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An Amphiphilic Bisporphyrin and Its Yb" Complex: Development of a
Bifunctional Photodynamic Therapeutic and Near-Infrared Tumor-Imaging

Agent

Feng-Lei Jiang,”” ® Chun-Ting Poon,” Wai-Kwok Wong,*® 9 Ho-Kee Koon,'¥ Nai-Ki Mak,* Chun Yu Choi,"’

Daniel W. J. Kwong,*™ and Yi Liu*®

Cancer is one of the leading causes of death worldwide. Pho-
todynamic therapy (PDT) is an emerging inherently selective
cancer-treatment modality under active investigation by both
clinicians and basic scientists."”’ In PDT, the activation of a non-
toxic photosensitizer by light of an appropriate wavelength
(energy) enables it to transfer some of its excitation energy to
molecular oxygen. Reactive oxygen species thus generated,
such as singlet oxygen ('0,), in turn cause oxidative stress and
damage to the target tissues, which results in cell death.
Porphyrin-based photosensitizers have been studied exten-
sively during the past two decades. Porphyrin derivatives were
found to accumulate readily in tumors, presumably because of
their high vascular permeability, as well as their affinity for pro-
liferating endothelium, and the lack of lymphatic drainage in
tumors.”) However, the mechanism by which porphyrins accu-
mulate selectively in tumors is still not fully understood. In
general, porphyrin derivatives, which absorb strongly in the
visible region, are efficient singlet-oxygen generators. One cat-
ionic porphyrin, namely, meso-tetrakis(N-methylpyridinium-4-
ylporphyrin (H,TMPyP), has been investigated extensively
owing to its water solubility and biocompatibility. However,
these studies have focused mainly on its in vitro interactions
with DNA.®! The more clinically relevant studies of its photody-
namic activity towards tumor cells are less well-documented,
presumably as a result of the fact that H,TMPyP is too hydro-
philic to pass through the lipophilic cell membranes. To over-
come this problem, attempts were made to increase its cellular
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uptake by conjugation with poly-(S)-lysine and amphipathic
peptides.

Another frontier development involves the design of bifunc-
tional PDT agents with the ability to both photosensitize and
image tumor cells.”’ For example, the photosensitizer pyro-
pheophorbide a conjugated with Gd"-DTPA (DTPA=diethyl-
enetriaminepentaacetic acid), which serves as a magnetic reso-
nance imaging (MRI) contrasting agent, was used in a “see and
treat” approach, whereby drug uptake by the tumor was moni-
tored by MRI techniques and then followed by targeted photo-
dynamic treatment.®¥ Other examples include Gd"-texaphyrin.
Texaphyrin is a water-soluble tripyrrolic pentaaza-expanded
porphyrin capable of coordinating the large lanthanide cation.
In this case, the Gd" complex acts as an X-ray computed to-
mography (CT) enhancing agent as well as a PDT agent.”®
These bifunctional PDT agents, although novel and efficacious,
involve the use of rather costly imaging technologies, that is,
MRI, CT, positron emission tomography (PET), and single
photon emission computed tomography (SPECT). Near-infrared
(NIR) fluorescence (650-900 nm) imaging with indocyanine
dyes, which can be conjugated with various target-specific
low-molecular-weight ligands, offers a highly promising and
less costly alternative. NIR imaging has a number of advan-
tages: 1) As NIR light is not absorbed by tissues and body
fluids, deep-tissue imaging is possible; 2) highly sensitive de-
tectors (for example, InGaAs) and data-processing techniques
are available for quantitative and real-time NIR imaging;
3) imaging in this region minimizes tissue autofluorescence
and therefore leads to a substantial enhancement of target/
background ratios.” In fact, endoscopic NIR imaging with a
fiber-optic sensor was demonstrated recently.”” Inorganic NIR
emitters, such as Yb"-porphyrinate complexes, have also been
described for tumor imaging.”’ Although lower quantum yields
are observed for the lanthanide(lll) NIR emitters (for example,
Yb®" and Nd**) than for the indocyanine dyes, the lanthanide-
() NIR emitters have received considerable recent attention
because of their longer (microsecond-range) luminescence life-
times, which allow for more signal accumulation, and their
longer NIR-emission wavelengths (>1000 nm), which further
improve the target/background ratios."”

