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Abstract: Carbon nanomaterials are widespread in the atmospheric aerosol as a result of the
combustion processes and their extensive industrial use. This has raised many question about
the potential toxicity associated with the inhalation of such nanoparticles, and its incorporation
into the lung surfactant layer. In order to shed light on the main physical bases underlying
the incorporation of carbon nanomaterials into lung surfactant layers, this work has studied the
interaction at the water/vapor interface of carbon nanosheets (CN) with Langmuir monolayers of
1,2-Dipalmitoyl-sn-glycerol-3-phosphocholine (DPPC), with this lipid being the main component
of lung surfactant layers and responsible of some of the most relevant features of such film.
The incorporation of CN into DPPC Langmuir monolayers modifies the lateral organization of
the DPPC at the interface, which is explained on the basis of two different effects: (i) particles occupy
part of the interfacial area, and (ii) impoverishment of the lipid composition of the interface due to
lipid adsorption onto the CN surface. This results in a worsening of the mechanical performance
of the monolayers which may present a negative impact in the physiological performance of lung
surfactant. It would be expected that the results obtained here can be useful as a step toward the
understanding of the most fundamental physico-chemical bases associated with the effect of inhaled
particles in the respiratory cycle.

Keywords: particles; lipids; Langmuir monolayer; lung surfactant; pollution; dilational rheology;
toxicity; carbon nanosheets

1. Introduction

Particulate materials are widespread in modern society, presenting interest in different scientific
and industrial fields. On one side, particles are common in different technological fields, ranging from
the fabrication of drug delivery platforms and biosensors in medicine to the stabilization of foams and
emulsions with interest in cosmetics or food science, and from surface-enhanced Raman spectroscopy
(SERS) to tertiary oil recovery [1]. On the other side, human activity is associated with a continuous
injection of particles to the atmosphere mainly due to the combustion process of fossil fuels in powder
plants, vehicles, or other combustion engines. These carbonaceous particles combined with other
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pollutants are part of the atmospheric aerosols, having an extraordinary impact on environmental and
human health [2,3].

Among the nanomaterials from carbonaceous sources, carbon nanotubes and graphene nanosheets
are probably accounted as two of the most extended technological nanomaterials due to their special
physico-chemical properties [4–6]. The wide spread of the above-mentioned particles has recently
raised many questions about the potential risks associated with their inhalation, which presents a
special importance because particles’ inhalation has been frequently associated with the emergence of
respiratory and cardiac diseases [7,8]. Several studies have related the initial steps of the diseases to the
penetration and transport of the inhaled particles, mainly those with the smallest sizes (hydrodynamic
diameter below 1 µm), through the respiratory tract to the alveolar cavities where they are deposited
and interact with the lung surfactant layer [9–12].

Lung surfactant is a complex fluid, formed mainly by lipids and proteins, which overlays the inner
wall of the alveoli, presenting a main role for mammals’ survival because it enables reducing the work
required for breathing, i.e., reduces the surface tension at the alveolar air/liquid interface, stabilizing
lungs during the compression/expansion cycles of breathing and avoiding alveolar collapse [13].
Furthermore, lung surfactant is the first protection barrier against inhaled pathogens and aerosols.
Therefore, any dysfunction in the normal performance or composition of the lung surfactant layer can
affect the normal respiratory process, and simultaneously facilitate the penetration of pathogens’ agents
to other tissues [14]. This is particularly important because several studies have shown that particles
can interact with fluid layers, altering their composition, lateral organization, and physico-chemical
properties, especially the rheological one [15–19]. Therefore, the understanding of the interaction
of particles with lung surfactant models is particularly important because it can help to deepen the
potential impact of inhaled particles on the properties of this system, which may be useful as a
preliminary tool for the evaluation of the potential toxicity of inhaled particles [20–23].

