54% with Photofrin® and 165% with DoD-6. Together our studies demonstrate that in the time frame where *'P
studies indicate build up of inorganic phosphate, the different regions of the tumor also undergo changes in the diffusion
values which are indicative of a substantial increase in water diffusivity that may be attributable to major cell loss,
reduced cell density, and widening of extracellular space leading to high water mobility (13). A decrease in ADCs has

been attributed to possible cell membrane break down that block active ion and water transport that lead to decline in
ADC.

Figure 5: A diffusion weighted axial image from a central slice of the tumor
recorded immediately following PDT. The four regions of interest that were
considered in the study are also shown.

4. CONCLUSIONS
MR spectroscopic studies of tumors before and after photodynamic
therapy may provide valuable insight into tissue response to different
photosenitizers at different times post therapy. The results from different
MR techniques have a significant potential in evaluating cellular and
molecular events that follow photodynamic therapy involving different
photosenitizers and their mode of action.
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In Vivo Magnetic Resonance Measures of Dark Cytotoxicity of
Photosensitizers in a Murine Tumor Model.
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SUMMARY
Photodynamic therapy (PDT) is a novel cancer treatment modality where the therapeutic action is controlled by light and
the potency of the photosensitizer used. Development of new potent photosensitizers (PS) for clinical applications
requires that the PDT effects are maximized while minimizing dark cytotoxicity. The dark toxicity of photosensitizers is
generally confirmed using cell lines. Photososensitizers that appear promising from in vitro assays need further
investigations under in vivo conditions. As in vivo MR methods have the potential to provide information on the tumor
status, they can be very effective tools to study dark toxicity of tumors.

The tumor produced on the mouse foot dorsum was tested on two newly synthesized photosensitizers along with
Photofrin as a control. The MR studies consisted of serial *'P spectral measurements both before and after PS injection.
The results show significant changes in the tumor metabolism with increased inorganic phosphate while using new
photosensitizers. However these changes slowly approached control levels several hours later. The studies performed
while using Photofrin did not show any significant changes indicating minimal or no dark cytotoxicity. Similar studies
performed on normal tissue such as the muscle indicated that the energy metabolism was minimally compromised.

Our studies demonstrate that the effects of dark cytotoxicity can be observed by *P MR. The growth profiles of tumors
treated with PS alone indicate that the metabolic changes are temporary and do not interfere with the tumor growth.
The studies suggest that MR is a new method of monitoring the effect of PS administered toxicity in an in vivo model.

KEY WORDS: RIF tumor, Tumor Growth Profiles, Dark cytotoxicity, Photodynamic therapy, Magnetic Resonance
Spectroscopy, >'P MR, RF coils.

i

1. INTRODUCTION

Photodynamic therapy (PDT) is a novel cancer treatment modality in which the drug action is locally controlled by light
(1). Development of new photosensitizers (PS) for clinical applications needs to minimize dark cytotoxicity while
maximizing the PDT effects in the tumor. Photofrin with a long incubation time in human ovarian carcinoma cells has
shown dark toxicity effects (2). Other photosensitizers such as Nile Blue A (NBA) have shown dark toxicity on human
tumor cells in vitro (3). The dark toxicity of NBA was not due to apoptosis. The cytotoxicity of photosensitizers in an in
vitro sitvation is often measured using a suitable cell system. For example the cytotoxicity in dark or in the presence of
laser light is generally monitored by counting the number of cells in the untreated and PS treated cultures (4). Other
methods such as MTT cell proliferation assay ( 5 ) is based on the ability of mitochondrial dehydrogenase enzyme from
viable cells to cleave the tetrazolium rings of MTT and form a dark blue formazan crystal which is largely impermeable
to cell membranes. The number of surviving cells is directly proportional of the formazan product created. The latter
method has been used to detect a portion of dark toxicity manifested by Photofrin II (6).
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In the above in vitro models the effect is only seen in the number of cells that die and the number of healthy cells that
remain after a treatment. The results depend upon the concentration of PS which remain constant during the time of
incubation. However,in practice, build up of the PS in the tumor and its subsequent cytotoxicity is a dynamic process
involving different absorption and elimination rates. Thus, a true and realistic model when used to determine the
cytotoxicity should take into account the dynamics of PS in the model. Additionally, the presence of vasculature in
tumors is not represented in cellular systems thereby making it a less effective representation of a tumors present in
humans. Thus, a tumor model in a mammalian system should be of great preclinical value in obtaining more
information on the effects of PS on the tumor either in the dark or in the presence of laser light. For these studies we use
the murine tumor model where the tumor is grown on the foot dorsum.

We also monitored the murine tumor model with and without the administered PS by the noninvasive magnetic
resonance technique. Two new water soluble photosensitizers (7) were tested for dark toxicity and tumor growth
monitored over 4-6 weeks. Of the two photosensitizers used in this study, one was a chlorin derivative (DOD-6) and the
other was a porphyrin derivative (DOD-2). The structures of these photosensitizers are shown n Figure 1 as compounds
1 and 2 respectively. The PS administered was in the dose range of 2.5-10uM/kg. Here we report the results of our
studies on dark toxicity of two PS by in vivo *'P MR and discuss their utility in the development of new photosensitizers

CF, CFs CF3
FsC CF,
CHa CHs
HsCa CoHs
HaC CHgs
CO,Na ‘ COOH COOH

1 2

Figure 1: The structures of two water soluble photosensitizers used in these studies. The compounds
1 and 2 are chlorin and porphyrin based photosensitizers.

2. METHODS

2.1 Animal and tumor model
Male C3H/Hel mice, three to four weeks of age, were used in our studies. The mice were housed at five per cage in
humidity and temperature controlled animal facility with a 12 hour light/dark cycle. All mice were fed standard chow

and provided with water ad libitum. Mice treated with photosensitizers were maintained in subdued light for the
experiments.

