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ABSTRACT 

 Phospholipids are an important class of lipids that are widely used as model platforms for 

the study of biological processes and interactions. These lipids can form stable interfaces with 

solid substrates, such as graphene, and these interfaces have potential applications in biosensing 

and targeted drug delivery. In this paper, we perform molecular dynamics simulations of graphene-

supported lipid monolayers to characterize the lipid properties of such interfaces. We observed 

substantial differences between the supported monolayer and free-standing bilayer in terms of the 

lipid properties, such as the tail order parameters, density profiles, diffusion rates, etc. 

Furthermore, we studied these interfaces on sinusoidally deformed graphene substrates to 

understand the effect of curvature on the supported lipids. Here, we observed that the nature of 

substrate curvature, i.e., concave or convex, can locally affect the lipid/substrate adhesion strength 

and induce structural and dynamic changes in the adsorbed lipid monolayer. Together, these results 

help characterize the properties of lipid/graphene interfaces and provide insights into the substrate 

curvature effect on these interfaces, which can enable the tuning of lipid properties for various 

sensor devices and drug delivery applications.  
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INTRODUCTION 
 

The unique properties of cell membranes allow them to play a crucial role in the survival 

of cells. Apart from maintaining the cell structure, they act as semipermeable membranes to 

selectively allow molecules to diffuse through1, host transmembrane proteins, which is important 

for the transport of materials in and out of cells2 and play an important role in cell signaling and 

communication3. Hence, it is important to study and understand the various processes that occur 

in cell membranes. Lipid bilayers are the major constituents of cell membranes, and they are 

constructed in vitro to serve as simplified models to study the various physical and chemical 

properties of cell membranes4–6. There are various techniques for constructing and studying these 

model membranes. For example, thin lipid bilayers have been traditionally formed across an 

aperture in the aqueous phase to study the electrochemical properties of cell membranes7–9. These 

lipids, termed black lipids, are unstable, thereby preventing their use in studies of long-term 

processes10,11. Hence, in recent decades, several studies on long-term membrane processes have 

formed stable structures using supported lipid structures, such as supported lipid bilayers (SLBs), 

supported lipid monolayers (SLMs), and tethered bilayer lipid membranes (t-BLMs)11–14. Apart 

from offering higher stability, SLBs have also made it possible to use a range of characterization 

techniques, such as atomic force microscopy (AFM)15, secondary ion mass spectrometry (SIMS)16, 

and scanning probe microscopy17, which is not possible with freely floating lipid bilayers. 

In the past decade, supported lipid systems have also been applied for protein crystallization18, 

biosensing19–21, targeted drug delivery system design22,23, etc. Two-dimensional (2D) materials, 

such as graphene, graphene oxide (GO) and reduced graphene oxide (r-GO) interfaced with lipid 

monolayers and bilayers, have been successfully used to construct highly sensitive, label-free 

biosensing apparatuses. The high sensitivity of graphene to electronic changes in the surrounding 
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environment was used to study various membrane-protein interactions, detect the presence of 

toxins, etc.20,21,24–26. 

Although supported lipids have been used successfully for various applications, very few 

studies have focused on the effect of substrates on the properties of lipids in these interfaces. 

Studies have reported the effect of substrates in SLBs and SLMs27–30, although an extensive 

characterization of the structure and dynamics of lipids, especially in SLMs (where there is direct 

contact between the substrate and lipids), is lacking. However, the changes in lipid properties in 

these interfaces can directly affect the behavior and performance of supported lipids in various 

applications; hence, it is important to characterize and understand them. 

Another important aspect of these interfaces is substrate deformation. Static and dynamic 

wrinkles may be inherently present in 2D materials depending on the method of preparation31,32. 

Deformations may also be deliberately incorporated to change the electronic properties of the 

substrate to enhance sensing capabilities. For example, in a recent study, it was shown that using 

a deformed sheet of graphene instead of a flat sheet in graphene-based FETs enhances the sensing 

capabilities of the device. The resultant apparatus was able to sense DNA at attomolar 

concentrations33. Moreover, in drug delivery applications, the substrate curvature can be used to 

achieve specific functionality; for example, a recent study used gold nanoparticles of a specific 

shape coated with lipids to deliver DTX selectively to cancerous cells22. 

