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Clustering and separation of 
hydrophobic nanoparticles in lipid 
bilayer explained by membrane 
mechanics
Matej Daniel  1, Jitka Řezníčková1, Milan Handl2,3, Aleš Iglič4 & Veronika Kralj-Iglič5

Small hydrophobic gold nanoparticles with diameter lower than the membrane thickness can form 
clusters or uniformly distribute within the hydrophobic core of the bilayer. The coexistence of two stable 
phases (clustered and dispersed) indicates the energy barrier between nanoparticles. We calculated 
the distance dependence of the membrane-mediated interaction between two adjacent nanoparticles. 
In our model we consider two deformation modes: the monolayer bending and the hydroxycarbon 
chain stretching. Existence of an energy barrier between the clustered and the separated state of 
nanoparticles was predicted. Variation analysis of the membrane mechanical parameters revealed that 
the energy barrier between two membrane embedded nanoparticles is mainly the consequence of the 
bending deformation and not change of the thickness of the bilayer in the vicinity of nanoparticles. It 
is shown, that the forces between the nanoparticles embedded in the biological membrane could be 
either attractive or repulsive, depending on the mutual distance between them.

Unique electronic, optical, catalytic, and magnetic properties of nanoparticles (NPs) make them extremely inter-
esting for a variety of biomedical applications1–4. When interacting with cells, the first barrier that NPs need to 
encounter is the plasma membrane. Multiple computational and experimental studies have previously explored 
the interaction between the membrane and NPs1,5–11 showing possibility of transmembrane trafficking12, poration 
induced by NPs13, encapsulation of NPs14,15, change in membrane fluidity14,16, NP ordering9 and clustering medi-
ated by the membrane17. Accumulation of NPs in the membrane is driven by the NP shape, size, stiffness, and the 
nature of its interaction with the membrane5,11,14,17–20.

The NP interacting with a membrane perturbs the membrane causing short-range and long-range 
forces6,9,21. The biomembrane transmits the forces between spatially separated NPs which is denoted as the 
membrane-mediated interaction22. Several possible mechanisms of the membrane-mediated NPs interactions 
have been proposed. The driving force of the self-assembly of NPs could be ascribed to the hydrophobic mismatch 
as the membrane thickness is altered in the vicinity of the embedded NP23–25. It has been reported for membrane 
inclusions, that if two adjacent inclusions alter the membrane thickness in the same manner, they will attract 
each other, whereas if one inclusion thins and the other thickens the bilayer, the inclusions will repel each other26. 
Furthermore, the NP’s intrinsic curvature may affect the membrane curvature and generate attractive forces 
between NPs, if the adjacent inclusions have the opposite intrinsic curvature27,28. Even in the case of the NPs 
that match the thickness and the curvature of the membrane, the NPs could be attracted due to the long-range 
Casimir-like forces in the fluctuating membrane29 or due to the short range depletion attraction forces24,30.

Small NPs (diameter < 10 nm) are more likely to form membrane channels31, while the larger NPs (diame-
ter > 10 nm) usually penetrate into cells through membrane wrapping and internalisation32. Within this study, we 
consider hydrophobic nanoparticles with diameter smaller than the membrane thickness, that can penetrate the 
outter membrane layer and accumulate in bilayer cores10,33. We addressed the specific phenomena which show 
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that the method of loading of 2 nm-sized gold NPs into lipid vesicles affects the NPs distribution within the bio-
logical membrane34. If the NPs and phosphatidylcholine lipids are coextruded, the NPs form a dense monolayer 
in the hydrophobic core of the vesicle membrane (Fig. 1A). In contrast, vesicles which are formed by extrusion 
and then dialyzed in the presence of NPs dispersed with detergent contain a membrane region with NPs and a 
membrane region without NPs (Fig. 1B). In these vesicles, so-called the Janus-like vesicles, the NPs aggregate and 
form clusters in the membrane regions that are rich with NPs.

The two stable states of NPs in the vesicle membrane may be explained by the existence of an energy barrier 
between aggregated and separated NPs mediated by a biomembrane34. The aim of this study is to test this hypoth-
esis by estimation of the energy of a biomembrane induced by redistribution of NPs.

