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Daunorubicin is extensively used in chemotherapy for diverse types of cancer.
Opver the years, evidence has suggested that the mechanisms by which daunor-
ubicin causes cytotoxic effects are also associated with interactions at the
membrane level. The aim of the present work was to study the interplay
between daunorubicin and mimetic membrane models composed of different
ratios of 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), sphingo-
myelin (SM) and cholesterol (Chol). Several biophysical parameters were
assessed using liposomes as mimetic model membranes. Thereby, the ability
of daunorubicin to partition into lipid bilayers, its apparent location within
the membrane and its effect on membrane fluidity were investigated.
The results showed that daunorubicin has higher affinity for lipid bilayers
composed of DMPC, followed by DMPC : SM, DMPC : Chol and lastly by
DMPC : SM : Chol. The addition of SM or Chol into DMPC membranes not
only increases the complexity of the model membrane but also decreases
its fluidity, which, in turn, reduces the amount of anticancer drug that can
partition into these mimetic models. Fluorescence quenching studies suggest
abroad distribution of the drug across the bilayer thickness, with a preferential
location in the phospholipid tails. The gathered data support that daunorubi-
cin permeates all types of membranes to different degrees, interacts with
phospholipids through electrostatic and hydrophobic bonds and causes altera-
tions in the biophysical properties of the bilayers, namely in membrane
fluidity. In fact, a decrease in membrane fluidity can be observed in the acyl
region of the phospholipids. Ultimately, such outcomes can be correlated
with daunorubicin’s biological action, where membrane structure and lipid
composition have an important role. In fact, the results indicate that the inter-
calation of daunorubicin between the phospholipids can also take place in
rigid domains, such as rafts that are known to be involved in different receptor
processes, which are important for cellular function.

1. Introduction

Daunorubicin [1] was the first anthracycline antibiotic to be used in cancer treat-
ment. Despite its extensive clinical application for the treatment of acute
lymphoblastic or myeloblastic leukaemias [2], a major problem with daunor-
ubicin administration is the dose-dependent toxicity in healthy tissues,
especially cardiotoxicity [2]. Daunorubicin continues to be widely studied
because its mechanisms of action are still a matter of substantial controversy
[2]. Nevertheless, it is thought that daunorubicin exhibits cytotoxic activity
mainly through intercalation with DNA; alteration of topoisomerase II, which,
in turn, inhibits DNA and RNA synthesis and leads to apoptosis; disturbance
of membrane fluidity and ion transport; and production of oxygen radicals [3].

In addition to intracellular targets, strong evidence suggests that the cell
membrane can itself be a target for this type of agent [4]. In fact, it has been demon-
strated that anthracyclines, without entering the cell, can exert their cytotoxic effect
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only through their interplay with the membrane [5]. In 1995, it
was shown that daunorubicin reduced the formation of
the non-lamellar hexagonal (Hy;) phase of liposomes composed
of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine
(POPE) and stabilized the bilayer structure just by interacting
with membrane phospholipids [6]. One repercussion of such
an interaction is an alteration of various cellular events
involved in signal transduction, in which these lipid phases
are involved [6]. The gathered data highlight the role of the
cell membrane and reveal that membrane lipids have
a fundamental function in signal transduction that can be
influenced by xenobiotics, such as anthracyclines.

The transport of daunorubicin across biological mem-
branes, an important factor that can influence the drug’s
pharmacokinetics properties, is determined by the balance
between lipophilicity and hydrophilicity and by its charge
state [7]. The determination of the drug’s partition coefficient,
which gives information regarding the lipophilicity of a
compound, can help to infer information about the process of
passive diffusion. However, it is also relevant to take into
account the drug’s degree of ionization, because this can
affect the ability of the compound to move through the bilayer
and can differ depending on the medium pH, which is more
acidic in the case of cancer cells. Several studies describe the
transport of daunorubicin through cell membranes as a process
of passive diffusion [8,9]. However, such an explanation only
takes into consideration the non-ionized form of the drug.
Since most of the daunorubicin molecules are charged at phys-
iological pH, it seems unlikely that most of them cross the cell
by simple diffusion. In this context, Regev et al. [10] studied
the transport of daunorubicin across a membrane and demon-
strated that it occurs by a passive ‘flip-flop” mechanism, rather
than by diffusion down a continuous concentration gradient.

Although the biological action of daunorubicin has been
broadly described, the biophysical mechanisms that depend
on the interactions with membranes are far from being comple-
tely understood. In 1996, Gallois et al. [11] demonstrated that
the incorporation of daunorubicin molecules within the
bilayers was independent of their charge, but the amounts of
neutral and positively charged drug forms embedded were
dependent on the membrane’s electrostatic parameters. In
1998, the same authors [12] investigated the interplay of dau-
norubicin with large unilamellar vesicles (LUVs) composed
of phosphatidylcholine, phosphatidic acid and cholesterol
(Chol), and showed that, due to its lipophilicity and chemical
nature, daunorubicin binds to the membrane through both
electrostatic and hydrophobic interactions. Also, Escriba et al.
[13] described that different lipid contents can determine
how daunorubicin binds to membranes. While the presence
of phosphatidylserine greatly increased both the drug’s affinity
and stoichiometry of binding to model lipid membranes, the
presence of Chol caused a reverse effect. A strong affinity of
daunorubicin to cardiolipin has also been described [14]. As
a consequence of electrostatic interactions, a complex between
both molecules is formed and this is thought to be involved in
the cardiotoxicity of daunorubicin [14]. Finally, it was reported
that daunorubicin-triggered cell death is mediated by a signal-
ling pathway that starts with the early production of a
sphingomyelin (SM)-derived ceramide [15], which emphasizes
the importance of the cell membrane’s lipid content for this
anticancer drug’s activity. Recent studies have also shown
that daunorubicin induces apoptosis via signalling through
plasma membrane-lipid rafts, where the death receptor

