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ABSTRACT

INTRODUCTION

Covalent conjugation of a photosensitizer to a ligand that
specifically recognized and internalized by a cell-surface
receptor may be a way of improving the selectivity of
photodynamic therapy (PDT). The class A Type-I scavenger receptor of macrophages, which among other ligands recognizes maleylated serum albumin and has a
high capacity is a good candidate for testing this approach. Chlorine6 was covalently attached to bovine serum albumin to give conjugates with molar substitution
ratios of 1:1 and 3:1 (dye to protein), and these conjugates could then be further modified by maleylation. A
novel way of purifying the conjugates by acetone precipitation was developed in order to remove traces of unbound dye that could not be accomplished by size-exclusion chromatography. Conjugates were characterized by
polyacrylamide gel electrophoresis and thin-layer chromatography. Photosensitizer uptake was measured by
target J774 murine macrophage-like cells and nontarget
OVCAR-5 human ovarian cancer cells, and phototoxicity
was examined after illumination by a 660 nm diode laser
by a tetrazolium assay. All of the purified conjugates
were taken up by and after illumination killed J774 cells
while there was only small uptake and no phototoxicity
toward OVCAR-5 cells. The higher dye:protein ratio and
maleylation of the conjugates both produced higher uptakes and lower survival ratios in J774 cells. The uptake
and phototoxicity by J774 cells were decreased after incubation at 48C demonstrating internalization, and confocal microscopy with organelle-specific green fluorescent
probes showed largely lysosomal localization. Uptake and
phototoxicity by J774 cells could both be competed by
addition of the scavenger receptor ligand maleylated albumin. These data show that scavenger receptor–targeted PDT gives a high degree of specificity toward macrophages and may have applications in the treatment of
tumors and atherosclerosis.

The targeting of drugs to desired cell types and tissues such
as tumors may be improved by covalently attaching the drug
molecule to ligands that bind to specific recognition sites
such as antigens and receptors. Examples of these ligands
include monoclonal antibodies (1), growth factors (2), peptides (3), hormones (4), vitamins (5) and lipoproteins (6).
Depending on the nature of the drug targeted, there may be
the necessity of the conjugate being internalized into tumor
cells, and once internalized the conjugate may need to be
degraded by intracellular enzymes to release the drug in an
active form. The photosensitizers (PS)†; used in photodynamic therapy (PDT) have some selective accumulation in
tumors, but since the mechanism of this selectivity is unknown (7), other ways of improving the tumor-targeting
properties of PS are being sought. We have reported on the
use of conjugates between PS and monoclonal antibodies (8–
11), low-density lipoprotein (12) and transferrin (13). Others
have described PS conjugates with different targeting agents
including epidermal growth factor (14) and insulin (15).
In a previous study (13) we found that conjugates between
bovine serum albumin (BSA) and the PS hematoporphyrin
were recognized by the scavenger receptor of J774 mouse
macrophage-like cell line. Macrophages and monocytes (and
to a lesser extent endothelial cells) express several ‘‘scavenger’’ receptors which are membrane proteins that recognize a wide range of ligands, both naturally occurring and
synthetic (16). Scavenger receptors are high capacity, lead
to rapid endocytosis and subsequent routing to endosomes
and lysosomes (17). The J774 murine macrophage cell line
has been widely studied by workers investigating expression
of scavenger receptors and targeting various drugs by conjugation to scavenger receptor ligands (18–20). Other workers have subsequently described the use of PS conjugates
with maleylated serum albumin (a well-known scavenger receptor ligand [21]) to target phthalocyanines to J774 cells
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FCS, fetal calf serum; HEPES, N-2-hydroxythylpiperazine-N9-2ethane-sulfonic acid; mal, maleylated; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; NHS, N-hydroxysuccinimide; PBS, phosphate-buffered saline; PDT, photodynamic
therapy; PS, photosensitizer; R123, rhodamine 123; SDS, sodium
dodecyl sulfate; SDS-PAGE; SDS polyacrylamide gel electrophoresis; TAM, tumor-associated macrophage; TLC, thin-layer chromatography.
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(20), and there is also a report (22) of a maleylated serum
albumin conjugate being used to target the photosensitizer
chlorine6 (ce6) to experimental intimal hyperplasia in vivo.
Tumor-associated macrophages (TAM) have been shown
to play a major role in cancer growth (23). They produce
mediators that increase the degree of angiogenesis (24,25),
and both a poor prognosis (26) and occurrence of distant
metastasis (27) have been correlated with the extent of macrophage infiltration of the tumors. It has been shown that the
macrophage content of different tumors correlates well with
the localization of PS (28) and that macrophages can accumulate several times more PS than tumor cells (29). The
therapeutic tumor response to PDT can be dramatically potentiated by treatment with a macrophage activating factor
(30) or a colony-stimulating factor (31). For these reasons
the ability to specifically target PS to macrophages is of great
interest.
In this report we describe the preparation of conjugates
between BSA and the PS ce6 and their subsequent maleylation. A novel purification method using acetone precipitation
allows sufficiently pure conjugates to provide specific targeting to scavenger receptor–positive J774 mouse macrophages, without uptake or phototoxicity to non–scavenger
expressing tumor cells. Scavenger receptor targeting is demonstrated by competition of uptake and phototoxicity by
maleylated (mal)-BSA, and internalization by comparing incubation at 37 and 48C and two-color fluorescence confocal
microscopy.