2.2 Tumor production
Choice of tumor model: An ideal tumor size for the project is one which is not too large to be a physiological burden to
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the animal but large enough to provide high quality signal from small tumor volumes. The tumor size is generally kept
between 1-10% of the body weight (8) and do not exceed 10%. The tumors grown on the foot dorsum to a volume of

300-400 pl were found to be appropriate for our studies. The tumor size we used in these studies were in the
neighborhood of 1-2% of the body weight

Methods: Frozen RIF cells originally obtained from Roswell Park Cancer institute (Buffalo, New York) were
maintained according to the general protocols of Twentyman et al (9) with appropriate changes of the growth media at
least twice a week. Tumors on the foot dorsum were produced by inoculating subcutaneously with 2x10° fresh RIF cells
on three week old male C3H/HeJ mice (Jackson laboratories, Bar harbor, ME). The inoculation sites were observed two
or three times a week for tumor growth until a tumor size of sufficient volume for NMR (200-300pl) and in vivo

experiments was reached and used in this study. All MRI studies performed on foot tumors while the animal remained
steady under 1% isoflurane anesthesia.

23PDT

All PDT measurements were performed at 630nm using an Argon ion (Spectra physics model 2045) pumped dye laser
(Spectra Physics, 375B). A fractionated laser irradiation scheme was employed that consisted of two laser irradiations,
separated by a dark interval of 2 hours. Laser irradiation was done for ten minutes each along each one of the three

tumor directions leading to 30 minutes of laser irradiation and a light dose of 270 J cm. This method provides nearly
uniform light delivery to the entire tumor mass.

The photosensitizers were administered IP at a dose of ~2-10uM/kg. PDT studies were performed on foot tumors while
the animal remained steady under 1% isoflurane mixed with N,O, and O, The photosensitizers considered in the study
are: 1) Fluorinated chlorin photosensitizer (DOD-6) 2) Fluorinated porphyrin photosensitizer (DOD-2) and 3)

Photofrin®. After 2-24 hours post drug administration, the tumors were illuminated with laser light at the required
wavelength. :

2.4 In vivo MR studies

The >'P MR spectra were collected from the foot tumor both before and after administering the PS. The studies were
performed using DOD-6, DOD-2 and photofrin the only FDA approved photosensitizer used in PDT treatment of
patients. A Bruker 7T instrument and a home built saddle coil were used for these studies. The MR spectral parameters
included a RF pulse of pulse of 20ps, a spectral width of 20 KHz, 8K data points and a 2s repetition time for a total
accumulation time of 30 minutes. >'P spectra were collected prior to injecting the drug, before and up to 6 hrs post PS
administration. The percent inorganic phosphate (Pi) and the high energy phosphate (ATP) resonances were estimated
using the AMARES algorithm as indicated in jMRUI software package (10).

2.5 Tumor growth before and after PS administration

Tumor measurements were done every day both before and after the treatment. The tumor volumes were estimated
using the formula V= ® (a*b*c) /6 where a, b and ¢ are the tumor dimensions in three directions measured using a
caliper. Tumor bearing animals were divided into treated and control groups. The control study groups were those that
remained untreated throughout the experiment. The three tumor dimensions and the total tumor volume were recorded.
The tumor volumes post PS administration were used to measure the tumor regression and were used to evaluate the

effects of dark toxicity of different photosensitizers on mice tumor volumes and growth profiles. Growth profiles were
produced for both the controls and treated tumors.

3. RESULTS
The photosensitizer DOD-6 showed significant increase in inorganic phosphate (Pi) resonance in the first 30 minutes
post drug administration. Representative *'P spectra when DOD-6 was administered at 10 and 2.5 uM/kg are shown in
displays A and B in Figure 2. This increase in Pi persisted for 3-4 hours. Similar results were seen while using DOD-2
(See display C in Figure 2). Studies performed between 5-24 hours showed characteristics of control spectra recorded
before drug injection. When photofrin was used at doses similar to those used above, no significant changes were seen
in >'P MR spectra indicating minimal dark toxicity for Photofrin (see display D in figure 2).
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Figure 2. 3p spectra of mouse foot tumor recorded before (upper trace) and after (lower trace)
administration of Photosensitizers : A) DOD-6 administered at a dose of 10 pM/kg B) DOD-6
administered at a dose of 2.5 uM/kg C) DOD-2 administered at a dose of 10 pM/kg and D) Photofrin
administered at 2 dose of 10 uM/kg respectively. The various peak assignments are: 1) B-ATP 2) o—ATP

3) ¥ ATP 4) PCr 5) PDE 6) Pi and 7) PME.
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A graphical representation of the changes involved in Pi and a-ATP peak intensities following the
administration of 5 pM of DOD-6 is shown in Figure 3. The changes indicate an increase in Pi and
a decrease in 0-ATP peak post PS administration.
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Figure 3: The changes observed over time in Pi and a-ATP peak intensities following
the administration of SuM/kg of DOD-6. The solid lines represent the increase in Pi
and a corresponding decrease in 0-ATP peaks.

4. Discussion

Dark toxicity was observed when the new photosensitizer (DOD-6) was administered at drug concentration of 2.5-10
UM/kg. A significant increase in inorganic phosphate (Pi) and a decrease in high energy phosphates were observed at
10 and 5uM/kg doses. However the magnitude of changes were significantly lower when the administered dose was
2.54M/kg. Continuous monitoring of the tumor by ?'P MR over a period of 4.5 hrs showed an increase in Pi of
approximately 146% and the decrease in a-ATP of ~38%. For PDT treated tumors an increase in Pi by as much as
280% and a decrease in o-ATP by 62% were observed. The tumor volume measurements were made for 4-6 weeks
following the administration of single dose of the PS. The growth profile did not differ from the untreated ones. The
cytotoxicity that results from the interaction of PS with laser light was in accordance with our earlier results (11). PDT
studies performed post drug administration (usually 24 hrs after drug administration) showed significant tumor
regression and the rate of regression was greater at 10uM/kg than at 5 uM/kg. Tumor volumes measured following
PDT at 2.5 uM/kg dose did not show tumor regression.

