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CPT-11 and SN-38 are camptothecins with strong antitumor activity. Nevertheless, their severe side effects and
the chemical instability of their lactone ring have questioned the usual forms for its administration and have fo-
cused the current research on the development of new suitable pharmaceutical formulations. Thiswork presents
a biophysical study of the interfacial interactions of CPT-11 and SN-38 with membrane mimetic models by using
monolayer techniques and Differential Scanning Calorimetry. The aim is to get new insights for the understand-
ing of the bilayer mechanics after drug incorporation and to optimize the design of drug delivery systems based
on the formation of stable bilayer structures.Moreover, from our knowledge, themolecular interactions between
camptothecins and phospholipids have not been investigated in detail, despite their importance in the context of
drug action. The results show that neither CPT-11 nor SN-38 disturbs the structure of the complex liposome
bilayers, despite their different solubility, that CPT-11, positively charged in its piperidine group, interacts elec-
trostatically with DOPS, making stable the incorporation of a high percentage of CPT-11 into liposomes and
that SN-38 establishesweak repulsive interactionswith lipidmolecules thatmodify the compressibility of the bi-
layer without affecting significantly neither the lipid collapse pressure nor the miscibility pattern of drug–lipid
mixed monolayers. The suitability of a binary and a ternary lipid mixture for encapsulating SN-38 and CPT-11,
respectively, has been demonstrated.

© 2015 Published by Elsevier B.V.
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1. Introduction

Irinotecan (camptothecin CPT-11; 7-ethyl-10-[4-(1-piperidino)-1-
piperidino] carbonyloxycamptothecin) and SN-38; (irinotecanmetabo-
lite, ethyl-10-hydroxy-camptothecin) are antineoplastic agents belong-
ing to the family of topoisomerase I inhibitors that arrest the synthesis
of DNA and possess strong antitumor activity (Fig. 1) [1,2].

The sole catalyticmechanism for camptothecin action consists in the
formation and stabilization of a reversible enzyme–drug–DNA ternary
(1-piperidino)-1-piperidino]
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complex which prevents the ligation step of the nicking/sealing cycle
performed by the topoisomerase enzyme. CPT-11 is converted to its
metabolite SN-38, with a reported, at least, 100-fold biggest activity,
by a human carboxylesterase (hCE), primarily in the liver [3], but
also in tumors [4]. CPT-11 is a first-line drug approved for the treatment
of a variety of human tumors, including colorectal, lung and gynecolog-
ical cancers [5]. Both CPT-11 and SN-38 are currently in clinical trial in
its liposomal form [6]. However, their severe side effects, such as
myelosuppression and gastrointestinal disorders [7,8], impose some re-
strictions for camptothecin therapies and additional considerations to
develop suitable pharmaceutical formulations for clinical purposes.
Other drawbacks for their clinical applications are the chemical instabil-
ity of the lactone ring, which opens to the inactive carboxylate form at
physiological pH [9,10] and, in the case of SN-38, the great insolubility
in almost all the solvents that could be used to formulate this drug. All
of these considerations make evident the importance of protecting the
drug from the external environment to maximize its pharmacological
potential and the need of using solubilizers or membrane stabilizers
[11]. Therefore, current investigations are focused on the development
of new forms for camptothecin administration.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbamem.2015.12.007&domain=pdf
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Fig. 1. Molecular structure of camptothecins. Equilibrium between their lactone and
carboxylate forms.

423A. Casadó et al. / Biochimica et Biophysica Acta 1858 (2016) 422–433
The consideration of the pharmaceutical form of anticancer drugs
and the procurement of stable formulations can overcome some of the
main limitations for their use in clinical applications. Docetaxel, for
example, is available in a formulation that contains a high concentration
of Tween 80 [12] and Paclitaxel is often provided in Cremophor EL. Un-
fortunately, the use of both products has been associated with severe
side effects related with hypersensitivity reactions [13], nephrotoxicity
and neurotoxicity. In order to solve the problems derived from the use
of such solubilizers or adjuvants, alternative dosage forms have been
developed to improve its clinical administration. Among the potential
drug delivery carriers, liposomes or lipid vesicles have endowed with
interesting and useful characteristics that make them a pivotal biocom-
patible and biodegradable drug delivery and formulation platform [14].

Liposomes possessmany interesting properties, such as the ability to
entrap both hydrophilic and hydrophobic molecules without loss or
alteration of their activity, which make them very suitable to create
triggered release systems and to provide passive or active targeted
strategies [15,16]. Theymay carry different surface charges, have differ-
ent sizes and provide long systemic circulation times, depending on
their lipid composition. Liposomes can act as sustained depots which
release their cargo in a controlled form and in a specific target, giving
a preferential accumulation in solid tumors [17]. Moreover, liposomal
formulations can reduce the toxicity associated with free anticancer
drugs in healthy tissues [18,19], which is severe in the case of CPT-11
and SN-38, and improve drug stability by protecting the compound
from chemical degradation or transformation. Several lipid-based and
liposomal nanomedicines have been approved in the last 20 years
[20–22] and many others are undergoing clinical evaluation [23].

In the case of camptothecins, their encapsulation in liposomes
would have the additional advantages of providing a suitable environ-
ment to maintain soluble the drug, either in the aqueous phase or in
the lipid bilayer, and to afford protection for the lactone ring of the
molecule, which is essential for its pharmacological activity, besides
being an important structural requirement both for the passive diffu-
sion of these drugs into cancer cells and for their successful interac-
tion with the topoisomerase I enzyme [24,25]. Moreover, CTP-11
liposomalization increases its antitumor activity with an important
reduction in the adverse reactions reported for this drug, being the
use of carriers completely essential in the case of SN-38, because of its
extreme insolubility, to make it a useful drug [26].

Liposomes can be engineered from a wide variety of lipid species,
from natural or synthetic origin and can be endowed with special char-
acteristics by adding to their formulation specific components. You can
make liposomes sensitive to specific stimuli, stable as pharmaceutical
products and in the biological media after administration and that can
be vectorized to specific and targeted locations. To develop optimal
drug formulations and efficient drug delivery systems it is essential to
control the physicochemical parameters of the vehicle and, for this
purpose, it is very useful to study how molecular interactions between
the constituents of the carrier and the drugs can affect or modify its
structure [27,28]. Moreover, the study of drug–lipid interactions can
also be used to predict the pharmacokinetic properties of drugs, which
are dependent on their chemical stability and, consequently, their bio-
availability and efficacy.

When characterizing the interactions of drugs with membrane
lipids, it is essential to consider the use of different techniques,
each one with advantages or limitations regarding to their applica-
tions [29,30]. Among these, it could be outlined Differential Scanning
Calorimetry (DSC) [31,32] and Langmuir monolayers [33,34].

