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’ INTRODUCTION

Since the worldwide approval of Photofrin, photodynamic
therapy (PDT) has been accepted as an alternative clinical
cancer treatment modality.1�5 The utility of this approach is
also being investigated in combination with surgery or chemo-
therapy. Similar to chemotherapy, PDT requires agents
(photosensitizers) which exhibit selectivity for tumors,
and in common with radiotherapy, the mode of action involves
the use of electromagnetic radiation in order to generate reactive
oxygen species (ROS). However, PDT is a much milder approach
to cancer treatment than these two modalities, and it exploits the
biological consequences of localized oxidative damage inflicted by
photodynamic processes.6 Three critical elements are required for
the initial photodynamic processes to occur: a drug that can be
activated by light (a photosensitizer), light and oxygen. Upon
exposing the tumors with an appropriate wavelength of light, the
photosensitizer produces an excited triplet state that can interact
with molecular oxygen to produce singlet oxygen responsible for
inducing cell damage through direct and indirect cytotoxicity.7 In
addition to photosensitizer, singlet oxygen formation and light

dosimetry play important roles in PDT. The structure�activity
relationship (SAR) and quantitative structure�activity relationship
(QSAR) studies in a series of alkyl ether analogues of pyropheo-
phorbides have shown that overall lipophilicity and the position
of various hydrophilic and hydrophobic groups in the molecules
make a remarkable difference in cell uptake, intracellular
localization and long-term tumor cure.8,9 This approach has
been quite successful in developing effective photosensitizers,
and a few of them are currently at various stages of clinical or
preclinical trials.10�12

Conjugates between the photosensitizers and small molecules
have also been designed to improve cell type target-specific
agents and illustrate a new approach to optimize PDT.13 To
overcome the difficulties in using large proteins and antibodies as
targeting vehicles,14 there have been efforts to use smaller
peptides as targeting vehicles.15 These peptides recognize fairly
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ABSTRACT: The Rvβ3 integrin receptor plays an important role in human
metastasis and tumor-induced angiogenesis. Cyclic Arg-Gly-Asp (cRGD)
peptide represents a selective Rvβ3 integrin ligand that has been extensively
used for research, therapy, and diagnosis of neoangiogenesis. For developing
photosensitizers with enhanced PDT efficacy, we here report the synthesis of a
series of bifunctional agents in which the 3-(10-hexyloxyethyl)-3-devinylpyro-
pheophorbide a (HPPH), a chlorophyll-based photosensitizer, was conjugated
to cRGD and the related analogues. The cell uptake and in vitro PDT efficacy of
the conjugates were studied in Rvβ3 integrin overexpressing U87 and 4T1 cell
lines whereas the in vivo PDT efficacy and fluorescence-imaging potential of the
conjugates were compared with the corresponding nonconjugated photosen-
sitizer HPPH in 4T1 tumors. Compared to HPPH, the HPPH�cRGD
conjugate in which the arginine and aspartic acid moieties were available for
binding to two subunits of Rvβ3 integrin showed faster clearance, enhanced tumor imaging and enhanced PDT efficacy at 2�4 h
postinjection. Molecular modeling studies also confirmed that the presence of the HPPH moiety in HPPH�cRGD conjugate does
not interfere with specific recognition of cRGD by Rvβ3 integrin. Compared to U87 and 4T1 cells the HPPH�cRGD showed
significantly low photosensitizing efficacy in A431 (Rvβ3 negative) tumor cells, suggesting possible target specificity of the conjugate.
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specific receptors that are overexpressed on certain tumor cells.
One of the receptors, which has been of immense interest for
targeting certain tumor imaging and/or therapeutic agents, has

been Rvβ3 integrin known for its overexpression in both tumor
cells and activated endothelial cells of the neovasculature during
tumor regrowth, invasion, and metastasis.16,17 In recent years, a

Figure 1. Structures of the cRGD analogues selected for our proposed studies.

Scheme 1. Synthesis of HPPH�cRGD Analogues 7, 8 and 10
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large number of cRGD (cyclic Arg-Gly-Asp) peptides have been
labeled with a variety of radionuclides, and the resulting products
have shown significant target specificity for brain and breast
cancers, known for overexpression of Rvβ3 integrin.18

Conjugation of monovalent or multivalent cRGD peptides with
certain cyanine dye-based fluorophores has also shown a sig-
nificantly enhanced tumor-specificity in 4T1 (breast) and U87
(brain) tumors.19

Figure 2. 1H NMR assignment of HPPH�RGDfk conjugate 6.

Table 1. List of 1H NMR Values and Their Positions for Conjugate 6
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For quite some time our laboratory has been exploring the
utility of a variety of chlorophyll a and bacteriochlorophyll
a based photosensitizers for use in PDT.20,21 Among these
compounds, 2-(10-hexyloxyethyl)-2-devinylpyropheophorbide a
(HPPH), derived from chlorophyll a and certain longer wavelength
agents; purpurinimide (700 nm); and bacteriopurpurinimide
(800 nm) showed excellent photosensitizing efficacy with limited
skin phototoxicity.22�24

For a proof of principle study, we conjugated HPPH with
cRGD peptide, and to confirm the tumor-specificity of the
conjugates, we selected three cRGD analogues for our syn-
thetic strategy. In cRGD peptide 1 (Figure 1), both the
binding residues (Arg and Asp) were protected with an acid
labile protecting group while the amino group in Lys was left
unprotected for conjugating to HPPH. In peptide 2 the amino
groups of Lys and Arg were protected while the carboxylic acid
functionality of Asp was left available for conjugating to
HPPH derivative 9, and finally, in peptide 3, the Gly residue
of peptide 1 was replaced with Alanine (Ala) because such a
substitution in cRGD is known to prevent its binding to Rvβ3
integrin.25

’RESULTS AND DISCUSSION

Chemistry. For the preparation of HPPH�cRGD conjugates
7 and 10, HPPH was reacted with cRGD peptides 3 and 4
following standard peptide chemistry, and the resulting inter-
mediates on treatment with trifluoroacetic acid afforded the
desired conjugates in 57% yield. The conjugate 8 in which HPPH
was linked at the aspartic acid site was obtained by first convert-
ing theHPPH into derivative 9 containing an amino functionality
by previously reported methodology, which on subsequent
reaction with cRGD analogue 5 yielded the desired conjugate
8 in excellent yield. Our attempts to dissolve the compound 8
with common polar solvents were unsuccessful, however, it was
determined that conjugate 8 was partly soluble in DMSO.
The reaction sequences for the synthesis of conjugates 7, 8 and