MATERIALS AND METHODS
Preparation of conjugates. Four conjugates were studied (2 BSA–
ce6 conjugates and their maleylated counterparts). The N-hydroxy
succinimide (NHS) ester of ce6 was prepared by reacting 1.5 equivalents of dicyclohexylcarbodiimide and 1.5 equivalents of NHS with
1 equivalent of ce6 (Porphyrin Products, Logan, UT) in dry dimethyl
sulfoxide (DMSO). After standing in the dark at room temperature
for 24 h the NHS ester was frozen in aliquots for further use. BSA
(Sigma Chemical Co., St Louis, MO) (2 3 50 mg) was dissolved in
NaHCO3 buffer (0.1 M, pH 9.3, 3 mL) and 30 and 120 mL of ce6–
NHS ester added to respective tubes with vortex mixing. After being
kept in the dark at room temperature for 6 h the crude conjugate
preparations were each divided into two equal parts. One portion of
each of the conjugate preparations was maleylated by adding solid
maleic anhydride (20 mg) in portions to the protein preparation with
vortex mixing and addition of saturated NaHCO3 solution as needed
to keep the pH above 7 (21). The reaction mixture was allowed to
stand at room temperature in the dark for 3 h. Unmodified BSA was
also maleylated to act as a control and as a competitor for the cellular uptake of conjugates.
Purification. Crude conjugate preparations (approximate concentration of protein 5 mg mL21) were added to 103 volume of acetone
(ACS grade) slowly at 48C, and were kept at 48C for 6 h, followed
by centrifugation at 4000 g for 15 min at 48C. The supernatant was
removed, and the pellet again suspended in the same volume of
acetone and the centrifugation repeated. After each precipitation step
the preparation was monitored by thin-layer chromatography (TLC).
Up to five precipitation steps were necessary in order to completely
remove noncovalently bound chlorin species. Finally the pellet was
dissolved in 2 mL phosphate-buffered saline (PBS) and dialyzed
twice against 20 L PBS overnight to remove traces of acetone. Sephadex G50 column chromatography was carried out by applying
the reaction mixture from conjugation of 50 mg BSA with 5 mg ce6NHS ester to a 50 3 1 cm2 Sephadex column that was eluted with
PBS at 48C. The absorbance of the eluted fractions was monitored
at 400 nm and at 280 nm.
Characterization of conjugates. The concentrations of the constituents in the conjugates and hence the substitution ratios were

