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Abstract—Glucoconjugated tri and tetra(meta-hydroxyphenyl)chlorins have been synthesized in order to explore how gluco-
conjugation of the macrocycle affects the photoactivity of the molecule. Internalization processes, photosensitizing efficacy of TPC(m-O-
GluOH); and TPC(m-O-GluOH),, in HT29 human adenocarcinoma cells have been compared to those of tetra(meta-hydroxyphenyl)
chlorin (m-THPC, Foscan®). The tetra glucoconjugated chlorin, TPC(m-O-GluOH),, was found to be poorly internalized and
weakly photoactive. In contrast, the asymmetric and more amphiphilic compound TPC(m-O-GluOH);, exhibited superior photo-
toxicity compared to m-THPC. Drug concentration, temperature and sodium azide effects indicated that TPC(m-O-GluOH);
internalization partly proceeds via an active receptor-mediated endocytosis mechanism. Cellular uptake appeared as a saturable
process and remained 30% lower than for mTHPC. However, a maximum phototoxicity in HT29 cells (survival fraction of
240.6%) were observed for concentration as low as 2 uM. A 4-fold higher concentration of m-THPC was necessary to observe the
same level of photoactivity. This higher phototoxicity has been correlated to a greater mitochondrial affinity. On the basis of these

results, work is in progress to further evaluate the potential of glycosylated chlorins in photodynamic therapy (PDT).

© 2003 Elsevier Science Ltd. All rights reserved.

Introduction

Photodynamic therapy (PDT) is now well established as
a clinical treatment modality for both neoplasic and
non-neoplasic diseases.! In this context, a number of
chlorin, phthalocyanine and benzoporphyrin based
photosensitizers have been developed? which compared to
Haematoporphyrin derivatives (HpD), and its commercial
version Photofrin®, exhibit improved photodynamic
activity. Among them, the tetra-(meta-hydroxyphenyl)-
chlorin (m-THPC, Foscan®)3* received regulatory
approval in 2002 in the European Union for human
palliative treatment of head and neck cancers.

Long-term cutaneous photosensitivity and necrosis of
surrounding normal tissues upon exposure to light is
often observed in antitumor photodynamic therapy due
to a poor selectivity of the photosensitizer. Targeting of
photosensitizing agents to tumor cells thus appears as a

*Corresponding author. Tel.: +33-1-4427-7546; fax +33-1-4427-
7560; e-mail: jblais@lpbc.jussieu.fr

viable means to circumvent these problems, and to
thereby achieve a higher efficacy for PDT treatment
through the administration of lower doses to patients.

Several strategies have been proposed to improve the
tumor selectivity of photosensitizers. These include the
use of adapted delivery systems such as liposomes,
lipoproteins, monoclonal antibodies, nanoparticles (for
review see ref 5) to modify the drug biodistribution, and
the use of long-circulating carriers to increase in vivo
PDT efficacy of certain photosensitizers.®3

Another approach developed by several groups is to
modulate the amphiphilicity of the photosensitizer.?
Indeed, a correlation has been established between the
photoefficacy and the partition coefficient for both Zn
phthalocyanines!® and other porphyrin derivatives.!!
Structural modifications induced by glycoconjugation
of the tetrapyrrole system appears as an effective means
to create a balance between hydrophilicity and hydro-
phobicity. Moser et al.!? observed a 50-100-fold higher
phototoxicity for diglucoamido porphyrinoids compared
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to the non glucosylated analogues with various mela-
noma cell lines. An improvement in the phototoxicity of
mono-glycosylated porphyrin derivatives relative to
Photofrin against K562 leukaemia cells has also been
reported.'>!* Recently, Pandey and co-workers'> estab-
lished a quantitative structure—activity relationship for
galactosylated chlorins, demonstrating that the presence
and the position of the sugar substituent is crucial to
photobiological activity. Following this approach, in the
last decade, a series of neutral tri- and tetra-glycosylated
porphyrins in which mono- or disaccharides are linked
via the phenyl groups at the meso position of 5,10,15,20-
tetraarylporphyrins were prepared in our laboratories
and evaluated in vitro for their phototoxicity.!%!7 It was
found that compounds bearing three mono-saccharide
units are, in general, more phototoxic than symetrical
compounds. Moreover, according to Bonnett!® tetra-
hydroxyphenyl chlorins appears as more efficient in animal
models than the corresponding porphyrin derivatives.

The objective of the present work was to explore how tri
and tetra-meta-O-glucosylations of the chlorin macrocycle
affect the photoactivity, cell internalization and subcellular
localization in HT29 human adenocarcinoma cells. In
vitro overall photobiological activity for the glucocon-
jugated chlorins has been compared to that for m-THPC.