10 are depicted in Scheme 1, and their structures were confirmed
by NMR and mass spectroscopic analysis. The 1H NMR spec-
trum of the conjugate 6 showed an intricate pattern due to presence
of RGD cyclic peptide (Figure 2). In particular, the splitting singlet
(due to epimeric 31-H) at δ 9.73 indicated the presence of the 5H
meso proton, and NOE correlations between the C-17 side chain of
the porphyrin moiety and the side chain of the lysine unit of the
RGDfk peptide established the formation of the conjugate 6. From
2D NMR analysis, the structure of product 6 and the δ values of
chemically equivalent protons are assigned and are listed in Table 1.
The purity of the final products was ascertained by HPLC (Figure
S6 in the Supporting Information). Conjugation of the peptides to
photosensitizer (HPPH) did not make any significant difference in
their photophysical properties.
Having the synthetic conjugates 7, 8 and 10 in hands, our next

step was to compare the in vitro/in vivo photosensitizing efficacy,
tumor uptake and intracellular localization characteristics between
HPPH and the corresponding cRGD conjugates. The rationale
of this study was to investigate the importance of the Arg and Asp
amino acid residues in cRGD peptide in directing the target
specificity of the corresponding HPPH conjugates in Rvβ3
overexpressed tumor models.
Compared toHPPH, theHPPH�cRGDConjugate 7 Showed

Significantly Higher in Vitro PDT Efficacy and Cell Uptake.
The initial in vitro photosensitizing efficacy of HPPH and the

corresponding cRGD conjugates 7, 8 and 10 was determined in
the U87 cell lines (Rvβ3 positive). The cells were incubated with
increasing concentrations of photosensitizers for 2 and 4 h and
then exposed to 665 nm light, and MTT assay was performed 48
h later. None of the photosensitizers show any significant dark
toxicity up to 1 μM (Figure S9 in the Supporting Information)
concentration. As can be seen from the results summarized in
Figure 3, under these experimental conditions compared to
HPPH, 7 and 8, the conjugate 7 containing the cRGD conjugate
(cyclic Asp, Gly, Arg) with both the �COOH and �NH2 func-
tionalities in Asp and Arg available for binding to Rvβ3 integrin
was significantly more effective. No appreciable differences were
observed between HPPH and other HPPH�cRGD conjugates
in which either one of the binding residues (Asp) was blocked or
the Gly was replaced with Ala, which is known to inhibit the
integrin binding ability of cRGD. Further, the 2 h or 4 h (data not
shown) postincubation of the photosensitizers did not show any
significant difference in PDT efficacy. We further evaluated the
photosensitizing efficacy of these photosensitizers in another
Rvβ3 positive cell line (4T1) at 2 h incubation, and as can be
seen from Figure 3, the cRGD�HPPH conjugate proved to
be the most effective. To identify the impact of the peptide
moiety to target specificity to HPPH, we evaluated the efficacy of
the photosensitizers in the A431 cell line, reported as Rvβ3
negative.19 In vitro phototoxicity assays revealed that com-
pared to HPPH the corresponding peptide conjugate 7 was
less effective under similar experimental parameters. The lower
activity of the other cRGD�HPPH conjugates, in particular,
conjugate 10, in which the Gly amino acid residue is being
replaced by Ala, is not attributable to overall lipophilicity of the
PS alone and suggests a possible target specificity of cRGD to
integrin positive tumor cells.
To assess whether the cRGD dependent changes in photo-

toxicity were due to altered photosensitizer levels in cells at the
time of treatment, the cell uptake of the cRGD conjugates 7, 8
and 10was determined in the U87 cell line at two concentrations
(400 nM, 800 nM) at 2 h and 4 h postincubation. From the data
summarized in Figure 4, the highly effective HPPH�cRGD again
showed the highest uptake, but it was significantly more at 4 h
(Figure S10 in the Supporting Information) than 2 h incubation
with similar PDT efficacy. The uptake of HPPH and its peptide
conjugate 7 in 4T1 cells is comparable at 2 h postincubation with
the PS as determined by flow cytometry. We see similar uptake of
HPPH and its peptide conjugate in U87 cells as well (Figure S10
in the Supporting Information).We are currently investigating to
understand the difference in activity of theHPPH as compared to
its peptide conjugate 7 in both 4T1 as well as U87 cells in spite of
both compounds showing similar uptake within these two Rvβ3
overexpressing cell lines.
The Presence of the cRGDMoiety in HPPHAlters Its Site of

Localization. Previous studies with various porphyrin or re-
duced porphyrin (chlorins and bacteriochlorins) based com-
pounds, including the alkyl ether analogues of pyropheophorbide
a, showed that the most effective photosensitizers localize in
mitochondria.26 It is also reported that the site specificity is
altered by introducing certain small molecules such as steroids,
vitamins and carbohydrate moieties to photosensitizers. In our
previous study, fluorescence microscopy confirmed the predo-
minantly mitochondrial location of HPPH and the altered site of
localization to the lysosomes on introducing certain carbohy-
drate moieties (e.g., β-galactose) to HPPH.27 In Figure 5 we
show that the most effective conjugate 7 with cRGD introduced
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to HPPH altered the localization pattern to the cell membrane
(Figure S11 in the Supporting Information) as well as to punctate
cytoplasmic vesicles, a pattern observed with other RGD
conjugates.28 The altered cellular localization may trigger me-
chanisms that differ from those of predominantly mitochondrial
localizing HPPH. The effects of the mechanisms may show cell
type variability, which needs further study and is currently under
investigation. Further localization studies of the conjugate 7 with
ER, Golgi and lysosome organelle-specific probes are currently in
progress.
Compared toHPPH, the cRGD�HPPHConjugate 7 Showed