The complexity of the lung surfactant system makes it difficult to study the particles’ impact in
their performance using in vivo assays, which imposes the use of simple physico-chemical models for
helping in the understanding of the potential toxicity of inhaled particles [20,24]. Thus, considering that
the performance of lung surfactant is associated with their adsorption as a thin film at the interfacial
region existing between the alveolar fluid overlaying the alveolar inner wall and the air contained
in alveoli, the Langmuir monolayer at water/vapor interfaces may be considered as a useful tool for
deepening the physico-chemical bases underlying the mechanical function of the lung surfactant layer,
and the impact of the incorporation of nanoparticles on its performance [20,21,24]. Furthermore, the
chemical complexity of lung surfactant makes it necessary to reduce the number of chemical species
included in the used model to deepen the role of each single component in the interfacial properties
of the lung surfactant layer and to understand how nanoparticles modify its performance. The most
extended model used in studies related to the interaction of lung surfactant layers with nanoparticles is
the 1,2-Dipalmitoyl-sn-glycerol-3-phosphocholine (DPPC) [10,25–38]. This lipid is the main component
of the lung surfactant (about 40 wt% of the total weight), playing a key role in the ability of lung
surfactant to decrease the surface tension until quasi-null values and in the formation of ordered
monolayers with a high lateral cohesion. It is worth mentioning that the Langmuir monolayer of such
lipid does not allow accounting for the re-spreading processes, occurring during expiration, of the
material squeezed out from the interface during inspiration, which requires considering the role of
two of the surface active proteins of the lung surfactant (mainly the surface proteins B, SP-B, and
C, SP-C) [13,39–42]. However, DPPC Langmuir monolayers can be considered as a good tool for a
preliminary evaluation of the worsening of the physico-chemical properties of lung surfactant layers as
a result of the incorporation of solid particles, even though the biophysical relevance of these studies
may be rather limited [23,43].

This study tries to help in the understanding of the impact of carbonaceous nanomaterials on the
physico-chemical properties of lung surfactant models. For this purpose, the interaction of carbon
nanosheets (CN), as an example of graphene-like material, with DPPC Langmuir monolayers, has been
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studied on the basis of the modification of the two-dimensional (2D) phase diagram due to the
incorporation of the CN and their impact in the rheological performance of DPPC layers. We have
followed a procedure adapted from that previously discussed by Guzmán et al. [44]. Although the
effect of different carbonaceous nanomaterials such as carbon nanotubes, carbon black, and fullerenes
on the interfacial properties of lung surfactant has been previously described [35,38,43–48], there
is a poor knowledge on the effect of graphene and its derivatives in such properties [49]. For this
reason, in this work, a graphene-like material is used as a model of carbonaceous material. The wide
spread of graphene makes it necessary to obtain a preliminary evaluation of its potential impact in the
properties of lung surfactant layers. It is expected that the results contained herein may contribute
to the understanding of the most fundamental physico-chemical bases that govern the impact of
carbonaceous nanomaterials on the performance of lung surfactant layers.

2. Materials and Methods

2.1. Materials

1,2-Dipalmitoyl-sn-glycerol-3-phosphocholine (DPPC) was purchased from de Avanti Polar Lipids,
Inc. (Alabaster, AL, USA) at 99.9% purity and used without further purification. The molecular weight
of this lipid is 734.1 g/mol. Carbon nanosheets AVAN-graphene® (CN) were supplied by Avanzare
Innovación Tecnológica S.L. (La Rioja, Spain). For the spreading of both DPPC and CN, solutions
in chloroform (CHROMASOLV™, for High Performance Liquid Chromatography, stabilized with
ethanol) purchased from Fisher Scientific (Hampton, NY, USA) was used.

Ultrapure deionized water used for cleaning and experiments was obtained by a multi-cartridge
purification system AquaMAX™-Ultra 370 Series (Young Lin Instrument Co., Ltd., Gyeonggi-do,
Korea), presenting a resistivity higher than 18 MΩ·cm, and a total organic content lower than 6 ppm.
This water has a surface tension of 72.5 mN/m without any appreciable kinetics over several hours.

2.2. Characterization of Carbon Nanosheets (CN)

Powder X-Ray diffraction (XRD) patterns were used for characterizing the microstructure of CN.
X-ray diffraction patterns were obtained in the 10−40◦ range (0.05◦ step size, 2.6 s step time) using
a Bruker D8 Advance powder diffractometer (Bruker Corp., Billerica, MA, USA) fitter with a Cu
Kα1,2 radiation source (λ = 1.54050 Å). The operating tube voltage and current were fixed in 40 kV
and 30 mA, respectively. Interlayer spacing, d002, values were obtained using Bragg’s law for (002)
reflection. The grain size, C, can be calculated, obtained from the (100) reflection, using Scherrer’s
equation [50]: C = 0.9 λ/(βcosθ), where β represents the line width at half height in radians and θ the
diffraction angle.

X-ray photoelectron spectra (XPS) of powder samples were measured in a VG Escalab 200R
spectrometer (Fisons Instruments, Glasgow, UK). The instrument uses an excitation source of Mg
Kα (hν = 1253.6 eV) radiation and a hemispherical electron analyzer. High-resolution spectra were
recorded at 20 eV analyzer pass energy. The residual pressure in the analysis chamber was kept under
4 × 10−7 Pa during data acquisition.