Results

Synthesis and physical characteristic of glycoconjugated
chlorins

m-THPC (1), its fully glucosylated derivative 4, and the
triglucosylated compounds 5 and 6 (Fig. 1) were prepared

with a high yield from the corresponding porphyrins!®
by the diimide reduction procedure previously
described.?’~22 The reduction process of triglucosylated
porphyrin 3 gives the two possible isomeric chlorins 5—
6. The isomeric 2,3- and 7,8-meta-tri-glucosylated
chlorins 5 and 6 were obtained as an inseparable mix-
ture. These two compounds are different by the position
of the reduced double bond in the macrocycle (Fig. 2).
The required glucoconjugated chlorins 7, and 8/9 were
subsequently obtained in quantitative yield by treatment
with MeONa/MeOH.?* For all compounds, one princi-
ple peak (MH™; no fragments), was observed in the
positive ion mass spectra, corresponding to the intact
chlorin macrocyle. Isotopic analysis indicated the pre-
sence of a protonated species (M+1)" with a very
minor contribution of the unprotonated cation (M ™).

As observed for most meta-substituted tetra-aryl-
porphyrins/chlorins, the meta-tetra-glucosylated deriva-
tive 4 existed as an equilibrium mixture of four
atropoisomers at room temperature.”* The 'H NMR
spectrum of this compound was poorly resolved between
20 and 55°C. However, assignment of the resonances to
individual atom types was achieved from 2-D homo-
nuclear correlation spectroscopy (COSY) and hetero-
nuclear multiple coherence (HMQC) experiments. The
'H NMR spectrum of isomeric 2,3- and 7,8-meta-tri-
glucosylated chlorins 5 and 6 showed two NH signals of
equal intensity, at —1.48 and —1.58, indicating a 1/1
mixture. The corresponding 'H NMR spectrum of the
tri-glucoconjugated chlorin isomers 8 and 9 was simi-
larly poorly resolved (mixture of two isomers and six
atropoisomers), preventing interpretation. Small peaks
at 8.88ppm (H-pyrrole) and —2.90ppm (HN) were
observed in the "TH NMR spectra for all chlorin products,

Figure 1. Chemical stucture of glucosylated derivatives.
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Figure 2. Synthesis of glucosylated derivatives: (i) (a) toluene-4-sulfonohydrazide, anhydrous K,COs3, dry pyridine, 100°C, (b) ortho-chloranil, ethyl

acetate, 20°C; (ii) MeONa/MeOH, 20°C.

indicating the presence of inseparable porphyrin side
products (<10%). Similar features have been
observed by Bonnett et al.>> The octanol-water parti-
tion coefficients (LogPc) determined according to
Kessel et al.>® were found to be >3 for 1, 1.45 for
8/9, and —1.31 for 7.

The absorption spectra of glucosylated chlorins 4, 7, 5/6
and 8/9 were typical of chlorin derivatives with a Soret
band around 415nm and a high extinction coefficient
for the Q band maximum at 650 nm. It may be noted
that the presence of glucosylated substituents results in
an increase of extinction coefficients (Table 1) although
electronic conjugation should not be significantly mod-
ified by the presence of sugar units. In aqueous medium,
a large broadening of the Soret band together with an
overall hypochromicity of the spectrum were observed,
indicating the occurence of intermolecular association.?”-?8

Table 1. Molar extinction coefficients (g), fluorescence emission
maximum wavelength (A.x) and fluorescence quantum yields (dg) of
photosensitizers in solution in methanol

Photosensitizer € € € Amax  OF
416 nm 514nm 650 nm (nm)
M~'tem ™) M~'em™) M 'em™h)

1 1.24x103 1.23x10* 2.09x10* 652 0.095
8/9 2.4x10° 1.73x10% 3.68x10* 652 0.116
7 1.8x103 1.44x10* 3.4x10* 652 0.13

The original spectrum signature was partly restored by
the addition of fetal calf serum (FCS) (10%) (data not
shown). Fluorescence emission spectra were identical to
that of m-THPC with a maximum at 652nm and a
weaker band around 720 nm. The fluorescence quantum
yields were slightly enhanced by the glucosylation
(Table 1). It may be noted that the value found for 1 is
in 2géood agreement with that determined by Bonnett et
al.

Phototoxicity

The phototoxicity of 1, 7 and 8/9 was determined in
human colorectal adenocarcinoma cells (HT29) cells by
cell survival fraction measurements after incubation
either in the dark or with exposure to 514 nm light with
a fluence of 5, 10 and 25J/cm? (Fig. 3). For 1 and 8/9,
toxicity in darkness was slight with a survival fraction
around 98% over a concentration range of 1-8 uM. In
contrast, 7 appeared to exhibit some dark cytotoxicity
depending on the FCS concentration in the medium.
Indeed, after incubation for 3h in 2% FCS-containing
medium, cell survival was only 51% at 4 uM, whereas it
was essentially 100% in the presence of FCS10%. Figure
4 shows the concentration dependence of phototoxicity
of the three sets of dyes 1, 7, 8/9 for a light fluence of
5J/cm?. For 8/9, the survival fraction was minimum
(2+£0.6%) at a concentration as low as 2puM, then
remained constant up to 8 uM. In contrast, at 2 uM, the
survival fraction was still 16+£2% for 1 and 22+4% for 7.
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Figure 3. Survival fraction of HT 29 cells incubated (1 uM, 3 h) with 1
(mTHPC), 8/9 [TPC(m-O-GluOH);] and 7 [TPC(m-O-GluOH)4] in
FCS containing medium (2%) and followed by exposure to 514 nm
light. Each experiment (16 wells/experiments) was carried out in tri-
plicate. Bars, standard error.
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Figure 4. Concentration dependence of phototoxicity of (a) 1, (b) 8/9
and (c) 7 in HT29. Cells were incubated for 3 h and exposed to 514 nm
light with a light fluence of 5J/cm?. For each experiment, data have
been averaged from intensity values determined on 30 individual cells.
Experiments have been triplicated. Bars, standard error.

