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A series of five porphyrin-peptide conjugates bearing one or two sequences containing a cell penetrating
peptide (CPP), a nuclear localization signal (NLS), or a bifunctional CPP-NLS or NLS-CPP sequences
were synthesized and investigated in vitro using PC-3M human prostate cancer cells, in comparison with
FDA-approved purified hematoporphyrin derivative (Porfimer Sodium) and mTHPC. The most promising
porphyrin-HIV-1 Tat (48-60) conjugate 2 [lowest dark cytotoxicity (IC50 ) 38.0 µM), highest phototoxicity
(IC50 ) 0.40 µM at 1 J/cm2)] was further evaluated in an in vivo biodistribution study using SCID mice
bearing PC-3M tumors, in comparison with purified hematoporphyrin derivative. Porphyrin conjugate 2
was more tumor selective than the hematoporphyrin derivative and accumulated to a significantly greater
extent in tumors. Our results show that effective photodynamic cytotoxicity can be induced in human prostate
cancer cells with minimal dark toxicity and that selective accumulation in prostate tumors can be achieved
in vivo with porphyrin-targeted photosensitizers.

1. Introduction

Porphyrin-type compounds constitute a major class of phar-
macological agents under investigation for application in the
early diagnosis and treatment of cancer by photodynamic therapy
(PDT) and a variety of other diseases. Two porphyrin deriva-
tives, purified hematoporphyrin derivative (Porfimer Sodium
sold as Photofrin) and verteporfin, are FDA-approved for the
PDT treatment of melanoma, early and advanced stage cancer
of the lung, digestive tract, genitourinary tract, and the wet form
of age-related macular degeneration, respectively.1,2 Both of
these drugs are mixtures of compounds with limited specificity
for tumor tissue. Although both drugs have been successfully
used to treat several thousands of patients worldwide, skin
photosensitivity is often an undesirable side effect in purified
hematoporphyrin derivative PDT due to prolonged retention of
this drug in patients skin. This unwanted side effect has been
minimized or eliminated with the use of second-generation PDT
photosensitizers (e.g., HPPH, motexafin lutetium, monoaspartyl-
chlorin e6, mTHPC, Pd-bacteriopheophorbide) currently un-
dergoing clinical investigations.3 Prostate cancer is the most
common internal malignancy in the U.S. Most cases are organ
confined and are presently treated by either surgery, external
beam radiation, or brachytherapies.4 Until recently, PDT was
not a viable alternative for prostate cancer treatment due to the
limited tissue penetration ability of the laser wavelengths
normally used in PDT and the poor tumor selectivity of the
currently available photosensitizers.4,5 However, the develop-
ment of drugs photoactivated in the infrared region coupled with
the use of optical fibers inserted transperineally into the prostate
have allowed efficient interstitial light delivery. These optical
fibers allow laser exposure of the entire gland.4,6

On the basis of these advances, a limited number of clinical
trials using PDT against human prostate cancer have been
performed. Three have involved the use of PDT against disease
in men who have had local recurrence following external beam
radiation.4,6,7 Traditional treatment options for these men include
prostatectomy, cryosurgery, or further radiation.4 In these
studies, PDT was successfully delivered, produced little or no

lasting incontinence or erectile dysfunction, induced necrosis
in the tumor sites, and reduced PSA levels. In addition, at least
one trial utilized PDT as the initial treatment of organ-confined
prostate cancer; in this trial, mTHPC was used, and it also
induced necrosis, decreased PSA levels, and left patients with
little incontinence and erectile dysfunction.8 Thus PDT is a
developing option for patients who choose a minimally invasive
procedure.4,6,8 However, a major drawback of mTHPC as well
as other currently known photosensitizers is their poor selectivity
for prostate tumors.8 Therefore, a major goal for prostate cancer
PDT is to develop photosensitizing agents with greater tumor
selectivity and more favorable tumor to nontumor tissue
biodistribution.

Since photosensitizer specific delivery, transport, and spatial
distribution within tumor tissues are all affected by multiple
physicochemical and biological factors, the development of
strategies that allow active tumor targeting are essential for
improving their biological efficacy.9 Several strategies have been
investigated aimed at improving the selective delivery of
porphyrin sensitizers to tumor tissues; most of these involve
the conjugation of photosensitizers to carrier proteins,10-12

oligonucleotides,13,14 monoclonal antibodies (mAb),15,16 and
peptide sequences directed against antigens or ligands that are
overexpressed on cancer cells (e.g., EGFR).17,18 Of particular
relevance to drug delivery is the use of peptides containing
signaling sequences, such as a NLS19 or CPPa,20-24 where the
rational integration of these targeting entities increases the drug
pharmacologic concentrations within tumor tissues. CPPs based
on the HIV-1 Tat basic domain sequence, GRKKRRQRRR,
have been used to deliver a wide range of compounds to targeted
cells,includingproteins,25,26peptides,27antisenseoligonucleotides,28,29