2.3. Study of Monolayers at the Water/Vapor Interface

The study of the behavior of Langmuir monolayers was performed using a Langmuir trough
Nima model 702 (Nima Technologies, Coventry, UK), equipped with two Delrin barriers allowing
for symmetric compression/expansion of the free liquid surface. The total surface area of the Teflon
trough is 700 cm2. The surface tension, γ, was measured using a force balance fitted with a paper
Wilhelmy plate (Whatman CHR1 chromatography paper, effective perimeter 20.6 mm, supplied by
Sigma Aldrich, St. Louis, MO, USA), ensuring a zero-angle contact angle. Surface pressure, Π, may be
obtained as the difference between the surface pressure of the pure water/vapor interface γw and γ, i.e.,
Π = γw – γ.
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The lipid monolayers were spread at the water/vapor interface by dropping controlled volumes of
DPPC from its solution in chloroform (concentration about 1 mg/mL or 1.36 mM) using a high-precision
Hamilton syringe (Hamilton Company, Reno, NV, USA). This allows for controlling the surface
concentration of DPPC, Γ, after the evaporation of the solvent. For all the experiments performed here,
an initial interfacial density of DPPC Γ0 = 1.4 µmol/m2, corresponding to an area per molecule of about
120 Å2, was spread at the water/vapor interface. To prepare the mixed monolayers, given amounts
of CN were spread onto the preformed DPPC monolayers, again using chloroform as the spreading
solvent. This procedure allows for obtaining a monolayer with the desired DPPC:CB weight ratio at
the interface. All the experiments were performed at 30 ◦C.

The quasi-equilibrium isotherms for the spread monolayers were obtained measuring the surface
pressure during the reduction of the area available for the monolayer, A, at a fixed compression rate
(5 cm2/min). This compression rate was chosen to avoid undesired non-equilibrium effects during the
determination of the isotherms [51]. Compression was started after 1 h from the solution/dispersion
spreading at the water/vapor interface. This time was checked to be enough to ensure the complete
evaporation of the solvent and, in the presence of CN, the achievement of the equilibrium state for the
composite layer [44].

The Langmuir trough also enables for the evaluation of the dilational viscoelasticity of Langmuir
monolayers of the pure lipid and after the incorporation of different amounts of CN using the oscillatory
barrier method in a range of frequencies from 5 mHz to 0.15 Hz. A detailed description of this method
is given elsewhere [16,52]. This method involves the application of a harmonic change of the interfacial
area at a controlled frequency ν:

A(t) = A0 + ∆A sin(2πνt), (1)

where A0 and ∆A are the reference interfacial area and the amplitude of the deformation, respectively.
The harmonic change of the interfacial area leads to a stress response, ∆Π = Π0

−Π(t), which is related
to the difference between the surface pressure of the reference state, Π0, and the instantaneous value of
the surface pressure, Π(t). For those cases in which the amplitude of the deformation is small enough,
i.e., deformations within the linear regime, it is possible to assume that the stress response also follows
a sinusoidal profile with the same frequency as the deformation:

Π(t) = ∆Π sin(2πνt + φ), (2)

where φ is the phase shift accounting for a possible delay of stress (surface pressure response) in
relation to the strain (area deformation). Considering the above-mentioned linear response, the stress
can be considered proportional to the deformation, u(t) = ∆A/A0 (elastic term), and to the rate of
deformation, du(t)/dt (viscous term), which allows one to write the stress as:

Π(t) = εu(t) + η(du(t)/dt), (3)

with ε and η being the dilational elasticity and viscosity, respectively. Considering the definition given
by Equation (3) and assuming a generic harmonic perturbation, it is possible to obtain a definition for
the complex dilational viscoelasticity:

ε* = ε + 2πνηi (4)

where i = (−1)1/2. The analysis of the curves corresponding to the strain and stress in terms of Equations
(1) and (2) give information about their amplitudes and the phase shift, enabling for the calculation of
the dilational viscoelasticity.
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3. Results and Discussion

3.1. CN Characterization

We use X-ray diffraction (XRD) measurements to analyze the crystallinity of the material.
The obtained diffractogram is shown in Figure 1. The two peaks observed correspond to the
(002) and the (100) reflections [53]. The latter is associated with the basal distance appearing at 2θ ~ 43◦,
which results in a value of 0.21 nm. These peaks have been previously observed in the XRD spectrum
of graphene oxide synthesized from graphite [53] and might be due to O-groups attached to the basal
plane or other kinds of defects [54,55]. It is worth noting the absence of the peak I, centered at 2θ ~ 10◦

which is typical from graphene oxides. Previous works have shown that this peak disappears after
thermal reduction of graphene oxide. Therefore, the absence of this peak in this material means that the
oxidation degree in this sample is low and the chemical composition must be close to that of reduced
graphene oxide.
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Figure 1. X-ray diffraction (XRD) diffractogram for carbon nanosheets (CN). The reflections highlighted
in the diffractogram allow for determining the interlayer distance (002 reflection) and the basal distance
(100 reflection) of the CN.

