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Abstract

The effect of Doxorubicin which is (an anthracycline antibiotic with a broad spectrum of antitumor activity) on the
monolayer and bilayer in the form of large Multilamellar Vesicles (MLV's) of Dipalmitoyl phosphatidylcholine (DPPC)
were studied by means of monolayer techniques (surface pressure, penetration kinetics, and association constant) and light
scattering technique. The monolayer technique showed that addition of DXR to a lipid film composed of
(DPPC/CHOL /PEG-PE) at a molar ratio of (100:0:0) produced a less condensed Monolayer. In the (7—A) curves, DXR
induced shift towards larger area/molecule, where the area/molecule was shifted from 61 to 89 A2, and 116 A? in the
presence of 20 and 40 nM DXR, respectively. The three curves collapsed at a pressure == 45 mN/m. In penetration
kinetics experiment (Aw—t), the change in pressure with time was 8 and 14 mN /m for a DXR concentration of 20 and 40
nM, respectively, and the increase in surface pressure presented a plateau over a period of 30 min. The measured association
constant (K ) was found to be 5 X 10% /M. In the light scattering experiment, there was a shift of the transition temperature
(T,,) of (MLV’s) of the same composition of the monolayer towards a smaller value from 40.5° to 34.5°C. Incorporation of
CHOL and PEG-PE as DPPC/CHOL /PEG-PE at a molar ratio of (100:20:0), (100:0:4) and (100:20:4) greatly counteracted
the effect of DXR and made the lipid membrane more condense and rigid. Moreover, the penetration of DXR into the
membrane was greatly reduced. There was a very small shift for the (m—A) and (A7—t) curves, and the association constant
of the drug for these different lipid compositions was greatly reduced down to 2.5 X 10%/M and the transition temperature
(T,,,)) was increased up to (42.5°C) in the presence of 40 nM DXR. Our results suggest that DXR has a great effect on the
phospholipid membrane, and that addition of CHOL or PEG-PE to the phospholipid membrane causes stabilization for the
membrane, and reduces the interaction with Doxorubicin. © 1998 Elsevier Science B.V.
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- 1. Introduction
Abbreviations: DXR, Doxorubicin; MLV's, Multilamellar

Vesicles; DPPC, Dipa mitoylphosphatidylcholine; CHOL, Choles-
terol; PEG-PE, Distearoylphosphatidylethanolamine derivatized at
the amino position with polyethylene glycol; K, association con-
stant; T,,, transition temperature
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Doxorubicin hydrochloride (DXR) is a cancer
chemotherapeutic agent with an anthracycline struc-
ture, which consists of an aglycon, adriamycinone,
combined with an amino sugar, daunosamine [1].
Doxorubicin interacts widely with some membrane
models such as lipid monolayers, lipid bilayers and
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liposomes [2,3]. The affinity of (DXR) to lipid mem-
branes which bear no net charge is moderate. This
interaction is believed to be dominated by forces
other than ionic ones, since the affinity is only
slightly dependent on the concentration of metal ions
in the solution [4]. In any case, an electrostatic
interaction is observed between the ammonium group
of DXR and the phosphate group of the neutral
phospholipids[5]. In contrast, DXR interacts strongly
with positively or negatively charged liposomes.
However, binding of Doxorubicin to charged vesi-
clesis not strictly dependent on electrostatic interac-
tions because the binding characteristics of a DXR
derivatives, daunorubicin, which present a compara
ble basicity, were totally different from those of
DXR [6]. Moreover, studies on model membranes
suggest that adriamycin exhibits a specific affinity to
membrane lipid domains [7,8], and modifies the lipid
thermotropic properties [2,9]. Many studies sug-
gested that phospholipid bilayers become more fluid
upon interaction with DXR and that the latter binds
with the same affinity to liposomes of various com-
positions [10]. In this study, we determined the influ-
ence of DXR on membrane model with different
compositions, namely (DPPC) pure and mixed with
different stabilizing lipids such as CHOL and PEG-
PE, as well as on liposomes of the same composition
as a curved membrane model (bilayer). This is an
aspect that can contribute to a better understanding
of the drug membrane interactions.

