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INTRODUCTION
Initiation and management of the project

The P.1 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.OT 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 B 1 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 31p MR spectroscopy. These studies will provide
information of significant value to breast cancer research and treatment via photodynamic
therapy.
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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
jM/kg concentration in the animal model ( monthsl-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 e6 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 1II) 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/HeJ 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 11 (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
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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'
, photoffn 100jdAA9)

4DOD-6 (2.56fv1kq)
00042 (I O;~fM) S• ~DOD-6 (1lO~lMkgý / I

Untreated
So1000- Figure 2. Growth profiles of mouse tumors

treated with PFII and fluorinated photosensitizers
such as DOD-2, DOD-6 along with untreated

Soo- 50 controls.

0
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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 10[tM/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 mm3 (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 ('H, "9F, 31P nuclei)
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Magnetic resonance studies allow PDT effects to be detected and monitored by 31P 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 19F 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 19F, 1H, 3 1p frequencies at 4.7T and
subsequently 7.OT 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 31P-1H 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 31P 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 19F surface coil. A 3.0cm 19F surface coil

V
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Figure 5. Figure 6.
1.5 cm diameter saddle coil for 'H 1.5 cm diameter saddle coil for 3 ]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 ýtM/kg lead to
tumor regression. Representative 31p 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.

500- 1200-5000o1•

DOD-2 1000-
_, 400- 0 DOD' A/

E 800-
rE 300- --W.

o 600-
0 E

E 200" X 400-
F7, e untreated

0 . X• 200- A Laser alone
> 1O00 0 PS alone

0-
0- 0 500 1000 1500

0 200 400 600 800 100C Time (mi)
Time (min)

Figure 7. Growth profiles under PDT Figure 8.Growth profiles of controls
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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 19F 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 19F MR studies at a drug
dose of 100 riM/kg. A home built surface coil was used to perform these studies on the 7Tesla
animal imager. A knowledge of the relaxation times T1 and T2 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 T2 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.

70•0

CO - Figure 9: Pharmacokinetic
profile for DOD-2 in RIF

S40,0- tumor model. The black line
connects the experimental
points while the red line is

20.0-the fit to the data. The data
c were obtained using coil

shown in Fig.3.

0o0 2,0 4,0 0 8o 8 ,0 12W o 14 o 16,0

300 rime (Hrs)300-

200- Figure 10: Pharmacokinetic profile for
DOD-6 in RIF tumor model. The
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the solid blue line is pharmacokinetic
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Using this information from in vivo 19F 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= Aemt + D e-pt + E e-Yt

Where x ,P3 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 10tM/kg dose of the PS. The laser
power was at 75 or 150 mw/cm2 at the surface of the tumor and the irradiation time was 30
minutes. In some cases, at the higher power of 150 mW/cm2 , 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 31p coil (diameter 1.5 cm, see
Figure. 6) operating at 121.6 MHz.

The 31p 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 31p MR spectrum was recorded followed by 31p spectra after PDT.
Our results show that the 31p 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.

residue

indi-dual cormpoments 12 3 ,1

estilate {U l

I I I i i i I

75 50 25 0 -25 -50 -75

Figure 11: Typical fit to a tumor 31p spectrum performed using the MRUI program. The peak
assignments are: 1. PME, 2. Pi, 3. yATP, 4. (xATP 5. P3ATP and 6. A hump arising mostly from
immobile phosphorus such as bone.

Although both DOD-i and DOD-2 did not show any changes in 31p 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 2nd 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 T1 measurements were performed using
the saturation recovery method and the T2 measurements were done using the Hahn spin echo
technique. The mean T1 and T2 values are -250 and - 25 ms respectively.

The preliminary PDT studies have been performed using laser power of 150 mW/cm2 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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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 T1 and T2 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 T2 values before and within lhr after therapy were 64.5
±2.9 ms and 63.8±2.3 ms respectively. Thus no changes were seen for the T2 values after the
therapy. The mean T1 values before and after the therapy were 1828±235 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.1 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 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 mm3 . 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 Photofrin®

and 165% with DOD-6. Together our studies demonstrate that in the time frame where 31P
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

" Using 19F 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)).

" 31p MR spectra of tumors were studied before and after the initiation of PDT (see
publication #19).

" 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.

"* 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,
Febl5-17, 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,
Febl3-15, 2005.

6. Abstract of the talk that will be presented (upon acceptance) at the SPIE international
symposium held in San Diego, Febl3-15, 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 19F magnetic resonance spectroscopy. The 31p spectroscopic data
on tumors show that even though the 31P 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 31p 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 19F 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 1H, 19F, "lP nuclei. 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 Roswell Park Institute

Material sent to UNMC from RPCI 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 solution 3.73 mM (3.1 mg/ml)

Ce6 derivative(fluorinated)
Volume approx 9 ml Approx 27mg in solution

DOD 6 June 2004 solution 3.73 mM (3.1 mg/ml)

Ce6 derivative(fluorinated)
Volume approx 9 ml Approx 27mg in solution

DOD-8 November 2004 Appox 6mg in solution



Results related to dark toxicity of compounds studied in this
project

6
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Figure 2: 31P 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 [tM/kg B) DOD-6
administered at a dose of 2.5 pM/kg C) DOD-2 administered at a dose of 10 pM/kg and D) Photofrin
administered at a dose of 10 ptM/kg respectively. The various peak assignments are: 1) 3-ATP 2) cx-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 Duln

Time (Hr)

C5MI DODI PDT treated 173.3

C5M2 DODI PDT treated 115.5
C5M3 DODI PDT treated 115.5

C 1OM 1 DOD2 PDT treated 173.3,
693.1

115.5,
C 10M3 DOD2 PDT treated 231.0

693.1
173.3

ClOM5 DOD2 PDT treated 231.0
173.3

C7M3 None untreated 77.0
C7M4 None untreated 69.3
C8M4 None untreated 115.5

C8M1 Photofrin PDT treated 173.3
693.1

173
C 12M2 Photofrin PDT treated 23

231

Note: In doubling time calculation is based on following segs.
ClOMI: segl (ascending, March 24-April 17, 03), seg3 (descending, April 25-May 5,

03).
C1OM3: segl (ascending, March 24-April 17, 03), seg2 (descending, April 17-21, 03),

seg3 (ascending, April 23-May 5, 03).
ClOM5: segI (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: segI (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 oftthe 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 DODI 458.76 135 Joules No real tumor

0.35ml regression seen
C5 M2 DODM 148.82 135 Joules No real tumor

0.33ml regression seen
C5 M3 DODI 487.03 135 Joules No real tumor

0.33ml regression seen
C12M5 DOD1 131.78 270 Joules No real tumor

0.7ml regression seen
C13 M2 DOD1 65.54 270 Joules 270 Joules A little tumor

0.565ml regression seen
C13 M4 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
C4 M4 DOD 2 245.2 135 Joules No real tumor

0.42ml regression seen
CGO MI DOD2 179.22 270 Joules A very slight tumor

0.96ml regression 4 days
after irradiation

C1O M3 DOD2 391.18 270 Joules Some Tumor
10uM regression on days

1-4 after irradiation
CGO M4 DOD2 150.37 135 Joules No real tumor

0.6ml regression seen
CGI M5 DOD2 106.32 270 Joules 270 Joules Tumor regression

0.92ml seen for 8 days
after irradiation

CGI MI DOD2 83.18 270 Joules A slight tumor
0.84ml regression 3 days

after irradiation
Cli M2 DOD2 63.38 270 Joules No real tumor

0.81 ml regression seen
C1i M3 DOD2 70.78 270 Joules 270 Joules Regression seen the

I 0.60ml day after irradiation



Table 3

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

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 DOD 2 10/10/02 30 minutes 24 hours 75mW 135
.43 ml

19 C4 M4 DOD 2 10/10/02 30 minutes 24 hours 75mW 135
.42 ml

21 C5 M1 DOD 1 10/10/02 30 minutes 24 hours 75mW 135
.35 ml

22 C5 M2 DOD 1 10/10/02 30 minutes 24 hours 75mW 135
.33 ml

23 C5 M3 DOD 1 10/10/02 30 minutes 24 hours 75mW 135
.33 ml

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

27 C6 M2 Photofrin 10/4/02 10 minutes 24 hours 225-230 135
.235 ml mW

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 C9 M1 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 ml



Diffusion Coefficients for various slices using PFII and DOD-

6 photosensitizers in a mouse tumor model
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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,1 .

and Ravindra K. Pandey

Photodynarnic 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
tumors 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 DAMDI7-99-1-9065 supported this work.

P49-14
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Oral Presentation at the European Society of Magnetic Resonanice in
iMedicine in Rotterdam, Netherlands, September 2003.

In Vivo 19F MR Studies of Fluorine Labeled Photosensitizer in Murine Tumor
Model

S. Ramaprasad', E.Rzepka', S.S. Joshi2 , M. P. Dobhal 3, J. Missert 3, R.K. Pandey 3

I 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. 3Photodynamic 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 TwentVyman et al [3]. Tumors were grown on mouse foot dorsum by
inoculating 2x10 cells. The photosensitizer was administered IP (-100ýIM). 9F MR
spectra were collected on a Bruker 7T instrument using a home built surface coil. The
19F MR spectral parameters included a 900 pulse of 161gs, 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 2 leading to a total light dose of 270 J cm2.

Results
In this presentation we report the results obtained using a newly synthesized water

70.01 soluble form of fluorine labled
.0 , .. photosensitizer which was monitored in

50.0• mouse tumor model over time. The
measured relaxation times in the solution

40.0

were 924±38 ms for T1 and 150+2 ms for
T2 and were used to optimize of tumor

100 - spectra. The Pharmaco- kinetic profile of

000 PS in tumor model was constructed using
040 .0 0 o 8. 0 10.0 12.0 14.0 16.01 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.
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ABSTRACT

Monitoring PDT Effects in Murine Tumors by Spectroscopic and
Imaging Techniques

S. Ramaprasada*, E. Rzepkaa, j. pia, SS. Joshib, M Dobhalc, J. Missertc, RK. Pandeyc
aDepartment of Radiology, University of Nebraska Medical Center, Omaha, NE,

USA, 68198-1045; bDepartment 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 10M/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/cm2,
270 joules/ cm 2) was delivered to the tumor at 2-24 hours of photosensitizer
administration. The MR spectroscopic and imaging examination of the tumors involved
both the 1H and 3 1P nuclei. The tumor bioenergetics was measured by 3 1p spectroscopy.
The water proton relaxivity and diffusion measurements are used to obtain local changes
in different regions of the tumor.

Significant changes in 31P 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.
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In Vivo 19F MR Studies of Fluorine Labeled Photosensitizer in Murine Tumor Model

S. Ramaprasadl, E.Rzepka', J. Pi', S.S. Joshi2 , J. Missert 3,M. P. Dobhal 3, R.K. Pandey3 1 Department of Radiology, University of
Nebraska Medical Center, Omaha, NE, U.S.A. 2Departments of Genetics, Cell Biology, and Anatomy, University of Nebraska
Medical Center, Omaha, Nebraska, U.S.A. 3Photodynamic 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

CFF 3  CF Tumor model: The Radiation induced fibrosarcoma (RIF) cells
were maintained according to the protocol of Twentyman et al

HFC [4]. Tumors were grown on mouse foot dorsum by inoculating
F3 __ 2x10' fresh cells. A total of 12 animals were studied here.

H 3C , " C1115~ Laser and Delivery system: An argon ion (Spectra physics
2 H3  CH,0 IJ model 2017) pumped dye laser (Spectra Physics, 375B) was

H5C2 / - '• CN. H HI 1 used. PDT measurements were performed at 630 nm for
SNH N H3G C11', sensitizer 1 and at 650 nm for sensitizer 2. Laser irradiation was

H,C _NH CHs C02-a done for 30 minutes at a power of 150 mW cm- leading to a
C HONN- total light dose of 270 J cm-2. Fractionated laser irradiation was

PH PH 2 CO2Na also employed in some studies.

