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biomedical and optoelectronic fields. The wide use of these materials makes it necessary to study its potential 
toxicity associated with the inhalation of Graphene Oxide (GO) nanoparticles and its interaction with the lung 
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surfactant and the effect of intercalation of nanoparticles on its structure and properties. Therefore, to know the 
origin of the phospholipids/GO interaction and the structure of the lipid layer with GO, in this work we study the 
effect of the insertion of GO sheets on a Langmuir film of 1,2-Dipalmitoyl-sn-glycerol-3-phosphocholine (DPPC). 
Experiments: Surface pressure-area isotherms, Neutron (NR) and X-ray Reflectivity (XRR) and Grazing Incidence 
X-ray Diffraction (GIXD) measurements of hydrogenated and deuterated DPPC monolayers with and without GO 
have been carried out. 
Findings: The results outline a strong interaction between the GO and the zwitterionic form of DPPC and prove 
that GO is in three regions of the DPPC monolayer, the aliphatic chains of DPPC, the head groups and water in 
the subphase. Comparison between results obtained with hydrogenated and deuterated DPPC allows concluding 
that both, electrostatic attractions, and dispersion forces are responsible of the interaction GO/DPPC. Results also 
demonstrated that the insertion of GO into the DPPC aliphatic chains does not induce significant changes on unit 
cell of DPPC.   

1. Introduction 

Graphene Oxide (GO) is a derivate of graphene synthesized by 
oxidation of natural graphite or carbon nanofibers. Its structure has been 
subject to debate due to its strong dependence on the synthesis pro
cedure and the precursors used for oxidation [1,2]. However, there is 
wide agreement that GO contains carboxylic and ketone groups mainly 
located at the edges of sheets, while the basal plane is functionalized by 
epoxy and hydroxyl groups [3,4]. In recent years, it has been demon
strated that oxidation by concentrated acids produces fragments highly 
oxidized referred as oxidative debris (OD) [5]. They are constituted by 
mixtures of polyaromatic molecules strongly oxidized and adsorbed on 
the GO sheets [6] which affect the GO properties such as the water 
dispersibility, spectroscopic properties, conductivity, catalytic activity 
or its interfacial properties [7,8]. These fragments can be eliminated by 
alkaline washing [1,2,6,9]. 

The existence of O-groups on the basal plane of graphene oxide al
lows binding nanoparticles, polymers, or different type of molecules that 
modulate the properties of the hybrid materials according to the needs 
of each application. Due its excellent properties, GO and its derivatives 
are used as component of photovoltaic cells [10], conductive electrodes 
[11] or light emitting diodes [10]. Besides, its strong dispersibility in 
water allows its use in biomedical applications such as biosensing [12], 
bioimaging [13] or as a drug delivery vector [14]. Importantly, it has 
been found that GO sheets adsorb some drug molecules and can be used 
as drug carriers [15]. Besides, GO-DNA complexes are being considered 
for gene delivering in cells [16]. In these systems, understanding the 
origin of the interaction between GO and the lipid membrane becomes 
crucial for delivering these molecules into the cellular matrix. 

The wide use of this material in different applications makes it 
necessary to study its potential toxicity associated with the inhalation of 
these particles and its incorporation into the lung surfactant (LS). LS is 
the first barrier against inhaled pathogens which can alter the compo
sition, or the organization of the lipid membrane, modifying their 
properties [17]. These changes drive to dysfunctions in the behavior of 
LS with important effects on the respiratory process [18–20]. GO 
toxicity studies have been studied in recent years, showing different 
biological responses depending on the size, shape and concentration of 
GO sheets and the administration route [21,22]. Concerning its effect on 
the alveolar cells, it has been shown that the administration of GO in 
mice develops fibrosis in lung tissues [23]. In addition, it was reported 
that the retention of GO on the lung surfactant film destroys its structure, 
modify its biophysical properties resulting potentially toxic [24]. In 
other situations, it was demonstrated that GO inhalation caused strong 
inflammatory response by releasing cytokines [22]. To interpret the 
origin of this varied behavior, it is necessary understand the interaction 
mechanisms of GO with LS at the alveoli as well as the modification of 
the structure of the lipid bilayer produced by the insertion of the GO 
sheets [25]. Because the interactions between GO and LS occurs at the 
interface between the air and the alveolar layer, the GO/LS interactions 
should be studied at the interface level. In this sense, Langmuir mono
layers have proven to be an excellent tool for studying the properties of 

the lung surfactant and the effect of incorporating different nano
particles on its structure and functions [18,26]. 

The lung surfactant is a complex fluid constituted by lipids and 
proteins which enveloping the pulmonary alveoli allowing the decrease 
of the surface tension, stabilizing the lung during respiratory cycles, and 
preventing alveolar collapse at the end of expiration [27]. The 
complexity of the lung surfactant makes it necessary to reduce the 
number of components for understanding the role of each one in the 
surface properties of the film and to study the interactions between the 
lung surfactant and nanoparticles. The most widely used models reduce 
the components to 1,2-Dipalmitoyl-sn-glycerol-3-phosphocholine 
(DPPC) [26,28], since it is the main component of the lung surfactant 
and responsible for the organization of lipids and the reduction of the 
surface tension [18]. 

In vitro study of interactions between DPPC and GO have received 
great attention in recent years. In this sense, using tensiometry [29] and 
quartz crystal microbalance with dissipation [30] measurements, it was 
concluded that electrostatic interactions between negatively charged 
GO sheets and the head groups of phospholipid molecules mainly govern 
the lipid-GO interactions. However, experimental results show the ex
istence of other interaction forces as hydrogen bonding, or hydrophobic 
and van der Waals forces [31–33]. So, Molecular Dynamic calculations 
(MD) indicated that graphene oxide can be embedded in the lipid tails of 
a bilayer by strong dispersions interactions [34]. 

