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a b s t r a c t
It is recognized that chlorin e6–polyvinylpyrrolidone (Ce6–PVP) formulations are characterized by a high
efﬁcacy in photodynamic therapy of malignant tumors. Currently, a commercially available formulation
of this type is PhotolonÒ (FotolonÒ) with Ce6:PVP = 1:1 (w/w) and the weight-average molecular weight
of PVP is 1.2  104. To gain a better understanding of the role played by PVP in Ce6–PVP formulations, we
carry out experiments on IR and UV–VIS absorption, steady-state and time-resolved ﬂuorescence, timeresolved triplet–triplet absorption, octanol–water partitioning, and solubility of chlorin e6 in buffer solutions at pH 6.3, 7.4, and 8.5 in presence of PVP with Ce6:PVP ratios ranging from 1:0 to 1:1000 (w/w) for
PVP samples with weight-average molecular weights of 8  103, 1.2  104, and 4.2  104. We show that
Ce6 interacts with PVP by forming molecular complexes via hydrophobic interactions and determine the
Ce6–PVP binding constant, as well as the mean number of PVP monomers per binding site. We ﬁnd that
complexation of Ce6 with PVP prevents Ce6 aggregation in aqueous media and leads to an enhancement
of Ce6 ﬂuorescence quantum yield, while keeping the quantum yield of the intersystem crossing essentially unchanged. Possible scenarios of how the presence of PVP can favorably affect the PDT efﬁcacy of
chlorin e6 in Ce6–PVP formulations are discussed.
Ó 2008 Elsevier B.V. All rights reserved.

1. Introduction
The availability of efﬁcient biocompatible photosensitizers is
imperative for successful development and clinical applications
of the photodynamic therapy (PDT) [1]. Therefore, research and
development of new effective photosensitizing agents is an important objective determining the further progress in the ﬁeld of the
cancer therapy. An improvement of photophysical and pharmacokinetic parameters of new photosensitizers can be achieved by
either chemical or non-covalent modiﬁcations of photosensitizing
molecules with polymers [1–4]. Photosensitizer modiﬁcations
were obtained by their incorporation into polymer microspheres
[5], binding to insulin molecules [6], or conjugation to polyethylene glycol [7] or tumor tissue-speciﬁc monoclonal antibodies [8].
In a number of cases stable complexes based only on intermolecular interactions of a photosensitizer with a polymer could also be
obtained [4]. In particular, polyvinylpyrrolidone (PVP), being a
water soluble and non-toxic polymer [9], is widely used to modify
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water solubility, pharmacokinetics and pharmacological (including
antitumor) activity of various biologically active compounds
[10–12]. Indeed, the presence of PVP was shown to accelerate
photosensitized oxidation of chlorophyll derivatives in vitro [13]
and increase the antitumor activity of tumor necrosis factor-alpha
[14].
Chlorin e6 (Ce6) is a promising photosensitizer characterized
by a high sensitizing efﬁcacy and rapid elimination from the body
[15]. Photosensitizer PhotolonÒ (also known as FotolonÒ), a for w ¼ 1:2  104 Þ
mulation containing a complex of Ce6 and PVP ðM
at the ratio of 1:1 (w/w) [16,17], originally developed at the Scientiﬁc Pharmaceutical Center of RUE Belmedpreparaty (Minsk,
Belarus), has been proven to be effective in photodynamic diagnostics and treatment of different cancerous and non-oncological
diseases [18–20]. Since 2002, PhotolonÒ (FotolonÒ) is registered
in the Republic of Belarus and Russian Federation and approved
for medical application as a means for photodynamic diagnostics
and therapy of malignant tumors of skin and mucous membranes.
Comparative assessment of the pharmacokinetic properties and
PDT activity of Ce6 and the Ce6–PVP formulation revealed that
Ce6–PVP more selectively accumulates and longer retains in the
tumor tissue, and, at the same time has a faster clearance rate
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from skin and normal tissues than Ce6 alone [16,19–21]. In our in
vivo studies we have observed that the photosensitizing activity
and the subsequent tumor necrosis are substantially higher for
Ce6–PVP at Ce6:PVP = 1:1 w/w than for Ce6 alone [22] and that
a further improvement of the PDT efﬁcacy is observed when the
PVP content in the formulation is increased [23]. However, the
molecular mechanisms of the enhanced photodynamic activity
of the Ce6–PVP composition are still not clearly understood. In
particular, the following questions need to be answered: What
is the role of the polymer in providing the high PDT efﬁcacy of
the formulation? Is the enhanced photodynamic activity of Ce6–
PVP related to the improved photophysical properties of the photosensitizer–polymer complex, or, rather, the presence of the
polymer prevents premature chemical modiﬁcation and aggregation of Ce6?
In our previous study [24], we have found that Ce6 can form
molecular complexes with PVP in solution, and that the interaction
of Ce6 with the polymer leads to pronounced changes in photophysical parameters of Ce6. However, quantitative description of
the interaction between Ce6 and PVP, evaluation of the Ce6–PVP
complex stability, as well as assessment of the modiﬁcation of
the physico-chemical properties of Ce6 upon complexation with
PVP remained to be investigated. In addition, the well known fact
of pH differences between the normal and cancerous tissue [25]
along with the strong effect of pH on the photophysical properties
of Ce6 [26] poses the question whether the pH effect on Ce6 photophysics is affected by complexation with PVP.
Giving answers to the above question will provide better
grounds for understanding the high photodynamic efﬁcacy of
PhotolonÒ (FotolonÒ) and related Ce6–PVP formulations compared
to Ce6 alone.
2. Materials and methods2
2.1. Chlorin e6 and its esters
Chlorin e6 (Fig. 1) (96.5% purity by HPLC) was synthesized by a
modiﬁed method of Lötjönen and Hynninen [27] at RUE Belmedpreparaty (Minsk, Belarus). Chlorin e6 174-ethyl ester (98.1%), referred to in what follows as Ce6 monoethyl ester, and chlorin e6
174, 153-diethyl ester (99.0%), referred to in what follows as Ce6
diethyl ester, were synthesized by partial esteriﬁcation of Ce6 in
4% H2SO4/ethanol medium, followed by fractionation of the ester
mixture by preparative reversed-phase HPLC. Purity of compounds
was determined by normalization using an HPLC-based method
described elsewhere [28,29]. Dark glassware and freshly prepared
solutions were used to avoid unwanted Ce6 photodegradation.
Sample handling and all measurements were carried out at room
temperature (25 ± 1 °C).
2.2. Polyvinylpyrrolidones
Three different samples of polyvinylpyrrolidone (Fig. 1) were
used in the present work: PVP K15 and PVP K30 (Aldrich, USA),
and PVP with the quoted weight-average molecular weight of
(1.26 ± 0.27)  104 (AK Sintvita, Russia) referred to in what follows
 w and
as PVP K19. The exact weight-average molecular weights M
 w =M
 n , where M
 n is the number-average molecupolydispersities M
lar weight, of these PVP samples were determined by size-exclusion chromatography and are presented in Table 1.

