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Mitochondria are attractive targets in photodynamic therapy. Two conjugates: TPP–Rh (a porphyrin–rho-
damine B conjugate) and TPP–AO (a porphyrin–acridine orange conjugate), each possessing a single delo-
calized lipophilic cation, were designed and synthesized as photosensitizers. Their ability to target the
mitochondria for photodynamic therapy was evaluated. The conjugates were synthesized by conjugating
a monohydroxy porphyrin (TPP-OH) to rhodamine B (Rh B) and acridine orange base (AO), respectively,
via a saturated hydrocarbon linker. To evaluate the efficiency of the conjugates as photosensitizers, their
photophysical properties and in vitro photodynamic activities were studied in comparison to those of
TPP-OH. Although fluorescence energy transfer (FRET) was observed in the conjugates, they were capable
of generating singlet oxygen at rates comparable to TPP-OH. Biologically, exciting results were observed
with TPP–Rh, which showed a much higher phototoxicity [IC50, 3.95 lM: irradiation of 400–850 nm light
(3 mW cm�2) for 1 h] than either TPP-OH or Rh B (both, IC50, >20 lM) without significant dark toxicity at
20 lM. This improved photodynamic activity might be due to a greater cellular uptake and preferential
localization in mitochondria. The cellular uptake of TPP–Rh was 8 and 14 times greater than TPP-OH and
Rh B, respectively. In addition, fluorescence imaging studies suggest that TPP–Rh localized more in mito-
chondria than TPP-OH. On the other hand, TPP–AO showed some dark toxicity at 10 lM and stained both
mitochondria and nucleus. Our study suggests that conjugation of photosensitizers to Rh might provide
two benefits, higher cellular uptake and mitochondrial localization, which are two important subjects in
photodynamic therapy.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Photodynamic therapy (PDT) is a recently approved clinical
modality used in treating cancers. PDT has great potential in elim-
inating severe side effects characteristic of conventional chemo-
therapies and radiation therapies.1–5 PDT involves three main
components: a photosensitizer, molecular oxygen, and light. Cyto-
toxic effects in PDT are driven by reactive oxygen species, preva-
lently singlet oxygen, which are generated in biological systems
from tissue oxygen upon activation of a photosensitizer with light
of an appropriate wavelength.6–9 Singlet oxygen tends to have a
very short lifetime in biological systems (<0.04 ls) and conse-
quently a very short radius of action (<0.02 lm).6–8 As a result,
the site of localization of the photosensitizer is often the site of ini-
tial photodamage.9,10

Mitochondria are very attractive sites for the localization of
photosensitizers in PDT since they play an integral role in various
cell biology processes such as energy production, apoptotic cell
death, molecular metabolism, calcium signaling, and cell redox
ll rights reserved.

: +1 605 688 6364.
).
status.11–13 Furthermore, mitochondrial photodamage has been
reported to be the major cause of apoptosis induction in
PDT.9,12–15 Although lysosomal photodamage has also been re-
ported to induce apoptosis in PDT, this phenomenon has been
attributed to either the relocalization of the photosensitizers to
mitochondria or the destabilization of the mitochondria after irra-
diation.9,10,16,17 Consequently a number of photosensitizers have
been designed to target the mitochondria for improved PDT
efficiency.17

In this report, we describe the syntheses, photophysical charac-
terization, and in vitro photodynamic studies of two conjugates:
TPP–Rh (a porphyrin–rhodamine B conjugate) and TPP–AO (a por-
phyrin–acridine orange conjugate), each possessing a single delo-
calized lipophilic cation for mitochondria targeting (Fig. 1). We
envisioned that by conjugating a monohydroxy porphyrin (TPP-
OH) to rhodamine B (Rh B) and acridine orange base (AO), respec-
tively, via a saturated hydrocarbon linker, we could get the conju-
gates to preferentially accumulate in the mitochondria, ultimately
improving the PDT efficiency. To evaluate the efficiency of the con-
jugates as photosensitizers we studied both their photophysical
properties and in vitro photodynamic activities in comparison to
those of their individual components.

http://dx.doi.org/10.1016/j.bmc.2009.07.074
mailto:youngjae.you@sdstate.edu
http://www.sciencedirect.com/science/journal/09680896
http://www.elsevier.com/locate/bmc
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Figure 1. Structures of conjugates.
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2. Results and discussion

2.1. Chemistry

Two conjugates, TPP–Rh (4) and TPP–AO (7), both containing
delocalized lipophilic cations were synthesized (Scheme 1) and
their ability to target the mitochondria was evaluated. Both conju-
gates were designed to possess delocalized lipophilic cations in or-
der to facilitate their accumulation in mitochondria, by exploiting
the mitochondrial membrane potential difference. Rh B was cho-
sen because it possesses a delocalized positive charge and could
be easily tethered to TPP-OH by esterification. AO on the other
hand was chosen because it could be easily conjugated to TPP-
OH by alkylation thus forming a quaternary amine, similar to nonyl
acridine orange which possesses a quaternary amine and has been
shown to preferential accumulate in the mitochondria.11 Deriva-
tives of both rhodamine and acridine orange dyes, such as Rh
123 and nonyl-AO, have been shown to specifically accumulate
in the mitochondria by exploiting the mitochondrial membrane
potential difference.11,18Although both conjugates were synthe-
sized from TPP-OH, the procedures differed slightly.