pathway is involved [16,17]. The process is initiated by the acti-
vation of a sphingomyelinase, which in turn causes the
hydrolysis of SM and generates ceramide. It was later found
[16,17] that ceramide is responsible for triggering different sig-
nalling pathways, among which a stress-activated protein
kinase cascade plays a crucial role.

More details on the effects of daunorubicin and other
anthracyclines with mimetic model membranes, such
as liposomes and monolayers, can be found in a recent
review [18].

The different structural, biophysical and chemical aspects
of the membrane can define whether and how the cell will
react to the drug and whether the drug will cross this bound-
ary. On the other hand, the drug’s properties can also
modulate its penetration, conformation and/or location
within membranes [19]. Simultaneously, drugs can initiate
membrane adjustments that can vary from changes in lipid
conformation and surface charge to alterations in the fluidity
and, consequently, in cell function [7]. For these reasons,
drug—membrane interactions become important to under-
stand the mechanisms of multi-drug resistance or the
development of undesirable side effects [13]. Such knowledge
is crucial, especially for anthracyclines, because these draw-
backs are the reason why their therapeutic index needs to be
improved. Additionally, due to the huge variety in the compo-
sition and structure of membranes, these interactions can
significantly affect the drug’s activity and toxicity [19]. For
that reason, the goal of the current work is to elucidate whether
and how the features of daunorubicin can affect the biophysical
characteristics of biological membranes and what is the impor-
tance of the lipid composition and membrane structure in the
drug’s pharmacokinetic and pharmacodynamic properties.

Since biological membranes are too complex to accurately
assess biophysical parameters, liposomes were used as
membrane model systems. The main lipid components of bio-
logical membranes are glycerophospholipids, sphingolipids
and sterols and, for this reason, they were chosen to develop
the model systems. The mimetic models were developed in
order to simulate several biological environments that daunor-
ubicin can encounter. Accordingly, the purpose was to study
the role of different types of membrane organization and fluid-
ity in daunorubicin interactions, using LUVs constituted of
different molar ratios of 1,2-dimyristoyl-sn-glycero-3-phospho-
choline (DMPC), SM and Chol. The choice of lipids can be
explained as follows: (i) phosphatidylcholines are among the
most abundant phospholipids in natural plasma membranes
[20] and were, therefore, included in the mimetic systems as
the dominant constituent; (ii) SM, the major sphingolipid
found in membranes, plays several roles in biological mem-
branes and is involved in many cellular functions [21], and
(iii) sterols are the main non-polar lipids of cell membranes,
Chol being the most abundant and one of the most important
regulators of lipid organization [22], and thus it was added in
order to mimic cellular targets enriched in Chol domains. The
presence of Chol, known to regulate membrane fluidity and
permeability, is crucial for the preservation of the membrane’s
organization and, consequently, contributes to the cell mem-
brane’s physiology and function [23]. In addition, Chol and
SM form liquid-ordered domains in a more fluid matrix, the
so-called lipids rafts, which are fundamental for membrane
organization and where several proteins and other biomol-
ecules are embedded [24]. Furthermore, in a pharmacological
context, it is crucial to know whether a drug partitions into
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specific lipid domains and whether this partition can have
implications in specific functional effects.

2. Material and methods
2.1. Reagents

Daunorubicin was obtained from Biovision (Milpitas, CA, USA).
The lipids IDMPC, SM (milk, bovine) and Chol (ovine) were sup-
plied by Avanti Polar Lipids, Inc. (Alabaster, AL, USA). The probes
1,6-diphenyl-1,3,5-hexatriene (DPH) and 1-(4-trimethylammonio-
phenyl)-6-phenyl-1,3,5-hexatriene (TMA-DPH) were purchased
from Molecular Probes (Invitrogen Corporation, Carlsbad, CA,
USA). N-(2-Hydroxyethyl)piperazine-N'-(2-ethanesulfonic  acid)
(HEPES) was purchased from Sigma-Aldrich Corp. (St. Louis, MO,
USA). All reagents were used without further purification. Drug sol-
utions were prepared with HEPES buffer (10 mM, pH7 4). The buffer
was prepared with double deionized water (conductivity inferior to
0.1 uS em™ 1) and ionic strength was adjusted with NaCl (I = 0.1 M).

