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Introduction

Photodynamic therapy (PDT) is a non-invasive therapeutic 
modality used in a number of diseases including psoriasis, age-
related macular degeneration and cancer.1-6 It involves the sys-
temic or topic administration of a photosensitizer, followed by 
irradiation with light. The activated photosensitizer converts 
oxygen to singlet oxygen and/or reactive oxygen species (ROS) 
which lead to cell death and tissue necrosis. One aim of PDT 
research is the discovery of new photosensitizers possessing mini-
mal dark cytotoxicity, high photodynamic properties, improved 
pharmacokinetics, preferential retention in diseased instead of 
healthy tissues, chemical stability and a good cellular uptake.7-9 
Though a number of new phosensitizers have been proposed, the 
most widely used in clinic is a mixture of hematoporphyrines 
(Photofrin®). It is used for different cancers, but its absorption 
above 600 nm10 is weak, so there is great interest to search for 
new and more efficient PDT molecules. We recently focused 
our efforts on pheophorbide a (Pba), a chlorophyll derivative. 

The design of new photosensitizers with enhanced phototoxicity and pharmacokinetic properties remains a central 
challenge for cancer photodynamic therapy (pDT). In this study, pheophorbide a (pba) has been pegylated to 
methoxypolyethylene glycol (mpeG-pba) to produce a soluble photosensitizer that exhibits a higher tissue distribution 
than free pba. In vitro studies have shown that mpeG-pba promotes a fairly strong photosensitizing effect in cancer 
cells, as previously observed for the unpegylated molecule. mpeG-pba targets the mitochondria where, following 
photoactivation, ROs are produced which cause a cellular injury by lipid peroxidation. The effect of pegylation on the 
photosensitizer biodistribution has been examined in different selected organs of female mice, at different time points 
after intraperitoneal administration of the drug (50 µmol/Kg body weight). Other than free pba, which showed a low 
tissue accumulation, mpeG-pba has been detected in significant amounts (8 to 16 µg/ml) in liver, spleen, duodenum 
and kidney and, 3–5 hours after intraperitoneal injection, in moderate amounts (3 to 8 µg/ml) in brain and lung. In vivo 
optical imaging performed on living female c57/BL6 mice bearing a subcutaneous melanoma mass, showed that injected 
mpeG-pba distributes all over the body, with an higher uptake in the tumor respect to free pba. Our results indicate 
that although pegylation somewhat decreases the phototoxicity, it significantly increases the drug solubility and tissue 
distribution and tumor uptake of mpeG-pba, making the conjugate an interesting photosensitizer for pDT
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Compared to Photofrin, Pba is characterized by a stronger 
absorption between 650–700 nm, in the tissue-penetrating wave-
length range. We found recently that Pba, irradiated at 14 J/cm2, 
induces a potent photodynamic effect in different cancer cells 
with IC

50
 values between 70 and 250 nM.11 The intracellular tar-

get of Pba was found to be mitochondria membranes, where it 
activates a peroxidation process which eventually causes cell death 
by apoptosis and/or necrosis.11,12 The photodynamic activity of 
Pba have been studied in cultured cells by several authors.11-16 
Furthermore, Tang et al.17 have reported that photoactivated Pba 
downregulates the expression of P-glycoprotein and inhibits the 
multidrug resistance activity in human hepatoma cells. There are 
only few in vivo studies of PDT with Pba as a photosensitizer. 
Hajri et al.16,18 showed that animal doses of 30 mg/Kg of lipo-
some/Pba combined with light at the fluence of 100 J/cm2 reduce 
the growth of HT29 xenografts of human colon adenocarci-
noma. Xenografts of human hepatoma (HepG3b cells) treated 
with Pba (intravenous dose of 0.3 mg/Kg) and light at a fluence 
of 126 J/cm2, significantly reduced the tumor volume by more 
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based on orthogonally protected amino-derivatives of commer-
cial diOH-PEG, modified with linkers bearing differently reac-
tive terminal amino groups, which was recently developed and 
patented.26 Once obtained this selectively end-modified polymer 
derivative, fluorescein was coupled to the free NH

2
 carried by the 

1,3-diaminopropane linker. Successively, the deprotection of the 
second amino group from Z by catalytic hydrogenation allows 
the final conjugation of the Pba molecule through an amido 
bond. We also obtained the fluoresceinated derivative of mPEG-
Pba (Fluo-PEG-Pba), as described in the experimental section.

Two major advantages we expected from PEGylation: an 
increase of photosensitizer solubility in water and a slower rate of 
elimination from the body.

The absorption spectra of free and pegylated Pba (mPEG-
Pba) in PBS are shown in Figure 1B. At the same concentra-
tion (5 µM), Pba shows absorption bands of lower intensity, as a 
result of aggregation, whereas in DMSO the bands are identical. 
The fluorescence spectra of Pba and mPEG-Pba are reported in 
Figure 1C (Ex. 400 nm). In DMSO, the fluorescence spectra are 
indistinguishable, while in PBS the fluorescence quantum yield 
of free Pba is about 3/4-fold lower than that of mPEG-Pba.