2.1.1. Syntheses of TPP–Rh (4) and TPP–AO (7) conjugates
For TPP–Rh (4) TPP-OH was first reacted with 1,3-dibromopro-

pane in acetone under reflux to give 5,10,15-triphenyl-20-(3-bro-
mopropyl phenyl ether)-21H,23H-porphyrin (3). This was then
conjugated to Rh B under reflux to afford the pure final product
in 51% yield. However, for TPP–AO (7) because compound 3 was
unable to react with acridine orange, 1,3-dibromopropane was first
converted to 1,3-diiodopropane (5), then reacted with TPP-OH. The
5,10,15-triphenyl-20-(3-iodopropyl phenyl ether)-21H,23H-por-
phyrin (6) was next reacted with acridine orange base in a tolu-
ene/dimethylformamide mixture under reflux to give the pure
final product in 54% yield. This difference was probably due to io-
dine’s ability to act as a better leaving group. Despite this, both
conjugation reactions took several days, probably due to steric hin-
drance in the dyes and their high lipophilicity. Moderate yields
were obtained for both conjugation reactions: 51% and 54% for
TPP–Rh and TPP–AO, respectively.

2.2. Photophysical properties

2.2.1. Absorption spectra and molar extinction coefficients
Both conjugates contained all the characteristic absorption

peaks of their respective components (Fig. 2), indicating that no
significant electronic interactions might occur in the ground
state.19 However, whereas the Soret band of TPP–Rh remained
practically the same as that in TPP-OH, the Soret band of TPP–AO
had a much lower molar extinction coefficient (Table 1). Thus it
might indicate some degree of aggregation in the ground state.20

Furthermore, in both conjugates there was a slight red shift of Rh
B and AO peaks from 550 to 560 nm and from 490 to 506 nm,
respectively. This shift was not however observed in equimolar
mixtures of TPP-OH + Rh B and TPP-OH + AO (Fig. 2). This might
be due to the proximity of the TPP moiety which seemed to change
the polarity of the environment, consequently red shifting the
maxima of both Rh B and AO in the respective conjugates.21,22

2.2.2. n-Octanol/pH 7.4 buffer partition coefficients
TPP–Rh was most lipophilic, followed by Rh B, then TPP-OH,

TPP–AO and finally AO�HCl (Table 1). The lipophilicity of the conju-
gates differed from each other (log D7.4, 3.53 for TPP–Rh and 0.79
for TPP–AO) and was approximately the sum of the lipophilicity
of their individual components.

2.2.3. Aggregation tendency of the dyes
Generally, the tendency for dyes to aggregate is greatly depen-

dent on both their lipophilicity and their molecular structure.20

Aggregation usually leads to a decrease in the quantum yields for
photophysical processes such as fluorescence emission and singlet
oxygen generation, consequently decreasing the photodynamic
activity of photosensitizers.23 The aggregation tendency in media
could be translated to that in the cytoplasm and consequently it
could cause reduced phototoxicity. Although the lipophilicity of
the conjugates seemed to differ from each other and from that of
TPP-OH, their aggregation tendencies in aqueous complete media
were similar ( Fig. 3). They all aggregate more in aqueous media
and less in DMSO. This suggests that their aggregation tendencies
could be attributed mostly to their highly planar structures. Rh B,
however, showed an unusual aggregation trend, aggregating more
in DMSO and less in aqueous media. This is probably due to the pres-
ence of the unsaturated bond which permits free rotation of the car-
boxyl phenyl ring thus facilitating its solubility in aqueous media.

2.2.4. FRET in the conjugates
The 3D fluorescence scans showed efficient FRET from the Rh

and AO moieties to the TPP moieties in the respective conjugates
(Fig. 4). However, no FRET was observed in equimolar mixtures
of the respective conjugate components. This could be attributed
to the proximity of the dyes in the conjugates and is supported
by no FRET in the equimolar mixtures of the respective conjugate
components where the dyes can freely move around.

2.2.5. Singlet oxygen generation
The rates of DPBF oxidation by both conjugates were similar to

that by TPP-OH (Fig. 5). This indicates that although FRET was ob-
served in both conjugates, they were able to generate singlet oxygen
at rates comparable to that of TPP-OH. However, DPBF was not oxi-
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dized by either Rh B or AO�HCl under the same irradiation conditions.
The rates of DPBF oxidation were calculated from the time of initial
irradiation (2–10 min) since a slight increase in absorbance was no-
ticed from all samples upon initial irradiation (from 0 to 2 min). This
increase could be attributed to an increase in temperature (�4 �C)
which then led to an increase in DPBF’s solubility in methanol.