2
All experiments carried out in the present study were repeated in at least three
independent attempts, and good agreement between results of measuments was
found.

Fig. 1. Chemical structures of chlorin e6 trisodium salt (1) and polyvinylpyrrolidone (2).

Table 1
Molecular weight characteristics of PVP samples, as determined by SEC-HPLC
Sample

w
M

 w =M
n
M

 w of 5% high-molecular fraction
M

PVP K15
PVP K19
PVP K30

8200
11,700
41,800

3.8
4.1
4.3

27,500
40,500
152,000

2.3. Preparation of solutions of Ce6 and Ce6–PVP complex
Ce6 was preliminarily dissolved in a droplet of 0.1% NaOH, and
PVP was predissolved in appropriate buffers (phosphate buffer
solutions (0.01 M) of pH 6.3, 7.4, 8.0, and 8.5). Stock solutions were
subsequently prepared to yield Ce6:PVP weight ratio (w/w) from
1:0 to 1:1000 and afterwards diluted with appropriate buffers.
pH values of the ﬁnal solutions of Ce6 and Ce6–PVP were measured
using an HI 8314 pH-meter (Hanna Instruments) before the experiments and adjusted if necessary.
2.4. Size-exclusion chromatography of PVP
The size-exclusion chromatography (SEC-HPLC) analysis of the
molecular weight parameters of PVP was carried out on a chromatography system consisting of a Waters 600E pump and Waters
410 refractive index detector (Waters Corp., Milford, USA). Separation was performed using a mobile phase consisting of 0.1 M
NaNO3 solution on a Shodex KB-803 column (Showa Denko, Japan).
 w standards (Showa
The column was calibrated with pullulan M
Denko, Tokyo, Japan).
2.5. Solubility investigation
Solubility of Ce6, its monoethyl and diethyl esters, and their
complexes with PVP K19 (concentration of Ce6 2 mg/ml) in a buffer solution (0.1 M, pH 8.0) was evaluated by measuring the concentration of the Ce6 in solution after centrifugation (10,000 rpm,
10 min). The quantity of the dissolved substance was calculated
by measuring the differences in absorbance at 663 nm of freshly
prepared and centrifuged solutions. This wavelength was chosen
from the practical point of view to facilitate absorption measurements at relatively high concentrations of Ce6; additionally, the
use of the long wavelength strongly reduces the potential contribution of light scattering on molecular aggregates at high concentrations and thus helps to avoid possible experimental artifacts.
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2.6. Octanol–water partition coefﬁcients
Lipophilic and hydrophilic properties of Ce6 and Ce6–PVP formulations were characterized by the partition coefﬁcient Do/w =
Co/Cw of the compound between the two immiscible solvents
n-octanol (o) and 0.1 M phosphate buffer, pH 7.4 (w). Measurements were carried out as described by Bourre et al. [30]. The
measurements were carried out using PVP K19.
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were discarded, and the sample was replaced by a freshly prepared
one. The triplet state lifetimes sT were determined by the non-linear least-squares ﬁtting of triplet–triplet absorption decay curves
to a single-exponential DA(t) = DA(0)exp(t/sT) or double-exponential DA(t) = DA(0)(a1exp(t/sT1) + a2exp(t/sT2)) decay law.
The estimated relative error in the triplet state lifetime determination was about 10%.
2.9. Infrared spectroscopy measurements

2.7. Steady-state ﬂuorescence and absorption measurements
Absorption spectra were recorded on a Shimadzu UV2401PC
spectrophotometer (Shimadzu Corp., Japan) in quartz cuvettes.
Fluorescence spectra corrected for the spectral response of the
detection system and polarized ﬂuorescence spectra were recorded
on a spectroﬂuorimeter described elsewhere [31]. The ﬂuorescence
quantum yield u was determined by the relative method using a
solution of Ce6 in the buffer at pH 8.5 with the reported quantum
yield of 0.18 [24] as a ﬂuorescent standard. Fluorescence spectra
and the ﬂuorescence quantum yield were measured using the excitation wavelength of 407 nm. The relative accuracy of ﬂuorescence
quantum yield determination was 5%. The degree of ﬂuorescence
polarization P was measured with the excitation at 650 nm. The
absolute accuracy of the ﬂuorescence polarization degree was
0.07. Concentration of Ce6 in samples did not exceed 2.0 
105 M for absorption measurements (particular values are given
in ﬁgure legends) and 5.0  106 M for steady-state ﬂuorescence
measurements. Low excitation power densities were used in steady-state ﬂuorescence and absorption measurements to avoid photodegradation of Ce6 samples.
2.8. Time-resolved ﬂuorescence and triplet–triplet absorption
measurements
The lifetimes of the excited singlet state sS of Ce6 were determined by measuring ﬂuorescence decays using a modiﬁed PRA3000 pulse ﬂuorometer (Photochemical Research Associates, London, Ontario) operating in the time-correlated single photon
counting mode [32]. The concentration of Ce6 was 5.0  106 M.
Measurements were carried out at a low excitation power density,
and no signs of sample photodegradation during time-resolved
ﬂuorescence measurements were detected. The lifetimes of the excited singlet state were determined by the non-linear least-squares
reconvolution analysis of ﬂuorescence decay curves [32] assuming
a single-exponential ﬂuorescence decay law F(t) = F(0)exp(t/sS).
The estimated relative errors in ﬂuorescence lifetimes were about
3%.
Kinetics of the triplet–triplet absorption [33] were measured on
a home-made laser ﬂash photolysis spectrometer. In particular,
samples were excited by the second harmonic of a Nd3+:YAG laser
(excitation wavelength 532 nm, pulse duration 15 ns). The triplet–
triplet absorption was probed using a DKsSh-120 xenon lamp. A
MS 2004i monochromator (SOLAR TII, Minsk, Belarus) was used
to select the detection wavelength, which was set to 450 nm in
our experiments. The optical signal was detected by a FEU-128
photomultiplier tube with a time resolution of 20 ns. The concentration of Ce6 was 2.0  105 M. The relative errors of the measured amplitudes of triplet–triplet absorption did not exceed 7%.
In contrast to steady-state absorption and ﬂuorescence measurements, and time-resolved ﬂuorescence experiments, measurements of the triplet–triplet absorption kinetics require much
higher excitation power densities. Therefore, to ensure reliable results, the extent of photodegradation of samples during triplet–
triplet absorption experiments was carefully monitored. In cases
where absorbance of a sample changed by more than 3% at the
Qx(0, 0) absorption maximum during the measurement, the results