measured by absorbance spectroscopy. An aliquot of the conjugate
was diluted in 0.1 M NaOH/1% sodium dodecyl sulfate (SDS) and
absorbance between 240 and 700 nm scanned. The extinction coefficient of BSA at 280 nm is 47 000 cm21 M21 (32) while the extinction coefficient of ce6 at 400 nm is 150 000 cm21 M21. TLC was
performed on silica gel plates (Polygram SIL G/UV254, Macherey
Nagel, Duren, Germany), the chromatograms were developed with
a 1:1 mixture of 10% aqueous ammonium chloride and methanol,
and spots were observed with fluorescence and absorbance imaging.
SDS polyacrylamide gel electrophoresis (SDS-PAGE) was carried
out essentially according to the method of Laemmli (33). Gradients
of 4–10% acrylamide were used in a nonreducing gel and ce6 was
localized on the gel by fluorescence excitation 400–440 nm bandpass filter, emission 580 longpass filter, (ChemiImager 4000, Alpha
Innotech Corp, San Leandro, CA). Protein was localized by Coomassie blue staining.
Cellular uptake. J774.A1 (J774) mouse macrophage-like cell line
was obtained from American Type Culture Collection (Rockville,
MD). The National Institute of Health OVCAR-5 (OVCAR-5) human ovarian cancer cell line was obtained from Dr. T. Hamilton
(Fox Chase Cancer Institute, Philadelphia, PA). Cells were grown
in Roswell Park Memorial Institute 1640 media containing N-2-hydroxythylpiperazine-N9-2-ethane-sulfonic acid (HEPES), glutamine,
10% fetal calf serum (FCS), 100 U mL21 penicillin and 100 mg mL21
streptomycin. They were passaged by washing with PBS without
Ca21 and Mg21, and adding trypsin–ethylenediamine-tetraacetic acid
(EDTA) to the plate for 10 min at 378C.
Cells were grown to 90% confluency in 24-well plates and the
conjugate or PS was added in 1 mL medium containing 10% serum
to each well. The concentration range for the conjugates and free
ce6 was between 0.5 and 4 mM ce6 equivalent and the incubation time
was 3 h. After incubation at 378C, the medium was removed and
cells were washed three times with 1 mL sterile PBS and incubated
with 1 mL trypsin–EDTA for 20 min (OVCAR-5) or 60 min (J774).
The cell suspension was then removed and centrifuged (5 min at
250 g). The trypsin supernatant was aspirated and retained and the
pellets (frequently visibly fluorescent under long wave UV) were
dissolved in 1.5 mL of 0.1 M NaOH/1% SDS for at least 24 h to
give a homogenous solution. The trypsin supernatant was checked
for the presence of fluorescence to quantify any surface binding
which might easily be removed by trypsin. The fluorescence was
measured using an excitation wavelength of 400 nm and the emission scanned from 580 to 700 nm in order to calculate the peak area
(lmax 5 664 nm). A series of dilutions in 1.5 mL 0.1 M NaOH/1%
SDS of known concentrations of each separate conjugate and PS
was scanned for fluorescence as above in order to prepare calibration
curves to allow quantitation of the ce6 by conversion of the measured
peak areas into mol ce6 equivalent. The protein content of the entire
cell extract was then determined by a modified Lowry method (34)
using BSA dissolved in 0.1 M NaOH/1% SDS to construct calibration curves. Results were expressed as mol of ce6 per mg cell protein.
For measuring the cellular uptake at 48C, precooled growth media
was used and the plates with cells were cooled to 48C in an ice-bath
for 20 min before the addition of PS solutions as well as after the
addition. The incubation was carried out in the normal atmosphere
in the dark (plates wrapped in aluminum foil).
PDT studies. Cells were seeded in 24-well plates, at densities of
100 000 cells in 1 mL medium. After 24 h, the cells were given 1
mL fresh medium containing 10% serum and a specific conjugate
or free ce6 (ce6 equivalent concentration of 4 nmol per well) and
incubated for 3 h at 378C. Immediately prior to illumination the cells
were washed three times with PBS with Mg11/Ca11, the wells
were replenished with 1 mL medium containing HEPES and 10%
FCS. A 660 nm light was delivered from beneath the wells from a
diode laser at a fluence rate of 50 mW cm22 via a fiber optic–coupled
microscope objective. Wells were illuminated in blocks of four defined by a black mask placed beneath the 24-well plate. Fluences
were 2, 5 and 10 J cm22. After completion of illumination, the dishes
were returned to the incubator for a further 24 h incubation. Cell
survival was determined by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, which measures mitochondrial dehydrogenase activity. It has been extensively used for measuring viability of cell cultures after PDT and has been shown to
have close correlation with colony forming assays (35). Twenty-four
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Figure 1. TLC and PAGE. (A) TLC developed in a 1:1 mixture of 10% aqueous ammonium chloride and methanol. Lane 1: single peak
of BSA–ce6 isolated from Sephadex G50 column; lane 2: same as lane 1 after four acetone precipitation steps; lane 3: crude mal-BSA–ce6;
lane 4: mal-BSA–ce6 after three acetone precipitation steps. (B) and (C) SDS-PAGE (4–10% gradient) visualized by fluorescence imaging
(lanes 1a–4a and 1c–3c) and Coomassie blue staining (lanes 1b–4b and 1d–3d). (B) Lanes 1a and 1b: BSA; lanes 2a and 2b: mixture of
BSA with free ce6; lanes 3a and 3b single peak from Sephadex G50 column purification of BSA–ce6 1; lanes 4a and 4b: single peak from
Sephadex G50 column purification of mal-BSA–ce6. (C) Lanes 1c and 1d: BSA; lanes 2c and 2d: BSA–ce6 1 after three acetone precipitation
steps; lanes 3c and 3d: mal-BSA–ce6, 2 after three acetone precipitation steps.

