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DCPR, Département de Chimie Physique de Réactions, Nancy UniVersity, CNRS, 1 rue GrandVille, BP 20451, F-54001 Nancy, France, CRAN,
Centre de Recherche en Automatique de Nancy, Nancy UniVersity, CNRS, CAV, AVenue de Bourgogne, F-54511 VandoeuVre-lès-Nancy, CAV,
Centre Alexis Vautrin, Nancy UniVersity, UniVersity Institute of Pathology, CHUV, Bugnon 25, CH-1011 Lausanne, Switzerland

ReceiVed February 6, 2008

The cell membrane folate receptor (FR) is a molecular target for tumor-selective drug delivery, including
delivery of photosensitizers for anticancer photodynamic therapy (PDT). Tumor selectivity of meta-
tetra(hydroxyphenyl)chlorin (m-THPC), a photosensitizer used in PDT clinical trials, demonstrates a low
tumor-to-normal epithelial uptake ratio. We report on the synthesis and on the photophysical properties of
a m-THPC-like photosensitizer 1 conjugated to folic acid (compound 8). A comparative study of the
accumulation of photosensitizers 1 and 8 is described. Nude mice were xenografted with FR-R-positive KB
or HT-29 cells lacking FR-R as a negative control. Using optical fiber fluorimetry, we demonstrated that
conjugate 8 exhibited enhanced accumulation in KB tumors compared to 1 4 h after injection. No significant
difference between KB and HT-29 tumors was observed in case of compound 1. Tumor-to-normal tissue
ratio exhibited a very interesting selectivity for conjugate 8 (5:1) in KB tumors 4 h postinjection.

Introduction

Photodynamic therapy (PDT)a is one of the noninvasive ways
of treating malignant tumors or macular degeneration.1,2 In the
photodynamic reaction, the photosensitizer, or photosensitizing
agent, promoted to the excited singlet state using light, decays
to the triplet state and generates highly reactive oxygen species
(ROS)suchassingletoxygenthroughintermolecular triplet-triplet
energy transfer to oxygen. The ROS produced are toxic to cells
and tissues and destroy cancer cells.3–5

The essential element in the development of PDT is the
photosensitizer that absorbs light of an appropriate wavelength
at the site of photodynamic reaction to produce ROS and gives
the desired therapeutic outcome. Over the past decade, a
substantial effort has been put into the development of various
classes of photosensitizers that present better absorption, greater
tumor specificity, and less cutaneous photosensitivity compared
to the first-generation photosensitizer Photofrin (a mixture of
hematoporphyrinHpoligomerscurrentlyusedinPDTtreatment).6–8

Compared to porphyrins, chlorins offer increased absorption in
the farthest-red side band, thus enabling the use of a light with
deeper penetration in organic tissues. Moreover, chlorins present
good singlet oxygen quantum yields, making them overall better
photosensitizers and attractive for use in PDT. Among chlorins,
meta-tetrahydroxyphenylchlorin (m-THPC, temoporfin, Foscan)

is a second-generation photosensitizer clinically used for the
treatment of human mesothelioma and for gynecological,
respiratory, and head and neck cancers.9 Despite its high
photodynamic efficacy, m-THPC, like most of the current
photosensitizing agents, has a relatively narrow therapeutic
window and is associated with significant side effects such as
photosensitivity upon exposure to sunlight due to skin
accumulation.10,11 Moreover, many misleading informations
concerning the distribution of this photosensitizer in tissues can
be found in the literature. For example, Westerman et al.
reported on a selectivity around 3-4 at 2-8 h after administra-
tion of m-THPC in nude mice with a human colon carcinoma
model (LS174T).12 In contrast to these results, no selectivity
has been observed between human mesothelioma xenograft and
muscle in nude BALB/c mice for similar short times after
administration of m-THPC13 or only a little selectivity within a
mammary carcinoma model in C3D2/F1 mice.14

Recently, several new strategies have emerged to improve the
performances of PDT agents, including conjugation with oligo-
nucleotides, monoclonal antibodies, epidermal growth factor, carrier
proteins, carbohydrates, or hydrophilic polymers for selective
delivery of the agents into tumor tissues.9,15–17 However, the lack
of specific targets of chlorin- and porphyrin-based photosensitizers
and the dark cytotoxicity still remain a major challenge for PDT.
The vitamin folic acid is a ligand able to target covalently attached
bioactive agents quite specifically to folate receptor (FR)-positive
cancer cells.18,19 The FR, which is a well-known cancer cell-
associated protein, can actively internalize bound folates via
endocytosis.20,21 Folate receptors exist in three major forms, namely
FR-R, FR-�, and FR-γ. The FR-R form is overexpressed by many
types of tumor cells, including ovarian, endometrial, colorectal,
breast,lung,renal,neuroendocrinecarcinomas,andbrainmetastases.18,22

Upon receptor interaction, the folic acid-receptor complex is taken
up by cells and moves into many organelles involved in endocytotic
trafficking, providing for cytosolic deposition.23 Proper synthesis
procedures have been pointed out to link folic acid to molecules
in order to develop targeting delivery systems. It was demonstrated
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that the glutamate γ-carboxyl group modification does not induce
significant loss of folic acid affinity for the receptor.20 Moreover,
because of its high stability, compatibility with both organic and
aqueous solvent, low cost, nonimmunogenic character, ability to
conjugate with a wide variety of molecules, and low molecular
weight, folic acid has attracted wide attention as a targeting agent
for tumor detection. Recent examples that take advantage of folic
acid uptake to promote targeting and internalization include
inorganic nanoparticles,24,25 polymer nanoparticles,26,27 poly-
meric micelles,28 lipoprotein nanoparticles,29 tumor imaging
agents,30 cyclodextrins,31 chemotherapeutics,32 microgels,33 and
dendrimers34 (see refs 19, 35, and 36 for a comprehensive
overview of this technology).

Our group synthesized a new porphyrin-folic acid conjugate
using a short poly(ethylene glycol) (PEG), 2,2′-(ethylenedioxy)-
bis-ethylamine, as a spacer arm. Our preliminary in vitro studies,
developed with KB nasopharyngeal cells, a human nasopha-
ryngeal epidermal carcinoma cell line overexpressing FR-R
form, demonstrated that the uptake of the conjugate was on
average 7-fold higher than tetraphenylporphyrin used as a
reference and that the cells were significantly more sensitive to
folic acid-conjugated porphyrin-mediated PDT.37 Very recently,

Stefflova et al. succeeded in the development of a fluorescent
photosensitizer-peptide-folic acid conjugate for PDT and near-
infrared fluorescence imaging and demonstrated its good bio-
distribution pattern (FR-specific tumor uptake and low accu-
mulation in normal tissues).38 In the present study, we first report
on the synthesis and photophysical properties of a m-THPC-
like photosensitizer conjugated to folic acid via 2,2′-(ethylene-
dioxy)-bis-ethylamine 8. We subsequently describe a compara-
tive study of accumulation of compound 8 in KB tumors, used
as positive control, and in HT-29 tumors, lacking FR-R as
negative control. An optical fiber spectrofluorimeter was used
to follow the fluorescence accumulation of the conjugate 8
versus the nonconjugated photosensitizer 1 by fluorescence
spectroscopy in real-time in tumor-bearing nude mice.

