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Abstract
Rose bengal is a water-soluble xanthene dye that is currently used in ophthalmology for the diagnosis of dry eyes. Although the dye is also
a potential photosensitizer for photodynamic therapy of tumors, owing to insufficient lipophilicity and tumor accumulation, the clinical
application of rose bengal in photodynamic therapy has been hampered. Liposomal encapsulation was seen as a promising approach to overcome
these disadvantages, to which end, the spectral properties of the dye in the presence of materials for liposome preparation were studied. The
presence of phospholipid influenced the spectral properties of the dye, probably due to the establishment of an equilibrium between monomeric
and dimeric forms of the dye, since the photophysical properties of rose bengal depend strongly on its environment. The liposomal encapsulation
of the dye generates stronger emission than the free form of the colorant; increased lipid:dye ratio further enhances this emission.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Photodynamic therapy (PDT) is an evolving modality for
the treatment of superficial tumors by utilizing photosensitiz-
ing agents that are able to photochemically eradicate malig-
nant/abnormal cells. Various photosensitizers used in PDT
include the merocyanines, xanthenes, phthalocyanines and
hematoporphyrin dyes, where the first two are mainly used
in basic research and the last two for clinical treatment [1e3].

Rose bengal (RB) is a xanthene photosensitizer with a high
absorption coefficient in the visible region of the spectrum and
a tendency to transfer electrons from its excited triplet state,
producing long-lived radicals [4,5]. RB has been exploited
as a promising sensitizer in waste water treatment due to its
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water solubility, absorption in the visible region, good
quantum yield of singlet oxygen, and inexpensiveness [6e8].
However, the low lipid solubility of RB has limited its capac-
ity to cross biological barriers such as the cell membranes, and
thus limits its clinical application. In addition, it has been
reported that in vitro culture of rabbit corneal epithelial cells
in the presence of 0.1% RB would result in cell detachment
and cell loss [9], and this is due to the intrinsic toxicity asso-
ciated with RB probably due to its high polarity. Liposomes
[10] have been developed as drug carriers for many years to
modify the solubility of drugs with extreme polarity (either
polar or non-polar), to help target the drug to its therapeutic
sites, or to alter the release profile of the therapeutic agent.
Liposomes have been shown to enhance the clinical effects
of photosensitizers by reducing their toxicity and protecting
them from metabolism and immune responses [11e13]. For
better clinical results, it is necessary to have a suitable phar-
maceutical formulation to supply the delivery of therapeutic
or diagnostic agents. With the aim of improving the
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lipophilicity and decreasing the cytotoxicity of RB, liposomal
delivery could be a better choice.

It has been reported that RB tends to aggregate in solution
at high concentration (>5� 10�5 M), and such phenomenon
restricts the widespread use of RB in solution since the forma-
tion of aggregate impaired the photochemical response
[14e17]. The existence of different phases or microphases
may obscure the interpretation of spectroscopic data because
aggregation can take place in more than one phase. Further-
more, heterogeneous systems are normally complicated by
the occurrence of light scattering. The nature of the interaction
between dye and solvent and between dye and another existing
solid/semisolid surface not only determines the partition equi-
librium of the dye but also the degree of aggregation. The
aggregation process is especially favored in aqueous suspen-
sion due to the highly hydrophobic core of the dye. Theoreti-
cally, RB would be encapsulated in the hydrophilic core of the
liposome rather than locating at the lipid bilayers. Therefore,
the aggregation phenomenon of RB in the liposome is
assumed to be similar to that in the aqueous solution. In addi-
tion, the location and intensity of RB absorption bands were
reported to be a function of the solvent composition [17,18],
thus selection of the solvent is a very important step in the
quantification of RB, especially for a suspension system.