In this study, we improved the cellular uptake of cationic
porphyrin by increasing its hydrophobicity through the synthe-
sis of an amphiphilic bisporphyrin, 1. Furthermore, we pre-
pared a Yb"-bisporphyrin complex, Yb-1, which emitted
strongly in the NIR region (at ca. 1000 nm) upon its uptake by
cells and exhibited substantial PDT activity towards the rat
tumor-cell model Sarcoma 180. These results, together with
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the DNA-photocleavage and 'O,-generating activity of Yb-1,
suggest that this complex may serve as a novel “see and treat”
bifunctional PDT agent.

The bisporphyrins 1 and Yb-1 (Scheme 1; see Scheme S1 in
the Supporting Information for their preparation) were charac-
terized by high-resolution mass spectrometry (HRMS) and
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Scheme 1. Structures of H,TMPyP and the bisporphyrins 1 and Yb-1 with
chloride ions (not shown) as the counter ions.

'H NMR, *'P NMR (for Yb-1), UV/Vis, and fluorescence spectros-
copy. The absorption spectra of 1 and Yb-1 (Figure S1) show
absorption maxima at 422 and 427 nm, respectively, and their
steady-state fluorescence spectra (Figure S2) show the same
red-emission peak at 661 nm in water.

In Yb-1, the Yb" ion is coordinated to the porphyrin macro-
cycle, which upon photoirradiation transfers the triplet-excited-
state energy to the metal. The metal in turn loses this energy
radiatively as NIR emission."” This intramolecular energy trans-
fer, whereby the hydrophilic TMPyP moiety acts as an antenna
for light absorption and Yb" as the NIR emitter, is described in
Figure 1 for the irradiation of Yb-1 at 514 nm, a wavelength
sufficiently close to the region in which only TMPyP is photo-
excited. Emission at 1000 nm was observed."”? An anionic tri-
podal ligand, Loy ((cyclopentadienyl)tris(dimethylphosphito)-
cobaltate), was used to encapsulate the Yb" ion to 1) ensure
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Figure 1. Photoluminescence (PL) spectra of a control, Yb-1 in water, and a
suspension of Sarcoma 180 cells loaded with Yb-1 upon excitation with
argon-ion-laser light at 514 nm. The cell suspension loaded with Yb-1 was
prepared as follows: Sarcoma 180 cells were incubated with Yb-1 for 22 h,
then centrifuged, washed thoroughly, and resuspended in phosphate-buf-
fered saline (PBS). The control sample consisted of Sarcoma 180 cells that
had not been treated with Yb-1.

the integrity of the complex and 2) prevent deactivation and/
or quenching of its NIR fluorescence by solvent molecules
under physiological conditions." The NIR-luminescence life-
time of Yb-1 in water is 10.13£0.05 ps (Figure S3). As the NIR-
luminescence lifetimes observed for most lanthanide(lll) com-
plexes in aqueous media™® lie in the microsecond range, this
result confirmed the structural integrity of Yb-1. It is vitally
important that the NIR-luminescence lifetime lies within this
range if a Yb" complex is to act as an NIR-luminescent probe.
The NIR-emission spectrum of Yb-1 in an aqueous environment
is similar to the emission spectrum of Yb-1 in a cell suspension
recovered after incubation with Yb-1 and thorough washing
(Figure 1).