The interlayer distance between sp2 carbon layers may be related to the oxygen composition
obtained by chemical analysis following the work by Claramunt et al. [55]. This interlayer distance is
calculated using the Bragg’s law on the 002 reflections, which can be considered the main feature of
the diffractogram appearing at 2θ ~ 26.5◦. The interlayer distance value between sp2 carbon layers
calculated was d002 ~ 0.33 nm, which allows to estimate a percentage of oxygen of about 16%. Besides,
from the width at half height (2.046 radians) of this peak and the Scherrer’s equation, the grain size, C,
is calculated for this material, resulting in a value around 7 nm, which agrees with values reported for
reduced graphene oxides [50].

The chemical composition of the CN was analyzed using XPS. The obtained C1s and O1s core-level
spectra are shown in Figure 2a and Figure 2b, respectively.
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Figure 2. X-ray photoelectron spectra for CN: (a) C1s core level and (b) O1s core level. Circles are
experimental data and solid lines are fits to the data. The functions in which the spectra are split are
also shown as curved filled with different colours.

The results show that the C1s and O1s core-level spectra are asymmetric bands formed by three
components. The C1s core-level spectrum presents the well-established components centered at 284.5,
286.2, and 287.6, assigned to the aromatic carbon bonds (284.5 eV), C–O bonds corresponding to alcohol
or epoxy groups (286.2 eV), and to COO− groups (287.6 eV) [56]. The O1s core-level spectrum also
present three components centered at 531.5, 532.6, and 533.8 eV, respectively. These components were
reported for graphene oxides and assigned to C=O, C–O, and O–H bonds [57]. Table 1 summarizes the
band position and the fraction of different species.

Table 1. Binding energies and percentages of different groups obtained from X-ray photoelectron
spectra (XPS).

C1s
Emission

Max. Binding Energy/eV
(Percentage)

O1s
Emission

Max. Binding Energy/eV
(Percentage) O/C at

C=C 284.8 (71) C=O 531.5 (33)
0.154C–O 286.2 (22) C–O 532.6 (41)

C=O 287.6 (7) O–H 533.8 (26)

It is worth mentioning that the O/C obtained from XPS in atomic units is 15.4%. This value is in
excellent agreement with the value estimated from the XRD diffractogram. Therefore, in the following,
it will assume that CN present a low oxidation degree (O/C = 0.154). However, it contains several
O-groups attached to the basal plane.

3.2. CN Incorporation into 1,2-Dipalmitoyl-sn-glycerol-3-phosphocholine (DPPC) Langmuir Monolayers

The study of the effect of CN incorporation on the interfacial properties of DPPC monolayers at
the water/vapor interface was performed by adding different amounts of CN from its dispersion in
chloroform onto preformed DPPC monolayers, i.e., once the DPPC is spread at the bare interface, the
CN are added from the top to the DPPC monolayer. It is clear that the addition procedure for CN can
affect the lateral organization of the DPPC molecules existing at the interface, and the interactions
between DPPC and CN. Thus, the equilibrium properties of the mixed monolayer, achieved upon
chloroform evaporation, will be characterized by the specific conditions in which the mixing of CN
and DPPC has occurred. It is worth mentioning that even though the monolayers studied in this work
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cannot be considered as strictly mixed monolayers, because the spreading of DPPC and CN is not
made simultaneously from a premixed dispersion (first, the DPPC is spread at the pure water/vapor
interface, and then the addition of the CN is made onto the preformed DPPC monolayer), for the sake
of simplicity, the term mixed monolayers will be used within the manuscript to define the monolayers
containing both the lipid and the particles. It is worth mentioning that the methodology followed for
the preparation of the mixed layers has been chosen to ensure that the interaction between particles
and lipid molecules occurs only at the water/vapor interface, similarly to what happens during the
deposition of inhaled nanoparticles in the lung surfactant layer. However, two main differences
between the results obtained in this work and the naturally occurring interaction of inhaled particles
and the lung surfactant layer should be considered: (i) the presence of chloroform during CN addition
may affect both the lateral packing of the DPPC molecules and the DPPC–CN interaction, and (ii)
during the process of deposition of inhaled nanoparticles, the interaction of particles and the lung
surfactant layer may be affected for specific mass transport boundary conditions which cannot be
included in studies based in Langmuir monolayers. These may modify the scenario occurring when
in vivo conditions are considered in relation to that presented in the current study. Despite the lung
surfactant being a complex mixture formed by several lipids and proteins, which undergoes periodic
deformations of its surface area, a first step toward the understanding of the effect of particles in lung
surfactant layers is to study the incorporation of particles into model monolayers.