In a recent work, using X-ray reflectometry (XRR) and grazing inci
dent X-ray diffraction (GIXD), the interaction between GO and the 
zwitterionic form of DPPC deposited on solid substrates containing 
different wt % of GO was studied [33]. Results show two types of 
diffraction results, GO-rich micro-domains in which the GO sheets 
penetrate the hydrocarbon tails of the phospholipid molecules and a GO- 
poor bilayer like the pristine phospholipid molecules. The effect of 
phospholipid electric charge on the interactions with GO has also been 
studied by synchrotron X-ray measurements in multilayers adsorbed on 
solids [32]. Results revealed that GO sheets are accumulated under the 
positively charged DPPC groups due to electrostatic attractions, while 
they are repelled by negatively charged phospholipids and present a 
weak interaction in the case of the neutral phospholipid (zwitterionic 
form). Interactions between GO and neutral phospholipids have been 
studied [29,31,35]. However, while some authors reported attractive 
interactions between them [29], other studies claim no interactions 
between GO and the zwitterionic form of DPPC [31,35]. This contro
versial shows that the origin of the interactions between the lipid 
membrane and GO is still under debate and requires a greater experi
mental effort to fully understand it. With this objective in mind, in this 
work we study the structure of DPPC and GO mixed monolayers using 
NR, XRR, GIXD and tensiometry measurements. We have selected NR, 
XRR measurements since are key techniques to obtain information about 
the out-of-plane molecular structure and composition [36–39], while 
GIXD is a versatile technique to obtain the in-plane molecular structure 
and lateral packing of phospholipid monolayers at fluid interfaces 
[40,41]. Besides, to understand the role of non-electrostatic forces as 
hydrogen bonds, hydrophobic and van der Waals forces in the lipid-GO 
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interactions, we compare results obtained using two isotopic phospho
lipid molecules, chain-hydrogenous 1,2-dipalmitoyl-sn-glycero-3-phos
phocholine (h-DPPC) and chain-deuterated DPPC (d62-DPPC). We have 
designed this strategy, since it is well established that some intermo
lecular interactions such as dispersion or hydrogen bonds are weakened 
when the hydrogen atoms are replaced by deuterium atoms [42]; 
therefore, through this modification we hope to confirm not only the 
existence of these interactions, but also their role in the structure of 
phospholipid/GO monolayers at the air–water interface. 

2. Experimental section 

2.1. Sample preparation 

GO was synthesized by the Hummerś method modified by our group 
to obtain highly oxidized GO sheets of a few layers [7]. Details of the 
synthesis are in the Supporting Information. The percentage of O groups 
attached at the graphene oxide sheets was calculated from X-ray 
photoelectron spectroscopy (XPS) resulting a C/O atomic ratio of 1.46. 
The sheet size and the surface electric charge were obtained from DLS 
and by ζ-potential measurements, respectively. The DLS results show a 
monomodal distribution function with an apparent hydrodynamic 
diameter value of 615 ± 8 nm while the ζ-potential value of GO aqueous 
solutions was – 46 mV. All these structural characteristic of GO sheets 
agree very well with data previously reported [7]. 

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (h-DPPC) and chain- 
deuterated DPPC (d62-DPPC) were purchased as powder from Avanti 
Polar Lipids (purity > 99%, Alabaster, AL, USA). Ultra-pure water used 
for cleaning and preparing the GO subphase solutions was generated by 
passing deionized water through a Milli-Q unit from Millipore. The total 
organic content of ultra-pure water was 4 ppb, its resistivity was 18 
μΩ⋅cm and the surface tension 72.5 mN m− 1. D2O (99.9% of isotopic 
purity) and the reagents used for GO synthesis, NaNO3 (99%), H2SO4 
(98% w), KMnO4 (>99%), and H2O2 (30% w), were provided by Sigma- 
Aldrich (St. Louis, MO, USA) and used as received. 

2.2. Experimental methods. 

The surface pressure (Π) - area per molecule (A) isotherms were 
recorded using a Langmuir trough (model G1, KIBRON, Helsinki, 
Finland) with a maximum area of 166.4 cm2. This trough was also used 
for NR experiments while an in-house setup described below was used 
for X-Ray experiments. The trough was carefully cleaned with Decon 90 
(Decon Laboratories Ltd, Conway St, UK), absolute ethanol (BioUltra, 
for molecular biology), purity ≥ 99.8%, Sigma-Aldrich, (St. Louis, MO, 
USA) and Milli-Q. For the isotherms of pristine DPPC, the trough was 
filled with Milli-Q water or a mixture 8:92 v/v % of D2O: H2O, known as 
air contrast matched water (ACMW). To study the interaction between 
GO flakes and lipid monolayers, GO sheets were dispersed in D2O or 
ACMW to the chosen concentration (0.033 mg/ml). Then, the trough 
was filled with the GO dispersions and the lipid solution in chloroform 
(0.1 mg/ml) was spread on the subphase using a Hamilton micrometer 
syringe with a precision of ± 1 µL. After the chloroform was evaporated 
for about 20 min, the variation of surface pressure during compression at 
a barrier speed of 8 cm2⋅min− 1 was recorded using a paper plate 
(Whatman CHR1 chromatography paper) connected to an electro
balance. In all the experiments the temperature of the subphase was 
maintained at 21.0 ± 0.5 ◦C. A calibrated KSV sensor was used to 
measure the temperature at the surface. 

X-ray photoelectron spectrum of GO powder was measured in a VG 
Escalab 200R spectrometer from Fisons Instruments (Parkton, MD, USA) 
using an excitation source of Mg Kα (hν = 1253.6 eV) radiation and a 
hemispherical electron analyzer. The spectrum was recorded at 20 eV 
analyzer pass energy. During data acquisition the residual pressure in 
the analysis chamber was kept below 4 × 10− 7 Pa. 

Dynamic light scattering (DLS) and ζ-potential measurements were 

performed on a Zetasizer Nano ZS device (Malvern Instruments, Mal
vern, UK) at 20.0 ◦C. In the DLS experiments, the intensity autocorre
lation functions were transformed in electric field autocorrelation 
functions from the Siegert equation. The experimental data sets were 
obtained at 13◦. For ζ-potential experiments, we measured the electro
phoretic mobility using a DTS 1060C disposable cell. The electropho
retic mobility values, μe, were converted in ζ-potential using the 
Smoluchowski [43] relationship, ζ = η μe/ε, where η and ε are the ab
solute viscosity and permittivity of water at 20 ◦C, respectively. 