PH =CH2CH2CO2H In vivo MR and PDTstudies: 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 (-100pM). 19F MR spectra were collected on a Bruker 7T instrument using a home
built surface coil. The 19F MR spectral parameters included an RF pulse of 16gts, 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 19F 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 924±38 ms for T,

'9 7.and 150±2 ms for T 2. Similarly for compound 2 the mean values were 250and 25 ms
1b0 Muscle respectively. These values were used in the optimization of tumor 19F spectra. The signals from
sso. •the labeled sensitizers were found to be broad with mean line widths at 404±176 and 481±150

40. - Hz for 1 and 2 respectively. The Pharmacokinetic profile of PS 1 in tumor model was

30 constructed using three tumors (Figure 2). Based on this profile, PDT was performed at 2, 4 or
A 24 hrs post drug administration. The PDT studies performed at 2 and 4 hours led to tumor

regression while that done at 24 hrs did not show any tumor regression. These data are in
A, accordance with the pharmacokinetics of compound 1 shown in Figure 2. While using

L o. compound 2, laser irradiation was done at 24 hrs post drug administration and there was
0 5 lb0 jr, 'o significant tumor regression following PDT.

Time (Hrs) Conclusions
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.
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1 Department of Radiology, University of Nebraska Medical Center, Omaha, NE, U.S.A
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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 31P 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 5 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 2.5-10M/kg. 31p spectra from the foot tumor were
collected on Bruker 7 tesla animal imager and analyzed using the JMRUI 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. ý-ATP
2, ý-ATP
3, y-ATP
4. PCr
5. PDE 76 43 26. P i /
7. PME1

! A

40 0 -20 -40

(ppm)
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 31p MR spectra indicating
minimal dark toxicity for Photofrin.

Discussion
The studies on tumors using the new Photosensitizers demonstrate that dark toxicity can be
observed by 31P 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 3 1P 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 31p 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 2x1 05 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 N20 and 02 in 70:30 ratio.

Results: The T1 and T2 relaxation times of the two photosensitizers were measured in solution.
For porphyrin PS the values were 924±38 and 150±2 ms (n=3), while for the chlorin based PS
the values wee 250 and 25 ms respectively (n=l). The line widths of 19F signals in the tumor
were in the neighborhood of 400Hz.

The results from 31P studies monitored over several hours (0-26) suggested that dark toxicity was
present for both the photosensitizers when administered at or above 51aM 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 19F
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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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 3 1p 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 31P spectral measurements both before and after PS injection or PDT initiation
as the case may be. Metabolic differences were seen in 31P 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 1H relaxation measurements and imaging studies.

Our studies demonstrate that the effects of PDT on normal tissue can be observed by 3 1
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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,electrochemical, intracellular localizationa, in vitro
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Abstract--For in vivo NLM. studims starting from pyMoles, aseis of fiuod~m porphyrins wer synthesizd by folowiag de MatDocald
reaction conditions. U~pon reacni on with osniurn tarxie a SuoicOiated porphyina contaioiDg four tzorOMethyl groups (12 fuorine units)was converted into the related clilozin and bacterochlorin which exhfbited long1-wavelength absorptions at 652 2nd 720 um. respectively. All
compounds produced good singlet oxygen production efac'ency. A conParative study of aine porphyrins with and Without floorinesubsttruents indicated no adverse effects of the presence of fluminated groups ia the photophysical properties of the porphyrins. cblocins orbactetochoionna. 7be first and second one-electron reduction POtetials (vs SCE) of the investigated compounds range between -1.29 and- 149 V and berween. -1_66 and -1.84 V in-PhCN9 containing 0.1M TBAP. IN-~visible sp.reenceia dama suggested the
formation of -~-anion and -x-cation radicals upon the fim redoccin. ;nd frs: oxidadion The in vivo 19FMR study of a representative fluorine
Libeled compound with twelve equivalent &~naooefimed the presence of the fluodne labeled se tizerin mouse (CC3EcJe) bzqgzmed
with RIF ntunos on mouse foot dorsuat by inwcuthfinlg 2X 105 celis ('he 301,dies were repeated On four iBMored mice to Confirm fte faei-biliry-and rerdcblt) All fluorinated compouneds were found mo be quite effective in vitro. In a conipZmaiv Intrcelbilar ]Ocalizatiol studywithRoanmin-u 12 n RI.nmor calls, the most soluble porphyrin contairring two propionlic *Ster side cinwas found to locaie= in,

Mitchodrs. s wllas the related chlorin and bacteocblocuL
C 200 Elsevier Ltd_ All rights reserved.

1. Introduction PDT has emneraged as one of the promising strategies i .n
Fancer treatment. In this therapy. patients *ar= given

Photodynanaic therapy (PDTI) is now a well recognized i=Ynnaen injections of a drug that accurnulares in cancer
modality that has beer used both independently and in cells in much higher coo siurrion than in nomlcells
conjunction with other cancer treatmlents.' Combining thue. Laser light with an appropdata wayelength delvered by
use of a light-sensitive drug, lasers and fiber-optic probes, Mber Optics to these tumor Sites produces highly teactive

_____ trXYgen Spc~ies (e-g. '02) that destroy the tmrcefls32
Key-dr hotoynaic dqu hot-d~ pwhd Thm-s 7erefore, for a drug to be effective, it is necessry that the

bamichois rXULochari, -compound be in high concentration in tumio Cells PDT 1s
*Corresponding authors Address:-pbatodyuakMc2spyC- RmswQ l bedc4 wben laser light is delivercdat a time point
Park Cancer Instue. Em and Cadumn Sfteea,3nfaMaXY 1420, U.- when the photosensitizer's concentration, is grealte in tfW
TeL +1-716945. A=3; +14716M84920; tamr tha in the Surrwsnfg tisnie Thn, a comprehensive040Pnt rA1MtnswCYflMparkoa knowledge of the wzzet of localization and die rate
ft-sprass",unmeads buacJ ~s ~ .Of ACCUMUlation is of imsmense value. Whsle the

o~n leave ftuni the Depmunew of CheMianY. Uais~ry of Rajaghax. PhotosesitiZer'sconcentrathmonmtissu maybe deertnined
Taipur 302004TM, -na by chemical extrction techniqwe these methds are

-- 0040-40201 - see finat maer 0 21M0 macvier UM All zigWt reterved
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Chart 1.

invasive, time consuming, and clinically non-feasible. In of the drug in umiors, it is necessary to have photosensi-contrast, in vivo NMR is minimally invasive, considered tizers containing multiple fluorine units. It would besafe, and the therapy can be monitored over time in a single advantageous to have a photosensitizer with equivalent
living system. fluorine substiments that will render signal addition of all

equivalent nuclei.
In vivo MR spectroscopy has been used increamigly to
monitor metabolism and disease t in humans. Both In this manuscript we repo the synthesis of a series of"magnetic resonance imaging and spectroscopy have evolved fluoriated and the corresponding non-fluorinated por-
into sophisticated diagnostic techniques. In addition to the phyrin-based compounds, the effect of the substinients on
proton, nuclei such as fluorine' can be. studied by in vivo their photophysical and electrochemical characteristics,
spectroscopy and imaging. Fluodne-19 ('IF) NMR is a their intracellular localization and their in vitro photo-
technique with signifiant potential because of the relatively sensitizing efficacy.
high sensitivity and low endaogenous background. Due in
part to its high MR sensitivity, fluorine has received
considerable attention as an MR nucleus. Rluorine-19 MR 2. Results and discussion
has been used to study metabolism, tumor growth, and blood
flow.$ More recently, in vivo 19F MR has been used to 2.1. Chemistry
measure tumor integrity and vasculature in subcutaneously
implanted tumors in rats.6 MR of fluorinated compounds is For the synthesis of porphyrin-based fluorinated photo-
particularly attractive for in vivo studies of human and sensitizers, our synthetic strategy was divided into twoanimal models. The 29F isotope has a 100% natural parts. These were the (a) synthesis of porphyrins 1 and
abundance, a spin of I/2, and a MR sensitivity that is 83% 2 containing symmetrical tifluoromethyl groups (totalthen that of hydrogen. 7 fluorine: 6) introduced at the eta-mr para-position(s) of

the phenyl ring and (b) porphyrins 3 and 4 bearing
To date, most of the fluorinated porphyrin-based analogs symmetrical trifluoromethyl groups introduced at the 3
synthesized for in vivo 29F NMR studies have been and 5-positions (total fluorine: 12) of the phenyl zingunsyrrrmetrical,' and thus lead to signal diqp='ion. In present at the me.o-position of the porpbyrin ring system
order to have a strong fluorine signal at a low concentration (see Chart I).
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Porphyrins 1-4 were synthesized from py~roles 5,9 1510 or porphyrins. 22-24 were isolated in modest yield. By
19" by following the well established '2+T reaction following a simila approach, pyromedhne 14 was also
approach' 2 (see Scheme 1). In brief. reactions of pyirole 5 reacted with pyrromethane dicarboxylic acid 21. and
with p-, m- or 3',5Y-dimethoxyphetryl aldehyde under acidic porphyrin 2ý was obtained in 38% yield. For the preparation.
reaction conditions produced the corresponding dipyrro- of the fluorinated analogs, porphyrins 22-25 Containing
methanes 6, 7 and 8 in 60-80% yield, which on refiLuting methoxy groups in the phenyl rings were reacted with boom
with ethylene glycol/KOH gave the related a-free diPYrro- tiromide and the related hydroxyphenylporphytins26--29
methanes 9, 11 and 13, respectively in >85% yield. Further were obtained in 70-77% yields. Further reaction of these
reaction of these dipyrrornethni•, with POC13/DMF Under p1orhyrins with 3,5-txifluoromethyemzyl bromide pro-
Vilsier's reaction conditions' produced the corspond- duced the desired fluorinated porphyrins 1-4 in modest
iag diformyl dipyrromethaues 10, 12 and 14 in excellent yield (Scheme 2). Reaction of 29 with 3,5-dimethylbenzyl
yields (>75%). For the preparation of dipyrroineftne 17,. bromide produced the non-fluorinated porphyrin 4a in
pyrrole 1S was first converted into the acetoxy derivative 16, good yield. The structures of the intermediates and the
which on treating with K-10 clay" in dichloromethane at final products were conflrmed by Z1, L"F N mass
room temperature gave the desired dipyrromethane in spectrometry and elemental analyses.
70% overall yield. Reaction of pynrole 19 with bromine/
methanol'5 gave the corrsponding dipyrromethane 20 in Among the fluorinated porphyrins 1-4, compound 4,
72% yield. Hydrogenation of dipyrroinethane 17 and 20 in containing two propionic ester fimctionalides at the bottom
presence of Pd/C at room temperature produced' the" half of the molecule showed enhanced solubility compared
corresponding carboxylic acids 18 and 21 in quantitadve to those containing alkyl groups in 1% Tween 80Awater
yields.. formulation as well as improved in vitro photosnsitizing

effacy in comparison to the other analogues. TherefoTe, forDiformyldipyrromethanes 10, 12 aunL 14 were then u - investigating the photosensitzing effect(s) of flodnated
vidually reacted with dipyromethane dicarboxytic add 18 groups in long-wavelength dbsorbing compounds, por-
under McDonald reaction conditions.1 2 After purification phyrin 4 was reacted with osmium ezoxide (OsO4) and
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the corresponding vic-dlydroxy chlorin 30 (Amz: 648 nim) pubk with. equal intensity at 12-98 and 12.99 ppm.
and tetra-hydroxy-bacterioeffloritL 31 (as an isomeric respectively.
mixture, k,,.: 716 am) were synthesized. The relative
yields of 31 and 32 were found to depend on the amount of 2.2 In vivo 'IF MR spectral characteristics
0s0 4 used (Scheme 3)

A typical IF MR spectrm of the fluorinated photo-
As expected, the 19,F NvI spectra of all the fluorinated sensitize recorded on a 7T animal imager 8.0 h post IP
porphyrins 1-4 exhibited a single peak at 8 13.0ppm, adminisration ofthe compound (100 jL kg-1) is shown in
whereas chlorin 30 and bacterochlorin 31 showed two igure 1. The tumor volume was 0.18 ml and spectra were

recorded over 30 min. The ability to observe the photo-
sensitizer by 9F MR non-invasively is an important step
towards understanding its pharmacokinetic charactedisticsand relating these to its in vivo phoosensitizing efficacy.

These details will be published elsewhere.