hours after illumination, the cells were given fresh media and 100
mL MTT (5 mg mL21) solution was added to each well and cells
were incubated at 378C. After 1 hour incubation the supernatant
medium was gently aspirated and 1 mL of DMSO was added to lyse
the cells and dissolve the deep-blue formazan. Plates were gently
shaken on an orbital shaker in the dark for 15 min to complete the
dissolution of any formazan crystals and the blue DMSO solution
was transferred to 96-well plates (200 mL per well, 5 wells per well
of 24-well plate). Absorbance was read on an automated plate reader
(Model 2550 EIA, Bio-Rad Laboratories, Hercules, CA) at 570 nm.
Data points were the average of 3 wells of the 24-well plate (15
wells of 96-well plate).
Competition. The role of scavenger receptors in the uptake of
these conjugates was tested by measuring the reduction in the cellular content of PS produced by competing the uptake with a ligand
known to be recognized by the scavenger receptor. The reduction in
cellular uptake was then related to protection of the cells from phototoxicity. Increasing amounts of unlabeled mal-BSA were added
simultaneously with the conjugates to J774 and OVCAR-5 cells and
incubated for 3 h. About 0, 50, 100 and 200 mg mL21 mal-BSA
were used, representing a range of 0.25–3-fold molar excesses of
the BSA contained in 4 mM BSA–ce6 or mal-BSA–ce6. The cellular
uptakes and phototoxicities were measured as described above.
Confocal microscopy. The red intracellular fluorescence from ce6
was imaged in the cells together with simultaneous addition of either
a mitochondrial green fluorophore, rhodamine 123 (R123, Eastman
Kodak, Rochester, NY) or a lysosomal green fluorophore, Lysotrackert (Molecular Probes, Eugene, OR) in order to determine the
subcellular organelle(s) which accumulate the ce6. Square glass coverslips (22 3 22 mm2) were put into 5 cm Petri dishes, and 5 3 105
cells in 4 mL medium were seeded in each dish and allowed to
attach and grow on the coverslips until they formed a monolayer,
which was 60–70% confluent. Conjugates were added at a final concentration of 2 mM and allowed to incubate in serum-containing
medium for 3 h. For the final 30 m, sufficient R123 or Lysotracker
to make the concentration in the final medium 25 nM was added.
The solutions were then aspirated from the dishes, washed three
times with PBS and the coverslips removed, mounted on a histological slide in PBS and examined with a laser scanning confocal fluorescence microscope. A Leica DMR confocal laser fluorescence microscope (Leica Mikroskopie und Systeme GmbH, Wetzler, Germany) (excitation 488 nm argon laser) and a 1003 oil immersion
objective was used to image at a resolution of 1024 3 1024 pixels.
Two channels collected fluorescence signals in either the green range
(580 nm dichroic mirror plus 530 nm [610 nm] bandpass filter) or
the red range (580 nm dichroic mirror plus 590 nm longpass filter)
and were displayed as false color images. These channels were overlaid using TCS NT software (Version 1.6.551, Leica Lasertechnik,
Heidelberg, Germany) to allow visualization of overlap of red and
green fluorescence.