liposomes,30 and 40 nm magnetic iron nanoparticles,31,32 and
have also been shown to penetrate the blood-brain barrier
(BBB).33 Other CPPs based on the Drosophilia homeotic
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transcription protein antennapedia [penetratin, Antp (43-58)]
sequence, RQIKIWFQNRRMKWKK, have been also investi-
gated.34 The use of NLS represents another useful strategy for
targeted drug delivery to the highly vulnerable cell nuclei.19 In
particular, the sequence PKKKRKV derived from the simian
virus 40 (SV40) large T antigen,35 and the minimal sequence
KRPAATKKAGQAKKKL from nucleoplasmin,35,36 are the
best characterized. Porphyrin derivatives bearing the NLS SV40
have been reported by us, and in all cases, these conjugates
showed increased photosensitizing activity in comparison with
the corresponding unconjugated porphyrins.37 Although in vitro
studies of porphyrin sensitizers conjugated to peptides containing
a CPP (HIV-1 Tat or penetratin) have shown significantly
increased cellular uptake and phototoxicity compared with
unconjugated porphyrin,37-39 the use of peptides as drug carriers
in vivo has been limited due in part to their susceptibility to
enzymatic hydrolysis and apparently lack of tumor specificity.40–42

As a consequence, only a few studies have appeared in the
literature regarding the in vivo biological efficacy of porphyrin-
peptide conjugates, e.g. ref 43. In the present study, we
investigated the photosensitizing ability of five porphyrin-peptide
conjugates toward PC-3M human prostate cancer cells in vitro
in comparison with FDA-approved purified hematoporphyrin
derivative and the second generation PDT photosensitizer,
mTHPC. The PC-3M prostate cancer cell was chosen because
it represents an advanced, androgen-independent prostate cancer,
which readily forms tumors in vivo with moderate growth
rate.44,45 The most promising conjugate was further evaluated
in an in vivo biodistribution study using SCID mice bearing
PC-3M tumors, in comparison with purified hematoporphyrin
derivative.Ourresultsshowthat thecell targetedporphyrin-HIV-1
Tat conjugate is significantly more selective for PC-3M prostate
tumors than purified hematoporphyrin derivative and induces
much higher phototoxicity in PC-3M cells than either purified
hematoporphyrin derivative or mTHPC.

2. Results and Discussion

2.1. Synthesis and Characterization. We synthesized five
model porphyrin-peptide conjugates containing either a short
4 cationic amino acid sequence (1), a CPP (2), two NLS (3), or
a single bifunctional CPP-NLS (4) or NLS-CPP (5) peptides,
linked by either a short five-carbon or a low molecular weight
PEG linkage (Scheme 1). Conjugate 1 was previously shown
to have relatively high uptake in human carcinoma HEp2 cells
and to preferentially adopt a bent bundle-type conformation as

a result of its short porphyrin-peptide linkage.46 On the other
hand, the porphyrin-HIV 1 Tat (48-60) conjugate 2 showed
the highest uptake in human carcinoma HEp2 cells of a series
of conjugates bearing either a CPP or NLS linked via a short
PEG spacer.37 Furthermore, we have also shown that a bor-
onated porphyrin conjugated to the HIV-1 Tat (48-60) sequence
via a PEG linkage also shows significantly higher uptake than
the nonconjugated porphyin.38 The new di-NLS branched
conjugate 3 was prepared using a similar strategy from 5-(p-
aminophenyl)-10,15,20-triphenylporphyrin by initial reaction
with diglycolic anhydride37 followed by coupling with di-Boc
protected aspartic acid using HOBt and EDCI and deprotection
with TFA. The resulting dicarboxylate terminated porphyrin
reacted with protected NH2CH2CH2(OCH2CH2)5OCH2CO2

tBu
in the presence of HOBt and TBTU37 and after deprotection
using TFA and final coupling to HGlyProLys(Boc)Lys(B-
oc)Lys(Boc)Arg(Pbf)Lys(Boc)Val(OtBu), followed by depro-
tection with TFA/TIS/H2O/phenol 88/2/5/5, conjugate 3 was
obtained in 25% overall yield. Porphyrins 4 and 5 bearing a
single bifunctional CPP-NLS or NLS-CPP sequence, respec-
tively, have both shown high cellular uptake by human HEp2
cells and were prepared as we have previously reported.42 All
conjugates were purified by reverse phase HPLC and character-
ized using MS, UV-vis, 1H NMR, and in the case of conjugates
2-5, also by CD. The CD results suggest that all conjugates
with the exception of 1 adopt extended rather than bent
conformations, probably as a result of the presence of the PEG
linker and the electrostatic repulsion between the cationic amino
acids on the peptide sequences.37,42