Results and Discussion

Chemistry. One of the goals of our synthetic work in this
area was the successful preparation of a structurally related
derivative of m-THPC bearing a para-carboxylic group for the
linkage chemistry. Tris(3-hydroxyphenyl)-4-carboxyphenylchlo-
rin 1 was synthesized according to Scheme 1 starting from
3-methoxybenzaldehyde, methyl 4-formylbenzoate, and pyrrole.

Scheme 1. Synthesis Route to tris(3-Hydroxyphenyl)-4-carboxyphenylchlorin
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After 2.5 h stirring at room temperature in CH2Cl2 in the
presence of BF3 ·OEt2, the intermediate porphyrinogen was
oxidized in situ with 2,3,5,6-tetrachlorobenzoquinone (p-chlo-
ranil) in refluxing CH2Cl2 to yield porphyrin 2 in 8% yield after
column chromatography. The ester function of 2 was subse-
quently hydrolyzed with KOH to generate the acid 3. Compound
3 proved to be extremely resistant to classical demethylation
methods. Despite varying many reaction parameters such as
reaction temperature, solvent, or number of equivalents, no
satisfactory results were obtained when demethylation of 3 was
attempted with BBr3 or HBr (partial demethylation and only
traces of 4). Rapid and complete deprotection could however
be achieved by treatment of 3 with Ph2S2 and sodium metal or
CaH2 in NMP to generate the demethylating thiophenate
anion.39,40 Tris(3-hydroxyphenyl)-4-carboxyphenylporphyrine 4
was isolated as a crystalline solid with an excellent 90% yield
after column chromatography using this experimental procedure.
Diimide reduction of porphyrin 4 using toluene-4-sulfonohy-
drazide in dry pyridine afforded chlorin 1 and the corresponding
bacteriochlorin, which was carefully reoxidized at 25 °C with
o-chloranil until the absorption peak at 735 nm disappeared.41

After column chromatography, the isomeric chlorins 1a and 1b
(a 50/50 mixture of two inseparable isomers) were obtained in
78% yield. Finally, it should be noted that when the diimide
reduction of the porphyrin 3 was performed before the dem-
ethylation step, a partial oxidation of tris(3-hydroxyphenyl)-4-
carboxyphenylchlorin into the corresponding porphyrin (up to
45%) was observed during the heating with the thiophenate
anion.

The synthesis of the target compound 8 was carried out as
described in Scheme 2. Chlorins 1 were first linked to Boc-
monoprotected 2,2′-(ethylenedioxy)-bis-ethylamine 5 by an
EDC-mediated coupling reaction with a 85% yield. Deprotection
of the Boc group with TFA followed by DCC-mediated coupling

of compound 7 with folic acid afforded the folate-coupled
chlorins 8 in 79% yield. For administration to animals, crude 8
was first dialyzed against saline and water to remove unreacted
starting materials and byproduct and then purified by RP-HPLC
(see Supporting Information).

Because carbodiimide-activated folic acid can be coupled with
chlorins 7 via either R- or γ-carboxyl groups of its glutamate
residue, and that only the γ-conjugate is capable of binding to
the FR,42 it was important to determine the relative amounts of
each R- and γ-carboxyl-linked conjugates. By RP-HPLC and
1H NMR, we determined that ca. 70% of the chlorins 7 were
linked through the γ-carboxyl group. These proportions of R-
and γ-products are consistent with the previously reported results
obtained during coupling of folic acid with amine derivatives.43

Only the γ-folate conjugate of isomeric chlorins, isolated in 51%
yield from crude 8 by RP-HPLC, was used for in vivo
experiments.

Spectroscopic Characterization and Photophysical
Properties. The absorption spectra of chlorin 1 and conjugate
8 in ethanol are shown in Figure 1, and optical properties of
selected compounds synthesized are gathered in Table 1. The
absorption spectra of compound 8 appears additive as it is made
of visible bands that can be assigned to the chlorin, namely the
intense Soret band at ca. 415 nm and the weaker Q-bands at
longer wavelengths and of bands that are attributed to the folic
acid unit in the UV region. Interaction of chlorin and folic acid
seems negligible as far as the electronic absorption viewpoint
is concerned. The fluorescence quantum yields were calculated
by steady state comparative method using tetraphenylporphyrin
as reference and were comparable for 1, 8, and m-THPC. It
can finally be noted that conjugate 8 showed simultaneously
the fluorescence emission corresponding to folic acid at 350
nm (Figure 2) and chlorin typical fluorescence emission specific
at 652 nm (Figure 3). Singlet oxygen formation quantum yields

Scheme 2. Synthesis Route to the tris(3-Hydroxyphenyl)-4-carboxyphenylchlorin Conjugated with Folic Acid (Only One Isomer of the
Chlorine and the γ-Folate Conjugate is Represented for Simplicity)
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were determined by direct measurement of the infrared lumi-
nescence (1270 nm) using Bengal pink in ethanol as reference
and were similar for compounds 1, 8, and m-THPC.

Expression of FR-r by KB and HT-29 Cell Lines. To
validate the choice of the KB nasopharyngeal cell line, as a
positive control overexpressing FR-R (FR+), and HT-29 cells,
a human colon adenocarcinoma cell line, lacking FR-R (FR-),
the expression of FR-R was investigated. KB cells strongly
expressed FR-R (Figure 4). Western blot analysis revealed the
presence of high levels of FR-R as shown by a strong band at
40 kDa. As previously shown by Parker et al.,22 no expression
of FR-R was observed in HT-29 cells. HeLa cells also expressed
RF-R, albeit to a lesser extent than KB cells, suggesting that
conjugate 8 could also be used for the selective delivery of
photosensitizers to this cell line.

Effect of Tissue Optics on Fluorescence Measurements
and Spectral Analysis. As an initial animal model, we
employed the athymic mouse implanted subcutaneously with
KB cells, which overexpress the FR-R, but it is expected that
the results obtained with this tumor model can be extended to
other human tumors known to overexpress FR-R.44,45 Experi-
ments were performed with an optical fiber spectrofluorimeter
built in our laboratory. Bourdon et al. have demonstrated that
in situ fluorescence measurements with fiber fluorimetry and
concentration data determined by HPLC after extraction were
in broad agreement, indicating that this noninvasive technique
is sufficiently sensitive and can be used to follow the distribution
of fluorescent drugs in real time.46

Tumor-bearing nude mice were intravenously injected with
2.2 × 10-6 mol/kg of compounds 8 or 1. For fluorescence
measurements, the distal end of the probe was placed in gentle
contact with the tissue area to be investigated (skin or tumor).
Three or two animals, depending on problems with intravenous
injection or tumor development, were tested for each condition
and averaged, representing intertissue variations for one animal.