The presence of substrate curvature, whether induced or inherently present, can locally affect 

the morphological and dynamical properties of the supported lipids. To our knowledge, previous 

studies have not reported the nanoscale effects of substrate curvature on the properties of supported 

lipids, especially SLMs. However, understanding the substrate and curvature effects on supported 

lipid interfaces can be invaluable in designing better apparatus for sensing and drug delivery 
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applications. Hence, in the present study, using molecular dynamics and coarse-grained molecular 

dynamics simulations, we characterize the effects of the presence of substrate and curvature on a 

graphene-supported monolayer of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) lipids. 

 

METHODS 

Lipid bilayer simulations- In this study, DOPC lipid bilayer systems were simulated to serve as 

systems without a substrate. The structural properties, such as the tail order parameter, density 

profile and tail tilt angle distribution, and a dynamical property, specifically, the lateral diffusion 

coefficient, were computed for the free-standing bilayer systems and compared with those of the 

flat and deformed graphene-supported systems. The computed results provide information on how 

the substrate’s presence affects the lipid tails (see the results and discussion sections). A 252 DOPC 

lipid bilayer system (126 lipids per monolayer) with full hydration (50 water molecules per lipid) 

was simulated for 250 ns using the all-atom empirical CHARMM36m force field34. The system 

was simulated in an NPT ensemble at 300 K and 1 atm pressure. Temperature was controlled using 

the modified Verlet algorithm to solve the Langevin equation35,36. The pressure was controlled 

using the modified Nosé-Hoover method with Langevin dynamics controlling the piston 

fluctuations37,38. The membrane lateral (x-y) and perpendicular (z) directions were separately 

coupled to the barostat to ensure a zero surface tension value. The long-range electrostatics were 

computed using the PME method39. The simulation was performed using the NAMD40 molecular 

simulation package with the TIP3P water model41. A snapshot of the simulation system is shown 

in Figure 1(a), and the visualization was performed using the VMD42 package. An initial 200 ns 

of simulation was performed to ensure that the system reached equilibrium.  An additional 50 ns 

simulation was performed to compute the bilayer properties. 
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SLM simulations- In this study, SLM simulations were performed using graphene as the substrate. 

The choice of this substrate can be justified by its extensive applications in biosensing and strong 

lipophilic characteristics, which help stabilize the lipid monolayer. Two different kinds of 

supported systems were considered in this study: a flat graphene SLM and a deformed graphene 

SLM. Simulations were performed in the NVT ensemble at 300 K. The simulation setups for both 

flat and crumpled graphene cases consisted of a lipid monolayer adsorbed onto a graphene 

substrate (along the z-direction) through direct adsorption and onto a water layer above the lipid 

monolayers to stabilize it. A vacuum layer was implemented above the water box to avoid 

Figure 1 Visualization of the simulated systems (a) 126 x 126 DOPC bilayer, (b) 126 DOPC 
SLM on a flat graphene (black spheres) substrate, (c) 2231 DOPC lipid SLM on a sinusoidally 
crumpled graphene substrate. 
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graphene-water interactions, and care was taken to ensure that the water reached the bulk water 

density at the water-vacuum interface. The simulation systems are shown in Figures 1 (b) & (c). 

 For the deformed graphene system, a sinusoidally curved (uniaxially along the x-direction) 

sheet of graphene with wavelength (λ) = 15 nm and amplitude (A) = 5 nm was used. The crumpled 

graphene was generated by adsorbing a large flat graphene sheet onto a silicon (Si) substrate, which 

was cut into the required sinusoidal shape (see the supporting information for more details). The 

concave and convex regions (see Figure 1 (c)) of the crumpled supported systems were analyzed 

separately to understand the effects of the nature of substrate curvature on the properties of 

supported lipids. 