Faster Clearance in Vivo and Enhanced Photodynamic
Efficacy. The encouraging in vitro results of HPPH�cRGD

conjugate 7 prompted us to compare its in vivo uptake and
photosensitizing efficacy. To look at its uptake in vivo we utilized
fluorescence optical imaging as our compounds exhibit fluores-
cence upon excitation. We performed the fluorescence optical
imaging experiment on BALB/c mice with sc 4T1 tumors
(3 mice/group). Each set of mice was injected with HPPH or
its peptide conjugate 7 (HPPH�cRGD), and animals were
imaged at various time points from 2 to 72 h. The tumor uptake
of the peptide conjugate 7 (HPPH�cRGD) showed maximal
uptake within the first 2 h postinjection as indicated by the
fluorescence intensity (Figure 6) and was visible in the tumor until
72 h whereas HPPH showed maximum fluorescence intensity at

Figure 4. (A) In vitro uptake of conjugates 7, 8 and 10 at two concentrations (400 nM and 800 nM) in U87 cells at 2 h postincubation; (B) uptake of
HPPH and conjugate 7 at two concentrations (400 and 800 nm) in the same cell line and at the same time point, measured by flow cytometry. HPPH and
conjugate 7 produced similar uptake in 4T1 cell lines (see Figure S10 in the Supporting Information). However, there was a significant difference in both
in vitro and in vivo PDT efficacy (see the text).

Figure 3. Comparative in vitro photosensitizing efficacy of the HPPH, and the corresponding peptide conjugates 7, 8 and 10 at variable photosensitizer
concentrations in (A) U87 (Rvβ3 positive), (B) 4T1 (Rvβ3) positive and (C) A431 (Rvβ3 negative) tumor cells respectively. The cells were incubated
with photosensitizers for 2 h before exposure to light (665 nm, 0 and 2.0 J/cm2). The photosensitizer(s) alone, without exposure of the cells to light, did
not show any cell kill. As an example, the dark toxicity results of the photosensitizer 7 are shown as hollow symbols.
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24 h while visible until 72 h. This indicates that conjugation of
targeting peptides alters the maximal tumor uptake of HPPH.

Comparative PDT Efficacy of HPPH and HPPH�cRGD
Conjugates. To determine the efficacy of the conjugates

Figure 5. Comparative intracellular localization (false color images) of HPPH and the corresponding cRGD conjugate 7 with MitoTracker Green
(mitochondrial probe) in 4T1 cells after incubation for 2 h clearly indicates that introduction of cRGDmoiety to HPPH changes its site of localization.

Figure 6. Whole body fluorescence images of representative BALB/c mice implanted with 4T1 tumors on the shoulder with HPPH or its peptide
conjugate 7 at variable time points with a therapeutic dose (0.3 μmol kg�1, λex = 665 nm; λem = 710 nm): (A) 2 h postinjection (p.i.); (B) 24 h p.i.;
(C) average fluorescent intensity (AFU) of 3 mice ( SD of a ROI (20 mm diameter) over the tumor in AU, arbitrary units.

Figure 7. In vivo photosensitizing efficacy of HPPH and its peptide conjugates 7 and 8 in BALB/cmice (10mice/group) bearing 4T1 tumors at variable
times postinjection. The tumors were exposed to a laser light (665 nm, 135 J/cm2, 75 mW/cm2) at dose shown per kg. (A) At 2 h postinjection,
HPPH�cRGD was more effective than HPPH and showed 80% tumor response (8/10 mice were tumor-free on day 60). (B) At 24 h postinjection,
HPPH was more effective than HPPH�cRGD conjugate, and 4/10 mice were tumor-free on day 60.
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compared to HPPH in vivo we selected BALB/c mice bearing
syngeneic 4T1 tumors. Groups of mice (10 mice/treatment
group) bearing 4T1 tumors (average tumor size ∼62.5 mm3)
were injected with HPPH (0.47 μmol/kg), and the correspond-
ing cRGD conjugate 7 (0.47 μmol/kg) in mice bearing Rvβ3
integrin positive 4T1 tumors. Exposing the tumors to light
(665 nm, 135 J/cm2, 75 mW/cm2) at 24 h postinjection gave
40% tumor cure at day 60 with HPPH (Figure 7). Reducing the
dose to 0.25 μmol/kg did not produce any cures with either
HPPH (data not shown) or HPPH�cRGD (7) when treated at
24 h postinjection. However, at the same dose of HPPH�cRGD
(7) (0.25 μmol/kg) the mice treated at 2 h postinjection
produced 80% tumor cure at day 60, whereas both HPPH
(0.47 μmol/kg) and the HPPH�cRGD (Asp-blocked) (8)
(0.25 μmol/kg) conjugate treated under similar treatment
parameters gave minimal tumor response with no cures. In
summary, at the 2 h postinjection time point tumor response
was in the order HPPH�cRGD 7 > HPPH > HPPG-cRGD
(Asp-blocked) 8. These data clearly indicate that cRGD remark-
ably alters the clearance time of HPPH from the tumor site.
Although the concept of using cRGD as a targeting moiety for

the photosensitizer has been reported in the literature,29 the
results presented in this report happen to be the first example to
show the importance of the cRGD moiety in developing target-
specific PDT agents. Further studies involving the mechanisms
leading to increased cell kill as well as higher PDT efficacy with
HPPH conjugated with single and multiple cRGD moieties are
currently in progress.

’MOLECULAR MODELING STUDIES

Molecular modeling was used to examine the molecular
mechanisms responsible for the observed differences of
in vitro/in vivo efficacies between the HPPH�cRGD conjugates,
7 and 8. Although molecular dynamics (MD) simulations
and flexible docking are desirable for a study of ligand specific
binding to target proteins, this approach would require huge
computational resources for this system. In addition, it is well
established that the ligand binding induces tertiary and quatern-
ary structural change of the integrinRvβ3 system.30 Thus we used
an alternative approach, an anchored conformational analysis,

where the effects of selective torsional angle variations in the
linker and other parts of the ligand on the stability of the com-
plex were examined systematically while the target protein and
the target specific ligand moiety of the conjugates were fixed
as found in the crystal structure. A similar approach was suc-
cessfully applied to elucidate the difference in experimentally
observed differences in in vitro activity of galectin targeted
photosensitizers.

