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Abstract

Graphene-based nano-technology is the future of biomedical devices including biosensors and, 

hence, it is essential to unravel the interaction of graphene oxide (GO) with cellular membrane. 

Here, the structural reorganization of lipid molecules, which are the building blocks of a 

cellular membrane, has been demonstrated in presence of GO flakes. The membrane is 

mimicked by forming a stack of lipid bilayers of zwitterionic phospholipid 1,2-dipalmitoyl-sn-

glycero-3-phosphocholine (DPPC) and its structures have been probed by x-ray reflectivity and 

grazing incidence x-ray diffraction techniques. Lipid-GO composites have exhibited two sets 

of lamellar diffraction peaks illustrating GO-rich micro-domains in the matrix of phospholipid 

bilayers (GO-poor phase). In these domains, the GO flakes are observed to penetrate into 

hydrophobic core of the bilayer altering the thickness along with the overall electron density 

profile of the lipid layer. The GO-poor bilayer is closely related to the phase formed by pristine 
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lipid molecules. The lattice parameters of a body-centred rectangular unit cell formed by chains 

of saturated phospholipid are found to be modified in the presence of GO with a significant 

effect on molecular tilt. The structural description of GO-membrane interaction may pave the 

way of discerning the physical behaviour of the composites.

Keywords: Graphene oxide, lipid membrane, x-ray scattering, electron density profile, lipid 

chain configuration.

1. Introduction

Graphene oxide (GO) holds an atomically thin 2D structure with a range of oxygen 

functionalities such as carboxyl groups on the edges and hydroxyl and epoxies on the basal 

plane [1, 2]. Presence of these functional groups makes the GO molecules dispersed in water 

facilitating their applications in cellular imaging [3, 4], drug-delivery [5], bio-sensing [6] and 

antibacterial activities [7]. The useful and efficient applications of these molecules in the field 

require an in-depth knowledge of self-assembly of GO in lipid membrane. This membrane is 

important in this context as it mimics a cellular membrane which is primarily composed of a 

lipid bilayer enclosing the intracellular compartments. This cellular membrane is the first target 

of any foreign molecules interacting with a cell [8].

Using molecular dynamic (MD) simulation, it has been revealed that a stack of few graphene 

layers can diffuse into the membrane interior resulting in a thicker bilayer [9]. This study, 

however, left the room to experimentally realize the findings. There are reported efforts to 

stabilize phospholipid membranes on a graphene surface for developing biosensors and 

biocatalysis [10]. As functionalized graphene molecules including GO have a much broader 

scope of applications, researchers today have shown immense interests in the complex of GO 

and lipid membrane [11]. These molecules have reported being toxic to microorganism as well 

as human cell line [12, 13] which has been explained by the disruption effects of the molecule 

on the cellular membrane [14]. Through simulation, Chen et al. have concluded that the GO 
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molecules can penetrate into the membrane and pull out lipids to form a pore [15]. However, 

suitable experimental verification of such findings still remains a challenge.  In their surface 

analytical technique of quartz crystal microbalance, Frost et al. have monitored the self-

assembly of the complex predicting the adsorption of GO-flakes onto the lipid membrane [16]. 

Such adsorption has also been reported by Li et al. using lipid monolayers formed at air-water 

interface [17]. These studies have predicted that positively charged lipid head group is suitable 

to interact with GO having negatively charged   groups on its edges. There are studies ―𝐶𝑂𝑂 ―  

claiming that there is no complex formation between GO and the zwitterionic phospholipids 

[17, 18]. On the contrary, some other groups have quantified the interaction between GO 

molecules and the neutral phospholipids [19, 20]. These contradictions have to be resolved for 

further advancement of the field.

Even though there are multiple approaches to predict the self-assembled structures of GO-lipid 

complexes, there is no concrete x-ray scattering study in the field to unambiguously provide 

the quantitative description of the structure in molecular level. In a recent study, the interlayer 

separation in multilamellar vesicles formed by (reduced-)GO and a single chain synthetic 

cationic surfactant was calculated from the position of the diffraction peaks [21]. In the present 

study, advanced x-ray scattering techniques, namely x-ray reflectivity (XRR) and grazing 

incidence x-ray diffraction (GIXD), have been employed to study the complex in a 

multilayered lipid system formed on a solid substrate.  The study aims to explore the interaction 

between a zwitterionic phospholipid and GO flakes from the structural aspect, particularly 

addressing the question, how GO flakes modify the out-of-plane and in-plane organizations of 

lipid molecules in a membrane. In the process, the location of the GO molecules in and around 

the membrane has been quantified. 
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2. Materials and methods

2.1. Materials

Neutrally charged lipid 1, 2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) was purchased 

from Avanti Polar Lipids (Alabaster, AL) in powder form and used without further purification. 

Spectroscopic grade methanol and chloroform were purchased from Sigma Aldrich (USA), 

whereas H2SO4, KMnO4 and H2O2 were purchased from Fisher Scientific. De-ionized (DI) 

(Milli-Q, Millipore) water with resistivity ~ 18 MΩcm and pH ~ 7 was used throughout the 

experiment. 

2.2. Methods

2.2.1.  Synthesis and characterization of GO nanoflakes: Graphene oxide (GO) nano-flakes 

were synthesized from pure graphite powder following the modified Hummer’s method [22]. 