2. Materials and methods
2.1. Materials

L-a-Dipalmitoyl phosphatidylcholine (DPPC)
specified 99% pure, and Cholesterol (CHOL) type
99 + % pure were purchased from Sigma (St. Louis,
MO, USA). Distearoylphosphatidylethanolamine
derivatized at the amino position with 2000 molecu-
lar weight segment of poly(-ethylene glycol), PEG-
PE, was obtained from Calbiochem (La Jolla, CA).
Organic solvents (chloroform and ethanol) were of
analytical grade and obtained from Merck and were
without surface active impurities and used without
further purification. Tris buffer, molecular weight
(121.14) was purchased from BDH limited poole

(England). Water was triple distilled and then ultra-
purified by a Millipore system (Mill-Q system).

2.2. Monolayer experiments

Films of DPPC/CHOL /PEG-PE (100:0:0),
(100:20:0), (100:0:4) and (100:20:4) mole ratio dis-
solved in chloroform /ethanal (5:1, v /v) were spread
over the subphase of a Teflon Trough filled with 10
mM Tris and 145 mM NaCl buffer (pH 7.4) solution.
Compression isotherms were measured using an
electromicrobalance, (Sartorius A-120-S) based on
the Wilhelmy method and coupled to a Chart recorder
to give a continuous reading of the force on the
dipping plate. The dimensions of the Teflon Trough
were 28.5 X 16.2 X 2.5 cm. Compression started at
least 30 min after spreading, and the compression
rate was of 5 A?/molecule/min. For each experi-
ment, DXR was injected into the aqueous subphase
beneath the lipid film and the subphase solution was
stirred well by a magnetic stirrer. The final concen-
tration of the bulk was (20 or 40 nM). Penetration
kinetics were performed by spreading the necessary
amount of DPPC to obtain monolayer of an initia
pressure of 5 or 10 mN/m, and the area of the
Teflon Trough was 245 cm?. Different volumes of
DXR solution were injected into the subphase with a
Hamiltonian Syringe to attain DXR concentrations of
20 and 40 nM. Association constant (K) of the
drug—phospholipid measurements were carried out
consisting of measuring the change in film surface
pressure with increasing drug concentration in the
subphase at constant molecular area. The lipid were
spread at an initial surface pressure of 10 mN/m,
subsequently, the drug was added stepwise into the
subphase, and the surface pressure was measured at
each step. The association constant was obtained
from the resulting curve as the concentration at
which half maximum film expansion occurs (correc-
tion was made to overcome the non zero slope of the
curves). All data reported here are the average of
three measurements, and the temperature was kept at
25°C. The surface pressure was measured to an
accuracy of 0.1 mN/m.

2.3. Liposomes preparation

Multilamellar vesicles were prepared by the thin
film method [11]. The lipids were mixed in chloro-
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form and the solvent was removed under reduced
pressure. Multilamellar vesicles were formed by vig-
orous shaking of the lipid film in an aqueous solu-
tion of 10 mM Tris buffer and NaCl (145 mM) (pH
7.4). Liposomes of different lipid composition were
prepared by the same manner by adding cholesteral,
and PEG-PE purified before use [12] to DPPC at the
desired molar ratios.