In the crystal structure of Rvβ3 integrin and cRGD peptide, it
was clearly shown that Asp (D) residue in the cRGD peptide
plays an essential role in the specific recognition of Rvβ3 integrin
through interactions with various residues from the β3 subunit
and Mn cations embedded in the β3 subunit. One of the Mn
cations is directly coordinated with the Asp side chain group
(COO�). This cationic Mn is also coordinated to Ser 121, Ser
123, and Glu 220. These residues in turn are coordinated to two
otherMn cations that in turn form additional coordination bonds
with other residues from the β3 subunit. In addition, the Asp side
chain of cRGD peptide also makes a direct interaction with Asn
215. Thus this Asp residue is the key residue in this intricate
network of interactions between cRDG, three Mn cations and
integrin residues that are responsible for specific recognition of
cRGD ligand by Rvβ3 integrin. Creation of a linker through this
Asp side chain in conjugate 8makes it impossible tomaintain this
specific recognition scheme between the RGD peptide to Rvβ3
integrin. This is demonstrated by the complex built by the
superposition as described in the method. Figure 8a shows that
the linker and HPPH atoms are now penetrated into integrin
atoms, a clear indication that it is impossible to attach HPPH
through the Asp side chain while maintaining the specific
recognition of cRGD peptide found in the crystal. It is possible
that the conjugate 8 still binds to Rvβ3 integrin in a completely
different manner, but this was not examined any further.

The same figure also shows that the Lys residue side chain of
cRGD, which was used to create a linker to HPPH in the
conjugate 7, points toward the solvents, away from the integrin.
Molecular modeling of the conjugate 7 with the anchored
conformational search described in the methods was performed
to examine whether HPPH can be attached to the cRGDwithout
interfering with the specific recognition of cRGD with integrin.

Figure 8. (a) Structure of conjugate 7 in cRGD binding site of integrin using the crystal structure of cRGD�integrin complex. Conjugate 7 is shown in
CPK representation with standard atom based colors. Integrin residues are shown in yellow surface representation. It is shown that the linker andHPPH
atoms are clashed into integrin atoms as they are buried under the protein surface. Lys residue of cRGD is pointing away from the integrin. (b) Overview
of the conjugate 7 interactions with integrin. Integrin backbones are represented by green ribbons. The conjugate 7 is represented by stick figure with
standard atom based colors. The integrin residues involved in the interaction with cRGD residue and cationic Mn (blue balls) are shown in yellow ball-
and-stick figure. (c) Specific additional interactions of energy optimized HPPH conjugate 7 with integrin residues. Conjugate 7 is shown in stick
representation with standard atom based color coding. Integrin residues involved in the interactions are shown in ball-and-stick representation. The
hydrogen bond between HPPH and Ala215 residues of integrin Rv subunit is shown in green dotted lines. The distances involved in hydrogen bonding
and the hydrophobic contact between HPPH and Gln214 are shown in angstroms (yellow line). For details see Materials and Methods.
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In addition, whether the HPPHmoiety will provide an additional
stabilization for the cRGD�integrin complex is also examined. In
brief, the selected torsional angles around the linker region were
systematically altered to examine various possible conformations
that were subjected to clustering of similar conformers. Once the
stable conformers were identified from the previous step, the
effects of torsional angles in the hexyloxyethyl moiety of HPPH
on the stability of the complex were examined systematically. The
two staged search used here was effective in finding the stable
conformation of the ligand on the known cRGD�integrin complex
by reducing the number of conformations that needed to be
examined. Our anchored conformational analysis in the first
stage indicated that in fact there are many linker conformations
possible, which allows the conjugate 7 to interact more strongly
with integrin than what is found in the crystal cRGD peptide or
the initial extended conformer of conjugate 7, without interfering
with the specific cRGD recognition by the integrin (results not
shown). One such stable complex is shown in Figures 8b and 8c
where 8.2 and 4.7 kcal/mol stabilizations over the crystal and
initial conformer respectively were obtained through a hydro-
gen bonding between the keto group of the HPPH ring and an
amino group of Ala 215 from the integrin Rv subunit. In
addition, there seem to be hydrophobic contacts between the
neighboring methyl group of HPPH and the Gln214 side chain
of integrin Rv subunit. The second stage of the anchored
conformational search on the hexyloxyethyl moiety of HPPH
showed that no additional interaction with integrin was
possible and thus no significant preference for various con-
formers of the hexyloxyethyl moiety of HPPH. Thus for
Figures 8b and 8c, one of the conformers with low energy was
selected for presentation. Another view of the same complex
shown in Figure 8c clearly demonstrates that the HPPH moiety
can provide additional stabilization while maintaining specific
RGD recognition by Rvβ3 integrin.

’CONCLUSIONS

The cyclic RGD peptide is one of the most extensively studied
and used peptides for developing target-specific therapeutic and
imaging agents. This approach has also been explored in devel-
oping improved PDT agents, but most of the examples are
limited to synthesis and/or in vitro studies. The study presented
here is the first example which illustrates the in vitro and in vivo
characteristics of a series of HPPH�peptide conjugates and
shows a remarkable impact of the cRGD moiety on the photo-
sensitizing properties, tumor uptake, tumor clearance and intra-
cellular localization.Molecularmodeling indicated that the presence
of the HPPH moiety in conjugate 8 would destroy specific
recognition of RGD by Rvβ3 integrin (because it was conjugated
via the Asp residue, essential for binding to the Rvβ3 integrin). On
the other hand, in conjugate 7, the HPPHmoiety does not interfere
with the specific recognition of cRGD by Rvβ3 integrin and
also provides an additional stabilization to the complex through
hydrogen bonding andhydrophobic contacts to the protein,making
it a more effective candidate for specifically targeted PDT.