The light absorption and scattering properties of tissues may
have an important influence on both the intensity and spectral
shape of measured fluorescence. With short-wavelength excita-
tion (blue, λ ca. 410 nm), the high light attenuation by tissue
restricts measurements to superficial layers and makes them
sensitive to local tissue inhomogeneities because hemoglobin
and other natural chromophores like flavins have high absorp-
tion. Thus, fluorescence spectra were first normalized to the
flavins fluorescence mean intensity.47 In fact, autofluorescence
in the red region of the visible spectrum typically consists of
two components. The first one is a monotonically decreasing

“tail” composed of emission from a number of endogenous
fluorophores with emission maxima at shorter wavelengths, and
the second component is emission from naturally occurring
porphyrins in the tissue. Because the proportions of these two
components may vary with time and among animals, it was
necessary to treat them as separate basis spectra. An algorithm
based on a Bayesian approach coupled to a Markov chain Monte
Carlo method was used (for spectral analysis, see Experimental
Section). Figure 5 shows representative fluorescence spectra
estimated by this spectral analysis and illustrates the effect of
tissue optics on fluorescence measurements corresponding to
compound 8 accumulation in tumor and skin 4 and 24 h
postinjection. We measured the highest fluorescence signals in
the tumors and the weakest coming from the skin. Moreover,
spectral distribution and peak intensities were found to be
reproducible whatever the animal used for the same experimental
conditions (see Supporting Information for all spectra).

The Role of Folate Attachment for Selective Delivery
of Conjugate 8. To create a suitable animal model for evaluation
of FR targeting in vivo, athymic mice were implanted subcu-
taneously with about 106 human nasopharyngeal carcinoma
(KB) cells, previously used in the study of FR targeting in
vitro.37 Measurable tumors consistently developed 10-15 days
after cells implantation. Upon section at the time of study, the
tumors had a negligible degree of necrosis (data not shown).
Successful execution of this study required an animal model
that would mimic human neoplastic disease both in terms of
the folate receptor content of the tumor but also of the free-
folate concentration in the serum. Because normal rodent chow
contains a high concentration of folic acid (6 mg/kg of chow),
the mice used in the tumor-targeting studies were maintained
on folate-free diet to achieve serum folate concentrations closer
to the 4-6 µg/L (9-14 nM) range of normal human serum.48

Hence, the comparative study of photosensitizer accumulation
was performed after 2-3 weeks of folate-free diet. To monitor
the tissue uptake by fluorescence of compounds 8 and 1 and to
validate the FR-targeting selectivity of the conjugated photo-
sensitizer in vivo, nude mice bearing either a KB tumor (FR+)
or a HT-29 tumor (FR-) were used after the drugs injection at
two different time points (4 and 24 h postinjection). Both
photosensitizers accumulation within tumor tissues was higher
than in the skin, independently of the FR-R expression tumor
status or animal’s diet (Figures 5 and 6). Unsurprisingly, we
noticed differences in skin fluorescence at 4 h postinjection for
both photosensitizers (Figure 6A) and for compound 8 in mice
on a folate-free diet (Figure 6 B). Indeed, the limited number
of mice for each condition, conceivable interindividual variations
in pharmacokinetics (mainly at short-times) associated with very
low fluorescence intensities values measured in the skin, and a
period varying from 2 to 3 weeks of fed folate-free rodent diet,
all emphasize the variability in individual responsiveness and
contribute to this apparent difference between animals. Four
hours after intravenous injection, conjugate 8 exhibited enhanced
in vivo accumulation in KB tumors (around 2.0-fold) compared
to 1 but only for the folic acid-free animal’s diet. The specific
involvement of the FR in mediating this uptake is demonstrated
by no 8 accumulation in KB tumor for the mice that were fed
normal (high folate) rodent chow (Figures 6A,B). However, 24 h
postinjection and for mice under folate-free diet, no further
accumulation of 8 in FR+ tumors was observed (Figure 6D),
probably due to a more rapid elimination of 8 from the blood
compartment compared to 1. Indeed, photosensitizers 1 and 8
will have different pharmacokinetics because the delivery
mechanism and their hydrophobicity differ. Active transport via

Figure 1. Absorption spectra of folic acid (green line), chlorin 1 (red
line), and of conjugate 8 (black line).
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receptor-mediated endocytosis, where the compound is trapped
within an endosome, combined with generally rapid clearance
of more hydrophilic compounds from the system, will result in
shorter times between the injection and maximum tumor
accumulation compared to hydrophobic photosensitizers that can
both be taken up by endocytosis but also freely penetrate the
membrane and often circulate longer within the system. One
additional aspect that is important for folic-acid-mediated drug

delivery concerns the rate of FR recycling between the cell
surface and its intracellular compartments. Accumulation of
folate conjugates in tumors tissues will depend upon not only
the number and accessibility of FR on the malignant cell surfaces
but also the time required for unoccupied receptors to recycle
back to the cell surface for additional drug uptake. Using
radioactive conjugates, Paulos et al. found empty FR+ to unload
their cargo and return to the cell surface in about 8-12 h.49 As
previously shown, folate-conjugated radiotracers were found to
be efficiently cleared from the blood compartment 24 h
postintravenous administration to rats. Hence, as there was no
substantial radiotracer accumulation 4 h postinjection, folate-
receptor-targeted radiopharmaceuticals were used after that
intravenous administration period.43,49

A light loss of 8 uptake in FR- tumor as well as a decrease
of its uptake in skin were observed for the animals maintained
on folate-free diet compared to those receiving normal dietary
sources (Figure 6). A starvation of folic acid in the animal’s
diet for three weeks unavoidably leads to a decrease in cellular
metabolic activity, illustrated by lower values of the photosen-
sitizer accumulation in normal tissue. Folic acid is an essential
dietary vitamin used by all eukaryotic cells for DNA synthesis
and one-carbon metabolism. It was found that the porphyrin
production after intraperitoneal injection of 5-aminolevulinic
acid (ALA) or its derivative methyl 5-aminolevulinate (MAL)
was significantly increased by intraperitoneal injection of folic
acid. Folic acid might be used for the protection of normal skin
against photosensitization. The effects of folic acid were
demonstrated to be similar in tumors and normal skin.50

A factorial ANOVA (analysis of variance) modeling method
was used to evaluate which parameter or combination (tumor
type, diet, photosensitizer type, postinjection time, or tissue type)
leads to the best photosensitizer accumulation. Five two-level
biological factors were considered (Table 2). The determination
coefficient r2 for the full factorial model was about 0.84, which
is a satisfactory result for an in vivo model. Estimates of the
ANOVA model coefficients are listed in Table 3. Biological
factors X3, X5 and interactions between X1 and X2, X3, and X4

demonstrated a statistically significant effect (P > 0.001) on
the photosensitizer accumulation in tissues (Table 3). Photo-
sensitizer type and tissue type lead to the most important impacts
on photosensitizer accumulation. The interaction between pho-
tosensitizer type and postinjection time was also significant,
confirming that simultaneously both factors interact with the
response.