2.2. Cell Culture Studies. The five porphyrin conjugates
1-5, FDA-approved purified hematoporphyrin derivative, and
the second generation photosensitizer mTHPC, were evaluated
in PC-3M human prostate cancer cells in vitro and the results
obtained are shown in Figures 1–3 and in Table 1. All conjugates
accumulated within PC-3M cells to a significantly higher extent
that purified hematoporphyrin derivative and mTHPC (Figure
1). These results are in agreement with our previous studies
showing that porphyrin-peptide conjugates generally show
increased cellular uptake compared with nonconjugated por-
phyrins, in particular those containing CPP peptides.37–39

Interestingly, the porphyrin-HIV-1 Tat conjugate 2 was the
only porphyrin-peptide conjugate showing similar uptake
kinetics to both purified hematoporphyrin derivative and mTH-
PC, steadily accumulating over time up to the 24 h period
investigated. Furthermore, conjugate 2 was taken up by PC-

Scheme 1. Structures of Porphyrin-Peptide Conjugates 1-5
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3M cells 5-8 times more than purified hematoporphyrin
derivative, at all time points studied. On the other hand,

conjugates 1, 3, 4, and 5 were rapidly taken up by cells in the
first 2-4 h, after which a plateau was reached and no more
conjugate seemed to be internalized after 4-8 h of exposure to
cells. Of all conjugates, 1 was found to accumulate the most
within PC-3M cells at times longer than 2 h. After 24 h, similar
amounts of conjugates 1, 2, and 4 were found within cells. It is
interesting to note that of the two conjugates bearing the
bifunctional sequences (i.e., 4 and 5), the one containing the
CPP-NLS rather than the NLS-CPP peptide showed significantly
higher accumulation in PC-3M cells in contrast to the results
obtained using human carcinoma HEp2 cells.42 Furthermore,
although conjugate 5 also contains the HIV-1 Tat (48-60)
sequence, it accumulated within PC-3M cells to a lower extent
than 1, 3, and 4, and after 24 h it was the least found in cells
of all porphyrin-peptide conjugates investigated. Our studies
show that the cellular uptake of porphyrin-peptide conjugates
does not only depend on the nature of the peptide sequences
and the linker used but also on the type of cells being targeted.
In particular, purified hematoporphyrin derivative showed
comparatively low uptake by PC-3M prostate cancer cells, the
lowest of all porphyrins tested.

Of all porphyrins investigated, the porphyrin-HIV-1 Tat
(48-60) conjugate 2 was the least toxic to PC-3M prostate cells
in the dark (IC50 ) 38 µM) and the most phototoxic upon
activation with low light dose (1 J/cm2 light, IC50 ) 0.4 µM),
as shown in Figures 2 and 3 and in Table 1. Conjugates 1 and
4 showed the highest dark toxicity (IC50 ) 11 µM) and similar
light-induced toxicity to that of mTHPC. On the other hand the
di-NLS branched conjugate 3 showed similar dark toxicity to
purified hematoporphyrin derivative and mTHPC, but it was
significantly less phototoxic. It is interesting to note that this
conjugate was the least phototoxic to PC-3M cells of all
porphyrins investigated although it contains two SV40 NLS
peptides. In contrast to these findings, we have previously
observed that a SV40-containing porphyrin conjugate was more
phototoxic to human carcinoma HEp2 cells than the corre-
sponding HIV-1 Tat (48-60) porphyrin conjugate.37 Porphyrin
5, bearing a bifunctional NLS-CPP linear peptide containing
the HIV-1 Tat (48-60) sequence, was also found to be more
phototoxic to PC-3M cells and to have significantly lower dark
toxicity than either purified hematoporphyrin derivative or
mTHPC, although it was less phototoxic than 2. Of all
porphyrins tested, conjugate 2 had the highest IC50(dark)/
IC50(light) ratio (96) while purified hematoporphyrin derivative,
mTHPC, and conjugates 1, 3-5 all had small ratios between 7
and 27. Our results indicate that substantial photodynamic
cytotoxicity can be induced in human prostate cancer cells using
porphyrin-peptide conjugate 2 at levels corresponding with
minimal dark toxicity. Furthermore, because conjugate 2 showed
favorable cellular uptake by PC-3M cells (Figure 1), 5-8 times
higher than either purified hematoporphyrin derivative or
mTHPC at all time points investigated, it was selected as the
most promising photosensitizer to be evaluated for intracellular
localization and in an in vivo biodistribution study (vide infra).