Keeping in mind that the survival fraction in darkness
was approximately 67+7% at the same concentration,
the photoactivity of 7 is effectively poor.

Cell internalization

Cellular uptake of reference compound 1 and gluco-
conjugated compounds 7, and 8/9 was determined on
the basis of the cellular fluorescence intensity. The cel-
lular fluorescence spectrum of the cytoplasmic area of
living single cells incubated with the chlorin derivatives
was similar to that of the corresponding chlorin in
solution, with a main peak slightly red shifted (654 nm)
and a poorly resolved band around 720nm. A con-
tribution of cellular autofluorescence (maximum around
570nm) only affected fluorescence intensity for short
incubation times, and its contribution was deduced
when necessary.

Figure 5 shows the time-course of 1, 7 and 8/9 inter-
nalization. Drug uptake increased during the first 2 h,
and reached a saturation value for incubation times
higher than 2h. It must be noted that similar levels of
fluorescence intensities were found after 24 h incubation,
indicating that drug release processes were negligible.
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Figure 5. Cellular uptake time course as determined from the cellular
fluorescence of HT29 cells incubated with (a) 1, (b) 8/9 and (c) 7
(2 uM). Cellular fluorescence intensities were measured at 654 nm. For
each experiment, data have been averaged from intensity values
determined on 30 individual cells. Experiments have been triplicated.
Bars, standard error.
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Figure 6. Concentration dependence of cellular uptake for (a) 1, (b) 8/9
and (c) 7 in HT29 cells incubated for 3h. For each experiment, data
have been averaged from intensity values determined on 30 individual
cells. Experiments have been triplicated. Bars, standard error.

Compared to 1, the uptake of the compounds 8/9 and 7
was 30 and 80% less, respectively. It may be noted that
cellular uptake can be correlated to the dye partition
coefficient values, higher lipophilicity corresponding to
greater uptake. The much lower uptake observed for the
chlorin 7 bearing four glucose residues is consistent with
the low phototoxicity observed. Most interesting,
uptake and phototoxicity of 8/9 appear to not correlate.
In fact, the intracellular concentration of 8/9 was found
to be lower than for 1, whereas its phototoactivity was
higher.

Figure 6 illustrates the concentration uptake depen-
dence for dyes 1, 7 and 8/9. A saturable process could
be observed with glucoconjugated compounds 7 and 8/9
for concentrations higher than 2 uM. For m-THPC (1),
saturation was not observed over the concentration
range up to 8§ uM.

The intracellular drug concentrations determined for
cells incubated for 3h at 6 uM were found to be
3.57x107%, 2.4x107¢ and 1.03x10~°pmol/ug of pro-
teins for 1, 8/9 and 7, respectively. It may be noted that
concentrations followed the trend 1 >8/9 >7 which is
consistent with the fluorescence measurements. The
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ratio of intracellular concentrations of compounds 7
and 8/9 to 1 are comparable to the corresponding
fluorescence intensity ratios (Fig. 6). Such a correlation
between cellular extraction and fluorescence measure-
ments shows that (in as far as fluorescence yields of the
photosensitizers 1, 7 and 8/9 in solution were quite
similar) any eventual variations of fluorescence quan-
tum yield resulting from the cellular environment or
from some aggregate formation would be similar for the
three compounds studied. Such a finding provides evi-
dence that intracellular fluorescence variations reflect
the internalized drug concentration.

Internalization of both 1 and 8/9 was strongly inhibited
when incubations were carried out at 4°C. Hence, cel-
lular fluorescence could not be determined accurately.
Extraction showed that 1 and 8/9 uptake was dimin-
ished, respectively, by 20 and 50% relative to the values
at 37°C. This result indicates a higher contribution of
an active internalization process for 8/9 than for 1 in as
far as it is generally accepted that active uptake process
is substentially reduced by lowering the temperature of
incubation. The temperature effect was not examined
for 7 because of the weak internalization at 37°C.

Preincubation of cells (15 min) with sodium azide (NaN3),
an inhibitor of the mitochondrial respiratory chain, was
found to modify dyes take up to a different extent. A
strong decrease of 60% in take up of 8/9 (3h—6 uM) was
observed for cells treated with NaN; (10 mM). In the
same conditions the decrease was only 20% for 1, and
60% inhibition of drug uptake was only achieved for
cells treated with NaN; for a 100mM concentration.
These results suggest internalization of 8/9 is more
energy consuming than for 1.