X-ray photoelectron spectroscopy (XPS) data have shown ~30 atomic percentage of oxygen in 

the synthesized GO flakes. The details of the synthesis methodology have been provided in 

supporting materials. The synthesized flakes were measured to be 0.7 - 1.0 nm thick with a 

lateral size of 180 - 200 nm as characterized by field emission scanning electron microscope 

(FESEM) and atomic force microscope (AFM) (Figure S1(a), (b) and (c)). The x-ray diffraction 

peak at 11.03° (Figure S1 (d)) corresponding to a length scale of 7.83 Å suggests the synthesis 

of GO-flakes which was confirmed by Fourier transform infrared (FTIR) (Figure S1 (e)) and 

UV-visible (Figure S1(f)), spectroscopic data. 

2.2.2. Lipid multilayer sample preparation:  To prepare lipid multilayers, polished silicon 

(Si) substrates (100) were cut into 8×15 mm2 pieces and cleaned ultrasonically using 15 min 

cycles of methanol and DI water, respectively followed by drying in a gentle flow of N2. To 

make hydrophilic, the substrates were exposed to UV radiation for 20 minutes at 25°C. 

Chloroform was used to prepare a lipid solution to a final concentration of 5 mg/ml and an 
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aqueous solution of GO was taken to achieve a certain wt. % of GO in the mixture. Then the 

mixture was vortexed to get a uniform solution. 60 µL of this solution was deposited uniformly 

onto a cleaned Si substrate and left for 2 hours in a fume hood for slow evaporation of the 

solvent. Then the samples were placed in a vacuum chamber for 24 hours to remove the traces 

of the solvent and incubated at 50 °C for 36 hours in a chamber with controlled relative 

humidity (RH) maintained by a saturated salt solution [23]. A set of samples with pure lipid 

and different wt. % of GO was prepared and sealed in a custom-designed sample cell for x-ray 

scattering measurements. Multiple samples at the same RH and temperature with varying 

concentrations of GO in the lipid multilayer in same sample cell ensured almost identical 

thermodynamic conditions for the given set of samples. RH of 85%, 95% and 98% inside the 

sample cell were achieved by using saturated salt solutions of KCl, KNO3 and K2SO4, 

respectively [24].

2.2.3. Surface sensitive x-ray scattering: To characterize the structural details of the 

membrane-GO complexes, two surface-sensitive x-ray scattering techniques have been 

employed, namely the x-ray reflectivity (XRR) and grazing incidence x-ray diffraction 

(GIXD). In XRR study, scattered data were collected from the multilayer samples following 

the specular reflectivity conditions (Figure 1). The measurements were carried out at the Indian 

Beamline (BL-18B), Photon Factory, Tsukuba, Japan with a monochromatized x-ray source of 

photons with a wavelength ~ 0.775 Å and a beam dimension of ~ 0.5 mm (V) × 1 mm (H). For 

XRR, three multilayer samples with varying GO concentrations were placed in a closed sample 

cell at a given RH. The scattered photons were collected using a scintillation detector as a 

function of incident angle in the range of 0 to 4.5⁰ with a step size of 0.005⁰. The reflectivity 

profile was obtained by subtracting the background followed by normalization with respect to 

the incident beam flux (monitor counts). The data were recorded at three different humidity to 
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achieve slightly varying lamellar spacing intending to obtain the phase factors after applying 

the swelling method [25].

GIXD technique is very useful to determine the in-plane structure of a flat sample. The glancing 

angles were kept constant ( = 0.12⁰ and 0.30⁰) while the data were collected using a Pilatus 𝜃𝑖 

(Dectris, Switzerland) detector (Figure 1). The sample conditions were same as XRR 

measurements except for the sample to detector distance was altered to 180 mm to capture the 

expected diffraction pattern. The typical exposure time was 300 sec for each scan. GIXSGUI 

software was used to extract the diffraction data from the 2D spectrum [26].

 2.2.4. Atomic force microscopy (AFM): The local morphology of the lipid multilayer 

samples was acquired using an atomic force microscope (AFM, XE7, Park System). An 

NCHR tip of resonance frequency 330 kHz and force constant 40 N/m was used in non-contact 

mode. A particular sample was scanned at multiple locations with a scan rate of 0.4 Hz. 

Numerous samples of same composition were prepared to obtain the statistical behavior of the 

topography. For all the measurements, scan area was fixed to 20 µm × 20 µm with a resolution 

of 512×512 pixels.

3. Results and discussions

As reviewed by Pabst et al. [27], lipid multilayer is a well-established system to mimic the 

cellular membrane as it exhibits a quasicrystal arrangement of lipid bilayers facilitating x-ray 

and neutron scattering techniques to provide in-depth structural details of the system. Firstly, 

the out-of-plane diffraction data are utilized to obtain an electron density profile of a bilayer, 

that reveals the modified structural parameters such as lamellar repeat distance, bilayer 

thickness etc. in the presence of any foreign molecules in and around the bilayer. Secondly, the 

in-plane organization of lipid molecules can be acquired from the grazing incidence diffraction 

data which can provide the primitive unit cell parameters, chain tilt etc [28]. A schematic 

diagram of these techniques has been explained in Figure 1.
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3.1. Out-of-plane organization of lipids in membrane:

Figure 2 (a) shows a representative set of XRR patterns obtained from the stacked DPPC lipid 

bilayers on a hydrophilic Si substrate due to one-dimensional periodicity along the substrate 

normal. The oriented multilayer stacks of lipid molecules give rise to equidistant Bragg peaks 

acquired at relative humidity (RH) of 85, 95 and 98%. As a consequence, the inter bilayer 

separation changes by a few Å while the structure of the individual bilayer remains intact [29-

31]. This is the well-known swelling method [32-39] which has been implemented here for 

phase determination. The method has been described in details elsewhere [40-42]. In brief, the 

amplitude of the form factor of a bilayer is related to the integrated intensity of Bragg peaks 

modified by the Lorentz correction factor for oriented lipid multilayers [43]. Due to mirror 

plane symmetry of the bilayers along the bilayer normal, the phase factors are reduced to ±1. 