4) vi 23. Photophysical properties
A typical fluorescence spectm offluorinaed porphyrins in
PhC-N is shown in Figure 2. For the case of 3, virtually the

PPM same fluorescence maxima at 628 and 693 nm was observed
Filgure In vivo F-19 NIR specutm ofcompaund 4 obtained from aRIF as for non-fluorinated porphyrin, The absorption and
namor implanted in a CH/Hln monse ft dorsum in one a• the hid l•ag fluorescence maxima of investigated porphyrins 1-4,
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- 3 ,

S5o3

600 650 700 .7750 800
Wavelength, nm

Figure 2. Fluorescence specnrm of 3 '7-3XO•- M) in deacrated PhCi at
298 K by excicdion at 535 n=m. 102

26-29, chIcr.-L 30 and bact-ceiochlorin 31 ar listed in Table
1. The absorption and the fluorescen" maxiya are red- 0 10 20 30 40 50 60
shifted in the order: porphyrin. chioria and bacteriochlorin, T ns
but they are not affected by the fluorine substiments. F Ime, n o

Figure 3. FI reacc dc~ay (4,,=623 rnm) of 3 (7..3x10-'M) in

The fluorescence decay of 3 is well fitted by a single ewatedPhCN a3298byexcitationat535-m Theistnjnrresponse

exponential line with lietime of 18.5 ns as shown in Figum (g-y rIme), decay data (solid nC). and single-exponetiafl fitted line areplotte iA the boaom flae. The residuals of the fit for a lifetime of
3. The fluorescence lifetimes are also listed in Table 1. The -l5d e bo i. as am or in ftp ffameo
fluorescence lifetimes (7) ae also unaffected by fluorinated
substituents. The rvalues of the nine porphyrins in this table order kinetics as shown in Figure 5. This indicates that ther
are all similar in the range of 16.1-18.6 as irrespective of is no contribution of the triplet-triplet annihilation under
substiruents, but they are significantly longer than. those of the present experimental conditions.
chlorin 30 (3.8 ns) and bactediochlorin 31 (3.3 as).

The T-T absorption maxima and the triplet lifetimes are
Phosphorescence spectra were observed in deaerated frozen summarized in Table 2. The triplet lifetimes of porphyrins
2--MeTHF at 77 K. The phosphorescence maxima are also are in the range of 8.3-25 p.s, which are shorter than the
summarized in Table 1. Again the phosphorescece maxima lifetimes of chlorin 30 (185 ;Ls) and the bactedochlorin 31
of porphyrins (822-823 =rn) ae not affected by the (77 ps).
fluorinated substiments. The triplet excited states of the
porphyrins were detected from the transient absorption The decay of the T-T absorption in oxygen-saturated PhCN
spectra measured 4.0 ns after laser excitation at 355 am. A is enhanced significantly over that observed in deacrated
typical example is shown in Figure 4 for the case of 3. PMIO. The decay rate obeys first-order kdnetics and the
The negative absorption at 410 rm in Figure 3 is due to decay rate constant increases with increasing oxygen
bleaching of the ground-state absorption bands. The positive concentraion. Thus, an efficient energy transfer from the
absorption at 450 um in Figure 4 is due to the triplet- triplet triplet excited state of 3 to oxygen occurs to produce singlet
(T-T) transition. The T-T absorption decay obeys first- oxygen. 'The rate constants of the energy transfer (km) were

Table 1. Fluorescence emissn maxima and fluoresceane lede in deaerated ThCN at 293 K. and phosphorescence emission maxima in deae-ated
2-MeTH7 at 77 K

,•:•luencenc) (nm) T 01 - (fir) AJph-=ph -===) (

26 629 693 18. i=
27 627 693 17.9 822
21 62 693 173 322
29 as 692 17.6 823
1 5u 693 13.6 323
2 627 692 l6l 823
3 a 693 18.5
4 28 691 17.7 322
4a 629 693 A1.2 822
30 652 b 34 342
31 72D 3.3 306
, T expeim enrors ara width in5.
b'Shoulder peak.
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0.2 determined from the dependence of the decay rate constants
on oxygen concentration as listed in Table 2. The kk values
are in the range of 8.9×10'-l.1×1O' M- s-. There is no
specific effects of the fluorinated substituents; on the k,1N
values which are smaller than the diffusion-limited value in

0 -- "Ph-N- (5.6X109M-1 s-1).16

Irradiation of an oxygen-saturated benzene solution of 3
-. 2 results in formation of singlet oxygen which was detected

by the 102 emission at 1270 nm (see Section 3). Quantum
yields (4) of 102 generation were determined from the
emission intensity which was compared to the intensity

-0.4 obtained using a C6o reference compound.17 Relatively high
-0 values are obtained for all investigated compounds as
summarized in Table 2. The highest 0 value is obtained as

300 400 5OO 600 700 80 0.81 for the tetrafluorinated compound 3.

Wavelength, nm 2.4. Electrochemlcal studies

Figure 4. T-T absorption spectrunm of 3 C/.3xt0'-M) obtained by the
lase fLash photolysis in deacrurd PbC4 a' 4.0 ) after Lusr Chtifl The electrochemically investigated compounds can be
(355 m) at 298 K. divided into three groups based on the diacrocycle and

subs rintents. The first group includes the four fluorinated
porphyrins 1, 2,3 and 4 (Chart 1, Scheme 2), the second, the

S1-z four non-fluorinated porphyrins 26, 27, 28 and 29 (Scheme
2) and the third, the one fluorinated chlorin 30 and the one
fluorinated bacteaochlorin 31 (Scheme 3). The electro-

0.a S chemistry of these ten complexes was carried out in PhCN
a , containing 0.1 M TBAP as supporting electrolyte. The

half-wave or peak potential for each reduction is listed in
•~8* Table 3.

STi, •In all but one case (compound 29), the first reduction was
0.04 reversible and the second irreversible due to a chemical

reaction following formation of the dianion. This led to
cyclic voltamnograms of the type illustrated in Figure 6.
A chemical reaction also followed the first oxidation of each
porphyrin and this led to irreversible or quasi-reversible
oxidations as graphically shown in Rgure 7 for the case of

o compounds 3 and 4. The UV-visible spectal changes
0 10 20 30 obtained upon the first reduction were recorded inP hCN

Tm eM ILS containing 0.2 M TBAP. An example of the thin-layer
spectral changes are shown in Figure 8 for compounds 3 and

Figure S. Kinetic m ~e fo the T-T absorpdon of 3 (7.3x1-7 4 M)at .30 and a summary of the spectral data for the eight singly
450 ain rst-ordr plotO. Set: reduced porphyrins is given in Table 3. The neutral
Ficat-arder plot . . compounds have a Sorer band at 407-412 ra and four

visible bands between 503 and 626 nm (see Table 4). Upon
the first reduction, the Sorer and visible bands decrease in

Table . T-T absorption maxima (A.n(T-T), Uiple' h.ifecime (7(r-1)) intensity while a new broad visible band appears at
in the dueanrAd PhOl at298 Y. clu a te rue -Ms of e, triplet 799-813 un (see. Table 3). These results are consistent
excited san s by oxygen in ThC1, and quorum yields of n with a one-electron addition to the porphyrin ir-ring system

and indicate the formation of a porphyrin lw-anion radical.1

.(T-) •a> •-1) (s)' k ("C' s'r O'" The cyclic voltammograms illustrating the stepwise oxi-

26 450 1.0xi0'- 0.26 dadon of compounds 3, 4 and 30 are shown in Figure 7. The

2X 450 1.1xlo-0 0-5" same spectral patterns are observed for the eight porphyrins
2i 450 I.1Xl0"s 0.68 in Table 3 and these data may be contrasted to what is
29 450 t.Ix1O-s 0.33 observed for reduction of the chlorin 30 (Mig. 8(b)) and
1 450 3XlO• 0.61 bacteriochlorin 31 whose rr-anion radical absorption bands
2 450 l.4XIO3 (17S are also summarzed in this table. The spectral changes
3 450 l.9X10-s 0.1
4 450 2-xi-' 0.36 obtained upon oxidation of the porphyrin 3 and the chlorin
4a 450 2.3x0-' 0.27 30 are illustrated in Figure 8. The reaction of the porphyrin
30 440 I.9X"0' 0.30 is quasi-reversible while that of the chlorin is reversible on
31 440 7.7x10-s 0,31 the cyclic voltammetry timescale (see cyclic voltamogram

The cipetmenral e-ors am within ±-5. Figure 7). Thus only the spectrum of the chlorin 30
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Table 3. Reduction potentials of invzd-te,4 eonplaets and V'-Yisibiz- spectral data of singly reduced compounds in PhCN ccncaining 0.1 M TBAP

Crcup Compound Potential (V vs. SCE) Singly reduced complexes

E,,EP A_ t., m (zx10-'. M- I c.- •

1 -1.78 409 (6.1) 432 (4.9)"- 806 (0.7)
2 -1.90 408 (5.7) 435 (3.7)"A - 813 (1.0)
3 -1.80 407 (4.3) - - 801 (0.9)
4 -1.66 412 (7.1) - - 801 (1.1)

Ir 26 -1.68 410 (6.8) 434(6.3) - 799 (1.8)

27 -1.62 409(5.1) 437(4.1) -KO (1.)
28 -1.66 409 (5.7) "439 (2.8) - 800(l.0)
29 -1.66 408 (5.2) 439 (2.5Vh - 800(1.2)

U1 30 -1.74 402 (3.5) - 535 (0.7) 735 (1.2)
31 -1.84 406 (6.3) - 750 (0.8) 827 (0.8)

, n a scan raue of 0.1 V/s. Two small peaks at E,=-0.52 and -0._4 V also can be seen on firs scan."A peak at E,=-1.29 V also can be sees. sb---tholder peak.

corresponds to a true measurement of the first electro- sensitizers 1-4 was determined in radiation induced
generated oxidation product which should be a jr-cation fibrosarcoma (RI) tumor cell lines."9 For decennining the
radical. The oxidations of ofier compounds were not drug dose, one of the fluorinated porphyins 4 was initially
chemically or electrochemically reversible and thus no tested at two different concentrations (0.5 and 1.0 .MW). The
meaningful spectra could be obtained (Fig. 9). drug concentration at 1.0 A.aM, together with a light dose at

2.5. In vitro photozsensitizing efficacy a) compound 3

The in vitro photosensirizing activity of fluorinated photo-

;a) compound ý3 .

0.90

0.90

4.40 1.24

b) compound 4

.8a
b) compound 4

-~ -L.29

1.20

_________________________________c) comp~ound 3

4) compound 30 0.."

.0744 0.74

-130.

0434-ý : 1.6 1.2 0.8 6A70

Pot~dl al V3 SCE) Pofteaals (YvysSCE)

Figure 6. Cyclic vol-mmogram Macrfluti the sipwiie nxwdmZo of Flgut. 7. Cyclic vamo1Zmpagum WW&As g thag uq mnwu mdtdLion of
compowudi (a) 3, (b) 4 and (d) 30 in PhC~aNcw-- 0. 1 M TBAP. compounds (a) 3. (b) 4 2nd (C) 30 in PhCN comtahnin 0.1 M TBAP.
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407 407

4132 ~~- b)0 Vm••A

402

402

"300 400 S0 600 700 S00 900

300 400 500 600 700 Soo 900 Wavelength (run)

Wavelength (=ri) FgMre 9 Thin-lay UV-visible spectral changes of (a) compound 3 and
(b) compound 30 upon the first oxidadon at 1.10 and 0.90 V in A04,

Figure . Thin-layer UV-visible spectal changes of (a) compound 3 and aonaining 0.2 M TBAP.