2.2. Preparation of liposomes

Liposomes were prepared according to an adapted classic thin film
hydration method [25]. The molar ratio mixture of the lipids
(DMPC, DMPC : SM [8:2], DMPC: Chol [8:2] and DMPC :SM :
Chol [7:1.5:1.5]) was dissolved in chloroform/methanol
(3:2v/v) and the organic solvents were evaporated under a
stream of nitrogen in a rotary evaporator (Buchi R-200; Sigma-
Aldrich Corp., Buchs, Switzerland), equipped with a thermostatic
bath (Buchi R-490; Sigma-Aldric Corp., Buchs, Switzerland). The
resultant dried lipid film was dispersed in HEPES (pH 7.4) and
the mixture was vortexed to form multilamellar vesicles (MLVs).
To obtain LUVs the MLVs were extruded 10 times (extruder sup-
plied by Lipex Biomembranes Inc., Vancouver, Canada) through
polycarbonate filters with a pore diameter of 100 nm (Nucleopore)
at 60°C (temperature above the main phase transition temperature
of the lipids).

For fluorescence studies, the fluorescence probe (DPH or
TMA-DPH) was co-dissolved with the lipid in the organic sol-
vents mixture to give a probe/lipid molar ratio of 1:300 in
order to prevent changes in the membrane’s structure. The
labelled LUVs were similarly obtained by evaporation of the
organic solvents, followed by hydration of the dried lipid film
and extrusion of the MLVs.

2.3. Hydrodynamic diameter and zeta potential
characterization by dynamic light scattering and
electrophoretic light scattering

The hydrodynamic diameter and zeta potential were assessed
using a Brookhaven™ BI-MAS and Zeta-Pals (Brookhaven
Instruments, Holtsville, NY, USA). Both the size and zeta poten-
tial distribution of the extruded liposomes, with and without
drug, were determined at pH 7.4 (HEPES buffer) at 37 + 0.1°C.
Lipid concentration was kept constant at 500 uM and daunorubi-
cin concentrations ranged from 0 to 75 uM. The hydrodynamic
diameter and zeta potential values obtained were calculated
from at least three independent assays.

2.4. Determination of partition coefficients by derivative
UV-Vis spectrophotometry

The partition coefficient (K,) of daunorubicin in the different
model membranes (LUVs) was assessed by derivative UV-Vis
spectrophotometry. A set of samples was prepared by the addition
of anticancer drug HEPES-buffered solutions with a fixed drug
concentration (40 pM) and increasing concentrations of lipid

solution (in the range of 0-1500 pM). The corresponding reference
solutions were prepared identically but without daunorubicin. All
samples and references were incubated for 30 min at 37°C. The
absorption spectra of all solutions were recorded at 37°C using a
multidetection microplate reader (Synergy™ HT; BioTek Instru-
ments Inc., Winooski, VT, USA). Mathematical treatment of the
results obtained was performed using a developed routine, the
K, calculator [26], where each reference spectrum is subtracted
from the corresponding sample spectrum to eliminate scattering
from the vesicles, and its second- and third-derivative spectra are
determined to enhance the ability to detect minor spectral features
and to improve the band resolution. The K, values are then calcu-
lated using a nonlinear regression method that fits equation (2.1) to
the experimental data (Dr versus [L]),

(D — Do) Kp[L]Vim
1+ KLV

Dy =Dy, + , (2.1)
where, Dr is the second- or third-derivative intensity (D = d"Abs/
dA™) obtained from the absorbance values of the total amount of
daunorubicin, the daunorubicin distributed on the lipid mem-
brane phase (D,,) and the daunorubicin distributed in the
aqueous phase (D,,). [L] represents the lipid concentration (in M)
and V., is the lipid molar volume. The V,,, values for the mimetic
systems studied (DMPC, DMPC : SM, DMPC : Chol and DMPC :
SM : Chol) were 0.663, 0.682, 0.596 and 0.633 1 mol ', respectively.
The obtained V,, values were calculated using the specific volume
of each lipid and taking into account the different lipid molar ratio
used for each model membrane. The K, values obtained are adi-
mensional and presented as the mean + standard deviation
calculated from at least three independent assays.

2.5. Drug location studies performed by fluorescence
quenching

The location of daunorubicin within the model systems was
assessed by fluorescence studies that included steady-state and
time-resolved measurements, according to an already described
method [27]. These experiments were conducted by incubating
the anticancer drug with DPH- and TMA-DPH-labelled lipo-
somes. The samples containing a fixed concentration of lipid
(500 M) and increasing concentrations of daunorubicin
(0-75 pM) were incubated at 37°C for 30 min in the dark. The
fluorescence measurements were carried out at 37°C, at excitation
and emission wavelengths defined at 357nm and 429 nm,
and 359 nm and 429 nm, for DPH and TMA-DPH, respectively.
Fluorescence steady-state measurements were performed in a
Jasco FP-6500 spectrofluorometer (Jasco, Great Dunmow, UK)
equipped with a constant temperature cell holder and all data
were recorded in a 1cm path length cuvette. The fluorescence
intensity values obtained were corrected for inner filter effects
(quencher absorbance) at the excitation wavelength [28]. The fluor-
escence time-resolved measurements were done using a Fluorolog
Tau-3 Lifetime system. The modulation frequencies were acquired
between 10 and 200 MHz, with an integration time of 10 s. The flu-
orescence emission was detected with a 90° scattering geometry.
All measurements were made using Ludox as a reference standard
(7= 10.00 ns).