DSC is a nonperturbative technique largely employed in pharma-
ceutical thermal analysis, because its ability to provide information
about either the physical or energetic properties of substances.
Moreover DSC is one of the more used methods to measure the en-
thalpy associated with physical processes [35]. As a thermoanalytical
method, DSC has definite applications in nanosciences with impor-
tant features for the development of nanostructured lipid carriers
for drug delivery [36,37].

The Langmuir techniques, which use lipid monolayers at the air–
water interface as the model for studying the two-dimensional ar-
rangement, are very useful in the area of liposome formulation as
they provide information on lipid packaging configuration and so,
on liposome stability [34,38]. In addition, the knowledge of the partition
coefficients (P) that can be determined in an n-octanol/aqueous
medium [39] or by a reverse phase HPLC column [40], gives a good
approach to predict the relative tendency of drugs to incorporate into
biological membranes.

This work explores the physicochemical interactions of CPT-11 and
SN-38 with pure and mixed lipid monolayers and bilayers and informs
about the potential usefulness of the liposomal carriers designed for
these drugs [41]. The long term stability is an essential parameter of
the final formulation because it will control the sustained release of
these camptothecins into the cell and because of the protection afforded
to their cargos versus its biological degradation. The results will provide
comprehensive insights about the possible effects of the molecular in-
teractions of these drugs, on the liposomal formulation, either at the
level of the hydrophobic domain of the lipid bilayer in which they can
be inserted, or at the level of the polar region when encapsulated in
their aqueous space, always in contact with the inner monolayer of
the bilayer. It could also be emphasized that, from our knowledge, the
molecular interactions between camptothecins and phospholipids
have not been investigated in detail.

2. Experimental

2.1. Materials

L-α-Distearoyl-phospathidylcholine (DSPC), L-α-Dioleoyl-phos-
pathidylserine (DOPS), Egg Phosphathidylcholine (EPC) and Cholesterol
(CHOL) were purchased from Avanti Polar Lipids (Birmingham, AL,
USA). CPT-11, purchased from Afine Chemicals Limited (Hangzhou,
China), was pure with a minimal grade of 99%. SN-38 was from Tocris
Bioscience (Bristol, United Kingdom). All the organic solvents (Panreac,
Montcada i Reixac, Barcelona, Spain) have been distilled before use.
Milli-Q water (Millipore Bedford, Massachusetts system, resistivity of
18 MΩ cm) was used. All other chemicals and solvents were of analyt-
ical grade.

2.2. Calorimetric studies

Differential scanning calorimetric (DSC) analysis was used to
evaluate the thermodynamic aspects of the camptothecin/lipid in-
teractions and was performed by using a Mettler DSC-30 device
(Mettler-Toledo, Inc., Columbus, OH, USA) or a MicroCal VP-DSC (GE
Healthcare LifeSciences, Uppsala, Sweden). The calorimetric systems
were calibrated, in transition temperature and enthalpy changes, by
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using indium and zinc or lysozyme (molwt. 14.3 kDa) for theMettler or
MicroCal devices, respectively. Thermodynamic data were analyzed
with Mettler-Toledo STARe or MicroCal-enabled Origin softwares.

2.2.1. Preparation of liposomes
Multilamellar liposomes (MLVs) were used for calorimetric studies

and prepared as described previously [41]. DSPC, DOPS, CHOL and EPC
were used, in ternary or binary combinations, to prepare lipid films.
MLVs containing CPT-11 were prepared as follows: fifteen milligrams
of the ternary lipid mixture (DSPC/DOPS/CHOL, 65:35:30) were
dissolved in chloroform and mixed with the appropriate amounts of
CPT-11 to produce exact molar fractions of the drug. Chloroform was
evaporated under a nitrogen stream to get a thin lipid film, which was
maintained overnight in a vacuum desiccator to remove all the traces
of the solvent and the resulting film was hydrated with 1000 μL of
10 mM lactate buffer (pH 4.4). Finally, the MLV suspension was frozen
(liquid N2) and thawed (water bath above the phase transition temper-
ature, Tm) five times. In the case of SN-38, MLVs were prepared by
means of a different protocol: lipid (EPC/DOPS, 9:1, 50 mg)/drug mix-
tures, giving specific molar fractions of the drug, were hydrated with
1000 μL of 10 mM lactate buffer (pH 4.4), after weighting the appropri-
ate amount of each component, with an Ultra-Turrax IKA T-25 (Staufen,
Germany), at 20,000 rpm for 10 min.

Samples with transition temperatures below the freezing point of
water (those containing EPC) had 50% ethyleneglycol included in the
aqueous phase to prevent the freezing of the bulk solvent phase. It has
been taken into account that ethyleneglycol can modify both Tm and
ΔH [42,43].

2.2.2. DSC experiments
DSC-30 Mettler experiments for EPC/DOPS MLVs with SN-38 were

carried out as follows. Aliquots of 120 μL of the different aqueous sus-
pensions of MLVs were transferred to a 160 μL aluminum calorimetric
pan, which was hermetically sealed. The samples were weighted and
immediately submitted to DSC analysis, as follows: 1) a heating scan
between −50 °C and 20 °C at 2 °C/min; 2) a cooling scan between 20
and −50 °C at 4 °C/min. This low heating scan rate was chosen in
order to provide the higher peak resolution. Sharp peaks of a first
order gel-to-liquid crystalline phase transition (Lα) in buffered aqueous
solution require low scan rates, allowing also the resolution of the pos-
sible closely DSC peaks [44,45]. The reference pan contained 120 μL of a
1:1 ethyleneglycol/10 mM lactate buffer (pH 4.4) solution. The temper-
ature of themaximum of the transition endotherm (Tm) and the enthal-
py (ΔHcal), calculated from the area under the peak, were determined
with a Mettler TC15 TA controller. The cooperativity of the transition
was evaluated, approximately, from the widths at half-peak heights
(as °C) of the main transition endotherms (ΔT1/2). To carry out the ex-
periments with the MicroCal device, 0.5181 mL of the DSPC/DOPS/
CHOLMLV suspension,with andwithout CPT-11 at differentmolar frac-
tions, was placed in the calorimetric cell and analyzed as follows: 1) a
heating scan in the temperature range of 10–60 °C, at 0.5 °C/min; 2) a
cooling scan from 60 to 10° at 1 °C/min. The reference cell contained
10 mM lactate buffer (pH 4.4). As a common procedure both the buffer
and the sampleswere degassed for 10min before being introduced into
theMicroCal cell to avoid any signal artifacts due to air bubbles. In all the
experiments, only the heating scans were analyzed. Each experiment
was carried out in triplicate to check the result reproducibility. After
the DSC analysis, aliquots of all samples were extracted from the calori-
metric pan and used to determine the exact amount of lipids by the
Stewart's method [46].

