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In Vivo Stability and Photodynamic Efficacy of Fluorinated Bacteriopurpurinimides Derived
from Bacteriochlorophyll-a
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The stable bacteriopurpurinimide (788 nen, 38 600 in CHCI,), obtained by reducing the corresponding
unstable Schiff base (803 nr, 50 900 in CHCI,) that was isolated by reacting bacteriopurpurin methyl
ester with 3,5-bis-(trifluoromethyl)benzylamine, produced promising photosensitizing effitadyMR,

mass spectrometry, and HPLC analyses confirmed the structures of new bacteriopurpurinimides and the
metabolic product. The preliminary in vivo photosensitizing efficacy of this stable bacteriopurpurinimide
was determined in C3H mice bearing radiation induced fibrosarcoma tumors as a function of variable drug
doses. A drug dose of 1/mol/kg and light exposure of 135 J/éit¥5 mW/cn#; 24 h postinjection) at 796

nm for 30 min produced a 60% long-term tumor cure (3/5 mice were tumor-free on day 90). Colocalization
study of the stable bacteriopurpurinimide with MitoTracker Green confirmed some mitochondrial localization.
The fluorescein-exclusion assay and histological staining of CD31 confirmed vascular stasis at various time
points post-PDT (post photodynamic therapy). The treatment parameters (time for maximum drug uptake
and wavelength for light irradiation) were determined by in vivo reflectance spectroscopy.

Introduction From the studies of various porphyrin and phthalocyanine-

Photodynamic therapy* (PDT) involves the administration ~ based compounds?? it is now well accepted that the overall
of photosensitizer (PS) either systemically or locally, followed lipophilicity of the molecule and position of substituents play
by illumination with light. The PS absorbs the light and, in the important roles in their in vivo photosensitizing activity.**
presence of oxygen, produces Cytotoxic oxygen SDECieS, WhichFor the past several years, one of the objectives of various
are believed to be a key element that destroys the tumorSéells. investigators has been to develop photosensitizers with long-
The penetration of light through tumor tissue is highly complex Wwavelength absorption near 800 Af?> In our previous
due to the interactions of the light with the absorbing and highly studies, we have shown that unstable bacteriochlorophyll-a,
scattering medium.As light enters tissue at more than 2 or 3 present inRhodobacter sphaeroidesan be converted into a
mm the photon becomes diffuse (i.e. nondirectional), such that stable bacteriopurpurinimide where some of the related alkyl
light penetration is governed by either intrinsic scattering or ether derivatives were found to be quite effective, both in vitro
absorption per unit path. Absorption is necessary in PDT where and in vivo!® In our attempt to establish a structure/activity
the photon is absorbed so that the photochemical reaction isrelationship (SAR) in the purpurinimide series, we observed
generated. For instance, each layer of the tumor tissue mediunthat, among certaiN-aryl substituted analogues, the fluorinated
absorbs “an equal fraction of the light passing through it, but purpurinimides showed enhanced in vivo efficacy, compared
the amount of light it receives is successively decreasing”. to the corresponding nonfluorinated derivati¥éBue to a close
However, the penetration of light in tumor tissue increases as structural relationship between the purpurinimide (one pyrrole
the wavelength of light increases from 600 to 800 thithe ring is reduced) and the bacteriopurpurinimide systems (two
probability per unit path length of a photon being absorbed by pyrrole rings diagonal to each other are reduced), we extended
an endogenous chromophore, such as water, hemoglobinthis approach to bacteriopurpurinimides, with an aim to establish
deoxyhemoglobin, and melanin (wavelengths shorter than 630a generic structural requirement for effective photosensitizers.
nm), decreases with increasing wavelength (700 to 800 nm).In this manuscript the synthesis, stability, tumor uptake
The strong peaks of the absorption bands of hemoglobin andintracellular localization, and in vitro/in vivo photosensitizing
deoxyhemoglobin are found at wavelengths shorter than 630 efficacy of the fluorinated bacteriopurpurinimides obtained by
nm. The tails of these bands extend beyond 630 nm and becomeeacting bacteriopurpurin-18 with a large excess of 3,5-bis-
weaker with increasing wavelength. The other endogenous (trifluoromethyl)benzylamine and the corresponding reduced
chromophore, melanin, absorbs light over a broad range of product are described.
wavelengths throughout the visible and near-infrared, but is
fortunately not present in significant amounts in most tisSes. Results and Discussion
Therefore, during therapeutic applications, for maximum pen-

etration it is best to use red light excitation near 800 nm. Chemistry. Bacteriopurpurin methyl estérwas isolated from
Rb. sphaeroidedy following the methodology developed in
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nm,e: 71 444 in CHCI,) 4, and the slower moving compound
was characterized as!-3,5-bis(trifluoromethyl)benzylimine-
bacteriopurpurin-18N-3,5-bis(trifluoromethyl) benzyl imid@
(Amax803 nm,e: 50 900 in CHCIy). The ratios for the formation

of these products were found to be dependent on the reaction
conditions and the amount of the reactants used. The reduction

of the Schiff base2 with sodium borohydride produced the
corresponding amin8 (Amax 788 nm,e: 38 600 in CHCIly),

with a significant hypsochromic shift in the electronic absorption

spectrum (Figure 1).
In another set of experiments, treatment of the Schiff Rase

in acetone/aqueous HCI produced the corresponding acetyl
analoguet, which further confirmed its proposed structure. The
IH NMR and the mass spectrometry analyses confirmed the

structures of new bacteriopurpurinimid2s4. Analytical TLC
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Figure 2. Stability and tumor vs skin uptake of photosensitiz2rs

and 3 determined by in vivo reflectance spectroscopy in C3H mice

bearing RIF tumors.

