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ABSTRACT

A set of structurally distinct o-substituted tetraphenylporphyrins, the
picket fence porphyrins, were evaluated for their ability to photosensitize
tumor mitochondria in vitro, in vivo-in vitro, and tumor implants in situ.
Differential photosensitized inactivation efficiencies toward mitochon
dria! enzymes in vitro are reported for the 12 compounds studied as a
function of side chain length and isomer structure. Fluorescence studies
in aqueous solution coupled with mitochondria! uptake studies indicate
that the observed range of inactivation efficiencies are due to different
inherent solubili/alieni properties for the picket fence porphyrins. Studies
with the most soluble compound, 3,l-mej0-tetrakis(0-propionamido-
phenyl)porphyrin, using an in vivo-in vitro protocol indicate that a more
effective photosensitization can be obtained by using an interval of 4 h
between photosensitizer administration and irradiation as compared to
24 h for Photofrin II. Irradiation of tumors in vivo 4 h following
administration of 3,l-mes0-tetrakis(0-propionamidopheny))porphyrin,
resulted in a mean tumor doubling time more than eight times longer
than that observed for untreated tumors. "P NMR spectroscopy in situ
indicated that photodynamic therapy using 3,l-mÂ«0-tetrakis(0-propion-
amidophenyl)porphyrin induced a rapid and significant reduction in high
energy phosphate metabolites.

INTRODUCTION

Photodynamic therapy is under investigation as a treatment
for a variety of clinical cancers. Initial results have been en
couraging (1-5). The current treatment consists of the systemic
administration of PII,3 a commercial preparation enriched in

the hydrophobic fractions of hematoporphyrin. Following an
equilibration period of 24 to 72 h after injection of PII, the
"active" components of PII are retained in malignant tissues

with a tumor/normal tissue ratio >1.0, according to some
reports (6-11). The neoplastic lesions are then exposed to
visible irradiation at 630 nm. Photoexcitation of the porphyrin
components to a triplet excited state enables the photosensitizer
to activate molecular oxygen via a type II photochemical reac
tion that leads predominantly to the formation of singlet oxygen
CO?) through energy transfer and/or Superoxide aniÃ³n(O2~) by
electron transfer (12-16). The highly reactive 'O2 is capable of

causing cellular damage, such as membrane lipid peroxidation
and oxidative cross-linking of proteins. In practice, irradiation
of the PII-equilibrated lesions can produce enzyme inhibition,
membrane damage, impairment of mitochondrial ATP synthe
sis, cellular swelling, and eventually tumor cell death, leading
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to necrosis of malignancies, and in many cases, total disappear
ance of the treated lesions (17-21). Nevertheless, the precise
mechanism, the site of localization of PII in the lesion, and the
chronology of the events responsible for the effectiveness of
PDT remain imprecisely defined. One reason for this is the
complex chemical nature of PII, which is a mixture of porphyrin
species.

Recent research has been directed toward development of
chemically defined photosensitizers with desirable properties
necessary for PDT, such as tumor localization, strong absorp
tion of visible light in the red region of the spectrum to facilitate
tissue penetrance, and efficient formation of toxic oxygen spe
cies. A number of such candidate compounds, including chlor-
ins (22-25), purpurins (26, 27), phthalocyanines (28-34),
merocyanine 540 (35), and cationic rhodamine dyes, such as
rhodamine 123 (36), have been investigated for their effective
ness in vitro. For several of these photosensitizers, the resultant
cell damage and/or toxicity is attributed to their 2 to 10 times
greater light absorption at the appropriate excitation wave
lengths. Although the results in vitro are encouraging, much
less is known of their efficacy in vivo.

The "picket fence porphyrins" exist as four stable atropiso-
mers in which o-phenyl substituents are locked on one face of
the porphyrin (see Fig. 1) offering a set of structurally distinct
photosensitizers amenable to structure-activity studies. We pre
viously reported (37) the photosensitizing activity of the 4,0
isomer of a PFP, tetra(0-acetamidophenyl)porphyrin (TAc, see
Fig. 1) by in vitro and in vivo-in vitro assays. In this paper, we
extend our initial studies with the PFPs by examining the effect
of altering chain length and/or atropisomer configuration on
photosensitization. The ease of synthesis, high triplet quantum
yield, and lipophilic side chains, which favor incorporation into
membrane bilayers, make such porphyrins potential antitumor
photosensitizers (38, 39). From the results obtained in vitro,
the most promising PFP was selected and examined in vivo, a
use more analogous to clinical PDT. This is the first report of
the antitumor efficacy of a PFP in vivo, including effects on
tumor growth rate and tumor phosphate metabolism, measured
by 31P NMR spectroscopy in situ. Results obtained with the

PFPs in vitro and in vivo are compared to results using PII.

MATERIALS AND METHODS

Synthesis of Picket Fence Porphyrins. The PFPs were prepared by a
modification of the method of Freitag and Whitten (38). Pure isomers
of the PFP tetraamides were obtained by isolating the four atropisomers
of TAm on silica gel (eluents, 20:1 CHCl3/diethyl ether for trans-1,2-
and c/s-2,2-TAm, 1:1 CHClj/diethyl ether for 3,1-TAm, and 1:1 ace-
tone/diethyl ether for 4,0-TAm) followed by solvent removal by rotary
evaporation; the isolated tetraamine atropisomers were stored under
refrigeration in a dry state to prevent thermal isomerization. The
tetraamides were subsequently prepared by acylation of the desired
TAm isomer by using the appropriate aliphatic acid chloride. In all
cases, rotary evaporations were performed in the dark to prevent photo-
induced atropisomerization. The tetraamide products (PFPs) were
stored in dry form.