Incorporation of hydrophobic photosensitizers into lipo-
somes has shown a tendency towards forming various aggrega-
tion states, which are especially favored by certain solvents [19].
Hydrophobic photosensitizers may aggregate when incorporat-
ing into the lipid bilayers, and prevention of both spectral shift-
ing and fluorescence quenching related aggregation seems to be
the trend in the development of a better photosensitizer. To date,
quantification of the photosensitizer is still heavily relied on
spectroscopic methods, however, researchers have become
aware that quantitation of the liposomal encapsulated photosen-
sitizer may be hindered due to the formation of aggregates. More
reports about the formation of photosensitizer aggregates incor-
porating in liposomes have been focused on hydrophobic
porphyrins. Since hydrophilic photosensitizers may also be
incorporated into a liposome, the potential of forming aggre-
gates should be explored. In this study, the absorbance, emitting
spectra and fluorescence quantum yield of RB suspension in the
water, 0.9% NaC1, ethanol, lipid, empty liposome and encapsu-
lated into the liposome were investigated.

2. Experimental
2.1. Materials
Rose bengal (RB) and dimyristoylphosphatidylcholine
(DMPC) were purchased from Sigma (St Louis, MO, USA)
and Aventi (Alabaster, AL, USA), respectively. NaCl was pur-
chased from Riedel-de-Häen� (Seelze, Germany), and Sepha-
dex cartridge pre-packed with G-50 silica gel was obtained
from Pharmacia Biotech (Uppsala, Sweden). Absolute ethanol
was used immediately after open and experiments were per-
formed on freshly prepared samples, though suspensions
were found to be stable. A Milli-Q system (Academic,
ZMQS60001) was used to purify H2O, and all other chemicals
were analytical reagents obtained from Sigma.
2.2. Methods

2.2.1. Preparation and characterization of liposomal RB
RB was encapsulated in liposomes by reversed-phase evap-

oration and extrusion (filter pore size¼ 100 nm). Briefly,
10 mmole DMPC lipids were dissolved in 200 ml chloroform.
After layered at the bottom of a test tube by evaporating the
chloroform solvent, RB dissolved in 1 ml 0.9% NaCl buffer
was added to the tube and the mixture was vortexed for
3 min at 25 �C. The formed multilamellar vesicles (MLVs)
dispersion was then passed through a 100 nm diameter poly-
carbonate membrane for 11 times to form the small unilamel-
lar vesicles (SUVs). The untrapped free RB and lipids were
removed by size exclusion chromatography using a Sephadex
G-50 column. The final solution on suspension of liposomal
RB was in 0.9% (w/v) NaCl and stored at 4 �C. Size distribu-
tion was measured with dynamic light scattering using a parti-
cle sizer (Coulter N4 Plus Submicron, Beckman Coulter). The
amount of RB encapsulated in the liposome was determined
by spectrofluorimetry on a Fluorolog�-3 fluorimeter (excita-
tion: 550 nm, emission: 572 nm) after disruption of the
liposomes with absolute ethanol. The RB standards were mea-
sured using the same condition. The lipid concentration of
liposome was determined by the Bartlett assay [20].

2.2.2. Preparation of RB mixed with lipid or empty liposome
Lipids (50 mmole) were dissolved in 1 ml chloroform as the

lipid stock solution. The lipid mixed with RB in 0.9% NaCl
was made with 2 ml lipid stock and 998 ml 0.9% NaCl contain-
ing RB, and the final concentration of chloroform is 0.2%.
Empty liposomes were prepared and characterized similar to
that described in Section 2.2.1, and the only difference is
that the hydration buffer contains no RB in it.

2.2.3. Spectroscopic analysis
Studies on absorption and fluorescence spectra of RB were

carried out in water, 0.9% NaCl, absolute ethanol, 0.9% NaCl
mixed lipid or empty liposome and encapsulated in liposomes
suspension in 0.9% NaCl. Absorption spectra were measured
with a Beckman COULTER DU800 spectrophotometer. Fluo-
rescence spectra were obtained on a Fluorolog�-3 lumines-
cence spectrometer.

