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construct simplified models for which there are several
available techniques to probe their structure and interac-
tions.19−23 The Langmuir film technique provides useful
insight into a number of mechanisms at the molecular level,
since it allows the design, construction, and control of a lipid
monolayer that mimics the desired membrane type.

In its simpler form, the cell membrane can be understood as
two coupled lipid monolayers (inner and outer leaflets). The
interaction of external agents with each modeled Langmuir
monolayer representing a membrane leaflet can thus be
quantitatively assessed independently.24 The agents can be
introduced into the buffer subphase at a specified lipid pressure
of the membrane (typically in the range of 35−40 mN/m),
and the characterization is conducted directly at the inter-
face.25 The study of the static properties of the model
membrane may be complemented with the determination of
rheological parameters, with the film set in a state of dynamic
oscillation, characterized by a constant compression−expan-
sion cycle.26,27

Using such a model, several studies have investigated the
role of lipophilicity and electrostatics and lipid composition in
the interaction of Dox and related drugs with28−31 lipid
monolayers. We have also previously shown that Dox
intercalates between dipalmitoylphosphatidylserine and sphin-
gomyelin lipids and decreases membrane stiffness and
compressibility.32 Because these lipids are significant compo-
nents of the lipid mixtures of cardiomyocyte membranes,33 this
likely has functional implications, constituting an early step in
explaining Dox toxicity. However, no previous study was
designed to specifically model the lipid composition of
cardiomyocyte inner and outer membrane leaflets. Further-
more, a direct comparison of the effects of Dox and Vin on the
same membrane model is also lacking.

To investigate the interaction of Dox or Vin with the lipid
structure of the cardiomyocyte’s membrane, we assembled and
characterized Langmuir mixed-lipid monolayers mimicking the
inner and outer membranes of cardiomyocytes and their
physiological environment. Surface pressure measurements of
the lipid mixture (with and without Dox and Vin in the
subphase) and maximum insertion pressure (MIP) of Dox or
Vin were employed to investigate the thermodynamics of the
interaction between the lipids and the drugs. Brewster angle
microscopy (BAM) was used to visualize the effect of these
drugs on lipid domain formation, while sum-frequency
generation (SFG) vibrational spectroscopy was utilized to
probe the lipid-drug interactions at the molecular level.
Furthermore, the contraction−expansion dynamics of the
membrane were analyzed through the controlled oscillation
of the Langmuir trough barriers, yielding their rheological
parameters.

■ MATERIALS AND METHODS
Chemicals. 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC),

purity >99%, 1,2-dipalmityol-sn-glycero-3-phosphoethanolamine
(DPPE), purity >99%, 1,2-dipalmitoyl-sn-glycero-3-phospho-L-serine
(DPPS), purity >99%; and sphingomyelin (N-Acyl-4-sphingenyl-1-O-
phosphorylcholine), purity >95% were purchased from Avanti Polar
Lipids (Alabaster, AL, USA) and were used to mimic the inner and
outer leaflets of cardiomyocytes’ cell membrane.33 Vin was purchased
from Sigma-Aldrich (Merck, Darmstadt, Germany). The experiments
with the lipid mixture monolayers were conducted on Tyrode’s
solution (in mM: 141.04 NaCl, 5.7 KCl, 10.02 Hepes, 11.11 glucose,
0.386 NaH2PO4, and 1.0 MgCl2) to simulate the physiological
environment of cardiomyocytes, with the concentration of Ca2+

adjusted to imitate the specific medium contacting the monolayer:
1 mM of CaCl2 for extracellular and 0.1 μM for intracellular.34−36 The
pH was adjusted to 7.3 with NaOH.37,38 The lipid composition of the
outer monolayer was DPPC 48.8%, DPPE 13.9%, and sphingomyelin
37.2%. The composition of the inner monolayer was DPPC 52.6%,
DPPE 38.6%, and DPPS 8.7%.39−41 We have chosen only saturated
phospholipids to mimic cardiomyocyte membranes because SFG
spectroscopy has been shown to be a sensitive probe of lipid tail
conformation only for this type of lipid and because unsaturated lipids
oxidize relatively quickly in air, which would limit the reliability of our
experiments (conducted in ambient conditions). All the cleaning was
performed, and subphases were prepared using ultrapure water.34,42

The lipid mixtures were diluted with chloroform and methanol in a
2:1 ratio to dissolve their components. Dox and Vin were dissolved in
ultrapure water and then added to the Tyrode’s solution to achieve a
final concentration of 5 and 10 μM in the subphase volume,
respectively. These concentrations were derived from studies that
have reported cellular damage.6,43

Surface Pressure Measurements of the Lipid Mixture and
MIP of the Drugs. The monolayers were assembled by using a KSV-
NIMA Langmuir−Blodgett (LB) trough (Biolin Scientific AB,
Gothenburg, Sweden). To prepare the monolayers, 18−25 μL of
the dissolved lipids with concentrations of 0.5−1.0 mg/mL was
spread in the corresponding Tyrode’s solution. Experiments started
after the evaporation of the solvents (∼10 min). The closing speed of
the trough barriers was 10 mm/min, and the temperature of the
subphase was maintained at 22 ± 1 °C. For each isotherm, the area
per molecule and the variation in pressure were verified to be within
the acceptable limits of 2 Å2 and 1 mN/m, respectively. The
isotherms are an average of N = 3 measurements with this typical
reproducibility. The compressibility modulus was calculated using the
data obtained from the isotherm with the following expression:44,45

C t A( )s A
1 = Where A is the area per molecule and Π is the surface

pressure. The maximum pressure at which the drugs interacted with
the two monolayer mixtures was determined through the MIP
technique.46 A volume of 500 μL of Tyrode’s solution was added to
each well of a Kibron multiwell trough (Helsinki, Finland), thereby
establishing the reference pressure. The lipid mixtures were
subsequently spread until a constant and stable specific surface
pressure was reached, which was measured (initial pressure). Then,
2.5 μL of Dox (0.58 mg/mL) or 5 μL of Vin (5 mg/mL) solution was
added, so that each well contained 5 μM of Dox or 10 μM of Vin,
respectively. Then, the pressure changes were recorded for 60 min for
each selected initial pressure, and the procedure was repeated until
reaching an initial pressure where there were no changes when adding
the drug. To calculate the MIP, the free software Binding Parameters
Calculator (Center de recherche ́ du CHU de Queb́ec, Canada) was
used, and graphs were plotted for ΔΠ = Πeq − Πi vs. Πi, where Πeq is
the equilibrium final pressure (after adsorption) and Πi is the selected
initial monolayer surface pressure.