Solubility of the PFPs in Ethanol. The relative solubilities of the
PFPs in ethanol were measured to determine whether ethanol would
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cis 2,2

Abbreviation

TAc
TPro
T Hex

-CH3
-C2H5
-C5H,,

4.0 3.1 trans 2.2

Fig. 1. Generalized scheme depicting picket fence porphyrin nomenclature.

be useful as an initial solubilizing agent for formulation prior to
administration of the PFPs in vitro or in vivo.A small volume of ethanol
(absolute ethanol; Aaper Alcohol Co.) was first added to the porphyrin
such that some porphyrin remained undissolved. Following brief pe
riods of sonication and equilibration at room temperature, the ethanolic
suspensions were centrifuged at 5000 rpm for 10 min in a Fisher
Centrific centrifuge to remove undissolved material. The amount of
porphyrin dissolved was determined by measuring the UV-visible ab
sorption after appropriate dilution at the Soret maximum with a
Hewlett Packard 8451A diode array spectrophotometer. Extinction
coefficients at the Soret band measured for the PFPs in ethanol for
solutions of known molarity by weight were 270,000 Â±10% M~' cm~'.
Porphyrin concentrations were calculated from absorption values by-
using an extinction coefficient of 270,000 M~' cm"' at the Soret

maximum in ethanol such that relative red light absorption of equimolar
solutions could be derived from values in Table 3. PFP concentrations
were determined by using the Soret absorbance and are expressed in
mg eq/ml, which were calculated according to the following equation:

mg eq/ml = A Sorel

270,000 M
â€”x 844.45 g/mol (A)

where A*orâ€žis the Soret absorbance in a 1.0-cm cell and 844.45 g/mol
is the molecular weight of the TAc Â¡somers,a value slightly larger than
that of hematoporphyrin monomer (672 g/mol). This procedure enables
comparison of the PFPs on an equiabsorption basis and approximate
photosensitizer dose comparisons of the PFPs to PII in terms of the
"concentration" of porphyrin macrocycles present.

Fluorescence Measurements in Mitochondria! Buffer and Ethanol.
Solutions were prepared by injecting 30 ^1 of a 8.8-Mgeq/ml ethanolic
solution of the selected porphyrin into 3.0-ml of ethanol or mitochon-
drial preparation buffer (0.33 M sucrose, 1 m\i dithiothreitol, 1 mM
ethylene glycol bis(/3-aminoethyl)-A',A'-tetraacetic acid, 0.3% BSA, and
100 mM KC1), giving a final concentration of 0.088 /ug eq/ml of
porphyrin. Fluorescence spectra were obtained with a Spex Fluorolog
Fluorimeter (Spex Inc., Edison, NJ) using right angle excitation at 420
nm and 1.25 mm excitation and emission slits. The porphyrin solutions
were stirred magnetically during fluorescence measurements and fluo
rescence spectra were corrected for lamp intensity fluctuations.

Determination of PFP Uptake in Vitro. Measurement of porphyrin
uptake into mitochondria in vitro was accomplished by obtaining fluo
rescence spectra of the supernatant solutions prepared by centrifugation
of the porphyrin-mitochondrial suspensions at 800 x g (Eppendorf
Microfuge, Brinkman Instruments, Westbury, NY). Porphyrin uptake
was determined using integrated fluorescence intensities (over the range
of 600 to 750 nm) of supernatant obtained from mitochondrial suspen
sions and compared to integrated fluorescence intensities of standard
solutions of porphyrin added to separately isolated mitochondrial su
pernatant. Fluorescence spectra were superposable for PFP-containing
supernatants prepared in either manner. A calibration curve of fluores
cence intensity versus porphyrin concentration was obtained on the
isolated mitochondrial supernatant, revealing a linear relationship be
tween fluorescence intensity and porphyrin concentration.

Animals and Tumors. Transplantation of the R3230AC mammary
adenocarcinoma in the axillary region of female Fischer rats was
performed by the sterile trochar method described earlier (40). All
animals were cared for under the guidelines of the University Commit
tee on Animal Resources at the University of Rochester.

Preparation of Mitochondria. Tumor mitochondria for in vitro stud
ies, and tumor and liver mitochondria for in vivo-in vitro studies were
prepared as described earlier (41). Aliquots (0.5 ml) of the mitochon
drial suspensions, 10-20 mg protein/ml, were frozen and stored at
-70Â°C until used. Protein determinations were performed on these

suspensions by the method of Lowry et al. (42).
Exposure of Mitochondria to PFPs in Vitro. Tumor mitochondria

prepared from untreated animals were thawed at room temperature and
adjusted with mitochondrial preparation buffer to obtain cytochrome c
oxidase activity ranging from 0.4 to 0.6 fimol cytochrome c oxidized/
min/mg mitochondrial protein (see below). Each PFP was dissolved in
99% ethanol at 8.8 n%eq/ml. Ten /jl of the PFP solution were added
to 1 ml of the mitochondrial suspension resulting in a final PFP
concentration of 0.088 Â¿igeq/ml (in 1% ethanol). The mixtures were
incubated for 5 min at room temperature in the dark, centrifuged at
8000 x g for 2 min (Eppendorf Microfuge), and the supernatants were
removed by aspiration. The mitochondrial pellets were resuspended in
1 ml of the mitochondrial preparation buffer and used immediately in
the irradiation experiments.

Administration of PFPs in Vivo. The in vivo-in vitro photosensitiza-
tion and the in vivo tumor growth studies required solubilization of
PFPs in a vehicle that would not alter cellular metabolism or the growth
of the R3230AC tumors nor cause any toxicity. An injection vehicle
containing Cremophore EL, 1,2-propandiol and 0.9% NaCl solution
was selected from studies reported previously (26). The PFP, 3,1-TPro,
was prepared for administration in vivo-in vitro and in vivoby dissolving
in 99% ethanol at 25 mg eq/ml. This solution (20% of the final volume)
was then added to a mixture containing 10% Cremophore EL (Sigma
Chemical Co., St. Louis, MO), 3% 1,2-propandiol, and 67% 0.9% NaCl
solution, to give a final 3,1-TPro concentration of 5 mg eq/ml. The
porphyrin mixture was incubated for 16 h in the dark at 37Â°Cin a
shaking water bath and was subsequently frozen and stored at -70Â°C