3. Results

3.1. Measurements of compression isotherms
Measurements of the surface pressure—area (7—A)

of DPPC films are shown in Fig. 1. The Doxorubicin

is added to the monolayer in the region of the liquid
expanded state (surface pressure 5:10 mN/m) at
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which the monolayer is sensitive to any interaction
[13-15]. Fig. 1A shows the effect of DXR on a
monolayer composed of DPPC. The DXR was in-
jected in the subphase (Tris buffer, at pH =7.4) at a
concentration of 20 and 40 nM. From Fig. 1, it is
clear that the adsorption of DXR to the lipid film
produced a less condensed monolayer, which is a
consequence of the drug—lipid interaction. This find-
ing was more evident at a surface pressure of 10
mN/m. At this pressure, which corresponds to the
liquid expanded phase (LE) transition of pure DPPC
monolayers, the area per molecule was nearly 61 A?,
while in the presence of 20 and 40 nM DXR, it rose
to 89 and 114 A?, respectively. However, the three
curves tended to collapse at =45 mN/m. This
results are in good agreement with those described
else where [13-16]. Fig. 1B shows the effect of
DXR on a mixed monolayer film composed of
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Fig. 1. Surface pressure—-molecular area isotherms for adsorbed films of Doxorubicin (0, 20, 40 nM) at the DPPC/CHOL /PEG-PE-water
(145 mM NaCl, 10 mM Tris—HClI, pH 7.4) interface. The molar ratios for the lipids were: (A) 100:0:0, (B) 100:20:0, (C) 100:0:4, and (D)

100:20:4, respectively.



226

DPPC/CHOL /PEG-PE at (100:20:0) molar ratio. It
is clear from Fig. 1 that at the same DXR concentra
tions, there is a small shift to larger areas per
molecule, where the areas per molecule were shifted
to 69 and 77 A2/molecule in the presence of 20 and
40 nM DXR, respectively. Fig. 1C shows the effect
of DXR (at the same concentrations) on mixed
monolayer composed of DPPC/CHOL /PEG-PE at
(100:0:4) molar ratio. It is clear from Fig. 1 that
there is a small shift to a larger area per molecule,
where the area per molecule were shifted to 68 and
73 A?/molecule in the presence of 20 and 40 nM
DXR, respectively. Fig. 1D shows the effect of DXR
on a mixed monolayer film composed of
DPPC/CHOL /PEG-PE a a molar ratio of
(100:20:4). 1t is clear from Fig. 1 that the shift in the
area per molecule due to the effect of DXR is very
small compared to the previous curves, where the
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area per molecule were shifted to 65 and 67
A? /molecule in the presence of 20 and 40 nM DXR,
respectively. Moreover, the curves tended to collapse
especiadly at the liquid expanded phase, as clearly
seen in Fig. 1.

3.2. Penetration kinetics

Initially, we determined the adsorption kinetics of
DXR to the air—water interface in the absence of the
lipid monolayer. DXR concentrations ranging from
10 to 100 nM were injected into the subphase.
Above 90 nM, the increase in the surface pressure
presented a plateau (steady state), but the increase
never exceed 0.96 mN /m. This plateau was reached
in 15-20 min, which is in good agreement with the
results described elsewhere [15].

In Fig. 2A-D, the increase in surface pressure of
lipid monolayers produced by solutions of DXR at
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Fig. 2. Variation in surface pressure (A7) with time for the interaction of Doxorubicin at two concentrations (20, 40 nM) with monolayers
composed of DPPC/CHOL /PEG-PE at molar ratios of: (A) 100:0:0, (B) 100:20:0, (C) 100:0:4, and (D) 100:20:4. Subphase buffer: 145
mM NaCl, 10 mM Tris—HCI (pH 7.4). The initia pressure of the film was 5 mN /m.
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Fig. 3. Changes in the surface pressure of films composed of
DPPC/CHOL /PEG-PE (at the indicated molar ratios) with in-
creasing Doxorubicin concentration in the subphase at constant
molecular area. The initial surface pressure of the film was 5
mN/m.