vs skin, and the changes in the in vivo electronic absorption

spectra of new bacteriopurpurinimides were determined by in

vivo reflectance spectroscopy, which offers the same advantages

as a double-beam absorption spectrophotoniéter.
The preinjection mouse data can be thought of as the reference

and HPLC analyses ascertained the purity of the reaction poqm, sample and the postinjection data as the sample beam

products.
Determination of in Vivo Stability of Bacteriopurpurin-
imide 2. The stability, the comparative drug uptake in tumor
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Figure 1. Electronic absorption spectra of bacteriopurpurinimizleg
in dichloromethane.

containing everything in the reference beam plus the experi-
mental drug. It has been previously shown that the absorption
spectrum of a compound in a living tissue is extremely valuable
in determining its in vivo stability and concentration in tumor
and adjacent skin. For a photosensitizer to be considered
biologically active under PDT conditions, it is necessary that it
display stability and significantly enhanced tumor selectivity.
Bacteriopurpurinimid® exhibited some interesting properties.
Upon initial injection,2 already exhibited two peaks charac-
teristic of in vivo cleavage of the<€N bond by water (Figure

2). Over time 2 slowly displayed evidence of conversion to its
metabolite4, which exhibited a shoulder peak shift fror803

to ~826 nm. On the other hand, the corresponding reduced
bacteriopurpurinimide8 was quite stable, which was further
confirmed by HPLC analyses (Figure 3).

A red shift in the long-wavelength absorption band for
compound, from 788 nm in vitro to 796 nm in vivo, apparently
reflects its binding to various tissue components. From the
results obtained by the in vivo reflectance spectroscopy it was
evident that bacteriopurpurinimd&was at a greater level in
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Figure 3. HPLC analyses of photosensitiz&s4. 4).

In Vitro Photosensitizing Efficacy. As can be seen from
the tumor at 24 h-¢1440 min) compared to that at 48 #3000 Figure 5, the bacteriopurpurinimide produced a dose- and
min). Drug accumulation was also more selective for the |ight-dependent PDT response as determined by the MTT
radiation induced fibrosarcoma (RIF) tumor compared to the assay?0 Bacteriopurpurinimidet could not be evaluated at this
C3H skin (3:1 respectively) at 24 h postinjection. time due to laser limitations (not enough power to treat@24

Determination of Drug Stability by HPLC Analysis. The nm). Therefore only bacteriopurpurinimidewas taken into
results obtained from HPLC analysis suggest that bacteriopur-further in vivo investigation.
purinimide2 is unstable in its 1% Tween 80/D5W formulation. Intracellular Localization. The literature survey revealed
Leaving the solution at room temperature for a few hours that, among tetrapyrrole-based compounds, the most effective
converted it into bacteriopurpurinimidd, which was also  photosensitizers tend to localize either in mitochondria or in
identified as an in vivo metabolic product by reflectance lysosomeg! And in general, compounds that localize in
spectroscopy. mitochondria were found to be more effectR?elherefore, to

As can be seen from Figure 3, by HPLC analysis, bacteri- investigate the site of localization of new bacteriopurpurinimide
opurpurinimide4 displayed a single peak at 18.39 min, whereas 3, the RIF cells were coincubated with the photosensitizer and
2 displayed two distinct peaks with retention time of 18.62 and MitoTracker Green (a mitochondria localizing probe). As can
22.52 min. On leavin@ in its 1% Tween 80/D5W formulation be seen from Figure 6, after a 24 h incubati8nyas found to
at room temperature over time (30 min to 29 h), a significant be partially localized in the mitochondria. Other site(s) of
difference in peak intensity at two different time points was localization were not determined at this time.
observed. For example, at 3zdisplayed a significant increase In Vivo Photosensitizing Efficacy. In order to determine
in the 18.62 min peak, with a continued decrease in the peak atthe optimal drug dose, bacteriopurpurinimi@levas evaluated
22.52 min. After leaving the solution for 7 h, there was a near at three drug doses (1.0, 0.4, and @rRol/kg), and the results
disappearance of the 22.52 min peak, confirming that the Schiff are summarized in Figure 7.
base2 was unstable when either left at room temperature or At 24 h postinjection, the mice (5 mice/group) were treated
stored at 4°C for a long period of time in solution and  with laser light at 796 nm under the specified in vivo conditions
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Figure 6. Intracellular localization of bacteriopurpurinimid® (1.0
uM) at 24 h incubation in RIF cells: (A) MitoTracker Green (100 nM);
(B) compound3; (C) overlay of A and B.
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Figure 7. In vivo photosensitizing efficacy d8 in RIF/C3H mice at immediately post-PDT; (F) H& 4 h post-PDT; (G) CDB 4 h post-
varying drug doses at 24 h postinjection. PDT parameters: wavelengthppT; (H) H&E 24 h post-PDT; (I) CD31 24 h post-PDT.
796 nm, 135 J/cfhand 75 mwW/crafor 30 min.