2.2.4. Fluorescence quantum yield (FF)
The fluorescence quantum yields of RB in different

solvents were measured using the ratio method described by
Eaton equation [21], utilizing RB in ethanol as a standard
(FFstandard¼ 0.05) [18]

FFðXÞ ¼ FFstandard

�
Astandard

Asample

��
Fsample

Fstandard

��
nsample

nstandard

�2

where Fsample and Fstandard are the measured fluorescence for
the sample and standard, respectively, Astandard and Asample



Table 1

The composition of the different formulations of RB used in this study

Solvent Lipid (mM) RB (mM)

Water 0 2

0.9% NaCl 0 2

Ethanol 0 2

Lipida (RBþ lipid) 0.1 2

Empty liposomea (RBþ empty liposome) 0.1 2

Enacapsulated in liposomea (liposomal RB) 0.1 2

a Suspension medium: 0.9% NaCl.

Table 2

The absorption position and fluorescence quantum yield of RB in various

molecular environments (RB: 2 mM; Ex: 548 nm)

Absorption (nm) Fluorescence

(Quantum yield)d

l1 l2
b Intensity

ratios (l1/l2)

0.9% NaCl 548.9 510.8 3.20 565.8 (0.005)

Water 548.5 511.2 2.88 565.8 (0.006)

EtOHa 559.0 518.9 3.33 573.2 (0.050)

Free lipidc 563.5 522.6 3.91 579.6 (0.059)

Free liposomec 563.9 522.2 3.85 579.4 (0.063)

Liposomal RB 563.9 523.5 3.45 579.2 (0.060)

a Quantum yield reference.
b l1: Max, l2: shoulder.
c Mixing solution directly.
d Excited wavelength (548 nm).
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are the measured absorbance, nsample and nstandard are the
refractive index of the solvent used for the sample and stan-
dard, respectively, and FFstandard is the fluorescence quantum
yield of the standard.
3. Results and discussion

Table 1 summarizes the composition of the different formu-
lations of RB used in this study. The size of the liposomes
prepared with or without encapsulating RB was all around
80e100 nm. For all liposomal RB, the encapsulation effi-
ciency was above 80%. Fig. 1 shows the absorption and emis-
sion spectra of RB in the 450e700 nm range in various
molecular environments. The lmax values and the shape of
the spectra strongly depend on the solvents: water 548.5
(shoulder 511.2) nm, 0.9% NaCl 548.9 (510.8) nm, ethanol
558.0 (518.9) nm, lipid 563.5 (522.6) nm, empty liposomes
563.9 (522.2) nm and liposomal RB 563.9 (523.5) as shown
in Table 2. The relative intensity of shoulder to the peak is usu-
ally used as a measure of the aggregation of RB in solution
[22]. Larger ratio value (absorption of longer wavelength to
shorter wavelength) indicates lesser aggregation. The ratios
of the intensities of these two bands are 0.9% NaCl (3.20), wa-
ter (2.88), ethanol (3.33), lipid (3.91), empty liposomes (3.85)
and liposomal RB (3.45). Corresponding to the absorption
condition, under 548 nm excitation, the fluorescence quantum
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Fig. 1. Absorption and emission spectra of RB (2 mM) in the 450e700 nm range in

aqueous NaCl; dissolved in ethanol; dissolved in 0.9% aqueous NaCl containing lip

in liposomes and dispersed in 0.9% aqueous NaCl.
yield (FF) can be normalized based on the RB in ethanol con-
dition (FF¼ 0.05); fluorescence emission spectra of RB
yielded significant patterns of solvent effect on RB. Compared
to aqueous solutions, these emission spectra were intensities-
enhancement and red-shifted in ethanol and in lipid or lipo-
some series; 0.9% NaCl 565.8 (FF¼ 0.005) nm, water 565.8
(FF¼ 0.006) nm, ethanol 573.2 (FF¼ 0.050) nm, lipid 579.6
(FF¼ 0.059) nm, empty liposomes 579.4 (FF¼ 0.063) nm
and liposomal RB 579.2 (FF¼ 0.060) nm. Since longer
wavelength of light tends to penetrate deeper into the biolog-
ical tissue, and higher fluorescence quantum yield is preferen-
tial to generate more efficient PDT result, the above finding
indicates that in the presence of DMPC (whether in its lipid
solution form or as liposomes with or without encapsulating
RB), the fluorescence spectra red-shifted and generated higher
quantum yield.