It was shown in the past that considering the membrane as continuum elastic medium may well explain 
interactions between membrane inclusions like transmembrane proteins24,35,36. Two key modes of membrane 
deformation caused by hydrophobic inclusion are the hydrophobic mismatch causing deformation of hydroxycar-
bon chains (stretching/compression) and the membrane bending of both membrane lipid bilayers10. Within this 
study, two rigid NPs of diameter r separated by the distance d are considered (Fig. 2). The local deformation of the 
membrane by the inclusions is then analysed by the variation of the membrane elastic energy which is increased 
by intercalation of NPs into hydrophobic moiety of membrane28. The local equilibrium shape of the membrane 
is determined as a shape with minimal elastic energy of the membrane in the deformed state. The variations of 
the intrinsic curvature C0, the bending constant κb, and the compression-expansion constant κc are performed to 

Figure 1. (A) Vesicles prepared by coextrusion of lipids and nanoparticles; NPs in the membrane are separated 
(sep). (B) Janus-type of NP-vesicle hybrids prepared by loading of NPs into pre-prepared vesicles; NPs in the 
membrane are condensed (cond). Adapted with permission from Rasch et al., 2010. Copyright 2010 American 
Chemical Society.

Figure 2. Geometrical model of the lipid bilayer with two embedded NPs of radius r at distance d. The 
thickness of the phospholipid hydroxycarbon tail region in the unperturbed planar lipid bilayer is denoted by 
ξ0. NPs induce changes in the local curvature of the bilayer leaflets C and the change of the membrane thickness 
due to deformation of hydroxycarbon tails λ = ξ/ξ0.
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study the effect of membrane properties on the elastic energy of membrane with the NP inclusions. The range of 
the membrane elastic parameters adopted in simulations is shown in Table 1.

Results
Figure 3 shows the dependence of the calculated membrane elastic energy on the distance between two NPs and 
the corresponding membrane elastic energy for various values of NP diameter. It can be seen in Fig. 3 that the 
condensed state of NPs is energetically more favorable than the separated state. Small nanoparticles require less 
elastic energy to embed into the lipid bilayer, in agreement with Wi et al.10.

Further, our simulations confirms the hypothesis of Rasch et al.34, that there exists an elastic energy barrier 
between disperse and aggregate state of NPs embedded in the biological membrane (Fig. 3).

The bending contribution to the energy per lipid molecules is higher than the stretching contribution of 
hydroxycarbon tails (Fig. 4). Figure 5 shows the height of the energy barrier in condensed (Fig. 5A) and separated 
(Fig. 5B) state of NPs, calculated for different values of membrane parameters C0, κb, and κc. It is shown that the 

Parameter Value Reference

NP size r [nm] 1, 2, 3, 4 10

intrinsic curvature C0 [nm−1] −0.1, −0.2, −0.3 42

bending moduls κb [kbT] 5, 10, 15 53

compression modulus κc [kbT nm−2] 30, 45, 60 54

monolayer thickness ξ0 [nm] 1.47 55

lipid area a0 [Å2] 72.4 56,57

Table 1. Geometrical and mechanical parameters of the NP and phosphatidylcholine membrane monolayer. 
Bold numbers denote the default values of parameters.

Figure 3. The membrane elastic energy per lipid molecule in the presence of nanoparticles g considering the 
planar lipid bilayer energy gplanar as reference (Δg = g − gplanar) in dependence on the distance between the 
nanoparticles d for various sizes of nanoparticle.

Figure 4. Contribution of stretching (Δgc) and bending energy (Δgb) to the relative elastic energy per 
lipid molecule (Δg) in the presence of nanoparticles (r = 2 nm) as a function of the distance between the 
nanoparticles. Energies are expressed by taking the planar lipid bilayer elastic energy as reference.
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membrane bending rigidity κb has the largest effect on the magnitude of the energy barrier. The higher the values 
of intrinsic curvature C0, membrane bending κb and compression modulus κc, the higher the energy barrier that 
the nanoparticles must overcome to separate (Fig. 5A) or to cluster themselves (Fig. 5B). The height of the elastic 
energy barrier is generally lower for transition from separated to clustered phase than in the opposite direction–
from clustered into separated state.