The intracellular porphyrin fluorescence of the most promising
porphyrin-HIV-1 Tat conjugate 2 was visualized by fluores-
cence microscopy after exposure of PC-3M cells to 10 µM of
this conjugate for 16 h. Conjugate 2 appears to localize solely
intracellularly rather than pericellularly, although we have not
ruled out its possible accumulation in the tumor vasculature or
other aspects of the microenvironment, as has been reported
for other porphyrin-type PDT agents.32 The subcellular localiza-
tion of conjugate 2 was examined by comparison with nuclear,
mitochondrial, lysosomal, and endoplasmic reticulum (ER)

Figure 1. Time-dependent uptake of porphyrin conjugates 1 (green,
diamonds), 2 (red, triangles), 3 (brown, circles), 4 (blue, inverted
triangles), 5 (black, squares), mTHPC (purple, open squares), and
purified hematoporphyrin derivative (orange, open triangles) at 10 µM
by PC-3M prostate cancer cells.

Figure 2. Dark toxicity of porphyrin conjugates 1 (green, diamonds),
2 (red, triangles), 3 (brown, circles), 4 (blue, inverted triangles), 5 (black,
squares), mTHPC (purple, open squares), and purified hematoporphyrin
derivative (orange, open triangles) toward PC-3M cells using the Cell
Titer Blue assay.

Figure 3. Phototoxicity of porphyrin conjugates 1 (green, diamonds),
2 (red, triangles), 3 (brown, circles), 4 (blue, inverted triangles), 5 (black,
squares), mTHPC (purple, open squares), and purified hematoporphyrin
derivative (orange, open triangles) toward PC-3M cells using 1 J/cm2

dose light.
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probes. No colocalization was found in the nucleus or mito-
chondria (data not shown). Conjugate 2 appears to accumulate
mainly in the lysosomes and ER (Figure 4), as we have
previously shown in human carcinoma HEp2 cells.37 In fact,
the majority of porphyrin-peptide conjugates that we have
previously synthesized and investigated localize within the
lysosomes,37,38,42,46 possibly as a result of an endocytic mech-
anism of uptake. Both the lysosomes and ER are important
targets for the PDT-induced initiation of apoptosis,47,48 which
may in part explain the observed phototoxicity of these
conjugates.

2.3. Animal Biodistribution Study. The most promising
porphyrin-peptide conjugate 2 (readily taken up by PC-3M
cancer cells in vitro, with minimal dark toxicity but potent
phototoxicity) was further evaluated in an in vivo biodistribution
study using male SCID mice bearing PC-3M tumors, in
comparison with FDA-approved purified hematoporphyrin
derivative. The mice were administered with a 1.0 µmol/kg body
weight dose of either conjugate 2 or purified hematoporphyrin
derivative via ip injection. The tissues were collected after 24 h,
assayed by ex vivo fluorescence, and the results obtained are
shown in Table 2 (each number represents the mean ( standard
error for 4 mice). Conjugate 2 showed a highly favorable
distribution pattern, appearing limited primarily to the liver and
tumor tissues and accumulated to a significantly higher extent
than purified hematoporphyrin derivative at the same drug dose
within prostate tissue. A precise tumor/blood and tumor/skin
ratio could not be calculated because the residues in the blood
and skin were not detectable. Porphyrin photosensitizers are
often found in the liver in addition to the tumor due to the high
amount of reticuloendothelial cells in this organ. The lack of
uptake of conjugate 2 by the normal mouse prostate further
suggests that the chemistry of this photosensitizer is tumor,
rather than prostate, selective. On the other hand, purified

hematoporphyrin derivative was detected in the liver, spleen,
lung, and blood in addition to the tumor, and in all of these,
the amount of purified hematoporphyrin derivative was higher
than in tumor. These results suggest a much weaker specific
affinity of purified hematoporphyrin derivative for the tumor
cells compared with 2, in agreement with our observations in
the PC-3M prostate tumor cells in vitro. In particular, the high
levels of purified hematoporphyrin derivative found in blood
indicate a far less selective biodistribution in comparison with
2. In fact, the existence of purified hematoporphyrin derivative
in the blood after 24 h suggests that it is cleared more slowly
than conjugate 2, although we have not evaluated the pharma-
cokinetic elimination rate in this study. Neither porphyrin was
detectable in the skin where unwanted dermal phototoxicity has
been commonly reported to occur in PDT, suggesting that skin
photosensitivity might not be an undesirable side effect in the
PDT treatment of prostate tumors.