2.3. Biological studies

2.3.1. Intracellular accumulation
Despite their larger sizes, the conjugates were more accumu-

lated within cells than the unconjugated dyes ( Fig. 6). TPP–AO
showed the greatest intracellular accumulation [about 12 times
that of TPP-OH (68.2 vs 5.6 fmol/cell)] followed by TPP–Rh with
an intracellular accumulation about 8 times that of TPP-OH (44.0
vs 5.6 fmol/cell), then AO�HCl. The uptake of TPP-OH and Rh B
was less than 10 fmol/cell. The higher accumulation of the conju-
gates compared to the unconjugated dyes could be attributed to
the delocalized positive charge on the molecules and their in-
creased flexibility by the aliphatic linker. The delocalized positive
charge on the molecules might facilitate binding to negatively
charged proteoglycan on cell membrane and diffusion into the cells
and the mitochondria against the potential gradient.15,17,18,24 The
increased flexibility of the conjugate might contribute to the



Figure 2. (a) The absorption spectra of TPP–Rh (2 lM); its components (TPP-OH (2 lM), Rh B (2 lM)) and an equimolar mixture of its components (TPP-OH + Rh B (2 lM)) in
methanol. (b) Absorption spectra of TPP–AO (2 lM); its components (TPP-OH (2 lM), AO�HCl (2 lM)) and an equimolar mixture of its components (TPP-OH + AO�HCl (2 lM))
in methanol.

Table 1
UV–vis-near-IR band maxima and molar absorptivities in dichloromethanea and n-octanol/pH 7.4 buffer partition coefficients of dyes

Compds Soret band Band IV Band III Band II Band I Log D7.4

TPP–OH 419 (405) 517 (14.7) 552 (7.4) 593 (4.5) 649 (4.3) 2.30
TPP–Rh 419 (389) 522 (37.4) 562 (50.1) 649 (4.7) 3.53
TPP–AO 419 (304) 506 (48.2) 553 (7.1) 593 (4.1) 649 (3.7) 0.79
Rh B 550 (60.6) 2.20
AO�HClb 490 (82.3) -0.99

a kmax, nm (e � 103 M�1 cm�1).
b AO�HCl in ethanol.

Figure 3. Fluorescence emission from the respective dyes (10 lM) in both complete
media and DMSO. Whereas TPP-OH, TPP–Rh and TPP–AO were excited at 420 nm
and the fluorescence read at 650 nm, the following excitation and emission
wavelengths were used for Rh B (Ex: 550 nm, Em: 580 nm) and AO�HCl (Ex: 430 nm,
Em: 530 nm). Each data point represents the average from three separate
experiments, error bars are SEM.
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enhanced uptake at least in part by increasing the entropy of the
conjugates.25

2.3.2. Stability of the ester group of TPP–Rh in cells
Since ester bonds can be cleaved in cells, the stability of the

ester bond of TPP–Rh was determined. Signature of fluorescence
peaks of TPP–Rh was used. The fluorescence spectrum of TPP–
Rh in the cell lysate was similar to that of TPP–Rh in DMSO
and different from that of an equimolar mixture of TPP-OH and
Rh B in DMSO (Fig. 7). In addition, the ratio of the integral of
the fluorescence peak at 580 nm to that at 650 nm of TPP–Rh in
the cell lysate was similar to that of TPP–Rh in DMSO. A ratio
of 0.25 was obtained for TPP–Rh in the cell lysate and 0.21 for
TPP–Rh in DMSO. This indicates that the ester bond might not
be cleaved in cells unless both cleaved products, TPP and Rh B
derivatives, are cleared from the cell immediately. This is proba-
bly due to steric hindrance in the conjugate. Consequently, it can
be inferred that TPP–Rh, acted as the conjugate once delivered to
the cells.

2.3.3. Sub-cellular localization
As detailed in Section 4, dual staining of each dye with MG

(MitoTracker Green) was first tried to determine localization in
mitochondria. The dual staining of TPP–Rh with MG was success-
ful. However, TPP-OH and TPP–AO dual staining with MG was
not possible due to the overlapping fluorescence of TPP-OH and
TPP–AO with MG. Whereas, for cells stained with 1 lM MG, expo-
sure times of 37 ms and 5 s were required for the green and red fil-
ter, respectively, the following exposure times were required for
the other dyes using the green and red filters, respectively: 2 lM
TPP-OH (5 s and 5 s), 5 lM TPP–Rh (4.5 s and 330 ms), and 2 lM
TPP–AO (40 ms and 2 s). In the dual staining of TPP–Rh with MG,
the green and red filter could capture fluorescence from MG and
TPP–Rh, respectively. Exposure times of 23 ms and 230 ms were
needed for the green and red filter, respectively, which are close
to the time scales for taking an image from individual staining with
each filter. Since dual staining was not successful for TPP-OH and
TPP–AO with MG, fluorescence images of individual staining were
used to assess the sub-cellular localization.