While the changes in tumor metabolism upon administration of DOD-6 or DOD-2 are significant and clearly measurable
by in vivo MR studies, dark toxicity alone does not appear to be sufficient to produce tumor regression. This is borne out
by the fact that the PDT treated tumors showed significant tumor regression while PS treated tumors did not show
significant deviations from untreated tumor growth profiles. Representative growth profiles of both PS treated and

untreated tumors are shown in Figure 4. The growth profiles show that indeed the PS treated tumors are similar to the
untreated control tumors. '
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The studies on tumors using the new Photosensitizers demonstrate that dark toxicity can be observed by *'P MR. The
tumor volumes monitored over several days did not show any tumor shrinkage as observed in PDT induced cytotoxicity.
Although dark toxicity was shown by the two new PS, it was not strong enough to interfere with the normal tumor
growth. Qur study provides information on dark toxicity of a PS in an in vivo model and hence provides a more
complete picture than those on cell lines. In vivo 3'P studies can be a valuable tool in selecting appropriate dose of the
sensitizer which minimizes dark toxicity on normal cells and exerts maximum beneficial effects on the tumors. Because
of its noninvasive nature theses studies should be translatable to patients under therapy.
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Figure 4: Growth profiles of control and photosensitizer treated tumors studied here.

5. CONCLUSIONS

MR spectroscopic studies of tumors before and after PS administration may provide valuable insight into tissue response
to different photosenitizers at different times post therapy. The results from MR technique have a significant potential in
evaluating cellular and molecular events that follow PS administration and after photodynamic therapy involving their
mode of action. Application of in vivo MR studies to smaller tumor volumes using localized spectroscopic imaging
technique may provide valuable information about cytotoxicity of PS in tumor models.
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Objective: To become familiarized and to gain experience in the research field
especially pertaining to cancer studies.

Employment Background:
At University Medical Center at Omaha

Cell Culture )
Maintained four different lines of cells. SKBR 3, MRA 231, and MRA453 all breast
cancer cells. The three lines of breast cancer cells were maintained from November of
2001 the end of the year. Currently maintaining RIF-1 cells received from Roswell Park
Cancer Inst. The RIF-1 cells are being maintained since Feb. 2002.

Doubling time
Finding out the doubling time of RIF-1 cells was accomplished with the use of the fisher
scientific hemacytometer.

Freezing and thawing of cells
I am experienced in freezing all four lines of cells listed above. Method: mix a fifty to
fifty solution containing media and cryoprotectant media then dilute cells in this and put
one ml in each container. I have also started culturing RIF-1 cells from a frozen sample
that was brought in from Roswell Park Cancer Institute.




Growing and maintaining RIF-1 tumors
I have injected RIF-1 cells into C3h/Hej mice both on the flank and also on the dorsal
side of the foot. Once tumors were visible I kept track of the tumor volumes and made
sure tumors stayed within a specific growth window. If the volume got too extensive I
put the animal down.

Numbering of mice
I have weighed and numbered over one hundred mice. Procedure: by piercing their ears
using a ear piercing code; five mice were kept per cage in special micro isolators.

Numbering of rats
[ have weighed and numbered over two hundred rats. Procedure: writing the number on
the rats tail with a magic marker. This process worked well as long as the animal only
needed to be kept track of for a couple of weeks.

Drawing blood from rats and mice
I have drawn blood from around thirty rats. Method used was to anesthetize them, make
sure animal was sedated by lightly pinching their foot. Once this was accomplished the
blood was drawn from the heart. .8-1.4 ml of blood was extracted from the animals. To
keep the blood from clotting one ml of an anticoagulant solution was added.
Recently just started extracting blood from mice. I have drawn blood from a couple mice.
Generally around one ml of blood can be drawn from a mouse. Same method followed
as in the rat procedure.

Anesthetizing of small animals
I am in the process of using two methods of anesthetics. The first is generally used
before the blood drawing. This method is a cocktail of Ketamine and Xylasine that is
injected into the thigh region of a rat or mouse.

The second method is by using an anesthetizing machine containing isoflurane of 1.5,
N20 at 600 cc/min., and O2 at 200 cc/min. The animals are anesthetized in two to five
minutes. This method of anesthetizing is generally used before and during MRI studies
and also when the cocktail of Ketamine and Xylasine is not available.

Extraction of Neural Tissue
I have extracted neural tissue from over two hundred rats. Method used : The animal is
laid on its back and with a pair of dull tipped scissors you make an incision through the
throat area and cut through the bone. Then pull back the skin till the skull is exposed you
then make to incisions on both sides and cut along the sides of the skull. Once the neural

tissue is exposed you lightly go around with a spatula to loosen and release the neural
tissue from its cavity.




Extraction of Thigh Tissue _
I have recently extracted thigh tissue from eight rats. Method used: The animal’s fur and
skin around the thigh region are removed using a scalpel. The muscle of the thigh is then
cut around the thigh and pulled back to releases it from the bone.

Tail Vein Injections
I have practiced Tail vein injections on around ten mice and feel fairly confident with this
procedure. Method used: the mouse is first set under a heat lamp for a minute or so to
allow for the tail veins to become more visible. The mouse is then taken and restricted in
a flat bottomed restrainer. The solution being used is then injected into one of the four
mice veins’ making sure the needle does not go in to deep. If procedure is successful then
the solution is visible going through the vein into the body.