The diffraction data obtained from DPPC multilayers are fitted using a single Gaussian to each 

Bragg peak to obtain the intensity of the peak utilizing a MATLAB code. The determined phase 

factors for pure DPPC sample are found to be [-1,-1,-1,-1,-1,-1] as shown in Figure 2(b). Note 

that the phase factors reported in literature for this lipid system may differ as it highly depends 

on purity of the lipid and the sample temperature [23]. Using the form factor amplitudes and 

phase factors, the electron density profile (EDP) along the lipid long axis (z-axis in Figure 1) 

is obtained in arbitrary unit using equation 1 as given below [44-46],

                     ,                (1)𝜌𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 (𝑧) =  
2
𝑑 ∑𝑛𝑣(𝑛)𝑛 𝐼𝑛cos (

2𝜋𝑛𝑧
𝑑 )

where, d is the lamellar spacing, v(n) and In are the phase factor and integrated intensity of nth 

order diffraction peak, respectively. The EDP of pure DPPC bilayer is shown in Figure 2(c) 

exhibiting two maxima of the head-group regions of lipid molecules in two opposing leaflets 

of a bilayer. As the hydrocarbon chain region has much lower electron density compared to the 

head group regions, it shows a deep in the middle with a variation from the two head group 
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regions. The electron density profile presented here is in arbitrary unit as reported in previous 

publications [47-50]. The main aim of the present work is to track down the position of the GO 

flakes in the model membrane and corresponding changes in the length and size of various 

components of the membrane. A relative change in the respective structural components will 

be sufficient for the purpose. The electron density of a lipid bilayer can also be provided in 

absolute scale [51-53].

Representative x-ray diffraction profiles of DPPC multilayers collected at fixed RH of 85% in 

presence of different wt. % of GO are shown in Figure 3. In the inset of the figure, the XRR 

profile of pure GO flakes sample prepared following the same protocol of lipid multilayers is 

given that shows no reflectivity peak. The DPPC multilayers data obtained at RH 95% and 

98% are given in Figure S2. In presence of GO, there are two distinct sets of equidistant XRR 

peaks representing coexistence of two lamellar phases with different lamellar repeat distances 

(d-spacings). One of them shown with a green arrow which is similar to the pristine lamellar 

phase of pure DPPC multilayer in regards to the shape of the respective Bragg peaks. This 

phase is named as GO-poor phase while the other as GO-rich phase. As is evident from Bragg 

peaks, shown with pink arrow, this new GO-rich lamellar phase is quite different from that of 

the pristine DPPC phase. The lamellar repeat distance for pure DPPC multilayer is 54.65 Å at 

98% RH. With an increase of GO concentration, the Bragg peaks in both the phases are 

observed to shift towards lower  confirming an increase in the lamellar d-spacings. At 15 wt. 𝑞𝑧

% of added GO, there is an increase of about 2.5 Å in GO-poor phase. At the same 

concentration, for GO-rich phase, the increase is about 6 Å. Further, the Bragg peaks are 

observed to be broadened with a modified intensity in presence of GO suggesting a disordering 

effect on the lamellar structure [54]. This effect is prominent in GO-rich phase compared to the 

GO-poor phase. The d-spacings of various compositions of the GO-rich and GO-poor phases 

at different RH are given in Table S1.
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For quantitative description of the structural effects of the GO molecules on the lipid bilayer, 

the XRR data are fitted using equation (1) to obtain the EDP of a bilayer. The profiles of GO-

poor and GO-rich phases are obtained following the analysis of phasing as shown in Figure S3. 

For locating the GO molecules in the bilayer, each of the EDP has been decomposed into 

multiple components [23, 40, 55]. For pure DPPC and the GO-poor phase of the composite, 

each head group region of the EDP is fitted with two Gaussians and the methyl group region 

with one Gaussian superimposed on a constant baseline (B). Hence, there are a total of five 

Gaussians to accommodate two symmetrically located head groups and a chain in the middle. 

For GO-rich phase, each chain region was modelled with two Gaussians providing a total of 

six Gaussians for the best fit.  The cumulative general expression of the electron density profile, 

 is given by, 𝜌(𝑧)

                                                              (2)𝜌(𝑧) = 𝐵 + ∑
𝑛𝐴𝑛𝑒

―
(𝑧 ― 𝑧𝑛)2

2𝜎𝑛
2

where for GO-poor phase and 1 to 6 for GO-rich phase. Here, the position ( ) and 𝑛 = 1 to 5 𝑧𝑛

the width ( ) of the Gaussians are important parameters to relate the position and length scale 𝜎𝑛

corresponding to the size of head and chain regions of lipids in the membrane. The EDPs and 

corresponding Gaussian fits are shown in Figure 4 with the fitting parameters tabulated in Table 

1. Since the electron density is not in absolute scale, the density values have not been compared 

to quantify the presence of GO in the membrane. Rather, the changes in the position ( ) and 𝑧𝑛

width ( ) (full width at half maxima – FWHM) of respective Gaussian of the head and chain 𝜎𝑛

regions have provided the information about the presence of GO in the membrane. 