The relative '0, yields of H,TMPyP, 1, and Yb-1 were deter-
mined by using 1,3-diphenylisobenzofuran (DPBF) as an 'O,
selective chemical trap. The reaction of DPBF with 'O, produ-
ces a product that does not absorb light at wavelengths above
400 nm." The absorbance of DPBF at 415 nm decreased with
increasing photoirradiation time of the porphyrins (Figure 2).
The following relative rates of '0, production by these por-
phyrins were derived from the steepness of the slopes of the
curves in Figure 2: H,TMPyP (20.5)>1 (4.1)>Yb-1 (1.0). The
fourfold lower '0,-production rate of Yb-1 relative to that of 1
is presumably due to the channeling of a substantial fraction
of its photoexcitation energy to the Yb" center, which then
emits the energy in the NIR region. The reason for the substan-
tially lower 'O,-production rate of 1 relative to that of
H,TMPyP is not clear at present.

As '0, can cause DNA scission, the DNA-photocleavage ac-
tivities of 1 and Yb-1 were examined by gel electrophoresis by
using a plasmid-DNA-relaxation assay. We found that both
bisporphyrins can cleave DNA in a concentration-dependent
manner upon photoirradiation (Figures S4 A and S4B). Further-
more, their DNA-photocleavage activities are similar, despite
the distinct 'O,-production rates measured for the two bispor-
phyrins with DPBF in methanol. This observation can be under-
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Figure 2. Normalized absorbance of DPBF (50 pum in methanol) at 415 nm as
a function of time during the photoirradiation of absorbance-matched
H,TMPyP (2 um), 1 (1 um), and Yb-1 (1 um). The wavelength and power of
the irradiation light source were >500 nm and 50 W, respectively.

stood as follows: It is well established that H,TMPyP binds to
DNA;® therefore, both 1 and Yb-1, which contain the cationic
TMPyP moiety, are expected to bind to DNA as well. The 'O,
produced by these DNA-bound bisporphyrins upon photoirra-
diation can cause DNA scission very efficiently because of their
proximity to the DNA target site. Therefore, a lower 'O, yield is
required for observable scission than is required with an un-
bound photosensitizer. If Yb-1 binds to the same DNA binding
sites as 1, it is quite possible that Yb-1 can cause a similar
degree of DNA cleavage as 1, provided that its 'O, yield is
higher than the required threshold. This notion is supported
by the observation that 1 and Yb-1 behaved similarly when
their DNA-photocleavage activities were quenched by L-histi-
dine, an 'O,-selective scavenger (Figures S4C and S4D). Fur-
thermore, no quenching of their DNA-photocleavage activities
was observed when mannitol, a hydroxyl-radical scavenger,
was added (data not shown). These results suggest that the
amphiphilic bisporphyrins 1 and Yb-1 are promising photo-
dynamic therapeutic agents.