Figure 4. 3D fluorescence scans of (a) TPP-OH + Rh B (1 lM), (b) TPP–Rh (1 lM), (c) TPP-OH + AO�HCl (1 lM), (d) TPP–AO (1 lM). Whereas (a) and (b) were excited at 550 nm
and the fluorescence read from 555 to 750 nm, (c) and (d) were excited at 500 nm and the fluorescence read from 505 nm to 750 nm.

Figure 5. Relative rates of oxidation of DPBF by singlet oxygen generated from the
respective dyes irradiated with a 60 W halogen lamp at 0.5 mW cm�2. Five
micrometers of the respective dyes were mixed with 100 lM of DPBF and the
mixture irradiated for 10 min. Absorbance readings were taken every 2 min from 2
to 10 min. Each data point represents the average from three separate experiments,
error bars were omitted for clarity.

Figure 6. Intracellular accumulation of dyes in R3230AC cells. Cells were incubated
with the respective dyes (10 lM) for 24 h and the intracellular uptake determined
from a fluorescence calibration curve. Each data point represents the average from
three separate experiments, error bars are the SEM.
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Both TPP–Rh and TPP–AO showed a different localization pat-
tern from that of TPP-OH (Fig. 8). Whereas TPP-OH seemed to have
been accumulated in localized vesicles in the peri-nuclear area
(Fig. 8b), TPP–Rh was distributed throughout the cytoplasm like
MG (Fig. 8d–f). However, TPP–AO showed two differences in pat-
tern compared to TPP–Rh and MG (not shown). Staining of TPP–
AO was more homogeneous throughout cytosol and also stained
nucleus, presumably due to interactions with cytosolic RNAs and
nuclear DNA. In contrast, TPP–Rh and MG showed punctuate
staining patterns consistent with mitochondrial localization. TPP–
Rh showed a very similar staining pattern to MG. This sub-cellular
localization of TPP–Rh was further confirmed by the dual staining
studies. From the image analysis of the superimposed MG (green
filter) and TPP–Rh (red filter) images, the yellow regions indicate
regions of colocalization (Fig. 8f). The TPP–Rh might be accumu-
lated in mitochondria due to the presence of the delocalized lipo-
philic cation which permitted their accumulation in mitochondria.

2.3.4. Dark toxicity
No significant dark toxicity was observed in cells treated with

up to 20 lM of either TPP–Rh, TPP-OH, or Rh B. This was probably
due to their inability to generate singlet oxygen in the dark.



Figure 7. Stability of the ester group in TPP–Rh: fluorescence spectra of TPP–Rh and
a mixture of TPP-OH and Rh B in DMSO (each 10 lM) and R3230AC cell lysate after
incubated with TPP–Rh (10 lM) for 24 h. Samples were excited at 550 nm and the
fluorescence read from 555 to 750 nm. Two Y-axis scales were used to take into
account the differences in fluorescence intensities of TPP–Rh (Y1: black colored
scale) and TPP-OH + Rh B (Y2: red colored scale).

Figure 8. Sub-cellular localization of TPP-OH and TPP-conjugates: Cells treated with TP
(1 lM): (c) bright field (50 ms), (d) green filter (23 ms), (e) red filter (230 ms), (f) overlap
cells after incubated with dye(s) for 8 h (TPP-OH, TPP–Rh, and TPP–AO) or 1 h (MG).
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However moderate dark toxicity was observed in cells treated with
more than 5 lM of either AO�HCl or TPP–AO (Fig. 9). Presumably, it
was caused by inherent toxic mechanisms of AO such as DNA inter-
calation and inhibition of protein synthesis.26–31

2.3.5. Phototoxicity
No significant phototoxicity was observed in cells treated with

up to 20 lM of either TPP-OH or Rh B and irradiated with a 60 W
halogen lamp at 3 mW cm�2 for an hour (Fig. 10). On the other
hand, cells treated with either TPP–Rh, TPP–AO or AO�HCl and irra-
diated under the same conditions showed significant phototoxic-
ity. AO�HCl showed the highest phototoxicity under the above
irradiation conditions with an IC50 of 2.29 lM, followed by TPP–
AO with an IC50 of 3.28 lM and then TPP–Rh with an IC50 of
3.95 lM. The absence of phototoxicity observed in the cells treated
with up to 20 lM of either TPP-OH or Rh B could be attributed to a
number of reasons. In TPP-OH this might be due to its low intracel-
lular accumulation and formation of aggregates in aqueous media.
While in Rh B this might be due to low intracellular accumulation
P-OH (2 lM) alone: (a) Bright field (50 ms), (b) red filter (5s); TPP–Rh (5 lM) + MG
: bright field (c), green filter (d) and red filter. All images were made using R3230AC



Figure 9. Dark toxicities of the respective dyes incubated in R3230AC cells for 24 h
at different concentrations. Whereas TPP-OH, TPP–Rh, and Rh B were incubated at
20 lM, TPP–AO, and AO�HCl were incubated at 2 lM, 5 lM, 10 lM and 20 lM and
kept in the dark. Each data point represents the average from three separate
experiments, error bars are the SEM.