3. Experimental Section

3.1. Chemistry. Unless otherwise indicated, all commercially
available starting materials were used directly without further
purification. NMR spectra were obtained on a Varian INOVA-500
instrument. Chemical shifts (δ) are given in ppm relative to TMS.
Electronic absorption spectra were measured on a Perkin-Elmer
Lambda 35 UV-vis spectrophotometer. Mass spectra were obtained
on a Bruker ProFLEX III MALDI-TOF mass spectrometer with a
MALDI ionization source using CCA as the matrix. HPLC
separation and analysis were performed on a Dionex system
including a P680 pump and UVD340U detector. Semipreparative
HPLC was carried out using a Luna C18 100 Å, 5 µm, 10 mm ×
250 mm (Phenomenex, USA) column and a stepwise gradient;
analytical HPLC was carried out using a Delta Pak C18 300 Å, 5
µm, 3.9 mm × 150 mm (Waters, USA) column and a stepwise
gradient. The linear porphyrin-peptide conjugates 1,46 2,37 4,42

and 542 were synthesized as we have previously described. Photofrin
and mTHPC were kindly provided by Prof. Giulio Jori, University
of Padova, Italy.

3.1.1. Porphyrin-Peptide Conjugate 3. This conjugate was
synthesized from 5-(p-aminophenyl)-10,15,20-triphenylporphyrin
by reaction with diglycolic anhydride, as we have previously
reported.37 The resulting carboxylate terminated porphyrin (0.100
g, 0.134 mmol) was dissolved in 1 mL of DMF and to this solution
were added in the following order: Et3N (0.012 g, 0.122 g), HOBt
(0.186 g, 0.122 mmol), aspartic acid di-t-butyl ester hydrochloride

Figure 4. Subcellular localization of conjugate 2. (a), (d) Red fluorescence indicating location of conjugate 2. (b) Green fluorescence indicating
location of lysosomes in cells from (a). (c) Overlay of (a) with (b). (d) Red fluorescence of conjugate 2 location. (e) Blue fluorescence indicating
location of (ER) in cells from (d). (f) Overlay of (d) with (e). The degree of orange (in (c)) or purple (in (f)) color indicates the intensity of
conjugate 2 and organelle colocalization in individual cells. Scale bar: 25 µm.

Table 1. Determined IC50 Values for Dark and Photoinduced Toxicity
of Porphyrin-Peptide Conjugates 1-5, Purified Hematoporphyrin
Derivative, and mTHPC toward PC-3M Cells

porphyrin 1 2 3 4 5 mTHPC

purified
hematoporphyrin

derivative

dark IC50 (µM) 10.7 38.3 20.8 11.4 32.9 16.1 15.4
light (∼1 J/cm2)

IC50 (µM)
1.48 0.40 2.95 1.34 1.21 1.61 1.95
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(0.034 g, 0.122mmol), and EDCI (0.023 g, 0122 mmol). The
reaction mixture was stirred at room temperature for 48 h before
being diluted with ethyl acetate (25 mL) and washed with water (3
× 25 mL). The organic phase was dried over Na2SO4, filtered, and
the solvent evaporated under vacuum to give a purple residue, which
was purified by flash chromatography on silica gel using dichlo-
romethane/methanol 9:1 for elution (0.117 g, 98% yield). UV-vis
(CHCl3) λmax (ε/M-1 cm-1) 419 (491700), 516 (19700), 551
(10400), 590 (7400), 646 (5800). 1H NMR (CDCl3, 300 MHz): δ
8.97-9.04 (8H, m), 8.22-8.36 (10H, m), 7.79-7.82 (10H, m),
4.93-4.99 (1H, m), 4.49 (2H, s), 4.43 (2H, s), 2.90-3.16 (4H,
m), 1.59 (18H, s), -2.59 (2H, s). 13C NMR (CDCl3, 75 MHz):
170.60, 169.50, 168.32, 166.94, 142.08, 137.01, 135.01, 134.48,
131.09, 127.65, 126.62, 120.13, 118.38, 82.80, 81.99, 71.35, 71.03,
48.72, 37.21, 28.02, 27.89. HRMS (MALDI) m/z 973.4310 (M +
H+), calculated for C60H57N6O7 973.4289. The Boc-protected
carboxylate was dissolved in 5 mL of TFA, the reaction mixture
was stirred at room temperature 4 h, and then the solvent was
evaporated under vacuum to leave a green residue. The solid residue
was washed with diethyl ether (5 × 10 mL) and dried under vacuum
to give the corresponding dicarboxylate terminated porphyrin
intermediate (0.088 g, 99% yield). UV-vis (CHCl3) λmax (ε/M-1

cm-1) 420 (228500), 516 (15700), 552 (8000), 590 (5200), 646
(4000). 1H NMR (d6, DMSO, 300 MHz): δ 10.49 (2H, s),
8.80-8.88 (8H, m), 8.48-8.51 (2H, d), 8.17-8.22 (10H, m), 7.81
(10H, s) 4.71-4.78 (1H, m), 4.38 (2H, s), 4.26 (2H, s), 2.67-2.93
(2H, m). 13C NMR (d6, DMSO, 75 MHz): 172.28, 171.90, 169.11,
168.32, 158.54, 158.14, 141.06, 134.97, 134.47, 131.15, 128.25,
127.13, 120.12, 118.29, 117.20, 70.85, 70.44, 48.33, 35.99. HRMS
(MALDI) m/z 861.3006 (M + H+), calculated for C52H41N6O7