 A DOPC monolayer composed of 126 lipids (taken from a pre-equilibrated bilayer) was 

adsorbed onto a 9.3 x 9.3 nm2 flat sheet of graphene. The graphene was generated in x-y plane 

using the VMD package. It should be noted that the experimental packing density of lipids on a 

substrate could be different from their packing density in a bilayer. However, to facilitate a direct 

comparison with lipids in a bilayer (removing the effects of packing), we set the area of the 

graphene sheet equal to the average equilibrium area of the 126x126 lipid bilayer. This choice can 

be further justified by previous experimental studies43,44 where the area of the membrane was 

controlled in graphene and graphene-oxide SLMs, using the Langmuir-Blodgett technique45 . It 

should however be noted that, this choice could result in negative lateral pressures46,47 , which may 

affect the properties computed in this study. However, the objective of this study is to compare the 

properties of SLMs for different substrate curvatures when the packing of lipids is controlled rather 

than tension. 

For the deformed graphene case, initially, the lipids were packed to the same density as the 

flat case, although the deformed graphene was unable to accommodate the same packing density. 
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Some lipids detached from the substrate and monolayer, entered the water layer, and eventually 

floated to the water-vacuum interface. Hence, the overall lipid packing is slightly lower in the 

deformed case and changes with the curvature. However, the reduction in packing was very less 

and its effect on the properties of lipids (in the flat part of the curved SLM system) was 

insignificant. 

 A 250 ns long simulation was performed for the flat case, with the last 50 ns used for 

computing the lipid properties. In the crumpled case, due to the large system size, a 170 ns 

simulation was performed, with the last 30 ns used for analysis. Care was taken to ensure that the 

computed properties converged properly. Simulations were performed using the CHARMM36m 

force field implemented in the NAMD molecular simulation package. 

 

Order-parameter- The deuterium tail order-parameter gives a measure of the order in the lipid 

tails. These order parameters obtained through nuclear magnetic resonance (NMR) are often used 

to quantify the accuracy and calibrate molecular force fields48. The order-parameter is computed 

as follows: 

𝑆𝑆𝐶𝐶−𝐻𝐻 =  1
2

(3𝑐𝑐𝑐𝑐𝑐𝑐2(𝛳𝛳) − 1)                                                   (1) 

 where SC-H is the carbon-hydrogen acyl chain order-parameter and “ϴ” is the angle made 

by the carbon hydrogen (C-H) bond with the bilayer normal, as shown in Figure 2 (d). SC-H is 

computed for every carbon in the lipid tails “sn1” (first tail) and “sn2” (second tail). A comparison 

of the order-parameter plots (-SC-H vs carbon number) for the various systems is reported in the 

results section (Figure 3). The order-parameter values range from “-0.5” (perfect order) to “1” 

(perfect order but with the tails oriented perpendicular to the bilayer or monolayer normal). A 
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value of “0” indicates a disordered system. It should be noted that the order-parameter plots 

reported in the results section represent the -SC-H vs carbon number, which is the most conventional 

representation in the literature. Negative values of -SC-H are observed only in the supported lipid 

cases because the lipid tails bend to increase the adsorption area29. 

 

To better understand the effects of the substrate, the lipid tail carbon atoms were classified 

into proximal (closer to graphene) and distal (away from graphene) parts. Tail carbons away from 

the substrate and above the unsaturation (C9-C10 bond) are categorized as distal carbons, and the 

carbons closer to the substrate (below the unsaturation) are categorized as proximal carbons. The 

computation of the order parameter for lipids in a bilayer and supported monolayers on flat 

Figure 2 (a), (b) & (c) represent the orientation of lipids on flat, concave and convex 
graphene substrates, respectively, (d) representation of the angle (ϴ) used for computing 
order-parameter, (e) representation of the molecular normal where the head groups and tail 
groups used for computing the center of masses are depicted by green and orange spheres 
respectively, (f) representation of the normals used for computing the order-parameter of 
proximal carbon atoms. 
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substrates is rather straightforward and extensively done, both in computational and experimental 

studies. On the other hand, the computation of this property for lipids on a curved substrate is not 

directly evident because the lipid orientation becomes a changing local property (Figure 2 

(a)(b)(c)). 

To overcome this challenge, we adopted a molecular director approach similar to the one 

used in a previous study49 for the carbons in the distal part (Figure 2 (e)). For each of the carbons 

in the proximal part where the substrate effects control the lipid behavior, the normal is defined as 

the unit vector pointing from the nearest graphene carbon to the lipid carbon (Figure 2 (f)). The 

order parameter helps us understand how the substrate affects the order and conformational 

stability in lipid tails. The results section discusses that in detail, specifically the effect of substrate 

and curvature on the tail order of the supported lipids. 