20 and 40 nM concentration are drawn as a function
of time. Previoudly, it has been checked that mono-
layers of DPPC /CHOL /PEG-PE with different mo-
lar ratios do not exhibit any change in its surface
pressure over a period of 30 min. Fig. 2A refers to
DPPC monolayer at initial surface pressure (7r;) of 5
mN/m [15]. The increase in the surface pressure
(A7) was 8 and 14 mN/m for DXR concentration
of 20 and 40 nM, respectively, and this increase in
surface pressure presented a plateau over a period of
30 min. Fig. 2B,C,D refers to monolayers composed
of DPPC/CHOL /PEG-PE at (100:20:0), (100:0:4)
and (100:20:4) molar ratios, respectively. The in-
crease in surface pressure was (7, 8.2), (4.2, 5.4) and
(25, 3) mN/m at DXR concentrations of (20, 40)
nM for the previous lipid monolayer compositions,
respectively. It is clear from Fig. 2 that the curves
became closer to each other and the change in
surface pressure was reduced to a greater extent after
the addition of CHOL and PEG-PE to the DPPC
monolayer.

3.3. Association constant (K)

Fig. 3 shows the variation in the film surface
pressure with increasing the DXR concentration in

the subphase at constant molecular area (245 cm?).
The initial surface pressure of the film was 7, 10, 10
and 15 mN/m for monolayer composed of
DPPC/CHOL /PEG-PE at (100:0:0), (100:20:0),
(100:0:4) and (100:20:4) molar ratios, respectively.
Addition of DXR up to a concentration of 10™* M
led to a progressive increase in surface pressure up
to 20.8, 21.3, 21.8 and 22.3 mN /m for the different
lipid compositions, respectively. An apparent drug-
to-lipid binding constant (K) can be obtained from
this curve as the concentration at which half-maxi-
mal film expansion occurs [17]. The K vaues ob-
tained were found to be 5.10+ 0.2, 4.71+ 0.17,
441+ 0.17 and 251 + 0.1 X 10°/M for the differ-
ent lipid compositions, respectively.
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Fig. 4. Effect of Doxorubicin at a concentration of 40 nM on the
scattered light intensity (graph A) of liposomes composed of
DPPC/CHOL /PEG-PE at the indicated molar ratios as a function
of temperature. The heating rate was 0.5°C/min. Graph (B) is the
differentiated form of graph (A).



228 M.H. Gaber et al. / Biophysical Chemistry 70 (1998) 223229

3.4. Phase transition temperature

The phase transition temperature of Liposomes
(MLV’s) composed of the same lipid composition
used for monolayer experiments was determined
through measurements of the scattered light intensity
vs. temperature. Fig. 4A shows the differentiated
scattered light intensity as a function of temperature
for liposomes composed of DPPC/CHOL /PEG-PE
at (100:0:0), (100:20:0), (100:0:4) and (100:20:4)
molar ratio. Fig. 4B shows the effect of Doxorubicin
(40 nM) on the differentiated scattered light intensity
for the same liposome composition. It is clear that
the characteristic main transition temperature (T,,)
occurred at about 40.5°C for pure DPPC and that
DXR a a concentration of 40 nM lowered the
transition temperature to 34.5°C. However, Doxoru-
bicin at the same concentration lowered the transi-
tion temperature from 42 to 40°C, from 45 to 42°C,
and from 47 to 43°C in case of (100:20:0), (100:0:4)
and (100:20:4), respectively.

4, Discussion

Doxorubicin have recently been shown to have a
strong interaction with phospholipid membranes.
These membrane interactions can result in changes
in lipid organization, and are believed to play an
important role either in its antitumora effect or on
its stability inside liposome vesicles [15]. For a
complete understanding of the way in which this
drug affect membrane structure, information is re-
quired at the molecular level on the interaction of
this drug with different membrane models. The pre-
sent study of monolayer experiments, and the phase
transition for the prepared samples can all cooperate
to give a clear understanding of the characteristics of
the monolayer and liposome vesicles of the same
composition, as well as the mode of action of the
drug with phospholipid membranes.