Photocytotoxicity of mPEG-Pba. The photocytotoxicity of  
mPEG-Pba was evaluated in four cancer cell lines: HeLa, HepG

2
, 

MCF-7 and B78-H1. This was done by a dose-response experi-
ment where the cells were treated with increasing amounts of 
mPEG-Pba, illuminated with a halogen lamp at the fluence of 
14 J/cm2, analysed by a standard resazurin assay, 24 h later. The 
photosensitizer was added to the cell medium without using any 
transfecting agent. Under these conditions, mPEG-Pba showed 
IC

50
 values between 200 and 1,200 nM: 650 nM (HeLa), 300 nM 

than 50%. Evrard et al.19 reported the potential of Pheophorbide 
a as photosensitizer to treat azaserine-induced pancreatic rat  
carcinoma. A dose of 9 mg/Kg i.v., and light treatment at 100 J/
cm2 induced selective necrosis of the tumor. Six of nine rats were 
cured in 120 days whereas all 36 control animals died within 
35 days. For in vivo applications the capacity of the photosen-
sitiser to reach in the diseased tissues becomes critical, in par-
ticular when a large peritoneal area is interested as occurring in 
carcinomatosis and sarcomatosis. To improve the pharmacoki-
netics of the photosensitizer we pegylated Pba to polyethylene 
glycol (PEG), as PEGylation has proved to be a valid technology 
to transform proteins, peptides, small molecules and oligonucle-
otides into more potent drugs than their respective unconjugated 
analogues.20 PEGylated drugs, with respect to their unmodified 
analogues, show more useful clinical properties such as increased 
stability and solubility,21 reduced renal clearance,20 longer cir-
culating half-life,22,23 reduced immunogenicity and improved 
selectivity against tumor tissues.24,25 In this work we investigated 
two important aspect of PEGylation. First, we asked whether 
PEGylated Pba is an equally potent photosensitizer as free Pba 
and whether free or pegylated Pba mediates the same type of 
response in cancer cells after light activation. Second, we investi-
gated in vivo whether PEGylation improved the tissue distribu-
tion of the photosensitizer and its tumor uptake.

Results and Discussion

PEGylated Pba. The synthesis of monoethoxy polyethylene 
glycol (mPEG) was carried out according to Figure 1A, while its 
fluorescent derivative was prepared following a new procedure, 

472 cancer Biology & Therapy Volume 10 Issue 5

Figure 1. (a) structure of pheophorbide a and its conjugation of methoxy polyethylene glycol. (B) absorption spectra of mpeG-pba (a) and pba (b) (5 
µM) in pBs and DMsO, cuvette pathlength 1 cm; (c) fluorescence spectra of mpeG-pba (a) and pba (b) (1 µM) in pBs and DMsO. Flourescence spectra 
were obtained with a microplate fluorometer, ex. 400 nm.
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the photosensitizer fluorescence in the lysate (Ex = 400 nm; Em = 
670 nm). We found that despite Pba has a Φ

FL
 lower than mPEG-

Pba, it gave a signal 5-fold higher than mPEG-Pba, indicating 
that the former enters into the cells more efficiently than the lat-
ter (not shown). This does not come as a surprise because the 
uptake of polymer-conjugated drugs normally occurs by endocy-
tosis, while small molecules by passive diffusion.25

We also found that in the dark mPEG-Pba is not cytotoxic 
over a period of 72 h, at the concentration of 1,600 nM (data not 
shown).

Photokilling mechanim. The photokilling mechanism trig-
gered by photoactivated mPEG-Pba was investigated in HepG2 
and HeLa cells. First, we addressed the question whether upon 
photoactivation mPEG-Pba produces ROS, in the presence of 
oxygen. A standard CM-H

2
DCFDA assay on HeLa cells was 

(HepG2), 200 nM (MCF-7) and 1,200 nM (B78-H1) (Fig. 2). 
These values are from 3- to 5-fold higher than those obtained for 
unconjugated Pba (Table 1), but mPEG-Pba may still be consid-
ered a good photosensitizer. The difference of the IC

50
 values can 

be explained in terms of increased quantum yield of fluorescence 
of mPEG-Pba compared to Pba, observed in aqueous solution. It 
is firmly established that the quantum yield of a photosensitizer is 
given by the quantum yield of singlet oxygen generation (Φ∆) and 
of the quantum yield of fluorescence (Φ

FL
), Φ∆ + Φ

FL
 = 1. For free 

Pba, Φ∆ is relatively high and Φ
FL

 relatively low, driving its photo-
dynamic potential.27 As described by Röder and co-workers Φ∆ + 
Φ

FL
 = Φ

ISC
 + Φ

IC
 + Φ

FL
= 0.64 + 0.08 + 0.28 = 1, where Φ

ISC
 is the 

Φ
IC

 are the quantum yields of intersystem crossing and internal 
conversion, respectively.27 This gives relatively low fluorescence, 
as observed in the current study with basic Pba, and high photo-
dynamic activity.11-16 With mPEG-Pba we observed an increase 
in the fluorescence (in aqueous solution) and a decrease in cyto-
toxicity, as determined from the IC

50
 values reported Table 1. So, 

the change of Φ
FL

 (and of Φ∆) explain the finding that pegylation 
causes a loss of IC

50
 and gain of fluorescence.

The lower phototoxicity mPEG-Pba may also reflect a differ-
ent cellular uptake between the two forms of the photosensitizer. 
Following a method previously described,28 we treated for 3 h 
HeLa/HepG2 cells with 160 nM Pba/mPEG-Pba and measured 
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Figure 2. Dose-response experiment in which cancer cells have been treated with increasing amounts of mpeG-pba, irradiated with halogen lamp at 
14 J/cm2. 24 h following irradiation a standard resazurin assay was performed. The values reported are the average of three independent experiments.