Tumor-to-Normal Tissue Ratio as a Result of
Selectivity. Each condition was tested at least in two tumor-
bearing nude mice. Experimental design was applied to analyze
tumor-to-skin accumulation ratio 4 h postinjection, correspond-
ing for conjugate 8 to the optimum accumulation time in the
FR+ tumor. Tables 4 and 5 list the main mean effects on the in
vivo selectivity, calculated from the estimated model. Results
indicated an interesting selectivity 5.0 versus 2.1 for conjugate
8 compared to 1 in FR-bearing KB tumors for animals under a
folic acid-free diet (Tables 4 and 5). This clearly shows the
effect of the folate carrier, which facilitates the preferential

Table 1. Electronic Absorption, Fluorescence Data, and Singlet Oxygen Quantum Yield for 1, 8, and m-THPC Derivativesa

compound λmax (nm) (ε)b
fluorescence
λmax (nm)c

fluorescence quantum
yield [ΦF]

singlet oxygen
quantum yield [Φ(1O2)]

1 417(33.3), 517(2.4), 542(1.8), 597(1.0), 650(4.7) 652 0.20 0.72
8 283(11.0), 417(28.0), 517(3.5), 542(2.6), 596(1.5), 650(6.8) 652 0.18 0.57
m-THPC 417(81.0), 517(10.8), 542(6.8), 596(4.3), 650(21.8) 654 0.24 0.60
a All UV-vis and fluorescence spectra were recorded in EtOH. b Molar extinction coefficients are expressed in 103 M-1 cm-1. c Fluorescence spectra

were recorded after excitation at ca. 415 nm.

Figure 2. Fluorescence spectra of m-THPC (blue line), chlorin 1 (red
line), and conjugate 8 (black line) after excitation at λex ) 290 nm
(spectra were corrected relative to absorbance).

Figure 3. Photoluminescence spectra of m-THPC (blue line), chlorin
1 (red line), and conjugate 8 (black line) after excitation at λex ) 420
nm (spectra were corrected relative to absorbance).

Figure 4. Western blot analysis of FR-R expression by KB, A549,
HeLa, and HT-29 cells. A549 cells were added as negative control.
KB cells strongly overexpressed FR. HeLa cells also expressed FR-R,
albeit to a lesser extent than KB cells.
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accumulation of 8 in the KB tumor because folate-lacking 1
does not distinguish between the FR+ and FR- tumors. Our
results are consistent with those obtained by Stefflova et al.,
who developed a folate derivative of the pyropheophorbide
photosensitizer for imaging and PDT. Their compound ac-
cumulated more in KB tumors than in HT1080 cells (FR-) (ca.
2.5 fold).38 Tumor selectivity of m-THPC has also been
investigated on animal models in vivo.51–55 No conclusions have
been drawn in as far as drug concentration in specific tissues
varied depending on species and individuals.56 It may be
considered that a tumor-to-normal epithelial ratio of 1 to 1.5
has been currently observed using optical fiber fluorimetry on
patients undergoing PDT of esophageal tumors with m-THPC
(J. Blais, personal communication, unpublished data, see ref 46).
Using fluorimetric technique, Morlet et al. observed a tumor
fluorescence maximum at 72 h postinjection but with a tumor-
to-skin ratio decreasing between 12 and 72 h.52 As expected,
when we compare the in vivo selectivity of 8 in mice fed on
normal diet, there is no difference between FR+ KB tumors
and FR- HT-29 tumors (Table 4) because serum folate from
normal dietary sources will directly compete with the folate
conjugate for tumor cell uptake via the folate receptor pathway.
This is consistent with the observation of Mathias et al., who
demonstrated that a 67Ga-deferoxamine-folate conjugate, used
as a tumor-selective radiopharmaceutical, showed marked tumor-
specific deposition in vivo 4 h post injection. In this study, the
authors have also noticed that tumor uptake of their conjugate

was blocked by intravenous preadministration of free folate as
well as by maintaining the animals on normal folate-rich rodent
chow.48

Conclusion

In conclusion, we have prepared and characterized a new folic
acid-conjugated m-THPC like photosensitizer 8. Its tissue
accumulation was evaluated in vivo by optical fiber fluorimetry.
Results obtained show that 4 h after intravenous injection, folate-
specific uptake of conjugate 8 was enhanced in KB tumors (ca.
2.0 fold) compared to the nonconjugated photosensitizer 1.
Moreover, the selectivity for tumor versus normal tissue was
high (5:1). The observed behavior of compounds 8 and 1 at 4 h
versus 24 h postinjection is likely due to the combination of a
specific uptake and a more rapid clearance of 8 from blood.
Through a factorial analysis of variance modeling method, we
have finally demonstrated that the photosensitizer structure
(targeted 8 or nontargeted 1) and tissue type (KB cell line
overexpressing FR or HT-29 cell line lacking FR) are the most
important parameters on photosensitizer accumulation. Because
the mean free path of singlet oxygen is very short (>0.05 µm),
the resultant apoptosis and necrosis occur only in cells that have
taken up the photosensitizer. We therefore hope that conjugate
8 can be proposed for improved selectivity in PDT of folate

Figure 5. Representative fluorescence emission spectra after excitation at 410 nm in KB tumor tissue recorded from a living mouse 4 h (A) and
24 h (C) after intravenous administration of 8 (2.2 × 10-6 mol/kg). (B,D) Fluorescence emission spectra in normal epithelial tissue (skin) recorded
from a mouse for the same conditions. Spectra were normalized relative to the tissue autofluorescence. Each spectrum was a mean fluorescence
spectrum calculated from three spectra measured at different points of the tissue. Measured fluorescence spectrum (circle). Estimated fluorescence
spectrum obtained by fitting with an algorithm based on a Bayesian approach coupled to a Markov chain Monte Carlo method (red line). Isolated
Gaussian function from the estimated model of the complete spectrum (black dotted line) and the estimated photosensitizer-free fluorescence spectrum
(black line).
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receptor-positive tumors. In vivo PDT efficacy with compound
8 is under investigation.

Experimental Section

Chemistry and Photophysical Studies. Melting points were
determined using a Reichert Köfler hot-stage apparatus and are
uncorrected. Infrared spectra were recorded with a FTIR Nicolet/
Avatar. Routine nuclear magnetic resonance were recorded on a

Brucker AM400 spectrometer operating at 400 MHz. Chemical
shifts are reported in ppm, relative to the solvent peak, and are
given downfield from TMS. Splitting pattern abbreviations are as
follows: s ) singlet, d ) doublet, dd ) double doublet, t ) triplet,
td ) triplet of doublets, m ) multiplet. Electrospray ionization (ESI)
mass spectra were recorded on a Surveyor mass spectrometer.
Moisture-sensitive reactions were carried out under a dry nitrogen
atmosphere in flame-dried glassware. Solvents were distilled before
use under nitrogen. Reactions were monitored by thin layer
chromatography (TLC) on Merck precoated silica gel 60 F254 neutral
plates. Silica gel 60 (230-400 mesh) was used for column
chromatography. Chemicals were obtained from commercial sources
and used without purification, unless stated otherwise. 2,2′-
(Ethylenedioxy)-bis-ethylamine was prepared according to ref 57.
Methyl 4-formylbenzoate was prepared according to ref 58.
Synthesis and purification of folate-containing compounds was
performed under reduced light, and these materials should be
considered light-sensitive.59