40F+08 -  EImmediate _ assay, tumor sample slices were stained with H&E, as well as
m4H CD31, and analyzed for tumor response post-PDT (Figufe 9).
30Es | O24H The control tumors (24 h drug incubation; no light) stained

positively for CD31, noting functional blood vessels in the
absence of light. The H&E staining indicated that the drug alone
had no significant effect on morphology of the tumor cells. Prior
to PDT, the tumor was well perfused and maintained viable
cells. Immediately post-PDT, the vasculature was greatly
reduced. There was evidence of dilated vessels, and the H&E
displayed severe edema. At 4 and 24 h post-PDT, the evidence
of vascular damage was more evident. At 24 h, no functional
blood vessel was found by CD31 staining, except for remnants
of dilated and congested nonfunctional blood vessels. By H&E
there seemed to be a large number of cells that were pycnotic,

c?. As can be seen, at a dose of Llol/kg, a 60% tumor while there. were a few remaining viable gells. Even though
. . . __there was significant cell loss, the apparent viable cells remained
response was observed on day 90 (i.e. three out of five MIC€45 give rise to those cells that allowed for tumor regrowth. At
were tumor-free with no palpable tumor on day 90). Under d ggo v 60% of the mi " r 9 Ik '
similar treatment conditions at a dose of 0.4 and 02mol/ ay s only 0_(_) ) € mice were qmor ree (LMo g_)'
kg did not produce any significant PDT effect. _Skln Photqsensmwty.One of the major proble_ms as_somated
Fluorescein-Exclusion Assay for Vascular StasisThe  With porphyrin-based compounds is long-lasting skin photo-
fluorescein-exclusion assay was used to quantitatively determineSensitivity. The foot pad of SWISS/Cr mice was utilized for
PDT-induced vascular damage in normal mouse skin tidife. ~ determining drugt light photosensitivity (Figure 10f Bac-
As can be seen in Figure 8, immediately post-PDT, there was teriopurpurinimde3 was evaluated at its therapeutic dose of
no exclusion of the fluorescein dye in the treatment site, noting 1.0 umol/kg. After a 24, 48, 72, and 96 h drug incubation, the
that the blood vessels were initially compromised and leaky foot was exposed to solar simulated light for 30 min (3 mice/
after PDT. A 4 h post-PDT, only partial fluorescein dye time point) and monitored postillumination for skin photosen-
exclusion was observed in the treatment site compared to thesitivity. There was evidence of skin photosensitivity (0.35 with
hind leg (no light). In contrast, at 24 h post-PDT, there was slight edema) at day 1 following light illumination in those mice
almost complete exclusion of fluorescein fluorescence in the that had been exposed to the photosensitizer for a 24 h
treatment site compared to the hind leg, noting that the incubation period. In those mice that had been administered the
vasculature had been damaged and almost completely shuphotosensitizer for 48, 72, and 96 h, there seemed to be no
down. apparent difference from a normal mouse foot by day 1
Confirmation of Vascular Stasis with CD31 Staining.To following light illumination. These findings demonstrated that
confirm the results that were observed by fluorescein-exclusion bacteriopurpurinimide8 was specific for the tumor (by 24 h
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Leg Tx spot

Figure 8. PDT induced vascular stasis in normal C3H mouse skin.

for a total light dose of 135 J/chat a fluence rate of 75 mw/
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was judged using a-83 scale (see the text). Figure 12. Spectra of singlet oxygen phosphorescence sensitized by
Rose Bengal (1) an8 (2). Spectra were corrected with background
subtraction.
25
50 3 The Schiff base, formed by reacting the bacteriopurpurin-
’ < imide with a melt of 3,5-bis-(trifluoromethyl)benzylamine, was
2 15 Z found to be unstable in vivo. Its unstable nature and the
_§ £ identification of the in vivo metabolite were further confirmed
g 10 _ré by IRS and HPLC analyses. However, the corresponding
< 05 — g reduced fornB was found to be quite stable, and this product
- g was further investigated for its in vitro and in vivo activity.
0.0 i , : , N = The best time for the light treatment (24 h) and the in vivo
400 500 600 700 800 absorption of the longest wavelength (796 nm) were identified
Wavelength (nm) by in vivo reflectance spectroscopy.
Figure 11. Absorption and fluorescence spectra3oih MeOH. Both in vitro and in vivo experiments displayed a dose-

dependent response. In vivo, the most effective tumor response

uptake), yet cleared at an acceptable time in which there was/as évident as the dose escalated from 0.2 tuh0l/kg (135
no evidence of severe damage to normal tissue. Jicn? at 75 mW/cnd), in which 60% of the C3H mice were