Table 1. Ic50 values for pba and mpeG-pba in four cancer cells

Cell lines
IC50 (nM) 

Pba
IC50 (nM) 

mPEG-Pba

HeLa human cervical cancer cells 140 ± 20 650 ± 20

HepG2 human hepatocarcinoma cells 95 ± 5 300 ± 20

MCF-7 human breast adenocarcinoma cells 65 ± 5 250 ± 10

B78-H1 Murine amelanotic melanoma cells 250 ± 20 1200 ± 30D
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of malonyldialdhyde (MDA, product of lipid per-
oxidation) bound to thiobarbituric acid (TBA) is 
measured by spectrofluorimetric experiments. In 
untreated cells, the level of the TBARS is relatively 
low and set to 100 (control). In mPEG-Pba treated 
and photoactivated cells, the level of this adduct 
increases proportionally to the photosensitizer 
concentration: up to 6-fold in HepG2 cells, nearly 
2-fold in HeLa cells, as previously observed with 
unconjugated Pba11 (Fig. 3B). This demonstrates 
that photoactivated mPEG-Pba promotes lipid 
peroxidation, which appears particularly strong in 
HepG2 cells, as these are more sensitive to mPEG-
Pba than HeLa cells (Table 1). Further evidence of 
lipid peroxidation by mPEG-Pba was obtained by 
measuring the oxidation of the C11 BODIPY581/591 
dye by the peroxyl radicals generated by photoac-
tivated mPEG-Pba. Figure 3C shows that mPEG-
Pba reduces the dye fluorescence at 595 nm in a 
dose-response way, a behavior indicative of lipid 
peroxidation.30-32

Next, we addressed the question of what the cel-
lular target of mPEG-Pba is. A first indication that 
mPEG-Pba targets the mitochondria was obtained 
by confocal microscopy in HeLa and HepG2 cells 
treated with mPEG-Pba conjugated to fluorescein 
(Fluo-PEG-Pba) and MitoTracker red, a dye spe-
cific for mitochondria. Typical images obtained 
with HepG2 cells show that MitoTracker (red 
staining) colocalizes with Fluo-PEG-Pba (green 
fluorescence) (Fig. 4). Combining the results of the 
TBARS assay with the confocal microscopy data, it 
could be concluded that photoactivated mPEG-Pba 
causes a membrane injury involving the mitochon-
dria. This was confirmed by measuring in HeLa 
cells the membrane potential of the mitochondria 
by a JC-1 assay33 (Fig. 5). The cells were treated 
with increasing amounts of mPEG-Pba (500, 800 
and 1,600 nM), and analysed by FACS in the pres-
ence of JC-1. It can be seen that the percentage 
of cells with a depolarized membrane raised from 
5.42% (untreated cells) to 66% (treated cells), 
indicating that mPEG-Pba induced, a mitochon-
dria membrane depolarization, as observed with 
free Pba.11,12

Finally, the effect of mPEG-Pba on the cell cycle 
was analyzed on HeLa and HepG2 cells by FACS. 

The data obtained are summarized in Table 2. It can be seen that 
mPEG-Pba, 500 and 800 nM, arrests the cell cycle in both cell 
lines, as indicated by a strong increase of the G

2
/M phase at 24 h 

following light treatment. This is observed also at 48 and 72 h in 
HepG2 cells, whereas in Hela cells the cell cycle arrest weakens 
with time. In accord with this finding, proliferation data showed 
a rescue of growth by HeLa cells (S

1
), confirmed by the fact that 

the S-phase increased at both doses of mPEG-Pba (500 and 800 
nM). Conversely, with HepG2 cells we observed a cell growth 

carried out. This assay is based on the observation that the dye in 
its reduced form is not fluorescent, but it becomes so when it is 
oxidized by ROS and the dye acetate groups are removed by cel-
lular esterases. The amount of fluorescence generated in the cells 
by this transformation was measured by FACS. Figure 3A shows 
that both Pba or mPEG-Pba efficiently generate ROS in HeLa 
cells. In order to see if the generated ROS attacked the integrity 
of the cell membranes, the level of lipid peroxidation was mea-
sured by means of a TBARS assay.29 In this assay the presence 

Figure 3. (a) Fluorescence measured by cell cytometry of heLa cells treated for 3 h 
with pba and mpeG-pba, activated by light and then after light activation or after 24 h 
treated with 10 µM cM-h2DcFDa. The increase of fluorescence is proportional to the 
ROs generation. The photosensitizer concentrations used have been chosen near to 
Ic50 values. (B) Lipid peroxidation detected by TBaRs. Levels of TBa reactive species 
(nmol/mg total protein) in hepG2 and heLa cells. assay performed 24 h following 
mpeG-pba photoactivation. (c) Oxidation of c11-BODIpY581-591 in hepG2 and heLa cells. 
assay performed 24 h following mpeG-pba/light treatment. Fluorescence measured 
with a microplate reader (exc 591, em 635). Values represent the relative red fluores-
cence decay. standard t-test versus control (NT): *p < 0.05; **p < 0.01.
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rescue only at the dose of 500 nM, as with 800 
nM mPEG-Pba the arrest is complete. The pres-
ence of a preG1 peak indicates that a fraction of 
cells is either apoptotic or necrotic. Indeed, both 
cell lines showed an increase of caspase at 2 h 
after light treatment, indicating that a fraction 
of cells dies by apoptosis and, according to time 
lapse imaging (S

2
), also by necrosis.