 

Tilt angle distributions- The tilt angle distribution provides a direct measure of the extent of tail 

tilt or bending in the lipids and is computed as the angle between the monolayer normal (+z 

direction except for the crumpled systems) and the vector connecting the first carbon and the last 

carbon of the lipid tails (Figure 4(a)). For the crumpled case, since the orientation of the lipids 

changes as a local property, we use the same molecular normal approach used for computing the 

order-parameter. The computed tilt angles of all the lipids were binned into equally spaced bins 

(∆ϴ = 1°) between 0° and 180°. The distributions from all the time frames were averaged to obtain 

the final distributions reported in the results section. 

 The tilt angle distributions helped to directly visualize the effect of the substrate on the 

lipid tails. The higher the influence, the higher the tilt in the lipid tails, which will cause the 
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distribution to shift to higher angles. These distributions also provided information on how the 

substrate curvature further affects tail bending. 

 

Density profiles- Density profiles, such as mass density and electron density profiles, provide 

direct observations of the physical structure and distribution of a system. Moreover, density 

profiles can be used to study many of the important structural properties of lipids, such as the 

thickness, head and tail group distributions, and water penetration extent. 

Here, we compute the mass density profiles of the lipid monolayers for the different 

systems considered. For the case of a lipid bilayer, the average center of the bilayer is taken as the 

reference. Binning is performed using a bin size of 0.5Å in the directions perpendicular to both 

monolayers (+z and -z directions), and the results are averaged over multiple time frames. In the 

flat graphene case, graphene acts as the reference point and binning is performed perpendicular to 

it (+z direction). In the case of deformed graphene (both concave and convex), binning is again 

performed perpendicular to the substrate, although this direction changes as a local property. The 

distance of each atom of the lipids to the closest carbon atom is binned in this case. 

To facilitate comparisons, we divided the lipid molecules into head and tail groups. The 

carbon atoms C11-C15, nitrogen (N), phosphate (P), oxygen atoms O11-O14, and the associated 

hydrogen atoms were grouped under the head group category. The carbon atoms C23-C218, C33-

C318 and associated hydrogen atoms were grouped under the tail group category (atoms names 

are as defined by the charm forcefield for lipids) 

The density plots reported in the results section (Figure 5) provided information on how 

the presence of the substrate changes the thickness and distribution of the lipid head and tail groups 



11 
 

(separate plots were generated to understand the differences in the substrate effect on head and tail 

groups). Further, the effect of substrate curvature was also clearly characterized in these density 

plots. 

 

Coarse-grained simulations- In this study, we used the MARTINI v2.3p50–52 force field to 

simulate coarse-grained versions of the same all-atom systems. We implemented the force field in 

the GROMACS53–57 molecular simulation package, and a polarizable water model was used58. We 

used the same ensembles and thermodynamic conditions as the all-atom systems (NPT for bilayer 

and NVT for supported systems). A velocity rescaling thermostat59 was used to maintain the 

temperature, and a Parrinello-Rahman barostat60 was used for pressure coupling. We computed the 

density profiles and tilt angle distributions using the coarse-grained trajectories to ensure that the 

force field can reproduce the trends observed in the all-atom systems (see the supporting 

information for the benchmarking results). Microsecond (μs) simulations were performed to 

compute the long-term diffusion coefficient of lipids. The methods for computing the density 

profiles and tilt angle distributions are the same except for the definition of the molecular normal 

(see Figure S2(g)). 

 

Lipid lateral diffusion- The diffusion coefficient provides a measure of the lateral (x-y plane) 

mobility of the lipids in a bilayer or a monolayer and represents an important dynamic quantity 

because it directly controls the time scales of various membrane-bound phenomena, such as 

molecule diffusion61, phase separation, and lipid mixing62. Various factors can affect the lateral 

diffusion rate of lipids63, such as the temperature, hydration, lateral packing density, and substrate 
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adhesion. Hence, it is important to study the effect of substrate and curvature on the local diffusion 

of supported lipids. 