until use. The identity of 3,1-TPro was not altered during preparation
of the injection mixture as judged by UV-visible spectroscopy (i.e., no
metalation or loss in porphyrin absorption was observed); thin-layer
and high-performance liquid chromatography indicated that no atro-
pisomerization occurred under these conditions. The drug mixture was
thawed in the dark at room temperature and administered i.p., in either
0.1-or0.2-ml volumes representing doses of 5 or 10 mg/kg, respectively
(see legends to Figs.). The treated animals were kept in the dark for
selected periods and were subsequently sacrificed; tumors were excised
and mitochondria were isolated for in vitro irradiation experiments.
The same preparation and administration protocol was used for in vivo
studies, where tumors were irradiated in situ and either "P NMR

spectra were obtained or tumor growth was measured. The 3,1 isomer
of TPro (see Fig. 1) was selected for in vivo studies due to its effective
ness as a photosensitizer in vitro and its solubility characteristics.
Considering a 20-Ml/rat dosage of ethanol, another similarly appropri
ate PFP for in vivo studies is 3,1 TAc.

In Vitro Irradiation Conditions. Mitochondrial suspensions (1 ml),
either exposed to PFPs in vitro as described above, or prepared from
tumors or livers from animals administered 3,1-TPro in vivo, were
placed in a 3-ml quartz cuvet which was previously positioned in the
path of a filtered (570-700 nm), focused (1-cm diameter) light beam
from a quartz halogen lamp. The Â¡rradianceof the beam, measured by
a power radiometer (Rk5200; Laser Precision Corp., Utica, NY), was
adjusted to 150 mW/cm2, using neutral density filters. The mitochon
drial suspensions were stirred magnetically and at selected times, ali-
quots (10 ^1) were removed for enzyme analyses. The temperature of
irradiated suspensions was monitored throughout and did not rise above
22'C.

Analysis of Mitochondrial Enzyme Activity. Cytochrome c oxidase
activity was measured by the method of Gibson and Hilf (41). The
activity of succinate dehydrogenase was analyzed according to the
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procedure of Hilf et al. (43). Mitochondria exposed to PFPs in vitro or
in vivo displayed no loss of enzyme activity when maintained in the
dark (dark controls), nor was there any loss in activity when mitochon
dria! suspensions were exposed to light in the absence of PFPs (light
controls).

Statistical Analysis of in Vitro Results. Rates of inhibition of enzyme
activity in response to PFPs in vitro were obtained from the slope of
the linear portion of the inhibition curves (0-270 J/cm2), as shown in

Fig. 2. Pairwise comparisons of these rates were performed by using
the Student's t test, and a P value of <0.05 was considered significant.

Exposure of R3230AC Tumors to Irradiation in Situ. Tumor-bearing
animals were anesthetized by administration of 75 mg/kg Ketamine
and 6 mg/kg Rompun, which sedated the animals for 40-60 min.
Longer periods of sedation were attained by administration of half-
strength doses of anesthetics as needed. Tumors (5-7 mm in diameter)
were exposed to laser radiation at 650 nm emitted from Coherent
argon-pumped tunable dye laser (Inova 90, Coherent Corp., Palo Alto,
CA), which was fitted with a fiberoptic coupler, a fiber beam splitter
(Laser Therapeutics, Santa Barbara, CA), and optical fibers equipped
with cylindrical lenses. The end of the fiber was positioned at 1.5 cm
from the surface of the tumors to obtain a I-cm diameter light spot,
and light was delivered at 50 mW/cnr for 2 h (360 J/cm2).

3IP NMR Spectroscopy of Tumors in Situ after PDT by Using 3,1-
TPro. Animals with tumors approximately 8-10 mm in diameter were

given injections of 3,1 TPro at 5 mg/kg, 4 or 24 h prior to irradiation.
"P NMR spectra of tumors were acquired before and at selected times

after irradiation by using a GÃˆCSI spcctroscopy and imaging system
operated at 2 I. The animals were sedated (see above) and a 5- to 6-
iiini solenoid coil tuned to "P at 34.64 MHz was placed around the

tumor. A copper shield was attached to the base of the coil, effectively
eliminating any contribution of normal muscle to the acquired spectrum
(44). The animals were placed in a specially designed Plexiglas cradle
and positioned in the 22-cm diameter bore of the magnet. Spectra were
obtained by using the acquisition parameters described earlier (44), and
the data are expressed as the ratio of ff-NTP/Pâ€ža value which reflects
the metabolic slate of a tissue. A decrease in this ratio from the normal
steady-state level is indicative of metabolic impairment.

Measurement of Tumor Growth. R3230AC tumor growth was meas
ured in untreated animals and in animals treated with 3,1-TPro and
light. Tumors were measured with calipers 10 obtain two diagonal
dimensions, and tumor volumes were calculated from the following
equation:

V = TTC-// (B)

where I'is the tumor volume, risine radius, and //the length, providing

estimates of tumor volume that are within 20% of measured volume
(9). Tumor-bearing animals were administered i.p. 5 mg/kg of either
3,1-TPro at 4 or 24 h, or PU at 24 h, prior to tumor irradiation at
either 650 or 630 nm for 3,1-TPro or PU, respectively, Tumor meas
urements were usually made every 2 days, until the tumors had reached
10 times ili. n initial volume, at which lime (he animals were sacrificed.
A comparison of tumor growth between treated and untreated groups
was performed by using t tests, analysis of variance, and Tukey's

multiple comparison procedure (45).