Morphology. Monitoring the monolayer formation at different
compression stages with BAM images allows verifying the pressures at
which the morphology of the monolayers changes.47 To optically in
situ visualize the morphology of the monolayers in the LB trough, the
BAM mode of a spectroscopic ellipsometer (Accurion EP4, Park
Systems, Gottingen, Germany) was used. During the experiments, the
laser of the BAM was positioned over the subphase, while the
Langmuir microbalance was used to measure the surface pressure.
Photographic documentation was conducted at varying pressures
throughout the process of monolayer compression until its eventual
collapse. The contrast in our BAM images is not very meaningful
because the images were acquired with an automatic gain control.

Dilatational Surface Rheology. The contraction−expansion
dynamics allows to determine the rheological parameters.48 The
rheology measurements were performed on a Langmuir trough. The
monolayers were initially brought to a surface pressure of 30 ± 2 mN/
m, then compressed and expanded within an area variation of ± 10%
by oscillating the Langmuir barriers at a frequency of 0.05 Hz for 4−5
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cycles.32,49,50 Before beginning the oscillation cycles around a surface
pressure of 30 ± 2 mN/m, a relaxation cycle was performed.

Monolayers that oscillate experience strain and shear stress, which
are associated with elastic (real) and viscous (imaginary) components
of the complex elastic modulus w w iw( ) ( ) s= + .49,51 Here ηs and
ω are the viscosity coefficient and oscillation frequency, respectively.
The distinction between shear stress and elastic deformation is linked
to phase δ (response). The ratio between the real and imaginary parts
of the complex elastic modulus is expressed as tan w

w
( )

s= .52,53

SFG Vibrational Spectroscopy. In order to study in situ the
molecular conformation of the mixed-lipid monolayers and their
interaction with the drugs at the interface, SFG vibrational
spectroscopy was employed.54−56 The commercial spectrometer
(Ekspla, Vilnius, Lithuania) is based on a pulsed high-energy laser
at 1064 nm (30 mJ pulses of 28 ps duration and a repetition rate of 20
Hz), with harmonics generated at 532 and 355 nm. The latter
pumped an optical parametric amplifier with a difference-frequency
generation stage to produce tunable mid-infrared pulses in the range
of 1000 cm−1 to 4000 cm−1. The signal from the sum of these mid-
infrared pulses with visible pulses at 532 nm was collected by a
photomultiplier while the infrared frequency was scanned. For each
scan, the response signal was collected for 100 shots per point. The
intensity of the output signal was normalized by the intensity of the
excitation beams and by the response of a z-cut quartz crystal, to take
into account the variations in sensitivity of the experimental setup.
More details can be found in ref. 32. The spectra were taken in the
ranges of 2750−3000 cm−1 and 3000−3800 cm−1, corresponding to
the C−H stretches of the lipid chains and the O−H stretches of water
at the interface. The SFG spectrum of the Tyrode’s solution (without
lipids) was measured at concentrations of 1 mM and 0.1 μM of Ca2+

for outer and inner conditions, respectively, and no surface-active
organic contamination was detected. The spectra of the lipid
monolayers were measured at fixed surface pressures, which were
controlled by a feedback mechanism on the barrier motion after
compression of the monolayer on the desired subphase.

Statistical Analyses and Graphing. The reported experimental
curves correspond to the mean of three independent experiments.
The data are presented as the mean value with a standard deviation.
The changes observed following administration of the drugs were
quantified as a percentage change. The statistical analyses and final
graphs were prepared using OriginPro 2019 software (OriginLab
Corporation, Northampton, MA, USA).

■ RESULTS AND DISCUSSION
Surface Pressure and BAM Images. The surface pressure

isotherms and compressibility moduli of the inner and outer
monolayers are shown in Figure 1. The outer monolayer has a
more compressible isotherm, with the surface pressure rising

around 107 Å2/molecule, while the inner monolayer started to
show a measurable surface pressure at a smaller area, around
99 Å2/molecule, but has a less compressible (more abrupt)
isotherm. The isotherms collapsed at ∼55 and ∼60 mN/m for
outer and inner leaflets, respectively (Figure 1a).

From the Cs
1 graphs, the maximum compressibility modulus

of the inner monolayer was found to be 176.9 ± 5.7 mN/m,
which is similar to that of DPPS monolayers (∼180 mN/m).32

This suggests that the monolayer is in a liquid-condensed
state.45 In contrast, the outer monolayer exhibits a compres-
sibility modulus of 95.7 ± mN/m, which is comparable to that
of sphingomyelin (∼93.6 ± 2.4 mN/m) (Figure 1b) and
suggests that this monolayer is in a liquid-expanded state.45 As
anticipated, the observed differences in the lipid mixtures can
be primarily attributed to the main differentiating lipids in each
mixture: DPPS for the inner and sphingomyelin for the outer
leaflet.32

The characteristics of the isotherms depicted in Figure 1
were also observed with BAM. The images of the outer
monolayer demonstrate the formation of clover-shaped
domains at least from 13.5 mN/m (Figure 2a), with an
average size of 13.1 ± 1.7 μm, which indicates that these were
nucleated at a lower pressure (not shown). The domains
continue to grow (Figure 2b,c) but never coalesce, even at a
pressure of 66.6 mN/m (Figure 2d), which is certainly beyond
the collapse pressure (Figure 1a). In the case of the inner

Figure 1. Isotherms (a) and the corresponding compression modulus vs surface pressure (b) of the lipid mixture for outer (DPPC/DPPE/
sphingomyelin, blue) and inner (DPPC/DPPE/DPPS, red) monolayers.

