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Summary

The potential of curcumin as a photosensitzer, radical scavenger and iron-chelating agent within an artificial membrane (i.e.,
liposome) is discussed. Curcumin is found to have a dual effect on liposome stability, manifested as peroxidation of phospholipids
in the membrane. Curcumin incorporated in the liposomes acts as a chelating agent of ferric and ferrous ions in the membrane.

Introduction

Recent studies on the natural compound cur-
cumin have demonstrated that in solution this
substance has a dual effect in oxygen radical
reactions (Kunchandy and Rao, 1989, 1990;
Tgnnesen, 1989a-d; Tegnnesen and Greenhill,
1992). Curcumin can act as a scavenger of hy-
droxyl radicals or catalyse the formation of hy-
droxyl radicals depending upon the experimental
conditions. This dual effect is comparable to the
self-sensitization observed in the photochemical
degradation of curcumin (Tgnnesen et al., 1986).
Complex formation between curcumin and iron
and reduction of Fe3* to Fe?* in the presence of
curcumin is also observed (Tonnesen and Green-
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hill, 1992). Curcumin proves to be phototoxic in
certain bacterial test systems (Tgnnesen et al.,
1987). The observed photoactivity makes cur-
cumin a potential photosensitizing drug. Cur-
cumin is shown to have an inhibitory effect on the
growth of skin tumors in mice (Huang et al.,
1989). The observed effect is partly ascribed to
the radical scavenging properties of curcumin.
Curcumin is also known for its anti-inflammatory
activity (Arora et al., 1971; Rao et al., 1982), but
the mechanism(s) of action is neither in this case
fully evaluated. Cytotoxic lipid peroxidation seems
to be important in the inflammatory process and
in carcinogenesis (Girotti, 1990; Yu et al., 1991).
Curcumin is reported to possess antioxidant activ-
ity (Sharma, 1976; Toda et al., 1985, 1988). A
better understanding of the mechanism(s) of ac-
tion of the curcumin molecule can be obtained
from studies on the effect of curcumin on lipid
peroxidation of membranes. Investigations have
shown that liposomes may undergo membrane
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damage in a fashion analogous to that observed
for cell membranes (Kinsky, 1972). Lipid peroxi-
dation is detrimental to the membrane structure
and function. This can play a role in the toxic as
well as therapeutic effects of drugs. Free radical
scavengers are able to protect against loss of
(liposomal) membrane integrity. The liposome
model can therefore be used to investigate the
effect of potential drug compounds on mem-
branes in order to evaluate the mechanism(s) of
action related to radical reactions and lipid per-
oxidation. Effect on permeability changes in-
duced under various experimental conditions can
be studied. In the present study the liposome
model was used to investigate the role of cur-
cumin as a photosensitizer, as a radical scavenger
and as an iron-chelating agent in an artificial
membrane.

Materials and Methods

Throughout the experiments the samples were
protected from light.

Materials

Curcumin was synthesized after the method
described by Pabon (1964). FeSO, (iron(ID) sul-
phate heptahydrate, > 98%), FeCl, (ferric chlo-
ride hexahydrate, 98%), 1,10-phenanthroline
monohydrate (> 99%), methylene blue (89%, re-
crystallized from ethanol before use) and EDTA
(disodium salt dihydrate, > 99%) were obtained
from Aldrich-Chemie, Germany.

2-Thiobarbituric acid, phosphatidylcholine
from soybean (99%) and trichloroacetic acid
(100%) were obtained from Sigma, U.S.A. H,0,
(hydrogen peroxide 30%) was obtained from
Norsk Medisinaldepot, Norway. Cascade Blue hy-
drazide, trisodium salt, was obtained from Molec-
ular Probes, OR, U.S.A.

Preparation of liposomes

Liposomes were prepared from phosphatidyl-
choline (soybean). The components were dis-
solved in chloroform, evaporated in a flask under
reduced pressure and finally suspended in 0.9%
NaCl. Liposomes containing Cascade Blue were

suspended in a solution of Cascade Blue 107° M
in 0.9% NaCl. Liposomes used for the determina-
tion of zeta potential were suspended in distilled
water. The lipid concentration was 4 mg/ml in all
the samples. Equally sized liposomes (105 + 20
nm, n = 30) were obtained by extruding the lipo-
some preparation 10 times at a pressure less than
10 bar through a two-stacked 0.1 wm polycarbon-
ate filter (Extruder, Lipex Membranes, Inc.,
Canada). The size was measured by photon corre-
lation spectroscopy with a Coulter N4 MD sub-
micron particle analyzer (Coulter Electronics Ltd,
U.K.). Immediately before use the liposomes were
eluted through a 10 cm Sephadex column (Sep-
hadex G-25M, Pharmacia, Sweden) with 0.9%
NaCl.