RESULTS

Effects of PFP Atropisomer Arrangement and Side Chain
Length on Photosensitization of Mitochondria! Enzymes in Vi
tro. Mitochondria isolated from tumors of untreated animals
were irradiated after addition of pure atropisomers of TAc,
TPro, or THex (at 0.088 ng eq/ml) to determine the effect of
side chain hydrophobicity and side chain arrangement on the
Photosensitization of cytochrome c oxidase or SDH. Mitochon
dria! suspensions were treated with each of the four TPro
i ...IH.i , and enzyme activities were assayed at selected times
during irradiation (Fig. 2). These data indicate that 4,0-TPro is
the most effective in vitro photosensitizer for inhibition of
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.1.iu.li..>-. n i.. (B). Experimental conditions are described in "Materials and
Methods." I he TPro ulropisomers studied were 4,0 (D); 3,1 (â€¢);cls-2,2 (O); and
ii.ur. â€¢â€¢(â€¢).r.nni: mean, expressed as percentage of initial enzyme activity,
..i.i un..i from 4 separale experiments performed in duplicale; hur\, SEM.

cytochrome c oxidase (Fig. 2/1) and SDH (Fig. 2B). The pho
tosensitizing potency of the TPro atropisomers decreases in the
order 4,0 > 3,1 > cw-2,2 > trans-2,2. The data displayed in Fig.
3.-Ã•demonstrate that a similar order of potency toward photo-
induced inhibition of cytochrome c oxidase was generally ob
served for the atropisomers of TAc, TPro, and, to a lesser
extent, THex, i.e., rate of enzyme inhibition/J/cnr (Table 1).
One exception to this trend was the equivalent inhibition of
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Table 1 Cytochrome c oxidase and succinole ilehydrogenase activity
Rates of inhibition (mean Â±SEM) of cytochrome c oxidase and succinate

dehydrogenase after exposure of tumor mitochondria to PFPs and photoradiation
in vitro (see "Materials and Methods") were obtained by calculating the rate of
enzyme inhibition from linear portion of the inhibition curves (0-270 J/cm2) as

in Fig. 2. Initial control enzyme activities prior to photoradiation were 0.4 to 0.6
nmol cytochrome c oxidized/min/mg protein for cytochrome c oxidase and 4.6to 8.3 x 10~2mmolp-iodonitrotetrazolium violet (INT) oxidized/min/mg protein

for SDH.

0.3-1

Rate of inhibition (%/J/cm2. 0-270 J/cm2)

Atropisomer TAc TPro THex

Cytochrome c oxidase

4.0
3.1
cis-2,2
trans-2.2

0.197 Â±0.01
0.176 Â±0.007
0.104 Â±0.01
0.099 Â±0.007

0.183 Â±0.01
0.161 Â±0.01
0.133 Â±0.005
0.080 Â±0.005

0.119 Â±0.003
0.073 Â±0.004
0.059 Â±0.003
0.054 Â±0.004

Succinate dehydrogenase

4,03,1

di-2,2
trans-2,20.304

Â±0.01
0.233 Â±0.007
0.1 86 Â±0.005
0.123 Â±0.0130.217

+ 0.01
0.202 Â±0.01
0.111 Â±0.01
0.073 Â±0.0040.116

Â±0.006
0.089 Â±0.004
0.104 Â±0.005
0.121 Â±0.012

SDH for all of the atropisomers of THex (Fig. 3Ã„).Thus, the
photosensitized inhibition of mitochondrial enzymes in vitro is
affected by the porphyrin atropisomer composition.

The effect of PFP side chain length on photo-induced enzyme
inhibition is also displayed in Fig. 3. The shorter chain TAc
and TPro atropisomers are generally more effective in causing
photosensitized inhibition of cytochrome c oxidase (Fig. 3/Ã•)
than those of THex (P < 0.001). This difference in efficacy
persists when comparing the effects of 4,0 and 3,1 atropisomers
of TAc or TPro with that of the THex atropisomers on SDH
inhibition (Fig. 35). These results indicate that both side chain
length and atropisomer configuration have a pronounced effect
on photosensitizing efficacy in vitro. The greatest rates of
enzyme inhibition for any particular side chain length were
observed for the 4,0 and 3,1 atropisomers in all cases (i.e., for
TAc, TPro, and THex, P < 0.01). Although the differences in
extinction at the far red bands are much smaller for the PFPs
(e.g., compare hematoporphyrin IX dimethyl ester with f569=
6500 and (6n = 4350 in pyridine (46) to 3,1-TPro with e588=
4230 and tM(, = 1230 in ethanol), they are more effective in
vitro than PII at 10 times the sensitizer concentration (0.88 Â¿ig/
ml) (21).

PFP Solubilities in Ethanol. Solubilization in ethanol is pre
requisite to in vivo PFP delivery by using the cremophore/
propandiol/saline/ethanol injection vehicle (see "Materials and
Methods"). A wide range of solubilities in ethanol was obtained

for the 12 PFPs studied (from 0.26 to 244 mg eq/ml ethanol;
see Table 3). For TAc and TPro, the 3,1 isomer was the most
soluble in ethanol (174 and 244 mg eq/ml, respectively). The
significantly reduced solubilities observed for the other PFPs,
such as frans-2,2-THex which was the third most soluble (20.3
mg eq/ml), and those less soluble were not selected for the
initial studies in vivo.

PFP Solubilization in Aqueous Solution Containing BSA. The
fluorescence and absorption spectra of the most and least
effective in vivo photosensitizers, 4,0-TPro and ira/js-2,2-THex,
respectively, were examined to determine their relative solubil
ities in aqueous solution. While insoluble in pure water, the
PFPs can be partially solubilized in aqueous solutions contain
ing BSA. UV-visible absorption spectra of frans-2,2-THex in
aqueous solution at various BSA concentrations (0.03 to 12%)
revealed an increase in Soret band extinction (Amax-420 nm)
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Fig. 3. Effect of atropisomer configuration and side chain length on the photo-
induced inhibition of tumor mitochondrial cytochrome c oxidase (A) and succinate
dehydrogenase (B) in vitro. Experimental conditions are described in "Materials
and Methods." Each column represents the mean rate of enzyme inhibition
expressed in percentage of inhibition/.!/cm2 obtained from the linear portions (0-
270 J/cm2) of inhibition curves represented in Fig. 2. Mean inhibition rates were

obtained from 4 separate experiments performed in duplicate: bars, SEM.
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Table 2 In vitro mitochondrial uptake studies