RESULTS
Preparation and purification of conjugates
A significant problem encountered in the preparation of covalent conjugates of tetrapyrrole PS with proteins is the tendency of the dye to form tightly bound noncovalent complexes as well as conjugates. This has been reported in the
literature previously (36). These mixtures can be difficult to
separate into pure conjugate and nonbound dye. This is illustrated by the attempted use of a Sephadex G50 column
to separate the BSA–ce6 conjugate from unreacted ce6–NHS
ester and its subsequent reaction products. Monitoring of the
eluted fractions at 400 and at 280 nm showed a single peak
that contained both the ce6 and the protein. However when
the material obtained from combining the fractions was examined by TLC, as shown in Fig. 1A, it is apparent that
there was a considerable amount of unbound dye present.
Lane 1 on the TLC shows the single peak isolated from the
size exclusion column and demonstrates that there is still
considerable unbound ce6 present as a fast running spot.
When this material was used in cell-uptake experiments, it
was impossible to demonstrate any receptor targeting between J774 and OVCAR-5 cells (data not shown). The reason is the contaminating ce6 derivatives appear to be lipophilic and are taken up indiscriminately by both receptorpositive and receptor-negative cells. Likewise, lane 3 shows
the crude mixture after maleylation and that there is unbound
ce6 also present.
We therefore developed a novel means of purifying the
conjugates, using acetone precipitation, that allowed the lipophilic ce6 species to be retained in the acetone supernatant
and the precipitated conjugates to be redissolved in a purified
form. The SDS-PAGE gels can be viewed by fluorescence
imaging to localize the ce6 by the red fluorescence, and after
staining with Coomassie Blue the protein can be localized.
Figure 1B shows corresponding fluorescence and Coomassie
images of BSA, BSA mixed with free ce6, and conjugates
(BSA–ce6 1 and mal-BSA–ce6 1) after Sephadex column
chromatography but before acetone precipitation. The mixture of BSA and ce6 (lanes 2a and 2b) shows that no fluorescence is retained by the protein band on the gel, thus
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Figure 2. UV–visible absorption spectra. Mal-BSA–ce6 1 and 2
were dissolved in 0.1 M NaOH/1% SDS to give solutions with concentrations of protein 5 150 mg mL21 (2.24 mM), free ce6 was dissolved in 0.1 M NaOH/1% SDS to give a concentration of 6.5 mM.

demonstrating that a fluorescent band localizing with the
protein is evidence of covalent conjugation. The lanes of the
conjugates (3a and 3b; 4a and 4b) both show that a fluorescent band running at the gel front, remains after Sephadex
chromatography.
The efficiency of the purification by acetone precipitation
of the conjugates is confirmed by the gel electrophoresis
images shown in Fig. 1C. It can be seen that the fast running
fluorescent band has disappeared from both the BSA–ce6 and
the mal-BSA–ce6 (lanes 2c and 2d; 3c and 3d), while the
TLC also shows the disappearance of the fast running spot
(Fig. 1A, lanes 2 and 4)
The UV–visible absorption spectra of the purified malBSA–ce6 conjugates with the two substitution ratios measured at equal protein concentrations are shown in Fig. 2
together with free ce6 at approximately the same concentration as is present in mal-BSA–ce6 2. Similar spectra were
obtained for BSA–ce6 1 and 2 (data not shown). Using the
values for molar extinction coefficients of BSA at 280 nm
of 47 000 cm21 M21 (32) and ce6 at 400 nm of 150 000 cm21
M21 and correcting for the small absorbance of ce6 at 280
nm, the substitution ratios can be calculated to be mal-BSA–
ce6 1 ratio 5 approximately 1 protein to 1 dye, and malBSA–ce6 2, ratio 5 approximately 1 protein to 3 dye.
Cellular uptake and phototoxicity
These conjugates show remarkable cell type specificity for
macrophages compared to ovarian cancer cells both in uptake and in phototoxicity. This selectivity is especially evident when care has been taken to remove all non–covalently
bound ce6 as described above. In the case of the J774 cells
the amount of ce6 removed from the cells by the trypsin was
less than 10% of the value extracted from the cells after
trypsin incubation, but in the case of the OVCAR-5 cells,
although the amounts in the trypsin were slightly less than
those found with the J774 cells, this value was comparable
with the amount extracted (data not shown). The data (Fig.
3a–d) show the uptake after 3 h incubation in 10% serumcontaining medium by J774 cells and OVCAR-5 cells. Four
conjugates were used: BSA–ce6 1 and mal-BSA–ce6 1 had a
1:1 molar ratio of BSA:ce6, while BSA–ce6 2 and mal-BSA–

Figure 3. Cellular uptake of ce6 from conjugates. Conjugates (A:
BSA–ce6 1; B: BSA–ce6 2; C: mal-BSA–ce6 1; D: mal-BSA–ce6 2)
were incubated for 3 h in serum-containing medium at 378C with
either J774 or OVCAR-5 cells. Cells were then extracted with 0.1
M NaOH/1% SDS for 24 h to give homogeneous solutions. Fluorescence was measured and ce6 content was quantified by comparison with calibration curves prepared for each conjugate. Values are
means from three wells and bars are SE.