 The diffusion coefficient is calculated as the slope of the mean square displacement (MSD) 

profile using Einstein’s relation64: 

𝑀𝑀𝑀𝑀𝑀𝑀(𝜏𝜏) = 2𝑑𝑑𝑑𝑑𝑑𝑑                                                                (2) 

𝑀𝑀𝑀𝑀𝑀𝑀(𝜏𝜏) = < (𝑟𝑟(𝜏𝜏) − 𝑟𝑟(0))2 >                                                 (3) 

 Here, “d ” is the dimensionality of the system, “D” is the diffusion coefficient, “𝜏𝜏” is the 

lag time, r(𝜏𝜏) is the position, r(0) is the position for an arbitrarily chosen initial time, and < > 

denotes the ensemble average. The MSD profiles and the computed diffusion coefficients are 

reported in the results section.  

 In this study, 2-D (x-y directions) MSD (Figure 6(a, b)) and diffusion coefficients (Table 

1) are reported for bilayer and flat supported cases, whereas 1-D (y-direction) MSD (Figure 6(c, 

d)) and diffusion coefficients are reported for the concave and convex crumpled cases to avoid 

inhomogeneities in the surface along the x-direction and ensure a fair comparison. 
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RESULTS & DISCUSSION 

Order parameter- In this study, we computed and compared the acyl chain order parameter for 

the various supported cases considered to understand the effect of substrate and curvature on the 

lipid tail order. Additionally, we computed the order parameter for a lipid bilayer to compare with 

the supported cases. Figure 3 compares the order-parameter plots for the different substrate 

curvatures and the bilayer case. We differentiated the substrate curvatures into flat, concave, and 

convex, as explained in the methods section. The lipid tail carbon atoms have been differentiated 

into proximal (close to graphene) and distal (away from graphene) as explained in the methods 

section. 

Figure 3 shows that the distal parts of the lipids in the concave and convex regions are 

slightly less ordered than that of the lipids on a flat substrate, which was also previously observed 

in the case of curved bicelles65. However, the proximal part of the lipids exhibited a different trend, 

with lipids in the concave region more ordered, followed by lipids on a flat substrate and lipids in 

the convex region. This observation can be explained in terms of the differences in the lipid 

Figure 3 (a) comparison of the tail sn-1 order-parameter for the various systems, (b) 
comparison of the tail sn-2 order-parameter for the various systems. 
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substrate interactions. The concave nature of the substrate enhances the lipophilic interactions 

between graphene and the lipid tails, whereas the opposite occurs in the convex region. It should 

be noted that the negative values of the order parameter observed for carbon atoms in the proximal 

part of the concave and flat cases are due to the bending of lipid tails, and a higher negative value 

indicates a higher order. We have directly computed the average interaction energies between the 

terminal tail carbon (C218) and graphene for the three cases. The interaction energy was the 

highest for concave (-4.174 ± 0.13 KJ/mol), followed by flat (-2.46 ± 0.137 KJ/mol) and convex 

(-1.671 ±0.07 KJ/mol) cases. It should be noted that the average distance of the C218 carbon atoms 

is similar for both the flat and concave cases (see Figure 5(c)). This indicates that the lipophilic 

characteristics of graphene can be enhanced or weakened by inducing curvature which directly 

affects the lipid tail order.  

Furthermore, the average area-per-carbon values of graphene in the flat, concave and 

convex cases are 2.6121 Å2, 2.60053 Å2 and 2.6245 Å2, respectively. There is only ~0.4% areal 

strain in the curved cases, compared to the flat case. Hence, the observed differences in the 

interaction energies are a result of the substrate curvature and membrane curvature, with negligible 

contribution from local strain.  

Additionally, there is also a possibility of band gap opening due to crumpling. Some studies 

have shown that a bandgap can be opened by sinusoidally crumpling graphene66 , although the 

radius of curvature at the peaks and valleys of graphene used in those studies was quiet low. In 

another study67 , using a cylindrically deformed (not a CNT) graphene with radius of curvature 

“12.245 Å” (radius of curvature in this study is 11.4 Å at the peaks and valleys), it was shown that 

there was no band gap opening. While it is still possible that a bandgap could exist for the crumpled 
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graphene used in this study which may affect the substrate-lipid interactions, studying those effects 

is beyond the scope of this paper and will be studied in a future publication. 