2.2.1. Neutron reflectometry experiments 
Specular NR experiments were performed on FIGARO, a time-of- 

flight reflectometer [44,45] at the Institut Laue-Langevin, (Grenoble, 
France), using two different angles of incidence (θ1 = 0.6◦ and θ2 =

3.7◦). A wavelength resolution of 7% dλ/λ was used, yielding a mo
mentum transfer of 0.01 Å− 1 < qz < 0.25 Å− 1, normal to the interface, 
and defined as qz = (4π/λ)sinθ, where λ (from 3 to 13 Å) is the wave
length of the neutron beam. In a typical experiment, Reflectivity (R), 
defined as the ratio of the intensity of the neutrons scattered from the 
air/water interface over the intensity of the incident neutron beam, is 
measured in specular conditions (i.e., the incident angle of the neutron 
beam is equal to the reflected angle, denoted as θ) as a function of qz. The 
raw time-of-flight experimental data at the two angles of incidence were 
calibrated with respect to the incident wavelength distribution and the 
efficiency of the detector yielding the resulting R(qz) profile using 
COSMOS [46]. This profile is linked to an in-plane averaged scattering 
length density (SLD) distribution perpendicular to the interface, which is 
a measure of the coherent scattering cross-section of the molecular 
species that constitutes each interfacial layer. 

NR data modeling was designed by minimizing the differences be
tween the calculated and the experimental reflectivity profiles. Aurore 
[47] and refnx [48] software were used for the data analysis. To mini
mize the ambiguity of data modeling, the SLD contrast variation method 
was used for determining the roughness, thickness, and hydration de
gree of each layer. Therefore, NR experiments were performed using 
different isotopic subphases for providing distinct contrasts with neu
trons, namely 100 % D2O, a mixture 8:92 v/v % of D2O:H2O, known as 
air contrast matched water (ACMW), since its scattering length density is 
matched to the air at zero and a mixture of 95% h-DPPC and 5% d62- 
DPPC, referred as contrast matched DPPC, cm-DPPC, because de SLD of 
the aliphatic tails is zero. To obtain the best set of parameter for each 
layer the analysis fits simultaneously the reflectivity data measured in 
the selected contrasts [7]. 

2.2.2. X-ray scattering experiments 
X-ray scattering experiments, specular X-ray reflectometry and 

grazing incidence X-ray diffraction, were carried out at the ID10 
beamline at the European Synchrotron Radiation Facility (ESRF), 
(Grenoble, France), with X-ray energy of 22 keV and a beam size of 25 ×
13 μm2. Both techniques, XRR and GIXD are extensively described 
elsewhere [41,49]. Here, an in-house, setup consisting in a PTFE Lang
muir trough equipped with a single moveable barrier, was used for both 
GIXD and XRR experiments. The experiments were performed at two 
selected surface pressures (15 and 35 mN/m) and at a constant subphase 
temperature of 21.0 ± 0.5 ◦C. To minimize the background scattering, 
the trough was isolated in a Kapton box, and the inside atmosphere was 
saturated in He (oxygen level < 0.2 %). Different areas of the trough 
were exposed to the X-rays beam in each particular experiment to avoid 
radiation damage to the sample [41]. 

In the case of XRR experiments, R was defined as the ratio of the 
intensity of the X-rays scattered from the air/water interface over the 
intensity of the incident beam, also measured in specular conditions as a 
function of qz, with λ = 1.55 Å. X-ray scattering density profiles along 
the direction normal to the interface, similarly to NR, can be extracted 
[50,51]. XRR data reduction were done using in-house scripts developed 
at ESRF ID10 and data analysis were done using refnx software [48]. 
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For the GIXD experiments, Langmuir monolayers were irradiated 
with 8 keV X-ray beam energy and at an incidence angle of θ = 0.1233◦, 
80% below the critical angle of pure water. GIXD 2D contour profiles of 
the scattered intensity were acquired using a double linear detector 
(Mythen 2 K) mounted behind a vertically oriented Sollers collimator 
with an in-plane angular resolution of 1.4 mrad. Diffracted intensities 
were detected as a function of X-ray momentum transfer component 
perpendicular, qz, and parallel to the air/water interface, qxy =

(4π/λ)sin2θxy/2, which further gives the repeat distance d = 2π/qxy , 
where 2θxy is the angle between the incident and diffracted beam pro
jected on the air/water interface. The in-plane component reports the 
lateral crystalline order in the acyl chains of the phospholipid molecules, 
whereas the out-of-plane component is used to determine the acyl chain 
tilting angle and coherence length. 

GIXD peaks were obtained by the integration of the 2D profiles along 
qz to obtain the so-called Bragg peaks using in-house scripts developed at 
ESRF ID10. These data were fitted using Voigt functions to obtain unit 
cell parameters. The in-plane coherence length (Lxy) along the crystal
lographic direction was determined using the Scherrer formula: Lxy =

(0.9 × 2π)/FWHMxy, where FWHMxy is the full width half maxima 
calculated from the Voigt fitting of the qxy spectrum, respectively. 

2.3. Monolayer models used for analyzing XRR and NR profiles 

NR and XRR data modelling were performed by minimizing the 
difference between the experimental data points and the calculated 
reflectivity profile. The latter was obtained by a model consisting of 
different layers of constant SLD using Parratt’s recursive method [52] 
with an error function connecting adjacent layers. In the case of DPPC 
lipid monolayers deposited in pure water, the reflectivity profile was 
interpreted using a two-layers model that can be rationalized by 
dividing DPPC molecules between the polar head groups region, in 
contact with the aqueous subphase, and the aliphatic tails facing the air 
phase with different SLD values. Molecular volumes of the lipid head 
groups (Vheads) and tails (Vtails) and the total neutron and X-ray scat
tering length of head groups and tails were fixed parameters in the 
fitting procedure; the values are collected in Table S1. The SLD of the 
layer containing the head-groups is re-parametrized as ρheads =

fw
headρw

heads + fdppc
head ρ

dppc
heads, where fw

heads is the volume fraction occupied by 
the water molecules with NR or XRR SLD values referred as ρw

heads, and 
fdppc
heads is the volume fraction of the DPPC head-groups characterized by 

and SLD referred as ρdppc
heads (Table S1). The water volume fraction of the 

head groups-layer (fw
heads) was constrained to ensure the same area per 

molecule of aliphatic tails (Atails) and head groups (Aheads) of the DPPC 
molecules [53]. 