Spectroscopy

I am experienced in the use of a Bio Spec 1601 to find different wavelengths of photofrin
solutions, which are currently being used on RIF-1 tumor cells.

MRI Studies
I have run many rat blood studies relating to Li levels in RBC and plasma I have also
helped out with different MRI studies relating with lithium distribution in a rats thigh and
proton and phosphorus studies pertaining to mice studies. The three types of image
sequences that I am familiar with are: one pulse sequence, 60 spec 1d T2 sequence, and
Im spec 1d T2 although I have helped out with many others. T also integrated some of
the data that was attained through image sequences and am involved in various data
processing.
I have analyzed the levels of lithium in the brains of a few rats using paravision software
and have also participated on a few image pharmakinetic studies that have been done
recently.
I also supervised the animals breathing rate and their levels of anesthetic during the
experiments.

Using a laser
I have participated in many experiments using a laser machine on C3h/Hej mice
containing tumors on both the flank and the dorsal side of the hind foot using
photodynamic therapy.

PDT studies
I have participated in multiple PDT studies. These PDT studies on mice have been done
using photosensitive drugs such as photofrin, DOD1, DOD2, DOD6, and DOD_JM 4.
During these PDT sessions the drug is first injected two to twenty four hours prior to the
laser treatments. The animals are then anesthetized and are treated with the laser on three
sides (the top and two sides of the tumor) for uniform penetration.

I'have also participated in some preliminary tumor imaging studies, and some T1and T2
measurements that were taken before and after the PDT was done.




CD Backup
I am Currently in the process of transferring and backing up data from MRI studies using
the Unix C Shell operating system.

Shipment of Hazardous Goods
I have recently been certified to ship Infectious substances with or without dry ice, and
diagnostic specimen. I have prepared and shipped samples of neural and thigh tissue
recently.
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sMaintain daily lab records and order lab supplies.
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eCompose and present a written report on Magnetic Resonance
Spectroscopic Quantitation and PDT effects of Fluorine labeled
Photosensitizers.

eInvestigate MR spectroscopic studies of tumors before and after
photodynamic therapy.

eCompare the tumor response to PDT therapy using
photosensitizers before and after the therapy.

eMeasure and calculate the tumor volume and conduct the laser
irradiation on tumors.
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Undergraduate research assistant

ePerformed cellular and molecular experiments, including plasmid
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and Oracle DBA

Familiar with Unix, Window 2000/NT/XP and Linux
Strong background in mathematics and physics
Responsible, efficient, cooperative and eager to learn new technology

Education:

University of Nebraska at Omaha January 2002-August 2005
M.S. Computer Science GPA: 3.7/4.0
Degree Date: August 2005

Dalhousie University (Canada) September 1999-August 2001
M.S. Atmospheric Science GPA: 4.0/4.0
Degree Date: August 2001

Lanzhou University (China) September 1990-June 1994
B.S. Atmospheric Physics & Atmospheric Environment GPA:3.8/4.0

Degree Date: June 1994

Work Experience:
Valmont Industries, Inc
Valley, Nebraska

IT Intern February 2005-current

Analyze and implement systems for
automation of drafting process

University of Nebraska Medical Center May 2003-August 2005
Graduate Assistant

Create and modify MRI pulse program
MRI data acquisition, spectrum and image processing and Analysis




University of Nebraska at Omaha May-August 2003
Department of Computer Science

e Developed a matching tool for components reuse (matching and adaptation)

University of Nebraska at Omaha August-December 2003
College of Information Science and Technology

e Developed a web front-end accessed Equipment, Maintenance, User Tracking
(EMU) System (ASP and MS Access)

University of Nebraska-Lincoln August-October 2002
Department of Architectural Engineering — Dr. Lily Wang
Part-time programmer

e Developed audio play & evaluation system (Java)

Dalhousie University September 1999-August 2001
Physics Department

Teaching Assistant/Research Assistant

e Simulated Arctic cloud with GESIMA model for international project-
FIRE.ACE/SHEBA

Chinese Academy of Meteorological Science June 1994-August 1999
Beijing, China

Assistant Researcher

Processed and analyzed PMS data on PC

Studied the variation of IN concentration in Beijing and its effect on climate

Honors:
e Awarded Lanzhou University scholarship for four consecutive years
Won second Prize in General Physics contest held at Lanzhou University, 1990
Won third Prize in Mathematics contest held at Lanzhou University, 1991
Ranked No. 2 in the final evaluation for 4 academic years in Lanzhou University.
Received Regent Tuition Waver (RTW) Scholarship at the University of
Nebraska at Omaha, August, 2002- May, 2003
e Appointed Research Assistant position at Dalhousie University (1991-2001) and
University of Nebraska Medical Center (2003-2005)
e Awarded the Travel stipend to attend the ISMRM meeting at Miami, Florida,
May, 2005.
Publications:
e Pharmacokinetics of lithium in rat brain regions by spectroscopic imaging. S.
Ramaprasad, E. Ripp, J. Pi, M. Lyon. Magn. Reson. Imaging. In press.

e S. Ramaprasad, E. Ripp, J. Pi, SS. Joshi, J. Missert, M. Dobhal and R. Pandey,
“In-vivo magnetic resonance measures of dark cytotoxicity of photosensitizers in
a Murine tumor model”, Proceedings of SPIE,vol 5746, 16-22, 2005.




S. Ramaprasad, E. Rzepka, J. Pi, SS. Joshi, M. Dobhal, J. Missert, RK. Pandey,
“Monitoring PDT Effects in Murine Tumors by Spectroscopic and Imaging
Techniques”, Proceedings of SPIE US4, V.5369, 380-386, 2004.