2.3. Partition coefficients in n-octanol/buffer solutions

The partition coefficients between n-octanol and buffer solutions
(Po/w), at different pH values,were determined by a slightmodification
of the shake-flask method, earlier reported by Ross et al. [47] and
described in the OECD guideline for the testing of chemicals [48].
Stock solutions in DMSO of CPT-11 and SN-38 10 mM were prepared
and, prior to use, were diluted in n-octanol to a final concentration of
0.5 mM (1:20). The experiments were carried out as follows: 100 μL of
the 0.5 mM camptothecin solutions was diluted with 4.9 mL of
n-octanol and mixed with 5 mL of the appropriate buffer solution. The
two phases were maintained under constant shaking for 1 h at 25 °C.
The n-octanol phase was removed with a Pasteur pipette and both
phases were analyzed spectrophotometrically for drug content. The
partition coefficient (Po/w) was calculated as the ratio between the
molar concentration in n-octanol (Co) and that in the aqueous phase
(Cw). Calibration curves in n-octanol and in different buffer solutions
were previously performed for both camptothecins at the experimental
conditions previously determined (Table S1, Supplementary material).

2.4. Monolayer studies

The Langmuir techniquemeasures the surface pressure as a function
of the mean molecular area that occupies a molecule in a monolayer
extended on an aqueous surface [49,50]. Experimental measurements
were recorded with a Nima Langmuir balance equipped with a
Wilhelmy platinum plate (Nima Technology, Coventry) and a Teflon
trough that was rinsed with ethanol and distilled water before use. All
experiments were performed at room temperature. The monolayer sta-
bility was verified by monitoring the change in surface pressure while
the area was held constant.

2.4.1. Monolayer compression isotherms
The π–A isotherms were recorded with a Nima (U.K.) Langmuir

Teflon trough of 595 cm2 surface area and 297.5 cm3 volume. Separate
stock solutions of individual lipids or lipid mixtures (DSPC/DOPS/
CHOL 65:35:30 or EPC/DOPS 9:1) were prepared in chloroform at
1 mg/mL. Required volumes of each of them were mixed with
CPT-11 (1 mg/mL) or SN-38 (0.5 mg/mL) solutions to form the lipid–
drug spreading solutions containing different drug molar fractions.
Monolayers were formed by applying small drops of the spreading
solutions on the 10 mM Lactate Buffer subphase (pH 4.4) with a
microsyringe (Hamilton Co., Reno, NV, USA). After 15 min, mono-
layers of the desired composition were continuously compressed with
an area reduction rate of 10 cm2 min−1. The films were compressed
to their collapse pressure. Each run was repeated three times and the
reproducibility was ±1 Å2 molecule−1.

In order to study the effect of the adsorption of CPT-11 on the lipid
isotherms and to establish a possible selective interactionwith someone
of the lipid components, another set of experiments was performed
with monolayers made with the ternary mixture of lipids, DSPC/DOPS/
CHOL 65:35:30 or with each one of the individual lipid constituents.
CPT-11 was injected in the lactate buffer subphase at different molar
concentrations, ranging from 5 to 30 μM. The procedure was the same
described above.

2.4.2. Surface activity of CPT-11
The surface activity of CPT-11was studied in order to determine the

equilibrium spreading pressure. Using a cylindrical PTFE trough (surface
area 19.6 cm2, volume 27.2 cm3), that was rinsed with ethanol and dis-
tilled water before use, increasing volumes of a 1 mg/mL (1.48 mM)
CPT-11 solution in Milli-Q water (18 MΩ cm) were injected below the
10 mM lactate buffer subphase (pH 4.4) through a lateral hole and the
adsorption of the drug in the air/water interface was monitored by
following the increase in surface pressure as a function of time under
continuous stirring of the subphase. All experiments were performed
at room temperature.

2.4.3. Insertion of CPT-11 into monolayers
The kinetics of insertion of CPT-11 into monolayers of DSPC/DOPS/

CHOL 65:35:30 weremeasured using the same trough as for the surface



Fig. 2. Endothermic calorimetric curves in heatingmode of DSPC/DOPS/CHOL-MLVs (A) and EPC/DOPS-MLVs (B) prepared in the absence and in the presence of increasingmolar fractions
of CPT-11(A) and SN-38 (B). x are the molar fractions of either CPT-11 (A) or SN-38 (B). Enthalpy values were calculated from the area under the peak by using Mettler STARe evaluation
software. Dotted line in A shows the Tm shift.
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activity, which was cleaned in the same way with ethanol and distilled
water before use. For these experiments, a lipid stock solution was
prepared and added drop wise on the subphase until the desired lipid
pressure was achieved. After 10–20 min the equilibrium of the lipid
monolayer was reached. Then, a 100 μL of the 1 mg/mL (1.48 mM)
CPT-11 solution was injected into the subphase through the side hole
of the trough. The subphase was magnetic stirred during the measure-
ments and surface pressure changes were monitored as function of
time until it remained constant.
2.4.4. Brewster angle microscopy
Brewster angle microscopy images were obtained in a KSV NIMA

MicroBAM instrument (U.K.) mounted on a NIMA Langmuir balance
trough. The instrument was equipped with a 30 mW laser emitting
p-polarized light a 660 nm, which incises the air/water interface at
Table 1
Thermodynamic parameters of mixed lipid bilayers containing CPT-11 or SN-38.