In presence of GO, the monolayer was modeled using a three-layers 
model, the aliphatic chains, the head group and a third layer referred as 
3L which only contains GO surrounded by water molecules. We consider 
that the aliphatic chains and the head group layers incorporate GO 
sheets, therefore, the SLD values for tails, ρtails, and for head groups, 
ρheads regions are expressed as follows: 

ρtails = f dppc
tails ρdppc

tails + f go
tailsρ

go
tails  

ρheads = f w
headρw

heads + f dppc
head ρdppc

heads + f go
headρgo

heads 

The SLD of the 3L layer is calculated as: 

ρ3L = f w
3Lρw

3L + f go
3L ρgo

3L 

In these equations, f go
i , fw

i and fdppc
i represent the volume fractions of 

GO sheets, water and DPPC for each i-layer, aliphatic tails, head groups 
and 3L. Finally, the variation of the volume fraction, Φ(z), for each 
component with the distance to the interface, z, was calculated using the 
model composed of N-layers of varying volume fraction (fi) and 

thickness (ti) modulated by a roughness parameter (σi) which describes 
the interfacial mixing of the layers, as follows: 

Φ(z) =
∑N

i=0

fi − fi− 1

2

(

1+ erf
(

z − ti

σi
̅̅̅
2

√

))

(1)  

3. Results and discussion 

3.1. Phospholipid Langmuir films 

To study the surface activity and phase behavior of the phospholipid 
monolayers at the air–water interface, we have recorded the surface 
pressure-area isotherms of h-DPPC and d62-DPPC on ultrapure water and 
on aqueous GO solutions (0.033 mg/ml), prior the X-rays and neutron 
scattering measurements, Fig. 1 a,c,e. Since it is expected that the in
teractions between DPPC and GO modify the mechanical properties of 
the phospholipid monolayer, the surface compression elastic modulus 
value, C− 1

s , was calculated from the surface pressure isotherms and Eq. 
(2): 

C− 1
s = − A

(
dπ
dA

)

p,T
(2)  

where π and A represent the surface pressure and molecular area, 
respectively. The values are plotted against the surface pressure in Fig. 1 
b,d,f. 

Fig. 1a shows the pressure-area isotherms of h-DPPC and d62-DPPC 
deposited on pure water surface. Results show that the main difference 
between the isotherms is the LE-LC coexistence region. This region is 
marked by a plateau in the surface pressure isotherms and a minimum in 
the compression modulus curves, Fig. 1b. The coexistence starts at 3.7 
mN/m and 7.8 mN/m for h-DPPC and d62-DPPC, respectively. These 
values are in excellent agreement with data previously published [53]. 
Besides, the differences observed between the isotherms of deuterated 
and hydrogenous phospholipid have been previously reported for other 
phospholipid monolayers [41] and were attributed to a decrease on the 
intermolecular attractions between deuterated phospholipid chains 
relative to the hydrogenous ones [42,53]. Further compression drives to 
highly condensed monolayers, as revealed by the maximum value of the 
compression modulus, 290 mN/m. However, in these condensed regions 
the isotherms of both, the hydrogenated and deuterated phospholipids 
are quite similar. 

As can be seen in Fig. 1c, the pressure-area isotherm of h-DPPC 
spread on GO is more expanded than the isotherm on pure water, while 
the compression modulus decreases significantly, Fig. 1d. These results 
point to the strong interactions between GO and DPPC probably due to 
the partition of GO sheets into the lipid monolayer, including the 
aliphatic chains region, and/or the interaction between the cationic 
groups of DPPC heads and the negatively charged graphene oxide. 

In monolayers of the deuterated phospholipid, the d62-DPPC/GO 
isotherm is also more expanded than the d62-DPPC one, Fig. 1e, and the 
compression modulus values also decrease compared with the values of 
pristine d62-DPPC, Fig. 1f. However, the effect is less marked than in the 
isotherm of h-DPPC indicating a weaker interaction in the case of the 
deuterated chains. To interpret the origin of this behavior, the structure 
and organization of hydrogenated and deuterated DPPC monolayers 
with and without GO, have been studied using specular XRR and NR 
measurements. 

3.2. Out-of-plane structure of DPPC thin films studied by X-ray and 
neutron reflectivity measurements. 

We perform XRR and NR measurements to study the out-of-plane 
structure of monolayers of hydrogenous and deuterated DPPC depos
ited on pure water and on GO aqueous subphase (0.033 mg/mL). It was 
necessary to select the surface pressure values using the information 
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taken from the isotherms. Accordingly, it is very beneficial to select 
systems at a surface pressure in which the monolayers of the two iso
topes were in similar phases. For this reason, we have avoided the LE-LC 
coexistence region, since in that region the structure seems to be quite 
different for the two isotopic species. Using this criterion, the two sur
face pressures selected were 15 and 35 mN/m in which the DPPC 
monolayers are in a condensed state. As can be seen in the isotherms, 
Fig. 1a, at these surface pressure values the two monolayers on water are 
rather similar, allowing to fit the experimental data jointly. For 
comparative purposes, we work at the same surface pressure values in 
phospholipid/GO mixed monolayers. 

Initially, the out-of-plane structures of hydrogenated and deuterated 
DPPC monolayers were resolved by NR and XRR. As was commented, to 
minimize the ambiguity of data modeling, in the case of NR experiments 
we have used the following contrasts: ACMW for h-DPPC and d62-DPPC 
and cm-DPPC on ACMW. In the case of XRR measurements, we used 
ultrapure water as subphase. 