Figure 2. BAM images of the mixed-lipid monolayers: (a, b, c, and d)
outer (DPPC/DPPE/sphingomyelin) at 13.5, 20.0, 30.1, and 66.6
mN/m, respectively; (e, f, g, and h) inner (DPPC/DPPE/DPPS) at
0.3, 10.0, 11.7, and 40.0 mN/m, respectively. Image size: 150 × 150
μm2.
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monolayer, the initial domains have an approximately spherical
shape, with an average size of 7.9 ± 4 μm, and are formed at a
very low pressure (at least 0.31 mN/m) (Figure 2e). The
domains continue to compact without a significant increase in
size (Figure 2f,g), and already at 40.0 mN/m, no space is
observed between domains (Figure 2h). Accordingly, an outer
monolayer that was relatively expanded was mimicked with a
coexistence of liquid-expanded and liquid-condensed domains.
In contrast, the inner monolayer remains predominantly in a
liquid-condensed state and exhibits an early-stage inhomoge-
neity with small domains that become compact at higher
pressures (∼40 mN/m, close to physiological conditions).

The reference isotherms of the monolayers over Tyrode
buffer are plotted in comparison with those obtained on the
buffer with the added drug in Figure 3. The formation of the
monolayers through a compression process and in a
physiological subphase solution containing the drugs permitted
determining the conditions under which Dox and Vin
molecules could be incorporated into the monolayers.45

Likewise, monitoring the different compression stages of
monolayer formation with BAM images made it possible to
verify the morphological changes for each pressure.47

The inner monolayer exposed to Dox during compression is
more expanded at pressures below 35.3 mN/m, but at higher
pressures, it behaves similarly to that on neat buffer (Figure
3a). The expansion of the outer monolayer due to Dox
exposure (Figure 3b) can be observed in two distinct regions
of the isotherm at low and high pressures. For pressures

around ∼15 mN/m, no changes are observed compared to the
one on neat buffer.

The exposure to Vin, however, only has an effect on the inner
and outer monolayer at pressures below 7.4 mN/m (Figure
3a,b). In fact, below this pressure, Vin causes a significant
expansion of both monolayers, resulting in a large increase in
area per molecule. Compared to Dox, Vin has effects on both
monolayers only at very low pressures, which are highly
unlikely to occur under physiological conditions. The effects
observed in the isotherms indicate a possible intercalation of
the Dox and Vin molecules between the lipids of both
monolayers, albeit within different pressure ranges for each
drug and membrane leaflet. These findings suggest that both
drugs intercalate between the lipids of both monolayers below
specific surface pressures. However, at physiological membrane
pressures of ∼30 mN/m,57,58 only the outer monolayer is
prone to intercalation of Dox molecules into the lipid
assembly, and Vin does not significantly affect the isotherm
for either of the two monolayers. Thus, Vin molecules may also
interact with both monolayers, but significant film expansion is
observed only at a restricted low pressure that represents
conditions far from physiological ones, so it is unexpected that
Vin intercalation occurs in physiological lipid membranes. This
may indicate that the outer and inner films are more
impermeable to Vin molecules under physiological conditions.
These isotherm experiments suggest that electrostatic and
hydrophobic interactions between the drug molecules, water,
and the lipids in the monolayer affect the packing density of
lipids. These issues will be further investigated below, and the

Figure 3. Langmuir isotherms without and with Vin (green) or Dox (black) for (a) inner (DPPC/DPPE/DPPS) and (b) outer (DPPC/DPPE/
sphingomyelin) monolayers. Below, molecular structure.
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results will be discussed later in connection with BAM and
SFG experiments.

Therefore, we have investigated in more detail the
interaction of both monolayers with Dox with BAM. The
outer monolayer formed under the effect of Dox is depicted in
BAM images as exhibiting the first domains at 8.1 mN/m
(Figure 4a), with domain shapes slightly different (a bit less

“spiky”) to those on neat buffer (Figure 4b,d). It is noteworthy
that at pressures where the two isotherms (subphase with and
without Dox) are not so different (∼13 and 20 mN/m), the
BAM images reveal differences, such as less contrast between
liquid-condensed and liquid-expanded domains (Figures 3a vs.
4b and 3b vs. 4c). The addition of Dox molecules affected the
morphology of the outer films, changing the shape and initial
pressure during domain formation. These differences and the
increased space between domains suggest the incorporation of
Dox at an early pressure of 8.1 mN/m (Figure 4a). The
decrease in domain size and increase in domain spacing for the
closely packed state (∼30 mN/m) of the monolayer, compared
with that on neat buffer (Figures 3b and 4d), indicate the
presence of Dox molecules at the interface, causing expansion
of the isotherms. For the inner monolayer, the domains with a
size of 5 μm are already formed at a quite low pressure of 0.9
mN/m (Figure 4e). The domains continue to compact
without a considerable increase in their size. At 1.4 and 4.8
mN/m (Figure 4f,g), the space between domains is 2−3 μm,
larger than that for the case without Dox, and at 15.6 mN/m
the domains in the monolayer are more compacted, similarly
to the case over neat buffer (Figures 4h and 2g). Thus, for the
inner monolayer, the expansion of the isotherms due to the
presence of Dox molecules at the interface only occurs below
∼15 mN/m, but without appreciably change in domain
morphology, only in their spacing. Similar findings were
reported by de Oliveira Pedro and collaborators in DPPC and
DPPG monolayers interacting with chitosan.47 Probably, both
with Chitosan and Dox, this is a result of hydrophobic
interactions with the lipid tails and among the molecules
themselves (self-aggregation and insertion within the tails).