On the basis of the nature of particles, it may be expected that the interaction between CN and
DPPC at the interface can occur according to two types of mechanisms: (i) electrostatic interactions
between the negatively charged carboxylic groups on the CN surface and the ammonium group at
the terminal end of the polar head of the DPPC molecules, and (ii) hydrophobic interaction between
nanosheets and the hydrophobic tails of the lipid molecules, whose importance increases with the
packing of the monolayer.

Particles’ incorporation into the lipid layer was evaluated from the modification of the DPPC
surface pressure (Π)–area per molecule (A) isotherm (Π–A isotherm) after the addition of CN. Figure 3
shows the Π–A/A0 isotherm for DPPC monolayers in the presence of different weight fractions of
CN, xc (note that the area axis is represented as the compression degree A/A0, where A and A0 are
the area corresponding to a single molecule of DPPC at the interface, considering a monolayer of the
pure lipid, and the area occupied by a DPPC molecule before to start the compression, i.e., after the
lipid spreading, respectively). The value of A0, was fixed for all the experiments, assuming a value of
120 Å2/molecule, which is equivalent to a DPPC interfacial density Γ0 = 1/A0 = 1.4 µmol/m2.
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Figure 3. Π–A/A0 isotherms for the Langmuir monolayer of 1,2-Dipalmitoyl-sn-glycerol-3-phosphocholine
(DPPC) containing different amounts of CN. Each curve corresponds to DPPC monolayers with a
different weight fraction of CN at the interface (xc): (—) 0.00, (—) 0.12, (—) 0.26, (—) 0.30, (—) 0.33, (—)
0.42 and (—) 0.50. The inset represents the isotherm obtained for the CN monolayer.
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The obtained DPPC isotherm is similar to those found in previous studies concerning this
lipid [51,58–60], with the surface pressure increasing steeply as the interfacial density increases (i.e., as
the A/A0 ratio decreases), within the gas and liquid expanded (LE) phases, until reaching the region of
coexistence between the LE and the liquid condensed (LC) phases (LE-LC coexistence). Along the
LE-LC coexistence, a pseudo-plateau in the surface pressure was found, which is associated with the
disappearance of the LE phase due to the re-orientation of the molecules to form a more ordered phase.
Once the LE-LC coexistence is overcome (A/A0 ~ 0.5), the surface pressure increases sharply with the
packing density within the LE expanded phase and the solid one.

The inclusion of CN into the DPPC monolayer affects the isotherm of the pure lipids in two
different ways: (i) alters the shape of the DPPC isotherm, and (ii) shifts the isotherm in relation to
that corresponding to the pure DPPC. The former modification may be explained considering that
particles’ incorporation hinders the lateral packing of lipids at the interface, which is associated with the
modification of the interactions occurring at the interface. Thus, the electrostatic interactions appearing
between the carboxylic groups on CN and the polar head of the lipid affects the lateral packing of DPPC,
as a result of the modification of the dipolar moment of the lipid at the interface [29,35]. The electrostatic
interactions are also correlated to the shifting of the isotherm with the CN incorporation. The presence
of CN shifts the isotherm to lower values of A/A0, i.e., the presence of CN induces a behavior in DPPC
monolayers similar to that expected considering a decrease of the effective surface concentration of
DPPC at the interface, with this behavior presenting a strong dependence on the weight fraction of
the particles. This is explained considering that in spite that particles remain trapped at the interface,
taking out part of the area available for the reorganization of lipid molecules as was found for other
hydrophobic particles [32,44], the electrostatic interaction between the carboxylic groups and the
ammonium group of the DPPC polar head induces the adsorption of DPPC molecules onto the CN
surface, decreasing the effective interfacial density of DPPC, and shifting, as a matter of fact, the
isotherm to higher compression degrees. This behavior is just the opposite to that found when the
interaction of carbon black with DPPC was considered [35,44], presenting a certain analogy with
the behavior reported by Wang et al. [47,48], when the interaction of DPPC and different fullerenes
was considered, and by Sheridan et al. [38] in their study of the interaction of commercial carbon
particles and DPPC. It must be stressed that above a threshold value of xc (in the range 0.42–0.50), the
DPPC isotherm starts to shift to more expanded states (higher values of A/A0) upon incorporation
of CN. This may be the result of a change in the orientation of CN at the interface, from a “face-in”
orientation to an “edge-in” one, to minimize the electrostatic and steric repulsions between nanosheets.
This change of the CN orientation at the interface may hinder the DPPC–CN interaction, with the
reduction of the interfacial density of DPPC being less important, which supports the shifting of the
isotherm to more expanded states. Figure 4 shows a cartoon of the different distribution of the lipids
and the CN at the interface as a function of the xc value.