Since these phospholipid molecules yielded laterally homogeneous 
interfaces on the length scale of the in-plane neutron (and X-rays) 
coherence length [37], the measured reflectivity curves can be corre
lated with an averaged SLD depth profile across the interface delimited 
by this coherence length. To obtain a single set of structural parameters, 
the calculation was performed by the simultaneous fitting of XRR and 
NR data of the two monolayers at each surface pressure values and using 
the molecular volumes and SLD values previously reported [54] and 
summarized in Table S1 of the Supporting Information. The experi
mental results obtained by XRR and NR fit very well the two-layers 
model, as can be seen in Fig. S1 a,c,e of the Supporting Information. 
This means that the model of the two layers interprets properly the 
structure of this monolayer. This is in agreement with the results found 
in the literature [53]. The structural parameters obtained from fits, the 
thickness (ti), and the roughness (σi) of each i-layer, and the fraction of 
water molecules associated to each layer, (fw

i ), are collected in Table 1. 
For comparison Table 1 collects the structural parameters obtained for 
h-DPPC and d62-DPPC films with GO. The water volume values were 
calculated by assuming the area per molecule of the acyl chains of DPPC 
are equal to the area of the DPPC head groups [53]. The averaged SLD 
depth profiles across the interface are plotted in Fig. S1 b,d,f of the 
Supporting Information. 

From the structural parameter collected in Table 1 is possible to 

Fig. 1. Surface pressure-area isotherms of: (a) h-DPPC and d62DPPC on pure water; (c) h-DPPC on pure water and 0.033 mg/mL aqueous GO subphase and (e) d62- 
DPPC on pure water and 0.033 mg/mL aqueous GO solution. Surface compression elasticity modulus of (b) h-DPPC and d62DPPC on pure water, (d) h-DPPC on pure 
water and 0.033 mg/mL aqueous GO subphase, and (f) d62-DPPC on pure water and 0.033 mg/mL aqueous GO solution. All isotherms were recorded at 21 ◦C. 

Table 1 
Structural parameters obtained from the fitting of XRR and NR profiles to a two- 
layers model for h-DPPC and d62-DPPC Langmuir monolayers spread out at the 
air–water interface and from the fits of XRR and NR Reflectivity Profiles to a 
three-layer model for h-DPPC/GO films and of NR Reflectivity Profiles for d62- 
DPPC/GO filmsa.  

Monolayer Parameter/ 
units 

Acyl 
chainlayer 

Head 
groupslayer 

Aqueous 
GO (3L) 

DPPC (15 mN/m) ti / Å 14 ± 1 8 ± 1 – 
fw
i / % 0 26 ± 2 – 

σi/ Å 3 ± 1 3 ± 1 – 
A / Å2 54 ± 1 – 

DPPC (35 mN/m) ti / Å 15 ± 1 8 ± 1 – 
fw
i / % 0 16 ± 1 – 

σi/ Å 3 ± 1 3 ± 1 – 
A / Å 48 ± 1 – 

h-DPPC (15 mN/m) 
+ GO 
(0.033 g/L) 

ti / Å 16 ± 1 8 ± 1 31 ± 1 
SLD* / 10-6 

Å -2 
9.62 / 1.06 14.2/ 1.99 9.79 / 0.25 

fw
i / % 0 14 ± 1 95 ± 2 

fgo
i / % 28 ± 2 12 ± 1 5 ± 1 

σi/ Å 4 ± 1 6 ± 1 4 ± 1 
h-DPPC (35 mN/m) 
+ GO (0.033 g/L) 

ti / Å 17 ± 1 8 ± 1 32 ± 2 
SLD* / 10-6 

Å -2 
10.3/ 0.57 13.98/ 2.56 10.09/ 

0.50 
fw
i / % 0 14 ± 1 90 ± 2 

fgo
i / % 19 ± 1 22 ± 1 10 ± 1 

σi/ Å 5 ± 1 5 ± 1 4 ± 1 
d62-DPPC (15 mN/ 

m) + GO (0.033 
mg/ml) 

ti / Å 15 ± 1 8 ± 1 32 ± 1 
SLD** / 10-6 

Å− 2 
5.06/7.28 1.89 / 2.71 0.55 ±

0.05 
fw
i / % 0 3 ± 1 89 ± 3 

fgo
i / % 6 ± 1 2 ± 1 11 ± 1 

σi/ Å 3 ± 1 3 ± 1 4 ± 1 
d62-DPPC (35 mN/ 

m) + GO (0.033 
mg/ml) 

ti / Å 17 ± 1 8 ± 1 39 ± 1 
SLD** / 10-6 

Å− 2 
6.46/7.34 1.89 / 2.02 0.55 ±

0.05 
fw
i / % 0 3 ± 1 89 ± 3 

fgo
i / % 5 ± 1 2 ± 1 15 ± 2 

σi/ Å 4 ± 1 5 ± 1 4 ± 1  

* Contrast: XRR / NR. 
** Contrast: ACMW / D2O. 
a Errors are reported as absolute values calculated in 1σ interval. 
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conclude that the thickness of the aliphatic tails slightly depends on the 
surface pressure. The values found in the work are consistent with the 
molecular dimension of the acyl chain [50]. The thickness of the head 
group is found independent of the surface pressure and the value agrees 
very well with that previously reported [53]. In addition, the resultant 
mean area per molecule values were 54 Å2 (at 15 mN/m) and 48 Å2 (35 
mN/m) and are consistent with the values determined from the π-A 
isotherm. Finally, the values of roughness of each layer (σi) obtained 
from fits are compatible with that corresponding to the theoretical value 
expected for thermally excited capillary waves [53], ~ 3 Å, and did not 
significantly vary at the two surface pressures studied. 

Fig. 2 shows the out-of-plane structure of the lipid monolayers for the 
two surface pressure values, reported in terms of the variation of the 
volume fraction of the acyl chain and head group with the distance to 
the air–water interface, z. The volume fraction was calculated from Eq.1 
and the structural parameters listed in Table 1. 