In water solution, with or without NaCl, the spectra show
neither significant wavelength shifts nor relevant modifications
in shapes. The only difference is the magnitude of the absorp-
tion coefficient, probably due to aggregation with respect to
the intensity ratios in difference. In DMPC lipid, liposome
or encapsulated in liposomes conditions, absorption and
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Fig. 2. The absorption and fluorescence spectrum of liposomal RB at different weight of RB and lipid ratio. (RB: 2 mM, Ex: 560 nm.)
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emission patterns of RB are shifted to higher wavelengths with
variable of degree between lmax and shoulders. The intensity
ratios (Table 2) of the two bands corresponding to the dimer
and monomer species are almost constant in directly
solution-mixing condition, with lipids and liposomes. Never-
theless, after normalization, the quantum yields of RB in those
lipid or liposome conditions always keep in constant with
respect to the similar maximum emission wavelength. Hence,
we assume that RB should be at the similar environment either
when encapsulated into the liposomes or when in associated
with lipids or liposomes.

Fig. 2 depicts the fluorescence spectra of liposomal RB
containing the same amount of RB in association with differ-
ent concentrations of lipid under 560 nm excitation. Increasing
the lipid concentration in the liposome suspended aqueous
solution produces a gradual increase in the intensity of the
fluorescence signal, similar to that observed by Ricchelli
et al. [23]. The presence of fluorescence signals seems to indi-
cate that the absorption peak at 563 nm can be ascribed to the
presence of the monomeric RB, as further confirmed by the
fluorescence quantum yield under normalization of absorbance
intensities, compared to that obtained for the monomer at the
RB concentration in ethanol with quantum yield VF¼ 0.05
[18]. Of interests are about the spectra data of RB in lipid
Table 3

The intensity ratios (l1/l2) and fluorescence quantum yield of liposomal RB at

different weight ratio of RB and lipid

(RB/LP)a Absorption (nm) Fluorescence

(Quantum yield)b

l1 l2 Intensity

ratios (l1/l2)

0.7 563.5 523.1 3.24 580.6 (0.045)

1.39 563.9 523.5 3.42 581.0 (0.047)

2.67 563.9 523.5 3.57 579.3 (0.062)

4.63 563.9 523.5 3.78 579.3 (0.071)

8.04 563.5 522.6 4.01 579.3 (0.079)

11.6 563.9 523.1 4.03 578.4 (0.083)

12.5 563.5 523.1 3.97 577.8 (0.081)

a Weight percentage of RB over lipid (%).
b Excited wavelength (560 nm).
and empty liposome as shown in Fig. 1 and Table 2. Free
RB has the opportunity to be encapsulated in lipid or empty
liposome in these solutions, and the higher intensity ratios
indicated that hydrophilic RB goes through the bilayer and
stays in the hydrophilic cavities mainly as monomeric form
but not as dimer form. This is interesting since one would
expect to see the liposomal encapsulated RB form dimers or
larger aggregates as they usually are in the hydrophilic envi-
ronment. It is assumed that majority of the dimeric forms of
RB generally come from the preparation of RB during the
encapsulation process.