(b) compound 30 upon the first reduction al -1.50 V in Phl61 containing

0.2 M TBAP.
singlet oxygen efciency with photosensiizing activity,

4.0 J/cm2, produced a signficant phototoxicity without any these compounds were also evaluated for their photo-

dark toxicity. Other photosensitzers wer. then evaluared physical characteristics. Although the presence and position
under similar drug concentration. From the results sum- of the fluorinated substituents in the porphyrin macrocycle
marized in Figure 10 it can be seen that all the fluorinated produced a remarkable difference in singlet oxygen
porphyrins, the chlorin and the bacteriochlorin produced producing efficiency, no direct cotrelation was observed
significant in vitro efcacy. However, the compounds in the between singlet oxygen yield and in vitro phowdynamic
porphyrin series containing bis-trifiuoromethyl groups were activity. For example, the singlet oxygen yields of
found to be less effective than those containing teu-akis- porphyrins 1-3. are quite similar (0.61-0.81) but these
trifluoromethyl groups. The vic-dihydoxy chlorin 30 and compounds showed a significant difference in photo-
the related tetrahydroxy bacteriochlorin 31 were quite sensitizing activity. In contrast similar photosensidzing
effective with similar efficacy. In order to correlate the results were obtained among the tetrakis-urifluorinated

Table 4. T.V-visible data of invea•dped compounds in PhCX cnmining 0.2 M TBAp

Group Compound A. nm (.X100, M-1 CM-
1)

Sort& band Visible bands

4 408 (12.71) 503 (l.13) 536 (0.51) 572 (0.47) 626 (0.19)
2 409 (11.2M) 503 (0.74) 539(0.60) 572(0.74) 624(0.29)
3 407 (7.2. 53 (0.65) 535(0.10) 571 (0.27) 625 (0.10)
1 407 (13.12) 503 (l.29) 535 (.62) 572(0.2) 625 (0.28)

U 26 407 (16.0) 504(1.24) 536J 7 S7(0.23) A (fL09)
S407(12.47) 3 (OA.48) 5 (0.2) 572(0.16) 624 (0.10)

29412(12.70) 504(0.57) 5383(M74) 570(0.5) 615(0M21)
28 407(9.5S) 5M3 (0.8) 53S (GAO) S' (0.n 624(0.15)

M 30 402(8.28) 501(0.79) 548 (017) 593(0.26) 648(2.12)

31 399(8-90) M606.28) 593(0-15) 645(27-M) 715(1.70)
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120 philicity of the molecule which has proven to be anj important molecular descriptor that often is well correlated

100 with the bioactivity of drugs. 'The lipophilicity is indicated

oontrc- by lipophilic indice such as the logarithm of a partition
S80 ,coefficient. log P, which reflects the equilibrium panidoning

"• •Ii of a molecule between a non-polar and a polar phase, such
o 80; 3 as n-octanol/water system. Partition coefficients can be

- .. -- 4 measured either experimentally by following a simple
40- 30 'shake flask' approach or by using a currently available

W -7 31 computer program (PALLAS system).,1c We calculated the
-L log P values of the fluorinated ?orphyflfls 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 and 31:12.76]. For investigating a correlation
0 1 2 3 4 5 6 7 between singlet oxygen yields and PDT efficacy, the in vivo

L tDose (Jcm2  studies of fluorinated photosensitizers at different drug/ight
Light Dodoses are currently in progress. These results along with

the in vivo 'IF tumor imaging data will be reported
Figure 10. The in vitro phorosensitzing activity of various fluof'nated elsewhere.
porphyrins 1-4. chlorin 30 and baternochlorn 31 (1.0 l--M) in RW t inor
cell% at 4 h incubation. Control: Cell exposed-to light without c lozo-
sensitizer and cells with photosecsitizer but no light exposure. 2.6. Intneellular localization

In general. porphyrin-based compounds have shown very

analogs (3 and 4) in spite of a significant difference in diverse patterns of localization, based on structure,
singlet oxygen yields (0.81 and 0.36. respectively). lipophilicity and charge.'- Localization in the lysosonmes

and mitochondria are reported to be predominant. However,
On the basis of in vitro results, it is difficult to predict the in in a QSAR study of certain photosensitizers the compounds
vivo photosensitizing efficacy of these photosensitizers that localize in mitochondria are generally found to be more
because the pharmacokinetic and pharmacodynamic pro- effective. Therefore, the site of localization of the
files as well as photobleaching characteristics play impor- fluorinated porphyrin 4 and the related chlorin 30 and
tant roles in drug localization and clearance. These bacreriochlorin 31 were compared with Rhodamine-123,
properties could also be influenced by the overall lipo- which is known to target mitochondria. Images of the

Rhodamin, 123 Chloris 30

Figure 11. Comnparative intraceliular localization of Rhodamine-123 tmiiochondrial probe) and luorinated chlorin 30 in RIF cells at 24b post-incubation.
Similar patterns were observed from fluorinated porph:vin 4 and the corvesprrding bacteriochiorin 31 (only a representative example is shown). The overlay
picture clearly indicates that both Rhodamine-123 and chloarin 30 localize in rnitochlndria.
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photosensitizers and Rhodamine-1 23 were taken in rapid and the corresponding dipy omethane 7 and 8 were
succession. The resulting images clearly indicate that these synthesized.

photosensid-zers localize to the same .cellular region as -

Rhodamine-123, sugges•ng that these compounds localize 3.2.2. 3,9-DiethyI--(m-methoxyphenyl)-4,S-dimethyl.
in mltochondria, a more sensitive site for cell damage by 2,10-diethoxycarbonyl dipyrrometbane (7). Yield 70%;

PDT (see Figure 11 for a representative example). mp 122-125°C; 'H NM,: 8 8.25 (brs, 2K 2xNjH), 7.23-
7.27 (m, IH, Ar;), 6.82 (dd, J=2.2, 7.8 Hz, 1K AXrH), 6.68
(d,J=7.4 Hz, lH, ArH), 6.63 (s, IK, Arh), 5.45 (s, 11. CH),

3. Experimental 4.25 (q, J=7.3 Hz, 4H, 2xOCH2CH3), 3.76 (s, 3F, OCH3).
2.73 (q, J=7.6 Hz, 411, 2xCH2CH3), 1.79 (s, 61. 2xCH3),

3.1. Chemistry 1.30 (t, 1=7.1 Hz, 6H1, 2xOCH2CH3), 1.11 (t, J=7.3 Hz.
6- 2XCH2CH3). Anal. calcd for CUH- 36N20s: C, 69.98; H,

All chemicals were of reagent grade and used as received. 7.55; N, 5.83. Found. C, 70.08; H, 7.60; N, 5.82.

Solvents were dried using standard methods unless stated
otherwise. Reactions were carried out under a N2 atmos- 3.213.3,9-Diethyl-6-(3',.Y-dimethoxyphenyr)4,&-dimethyl-
phere and were monitored by analytical precoated 2,10-dlethoxycarbonyldipyrromethane (8). Yield 60%;

(0.20 mm) silica TLC plates (POLYGRAM0 SIL N-HR). viscous oil; 'H NMR. 8 8.25 (brs, 21. 2xNH), 6.38 (s, iH,
Melting points were determined on electically heated Ar-), 6.24 (s, 2H, ArH), 5.39 (s, 1H. CH), 4.26 (q, J=

melting point apparatus and are uncorrected. UV-vis 7.3 Hz, 411. 2XOCH 2CH,). 3.74 (s, 6K, 2XOCH3). 2.70-

spectra were recorded on a Varian (Cary-50 Bio) spectr- 2.78 (m, 4H, 2xCH2CH3), 1.79 (s, 61, 2xCH3), 1.32
photometer. 1H and 19F NMR spectra were recorded on a (t, J=--7.2Hz, 6H. 2xOCH2CHZ), 1.10-1.16 Cm. 61.
Brucker AMX 400 and 376.5 MHz NMR spectrometer, 2xCH2CH,).
respectively at 3030K in CDCI3 containin tetramethyl-

silane (TMS) as an internal standard. Proton chemical shifts 3.3. General method for the preparation of pyrro-

(3) are reported in parts per million (ppm) relative to TMS methanes 9, 11, 13

(0.00 ppm) or CDCI3 (7.26 ppm) while fluorine chemical
shifts am reported in ppm relative to uifluoroacetic acid The diethoxycarbonyl dipyuomethanes 6, 7 or 8 (for

(0.00 ppm). Coupling constants (J) are reported in Heru example I1.6 g of 6) were individually dissolved in ethylene

(Hz) and s, d, t, q, m. dd and br refer to singlet, doublet, glycol (250 ML). Sodium hydroxide (12 g, crushed powder)

tiplet, quartet, multiplet, doublet of doublet and broad was added, and the reaction mixture was refluxed for 1 h. It

respectively. Mass spectral data (FAB) were obtained from was then cooled, diluted with dichloromethane (250 mL)

the University of Michigan, East Lansing, MI (the matrix is and washed with water (2x200 mL). The dichloro-

usually nitrobenzyl alcohol) and from the Biopolymer methane layer was dried over anhydrous sodium sulfate.

Facility of Basic Studies Center, Roswell Park Cancer Th'e residue obtained after evaporating the solvent was

Institute, Buffalo, NY. Elemental analysis data were chromatographed over silica column eluted with chloro-

obtained from MNidwest Microlab, LLC, Indianapolis, IN. form. The appropriat eluates were combined, the solvent
was evaporated, and the desired dipyrromethane 9 was

3.2. General method for the synthesis of dipyrromethane obtained in 95% yield.
6, 7 and 8

.3.3.1. 3,9-Diethyl-6-(p-methoxyphenyl)4,8-dimethyl-

Pyrrole 5 (10.0 g, 0.055 tool) and p-methoxy benzaldehyde dipyrromethane (9). Mp 64-66C; lt.2 ' 1H NMR: 7.30
(3.74 g, 0.0275 mol) were dissolved in ethanol (70 mL) and (brs, 2K 2XNH), 7.06 (d, j=&88 H, 2H. ArH), 6.85 (d,

p-toluenesulfonic acid (200 mag) was added. The reaction A-=8.8HZ, 2K1, ArE, 6.38 (s, 21K 2xyrrolic CH), 5.45

mixture wasreduxed for 2hunder nitrogen.AnalyticalTLC (s, IH, CH), 3.81 (s, 3H, OCH3), 2.44 (q, J=7.2 Hz, 4H.

at frequent intervals was used to monitor the completion of 2XCH:CH 3), 1.81 (s, 61- 2xCH 3), 1.19 (t, J=7.9 Hz, 6H.

the reaction. It was then cooled, thde solid was filtered, the 2XCH2CHI)).
product was washed with cold water and dried under

vacuum at room temperature. The desired pyrrmnethane 3.3.2. 3,9-Diethyl-6-(m-methoxyphenyl)-4,8-dtl ethyl.

6 [3,9-diethyl-6-(p-methoxyphenyl)-4.8-dimethyl-2,l0- dipyrromethane (11). Yield 88%; mp 202-204°C:
diethoxycarbonyl dipyrromethane] was isolated as a white 1H NMR: 8 9.49 (s, 2H, 2XCHO), 9.08 (bi, 2H, 2XNH).

Powder in 80% (21.2 g) yield. 7.23-7.27 (m, 1K, ArH), 6.83 (dd, J=2.5, 8.0 Hz, IH.
AIR), 6.66 (K, 1=7.6 Hz, 11, Ai-), 6.62 (s, 1M ArI).

3.2.1. 3,-9.Diethyl-6-(p-methozyphenyl)4,8-dimethyi- 5.53 (s.'11 CH), 3.75 (s, 31, OCH3), 2.71 (q. J-=7.6 Hz.

2610-diethoxycarbonyl dipyrromethane (6). Mp 105- 4K 2XCH2CHA), 1.86 (s. 6K 2XCH3), 1.20 (t. J=7.8 Hz.