Figure 10. Phototoxicity of R3230AC cells treated with the respective dyes and
irradiated with a 60 W halogen lamp at 3 mW cm�2 for 1 h. Cells were incubated
with the respective dyes at 1, 2, 5, 10, and 20 lM, respectively, for 24 h prior to
irradiation. Each data point represents the average from three separate experi-
ments, error bars are the SEM.
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and low quantum yields for singlet oxygen generation. On the
other hand, the greater phototoxicity observed with TPP–Rh and
TPP–AO, despite their large size, high lipophilicity, and tendency
to aggregate in aqueous media, could be attributed to their high
intracellular accumulation and sub-cellular localization in singlet
oxygen-sensitive organelles like mitochondria. Although there
was no significant generation of singlet oxygen under our experi-
mental condition (Fig. 5), AO�HCl showed the most phototoxic ef-
fect. It might be due to the phototoxic effect via type I
mechanism in addition to its dark toxicity.32

3. Summary and conclusions

Two conjugates, TPP–Rh and TPP–AO, were successfully synthe-
sized by linking a monohydroxy porphyrin (TPP-OH) to rhodamine
B (Rh B) and acridine orange base (AO), respectively, via a saturated
hydrocarbon linker in moderate yields. Although FRET was ob-
served in both conjugates, they were able to generate singlet oxy-
gen at rates comparable to that of TPP-OH. Thus, the conjugates
could be used as effective photosensitizers. Furthermore, both con-
jugates showed higher phototoxicity than TPP-OH, most probably
due to their higher intracellular accumulation and sub-cellular
localization. However, although TPP–Rh seemed to accumulate
predominantly in the mitochondria, TPP–AO accumulated in both
the mitochondria and the nucleus. Thus our study suggests that
conjugating the Rh moiety to photosensitizers might provide two
benefits: enhanced cellular uptake and mitochondrial localization,
which are two important subjects in PDT.
4. Experimental section

4.1. General methods

All solvents and reagents were used as obtained from Sigma–Al-
drich and Thermo Fisher Scientific unless otherwise stated. All
reactions were monitored by TLC using 5–17 lm silica gel plates
with fluorescent indicators from Sigma–Aldrich. All column chro-
matography was done using 40–63 lm silica gel from Sorbent
Technologies. NMR spectra were recorded at 25 �C using a Brukner
AVANCE 400 Spectrometer. NMR solvents with residual solvent
signals were used as internal standards. Elemental analyses were
done by Atlantic Microlabs Inc. ESI mass spectrometry was done
either at the South Dakota State University Mass Spectrometry
Facility or at of the University of Buffalo’s Chemistry Department’s
Instrument Center. Compounds 1, 2, and 3 were prepared as de-
scribed in Refs. 33,34.

4.2. Synthesis

4.2.1. Synthesis of TPP–Rh (4)
The procedure described in a reference was used with several

modifications.35 Briefly, Rh B (127 mg, 2.661 mmol) and K2CO3

(735 mg, 0.798 mmol) were added to a solution of porphyrin 3
(200 mg, 0.266 mmol) in acetone (30 mL) and refluxed for 72 h.
The reaction mixture was left to cool, then filtered to remove
K2CO3. The filtrate was next concentrated under reduced pressure,
and purified over a silica column using a dichloromethane/metha-
nol (95:5) eluant. A pinkish-purple solid (51%, 152 mg) was ob-
tained. UV–vis (dichloromethane) kmax (e � 103 M�1 cm�1): 419
(389), 522 (37.4), 562 (50.1), 649 (4.7). 1H NMR (400 MHz, CDCl3):
d 8.84 (8H, s), 8.42 (1H, d, J = 8.0 Hz), 8.21 (6H, d, J = 8.0 Hz), 8.08
(2H, d, J = 8.0), 7.86 (1H, m), 7.75 (10H, m), 7.38 (1H, m), 7.14
(4H, m), 6.93 (1H, d, J = 8.0 Hz), 6.86 (1H, s), 6.81 (1H, d,
J = 8.0 Hz), 6.51 (1H, m), 4.42 (2H, m), 4.18 (2H, m), 3.58 (8H, m),
2.17 (2H, m), 1.28 (12H, m), �2.91 (2H, s). 13C NMR (400 MHz,
CDCl3): d 157.64, 155.36, 141.80, 135.34, 134.30, 131.16, 130.39,
127.49, 126.49, 119.93, 113.65, 112.48, 96.04, 64.29, 62.60, 45.70,
30.63, 28.41, 12.07. Low resolution ESI MS: m/z 1113.5 (Calcd for
C75H65N6O4

þ 1113.4); Anal. Calcd for C75H65Cl0.237I0.398N6O4�4H2O:
C, 72.34; H, 5.91; Cl, 0.67; I, 4.01; N, 6.75. Found: C, 73.80; H, 5.39;
Cl, 0.73; I, 4.07; N, 6.18.