The interaction of Doxorubicin, with DPPC
monolayer have been dominated largely by both
hydrophobic interactions and electrostatic interac-
tions, which appear to be involved in the interaction
of anthracyclines with DPPC monolayers and bilay-
ers [12,15]. It is clear, as shown in Fig. 1AFig. 2A,

that due to this interaction, DXR produced a less
condensed monolayer, thus, at concentrations 20,
and 40 nM DXR, the compression isotherms were
shifted to a larger area per molecule. Fig. 1AFig. 2A
aso indicate that the greater the concentration of the
drug in the subphase, the greater the interaction
obtained [15]. Doxorubicin, due to its structure, can
penetrate into the hydrophobic core of the lipid layer
[1]. This insertion into the hydrocarbon region ex-
plains the increased apparent area occupied in the
presence of DXR which is clear from Fig. 1.

Doxorubicin, due to its locaization in the acyl
chains of the DPPC molecules, can decrease the
enthalpy of the transition between the gel and the
liquid crystalline phase, and subsequently, increases
membrane fluidity [15]. The main transition tempera-
ture (T,,,) was decreased as shown in Fig. 4A and B,
where the transition temperature was shifted from
40.5°C for pure DPPC to 34.5°C for DPPC + DXR
(40 nM).

The membrane affinity for DXR was calculated
by measuring the association constant (K) of the
drug which was found to be 5+ 0.2 X 10°/M for
pure DPPC as calculated from Fig. 3. Addition of
cholesterol to the pure DPPC membrane increased
the rigidity of the membrane, and for this reason, it
was logical to suppose that the uptake of the drug
molecules from the water phase was considerably
slow. Fig. 3 shows also that the membrane affinity of
the DXR to lipid membrane containing cholesterol is
lowered and the value calculated of the association
constant (K) was 4.7+ 0.17 X 10°/M, which is
lower than that of pure DPPC alone.

The stiffness of the DPPC:CHOL membrane was
evident from Fig. 1B, where the curves became
closer. Fig. 2B shows that the difference between the
effect of the two DXR concentrations is small and
the monolayer required larger time to uptake DXR.

Doxorubicin showed a dramatic effect on the
phase transition temperature of multilamellar vesi-
cles liposomes. However, this dramatic effect was
reduced in the presence of cholesterol in the bilayer
membrane. Fig. 4 shows that the transition tempera-
ture (T,) for DPPC liposomes in presence of 40 nM
DXR is 34.5°C, while that for DPPC 4+ CHOL lipo-
somes is 39°C at the same DXR concentration, this
may be due to conformational changes aroused by
cholesterol in the bilayer membrane [18].
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The addition of polyethylene glycol (PEG-PE) by
4% mole ratio to the pure DPPC may decrease the
motion of the choline methyl group, predominantly
through coulombic and hydrophobic interaction
forces, respectively [19]. The organization of PEG-PE
in the lipid bilayer as a model membrane system was
assumed to have part of the polymer incorporated
into the hydrophobic portion of bilayer and the other
part in the polar head group region (Choline head)
[20]. Such organization can highly lower the DXR
penetration to the lipid membrane. This was clear
from Fig. 2CFig. 3C. The decrease of the drug lipid
affinity was aso indicated by the decrease of the
association constant (K) which was 4.4 + 0.17 X
10°/M.

PEG-PE also affected the gel-to-liquid crystalline
phase transition of vesicles membrane, where the
incorporation of PEG-PE to large DPPC vesicles
increased the phase transition temperature (T,,) from
39°C to 42°C for pure DPPC. The effect of DXR (40
nM) on the transition temperature of DPPC + PEG-
PE liposome was shown in Fig. 4C,D where the
transition temperature (T,,) was raised from 34.5°C
to 41.5°C. Thisincrease in the transition temperature
may be attributed to the suppression of the molecular
motion of lipids through the interaction with poly-
mers, resulting in a reduced effect of DXR on lipid
membranes.