Sample
ΔHcal2

(kJ/mol)

DSPC/DOPS/Chol (x = 0) 11.24 ± 0.55
DSPC/DOPS/Chol/CPT-11 (x1=0.045) 12.00 ± 0.58
DSPC/DOPS/Chol/CPT-11 (x = 0.060) 12.36 ± 0.61
DSPC/DOPS/Chol/CPT-11 (x = 0.090) 12.08 ± 0.57
DSPC/DOPS/Chol/CPT-11 (x = 0.130) 11.61 ± 0.56
EPC/DOPS (x = 0) 24.13 ± 1.18
EPC/DOPS/SN-38 (x = 0.045) 24.51 ± 1.19
EPC/DOPS/SN-38 (x = 0.075) 22.29 ± 1.11
EPC/DOPS/SN-38 (x = 0.090) 20.99 ± 1.03

Values reported are the mean ± SD of three independent experiments.
1 x is the molar fraction of CPT-11 or SN-38.
2 Calorimetric enthalpy calculated from the area under the peak.
3 Temperature calculated from the maximum of the calorimetric peak.
4 ΔT1/2 is the width of the calorimetric peak at the half height.
53.1° (Brewster angle). The shutter speed used was 1/50 s. All the im-
ages were taken at room temperature and under the same acquisition
conditions for comparative purposes.
3. Results and discussion

3.1. Calorimetric analysis

Differential Scanning Calorimetry (DSC)was used as a first approach
to determine the effect of the incorporation of CPT-11 and SN-38 on the
physical state of the liposomal bilayers. Representative DSC thermo-
grams obtained for DSPC/DOPS/CHOL/CPT-11 and EPC/DOPS/SN-38
multilamellar liposomes, acquired with the Mettler DSC-30 device,
equipped with a subzero nitrogen-liquid system or with the MicroCal
device, are shown in Fig. 2A and B, respectively. These lipid mixtures
Tm3 (°C) Δ T1/24 (°C)

41.98 ± 1.98 13.28 ± 0.72
42.19 ± 2.07 12.59 ± 0.61
42.58 ± 2.12 13.34 ± 0.69
43.81 ± 2.16 13.27 ± 0,59
43.76 ± 2.21 15.88 ± 0.81

−11.89 ± 0.62 24.16 ± 1.31
−10.91 ± 0.52 25.55 ± 1.17
−10.40 ± 0.55 26.38 ± 1.35
−11.84 ± 0.59 24.44 ± 1.22
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are those chosen, after an accurate selection in our laboratory, for
achieving drug formulations [41]. The aim is to study how themolecular
interactions between camptothecins and lipids can affect the stability of
the liposomal formulations.

The endothermic transition profiles, obtained for the lipid disper-
sions, in the absence and in the presence of the CPT-11 and SN-38, at
the indicated mole fractions of the drugs, showed, in all cases, a
broad single endotherm, indicating that the incorporation of both
camptothecins intoMLVs does not significantlymodify the organization
of their respective bilayers. However, it could be noted that CPT-11
causes a slight shifting of the transition peak toward a higher tempera-
ture (as indicated by considering the dotted line in the Fig. 2A), with re-
spect to the pure lipid mixture and a small broadening of the phase
transition: these changes were clear at the highest molar fractions of
the drug.

The case of SN-38 was rather different. It appears that SN-38 leaves
the transition temperature of EPC/DOPS MLVs almost unchanged,
being maintained the asymmetric shape of the peak corresponding to
the phase transition observed in the absence of the drug. It should
also be remarked that the broadness of the calorimetric peaks is that ex-
pected from the complex lipid and fatty acid composition of the bilayers
analyzed. The thermodynamic parameters inferred from these thermo-
grams are given in Table 1.

In addition to the aforementioned changes, it could stand out that
SN-38 induces a gradual slight reduction of EPC/DOPS ΔH values. De-
spite the reported information about the changes induced, in both
Tm and ΔHcal values, by the presence of ethyleneglycol in the calori-
metric pans [42,51], the calorimetric data for the SN-38 containing
samples may be compared correctly since all of them include the
same percentage of cryoprotectant. From the results of the calori-
metric study, it could be underlined that neither the incorporation
of CPT-11 nor that of SN-38 disturbs the structure of the complex
composited liposome bilayers, despite the special and different solu-
bility properties of these camptothecins.

3.2. Octanol–buffer partition coefficients

The hydrophilic–hydrophobic balance of any drug is generally mea-
sured by checking its distribution in a biphasic organic/aqueous system
and can be quantitatively expressed as a partition coefficient. CPT-11
and SN-38 Po/w values were determined with an n-octanol/water
system, at different pH buffered media (Table 2).

The results show the differences that exist between both
camptothecins. At the conditions corresponding to the preparation
of the pharmaceutical formulations of both CPT-11 [41] and SN-38
(acidic pH), CPT-11 is mainly in the aqueous media, although moves
to the organic phase in neutral an alkaline environments, whereas
SN-38 is already in the organic phase in a percentage of almost 93%.
The structural characteristics of CPT-11 and SN-38 (Fig. 1) would ac-
count for the thermodynamic tendency to partition into the aqueous
or organic phases of these drugs: the additional site for protonation of
CPT-11 (piperidine group, pKa = 11.20) could influence its solubility
Table 2
The octanol/aqueous solution experimental partition coefficients for CPT-11 and SN-38.

[Drug]oct (μM) %Drugoct Po/w logPo/w

CPT-11
pH 4.4 1.88 17.15 0.207 −0.684
pH 7.4 10.13 92.43 12.20 1.087
pH 9.0 10.35 94.43 16.97 1.230

SN-38
pH 4.4 9.23 92.86 13.00 1.11
pH 7.4 9.46 95.25 19.71 1.29
pH 9.0 9.57 96.30 25.86 1.41

The results are themean values of three individual experiments. The variation coefficients
(CV) range from 5.2 to 7.5%.
in aqueous media [52] and its lactone form possesses more positive
charge than the carboxylate form, fact that could be relatedwith the dif-
ferent distribution of this molecule between n-octanol and water
phases in function of pH.

3.3. Surface studies of CPT-11 and SN-38 camptothecins

Langmuir monolayers of lipids or drugs and of mixed lipids and
drugs of differentmolar compositionshave been studied in terms of sur-
face activity and compression isotherms. DSPC/DOPS/CHOL and EPC/
DOPS were the lipid mixtures used to form the Langmuir monolayers,
as indicated above.

3.3.1. Surface activity
Surface activity of CPT-11 was determined by injecting increasing

volumes of a concentrated solution of the drug (1.48 mM) into the lac-
tate buffer subphase of DSPC/DOPS/CHOL (65:35:30) monolayers and
recording the surface pressures achieved, for each CPT-11 concentra-
tion, as a function of the time until saturation. The surface excess con-
centration (Γ), expressed in mol·cm−2, was calculated by applying the
Gibbs equation (Eq. (1), Supplementary material) to the curves.

The value of the surface excess concentration, Γ = 2.08 ×
10−10 mol·cm−2, allows us to calculate the area occupied per
CPT-11 molecule at the saturated interface, A. The value obtained,
79.8 Å2 molecule−1 (Eq. (2), Supplementary material), correlates
well with that expected from the structure and molecular weight
(586.68 g/mol) of CPT-11, on the basis of some referenced data for other
drugs such as docetaxel (MW = 807.88 g/mol) [12].

The attempts to analyze the surface activity of SN-38 failed because
of the inability of this drug to form stable monolayers at the interface.