861.3037. This compound (0.030 g, 0.035 mmol) was dissolved in
600 µL of DMF, to this solution were added in the following order:
DIEA (0.036 g, 0.278 mmol), HOBt (0.0344 g, 0.087 mmol), TBTU
(0.028 g, 0.087 mmol), and NH2CH2CH2(OCH2CH2)5CH2CO2

tBu
(0.034 g, 0.087 mmol). The reaction mixture was stirred at room
temperature 48 h, then diluted with EtOAc (20 mL), the organic
phase washed with water (2 × 20 mL), saturated NaHCO3 (2 ×
20 mL), water (2 × 20 mL), dried over Na2SO4, filtered, and the
solvent evaporated under vacuum to leave a purple residue. The
title compound was separated by flash chromatography on silica
gel using dichloromethane, dichloromethane/methanol 95/5, and
dichloromethane/methanol 90/10 for elution. (0.033 g, 59% yield).
UV-vis (CHCl3) λmax (ε/M-1 cm-1) 414 (406000), 512 (16900),
547 (9,000), 589 (5400), 645 (4100). 1H NMR (CDCl3, 300 MHz):
δ 8.62-8.90 (8H, m), 8.17-8.24 (10H, m), 7.73-7.80 (9H, m),
7.34 (1H, s), 7.11 (1H, s), 4.83-4.87 (1H, m), 4.36 (2H, s),
4.30-4.31 (2H, d, J ) 3 Hz), 4.04 (2H, s), 3.99 (2H, s), 3.49-3.71
(48H, m), 2.94-3.01 (1H, dd, J ) 4.24, 2.94 Hz), 2.62-2.69 (1H,
dd, J ) 5.52, 2.62), 1.47 (9H, s), 1.45 (9H, s), -2.75 (2H, s). 13C
NMR (CDCl3, 75 MHz): 171.54, 169.63, 168.79, 142.09, 134.38,
134.49, 127.68, 126.65, 120.09, 118.75, 81.51, 70.45, 68.93, 50.01,
39.54, 28.05. HRMS (MALDI) m/z 1615.7897 (M+), calculated
for C88H110N8O21 1615.7818. Boc-protected pegylated porphyrin
(0.033 g, 0.020 mmol) was dissolved in 1 mL of DCM, and to this
solution was added TFA (1 mL). The reaction mixture was stirred
at room temperature 4 h, and then the solvent evaporated under
vacuum to leave a green residue. The solid residue was washed
with Et2O to remove traces of TFA and then dried under vacuum
(0.030 g, 98% yield). UV-vis (CHCl3) λmax (ε/M-1 cm-1) 420
(233600), 516 (11900), 552 (6700), 590 (5000), 647 (4100). 1H
NMR (CDCl3, 300 MHz): δ 9.78 (2H, s), 9.23 (8H, s), 8.59-8.61
(8H, m), 8.43-8.45 (2H, d, J ) 6.69 Hz), 8.00-8.03 (9H, m),
7.81 (1H, s), 7.74 (1H, s), 5.00-5.02 (1H, m), 4.49 (2H, s), 4.41
(2H, s), 4.12-4.18 (4H, m), 3.53-3.67 (48H, m), 2.88-3.06 (2H,
m). HRMS (MALDI) m/z 1525.6453 (M + Na+), calculated for