Subcellular localization

The subcellular localization of 1, 8/9 and 7 was exam-
ined by fluorescence imaging microscopy. For cells trea-
ted with 1, the fluorescence was diffusively distributed

Figure 7. Fluorescence pattern of HT29 cells incubated with 1 (6 M,
3 h incubation). Cells were illuminated using a filter set (BP 425 DF45;
FT 450 DCLP; LP 600 ALP) .

throughout the cytoplasm, with some bright spots and a
non fluorescent nuclear area (Fig. 7). In contrast, a
punctate cytoplasmic fluorescence was observed with
cells treated with 8/9, the nucleus area remaining dark.
When cells were co-incubated with the dye and Rhoda-
mine 123 (a fluorescent probe specific of mitochondria)
the observed fluorescence pattern (Fig. 8) suggested that
8/9 localized in the same subcellular region as Rhoda-
mine 123. Long incubation time (24h) did not sig-
nificantly alter this intracellular fluorescence pattern. A
similar distribution was observed with cells treated with
7. Due to the low internalization of this compound, high
concentrations were necessary to observe a fluorescence
distribution. Mitochondria isolation experiments were
carried out with cells treated with 1 and 8/9 (Experi-
mental). The mitochondrial 8/9 fraction, as determined
by absorption spectroscopy, represented 40-50% of the
total intracellular dye concentration. In contrast, mito-
chondrial 1 fraction only represented 20-30% of the
total concentration. These results clearly show that 8/9
exhibits a higher mitochondrial affinity than 1.

Effect of serum on phototoxicity and cell uptake

Phototoxicity and drug internalization were not sig-
nificantly different for incubations with or without FCS
2%. We have to keep in mind that incubation times
were short enough not to damage cells by the absence of
serum. For higher FCS concentrations (5%), cellular
uptake as expressed by the ratio of cellular fluorescence
measured in the presence of FCS (F) to that measured
without FCS (F), was strongly decreased by the pre-
sence of FCS. The effect was similar for 8/9
(F/|Fy=414+6%) and 1 (F/Fy=47+7%). In the presence
of FCS 10%, 8/9 uptake was further diminished, and
the F/F, ratio was only (25+4%), whereas the ratio for
1 was unaffected (46%). The presence of FCS (10%)
also affected phototoxicity (a 10-fold decrease for 8/9
and only a 3-fold decrease for 1). It may be noted that a
similar decrease of 8/9 and 1 uptake was observed when
incubations were performed in the presence of albumin
at a concentration corresponding to FCS albumin con-
tent (see Experimental) indicating that non covalent
binding with albumin could be mainly responsible for
FCS effect observed.

Discussion

Glucosylation of the chlorin ring strongly modifies the
photobiological activity of the reference molecule
m-THPC (1). As seen, the symmetrical non amphiphilic
tetraglucoconjugated chlorin 7 exhibits a poor photo-
activity profile, and consequently does not present much
interest for a potential clinical use. In contrast, the
asymmetric compounds 8/9, which are amphiphilic (see
partition coefficient), display specific interesting bio-
logical properties.

As seen from the comparison of uptake and photo-
toxicity, serum effect is higher for 8/9 than 1 showing
that intermolecular association with albumin would be
more pronounced for 8/9 than for 1. Photosensitizers
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Figure 8. Fluorescence pattern of HT29 cells after co-incubated with 8/9 (a) (6 uM) and 7 (¢) (8§ uM) for 3h and Rhodamine 123 (b,d) (5puM) for
30 min. Cells were illuminated with a filter set using a filter set (BP 425 DF45; FT 450 DCLP; LP 600 ALP) for sensitizers and a FITC filter set for

Rhodamine 123.

have been shown to bind to several proteins in plasma
depending on their structure. The more hydrophobic
sensitizers associate with lipoproteins,®® while hydro-
philic sensitizers associate more with albumin®' and
high molecular weight proteins. Albumin is by far, the
most important drug carrier in blood. Plasma protein—
drug interactions result in modifications in biological
half-lives, transfer of drugs to tissues and distribution
volume that are important parameters to consider for a
potential in vivo use.

Cellular internalization of 8/9 and 1 appears to involve
distinct processes. Compared to 1, the 8/9 uptake is a
saturable process (Fig. 6), inhibition of the cellular
uptake at 4°C is more pronounced and 8/9 uptake is
more adenosine tri phosphate (ATP) energy dependent.
These results suggest that 8/9 internalization occurs
mainly via a carrier or receptor-mediated endocytosis.
An active uptake process via LDL has been reported in
literature for 1.3%33 However, our findings indicate that
such a process would only be involved to a lesser extent
and that passive diffusion has also to be considered.