4.2.2. Synthesis of the 1,3-diiodopropane (5)
1,3-Dibromopropane (5 mL, 49.04 mmol) was added to a solu-

tion of KI (488 mg, 147.11 mmol) in 50 mL of acetone. The mixture
was then refluxed under nitrogen for 72 h.36 After this, 30 mL of
distilled water was added to the reaction mixture and the product
was extracted with 50 mL of diethyl ether. The extracts were com-
bined and washed with 50 mL of distilled water, then dried with
Na2SO4. The ether was later removed under reduced pressure
and the product dried in a vacuum desiccator overnight. The pure
product (63%, 8 mL) was obtained as a brown liquid.1H NMR
(400 MHz, CDCl3): d 3.26 (4H, t, J = 6.4 Hz), 2.24 (2H, m). 13C
NMR (400 MHz, CDCl3): d 35.40, 7.50.

4.2.3. Synthesis of 5,10,15-triphenyl-20-(3-iodopropyl phenyl
ether)-21H,23H-porphyrin (6)

A mixture of porphyrin (2) (266 mg, 0.422 mmol), K2CO3

(583 mg, 4.22 mmol) and 1,3-diiodopropane (0.63 mL, 0.422
mmol) in 30 mL of acetone was treated as described for compound
3. A pure purple crystal was obtained (80%, 0.255 mg). 1H NMR
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(400 MHz, CDCl3): d 8.84 (8H, m), 8.19 (6H, d, J = 8.0 Hz), 8.08 (1H,
m, J = 8.0 Hz), 8.00 (1H, d, J = 8.0 Hz), 7.73 (9H, m), 7.22 (1H, m),
7.06 (1H, d, J = 8.0 Hz), 4.25 (2H, m), 3.49 (2H, m), 2.41 (2H, m),
�2.91 (2H, s). 13C NMR (400 MHz, CDCl3): d 158.65, 142.33,
135.77, 134.93, 134.78, 127.84, 126.83, 120.24, 120.15, 113.77,
112.89, 111.61, 67.66, 33.32, 2.83. Low resolution ESI MS: m/z
799.2 (Calcd for C47H36IN4O+ 799.2).

4.2.4. Synthesis of TPP–AO (7)
A solution of acridine orange base (0.066 mg, 0.2504 mmol) and

porphyrin (6) (200 mg, 0.2504 mmol) in 5 mL of dry toluene and
2 mL of dimethyl formamide were refluxed for 72 h. The solvent
was then removed under reduced pressure and the product puri-
fied over a silica column, first with a CH2Cl2 eluant until all the
unreacted porphyrin was eluted, then with a CH2Cl2:CH3CH2OH
(95:5) eluant. A brownish-orange solid was obtained (54%,
120 mg). UV–vis (dichloromethane) kmax (e � 103 M�1 cm�1): 419
(303.9), 506 (48.2), 553 (7.1), 593 (4.1), 649 (3.7). 1H NMR
(400 MHz, CDCl3): d 8.84 (8H, m), 8.40 (1H, s), 8.15 (9H, m), 7.74
(11H, m), 7.29 (2H, d, J = 8.0 Hz), 6.99 (1H, d), 6.90 (2H, s), 5.15
(2H, m), 4.74 (2H, m), 3.36 (12H, m), 2.65 (2H, s), �2.81 (2H, s).
13C NMR (400 MHz, CDCl3/MeOH): d 155.48, 142.30, 141.77,
135.78, 134.43, 132.81, 127.72, 126.63, 120.05, 116.56, 113.89,
112.83, 91.89, 78.60, 65.33, 40.52, 31.74, 22.48, 13.83. High resolu-
tion ESI MS: m/z 936.4384 (Calcd for C64H54N7O+ 936.44788); Anal.
Calcd for C64H54IN7O�4H2O: C, 67.66; H, 5.50; N, 8.63; I, 11.12.
Found: C, 63.48; H, 4.71; N, 7.83; I, 10.14.

4.3. Photophysical properties

4.3.1. Photophysical method
The photophysical properties of the synthesized conjugates and

their corresponding components were determined in either dichlo-
romethane, methanol, or dimethyl sulphoxide. Electronic absorp-
tion spectra were recorded using either an Ocean Optics Inc.
CHEM4-UV-FIBER Spectrophotometer or a Molecular Devices Spec-
traMax M2 microplate reader. Steady state fluorescence spectra
were recorded with either an Edinburgh Instruments F900 fluores-
cence spectrophotometer equipped with a xenon lamp or with a
Molecular Devices SpectraMax M2 microplate reader.