ce6 2 had a 1:3 ratio. The molar ratios were identical for
maleylated and nonmaleylated conjugates because one was
prepared from the other. The ce6 uptake by J774 cells from
BSA–ce6 2 is greater than from BSA–ce6 1 and similarly the
uptake from mal-BSA–ce6 2 is greater than from mal-BSA–
ce6 1. The ce6 uptake by J774 cells from the maleylated conjugate is greater than from the corresponding nonmaleylated
conjugate, but interestingly the reverse is the case for OVCAR-5 cells. In both cases the uptake by OVCAR-5 cells is
higher from the nonmaleylated conjugate than from the maleylated derivative. For these reasons the selectivity for J774
cells compared to OVCAR-5 cells increases in the order
BSA–ce6 1 , BSA–ce6 2 , mal-BSA–ce61 , mal-BSA–ce6 2.
The graphs shown in Fig. 4a–d compare the phototoxicity
found for the two cell lines after a 3 h incubation in 10%
serum-containing medium with 4 mM ce6 equivalent concentration of the four conjugates. There was no phototoxicity
seen in the OVCAR-5 nontarget cells with any conjugate.
For the target J774 cells the order of phototoxicity was malBSA–ce6 2 . BSA–ce6 2 . mal-BSA–ce6 1 . BSA–ce6 1.
At 10 J cm22 after incubation with mal-BSA–ce6 2 the fraction of J774 cells that were killed was more than two log
values higher than that for OVCAR-5 cells.
It is accepted that active uptake by processes such as fluid
phase endocytosis, receptor-mediated endocytosis and
phagocytosis are all substantially reduced or abolished by
lowering the temperature of the incubation to 48C (37). By
comparing uptake at 48C with that at 378C for varying conjugates, the proportion of each uptake due to active endocytosis can be determined. Table 1 shows the ratios of the
uptake at 48C to the uptake at 378C. It can be seen that for
J774 cells and BSA–ce6 1 and 2 the ratios are similar at 0.46
and 0.44, respectively, while the ratios for mal-BSA–ce6 1
and 2 are significantly lower at 0.23 and 0.14, respectively.
However the situation is completely different for OVCAR5 cells where all the ratios are significantly greater than 1,
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Table 1.
jugates*

Ratios of uptakes of ce6 at 48C to that at 378C from con-

J774
BSA–ce6 1
BSA–ce6 2
Mal-BSA–ce6 1
Mal-BSA–ce6 2

0.46
0.44
0.23
0.14

6
6
1
1

0.02
0.06
0.03
0.01

OVCAR-5
1.73
1.94
3.57
5.01

1
1
1
1

0.26
0.28
0.19
0.89

* The uptake of the conjugates was measured after incubation for 3
h in serum-containing medium at either 4 or 378C. The concentrations were 0.5, 1, 2 and 4 mM ce6 equivalent, and ratios were taken
of the 4 or 378C uptake (expressed in pmol ce6 equivalent per mg
cell protein) at each concentration. Values are the mean 6 SE of
the four ratios for each cell line and conjugate.

Figure 4. Phototoxicity. After cells had been incubated with conjugates (A: BSA–ce6 1; B: BSA–ce6 2; C: mal-BSA–ce6 1; D: malBSA–ce6 2) at 4 mM ce6 equivalent concentration for 3 h in serumcontaining medium at 378C, they received 660 nm light at a fluence
rate of 50 mW cm22. Survival fractions were determined 24 h later
by MTT colorimetric assay. Values are means of three wells of 24well plates (15 wells of 96-well plate) and bars are SE.

and the ratios for mal-BSA–ce6 1 and 2 (3.57 and 5.01, respectively) are significantly higher than those for BSA–ce6 1
and 2 (1.73 and 1.94, respectively).
Competition
The data shown in Fig. 5a–d show the effect of competing
the uptake of conjugates, and protecting against phototoxicity in J774 cells by adding increasing amounts of unlabeled
mal-BSA. The same conditions were used for all incubations, i.e. 4 mM ce6 equivalent incubation carried out for 3 h
at 378C in serum-containing medium, and 10 J cm22 light
fluence. There was no effect of adding mal-BSA on the uptake or phototoxicity of OVCAR-5 cells (data not shown).
In these plots it can be seen that the proportion of uptake
competed and the proportion of phototoxicity protected
against is higher for the maleylated conjugates and also appears to be slightly greater for the conjugates with the high
substitution ratio. The competition against the maleylated
conjugates is also more pronounced at lower mal-BSA concentrations (50 mg mL21).

in the case of the mitochondrial probe (Fig. 6b,f). Note that
there is more red fluorescence taken up by J774 cells from
the maleylated conjugate (Fig. 6e,f) than the nonmaleylated
conjugate (Fig. 6a,b); this is consistent with the higher measured uptake of ce6 from the mal-BSA–ce6. These data confirm that the conjugates are taken up and internalized by
J774 cells into lysosomes, while the low uptake of OVCAR5 cells does not allow any firm conclusion to be reached
about intracellular localization.