In vitro and in vivo studies of Pba and 
mPEG-Pba. The in vitro cellular studies showed 
that mPEG-Pba, having IC

50
 values between 

250 and 1,200 nM, can be considered a strong 
photosensitizer, although its phototoxicity is a 
bit lower than that of free Pba.11 We therefore 
focused on in vivo biodistribution studies. To 
know if mPEG-Pba is hydrolytically stable in 
aqueous solution—a property required to anti-
tumoral PDT drugs—we performed a stability 
study. The PEG moiety is linked to Pba via an 
amide bond. Although this bond is relatively sta-
ble (the order of stability to hydrolysis is ether > 
amide > ester), we checked whether mPEG-Pba 
undergoes hydrolysis under physiological condi-
tions. We determined by HPLC the amount of 
Pba released by PEG-Pba dissolved in PBS (pH 
7.4, 37°C),34 over an interval of 24 h and found 
that the amount of Pba released was about 2%, 
thus suggesting that the conjugate was hydrolyti-
cally stable in PBS.

Next we performed a pharmacokinetic study 
to determine the biodistribution of Pba and 
mPEG-Pba, following 50 µmol/Kg i.p. injec-
tion in female C57/BL6 mice. Pba is insoluble 
in water but it dissolves in 10% DMSO saline 
solution. The animals were sacrificed at different 
time points varying between 1 and 24 h (six mice 
not injected at time 0 and four mice injected at 
each time point). Brain, kidney, duodenum, 
spleen, lung and liver were removed and homog-
enized in MeOH-DMSO (4 + 1 v/v). These 
homogenates were centrifuged and the amount of 
Pba or mPEG-Pba present in the supernatant was 
measured by fluorescence (Ex. 409 nm, Em. 676 
nm).35 No interference from other compounds 
present in the extracts was observed. Figure 6A 
shows that only the brain extract from the mouse 
treated with mPEG-Pba shows emission at 676 
nm, while the brain extract from untreated mice 
does not. The amount of Pba or mPEG-Pba 
present in the various organs was determined by 
means of a calibration curve, obtained by plot-
ting fluorescence intensity against Pba or mPEG-
Pba concentrations using standard calibration 
photosensitizer solutions. The curves were linear 
in the range 0.5–25 µg/ml with a correlation 
coefficient (r2) close to 0.99. The data reported 

Figure 4. (a) confocal microscopy images of hepG2 cells treated with only MitoTracker 
(control); (B–D) hepG2 cells photodynamically treated with Fluo-peG-pba and MitoTracker 
(added after light treatment): fluorescence emitted by Fluo-peG-pba is shown in part (B); 
fluorescence emitted by MitoTracker is shown in part (c); merge of parts B and c (D).

Figure 5. mpeG-pba (500, 800 and 1,600 nM) treated heLa cells, stained with Jc-1 24 h 
after light treatment and analyzed by cell cytometry.
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the animal at 1 h post injection, whereas free Pba does not, as 
it appears located mainly in the peritoneal region, in a lower 
amount according to signal intensity. At 3 and 5 h post injec-
tion, mPEG-Pba shows the maximum tissue distribution, which, 
though in lower amounts as indicated by the weakening of the 
fluorescence signal, persists up to 24 and 48 h. For a correct 
comparison between the two photosensitizers, one should con-
sider that the Φ

FL
 of mPEG-Pba is higher than the Φ

FL
 of Pba. 

This difference is significant in aqueous solution (see Fig. 1C) 
but it is likely to be much lower in a cellular environment (the 
targets of Pba are the membranes in which the molecule is not 
aggregated).27 The imaging data demonstrate that PEGylation 
improves the tissue distribution of the photosensitizer, suggest-
ing that mPEG-Pba should be more suitable for in vivo applica-
tion than free Pba.

We also investigated whether mPEG-Pba accumulates in a 
tumor mass more than free Pba. To this aim four mice have 
been subcutaneously inoculated with 1 x 106 murine amela-
notic melanoma cells to induce the formation of a tumor mass. 
Two mice were allowed to develop a subcutaneous small tumor 
mass (5–10 mm3) before imaging, while the other were let to 
grow a larger tumor mass (30–35 mm3). The mice bearing the 
tumor have been injected intraperitoneally with 250 µl of Pba 
or mPEG-Pba solution (50 µmol drug/Kg) and subjected to a 
whole body scan at increasing post-injection times from 1 to 48 
h (S

3
). At 48 h post injection the mice were sacrificed in order 

to perform ex vivo analysis on the main organs and tumor for 
both free and pegylated Pba at the same dose. Interestingly, the 
uptake of the tumor is higher than that of the various organs 
(Fig. 8A and B). With mPEG-Pba the order of uptake is: 
tumor > kidney > liver > intestine > lung (no drug in brain and 
spleen); while with Pba the order is: tumor > intestine > liver 
> kidney (no drug in brain, spleen, lung). Figure 8C shows a 
direct comparison between tumor uptake observed with free 
and pegylated Pba. When the same amount of drug is delivered 
to the mice, it is found that both small and large tumors take 
up more mPEG-Pba than free Pba: the intensity of the fluores-
cence emitted by mPEG-Pba is roughly 3-fold higher than that 
observed with free Pba.