The punctate fluorescence pattern observed by fluor-
escence microscopy suggests a mitochondrial location of

8/9. The diffuse cytoplasmic fluorescence observed for
cells treated with 1 is consistent with previous results
reported in literature. According to Melnikova et al.3*
1 is present in many organelles: endoplasmic reticu-
lum, mitochondria and Golgi apparatus as well.
Recently, Leung et al.3> observed a similar diffuse
cytoplasmic fluorescence pattern they ascribed to a
lysosomal localization. The determination of mito-
chondrial concentration showed that both photo-
sensitizers 1 and 8/9 are localized in mitochondria, but
with a 2-fold enhancement of the mitochondrial affi-
nity for the glucoconjugated compounds 8/9. Locali-
zation in mitochondria is a general feature that is
assumed to occur for most photosensitizers but to a
different extent depending on the structure.’* Amphi-
philicity has been reported by several authors to be a
parameter that favors a mitochondrial localization!?3¢
which would be consistent with our findings. Sub-
cellular localization is a determining parameter to
consider in the photodynamic activity of a photo-
sensitizer in as far as photodynamic processes take
place in the site of formation because of a very short
lifetime of oxygen reactive species®’ and mitochondria
are usually considered as an efficient site for produ-
cing photodamages.
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In summary, the asymmetrical triglucosylated chlorin
8/9 exhibits a high in vitro photoactivity and a pre-
ferential mitochondrial affinity. Mitochondrial localiza-
tion may be important to the observation that, despite
lower levels of cell uptake of 8/9 compared to 1, the
phototoxicity of the triglucosylated compound is super-
ior. On the basis of these results obtained for 8/9 work
is in progress to further evaluate the photodynamic
activity of glycosylated chlorins in vivo.

Experimental

All reagents were purchased from Aldrich Chemical Co
(Milwaukee, WI, USA). Toluen-4-sulfono hydrazide
was purchased from Fluka. Merck silica gel 60 (0.040-
0.060mm) was used for column chromatography.
Macherey-Nagel precoated plates (SIL G-200, 2mm)
were used for preparative thin layer chromatography.
Dry pyridine was obtained by distillation on KOH and
kept on 4 A sieves. '"H NMR spectra were obtained in
the deuteriated solvents using a Brucker AM-300.
Acidic impurities in chloroform-d; were removed with
anhydrous K,CO;. Chemical shift values are given in
ppm relative to tetramethyl silane (TMS). Mass spec-
trometry analysis was performed using a matrix-assisted
laser desorption ionization-time of flight (MALDI-
TOF) mass spectrometer (PerSeptive Biosystem Voya-
ger Elite, Framingham, USA). UV-visible spectral
characteristics and extinction coefficients were deter-
mined using a Varian DMS 200 spectrometer. A LS 50B
spectrofluorimeter (Perkin—Elmer) equipped with a red
sensitive R6872 photomultiplier was used for fluor-
escence measurements. Fluorescence quantum yields
have been determined using Rhodamine B as a stan-
dard. Corrections have been made to take into
account the respective spectral response of the detec-
tion system.

General procedure for the preparation of glucosylated
chlorin derivatives

5, 10, 15, 20-Tetrakis[3-0-(2, 3/, 4, 6'-tetraacetyl-f3-D-
glucosyl)phenyl]-2, 3-chlorin, 4. TPP(m-O-GluOAc), 2'8
(350mg, 0.175mmol) and anhydrous K,CO3 (220 mg)
were added to dry pyridine (8 mL) under argon. Tolu-
ene-4-sulfonohydrazide (65.6mg, 0.35mmol) was then
added, and the mixture was heated under argon at 100—
105°C for 24h. Further quantities of toluene-4-sulfo-
nohydrazide (65.6mg in 0.5mL of dry pyridine) were
added after 2, 4, 6 and 8h. After cooling, the crude
mixture was treated with ethyl acetate (55mL), water
(27.5mL) and heated, at 100 °C, for 1 h. After cooling,
the organic phase was separated and washed with HCI
(2M, 100mL), water (75mL) and saturated water solu-
tion of NaHCOj;. The presence of chlorin and bacterio-
chlorin was controlled by UV-visible spectroscopy
(bands at 651 and 738 nm, respectively). ortho-Chloranil
(110 mg) was slowly added to the stirred organic solu-
tion at 25°C until the absorption peak at 735nm (bac-
teriochlorin) disappeared. The solution was washed
with aqueous solution of NaHSOj3 (5%, 100mL), water
(100 mL) and dried over anhydrous sodium sulfate. The