An alternative explanation for the changes on the isotherm as a result of the incorporation of
nanoparticles is the possible stacking of CN as its interfacial density is increased. This was previously
discussed by Wang et al. [47,48] in their studies on the interaction of DPPC and different types
of fullerenes. Thus, at the lowest values of xc, it would be expected that individual CN may be
incorporated at the interface removing DPPC molecules. This is compatible with the shifting of the
isotherm to lower values of A/A0 than those corresponding to pure DPPC monolayers. However, once
a certain threshold value of xc is reached, the CN may start to stack, forming multilayers. This results
in the decrease of the area accessible for the adsorption of DPPC molecules onto the CN surface, and,
as a matter of fact, is less important than the DPPC removing from the interface, which means that the
shift of the isotherm to higher values of A/A0 may occur. It is worth noting that the above mechanisms
lead to qualitatively similar results, with further studies being needed to discriminate the real origin of
the isotherm shifts.
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Figure 4. Scheme of the possible distribution of DPPC and CN at the water/vapor interface as
xc increases: (a) Pure DPPC monolayer. (b) Monolayer of DPPC and CN in “face-in” orientation.
(c) Monolayer of DPPC and CN in “edge-in” orientation. The different brightness of the upper region
of panel a in relation to panels b and c pretends the existence of different environments (clean vs.
polluted). Notice that the adsorption of DPPC molecules onto the CN surface is not shown explicitly in
the scheme. It is expected that this adsorption can be more favored in the “face-in” (low values of xc)
orientation than in the “edge-in” (high values of xc) one.

Additional insights on the effect of CN incorporation into the DPPC layers is provided from the
quasi-static dilational elasticity obtained from the isotherm, as follows:

ε0 = −A (∂Π/∂A)T (5)

Figure 5a shows the surface pressure dependences of the quasi-static dilational elasticity for DPPC
monolayers including different weight fractions of CN. The analysis of the dependences obtained for
pure DPPC monolayers clearly shows three different features: (i) at the lowest surface pressures, the
elasticity increases until a maximum related to the highly disordered LE phase in which a weak lateral
packing between the molecules is expected, (ii) the elasticity drops with the increase of surface pressure
down to reach a quasi-null value for the surface pressure corresponding to the LE-LC phase, and (iii)
the elasticity increases within the LC phase up to its maximum value, which is related to an enhanced
lateral packing, and then the elasticity drops as the monolayer approaches the collapse.
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Figure 5. (a) Quasi-static dilational elasticity, ε0, dependences on the surface pressure, Π, for the
Langmuir monolayer of DPPC containing different amounts of CN. Each curve corresponds to DPPC
monolayers with a different weight fraction of CN at the interface (xc): (�) 0.00, (�) 0.12, (�) 0.26,
(�) 0.30, (�) 0.33, (�) 0.42, (�) 0.50 and � 1.00 (CN). (b) Dependence of the limit values of the elasticity,
ε0, on the particle weight fraction, xc, for the liquid expanded phase, LE (�, ······), and the liquid
compressed phase, LC (o, —). Notice that lines are guides for the eyes.
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The incorporation of CN dramatically affects the elasticity of the DPPC, decreasing the average
elasticity within the entire phase diagram of the DPPC. This is explained considering the hindering
of the lateral packing of the monolayer, which weakens the cohesive interactions. Furthermore, the
increase of the CN amount leads to a behavior reminiscent to that appearing in monolayers of lipids
with lacked lateral packing as those presenting a double bond in which a single liquid disordered
phase appears in the isotherm [26]. The modification of the character of the monolayer is made clearer
from the results in Figure 5b, where the maximum values of the elasticity for the LE and the LC are
represented. The results clearly show that the elasticity of both phases is reduced with the value of
xCB, resulting from the hindrance to the DPPC reorientation due to the CN incorporation. Thus, the
introduction of CN reduces the rigidity of the lipid monolayer, which can impact negatively on the
mechanical performance of lung surfactant layers. This is because the rigidity of the lung surfactant
film is essential for avoiding the alveolar collapse upon compression. Furthermore, the maximum
packing for the monolayer can be found for lower values of surface pressure with the increase of the
weight fraction of CN. This could be rationalized considering that even though the lateral cohesion
between the components existing in the monolayers is decreased, the interfacial density increases and
consequently, the maximum packing of the monolayer occurs at lower values of the surface pressure.