108 0C; 'H NMR: 8 8.20 (brs, 2H, 2XNH), 7.01 (d, J= 64, 2XCH2C11 3). Anal. calcd for CniH22s202H20:
8.9 Hz, 2H. Ar'), 6.87 (d, J=8.9 Hz. 2K, ArM), 5.43 (s, 1X C, 70.94; H, 8.66; N, 7.52. Found: C, 71.29; H. 7.17; N.
CH). 4.26 (q, J=7.3 Hz, 4Z 2XOCH2CH3), 3.81 (s, 31R, 7.24.
OCHA), 2.74 (q, J=7.5 H7. 4K1, 2XCH 2CH3). 178 (s, 6KL
2XCH3), 1.31 (t, J=7.1 Hz. 61, 2XOCH2CH3), 1.12 (4, P= 3.3-3. 3,9-Diethyl.-6.3',.-dimetoxyphenyD-4,.dmethyl-
7.7 Hz. 6K 2xCH2CH3). Anal. calcd for C22H36N204: dlpyrromethane (13). Yield 97%; mp 119-121oC; 'H

C, 69.98; KL 7.55; N. 5.83. Found. C, 70.15; H. 7.37; NMR 8 7.34 (bri, 211 2XNH), 6.33-6.36 (m, 3K, ARID,
N, 5.93. By following a similar approach, pyrrole 5 was 6.31 (s. 21H 2xpyxrolic CE), 5.40 (s, lH. CH), 3.74 (s, 6KL
reacted with m-methoxy or 3. 5-dimethoxy benzaldehyde 2XOCH3), 2.40-2.45 (m, 411 2xCH2CHI 1.81 (s, 6L
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2xCH3), 1.14-1.19 (m, 6H, 2XCH2CH3). Anal. caled for reaction was stirred for another 12 h. It was then diluted

C23H3oNzOn5Hz20: C, 60.50; H, 8.83; N, 6.40. Found: C, with dichloromethan, washed with water and the organic

60.00; H, 8.82; N, 5.91. layer was dried over anhydrous sodium sulfat'e. Evaporation
of the solvent gave a residue which was dissolved in

3.4. General method for the preparation of diformyl- trifluoroacetic acid (30 mL) and stirred at room temiorarure
dipyrromethanes 10, 12 and 14 for 30 min. The Zn-free porphyrin thus obtained after

standard work-up was chromatographed over a short

The pyrromethane(s) Ve.g. 9 (7.1 g)] was dissolved in Grade ]II Alumina column and eluted with dichloro-

Vilsrneier reagent, prepared by reaction POC13 (10.5 mL) methane. The major band was coUected and the solvent

and DMF (45 mL) was added and the reaction mixture was evaporated. The residue was crystallized from dichloro-

stirred at room temperature overnight. The reaction mixture metbane/hexane and porphyrin 22 was isolated in 17%
was poured into ice cold water (250 mL) and aqueous (640 rag) yield.

sodium hydroxide (50%, 35 mL) was then added slowly; the

pH was adjusted to 10-12 and stirred overnight before 3.5.1. 2,3,13,17-Tetraethyl-5-(p-methoxyphenyl)-3,7,12,
extracting with dichloromethane (3x200 rnL). The organic 18..etramethylporphyrin (22). Nip 280-282°C; UV-vis

layer was separated, washed with water (2X>200 mL) untl [CH 2C12, rau (6, M-1 cm- 1)] 403 (3.82X105 ), 503 (3.15x

neutral and dried over anhydrous sodium sulfate. Evapo- 104), 535 (1.39x40 4), 571 (135x104'), 623 (4.82Xi03); 1H

ration of the solvent gave a residue which was chromato- NMR 8 10.13 (s, 21, 2xmesoH), 9.92 (s. IN, meso), 7.86

graphed over a silica column, eluting with 1:1 ethyl acetare/ (d, J=9.0 Hz, 2K, ArH), 7.16 (d, J=9.0Hz. 2K ArH),

cyclobexane. The major band was separated, and the 4.00-4.06 (m, 8"K 4XCH2CH3), 3.99 (s, 31"I, OC1H3), 3.62

product obtained after evaporating the solvent was crystal- (3, 6-, 2xCH%), 2-47 (s, 6H, 2xCH3 ). 1.87 (tL J=7.7 Hz, 6H.
lized with methanol ard compound 10 was- isolated in 2XCH2CH3), 1.75 (, J=7.6 H•, 6-L 2XC- 2CH 3), -3.19
80% (6.80 g) yield. (brs, 4K, NM, -3.27 (bis, 11V NH). Anal. calcd for

C39 HN4 ,0: C, 80.10; H, 7.58; N, 9.58. Found. C, 80.14; H.

3.4.1. 3,9-Diethyl.2,10-diformyl-6-(p-methoxyphenyl)- 7.54; N, 9.62.

4,-dimethyldipyrromethane (10). Mp 168-169*C;
1H NMR_ 8 9.50 (s, 2H, 2XCHO), 8.70 (brs, 2-L 2XNH), 3-5.2. 2,8,13f7-Tetraetbyl.5-(m-methoxyphenyl)-3,7,12,
6.98 (d, J=8.7 Hz, 2M- Ar), 6.86 (d, ---8.7 H7, 2K ALH), 18-tetranethylporphyrin (23). Yield 30%; mp 270-

5.47 (s. 1, CHU,. 3.80 (s, 3M. OCH3), 2.70 (q, J=7.5 Hz, 272VC; '11 NMPR 810.16 (s, 2M-, 2xmeso-), 9.96 (s, M1-.

4H. 2XCH.ICH 3), 1.81 (s, 6H& 2XCH3), 1.20 (t, J=7.5 Hz, mes.o H), 7.67 (d, J=7.2 Hz, 21L ArH), 7.59 (t, j=

6K 2XCH2CHI). AnaL calkd for C24H2SN203.ltH2O: 7.82Hz, 11L A-I), 7.50 (s, 14, Ari), 4.02-10 (m,
C, 71.80; H, 7.28; N, 6.98. Found. C, 71.69; H. 6.74; N, SN, 4XCH2 CIH), 4.00 (s, 31- OCH3), 3.65 (s, 6,
6.76. 2XCH3), 2.60 (3, 61:L 2XCH3), 1.90 (r. J=7.7Hz, 6a.

2xCH2CH3), 1.78 (t, J= 7.94 Hz, 61- 2xCH2CII 3), -3.20

3.4-2. 3,9.Diethyl.2,10-diformy(m-methoxyphenyl)- (brs, 1H, NH), -3.35 (brs, 11H, NE). Anal. caled for
4,8-dimethyldipyrromethane (12). Yield 79%; mp 202- C3,HN 4 O: C, 80.10; I. 7.58; N, 9.58. Found: C, 80.76; I-L

204°C; 1H NMRI- 89.49 (s, 2H, 2XCHO), 9.08 (b, 2L 7.60; N, 9.54.
2XNHD. 7.23-7.27 (m, 1H. ArH). 6.83 (dd J=2-5, 8.0 Hz

1U-L AM%) 6.66 (d, J=7.6 Hz, 1M, AH), -6.62 (s, 1-AiB). 3.5.3. 2,8-DiethyiS-(3'Y,-dimethozybayl)y2, 8-diethyl.

5.53 (s, IH, CU), 3.75 (s, 3H, OCH3), 2.71 (q, -=7.6 Ez, 13,17-bis-(2-maethoxycarbonylethyl)-3,7,l,.18-tetra-
4K-L 2XCHZCH3 ), 1.86 (s, 61-L 2XCH3), 1.20 (t. 1=7.8 H2, methylporphyrln (25). The title compound was prepared

6H, 2XCH2CH3). Anal calcd for C,112aN203: C, 73.44; IL by reacwing diformyldipyrrnomethane 14 with dipyrro-
7.19; N, 7.14. Found: C, 73.65; H, 7.29; N, 7.06. methane dicarboxylic acid 21 by following the procedure

3 4.3. 3,9-D ethyI-2•0di ormyt-I.3 ,S'd5ffl e) YPb e1YbyC 
e

4,8-dimethyldipyrromethane (14). Yield 78%; mp 202- 3.6. General method for the synthel ofporphyrins

204oC; 'H NMR (CDC13, 400 MHz) 9.52 (s, 2I_ 2xCHO), 26-29
8.56 (brs, 2K 2XNH), 6.40 (s, U1, ArB), 6.20 (s, 2K AdD,
5.42 (s. 1H, CU). 3.74 (s, 6K, 2xOCH3). 2.70 (q. J=7.7 Hz. Reaction of porphyrins 22-25 (100 mg each) with ethereal

4K, 2XCHICH3), 1.81 (s, 6H, 2XCH 3). 1.20 (t, J=7.8 Hz, boron tribromide solution afforded porphyrin 26-29 in

61L 2xCH2 CH3). Anal CalCd for C,2zHoN2O4AI12H20: C, 70-77%.

69.58; H. 7.24; N, 6.49. Found:- C, 69.52; 14 7.00; N, 6.16.
3.6.1. 2,24317-Tetraethyl.-.(p.hydroxyphenyl)-3,7,,

3.5. General method for the synthesis of porphyrins 18-tetramthylpVrphyriu (26). Yield 77%; rap >300C-,
22-25 UV-vis [CH2CI2. tim (z, M- cm-')] 404 3.79X10 5), 503

(2.91XI04), 536 (I.19xI0'), 570 (1.14X104); 'H NMR. S

The diformyl dipyrromethane (e.g. 10, 2.52 ,6.43 m-r6ol), 10.15 (s, 2M, 2xmeso H), 9.94 (s, I, meo H)M 7.89 (d,
and dipyrromethane 13 (2.04 g. 6.42 mmol) were dsislved .-- 9.2 Hz, 2E, AOR), 7.18 (d, J-=&7 Hz, 21L Adil 4.00-

in dichloromethane (500 mL). p-Toluenesulfonic acid 4.08 (m, M 4xCH2CH3), 3.64 (s, MK 2xCH),.2.53 (4 6K

(6.0 s) dissolved in methanol (100 mL) was added, and 2xCH3 ). 1.88 (4, 1--7.7 H7 6K 2XCH2CH:), 1.76 (t. 1.

the reaction mixture was stirred at room temperature 7.5 Hz, 6H. 2XCH 2CH3), -3.75 (bor, 2 zxNH). Anal.
overnight under nitrogen atmospher A saturated solution ca=Ud for C3sH4N 40: C, 79.66; IL 7.42; N, 9.82. r-ond: C,

Of zinc acetate.methanol (125 ML) was added, and the 79.75; N. 7.45; N, 9.70.
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3.6.2. , ,31-erehlS(-hdoyhnl-,,2 81-, 4XCH2CH3), 3.70 (s. 61W, 2xCH3), 2.52 Cs, 6H, 2xCH3),
18-tatramethylporphyrifl (27). Yield 72%; rnp >300*C; 1.94 (t, .=7.7 Hz. 61-, 2xCH2CH3), 1.82 (t, 1=7-5 Hz, 61-,
U-V-vis [CHIC12, Uin (--, M-1 =nV)] 402 (5.OOX105), 2xCH2CH3). 'F1V1MR.~ 8 13.12 (s, 6F, 2xCF3). Anal. calcd

502. (4.O3XI04j, 536 (1.76X10 4), 570 (1.61x104). 623 for C47H46K4F6O.H2O: C, 69.27; HL 5.94; N, 6.87. Found:
(4.60X10 3). 'H NNM: .6 10.18 (s, 21-L 2xmeso H), 9.98 C, 69.37; H, 6.19;, N, 6.33.
(s, 1i-L ,esaH), 7.69 (d, J=7.0 liz, 2K, AtH) 7.61 Ct, J=
7.7 Hz, 14, ArH), 7.51 (s, 1W, AsH). 4.04-4.12 (m,. 8H, 3.7.2. 5-13.Bis{3,5.trifuromethyl)benzyloxy)phenyll.
4XCH2CH3), 3.66 (s, 61-, 2XC713), 2.58 Cs. 67-, 2XCH3), 2,8,3,17-tetraethyl-3,7,12,18-tetramethylporphyrin (2)).
1.91 (t, 1=7.7 Hz, 611, 2xCH,2CH3). 1.79 (t, 1-7.94 Hz, 61-, Yield 96%;, mp 109-110*C; Uv-vis[CH2CI2, nm (c, M-1

2xCH2CEI3), -3.85 to -3-75 (acwh brs, 1H, 2XNW). Anal. cin-')] 404 (9.49x104 ), 501 (6.83X10 3), 537 (4.27x 103).

calcd for C3S5 H.2N4O: (C, 79.66; N, 7.42; IN, 9.82- Foind: C, 570 (4.984010); 'HINR i6v1~ 10. 17 Cs, 2H, 2xmeso CH). 9.96
80.02; H. 7.37; N, 9.83. (s, 1N, mesa CH), 7.94 (s. 2H. AiR). 7.75-7.85 Cm, 31L

Air), 7.62 (t, -T--7.8 Hz, 1-L MBH), 7.40 (dd, 1=2467.8 Hz.