filtered solution was concentrated under vacuum. The
residue was purified by column chromatography on
silica gel eluted by a mixture of methylene chloride/ace-
tone (10/1, v/v). The pure product (red band) was crys-
tallized from a mixture of methylene chloride/heptane
(302mg, yield 89%). Microanalysis calcd for
C100H104N4O40, 2H20: C, 5894, H, 534, N, 276,
Found C, 58.86; H, 5.40; N, 2.73. MALDI-TOF spec-
trum for CiooH;04N4O40: calcd 2000.62; Found M + 1:
2001.76. UV-visible spectrum in CH,Cl, A, (¢ L
mmol~! cm~!): 417.5 (208); 516.5 (15.2); 543.5 (9.1);
597.5 (5.4); 651 (33.2). '"H NMR (CDCl5): 8.61 (d, 2H,
pyrrole), 8.45 (d, broad, 2H, pyrrole), 8.22 (d, 2H, pyr-
role, J=3Hz), 7.81 (broad, 4H, para-phenyl), 7.75
(broad, 4H, ortho-phenyl), 7.63 (broad, 4H, ortho-
phenyl), 7.34 (broad, 4H, meta-phenyl), 5.34 (d, 4H,
HC,, ‘ose’, J=3.2Hz), 5.32 (m, 8H, HC,, HC; ‘ose’),
5.17 (dd, 4H, HC4 ‘ose’), 4.19 (m, 4H, HCq ‘ose’), 4.18
(m, 4H, HC,, HC; pyrrole), 4.04 (m, 4H, HC¢ ‘ose’),
3.81 (m, 4H, HC;s ‘ose’), 2.09 (s), 2.07 (s), 2.03 (s) (36H,
HGC,;, 3, 4, acetyl), 1.63-1.33 (s, 12H, HCg acetyl), —1.54 (s,
2H, NH). '*C NMR (CDCl;) 170.7 (C=0), 169.7 (C, 4),
155.6 (m-phenyl), 152.5 (Cyy.14), 143.3 (C,.e50 phenyl),
140.8 (Ce.19), 135.1 (Cgo), 132.4 (Cy2.13), 130.3 (phenyl),
129.7 (phenyl), 128.6 (C;7 5 or Cy7,15), 127.7 (phenyl), 123.8
(Cys or Cy71s), 123 (Cyos), 122.4 (phenyl), 116.6
(phenyl), 112.3 (Csz0), 99.4 (C; ‘ose’), 72.4 (Cs ‘ose’),
71.9 (Cy3 ‘ose’), 71.1 (Cs)z ‘ose’), 68.7 (Cy4 ‘ose’), 62.3
(Cg ‘0se’), 36.1 (CH, chlorine), 20.9 (C, ;4 acetyl), 20.5
(Cg acetyl).

5,10,15,20-Tetrakis(3-O-3-D-glucosylphenyl)-2,3-chlorin
7. Compound 4 (205mg, 0.1 mmole) was dissolved in a
mixture of dry methanol (20mL) and dry methylene
chloride (20mL). 200 uL of sodium methanolate in
methanol (1 M) was added to the solution, and the
mixture was stirred 1h 30 at room temperature. IWT™®
TMD-8 ion exchange resin (1 g) was then added and the
mixture was stirred for 30 min. The reaction mixture
was filtered and the recovered resin was washed with
methanol. The titled product was obtained after eva-
poration under vacuum and crystallized from methanol,
1-2 dichloroethane solution (128mg, yield 94%).
Microanalysis calcd for C68H72N4024, HQOI C, 6062,
H, 5.54; N, 4.16; Found C, 60.32; H, 5.45; N, 4.20. UV—
visible spectrum in MeOH An.x (¢ L mmol~! cm™!):
415 (183.9); 515.5 (14.4); 542.5 (10.1); 596 (6.7); 650
(27.7). MALDI-TOF spectrum for CggH75N4O-4 caled
1328.45; Found M +1: 1329.70. '"H NMR (pyridine-ds)
8.80, 8.75 (m, 2H, pyrrole), 8.37 (m, 2H, pyrrole), 8.27
(m, 2H, pyrrole), 8.11-7.64 (m, 8H, phenyl), 7.50-7.10
(m, 8H, phenyl), 6.65 (broad, 4H, OH), 5.97 (broad,
4H, HC, ‘ose’), 4.42 (m, 22H, HC;/34 ‘ose’), 4.55 (m,
4H, HCg, ‘ose’), 4.36 (m, 4H, HCg, ‘ose’), 4.13 (m, 8H,
HCs ‘ose’ and HC, 5 chlorine), —1.33 (s, 2H, NH).