C80H94N8O21Na 1525.6431. Pegylated porphyrin (0.030 g, 0.020
mmol) was dissolved in 1 mL of DMF, and to this solution were
added Et3N (0.020 g, 0.20 mmol), HOBt (0.007 g, 0.044 mmol),
DMAP (0.0005 g, 0.0044 mmol), and HGlyProLys(Boc)Lys(B-
oc)Lys(Boc)Arg(Pbf)Lys(Boc)Val(OtBu) (0.082 g, 0.05 mmol). The
reaction mixture was stirred at room temperature 48 h. Work up
was performed as described above. The porphyrin-protected peptide
conjugate was isolated by flash chromatography on silica gel using
CHCl3:MeOH 9:1, 8:2 for elution. Yield 0.045 g, 48%. UV-vis
(CHCl3) λmax (ε/M-1 cm-1) 414 (406000), 512 (16900), 547 (9000),
589 (5400), 645 (4100). 1H NMR (CDCl3, 300 MHz): δ 8.84-8.81
(6H, m), 8.14-8.22 (8H, m), 7.73-7.81 (8H, m), 4.29-4.39 (8H,
m), 4.01 (5H, s), 3.40-3.69 (45H, m), 2.93-3.06 (15H, m),
2.17-2.51 (15H, m), 2.04 (10H, s), 1.12-1.78 (134H, m), 0.93
(12H, s), -2.98 (2H, s). LRMS (MALDI) m/z M/3 1588.70,
calculated for C238H364N38O59S2 M ) 4762.6092, M/3 ) 1588.5364.
The porphyrin-protected peptide conjugate (0.040 g, 0.008 mmol)
was dissolved in 2 mL of a mixture TFA/TIS/H2O/phenol 88/2/5/
5. The reaction mixture was stirred at room temperature 4 h, then
the solvent evaporated under vacuum to leave a green oily residue.
The deprotected conjugate was precipitated by the addition of Et2O.
The green precipitate was washed with Et2O (5 × 10 mL) and then
dried under vacuum. Yield 0.025 g, 95%. HPLC tr ) 12.73 min.
UV-vis (MeOH) λmax (ε/M-1 cm-1) 415 (283500), 513 (13000),
548 (7700), 588 (5500), 645 (4600). 1H NMR (D2O, 400 MHz): δ
8.68-8.70 (3H, m), 8.29-8.31 (3H, m), 8.13-1.14 (8H, m),
7.18-7.31 (1H, m), 6.88-6.97 (1H, m), 3.95-4.42 (27H, m),
3.63-3.71 (67H, m), 4.46-3.49 (8H, m), 3.19-3.21 (7H, m), 2.86
(24H, s), 1.44-2.11 (84H, m), 0.89-0.96 (12H, m). LRMS
(MALDI) m/z M/3 1116.10, calculated for C164H252N38O37 M )
3345.9006, M/3 ) 1116.3002.

3.2. Cell Culture. All tissue culture media and reagents were
obtained from Invitrogen. Human prostate PC-3M cells were a gift
from Dr. Isaiah Fidler (UT M. D. Anderson Cancer Center, Houston,
TX) and maintained in DMEM supplemented with 10% FBS. The
cells were subcultured biweekly to maintain subconfluent stocks.

3.2.1. Time-Dependent Cellular Uptake. PC-3M prostate
cancer cells were seeded at 10000 cell/cm2 in 24-well plates in
DMEM high-glucose media with 10% FBS and allowed to attach
overnight. The cells were incubated with 10 µM (prepared from a
10 mM stock solution) of each conjugate for various time periods
up to 24 h. At the end of the uptake periods, the wells were washed
with PBS and the cells were solubilized using 1.0 mL of 0.25%
Triton-X. The conjugate concentration (expressed as µM/1000 cells)
was determined by fluorescence emission using a SynergyHT-1
plate reader (360 nm excitation/645 nm emission). A known
conjugate concentration with the cells was used to standardize the
fluorescence readings, and the cell numbers were obtained from
duplicate treated plates.

3.2.2. Dark Cytotoxicity. Prostate cancer cells plated as above
were exposed to increasing porphyrin conjugate concentrations up to
100 µM and incubated for 24 h in quadruplicate wells. The wells were
then washed to remove detached cells and debris. We characterized
the material that was detached after exposure to the porphyrin
conjugates to confirm that it was nonviable by using a differential
fluorescent staining technique (Apoalert Annexin V-EGFP Apoptosis
kit, BD-Bio Sciences). We found that this material was overwhelmingly
(>99.5%) nonviable, composed of approximately 92% necrotic cells
and 8% membrane debris. Cells remaining attached to the wells were
removed via trypsinization, and viable cells were enumerated using a
hemocytometer. Control wells consisting of cells not treated with
porphyrins were also counted, and these control cell numbers were
set at 100% viability. Data points are expression of the viability of
porphyrin-treated cells as a percentage of controls.

Table 2. Tissue Biodistribution of Conjugate 2 and Purified Hematoporphyrin Derivative after Drug Administrationa

porphyrin liver kidney tumor prostate spleen lung skin blood

2 16.1 (1.1a ebkgd 8.1 (2.4 ebkgd ebkgd ebkgd ebkgd ebkgd
purified hematoporphyrin derivative 8.7 (0.63 ebkgd 2.6 (0.40 ebkgd 5.5 ( 2.4 4.4 ( 0.90 ebkgd 12.5 ( 3.3

a Data expressed as pmol/mg protein; e bkgd ) quantity detected was equal to or below background reading for the porphyrin.
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3.2.3. Phototoxicity. PC-3M cells plated as above were exposed
to increasing porphyrin conjugate concentrations for 24 h in quadru-
plicate wells. After this period, the porphyrin conjugates were removed
by thorough washing with PBS and the media was replaced with
DMEM buffered with HEPES (50 mM, pH 7.4). The cells were placed
in an ice bath and exposed to light from a 100 W halogen lamp filtered
through a 610 nm long pass light filter for 20 min. An inverted plate
lid filled with water acted as an infrared filter. The total light dose
was approximately 1 J/cm2. The cells were then incubated overnight
and enumerated as for dark toxicity above.