Stock solutions

Liposomes containing curcumin: after gel fil-
tration the eluate was diluted in 0.9% NaCl to
give an absorbance of 0.5 at 425 nm.

Curcumin liposomes with methylene blue: af-
ter gel filtration of liposomes containing cur-
cumin the eluate was diluted in a solution of
methylene blue (see below) to give an absorbance
of 0.5 at 425 nm.

Reference solutions: the blanks were prepared
from liposomes without curcumin. After gel fil-
tration the eluate was diluted with NaCl or a
solution of methylene blue to the same volume as
the corresponding curcumin-containing lipo-
somes.

Methylene blue: a solution of methylene blue
in NaCl was prepared to give an absorbance of
0.5 at 620 nm.

NaCl: 0.9% in water; FeCl;: 2.2 X 107* M in
water; FeSO,: 2.2 X 1073 M in water; The solu-
tions of iron salts were further diluted in NaCl.
EDTA: 2.2x 1073 M in NaCl; 2-thiobarbituric
acid: 1% in 0.05 M NaOH; trichloroacetic acid:
2.8% in water; 1,10-phenanthroline: 15 mg /50 ml
in methanol; and H,0,: undiluted (30%).

Irradiation conditions

The radiation source was a Photo-Irradiator
consisting of a 900 W xenon arc lamp with an f
3.4 monochromator (Applied Photophysics Ltd,
U.K.), operated at 425 nm with a bandwith of 20
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nm or at 620 nm with a bandwith of 40 nm
(samples containing methylene blue). A cylindri-
cal cell (5 ml volume) of spectroscopic grade silica
was used. The cell was placed in a thermostat at
20 + 0.1°C and irradiated for 30 min. The sam-
ples were continously stirred.

Lipid peroxidation

Lipid peroxidation was measured by the thio-
barbituric acid (TBA) assay for malondialdehyde
(Aust, 1985). To 1.0 ml of the samples were
added 1.0 ml 2-thiobarbituric acid solution and
1.0 ml trichloroacetic acid solution. The mixtures
were heated at 100°C for 20 min, cooled to 25°C
and measured spectrophotometrically at 532 nm.
The various combinations tested are given in
Table 1.

Spectrophotometer and scanning conditions

Interactions between curcumin liposomes and
Fe?* or Fe** were studied by scanning the solu-
tions of curcumin liposomes (diluted in NaCl to
absorbance 0.25 at 425 nm) from 200 nm to 600
nm after addition of iron salts in the concentra-
tion range 1.1 X 10 3-2.2 X 10~® M. Spectra were
recorded before and after addition of EDTA.
Corresponding samples without curcumin were
used as references.

The spectrophotometer was a Shimadzu UV-
260 UV-Visible recording spectrophotometer.

Zeta potential measurements

To liposomes prepared in water was added
FeSO, to give a final concentration of ferrous
ions of 5. 5x 10~° M. The samples were eluted
with water through a Sephadex column immedi-
ately before determination of the zeta potential.
The zeta potential was measured at two indepen-
dent angles with a Coulter DELSA 440 (doppler
electrophoresis light scattering analyzer) (Coulter
Electronics, Inc., U.S.A.).

Reduction of ferric ion to ferrous ion

The reduction of ferric ion to ferrous ion was
measured by the 1,10-phenanthroline complexa-
tion method (Gutteridge, 1985). The various com-
binations tested are given in Table 2. The sam-

ples were measured spectrophotometrically at 510
nm.

Detection of Cascade Blue

Cascade Blue was detected fluorimetrically
with a Perkin-Elmer LS 50 luminescence spec-
trometer, excitation wavelength, 377 nm; emis-
sion wavelength, 418 nm.