3.3.2. π–A compression isotherms
Representative compression isotherms of DPPC/DOPS/CHOL/CPT-11

and EPC/DOPS/SN-38, at several drug molar ratios, between zero (only
lipids) and one (only drug) are illustrated in Fig. S1A and B (Supplemen-
tary material), respectively.

As can be seen, DPPC/DOPS/CHOL and EPC/DOPS form stable
Langmuir monolayers at the air–water interface, CPT-11 forms amono-
layer with low values of π (~12mN/m) (Fig. S1A, Supplementary mate-
rial, red line) and SN-38 does not forms monolayer at the conditions of
the assay (Fig. S1B, Supplementarymaterial, dark blue line), similarly to
that observed for some resveratrol compounds [53] or for different cou-
marins [54]. In our case, however, the result should be explained on the
basis of the high insolubility of SN-38 that prevents its spreading on the
aqueous phase. Both DPPC/DOPS/CHOL and EPC/DOPS lipid mixtures
form stable monolayers with CPT-11 and SN-38, respectively, at all the
ratios studied (Fig. S1A and B, Supplementary material), being the π–A
isotherms of the binary monolayers located between those of the pure
components. Moreover, increases of the mole percentages of either
CPT-11 or SN-38 caused the shift of the isotherms toward smaller
areas per molecule.

The values for the collapse pressures of DPPC/DOPS/CHOL and
EPC/DOPS monolayers were of about 46.4 and 45.6 mN/m, respec-
tively, whereas the highest surface pressure that pure CPT-11 mono-
layer can reach on compression was b12 mN/m, probably because of
the rigid carbon rings in their structure [55]. On the other hand,
mixed DPPC/DOPS/CHOL/CPT-11 monolayers (Fig. S1A, Supplemen-
tary material) have collapse pressures similar to that of the lipid mix-
ture for xCPT-11 ≤ 0.5, slightly decreases when CPT-11molar fractionwas
0.6 (44.9 mN/m) and undergo a dramatic change when the mixed
monolayer contained a 0.75 molar fraction of CPT-11; that is, the iso-
therm stopped at a surface pressure of 22.5 mN/m. Zhao et al. [27], by
studying the behavior of DPPC/Paclitaxel mixed monolayers, observed
similar results and suggested that they could be interpreted in terms
of a squeezing out of paclitaxel from the lipid monolayer during com-
pression. This explanation could also be applied to our results.
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When mixed EPC/DOPS/SN-38 isotherms were analyzed (Fig. S1B,
Supplementary material), similar considerations can be made. Besides
the shifting of the area per molecule toward smaller values, probably
because of the smaller area occupied by the SN-38 molecule in relation
with that of the molecules of EPC and DOPS, SN-38 causes a slight de-
crease of the collapse pressure of the lipid mixture from 45.6 mN/m to
the value corresponding to the 0.6 molar fraction of SN-38 (43.1 mN/m)
and undergo a higher decrease when the molar fraction of the drug
was 0.75 (36.4 mN/m). A similar behavior was observed by Jurak and
Miñones [56] when studying the binary systems α-tocoferol/POPC
and α-tocoferol/DOPC. The curves in Fig. S1 (A and B, Supplementary
material), also give the mean molecular area values at the collapse for
both lipid monolayers containing CPT-11 or SN-38, respectively.

The existence of a single collapse point in each of the individual
drawn isotherms for the lipids/drug mixtures studied could be indica-
tive of themiscibility of camptothecins and the corresponding lipidmix-
tures in the lipid/drug binary systems. However, if the components of
themixtureweremiscible, the collapse pressures of the binarymixtures
would be, in some extent, dependent on the drug content of the lipid
monolayers. Because of this, to discern between miscibility and immis-
cibility of lipids and drugs and to explore the existence of some kind of
interactions between the components of themixedmonolayers in func-
tion of the film composition, the applicability of the additivity relation-
ship for the binary systems was further examined and the results were
analyzed together.

3.3.3. Isothermal compressibility of mixed monolayers
The isothermal data were also analyzed in terms of isothermal

compressibility (Cs), giving additional information about the elasticity
and compressibility of the bilayer (Eq. (3), Supplementary material)
[57,58]. Its reciprocal, Cs−1, the elastic modulus of area compressibility,
is related to the packing degree and can be used to characterize the
phase state of the monolayer [59], i.e. a larger Cs−1 value indicates a
less compressiblemembrane and a higher degree of viscosity. For liquid
expanded films it ranges from 12.5 to 50 mNm−1, while for the liquid
condensed phase it ranges from 100 to 250 mNm−1 [60].

Both Cs and Cs
−1 can be calculated directly for DSPC/DOPS/CHOL/

CPT-11 and EPC/DOPS/SN-38 mixed monolayers from the slope of
their corresponding π–A isotherms. Our results show that the DOPC/
DOPS/CHOL monolayer (Fig. 3A) has a value of the compressibility
modulus around 83mN/m at 30mN/m, which is intermediate between
those corresponding to the liquid expanded state and the liquid con-
densed phase.

The incorporation of CPT-11 increased significantly Cs
−1, changing

the monolayer to the liquid condensed phase, with Cs−1 values higher
than 100 mN/m for CPT-11 mole fractions from 0.045 to 0.13. Higher
drug concentrations (mole fractions 0.5–0.75) returned the monolayer
Fig. 3. The compressionmodulus (Cs−1) of pure DSPC/DOPS/CHOL andmixed DSPC/DOPS/CHOL
of the surface pressure (π). x are the molar fractions of either CPT-11 (A) or SN-38 (B).
to the liquid expanded phase, with Cs
−1 values significantly lower than

those corresponding to the pure lipid monolayer. The highest Cs
−1

values occur at surface pressures ranging between 25 and 40mN/m, in-
terval atwhich the compressibility curves display two peaks, the second
of which fits with a well-defined shoulder in the lipid compressibility
curve.

The plot of Cs−1 vs surface pressure for the EPC/DOPS monolayer is
given in Fig. 3B. The EPC/DOPS monolayer is in the liquid condensed
state (Cs−1 value slightly higher than 110 mN/m), with a maximum at
a monolayer surface pressure of 30 mN/m. The incorporation of SN-38
into phospholipid monolayers causes a decrease of the Cs

−1 at all the
drug concentrations assayed, and changes gradually the monolayer
state toward the liquid expanded phase, making it more compressible.
Moreover, the surface pressure at which Cs

−1 reaches the maximum
value decreases down to 20 mN/m as the SN-38 mole ratio increases.

When analyzing together the effect of both camptothecins, the re-
sults obtained could be interpreted in terms of changes in the packing
of the acyl chains of lipids induced by either CPT-11 or SN-38. The differ-
ent location of CPT-11 and SN-38 within the liposome structure would
account for the different effect of these drugs on the monolayer state.