Results in Fig. 2, show that the area fraction of both the acyl chains 
and head groups increase after the monolayer compression. Besides, the 
water fraction of the solvated head groups decreases from 26 % to 16 % 
as the surface pressure increases, see Table 1. Since the monolayer 
packing increases as the surface pressure, these facts indicate that the 
water molecules are squeezed out when the monolayer packing in
creases due to the barrier compression. 

3.3. Effect of GO on the out-of-plane structure of DPPC thin films studied 
by X-ray and neutron reflectivity measurements. 

Interestingly, the interaction between GO and hydrogenated and 
deuterated chains of DPPC molecules is clearly different looking at the 
isotherms plotted in Fig. 1c, e. To understand the origin of these dif
ferences, we studied separately the interactions of GO with h-DPPC and 
d62-DPPC. The contrasts used were ultrapure water for XRR experiments 
and ACMW for NR measurements. To minimize the ambiguity of data 
modeling, XRR and NR profiles were fitted using the same set of pa
rameters, collected in Table 1. 

Firstly, the interaction between GO and h-DPPC is addressed. The X- 
ray and NR reflectivity profiles of h-DPPC/GO monolayers are plotted in 
Fig. 3a. 

Conversely to the reflectivity profiles of pristine h-DPPC, the best fits 
of XRR and NR the reflectivity profiles were obtained from a three-layer 
model, as shown in Fig. 3 a. The model considers a first layer of the 
aliphatic chains facing the air, an intermediate layer containing the lipid 
head groups and a third layer facing the bulk, exclusively occupied by 
GO without traces of lipids, since when lipids were included in the third 
layer give rise to a worst analysis in terms of the χ2 value. Simulated 

curves in Fig. 3a were calculated according to the three-layer model and 
the parameters collected in Table 1. The SLD value for GO in Table 1 was 
taken from ref. [7]. 

Parameters in Table 1 show that the structure of monolayers at 15 
and 35 mN/m are remarkably different. So, while the fraction of GO in 
the aliphatic layer decreases from 28 % to 19 % when the pressure in
creases, the fractions of GO flakes associated to the phospholipid head 
groups and to the 3rd layer, GO surrounded by water, increase from 12 
to 22 % and from 5 to 10%, respectively. This means that, when the 
surface pressure increases, some GO sheets are displaced from the 
aliphatic chains of the lipid layer to both, the head group of phospho
lipids and to the GO aqueous layers. No lipid loss was observed in any of 
the monolayers studied. 

The presence of GO in the head group region can be due to electro
static attractions between the positively charged choline groups of the 
phospholipid molecules and the negatively charged carboxylic groups of 
GO sheets, while the insertion of GO into the aliphatic chains of the 
phospholipid can be due to non-electrostatic forces, such as dispersions 
forces which dominate the CH/π interactions [55,56] between the 
aliphatic chains of lipids and the aromatic network of graphene oxide. 

Structural parameters in Table 1 also show that the insertion of GO 
does not change the thickness of the three layers, the acyl chains, the 
head group and either the aqueous GO region, while slightly increases 
their roughness. 

It is interesting to consider that, in a previous work, we have studied 
the structure of monolayers of GO at the air–water interface [7] and we 
demonstrated that the GO films are constituted of a bilayer formed by a 
GO layer in contact with air of thickness around 20 Å, and a second layer 
corresponding to oxidative debris of 10 Å thickness submerged in the 
aqueous subphase. Therefore, we have included in the model the 
oxidative debris as a fourth layer, but no better fits were obtained in 
terms of the improvement of the χ2 value. However, if we compare the 
thickness of the GO surrounded by water in the third layer obtained in 
our fits (31 Å) with the values previously obtained for the GO bilayer, we 
clearly observe that the thickness obtained in the current work corre
sponds to the sum of the thicknesses of the two layers, GO and the 
oxidative debris. Therefore, we conclude that the GO layer below the 
lipid head groups can be constituted by GO and oxidative debris layers, 
although it was not possible to separate the contribution of the oxidative 
debris as an independent layer by fitting our XRR and NR reflectivity 
profiles. No aggregations between the GO sheets at the interface were 
detected. This fact agrees with data previously obtained for Langmuir 
films of non-stacked GO sheets at the air–water interface [7]. 

The SLD values corresponding to the fits performed to the XRR and 
NR profiles for films at 15 and 35 mN/m are plotted in Fig. 3 b. The 

Fig. 2. Volume fraction profiles in the direction normal to the air/water interface of the acyl tails and head groups for DPPC monolayers at 15 mN/m (a) and 35 mN/ 
m (b). 
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variation of the volume fractions of the different components with the 
distance to the interface, calculated from Eq. (1), and the parameters in 
Table 1 was plotted in Fig. 3 c, d. As can be seen in Fig. 3 c, d, the 
volume fraction of GO sheets intercalated in the aliphatic chains de
creases when the surface pressure increases, while it increases in both, 
the head group, and the aqueous GO regions. This means that the GO 
sheets are displaced from the acyl chain layer to the head groups and to 
the aqueous subphase when the monolayer packing increases, i.e., 
higher surface pressure values. 

3.4. Effect of GO on the out-of-plane structure of d62DPPC thin films 
studied by neutron reflectivity measurements. 

To understand the origin of the interactions between GO and DPPC, 
we have replaced the hydrocarbon chains of h-DPPC by deuterated 
chains, d62-DPPC and then, NR profiles were recorded. Two isotopic 
contrast data sets were measured and analyzed together at the surface 
pressure values of 15 and 35 mN/m. The contrasts were D2O and ACMW, 
for both pressures. The corresponding NR reflectivity profiles are re
ported in Fig. 4 a, b. 