Results and Discussion

Oxidative degradation of cell membrane lipids
in the presence of molecular oxygen, a sensitizing
agent and exciting light could play a role in the
therapeutic effects of photodynamic action. Cur-
cumin in solution has been shown to act as a
photosensitizer of oxygen radicals (Tgnnesen et
al., 1986, 1987). Curcumin is lipid soluble and will
be incorporated in the membrane of liposomes.
In the presence of iron the TBA assay indicated
an increase in lipid peroxidation upon irradiation
in all the samples as shown in Table 1 (series
1-3). For liposomes containing curcumin the cat-
alytic effect was stronger in samples containing
only Fe?* than in samples containing Fe®* in
combination with EDTA. Curcumin incorporated
in the liposome membrane formed a complex
with the ferric ion but curcumin had a lower
affinity for Fe>* than EDTA (Fig. 1). It has been
proposed that iron ligation by moieties in the
membranes favors the generation of ‘localized’
oxygen radicals (Girotti, 1990). Efficient lipid per-
oxidation will be obtained when the radicals are
formed in close proximity to or at an iron-binding
site. This will be the case if curcumin incorpo-
rated in the membrane acts as a source of radi-
cals upon irradiation. This can possibly explain
the observed increase in photodynamic lipid per-
oxidation of liposomes containing curcumin com-
pared to the reference solution in the presence
iron. In samples containing EDTA the photody-
namic lipid peroxidation seemed to be indepen-
dent of the curcumin content.

The TBA assay gives only an indication of the
lipid peroxidation taking place. For further evalu-
ation of the reaction mechanisms (type I or II) in
the sensitized reaction the TBA assay should be



used in combination with other methods (Girotti,
1990).

No catalytic effect could be oberved in cur-
cumin liposomes without iron. It has been
demonstrated previously that curcumin alone is a
weak sensitizer in the photooxidation of unsatu-
rated fatty acids (Schieberle et al., 1984). Cur-
cumin is photolabile and decomposes upon radia-
tion at 425 nm. This is reflected in the fading of
the liposome preparations during exposure to
light at this wavelength.

Curcumin in solution is shown to have a cat-
alytic effect on the formation of hydroxyl radicals
generated from H,O, (Tgnnesen and Greenhill,
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Fig. 1. The absorption spectra of curcumin-containing lipo-
somes (8.2x10~% M curcumin) after addition of ferric ions.
(a) Pure liposomes in 0.9% NaCl; (b) liposomes after addi-
tion of FeCl; (2.75X 10~ M); (c) liposomes after addition of
FeCl; (2.75X 10~* M) and EDTA (2.75%10~* M).
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1992). This effect is slightly increased in the pres-
ence of Fe3*-EDTA, while an inhibitory effect is
observed if curcumin acts as a chelator of Fe3™.
In the present study, the TBA assay indicated an
increase in lipid peroxidation in all systems con-
taining H,O, (Table 1, series 4-9). For liposomes
containing curcumin the effect was slightly greater
in the presence of Fe>*-EDTA. The inhibitory
effect previously observed in solutions where cur-
cumin acts as a chelator of ferric ions could not
be found in the liposome system. The redox po-
tential of iron is strongly influenced by the ligand
environment, which will be different in solution
and in a membrane. Addition of hydrogen perox-
ide had a stronger effect on the lipid peroxidation
of samples without curcumin than on curcumin-
containing liposomes (Table 1, series 4-9). This
might be ascribed to the scavenging effect of
curcumin on the hydroxyl radicals formed, and
emphasize the dual effect of curcumin in radical
reactions. The role of H,O, in the in vivo lipid
peroxidation, however, has recently been ques-
tioned (Buechter, 1988; Schubert and Wilmer,
1991).

Methylene blue is a water soluble dye which
will be present in the adjacent aqueous layer of
the liposomes. Methylene blue is a photosensi-
tizer of singlet oxygen and is shown to cause the
formation of radical products in liposome systems
(Sinclair et al., 1988). Curcumin in solution is a
scavenger of singlet oxygen assumed that the
samples are protected from light (Tgnnesen et
al., 1986). This also secemed to be the case when
curcumin was incorporated in the liposome mem-
brane (Table 1, series 10-12). An increase in
lipid peroxidation could only be observed in sam-
ples without curcumin.