From this analysis, it is found that the pristine DPPC bilayer has a thickness of ~ 43 Å which 

is very close to the value reported earlier [33, 56]. The corresponding thickness of head group 

(  and chain region ( are 6.51 and 5.40 Å, respectively (Table 1). The chain 𝜎𝐻𝑒𝑎𝑑 1) 𝜎𝐶ℎ𝑎𝑖𝑛 1) 
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region is positioned at the middle of the profile ( ) placing the two head group 𝑧𝐶ℎ𝑎𝑖𝑛 1 = 0

regions symmetrically on either side. The general features of EDPs in GO-poor and GO-rich 

phases are quite different. While in GO-poor phase, the whole profile is smeared out in 

comparison to pristine DPPC membrane, the GO-rich phase exhibits a pronounced chain 

region. It shows a modified nature in the middle of the profile at the meeting junction of two 

methyl groups. To accommodate such profile, it was necessary to take one more Gaussian 

compared to the GO-poor phase. As shown in Figure 5(a), the size of head group (  for 𝜎𝐻𝑒𝑎𝑑 1)

GO-poor phase has an increase of about 7 Å in the presence of 15 wt. % GO compared to the 

pristine DPPC phase, while the respective change in GO-rich phase is only about 2 Å. Similar 

trend is also observed in the width of Gaussian related to the second region of the head group 

(  This second region may be looked as the interface of hydrophilic head and 𝜎𝐻𝑒𝑎𝑑 2). 

hydrophobic chains. Interestingly, there is no change in the size of the chain (  in the 𝜎𝐶ℎ𝑎𝑖𝑛 1)

GO-poor phase compared to the pristine DPPC phase. In contrast, the separation between the 

positions of two chains  in GO-rich phase is higher from that of the size of (𝑧𝐶ℎ𝑎𝑖𝑛 2 ― 𝑧𝐶ℎ𝑎𝑖𝑛 1)

pristine DPPC chain (  (Figure 5(b)). Hence, it is readily understood that there is a 𝜎𝐶ℎ𝑎𝑖𝑛 1)

strong effect of GO in the head group region of the membrane in GO-poor phase while the GO-

rich phase shows the prominent effect in the hydrocarbon chain region. In Figure 5(c), the 

thickness of each bilayer ( )) which is the separation between the 𝑑𝐻𝐻 = (𝑧𝐻𝑒𝑎𝑑 4 ― 𝑧𝐻𝑒𝑎𝑑 1

symmetric positions of two extreme Gaussians of two head groups is shown as a function of 

added GO into the multilayer of DPPC lipids. The change in  for the GO-rich phase is much 𝑑𝐻𝐻

higher than that of GO-poor phase. At 15 wt. % of GO,  is ~ 6 Å for GO-rich phase which ∆𝑑𝐻𝐻

is almost twice the value of GO-poor phase. 

3.2. In-plane organization of lipids in membrane:

From the analysis of XRR data, it is evident that the GO flakes are distributed non-uniformly 

in the lipid bilayers. As a consequence, there are two different lamellar phases; one having the 
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flakes mostly in the head group region while the other having them in the chain region. Both 

the lamellar phases are expected to exhibit an effect in the organization of lipid chains. Such 

an effect is quantified by the grazing incidence x-ray diffraction study as has been explained in 

the following section. 

As shown in Figure 6(a), the diffraction data of pristine DPPC collected on a 2D detector 

display two sharp spots in the  plane. The sharpness of the peaks decreases drastically in 𝑞𝑥𝑦𝑞𝑧

the presence of GO flakes which exhibits a structural reorganization of the chains [57]. The 

intensity of the peaks is plotted as a function of (Figure 6(b)). Since the crystalline domains 𝑞𝑥𝑦 

of lipid chains are randomly oriented in the x-y plane, the  and  components cannot be 𝑞𝑥 𝑞𝑦

separated and hence the data has been plotted as a function of  which is   [28, 58-𝑞𝑥𝑦 (𝑞2
𝑥 + 𝑞2

𝑦)
1
2

60]. In the gel phase, below their chain melting temperature (~ 42 oC), DPPC molecules are 

known to form in-plane two dimensional crystalline structures [33, 61]. Such crystalline 

structures provide Bragg peaks depending on the type of the lattice formed by lipid tails. In the 

present case, the diffraction peaks of all the lipid compositions are fitted with two Lorentzian 

functions to follow the features of the peaks [62]. As the DPPC molecules make a tilt with 

respect to the lipid bilayer normal, there are non-zero  component and the intensities are 𝑞𝑧

plotted as a function of this component of wave vector transfer in Figure 7. However, with 5 

wt. % added GO, there is only one non-zero  peak, while the 15% GO does not provide any 𝑞𝑧

non-zero  peak. 𝑞𝑧

The two Bragg peaks of pristine DPPC are observed at  = 1.23±0.01 and 1.32±0.01 Å-1 𝑞𝑥𝑦

which are indexed as (11) and (02) planes of a centered rectangular lattice with the lattice 

parameters of 6.02±0.01 and 9.54±0.02 Å. These lattice parameters were calculated from,

                                                                                 (3)𝑑ℎ𝑘 = 1
ℎ2

𝑎2 +
𝑘2

𝑏2
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where, . The coherence length was calculated from Scherrer formula [63, 64], 𝑑ℎ𝑘 = 2𝜋/𝑞ℎ𝑘 𝐿𝑥𝑦

 where the full width at half maxima (FWHM) of a peak is calculated = 0.89(
2𝜋

𝐹𝑊𝐻𝑀𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐(𝑞𝑥𝑦))

from, . FWHMexpt is the value 𝐹𝑊𝐻𝑀𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐(𝑞𝑥𝑦) = 𝐹𝑊𝐻𝑀𝑒𝑥𝑝𝑡(𝑞𝑥𝑦)2 ― 𝐹𝑊𝐻𝑀𝑟𝑒𝑠𝑜(𝑞𝑥𝑦)2

obtained from the Lorentzian fit of the respective peak and the FWHMreso ( ) is the 𝑞𝑥𝑦

instrument resolution (0.005 Å-1). The lattice constants (a and b), correlation length (  and 𝐿𝑥𝑦)

other structural parameters are summarized in Table 2. For the lipid multilayers, the rectangular 

lattice has already been reported in their multiple publications by T- Nagle et al. [65-67]. Also, 