550 600 650
Wavelength (nm)

700 750

Fig. 4. Fluorescence emission, spectra from 4.0-TPro in various solutions
(fluorescence intensity/104): Curve 1, water; Curves 2-5 are in mitochondrial
preparation buffer containing: Cune 2, 0% BSA; Curre 3. 0.03% BSA; Curve 4,
0.3% BSA; and Cune 5. 3.0% BSA. All aqueous solutions contain 1% ethanol
(v/v).

and a concomitant narrowing of the Soret band with increasing
BSA concentration. Solutions at various porphyrin concentra
tions were studied, i.e., 4.4, 0.88, and 0.088 Mgeq/ml. The most
significant spectral changes were observed at the lowest por
phyrin concentration studied, that used in the in vitro enzyme
photoinactivation studies, i.e., at 0.088 /Â¿geq/ml. At this por
phyrin concentration, trans-2,2-THe\ was estimated to be 45%
monomer based on the Soret band absorption values obtained
for the aggregated PFP in water and the monomer solubili/ed
in chloroform (the PFPs are monomerically solubilized in chlo
roform and a variety of organic solvents).

The absorption spectral changes noted for rrans-2,2-THex
exposed to increasing BSA concentrations (from 0.03 to 3.0%
BSA) paralleled the increases in fluorescence intensities. Thus,
an increase in the PFP monomer/aggregate ratio correlated
with increases in spectral absorption and fluorescence emission
intensities. The fluorescence emission intensity for 4,0-TPro
was greater than that of irans-2,2-THex at all BSA concentra
tions studied in aqueous solution. The integrated fluorescence
intensity (i.e., from 600 to 750 nm) for 4,0-TPro at 3% BSA

(see Fig. 4) was equivalent to that measured in ethanol (data
not shown) while /ra/is-2,2-THex exhibited one-fifth the fluo
rescence intensity at 3% BSA as that of the monomer in ethanol
(data not shown). A smaller range of fluorescence enhancement
for ÃraÂ«Ã-2,2-THexis consistent with persistence of self-aggre
gation as compared to 4,0-TPro. No spectral shift is observed
in excitation spectra of /raws-2,2-THex (Xmax= 424 nm) as a
function of BSA concentration consistent with highly aggre
gated porphyrin, while a red shift from 415 to 421 nm is noted
for 4,0-TPro as BSA concentration is increased.

Determination of Porphyrin Uptake in Vitro. The amount of
4,0-TPro and irans-2,2-THex incorporated into mitochondria
in the in vitro enzyme inhibition studies was determined by
fluorescence spectroscopy of the supernatant isolated from
mitochondrial suspensions (see "Materials and Methods"). The

results compiled in Table 2 indicate that significantly greater
concentrations of fra/is-2,2-THex (90.8%) remained in the mi
tochondrial supernatant following centrifugation as compared
to 4,0-TPro (19.2%). Thus, incorporation into mitochondria
was approximately 5-fold greater for 4,0-TPro versus trans-2,2-

THex at equal porphyrin concentrations (0.088 ^g eq/ml).

Samples4,0-TPro
(standard)0

4,0-TPro (supernatant)
frans-2,2-THex (standard)0
franj-2,2-THex (supernatant)Fluorescence

intensity1
.07 x 106

2.05 x 10'
5.17 x 10'
4.69 x 10'%

in supernatant
(% ofuptake)1

00 (0)
19.2 (80.8)

100(0)
90.8 (9.2)

Â°Net porphyrin concentration in the standard is 0.088 mg eq/ml. Mitochon

drial uptake studies were performed in triplicate, errors were less than 10% of
the mean.

Effects of Administration of 3,1 TPro in Vivo on Photosensi-
tization of Mitochondrial Enzymes in Vitro. Tumor-bearing
hosts were inoculated i.p. with 10 mg/kg 3,1-TPro in the
cremophore injection vehicle (see "Materials and Methods").

Tumors and livers were excised at selected times after admin
istration and mitochondria were isolated. Basal activities of
mitochondrial enzymes were measured prior to irradiation in
vitro and no alteration in enzyme activity was observed in
mitochondria prepared from animals administered vehicle
alone and irradiated in vitro (light controls) nor in mitochondria
prepared from tissues of rats given 3,1-TPro and not irradiated
(dark controls). The data in Fig. 5 depict the extent of inhibition
of cytochrome c oxidase and SDH activities following irradia
tion (270 J/cnr, 570-700 nm) in vitro of mitochondrial suspen
sions prepared from tumors excised from animals given injec
tions of 10 mg eq/kg 3,1-TPro. A dramatic reduction in liver
mitochondrial enzyme activity (to approximately 10% of initial
values) occurred following in vitro irradiation of suspensions 4
h after 3,1-TPro administration in vivo. Activity of liver en
zymes was 75% of initial for excised liver tissue 24 h after drug
administration and in vitro irradiation, and remained at this
level out to 168 h postadministration. A similar, but less dra
matic pattern of photosensitization of tumor mitochondrial

S
'E

o>

>,
N
e
LU

Time Post Injection (hr)
Fig. 5. Effect of irradiation of tumor (closed symbols) or liver (open symbols)

mitochondrial suspensions prepared from tissue at selected times after i.p. ad
ministration of 10 mg/kg 3.1-TPro (in vivo-in vitro protocol described in "Mate
rials and Methods"). Points, mean enzyme inhibition as percentage of initial

obtained from 4 separate experiments performed in duplicate, following 270 J/
cmj irradiation of mitochondrial suspensions for cytochrome c oxidase (â€¢,O) or
succinate dehydrogenase (A, A); bars, SEM.
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21