DISCUSSION
The use of protein–PS conjugates to obtain cell type–specific
targeting may constitute an improvement in PS delivery in
PDT. One way of achieving this goal is the covalent attachment of PS to ligands of the macrophage scavenger receptor,
this approach has previously been reported by us (12,13) and
others (20,22). In this report we have shown that purification
of the albumin conjugates in order to remove unbound lipophilic ce6 species allows specific targeting of receptor-positive J774 macrophages, with essentially no phototoxicity toward the receptor-negative OVCAR-5 cancer cells. It was
found that when the conjugates with differing substitution
ratios were added at the same concentration of ce6 equivalent

Confocal microscopy
The use of green fluorescing probes specific for subcellular
organelles provides valuable information on the intracellular
localization of the red ce6 fluorescence delivered into the
cells by the conjugates. Cells were incubated with 2 mM ce6
equivalent for 3 h in serum-containing medium. As expected
from the extremely low uptake of ce6 found with OVCAR5 cells, Fig. 6c,d,g,h shows very little red signal, and the
mitochondrial probe R123 gives a stronger green signal (Fig.
6d,h) than the lysosomal probe (Fig. 6c,g), indicating that
OVCAR-5 cells have more pronounced mitochondria than
lysosomes. In contrast the J774 macrophages show a much
higher red signal (Fig. 6a,b,e,f), and the red fluorescence
shows a high degree of overlap with the green lysosomal
probe (Fig. 6a,e) while the red and green are notably distinct

Figure 5. Competition of uptake and protection from phototoxicity.
Cells were incubated with conjugates (A: BSA–ce6 1; B: BSA–ce6
2; C: mal-BSA–ce6 1; D: mal-BSA–ce6 2) at 4 mM ce6 equivalent
concentrations with increasing amounts of mal-BSA added simultaneously; ce6 uptake and phototoxicity were determined as described earlier.
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Figure 6. Confocal micrographs. Cells were grown on coverslips
and incubated with conjugates (2 mM ce6 equivalent concentration)
for 3 h and for the last 30 min with R123 or Lysotracker (25 nM).
A Leica laser scanning confocal microscope was used to generate
images with either red (5901 nm) or green (520–540 nm) fluorescence and these were overlaid to produce the two-color images. A–
D, BSA–ce6 2; E–H, mal-BSA–ce6 2; A,B,E,F, J774 cells; C,D,G,H,
OVCAR-5 cells; A,C,E,G, Lysotracker; B,D,F,H, R 123.

(this means that three times as much protein was added in
the case of BSA–ce6 1 as in BSA–ce6 2), the uptake of ce6
was two-fold higher for the conjugates with the higher substitution ratios. The uptake versus concentration curves
showed signs of becoming saturated in the case of J774 cells
and BSA–ce6 1 and 2 but not for the mal-BSA–ce6 conjugates. Since the number of conjugate molecules present in
the medium was three times higher for the low substitution
ratio (because the concentrations were specified in terms of
ce6 equivalent), if the affinities and rates of uptake by the
cells were similar, one would have expected equal cellular
uptakes of ce6 from the two substitution ratios. However, if
the concentration of conjugates in the medium were suffi-