3.6.3. 2,8,13,17.Tetrehyl5S-(3',5& hydroxYPhenyl)- 14, AMH), 5.32 (s, 2H, OCHR2 ). 4.00-4.10 (m, OH,
3,7,12,18.tetrainethylporphyrifl (28). Yield 75%; mp 4xCH2CHi3),3.65 Cs, 6H, 2XCH2), 2.53 (s, 61H, 2xCH3),
>300*C;, UV-vis [CH2C12, =m (r, M-' cin-') 402 1.89 (t, 1=7.8 Hz, 6W, 2xCH2CH2), 1.77 Ct, J=7.6 Hz, 6W,
C4.16x10ý3, 502 (3.4.5X104), 536 C1.62X10 4), 569 (1.49x 2XCH 2CH3). -3.10 and -3.30 (each brs, 1W, 2xNI-). IVF
104), 623 (6.5ox10 3). 'H NMi (CDC13,.400 M&z) 8 10.18 NvM-h 5 13.00 (s, 6F, 2ýxCF2). Mass (-FA.B) calcd for
(s, 2H, 2xmesol-), 9.99 (s, 11L meja 1-), 7.05 (s, 2K, MEl), C4,;H$46AO: 796.35. Found: 797.36 (.ML+ i).
6.69 (s, 11-, MW). 4,04-4. 12 Cm. SW, 4XCH2CH3), 3.66 (s,
6H1. 2XCH3). 2.67 Cs, 6EL 2x<CH2), 1.90 Ct, 1=7.7 Hz, 6K, 3.7.3. 5.f31,-Bls{3uX-rffluromethyl)benzyloxy~phenyIJ-
2XcCIH1 CH3), 1.80 (t, J=7-5 Hz, 61-L 2XCl{ 2CH2). Anal. 2,8,13,17-t~atrthyl-3,7,12,18-tetra-methyl porphyrin

calcd for C3aH.42N402 .H20: C, 75.47; H. 7.33. AN, 9.26. (3). Yield 45%; mp 214-216*C; UV-vis[CjiCl2 , nin (c,
Found: C, 75-31; I-L 7.38; N. 9.14. M-1 cm'1)] 403 (2-29X105 ), 502 (1.93x10 4), 536 (9.27X

103), 570 (8-53X10 3), 623 (3.34X 103); IH NMR. 8 10.20 (S.
3.6.4. 2,8.DiethyI.54(3'5'.dinethoxypheylY1)3,17.bis- 21-, 2Xmeso CH), 9.98 (s, 1W, masa CH), 7.96 (s, 4K, ArH).

(2mtoyabnlty)371,8tt~ehlopy 7.87 (s, 2W, AXE), 7.42 Cd, 1=2.9 Hz, 21W, ArsH), 7.12-7.16
rin (29). Yield 7017; mfp >300t; UTV-vis [CH-ICI 2, um Cm= 1W ArH), 5.37 (s, 4H, 2x0C112), 4.03-4.10 (m, 8W,

(e, M-1 cm-1)] 403 (4.64xl105), 502 (5.21X104), 536 4XCFI 2CH3), 3.66 (s, 6H, 2XCH2), 2.60 (s, 6K, 2xCHi',),
(3.39x10 4), 571 (4.00x10 4); J'H NMiR. 5 10.18 Cs, 2W, 1.91 (t, 1=7.5 Hz, 6HK 2xCH2CH3), 1.78 Ct, J--7.5 Hz, 6W,
2xneso H-), 9.95 (s, 11-L mesa H). 7.10 Cs, 21-L AsH), 6.70 2XCH 2CH,). L91F NMRh 8 12.98 (s, 12F, 4xCF2). Anal.

Cs, 1H, ArH), 4.30-4.40 Cmn, 4W. 2xCH2CH2CO2C7A2). calcd for C6HsoN4F, 2O)2: C. 64.74; K, 4.85; N, 5.39.
3.98-4.08 (m, 4K, 2XCH2CH23), 3.70 (s, 61-L 2xOCH23), Found: C, 64-20; K1 4.94; N, .5.00.
3.65 Cs, 6M 2xCH,). 3.30-3.40 (in. 4Z, 2XCH2CH 2Co 2

CH2),2.66 (s, 6K, 2xCH3). 1.80-1.90 Cm, 61L, 2XCH2C.&2). 3.7.4. 5-f3',5'Bis{3/",5"ý-trifiuromethyl)benzyloxy}phe-
Anal. calcd for C42H4&N4OS.H2O: C, 63.69; 11. 6.11; N, nYl]-2,8-dietbYl.1347-big2-methoxycarbonyletbyl)-3,7-
7.08. Found: C, 63.32; K, 6.07; N. 6.41. dlrnethylporphyriu (4). Yield 75%; nap 72-75*C; UV-vrs

(CH20 2 - 1111 (8, M-1 cin')] 404 (3.81X10 5), 502
3.7. General method for the synlhesis of porphyrins i to 4 C3.02x10 4), 536 (IA4X10 4), 570 (1.32X104 ) 624 (4.82x

10'), 653 (2.59X103); 'H NMR: 8 10.16 (s, 2W, 2Xmeso

3,5-Bis(trillurowethyl)benzylblinfide- (40 pL, 0.22 mmo1) CH), 9.97 (s, K11 meso CH), 7.92 Cs, 3K1 Ar). 7.81-7.84

and anhydrous K2CO3 (250 mg) were added to a stirred (Mn 31W, AsH). 7.37 (d. 1=2.0 Hz, 2K, AsH). 7.11 (d.
solution of 5-(4-hydoxyphenyl)tctrScthylporphyrfl 26 1=2-4 Hz, M11 Arq), 5.35 (s, 411, 2xOCHf2), 4.40 (4,
(85 ing, 0.15 mmcl) in dry acetonitrile (10 mL) and the 1=7.6 Hz, 411, 2xCH2CH2CO2CH3), 4.00 (q, .1=7.8 Hz.
reaction mixture was refluxed overnight under nitrogen. 4K, 2XCHzCIW.) 3.67 Cs, 6K, 2XOCH,). 3.66 (s, 6K1
Solvent was evaporated uinder reduced pressure; water 2XCH4). 3-30 (t, 1=-7.6 Hz, 41-L 2xCAW2CH2CO2CH3), 2.56
(20 ni) was poured and extracted with CH2CI2 (2X20 inL). (s. 61-L 2XCH3 . 1.74 (t. 1=7.4 Hz.- 6W, 2xCl{2CH,), -3.27
The combined organic extracts were washed with water (brs, 1H. NHM, -3.33 (brs, 1W, NHM. 19F NMR- 8 12-96
(2X20 mL) and organic fraction was dried over Na2SO4. 0s02F. 4XCF3). Anal. calcd for CWoHS1N.IFOSAH2 : C.
Removal of organic. solvent in vacuo gave a cruide 61.43; HL 4.81; N, 4.77. Found. C, 61-56; H, 4.71; N, 4.71.
solid residue, which was chromarographed over silca
column using CHC12 as an eluant to yield 77 mg (65%) 3.7-5. 15.{3',S'-BWs(3''dimethylhenzylo)xy)}phenyl-2,5-
of 5-[4-.( 3,S.Bis(trifiurornfthyl)be22zyloxy)phefylytetra- diethyl-13,17-bis(2-methoxycarbonyletbyl)-3,7.di-
ethylporphyrin 1 as purple plates. methylporphyrin (42). Yield 30%; mp 158-160OC; UV-

vis (CH2CQ,, 1111 (8, M-' =m')] 404 (3-81410'), 502
3-7.1. 5[4{(345-BL(trifrmethYI)bei2zyIOxy1phelyl]-2, (3-43X104 ), 536 (1.56X10 4), 570 (1.50xl04 ) 623 (5.19x
8,13,17.tetraethy1.3,74ZI8-tdfrU ethyIporphyrlfl (1). 10o3); 'H NMR CCDC13,,400 M~z) 5 10.18 (s, 2W,2Xmejo
MO. 274-2760 C; UV-vis ECH 2CI,, nin (8, M-1 =-I)] CM) 9.98 Cs, 1H, meso CH), 7.31-7.32 (m..2H4, AsH), 7.11
403 (2.52XI0 5).. 502 (7.OSXlO', 535 (9.25X10'), 570 OMrs 11F, ArB), 7.08 Cs, 3WL ArH), 6.99 Cs. 1KL ArE), 6.96
(8-M2 103). 624 (3.13X103); 1H NMR- 8 10.21 Cs, 21-, (brs 211,ArB), 5.17 (s. 4K1 2XOCH2). 4.42 Cr0 =7.6 Hz. 4K1
2xmaso CH), 10.00 (s, 11L, mwe CH), 8.14 (s, 2K1 AsH). 2 xCH2CH2COzCHl), 4.04 (q, 1=7.0 Hz, 411, 2xCII 2CH2),
7.98 Cs. 111. ArE), 7.96 (d, b=4.5 Hz, 2H1, ArH), 7.31 (d, 3.70 (s, 6X1 2XOCH3), 3.69 (s, 6K, 2XC712), 3.32 (t, F-=
J=4.S Hz, 2W, ArB), 5.42 (s. 2K1 OCH2), 4.06-4.13 Cm. 7.8 Hz, 4H. 2xCH2CH2CO2cH23).j258 (s, 63, 2xCHi2), 2.30
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Cs, 12H, 4XPhCH3). 1.78 (t. 1=7.4 Hz, 6H. 2XCH2CH3), ca-NMEM, with 10% fetal calf serum, penicillin and
-3.25 (brs, 1H, NH'I, -3.28 (brs, 11-, N-H). Mass (FAB) streptomycin. Cells were maintained in 5% CO2, 95% airCalcd for CW•6H1N40 6: 938.22. Found. 939.20,(Mv+I). and 100% huinidity. For determining the PDT efficacy,

these cells were plated in 96-well plates at a density of3.8. Synthesis of chlorin 30 and bacteriochlorin 31 from 1.25xI0' Cells well in complete media. After an overnightporphyrin 4 incubation at 37°C, the photosensitizers were added at the
same concentration (1.0 pM), incubated at 37'C for 4 h in

Os0 4 (75 mg) dissolved in diethyl ether (5 mL) was added the dark. Cells were then illuminated with a 1000 W quartzto a stirred solution of 4 (100 mg) in dry C20C12 (20 ML.) halogen lamp with IR and band pass dichroic filters to allow
and pyridine (0.2 mL). The reaction mixture was stirred at light between 400 and 700 nm, at a dose rate of 16 mW/cm 2.
room temperature for 6 b. UV-vis spectrum showed two After PDT, the cells were washed once and placed inpeaks at 645 nm (chlorin 30, major. Rf=0.6 in 5% MeOH in complete media and incubated for 48 h. Then 10 ý.L of
CH 2CI2 ) and at 713 am (bacteriochlorin 31, minor, R-=0.4 5.0 mg/mL solution of 3-[4,5-dimethylthiazol-2-yl].2.5.
in 5% MeOH in CH2c02). The reaction was worked up by diphenyletrazoliumbromide dissolved in PBS (Sigma, St.passing a seam of HS gas for one minute, diluted with Louis, MO) was added to each well After a 4 h incubationCHzC12 (50 mL) and then filtered through fluted filter paper. at 370C the MTT and media were removed and 100 mL
The residue was washed with CH2CI2 (3x.50 ML), dried DMSO was added to solubilize the formatin crystals.over Nia2SO 4. The solvent was concentrated and the crude The 96-well plate was read on a microtitar plate reader
mixture so obtained was purified by preparative TLC using (Miles Inc. Titertek Multiscan Plus MX 11) at 560 nin. The
5% MeOH in CH2CI 2 as an cluant. Three bands were results were plotted as percent survival of the correspondingisolated. The fast moving band (10 mg) was identified as dark (drug no light) control for each compound tested.unreacted starting material 4,-the midd band (25 Mag. 40%) Each data point is the average of 5 replicate wells andwas found to be chlorin 30 and the slowest moving'band the error bars are the standard deviation of a single
isolated in 13 mg (20%) was characterized as bacterio- experiment-
chlorin 31.