U. Lohmann, J. Zhang and J. Pi, “Sensitivity studies of the effect of increased
acrosol concentrations and snow crystal shape on the snowfall rate in the Arctic”,
J. Geophys. Res., 108(D11), 4341, doi:10.1029/2003JD003377, 2003.

Abstracts:

J. Pi, Y. Shi and Z. Chen, “Similarity and cluster analysis algorithm for
Microarrays using R* Tree”, accepted by 2005 IEEE computational Systems
Bioinformatics Conference, August 8 -11, 2005, Stanford University, California.

S Ramaprasad, J. Pi and E. Ripp, S. S. Joshi, J. Missert, M. P. Dobhal. R. K.
Pandey, “Dark cytotoxicity measures of photosensitizers in a murine tumor model
by 31P MR Studies”, 21* Annual Meeting, European Society for Magnetic
Resonance in Medicine and Biology, September 9-12, 2004, Copenhagen,
Denmark.

S. Ramaprasad, J. Pi and E. Ripp, “Quantative Mapping of Lithium in Rat Brain
at Therapeutic Doses by Spectroscopic Imaging”, Proceeding of 12"
International Society for Magnetic Resonance in Medicine, May 15-21, 2004,
Tokyo, Japan.

S. Ramaprasad, E. Ripp, J. Pi, S. S. Joshi, J. Missert, M. P. Dobhal, and R. K.
Pandey, “'°F MR Quantitation of Fluorine Labeled Photosensitizers in Tumors
and Normal Tissue” Proceeding of 12" International Society for Magnetic
Resonance in Medicine, May 15-21, 2004, Tokyo, Japan.

J. Pi and U. Lohmann, “Anthropogenic Aerosol Effect On Arctic Precipitation-A
Case Study With GESIMA Model” Proceedings of 35" Canadian Meteorological
and Oceanographic Society (CMOS) Conference, Page 99, 26-30 May, 2001

L. You, S. Yang, X. Wang and J. Pi, “A study of Variation Characteristic of Ice
Nuclei Concentration in Thirty Years at Beijing?’, Processing of 14th
International Conference on Nucleation and Atmospheric Aerosols, 26-30
August, 1996, Helsinki, Finland, p330~333.

References:
Available upon request




Curriculum -vitae

Name Dr. Mahabeer Prasad Dobhal
Date of Birth April 14, 1956
Postal Address 01,Teachers Residence

University Campus
University of Rajasthan

Jaipur- 302004
India

Educational Qualification
B.Sc, from Agra University, Agra (1973)
B.Ed., from Agra University, Agra (1974)
M.Sc., from Garhwal University,Srinagar (1976)
Ph.D.from University of Rajasthan , Jaipur(1982)
Research Experiences

1. P August 1976 to February 1982 worked for Ph.D. degree on the project entitled Chemical
Investigation of Medicinal Plants of Garhwal Region under the supervision of Prof.B.C.Joshi .
» December 1982 to April 1983 worked as Post — Doctoral fellow with Prof. B.C.Joshi.

3. P In May 1983 UGC Research Associateship was awarded ,during this period,(May 1983 to

August 1984) chemical investigation of some medicinal plants was carried and a few anti-epileptic
agents were isolated.

Work Experiences
1. Worked as a Production Chemist in Navin Chemicals Ltd. NOIDA (India)

2. From September 1984 I have been working as an Assistant Professor in the Department of
Chemistry ,University of Rajasthan, Jaipur .

List of Publications

1. Chemical investigation of Roylea M.P. Dobhal Herba Polon, 25, 95 1979
elegans part-1 B.C. Joshi

2. Chemical investigation and biological ML.P. Dobhal  Die Pharmazie 36, 381 1981
screening of the stems of Rhododendron Y.C. Joshi
anthopogon B.C. Joshi

3. Studies of Potential heterocyclic R.P. Bahuguna, Heterocycles, 16, 1981
sulphones as antimicrobial agents. Y.C. Joshi, 1955
Synthesis & antimicrobial activitity of M.P. Dobhal,
some novel substituted arylsulphonyl B.C. Joshi,
benzo (f) quinoline H.N. Mangal
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10.

11.

12.

13.

Spectral studies of some substituted
arylthiobenzo (f) quinolines

Chemical constituents of the stems
of Roylea elegans

Phytochemical investigation of the
roots of Colebrookia oppositifolia

Chemical investigation and
Pharmacological screening of
Roylea elegans Part-11

Chemical investigation of the roots of
Anisomeles indica

A review on genus Rhododendron

Spectral and antimicrobial studies
of some substituted
arylthibenzo (h) quinolines

Chemical investigation of various
species of the plants belonging to
Berberdiaceae

Chemical investigation of aerial parts
of Portulacca sufructicosa

Chemical investigation of Euonymus
Pendulus Characterization of a new
isoflavone (Garhwalin)

R.P. Bahuguna,
Y.C. Joshi,
M.P. Dobhal,
R.K. Pande,
B.C. Joshi

S. Ansari
Y.C. Joshi,
M.P. Dobhal,
B.C. Joshi

S. Ansari
M.P. Dobhal
R.P. Tyagi
B.C. Joshi
F.S.X. Barar

S. Kumar,
M.P. Dobhal,
B.C. Joshi,
F.S.K. Barar

S. Ansari,
M.P. Dobhal

M.P. Dobhal,
Y.C. Joshi
B.C. Joshi

R.P. Bahuguna,
Y.C. Joshi,
M.P. Dobhal,
B.C. Joshi,
H.N. Mangal

M.P. Dobhal
B.C. Joshi

Y.P. Agrawal
M. P. Dobhal

M.P. Dobhal
Y.P. Agrawal
B.C. Joshi
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15.

16.

17.

18.

19.

20.

21.

22.

23,

24.