 

 

Tail tilt-angle distributions- The order parameter tells us about the differences in the lipid tail 

order caused by the influence of substrate and curvature. It also shows that the proximal part of 

the lipid tails are bent in the supported cases, although it does not give a detailed understanding of 

the extent of bending in the lipid tails. To supplement our understanding of the local physical 

properties of the lipid tails, we computed the tilt angle profiles for lipids in each of the three 

systems as well as for the bilayer case. 

Figure 4(b) compares the tilt angle distributions averaged over time for the four cases: 

bilayer, monolayer on flat graphene, monolayer on concavely curved graphene and monolayer on 

convexly curved graphene substrates. It should be noted that to facilitate direct comparison, we 

Figure 4 (a) Representation of the tilt angle (ϴ) for a flat graphene supported lipid, (b) 
comparison of the tilt angle distributions for lipids in the various systems considered in this 
study. 
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used the same molecular director approach as we did for computing the order parameter (see 

methods section), thereby ensuring that the effect of the changing lipid orientations in the curved 

cases is removed. 

The distributions showed that unlike the bilayer case, supported lipids exhibit a much wider 

distribution due to the bending of the lipid tails on a substrate, which results in an increase in the 

tilt angles. Within the supported cases, the nature of the substrate curvature further dictates the tilt 

angle distribution of the lipids. Lipids in the convex region have a distribution peak that is close 

to that of a bilayer, and lipids in the flat and concave cases have their peaks at much higher angles. 

This finding shows that the effect of the substrate on the lipids is negligible in the convex region. 

The lipids in the flat and concave regions, however, are bent because of the substrate and exhibit 

higher tilt angles. 

It should be noted that the slightly higher tilt angles of lipids in the concave region 

compared to those in the flat case may be a result of contributions from two factors: a greater 

adsorption degree and curvature of lipid tails induced because of the substrate (as the tails adsorb 

and line the curved graphene surface). Later, we will show using density profiles that there is in 

fact a greater degree of adsorption of lipid tails on concavely curved graphene compared to flat 

graphene. 



17 
 

 Furthermore, the deviations in the tilt angle profiles between the three supported 

cases also depend on the substrate curvature. Coarse-grained simulations were performed for a 

larger wavelength graphene SLM system (see supporting information) and the results showed 

almost similar profiles for the concave and flat cases (Figure S3 (c)). However, there were still 

substantial deviations in the tilt angle profiles between convex and flat cases, although to a lesser 

extent. 

 

Density profiles- We computed the mass density profiles and compared them for lipids in the 

various cases considered in this study. To facilitate the comparison, we plotted separate figures for 

Figure 5 Comparison of the density profiles of (a) lipid head groups, (b) lipid tail groups, (c) 
individual carbon atoms, for the various systems considered in this study. 
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the head groups (Figure 5(a)) and tail groups (Figure 5(b))) (see methods section for the 

classification details). 

 We observe a correlation in the trends from the previous sections on the order parameter 

and tilt angle with the trends observed in the density profile. First, the tail density profile plots 

show that there is greater adsorption of lipid tails in the concave region, followed by flat and 

convex surfaces. This discrepancy is evident from the first peak (closer to the substrate) of the tail 

density profiles, where the peak density values are almost the same for the concave and flat cases 

but lower for the convex case. It should be noted that because of the nature of the curvature, lipids 

in the concave region should have had a lower first peak value in the tail density and lipids in the 

convex region should have had a higher first peak value compared to the flat case65 . This is 

expected because when the lipid monolayer is concavely curved, the proximal tail carbons will 

have more volume to occupy, with the opposite expected in the convex case. However, for the first 

density peak values to exhibit the observed trend, the lipids in the concave region should be 

adsorbed to a greater degree compared to the flat case. To further validate this hypothesis, we 

computed the contributions of individual proximal carbons to the first peak density. Figure 5(c) 

shows that the contribution of the terminal carbons (C218, C216, and C214) to the first peak 

density in the flat case is higher than that in the concave case. However, the contribution of carbons 

more distant from graphene (C28 and C210) is higher in the concave case, which shows that the 

lipid tails are more bent in the concave case. 