3.2.4. Intracellular Localization. PC-3M cells plated onto glass
chamber slides were exposed to 10 µM of conjugate 2 over a 16 h
period for uptake and intracellular distribution. Cell cultures were then
supplemented with organelle markers for endoplasmic reticulum (ER-
Tracker Blue-White DPX, Molecular Probes, Eugene, OR, used at 2
mM final concentration), lysosomes (LysoSensor DND-189, Molecular
Probes, Eugene, OR, used at 50 nM final concentration), mitochondria
(MitoTracker Green FM, Molecular Probes, Eugene, OR, used at 250
nM final concentration), or nucleus (4′,6-diamidino-2-phenylindole
(DAPI), Sigma Chemicals, St. Louis, used at 1 µg/mL final concentra-
tion) for 30 min. Following incubation, the cells were washed 3 times
with PBS and live-imaged using a Zeiss Axiovert 200 fluorescence
microscope fitted with a Texas Red filter set (to capture porphyrin
conjugate fluorescence), an FITC filter set (to capture MitoTracker
and LysoSensor probes), and a DAPI-compatible filter set (to capture
DAPI as well as ER-Tracker probes). Images were captured using a
Retiga 2000R digital camera at 400× magnification, and data is
presented for organelles that appeared to contain the conjugate
(lysosomes and ER).

3.4. Animal Studies. Male SCID mice at 8 weeks of age were
purchased from Jackson laboratories (Bar Harbor, Maine) and were
housed in an ALAC-approved facility. All experiments conformed to
protocols approved by the LSU-SVM IACUC.

3.4.1. Tumor System. PC-3M prostate cancer cells (2 × 106 cells
per mouse) were sterilely injected into the dorsum of the back between
the shoulder blades. Tumors were allowed to form over a 5-6 week
period. When tumors attained a size of approximately 0.1 cm3

(calculated as length × width × depth × 0.5), mice were administered
porphyrins at a dosage of 1.0 µmol/kg body weight ip in a 5% dextrose
solution (as per Photofrin package insert).

3.4.2. Porphyrin Biodistribution. Twenty-four hours after por-
phyrin administration, the following tissues were collected as = 5 mm
× 5 mm × 5 mm samples: tumor, skin, lung, liver, spleen, kidney,
and prostate. Blood (60-70 µL) was also collected. All tissue sections
were incubated in 0.6 mL ScintiGest solubilization solution (Fisher
Scientific) at 37 °C for 24 h then homogenized using a Teflon pestle
(Thomas Scientific) rotated on a bench drill press (Ryobi DP-101)
and returned to incubation overnight. Following centrifugation to
remove insoluble material, supernatants were analyzed using a Syn-
ergyHT-1 fluorescence plate reader at 530 nm (absorption)/645 nm
(emission). Fluorescence readings of tissue extracts were quantitated
using KC4 software and were based on a four-parameter equation
generated from a standard curve of each porphyrin dissolved in
Scintigest solution mixed with different tissues assayed. Final data are
expressed as pmol porphyrin/mg tissue protein after subtraction of
nonspecific fluorescence. This background fluorescence for each tissue
was measured using mice injected with vehicle-only.

4. Conclusions

We have examined a series of five porphyrin-peptide conjugates
in vitro using PC-3M human prostate cells and compared their
performance with FDA-approved purified hematoporphyrin deriva-
tive and to a structurally related second-generation PDT photo-
sensitizer, mTHPC. Among these photosensitizers, we identified
a highly promising porphyrin-HIV-1 Tat conjugate 2 for the PDT
treatment of human prostate cancer, that showed low dark
cytotoxicity, high phototoxicity (IC50 ) 0.40 µM at 1 J/cm2),
IC50(dark)/IC50(light) ) 96, and favorable in vitro cellular uptake
and in vivo biodistribution. In comparison with FDA-approved

purified hematoporphyrin derivative, this porphyrin-CPP conjugate
is less toxic in the dark toward PC-3M cells, is significantly more
phototoxic, and accumulates to a significantly higher extent within
tumorcellsbothinvitroandinvivo.Furthermore,theporphyrin-HIV-1
Tat conjugate 2 is significantly more prostate tumor selective than
purified hematoporphyrin derivative, which unlike 2 was also
detected in several normal tissues in addition to the tumor and in
high levels in blood. Conjugate 2 was also found to accumulate to
a higher extent within PC-3M cells in vitro and to be less toxic in
the dark and significantly more phototoxic than mTHPC, a second-
generation photosensitizer that has shown promise in the PDT
treatment of prostate tumors. Our results indicate that the coupling
of a long-wavelength absorbing porphyrin photosensitizer to the
HIV-1 Tat (48-60) sequence might lead to enhanced PDT of
prostate tumors and/or tumor tomography.
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