Infrared absorption spectra were recorded on a Nicolet 5DXB
FT-IR spectrophotometer in the spectral range of 4000–400 cm1
at an effective resolution of 2 cm1. Solid dispersions of the different systems were obtained by lyophilization of Ce6–PVP aqueous
solutions (at Ce6:PVP ratios 1:0.1, 1:1, and 1:10 (w/w)). Residual
solvent was removed by drying under vacuum at the room temperature for 2 days, after which the samples were mixed with dry KBr
to form pellets.
3. Results and discussion
3.1. Photophysical properties of Ce6–PVP at pH 8.5
UV–VIS absorption and ﬂuorescence spectra of Ce6 in solution
at pH 8.5 (Figs. 2 and 3) show a pronounced dependence on the
amount of PVP (a qualitatively similar picture is observed at other
pH values – see below), thus giving the evidence of intermolecular
photosensitizer–polymer interactions. In particular, the absorption
spectra show isosbestic points at 407, 546, 556, 606, 618 and
658 nm. In a similar manner, the ﬂuorescence spectra of Ce6 solutions at varying concentrations of PVP show, when excited at an
isosbestic point, several isostilbic points. They are, however, not
observed in Fig. 3 due to the amplitude normalization of the ﬂuorescence spectra. A similar behavior of the absorption and ﬂuorescence spectra has been reported previously for Ce6 upon its
binding to liposomes and human serum albumin [34–36]. We note
that, starting with Ce6:PVP  1:500 w/w, the further increase in

Fig. 2. Absorption spectra of Ce6 at different concentrations of PVP K19 in buffer
solution (pH 8.5). Ce6:PVP w/w ratios: 1:0 (1), 1:9 (2), 1:36 (3), and 1:1000 (4).
[Ce6] = 1.44  105 M; 1-cm cuvette. Inset shows the concentration dependence of
the absorbance of Ce6 at 655 nm in the absence of PVP in a buffer solution (pH 8.5)
as a function of the Ce6 concentration. The linear ﬁt A(k = 655 nm) = a[Ce6] + b,
where a = 0.0382 ± 0.0003, b = 0.006 ± 0.019, and [Ce6] is given in lM, indicates
that no Ce6 aggregation takes place under these conditions within the speciﬁed
concentration range.
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Fig. 3. Normalized ﬂuorescence spectra of Ce6 ([Ce6] = 5.0  106 M) at different
concentrations of PVP K19 in buffer solution (pH 8.5). Ce6:PVP w/w ratios: 1:0 (1),
1:10 (2), 1:30 (3), 1:70 (4), and 1:1000 (5). Excitation wavelength 407 nm.

the PVP content does not lead to any noticeable changes in the
absorption and ﬂuorescence spectra of Ce6.
It is known, that upon a concentration increase, Ce6 molecules
tend to aggregate in solution (see, e.g. [26,38]). Since uncontrolled
presence of Ce6 aggregates may signiﬁcantly affect the conclusions
drawn from our experiments, we determined the range of Ce6 concentrations within which aggregate formation can be neglected in
a Ce6 solution at pH 8.5 in the absence of PVP. Measurements of
the absorption spectrum for a set of seven samples covering the
range of Ce6 concentrations of (2.6. . .94)  106 M have shown
that no noticeable changes in the shape of the absorption spectrum
of Ce6 take place, and the ratio of absorbances at the maxima of the
Soret band and the Q-bands stays constant within the whole concentration range. The linear dependence of Ce6 absorbance with a
zero intercept (see inset in Fig. 2) for [Ce6] = (2.6. . .94)  106 M
clearly shows that no aggregates are formed for Ce6 concentrations
up to ca. 90 lM. Therefore, in all our experiments, we chose to use
Ce6 concentrations not exceeding 2.0  105 M.
Photophysical properties of Ce6 solutions without PVP and at
the Ce6:PVP ratio of 1:1000 w/w are summarized in Table 2. The
absorption spectrum of Ce6 in the buffer solution at pH 8.5 in
the absence of PVP is characterized by a strong Soret band with
the maximum at 402 nm and weaker Q-bands in the region of
450–700 nm. In agreement with our previous results [24], we have
found that an increase in the PVP content in solution (pH 8.5) at a
constant Ce6 concentration produces a red shift of absorption (Fig.
2) and ﬂuorescence (Fig. 3) bands and additionally leads to an in-