Photophysical Characterization.Rhodamine 6G and Rose ~ tumor-free by day 90. The RIF lack the ability to undergo
Bengal were used as references for the fluorescence and single®POPtosis. Therefore, the PDT-induced effect on vasculature was
oxygen yield measurements. During these measurements Optica_q:onflrmed via the fluorescein-exclusion assay and CD31 stain-

densities of the sample solutions in methanol were matched at"9- Interestingly, our results from both experiments displayed
the wavelength of excitation (532 nm). The fluorescence that, immediately following PDT, there was vessel dilation and
quantum yield ®g) for Rhodamine 6G in methanol is 0.63,  bY 24 h there was almost complete vessel ablation. On the basis

and the singlet oxygen yield,) for Rose Bengal in methanol of these findings, at a dose of Jutnol/kg and 135 J/cP_nat 75
is 0.8028 mW/cg, our treatment was confined to photodynamic damage
to the vasculature feeding the tumor. Our study indicates that
vascular destruction, through blood stasis and hemorrhaging,
possibly starved the tumor cells of oxygen and nutrients
necessary to facilitate the tumor’s survival.

In summary, we have developed an efficient approach for

which satisfied the mirror image rule with absorption band the preparation of a highly stable bacteriopurpurinimide with
(Figure 11). The quantum yield of fluorescence was quite low "€quired photophysical and phototherapeutic potential. One of
(~0.03). the major limitations to current photosensitizers is the drawback
The singlet oxygen phosphorescence spectruvith Rose of prol_onged sl_<|r_1 p_hotosensmwty_. C_ompared to Ph_c_)tc_Jfrln, the
Bengal as a reference is depicted in Figure 12. Considering thatP@cteriopurpurinimide produced limited photosensitivity and
the value for singlet oxygen yield for Rose Bengal in MeOH is thus it provides a distinctive advantage over most of the
0.80, the singlet oxygen yield for bacteriopurpurinimigién porphyrin-based compognds. Flnqlly, it can easily be Qerlved
MeOH was determined as0.28. from the naturally occurring bacteriochlorophyll-a and displays
The above experiments emphasized that Iong-wavelengthpromise as a new PDT agent for the treatment of large and/or
photosensitizers with effective in vitro and in vivo activity can deeply seated tumors.
be synthesized efficiently from bacteriochlorophyll-a. These new
bacteriopurpurinimides displayed improved spectroscopic prop- Experimental Section

erties exhibiting long-wavelength absorption near the infrared Chemistry. All chemicals were of reagent grade and used as
region of the electromagnetic spectrum, which should exhibit g,ch Solvents were dried using standard methods. Reactions were
reduced absorption and scattering in tissue and provide lightcarried out under nitrogen atmosphere and were monitored by
penetration deeper into the tissue than compounds such asgrecoated (0.20 mm) silica TLC plastic sheet (2®0 cm) strips
Photofrin, which absorbs at630 nm. (POLYGRAM SIL N-HR) and/or U\-visible spectroscopy. Silica

The absorption spectrum &fin MeOH was similar to that
obtained in CHCI, solution. The position of the long-
wavelength absorption peak was slightly blue-shifted in com-
parison to CHCI, solution (~782 nm). The sample solution
also displayed a fluorescence band with maximum&d8 nm,
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gel 60 (76-230 mesh, Merck) was used for column chromatog- CHz); 3.54 (s, 3H, 2-Ch); 3.17 (s, 3H, 3-COCEJ; 2.60-2.70 (m,
raphy. UV~-visible spectra were recorded on a Varian (Cary-50 1H, 1 x 17*H); 2.43 (m, 3H, 8CH, and 1 x 17*H); 2.00-2.10

Bio) spectrophotometertH NMR spectra were recorded on a
Brucker AMX 400 MHz NMR spectrometer at 303 K in CDCI

Proton chemical shiftsd) are reported in parts per million (ppm)
relative to CDC4 (7.26 ppm) or TMS (0.00 ppm). Coupling

(m, 1H, 1 x 172H); 1.85-1.95 (m, 1H, 1x 172H); 1.81 (d,J =
5.8, 3H, 7-CH); 1.72 (d,J = 6.9, 3H, 18-CH); 1.10 (t,J = 7.0,
3H, &CHjg); —0.35 (brs, 1H, NH);—0.61 (brs, 1H, NH). Mass
calculated for GzH41NsOsFs: 821.30. Found: 844.4 (M- Na).

constantsJ) are reported in Hertz (Hz), and s, d, t, g, p, m, and br HRMS calcd: 821.3012. Found: 822.3090.

