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Abstract—A novel series of silicon(IV) phthalocyanines with one or two axial acetal-protected galactose substituent(s) have been
prepared by typical substitution reactions. The compounds exhibit a high photodynamic activity against HepG2 human hepato-
carcinoma cells with IC50 values down to 0.10 lM.
� 2005 Elsevier Ltd. All rights reserved.
Phthalocyanines have been known for more than seven
decades. Apart from their traditional use as industrial
dyes and pigments, these compounds have been exten-
sively studied as advanced materials for various applica-
tions.1 Owing to the strong absorption in the red visible
region (the Q band appears at ca. 680 nm with a molar
absorptivity of ca. 105 M�1cm�1), high efficiency to
generate reactive oxygen species, and apparently low
dark toxicity, these compounds have emerged as prom-
ising second-generation photosensitizers for photo-
dynamic therapy (PDT).2 Most of the studies so far have
focused on the sulfonated zinc(II) and aluminium(III)
phthalocyanines, and the well-known silicon(IV) phtha-
locyanine Pc4. Photodynamic activities of other func-
tionalized phthalocyanines remain relatively little
studied.3 We describe herein the preparation and in vitro
photodynamic activity of a novel series of galactose-
containing silicon(IV) phthalocyanines. By introducing
one or two bulky acetal-protected galactose substitu-
ent(s) at the axial position(s), we aimed to increase the
hydrophilicity and inhibit the self-aggregation of these
compounds. More importantly, on the basis that vari-
ous types of glucose transporters which are specific for
different monosaccharides are over-expressed in cancer
cells,4 we hoped to enhance the cellular uptake of the
dyes through glycoconjugation, which in turn may in-
crease the photodynamic activity. Such an approach
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has been employed for other photosensitizers such as
porphyrins,5 chlorins6 and pheophorbides.7 By contrast,
covalently linked sugar-containing phthalocyanines are
extremely rare. To our knowledge, only the synthesis
and preliminary characterization data of a zinc(II)
phthalocyanine substituted with four glucose moieties
have been reported so far.8

The preparation of the galactose-substituted phthalocy-
anines is shown in Scheme 1. Treatment of the readily
available silicon(IV) phthalocyanine dichloride (1) with
1,2:3,4-di-O-isopropylidene-a-DD-galactopyranose (2) in
the presence of NaH in toluene gave the disubstituted
product 3 in 38% yield. This compound was highly sol-
uble in a wide range of organic solvents and could be
purified readily by column chromatography. To increase
the amphiphilicity of the compounds which is believed
to be one of the desirable characteristics for efficient
photosensitisers,9 the unsymmetrical analogues 4–6 were
also prepared by mixed substitution with 2 and the cor-
responding alcohols in the presence of NaH. As ex-
pected, these reactions also afforded the symmetrical
products 3 and the dialkoxy silicon(IV) phthalocyanines
SiPc(OR)2, which were separated from the desired prod-
ucts by column chromatography. To maximize the yield
of the unsymmetrical products, compound 1 was treated
with 0.8 equiv of deprotonated 2 in refluxing toluene
overnight prior to the addition of another 0.8 equiv
of NaOR. Nevertheless, these products could only be
isolated in 11–18%.
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Scheme 1. Preparation of galactose-containing silicon(IV) phthalocyanines.

Table 1. Electronic absorption and photophysical data for compounds

3–6 in DMF

Compound kmax (nm) (log e) kem (nm)
a Uf

b UD
c

3 356 (5.28), 606 (4.99),

644 (4.92), 673 (5.76)

679 0.39 0.94

4 356 (4.90), 604 (4.61),

641 (4.53), 672 (5.40)

677 0.45 0.79

5 354 (5.00), 604 (4.70),

641 (4.63), 671 (5.48)

675 0.47 0.82

6 352 (5.13), 604 (4.75),

641 (4.69), 671 (5.55)

676 0.42 0.88

a Excited at 610 nm.
b Using unsubstituted zinc(II) phthalocyanine (ZnPc) in 1-chloro-

naphthalene as the reference (Uf = 0.30).
c Using ZnPc as the reference (UD = 0.56 in DMF).
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All the new compounds (3–6) were characterized with
1H NMR and UV–vis spectroscopic methods together
with accurate mass measurements.10 The 1H NMR spec-
trum of 3 in CDCl3 showed two typical AA 0BB 0

multiplets at d 9.60–9.67 and 8.29–8.35 for the phthalo-
cyanine a- and b-ring protons, respectively. All the sig-
nals for the acetal-protected galactose group were
significantly shifted upfield by the phthalocyanine ring
current, particularly those for the two hydroxymethyl
protons at C5, which appeared at d �1.68 and �2.36
both as a doublet of doublet. The H5 signal was embed-
ded by one of the methyl singlets. Unambiguous assign-
ments could be made with the aid of its 1H–1H COSY
spectrum (see Fig. S1 in the supporting information).
The replacement of one of the acetal-protected galactose
groups with an alkoxy chain in 4–6 did not significantly
shift the signals for the phthalocyanine and sugar units,
while additional signals due to the alkoxy protons were
spread in the upfield positions.