crease in the ﬂuorescence quantum yield (by a factor of 1.3), ﬂuorescence lifetime (by a factor of 1.2) and ﬂuorescence
polarization degree of Ce6. Moreover, the measured degree of
Ce6 ﬂuorescence polarization of 0.20 at Ce6:PVP = 1:1000 indicates
that the rotational diffusion of Ce6 is substantially inhibited in the
presence of PVP, which allowed us to conclude on formation of
molecular complexes of Ce6 with bulky PVP molecules.
Using time-resolved triplet–triplet absorption studies we have
found that in the absence of PVP, the transient triplet–triplet
absorption decays according to the monoexponential law
DA(t) = exp(t/sT) with the lifetime sT  2 ls. However, when the
PVP content was a factor of 15 or higher than that of Ce6 (w/w),
the decay of the transient triplet–triplet absorption was better described by the biexponential law with sT12 ls and sT25.2 ls (Fig.
4). Moreover, the relative contribution of the longer-lived component gradually increased with the PVP content (Table 3). These
observations allowed us to attribute the longer-lived component
of the triplet–triplet absorption to Ce6 molecules bound to the
polymer. This conclusion was further conﬁrmed by comparison
of these results with the data on Ce6 binding to PVP (see below).
The triplet state lifetime sT of chlorophyll-related compounds is
known to be strongly dependent on the oxygen concentration:
1/sT = 1/sT0 + kq[O2], where sT0 is the triplet state lifetime in the
oxygen-free solution, and kq is the effective rate constant the triplet state quenching by oxygen (for more details on the triplet state
quenching by oxygen in chlorophyll-related compounds, see, e.g.
[37]). Our preliminary experiments have shown that the triplet
lifetimes sT0 of Ce6 and Ce6–PVP (Ce6:PVP = 1000) in oxygen-free
buffer solutions are 200 and 500 ls, respectively, in agreement
with previously reported values [38,39]. Therefore, the increase in
the triplet state lifetime of Ce6 upon its complexation with PVP
should be attributed to a reduction in the effective oxygen quenching constant due to a reduced accessibility of Ce6 to oxygen molecules as a result of steric hindrances introduced by the polymer
matrix.
At the same time, the amplitude of the triplet–triplet absorption
of Ce6 is virtually unaffected by the presence of the polymer (Table
2). This, taken along with the observed increase in the ﬂuorescence
quantum yield upon complexation with PVP (from 0.18 to 0.24), allowed us to conclude that the quantum yield of the intersystem
crossing of Ce6 did not decrease by more than 10% upon its complexation with PVP. Taking into account that the quantum yield of
singlet oxygen production is closely correlated with the quantum
yield of the intersystem crossing [37], we conclude that the quantum yield of singlet oxygen generation by Ce6 does not change by
more than 10% upon its complexation with PVP (the latter conclusion, of course, needs to be veriﬁed in independent direct
experiments).
Thus, the Ce6–PVP complex, as compared to free Ce6, is characterized by a higher ﬂuorescence quantum yield, more intense and

Table 2
Photophysical properties of Ce6 and Ce6–PVP K19 (Ce6:PVP = 1:1000 w/w) in solution at pH 8.5, 7.4, and 6.3
Q ð0;0Þ

pH

Sample

kSoret
max (nm)

kmax

8.5

Ce6
Ce6–PVP
Ce6
Ce6–PVP
Ce6
Ce6–PVP

402
405
402
405
405
405

654
663
654
663
645
663

7.4
6.3

(nm)

~abs (cm1)
Dm

kfmax (nm)

u

sS (ns)

P

DA =DA0

sT (ls)a

490
430
490
430
690
450

662
670
662
670
659
669

0.18
0.24
0.18
0.24
0.16
0.25

4.4
5.1
4.3
5.1
3.8
5.2

0.00
0.20
0.00
0.18
0.01
0.22

1.00
1.02
0.98
0.96
0.82
1.00

1.8
5.3
2.1
5.7
2.0
5.0

Q ð0;0Þ
f
~
Note. kSoret
max b kmax are the maxima of the Soret and Qx(0, 0) absorption bands, respectively; Dmabs is the full width at half maximum of the Qx(0, 0) absorption band; kmax is the
maximum of the ﬂuorescence band; u is the ﬂuorescence quantum yield; P is the degree of ﬂuorescence polarization; DA* = DATT/A(kexc) is the reduced amplitude of the
triplet–triplet absorption, where DATT is the experimentally observed amplitude of triplet–triplet absorption, and A(kexc) is the absorbance of the sample at the excitation
wavelength; DA0 is the reduced amplitude of the triplet–triplet absorption of Ce6 at pH 8.5; sS is the lifetime of the ﬁrst excited singlet state of Ce6; sT is the lifetime of the
ﬁrst excited triplet state of Ce6.
a
For Ce6–PVP, sT was measured at Ce6:PVP = 1:500 w/w.
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Fig. 4. Normalized kinetics of triplet–triplet absorption of chlorin e6
([Ce6] = 2.0  105 M) at different concentrations of PVP K19 in buffer solution
(pH 8.5). Ce6:PVP w/w ratios: 1:0 (1), 1:15 (2), 1:50 (3), and 1:100 (4). Inset shows
residuals for the single- (a) and double-exponential (b) ﬁts of curve (2). Excitation
wavelength 532 nm; detection wavelength 450 nm.

Table 3
Triplet state lifetimes and their relative contributions to the triplet–triplet absorption
kinetics for Ce6 and Ce6–PVP K19 with different Ce6:PVP weight ratios at pH 8.5
Ce6:PVP ratio (w/w)

1:0
1:1
1:15
1:50
1:100
1:500

Fast component

Slow component

sT1 (ls)

a1

sT2 (ls)