The uptake of a photosensitizer by tumor cells is a critical
determinant in treatment efficacy and tumor imaging. A small
molecular size and high hydrophobicity have been shown to
aid the cellular uptake of a photosensitizer."™ However, highly
hydrophobic molecules may have a long retention time on the
plasma membrane and a lower singlet-oxygen yield as a result
of self-aggregation. An appropriate balance between hydro-
philicity and lipophilicity, as found in amphiphilic molecules, is
therefore critical for achieving adequate tumor uptakes and
treatment efficacy. Most porphyrin-based PDT agents have
distinct hydrophobic and hydrophilic ends for an appropriate
hydrophobicity/hydrophilicity balance. Detty and co-workers
reported that a porphyrin with two carboxylic acid groups
showed greater cellular uptake and antitumor efficacy than
porphyrins with one, three, or four carboxylic acid functionali-
ties.'"”? Thus, the enormous flexibility in the structure of bispor-
phyrins, which have two porphyrin moieties with a large diver-
sity of possible substituent combinations, should enable the
generation of any required hydrophobicity/hydrophilicity bal-
ance for cellular uptake and other desired features.
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The cellular uptake of H,TMPyP, 1, and Yb-1 by Sarcoma 180
cells was studied by flow cytometry. The results clearly indicat-
ed that 1 was taken up rapidly by the Sarcoma 180 cells (Fig-
ure S5). After incubation for 3 h, the fluorescence intensities of
the Sarcoma cells treated with 1 and Yb-1 were at least ten
times higher than those of the cells treated with H,TMPyP. The
level of fluorescence intensity of the Yb-1-treated cells after
22 h was very similar to that of the cells treated with 1 for the
same time period. A time-dependent uptake of Yb-1 by the
Sarcoma 180 cells was also observed, and was corroborated in
a quantitative fashion by the UV/Vis absorption of the cells
after treatment for 22 h with the bisporphyrins (Figure 3).
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Figure 3. Spectrophotometric analysis of the cellular uptake of H,TMPyP, 1,
and Yb-1. After incubation with H,TMPyP, 1, and Yb-1 for 22 h, the Sarco-
ma 180 cells were washed thoroughly, resuspended in PBS, and then diluted
to a cell density of 3.3x10° cells per mL. The visible-absorption spectra of
these treated cell suspensions were measured spectrophotometrically (Fig-
ure S6). The amounts of the different porphyrins taken up by these cells
were estimated from the measured absorbances by using calibration curves
derived from the spectra of standard solutions prepared by dissolving the
respective compounds in water. These uptake amounts were then divided
by the cell density to afford the cellular uptake (in nmol/10° cells) for
H,TMPyP, 1, and Yb-1.

Confocal microscopy was used to further examine the sub-
cellular localization of H,TMPyP, 1, and Yb-1 in the Sarcoma 180
cells. Figure 4 shows the confocal images of cells costained
with these photosensitizers and two organelle probes specific
for lysosomes and mitochondria. The localization of 1 and Yb-1
is shown in red, and the localization of the organelle probe is
shown in green. Yellow dots represent the combined confocal
images of both the photosensitizer and the organelle-specific
probe. Colocalization was confirmed further by analyzing the
fluorescence-intensity profile drawn across the cell, as shown
in the confocal micrographs. Both 1 and Yb-1 were found to
colocalize with the lysosome probe in the cytoplasm (Fig-
ure 4A and Q). Significant colocalization with the mitochondria
probe was not observed (Figure 4B and D). Furthermore, locali-
zation of 1 and Yb-1 in the nucleus was not observed.

As the cellular uptake of the tetracationic porphyrin
H,TMPyP was many times lower than that of the amphiphilic
bisporphyrins 1 and Yb-1 (Figure 3), we were unable to obtain
a high-resolution confocal image of the subcellular localization
of H,TMPyP. To capture the weak fluorescence signals from the
H,TMPyP-treated cells, we increased the pinhole size of the
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Figure 4. Confocal images of Sarcoma 180 cells treated with 1 [A) LysoTracker, B) MitoTracker] or Yb-1 [C) LysoTracker, D) MitoTracker]. Sarcoma 180 cells were
incubated with 1 or Yb-1 (4 um) for 22 h. The cells were then stained with the mitochondria probe MitoTracker Green FM dye M7514 (300 nm) or the lyso-
some probe LysoTracker Green DND-26L7526 (70 nm) for 30 min. Upper panel: Confocal (left) and bright-field (right) images. Red dots represent the fluores-
cence from 1 (or Yb-1), and green dots represent the fluorescence from the organelle probes. Yellow dots represent the overlapping fluorescent signals from
1 (or Yb-1) and the organelle probes. Lower panel: Fluorescence-intensity profiles of 1 (or Yb-1) and the organelle probes along the red arrow shown in the

confocal micrographs. Scale bar: 20 pm.

confocal microscope to 500 um (see the fluorescence images
in Figure S7A and B). Only a small amount of H,TMPyP was
observed in the cytoplasm, and apparent colocalization of
H,TMPyP and the organelle probes was not observed.