100

a
CD

B

J/sq cm

Fig. 6. Effect of irradiation on mitochondria! cytochrome c oxidase (A) or
succinate dehydrogenase (B) prepared from tumors borne on hosts administered
either 10 mg/kg 3,1-TPro 4 (d) or 24 h (â€¢)or PII (â€¢)24 h prior to light exposure
in vitro. Points, mean, expressed as percentage of initial enzyme activity (experi
mental conditions described in "Materials and Methods"), of 4 separate experi

ments performed in duplicate; bars, SEM.

enzymes was observed, with reductions of cytochrome c oxidase
and SDH activities in vitro to 75 and 50% of initial, respectively,
at 4 h following administration of 3,1-TPro in vivo. This initial

enzyme inhibition was overcome as evidenced by a gradual
return to preirradiation activities by 120 h after injection of
3,1-TPro. The data demonstrate that 3,1-TPro, or its metabo
lites, localize in tumor mitochondria after systemic administra

Time Post PDT (hr)

Fig. 7. Effect of PDT using 3,1-TPro on the /3-NTP/P, tumor metabolite ratio.
"P NMR spectra were acquired (see "Materials and Methods") prior to and at

selected times after PDT irradiation for tumors borne on animals administered 5
mg/kg 3,1-TPro i.p. at 4 (TJ) or 24 h tÃŸ)prior to irradiation of lesions in vivo;
conditions are presented in "Materials and Methods." Columns, mean (3-NTP/PÂ¡

ratio of 4 to 6 individual acquisitions; bars, SEM. â€¢,significant difference (P <
0.05) from respective preirradiation control ratios.

tion, that the photosensitizer was present in sufficient concen
tration to affect enzyme activity upon irradiation, and that the
effect occurred early after administration of 3,1-TPro. The data
presented in Fig. 6 compare the photo-induced inhibition of
mitochondria! enzyme activity by 3,1-TPro injected i.p. at 10
mg/kg in vivo 4 or 24 h prior to irradiation or Photofrin II
delivered at the same dose 24 h prior to exposure of mitochon-
drial suspensions in vitro. The data demonstrate that 3,1-TPro
is probably as effective in terms of mitochondria! enzyme inhi
bition in vivo-in vitro as Photofrin II under these conditions.

Effects of 3,1-TPro and Irradiation on Tumor Phosphate Me
tabolites in Vivo. The in vitro and in vivo-in vitro results using
3,1-TPro suggest that one intracci lular target of photosensiti-
zation may be the electron transport chain of mitochondria;
inhibition of mitochondrial oxidative phosphorylation would
subsequently lead to a decline in ATP synthesis. We used 31P

NMR spectroscopy to determine the effects of 3,1 TPro and
irradiation on tumor phosphate metabolite levels in situ. The
results depicted in Fig. 7 demonstrate that 3,1-TPro was effec
tive in reducing the /3-NTP/PÂ¡ratio in tumors after the lesions
were exposed to 650 nm laser irradiation. These data were
analyzed by pairwise comparisons and the Student's / test

(where P < 0.05 is considered to be significant). A significant
reduction in /3-NTP/PÂ¡ ratios from preirradiation levels oc
curred at all times studied (except at l h after irradiation) in
animals that received 3,1-TPro 4 h prior to irradiation com
pared to those given injections at 24 h before light treatment.
Comparison of 0-NTP/PÂ¡ratios post-PDT was always made to
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the initial pretreatment value for each tumor from individual
animals, and ratios ranged from 0.7 to 2.0. Tumors, i.e., ani
mals, were selected randomly for study, thus the ratios at time
zero represent an average of values obtained for those tumors
assigned to either treatment group.

Effects of Irradiation on Tumor Growth after in Vivo Admin
istration of 3,1-TPro or Photofrin II. Photofrin II and 3,1-TPro
were compared for their effectiveness as photosensitizers for
controlling growth of R3230AC tumors in vivo. Tumor volume
was measured in animals that received 5 mg/kg Photofrin II 24
h prior to laser irradiation (630 nm and 50 mW/cnr/s h, a
total fluence of 360 J/cm2), or in animals that received 5 mg
eq/kg 3,1-TPro at either 4 or 24 h prior to laser irradiation
(650 nm) at the same power density and total fluence. The
results depicted in Fig. 8 demonstrate that, under conditions
analogous to clinical PDT, 3,1-TPro was found to be more
effective as a photosensitizer to control tumor growth in situ
(when irradiation was done 4 h after injection) than Photofrin
II; the time required for tumors to reach 2 times initial size was
shorter using Photofrin II (an average of 15 days) than when
3,1-TPro was used as photosensitizer (29 days). When com
pared to controls (light, dark, and no treatment control groups),
whose tumor doubling time averaged 3 days, the protocol using
TPro given 4 h prior to irradiation was 8 to 9 times more
efficacious in delaying growth of this tumor in vivo. The typical
pattern observed for treated tumors irradiated 4 h postinjection
was a rapid increase in tumor volume and, in most cases, tumors
became unpalpable. Edema appeared in many tumors at 1 to
1.5 h of irradiation. However, none of the protocols used
produced a "cure" of the R3230AC tumors (47).

Days Post PDT

Fig. 8. Effects of PDT using 3,1-TPro on the growth of R3230AC tumors in
situ. Tumor-bearing hosts were treated with either no photosensitizer and no
irradiation (-O-); 5 mg eq/kg 3.1-TPro for 24 h and no light exposure (-â€¢-);the
cremophore injection vehicle only (see "Materials and Methods") and 50 m\V/
cm2 laser irradiation at 650 nm for 2 h (â€”â€¢â€”):5 mg/kg 3.1-TPro 4 h (â€”Aâ€”)
or 24 h (-A-) prior to irradiation at 50 mW/cm2. 650 nm for 24 h compared to
5 mg/kg Photofrin II, 24 h prior to 630 nm irradiation at 50 mW/cm2/2 h
(-A-). Data are presented as the number of days required for tumors to reach 2.
5, or 10 times initial preirradiation volumes; bars, SEM.