This in situ observation confirms that Dox acts on the lipids
of both monolayers, causing an early interaction (at low
pressures) with respect to the neat lipid membrane. This can
be observed by the increase in lipid domain spacing, which

persists even at higher pressures only for the outer monolayer
(Figures 3 and 4).

Dilatational Surface Rheology. Figure 5 shows the
isotherms under oscillations for the inner (Figure 5a) and outer

(Figure 5b) monolayers with and without the addition of drugs
to the subphase. In general, the compression−expansion cycles
show slopes greater than those of the compression isotherms,
suggesting that the lipids remain more cohesive while
oscillating, thereby causing greater stiffness (Figure 5a). For
a fixed ± 10% area oscillation, the inner monolayer exposed to
Dox (Figure 5a, black) oscillates in a range of pressures around
25.4% smaller than that for the neat subphase (Figure 5a, red),
while Vin does not affect the pressure oscillation amplitude.
This may be indicative of a reduction in elastic modulus (less
stiff film) that is more pronounced in the inner monolayer
treated with Dox, which resembles what is observed in heart
failure.26,59,60 In the outer monolayer, the presence of Dox does
not affect the pressure amplitude observed in the oscillation
cycle. Conversely, the addition of Vin results in an increase in
the slope, which suggests a stiffer film with more compact
lipids (Figure 5b).

The oscillation dynamics of the inner monolayer demon-
strate an increase in the area per molecule, which indicates that
the Dox and Vin molecules induce the desorption of lipids

Figure 4. BAM images of the studied mixed-lipid monolayers: (a, b, c,
and d) outer (DPPC/DPPE/sphingomyelin) monolayer at 8.1, 12.7,
19.7, and 29.2 mN/m, respectively; (e, f, g, and h) inner (DPPC/
DPPE/DPPS) monolayer at 0.9, 1.4, 4.8, and 15.6 mN/m,
respectively. Both monolayers were formed on Tyrode buffer
containing 5 μM of Dox. Image size: 150 × 150 μm2.

Figure 5. Surface pressure vs. area per molecule compression
isotherm for inner (DPPC/DPPE/DPPS) and outer (DPPC/DPPE/
sphingomyelin) films (a and b, respectively) on Tyrode subphase, and
compression/expansion cycles (average oscillation of 4−5 cycles) in
the presence of 10 μM of Vin or 5 μM of Dox on the subphase.
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from the surface. In contrast, an adsorption into the
membrane, reducing the average area per lipid in the presence
of the drugs, is observed for the outer monolayer (Figure
5b).61,62

For a more quantitative analysis, Table 1 provides a
summary of the calculated rheological parameters of the
monolayers. The elastic complex modulus for the inner
monolayer was 220.5 mN/m, but with Dox, it decreased by
approximately 30%, and with Vin, it decreased by only around
10%, in agreement with the qualitative discussion above. For
the outer monolayer, the elastic complex modulus was 84 mN/
m, resulting in a 12% decrease in Dox and a 17% increase in
Vin. The effect of Vin is therefore ambivalent with respect to
the elastic component of the inner and outer monolayers
although larger for the latter. In contrast, the effect of Dox is
decreasing the elastic modulus for both monolayers, although
stronger for the inner monolayer. The decrease in the elastic
complex modulus is related to the decrease in the compressive
modulus.32 Dox and Vin drive the inner monolayer toward a
slightly more liquid-expanded state. This also occurs in the
outer monolayer treated with Dox, with the liquid-condensed
outer monolayer becoming less condensed. However, when
treated with Vin, the effect is the opposite, driving the outer
monolayer toward a slightly more liquid-condensed state. The
viscous component and viscosity coefficient of the inner
monolayer exposed to Dox exhibited virtually the same
decrease of almost 50%, while the outer monolayer exhibited
a negligible change. The viscous component, however,
remained unchanged for both monolayers after exposure to
Vin. These combined changes in the elastic and viscous
components affect the phase between them (response), which
is also differentiated for both monolayers. Upon exposure to
Dox, it goes from viscoelastic to elastic (from 10.1 to 7.4) for

the inner monolayer, while in the outer monolayer, the phase
remains elastic (from 8.1 to 8.5). The phase δ exhibits a
viscoelastic response for the inner monolayer without and with
Vin in the subphase (from 10.1 to 11.1), and an elastic
response for the outer, more so upon exposure to Vin (going
from 8.1 to 5.4) (Table 1).

The alterations in the mechanical properties were observed
to be distinct for the inner and outer monolayers. This can be
attributed to the differing lipid compositions of the
monolayers. In particular, the reduction in stiffness upon
exposure to Dox, which is observed in both monolayers, may
be predominantly attributed to the interaction of Dox with
DPPS and sphingomyelin.32 The inner monolayer showed the
most significant alteration in the viscoelastic response by the
presence of Dox in the subphase, which suggests that Dox
molecules have a stronger interaction with the inner monolayer
lipids (most likely anionic DPPS).

Physicochemical Properties: SFG and MIP. MIP for the
drugs into each membrane model was obtained as described in
the Methods section. A typical measurement for Dox
interacting with the inner and outer monolayer model is
shown in Figure 6, where several measurements of ΔΠ vs. Πi,
from which the MIP is obtained by extrapolating the graph to
ΔΠ = 0.

As indicated in Table 2, MIP experiments indicate that the
interaction of Dox molecules with the inner and outer
monolayers is constrained to pressures below 28.8 ± 1.7 and
38.1 ± 6.6 mN/m, respectively. Above these (high) values,
Dox cannot incorporate into the monolayers, affecting the
surface pressure (at a fixed area).