2.6. Membrane fluidity studies performed by
fluorescence anisotropy

The influence of daunorubicin on the membrane’s fluidity, in the
different model membranes developed, was assessed by fluor-
escence anisotropy studies. The samples were prepared with a
fixed concentration of lipid (500 pM), labelled with DPH or
TMA-DPH, and increasing concentrations of daunorubicin (0, 40
and 75 pM), and incubated for 30 min at 37°C in the dark. The
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Table 1. Characterization of the liposomes” hydrodynamic diameter and zeta potential with increasing daunorubicin concentration. Studies conducted at pH 7.4 i}
and 37°C*

hydrodynamic diameter (nm)

zeta potential (mV)

0 1M 5 pM 0 pM 5M
DMPC 113 +2 14 +2 M3 +3 M5 +1 —14+2 44 1% 15+ 1% 20 + 1*
DMPC: SM 100 +5 104 + 6 "7 +5* 120 + 6* —18+1 —6+ 1* 17 +2* 19+ 1*
DMPC : Chol 102 +3 18 + 2* 123 +1* 120 + 4 —8+1 —4 4 2* 7+ 1% 2+
DMPC: SM : Chol 107 + 4 M7 +5* 19 + 5* 122 + 5* =16 + 1 -7+ 1 8+ 1% m+1*

®All values represent the mean =+ s.d. (n = 3).

*p < 0.05, statistically different from the corresponding sample without daunorubicin.

steady-state fluorescence anisotropy measurements (r;) were
recorded between 10°C and 60°C at intervals of 2°C. The exper-
iments were performed in the Jasco FP-6500 spectrofluorometer
used for the location studies with polarizers inserted (excitation/
emission wavelengths were set as described for each fluorescent
probe) and equipped with a Peltier temperature controller. The
results obtained are presented as the mean + standard deviation
calculated from at least three independent assays.

2.7. Statistical analysis

Statistical analysis was performed using IBM® SPSS® Statistics
software (v. 20.0.0.0; IBM, Armonk, NY, USA). The measure-
ments were repeated at least three times and the data
were expressed as the mean + standard deviation. Data were
statistically analysed through the one-way analysis of variance
(ANOVA) method and differences between groups were
compared by Bonferroni’s and Tukey’s post hoc tests in which
p < 0.05 was considered statistically significant.

3. Results and discussion

3.1. Hydrodynamic diameter and zeta potential
characterization

The different mimetic systems were analysed regarding their
hydrodynamic radius and surface charge in the absence and
presence of daunorubicin and the results obtained are depicted
in table 1 for all model membranes studied. The hydrodynamic
diameter measurements demonstrated that the different model
systems present an average diameter between 100 and 110 nm
independently of their composition. With these sizes the sur-
face curvature effects can be neglected at the molecular level
[29], as in biological membranes. However, it should be
noted that daunorubicin influenced the liposome hydrodyn-
amic diameter in a concentration-dependent way, indicating
that the compound interacts with the different types of mem-
branes. The anticancer drug had a greater effect in the
hydrodynamic diameter of models containing Chol.

Regarding zeta potential values, the model membranes
presented an overall negative surface charge that significantly
altered in the presence of the anticancer drug, as can be seen
in table 1. This outcome can be explained by the fact that dau-
norubicin molecules are positively charged at physiological
pH, interacting with the negative moieties of phospholipids
by electrostatic interactions.

Overall, the results point towards an interplay of daunor-
ubicin with model membranes driven through both electrostatic
interactions and hydrogen bonds.

3.2. Daunorubicin partition coefficients
Drug-membrane interaction is strongly influenced by drug
lipophilicity, which can affect the drug’s pharmacodynamics
and pharmacokinetics [30]. In this context, the assessment of
the partition coefficient (K;,) can be crucial to understanding
and explaining a drug’s pharmacological activity [31]. The
daunorubicin partition coefficient in the several model
membranes was determined by derivative UV -Vis spectro-
photometry [25,32,33]. This technique, based on the fact
that the drug’s spectral characteristics (Apay) change when
it permeates from the aqueous to the lipid medium, allows
quantification of the distribution of the drug in each phase.
Furthermore, it also provides a better resolution of the over-
lapped bands and eliminates the lipid light scattering
interference by the use of the derivative method.

The electronic supplementary material, figure Sla, pre-
sents, as an example, the third-derivative absorption spectra
of daunorubicin with increasing lipid concentration, calculated
to improve the resolution of the spectra and to eliminate the
interference caused by the vesicles scattering. From this spec-
trum, it is possible to observe a slight shift in the A,y Which
indicates that the drug partitions from the aqueous to the
lipid phase of the liposomes. The best fit of equation (2.1) to
the third-derivative data was achieved at 546 nm and is
shown in the electronic supplementary material, figure Slc.