refer to singlet, doublet, triplet, quartet, pentet, multiplet, and broad,  3-Deacetyl-3-[1-3,5-bis(trifluoromethyl)benzylenium]ethyl-
respectively. Mass spectral analysis was performed in the Biopoly- purpurin-18- N-3,5-bis(trifluoromethyl)benzyl Imide (2). Reac-
mer Facility, Roswell Park Cancer Institute, Buffalo, and Michigan tion of 1 (250 mg, 0.42 mmol) with a melt of 3,5-bis(trifluoromethyl)-
State University, East Lansing, Michigan. benzylamine (3 g, 0.012 mol) undeg Nas at refluxing conditions

Synthesis of Bacteriopurpurin-18 Methyl Ester (1). Rb.
sphaeroideg~1.5 kg) and~3000 mL of 1-propanol were stirred
overnight with a continuous flow of Ngas bubbled through the

for 60—70 min afforded mainly compoun®. The crude material
was purified on silica prep plates in 1% acetone in,CH (yield
50%). UV—vis (¢ = 50 900 at 803 in ChLClp): 739 (1.34x 10,

mixture. The bacterial sludge was filtered through a Buchner funnel, 538.9 (3.6x 10%), 473 (5.80x 10°), 418.9 (5.09x 10%), 369.0
and the blackish-blue/green filtrate was collected (peak absorbance(1.00 x 10°). *H NMR (400 MHz, 3 mg/1 mL CDGJ, 6 ppm):
at 776 nm in 1-propanol). A KOH solution was added to the filtrate. 8.76 (s, 1H, 10-H), 8.66 and 8.70 (each singlet for 0.5 H, 5-H),
With air bubbling through the solution, the reaction was stirred for 8.50 (s, 1H, 20-H), 8.22 (s, 4H, ArH), 8.22 (s, 1H, ArH), 8.12
~1 h at rt. The reaction was complete when a wavelength absorption(two close singlets, 1H, ArH), 8.12 (two close singlets, 1H, ArH),
shift occurred from 776 to 768 nm. At this point the mixture was 7.82 (2H,—C=N—-CH,—), 5.76 (2H,—C—NH—CH,—), 5.20 (m,

red; however, during transfer to the i¢ewater solution the mixture
turned bluish-green. During stirring, 5%%$0, was added dropwise
until the mixture reached a pH in the range ef2(changed back
to dark red hue). The mixture was washed with water andQTH
and the organic layer was collected, dried oves®@, and filtered.

The filtrate was rotovapped to dryness and refluxed in THF for

~30 min until a peak at~815 nm was noticeable. The mixture

1H, 17-H), 4.25 (m, 3H, 3H, 1H for 7-H, 1H for 8-H, 1H for 18-
H), 3.68 (s, 3H, 12-H), 3.56 (s, 6H, 3H forCOOCH;, 3H for
31-CHj), 3.18 (s, 3H, 2-Ch), 2.70 (m, 1H,—~CHHCH,COOGH-),
2.30 (m, 3H, 1H for—~CHHCH,COOGH, 2H for 8-CH,CHs), 1.80
(d, J=6.90 Hz, 3H, 7-CH), 1.70 (d,J = 6.91 Hz, 3H, 18-Ch),
1.61 (m, 2H,—CH,CH,COOGHy), 1.20 (t,J = 6.89 Hz, 3H,
8-CH,CH3), —0.1,—0.3,—0.4,—0.6 (each singlet for 0.5 H, NH).

was filtered with hexane, and the solid was collected via Buchner Mass calculated for £H;gNgO4F12: 1046.34. Found: 1069.5 (M

funnel filtration. The filtrate mainly containing the carotene

+ Na). HRMS calcd: 1046.3389. Found: 1047.3470.

analogues was discarded, and the solid isolated as a carboxylic acid 3-Deacetyl-3-[1-3,5-bis(trifluoromethyl) benzylamine]-pur-
analogue was treated with diazomethane and converted into thepurin-18-N-3,5-bis(trifluoromethyl) Benzyl Imide (3). The Schiff
methyl ester. The crude material was purified on a silica column base2 (28 mg, 0.027 mmol) was dissolved in 15 mL of dry £H

using 2% acetone in Gi&l, (yield ~2.2 g). UV—vis (in CH,Cly):
364 nm € = 8.91x 10%, 412 nm € = 5.36 x 10%, 545 nm ¢ =
3.4 x 10%, 815 nm € = 5.53 x 10%. IH NMR (400 MHz, 3 mg/1
mL CDCl;, 6 ppm): 9.21 (s, 1H, 5-H), 8.78 (s, 1H, 10-H), 8.62 (s,
1H, 20-H), 5.13 (m, 1H, 17-H), 4.30 (m, 2H, 1H for 7-H, 1H for
18-H), 4.08 (m, 1H, 8-H), 3.63 (s, 3H, 12-GKl 3.57 (s, 3H,
—COOCH;), 3.52 (s, 3H, 2-ChH), 3.15 (s, 3H, CHC), 2.70 (m,
1H, —CHHCH,COOCH,), 2.42 (m, 2H, 8-E1,CHs), 2.35 (m, 1H,
—CHHCH,COOCH;), 2.00 (m, 2H,—CH,CH,COOCH), 1.80 (d,
J=17.17 Hz, 3H, 7-CH), 1.70 (d,J = 6.82 Hz, 3H, 18-CH), 1.1

(t, J = 6.46 Hz, 3H, 8-CHCHg3), —0.03 (s, 1H, NH),—0.65 (s,
1H, NH). Calcd for G4H3eN4OsH20: C, 66.42; H, 6.24; N, 9.12.
Found: C, 66.30; H, 5.90; N, 8.99. Mass calcd fapH3sN4Os:
596.3. Found: n/e 596.8 (M + 1). HRMS calcd: 596.2635.
Found: 596.2615.