For Vin, the interaction is observed until 11.4 ± 1.6 mN/m
and 9.7 ± 1.1 mN/m for the inner and outer monolayers,
respectively, indicating a limited possibility of interaction with

Table 1. Rheological Parameters of Langmuir Monolayers on Tyrode’s Solutiona

Monolayer
Complex elastic modulus

(mN/m)
Elastic component

(mN/m)
Viscous component

(mN/m)
Viscosity coefficient ηs

(mNs/m)
Response δ
(degrees)

Neat buffer
Outer 84.0 ± 1.4 83.2 ± 2.4 11.8 ± 1.2 37.7 ± 0.7 8.1
Inner 220.5 ± 3.2 217.1 ± 3.9 38.8 ± 1.5 123.5 ± 2.9 10.1
WithDox
Outer 73.8 ± 0.8 (- 12%) 73.0 ± 1.9 10.9 ± 0.8 34.8 ± 1.3 8.5
Inner 154.8 ± 2.6 (- 30%) 154.4 ± 2.7 20.0 ± 0.6 63.0 ± 1.6 7.4
WithVin
Outer 98.6 ± 0.2(+ 17%) 98.2 ± 1.2 9.2 ± 0.9 29.9 ± 0.9 5.4
Inner 198.2 ± 4.7(- 10%) 194.5 ± 4.2 38.1 ± 1.7 121.2 ± 2.4 11.1

aOscillations around 30 ± 2 mn/M, then compressed and expanded within an area variation of ± 10%; and frequency 0.05 Hz in 4−5 cycles.

Figure 6. MIP measurement for the case of Dox interacting with the inner (DPPC/DPPE/DPPS) and outer (DPPC/DPPE/sphingomyelin)
monolayers in the Tyrode subphase at 5 μM. ΔΠ is presented as a function of Πi after injection of Dox in the subphase, from which the MIP values
are extracted (gray arrows): 28.8 ± 1.7 and 38.1 ± 6.6 mN/m (see Table 2).
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the monolayers at physiological pressures (∼30 mN/m). In
contrast, Dox can interact with both films over a wide pressure
range, up to or above 30 mN/m, thereby increasing the
possibility of the membrane. It is also notable that the MIP of
Dox is significantly higher than physiological pressures for the
outer leaflet, which is the first point of contact for the drug
from the extracellular medium. Although the MIP measure-
ments in general agree with the isotherms in Figure 3, with Vin
leading to monolayer expansion only at low pressures and Dox
causing expansion also at high pressures, we should highlight a
significant difference: Dox causes expansion of the outer
monolayer even above the MIP of 38.1 mN/m. This is because
of the different experimental conditions, where the isotherms
are measured with the drugs already in the subphase, while for
MIP measurements, the monolayer is compressed and then the
drug is injected into the subphase.

Because the interaction with Dox seems to happen over a
wide pressure range, up to physiological conditions, we have

investigated its interaction with both monolayers by SFG
vibrational spectroscopy. SFG spectroscopy can detect
adsorbed molecules at the interface by discriminating them
from the volume of the subphase and is used to investigate
interactions at the molecular level between molecules of
interest and lipid monolayers.47 The SFG spectra for both
outer and inner monolayers at two selected pressures are shown
in Figure 7, both on neat buffer and with Dox in the subphase
(10 μM, because it has no differences with 5 μM
concentration). They present narrow peaks in the 2800−
3000 cm−1 range due to C−H stretch vibrations of the lipid
tails and a broad band from 3000 to 3800 cm−1 due to O−H
stretches of interfacial water. Here, we will focus our discussion
on two features of the SFG spectra: (i) the intensity ratio R of
the symmetric stretch of CH2 groups at 2850 cm−1 to the
symmetric stretch of terminal CH3 groups at 2885 cm−1, which
is small for conformationally ordered chains (gel phase) and
larger for more disordered lipid tails (liquid phase);47,55,63,64

(ii) the broad OH stretch band has two major components at
∼3200 cm−1 and 3400 cm−1, which are related to a more
ordered (“ice-like”) and disordered (“liquid-like”) H-bonding
network of interfacial water molecules, respectively.56 The
intensity and shape of these bands are also sensitive to the
interfacial electric field (and thus to the net surface charge)
that orients the water molecules at the interface.

For the outer monolayer (Figure 7a−b, blue curves), at a
pressure of 10 mN/m the intensity ratio R for the symmetric
CH stretches is high, suggesting significant lipid tail disorder.
However, at 30 mN/m the SFG spectrum has a very low R that
indicates ordered chains, typical of well-packed lipids. The

Table 2. Maximum Insertion Pressure MIP on Outer
(DPPC/DPPE/Sphingomyelin) and Inner (DPPC/DPPE/
DPPS) Monolayers, for Vin (at 10 μM) and Dox (at 5 μM)

Monolayer MIP(mN/m)

withDox
Outer 38.1 ± 6.6
Inner 28.6 ± 1.7
withVin
Outer 9.7 ± 1.1
Inner 11.4 ± 1.6

Figure 7. SFG spectra for outer (DPPC/DPPE/sphingomyelin) monolayer on the subphase without and with 10 μM of Dox at 10 and 30 mN/m
(a, b, and, respectively); inner (DPPC/DPPE/DPPS) monolayer on the subphase without and with 10 μM of Dox at 10 and 30 mN/m (c and d,
respectively).
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water spectra remain always liquid-like, typical of a slightly
anionic monolayer, but with small intensity due to the high
counterion concentration in the buffer. This screens the
interfacial electric field and reduces the amount of orienta-
tionally order water molecules within the electric double layer.
For the inner monolayer (Figure 7c−d, red curves), the
situation is similar to the outer membrane described above, also
well-packed at 30 mN/m and with more chain disorder at 10
mN/m, but with smaller ratios of R at lower pressures in
comparison with the outer monolayer, suggesting less chain
disorder than for the outer layer. This agrees with the isotherms
in Figure 1 and with BAM images of Figure 2, which show that
the inner monolayer is more condensed than the outer one. The
water spectra are also liquid-like at both low and high
pressures.