Raghunathan et al. have reported such an organization of DPPC molecules with the parameters 

comparable to the present study [68]. Note that this lattice can also be explained as a distorted 

2D hexagonal lattice with the peaks indexed as [(0,1), (1,0)] and (1, -1), respectively [69]. On 

adding the GO flakes in the DPPC multilayer, one asymmetric Bragg peak is observed which 

is fitted, again, with two Lorentzian functions. The  peak is observed to shift towards the 𝑞11

higher value of  while the  peak to a lower value (Figure 6(b)). Correspondingly, the 𝑞𝑥𝑦 𝑞02

lattice parameter a decreases and b increases, slightly. Most importantly, both the coherence 

lengths decrease drastically suggesting a disordering effect of GO-flakes on the organization 

of lipid chains. 

As shown in Figure 7, for pristine DPPC, there are two peaks at  = 0.31±0.01 and 0.59±0.01 𝑞𝑧

Å-1. These two out of plane peaks suggest a molecular tilt towards next-nearest-neighbor 

(NNN) molecule as described by Kaganer et al. [60]. For such an organization, the tilt angle 

(τ) is calculated by,  where, ‘n’ denotes the non-degenerate peaks [70, 71]. The tan 𝜏 =  
𝑞𝑛𝑧

𝑞𝑛𝑥𝑦
 

molecular tilt for pure DPPC lipid is calculated here to be 25.80±0.01º which is slightly lower 

than the reported values of 27.20⁰ [72]  and 26.80⁰ [69]. Such a deviation may be related to the 

different hydrodynamic pressure on the membrane controlled by relative humidity. Further, the 

interchain interaction may differ depending on the purity of the lipid and the temperature of 
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the experiment. What is important in the present study is the relative change of the tilt angle in 

the presence of the GO molecules. With the insertion of 5% GO into DPPC multilayer, a 

considerable change observed in the position of the Bragg rods providing only one peak at 

0.221±0.019 Å-1. The two in-plane Bragg peaks (  = 1.24±0.02 and 1.30±0.01 Å-1, Figure 𝑞𝑥𝑦

6(b)) and one out of plane Bragg rod give rise to a molecular tilt towards nearest neighbor (NN) 

which is calculated by, 

                                                                        (4)tan 𝜏 =  
𝑞𝑑𝑧

𝑞𝑑𝑥𝑦
2 + (𝑞𝑛𝑥𝑦/2)2

obtaining a value of tilt angle 10.90±0.02º. Here, ‘d’ denotes the ‘degenerate’ peak. The 

transition of NNN to NN tilt of the lipid chain is an interesting observation which is induced 

by the GO molecules. At higher concentration, there is no peak at non-zero value of  𝑞𝑧

suggesting disappearance of tilt in the chain.

As mentioned earlier, GO-poor phase is close to the pristine DPPC lamellar phase with the 

GO-flakes accumulated near the head group region. Here, the lipid chains may retain their 2D 

crystalline structure to some extent at low concentration of GO flakes. However, the presence 

of GO flakes in the head group region will affect the inter-head group interaction modifying 

the effective head group area which, in turn, is expected to influence the organization of the 

chains in the hydrophobic core. In case of GO-rich phase, the presence of GO molecules in the 

hydrophobic interior is expected to randomize the chain organization providing higher 

conformational entropy and exhibiting no diffraction peak in the GIXD experiment. 

3.3. Further discussion

The lipid molecules spontaneously self-assemble into a bilayer so that the hydrocarbon chains 

of the lipids can avoid interaction with the water molecules [73]. Many of such bilayers form 

a stack on a hydrophilic surface to form the smectic liquid crystalline phases [74]. For a single 

component lipid system, such a one-dimensional crystalline structure provides equidistant 
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peaks in XRR study [75]. However, in case of multicomponent system, because of hydrophobic 

mismatch in chain length and differences in chain conformations, there have been reports of 

phase-separated domains of one type of lipids in the matrix of the other [76, 77]. In the present 

study, the GO flakes are adsorbed on the membrane surface in GO-poor phase, while in GO-

rich phase, they are trapped in the hydrophobic chain region. Due to the hydrophobic mismatch, 

the thicker GO-rich phases would separate out themselves from that of the thinner GO-poor 

phase. From sharper Bragg peaks of GO-poor phase in the XRR measurements, it can be 

inferred that this phase is the dominant one occupying major sample volume and providing 

long-range correlation among the bilayers. Hence, GO-poor phase can be considered to form 

the matrix in which the domains of GO-rich phase are floating. The phase-separated smaller 

domains become larger in the process of reducing the line tension at the interface of the GO-

rich and GO-poor phases [78].  Such an explanation has been discussed in the context of 

formation of macro-domains in multicomponent lipid systems [79]. The phase-separated 

domains of GO-rich phase are visualized in the form of patches in the AFM images as shown 

in Figure 8. Even in a pure DPPC sample, there are patches of smaller size and height as 

quantified in the height distribution (Figure 8 (a) and (b)). Here, the patches are originated due 

to the existence of mosaicity in the sample. The patches become much bigger with a height of 

about an order of magnitude larger in the presence of GO flakes (Figure 8 (c) and (d)). This 

huge height difference in the AFM topography of samples in the presence of GO flakes is 

resulted from the long-range correlation among the domains of GO-rich phase in the individual 