To examine the therapeutic usefulness of these systems, the
photocytotoxicity of H,TMPyP, 1, and Yb-1 towards Sarcoma
180 cells was measured by a MTT-reduction assay (Figure5;
MTT = 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide). The bisporphyrin 1 is more efficacious in PDT than Yb-1
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or H,TMPyP. At a concentration of 4 um, the light dose re-
quired for 1, Yb-1, and H,TMPyP to kill 50% of the Sarcoma
cells (LCs,) was approximately 3, 6.2, and 14 Jcm™, respective-
ly. Although H,TMPyP exhibits a higher 'O, yield than 1 and
Yb-1, its photocytotoxicity was substantially lower than that of
1 and Yb-1, probably as a result of its poor cellular uptake
(Figure 3). The level of cellular uptake of 1 and Yb-1 is similar;
the higher photocytotoxicity of 1 relative to that of Yb-1 is
probably due to the higher '0, yield of 1 (Figure 2).
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Figure 5. Photocytotoxicity of A) H,TMPyP, B) 1, and C) Yb-1 towards Sarco-
ma 180 cells. The cells were treated with the drugs at various concentrations
for 22 h, then washed with fresh medium, and irradiated with various doses
of light. The MTT cytotoxicity assay was carried out 22 h after PDT. The re-
sults are expressed as the mean +S.D. of four experiments.

Apoptosis and necrosis are two major forms of cell death.
They can be differentiated on the basis of their characteristic
morphological features."® In this study, flow cytometry and
fluorescence microscopy were used to analyze the mode of
cell death after PDT. Neither a sub-G1 peak (Figure S8) nor
apoptotic nuclei (Figure S9) were observed in the cells after
PDT with 1. The pattern of nuclear staining of Sarcoma 180
cells subjected to PDT with Yb-1 was similar to that observed
for cells subjected to PDT with 1 (data not shown). The subcel-
lular localization of 1 and Yb-1 in lysosomes (Figure 4A and Q)
and the subsequent photodamage of lysosomes with the re-
lease of lysosomal enzymes into the cytoplasm might explain
the induction of necrosis of the Sarcoma 180 cells.

The PDT efficacy of a photosensitizer varies for different cell
lines but depends largely on the hydrophobicity and hydrophi-
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licity of the photosensitizer. Greater hydrophobicity leads to
higher cellular uptake but also to a lower yield of singlet
oxygen as a result of self-aggregation. Conversely, increased
hydrophilicity results in an increased yield of singlet oxygen
but lower cellular uptake. This generalization was found to be
true for the systems investigated in this study, and amphiphilic
photosensitizers are generally more active photodynamically
than hydrophobic and hydrophilic molecules of the same
structural class."® Moreover, amphiphilic photosensitizers are
pharmacokinetically favorable for rapid systemic clearance and
tumor selectivity.® It was reported previously that the tumor
selectivity of amphiphilic photosensitizers is related to their
more efficient binding to low-density lipoproteins in the trans-
port of porphyrins to tumor tissues.?"” Furthermore, high-mo-
lecular-weight porphyrins accumulate preferentially in solid
tumors, and relatively large porphyrins are expected to be in-
ternalized in membrane-bound organelles; thus, their localiza-
tion in the intracellular compartment occurs in a controlled
manner.”? However, there have been few studies on the pho-
todynamic properties of bisporphyrins.?®! Herein, we presented
a method of synthesizing an amphiphilic bisporphyrin with an
appropriate hydrophobicity/hydrophilicity balance through a
convenient modification of H,TMPyP. The amphiphilic bispor-
phyrins 1 and Yb-1 exhibited a tenfold higher cellular uptake
by Sarcoma 180 cells relative to H,TMPyP. More importantly,
the NIR-luminescence properties of Yb-1 make it a suitable
compound for tumor imaging and use as a PDT agent in the
“see and treat” approach, which enables optimal therapeutic
efficacy. A study of the imaging and therapeutic applications
of such bisporphyrins is under way.
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