25.

Chemical investigation of the seed
coats of Prunus amygdalus.

Isolation and characterization of a new
biflavone

A review on medicinal plants,
showing anticonvulsant activity

Phytochemical studies of stems of
Anisomeles indica

Chemical investigation of Caftalpa
longissima Part-1

Chemical investigation of Berberis
chitria 'Ham' - Isolation and

characterization of isoquinoline alkaloids

Chemical investigation and biological
activity of Berberis chitria

Characterization of a new alkaloids
from the roots of Berberis chitria

Structure and activity relationship of
isoquinoline alkaloids.

Chemical constituents of the bark of
Euonymus echinatus

A review on genus Rhododendron
- Part 11

In Vitro antimicrobial efficacy of
Berberis chitaria extracts

A new isoquinoline alkaloid from
Berberis chitria

B.C. Joshi

A K. Chauhan,
M.P. Dobhal,
V.P. Agrawal

A K. Chauhan
M.P. Dobhal,

M.P. Dobhal,
A K. Chauhan,
S. Ansari,
B.C. Joshi

A K. Chauhan
M.P. Dobhal,
P.N. Uniyal

M.P. Dobhal,
V.K. Goel,
B.C. Joshi

M.P. Dobhal
G.S. Negi

A K. Chauhan
M.P. Dobhal

R.S. Gupta
V.P. Dixit,
M.P. Dobhal

A K. Chauhan,
M.P. Dobhal,
Diwakar Sharma

M.P. Dobhal

M.P. Dobhal
Y.C. Joshi

M.P. Dobhal,
A K. Chauhan,
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659

Himalayan Chem.
Pharma, Bull 5, 41
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27.

28.

29.

30.

31.

32.

33.

34.

35.

A Review on genus Euonymus

A Review on genus Eupatorium
Part-1

Synthesis of some new sulphide
sulphone and triazolo derivatives of
pyridobenzodiazepines

A Review of the Chemical Constituents
in the genus Eupatorium Part-II

Morphometric and biochemical changes
in tests of Presbytis entellas (Langur)
Followed by aristolochic acid
administration

A review on the chemical constituents
in the genus Eupatorium - Part-111

A brief review on chemical constituents
of some medicinally important species of
Genus Plumeria

A review on cyclopeptide alkaloids

Ferulic acid aster from Plumeria bicolor

Effects of coumarin derivatives on
testicular population in Langur monkeys.

A M. Hassan,
C. Kaushik
M.P. Dobhal

A.M. Hassan,
M.P. Dobhal
B.C. Joshi,
G.S. Negi

B.C. Joshi
R.P. Tyagi

Madhu Chauhan,

M.P. Dobhal

A.M. Hassan,
M.P. Dobhal
G.S. Negi
B.C. Joshi

R.S. Gupta
M.P. Dobhal,
V.P. Dixit

A .M. Hassan,
M.P. Dobhal
G.S. Negi
B.C. Joshi

A .M. Hassan
B.C. Joshi
M.P. Dobhal

Chetan Kaushik

MLP. Dobhal

M.P. Dobhal
A .M. Hasan
M.C. Sharma
B.C. Joshi

R.S. Gupta,
V.P. Dixit
M.P. Dobhal
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36. Antifertility studies and Chemical
investigation of Colebrookia oppositifolia
leaf extract in male albino rats.

37. Antifertility studies of the root extract of
the Barlaria prionitis in male albino rats
with special reference to testicular cell
population dynamics.

38. Effect of Organoantimony Compounds
sterically hindered bifunction legands on
the reproductive systems.

39. Hypocholeserolemic effect of the
oleoresin (Capsicum annum) in gerbils.

40 Effect of Alstonia scholaris bark extract on
testicular function of Wistar rats

41 Antispermatogenic effect and chemical
investigation of Opuntia dillenii

42 A review on potentiality of medicinal
plants as the source of new contraceptive
principles. '

43. “Fluorinated Photosensitizers: Synthesis,
Photophysical, Electrochemical and In-Vitro
Photosensitizing Efficacy”

44. Monitoring PDT Effects in Murine Tumors
by Spectroscopic and Imaging Techniques.

R.S. Gupta
R.K. Yadav,
V.P. Dixit,
M.P. Dobhal

R.S. Gupta
P. Kumar,
V.P. Dixit,
M.P. Dobhal

R.K. Sharma
ML.P. Dobhal,
Y.P. Singh,

- R.S. Gupta

R.S. Gupta
V.P. Dixit,
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R.S. Gupta
M.P. Dobhal

R.S.Gupta
A.Sharma
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Ohkubo, K
Fukuzumi, S
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Zhan, R
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Suresh K. Pandey, Ph.D.

Work: Home:

Photodynamic Therapy Center 182 Kenville Road, Apt. A
Roswell Park Cancer Institute Buffalo, NY 14215

Elm and Carlton Streets Phone: 716-836-1934

Buffalo, NY 14263, USA

Email:sureshkpandevi@vahoo.com

Phone: 716-845-3377; Fax: 716-845-8920 suresh.pandey@roswellpark.org

Educational Qualification
» Ph. D. Medicinal Chemistry; 2000; Banaras Hindu University, Varanasi, India & Central
Drug Research Institute, Lucknow, India.
» M. Sc. Organic Chemistry; 1995; Banaras Hindu University, Varanasi, India.
» B.Sc. (Honors) Chemistry; 1993; Banaras Hindu University, Varanasi, India.

Research Interest :
> Design, synthesis and structure activity relationship (SAR) studies of novel biologically
active compounds.
» Synthesis and practical utility of multimodality photosensitizers.
> Synthesis of target specific phtotosensitizers and imaging agents.