4.3.2. Absorption spectra and molar extinction coefficients
The molar extinction coefficients were calculated from serially

diluted solutions. Results were reported in M�1 cm�1.

4.3.3. n-Octanol/pH 7.4 buffer partition coefficients
n-Octanol/water partition coefficients of the dyes were deter-

mined by the ‘shake flask’ direct measurement method.37 Satu-
rated solutions of the dyes were prepared by adding the dyes to
a mixture of equal volumes (2 mL) of n-octanol and a pH 7.4 phos-
phate buffer. The saturated solutions were placed in an ultrasound
bath for 30 min, then left to settle for 4 h. After this, 10 mL of each
layer was diluted with dichloromethane and the absorbances of
the dyes in the respective solutions determined. The partition coef-
ficients were then obtained by calculating the ratio of the absor-
bances of the respective dyes in the two layers. Results were
reported as log D7.4 values.

4.3.4. Aggregation tendency of the dyes
Tendency of the dyes to aggregate in culture media was indi-

rectly determined by comparing their fluorescence intensities in
culture medium to that in DMSO.23 The dyes were dissolved in
DMSO (2 mM), diluted to the appropriate concentrations with
more DMSO, and 10 lL of the diluted solution added to 190 lL of
either complete media or DMSO in 96 well plates to give 10 lM
solutions. The plates were then left for an hour after which the
fluorescence readings were taken at the appropriate excitation
and emission wavelengths. The change in the fluorescence intensi-
ties of the dyes in complete media compared to that in DMSO was
then used to predict the aggregation tendencies of the dyes. The re-
sults were expressed in arbitrary units.

4.3.5. FRET in the conjugates
Decrease in fluorescence intensities of the donor dyes at specific

wavelengths, measured in the presence of the acceptor dyes at dif-
ferent distances, was used to demonstrate FRET in the conju-
gates.38 A 3D fluorescence scan was used. For each conjugate
system, a solution of the conjugate (dyes at close proximity) and
an equimolar mixture of the conjugate’s individual components
(dyes at long range) were compared.

Stock solutions of the dyes (2 mM) were prepared in DMSO. The
dye stock solutions were then diluted with methanol to give 1 lM
solutions. So, the solutions had not more than 2% (v/v) of DMSO as
a cosolvent. For the TPP–Rh system, the fluorescence intensities of
a TPP–Rh, solution and an equimolar mixture of TPP-OH and Rh B
were used. The solutions were excited every 5 nm from 375 to
550 nm and the fluorescence measured from 555 to 750 nm. While
for the TPP–AO system, the fluorescence intensities of a TPP–AO
solution and an equimolar mixture of TPP-OH and AO�HCl were ex-
cited every 5 nm from 375 to 500 nm and the fluorescence mea-
sured from 505 to 750 nm.

In the TPP–Rh system, the decrease in fluorescence intensity of
the Rh B peak at 580 nm was used to demonstrate FRET. While in
the TPP–AO system, the decrease in the AO�HCl peak at 530 nm
was used.

4.3.6. Singlet oxygen generation
The generation of singlet oxygen was determined indirectly, by

measuring the rates of oxidation of 1,3-diphenylisobenzofuran
(DPBF) by the respective dyes upon irradiation.39,40 Stock solutions
of the respective dyes (2 mM) were prepared in DMSO. A solution
of the respective photosensitizer (5 lM) and DPBF (100 lM) in
methanol were then prepared in 24 well plates, so that the 2 mL
solutions had not more than 2% (v/v) of DMSO as a cosolvent.
The well plates were then irradiated using a 60 W Halogen lamp
at 0.5 mW cm�2 for 10 min. Every 2 min, the absorption readings
at 410 nm were taken. The rates (curve slope) of DPBF oxidation
by the different dyes were then compared.

4.4. Biological studies

4.4.1. Cells and culture conditions
The rodent mammary adenocarcinoma cell line (R3230AC) was

used for all biological experiments. All reagents and culture media
were obtained from Invitrogen and Sigma–Aldrich. The cells were
maintained in minimum essential medium (a-MEM) supple-
mented with 10% bovine growth serum, 50 units/mL penicillin G,
50 lg/mL streptomycin and 1.0 lg/mL Fungizone. The cells were
incubated at 37 �C in 5% CO2 using a Sanyo MCO-18AIC-UV incuba-
tor. The cells were sub-cultured biweekly to maintain the cells at
approximately 80% confluency. The dyes in all studies were ini-
tially dissolved in DMSO to make a 2 mM stock solution. A Lab-line
Barnstead International orbital shaker was used for all phototoxic-
ity tests and a Molecular Devices SpectraMax M2 microplate read-
er was used to read UV/Vis absorbances. Either an Edinburgh
Instruments F900 spectrophotometer or a Molecular Devices Spec-
traMax M2 microplate reader was used to read the fluorescence.