membranes (across the multilayers and along z-direction in Figure 1). Of course, this height 

difference is not the difference between the GO-rich and GO-poor domains in only two 

adjacent bilayers, rather the cumulative differences of multiple bilayers. Such an arrangement 

of one type of domains in the matrix of other is expected to produce two distinct sets of Bragg 

peaks in a XRR study which is observed in the present case. 
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The long-range correlation among the domains across the membrane normal is an effect of 

restructuring of hydrogen bonding networks in the water molecules attached to the head group 

region of the membrane. Because of controlled relative humidity, the sandwiched water layer 

between two opposing bilayers is very thin (~ 10 Å) and hence the water molecules will have 

more ordered structure compared to that of the bulk [80]. As the electrostatic nature of the head 

group regions of GO-rich and GO-poor phases are different, the water molecules will bind 

them differently leading to a dissimilar ordering of the water molecules attached to these two 

phases. When these two dissimilar water networks meet each other, there will be an 

epistructural surface tension penalty at the interface [81, 82]. To reduce such energetically 

unfavorable interfaces, the domains may prefer to align along surface normal (across the lipid 

multilayers). 

Graphene oxide (GO) has both the hydrophilic and hydrophobic parts. While the carboxylic 

groups at the edges, phenol hydroxyl and epoxide groups at the basal plane provide the 

hydrophilicity, the hydrophobicity arises due to its intact carbon-carbon sp2 domains. As 

described by Wu et al., the interaction between a GO molecule and a zwitterionic lipid 

membrane having no net charge but a permanent dipole moment is a complex process arising 

from multiple force components [19]. The negatively charged phosphate group attached to the 

lipid head may have an electrostatic repulsion with the carboxyl groups attached at the edge of 

the GO flakes. However, this group at the edge provides an electrostatic attraction with 

positively charged choline group of the head. This long-range attractive force has been 

attributed as the driving force of the GO molecules to get adsorbed on the zwitterionic lipid 

membrane [14, 83]. There is also contribution of short-range hydrogen bonding between the 

GO and the phosphate group of the lipid heads. Even though this hydrogen bonding interaction 

is weak, there are numerous carboxyl groups at the edge of the GO flakes, which may 
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effectively drive the adsorption of GO on the lipid membrane. The hydrophobic interaction 

arises between the graphitic patches of the flakes and the alkyl chain of the lipid. 

Not only a lipid molecule but also other amphiphilic molecules have shown hydrophobic 

interaction with GO flakes. In their experimental study, Li et al., have reported that the 

hydrophobic part of the amphiphile pluronic F127 interacts with GO flakes [84]. Therefore, 

both the hydrophilic and hydrophobic interactions play roles in deciding the self-assembled 

structures of the GO-lipid complexes. While the hydrophilic head groups of lipids will try to 

align the flakes lying flat on the lipid layer, the hydrophobic interaction may bring it close to 

the hydrocarbon chain region. Therefore, the question arises about the factors that decide the 

final organization of GO flakes in a lipid membrane. The stable structure will be determined 

by multiple factors, such as, (i) percentage of oxidation of a graphene flake, (ii) the size of the 

GO flakes and (c) the thermodynamic conditions. If the graphene is highly oxidized, the 

hydrophilic interaction may overshadow the hydrophobic interaction, thereby providing the 

GO flakes lying flat on the bilayer. Whereas, the simulation work by Puigpelat et al. [85] with 

0-20% oxidized graphene has predicted the insertion of GO in the membrane with very slow 

kinetics. This is because of the attractive interaction between the hydrophobic region of the 

flakes and the lipid chains, finally leading to a vertical arrangement of partly oxidized graphene 

sheets into the hydrophobic core of the membrane in its stable configuration. The simulation 

work by Chen et al. [15], has established that even for highly oxidized GO flakes, the size 

decides their location in the membrane. The small size GO flakes ( – 2.1 × 2.1 nm2 3.1 × 4.1 

 were found to pull the lipids out of the membrane to form a pore in a few nanoseconds. nm2)

However, the large size GO flakes were reported to lay flat in the middle of the membrane. 

This structure did not change over the time duration of simulation providing the flakes 

stabilized into the hydrophobic region. The simulation was started with the GO flakes keeping 
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horizontal in the bilayer and it was hard for the large flakes to rotate in the membrane. 

Therefore, along with the size of the flakes, the initial thermodynamic conditions of the system 

also played a role to lead the large flakes to remain in the hydrophobic core of the membrane. 

To the best of our knowledge, all the simulation works reported in literature with GO flakes 

are performed with an in-plane size of  [15, 85].< 5 nm

In the present study, the GO flakes have the lateral size ranging from 180-200 nm, which is 

two orders of magnitude larger than the ones reported in simulation works mentioned above. 

The organization of this large size GO flakes in the membrane would be different from that of 

small size flakes depending upon the initial anchoring sites of the lipid on the flakes. In the 

present study, initially, the chloroform solution of sample contains the dispersed lipid 

molecules as monomers and the GO flakes distributed homogeneously in the solution. 