3.4. Interaction of camptothecins with model lipid membranes

3.4.1. Miscibility analysis of mixed drug–lipid monolayers
The nature of the molecular interactions and also the miscibility of

the components of themixedmonolayers, drug and lipids, can be exam-
ined by studying the deviations of the area per molecule in the mixed
films with respect to the ideality in the context of the additivity rule,
which relates the measured molecular area of the mixed drug–lipid
film to the areas and mole fractions of the individual film components.

The plots of the average area per molecule of mixed drug–lipid films
(DSPC/DOPS/CHOL/CPT-11 and EPC/DOPS/SN-38) versus the molar
fraction of the drug, either CPT-11 or SN-38, at different surface
pressures, can give information about the nature of themolecular inter-
actions and, also, about the miscibility of the components in the film. A
lineal dependencewould indicate either idealmixing of non-interacting
molecules or complete immiscibility of two components [61], whereas,
according to Costin and Barnes [62], a mixed monolayer would show
non-ideal behavior, caused by significant molecular interactions, when
its properties do not depend linearly on the monolayer composition.
Thus, many authors have examined the area per molecule for a mixed
monolayer as a function of its composition, at various surface pressures
[63]. Themeanmolecular area of a monolayer with two components, in
the case of an ideal mixture, can be calculated according to Eq. (4) of
Supplementary material [64].

The experimental results are given in Fig. 4. The straight broken lines
represent the ideal mixing behavior and the solid lines correspond to
/CPT-11 (A) and pure EPC/DOPS andmixed EPC/DOPS/SN-38 (B)monolayers as a function



Fig. 4.Meanmolecular areas forpure lipid andmixed lipid/drugmonolayers as a functionof camptothecinmolar fractions at 25 °Cand the indicated surfacepressures. (A)PureDSPC/DOPS/CHOLand
mixed DSPC/DOPS/CHOL/CPT-11. (B) Pure EPC/DOPS and mixed EPC/DOPS/SN-38. The broken lines represent the ideal behavior and the solid lines correspond to the experimental values.
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the experimental values and any deviation, positive or negative, from
the ideal line would indicate some degree of molecular interactions be-
tween the drugs and lipids. In particular, positive deviations suggest
that repulsive interactions occur with a perturbation of the regular
packing of lipid molecules.

This would be the case of the effect of SN-38 on the monolayer of
EPC/DOPS: the repulsive interactions between the drug and lipids
would explain the decrease in the order degree of the acyl chains of
lipids in amonolayerwhich becomesmore compressible (compressibil-
ity analysis). On the contrary, negative deviations are indicative of the
existence of increased attractive interactions between the two compo-
nents in the mixed monolayers [65].

In the case of DSPC/DOPS/CHOL and CPT-11 mixtures, the data in
Fig. 4A show the existence of positive and negative deviations from
the ideality as a function of the drug molar fraction. It can be observed
that the maximum positive deviation occurs at a mole fraction of CPT-
11 of 0.5, that the maximum negative deviation is at 0.75, that the in-
creases in the surface pressure up to 20mN/m leads to lower deviations
from the ideal line and that there are only positive deviations when
surface pressures were ≥20 mN/m. These facts, together with the con-
sideration of the collapse surface pressures, which do not change for
mixtures with CPT-11 b 0.6, could be indicative of the immiscibility be-
tween the drug (CPT-11) and the lipid film components (DSPC/DOPS/
CHOL) below this mole fraction, whereas for CTP-11 molar fractions
higher than 0.6, the film formed would be stable. Moreover, in this
range, the collapse pressures exhibit an intermediate value between
those corresponding to the pure components individually. As indicated
before, when surface pressure is higher than 20mN/m, the system shifts
to a more ideal behavior, being the positive deviations significantly de-
creased. This result could suggest that the high compression squeezes
the CPT-11 molecules out of the lipid monolayer, with its consequent
dissolution in the subphase, in agreement with the observations arising
from the π–A compression isotherm experiments, and the loss of
interaction with lipid molecules. If we also consider the values of
the compressibility modulus (Fig. 3A) it would appear that the
drug reaches its collapse pressure before and that the compression
of lipids continues until their collapse. Thus, for the highest mole
fraction of CPT-11 (xCPT-11 = 0.75, Fig. 3A) it can be observed a second
inflection point at, approximately, 20 mN/m. The compressibility mod-
ulus values allow us to understand the miscibility behavior at low CPT-
11mole fractions (xCPT-11 b 0.13). In the range 0.045 b xCPT-11 b 0.13 the
system is ideal, with a very small negative deviation at 0.09–0.13 mole
fractions, being Cs−1 values higher than those of the DSPC/DOPS/CHOL
monolayer in this range. Probably CPT-11 and DSPC/DOPS/CHOL
mixtures have a mixed miscibility pattern. They both mix well for
xCPT-11 ≤ 0.13 and xCPT-11 ≥ 0.6, whereas become immiscible at any
other mole fractions.

When EPC/DOPS and SN-38 mixtures are analyzed, it can be seen
a greater alignment of the dashed lines and the solid lines and that
the observed slight deviations are positive (Fig. 4B). This result sug-
gests a mixed behavior close to the additivity rule predictions, unlike
that observed for the CPT-11-containing system, indicating either
ideal mixing or complete immiscibility of the mixture components.
To distinguish between them it would be necessary to consider the
isotherms at the collapse pressure. When analyzing together the col-
lapse pressures and the compressibility moduli it can be observed
that, despite its high hydrophobicity, the presence of SN-38 in the
EPS/DOPS monolayer does not modify neither the shape of the iso-
therm nor its collapse pressure and, only at the highest mole fraction
(x = 0.75), a slight change is produced. The fact that the collapse
pressure of the lipid mixture does not change when adding SN-38
might be explained by considering that the molecules of SN-38, be-
cause of its apolar character, interact with the hydrophobic chains
of lipids, the polar groups of which are in turn interacting with the
subphase, and to the fact that it cannot be obtained a monolayer of
SN-38. The high hydrophobicity of this drug prevents the spreading
of the small dropswithin the air/water interface, avoiding the formation
of the monolayer.

3.4.2. Stability of mixed monolayers
The interaction, either repulsive or attractive, between the two

components of a mixed monolayer involves the generation of energy.
This energy, known as excess Gibbs energy, GE, represents the energy
associated to the mixing process of the two pure components in the
bidimensional phase and can be determined by means of Eq. (5) of
Supplementary material [66,67]. The selected pressures (π) were 1, 2,
5 and 10 mN m−1, which are values below the collapse of CPT-11.