DISCUSSION

The data obtained in this and previous studies lead to three
conclusions, namely, (a) the 12 PFPs studied produce a wide
range of effects in vitro; (b) similar photophysical and photo
chemical behavior, e.g., 'Oi sensitization, is observed for PFPs

in homogeneous solution or model membrane systems; and (c)
the differential biological effects obtained in vitro may be attrib
uted to differences in the degree of PFP solubilization since all
PFPs studied are insoluble in pure water. PFP solubility pat
terns reflect a balance between photosensitizer hydrophobicity,
hydrophilicity, and crystal lattice energies as a function of side
chain length and atropisomer configuration. The results of this
study indicate that solubilization is prerequisite to localization
in vitro and suggest that such a restriction would also apply in
vivo. We have initially addressed optimization of photosensi
tizer solubilization to permit efficient photosensitizer delivery
to tumors in vivo, which can be used to guide further structural
modifications to increase photosensitizer light absorption at
long wavelengths (above 600 nm). The pharmacokinetic time
course and the effect of tumor irradiation following photosen
sitizer administration for the in vivo-in vitro mitochondria!
enzyme inactivation and effects on in situ phosphate metabolite
levels and on in vivo tumor growth suggest subtle differences in
the mechanism of action of 3,1 TPro in vivo as compared to
PH.

The effectiveness of PFPs as photosensitizers in vitro was
evaluated by comparing their ability to effect inhibition of
selected mitochondrial enzymes. Centrifugation and resuspen-
sion of mitochondria following porphyrin incorporation in vitro
assures that the results obtained are only due to porphyrins
located in or adsorbed on the mitochondria. The 4,0 atropiso
mer was the most effective isomer of each PFP studied in terms
of photo-induced enzyme inhibition in vitro, which is consistent
with greater mitochondrial uptake (see below). PFPs bearing
shorter side chains were more effective photosensitizers under
the conditions used, a result in contrast with that of Moan et
ai. (48), where the longer side chain dihexyl hematoporphyrin
ether was found to be more effective in cell kill than the shorter
chain diethyl hematoporphyrin. Our in vitro enzyme inhibition
results correlate with the order of polarities of the compounds
measured by Chromatographie retention on silica gel, i.e., 4,0
> 3,1 > cis-2,2 > trans-2,2 and C2 > C.i > C6 in terms of side
chain length (49). The order of Chromatographie polarities is
that which is expected on the basis of side chain hydrophobicity
and the arrangement of side chains about the plane of the
porphyrin macrocycle, i.e., the most unequal distribution of
side chains is observed in the most polar atropisomer, the 4,0
isomer. Additionally, it is noteworthy that the ratios of inhibi
tion rates of SDH/cytochrome c oxidase in vitro differ for the
various PFP photosensitizers. One possible explanation for this
is that the PFPs occupy different locations and/or orientations
in mitochondrial membranes.

Our results indicate that the differential in vitro potencies
observed for the 12 compounds investigated are probably not
due to differences in inherent photochemical and photophysical
properties. The triplet lifetimes of the molecules differ very
little; triplet lifetimes of 0.65 to 1.1 ms have been reported for
PFPs with more extreme structural variations than those in
cluded in this study as compared to 1.4 ms measured for TPP
(50). The increases in singlet lifetime, fluorescence yield, and
triplet lifetime upon deuteration of the pyrrole Nâ€”H (51) are
very similar to those observed for other porphyrins such as
weso-tetraphenylporphyrin and octaethylporphyrin (52, 53).
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Table 3 Relative L'V-visible absorption band ratios and solubilities of the PFPs in
ethanol

PFP4.0-TAc3,1-TAcm-2,2-TAc;rans-2,2-TAc4.0-TPro3.1-TProf/s-2,2-TProfrans-2.2-TPro4.0-THex3,1-THexc/s-2.2-THexfrani-2,2-THexSoret100010001000100010001000100010001000100010001000IV53.850.842.747.355.150.945.652.755.355.353.548.8III15.416.811.714.016.013.912.915.814.818.014.614.2II17.816.813.115.218.316.114.616.818.318.317.215.5I"6.156.894.194.586.614.664.495.455.778.385.705.54Solubility*1.41741.41.112.02440.265.713.04.420.3

TPP 1000 42.9 18.0 12.9 7.46
' Visible bands correspond lo band IV (~516 nm), band III (~548 nm). band

II (-590 nm), and band I (-646 nm).
In mg eq/ml.

Differences in light absorption of the PFPs such as absorption
maxima and band ratios (see Table 3) also do not account for
the degree of differential photosensitization observed in vitro.
For example, the ratio of Soret band absorption (Xmax~420
nm) to visible band absorption in the range of irradiation used
in the in vitro experiments (range, 570-700 nm; visible bands
at -590 and ~650 nm) is not significantly different as PFP

structure is varied or as compared to the parent compound,
TPP (see Table 3). Perhaps most significantly, photooxidation
studies in the model membrane system of Aerosol-OT/heptane/
water reversed micelles indicate the existence of nearly equiva
lent photosensitizing potencies (a 20% variation in bleaching
rates) toward the singlet oxygen acceptor diphenylisobenzo-
furan for a variety of PFP structures, i.e., the 4,0 and trans 2,2
isomers of TAc, THex, and weio-tetrakis(o-pivalamido-
phenyl)porphyrin.4

The results of uptake studies with 4,0-TPro and trans-2,2-
THex demonstrate that the amount of PFP incorporated into
mitochondria has a significant effect on in vitro photosensiti
zation (an approximately 10-fold greater incorporation was
observed for 4,0-TPro than for /ra/w-2,2-THex; see Table 2).
The relative solubilities of the two compounds were examined
in pure ethanol or in aqueous solution at various BSA concen
trations to study the PFP solubility properties. The results show
that 4,0- and c/'s-2,2-TAc are virtually insoluble in ethanol while

3,1-TAc and 3,1-TPro are very soluble (see Table 3), presum
ably due to poor crystalline packing for the 3,1 isomer. Other
studies report that 3,1 (or a,a,a,ÃŸ)isomer is the most soluble
(54, 55). The reduced ethanol solubility of 3,1-THex can be
attributed to greater side chain hydrophobicity, which prevents
efficient solubilization in ethanol. PFP solubilities in ethanol,
which limit the selection of PFPs appropriate for in vivo studies,
clearly do not correlate with in vitro photosensitization
efficacies.