Absorption spectra were recorded on a Perkin-Elmer (Lambda
2, Courtaboeuf, France) UV-visible spectrophotometer. Fluores-
cence spectra were recorded on a Fluorolog-3 spectrofluorimeter
F222 (Jobin Yvon, Longjumeau, France) equipped with a thermo-
statted cell compartment (25 °C) using a 450 W xenon lamp. The
ΦF values were determined by the equation: ΦF(sample) ) (Fsample/
Fref)(Aref/Asample)(nsample

2/nref
2)ΦF(ref), where F, A, and n are the

measured fluorescence (area under the emission peak), the absor-
bance at the excitation wavelength, and the refractive index of the
solvent, respectively. Tetraphenylporphyrin (TPP) in toluene was
used as reference [ΦF(ref) ) 0.11].60 Determination of singlet oxygen
quantum yield Φ(1O2): Excitation occurred with a Xe-arc, the light
was separated in a Fluorolog-3 spectrofluorimeter F222, 0.22 µm
double monochromator. The detection at 1270 nm was done through
a PTI S/N 1565 monochromator, and the emission was monitored
by a liquid nitrogen-cooled Ge-detector model (EO-817L, North
Coast Scientific Co). The absorbance of the reference solution
(Bengal pink in EtOH Φ(1O2) ) 0.68)60 and the sample solution
(at 515 nm) were set equal (between 0.2 and 0.5) by dilution.

Final compounds 1 and 8 undergoing biological testing were
respectively analyzed by HPLC and RP-HPLC using a Shimadzu
system. Their purity was found to be above 99%.

5,10,15-tris(3-Methoxyphenyl)-20-(4-methylbenzoate)porphy-
rin (2). Under a nitrogen flow, a 3-neck flask (2 L) was charged
with anhydrous CH2Cl2 (1.5 L), freshly distilled pyrrole (1.0 g, 15
mmol), 3-methoxybenzaldehyde (1.53 g, 11.25 mmol), and methyl
4-formylbenzoate (0.62 g, 3.75 mmol). After stirring for 15 min at
rt, BF3 ·OEt2 (185 µL) was added. The mixture was further stirred
for 2 h at rt. p-Chloranil (2.77 g, 11.25 mmol) was then added,
and the mixture was refluxed for 2 h. After cooling to rt, the solvent
was removed in vacuo. The crude material obtained was purified
by gradient column chromatography (CH2Cl2/hexanes 1:1 to
CH2Cl2), yielding 2 (905 mg, 8%) as a purple solid. TLC (CH2Cl2):
Rf ) 0.59. 1H NMR (CDCl3): δ 8.95-8.83 (m, 8H, CH �-pyrrole),
8.47 (d, J ) 8.0 Hz, CHAr), 8.31 (d, J ) 8.0 Hz, CHAr), 7.86-7.80
(m, 6H, CHAr), 7.67 (dd, J ) J′ ) 7.6 Hz, 3H, CHAr), 4.14 (s, 3H,
COOCH3), 4.01 (s, 9H, OCH3), -2.80 (s, 2H, NH). UV-vis
(AcOEt): λmax 415, 512, 548, 588, 645 nm. MS m/z 763.2 [M +
H]+.

5,10,15-tris(3-Methoxyphenyl)-20-(4-carboxyphenyl)porphy-
rin (3). Compound 2 (0.570 g, 0.74 mmol) and KOH (2.1 g, 0.374
mmol) were suspended in MeOH/THF/pyridine (20:10:1, 24 mL).
The reaction mixture was refluxed for 24 h, until TLC showed no
ester remaining. After cooling to rt and neutralization with a
saturated aqueous solution of citric acid, MeOH and THF were
removed in vacuo. The product was extracted with CH2Cl2 (2 ×
100 mL). The combined organic layers were washed with brine
(50 mL) and dried over Na2SO4. The crude material obtained was
purified by gradient column chromatography (CH2Cl2/hexanes 0:1
to 1:0 then acetone), to afford 3 (490 mg, 88%) as a purple solid.
TLC (acetone/CH2Cl2 2:8): Rf ) 0.73. IR, ν cm-1: 1707 (CdO).
1H NMR (CDCl3): δ 8.95-8.80 (m, 8H, CH �-pyrrole), 8.54 (d, J
) 7.8 Hz, 2H, CHAr), 8.36 (d, J ) 7.8 Hz, 2H, CHAr), 7.87-7.75

Figure 6. In vivo accumulation of photosensitizers (Z values × 10-4,
see Spectral Analysis in Experimental Section) in KB (square) or HT-
29 (circle) tumors (Y-axis) and in skin (X-axis). Data were obtained
after intravenous injection of 8 or 1 (2.2.10-6 mol/kg).

Table 2. Biological Factors of the Full Factorial Experiment

symbol definition levels
coded
values factors

X1 tumor cells type 2 -1/1 KB cells/HT-29 cells
X2 diet 2 -1/1 without folate/with folate
X3 photosensitizer type 2 -1/1 8/1
X4 postinjection time 2 -1/1 4 h/24 h
X5 tissue type 2 -1/1 tumor/skin

Table 3. Estimates of the Model Coefficients and their Significance

coefficient estimate
F value
Pr (>F) coefficient estimate

F value
Pr (>F)

Y0 1.77 × 10-6 d b123 -1.98 × 10-7 d
b1 -3.17 × 10-7 b b124 4.22 × 10-8 d
b2 2.02 × 10-7 a b125 -4.56 × 10-8 d
b3 3.00 × 10-7 c b134 -1.06 × 10-8 d
b4 1.68 × 10-7 d b135 4.34 × 10-8 d
b5 -6.31 × 10-7 c b145 -1.58 × 10-8 d
b23 1.09 × 10-7 d b234 3.31 × 10-8 d
b13 -4.60 ×10-9 d b235 -5.04 × 10-9 d
b12 1.91 × 10-7 a b245 7.67 × 10-8 d
b34 3.52 × 10-7 c b345 -6.17 × 10-8 d
b24 -1.21 × 10-7 d b1234 2.33 × 10-7 a
b14 -1.85 × 10-8 d b1235 1.31 × 10-7 d
b25 4.38 × 10-8 d b1245 -1.11 × 10-7 d
b35 9.51 × 10-9 d b1345 8.93 × 10-8 d
b15 2.83 × 10-7 b b2345 5.95 × 10-8 d
b45 -3.44 × 10-8 d b12345 -1.28 × 10-7 d

a P > 0.05 b P > 0.01 c P > 0.001 d Not significant.
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(m, 6H, CHAr), 7.65 (dd, J ) J′ ) 8.0 Hz, 3H, CHAr), 7.35 (brd,
3H, CHAr), 3.99 (s, 9H, OCH3), -2.78 (s, 2H, NH). UV-vis
(AcOEt): λmax 415, 512, 546, 589, 645 nm. MS m/z 749.3 [M +
H]+.