Discussion
It was experimentally observed that the lateral distribution of hydrophobic NPs in a lipid membrane vesicle 
depends on the method of loading of NPs into the lipid vesicle34. If the NPs are incorporated into the membrane 
of the already existing lipid vesicle by the dialysis process, they form NP clusters in the membrane indicating 
that the NP clustering is energetically favorable37. However, if the membrane is self-assembled with NPs, it was 
observed that NPs are distributed uniformly in the membrane34.

Our results could explain the aggregation of NPs in the lipid bilayer prepared by dialysis observed by Bonnaud et al.37  
and Rasch et al.34. Insertion of the first NP disturbs the membrane locally. It is energetically more favorable for the 
next intercalated particles to be clustered with the other membrane-inserted particle (Fig. 5A) than to be dispersed. 
If the clustered nanoparticles are separated, e.g. by small thermal fluctuations, the membrane-mediated interaction 
attract them together. However, if the membrane is self-assembled together with NPs, the NPs are embedded in the 
membrane at a distance larger than the one corresponding to the membrane elastic energy peak in Fig. 3. In this case, 
membrane-mediated interactions cause repulsive forces between NPs (Fig. 3) and NPs remain unclustered.

In general, the membrane-mediated interactions may induce either attractive or repulsive forces between the 
biomembrane inclusions23–27,29. Considering the gradient of membrane elastic energy in Figs 3 and 4, we may 
conclude, that both cases are possible for small hydrophobic NPs embedded in hydrophobic core of membrane, 
depending on the mutual distance between NPs.

In agreement with our model, the recently published coarse-grained molecular dynamics study9 also predicted 
the existence of energy barrier between two anionic ligand-coated NPs embedded in a cholesterol-free lipid mem-
brane. The peak energy of the energy barrier was observed at roughly 8 nm distance between the NPs of diameter 
3 nm. It corresponds to the distance d = 5 nm as defined in Fig. 2. Our simulations predict energy barrier peak at 
the distance d equal to 4 nm. However, the previous study9 was focused on NPs coated with amphiphilic ligands 
and they are therefore not fully included in the hydrophobic core of the lipid bilayer. Also, the particles in this 
study9 were negatively charged (ammonic), therefore they repel each other electrostatively.

Rasch et al., 2010 hypothesized that the energy barrier appears mainly due to the phospholipid tail stretching 
deformation. Our simulations show that instead of the deformation of membrane hydrophobic core, bending of 
the monolayer is the decisive factor influencing the membrane elastic energy barrier between two neighbouring 
membrane embedded particles (Fig. 4). Increase of the bending stiffness of the phosholipid monolayers consid-
erably increases the bilayer energy associated with NP insertion in the membrane and the height of the energy 
barrier between the condensed (Fig. 5A) and the dispersed (Fig. 5B) state of NPs.

Figure 5. The height of the energy barrier with respect to (A) the condensed and (B) the separated phase of 
NPs calculated for different values of membrane parameters C0, κb, and κc.
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The present study employs the number of assumptions to intentionally keep the model simple. Our main goal was to 
qualitatively illustrate the membrane elasticity-driven interactions between NPs in the biomembrane. We have adopted 
a continuum approach although the studied length scale is at molecular dimensions. Describing the biomembrane as 
elastic continuum is certainly an approximation. However, studies of protein channels38 show that hydrophobic match-
ing and membrane-mediated interactions can be well understood also within simple elasticity theory.

The model could be further upgraded by considering the lipid tilt24,36,39,40. May et al.36 showed that the lipid 
tilt modulus has two energy contributions. The first one is included in the present model as the stretching of 
the hydrocarbon chains and reflects the loss of chain conformational freedom. The second contribution that 
was not considered in this work is the entropic contribution resulting from the constraints imposed by the tilt 
deformation on the fluctuations of the hydroxycarbon chain. We may assume that the entropic contribution is 
less pronounced in the case of a fully embedded NP than in the case of conformational restrictions that flexible 
hydroxycarbon chains experience in the vicinity of a rigid transmembrane inclusion24.