Following the electrostatic attraction and hydrogen bonding discussed above, it is likely that 

hydrophilic regions of many of the flakes may expose to lipid heads and locally form a nano-

size GO-lipid complex. Over time of slow evaporation of the solvent spread over the Si-surface, 

they may self-assemble into the GO-poor phase having the flakes attached to the head group 

region. As ~ 30% atoms are oxygen in the synthesized GO flakes, there are numerous carbon-

carbon sp2 domains in the flakes. Hence, there is also a probability that the graphitic patches 

of the GO flakes come closer to the hydrocarbon chain of the lipids. The initially formed 

nanostructures of GO flakes decorated with lipid chains attached on both the sides of the flakes 

may end up with the flakes being around in the hydrophobic region of the membrane. As 

mentioned above [15], these large flakes, thereafter, may not be able to rotate themselves across 

the multiple lipid bilayers, and thereby being trapped in the GO-rich phase. 
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4. Limitations and future prospects

As reported earlier and discussed above, size of the GO flakes has significant role in directing 

the location of the flakes in a lipid membrane. Even though multiple simulation studies have 

predicted pore formation by GO flakes, to the best of our knowledge, there is still no 

unambiguous experimental evidence of such pore in a membrane. It is probably because of the 

size mismatch between the simulation and the experimental works. An experimental protocol 

has to be developed to synthesize the flakes of similar dimension used in simulation works. 

The synergetic experimental and simulation works will be able to shed further lights on the 

structure of GO-membrane complex. In future, grazing incidence small angle x-ray scattering 

(GISAXS) experiment may be performed to verify the formation of large dimensional pore in 

a membrane. For such an experiment, a proper experimental geometry is needed at a 

synchrotron x-ray source. We also need a better model membrane to obtain good quality data 

under this advanced experimental arrangement. Although the lipid multilayer samples are 

considered to be excellent model systems to perform biophysical studies on cellular membrane, 

it has restricted degrees of freedom. Therefore, a system has to be explored where the inter 

bilayer spacing is such that the out of plane fluctuations of the membrane as a whole and the 

in-plane dynamics of lipids in the membrane are not restricted. This is possible in 100% 

humidity condition where a couple of bilayers may float in bulk water keeping them together 

by short range van der Waals interaction. Such a system will be more realistic and desist of any 

metastable state.

Besides understanding the interaction of GO with model membrane and corresponding 

structural changes in the membrane, the knowledge of present study may help in extending the 

applications of graphene-based materials. The GO-rich phase explained here, can be used to 

develop bio-electronic devices as the phospholipid membrane electrically isolate the GO sheets 

from external stimuli. As described by Mohanty et al. [86], the GO-membrane composite can 
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be used for developing a single-bacterium biodevice, label-free DNA sensor and 

polyelectrolyte chemical transistor. Present study may help in designing such devices. Further, 

the composite can be used for the imaging of adenosine-5’-triphosphate (ATP) and guanosine-

5’-triphosphate (GTP) in living cells as discussed by Wang et al. [87]. Liu et al. have reported 

the physisorption of anticancer drug SN38 and doxorubicin (DOX) onto graphene oxide 

nanosheet [88]. The present study may be useful to comprehend the method of releasing such 

drug molecules after interacting with a cellular membrane.

5. Conclusions

This article presents the structural insights into the complex of zwitterionic lipid membranes 

and graphene oxide (GO). In lipid multilayer systems, the complex shows coexistence of two 

lamellar phases; one rich in GO flakes around in the hydrocarbon region (GO-rich) while the 

other has the GO flakes adsorbed on the head group region (GO-poor). The electron density 

profiles derived from the XRR data have quantified the structural changes in the membrane 

revealing the thicker membrane in GO-rich phase compared to the GO-poor phase. However, 

the GO-poor phase exhibits a thicker head group region than the GO-rich one. The grazing 

incidence x-ray diffraction data have unveiled the in-plane structural re-organization of the 

lipid chains in the presence of the GO-flakes. While the GO-rich phase suggests a complete 

randomized chain configuration, there is a transition of the chain tilt in GO-poor phase from 

next nearest neighbor (NNN) to a nearest neighbor (NN) and then to a zero tilt in the chain. 

This has been observed as a function of increasing concentration of GO in the complex. These 

results provide a long-awaited description of organization of GO molecules in the lipid 

membrane which may extend the potential applications of GO-lipid complexes from 

bioelectronics to therapeutic molecular delivery into the cell. 

Associated content
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Table 1: Parameters corresponding the Gaussians fitted to the electron density profile of lipid multilayers in presentence of different wt. % of 
graphene oxide (GO).  Parameters of Head 1, Head 2, Head 3, Head 4 and Chain 1, Chain 2 are related to the Gaussians fitted to the head group 
and chain regions of the EDP.  The GO-poor and GO-rich phases are fitted with five and six Gaussians, respectively. 

Table 2: Structural parameters of organization of lipid molecules obtained from the in-plane Bragg peaks ( and out-of-plane 𝑞𝑥𝑦 𝑉𝑠 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦) 
Bragg rods (  under grazing incidence diffraction experiments on lipid multilayers. The d-spacings are given by d11 and d02. The 𝑞𝑧 𝑉𝑠 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦)
lattice parameters of the rectangular unit cell are given by a and b. L11 and L02 are the correlation lengths in the direction of  and  , and τ is 𝑞11

𝑥𝑦 𝑞02
𝑥𝑦

the tilt angle of the acyl chains. 