For the monolayer formed with Dox in the subphase, we
observe the following changes to the SFG spectra of the outer
monolayer. At pressures of 10 mN/m, there is an increase in
chain order, as evidenced by a smaller ratio R (see Figure 7a).
The combination of a slight monolayer expansion (Figure 3b)
with increased chain order suggests that the interaction of Dox
with the monolayer happens by its insertion within the
hydrophobic part of the monolayer, causing expansion of the
film. The higher chain order induced by Dox (a positively
charged molecule) may be related to its interaction with the
headgroups of the slightly anionic lipid film underneath the
monolayer, screening the lipid headgroup repulsion and
leading to a higher packing density of lipids. Upon interaction
with Dox at 10 mN/m, the water spectrum gets more intense
and shifts to more ice-like state, peaked at ∼3200 cm1 (Figure
7a). This is probably also due to the adsorption of cationic Dox

Figure 8. (a) Scheme of proposed mechanism changes in dilatational surface rheology for the inner (DPPC/DPPE/DPPS) and outer (DPPC/
DPPE/sphingomyelin) monolayers at 30 mN/m. Left panels: the elastic modulus decreases due to Dox insertion within the monolayer (the small
red arrows represent the coupling among lipids and Dox) for the inner monolayer. In the outer monolayer, Dox acts from the subphase and, while
allowing discrete expansion (blue arrow), the elastic modulus decreases. Right panels: although Vin does not cause significant expansion of the
films, it induces a slight reduction in the elastic modulus for the inner monolayer but a marked increase (blue arrow) for the outer monolayer. (b)
Scheme of the proposed Dox - lipid interaction for both inner and outer monolayers. Top panels: conformation of lipids on neat buffer, showing
liquid-condensed (LC) and liquid-expanded (LE) domains; middle panel: monolayers exposed to Dox at low pressures (<10 mN/m), showing Dox
insertion within the monolayer and interacting with headgroups; lower panel: monolayers exposed to Dox at high pressures (∼30 mN/m), showing
smaller/no Dox insertion within the monolayer and interacting with headgroups. Dox molecules are colored black above the subphase and gray
below.
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underneath the anionic monolayer, which leads to strong
interfacial electric fields that orient water molecules and lead to
more an ordered H-bonding network near the headgroups. It
should be noted that the very small net expansion of the outer
monolayer at this lower pressure (Figure 3b) suggests that two
effects counterbalance each other: Dox insertion within the
lipid film causes expansion of the monolayer, but Dox
adsorption underneath the headgroups leads to increased
lipid packing (more ordered chains) and to monolayer
contraction. At a higher (physiological) pressure of 30 mN/
m, the spectra obtained with and without Dox are virtually
identical (Figure 7b). Together with the small monolayer
expansion at this pressure (Figure 3b), this indicates that the
lipid tails remain with an ordered conformation because the
intercalation of the drug within the outer monolayer does not
occur uniformly, but with Dox self-aggregation within the lipid
domains, pushing the lipids apart without affecting their
conformation.

For the interaction of Dox with the inner monolayer at 10
mN/m, the combination of a large film expansion (Figure 3a)
and only a small increase in chain disorder (Figure 7c),
together with changes in the BAM images (Figures 2 and 4),
suggests that the drug intercalates within the liquid-expanded
regions of the inner monolayer, pushing the liquid-condensed
domains apart but without much change in the average lipid
conformation. The water spectrum also becomes more ice-like,
probably because of the adsorption of Dox underneath the
anionic monolayer, as in the case of the outer monolayer, but
more pronouncedly because of a more negative charge (DPPS
lipid). At 30 mN/m, the SFG spectra with and without Dox are
essentially identical, with the lipids exhibiting a compact and
ordered structure (Figure 7d). Since the area per molecule is
also the same, there is no insertion of the drug within the film
at this high pressure.

From all of these previous experiments, we can determine
that the inner monolayer is more condensed, with small liquid-
condensed domains that become more closely packed with
compression. In contrast, the outer monolayer is more
expanded, with the coexistence of liquid-condensed and
liquid-expanded domains even at high pressures.

The membrane effects exhibit both similarities and contrasts.
Figure 8 shows a cartoon of the proposed interaction
mechanism of Dox and Vin with both monolayers. Upon
interaction with the drugs, both Dox and Vin cause a large
expansion of the two monolayers at low pressures (∼10 mN/
m), but at high pressures (physiological conditions, ∼30 mN/
m) only the outer monolayer is expanded by Dox only (but not
by Vin). Dox adsorption/interaction persists up to pressures of
around 28 and 38 mN/m, respectively, for the outer and inner
monolayers, as indicated by MIP experiments. The interaction
of Dox molecules with the inner monolayer at low pressures
occurs by its insertion within the liquid-expanded regions,
pushing the liquid-condensed domains apart but without much
change in the average lipid conformation. During compression,
the compacted lipids can expel the molecules, resulting in
subsequent reordering and causing a decrease in both the
elastic and viscous moduli (Figure 8b, right panels). For the
outer monolayer, Dox molecules interact with the lipids by
inserting into the monolayer (probably within liquid-expanded
domains) until a pressure of ∼38 mN/m (Table 2), causing
expansion but also reducing the lipid disorder (conformational
defects) (Figure 8b, left panels). This suggests that Dox may

induce more cardiotoxicity related to lipidic conformational
alteration at physiological pressure.