5,10,15-tris(3-Hydroxyphenyl)-20-(4-carboxyphenyl)porphy-
rin (4). A flask and cooler were dried at 100 °C and cooled under
a N2 flow. Ph2S2 (428 mg, 2 mmol) in anhydrous NMP (2 mL)
were introduced followed by CaH2 (230 mg, 5.5 mmol). The
reaction mixture was heated at 100 °C for 15 min and then cooled
down to rt. In the dark, a solution of porphyrin 3 (490 mg, 0.66
mmol) in NMP (2 mL) was injected, and the mixture was refluxed
for 2 h. The resulting reaction mixture was allowed to cool to rt
and then poured into 10 mL of a 5 wt % aqueous NaOH solution.
The aqueous phase was washed with Et2O (2 × 5 mL), neutralized
with 0.1 N aqueous HCl and extracted with CH2Cl2 (3 × 10 mL).
The combined CH2Cl2 layers were dried over Na2SO4. The crude
product was purified by gradient flash chromatography (CH2Cl2,
then acetone, then MeOH/acetone 5:95), yielding 4 (390 mg, 84%)
as a dark-purple solid. TLC (acetone): Rf ) 0.46. IR, ν cm-1: 3206
(OH), 1721 (CdO). 1H NMR (DMSO-d6): δ 8.97-8.86 (m, 8H,
CH �-pyrrole), 8.41 (d, J ) 7.2 Hz, 2H, CHAr), 8.22-8.04 (m,
3H, CHAr), 7.71-7.56 (m, 6H, CHAr), 7.31 (brd, 3H, CHAr), -2.90
(s, 2H, NH). UV-vis (EtOH): λmax 415, 517, 545, 597, 652 nm.
MS m/z 707.2 [M + H]+.

5,10,15-tris(3-Hydroxyphenyl)-20-(4-carboxyphenyl)chlorin
(1). In the absence of light and under N2, compound 4 (390 mg,
0.55 mmol) and anhydrous K2CO3 were added to pyridine (6 mL).
Toluene-4-sulfonohydrazide (163 mg, 0.876 mmol) was then added,
and the mixture was refluxed for 24 h. Further quantities of toluene-
4-sulfonohydrazide (163 mg, 0.876 mmol) were added after 2, 4,
6, and 8 h reaction. After cooling to rt, ethyl acetate (170 mL) and
distilled water (100 mL) were added and the reaction mixture was
again refluxed for 1 h. After cooling to rt, the organic phase was
separated and washed with 2 M HCl (200 mL) and then with water
until neutrality. The presence of chlorin and bacteriochlorin was
controlled by UV-vis spectroscopy (bands at 651 and 738 nm,
respectively). ortho-Chloranil was then gradually added to the stirred
organic solution at 25 °C until the absorption peak at 738 nm
disappeared. The organic phase was then washed with water (200
mL), dried with Na2SO4, and concentrated in vacuo. The crude
material obtained was purified by gradient column chromatography
(CH2Cl2/acetone 1:0 to 0:1) to afford 1 as a brown film (360 mg,
66%). TLC (acetone): Rf ) 0.44. IR, ν cm-1: 3241 (OH), 1719
(CdO). 1H NMR (DMSO-d6): δ 8.64 and 8.59 (2d, J ) 4.5 Hz,
2H, CH �-pyrrole), 8.41-8.02 (m, 10H, CHAr + CH �-pyrrole),

7.50 (dd, J ) 7.2 Hz, 3H, CHAr), 7.30 (d, J ) 7.2 Hz, 3H, CHAr),
7.27 (brs, 3H, CHAr), 7.15 and 7.11 (2dd, J ) 7.2, J′ ) 1.1 Hz,
3H, CHAr), 4.21-4.13 (m, 4H, CH2 �-pyrrole), -1.60 and -1.69
(2s, 2H, NH). UV-vis (EtOH): λmax 417, 517, 542, 597, 650 nm.
MS m/z 709.2 [M + H]+.

tert-Butyl N-{2-[2-(2-aminoethoxy)ethoxy] Ethyl Carbamate}-
5,10,15-tris(3-Hydroxyphenyl)-20-(4-carboxyphenyl)chlorin (6).
In the absence of light and under N2, chlorin 1 (160 mg, 0.23 mmol)
and Boc-protected 2,2′-(ethylenedioxy)-bis-ethylamine 5 (66 mg,
0.27 mmol) were dissolved in anhydrous THF (30 mL). DMAP
(28 mg, 0.23 mmol) and EDC (72 mg, 0.37 mmol) were then added,
and the mixture was stirred 24 h at rt. The solvent was evaporated
in vacuo, and the crude product was purified by gradient flash
chromatography (CH2Cl2/acetone 1:0 to 0:1) to afford 6 as a brown
film (146 mg, 71%). TLC (acetone/CH2Cl2 3:7): Rf ) 0.56. IR, ν
cm-1: 1711 (CdO). 1H NMR (CD3OD): δ 8.64 and 8.59 (2d, J )
4.5 Hz, CH �-pyrrole), 8.46 (d, J ) 4.5 Hz, 1H, CHAr), 8.45-8.39
(m, 3H, CHAr), 8.29-8.20 (m, 2H, CHAr), 8.07-7.98 (m, 2H,
CHAr), 7.52-7.05 (m, 12H, CHAr), 4.17-4.11 (m, 4H, CH2

�-pyrrole), 4.07 (t, J ) 6.8 Hz, 2H, CH2-NHBoc), 3.69-3.11 (m,
10H, OCH2 + NHCH2), 1.34 (s, 9H, C(CH3)3). UV-vis (EtOH):
λmax 419, 517, 545, 597, 652 nm. MS m/z 939.4 [M + H]+.

N-{2-[2-(2-Aminoethoxy)ethoxy]ethyl}-5,10,15-tris(3-hydrox-
yphenyl)-20-(4-carboxyphenyl)chlorin (7). In the dark under a
N2 atmosphere, compound 6 (146 mg, 0.16 mmol) was treated with
TFA/CH2Cl2 (1:1, 5 mL) at 0 °C. After being stirred for 2 h, TFA
and CH2Cl2 were evaporated. The green residue was taken up in
CH2Cl2 (10 mL), and anhydrous potassium carbonate was added
until the color changed from green to red. After filtration, the
organic layer was concentrated and the crude product was purified
by gradient flash chromatography (CH2Cl2/acetone 1:1 to 0:1) to
afford 7 as a red film (120 mg, 91%). TLC (acetone): Rf ) 0.24.
IR, ν cm-1: 3284 (NH2), 1718 (CdO). 1H NMR (CD3OD): δ 8.61
and 8.55 (2d, J ) 4.6 Hz, 2H, CH �-pyrrole), 8.45-8.35 (m, 2H,
CHAr), 8.25-8.12 (m, 3H, CHAr), 8.07-7.91 (m, 3H, CHAr),
7.57-7.01 (m, 12H, CHAr), 4.18-4.02 (m, 4H, CH2 �-pyrrole),
3.78-3.51 (m, 10H, OCH2 + NHCH2), 3.09 (t, J ) 6.6 Hz, 2H,
CH2NH2), -1.69 (brs, 2H, NH). UV-vis (EtOH): λmax 420, 518,
545, 597, 652. MS m/z 838.3 [M + H]+.