DPPC/5% GO DPPC/15% GOSample DPPC
(Baseline: -0.29±0.01) GO poor phase

(Baseline: -0.90)
GO rich phase
(Baseline: -0.70)

GO poor phase
(Baseline: -0.85)

GO rich phase
(Baseline: -0.70)

Gaussians FWHM 
(Å)
𝜎𝑛

Position
(Å)
𝑧𝑛

FWHM 
(Å)
𝜎𝑛

Position
(Å)
𝑧𝑛

FWHM 
(Å)
𝜎𝑛

Position
(Å)
𝑧𝑛

FWHM 
(Å)
𝜎𝑛

Position
(Å)
𝑧𝑛

FWHM 
(Å)
𝜎𝑛

Position
(Å)
𝑧𝑛

Head 1 6.51±0.02 -21.47±0.01 13.04±0.06 -22.40±0.02 10.13±0.07 -22.75±0.02 13.27±0.10 -23.00±0.02 8.42±0.07 -24.38±0.03

Head 2 4.33±0.10 -6.49±0.06 4.86±0.37 -6.62±0.25 4.42±0.22 -11.14±0.11 7.16±0.61 -8.41±0.23 4.72±0.12 -11.06±0.06

Chain 1 5.40±0.06 0 5.30±0.32 0 5.19±0.35 -4.24±0.11 5.65±0.27 0 4.99±0.35 -3.75±0.11

Chain 2 - - - - 5.21±0.35 4.24±0.11 - - 5.00±0.35 3.75±0.11

Head 3 4.33±0.10 6.49±0.06 4.91±0.38 6.63±0.26 4.45±0.23 11.15±0.11 7.20±0.62 8.43±0.23 4.72±0.12 11.07±0.06

Head 4 6.51±0.02 21.47±0.01 12.99±0.06 22.38±0.02 10.07±0.07 22.73±0.02 13.25±0.11 23.00±0.02 8.40±0.07 24.38±0.03

Sample d11 (Å) d02 (Å) a (Å) b (Å) L11 L02 τ (º)

DPPC 5.09±0.01 4.78±0.01 6.02±0.01 9.54±0.02 119.50±10.20 138.70±16.90 25.80±0.01

DPPC/5% GO 5.07±0.10 4.82±0.02 5.96±0.40 9.64±0.07 39.10±11.00 55.80±6.10 10.90±0.02

DPPC/15% GO 5.01±0.35 4.82±0.05 5.86±0.36 9.64±0.23 32.90±12.50 52.40±22.20 -



Figure 1: Schematic diagram of the x-ray scattering study employed on the lipid multilayer 
samples formed on a Si-substrate. In x-ray reflectivity study, the scattered intensity was 
collected as a function of qz component of the wave vector transfer with the specular condition 
of angle of incidence ( ) equals to angle of reflection ( ). It provides the structure of the layer 𝜃𝑖 𝜃𝑓
along the substrate normal (z-axis). In grazing incidence x-ray diffraction experiment (GIXD) 
the Bragg diffraction pattern was collected at a fixed angle of incidence ( ). This pattern could 𝜃𝑖
be generated from any in-plane (x-y plane) organization of lipid molecules forming a two-
dimensional crystalline structure. 
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Figure 3: X-ray reflectivity pattern of DPPC multilayer with different weight percent of added 
GO obtained at relative humidity of 85% using a synchrotron x-ray source. The data at RH 
95% and 98% are shown in Figure S2. Inset: X-ray reflectivity pattern of GO flakes deposited 
on Si substrate by drop casting.

Figure 2: (a) X-ray reflectivity (XRR) data from a stack of DPPC lipid bilayers collected at 
different relative humidity (RH). The equidistant Bragg peaks are obtained from the one-
dimensional crystalline arrangement of bilayers along the substrate normal (z-axis in Figure 1). 
(b) Phasing diagram obtained from data given in (a) explaining the swelling method. The solid 
line represents the continuous form factor while the circles are the form factor amplitudes. (c) 
Electron density profile (EDP) of pure DPPC multilayer obtained using swelling method (see 
text). The schematic of lipid molecule in the EDP describes the respective region of the EDP 
of a bilayer. 
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Figure 4: Electron density profiles (EDPs) of lipid bilayers formed by DPPC molecules in the 
presence of different wt. % of graphene oxide (GO).  The EDPs are fitted with five and six 
Gaussians for GO-poor and GO-rich phases, respectively. The black curve in each figure is the 
EDP obtained from the swelling method (see text) and the yellow curve is the cumulative fit 
considering all the Gaussians. While GO-poor phase shows higher effects in the lipid head 
group region, the GO-rich phase exhibits stronger effects in the hydrocarbon chain region. 
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Figure 5: Structural parameters of a lipid bilayer obtained by fitting multiple Gaussians to the 
electron density profile (EDP) of the bilayer. (a) The full width half maxima (FWHM) of the 
head group region of the bilayer (denoted as size of head 1). (b) The size of hydrophobic chain 
region. (c) Bilayer thickness obtained from the positions of extreme two Gaussians positioned 
symmetrically on either side of the chain. In the presence of graphene oxide (GO), there is 
pronounced change in the head group region in GO-poor phase while it has more effect in the 
chain region in GO-rich phase. The GO-rich phase is thicker than the GO-poor phase.
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Figure 6: GIXD profile of pure DPPC and DPPC with added graphene oxide (GO) in lipid 
multilayers. (a) Patterns collected on a 2D detector exhibiting   and the  components of qxy qz
wave vector transfer and (b) Bragg peaks originated from the in-plane 2D crystalline structure 
of lipid chains. The symbols represent the experimental data and solid lines are the Lorentzian 
function fits. The marked region in (a) are plotted in (b).
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Figure 7: The intensity of Bragg rods plotted as a function of qz for DPPC lipid multilayers 
with added graphene oxide (GO) in the layer. The peaks obtained at non-zero qz suggest a tilt 
in the lipid chains. Inset (top panel): Schematic of lipid chain tilt with respect to the membrane 
normal.
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Figure 8: (a) AFM images of lipid multilayer sample of pure DPPC lipids showing a line cut 
in the inset and (b) distribution of the height of the line cuts obtained from different sets of 
samples at independent scan areas. (c) The image of a DPPC multilayer sample in the presence 
of 15% (w/w) graphene oxide (GO) and (d) respective distribution of height of the line cuts.
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