13C NMR (pyridine-ds) 158.4, 157.3 (m-O-phenyl),
144.7, 144 (C,,.e501 phenyl), 129.7, 129.3 (p-phenyl),
128.6 (m-phenyl), 128.3 (m-phenyl or CH; g or CH;7 1g),
124 (CH]2’13 and CH7’3 or CH17’18), 1215, 121, 1204,
116.4, 116.2 (o-phenyl), 102.4 (C, sugar), 79 (Cs sugar),
78.5, 75.2, 7T1.2 (Cyj34 sugar), 62.3 (Cs sugar), 35.9, 35.3
(CH, chlorine).
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5,10,15-Tri[3-0-(2', 3, 4, 6'-tetraacetyl-B-D-glucosyl)-
phenyl]-2, 3-chlorin and 5, 10, 15-tri[3-0-(2/, 3/, 4, 6'-
tetraacetyl-3-D-glucosyl) phenyl]-7, 8-chlorin, isomers 5-
6. Compounds 5-6 (in inseparable mixture; 50/50) were
prepared from TPP(m-O-GluOAc); 3'® by the method
described for the synthesis of 4. Yield of isomers 72%.
Microanalysis calcd for CggHgsIN4O3g, 2H-,O: C, 61.06;
H, 5.36; N, 3.31; Found C, 61.01; H, 5.15; N, 3.29. UV-
vis spectrum in CH,Cly: Apay, nm (¢ L mmol~! em™!) :
417.5 (272.9); 516.5 (19.2); 544 (13.3); 596.5 (9.1); 650.5
(35). '"H NMR (CDCls) 8.59 (m, 2H, pyrrole), 8.42 (m,
2H, pyrrole), 8.22 (m, 2H, pyrrole), 8.08 (m, 1H,
phenyl), 8.0-7.50 (m, 12H, phenyl), 7.50-7.29 (m, 4H,
phenyl), 5.33 (m, 9H, HC,, HC,, HC; ‘ose’), 5.15 (m,
3H, HC, ‘ose’), 4.17 (m, 6H, HC ‘ose’), 4.06 (broad d,
2H, HC, or HC; and HC; or HCg, pyrrole, J=12.8 Hz),
3.98 (broad d, 2H, HC; or HC, and HCg or HC;, pyr-
role,/=12.1 Hz), 2.08 (s), 2.06 (m), 2.02 (s), 1.99 (m),
1.98 (s) (36H, acetyl), —1.48 (s), —1.58 (s) (2H, NH).

13C NMR (CDCl;) 170.4 (C=0), 152 (Cyy, 14), 151
(m-phenoxy), 143 (C,,.so phenyl), 141 (C¢, 19 chlorine),
135 (Co, 16 chlorine), 133.6 (p-phenyl), 131.8 (Cjz.13
Chlorine), 127.8 (C7,8/17,18 Chlorine), 123.2 (C7,8/17,18
chlorine), 99.6 (C; ‘ose’), 73.7 (Cy34 ‘0s€’), 72.5 (Cs
‘OSG’), 71.7 (C2/3/4 ‘OSG’), 68.7 (C2/3/4 ‘OSC’), 62.2 (C6
‘ose’), 20.3 (CH,;).

5,10,15-Tri(3-O-3-D-glucosylphenyl)-2, 3-chlorin and
5,10,15-tri(3-O-3-D-glucosylphenyl)-7, 8-chlorin, isomers
8/9. These products were prepared by the method
described for the synthesis of 7. Yield of isomers 80%.
Microanalysis calcd for C4>,Hg>,N4O0;5 H,O: C, 63.69; H,
5.52; N, 4.79; Found C, 63.29; H, 5.38; N 4.90. UV-vis
spectrum in MeOH: Ap., nm (¢ L mmol~! cm™!) :
414.5 (237.9), 515 (17.3), 542 (12), 595.5 (8), 649.5
(32.8). MALDI TOF spectrum for Cg,HgoN4Oq5: caled
1150.40; Found M+ 1: 1151.52. Partial '"H NMR (pyri-
dine-ds) 8.78-8.73 (m, 2H, pyrrole), 8.36-8.26 (m, 4H,
pyrrole), 8.10-7.62 (m, 17H, phenyl), 5.96 (d, 3H, HC,
‘ose’), 4.52 (m, 3H, HC; ‘ose’), 4.42 (m, 9H, HC; 5 4
‘ose’), 4.12 (m, 3H, HCq4 ‘ose’), —1.28 (s, 2H, NH). Par-
tial '3C NMR (pyridine-ds) 158 (m-phenoxy), 144
(meso-phenyl), 135-134.5 (C;3/17,13 chlorine), 132.8—
128.5 (Cy2,13 chlorine), 123.9-123.4 (C54/17,15 chlorine),
102.4 (C; ‘ose’), 79 (Cs ‘ose’), 78.7 (Cy34 ‘0se’), 75.2
(C2/3/4 sOSG’), 71.4 (C2/3/4 ‘OSG’), 62.4 (C6 ‘OSC’), 36 (CH2
chlorine).

General procedure for in vitro experiments

Cell culture conditions. Human colorectal adenocarci-
noma cells (HT29) were allowed to grow to confluence
in Dulbecco’s modified Eagle’s medium (DMEM) with-
out phenol red and supplemented with 10% FCS, gluta-
mine and antibiotics. All reagents were from Bio-Media
(France). Cells were subcultured by dispersal with
0.25% trypsin and seeded (10°cells/mL). For incu-
bations, stock solutions (Smg/mL) were prepared in
dimethyl sulfoxide (DMSO) and dilutions were per-
formed in culture medium in the presence of 2% FCS
unless otherwise specified. FCS was from Bio Media
(France), with a total protein concentration of 37.5g/L

and albumin content of 26.1 g/L. For experiments per-
formed at 4°C, cells were incubated for 2h with cold
solution kept at 4°C and then washed with cold phos-
phate buffer saline (PBS). For microspectrofluorimetric
and fluorescence imaging experiments, cells were grown
in plastic Petri dishes and were washed after incubation
and prior to measurements.