a2

1.8 ± 0.2
2.0 ± 0.2
2.0 ± 0.2
1.9 ± 0.2
2.2 ± 0.2
–

1.00
1.00
0.58 ± 0.06
0.27 ± 0.03
0.18 ± 0.02
–

–
–
5.2 ± 0.4
5.2 ± 0.4
5.6 ± 0.5
5.3 ± 0.4

–
–
0.42 ± 0.04
0.73 ± 0.07
0.82 ± 0.08
1.00

red shifted absorption band, and just a slightly decreased quantum
yield of intersystem crossing. Therefore, a certain improvement in
PDT-related photophysical properties of Ce6 is indeed observed
upon its binding to PVP. However, in our opinion, the extent of this
modiﬁcation observed for PVP-bound Ce6 can hardly explain the
substantial increase in PDT efﬁciency consistently observed in in
vivo PDT experiments and medical applications of the Ce6–PVP
complex (PhotolonÒ, FotolonÒ) in comparison with free Ce6 [22]
(for discussion, see below).
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Ce6 were observed. These observations are in a good agreement
with the results of Čunderlíková et al. [26]. Additionally, at pH
6.3 we observed a slight decrease in the ﬂuorescence quantum
yield from 0.18 to 0.16 and shortening of the ﬂuorescence lifetime from 4.4 to 3.8 ns for free Ce6. At the same time, time-resolved triplet–triplet absorption experiments showed that at pH
6.3 the amplitude of Ce6 triplet–triplet absorption decreased by
18% as compared with the one at pH 8.5, whereas the lifetime
of triplet state of Ce6 molecules remained virtually unchanged
(2.0 ls). These changes in the Ce6 photophysics can be caused
by neutralization of carboxyl groups leading to an increased
hydrophobicity and therefore aggregation of Ce6 molecules at
lower pH.
Addition of PVP to Ce6 solutions (Ce6:PVP = 1:1000) at pH 7.4
and pH 6.3 resulted in changes of photophysical properties of
Ce6 similar to those observed at pH 8.5 (see Table 2). The most
drastic changes including a substantial red shift of the Q[(0, 0)
absorption (by 18 nm) and ﬂuorescence (by 10 nm) bands, an
increase in the ﬂuorescence quantum yield (by a factor of 1.7),
degree of polarization (from 0 to 0.22), triplet–triplet absorption
(by a factor of 1.2), singlet (by a factor of 1.4) and triplet (by
a factor of 2.5) lifetimes, have been detected for Ce6 at pH 6.3
(see Table 2 and Figs. 5 and 6).
Notice that at Ce6:PVP weight ratio of 1:1000, when, as is
shown below, essentially all photosensitizer molecules are bound
to the polymer, the photophysical properties of Ce6 are virtually
independent of the solution pH. Therefore, within the pH range
studied, the microenvironment of the PVP-bound photosensitizer
is not affected by pH, which means that Ce6 molecules are incorporated into the polymer matrix in a pH-independent way. The maximum and full width at half maximum of the Q[(0, 0) absorption
and ﬂuorescence bands, ﬂuorescence quantum yield, and singlet
state lifetime of Ce6–PVP at Ce6:PVP = 1:1000 w/w closely correlate with the corresponding parameters of Ce6 in organic solvents
with the dielectric constant ranging from 20 to 35 [24,31,34].
These ﬁndings allow us to conclude that PVP-bound Ce6 molecules
are localized in hydrophobic domains of the polymer, similar to
what was concluded for Ce6 bound to proteins and liposomes
[34–36,40].
Additionally, it is known that Ce6 molecules in polar organic
solvents, alkaline aqueous media, and when bound to proteins, liposomes and cells stay predominantly in the monomeric form

3.2. Effect of pH on properties of Ce6–PVP complex
It is known that tumor tissues can have pH values differing from
those of the normal tissue [25]. However, in the absence of exact
data on pH values of particular tumors successfully treated with
PhotolonÒ (FotolonÒ), a study of properties of the Ce6–PVP complex within a wide range of pH values would help to estimate
and understand effects which can in principle be observed in tumor tissues.
First, we addressed the photophysical properties of free Ce6 and
Ce6–PVP complex with Ce6:PVP = 1:1000 in buffer solutions at
physiologically important pH values 7.4 and 6.3. The summary of
our results is presented in Table 2.
In particular, we found that in the absence of polymer, there
are no signiﬁcant differences in the photophysical properties of
Ce6 in solution at pH 7.4 and pH 8.5. However, at pH 6.3 a
red shift and broadening of Soret band, as well as a blue shift
and broadening of Q[(0, 0) absorption and ﬂuorescence bands of

Fig. 5. Absorption spectra of Ce6 at different concentrations of PVP K19 in buffer
solution (pH 6.3). Ce6:PVP w/w ratios: 1:0 (1), 1:15 (2), 1:50 (3), and 1:100 (4).
[Ce6] = 2.0  105 M; 0.2-cm cuvette.
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3.3. Mechanism of PVP interaction with Ce6 and its esters

Fig. 6. Normalized ﬂuorescence spectra of Ce6 ([Ce6] = 5.0  106 M) at different
concentrations of PVP K19 in buffer solution (pH 6.3). Ce6:PVP w/w ratios: 1:0 (1),
1:15 (2), 1:50 (3), and 1:100 (4). Excitation wavelength 407 nm.

[26,35,38,41]. Therefore, we may speculate that, in a similar manner, complexation with PVP prevents Ce6 aggregation or even disrupts pre-existing Ce6 aggregates, thus preserving the monomeric
form of the photosensitizer.
To verify this assumption, we studied the effect of the presence
of PVP on aggregation of Ce6 in aqueous solution of low ionic
strength. In particular, we have found that the absorption spectrum of a solution of Ce6 in distilled water kept in a dark place
at the room temperature gradually transforms with time, revealing
a decrease and broadening of the Soret and Q[(0, 0) absorption
bands within 90 min (Fig. 7). Since Ce6 is a weak acid, these spectral changes are obviously associated with the hydrolysis of the
Ce6 salt and subsequent aggregation of partially protonated molecules. In contrast, in the presence of PVP in solution, no visible
changes were observed in absorption spectrum of the solution
even after 5 h. Thus, we conclude that complexation of Ce6 with
PVP indeed prevents hydrolysis and subsequent aggregation of
the photosensitizer, which is known to be beneﬁcial for the PDT
efﬁcacy [4].