’MATERIALS AND METHODS

Chemistry. All chemicals were of reagent grade and used as
such. Cyclic (RGDfK) peptides were purchased from Peptides
International, Louisville, KY, and were used as received. Solvents
were dried using standardmethods unless stated otherwise. Reactions
were carried out under nitrogen atmosphere and were monitored

by precoated (0.20 cm) silica TLC plastic sheet (20 cm� 20 cm)
strips (POLYGRAM SIL N-HR) and/or UV�visible spectros-
copy. UV�visible spectra were recorded on a Varian (Cary-50
Bio) spectrophotometer. 1H NMR spectra were recorded on
Bruker AMX 400 or Varian 400 spectrometers at 303 K in CDCl3
or ∼10% of CD3OD or DMSO-d6 in CDCl3. All 2D

1H NMR
(COSY, TOCSY and NOESY) were run on a Bruker AMX 400
MHz NMR spectrometer. Proton chemical shifts (δ) are re-
ported in parts per million (ppm) relative to CDCl3 (7.26 ppm)
or TMS (0.00 ppm). Coupling constants (J) are reported in
Hertz (Hz), and s, d, t, q, p, m and br refer to singlet, doublet,
triplet, quartet, pentet, multiplet and broad respectively. Mass
spectral data (electrospray ionization, ESI by fusion) were
obtained from Biopolymer Facility, Roswell Park Cancer Insti-
tute, andHRMS data were obtained from theMass Spectrometry
Facility, Michigan State University, East Lansing, MI.
HPLC Method. HPLC analysis of conjugates was carried out

using aWaters Delta 600 system consisting of the 600 controller,
600 fluid handling unit and 996 photodiode array detector
equipped with a Waters SunFire C18 column, 5 μm particle
size, with dimensions 4.6 � 250 mm. The mobile phase was
isocratic: 100% methanol at a flow of 1.0 mL/min. The compo-
nent percentages are based on absorbance data from the 408 nm
channel (see Supporting Information).
Synthesis of 3-Devinyl-3-{10-(hexyloxy)ethyl}pyropheophor-

bide a Protected Cyclo(RGDfK) Conjugate (6). To a solution of
anhydrous DMF (2.0 mL), 3-devinyl-3-{10-(hexyloxy)ethyl}
pyropheophorbide a (20 mg) (HPPH), protected cyclo-
(RGDfK) (25 mg) (4), HOBt (10 mg), DMAP (5 mg), and
EDCI (15 mg) were added and stirred under N2 at room
temperature (rt) for 4 h. DMF was removed under high vacuum
pump; the residue was treated with water, and the solid crude was
filtered. The purple color crude product was purified over a silica
column using 8% MeOH in CH2Cl2 as eluant to yield 30 mg
(60%) of pure product (6). UV�vis (MeOH): 660 (4.10� 104),
603 (7.68 � 103), 537 (8.23 � 103), 506 (7.87 � 103), 409
(8.49 � 104). HRMS for C83H112N13O13S (MH+): calculated
1530.8223, found 1530.8221. 1HNMR (10%CD3OD in CDCl3;
400 MHz): δ 9.73 (split s, 1H, meso-H5); 9.50 (ss, J = 1.6 1H,
meso-H10); 8.50 (s, 1H, meso-H20); 7.15 (m, 5H, ArH, F);
5.90 (p, J = 6.8,1H, 31-H); 5.25 (d, J = 19.6, 1H, 132-CH2); 5.05
(d, J = 19.6, 1H, 132-CH2); 4.74 (t, J = 7.2, 1H, D-RCH); 4.56
(m, 1H, F-RCH); 4.50 (dt, J = 7.6, 6.0, 1H, H-18); 4.39
(dd, J = 14.8, 1.6, 1H, G-RCH2); 4.24 (d, J = 8.4, 1H, H-17);
4.16 (m, 1H, R-RCH); 3.98 (m, 1H, K-RCH); 3.67 (m, 2H,
8-CH2CH3); 3.62 (m, 2H, OCH2CH2CH2CH2CH2CH3); 3.59
(s, 3H, 12-CH3); 3.39 (m, 1H, G-RCH2); 3.35 (s, 3H, 2-CH3);
3.25 (s, 3H, 7-CH3); 3.06 (m, 1H, R-δCH2); 3.05 (m, 2H,
K-εCH2); 2.98 (m, 1H, F-βCH2); 2.94 (m, 1H, F-βCH2); 2.90
(m, 1H, R-δCH2); 2.74 (m, 2H, PbfCH2); 2.70 (m, 1H,
D-βCH2); 2.65 (m, 1H, 171-H); 2.52 (m, 1H, D-βCH2);
2.47 (ss, J = 2.8, 3H, PbfArCH3); 2.45 (m, 1H, 172-H);
2.31 (d, J = 11.6, 3H, PbfArCH3); 2.30 (m, 1H, 171-H); 2.18
(m, 1H, 172-H); 2.10 (dd, J = 6.8, 1.2, 3H, 31-CH3); 2.00
(s, 3H, PbfArCH3); 1.78 (d, J = 7.2, 3H, 18-CH3);1.76 (m, 1H,
R-βCH2); 1.74 (m, 2H, OCH2CH2CH2CH2CH2CH3); 1.70
(t, J = 7.6, 3H, 8-CH2CH3); 1.65 (m, 1H, K-βCH2); 1.63 (m, 1H,
R-βCH2); 1.52 (m, 1H, K-βCH2); 1.45 (m, 2H, R-γCH2); 1.40
(m, 2H, K-δCH2); 1.40 (m, 2H, OCH2CH2CH2CH2CH2-
CH3);1.38 (s, 6H, PbfC(CH3)2); 1.35 (s, 9H, tert-C(CH3)3);
1.27 (m, 2H, OCH2CH2CH2CH2CH2CH3); 1.24 (m, 2H,
OCH2CH2CH2CH2CH2CH3); 1.10 (m, 2H, K-γCH2); 0.78
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(m, 3H, OCH2CH2 CH2CH2CH2CH3). HPLC: 98.2% of
pure conjugate was obtained by following the method descri-
bed above.
Synthesis of 3-Devinyl-3-{10-(hexyloxy)ethyl}pyropheophorbide

a�Cyclo(RGDfK) Conjugate (7). TFA (1.5 mL) was added to
3-devinyl-3-{10-(hexyloxy)ethyl}pyropheophorbide a protected
cyclo(RGDfK) conjugate (6) (15 mg), and reaction mixture was
stirred for 4 h at room temperature. TFA was then removed
under reduced pressure, and compound was precipitated with
cold ether, filtered to yield 12 mg (95%) of product (7). UV�vis
(MeOH): 660 (4.00� 104), 604 (8.00� 103), 536 (8.66� 103),
505 (8.50 � 103), 408 (8.03 � 104). HRMS for C66H88N13O10