Photocytotoxicity assay. Cells were seeded into 96-well
plates at 10°cells/mL (0.2mL per well) and allowed to
grow for 24 h in an incubator (5% CO,, 37 °C, humidi-
fied atmosphere) (Jouan, France). On the day of
experiment, the culture medium was removed and
200 uL of fresh DMEM with 2% FCS containing
photosensitizers at a final concentration between 1 and
8 uM were added in each well. Cells were incubated and
then washed before fresh complete medium was added.
Irradiations were performed at 514nm with an Ar™
laser (Spectra Physics-2020) in sterile conditions. Cells
were incubated and then washed twice with PBS before
fresh complete medium was added. Irradiations were
performed at 514nm with an Ar™ laser (Spectra Phy-
sics-2020) in sterile conditions. The light was trans-
mitted by a silica optical fiber (core diameter 200 pm,
N.A. 0.22) equipped with a diffuser (Medlight, Switzer-
land) in order to obtain a uniform light delivery to the
whole plate (130 mm spot diameter). The power was
calibrated with an energy meter (Spectra Physics-407),
and irradiation times were adjusted in order to obtain
fluences of 5, 10 and 25J/cm?. Controls were as follows:
wells containing cells treated with photosensitizer but
not exposed to light, wells containing cells without
photosensitizer and without light, wells containing cells
without photosensitizer and exposed to light.

Cell viability was measured 24 h later by determination
of mitochondrial activity using the 3-(4,5-dimethylthia-
zol-2-yl) diphenyltetrazolium bromide (MTT) assay
according to the method described by Mosmann.3® At
the time of counting, 100 puL. of a DMEM-MTT (0.5 mg/
mL) solution were added to each well and replaced by
200 uL of DMSO 4h later. Optical densities of micro-
plates were determined at 570 and 640 nm using a Lab-
system®. Each experiment (16 wells/experiment) was
carried out in triplicate.

Cellular internalization. Microspectrofluorimetry. Fluor-
escence intensity measurements from a cytoplasmic area
of single living cells after sensitizer incubation were
performed wusing a laser confocal microspectro-
fluorimeter which has been developed in our labora-
tory.?® Excitation was performed with the 514 nm line of
an Ar* laser and a long-pass filter (MTOJ560) was used
on the emission path. Excitation beam was focused on a
cell area of 1pm? with a x63 Zeiss plan Neofluar
objective (NA 1.25), directly immersed in RPMI solu-
tion. The analyzed cellular volume was about 10 um,?
which was smaller than the cell volume, but large
enough to take into account the heterogeneity of the
cellular drug distribution. Fluorescence spectra were
recorded in the 550-830nm spectral region with an
accumulation time of 0.5-1s. For each experiment,
measurements were carried out on 30 individual cells. It
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must be noted that in these experimental conditions the
cellular emission only results from the internalized
fluorophores and can thus considered to reflect their
concentration. For experiments carried out at 4°C cells
were incubated for 2 h, washed with cold PBS and left to
20°C before fluorescence measurements.

Cellular extraction. Treated cells were washed three
times with cold PBS and then removed using a cell
scraper. Three milliliters of ethyl acetate were added to
cell suspension in PBS after sonication. The resulting
solution was left 30min with constant shaking and
then centrifuged at 1600g for 10 min. Supernatant was
removed and dye concentration was determined by
spectrophotometry. Protein concentration was deter-
mined using Lowry’s method (Peterson et al.)* using a
protein assay (Kit P56 56, Sigma Aldrich, France).

Determination of intracellular localization. Fluorescence
microscopy. Experiments were carried out with a Nikon
epifluorescence microscope (Optiphot-2) equipped with
a Nipkow wheel coaxial-confocal attachment (Technical
Instruments, model K2SBIO). Treated cells were in
Petri dishes and viewed with a x63 immersed objective
in DMEM. A cooled CCD camera (RTEA 1317
KICCD, Princeton Instrument) detected fluorescence
images. Specific organelles staining probes (Molecular
Probe Inc.) were used. Mitochondria were stained with
Rhodamine 123. Cells were incubated for 1 min. A filter
set (BP 425 DF45; FT 450 DCLP; LP 600 ALP) was
used for sensitizers and a FITC filter set (BP450-FT510,
LP 520) was used with Rhodamine.

Isolation of cell mitochondria. Mitochondria were iso-
lated by differential centrifugation according to Ped-
ersen et al.*! All operations were carried out at 4°C.
Cells were removed using a cell scraper and suspended
in 0.25M ice-cold sucrose. Cell membranes were dis-
rupted using a Dounce device. Suspension was cen-
trifuged for 8 min at 630g; the supernatant was then
removed and centrifuged for 15min at 6800g. Sucrose
was added to the pellet which was centrifuged twice for
15min at 9800g. The last pellet represents the mito-
chondrial fraction. Dye concentration were measured
by spectrophotometry.
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