3.10. Intracellular localization
3.8.1. S-[3,S-Bis{3,5-bis(Uif mnthyl)benzyloxy}phenyl].
2,8-diethyl-7,S-dihydroxy-3,7,42,18-tetramethyl-13,17- In order to determine the subclular localization of the
bis(2-methoxycarhonylethyl)porphyrin (30). Mp 172- fluorinated podhyrin 4, chlorin 30 and bacteriochlorin 31, the174°C; UJV-vis [CH2CI2, nam (a, M-1 czm-)] 397 (4.44X RIF cells were seeded on poly-L-lysint coated glass cover
105), 500 (4.16x104), 648 (1.17XlO0); 'H NMR: 89.88 (S. slips at I×IX in 6 well plates and cultered for 48 h to allow

MH, meso CH). 9.61 (s, 1, merc CH), 9.21 (s. IK meso for attachment and spreading. The cells were incubated at
CH), 7.97 (s. 2H, ArI), 7.91 (s, 2H, ARIR), 7.88 (s, [H, 37C in dark with the 1 IM concentration of photosensitizers
ArR), 7.84 (s, 1H, Ar?)4 7.35 (s, IH, ArR),, 7.12 (s, IR, for 1. 4 and 24 h and then co-incubated with the 0.2O5 ýMArR), 7.06 (s, 1H, ArM), 5.40 (s, 2HL OCJ 2), 5.30 (s, 2H, concentration of the organelle-specific dyes Rhodarnine.123
OCH2), 4.24 (4, J=7.2 Hz, 21, CH•CH 2COCH•), 4.15 for mitochondria and Fluospheres for lysosomes. Immedi-(t,1=7.4 Hkz. 2H CH2CH2CO2CH3), 3.96 (q. J=7.4 Fb, 21, ately prior to microscopy (Zeiss Axiovext 35, Cad Zeiss, Inc.
CH2CH3), 3.69 (s, 3H, OCH3), 3.67 (s, 3H. OCH3), 3.47 Germany), the cePl were gendy rinsed with PB& Cells were(s, 3H, CH3). 3.44 (s, 3K -CHs), 3.17 <t, J=7.6 Hz, 4H, illuminated- with a mercury arc lamp with a filter cube2XCH2CH2COCCH3), 2.26 (s, 3K CI'3), 2.23-2.34 (in, 3H. containing 530-585 urn excitation filmr, a 600 nm dichoric
C4 3), 1.70 (t, 1=7.8 Hz, 3H, CM•). 0.89-0.93 (mn. 2EK filter and a long pass emission filter to detect theCI 2CH,), 0.44 (4, 1=8.0 Hz, 3K. CH12CHI, -2-32 (brs, 11 photosensitizer. Fluorescent images were recorded andNH)W, F NIMP, a 12.98 (s, 6F. 2XCF 3), 12.99 Ns, 6F, analyzed using a GetnSys intesifier coupled toa Dage MTI2XCF 3). Mass (FAB) calcd. for CWoHssN 4FuOs: 1188.12. CCD72 camera and digitally processed with MetamorphFound. 1189.50 (M+I). software (Universal Imaging Corp., Downingtown, PA).

3-8.2.543,5-Bis(3,5-bhs( frmethbyl oy}phenyl -. 34.I1 Photophysical measurements
2,8-diethyl-7,8,17,1g-terahydroxy-3,71418-tetramethyl-
13,17-bis(2-methoxycarbonylethyl)porphyrin (31). Mp Absorption spectra were recorded on a Hewlett Packard100-I03C; UV-vis (CH2C02) 395 (1.69x10 5 ), 504 8453A diode array spectrophotometer. Tune-resolved
(2.22XI04 ), 644 (3.814104), 716 (2.67X10'). Note: Due to fluorescence and phosphorescence spectra were measuredmixture of isomers it was diicult to assign the resonances by a Photon Technology International GL-3300 with a
for each proton in the IH NMR spectrum. The "F NMR Photon Technology International GL-302, nitrogen laserlspectrum showed mainly two peaks at 8 12.97 .aid pumped dye laser system, equipped with a four channel12.96 ppm. Mass (FAB) caled for CwoHssN4FI2O,: digital delay/pulse generator (Stanford Research System
1223.13. Founda 1223.30 (M÷I).. Inc. DG535) and a motor driver (Photon Technology

International MD-5020). Excitation wavelengths were3.9. Method for in vitro biological studies from 535 to 551 am using coumarin 540A (Photon
Technology InenationaL Canada) as a dye. Fluorescence

The in vitro photosenitizing a=vi of fluorinated photo- lifetimes we detesmined by a two-pqo al curve fit
sensitizers 1-4, chlorin 30 and bacteriochlorin 31 was usi.g a microcomaputer. Nanosecond Umsieut absorpondetermined in the radiation induced fibrosarcoma (RI) .neasurenents were carried out using a NdYAG laser
tumor cell line.IS The R1 ainF r cealls were grown in (continuum, SLII-10, 4-6 Us fwhm) at 355 nan with the



1C072 S" X Pandey e .,.M Te.rahed•'on 59 (2003) 10059410073

power of 10 ml as an excitation source. Photoinducad RgeDrences

events were estimated by using .a continuous Xe-lamp

(W5O W) and an InGaAs-PIIN photodiod (Haimamarsu 1. (a) Pad-y. R. K.; Zng. 0. In The Porphyrin Handbook;

2949) as a probe light and a detector, respectively. The Smith, K- M, Kadish, K. M.. Gulard, R., Eds.; Academic: San

output from the photodiodes and a photomuItiplier tube was Diigo, 2000. (b) DougbaerTy. T. I.; Gomer, C.; H=darson,

recorded with a digitizing oscilloscope (Tektronix, B. W.; Won, G.; Kessel D.; Kobrelik, M1 J.; Png, Q. J. Nail.

TDS2032, 300 MHfz). The transient spectra were recorded Cancer Ia. 1 90 89. (c) Bonnet, R. j. He!erocycL

using fresh solutions in each laser excitation. All exped- Chent 2002, 39, 455. (d) Boyle. R. W.; Rousseau, J.;
ments were performed at 29 8 K Kr•evicb, S. V.; Qbocb M-0. O.K.; van Ler, I. E Br.

1. Cancer 1996, 73, 49.

For the '02 phosphorescence measurements, an O-rsam- 2. Shermac, W. M.; Allen, C. X.; van 1ijr, J. B. Methodr
rated CD 6 solution containing the sample in a qupart cell Enrymol 2000, 319, 376.

(optical path length 10 ram) was excited at 532 n= using a 3. (a) Worlsnan, P.; MaxwelL. y. I.; Griffiths, .p, NMR Biomed.

Cosmo System LV-U-200S spectrometer. A photomultplier 1992, S, 270. (b) Blackstock, A. W.; Lighfdoot, HL; Case, L. D.;

(Hanmnatasu Photonics, R5509-72) was used to detect Tepper, 3. E; Muk:herji. S. K.; Mitchell, B. S.; Swarts, S. G.;

emission in the near infrared region (band path 1 mam). Ress, S. M. Clin. Cancer Res. 2001, 7, 3263-3268.
(c) Martino, I.; Malet-Martino, X.; Guiard, V. Curt. Drug

3.12. Electrochemen cal and o Meta. 2000, I, 271-303. (d) Hunjan, S.; Zhao, D.;

m easreents Caninasc• , A.; Hahn, &. W.; Anuich, P. P.; Maswo, K. P.
MiI. Raia OncoL BioL Pfrys. 2001, 49, 1097-1108.

Cyclic voltamnutry (CV) measurements were performed at i Botto..ly, P. A. Radiolo y 1989, 170,1.

298 K on an EG&G Model 173 potentiostat coupled with an 4. Mon K. Shuka, H.; Anicb, P. P. MagARi RosorM. ,7e,

EG&G Model 175 universal programmer in deaerated 5- M R, 296.

benzonitrile solution containing 0.1 M TBAP as a sport- 6. (a) okl, . L; Gibson, S. I; ilt, It; Bryanz R. 0. Magn

ing electrolyte. A three-electrode system was uiz d Med 190, 13, 416. I-) TnoWas, C.; Counsel], C.;

consisted of a glassy carbon working electrode, a platinum Wood, P.; Adams, 0. Bu46 Canber 1.993, 80, 666.

wire counter electrode and a saturated calomel reference Wo od, P.; AnFams I G. Mason er d.;MPl, u 6 NewYork,

electrode (SCE). The reference electrode was searated 1987- 437 J C-Lter 16.

from the bulk of th6 solution by a fritted-glass bridge filled 87 ; pap a T.

with the solvent/supporting electrolytem . Ti-layer 8- mote X; Ando, A.; Takag3 . T.; Koyuu, M, Kumadaki, L

spectroelectrocheuuical measurements of the one-electron Tetahedrn 1996.52,13961.

oxidized and one-electron reduced bacteriochlorin 9. Barton, D. K X.; Zard, S. 7_ j. Chena Soc. C• onumn.

derivatives were carried out using an optically transparent I1M8, 1098.

platinum thin-layer working electrode and a Hewle•t- 10. Caveliro. .JA.S.; Mo.salves .A. S.; KennerA. VA. R_

Packard model 8453 diode array spectrophotometer coupled Smith. G. W. K -J. Chen, Sac. PerkinTras. a 1 r973,240.

wiha E& odl13universal programmer. 11- Jackson. A. H4 Smith. K. Av Thw Total Synthesw ofl~arural

with an EG&G Model 173 Proiucu, ApSimon, ., Ed.; Wley: New York, 1973; VoL 3,
p 144 1984. VoL 6, p 23.

3.13. In vivo easurents12. Arsenauk2 Q. P.; Bullock, F.; 1aCDOnald, I. F. J. Am. ChmL

The radiation induced fibrosarcoma (RIF) cells were S-C 1960% 82, 4384.

maintained according to the protocol of Twentyman' 13. Clezy.. P..; Fookm C. . R.; IiLpe. A. 1. At=a •t. Ch. 1977,

et al.2 Tumors were grown on mouse foot dorsm by 30,2017.

inoculating 2x10 5 cells. The photosensitder was adminis- 14. (a) Pandey, R.X; Jackson, A. IL; Smith, KX.J. Cham. S=c.

tered IP (:-10aGM). 'F MR Spectra were collected on a Perkn Trans. Lh 91, 121. (b) Smith, . M; pandy,R . K.

Bruker 7T instrument using a home built surface coil. The Terahedron Lmu. 1986, 27, 2717. (c) Jacksn, A. H.; pandey,

19FMR spectral par trsi luded a 90 pulse of 16 p% a L. X; Rao,X• X N.; Robes, Z T hed Le 1M985. 793.
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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 lOpM/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/cm2 , 270 joules/ cm 2) was
delivered to the tumor at 2-24 hours of 3hotosensitizer administration. The MR spectroscopic and imaging examination
of the tumors involved both the 1H and 1P nuclei. The tumor bioenergetics was measured by 31p spectroscopy. The
water proton relaxivity and diffusion measurements were used to obtain local changes in different regions of the tumor.

Changes in 31p 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, 31p 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 (Pi) within 1 hour of treatment and continuing for
several hours thereafter. These data generally demonstrate that early changes in 31p 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 provide 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-3 1 nuclei. When the spectral
changes seen in 31P 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 31p 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

H C \ ~ .H3  H4 3~l

HIi~

COOH CO0H CO 2Na

DOD -1: R=CH3, DOD-2: R= CF3  DOD-6

Figure The structures of photoensifizers 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 W were found suitable for the studies using MR techniques.

2. METHODS
2.lAnimal and tumor model
RIF tumor was implanted on the foot dorsum of male C3HIHeJ 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 2x105 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.

2.3 PDT
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"2. This method provides nearly
uniform light delivery to the entire tumor mass.

The photosensitizers were administered IP at a dose of -10iMfkg. 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 31P MR spectra were collected both before and after PDT using a Bruker 7T instrument and a home built saddle coil
(see Figure 2). The MR spectral parameters included a 900 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. 3 1P 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 31
p 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 T2 relaxation times. We have performed multislice T, and T1"2 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 T2 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-l2OmT/M) pulse was applied in the three directions with

durations (8) of lOms, 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/mm2.

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 (TI or T2) 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.

1200 500 0 _

1000 40 ,
8000

E E 300-

EE 200
400- A0 .untreated

200" . Laser alone 100
2 PS alone

0 500 1000 1500 0 200 400 600 800 1000

Time (min) Time (min)

Figure 3a: Growth profiles for tumors for 1) unperturbed Figure 3b: Growth profiles for PDT treated tumors using DOD-I,
2) laser irradiation alone and 3) drug alone. The 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-p 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 gression rates are represented by e thime
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.

Proc. of SPIE Vol. 5369 383



Table 1

Growth/ The changes that result following PDT studies were measured

Mouse Drug used Treatment Regression using 31p MR spectroscopic technique. The fluorine labeled
Number Times photosensitizer (DOD-2) did not show significant changes in 31p

spectra but the tumor volume measurements showed regression
1 None Untreated 110.3 as shown in Tablel. The studies involving Photofrin® and

2 -Saline Laser alone 178.9 DOD-6 showed tumor regression and changes in 31p spectra.

4 DOD-6 Drug Alone 113.3 The nonlabeled photosensitizer did not show tumor regression or
changes in 31p spectra.

5 DOD- 1 PDT treated 150.5
.181.5 The 31p spectral data obtained for the case of Photofrin® were

6 DOD-2 PDT treated -177.0 analyzed and percent inorganic phosphate and a-ATP with
respect to total tumor phosphorous were measured. These

7 DOD-6 PDT treated 138.6 values were obtained using the AMARES algorithm as included
-414.0 in jMRUI software package (11). An increase in the
122.9 concentration of inorganic phosphate (Pi) and a corresponding

8 Photofrin PDT treated -164.1 decrease in ATP values over time after PDT initiation are
I 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 0 P,

in the first 2 hours of PDT when the sensitizer was Photofrin® or DOD- 4 a.-ATP

6. The effects of PDT on 3"P spectra were little or none when the
sensitizers used were DOD-lor DOD-2. However all the I
photosensitizers except DOD-I showed tumor regression as shown in
Figure 3. The results presented in Figure 3 describing the growth
profiles are for qualitative analysis only and further studies with DOD- E 20-
1 and DOD-2 under similar treatment conditions as photofrin and
DOD-6 are currently in progress.