In conditions of contraction and expansion dynamics, the
exposure to Dox induces a 30% decrease in the viscoelastic
modulus of the inner monolayer, while Vin causes only a 10%
decrease (Table 1 and Figure 8a, top panels). The Dox
molecules can easily be inserted and expelled from the
monolayers, causing a reduction in the elastic modulus
(more so for the inner monolayer). In the outer monolayer,
Dox causes a 12% decrease in the elastic modulus, whereas Vin
increases it by 17% (Table 1 and Figure 8a, lower panels).
Consequently, the mechanical mechanism by which Dox
molecules contribute to cardiotoxicity consists of a strong
(−30%) and moderate (−12%) loss of stiffness11,14 for the
inner and outer monolayers, respectively. Similarly, Vin causes a
moderate loss of stiffness (−10%) in the inner monolayer. But
surprisingly, the stiffness increases (+17%) for the outer
monolayer, which is opposite to, and likely overcoming in part,
the effect of Dox. From a mechanical perspective, our findings
align with the fact that Dox seems to be more cardiotoxic than
Vin,10 and that Vin could partially attenuate Dox-induced
cardiotoxicity.13

Our conclusions refer to molecular-level interactions at the
air−water interface, which serve as a simplified but informative
model to gain insight into fundamental aspects of lipid
conformation and molecular interactions that may be relevant
to biological systems. The previous results show that Dox
induces different mechanical alterations in the mimicked inner
and outer monolayers of cardiomyocytes, which resemble those
reported after only 3 days of an infarction or after exposure to
low concentrations of formamide, but are opposite to the
membrane damage found after 15 days of a myocardial
infarction (Dague et al., 2014 and Smolyakov et al., 2017).
Since the latter change was associated with detubulation, it
seems that Dox does not lead to such significant membrane
disruption.

Interestingly, the reduction in membrane stiffness in the very
early postmyocardial infarction period, although statistically
not significant in that paper, was associated with a depletion of
subsarcolemmal mitochondria. Dox actually disturbs mito-
chondrial function and dynamics, and several strategies that
protect mitochondrial function and integrity ameliorate Dox-
induced cardiotoxicity. Although this evidence highlights a
close relationship between the decrease in sarcolemmal
stiffness and alterations in mitochondrial biology, it is difficult
now to propose a direct causal link between them. We can only
speculate that the sarcolemmal alterations induced by Dox are
likely happening before or at the same time as mitochondrial
alterations occur, and they may potentiate each other to
produce cardiotoxicity. Furthermore, simultaneous direct
effects of Dox on the mitochondrial membrane cannot be
ruled out.5,10,59,65

■ CONCLUSION
The interaction of Dox and Vin with the membrane lipids had
different effects on the mimicked outer and inner monolayers of
cardiomyocytes during film formation. We showed that over
neat buffer, the inner monolayer is more ordered in terms of
lipid conformation than the outer monolayer at similar
pressures. Although both drugs cause significant monolayer
expansion by insertion within lipids at low pressures, for both
monolayers, only the outer monolayer is susceptible to Dox
molecules at high pressures (close to physiological conditions),
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and at such conditions, Dox is completely expelled from the
inner monolayer. However, the interaction modes of Dox with
inner and outer monolayers are different. The outer monolayer
showed a significant reduction of conformational disorder of its
lipids upon insertion of Dox at low pressures, but at
physiological conditions, the small drug insertion causes a
slight disorder of the lipid tails with respect to the very
compact film over neat buffer. In contrast, for the inner
monolayer, the Dox insertion at low pressures does not
significantly affect the lipid conformation, suggesting insertion
in between condensed lipid domains. In comparison, Vin had
very limited activity for both monolayers, causing only a small
expansion of the inner monolayer, restricted to low pressures.
These results are in agreement with previous studies in the
literature. For example, DPPC:Sphingomyelin:Cholesterol
mixed films interacting with Dox showed more prominent
monolayer expansion and reduced compressibility at lower
pressures, with the drug being squeezed out of the film at high
pressures.30 The same authors have shown that more
condensed model membranes lead to a more pronounced
interaction of Dox with the lipid headgroups and water, but
without effect on membrane fluidity.31 Furthermore, another
study29 showed that Dox can also be inserted within
zwitterionic DMPC bilayers, despite the lack of strong
electrostatic interactions, reducing the membrane compressi-
bility modulus (increasing the fluidity). However, here we have
expanded these studies with lipid compositions that modeled
separately the inner and outer leaflets of cardiomyocyte
membranes, showing significant differences in the drug
interaction with each leaflet.

During the oscillation of the films that have already been
formed, around pressures close to physiology, the interaction
of Dox with the lipids produced a large reduction in the elastic
modulus, predominantly in the inner monolayer. This is similar
to what is observed for the cardiomyocyte membrane with
heart failure and infarction. However, Vin causes a decrease
and increase in the elastic modulus for the inner and outer
monolayers, respectively. This may be an indication of why Vin
may alleviate the cardiotoxicity of Dox in simultaneous
treatment with both drugs, since their rheological effects on
the outer membrane leaflet are opposite and nearly cancel each
other.

Since infarcted, fibrotic, or hypertrophied cells result in a
drop of the elasticity of the membrane and contraction force,
they are most at risk for the use of Dox and Vin. In healthy
cells, the use of Dox may alter the normal behavior, thus
presenting the greater risk. The mechanisms of action of Dox
and Vin in mammalian cancer cells or their toxicity in
noncancerous cells could be further investigated and explained
by means of the alterations in the lipid matrix performed in this
work, with relevance to explain their cardiotoxicity. For
example, we note that all of our measurements are probing
the global behavior of the lipid mixture, without distinguishing
the role of each lipid component within the model monolayers.
Thus, a detailed investigation of the drug interaction with each
lipid component within the mixed monolayer is an interesting
point that will be the subject of further studies.
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Characterization of Daptomycin Interaction with Negatively Charged
Lipid Membranes. Langmuir 2020, 36 (19), 5324−5335.
(24) Brockman, H. Lipid Monolayers: Why Use Half a Membrane to

Characterize Protein-Membrane Interactions? Curr. Opin. Struct. Biol
1999, 9 (4), 438−443.
(25) Pavinatto, A.; Delezuk, J. A. M.; Souza, A. L.; Pavinatto, F. J.;