(MH+): calculated 1222.6777, found 1222.6787. 1H NMR
(10% CD3OD in CDCl3; 400 MHz): δ10.09 (split s, 1H,
meso-H5); 9.77 (ss, J = 1.6 1H, meso-H10); 8.80 (s, 1H,
meso-H20); 7.00 (m, 5H, ArH, F); 5.81 (p, J = 4.8,1H, 31-H);
5.28 (d, J=19.8, 1H, 132-CH2); 5.04 (d, J=19.8, 1H, 13

2-CH2); 4.63
(m, 2H, D-RCH, F-RCH); 4.30 (m, 4H, H-18; G-RCH2,
H-17, R-RCH); 3.78 (m, 3H, K-RCH, 8-CH2CH3); 3.60
(m, 5H, OCH2CH2CH2CH2CH2CH3, 12-CH3); 3.48 (m, 1H,
G-RCH2); 3.31 (s, 3H, 2-CH3); 3.24 (s, 3H, 7-CH3); 3.03 (m,
1H, R-δCH2); 2.93 (m, 2H, K-εCH2); 2.68 (m, 5H, F-βCH2,
F-βCH2, R-δCH2, D-βCH2, 17

2-H); 2.50 (m, 1H, D-βCH2);
2.35 (m, 2H, 171-H, 172-H); 2.26 (m, 1H, 171-H); 2.00
(dd, J = 16.6, 4.4, 3H, 31-CH3); 1.72 (d, J = 7.2, 3H, 18-
CH3); 1.66 (m, 3H, R-βCH2, OCH2CH2CH2CH2CH2CH3);
1.57 (t, J = 6.8, 3H, 8-CH2CH3); 1.50 (m, 3H, K-βCH2,
R-βCH2); 1.44 (m, 4H, R-γCH2, K-δCH2); 1.27 (m, 4H, OCH2-
CH2CH2CH2CH2CH3); 1.14 (m, 2H, OCH2CH2CH2CH2-
CH2CH3); 0.79 (m, 2H, K-γCH2); 0.63 (m, 3H, OCH2CH2

CH2CH2CH2CH3).
Synthesis of HPPH�Cyclo(RGDfK) Conjugate (8). To a solu-

tion of anhydrous DMF (2.0 mL), HPPH derivative 931 (20mg),
protected cyclo(RGDfK) (25 mg) (5), HOBt (10 mg), DMAP
(5mg), and EDCI (15 mg) were added and stirred under N2 at rt
for 4 h. DMF was removed under high vacuum pump; residue
was treated with water, and the crude solid was filtered. The
purple color crude product was purified over silica column using
8% MeOH in CH2Cl2 as eluant to yield 25 mg (50%) of pure
product. To this crude product, TFA (1.5 mL) was added, and
the reaction mixture was stirred for 4 h at room temperature.
TFA was then removed under reduced pressure, and compound
was precipitated with cold ether, filtered to yield 11 mg (91%) of
product (8). UV�vis (MeOH): 661 (4.00 � 104). HRMS for
C68H94N15O9 (MH+): calculated 1264.7359, found 1264.7351.
1H NMR (DMSO-d6; 400 MHz): δ 9.91 (split s, 1H, meso-H5);
9.84 (s, 1H, meso-H10); 8.86 (s, 1H, meso-H20); 7.20 (m, 5H,
ArH, F); 6.04 (m,1H, 31-H); 5.32 (d, J = 19.8, 1H, 132-CH2);
5.12 (d, J = 19.8, 1H, 132-CH2); 4.72 (m, 1H, D-RCH); 4.61
(m, 2H, F-RCH, H-18); 4.38 (dd, J = 14.8, 1.6, 1H, G-RCH2);
4.20 (m, 3H, H-17, R-RCH, K-RCH); 3.20�4.00 (m, 13H,
8-CH2CH3, OCH2CH2CH2CH2CH2CH3, 12-CH3, G-RCH2,
2-CH3,�(NHCH2)2�, 3.04 (s, 3H, 7-CH3); 2.90�3.08 (m, 6H,
R-δCH2, K-εCH2, F-βCH2, F-βCH2, R-δCH2); 2.63 (m, 2H,
D-βCH2, 17

1-H); 2.54 (m, 1H, D-βCH2); 2.43 (m, 1H, 172-H);
2.27 (m, 2H, 171-H, 172-H); 2.11 (dd, J = 6.0, 1.4, 3H, 31-CH3);
1.92 (m, 2H, �(NHCH2)2�); 1.85 (d, J = 7.2, 3H, 18-CH3);
1.69 (t, J = 7.2, 3H, 8-CH2CH3); 1.26�1.84 (m,10H, K-βCH2,
R-βCH2, R-γCH2, R-βCH2, OCH2CH2CH2CH2CH2CH3

K-δCH2); 1.40 (m, 2H, OCH2CH2CH2CH2CH2CH3);
1.27 (m, 4H, OCH2CH2CH2CH2CH2CH3); 0.89 (m, 2H,
K-γCH2); 0.73 (m, 3H, OCH2CH2 CH2CH2CH2CH3). HPLC:

99.4% of pure conjugate was obtained by following the method
described above.
Synthesis of 3-Devinyl-3-{10-(hexyloxy)ethyl}pyropheophorbide

a�Cyclo(RADfK) Conjugate (10). To a solution of anhydrous
DMF(2.0mL), 3-devinyl-3-{10-(hexyloxy) ethyl}pyropheophorbide
a (20mg) (HPPH), cyclo(RADfK) (26mg) (3), HOBt (10mg),
DMAP (5mg), and EDCI (15mg) were added and stirred under
N2 at rt for 4 h. DMFwas removed under high vacuum pump; the
residue was treated with water, and the solid crude was filtered.
The purple color crude product was dried under reduced
pressure, and the residue obtained was washed with cold ether,
dried to yield 11 mg (90%) of product (10). UV�vis (MeOH):
661 (4.00 � 104), 604 (8.00 � 103), 536 (8.66 � 103), 505
(8.50 � 103), 408 (8.03 � 104). HRMS for C67H90N13O10