The relevance of this study relies on the possibility of performing an
analysis of the structural integrity of a system, which can incorporate
certain drugs, through the quantitative assessment of the thermody-
namic parameter GE. If the system consists of lipids, and the drug is
incorporated into a lipid monolayer, the assembly may be miscible
and form a uniform mixed film or, conversely, be immiscible. This last
situation would lead to the formation of a structure in which the drug
and the lipidswould bemixed heterogeneously, probably due to a selec-
tive interaction between the drug and some of the lipid constituents of
the lipid monolayer [56]. These two situations will translate into differ-
ent variations of GE values: in the first case the excess Gibbs energy
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should be negative, whereas, when immiscibility occurs, this parameter
would have positive values [68].

The data in Fig. 5A show a complex behavior for DSPC/DOPS/CHOL/
CPT-11 mixed monolayers, unlike a simple miscibility or immiscibility
[69], although the energy values are in agreement with the partial mis-
cibility deducted before from the analysis of Fig. 4A.

The minimal values observed below 0.13 and at 0.75 mole fractions
of CPT-11 would account for the great thermodynamic stability of this
drug and lipid combination. Additionally, the comparison of the abso-
lute values of the excess Gibbs energy with RT (≈ 2500 J/mol), being
R the ideal gas constant and T the experimental temperature, allows an-
alyzing the relevance of such interactions, being significant forGE values
greater than 2500 J/mol [68,70]. A similar evaluation for SN-38-EPC/
DOPS mixed monolayers (Fig. 5B), yielded absolute excess energy
values very much lower than 2500 J/mol as it was expected according
with the miscibility results.

3.5. Interaction studies with CPT-11 in the subphase

The dissolution of a drug in a subphase on which monolayers of
lipids have been spread can help to determine the influence of these sol-
utes on the compression isotherms of the lipids and give additional in-
formation about the drug–lipid affinity. In our study only the interaction
between CPT-11 and lipids has been assessed by means this kind of ex-
periment. The great insolubility of SN-38 has made impossible to intro-
duce this drug in the subphase.

3.5.1. Penetration kinetics of CPT-11 at constant area
The ability of CPT-11 to penetrate into the DSPC/DOPS/CHOL mono-

layer at the air–water interface was investigated using a fixed 5.44 μM
drug concentration in the lactate buffered subphase. The CPT-11 sub-
phase concentration controls the penetration and can be previously
determined from the adsorption isotherm profile for the drug. This
value is a constant (K) that represents the drug concentration that
achieves 1/2 πmax. In our case, the determination of the drug concen-
tration to reach the equilibrium pressure and so, to determine the
value of K, was not conclusive, probably because of the low surface
activity of CPT-11 that hinders tomonitor correctly the surface pressure
changeswith time. Because of this, we have chosen a CPT-11 concentra-
tion allowing the correct measurement of the changes in surface pres-
sure in the penetration experiments.
Fig. 5. The excess Gibbs energy (GE) of DSPC/DOPS/CHOL/CPT-11 (A) and EPC/DOPS/
SN-38 (B) mixed monolayers as a function of the monolayer composition, at different
surface pressures.
The interaction between CPT-11 and mixed DSCP/DOPS/CHOL
monolayers was recorded in terms of the increase of surface pressure
for 30 min. It could be observed that CPT-11 insertion promoted an im-
mediate increase in the surface pressure of the system, being remark-
able the fact that the surface pressures attained the equilibrium values
in no more than 10 min. A similar behavior has been reported for
docetaxel insertion in DPPC monolayers [12]. The penetration curves
obtained at various initial pressures are shown in Fig. 6.

As shown, these curves tend to an asymptote indicating the end of
the penetration process. The graphical plot of the pressure increments
vs the initial pressure, at a given drug concentration in the subphase
(Fig. 6, upper image), is a straight line which intersection with the
horizontal axis gives the critical pressure, above which there will be
no penetration of CPT-11 into the lipid monolayer. This value was of
≈23–24 mN/m.

3.5.2. Compression isotherms with CPT-11 in the subphase
Compression isotherms of all the individual lipid components and,

also, of the lipid mixture, were done in the absence and in the presence
of CPT-11 in the subphase. This set of experiments was carried out in an
attempt to go deeply into the potential selectivity of the interactions be-
tween the drug and each one of the constituents of the liposome bilayer.
The results are plotted in Figs. 7 and S2 (Supplementary material).

When the phospholipid was DSPC, the isotherms recorded in the
presence of CPT-11 were identical to that of the lipid alone at surface
pressures higher than 25 mN/m, irrespective of the drug concentration,
whereas at the lowest values of π (b20 mN/m), if any, a very tiny con-
densing effect could be observed (Fig. S2A, Supplementary material).
In this case, it could be considered that CPT-11 does not modify the
Fig. 6. Pressure increases promoted by CPT-11 when injected under DSPC/DOPS/CHOL
monolayers spread at different initial pressures (lower image). The upper image is the lin-
ear plot of the increment in surface pressure after CPT-11 injection in the subphase as a
function of the initial DSPC/DOPS/CHOL surface pressure and gives the critical surface
pressure for CPT-11 penetration into the DSPC/DOPS/CHOL monolayer at the air–water
interface.



Fig. 7. Compression isotherms of (A) DOPS and (B) DSPC/DOPS/CHOL spread on a lactate buffered subphase alone or with increasing concentrations of CPT-11.
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order of the lipidmolecules nor establishes any specific interactionwith
DSPC. This fact was also observed in the case of CHOL (Fig. S2B, Supple-
mentary material). Nevertheless, when the anionic phospholipid DOPS
was considered (Fig. 7A), a completely different result was observed.
DOPS isotherm was modified when CPT-11 was incorporated in the
monolayer subphase, at all the concentrations assayed, and the changes
were in the sense of producing an expanding effect within all the range
of the surface pressures recorded, although more significant at low sur-
face pressures: the result indicates the incorporation of the drug into the
phospholipid monolayer. The interaction CPT-11-DOPS was confirmed
by analyzing the effect of the incorporation of the drug in the subphase
of a DSPC/DOPS/CHOL monolayer. The expanding effect of the drug
was also manifest (Fig. 7B), but only at surface pressures lower
than 20mN/m, being the extent of the effect smaller than themeasured
in DOPS monolayers in accordance with the fact that the DSPC/DOPS/
CHOL mixture only contains a 35% DOPS molar ratio. These results
show that CPT-11 interacts specifically with the DOPS constituent of
the lipid mixture.