It is noteworthy that the distribution data obtained by fluo-
rescence analysis of homogenized organs (Fig. 6B and C) is 
apparently not in full accord with the imaging data. This may 
be due to the different sensibility of the two methods. However, 
excluding the tumor, both analyses indicate the intestine as the 
main target for Pba, whereas the kidney is the main target for 
mPEG-Pba. This is likely due to: (i) a bile clearance for Pba and 
a combined bile clearance and blood recycle for mPEG-Pba; (ii) 
the fact that the photosensitizers were injected in the peritoneal 
region and that mPEG-Pba diffuses into the body more rapidly 
than Pba.

Conclusion

The data of this study show that mPEG-Pba is a soluble and 
promising photosensitizer for PDT. Upon irradiation at 14 J/
cm2, mPEG-Pba shows IC

50
 values between 250 to 1,200 nM in 

in Figure 6B show that: (i) the administration of the mPEG-Pba 
either in saline solution (sol 1) or saline solution-DMSO (9 + 1, 
v/v) (sol 2) give the same tissue distribution; (ii) PEGylation has a 
dramatic impact on the tissue distribution of the photosensitizer; 
in all organs analyzed, mPEG-Pba is from 8- to 13-fold more 
concentrated than free Pba; (iii) the main targets for mPEG-Pba 
24 h post-injection are the following: kidney > liver > spleen > 
intestine > lung > brain; (iv) free Pba was present in the vari-
ous organs in non-significant amounts, 24 h post injection. Some 
Pba was detected only in liver and duodenum at 3 h post injec-
tion (Fig. 6C).

It can be seen that there is a clear urinary output of mPEG-Pba 
not observed for native Pba which is cleared by the bile, recycled 
in blood and liver with an entero-hepatic cycle and eliminated 
in the stools.36 The persistence of mPEG-Pba in the liver and 
the duodenum (Fig. 6C) and the delayed urinary output of this 
water-soluble drug suggest the coexistence of bile clearance and 
blood recycle for this conjugate.

Time domain optical in vivo imaging allows longitudinal 
animal studies to evaluate the time biodistribution of Pba and 
mPEG-Pba in the same animal up to 48 h. Figure 7 shows a typ-
ical time domain analysis of mice injected with equal amounts 
(50 µmol drug/Kg) of Pba or mPEG-Pba. It can be seen that 
mPEG-Pba is found widely distributed in the whole body of 

Table 2. cell cycle analysis of heLa and hepG2 cells photodynamically 
treated with mpeG-pba

Cell Cycle 24 h 48 h 72 h

control (heLa)

sub-G1 0.01 3.56 4.2

G0/G1 65.2 64.3 64.0

s 29.1 25.9 25.1

G2/M 5.69 6.24 6.7

mpeG-pba 500 nM (heLa)

sub-G1 6.0 7.4 7.8

G0/G1 42.8 47.1 56.1

s 19.0 22.0 24.0

G2/M 32.2 23.5 12.1

mpeG-pba 800 nM (heLa)

sub-G1 7.2 8.3 10.5

G0/G1 43.6 45.2 48.8

s 18.2 19.0 21.5

G2/M 31.0 27.5 19.2

control (hepG2)

sub-G1 0 5.9 0

G0/G1 66.0 65.6 66.9

s 12.0 13.0 15.0

G2/M 22.0 15.1 17.8

mpeG-pba 500 nM (hepG2)

sub-G1 1.1 2.5 2

G0/G1 53.1 54.1 56.2

s 6.4 8.4 11.0

G2/M 39.4 35.0 30.1

mpeG-pba 800 nM (hepG2)

sub-G1 14.9 15.9 14.4

G0/G1 41.1 39.1 41.5

s 5.4 4.3 3.6

G2/M 38.5 41.6 40.5
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Figure 6. (a) Fluorescence emission spectra of mouse tissue brain extract obtained from mice non injected (blank) or injected with mpeG-pba. ex = 
409 nm, em = 670 nm. (B) Tissue distribution of photosensitizer pba and mpeG-pba as a function of time, obtained from mice i.p. injected with the 
drugs. The photosensitizer has been injected in mice with a saline solution (sol 1), saline solution-DMsO (9 + 1, v/v) (sol 2). (c) amounts of photosensi-
tizer found in the various tissues. symbols: mpeG-pba (▲); pba (●). each point is the average of values obtained with four mice.
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Material and Methods

Materials. mPEG-OH (MW = 5,000 Da), 1,3-diamino-
propane, N,N’-disuccinimidyl carbonate (DSC), N-(3-
dimethylaminopropyl)-N-ethyl carbodiimide (EDC) and 
1-hydroxybenzotriazole (HOBT) were purchased from 
Fluka (Buchs, Switzerland). Pba (MW 592.69) was pur-
chased from Frontier Scientific (Logan, Utah). Fluorescein-N-
hydroxysuccinnimido (Fluo-NHS) was obtained from Aldrich 
(Milan, Italy). The synthesis of mPEG-NH

2
 and of Z-PEG-NH

2
 

(M.W. = 5,000 Da) was carried out following the procedures pre-
viously described.37

Synthesis of mPEG-Pba. Pba (5 eq) was dissolved in the 
minimum amount of anhydrous CH

2
Cl

2
 and, whilst stirring, 5 

eq each of HOBT, EDC and TEA were added in this order. The 
resulting solution was added to monomethoxy PEG-NH

2
 (1 eq) 

dissolved in anhydrous CH
2
Cl

2
. The reaction was left stirring 

overnight at room temperature. The product was precipitated 

the four tested cell lines. In the dark the drug is not cytotoxic at 
PDT concentrations, but when it is photoactivated it produces 
ROS that cause membrane injury marked by an increase of malo-
nyldialdheyde and a depolarization of mitochondria membranes: 
cellular events that lead to cell death primarily by necrosis. When 
the conjugate is intraperitoneally injected in mice, a significant 
amount of it reaches the main tissues of the body other than the 
unconjugated analogue, which shows a very poor bio-distribu-
tion. The solubility and phototoxicity of mPEG-Pba suggest it 
may be a good photosensitizer for PDT, but also because the 
drug shows a urinary output with a relatively quicker elimination 
than native Pba, with a consequent lower risk of skin and mucosa 
phototoxicity.