The model assumes that there are no constraints on the distribution of phospholipids between NPs and planar 
biomembrane. This assumption corresponds to strong hydrophobic interaction between the NP and hydroxycar-
bon chains of membrane lipids. In the study of Rasch et al., 2010, such strong hydrophobic interaction is mediated 
by dodecanethiol coating of gold NPs In the case of weaker interaction, the larger NPs might induce membrane 
poration33, that is not considered within this study.

Our model also does not explicitly take into account the increase of the disorder of lipids in the vicinity of 
the NP25. This effect might be important in the lipid bilayer containing cholesterol, where the cholesterol con-
tent was shown to decrease near NP25. It was indicated that purely hydrophobic NPs accumulate at the interface 
between the cholesterol-rich, ordered domains and cholesterol-lean, liquid domains to reduce the net interfacial 
free energy9. The interfacial energy minimization was also proposed for protein self-assembly mediated by dis-
ordered domains around protein inclusions within ordered lipid bilayers41. The presence of cholesterol may also 
contribute to the depletion forces24 between the NPs. These additional attractive forces may be responsible for NP 
clustering observed in the presence of cholesterol in the membrane9.

Our simulations were performed for phosphatidylcholine lipids with negative intrinsic curvature C0 (Table 1). 
The effect of variation of the intrinsic curvature on the membrane energy is minor as contributions of the positive 
and the negative curvature regions to elastic membrane energy are canceled (Fig. 2). Therefore, we may expect the 
existence of energy barrier between the condensed and the separated state of NPs also for membranes composed 
of the lipids with positive intrinsic curvature.

Within this study a membrane composed of single lipid sort was considered. The lipid mixture with var-
ious intrinsic curvatures42 could influence NP-biomembrane interaction. We may expect also lipid sorting at 
the highly curved NP surface43. In this case, the Gaussian energy term should be included in equation (1) and 
entropic contribution44–46 due to non-homogenous lateral distribution of lipids should be considered.

The presented study is based on two-dimensional analysis by taking the second principal curvature in the 
membrane to be zero. In three-dimensions, the non-zero second principal curvature should be taken into 
account. The Gaussian bending energy could also be considered constant in three-dimensions if the studied 
membrane area is the part of closed vesicle and the presence of NPs will not influence the membrane shape out-
side the studied region. Considering the second principal curvature in three dimensions would likely change the 
values of the elastic energy, but it would not influence the main conclusions about the role of the energy barrier 
between the NPs in biomembrane, preventing either their clustering or disassembling of already formed clusters.

Methods
The NP embedded within the lipid bilayer hydrophobic region induces perturbation in bilayer thickness and 
bends both bilayer leaflets (Fig. 2). The local shape of the lipid bilayer wrapping around the NP is governed by the 
interplay between the lipid tails’ stretching energy Gc and the bending energy of both monolayers Gb. The local 
bending energy can be expressed as deviation of the membrane local curvature C from initrinsic membrane cur-
vature C0

47, while the transversal stretching energy is considered as the deformation of the hydrophobic core35,48.
Within this study, the problem of NP interaction is reduced to two-dimensions, as shown in Fig. 2. Two rigid NPs 

of diameter r separated by the distance d are considered. The average energy per lipid molecule can be expressed as
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where κb and κc are the bending and the compression-expansion constants of the lipid layers, respectively, ξ is the 
thickness of the deformed monolayer in the vicinity of the NP, ξ0 is the length of the lipid tails of an unperturbed 
monoloayer, and a0 is the area per lipid mocule. The integration is performed over the contour length l of the 
monolayers at the hydrophobic/water interface.

The optimal shape is determined by the minimum of the average elastic energy per lipid in the presence of 
nanoparticle g with respect to its energy in the planar lipid bilayer gplanar (Δg = g − gplanar). The energy per lipid 
molecule in planar bilayer can be expressed by taking C = 0 and ξ = ξ0 in Eq. (1).