Volpati, D.; Miranda, P. B.; Campana-Filho, S. P.; Oliveira, O. N., Jr.
Experimental Evidence for the Mode of Action Based on Electrostatic
and Hydrophobic Forces to Explain Interaction between Chitosans
and Phospholipid Langmuir Monolayers. Colloids Surf., B 2016, 145,
201−207.
(26) Borin, D.; Pecorari, I.; Pena, B.; Sbaizero, O. Novel Insights

into Cardiomyocytes Provided by Atomic Force Microscopy. Semin.
Cell Dev. Biol 2018, 73, 4−12.
(27) Laurini, E.; Martinelli, V.; Lanzicher, T.; Puzzi, L.; Borin, D.;

Chen, S. N.; Long, C. S.; Lee, P.; Mestroni, L.; Taylor, M. R. G.;
Sbaizero, O.; Pricl, S. Biomechanical Defects and Rescue of
Cardiomyocytes Expressing Pathologic Nuclear Lamins. Cardiovasc.
Res 2018, 114 (6), 846−857.
(28) Matyszewska, D. The Influence of Charge and Lipophilicity of

Daunorubicin and Idarubicin on Their Penetration of Model

Biological Membranes − Langmuir Monolayer and Electrochemical
Studies. Biochim. Biophys. Acta, Biomembr. 2020, 1862 (2), 183104.
(29) Matyszewska, D.; Moczulska, S. Effect of PH on the

Interactions of Doxorubicin with Charged Lipid Monolayers
Containing 1,2-Dimyristoyl-Sn-Glycero-3-Phospho-l-Serine - An
Important Component of Cancer Cell Membranes. Electrochim. Acta
2018, 280, 229−237.
(30) Alves, A. C.; Nunes, C.; Lima, J.; Reis, S. Daunorubicin and

Doxorubicin Molecular Interplay with 2D Membrane Models. Colloids
Surf., B 2017, 160, 610−618.
(31) Alves, A. C.; Magarkar, A.; Horta, M.; Lima, J. L. F. C.; Bunker,

A.; Nunes, C.; Reis, S. Influence of Doxorubicin on Model Cell
Membrane Properties: Insights from in Vitro and in Silico Studies. Sci.
Rep. 2017, 71 (1), 6343.
(32) Ceballos, J. A.; Jaramillo-Isaza, S.; Calderón, J. C.; Miranda, P.

B.; Giraldo, M. A. Doxorubicin Interaction with Lipid Monolayers
Leads to Decreased Membrane Stiffness When Experiencing
Compression-Expansion Dynamics. Langmuir 2023, 39 (25), 8603.
(33) Epand, R. F.; Savage, P. B.; Epand, R. M. Bacterial Lipid

Composition and the Antimicrobial Efficacy of Cationic Steroid
Compounds (Ceragenins). Biochim. Biophys. Acta, Biomembr. 2007,
1768 (10), 2500−2509.
(34) Fearnley, C. J.; Llewelyn Roderick, H.; Bootman, M. D.

Calcium Signaling in Cardiac Myocytes. Cold Spring Harbor Perspect.
Biol 2011, 3 (11), a004242.
(35) Richardson, E. S.; Xiao, Y. F.Electrophysiology of Single

Cardiomyocytes: Patch Clamp and Other Recording MethodsCardiac
Electrophysiology Methods and ModelsSpringer2024587−606
(36) Rojas-Palomino, J.; Gómez-Restrepo, A.; Salinas-Restrepo, C.;

Segura, C.; Giraldo, M. A.; Calderón, J. C. Electrophysiological
Evaluation of the Effect of Peptide Toxins on Voltage-Gated Ion
Channels: A Scoping Review on Theoretical and Methodological
Aspects with Focus on the Central and South American Experience. J.
Venom. Anim. Toxins Incl. Trop. Dis 2024, 30, No. e20230048.
(37) Roth, G. M.; Bader, D. M.; Pfaltzgraff, E. R. Isolation and

Physiological Analysis of Mouse Cardiomyocytes. J. Vis. Exp 2014, 91
(91), 51109.
(38) Pinz, I.; Zhu, M.; Mende, U.; Ingwall, J. S. An Improved

Isolation Procedure for Adult Mouse Cardiomyocytes. Cell Biochem.
Biophys 2011, 61 (1), 93−101.
(39) Owens, K.; Pang, D. C.; Weglicki, W. B. Production of

Lysophospholipids and Free Fatty Acids by a Sarcolemmal Fraction
from Canine Myocardium. Biochem. Biophys. Res. Commun 1979, 89
(2), 368−373.
(40) Panagia, V.; Lamers, J. M. J.; Singal, P. K.; Dhalla, N. S. Ca2+ -

and Mg2 ± Dependent ATPase Activities in the Deoxycholate-
Treated Rat Heart Sarcolemma. Int. J. Biochem 1982, 14 (5), 387−
397.
(41) Post, J. A.; Verkleij, A. J.; Langer, G. A. Organization and

Function of Sarcolemmal Phospholipids in Control and Ischemic/
Reperfused Cardiomyocytes. J. Mol. Cell. Cardiol 1995, 27 (2), 749−
760.
(42) Richardson, E. S.; Xiao, Y.-F. Electrophysiology of Single

Cardiomyocytes: Patch Clamp and Other Recording Methods. In
Cardiac Electrophysiology Methods and Models; Springer US: Boston,
MA, 2010, pp. 329−348. .
(43) Branco, A. F.; Sampaio, S. F.; Moreira, A. C.; Holy, J.; Wallace,

K. B.; Baldeiras, I.; Oliveira, P. J.; Sardão, V. A. Differentiation-
Dependent Doxorubicin Toxicity on H9c2 Cardiomyoblasts.
Cardiovasc. Toxicol 2012, 12 (4), 326−340.
(44) Gaines, G. L., Jr. Insoluble Monolayers at Liquid-Gas Interfaces;

Wiley-Interscience, 1966.
(45) Juhaniewicz-Dȩbinśka, J.; Lasek, R.; Tymecka, D.; Burdach, K.;
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