4.4.2. Intracellular accumulation
Dye concentrations in cells were determined using the fluores-

cence intensities of the dyes at appropriate excitation and emission
wavelengths, following the procedures in our previous report.41,42
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4.4.3. Stability of the ester group of TPP–Rh in cells
The cells were seeded at 2.0–3.0 � 104 cells/well complete med-

ia using 96 well plates and incubated for 24 h. The dye stock solu-
tions were then diluted to the appropriate concentrations with
complete media, and added to the cells. The cells were incubated
for 24 h after which the medium was removed and the cell mono-
layer rinsed twice with a 0.9% NaCl solution. DMSO (1900 lL) was
then added to dissolve the cells and the fluorescence was read at
kex = 550 nm and kem = 650 nm. The fluorescence spectra of TPP–
Rh in the cell lysate and in DMSO were then compared. The ratio
of the 580 nm and 650 nm fluorescence peaks of TPP–Rh in the cell
lysate was also compared to that of TPP–Rh in DMSO.

4.4.4. Sub-cellular localization
Dual staining of each dye with Mitotracker Green (MG, M-7514

from Invitrogen Co.) was tried to determine their mitochondrial
localization. Since both TPP-OH and the conjugates (TPP–Rh and
TPP–AO) fluoresce in the red region of the optical spectrum, a
green filter (Propidium Iodide filter, exciter: HQ535/50; emitter:
HQ645/75; set: 41005 from Chroma Technology Co.) was used to
acquire the images. For MG which fluoresces in the green region
of the optical spectrum, the images were obtained using a red filter
(FTC/Bdipy/Fluo3/DiO filter, exciter: HQ480/40; emitter: HQ535/
50; set: 41001 from Chroma Technology Co.). However, because
some fluorescence from the photosensitizers could be captured
with the FTC/Bdipy/Fluo3/DiO (green) filter and some of the fluo-
rescence of Mitotracker Green with the Propidium Iodide filter
(red), the exposure time was carefully monitored to avoid/ mini-
mize cross contamination from each other. To determine the
appropriate exposure times, the minimum time required to take
an image of cells singly stained MG, TPP-OH, TPP–Rh, or TPP–AO
were first obtained. The cells were then doubly stained with MG
and either TPP-OH, TPP–Rh or TPP–AO and images obtained using
both the green and red filters. The green and red images were then
superimposed, and the regions of colocalization appeared as
yellow.

Cells were seeded at 2.0–3.0 � 104 cells/well in 24 well plates
containing 12 mm diameter cover slips and then incubated for
24 h. The dyes diluted to the appropriate concentrations were then
added to the well plates and incubated for 8 h. After 7 h, 1 lM of
Mitotracker Green was added to the cells and the cells incubated
for one more hour. After 8 h the media was removed and the cell
monolayer rinsed three times with 3 mL of complete media. The
cover slide was then mounted on a slide and the images taken
using a Leica DMI4000B fluorescence microscope fitted with a
QImaging Fast 1394 camera and Qcapture processing software.
The images were modified for better visualization with Adobe
Photoshop Element 5.0.

4.4.5. Dark toxicity
The cells were treated and cell viability was determined as de-

scribed in our previous reports.41,42

4.4.6. Phototoxicity
The cells were seeded at 1.0–1.5 � 104 cells/well in complete

media using 96 well plates then incubated for 24 h. The stock solu-
tions of the dyes were then diluted to the appropriate concentra-
tions with complete media and added to the cells. The cells were
incubated for 24 h. After this the medium was removed and the
cell monolayer rinsed twice with 190 lL of a 0.9% NaCl solution.
Clear medium was then added to the wells and the well plate
was placed on the well plate shaker. The well plate lids were re-
moved and the wells were exposed to either: (1) broadband visible
light delivered at 3 mW cm�2 from a 60 W halogen light source for
an hour, (2) light delivered at 1.2 mW cm�2 from a 630 nm LED
source for an hour, or (3) light delivered at 1.2 mW cm�2 from a
630 nm LED source for 2 h. The broadband light was filtered
through a 3.5 cm water filter (400–850 nm) to prevent heating of
the cells. Uniform irradiation of the entire well plate was achieved
by gently orbiting the well plate on the shaker. After irradiation,
the clear media was removed and 190 lL of complete media added
to the wells. The cells were again incubated for 24 h, after which
the cytotoxicity was determined by MTT assay and expressed as
a percent of the controls (cells exposed to light in the absence of
the dyes).

4.4.7. Statistical analyses
Statistical analyses were performed using the Student’s t-test

for pairwise comparisons. A P value of <0.05 was considered signif-
icant. The Hill (sigmoid Emax) equation was fitted to the data to ob-
tain IC50 values.
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