The configuration of the system corresponding to its minimal elastic energy was obtained by using the custom 
written optimization program employing basin hopping method49. The membrane contour is discretized and 
each step of the random perturbation is followed by the local minimization of the membrane elastic energy using 
the sequential quadratic programming50. The simulated annealing acceptance test based on standard Monte Carlo 
was used51. To reduce computational demands, one quarter of the geometry is solved considering symmetry 
about bilayer midplane and midplane between NPs (Fig. 2). The predictions of our model were verified by com-
parison with the results of an analytical model of Sub Wi et al.10 for a single NP embedded in the membrane. The 
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membrane element size was chosen on the basis of the mesh convergence test. The lipid parameters chosen for the 
simulation are shown in Table 1. Simulations are based on default values of parameters, if not stated otherwise. 
The range of the NP size is taken after Gopalakrishnan et al.52, who observed no NPs larger than 4 nm embedded 
in the lipid bilayer. To study the effect of membrane properties on the elastic energy of membrane with the NP 
inclusion, the variations of the intrinsic curvature C0, the bending κb, and the compression-expansion constants 
κc are performed. The range of the membrane elastic parameters adopted in simmulations is shown in Table 1.

Data availability. All data generated during this study are included in this manuscript. The code of the com-
putational framework in Python is available from the corresponding author on reasonable request.

References
 1. Rossi, G. & Monticelli, L. Gold nanoparticles in model biological membranes: A computational perspective. Biochim. Biophys. Acta 

- Biomembr. 1858, 2380–2389, https://doi.org/10.1016/j.bbamem.2016.04.001 (2016).
 2. Patra, H. K. et al. On/off-switchable anti-neoplastic nanoarchitecture. Sci. Rep. 5, 14571, https://doi.org/10.1038/srep14571 (2015).
 3. Imani, R. et al. Combined cytotoxic effect of UV-irradiation and TiO2 microbeads in normal urothelial cells, low-grade and high-

grade urothelial cancer cells. Photochem. Photobiol. Sci. 14, 583–590, https://doi.org/10.1039/c0pp00354a (2015).
 4. Imani, R. et al. Multifunctional gadolinium-doped mesoporous TiO2 nanobeads: photoluminescence, enhanced spin relaxation, 

and reactive oxygen species photogeneration, beneficial for cancer diagnosis and treatment. Small 13, 1–11, https://doi.org/10.1002/
smll.201700349 (2017).

 5. Bahrami, A. H., Lipowsky, R. & Weikl, T. R. The role of membrane curvature for the wrapping of nanoparticles. Soft Matter 12, 
581–587, https://doi.org/10.1039/C5SM01793A (2015).

 6. Agudo-Canalejo, J. & Lipowsky, R. Uniform and Janus-like nanoparticles in contact with vesicles: energy landscapes and curvature-
induced forces. Soft Matter 13, 2155–2173, https://doi.org/10.1039/C6SM02796B (2017).

 7. Lin, X. & Gu, N. Surface properties of encapsulating hydrophobic nanoparticles regulate the main phase transition temperature of 
lipid bilayers: A simulation study. Nano Res., https://doi.org/10.1007/s12274-014-0482-3 (2014).

 8. Tian, X., Zheng, H., Matsudaira, P. T. & Mirsaidov, U. Real time observation of gold nanoparticle aggregation dynamics on a 2D 
membrane. Microsc. Microanal. 22, 808–809, https://doi.org/10.1017/S143192761600489X (2016).

 9. Angelikopoulos, P., Sarkisov, L., Cournia, Z. & Gkeka, P. Self-assembly of anionic, ligand-coated nanoparticles in lipid membranes. 
Nanoscale 9, 1040–1048, https://doi.org/10.1039/C6NR05853A (2017).

 10. Sub, W. H., Lee, K. & Kyu Pak, H. Interfacial energy consideration in the organization of a quantum dot-lipid mixed system. J. Phys. 
Condens. Matter 20, 494211, https://doi.org/10.1088/0953-8984/20/49/494211 (2008).

 11. Gongadze, E. et al. Ions and water molecules in an electrolyte solution in contact with charged and dipolar surfaces. Electrochim. 
Acta 126, 42–60, https://doi.org/10.1016/j.electacta.2013.07.147 (2014).