Research Experience

>

2001-current: Post Doctoral Fellow
Photodynamic Therapy Center, Medical Research Complex, Roswell Park Cancer
Institute, EIm & Carlton Streets, Buffalo, NY 14263, USA. (Mentor: Prof. R.K. Pandey)

Synthesized fluorinated and non-fluorinated porphyrins to harness imaging
requirement for the tumor tissues. It was found that in addition to have symmetric
fluorinated substituents for sharp intense signal by in vivo fluorine NMR, overall
ampiphilicity of the compound also plays a crucial role.

In another project chlorins, and their carbohydrates conjugates (mainly p-galactose
analogs) are being synthesized for their targeted anticancer activity. The structure of
the conjugates was confirmed by 'H-'H COSY, TOCSY and ROESY NMR
experiments, while their purity was checked by HPLC. Galectin (a f3-galatcoside
glycoproteins overexpressed in tumor cells) binding assays have been carried out in
addition to in vitro and in vivo studies for above conjugates to elucidate their
efficacy & mechanism of action. The molecular modeling of these conjugates is also
in progress.

Synthesis of iodinated chlorins and bacteriochlorins are under progress. These
compounds are converted to the corresponding radioactive analog of Iodine (**'T) for
the purpose of positron imaging tomography (PET) and therapy. In some cases these
compounds are found to be better than FDG (a standard PET tracer) for
distinguishing boundaries between normal and tumor tissues. An application for the
US patent has been filed for these compounds and quantification studies are
underway. In addition, attempts to make these compounds target specific is in
progress.

Published 4 papers, 2 in press, filed 1 patent and presented 4 papers in the national
/international conferences.




» 1995-2001: Graduate Fellow

Medicinal Chemistry Division, Central Drug Research Institute, Lucknow, India.

Mentors: 1. Dr. A.K. Saxena, Scientist “F” & Deputy Director, Medicinal Chemistry

Division, Central Drug Research Institute, Lucknow, India. 2. Prof. (Late) A.K.

Mukerjee, Department of Chemistry, Banaras Hindu University, Varanasi, India.

Thesis entitled “Design and Syntheses of Cholecystokinin{(CCK) Antagonists and

Antithrombotic Agents”

¢ Synthesized racemic and chiral isomers (R/S) of pyrido(3.,4-b)indoles (known as [-
carbolines) by rigidification of respective racemic and chiral (R/S) tryptophan and
tryptamine for their antiulcer and antinociception activity which is mediated by
cholecystokinin (CCK) receptor antagonism. Quantitative structure activity
relationship (QSAR) and molecular modeling were also carried out to determine the
pharmacophore responsible for the activity.

e Synthesized tetracyclic lactams and nitrogen, sulphur containing heterocycles (viz.
thiazolines, pyrrolidines, piperidines, piperazines) for antithrombotic and
antiischemic activities. QSAR studies were then performed to assess the impact of
physicochemical parameters on the biological activity.

¢ Published 6 papers, filed 3 patents and presented 5 papers in conferences.

Technical Experience v
Sound knowledge of chemistry including bioorganic chemistry; Column Chromatography;
Chromatotron; IR; UV-Visible; HPLC; NMR('H, “C and COSY, TOCSY, ROESY)
spectroscopy; Mass spectroscopy (Interpretation), 2D/3D-QSAR and small molecule
molecular modeling; Fluorescence Imaging; Nuclear Imaging (Positron Emission
Tomography); ELISA; etc.

Supervisory Experience :
Planned and successfully supervised high school and undergraduate students towards their
their poster and oral presentations.

Awards
> Qualified Graduate Aptitude Test for Engineering (GATE) 1995; conducted jointly
by Indian Institute of Technology and Institute of Science, India.
» Qualified National Eligibility Test (NET) for Junior Research Fellowship and Lecturer
ship 1995, jointly conducted by Council of Scientific and Industrial Research (CSIR) and
University Grant Commission (UGC), India.

Fellowships ,
» 1995-1996: Research Assistantship, Ministry of Health & Family Welfare, Government
: of India, New Delhi, India.
> Recipient of prestigious national fellowship towards graduate studies for 5 years
period from1996-2001 as below.
e 1996-1998: Junior Research Fellowship, Council of Scientific and Industrial
Research (CSIR), Government of India, New Delhi, India.
e 1998-2001: Senior Research Fellowship, Council of Scientific and Industrial
Research (CSIR), Government of India, New Delhi, India.
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10.

11.

12.
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Papers :
Tripathi, R.C.; Pandey, S.K.; Kar, K.; Dikshit, M. and Saxena, A.K. “Synthesis and SAR
studies  of  l-substituted-n-(4-alkoxycarbonypiperidin-1-ylalkanes as  potent
Antiarrhythmic Agents” Bioorganic and Medicinal Chemistry Letters, 1999, 9, 2693-
2698.

Pandya, T.; Pandey, S.K.; Tiwari, M.; Chaturvedi, S.C. and Saxena, A.K. “3D-QSAR
studies of Triazolinone based Balanced AT,/AT, Receptor Antagonists” Bioorganic and
Medicinal Chemistry, 2001, 9, 291-300.

Saxena, A.K.; Pandey, S.K.; Tripathi, R.C. and Raghubir, R. “Synthesis, Molecular
Modeling and QSAR studies in chiral 2,3-disubstituted-1,2,3,4-tetrahydro-9H-pyrido[3,4-
blindoles as potential modulators of opioid antinociception” Bioorganic and Medicinal
Chemistry, 2001, 9, 1559-1570.

Pandey, S.K.; Awasthi, K.K. and Saxena, A.K. “Microwave assisted Stereospecific
synthesis of (S)-3-substituted 2,3,6,7,12,12a-hexahydropyrazino[1',2"; 1,6] pyrido [3,4-
blindole-1,4-diones” Tetrahedron, 2001, 57, 4437-4442.