Additional information about the effect of particles’ incorporation in the interactions and the
properties of DPPC monolayers may be obtained by applying the concepts of the thermodynamics of
interfacial mixtures [61,62]. This provides an understanding about the contraction or expansion of the
behavior of the monolayer for a fixed value of the surface pressure with respect to the conditions in
which no interactions are involved, i.e., the ideal mixture. Ideal mixtures present an interfacial area
which is defined as follows:

Aid = xDPPCADPPC + xCAC (6)

where ADPPC and ACN correspond to the areas per a mass unit of DPPC and CN at the considered
surface pressure for a monolayer of the pure components respectively, and xDPPC and xC refer to the
weight fractions of DPPC and CN at the interface in the mixed monolayer. The differences associated
with the mixing process at the fixed value of the surface pressure can be evaluated in terms of the
excess area, AE, defined as follows:

AE = A12 - Aid (7)

where A12 corresponds to the area per molecule corresponding to a fixed value of the surface pressure.
Figure 6 shows the dependences of the AE on the weight fraction of xC at the interface for different
values of the surface pressure.
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Figure 6. Dependences of the AE on the particle weight fraction, xC, for different values of the surface
pressure Π: (—�—) 3 mN/m, (—�—) 6 mN/m, (—�—) 7.5 mN/m, (—�—) 10 mN/m, (—�—) 20 mN/m
and (—�—) 30 mN/m. Notice that lines are guides for the eyes.
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The results show that AE is negative values within the explored surface pressure range,
independently of the weight fraction of the nanosheets. This is ascribed in most binary mixtures
to a non-ideality on the mixing between the components at the interface, even though the cohesion
interactions favor the miscibility [63]. Considering the particular characteristics of our mixed systems,
the decrease of the area with respect to that expected for an ideal mixture, it can be explained considering
the above discussed adsorption of the DPPC onto the surface of CN through the electrostatic interactions
occurring between the ammonium groups of DPPC and the carboxylic groups on the CN surface.

Moreover, the analysis of the dependence of AE on the weight fraction for the different surface
pressures, and the comparison of such dependences, help for deepening the interaction mechanism.
Independently of the surface pressure considered, the excess area decreases with xc, for the lowest
values of xc, and then it increases. This is explained considering the above commented change of
the CN orientation at the interface which affects the interactions of the CN with the lipid molecules
and between the different CN. Therefore, the increase of AE with xc for the highest values of xc may
be considered as a signature of the reduction of the DPPC–CN interactions. The analysis of the
dependences of AE on the surface pressure evidences that increases of the packing diminishes the role
of the interactions in the area reduction, probably as a result of the modification of the lateral packing
as a result of the compression.

3.3. Effect of CN Incorporation in the Dilational Response of DPPC Langmuir Monolayers

The above discussion has focused so far on the effect of the CN on the equilibrium properties of
DPPC monolayers. However, the behavior of most of the biologically relevant systems is closely related
to their dynamics behavior. Therefore, the understanding of the effects of particles’ incorporation
into DPPC monolayers can be used as a preliminary test for evaluating the impact of particles in
the functionality of lung surfactant layers, even though the conditions considered here are far from
that corresponding to the typical respiratory cycle (higher frequencies and deformation amplitudes).
However, the analysis of the dilational response provides information related to the effect of particles’
incorporation in the relaxation mechanisms involved in the equilibration of the lipid layer [27,28].
This is possible from the analysis of the frequency dependences of the viscoelastic modulus (see Figure 7)
obtained using the oscillatory barrier method at a fixed deformation amplitude within the linear
response range (5% of the initial area). Note that the value of the viscoelastic modulus corresponding
to the lowest frequency was considered to be the quasi-static dilational elasticity obtained from the
isotherm, with the value of the frequency assigned to such value being obtained as the compression
ratio, which for the experiments performed here assume a value of about 5·10−4 Hz.

The viscoelastic modulus-deformation frequency curves for DPPC monolayers show an inflexion
point, with the exception of that obtained for the lowest value of the surface pressure. This inflexion
point is associated with the characteristic frequency of the reorganization of the lipid molecules within
the interface. The absence of such a relaxation process for the lowest surface pressure may be explained
considering the low interfacial density, which allows a free reorganization of the molecules within the
interface, which can involve time scales below (higher frequencies) those tested by oscillatory barrier
experiments. The characteristic relaxation frequency can be obtained by fitting the experimental data
to the following theoretical dependence according to the model proposed by Ravera et al. [64]:

|ε*| = [(E1
2 + λ2E0

2)/(1+ λ2)]1/2, (8)

where λ = νR/ν, with νR being the characteristic relaxation frequency, and E0 and E1 are the lower and
upper limits of the elasticity within the considered frequency range. It is worth noting that for an
insoluble monolayer as that studied here, the value of E0 coincides with the quasi-static dilational
elasticity obtained from the isotherm.
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Figure 7. Experimental (symbols) and calculated, using Equation (7), (lines) dependences of the
interfacial dilational viscoelasticity modulus on frequency at different values of the surface pressure Π:
(a) 3 mN/m, (b) 7.5 mN/m, (c) 20 mN/m, and (d) 40 mN/m. In the plots, each set of data corresponds to
a different value of xCN: (�, —) 0, (�, —) 0.26 mN/m and (N, —) 0.42.