In contrast, the net polarities, rather than molecular topol
ogy, appear to be more important to PFP solubilization in
aqueous solution in the presence of BSA. This is, perhaps, in
part due to the fact that the PFPs are present as disordered
aggregates in aqueous solution. The behavior of 4,0-TPro and
frans-2,2-THex in aqueous solution, the most and least effective
mitochondria! enzyme photosensitizers, respectively, is of par
ticular interest when attempting to understand PFP incorpo
ration into mitochondria in vitro. UV-visible absorption studies

4 L. A. Dennis and D. G. Whitten, unpublished results.

indicate that fraÂ«s-2,2-THex is highly aggregated (insoluble) at
concentrations above those used in our in vitro protocol. Fluo
rescence was selected as a more sensitive method to evaluate
the degree of porphyrin aggregation at the low porphyrin con
centrations used in vitro. While fraÂ«s-2,2-THex is slightly more
soluble in ethanol than 4,0-TPro (20.3 and 12.0 mg eq/ml,
respectively), fluorescence spectra in aqueous solution reveal
that ÃranÃ-2,2-THexis significantly less soluble (less fluorescent
due to self-aggregation) than 4,0-TPro in aqueous solutions
containing organic additives (see Fig. 4). The fluorescence from
aqueous aggregates of 4,0-TPro (in 1% ethanol in water) is
approximately 4 times greater than that of aqueous trans-2,2-
THex, suggesting partial solubilization of 4,0-TPro in 1%
aqueous ethanol. In contrast, negligible fluorescence enhance
ment is noted for PII at 3% BSA (data not shown) as compared
to any of the PFPs studied. The in vitro results are consistent
with a general correlation between PFP hydrophilicity and
propensity for monomeric solubilization in aqueous solution,
suggesting that the mechanism of porphyrin uptake into mito
chondria in vitro may initially involve monomeric solubilization
of the photosensitizer mediated by organic components external
to the mitochondria. Presumably, a somewhat analogous situ
ation is present in vivo where initial precipitation and gradual
solubilization may occur following the systemic administration.

A combination of favorable properties for the individual
PFPs demonstrated in vitro (solubilization and photosensitizing
properties) and solubility limitations in ethanol (see Table 3)
led us to select 3,1-TPro for subsequent in vivo-in vitro and in
vivo studies. The time course of 3,1-TPro uptake and release in
tumor and liver tissues measured by comparison of photo-
induced inhibition of mitochondrial cytochrome c oxidase and
SDH in vitro after in vivo administration provided us with data
to select the appropriate times between administration and light
exposure. Thus, the period between 3,1-TPro administration
and exposure of lesions to laser irradiation used for the in vivo
"P NMR protocol and the tumor growth control protocol was

either 4 or 24 h.
The results, compared with those obtained earlier for PII (9),

indicate that 3,1-TPro administered in vivo at 10 mg/kg at 4 or
24 h prior to exposure of mitochondria to light in vitro was,
like PII, able to induce enzyme inhibition. The data demon
strate that 3,1-TPro is an effective photosensitizer of electron
transport chain enzymes under conditions where host metabo
lism of the PFP preceded study of photosensitization in vitro.
These results led us to investigate use of a PDT protocol with
3,1-TPro to assess its effects on tumor metabolism and growth
in vivo and to compare the 4- and 24-h administration sched
ules. Tumors exposed to 650 nm laser irradiation at 4 or 24 h
after 3,1-TPro administration displayed reductions in /J-NTP/
PI ratios during the first 48 h after PDT treatment. However,
there was a striking difference when tumor growth delay was
the criterion of treatment efficacy. Tumor growth to 2 times
initial volume was delayed for 28.6 Â±2.7 days when 3,1-TPro
was administered 4 h prior to exposure of lesions to laser light,
but when the interval between injection and light exposure was
24 h, there was no significant effect on tumor growth compared
to untreated controls. A comparison of results obtained by
using 3,1-TPro with those obtained earlier for PII using a
protocol that gave the largest tumor growth delay (5 mg/kg, 24
h, 50 mW/ciTr/2 h) showed that 3,1-TPro administered 4 h
prior to irradiation is at least 2 times more effective than PII
in vivo. Studies in vivo-in vitro clearly indicate photosensitizer
accumulation in tumor tissue for 3,1-TPro (Fig. 5) and 3,1-TAc
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(37). Thus, 3,1-TPro is an efficient photosensitizer in vivo and
is capable of delaying tumor growth significantly longer than
PII under apparent optimum conditions of photosensitizer
delivery and laser light exposure. This result may be attributed
to a number of factors. Levels of porphyrin in tumor tissue may
be significantly higher for 3,1 TPro at 4 h after administration
than for PII at 24 h after injection, therefore providing greater
phototoxicity. The photophysics inducing 'O2 formation may
be more efficient for 3,1-TPro than for PII, i.e., less aggregation
in aqueous media, and 3,1-TPro may localize at or in closer
proximity to a critical subcellular site(s), resulting in more
crucial damage to tumor cells. Another factor that may be
responsible for the tumor growth delay and decline in ATP
levels may be damage to tumor vascularity as reported for other
photosensitizers (23, 26).

Although many factors that impact on the desirability of a
photosensitizer for PDT have not been investigated for the
PFPs, such as phototoxicity of skin, pharmacokinetics of nor
mal tissue, or development of the most potent PFP possessing
all the essential qualities, this class of compounds offers many
advantages, such as ease of synthesis, well-defined chemical
composition, efficient photophysics, and relatively strong ab-
sorbance of visible light in the region above 600 nm. These
properties and the results presented here demonstrate that
continued and more intensive investigation of this novel class
of synthetic porphyrins is warranted.
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