The experimental daunorubicin partition coefficients
obtained for each mimetic system (expressed as K, and log
D) along with the theoretical octanol/water partition coeffi-
cient (expressed as log D), predicted using Marvin sketch
calculator software (ChemAxon), are depicted in table 2.

The experimental results (table 2) revealed that daunorubi-
cin presents a significant partition into the several mimetic
models. When comparing the experimental results (experi-
mental log P) and the values predicted for the octanol/water
system (theoretical log D), it is possible to observe a significant
variation between them. Such inconsistency is related to the
differences between these techniques and can be explained by
the fact that the octanol-water system does not take into
account several crucial characteristics of biological membranes.
Indeed, membranes are constituted by amphiphilic phospholi-
pids that can establish electrostatic and hydrophobic
interactions. Furthermore, the compound’s partition is highly
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Table 2. Partition coefficients (expressed as K, and log D) of daunorubicin for the different model membranes at pH 7.4 and 37°C°

model K,

DMPC 3363 £ 41*
DMPC: SM 2983 + 63*
DMPC:: Chol 1413 + 82%
DMPC: SM : Chol

®All values represent the mean =+ s.d. (n = 3).
*p < 0.05, statistically different from the other models.

dependent on the lipid composition of the mimetic models
studied, emphasizing the fact that, by using liposomes, it is
possible to obtain more realistic information about daunorubi-
cin lipophilicity and, therefore, its in vivo membrane partition.

On the other hand, the pK, values (9.17) calculated using
Marvin sketch calculator software predict that nearly 80% of
daunorubicin molecules are in the cationic form at pH 7.4,
which means that the drug—membrane interaction should be
mainly driven by electrostatic interactions with the polar head-
groups of the phospholipids. For that reason, the theoretical log
D value is much smaller than the experimental log D because it
mainly reflects the hydrophobic interactions of the small
amount of molecules that are in the neutral form at physio-
logical pH. Hence, daunorubicin interplays with membranes
through: electrostatic forces of the amino sugar moiety
(positively charged) and the lipid phosphate groups (nega-
tively charged); and hydrophobic interactions between the
dihydroanthraquinone residue and the lipid fatty acid chains.

Comparing the results acquired for the different mimetic
systems it is clear that the drug concentration between the
membrane and aqueous medium is different from model to
model, depending on the lipid composition and biophysical
characteristics, particularly membrane fluidity (see §3.4).
Therefore, daunorubicin presents a higher partition for
the model composed by DMPC, followed by DMPC :SM,
DMPC : Chol and lastly by DMPC : SM: Chol. The addition
of SM or Chol into DMPC membranes increases the complexity
of the system but also decreases its fluidity, which, in turn,
reduces the amount of anticancer drug that can partition into
these mimetic models. Ultimately, the presence of SM together
with Chol confers on the membrane an increased organization
and lipid packing (see §3.4) and, consequently, hinders dau-
norubicin partition into the lipid membrane. Nevertheless, a
small partition can be observed for this model, probably due
to the drug’s planar structure that allows it to intercalate
between the phospholipids of the bilayer, just as it does with
the DNA strands, even in more rigid membranes where the
lipid-lipid interactions are stronger.

The drug’s membrane concentration (K,) values demon-
strated that daunorubicin permeates the several models to
different degrees. Nevertheless, its partition appears to be
mainly driven by electrostatic (which can be measured using
the liposome/water system, contrary to the octanol/water
method) and hydrophobic interactions in all models. Such
outcomes are in agreement with previous studies [11,34-36]
and evidence the fact that the membrane partition of specific
molecules is dependent on the lipid composition and can
help to explain its biodistribution. Furthermore, the transport
of daunorubicin across membranes probably occurs by initial
electrostatic binding to phospholipids of the mimetic systems,

experimental log D theoretical log D

3.53 £+ 0.01%

0.91

followed by a ‘flip-flop” mechanism within the bilayer, as
demonstrated by Regev et al. [10].

3.3. Drug location studies using different fluorescent
probes

The daunorubicin location within the bilayer was also evalu-
ated by fluorescence quenching of two probes [37]. The
quenching efficiency of daunorubicin in the several models
was determined by adding increasing drug concentrations
to liposomes labelled with DPH and TMA-DPH. It is only
possible to obtain this information because the fluorophore
position in the membrane of each fluorescent probe (TMA-
DPH and DHP) is well defined and documented. While DPH
is deeply incorporated in the hydrophobic regions of the
lipid bilayer [38], TMA-DPH is reported to be anchored in
the polar head groups region of phospholipids due to its
charged group [39].

The drug’s efficiency to quench the fluorophore is associ-
ated with its proximity to the probe. In this sense, because the
fluorophore is inserted in the membrane, only the drug that par-
titions into the lipid phase will be able to act as a quencher.
In order to determine the daunorubicin quenching efficiency
it is important to calculate its membrane concentration ([Q],,),
which is given by equation (3.1):

Kp[Qly

[Qlm + Kpom + (1 — am) !

(3.1)
where ay, is the volume fraction of the membrane phase (o, =
Vin/ V1; Vi and Vi represent the volumes of the membrane and
water phase, respectively).