The analysis of the experimental curves for DPPC shows that the increase of the packing density,
i.e., the increase of the surface pressure, leads to the increase of the value of the characteristic relaxation
frequency (see Figure 8) up to the onset in the region in which molecules have high lateral packing
(see values corresponding to 40 mN/m). The initial increase may be explained by assuming that the
lateral packing and ordering of the interfaces reduces the length-scale within which the relaxation
occurs, and as a matter of fact, the relaxation becomes faster. Therefore, it is possible to assume that the
lateral reorganization of the molecules is enhanced with the increase of the packing of the monolayer.
For the highest packing density (high surface pressure), a slight decrease of the characteristic frequency
was found, which may be associated with the loosening of the monolayer character of the DPPC film,
involving more complex dynamics.
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Figure 8. Dependences of (a) νR and (b) E1 on the weight fraction of xCN for different values of the
surface pressure Π(�) 3 mN/m, (�) 7.5 mN/m, (N) 20 mN/m and (H) 40 mN/m.
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The particles’ incorporation does not significantly alter the scenario, and no additional relaxation
processes appear due to the presence of particles. Furthermore, the characteristic frequency also
increases with the interfacial packing (see Figure 8). The main differences upon particles’ incorporation
are associated with the emergence of a relaxation process for the lowest surface pressure. This may
be the result of the excluded area effects which limits the length scale in which the reorganization of
DPPC occurs, making this process accessible within the experimental window.

Figure 8 shows the dependences of νR and E1 on the weight fraction of CN at the interface.
The results corresponding to the dependences of νR (Figure 8a) show that in general, the relaxation
processes are slightly slowed down (decrease of νR with the increase of xc). This may rationalize
considering the role of the molecules adsorbed onto the CN surface on the reorganization processes
involving the equilibration of the interfacial layer [31].

The analysis of the dependences of E1 (Figure 8b) evidences a slight decrease of the high-frequency
limit of the elasticity with the increase of xCN. This could also be ascribed to the worsening of the
lateral cohesion of the DPPC layers as a result of the incorporation of the particles.

The results discussed here have shown that the incorporation of particles into lipid monolayers
affect their equilibrium and dynamic properties. This is because particles distort the lateral organization
of the lipid molecules, worsening, as a matter of fact, the cohesion of the monolayers, which can
impact on a premature collapse when lung surfactant is concerned. Furthermore, particles modify
the relaxation mechanism involved in the re-equilibration of the interfacial layers upon periodical
compression-expansion deformation, which may influence the dynamics of re-entrance of material at
the interface during the respiratory cycle, and consequently affect the normal physiological performance
of lung surfactant layers.

4. Conclusions

The effect of the incorporation of CN into DPPC monolayers has been studied on the basis of the
modification of the equilibrium isotherm and rheological properties of DPPC results. The analysis
of the modification of the interfacial properties has been found to be dependent on the amount of
particles, with particles affecting, in two different ways, the interfacial properties of lipid monolayers:
(i) By decreasing the effective interfacial density of DPPC, and (ii) by reducing the area available
for DPPC reorganization. The predominance of one such effect over the other is dependent on the
interfacial density of particles, which modify the orientation of CN at the interface affecting the
electrostatic interactions between the lipid and the particles. Furthermore, CN incorporation weakens
the cohesion between lipid molecules, altering, as a matter of fact, the lateral packing of the molecules,
which may affect the functionality of the interfacial layer. The results obtained here have evidenced
that the analysis of the influence of particles’ incorporation in both the equilibrium and rheological
properties of DPPC layers can be used for the preliminary evaluation of the alterations induced by
particles in biologically relevant systems, which presents special interest when particles’ inhalation is
concerned. However, it is worth noting that it is not possible to make a direct extrapolation of the
results obtained using model Langmuir monolayers to the real situation occurring during inhalation.
This is because in real systems, the mass transport during the deposition occurs under different mass
boundary conditions to those considered here, which may affect the interactions between DPPC
and CN.
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