(MH+): calculated 1236.6933, found 1236.6921. 1H NMR (10%
CD3OD in CDCl3; 400 MHz): δ 9.42 (split s, 1H, meso-H5);
9.16 (s, 1H, meso-H10); 8.24 (s, 1H, meso-H20); 6.81 (m, 5H,
ArH, F); 5.60 (p, J = 6.8, 1H, 31-H); 4.95 (d, J = 19.6, 1H, 132-
CH2); 4.78 (d, J = 19.6, 1H, 132-CH2); 4.25 (m, 1H, D-RCH);
4.21 (m, 3H, F-RCH, H-18, A-RCH2); 3.95 (d, J = 9.2, 1H,
H-17); 3.73 (m, 2H, R-RCH,K-RCH); 3.37 (m, 7H, 8-CH2CH3,
OCH2CH2CH2CH2CH2CH3, 12-CH3); 3.05 (m, 3H, 7-CH3);
2.97 (s, 3H, 2-CH3); 2.93 (m, 1H, R-δCH2); 2.75 (m, 3H,
K-εCH2, F-βCH2); 2.50 (m, 2H, F-βCH2, R-δCH2); 2.34
(m, 5H, A-RCH3, D-βCH2, 17

2-H); 2.18 (m, 2H, D-βCH2,
171-H); 1.95 (m, 1H, 172-H); 1.85 (m, 1H, 171-H); 1.80
(d, J = 7.2, 3H, 31-CH3); 1.50 (d, J = 7.2, 3H, 18-CH3); 1.45
(m, 3H, R-βCH2, OCH2CH2CH2CH2CH2CH3); 1.38 (t, J =
8.0, 3H, 8-CH2CH3); 0.75�1.10 (m, 11H, K-βCH2, R-βCH2,
R-γCH2, K-δCH2, OCH2CH2CH2CH2CH2CH3); 0.73 (m, 2H,
OCH2CH2CH2CH2CH2CH3); 0.57 (m, 2H, K-γCH2); 0.43
(t, J = 6.8, 3H, OCH2CH2 CH2CH2CH2CH3). HPLC: 96.6% of
pure conjugate was obtained by following the method des-
cribed above.
In Vitro Photosensitizing Efficacy. The photosensitizing activ-

ity of the compound was determined as described before.31 The
tumor cell lines used are 4T1 (mouse mammary tumor), U87
(human glioblastoma tumor) and A431 (human epidermoid
carcinoma) cell lines. The 4T1 tumor cells were grown in RPMI-
1640 medium supplemented with 10% fetal bovine serum, L-
glutamine, penicillin and streptomycin. U87 and A431 tumor
cells were grown in DMEM (high glucose) with 10% fetal bovine
serum, L-glutamine, penicillin, streptomycin, sodium pyruvate
and nonessential amino acids. All types of tumor cells were
maintained in an atmosphere of 5% CO2, 95% air and 100%
humidity at 37 �C. For determining the PDT efficacy of the
compounds, the cells were plated in 96-well plates at a cell
density of 3000 cell/well in complete media. After 3 h of
incubation (to allow for attachment of cells to plate surface) at
37 �C, the photosensitizers were added at variable concentra-
tions and incubated at 37 �C for a further 2 h without exposure to
any light. Prior to light treatment, the cells were replaced with
drug-free complete media. Cells were then illuminated with light
from an argon-pumped dye laser set at 665 nm at a dose rate of
3.2 mW/cm2 for 0�2 J/cm2. After PDT the cells were incubated
for a further 48 h at 37 �C in the dark. Following the 48 h
incubation, 10 μL of a 5.0 mg/mL solution of 3-[4,5-di-
methylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT)
in PBS (Sigma, St. Louis, MO) was added to each well. After 4
h incubation at 37 �C, the MTT and the media were removed,
and 100 μL of DMSO was added to solubilize the formazan
crystals. The 96-well plate was read on a microtiter plate reader
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(BioTek Instruments, Inc., ELx800 Absorbance Microplate
Reader) at an absorbance of 570 nm. The results were plotted
as a percent survival of the corresponding dark (drug, no light)
control for each compound tested. Each data point represents the
mean from three separate experiments, with 6 replicate wells, and
the error bars are the standard deviation.
In Vivo Photosensitizing Efficacy. All studies were per-

formed under approved protocols according to IACUC guide-
lines and described as before.32 BALB/c mice were subcut-
aneously injected with 1 � 106 4T1 cells in 50 μL of PBS (on
the right shoulder), and tumors were grown until they reached an
average tumor volume of 62.5 mm3 (range 50�70 mm3). Before
the laser irradiation, the mice were shaved, all the hair was
removed from the inoculation site and the mice were injected
intravenously with varying photosensitizer concentrations. At 2
and 24 h postinjection, mice were restrained without anesthesia
(to avoid reduction in tumor reoxygenation) in plastic holders
and then irradiated with laser light (665 nm) from an argon-
pumped dye laser. The treatment parameters desired consisted
of a light spot of 1 cm2 diameter and a total light dose of
135 J/cm2 delivered at a fluence rate of 75 mW/cm2. The mice
were observed daily for signs of morbidity or tumor regrowth. If
the tumor reappeared, the tumors were measured using two
orthogonal measurements L andW (perpendicular to the L), and
the volumes were calculated using the formula V = (L�W2)/2.
Mice with a tumor volume which reached 400 mm3 (as defined
by Institute’s IACUC standards) were euthanized according to
IACUC guidelines. Mice were considered cures if the primary
tumor did not show tumor volume g400 mm3 at the end of
60 days of monitoring.
Intracellular Localization of Conjugates. To demonstrate