Daunorubicin molecules were effectively able to quench
all probes in all mimetic membranes. The wavelength corre-
sponding to the absorption band of the probes did not
change with daunorubicin presence and no additional band
was observed at a longer wavelength. As such, the quenching
of fluorescence was analysed by the modified Stern—Volmer
equation as follows:

IO _ _ E
7= Key[Ql, +1= o (3.2)

where [ and I are the steady-state fluorescence intensities with
and without the quencher (daunorubicin), respectively; Ksy
is the Stern—Volmer constant; [Q],, is the membrane daunoru-
bicin concentration; and 7y and 7 are the fluorophore lifetime
in the absence and presence of daunorubicin, respectively.
The molecular contact between the probe (fluorophore) and
the drug (quencher) can be due to different molecular inter-
actions and can be observed by the decrease in fluorescence
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intensity (fluorescence quenching) as represented in the
electronic supplementary material, figure S2.

The quenching process can result from collisional encoun-
ters between the fluorophore and quencher, and is therefore
called collisional or dynamic quenching, or it can be due to
the formation of a complex, which is called static quenching
[37]. These two types of quenching can be distinguished by
lifetime measurements. This happens because while com-
plexed fluorophores are non-fluorescent, and the observed
fluorescence is just from the uncomplexed fluorophores, the
uncomplexed fraction is unperturbed and hence its lifetime
is about the same as 7. In this context, for static quenching
1/7=1, while for dynamic quenching I,/I= 7o/ [37].
Accordingly, besides the determination of the fluorescence
emission intensity, fluorescence lifetime measurements were
also performed.

In many cases, the fluorescent probe can be quenched both
by collisions and by formation of a complex with the same
quencher. Such events result in an upward curvature of the
Stern—Volmer plots, a positive deviation that can be seen in
the electronic supplementary material, figure S2. Accordingly,
the dynamic portion (Kp) of the observed quenching is deter-
mined by lifetime measurements, through the following
equation [37]:

T—TO = KplQ], + 1. (3.3)

By knowing the dynamic component, the static contri-
bution may be calculated by linearization of the following
equation [37]:

Iy 1

T 1= eln+1 (3.4)

This modified form of the Stern—Volmer equation is
second order in [Q],,, which accounts for the upward curva-
ture observed when both static and dynamic quenching occur
for the same fluorophore.

In the electronic supplementary material, figure S2, the
Stern—Volmer plots of Iy/I — 1 and /7 — 1 as a function of
the daunorubicin concentration in the membrane are shown.
From these plots, it is possible to conclude that both
collisional and static quenching processes exist, which
means that daunorubicin must diffuse to the fluorophore
during the lifetime of the excited state but it also might form
a non-fluorescent complex with the probe.

According to the previous description of the quenching be-
haviour, the quenching parameters values, namely the dynamic
constant (Kp), the static constant (Ks) and the Stern—Volmer
constant (Kgy), obtained from this technique are shown in
table 3.

From table 3, it can be seen that the quenching process
results from dynamic and static interactions, except for the
model composed by DMPC : Chol, where it results only from
dynamic interactions. Analysis of the obtained data leads to
the conclusion that all probes were quenched by daunorubicin
but with different quenching efficiency depending on the type
of mimetic model used. Daunorubicin induced a reduction
in the light emitted by both probes (DPH and TMA-DPH)
incorporated into liposomes in a concentration-dependent
manner, indicating a broad distribution of the drug across
the bilayer thickness.

Nevertheless, the decrease in the probe’s fluorescence was
more pronounced for DPH than for TMA-DPH in all the

Table 3. Fluorescence quenching parameters (Kp, dynamic constant; [}

Ks, static constant; Ky, Stern—Volmer constant) calculated from the
quenching of TMA-DPH and DPH by daunorubicin in the different mimetic
models at pH 7.4 and 37°C?

model probe KM KM Ky M)
DMPC DPH 17 + 1% 81 + 2* 98 + 3*
o h Be1 mar war
i o et mar mar

®All values represent the mean + s.d. (n = 3).
*p << 0.05, statistically different from the other probe, for each biophysical
parameter.

model systems, which translates into higher values of Kgy.
This fact suggests that the drug is buried inside the lipid
bilayer but also near the phospholipid head. Once more, it
appears that two types of interactions coexist and are respon-
sible for the distribution of daunorubicin at the membrane
level: electrostatic interactions between the positive group
of the anticancer drug and the negative pole of the phos-
pholipid headgroup, and hydrophobic interactions between
the drug’s dihydroanthraquinone residue and the lipid
fatty acid chains. Furthermore, the membrane location of
daunorubicin can be explained by the fact that being an
amphiphilic molecule it permeates the lipid bilayer (quenches
DPH and TMA-DPH), which is in turn related to the partition
coefficients determined for this compound in the different
model systems.

3.4. Effect of daunorubicin on membrane fluidity
Alterations in membrane fluidity can severely affect the cell’s
functional properties and also activate apoptotic pathways
which ultimately result in cell death. Since anticancer drugs
interact with membranes in order to reach their intracellular
target, it is crucial to understand how these compounds
can induce perturbation in the physicochemical state of the
phospholipid bilayer.