This significant increase of the tissue distribution caused by 
PEGylation has also been confirmed by time domain optical in 
vivo imaging. PEGylated Pba maintains the photodynamic proper-
ties of the free drug but shows an improved biodistribution, which 
makes the conjugate a promising PDT drug for cancer therapy.

Figure 7. In vivo time domain optical images of mice treated with pba or mpeG-pba. Biodistribution of pba (a) and mpeG-pba (B) in mice after i.p. 
injection. Whole body fluorescence intensity was acquired at indicated times following post-injection. Images corresponding to two different experi-
ments for each pheophorbide formulation are reported.
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was verified by HPLC and their identity was confirmed by UV, 
Fluorescence and 1H-NMR analysis (S

4
).

Cell lines. HeLa human cervical cancer and HepG2 hepatic 
carcinoma cells were cultured in DMEM; MCF-7 human breast 
cancer cells were cultured in RPMI and B78-H1 amelanotic 
derived from murine melanoma cells were cultured in DMEM. 
All media contained 10% fetal calf serum and were supplemented 
with antibiotics Penicillin 100 U/ml, Streptomycin 100 µg/ml 
and Glutamine 2 mM (CELBIO, Milan, Italy).

PDT treatment. Pba and mPEG-Pba were dissolved in 
DMSO and conserved in aliquots of 0.5 mM at -80°C. The sta-
bility in aqueous solution of Pba and mPEG-Pba were checked by 

by slow addition, in ice-bath of diethyl 
ether. It was filtered, recrystallized 
from EtOH and dried over KOH pel-
lets under vacuum (yield 97%).

1H NMR (DMSO-d
6
) δ, ppm: 

9.78 (s, 1H, meso-H), 9.45 (s, 1H, 
meso-H), 8.91 (s, 1H, meso-H), 8.21 
(m, 1H, CH=CH

2
), 7.61 (m, 1H, 

NH-CO), 7.05 (m, 1H, NH-COO), 
6.41 (s, 1H, CH-COOCH

3
), 6.30 

(dd, 2H, CH=CH
2
), 4.55 (m, 1H, 

CH-CH
3
), 3.98 (m, 3H, CH

2
-

OCONH + CH-(CH
2
)

2
-COOH), 

3.53–3.32 (m, 454H, PEG), 2.83 (m, 
4H, CH

2
-CH

2
-CH

2
), 2.20 (m, 2H, 

CH
2
-CH

2
-COOH), 1.95 (m, 2H, 

CH
2
-CH

2
-COOH), 1.76 (d, 3H, 

CH
3
-CH), 1.61 (t, 3H, CH

3
-CH

2
-), 

1.49 (m, 2H, CH
2
-CH

2
-CH

2
).

Synthesis of Fluo-PEG-Pba. (a) 
Fluo-PEG-Z: Z-PEG-NH

2
 (M.W. = 

5.000 Da, 100 mg, 0.02 mmol) was 
coevaporated with anhydrous CH

2
Cl

2
 

(x2) and dried using a rotary pump; 
the product was dissolved in the mini-
mum quantity of anhydrous CH

2
Cl

2
 

and reacted with 7 eq of Fluo-NHS 
(78 mg, 0.14 mmol). The system was 
left under stirring for 18 h at room 
temperature. The product mixture was 
precipitated by Et

2
O in an ice-bath, 

filtered and recrystallised from EtOH. 
Yield 94%; (b) Fluo-PEG-NH

2
: 

Z-PEG-Fluo (100 mg) was dissolved 
in MeOH in a three-neck 50 ml flask, 
10% Pd/C was added as catalyst in a 
quantity equal to 10% by weight on 
the substrate and the suspension was 
brought to pH 3 by slowly adding few 
drops of concentrated HCl. The sys-
tem was left under stirring overnight 
under H

2
 atmosphere and room tem-

perature. After removing the catalyst 
by filtration, the MeOH was evapo-
rated under reduced pressure. The solid obtained was dissolved 
in CH

3
CN and precipitated with Et

2
O in an ice-bath, filtered, 

washed with Et
2
O and stored over KOH pellets. Yield 90%; 

(c) Fluo-PEG-Pba: 5 equivalents of Pba were dissolved in the 
minimum amount of anhydrous CH

2
Cl

2
 and whilst stirring 5 

equivalents each of HOBT, EDC and TEA were added in this 
order. This solution was added to the Fluo-PEG-NH

2
 (1 eq) dis-

solved in anhydrous CH
2
Cl

2
. The reaction was left stirring at 

room temperature overnight. The product was precipitated by 
slow addition, in an ice-bath of diethyl ether. It was then filtered, 
recrystallised from EtOH and dried over KOH pellets under 
vacuum. Yield 97%. The purity of the PEGylated derivatives 