 12. Vasir, J. K. & Labhasetwar, V. Quantification of the force of nanoparticle-cell membrane interactions and its influence on intracellular 
trafficking of nanoparticles. Biomaterials 29, 4244–4252, https://doi.org/10.1016/j.biomaterials.2008.07.020 (2008).

 13. Goodman, C. M., McCusker, C. D., Yilmaz, T. & Rotello, V. M. Toxicity of gold nanoparticles functionalized with cationic and 
anionic side chains. Bioconjug. Chem. 15, 897–900, https://doi.org/10.1021/bc049951i (2004).

 14. Santhosh, P. B. et al. Influence of nanoparticle-membrane electrostatic interactions on membrane fluidity and bending elasticity. 
Chem. Phys. Lipids 178, 52–62, https://doi.org/10.1016/j.chemphyslip.2013.11.009 (2014).

 15. Urban, A. S., Pfeiffer, T., Fedoruk, M., Lutich, A. A. & Feldmann, J. Single Step Injection of Gold Nanoparticles through Phospholipid 
Membranes. ACS Nano 5, 3585–3590, https://doi.org/10.1021/nn201132a (2011).

 16. Mhashal, A. R. & Roy, S. Effect of gold nanoparticle on structure and fluidity of lipid membrane. PLoS One 9, 1–18, https://doi.
org/10.1371/journal.pone.0114152 (2014).

 17. Šarić, A. & Cacciuto, A. Self-assembly of nanoparticles adsorbed on fluid and elastic membranes. Soft Matter 9, 6677, https://doi.
org/10.1039/c3sm50188d (2013).

 18. Yi, X. & Gao, H. Incorporation of soft particles into lipid vesicles: efffects of particle size and elasticity. Langmuir 32, 13252–13260, 
https://doi.org/10.1021/acs.langmuir.6b03184 (2016).

 19. Velikonja, A. et al. Interaction between dipolar lipid headgroups and charged nanoparticles mediated by water dipoles and ions. Int. 
J. Mol. Sci. 14, 15312–15329, https://doi.org/10.3390/ijms140815312 (2013).

 20. Lipowsky, R. & Döbereiner, H. G. Vesicles in contact with nanoparticles and colloids. Europhys. Lett. 43, 219–225, https://doi.
org/10.1209/epl/i1998-00343-4 (1998).

 21. Danov, K. D. & Kralchevsky, P. A. Capillary forces between particles at a liquid interface: General theoretical approach and 
interactions between capillary multipoles. Adv. Colloid Interface Sci. 154, 91–103, https://doi.org/10.1016/j.cis.2010.01.010 (2010).

 22.  Müller, M. M., Deserno, M. & Guven, J. Interface-mediated interactions between particles: A geometrical approach. Phys. Rev. E - 
Stat. Nonlinear, Soft Matter Phys. 72, https://doi.org/10.1103/PhysRevE.72.061407 (2005).

 23. Goulian, M. Inclusions in membranes. Curr. Opin. Colloid Interface Sci. 1, 358–361, https://doi.org/10.1016/S1359-0294(96)80133-6 
(1996).

 24. Bohinc, K., Kralj-Iglič, V. & May, S. Interaction between two cylindrical inclusions in a symmetric lipid bilayer. J. Chem. Phys. 119, 
7435–7444, https://doi.org/10.1063/1.1607305 (2003).

 25. Gkeka, P., Angelikopoulos, P., Sarkisov, L. & Cournia, Z. Membrane partitioning of anionic, ligand-coated nanoparticles is 
accompanied by ligand snorkeling, local disordering, and cholesterol depletion. PLoS Comput. Biol. 10, https://doi.org/10.1371/
journal.pcbi.1003917 (2014).

 26. Gil, T. et al. Theoretical analysis of protein organization in lipid membranes. Biochim Biophys Acta. 1376, 245–66, https://doi.
org/10.1016/S0304-4157(98)00022-7 (1998).

 27. Simunovic, M. & Voth, G. A. Membrane tension controls the assembly of curvature-generating proteins. Nat. Commun. 6, 7219, 
https://doi.org/10.1038/ncomms8219 (2015).