To model the monolayers of deuterated phospholipid we have also 
used the three layers model. Fig. 4c,d collects the SLD profiles obtained 
from the analysis of the reflectivity profiles. Finally, in Fig. 4e,f the 
variation of the volume fraction of each component with the distance to 
the interface for monolayers at 15 and 35 mN/m, are plotted. As in the 
case of h-DPPC monolayers, the volume fraction values were calculated 
from Eq. (1) and the parameters in Table 1. The structural parameters in 

Table 1 were obtained from the best fits of the NR profiles. 
The comparison between the parameters obtained from fits for h- 

DPPC/GO and d62-DPPC/GO, Table 1, clearly show that the fraction of 
GO in the lipid chains is significantly lower for the monolayers of the 
deuterated chain than for the hydrogenated one. A similar behavior was 
observed in the layer of the head groups, in which the fraction of GO 
decreases from 12% (h-DPPC) to 2% (d62-DPPC) for monolayers at 15 
mN/m and from 22% (h-DPPC) to 2% (d62-DPPC) for monolayers at 35 
mN/m. Conversely, the fraction of GO in the third layer increases from 5 
to 10% for monolayers at 15 mN/m and from 10 to 15% for monolayers 
at 35 mN/m. The variation of the volume fractions of the different 
components with the distance to the interface are plotted in Fig. 4 e, f. 
Taking together all these results, we can conclude that, conversely to the 
behavior observed for hydrogenated DPPC monolayers, in d62-DPPC/GO 
monolayers, the highest percentage of GO sheets is in the region con
taining GO surrounded by water. Besides, the volume fraction of GO 
incorporated into the deuterated acyl chains is much lower than that 
inserted in the hydrogenated chains. All these results indicate a lower 
penetration of the GO sheets in the region of the deuterated chains than 
in the hydrogenated as consequence of a weaker interaction between the 
graphenic network of GO and the deuterated lipid chains. This behavior 
is consistent with the existence of aryl CH–π interactions [55–57], since 
these interactions are dominated by dispersion forces [55] which 
become weaker when hydrogen atoms are replaced by deuterium [58]. 

We also analyze the effect of packing on the structure of d62-DPPC/ 
GO monolayer. With this purpose, we compare the results obtained for 
the two surface pressures studied. As can be seen in Table 1, the fraction 

Fig. 3. X-ray and Neutron Reflectometry experimental data for h-DPPC monolayers in the presence of GO dispersed in the subphase: (a) Experimental (symbols) and 
fits (lines) profiles are plotted versus qz at the surface pressure values of 15 mN/m and 35 mN/m. From clarity, the profiles corresponding to the surface pressure of 15 
mN/m were vertically shifted. (b) SLD profiles across the interface from the XRR measurements. Inset show NR SLD profiles. Variation of the volume fractions with 
the distance normal to the air/water interface for the different components of monolayers at 15 (c) and 35 (d) mN/m. 
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of GO in the acyl chains of the deuterated phospholipid molecules layer 
slightly decreases as the surface pressure increases, while it remains 
constant in the head groups region and increases from 11 % to 15 % in 
the aqueous GO region. These results point to a displacement of GO 
sheets from the acyl chains region to the aqueous GO subphase when the 
surface pressure increases, although it is less marked that the displace
ment observed for h-DPPC monolayers. Besides, the thickness value of 
the aqueous GO region (31–39 nm) for deuterated monolayers is like the 
value obtained for h-DPPC/GO monolayers. 

3.5. Effect of GO on the in-plane structure of DPPC thin films studied by 
GIXD 

From results obtained by XRR and NR it is possible to conclude that 
the GO sheets are distributed not uniformly in the different regions of 
the monolayer. Besides, the distribution depends on the surface pres
sure, that means, on the packing of the phospholipid molecules in the 
monolayer. Therefore, to have a complete description of the structure of 
DPPC/GO monolayers, we examine the effect of GO insertion on the 
packing of the h-DPPC monolayers. With this purpose, grazing incidence 
X-ray diffraction profiles were recorded using synchrotron radiation. We 

Fig. 4. Neutron Reflectometry experimental data of d62-DPPC monolayers deposited on GO solutions. Experimental (symbols) and simulated (lines) profiles are 
plotted versus qz at the surface pressure values of 15 mN/m (a) and 35 mN/m (b). SLD profiles for monolayers at 15 mN/m (c) and 35 mN/m (d). Variation of the 
volume fractions of different components with the distance normal to the interface for monolayers at: (e) 15 and (f) 35 mN/m. 
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have selected this technique because X-rays at a grazing angle penetrate 
deeply, on the order of tens of angstroms, into the air–water interface, 
making it a very sensitive technique to provide information at the mo
lecular scale of in-plane aliphatic chains packing, the dimensions and tilt 
of the unit cell and the coherence length, length over which the aliphatic 
layer diffracts [57]. Our experiments did not show diffraction from the 
head groups of phospholipid molecules and no higher order diffraction 
peaks were detected. 

Fig. 5 a-d shows the corresponding GIXD contour plots of the scat
tered intensity as a function of qxy and qz for monolayers of h-DPPC on 
pure water and deposited on the aqueous GO subphase at surface pres
sure values of 15 and 35 mN/m, respectively. Besides, Fig. 5e-f shows 
the variation of Bragg peaks of h-DPPC monolayers with and without 
exposure to the GO solution at the surface pressure values studied. 

The 2D contour of the bare h-DPPC monolayer at 15 mN/m, Fig. 5a, 
reveals the existence of two peaks, centered at qxy = 1.34 Å− 1 and qxy =

1.49 Å− 1. These peaks were previously reported for h-DPPC monolayers 
and indexed as (01)+(10) and (1 1) crystallographic planes [32,58,59]. 
Since the degeneracy of (01) and (10) is not broken, these Bragg peaks 
give rise to a primitive distorted hexagonal unit cell with dimensions of | 
a| = |b|, and γ, in which the acyl chains of the phospholipid are tilted 
towards their nearest neighbors (NN). From the inter planar distances, 
d01 = 4.66 Å and d11 = 4.24 Å, the unit cell parameters |a| = |b|= 5.07 Å 
and γ = 113 ◦ were calculated. From these parameters an area per 
molecule, APM, of 47.3 Å2 was found. Finally, the coherence length 
along the two crystallographic directions were 40.4 Å and 210 Å, 
respectively. All these values are in excellent agreement with data in the 
literature for h-DPPC monolayers [32,60–62]. 