the shift in subcellular localization on conjugation of cRGD,
HPPH or HPPH�cRGD 7 was coincubated with the mitochon-
dria specific fluorescent probe, Mitotracker Green (1 μM for
1 h). 4T1 cells were seeded at a cell density of 0.5� 105 cells on
poly-L-lysine coated glass bottom plates and cultured until
attached. HPPH or HPPH�cRGDfK 7 was added to the cells
at appropriate concentrations (typically 0.5�2.0 μM), and the
cells were incubated for 2 h at 37 �C, 5% CO2. The cells were
rinsed briefly with phosphate buffered saline (PBS) and imaged
on a spectral confocal microscope (TCS SP2, Leica Microsys-
tems Semiconductor GmbH) with an HXC PL APO CS 63.0 �
1.40 oil immersion objective. The samples were excited by a
pulsed diode laser at 405 nm (PDL800-D, PicoQuant GmbH).
Filter combinations were as follows: for HPPH-containing
compounds Ex 633 nm and Em filter 640/50 nm; for Mito-
Tracker Ex 543 nm, and EmBP 520/60. Images were analyzed by
Image J (NIH) software. Cells were also previously imaged at
40� on an inverted fluorescence microscope (Zeiss Axiovert
200W, Germany) with a charge-coupled device camera (Dage
Zeiss AxioCam MRm) using an AxioCam MRMRGrab Frame-
grabber and AxioVision LE 4.1 imaging software. Filter combina-
tions were as follows: for HPPH-containing compounds Ex BP
D410/40 nm, BeamSplitter FT 505dcxvu, and Em BP 675/
50 nm; for MitoTracker Ex BP 565/30 nm BeamSplitter FT
585 nm and Em BP 520/60.
In Vivo Fluorescence Optical Imaging. Fluorescence ima-

ging of photosensitizer accumulation in the tumor was carried
out onmice anesthetized with ketamine/xylazine (100/10) using
a Nuance optical imaging camera system (Cambridge Research
Inc., Woburn, MA). When the tumor reached 4�5 mm in
diameter and prior to imaging, Nair was used to remove hair

from the skin surrounding the 4T1 tumors. HPPH or its peptide
conjugate HPPH�cRGDwas injected iv at a dose of 0.3 μmol/kg.
At 2 h and 24 h postinjection, mice were imaged. Fluorescence
excitation was achieved with laser light from an argon-pumped dye
laser at 665 nm. Fluorescence emission images were acquired
beyond 700 nm using a 695 long pass filter and a 700 long pass
filter in series. All data was subsequently analyzed using NIH’s
Image J software.

’MOLECULAR MODELING

Construction of RGD Derivatives. The semiempirical MO,
PM3, energy optimized structure of pyropheophorbide3 was
used as a component of compounds 7 and 8. The exact crystal
structure of the RGD segment found in the integrin�RGD
complex (PDB: 1L5G) was used to build the RGD�chlorin
conjugates.N-Methylvaline residue was replaced with lysine, and
the appropriate segment was built to make the linker region
between RGD and HPPH using SYBYL7.2 molecular modeling
software (Tripos Inc., St. Louis, MO). To build compound 8, the
Asp side chain of the RGD cyclic peptide was appropriately
modified to create the linker region. All modifications used
standard bond length and bond angles of SYBYL7.2.
Construction of Integrin�Ligand Complex.The crystal struc-

ture of Rvβ3 extracellular segment complexed with RGD ligand
(PDB: 1L5G) was used as a template tomodel integrinRvβ3 with
the RGD(Arg-Gly-Asp-Phe-Lys)�chlorin conjugate complexes.
The modeled conjugates 7 and 8 were placed onto integrin Rvβ3
using the RGD cyclic peptide (RGDfm-V) backbone atoms as
the references for superposition. Since the RGD cyclic peptide in
the conjugates 7 and 8 was not modified, this superposition
operation resulted in a perfect fit.
Conformational Search of the RGD�Chlorin Conjugate. For

the conjugate 7, we examined whether the pheophorbide moiety
of HPPH provides additional stabilization for the RGD-conju-
gate integrin complex compared to the RGD cyclic peptide alone.
The model complex structure just built from the above proce-
dure is not considered to be the most stable ligand conformation
in solution since the extended conformation of the linker was
used to construct the conjugate. In addition, the hexyloxyethyl
functionality may provide additional stabilization to the complex.
Therefore, the systematic conformational search of RGD�
HPPH conjugate at the RGD binding site of Rvβ3 integrin was
performed in two steps using Tripos SYBYL software version 7.2.
The MMFF94 charges and Tripos Force Field were used for this
systematic search with distance dependent dielectric function.
First, nine torsional angles in the linker between the RGD ring
and HPPH ring were systematically modified with the default
setup except 60 degree interval and starting at current torsional
angle. These 9 torsional angles in the linker region were selected
first since these torsional angles will dictate the relative orienta-
tion of HPPH ring with respect to integrin residues.
From the systematic search result, the conformations were

grouped into several subsets based on the relative orientation of
HPPH ring with respect to integrin residues and the linker
torsional angles. Several conformations from each set were
subjected to further energy minimization. MMFF94 force field,
MMFF94 atomic charges, distance dependent dielectric function
and nonbonding cutoff of 8 Å were used for the minimization
with standard minimization parameters except a maximum
iteration cycle of 300. During the minimization, all integrin
atoms as well as key Mn2+ cations are fixed in space. The RGD
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cyclic peptide backbone atoms and all the Arg, Gly, Asp side
chain atoms, which are involved in specific recognition of Rvβ3
integrin, were also fixed during the optimization. The remaining
atoms, Phe side chain atoms, the remnant of lysine side chain
atoms, which forms a part of the linker region, all linker atoms,
and HPPH atoms were optimized. Similar energy minimization
was performed with the integrin�RGD complex crystal structure
and the initial integrin�RGD�HPPH complex as the reference.
The interaction energy between the integrin and the ligand was
calculated as the difference between the complex energy and a
sum of isolated protein and ligand energies. Once the most stable
structure of HPPH�cRGD conjugate at Rvβ3 integrin was
obtained, then additional systematic conformational search and
energy minimizations were performed for all the torsional angles
within the hexyloxyethyl moiety of HPPH.

’ASSOCIATED CONTENT

bS Supporting Information. 1H NMR spectra and HPLC
chromatograms of the peptide�PS conjugates and additional
figures depicting in vitro photosensitizing efficacy of HPPH and
its peptide conjugates in 4T1 cells, in vitro uptake of HPPH and
its peptide conjugates in U87 and 4T1 cells, and false color
images showing localization of conjugate 7 in 4T1 cells. This
material is available free of charge via the Internet at http://pubs.
acs.org.
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