Bacteriopurpurin-18-N-3,5-bis(trifluoromethyl) Benzyl Imide
Methyl Ester (4). Compoundl (250 mg, 0.42 mmol) and 3,5-bis-
(trifluoromethyl)benzylamine (3 g, 0.012 mol) were refluxed in 25
mL of dry benzene under Ngas for~24 h. The reaction was
washed with water and GIIl,. The organic layer was collected,

Cl, and reacted with 45 mg of NaBHand 5 mL of MeOH was
added. After stirring for 1530 min, additional NaBhiwas added
until the reaction was complete (determined by-tXs spectros-
copy and analytical TLC). The reaction mixture was diluted with
water, and a small amount of 2% acetic acid was added={3).
The reaction mixture was washed with water and,Chl(3 x 100
mL), and the organic layer was collected, dried ovesd@, and
concentrated under vacuum. The crude material was purified on
silica prep plates using 1.5% MeOH in GEl, (yield 75%). UV—

vis 790 nm € = 38 600 in THF): 538.0 (3.9% 10%, 506 (6.09

x 108), 470.0 (5.22x 10°), 417.0 (5.2x 10%, 367.0 (9.97x 10%).

IH NMR (400 MHz, 3 mg/1 mL CDG, 6 ppm): 9.12, 9.05 (each
singlet for 0.5 H, 5-H), 8.60 (s, H-10), 8.30 (two close singlets,
1H, ArH), 8.20 (s, 2H, ArH), 7.80 (s, 2H, ArH), 7.70 (two close
singlets, H-20), 5.70 (two close singlets, 2H, imide ring GH,),

5.2 (m, 2H, 3-H and 17-H), 4.20 (m, 2H,3N—CH,—), 4.05 (m,
3H, 3H, 1H for 7-H, 1H for 8-H, 1H for 18-H), 3.60 (s, 3H, 12-
H), 3.58 (s, 3H,—~COOCH;), 3.20 (s, 3H, 20-Ch), 2.60 (m, 1H,
—CHHCH,COOGH?), 2.30 (m, 3H, 1H for—CHHCH,COOGH>,

2H for 8-CH,CHj), 2.00 (d,J = 6.8 Hz, 3-CHg), 1.80 (d,J =

dried over NaSQ,, and concentrated under vacuum. The residue 6.90 Hz, 3H, 7-CH), 1.70 (d,J = 6.91 Hz, 3H, 18-CH), 1.61 (m,
was found to be a mixture of mainly two compounds, exhibiting 2 2H, —CH,CH,COOGH?), 1.20 (t,J = 6.89 Hz, 3H, 8-CHCH3),
absorption bands at 799 and 826 nm. The compounds were0.30,—0.05 (each singlet for 1H, NH). Mass calculated fegHs-
separated by preparative TLC and were identified as compainds NeOsFi2: 1048.35. Found: 1049.3 (Mt 1). HRMS calcd:

and4, respectively. The yield of the individual product was found

to depend on the reaction conditions. Dissolving the mixture in

1048.3545. Found: 1049.3620.
Formulation of Bacteriopurpurinimides. The bacteriopur-

CH,Cl, and subsequent treatment with dilute HCI converted the purinimides derived from bacteriopurpurin-18 methyl ester were

majority of product to bacteriopurpurinimidgé which yielded a

insoluble in water; therefore for biological studies these compounds

single peak at 826 nm. The reaction product was immediately were dissolved in 1% Tween 80 (Sigma) and 5% dextrose solution

washed with water and GBI, (3 x 100 mL), and the organic
layer was collected, dried over B8O, and concentrated under

(Baxter Healthcare corporation). The concentration of the photo-
sensitizers in the solutions was determined by using the Beer

vacuum. The crude material was purified on silica prep plates using Lambert law equatiof?’