When the surface pressure increases until 35 mN/m, Fig. 5c the peak 
centered at qxy = 1.49 Å− 1 remains at the same position, while the peak 
at qxy = 1.34 Å− 1 is shifted toward a higher qxy value and merged with 
the former peak, being observed as a shoulder at ~ 1.39 Å− 1. The shift 
toward higher qxy observed when the surface pressure increases was 
previously reported for other systems [61] and is due to the increase of 
the molecular packing of the aliphatic chains after the monolayer 
compression. 

When GO is incorporated to h-DPPC monolayers, we can see a 
sequence of GIXD data on a background of much higher intensity, 
Fig. 5b,d. The higher background looks like a powder ring with qz which 
might be caused by the scattering from the subphase due to the high 
roughness of the interface produced by the GO sheets [63]. Accordingly, 
the effect is more pronounced for monolayers at 15 mN/m than at 35 
mN/m since its roughness is higher, see Table 1. 

In Fig. 5e,f we compare the Bragg peaks of pristine h-DPPC and h- 
DPPC in contact with GO monolayers at the two surface pressure stud
ied. As can be seen in Fig. 5e, in the GO/h-DPPC monolayer the peak 
corresponding to h-DPPC centered at qxy = 1.49 Å− 1 is clearly observed, 
while the peak at qxy = 1.34 Å− 1 appears as a shoulder due to the 
presence of a new peak at 1.39 Å− 1. It is interesting to consider that the 
position of the Bragg peaks of h-DPPC corresponding to GO/h-DPPC and 
pristine h-DPPC monolayers are quite similar. This fact indicates that the 
insertion of GO sheets into the lipid chains does not modify the unit cell 
of h-DPPC. Another new peak centered at qxy = 1.52 Å− 1 appears. To 
assign the two new peaks, we consider results obtained for GO adsorbed 
at the air/water previously reported [63]. These results proved that GO 
sheets at the water interface give rise to Bragg peaks centered at qxy =

1.45 Å− 1 and 1.497 Å− 1, produced by the coexistence of two different 
diffracting structures, one structure parallel to the plane of the interface, 
qxy = 1.497 Å− 1, and another, qxy = 1.45 Å− 1, assigned to in-plane or
ganization of the GO sheets. The existence of the GO Bragg peaks in the 
GIXD profile of GO/h-DPPC monolayer at 15 mN/m confirms the 
insertion of GO sheets in two different regions of the h-DPPC monolayer, 
the aliphatic chain region, in plane GO structure, and the head groups 
region, parallel structure. These results are consistent with the infor
mation obtained from NR and XRR measurements, although, in the case 

of GIXD measurements it was not possible to obtain information of the 
GO layer in the aqueous subphase adjacent to the interface, 3L layer, 
since GIXD radiation cannot penetrate this layer. 

The Bragg peaks of GO/h-DPPC monolayers at 35 mN/m, Fig. 5f, 
show the peaks characteristic of pristine h-DPPC monolayer at 35 mN/m 
centered at 1.39 and 1.49 Å− 1, respectively. The positions of these peaks 
are the same of the pristine h-DPPC monolayer, indicating that the 
insertion of GO in the h-DPPC monolayer does not modify the unit cell of 
h-DPPC. The Bragg peak at 1.51 Å− 1 assigned to GO parallel to the 
interface is the most intense Bragg peak, see Fig. 5f, and its relative 
intensity is much higher than that for GO/h-DPPC monolayer at 15 mN/ 
m. Since this peak is assigned to GO sheets parallel to the interface, this 
behavior indicates that the percentage of GO sheets bound to the head 
groups of the phospholipid increases as the surface pressure of the 
monolayer. This result is in excellent agreement to that obtained from 
reflectometry measurements reported in Fig. 3c and 3d. Finally, the 
Bragg peak corresponding to GO in plane organization cannot be 
distinguished in Fig. 5f, since it appears at the same position of the Bragg 
peak of DPPC at 35 mN/m and cannot be separated of it. 

4. Conclusions 

In the current work using advanced X-Ray and neutron synchrotron 
techniques, we have modeled, for the first time, the structure of mixed 
monolayers of GO and the phospholipid DPPC at two different surface 
pressures values. We used a two-layers model, consisting of aliphatic 
chains and head groups regions, to interpret the bare DPPC monolayers 
and a three-layers model, aliphatic chains, head groups and GO in the 
aqueous subphase regions, for GO/DPPC mixed monolayers. Our results 
demonstrated that GO sheets are in the three regions, and when the 
surface pressure increases, the percentage of GO flakes at the aliphatic 
chains decreases since they are displaced to both, the head groups and 
the aqueous subphase regions. Comparison between the results obtained 
for hydrogenated and deuterated aliphatic chains of the phospholipids 
allows us to demonstrate the interactions between GO and DPPC is due 
to electrostatic attractions between the positively charged choline 
groups of DPPC and the carboxylic groups at the edges of GO, and CH–π 
interactions between the aromatic domains of GO and the aliphatic 
chains of phospholipid molecules. Our GIXD results also revealed that 
the insertion of GO sheets in the aliphatic chains region of the DPCC 
monolayer does not modify the unit cell of DPPC. 

We expect that these new insights will help in the design of bio
sensors or drug carriers with GO as component. Besides, our results 
unequivocally show the insertion of GO sheets into the aliphatic chains 
of DPPC; therefore, since in vivo studies conclude that the retention of 
GO on the lung surfactant film destroys its structure and modifies its 
biophysical properties, our results point to a potential toxicity of GO 
sheets. Future work related with the effect of size and surface charge of 
GO sheets on the insertion of GO in the pure DPPC monolayer and in 
mixed DPPC monolayers constituted by biological molecules present in 
the lung surfactant becomes necessary. 
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Fig. 5. GIXD intensity contours maps for bare h-DPPC monolayers at the surface pressure values of 15 mN/m (a) and 35 mN/m (b), and for h-DPPC monolayers 
deposited on the aqueous GO solution at 15 mN/m (c) and 35 mN/m (d). Variation of Bragg peaks with qxy for h-DPPC and GO/h-DPPC at the surface pressure of 15 
mN/m (e) and for h-DPPC and GO/h-DPPC at 35 mN/m (f). 
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