Iron may play a role in generating oxidants
which can initiate peroxidation. Iron-catalyzed
production of oxygen radicals seems to be an
important factor in the progression of several
diseases, indicating the value of iron chelation
treatment (Halliwell and Gutteridge, 1985). The
interactions between curcumin-containing lipo-
somes (82X 107°® M curcumin) and ferric or
ferrous ions (22X 107%-22x1072 M) were
studied spectrophotometrically. An interaction
between Fe3* or Fe?' and curcumin was ob-
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served in all samples by an increase in the ab-
sorbance at 500 nm and a decrease in the ab-
sorbance at 410 nm (Figs 1 and 2). In the pres-
ence of EDTA only a minor change in the ab-
sorbance spectra could be detected, demonstrat-
ing that EDTA has a higher affinity for both
Fe?* and Fe?* than curcumin. This is in agree-
ment with previous results (Tennesen and Green-
hill, 1992). Reduction of ferric ions to ferrous
ions was measured by the increase in absorbance
at 510 nm (phenanthroline-complex method). The
results are given in Table 2. A reduction of Fe3*
to Fe®* was observed independent of the cur-
cumin content (Table 2, series 1). After addition
of EDTA the reduction of ferric ions to ferrous
ions seemed to be most evident in the curcumin-
containing samples (Table 2, series 4). This is
different from what is observed for curcumin in
solution, where no reduction of ferric ions could
be detected in the presence of EDTA (Tgnnesen
and Greenhill, 1992). The redox potential of cur-
cumin is, however, likely to change when the
molecule becomes a part of the membrane struc-
ture.

Interactions between curcumin-containing li-
posomes and iron was further reflected in the
change in zeta potential when Fe?* was added to
the samples. The zeta potential showed a positive
increase of 5.9 mV (+0.2 mV, n = 4) in samples
containing curcumin liposomes compared to those
without curcumin after addition of 5.5 X 107> M
Fe?™.

TABLE 2
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Fig. 2. The absorption spectra of curcumin-containing lipo-
somes (8.2 % 10~% M curcumin) after addition of ferrous ions.
(a) Pure liposomes in 0.9% NaCl; (b) liposomes after addi-
tion of FeSO, (2.75 X 10~% M); (¢) liposomes after addition of
FeSO, (2.75x10™* M) and EDTA (2.75x10™% M).

Composition of the samples tested in the study of the reduction of Fe®™ to Fe?*

Sample Composition of the samples Series A Series B
no. Liposomes  FeCl,(1-1x10 M)  EDTA  NaCl L10-Phenan-  (Asionm)  Asionm)
(5.0 mD 2.5 mb 2.5 ml (ad 10 ml) throline
(50 wl)
1 X X X X 0.108 0.093
2 X X X 0.010 0.005
3 X X X 0.023 0.024
4 X X X X X 0.073 0.015
5 X X X X 0.008 0.005
6 X X X X 0.008 0.010

The absorbance at 510 nm is the absorbance measured according to the phenanthroline complex method. The results are the
average of at least three parallels. Series A, curcumin liposomes; series B, liposomes without curcumin.



Incorporation of curcumin into the liposome
membrane changed the membrane permeability.
A fluorescent marker (Cascade Blue) was trapped
within the aqueous regions of the liposomes. A
fluorescence method was used to measure leak-
age from the liposomes under various experimen-
tal conditions, i.e. non-irradiated liposomes and
liposomes irradiated at 425 nm and 620 nm (con-
taining methylene blue). An increase in perme-
ability was observed in curcumin containing lipo-
somes vs. liposomes without curcumin. The de-
gree of leakage did not change as a funtion of
irradiation, and there is apparently no correlation
between the photooxidation and membrane dam-
age manifested as increased permeability.

Conclusion

Curcumin seems to have a dual effect on the
stability of an artificial membrane (i.e., liposome).
In combination with light, curcumin within the
liposome membrane acts as a sensitizer of oxygen
radicals. The resulting photoperoxidation reac-
tion is catalyzed by Fe®*. The biomedical impli-
cations of the photosensitizing potential of cur-
cumin should be further evaluated.

Curcumin incorporated in the liposome mem-
brane acts as a scavenger of radicals formed by
other photosensitizers like methylene blue. In the
absence of light curcumin posesses both catalytic
and inhibitory effects on lipid peroxidation caused
by hydrogen peroxide. The radical scavenging
properties of curcumin might partly explain the
observed biological effects of this compound.

Curcumin within the liposome membrane
forms chelates with iron. This observation makes
curcumin a candidate in ironchelating therapy.
The iron-binding properties of curcumin in bio-
logical systems are under investigation.
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