{γ-{N-{2-[2-(2-Aminoethoxy)ethoxy]ethyl}folic acid}}-5,10,15-
tris(3-hydroxyphenyl)-20-(4-carboxyphenyl)chlorin (8). In the
dark under a N2 atmosphere, folic acid (40 mg, 0.1 mmol) and
DCC (20 mg, 0.1 mmol) were dissolved in anhydrous DMSO (5
mL) and pyridine (2 mL) and the mixture was stirred for 15 min at
rt. Compound 7 (75 mg, 0.09 mmol) was then added and the

Table 4. Influence of Animal’s Diet (Folate Levels) on 8 Accumulation in KB, HT-29 tumor tissues, and Corresponding Normal Epithelial Tissue
(Skin) in Tumor-Bearing Nude Micea

tumor bearing nude mice diet tissue type respective equations estimated Y value (Ŷ) ratio value

RF+ KB tumor with folate diet tumor Ŷ(X1, X2, X3, X4, X5) 2.42 × 10-6 1.9
skin Ŷ(X2, X3, X4, X5) 1.27 × 10-6

with folate-free diet tumor Ŷ(X1, X2, X3, X4, X5) 3.53 × 10-6 5.0
skin Ŷ(X2, X3, X4, X5) 7.12 × 10-7

RF-HT-29 tumor with folate diet tumor Ŷ(X1, X2, X3, X4, X5) 2.66 × 10-6 2.1
skin Ŷ(X2, X3, X4, X5) 1.27 × 10-6

with folate-free diet tumor Ŷ(X1, X2, X3, X4, X5) 6.90 × 10-7 1.0
skin Ŷ(X2, X3, X4, X5) 7.12 × 10-7

a Estimation of the tumor-to-normal epithelial tissue ratio based on the multifactor model defined in (3) (see Experimental section).

Table 5. Influence of Animal’s Diet (Folate Levels) on 1 Accumulation in KB, HT-29 Tumor Tissues, and in Corresponding Normal Epithelial Tissue
(Skin) in Tumor-Bearing Nude Micea

tumor bearing nude mice diet tissue type respective equations estimated Y value (Ŷ) ratio value

RF+ KB tumor with folate diet tumor Ŷ(X1, X2, X3, X4, X5) 3.73 × 10-6 2.8
skin Ŷ(X2, X3, X4, X5) 1.33 × 10-6

with folate-free diet tumor Ŷ(X1, X2, X3, X4, X5) 1.52 × 10-6 2.1
skin Ŷ(X2, X3, X4, X5) 7.27 × 10-7

RF-HT-29 tumor with folate diet tumor Ŷ(X1, X2, X3, X4, X5) 1.43 × 10-6 1.1
skin Ŷ(X2, X3, X4, X5) 1.33 × 10-6

with folate-free diet tumor Ŷ(X1, X2, X3, X4, X5) 2.66 × 10-6 3.7
skin Ŷ(X2, X3, X4, X5) 7.27 × 10-7

a Estimation of the tumor-to-normal epithelial tissue ratio based on the multifactor model defined in (3) (see Experimental Section).
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reaction mixture was further stirred for 24 h at rt. After filtration,
the DMSO solution was slowly poured into vigorously stirred ice-
cold Et2O (100 mL). The dark-red precipitate obtained was collected
by filtration and washed with Et2O (2 × 20 mL) and CH2Cl2 (2 ×
20 mL) to afford crude 8. Crude 8 was dissolved in DMSO/H2O
(1/4, 10 mL), and the solution was centrifuged to remove trace
insolubles. The supernatant was dialyzed in Spectra/Por tubing (MW
cutoff 1000) against saline (50 mM, 2 × 2 L) and water (3 × 2 L)
to remove nonreacted folic acid. The dialyzate was lyophilized,
and the residue was purified by RP-HPLC on a C18 semipreparative
column (250 mm × 10 mm I.D., Apollo, Alltech) using a (v/v)
water/ methanol gradient, monitored by both absorbance at 415
nm on a SPD-10A UV-visible detector (Shimadzu) and fluores-
cence on a RF 10AXL fluorescence detector (Shimadzu). Gradient
elution conditions were adopted. The eluting solvent was MeOH/
H2O (75:25, v:v) for 15 min followed by 100% methanol for the
last 10 min. Room temperature and a flow rate of 4.0 mL/min were
maintained throughout the time of purification. A volume of 1 mL
of sample in methanol was injected in the column. 1H NMR
(DMSO-d6): δ 11.32 (brs, 2H, folate N3H and folate N2H,
exchanges with D2O), 9.81 (brs, 1H, OH), 8.64 (s, 1H, CHAr), 8.62
and 8.67 (2d, J ) 4.6 Hz, 2H, CH �-pyrrole�), 8.38 and 8.37 (2d,
J ) 4.6 Hz, 2H, CH �-pyrrole), 8.31-8.14 (m, 6H, CHAr), 7.61
(d, J ) 8.4 Hz, CHAr), 7.54-7.45 (m, 3H, CHAr), 7.33-7.28 (m,
3H, CHAr), 7.10 (d, J ) 7.2 Hz, 3H, CHAr), 6.90 (brs, 1H, NH),
6.63 (d, J ) 8.4 Hz, 2H, CHAr), 4.49-4.40 (m, 4H, CH2 �-pyrrole),
4.36 (m, 1H, CHglu), 4.17 (brs, 2H, CH2NHPh, s in D2O),
3.64-3.18 (m, 12H, CH2O + CH2NH), 2.29-2.14 (m, 2H, CH2

glu),
1.94-1.85 (m, 2H, CH2

glu), -1.60 and -1.71 (2s, 2H, NH).
UV-vis (EtOH): λmax 283, 417, 517, 542, 596, 650 nm. HRMS
(ESI): m/z calcd for C70H63N13O11 [M + H]+, 1262.48; found,
1262.4.

Cell Cultures. Cell culture materials were purchased from Costar
(Dutscher, Brumath, France), culture media and additives from Life
Technologies (Gibco BRL, Cergy-Pontoise, France), except for fetal
calf serum, which was obtained from Costar. All other chemicals
were purchased from Sigma (Quentin Fallavier, France). KB, human
head and neck carcinoma cell line, was obtained from Professor
A. Hanauske (Munich University, Germany) as part of the EORTC
Preclinical Therapeutic Models Group exchange program and HT-
29, human colon cancer cells, was purchased from the American
Type Culture Collection. KB and HT-29 cells were grown in 75
cm2 plastic tissue culture flasks in RPMI 1640 medium supple-
mented with 9% heat inactivated fetal calf serum, penicillin (100
IU/mL), and streptomycin (100 µg/mL) in a 37 °C, 5% CO2