cient to saturate the receptors, then one would expect that
the cellular uptake would be independent of the concentration in the medium and the uptake would be three times
higher for the conjugates with the higher substitution ratios,
but this saturation is not likely as can be seen from the
curves in Fig. 3. It is also possible that an albumin conjugate
that has had its structure more modified by attaching three
ce6 molecules rather than one has tighter binding to the receptor and hence a higher uptake. The uptake by J774 cells
of ce6 from the maleylated conjugate was almost twice that
from the nonmaleylated precursor for both substitution ratios. This finding is additional evidence for the hypothesis
that increased alteration of the serum albumin increases the
recognition by the receptor and hence the uptake.
Non–scavenger receptor–expressing OVCAR-5 cells took
up significantly more ce6 from nonmaleylated conjugates
than from their maleylated counterparts. In addition the uptake of BSA–ce6 1 and 2 by OVCAR-5 cells did not show
the saturation seen with the uptake by J774 cells. The explanation for these observations is not clear. The phototoxicity towards J774 cells as shown in Fig. 5 was mainly in
line with the cellular uptake of ce6. The complete lack of
phototoxicity toward the OVCAR-5 cells even though there
was some significant uptake, especially in the case of the
nonmaleylated conjugates, might be explained by the greater
ability of the J774 cells to hydrolyze these conjugates once
taken up into lysosomes. If these macromolecular conjugates
become significantly more phototoxic when broken down
into small fragments to release the free more photoactive
dye, as has been reported by Krinick et al. (38), the macrophages are ideally suited to this task. However, it should
be noted that even if the conjugates are broken down releasing free PS into the lysosomes, the lysosomal localization of the PS is likely to be significantly less efficient (per
molecule of PS) in killing the cells than other intracellular
localizations such as the mitochondria.
The competition experiments showed that the uptake and
phototoxicity of both the maleylated and nonmaleylated conjugates toward the J774 cells could be competed by an archetypal scavenger receptor ligand. However the competition was more effective against mal-BSA–ce6 1 and 2 than
the nonmaleylated precursors. It also appears that the competition was more effective against the conjugates with higher substitution ratios. The explanation for these observations
is presumably that there are at least two recognition sites for
these conjugates. The more highly altered albumin molecules are mainly recognized by the scavenger receptor, while
the less altered albumin molecules are also recognized by
another receptor.
In a recent publication Brasseur et al. (20) described the
preparation and phototoxicity of series of conjugates between BSA or mal-BSA and the PS aluminum phthalocyanine tetrasulfonate. They used J774 cells and a non–scavenger receptor–expressing murine cancer cell line EMT-6.
They did not directly measure the uptake of PS by the cells,
but found some degree of selective phototoxicity toward the
macrophage cell line. In agreement with the present study
the maleylated conjugates had higher phototoxicity than their
nonmaleylated counterparts. Nagae et al. (22) reported on
the use of a conjugate between mal-BSA and ce6 to target
intimal hyperplasia in vivo. They found that the mal-BSA–
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ce6 gave significant fluorescence localization in lesions and
good PDT treatment response compared to free ce6.
Recently, the role of scavenger receptors in many physiological processes such as atherogenesis (16), defense
against pathogens (39) and phagocytosis of apoptotic cells
(40) has been appreciated; however the precise structural
requirements needed for receptor ligand recognition are less
clear. The wide and seemingly unrelated range of structures
recognized by these receptors has led to them being termed
‘‘molecular flypaper’’ (41). The ligands are all macromolecules with a pronounced anionic charge but additional conformational factors are clearly involved (42) and the precise
determinants of recognition are incompletely understood
(43). Because of the specificity, high capacity and efficient
routing to lysosomes for degradation by proteases, the use
of covalent conjugates between scavenger receptor ligands
and various drugs to produce macrophage-targeted therapy
has been investigated. Basu and co-workers (44,45) have
demonstrated this principle in targeting J774 and other macrophage-like cells in vitro with conjugates between maleylated albumin and daunorubicin. They showed that with J774
cells growing as tumors in vivo there was a significant response with the conjugate that was not seen with the same
concentrations of free drug (19).
In contrast to previous theories (46), that TAM were
‘‘fighting a valiant but losing battle against the malignant
cells,’’ it is now thought that the relationship between the
tumor and the TAM is symbiotic in that both populations
help each other to survive and grow in various ways (23).
This relationship has been termed (47) a ‘‘ping–pong reciprocal feeding interaction.’’ Tumors actively recruit macrophages (48) and encourage their growth by expressing chemotactic molecules and growth factors for macrophages/
monocytes (49). In return the TAM can help the tumor to
grow and spread in four distinct ways. They can secrete
paracrine growth factors for tumor cells (50), they can secrete proangiogenic factors to encourage the formation of
neovasculature (51), they can produce proteases that degrade
extracellular matrix and help local invasion and metastasis
(52) and they can mediate immune suppression thus allowing the tumor to evade immune surveillance (53). For these
reasons TAM have been proposed to be a ‘‘target for cancer
therapy’’ (54). Macrophage-targeted PDT may be a good
example of this approach as the ability to confine illumination to the tumor together with the cell type–specific targeting should allow the TAM to be killed while sparing other
macrophage/monocyte subclasses in other locations. Experiments are underway in our laboratory to test these conjugates as targeted PDT agents against mouse tumors in vivo.
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