1% acetone in CkCl, (yield: 245 mg, 71%). UV-vis (e =
59,500 at 820 in THF): 544.9 (3.19 10%, 414.9 (3.87x 10%,
363.9 (7.45x 10%. 1H NMR (400 MHz, 3 mg/1 mL CD{, ¢
ppm): 9.20 (s, 1H, 5-H); 8.80 (s, 1H, 10-H); 8.60 (s, 1H, 20-H);
8.19 (s, 2H, Ar-H); 7.80 (s, 1H, ArH); 5.74 (s, 2H, NE,Ar);
5.25 (m, 1H, 17-H); 4.224.32 (m, 2H, 7-H and 18-H); 4.65
4.15 (m, 1H, 8-H); 3.70 (s, 3H, 12-GH 3.55 (s, 3H, 17CO,-

HPLC Analysis of Bacteriopurpurinimides. Analytical separa-
tions were performed on amm LiChroCART 100 RP-8 25 cm
column. The photosensitizegs 3, and4 were formulated in 1%
Tween 80/D5W and analyzed over a mobile phase gradient from
90% MeOH to 100% MeOH at a flow rate of 1.50 mL/min (time
0—10 min, 10% HO, 90% MeOH; 16-20 min, 5% HO, 95%
MeOH; 20-30 min, 100% MeOH.
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Animals and Tumor System.Female C3H mice (1616 weeks of the drug postinjection was recorded over time (up to 2 days
old; weight range 1825 g) obtained from NCI were used for in  postinjection). The in vivo drug absorption spectrum was best
vivo studies. Approximately % 1CP radiation induced fibrosarcoma  displayed by determining the ratio of the postinjection spectrum to
(RIF; murine tumor cell line) tumor cells were implanted sub- the preinjection spectrum in the tumor versus the skin. This
cutaneously on the axilla of the mouse. After bdays the tumors experiment determined the wavelength and time at which to perform
reached 46 mm in size and were suitable for experiments. All the in vivo PDT treatment.
experiments were carried out and maintained according to RPCI  Evaluation of in Vivo Photosensitizing Efficacy. The stable

IACUC and DLAR regulations. bacteriopurpurinimid® was evaluated for in vivo tumor response
In Vitro PDT. The RIF tumor cells grown in alpha-minimum  in C3H mice bearing RIF tumors. In brief, C3H mice (5 mice/
essential mediuno¢MEM) with 10% fetal calf serum,-glutamine, group) were injected subcutaneously in the axilla with 3L0P

and penicillin/streptomycin/neomycin were maintained in 5%,CO  RIF cells in 40uL of completea-MEM and permitted to grow
95% air, and 100% humidity. These cells were plated in 96-well until they were 45 mm in diameter. The day before PDT light
plates at a density of Xx 10 cells/well in complete media as a  treatment, the mice were injected intravenously with either 0.2, 0.4,
means to determine PDT efficacy. The next day, photosens8izer or 1.0 umol/kg of the photosensitizer. At 24 h postinjection, the
was added at variable concentrations (28 uM). After the 24 mice were restrained in plastic holders without anesthesia and
h incubation in the dark at 37C, the cells were replaced with  treated wih a 1 cn? drug-activating laser light area (796 nm) from
complete media and exposed to light at a dose rate of 3.2 m®v/cm an argon-pumped dye laser for a total fluence of 135 J/ata
at various light doses @20 J). The dye laser (375; Spectra Physics, fluence rate of 75 mW/ct Post-PDT, the mice were observed
Mt. View, CA) excited by an argon-ion laser (171 laser; Spectra- daily, the tumors were measured using two orthogonal measure-
Physics, Mt. View, CA) was tuned to emit the drug-activating ments L and W (perpendicular toL), and the volumes were
wavelength 796 nm. Uniform illumination was accomplished using calculated using the formul = LW?/2 and recorded. Mice were
a 600um diameter quartz optical fiber fitted with a graded index considered cured if there was no palpable tumor by day 90. At this
refraction lens. Following illumination, the plates were incubated time bacteriopurpurinimid@ was not evaluated due to limitations
at 37°C in the dark for 48 h. Appropriate dark controls at variable in our laser diode resources (not feasible to treat more than 1 mouse
drug doses were also included. Following the 48 h incubation in at a time).
the dark the plates were evaluated for cell viability using the MTT Fluorescein-Exclusion Assay for Vascular StasisThe day
assay. PDT phototoxicity for compouddvas not evaluated at this  before PDT light treatment, bacteriopurpurinimglet 1.0xmol/
time due to laser limitations (could not tune lasert824 nm with kg was injected intravenously. At 24 h postinjection, the mice (not
enough power to perform experiments). inoculated with RIF) underwent PDT as described above. The mice
Cell Viability Assay. Cell viability was measured using the were evaluated for PDT-induced vascular shutdown at various time
3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazoliumbromide (MTT)  points post-PDT (1, 4, and 24 B).At each time point, 3 mice/
assay?® Immediately following light treatment, the cells were group were injected iv with 0.20 chof fluorescein fex = 490
incubated for 48 h in the dark at 3T. After 48 h, 10uL of 4.0 nm, Aem = 520 nm), which has a very short plasma distribution
mg/mL solution of MTT dissolved in PBS (Sigma Chemical Co., half-life, and the vascular damage was evaluated 2nin post-
St. Louis, MO) was added to each well. Afteretdd h MTT injection. An in vivo fluorescence probe was utilized to quantitate
incubation, the MTT+ media were removed and 1Qd. of fluorescein fluorescence in the treatment site (1? @rea) as
dimethyl sulfoxide was added to solubilize the formazin crystals. compared to the hind-leg non light treatment site.
The PDT efficacy was measured by reading the 96-well plate on a  Histological Analysis of Tumor ResponseThe day before PDT
microtiter plate reader (Miles Inc., Titertek Multiscan Plus MK Il)  light treatment, bacteriopurpurinim@eat 1.0umol/kg was injected
at an absorbance of 560 nm. The results were plotted as percenintravenously into C3H mice bearing RIF tumors. At 24 h
survival compared with the corresponding dark control (drug, no postinjection, the mice underwent PDT as described above (796
light) for each compound tested. Each data point represents thenm; 135 J/cri at 75 mW/cmd). At various time points post-PDT,
mean from a typical experiment with four replicate wells, and the the mice were euthanized and their tumors were removed, fixed in
error bars are the standard deviation from three separate experizinc, dehydrated with 70% EtOH, and embedded in paraffin. For