Membrane fluidity studies were performed by steady-
state anisotropy [40], which shows the microenvironment
around the fluorescent probe once it conditions the degree
of rotational motion of the probe [41].

The effect of temperature on the DPH and TMA-DPH flu-
orescence anisotropy of the different model membranes
without daunorubicin is presented in figure 1. For all model
systems developed, the anisotropy values decrease with
increasing temperature to a greater extent in the acyl chain
region (shown by the probe DPH) than in the phospholipid
head region (shown by the TMA-DPH probe). It is well docu-
mented that the membrane is characterized by a fluidity
gradient from the aqueous interface to the bilayer interior,
where the acyl chain end presents increased disorder [42]. Fur-
thermore, from the graphical analysis shown in figure 1, one
can observe that, while the main phase transition increases
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Figure 1. Steady-state anisotropy of (a) DPH and (b) TMA-DPH as a function
of temperature in each mimetic model, at pH 7.4. Results present the mean
of at least three independent assays. (Online version in colour.)

the cooperativity of the process, fluidity decreases with increas-
ing membrane-lipid composition and complexity, for both
probes. Evidence suggests that the presence of SM and Chol in
membranes promotes the formation and maintenance of specific
domains in the liquid-ordered phase that are more condensed
and organized, which results in higher anisotropy values [43].
Our results clearly demonstrate a decrease in fluidity when
cholesterol is added to the DMPC : SM bilayer. In addition,
although there is no evidence that there is in fact phase separ-
ation in the chosen mixtures, the purpose of the present work
was to mimic the liquid-ordered (L,) phase. In fact, for that
reason, a saturated phospholipid (DMPC) was chosen over a
typical lipid containing unsaturated bonds (such as 1-palmi-
toyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), which is
more biologically relevant). In the latter case, phase separation
would occur due to the hydrophobic mismatch between Chol
and the unsaturated lipid component, and both the L, and
liquid disordered (Lq) phases would be present in the bilayer,
contrary to the goal of the current investigation. Furthermore,
there is evidence to demonstrate that although cholesterol
can recognize and interact preferentially with SM in a laterally
phase-separated system, it cannot do so when in a miscible
bilayer system composed of, for example, palmitoylsphingo-
myelin (PSM) and DMPC [44] as intended in this work.
Through the use of DMPC:SM and DMPC :SM: Chol
model membranes, which attempt to represent the Ly and
L, states, respectively, it is thus possible to perform a com-
parison of daunorubicin’s behaviour in each lipid phase in
a separate manner. If a model system known to phase sepa-
rate were used, it would otherwise be very difficult, with

the techniques employed, to discriminate the role of each
lipid phase in the daunorubicin—membrane interaction and
whether the drug interplays preferentially with a certain
membrane state.

The influence of daunorubicin on the DPH and TMA-DPH
fluorescence anisotropy as a function of temperature for each
model system studied is shown in figures 2 and 3, respectively.
Overall, the results demonstrate that the anticancer drug influ-
ences the bilayer fluidity in a way that depends on the mimetic
model membrane studied and the location of the probe used
(i.e. the type of microenvironment). Therefore, while a decrease
in membrane fluidity takes place in the acyl region, almost no
significant change in membrane fluidity near the phospholipid
head groups is observed. This can be explained by the fact
that, although daunorubicin is positively charged at pH 7.4
and it can establish electrostatic interactions between the
phospholipid headgroups, its backbone is deeply buried in
the membrane. For this reason, the major alterations in
membrane fluidity are along the acyl chains as revealed by
the DPH results.

On the other hand, incorporation of daunorubicin into the
membrane due to the hydrophobic interactions is easier when
the phospholipid bilayer is less packed and the interplay
between the acyl chains of the lipid molecules is not so
strong, as in the case of DMPC. As a consequence, a more
pronounced effect in DMPC anisotropy can be observed in
the presence of daunorubicin than in the other membranes
that contain SM and Chol. It can also be verified that Chol
presence impairs the compound’s permeation in the mem-
brane and therefore, only small changes in fluidity can be
observed, which ultimately are in agreement with drug par-
tition studies at 37°C. Therefore, these outcomes allow one
to infer that the anticancer drug leads to an ordering effect
of the bilayer, which is manifested by the decrease in fluidity,
except for membranes containing Chol.

Daunorubicin is a molecule that possesses an aromatic ring
wherein its planar structure resembles the structure of choles-
terol. Evidence suggests that there is a competition between
Chol and drugs presenting an identical planar structure [45].
The membrane fluidity studies clearly demonstrate such an
event and a bigger influence of daunorubicin along the mem-
brane is achieved in the systems composed of DMPC and
DMPC :SM. In this sense, daunorubicin interaction with
these models is facilitated probably because there is no compe-
tition between the drug and Chol for a place within the bilayer.
Furthermore, it is possible that the interactions between dau-
norubicin and Chol involve the formation of hydrogen bonds
between the protonated NHY group of daunorubicin and the
OH group of Chol, as already mentioned, and which is more
prone to happen due to steric effects than with, for instance,
the negatively charged moieties of sphingomyelin. In fact,
measurements show that the size of liposomes containing
Chol increased in the presence of daunorubicin, which is prob-
ably associated with daunorubicin adsorption at the surface.
For that reason, only small changes in the membrane fluidity
near the phospholipids heads can be observed.