There is little doubt about DMPC lipid aggregates sponta-
neously and becomes vesicles even at very low concentration
in aqueous solution. Whereas, it appears that the concentration
of lipid concentration plays a relevant role in encapsulating
RB. In general, addition of lipid results in the red shift of
the absorption in favor of the species absorbing at w563
and w523 nm. The increased concentration of the lipid seems
mainly to decrease the existence of dimeric RB in the inner
cavity and, consequently, perturb the fluorescence quantum
yield (Table 3 and Fig. 3). Since the photophysical RB prop-
erties relevant for PDT are mainly associated with the presence
0 10 15

3.2

3.6

4.0

0.04

0.06

0.08

A
b

s
 
i
n

i
t
e
n

s
i
t
y
 
r
a
t
i
o

s

Weight Percentage (RB/ lipid, %)

F
l
u

o
 
q

u
a
n

t
u

m
 
y
i
e
l
d

s

5

F
max/   shoulder

Fig. 3. The intensity ratios (lmax/lshoulder) and fluorescence quantum yield of

liposomal RB at different weight ratio of RB and lipid.



174 C.-C. Chang et al. / Dyes and Pigments 79 (2008) 170e175
of the monomeric form, the inclusive ability of liposome to
modulate the amounts of the monomer and dimer RB in solu-
tion turns out to be of particular interest in view of an eventual
use in photodynamic therapy. At a concentration ratio [RB]/
[lipid] lower than w7.5% (where the concentration of lipid
is 100 nM), fluorescence quantum yields and intensity ratios
are linear with increasing lipid concentration; that is, the linear
relationship is molar ratio controlled in the range below 7.5%
[RB]/[lipid]. Nevertheless, a suitable inclusion ratio of liposo-
mal RB is located at w10 wt%. In order to overcome the ag-
gregation of RB in water, covalently attached RB to chitosans
has been tried [24]. Moczek and Nowakowska found that the
major absorption peak of RB in water after linked to chitosan
became broader and red-shifted to 560 nm (shoulder peak at
525 nm), and the ratio of the intensities of these two bands
is similar to that of RB in water. The results indicated that
the shape of the absorption spectrum and the ratio of the absor-
bance at the maxima are not dependent on polymer concentra-
tion range studied (1e0.1 g/L), and the quantum yield of
singlet oxygen formed by RB after modified with chitosan
was very similar to free RB in water. The conclusion was
that RB attached to the chitosan did not decrease the photosen-
sitizing activity of chromophores. Although chitosan can find
application as a carrier for RB in water, this has to be done by
linking RB via the covalent bonding to chitosan, and the de-
gree of interaction probably would affect the release of RB.

In our liposomal system, a 1.4-fold in the ratio increase of
the intensities of these two bands was observed with the lipo-
somal RB (10% wt/wt) compared to that in water. The release
rate of RB from the liposomes may be better than the RB
covalently associated with chitosan. Effect of the fluorescence
quantum yield result by the different dye:lipid ratio indicates
that increasing the ratio with decreased fluorescence yield
is not only because of the presence of a weakly fluorescence
dimer that absorbs a high fraction of the total absorbed light
but also due to quenching of monomer emission.

From the results in lipid-free aqueous solution, the fluores-
cence intensity of the RB in water is much lower compared to
that in ethanol at the same concentration; this effect can be
viewed in relation with the different balance between monomer
and aggregate existing in the solutions of liposome, as shown in
Fig. 3. Hence, the binding constants K of RBeLP complex were
obtained by means of fluorescence quantum yield data using the
BenesieHildebrand model [25] and a linear fitting slope and
intercept were calculated. The K¼ 3.65� 107 M�1 and quan-
tum yield of RB in RBeLP complex is VF¼ 0.0086 which
almost match with the continuous variation method [26,27]
(job plot, Fig. 3). In this figure, the shifts and intensities both
present a maxima, which allowed for easy determination of K
and VF of the complex with no perturbation of dimer and
determination of the optimum condition for preparing the RB
incorporated in liposomes.

4. Conclusions

Liposomal encapsulation of RB that can be excited at a
longer wavelength is of potential interest for PDT since deeper
tissue penetration can be reached with longer visible wave-
length of light. Spectral studies can be a simple and useful
screening gate in the development of a delivery system for
photosensitizers for PDT.
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