The pronounced propensity of PVP to interact with Ce6 in solutions at a range of pH values and ionic strengths prompted us to
make a more detailed investigation of the mechanisms of Ce6–
PVP complexation. It is recognized that PVP can act as a proton
acceptor (through either the O or N atoms of the pyrrole ring)
hydrogen bonds can be formed between PVP and the drug [9]. As
regards Ce6, it can donate hydrogens from the NH groups of the
macrocycle or the three COOH residues. However, it is clear that
the aromaticity of the chlorin cycle strongly prevents imine’s
hydrogens from H-bonding. The strength of hydrogen bonds
formed via carboxylic groups has to be substantially inﬂuenced
by pH of the solution, becoming much weaker in alkaline media
(at pH > 8) where Ce6 carboxyls are ionized. However, as we have
observed earlier, the photophysical properties of the Ce6–PVP
complex are almost the same at slightly acidic and alkaline solutions. For this reason, it was our intention to examine if Ce6 carboxyl moieties really act as the principal bonding means with
the PVP. The investigation of this effect was carried out by comparing FT-IR spectra of lyophilized Ce6–PVP complex with those of a
mechanical mixture of these two compounds. There is a number
of works showing that positions of vibrational bands of the groups
involved in the H-bonding (such as carbonyls of PVP and carboxyls
of the Ce6 in the present case) undergo noticeable changes compared to a simple linear superposition of the spectra of the individual compounds (see, e.g. [42]).
However, in our experiments, the FT-IR spectra of physical mixtures of Ce6 and PVP and lyophilized Ce6–PVP complexes at
Ce6:PVP ratios of 1:0.1, 1:1 and 1:10 (w/w) appeared to be identical within the experimental error (data no shown), and the spectra
of the lyophilized Ce6–PVP can be simply regarded as the superposition of the spectra of the Ce6 and PVP. Thus, based on the fact that
no changes were detected in the characteristic bands (O–H, C@O)
the dominating role of hydrogen bonding in Ce6–PVP interaction
can be clearly ruled out.
To further check this conclusion, we studied esteriﬁed Ce6
derivatives having fewer carboxyl groups and therefore dramatically less soluble than Ce6 even under alkaline conditions. The effect of PVP on solubilization of Ce6, mono- and diethyl esters of
Ce6 was investigated at the concentration close to that used in
clinical practice (2 mg/ml). At this concentration, Ce6 is completely
soluble in aqueous media, whereas, according to our measurements, only 95% and 12% of more hydrophobic mono- and diethyl
esters of Ce6 remained in solution, respectively. However, in the
presence of PVP, at the Ce6 derivative:PVP ratio of 1:10, the
amount of the dissolved substances increased to 100% and 60%,
respectively. Thus, the solubilizing effect of PVP is sufﬁcient to
maintain substances more hydrophobic than Ce6 in solution at relatively high concentrations. Similar observations have been reported previously for another photosensitizer formulation
containing a hydrophobic photosensitizer hypericin and PVP [43].
Presumably, in the case of the less polar Ce6 derivatives, weak
non-speciﬁc interactions (via, e.g., ion–dipole and dispersion
forces) with PVP are responsible for this solubilizing effect of PVP.
3.4. Ce6–PVP binding constant

Fig. 7. Temporal changes in absorption spectra of Ce6 sodium salt in distilled
water: immediately after dissolution (1), after 30 min (2), and after 90 min (3).
[Ce6] = 2.0  106 M; 1-cm cuvette.

A step toward answering the still unresolved question whether
Ce6, upon introduction of Ce6–PVP in vivo, stays bound to PVP, as
well as the related question on the molecular mechanisms of the
Ce6 (or Ce6–PVP) transport via the cell membrane, can be made
by studying the parameters of Ce6–PVP binding. In particular, we
are interested in the Ce6–PVP binding constant and the number
of PVP monomers per binding site. Additionally, in view of the
inherent polydispersity of PVP used as a carrier in medicinal
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applications (see Table 1), it is of interest to verify whether these
binding parameters are dependent on the polymerization degree
of PVP.
As it was mentioned above, Ce6 molecules tend to aggregate in
aqueous media, especially under acidic conditions [26]. Thus, to
avoid ambiguity which can be introduced by aggregation, Ce6
binding to PVP was studied under the conditions where chlorin
molecules are monomeric: i.e. in an alkaline medium (pH 8.5) at
Ce6 concentrations not exceeding 2  105 M (see inset in Fig. 2).
The minimal model capable of providing a quantitative answer
to this question assumes that each PVP polymer molecule can provide several independent sites for Ce6 binding. In this case, the following relation holds [44]:

½Lbound =½M ¼ K½Lfree =fnð1 þ K½Lfree Þg

ð1Þ

where [Lbound] and [Lfree] are the concentrations of the bound and free
ligand (Ce6), [M] is the concentration of PVP macromolecules expressed here as a molar concentration of PVP monomers in solution,
n is the number of PVP monomers per binding site, and K is the association (binding) constant of the Ce6–PVP complex. The fraction of
the bound photosensitizer x = [Lbound]/[L0], where [L0] = [Lfree] +
[Lbound] is the total concentration of Ce6, is expressed as follows:


x ¼ 1=K þ ½M=n þ ½L0 
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
 ð1=K þ ½M=n þ ½L0 Þ2  4½L0 ½M=n
ð2½L0 Þ

ð2Þ

The fraction x of PVP-bound Ce6 was determined from a set of
absorption spectra at a ﬁxed total Ce6 concentration of
1.44  105 M with the Ce6:PVP ratio varying from 1:2 to 1:200
w/w by assuming that the Ce6 absorption spectrum A(k) at a given
PVP concentration is a linear superposition of the spectra of bound
and free Ce6 molecules Abound(k) and Afree(k), respectively:

AðkÞ ¼ xAbound ðkÞ þ ð1  xÞAfree ðkÞ;

0<x<1

ð3Þ

Unfortunately, the spectrum of PVP-bound Ce6 Abound(k) is not
available directly. To obtain its experimental estimate, we made
use of the observation that the effect of the polymer on the photophysical properties of Ce6 saturates at high polymer concentrations
and becomes independent of the polymer content starting with
Ce6:PVP  1:500, which can be interpreted as an indicative of virtually all Ce6 molecules being bound to PVP. Therefore, the absorption
spectrum of Ce6–PVP at Ce6:PVP = 1:1000 was taken as a reasonable experimental estimate of Abound(k).
We have found out that representation Eq. (3) provided an
excellent description of the Ce6 absorption spectra in the presence
of PVP within the whole range of Ce6:PVP ratios from 1:2 to 1:200
(w/w) for all three PVP samples used in the present study. The estimated values of the fraction x of the PVP-bound Ce6 are presented
for PVP K19 in Fig. 8 as a function of the PVP monomer concentration. Qualitatively similar dependences were obtained for PVP K15
and PVP K30.
It is remarkable that the relative contribution of the longerlived component of the triplet state decay of Ce6 (Table 3) closely
follows the behavior of the bound fraction of Ce6 (Fig. 8), which
serves as an additional conﬁrmation of its assignment to PVPbound Ce6 molecules (see Section 3.1).
The binding parameters K and n were determined from the
dependences of the PVP-bound fraction x of Ce6 on the PVP monomer concentration by non-linear least-squares ﬁtting with Eq. (2).
For all three polymers, Eq. (2) provided excellent ﬁts to the dependences, which is exempliﬁed in Fig. 8. The recovered binding constant K, number of PVP monomers per binding site n, as well as an
estimate of the mean number of binding sites per PVP molecule
 w =ðnMmono Þ, where Mmono = 111 is the molecular weight of
N¼M
the PVP monomer, are presented in Table 4.