Figure 8. ex vivo images of organs obtained from mice bearing a tumor, 48 h following i.p. injection 
of 250 µl of pba or mpeG-pba solution (50 µmol/Kg). (a) mouse treated with pba; (B) mouse treated 
with mpeG-pba. (c) comparison of tumor uptake (large and small tumor mass) of pba and mpeG-pba. 
The analyses a–c are independent in terms of laser intensity and signal integration time. experiment 
was carried out in duplicate.
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ml JC-1 (Molecular Probes, Leiden) for 30 min at 37°C in PBS 
buffer. The cells were washed twice with fresh PBS. Flow cytom-
etry was performed 24 h after light activation using a FACScan 
(Becton-Dickinson, San Jose, USA) equipped with a single 488 
nm argon laser. A minimum of 10,000 cells for sample was 
acquired in list mode and analyzed using Cell Quest software. 
The cell population was chosen by FSC light and SSC light. The 
signal was detected by FL1 and FL2 channel in log scale. The dye 
JC-1, excited by the argon laser emits in FL-1 (monomer, typical 
low ∆ψ) and FL-2 (aggregates, whose formation is due to a high 
∆ψ).

In vitro stability studies. To investigate the hydrolytic stability 
of mPEG-Pba, 5 mg/ml was dissolved in phosphate buffer, pH 7.4 
(0.005 M Na

2
HPO

4 
- 0.001 M KH

2
PO

4
, adjusted to pH 7.4 with 

NaOH) at 37 ± 0.1°C.38 Samples were taken at suitable intervals 
and the quantity of Pba released by hydrolysis was quantified with 
HPLC method with some modification.35 Briefly: Separation was 
performed at room temperature by using AcCN- acetone (45:55 
v/v) as the mobile phase at a flow rate 0.6 ml/min and detection 
wavelength was 409 nm. A LiChrosorb RP18 (Perkin-Elmer) 250 
x 4.6 mm ID column packed with 10 µm particle size was used. 
The amounts of the Pba released was analyzed and calculated by 
comparing the slope of the standard curve.

In vivo studies. Female C57/BL6, 6–8 weeks old, were 
obtained from Charles River, Calco, Italy. All the experimen-
tal procedures were done in compliance with the guidelines of 
European (86/609/EEC) and Italian (D.L.116/92) laws and were 
approved by the Italian Ministry of University and Research as 
well as by the Administration of the University Animal Facility.

Tissue distribution. Pba and mPEG-Pba conjugate (50 µmol/
kg in terms of Pba molecule) were solubilized in saline solution-
DMSO (9 + 1 v/v) respectively, also other mPEG-Pba conjugate 
(equivalent 50 µmol/kg of Pba) in saline solution, and adminis-
tered by i.p. (intraperitoneal injection) at the mice. The animals 
were sacrificed by cervical dislocation at different time points (1, 
3, 6 and 24 h) (six mice at 0 h, no injection and three mice at the 
other time points), after administration. The brain, spleen, kid-
ney, duodenum, lung and the liver were removed, washed in PBS 
and stored at -80°C. About 200 mg of tissues were homogenized 
in MeOH-DMSO (4 + 1 v/v). The homogenates were centri-
fuged at 3,000 g/rev at 4°C for 15 min., and the fluorescence of 
the supernatant was measured setting the excitation wavelength 
at 409 nm and recording the emission spectrum from 400 and 
750 nm. In all the case Pba amounts were determined by inter-
polation of emission intensity and Pba concentration plotted on 
a standard curve.

Spectrofluorimetric determination of mPEG-Pba and Pba 
in tissues. A Jasko luminescence spectrofluorimeter was used for 
the measurement of the fluorescence intensity of biological sam-
ples.34 The supernatant of the tissue extract was transferred into a 
3 ml quartz cuvette (1 cm pathlenght) and the fluorescence inten-
sity was measured using excitation and emission wavelengths of 
409 and 670 nm respectively. Methanol-DMSO (4 + 1 v/v) was 
used as the blank. A stock standard solution of mPEG-Pba was 
made by dissolving the adduct (12.5 mg; 1.25 mg of Pba) in dis-
tillate water (100 ml). Aliquots of the stock standard solution 

measuring the UV-vis spectrum at intervals of weeks. The cells 
were treated with the photosensitizer in the dark for 3 hours, then 
irradiated with metal halogen lamp at an irradiance of 8 mW/cm2 
for 30 min (~14 J/cm2).

Proliferation assay. The percentage of viable cells 24 h after 
light activation was determined by the resazurin assay following 
the manufacturer’s instructions (Sigma- Aldrich, Milan, Italy). 
The values were obtained by spectrofluorometer Spectra Max 
Gemini XS (Molecular Devices, Sunnyvale, California 94089). 
The cells were seeded in a 96-multiwell plate: HeLa, 5,000 
cells/well; HepG2, 7,000 cells/well; MCF-7, 7,000 cell/well and 
B78-H1, 5,000 cells/well.

Propidium iodide staining and FACS analysis. Cell cycle 
analyses were performed in HeLa and HepG2 cells after PDT 
treatment. Briefly, HeLa and HepG2 cells were seeded in a 6-well 
plate at a cell density of 2 x 105 cells/well, 24 h before PDT treat-
ment. Following light treatment the cells were harvested at dif-
ferent times, re-suspended in 0.5 ml of PBS and washed twice. 
Under vortexing, 1 ml of ice-cold 70% ethanol was added drop-
wise to the pellet and the cells were allowed to fix overnight at 
4°C. After centrifugation prior to FACS analysis the cells were 
stained with a 0.5 ml solution containing 0.05 mg/ml propidium 
iodide and 0.5 mg/ml RNase A, incubated for 30 min at 37°C 
and then analysed by FACScan (Becton Dickinson, San Jose, 
USA), using Win MDI 2.8 software.