The UV–vis spectra of 3–6 in DMF were typical for
non-aggregated phthalocyanines. As summarized in
Table 1, all the compounds show similar absorption
positions, including the B band at 352–356 nm, the Q
band at 671–673 nm together with two vibronic bands
at 604–606 and 641–644 nm. Upon excitation at 610 nm,
these compounds showed a strong fluorescence emission
at 675–679 nm with a stoke shift of 4–6 nm and a fluo-
rescence quantum yield (Uf) of 0.39–0.47.11 To evaluate
the photosensitizing efficiency of these phthalocyanines,
their singlet oxygen quantum yields (UD) were also
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Figure 1. Effects of 3 on HepG2 in the absence (j) and presence (h) of

light. For the latter, the cells were illuminated with a red light

(k > 610 nm, 40 mWcm�2, 48 Jcm�2). Data are expressed as mean

±SD (n = 4).
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determined by a steady-state method using 1,3-diphen-
ylisobenzofuran as the scavenger.12 It was found that
all these compounds are excellent singlet-oxygen gener-
ators with a UD value ranging from 0.79 to 0.94.11

The photodynamic activities of the galactose-containing
phthalocyanines 3–6 in Cremophor EL emulsions were
evaluated against human hepatocellular carcinoma
HepG2 using the procedure described earlier.3d,e Figure
1 shows a typical dose-dependent survival curve for 3.
While this compound at concentrations lower than
8 lM is essentially non-cytotoxic in the absence of light,
it exhibits a high photocytotoxicity with an IC50 value,
defined as the dye concentration required to kill 50%
of the cells, of 0.10 lM. The absorption spectrum of 3
in Cremophor EL emulsion showed a very sharp and in-
tense Q band at 673 nm (see Fig. S2 in the supporting
information), indicating that the compound remains
essentially non-aggregated in this medium. This prop-
erty is particularly important for photosensitizing appli-
cations.13 The unsymmetrical analogues 4–6 behaved
similarly with an IC50 value of 0.10, 0.48 and
0.79 lM, respectively. Apparently, the photodynamic
activity decreases as the length of the alkoxy chain in-
creases. Under the same conditions, the bis(hexyloxy)
analogue SiPc(OC6H13)2 was not cytotoxic and the bis-
[poly(ethylene glycol)] analogue SiPc[(OCH2CH2)nOMe]2
Figure 2. Visualization of intracellular fluorescence of HepG2 using filter se

shows the corresponding superimposed image.
showed an IC50 value of ca. 1 lM.3d The higher photo-
dynamic activity of 3–6 should be related to the galac-
tose moieties although their role is not clear at this
stage.

To study the cellular uptake, we employed fluorescence
microscopy to monitor the intracellular fluorescence
caused by the phthalocyanines. The HepG2 cells were
incubated with 8 lM of these compounds in Cremophor
EL emulsions on coverslips for 2 h. The cells were rinsed
with phosphate buffered saline before being viewed with
an inverted microscope. Upon excitation at 630 nm, a
strong fluorescence was observed in the cytoplasm of
the cells showing that there were substantial uptakes
of the dyes. As mitochondria are commonly believed
to be the targets for the initiation of apoptosis by
PDT,14 it would be important to reveal whether the dyes
have selective affinities in these subcellular components.
We stained the HepG2 cells with MitoTracker Green
FM, which is a specific fluorescence dye for mitochond-
ria, prior to the treatment with 3. As shown in Figure
2a, the MitoTracker reveals the mitochondria distribu-
tion in the cytoplasm (excited at 490 nm, monitored at
500–575 nm). Exciting the cells at 630 nm (monitored
at >660 nm) also shows the intracellular fluorescence
of 3 (Fig. 2b). The fluorescence appears as bright and
granular spots throughout the cytoplasm. However,
when the two images are superimposed (Fig. 2c), only
certain mitochondria exhibit a co-localization with com-
pound 3. This indicates that 3 is not exclusively localized
in the mitochondria.

In summary, we have prepared and characterized a
novel series of galactose-containing silicon(IV) phthalo-
cyanines. The compounds exhibit a high photodynamic
activity against HepG2 human hepatocellular carcin-
oma, which can be attributed to the high cellular uptake
and efficiency to generate singlet oxygen. Further studies
are in progress to reveal the role of the galactose moie-
ties in cellular uptake and to optimize the PDT efficacy
of these glycoconjugated phthalocyanine systems.
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