Finally, the effect of DXR on mixed lipid system
composed of DPPC plus CHOL (20%) and PEG-PE
(4%) can be shown in Fig. 1DFig. 2DFig. 3DFig.
4D. Figs. 1-4 show that the addition of cholesterol
and PEG-PE to the phospholipid system greatly sta-
bilizes the membrane and reduces its interaction with
DXR. This is clear from the measured association
constant for DXR with such complex membrane
model, which was found to be lower than the associ-
ation constant in case of DPPC with CHOL alone or
DPPC with PEG-PE alone (2.5 + 0.1 X 10°/M), and
from the phase transition temperature for such a
complex system, which was found to be 42.5°C (in
presence of 40 nM DXR) compared with 34.5°C in
case of DPPC, 39°C in presence of 20% CHOL and
41.5°C in presence of 4% PEG-PE.

5. Conclusion

To sum up, we may conclude that in order to
obtain a stable membrane composition used as a
drug delivery system for Doxorubicin, we may in-
clude 20% CHOL and 4% PEG-PE in our liposome
composition [21].

References

[1] T.G. Burke, T.R. Tritton, Biochemistry 24 (1985) 1768.

[2] R. Goldman, T. Facchinetti, D. Bach, A. Raz, M. Shinitzky,
Biochem. Biophys. Acta 512 (1978) 254.

[3] F.A. Walf, M. de Maliepaard, F. van Dorsten, |. Berghuis, K.
Nicolay, B. de Kruijff, Biochem. Biophys. Acta 1096 (1991)
67.

[4] G.S. Karczmar, T.R. Tritton, Biochem. Biophys. Acta 557
(1979) 306.

[5] A.M. Giuliani, C.A. Boicelli, L. De-Angelis, M. Giomini, M.
Giustini, E. Trotta, Stud. Biophys. 123 (1988) 45.

[6] N. Henry-Toulme, B. Stefanska, E. Borowski, J. Bolard,
Mol. Pharmacol. 33 (1988) 574.

[7] M. Duarte-Karim, J.M. Ruysschaert, J. Hildebrand, Biochem.
Biophys. Res. Commun. 71 (1976) 658.

[8] F.A. Vilallonga, E.W. Phillips, J. Pharm. Sci. 67 (1978) 773.

[9] T.R. Tritton, SA. Murphree, A.C. Sartorelli, Biochem. Bio-
phys. Res. Commun. 84 (1978) 802.

[10] T.G. Burke, T.R. Tritton, Biochemistry 24 (1985) 5972.

[11] A.D. Bangham, M.M. Standish, J.C. Watkins, J. Mol. Biol.
13 (1965) 238.

[12] R.A. Parente, B.R. Lentz, Biochemistry 25 (1986) 6678.

[13] V. von Tscharner, H.M. McConnell, Biophys. J. 36 (1981)
409.

[14] M.C. Petty, in: M.C. Petty (Ed.), Langmuir—Blodgett Films:
an Introduction, Cambridge Univ. Press, UK, 1996, p. 12.

[15] J. Hernandez, A. Marti, J. Estelrich, Bioconjugate Chem. 2
(1991) 398.

[16] M. Winterhalter, H. Burner, S. Marzinka, R. Benz, J.
Kasianowicz, Biophys. J. 69 (1995) 1372.

[17] N. Klaas, S. Anne-Marie, T. Jean-Francois, B. Robert, H.
Pascal, R. Jean-Marie, B. de Kruijff, Biochem. Biophys.
Acta 940 (1988) 197.

[18] T. Hiroshi, S. Katsuki, H. Ichiro, Biochem. Biophys. Acta
1289 (1996) 209.

[19] O. Hiroyuki, M. Yuki, T. Eishun, Biochem. Biophys. Acta
642 (1981) 27.

[20] M.C. Woodle, D.D. Lasic, Biochem. Biophys. Acta 1113
(1992) 171.

[21] M.H. Gaber, K. Hong, SK. Huang, D. Paphadjopoulos,
Pharm. Res. 12 (1995) 1407.