ROS measurement. ROS levels were determined after PDT 
by incubating the cells in white medium DMEM (Biowhittaker 
LONZA) without serum for 30 min at 37°C containing 5 µM of 
5-(and 6)-chloromethyl-2'-7'-dichlorodihydrofluorescein diac-
etate, acetyl ester CM-H

2
DCFDA (C6827, Molecular Probes, 

Invitrogen, Milan, Italy). CM-H
2
DCFDA was metabolized by 

non-specific esterases to the non-fluorescence product of 5-(and 
6)-chloromethyl-2'-7'-dichlorodihydrofluorescein diacetate, 
acetyl ester, which was oxidized to the fluorescent product by 
ROS. Then, the cells were washed twice in PBS, trypsinized, 
resuspended in PBS and measured for the ROS content by FACS 
(FACScan, Becton Dickinson, San Josè, USA).

Lipid peroxidation: TBARS and C11-BODIPY581/591 assays. 
The lipid peroxidation assays have been performed according 
to reported protocols.11,30,31 Experimental details are reported as 
Supplementary information (S

5
).

Confocal microscopy and MitoTracker. HepG2 cells were 
plated at density of 105 on the cover glass, treated with Fluo-
PEG-Pba 5 µM for 24 h, then illuminated for 15 min. After light 
activation the cells were treated with 100 nM of MitoTracker Red 
for 30 min at 37°C (Molecular Probes, Invitrogen, Milan, Italy) 
and then the glasses were prepared. The cells were washed twice 
with PBS, fixed with 3% paraformaldehyde (PFA) in PBS for 
20 min. After washings with 0.1 M glycine, containing 0.02% 
sodium azide in PBS to remove PFA, and Triton X-100 (0.1% in 
PBS), the cells were incubated with Hoechst to stain the nuclei. 
The cells were analysed using a Leica TCS SP1 confocal imag-
ing system, Exc laser Argon 488 nm (to see fluorescein) and laser 
He-Ne 543 nm (to see MitoTracker).

Mitochondria membrane depolarization. mPEG-Pba or Pba/
PDT treated cells (plated at 2 x 105 cells) were loaded with 10 µg/
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and the images were reconstructed as fluorescence intensity and 
fluorescence lifetime. Prior to inject the probe or the labelled 
cells, mice were imaged to obtain a background scan. Mice 
were imaged daily overtime to visualize the biodistribution 
and the sites of accumulation. The background signal intensity 
recorded with the baseline image for each animal before the 
injection of the probe was subtracted from each post-contrast 
image, EXplore OptixTM* OptiView software (GE Healthcare) 
was used39 to estimate fluorescence intensity and lifetime. The 
fluorescence lifetime analysis was based on a single or two expo-
nential fitting models applied to the temporal point-spread 
function.40

The intensity maps of acquired data were compared as nor-
malized counts (NC) working on multiple images. Namely, for 
NC the photon counts over the Temporal Point spread Function 
(TPSF) curves were normalized with laser power and integration 
time, while scan step remained constant.
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Supporting Information Description

Figures S
1
: proliferation data of cells treated with mPEG-Pba; S

2
: 

caspase-3/7 activation and time lapse microscopy; S
3
: imaging; 

S
4
: 1H-NMR, fluoscence spectra of Fluo-PEG-Pba; S

5
, protocol 

for lipid peroxidation assay.

were diluted with methanol-DMSO (4 + 1 v/v) to give working 
standard solutions with a range of concentrations between 0.50 
and 25.0 µg/ml. These were used to construct a calibration curve 
for the determination on mPEG-Pba. In analogue manner was 
constructed a calibration curve for the determination of Pba solu-
tion of start 12.5 mg in methanol-DMSO (4 + 1 v/v) (100 ml). 
Pba and mPEG-Pba amounts, in different tissues, were deter-
mined by interpolation of emission intensity and Pba concentra-
tion plotted on a standard curve.

Mice preparation for optical imaging scan. Female mice 
C57/BL6 6–8 weeks old, were anesthetized using a gaseous 
anaesthesia system (Biological Instruments, Italy), based on iso-
flurane mixed to oxygen and nitrogen protoxide. Anaesthesia was 
first inducted in a pre-anaesthesia chamber and after the mouse 
was placed inside the eXplore Optix with isoflurane percentage 
respectively of 2% and 1%. Later, mice were shaved in the regions 
of interest because hair cause laser scattering. A first blank image 
has been acquired before treating the animals, then the experi-
mental mice were injected intraperitoneally with 50 µmol/Kg of 
Pba and mPEG-Pba.

In vivo time-domain optical imaging. The small-animal 
time-domain eXplore Optix pre-clinical imager was used in 
this study. In all imaging experiments a 670 nm pulsed laser 
diode with a repetition frequency of 80 MHz and a time resolu-
tion of 12 ps light pulse was used for excitation. The fluores-
cence emission at 700 nm was collected and detected through a 
fast photomultiplier tube and a highly sensitive time-correlated 
single-photon counting system. Two-dimensional scanning 
regions of interest (ROI) were selected, laser power, integration 
time and scan step were optimized according to the signal emit-
ted. The data were recorded as temporal point-spread functions, 
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