Fig. 8. Fraction of PVP-bound Ce6 ([Ce6] = 1.4  105 M) as a function of the
concentration of PVP K19 (solid circles) and its ﬁt using Eq. (2) (curve). For
comparison, the relative contribution of the slow component a2 of the triplet–
triplet absorption of Ce6 as a function of the PVP K19 monomer concentration is
overlaid (open squares).

Table 4
Binding parameters of Ce6 with PVP of different molecular weights
Sample

W
M

K, 104 M1

n

N

PVP K15
PVP K19
PVP K30

8200
11,700
41,800

3.8 ± 0.6
3.7 ± 0.6
3.4 ± 0.5

62 ± 7
61 ± 7
47 ± 6

1.2 ± 0.1
1.7 ± 0.2
8.0 ± 1.0

 w is the PVP weight-average molecular weight of PVP, K is the Ce6–PVP
Note. M
binding constant, n is the number of PVP monomers per binding site, N is the
estimate of the mean number of binding sites per PVP molecule. The reported errors
of the parameters are the error estimates provided by the non-linear least-squares
ﬁtting routine.

The fact that the Ce6–PVP binding constant is virtually independent of the polymer molecular weight, suggests the same binding
mechanism for all PVP samples. In this case one should also expect
that the number of monomers per binding site should also be independent of MW. Our measurements, however, show that n drops by
about 25% for PVP K30 compared to PVP K15 and PVP K19. This
apparent discrepancy can be easily explained by recalling that
the polymer samples used in the present study are strongly polydisperse (Table 1), and taking into account that the binding efﬁciency of PVP drops sharply when its polymerization degree
becomes smaller than the number of monomers per binding site
[9]. Whereas for PVP K30 the fraction of polymer molecules with
the polymerization degree lower than 50 is negligible, for PVP
K15 and PVP K19 this fraction can amount ca. 20–30% of the polymer content. Thus, while the measurements with PVP K30 provide
an estimate of n close to its ‘real’ value, the experiments with
shorter polymers PVP K15 and PVP K19 in fact yield ‘effective’ values of n distorted by the polymer polydispersity.
Therefore, it might seem that PVP K30 is a more favorable
choice for as a Ce6 carrier. However, the medical applications impose certain restrictions on the molecular weight of the polymer.
Since PVP is not biodegradable and therefore has to be excreted
through renal blood vessels, its use in compositions for systemic
 w below (5–8)  104
administration should be restricted to M
(see, e.g. [45]). Therefore, taking into account that the measured
 w of 5% of high-molecular fractions of PVP K30 extends far beM
yond the acceptable range (Table 1), its application for systemic
administration is absolutely ruled out due to problems with
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elimination of high-molecular weight molecules. At the same time,
 w of 5% of high-molecular fractions just below
PVP K19 with the M
the border of the admissible range, appears to be the favorable
choice for a Ce6 carrier for systemic administration of the Ce6–
PVP formulation.
3.5. Octanol–water partition coefﬁcient
The results of the present study indicate that the changes introduced by PVP into the Ce6 microenvironment can modify the photosensitizer behavior in solution. As a result, PVP can inﬂuence the
delivery of the photosensitizer to and its localization in the target
tissue. In relation to biological systems, it is even more interesting
to evaluate how PVP affects the hydrophilic–lipophilic properties
of Ce6 and its ability to interact with blood plasma components.
The apparent effect of PVP on hydrophilic–lipophilic properties
of Ce6 was evaluated by studying the change in the octanol–water
partition coefﬁcient Do/w. For Ce6 alone and Ce6–PVP complexes at
the Ce6:PVP ratios of 1:10 and 1:100 w/w, the measured partition
coefﬁcients Do/w were 1.68 ± 0.06, 0.78 ± 0.07, and 0.49 ± 0.09,
respectively (Fig. 9). Thus, the interaction with PVP reduces the
octanol–water partition coefﬁcient with an increase in the polymer
content. This implies a higher solubility of the polymer-bound photosensitizer in an aqueous phase. Generally, it is expected that an
increase in the polarity of the photosensitizer is favorable to its
better accumulation in the stroma of the tumor tissue, in which
case the photosensitizer causes mainly vascular damage which
can be as effective for tumor eradication as the intracellular PDT
action [2]. One might speculate that this could as well be the case
for the Ce6–PVP complex. To ﬁnd out, however, what is the real
picture, the corresponding in vivo experiments are required.
3.6. General discussion
Thus, the results obtained in the present work show that complexation of Ce6 with PVP modiﬁes a number of photophysical and
physico-chemical parameters of Ce6. So, is it possible, based on the
experimental evidence obtained in the present work to obtain an
unambiguous explanation of the enhanced photodynamic activity
of Ce6–PVP formulations compared to Ce6 alone?
The photophysical parameters undeniably comprise one of the
key factors controlling the efﬁcacy of a PDT drug and a favorable
change in photophysics can indeed affect the performance of a
PDT formulation. However, our experiments show that the modiﬁ-

Fig. 9. Octanol–water partition coefﬁcients of Ce6 in the absence of PVP and in the
presence of PVP at Ce6:PVP = 1:10 and Ce6:PVP = 1:100.