Furthermore, the head group density profiles show that the lipid head groups in the concave 

region are very tightly packed and those in the convex region are sparsely packed when compared 

to the flat case, which is again a result of the nature of the curvature. Another interesting physical 

change brought about by the substrate curvature is the thickness of the lipid monolayer. Based on 
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the positions of the peaks in the head group density profile, we can infer that the lipids in the 

concave region are compressed by ~4Å and lipids in the convex region are elongated by ~5Å 

compared to the flat case. These effects are not entirely due to the substrate because they have 

been observed in the case of curved bicelles in a previous study65, although they were only 

observed in the concave case and to a much lesser extent (~1.2 – 1.3Å). Similar to tilt angle 

profiles, density profiles also depend on the curvature of the substrate. For the larger wavelength 

SLM system, the deviations in head group and tail group density profiles (Figure S3 (a),(b)) 

between the three curvature cases show similar trends but less pronounced, compared to the 

smaller wavelength SLM system. 

 

Figure 6 MSD plots for the various systems – (a) 2D MSD (x-y) for lipids in a bilayer, (b) 
2D MSD (x-y) for lipids on a flat graphene substrate, (c) 1D MSD (y) for lipids on a concave 
graphene substrate, (d) 1D MSD (y) for lipids on a convex graphene substrate 
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Diffusion coefficient- To understand the changes in lipid dynamics caused by the substrate 

curvature, we computed the diffusion coefficient of the lipids in the various regions. The diffusion 

coefficient was computed from the slope of the long-time mean-squared diffusion profiles using 

Einstein’s method (see methods section for the formulation). First, the presence of the substrate 

substantially reduces the diffusion coefficient of the lipids due to the adhesion of lipid tails to the 

graphene surface, which is evident from the lower diffusion coefficient values of supported lipids 

compared to a lipid bilayer reported in Table 1. This was also previously observed in lipid 

sesquilayers (1.5 bilayers) supported by graphene, where lipids directly adsorbed on graphene 

exhibited lower diffusion compared to the remaining bilayer68 .  

System Diffusion coefficient (μm2/s) 

Bilayer 39.388 ± 5.06 

Flat 0.76 ± 0.2 

Concave 0.1631 ± 0.02 

Convex 3.002 ± 0.54 

  

Figure 6 and Table 1 also show that the nature of the substrate curvature further affects 

lipid diffusion, where lipids in the convex region diffuse the fastest among the supported lipid 

cases while lipids in the concave region diffuse the slowest. These results can be explained in terms 

of lipid graphene adhesion, where maximum adhesion is observed in the concave case and hence 

slower dynamics, and minimum adhesion is observed in the convex case and hence faster 

dynamics. It should be noted that, apart from the lipid-substrate adhesion, other factors could also 

be contributing to the observed trends in the lipid dynamics like packing and hydration69 . For 

Table 1 Diffusion coefficient values for lipids in the various systems considered in this study 
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example, the higher head group packing density and lower hydration in the concave region, lower 

head group packing density and higher hydration in the convex region, could be contributing to 

the observed slower and faster dynamics in these regions, respectively. 

 

 CONCLUSIONS 

In this work, we attempted to understand the structural and dynamical properties of lipids 

in the flat and deformed graphene SLMs. Our comparative study characterized the changes in the 

properties of lipid monolayers caused by the local nature of the substrate curvature supporting it. 

We observed that the concave nature of graphene enhances its lipophilic nature, which directly 

results in a greater extent of lipid tail adsorption. The opposite effect was observed in the case of 

convexly curved graphene. We learned that lipid tails are more ordered in the proximal part of the 

concave region and less ordered in the proximal part of the convex region compared to the flat 

case. We observed that the thickness of the lipid monolayer changed locally, with elongation 

observed in the convex case and compression observed in the concave case. We also learned that 

the lipid dynamics also changed, with lipids in the concave region diffusing more slowly and lipids 

in the convex region diffusing faster, compared to the flat case. The computational study presented 

here provides insights into how we can tailor the properties of lipids, such as the tail order, tail tilt, 

monolayer thickness, packing density, lateral diffusion rate and lipid-substrate interaction strength 

using the curvature of the supporting substrate. Such nanoscopic insights into the properties of 

supported lipids and the effect of curvature on these interfaces can help in the design of better 

biosensors and targeted drug-delivery systems. 
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SUPPORTING INFORMATION 

 Additional information about the construction of some simulated systems and CG 

benchmarking results. 
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