10E

3.1 Relaxivity Values 0 100 200 300 400

The tumors were investigated for the changes in T, and T2 values Time (mi)

following the therapy. The measurements were made in four different Figure 4: Intensities of Pi and ct-ATP peaks
regions on the central slice of 2 mm thick similar to that shown in measured at various times post PDT
Figure 5. The mean T 2 values before and within lhr after therapy
were 64.5 ±2.9 ms and 63.8±2.3 ms respectively. Thus no changes
were seen for the T 2 values after the therapy. The mean T , values
before and after the therapy were 1828±235 ms and 2553 ± 163 ms
respectively indicating an increase of 40 %( P=0.004). The increase
in T1 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

From the diffusion weighted images the ADC's in four different regions of interest (ROIs) were obtained. The different
ROls 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 Figure5. 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 a I mm 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
mm3. 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 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 Photofrin® and 165% with DoD-6. Together our studies demonstrate that in the time frame where 3"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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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 31p 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 31p 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, 31p MR, RF coils.

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 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 (4). Other
methods such as MTr cell proliferation assay ( 5 ) is based on the ability of mitochondrial dehydrogenase enzyme from
viable cells to cleave the tetrazolium rings of MTr 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
I and 2 respectively. The PS administered was in the dose range of 2.5-10tM/kg. Here we report the results of our
studies on dark toxicity of two PS by in vivo 31p MR and discuss their utility in the development of new photosensitizers

C3CF 3  CF3

CF3 F3C CF3

H3CC /coOH 0H NH N\ H5C2 /H - C x C2H5

NHN
-NI{N\

H3C CH3  H30 -N HN\ OH3

CO2Na
CUONa CO2Na 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

2.1Animal and tumor model
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.
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 g.tl 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 rowth 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 (200-3001.i) 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.

2.3 PDT
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'2 . This method provides nearly
uniform light delivery to the entire tumor mass.

The photosensitizers were administered IP at a dose of -2-1OpM/kg. PDT studies were performed on foot tumors while
the animal remained steady under 1% isoflurane mixed with N20, and 02 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 31p 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. 31p 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= 7c (a*b*c) /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 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 31p spectra when DOD-6 was administered at 10 and 2.5 pM/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 31p MR spectra indicating minimal dark toxicity for Photofrin (see display D in figure 2).
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Figure 2: 31p 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 ptM/kg B) DOD-6

administered at a dose of 2.5 j±M/kg C) DOD-2 administered at a dose of 10 pxM/kg and D) Photofrmn

administered at a dose of 10 jiM/kg respectively. The various peak assignments are: 1) fi•-ATP 2) at-ATP

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

4. Discussion

Dark toxicity was observed when the new photosensitizer (DOD-6) was administered at drug concentration of 2.5-10
ptM/kg. A significant increase in inorganic phosphate (Pi) and a decrease in high energy phosphates were observed at
10 and 51pMfkg doses. However the magnitude of changes were significantly lower when the administered dose was
2.SiM/kg. Continuous monitoring of the tumor by 31p MR over a period of 4.5 hrs showed an increase in Pi of
approximately 146% and the decrease in ca-ATP of -38%. For PDT treated tumors an increase in Pi by as much as
280% and a decrease in ca-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 l0~pM/kg than at 5 pxM/kg. Tumor volumes measured following
PDT at 2.5 pM/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 3"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 more
complete picture than those on cell lines. In vivo 31p 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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ELZBIETA RIPP
4657 Mayberry St.
Omaha, NE 68106

(402) 934-4356

EDUCATION University of Nebraska at Omaha, Omaha, NE
Bachelor of Science - Biology Major
Graduating class of 2003

Relevant Courses include:
Biology I & II Genetics
Microbial Physiology General Chemistry I & II
Molecular Biology of the Cell Developmental Biology
Organic Chemistry Endocrinology

Westside High School, Omaha, NE
Graduating class of 1998

Relevant Courses include:
Biology Chemistry
Physics

WORK
EXPERIENCE

July 1998 - The Sitar Restaurant
November 2001 Waitress

November 2001- University of Nebraska Medical Center
Present Lab Technician

References A. Thomas Weber Dan M. Sullivan, Ph.D.
Department of Biology Department of Chemistry
University of Nebraska at Omaha University of Nebraska at Omaha
6001 Dodge St. 6001 Dodge St.
Omaha, NE 68182-0040 Omaha, NE 68182-0109
tweber(ýunomaha.edu sully@unomaha.edu
Phone: (402) 554-2619 Phone: (402) 554-3646

Fax: (402) 554-3532 Fax: (402) 554-3888



ACTIVITIES Nebraska Humane Society volunteer

Saint Margaret Mary's Church volunteer

Salvation Army volunteer

Presentations Research Colloquium Poster Session on
1 ."In Vivo Magnetic Resonance Measurements of Lithium in Rat
Hind Limb"
2. "MR Determination of Lithium in Plasma and RBC of Small
Blood samples."
3."The Effects of Fluoxetine on Lithium Blood Levels in Rats."
Presented at the University of Nebraska Medical Center, Durham
Outpatient West Atrium August 2002.

Pharmacokinetics and relaxivity of Lithium in Rat Thigh
Muscle by MR Studies, E. Rzepka1, S. Ramaprasad1 Presented
at the ISMRM Scientific Meeting, Toronto, Canada, 2003

Codrug Effects on Lithium in an Animal Model by 7Li MR.
K. Luterbach', E. Pierson1, E. Rzepka', S. Ramaprasad'
'University of Nebraska Medical Center, Omaha, Nebraska, United
States. Presented at the ISMRM Scientific Meeting, Toronto,
Canada, 2003

In Vivo 19F MR Studies of Fluorine Labeled Photosensitizer in
Murine Tumor Model. S. Ramaprasad1 , E. Rzepkal, S.S. Joshi 2,
M.P. Dobhal3, J. Missert 3, R.K. Pandey 3' Presented at the
ESMRMB Scientific Meeting, at De Doelen Congress Center,
Rotterdam, September 2003.

19F MR Quantitation of Fluorine Labeled Photosensitizers in
Tumors and Normal Tissue. S. Ramaprasad', E. RippI, J. Pi1) 2,

S. Joshi3, J. Missert4 , M. P. Dobhal4, R. K. Pandey 4 Presented at
the ISMRM Scientific Meeting, Tokyo, Japan, 2004.

Quantative Mapping of Lithium in Rat Brain at Therapeutic
Doses by Spectroscopic Imaging. S. Ramaprasad', J. Pi1"2, E.
Ripp' Presented at the ISMRM Scientific Meeting, Tokyo, Japan,
2004.

7Li MR Studies of Codrug Effects on Plasma and RBC
Lithium of Rats Under Li prophylaxis. S. Ramaprasad', E.
Ripp' , Presented at the ISMRM Scientific Meeting, Tokyo,
Japan, 2004.



Publications:
1. 7Li MR Measures of Blood lithium-Correlation with Chemical

Analysis Data. Emily Pierson, Katie Luterbach, Elzbieta Rzepka,
Subbaraya Ramaprasad , Magn. Reson. Imaging. 22, 123-126,
2004.

2. 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 SPIE Proceedings vol
5369, 380-386. 2004.

3. In vivo magnetic resonance measures of dark cytoxicity of
photosensitizers ina murine tumormodel. SPIE proceedings,
vo15746, 16-22, 2005.

4. Pharmacokinetics of lithium in rat brain regions by spectroscopic
imaging. S. Ramaprasad, E. Ripp, J. Pi, M. Lyon. Magn reson.
Imaging. In press.

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
I 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 02 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 I d T2 sequence, and
im spec Id T2 although I have helped out with many others. I 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, DOD 1, 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 Tland 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.



Sangya Singh
7116 Jones Circle #8
Omaha, NE, 68106

(402) 990- 7165
singhsangya@hotmail.com

Objective: To acquire a challenging position in biological research utilizing
analytical and investigative skills while building on previous lab
experience.

Education: University of Nebraska at Omaha; NE
Bachelor of Science in Biotechnology (in December 2005).

Honors: Dean's list.

Relevant Experience University of Nebraska Medical Center Omaha, NE
7/2004 - present Research Technician

oDesign and carry out a wide range of PDT (Photodynamic
Therapy) experiments on small rodent tumor models and monitor
PDT effects as well as the effects of photosensitizers alone in
murine tumors by spectroscopic technique.

*Collect, organize and analyze the MR data using the Bruker
Paravision software.

*Experience handling and anaesthetizing small animals.
*Perform cell culture, harvest tumor cells and freeze cells.
*Perform literature searches of relevant topics and obtain articles
to the project.

eMaintain daily lab records and order lab supplies.

8/2005 - 12/2005 University of Nebraska Medical Center Omaha, NE
Intern
eCompose and present a written report on Magnetic Resonance
Spectroscopic Quantitation and PDT effects of Fluorine labeled
Photosensitizers.

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

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

oMeasure and calculate the tumor volume and conduct the laser
irradiation on tumors.

07/2002 - 08/2004 University of Nebraska at Omaha, NE
Undergraduate research assistant
ePerformed cellular and molecular experiments, including plasmid
extraction, DNA digestion with restriction enzymes, PCR, IPTG
tests, vector expressions, Agarose gel electrophoresis and the



preparation of competent bacteria.
eMaintained good lab report summarizing the findings of
biological analysis.

*Conducted routine lab duties including autoclaving glass wares
and pipettes, making solutions and media; checking and ordering
supplies.

Publication: Reiling, S. A., J. A. Jansen, B. J. Hanley, S. Singh, C. Chattin, M.
Chandler and D.W. Rowen. 2005. Prc Protease Promote Mucoidy
in MucA mutants of Pseudomonas aeruginosa. Microbiology, 151,
2251-2261.

S. Ramaprasad, E. Ripp, J. Pi , S. Singh ,M. Lyon(2005) Region
Specific Pharmacokinetics of Lithium in a Mammalian Brain by
MRSI technique. Proceedings of the Symposium on Trace
elements in humans: Satellite Symposium on Lithium, Athens,
Greece.

Presentation Presented Magnetic Resonance Spectroscopic Quantitation and
PDT effects of Fluorine Labeled Photosensitizers at "Era of
Hope": Breast Cancer Research Program Meeting; June 8-11,
2005.

Abstract: Magnetic Resonance Spectroscopic Quantitation and PDT effects
of fluorine labeled photosensitizers. S. Ramaprasad, J. Pi, S Singh,
S. S. Joshi, M. Dobhal, J. Missert, R.K. Pandey

References: Available upon request.



Jiaxiong Pi

Address:
7070 Capitol Court, #678
Omaha NE, 68132
Tel: (402)203-9736(C), (402)559-3865 (0)
E-mail: ipi 2003gyahoo.corn Homepage: http://www.geocities.com/pijx/

Summary:
Highly motivated, creative and knowledgeable computer science graduate student with
four years of experience in programming, database manipulation and ten years of
experience in data processing and analysis

Qualifications:
"* Good programming skill in Java, Fortran, C, C++, IDL, VB, SQL, HTML, ASP and

Shell Script
"* Good knowledge of TCP/IP protocols (TCP, UDP, IP, ICMP and ARP), AutoCad

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

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

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

* 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

* Developed audio play & evaluation system (Java)

Dalhousie University September 1999-August 2001
Physics Department
Teaching Assistant/Research Assistant

* 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:
* 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
"* Appointed Research Assistant position at Dalhousie University (1991-2001) and

University of Nebraska Medical Center (2003-2005)
"* Awarded the Travel stipend to attend the ISMRM meeting at Miami, Florida,

May, 2005.
Publications:

"* Pharmacokinetics of lithium in rat brain regions by spectroscopic imaging. S.
Ramaprasad, E. Ripp, J. Pi, M. Lyon. Magn. Reson. Imaging. In press.

"* 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 USA, V.5369, 380-386, 2004.

* U. Lohmann, J. Zhang and J. Pi, "Sensitivity studies of the effect of increased
aerosol 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.
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