Saxena, A.K.; Pandey, S.K.; Seth, P.K.; Singh, M.P.; Dikshit, M. and Carpy, A.
“Synthesis and QSAR studies in 2-(N-aryl-N-aroyl)amino-4,5-dihydrothiazole
derivatives as potential Antithrombotic Agents” Bioorganic and Medicinal Chemistry,
2001, 9, 2025-2034.

Pandey, S.K.; Naware, N.B.; Trivedi, P. and Saxena, A.K. “Molecular Modeling and
3D-QSAR studies in 2-aziridinyl- and 2,3-bis(aziridinyl)-1,4-naphthoquinonyl sulfonate
and acylate derivatives as potential antimalarial agents” SAR and OSAR in
Enviornmental Research, 2001, 12, 547-564.

Gryshuk, A.L.; Graham, A.; Pandey, S.K.; Potter, W.R.; Missert, J.R.; Oseroff, A.;
Dougherty, T.J. and Pandey, R.K. “A First Comparative Study of Purpurininide-Based
Fluorinated vs. Non-Fluorinated Photosensitizers for Photodynamic Therapy”
Photochemistry and Photobiology, 2002, 76, 555-559.

Pandey, S.K.; Gryshuk, A.L.; Graham, A.; Ohkubo, K.; Fukuzumi, S.; Dobhal, M.P.;
Zheng, G.; Zhan, R.; Kadish, K.M.; Ramaprasad, S.; Oseroff, A.; Dougherty, T.J. and
Pandey, R.K. “Fluorinated Photosensitizers: Synthesis, Photophysical, Electrochemical
and In-Vitro Photosensitizing Efficacy” Tetrahedron, 2003, 59, 10059-10073.

Li, G.; Pandey, S.K.; Dobhal, M.P.; Mehta, R.; Chen, Y.; Gryshuk, A.L.; Olson, K. R-.;
Oseroff, A. and Pandey, R.K. “Functionalization of OEP-Based benzochlorins to
Develop Carbohydrate Conjugated Photosensitizers. Attempt to Target B-Galactoside
Recognized Proteins” Journal of Organic Chemistry, 2004, 69, 158-172.

Ramaprasad, S.; Ripp, E.; Pi, J.; Joshi, S.S.; Pandey, S.K.; Missert, J. and Pandey,
R.K.“In Vivo Magnetic Resonance Measures of Dark Cytotoxicity of Photosensitizers in
a Murine Tumor Model” Proceedings of SPIE (Medical Imaging), 2005, 5746, 16-22.
Pandey, S.K.; Gryshuk, A.L; Sajjad, M.; Zheng, X.; Chen, Y.; , Abouzeid, M.M;
Morgan, J.; Charamisinau, I.; Nabi, H.A.; Oseroff, A. and Pandey, R.K. “Multimodality
Agents for Tumor Imaging (PET, Fluorescence) and Photodynamic Therapy. A Possible
See and Treat Approach” accepted, Journal of Medicinal Chemistry 2005.

Tamiaki, H.; Shimamura, Y.; Yoshimura, H.; Pandey, S.K. and Pandey, R.K. “Self-
Aggregation of Synthetic Zinc 3-Hydroxymethyl-purpurin-18 and N-Hexylimide Methy!
Esters in an Aqueous Solution as Models of Green Photosynthetic Bacterial
Chlorosomes” accepeted, Chemistry Letters 2005.

Zheng, X.; Pandey, S.K.; Morgan, J.; Camacho, S.; Bellnier, D.A.; Pandey, R.K.
“Examining Potential of Pyropheophorbide a-Carbohydrate Conjugates for Targeted
Photodynamic Therapy” manuscript under preparation.
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Patents

Pandey, S.K.; Awasthi, K.K.; Tripathi, R.C.; Bhandari. K.; Thapaliyal, H. and Saxena,
A K.; Indian Patent 1446/DEL/99. “A new improved process for the synthesis of 1-oxo-
1,2,3,4,6,7,12,12a-octahydropyrazino[2',1':6,1]pyrido[3,4-b] indole”.

Pandey, S.K.; Srivastava, A.; Awasthi, K.K.; Tripathi, R.C.; Srivastava, S.; Arun. J;
Saxena, R.M.; Ray, M.; Shukla, R.; Dubey, M.P. and Saxena, A.K.; Indian Patent
1451/DEL/99. “Novel 1-(4-aryl/heteroarylpiperazin/pieradin-1-yl)-n-(quinoloxy-6/7/8-
yl/(un)substitutedpyrrolidin-2-oxo-1-yl) alkanes/alkanones and their salts as potential
therapeutic agents”.

- Pandey, S.K.; Srivastava, A.; Awasthi, K.K.; Tripathi, R.C.; Srivastava, S.; Arun. J;

Saxena, R.M.; Ray, M.; Shukla, R.; Dubey, M.P. and Saxena, A.K.; Indian Patent
1452/DEL/99. “Novel 1-(4-aryl/heteroarylpiperazin/pieradin-1-yl)-n-(quinoloxy-6/7/8-
yl/(un)substitutedpyrrolidin-2-oxo-1-yl) alkanes/alkanones and their salts as potential
therapeutic agents and a process for synthesis thereof”.

Pandey, R.K.; Sajjad, M.; Oseroff, A.; Pandey, S.K. and Gryshuk, A.L. Filed for US
patent 2005. “Porphyrin based compounds for PET Imaging and PDT”.
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in chiral 2,3-disubstituted-1,2,3,4-tetrahydro-9H-pyrido(3,4-b)indoles as potential CCK-
A and CCK-B antagonists” International Symposium on Perspectives in Biomolecular
Research, CDRI, Lucknow, India, Jan.12-13, 1998.
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