The positive charge of CPT-11 at pH 4.4 and the negative charge of
DOPS would account for the observed changes in the compression iso-
therms, on the basis of an electrostatic interaction. Taking into account
the asymmetric distribution of the different lipids between the two
Fig. 8. BAM images of CPT-11 (A), DSPC/DOPS/CHOL (B) and mixed DSPC/DOPS/CHOL/CPT-11
composition. All the images were acquired at the same magnification for comparative purpose
leaflets of the bilayers [71] and the fact that the anionic PS is preferen-
tially located in the inner monolayer [72], this result would explain
the high percentage of CPT-11 encapsulated into liposomes. The drug
encapsulated in their aqueous space, in contactwith the innermonolay-
er, where PS is, will remain electrostatically anchored solving, some-
how, the problems associated with the formulation and procurement
of carriers for drug soluble molecules.

3.6. BAM images of the mixed CPT-11/lipid films

To get additional information about the influence of CPT-11 on the
morphology of the investigated ternarymixed lipidmonolayers, a series
of BAM images, recorded at different stages of film compression, were
analyzed [12,73]. Fig. 8 shows the images obtained at different surface
pressures.

In the case of the DSPC/DOPS/CHOL film, the compression of the
monolayer induces, according to its π–A isotherm, the formation of
a LE phase which reflects in an uniform texture of images until
30mN/m,when themonolayer becomes less compressible and a bright
condensed phase that coexists at 40 mN/m near its collapse pressure.
BAM images for CTP-11 demonstrate the ability of the drug to aggregate
at the air/water interface at low pressures (π = 3, 7 mN/m).
(0.13 drugmole fraction) (C) Langmuir monolayers at the indicated surface pressures and
s.
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In the case of the mixtures of DSPC/DOPS/CHOL and CPT-11 (0.13
CPT-11 mole fraction), it can be observed the separation of two
phases and the visualization of small nucleation points at a surface
pressure of 10 mN/m (Fig. 8C) probably because of the drug, in
agreement with the fact that the highest surface pressure that pure
CPT-11 monolayer can reach on compression is b12 mN/m. More-
over, bright condensed phases when increasing the compression
within the range of 20–40mN/m (Fig. 8C) were observed, according-
ly to the collapse region of the lipid/drug mixture. These phases
appear much more marked than for DSPC/DOPS/CHOL monolayers,
fact which could indicate that the molecules forming the film are
packed more densely when the mole fraction of CPT-11 is 0.13. This
result is the expected from the values of the excess area per molecule
given in Fig. 4A. Bearing in mind that the properties of the lipid
monolayers correlate with the properties of lipid bilayers at higher
surface pressures (25 mN m−1–35 mN m−1) [74] it is worth
stressing that, for this composition and at these pressures, the little
condensation of the area per molecule and the squeezing out of
CPT-11 from the lipid monolayer during compression correlate
with the incorporation of CPT-11 into liposomes through the above
mentioned electrostatic interactions between the drug and the an-
ionic component of the bilayer.

4. Conclusions

The overall results have shown the ability of CPT-11 and SN-38 to
interact with and/or to insert among phospholipid molecules in
membrane mimetic models: CPT-11 is able to bind effectively to lipid
bilayers through electrostatic interactions, whereas SN-38, because of
its high lipophilicity, is inserted within the hydrophobic core of the
bilayer.

The calorimetric study highlights that neither the incorporation
of CPT-11 nor that of SN-38 disturbs the structure of the complex
composited liposome bilayers, despite their different solubility
properties and their different location within the two possible envi-
ronments of the liposome structure.

CPT-11 shows surface activity and penetrates the DSPC/DOPS/CHOL
monolayer whereas SN-38 does not. The high partition coefficient of
SN-38, according with its great hydrophobicity, would explain that
SN-38 neither adsorb at the air–water interface, nor form compressible
monolayers. Similar results have been reported for some resveratrol and
coumarin compounds [53,54].

CPT-11 and SN-38 cause a large contraction effect of theDSPC/DOPS/
CHOL and EPC/DOPS Langmuir monolayers, respectively, as can be de-
duced from the values of the mean molecular area. This result could
be explained by a high affinity of both camptothecins for monolayer
lipids and would account for increased monolayer stability. On the
other hand, the miscibility studies have shown that CPT-11 and DSPC/
DOPS/CHOL mixtures mix well in a relatively narrow range of concen-
trations and that the EPC/DOPS/SN-38 combination exhibit a mixed be-
havior close to the additivity rule predictions.

The shape of the compression isotherms with CPT-11 in the
subphase shows that the interaction between DSPC/DOPS/CHOL
and CPT-11, with positive charge at pH 4.4, takes place mainly
through the negative charge of DOPS and the miscibility pattern in-
dicates that these interactions are possible at xCPT-11 ≤ 0.13 and
xCPT-11 ≥ 0.6. This range, thermodynamically favored because their
high excess Gibbs free energy values, includes the mole fractions
used for the CPT-11 liposomal formulation (xCPT-11 b 0.13). More-
over, the existence of such electrostatic interactions would account
for the high percentage of CPT-11 encapsulated into liposomes [41]
in spite of its water-soluble character and its low n-octanol-water
partition coefficient at pH 4.4. There are references in the literature
in which CPT-11 is also efficiently encapsulated in liposomes,
although neither the method nor the liposome lipid composition
is the same [75].
Instead, SN-38 establishes repulsive interactions with the lipid mol-
ecules that, although weak, modify the compressibility of the bilayer
without affecting significantly neither the collapse pressure of the
lipid mixture nor the miscibility pattern of drug–lipid mixed mono-
layers with an ideal behavior. The decrease of the compressibility
modulus and the consequent formation of a more fluid monolayer in
the presence of SN-38 suggest the interaction between the drug and
the binary EPC/DOPS system; the fact that SN-38 does not induce
significant changes in the melting temperature of the EPC/DOPS
bilayers, could suggest its localization in the outer hydrophobic zone
of the bilayer, as it does paclitaxelwhen incorporated into DPPC bilayers
[27].

Our results provide interesting remarks about the suitability of lipo-
somes as devices for the delivery of camptothecins on the basis of stabil-
ity criteria, highlight the usefulness of the ternary lipid composition for
the delivery of CPT-11, reported previously [41] and supports the choice
of the binary EPC/DOPS phospholipid mixture to get a stable formula-
tion for SN-38. The preparation, characterization and evaluation of the
efficacy in vitro of a liposomal formulation for SN-38 have already
been carried out in our laboratory and the results will be published
soon. The characterization of the interactions that occur between
drugs and lipids is important when designing liposomal nanocarriers
for the delivery of soluble molecules [76].
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