atmosphere.
Expression of Folate Receptor type r (FR-r) by Western

Blot. The expression of FR-R in KB and HT-29 cells was analyzed
by Western blot. HeLa, human cervical cancer cells, was also used
to compare the level of FR-R expression with KB cells. A549 are
human alveolar basal epithelial cells well-known to be deficient in
FR-R expression. They were added as negative control. Hela, A549,
KB, and HT-29 monolayer cells were grown in Petri dishes, washed
with ice-cold phosphate buffered saline (PBS), and treated with
lysis buffer containing 50 mM Tris-HCl, 150 mM NaCl, 2 mM
ethylene diamine tetraacetic acid (EDTA), 0.5% Triton X-100 (pH
7.2), and 10% protease cocktail inhibitor (Sigma, Buchs, Switzer-
land) for 30 min on ice, and further centrifuged at 7000g for 10
min at 4 °C. Total protein concentration was determined using the
BCA kit (Pierce, Socochim, Switzerland), according to the manu-
facturer’s instructions. Protein samples (30 µg) were separated on
a 8% denaturing polyacrylamide gel without heating or 2-mercap-
toethanol treatments prior to loading and followed by electrophoretic
transfer to nitrocellulose membrane (Schleicher and Schuell, Dassel,
Germany). Membranes were blocked with 5% (w/v) nonfat dry milk
in PBS containing 0.05% (v/v) Tween-20 (PBST) for 1 h at room
temperature. Membranes were then incubated for 1 h at room
temperature with anti-FR antibody (ab3361, abcam, Cambridge,
UK), diluted 1:500 in 1% (w/v) nonfat dry milk in PBST. After
several washes, the blots were incubated with secondary antimouse
antibody linked to horseradish peroxidase (A9044, Sigma, Buchs,

Switzerland) and diluted 1:2000 in 1% (w/v) nonfat dry milk in
PBST. Bound antibody was detected using the ECL detection
system (Amersham Biosciences, Orsay, France) and visualized by
autoradiography. Membranes were stained with Ponceau solution
(Sigma, Buchs, Switzerland) to check equal loading in each lane.

Animals and Tumors. Female athymic Swiss nude mice (nu/
nu) were obtained from Harlan (Gannat, France), and used at 7-9
weeks old and weighted 20-25 g. Animal procedures were
performed according to institutional and national guidelines. For
all procedures, mice were anesthetized by intraperitoneal injection
of 0.01 mL/g of body weight of a solution containing 6 mg/mL
ketamine (Panpharma, Fougères, France) and 0.8 µg/mL xylazine
(Bayer Pharma, Puteaux, France).

Tumor model xenografted (KB or HT-29) were obtained
subcutaneously by injecting a suspension of cells (106 cells in 0.1
mL 0.9% NaCl) in either of the hind legs of different mouse (single-
tumor mouse model). Quantitative fluorescence measurements of
mice with subcutaneous tumors were performed when the tumors
reached approximately 200 mm3 in size. Some of mice used in the
reported biodistribution experiments were exclusively fed folate-
free rodent diet ad libitum for 2-3 weeks prior to drug administration.

In Vivo Accumulation. When tumors reached the required
volume (15 ( 5 days after tumor grafting), 1 and 8 dissolved in
polyethylene glycol (PEG) 400-ethanol-water (30/20/50, v/v/v)
was injected via the tail vein, and mice were kept in the dark. After
a time ranging from 4 to 24 h, mice were anesthetized as previously
described. Mice were sacrificed by cervical dislocation. At least
three animals were used per time point.

Fluorescence measurements of mice were performed with an
optical fiber spectrofluorimeter built in our laboratory. The excitation
source used was a laser module (Laser 2000, λ ) 410 nm, ∆λ )
3 nm) and an output power of 300 µW. The optical probe was an
optical fiber bundle composed of three fibers, one (550 µm core)
for excitation light delivery, one (200 µm core) for fluorescence,
and one for the backscattered light collection. A long pass filter
(Oriel 455FG 03-25) with a 97% transmittance at 500 nm was used
on the emission path. The spectrometer used (USB 2000-Ocean
Optics) was connected to a computer and a dedicated software.
For fluorescence measurements, the distal end of the probe was
placed in gentle contact with the tissue area. To evaluate measure-
ment variations, three spectra were performed per site with an
accumulation time of 0.5-1 s and then averaged. The three sites
were analyzed for each tissue and averaged representing intratissue
variations for one animal. Standard errors (SE) were only calculated
for intratissue variations. Two or three animals for each condition
tested. The fluorescence was first recorded from tumor tissue and
consecutively from skin localized on the opposite side of the mouse.

Spectral Analysis. Spectral data sets resulting from spectrof-
luorimetry analysis of a multicomponent substance are assumed to
be a linear combination of the unknown pure component spectra.
The identification of the chemical composition of the substance is
generally expressed as a source separation problem where the
sources correspond to the pure spectra and the mixing coefficients
allow estimation of the amount of each component in the substance.
The separation algorithm is based on a Bayesian approach coupled
to a Markov chain Monte Carlo method, which consists in
considering the problem as a decomposition into elementary signals,
Gaussian functions in this case.61 The algorithm was implemented
in Matlab (Mathworks Inc.). The relative root-mean-square error
between the measured, and the estimated spectra was always lower
than 4%. The Gaussian function, which describes the photosensitizer
spectrum (located at about 661 nm) was isolated from the estimated
model of the complete spectrum. Gaussian function area (Z) was
considered in the sequel as a linear function of the in vivo
photosensitizer concentration. The fluorescence intensities (Z values)
deduced from spectra were corrected to molar extinction coefficient
values at 417 nm and to fluorescence quantum yield assessed for
each photosensitizer.

Design of Experiments. The purpose of the modeling study was
to determine a black-box model describing the mean effects of four
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biological factors on the in vivo photosensitizer accumulation in
tumors. The output variable noted Y is defined by:

Y) Z
ε ·ΦF

(1)

where ε and ΦF denote the absorption coefficient and the
fluorescence quantum yield of the photosensitizer, respectively. The
significance of the coefficients was evaluated by the F-test (a, P >
0.05; b, P > 0.001; c, P > 0.001, and ns for not significant).62

Five two-level biological factors were studied. A list of these factors
is presented in Table 2. The full factorial experiment is composed
of 32 different trials. Each trial was repeated three times. The
coefficient of variation calculated over all the repeated experiments
was about 36%.

Multifactor analysis of variance. The description of Y is based
on a full factorial model, defined as follows:

Y) Ŷ+ e (2)

Y) Y0 +∑
i

bi ·Xi +∑
i*j

bij ·Xi ·Xj + ∑
i*j*k

bijk ·Xi ·Xj ·Xk +

∑
i*j*k*l

bijkl ·Xi ·Xj ·Xk ·Xl + b12345 ·X1 ·X2 ·X3 ·X4 ·X5 (3)

with i,j,k,l ∈ {1,2,3,4,5}. Ŷdenotes the estimate of Y, and e is
the residual variable. A multifactor analysis of variance based on
a least-squares method was performed using the outcomes of the
factorial experiment and the R software environment.62–65 The
estimation algorithm is inspired from the one described by
Chambers et al.63

Estimation of the Mean Effects of the Folate Diet on the
in Vivo Selectivity. The selectivity criterion was defined as the
tumor-to-skin ratio, i.e., Y(X5)/Y(X5) where the notations X5, X5

denote X5 ) 1 and X5 ) -1, respectively.
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