cation of the photophysical properties of Ce6 upon its binding to
PVP is far from being dramatic and cannot lead to a substantial
enhancement of the PDT efﬁcacy of Ce6–PVP formulations.
The aggregation state of a photosensitizing agent can also
strongly affect the PDT efﬁcacy of the formulation. In the present
work, we have observed that PVP prevents aggregation of Ce6 molecules at lower pH, which can potentially enhance the PDT activity
of the formulation. Previous spectroscopic investigations have
demonstrated that Ce6 stays predominantly in the monomeric
form both in the whole blood [24] and upon cellular uptake [41]
at neutral pH. However, to the best of our knowledge, no similar
experiments were carried out to study the aggregation state of
Ce6 in tumor tissues with a lower-pH environment which may induce Ce6 aggregation. In this case, the disaggregating effect of PVP
should enhance the PDT efﬁcacy of a Ce6–PVP formulation compared to Ce6 alone. To elucidate this issue, a comparative study
of the Ce6 aggregation state in tumor cells upon uptake of Ce6
and Ce6–PVP-based photosensitizer should be carried out using,
e.g., ﬂuorescence lifetime imaging microscopy with picosecond
time resolution and subcellular spatial resolution [46].
It is important to point out that in case of the Ce6–PVP formulation with PVP of MW = 1.2  104 and Ce6:PVP = 1:1 w/w (PhotolonÒ, FotolonÒ), the fraction of PVP-bound Ce6 molecules
comprises just a few percent (Fig. 8). Thus, the favorable modiﬁcation of the PDT parameters of Ce6 molecules bound to PVP could
explain the overall enhanced PDT efﬁcacy of PhotolonÒ (FotolonÒ)
only if one assumes that the overall PDT efﬁcacy of Ce6 alone is extremely low, which is in contradiction with the currently accepted
understanding. On the other hand, our in vivo experiments have
shown that formulations with a higher PVP content (e.g.,
Ce6:PVP = 1:10) exhibit substantially better tumor/normal tissue
contrast and considerably higher tumor necrosis levels (unpublished data, see also [23]). This implies that, rather than directly
affecting the PDT activity of the bound photosensitizer, PVP most
likely modiﬁes the way Ce6 interacts with the endogenous carriers
and distributes between the normal and tumor tissues.
Previously, it has been shown that upon an intravenous administration of Ce6, its transport involves endogenous carrier molecules, in particular, human serum albumin (HSA) and, to a lower
extent, low-density lipoproteins (LDL). The corresponding binding
constants were estimated as 1.8  108 M1 (Ce6–HSA) and
5.7  107 M1 (Ce6–LDL) at pH 7.4 [36]. Additionally, lower-afﬁnity Ce6 binding sites in HSA were reported with the binding constant of 1.4  106 M1 [34]. The concentration of HSA and LDL in
blood are 40 g/L (597 lM) and 5.5 g/L (2 lM), respectively,
whereas the concentration of PVP upon intravenous administration of the Ce6–PVP formulation with Mw = 1.2  104 and
Ce6:PVP = 1:1 w/w (PhotolonÒ, FotolonÒ) does not exceed 0.04 g/
L (3 lM). The Ce6–PVP binding constant determined in the present paper (3.7  104 M1) is more than two orders of magnitude
lower compared to the ones in case of the endogenous carriers.
This means that redistribution of Ce6 from PVP to HSA and LDL
should take place. In case of a fast redistribution, HSA should serve
as a main carrier, and the pharmacokinetic parameters of Ce6 in
this case should remind those of free Ce6 [15]. However, animal
experiments have shown that the rate of elimination of Ce6 from
the tumor tissue is substantially lower in case of Ce6–PVP
[20,22]. Additionally, the tumor/normal tissue contrast level is increased several times when Ce6–PVP formulations with a higher
content of PVP are used [17]. Therefore, a fraction of Ce6 most
likely reaches the tumor either still as a Ce6–PVP complex or, as
we speculate, as a ternary Ce6–PVP–HSA complex formed in the
bloodstream upon administration of the formulation. Indeed, some
experimental results suggest [47] that PVP is able to improve
binding of certain compounds by participating in formation of
multicomponent complexes. As a result, the hypothetical
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Ce6–PVP–HSA complex may have better chances to reach the tumor and reside there for a longer time owing to the enhanced permeability and retention effect [48].
Thus, the results obtained in our study do not offer a clear simple explanation of the improved PDT efﬁciency of Ce6 non-covalently bound to the PVP polymer carrier, and further
investigations are necessary to clarify this issue. In particular, additional experiments are required to ﬁnd out whether the Ce6–PVP
complex is preserved upon its in vivo administration and what is
the particular mechanism of accumulation and PDT action of
Ce6–PVP formulation in tumor.
4. Conclusions
In the present work, in order to gain a better understanding of
the high photodynamic efﬁcacy of formulations based on the
Ce6–PVP complex, we studied the complexation of Ce6 with PVP
at pH values typical for normal and tumor tissues, as well as the
effect of the PVP polymer on the photophysical properties of Ce6.
We have demonstrated that Ce6 interacts with PVP in aqueous
solution to form molecular complexes with polymer molecules,
and established the Ce6–PVP binding constant and the number of
monomers per binding site for a range of molecular masses of
PVP. We have found that the interaction of Ce6 with PVP prevents
Ce6 aggregation and even possibly leads to disruption of already
existing aggregates, prevents hydrolysis of Ce6 salts, as well as improves solubility of more hydrophobic mono- and diethyl ethers of
Ce6 in the aqueous phase. At the same time, our photophysical
experiments with solutions of Ce6 and Ce6–PVP show that PVPbound Ce6 molecules exhibit an increased ﬂuorescence quantum
yield and a virtually unchanged quantum yield of intersystem
crossing. These ﬁndings, along with our results on Ce6–PVP binding, clearly rule out the possibility that the enhanced photodynamic activity of Ce6–PVP formulation in comparison with Ce6
alone is related to the favorable modiﬁcation of the photophysical
properties of Ce6 in the presence of the polymer.
Though our ﬁndings show that at present no clear simple explanation of the enhanced photodynamic efﬁcacy of Ce6–PVP-based
formulations can be offered, we speculate that this enhancement
can take place due to the disaggregating effect of PVP, as well as
due to speciﬁc mechanisms of Ce6–PVP interaction with proteins
and lipoproteins affecting the Ce6 transport and its distribution
in tissues.
5. Abbreviations
Ce6
PVP
PDT
HSA
LDL

chlorin e6
polyvinylpyrrolidone
photodynamic therapy
human serum albumin
low-density lipoprotein
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