These findings are, once again, consistent with the pre-
vious results of partition and location, where it has been
observed that the anticancer drug establishes electrostatic
interactions with the negative phosphate group, hydrophobic
interactions with the hydrocarbon chains of the phospholi-
pids and can also form H bonds with Chol. On the other
hand, the presence of Chol in bilayers leads to a decrease in
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Figure 2. (a—d) Steady-state anisotropy of DPH as a function of temperature in each mimetic model, in the absence (square), and in the presence of daunorubicin
(DAN) 40 M (circle) and 75 M (triangle), at pH 7.4. Results present the mean of at least three independent assays. (Online version in colour.)

the overall effects caused by daunorubicin in membrane
fluidity. This fact is especially pronounced in the model con-
taining SM, which is a more rigid and compact model due to
its lipid composition, where the anticancer drug cannot
permeate more than in the other mimetic systems.

Albeit to a smaller degree than with simpler model mem-
branes, daunorubicin partitions in bilayers that contain SM
and Chol, which can be correlated with its biological action.
Lipid rafts are small, heterogeneous, highly dynamic platforms
for signalling molecules that modulate various cellular func-
tions, including cell survival [46]. These particular structures
within the membrane are enriched in sterol- and sphingolipids
[47] and play important roles in the activation of signalling
pathways induced by several anticancer drugs [48]. In fact, evi-
dence reveals that such regions are implicated in drug-induced
apoptosis [49]. It has been shown that different anticancer drugs
can produce changes in the lipid content of membrane rafts,
which compromises their structure and integrity and, conse-
quently, impairs cell growth and triggers cellular death [48]. It
has also been demonstrated that some cancer cell lines contain
more lipid rafts than their normal counterparts and, when
depleted of cholesterol, are more sensitive to induced cell
death [46]. Furthermore, resistance to chemotherapy exhibited
by cancer cells is a major clinical problem that leads to therapy
failure [50]. This phenomenon has been associated with the

presence of molecular ‘pumps’ in tumour cell membranes,
such as p-glycoprotein (Pgp), which actively transports the anti-
cancer drugs to the exterior of the cell [51]. Pgp appears to
be associated with specific membrane microdomains (lipid
rafts), where its activity and function can be regulated by
changes in the membrane-lipid environment [52,53]. It has
also been evidenced by several structure—activity studies that
hydrophobicity and the presence of planar aromatic regions,
which occurs in the case of daunorubicin, favour the drug-
Pgp interaction [54]. In addition, it has also been reported that
compounds able to increase membrane fluidity cause an inhi-
bition of Pgp function [55]. Nevertheless, our results showed
that daunorubicin is not capable of producing a significant
alteration in membrane fluidity in models that include Chol.
Since it has also been demonstrated that Pgp seems to be associ-
ated with the microdomains referred to above and that the
drug’s binding sites are via the lipid membrane [52], it is pos-
sible to correlate the results of this study with the resistance
problem associated with daunorubicin administration.

The present work also highlights the importance and
contribution of biological membranes in the pharmacological
activity of anticancer drugs, because this is where several
events associated with the compounds’ cytotoxicity take place,
such as apoptosis activation through signalling platforms
(lipid rafts).
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4. Conclusion

The interplay between daunorubicin and membranes com-
posed of different lipid contents is expressed as modifications
in the overall biophysical properties of the membrane. In fact,
anticancer drugs showed a high partition with membranes,
which seems to be greatly driven by electrostatic interactions.
Furthermore, the use of two fluorescent probes with different
locations within the membrane allowed us to confirm that
daunorubicin is placed within phospholipids and is positioned
between the polar region (where it establishes electrostatic
interactions with the negative phosphate group) and the mem-
brane core (where it establishes hydrophobic interactions
with the acyl chain tails). Because of its location, the compound
induces a decrease in membrane fluidity in the hydrophobic
tails of the phospholipids, in bilayers where cholesterol is
not present.

These interactions are intrinsically dependent on the
lipid composition and the membrane physical state and struc-
ture, which can favour or restrain the drug’s mechanism of
action and/or its side effects. Moreover, such characteristics
are key factors in influencing anticancer drug partition, the
location of the drug within the membrane and, ultimately,
membrane fluidity. Indeed, the differences in drug incorpor-
ation within cell membranes and the alteration in membrane
fluidity caused by daunorubicin reveal that the plasma
membrane is a crucial place for bioaccumulation of an
anticancer drug and its action, and also for its cytotoxicity
and chemoresistance.

The combination of the interplay between daunorubicin
and the membrane assessed in this work and the results of
previous studies leads to the idea that, when designing and
developing new drugs, the different membrane character-
istics should be taken into account. In fact, the results of
our study demonstrate that the different properties of a cell
membrane can modulate daunorubicin behaviour. For that
reason, membrane-lipid therapy, which considers plasma
membranes as targets for drugs, emerges as a promising
way of treating cancer. This approach might help the
future development of drugs with increased specificity and,
therefore, higher efficiency against cancer.
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