ments. histological examination of tumor response post-PDT, the sections
Intracellular Localization Using Fluorescence Microscopy. were stained with hematoxylin and eosin (H&E) and CD31 (stains
RIF cells were seeded on polykysine coated glass coverslips at  endothelial blood vessels). Tumor samples were evaluated under a
1 x 1 in 6-well plates and cultured in-MEM for 48 h to allow Zeiss light microscope (20- or 40-fold magnification), and photo-
for attachment and spreadiAgPhotosensitizeB at 1.0uM was graphs were taken using the AxioVision LE Application V9.1.
incubated in the dark at 37C for 24 h. Cells+ photosensitizer Skin Photosensitivity. One of the major problems associated

were additionally incubated with the mitochondria localizing dye, with porphyrin-based compounds is long-lasting skin photosensitiv-
MitoTracker Green Aex = 490 nm,Aem = 516 nm) (Molecular ity. The foot-pad of SWISS/Cr mice was utilized for determining
Probes, Eugene, OR) for 24 h. Prior to microscopy the cells were drug+ light photosensitivity?® Bacteriopurpurinimd® was evalu-
gently rinsed with PBS. A fluorescence microscope with filter cube ated at a dose of 1 0mol/kg (therapeutic dose). For example, all
containing 536-585 nm excitation filter, and a 600 nm dichroic  six SWISS/Cr mice were injected withon the same day. At 24,
filter and a 615 nm long-pass emission filter were utilized for 48, 72, and 96 h postinjection the mouse was restrained on a board
detection of the photosensitizer. MitoTracker Green was detectedwithout anesthesia and its foot (3 feet/time point) was exposed to
using a 456-490 nm excitation filter, and a 510 nm dichroic filter ~ solar simulated light for 30 min. Following illumination, the foot
with a 5206-560 nm long-pass emission filter. Fluorescent images was monitored daily on a scale of-@ for skin sensitivity. Foot
were captured and analyzed with a CCD camera and intensifier asresponse was judged using a3® scale (0.1= no apparent
previously describe@ Images of photosensitizers and MitoTracker  difference from normal, 0.8 slight edema, 0.5- moderate edema,
Green localization were taken in rapid succession. 0.75= large edema, 1.6 large erythema with exudates, =2
Drug Uptake by in Vivo Reflectance Spectroscopy.For moderate edema with slight scaly or crusty appearance=1.5
determining the in vivo drug uptake, the C3H mice with RIF tumors definite erythema and definite scaly or crusty appearance,=.65
(5—-6 mn®) were first anesthetized using ketamine xylazine slight damage and or slight fusion of toes, 20most toes fused
intraperitoneally. The optical power as a function of wavelength but no change in general shape, 2500t shapeless with no toes,
was recorded before the iv injection of the photosensifiz&he 3.0= only sub of foot remaining; a response scer2.0 indicates
measurements were acquired through the use of bundle optical fibersunacceptably severe normal tissue reaction).
that were positioned on the surface of the tumor (RIF) plus Instrumentation and Methods for Photophysical Studies.
overlying skin and normal skin (C3H). The drug at ol/kg Steady-state measurements at room temperature were performed
was then injected (via orbital plexus) and the absorbance spectrumusing a Shimadzu UV-3101PC spectrophotometer (absorption
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spectra) and Fluorolog-3 spectrofluorometer (Jobin Yvon) (fluo-

rescence spectra).
A SPEX 270M spectrometer (Jobin Yvon) equipped with an

InGaAs photodetector (Electro-Optical Systems Inc.) was used for
acquisition of singlet oxygen emission spectra in organic solvents.
A diode pumped solid-state laser (Verdi, Coherent) at 532 nm was
the excitation source. The sample solution in a quartz cuvette was
placed directly in front of the entrance slit of the spectrometer,

and the exciting laser beam was directed at Blative to the
collection of emission. Long-pass filters, 538AELP and 950 LP

(Omega Optical), were used to attenuate the excitation laser light

and fluorescence from the samples.
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