 28. Phillips, R., Ursell, T., Wiggins, P. & Sens, P. Emerging roles for lipids in shaping membrane-protein function. Nature 459, 379–385, 
https://doi.org/10.1038/nature08147 (2009).

 29.  Bitbol, A. F., Dommersnes, P. G. & Fournier, J. B. Fluctuations of the Casimir-like force between two membrane inclusions. Phys. 
Rev. E - Stat. Nonlinear, Soft Matter Phys. 81, https://doi.org/10.1103/PhysRevE.81.050903 (2010).

 30. Mao, Y., Cates, M. E. & Lekkerkerker, H. N. W. Depletion force in colloidal systems. Phys. A Stat. Mech. its Appl. 222, 10–24, https://
doi.org/10.1016/0378-4371(95)00206-5 (1995).

 31. Deserno, M. Elastic deformation of a fluid membrane upon colloid binding. Phys. Rev. E - Stat. Nonlinear, Soft Matter Phys. 69, 1–14, 
https://doi.org/10.1103/PhysRevE.69.031903 (2004).

 32. Contini, C., Schneemilch, M., Gaisford, S. & Quirke, N. Nanoparticle-membrane interactions. J. Exp. Nanosci. 13, 62–81, https://doi.
org/10.1080/17458080.2017.1413253 (2018).

 33. Guo, Y., Terazzi, E., Seemann, R., Fleury, J. B. & Baulin, V. A. Direct proof of spontaneous translocation of lipid-covered Hydrophobic 
nanoparticles through a phospholipid bilayer. Sci. Adv. 2, 38–40, https://doi.org/10.1126/sciadv.1600261 (2016).

http://dx.doi.org/10.1016/j.bbamem.2016.04.001
http://dx.doi.org/10.1038/srep14571
http://dx.doi.org/10.1039/c0pp00354a
http://dx.doi.org/10.1002/smll.201700349
http://dx.doi.org/10.1002/smll.201700349
http://dx.doi.org/10.1039/C5SM01793A
http://dx.doi.org/10.1039/C6SM02796B
http://dx.doi.org/10.1007/s12274-014-0482-3
http://dx.doi.org/10.1017/S143192761600489X
http://dx.doi.org/10.1039/C6NR05853A
http://dx.doi.org/10.1088/0953-8984/20/49/494211
http://dx.doi.org/10.1016/j.electacta.2013.07.147
http://dx.doi.org/10.1016/j.biomaterials.2008.07.020
http://dx.doi.org/10.1021/bc049951i
http://dx.doi.org/10.1016/j.chemphyslip.2013.11.009
http://dx.doi.org/10.1021/nn201132a
http://dx.doi.org/10.1371/journal.pone.0114152
http://dx.doi.org/10.1371/journal.pone.0114152
http://dx.doi.org/10.1039/c3sm50188d
http://dx.doi.org/10.1039/c3sm50188d
http://dx.doi.org/10.1021/acs.langmuir.6b03184
http://dx.doi.org/10.3390/ijms140815312
http://dx.doi.org/10.1209/epl/i1998-00343-4
http://dx.doi.org/10.1209/epl/i1998-00343-4
http://dx.doi.org/10.1016/j.cis.2010.01.010
http://dx.doi.org/10.1103/PhysRevE.72.061407
http://dx.doi.org/10.1016/S1359-0294(96)80133-6
http://dx.doi.org/10.1063/1.1607305
http://dx.doi.org/10.1371/journal.pcbi.1003917
http://dx.doi.org/10.1371/journal.pcbi.1003917
http://dx.doi.org/10.1016/S0304-4157(98)00022-7
http://dx.doi.org/10.1016/S0304-4157(98)00022-7
http://dx.doi.org/10.1038/ncomms8219
http://dx.doi.org/10.1038/nature08147
http://dx.doi.org/10.1103/PhysRevE.81.050903
http://dx.doi.org/10.1016/0378-4371(95)00206-5
http://dx.doi.org/10.1016/0378-4371(95)00206-5
http://dx.doi.org/10.1103/PhysRevE.69.031903
http://dx.doi.org/10.1080/17458080.2017.1413253
http://dx.doi.org/10.1080/17458080.2017.1413253
http://dx.doi.org/10.1126/sciadv.1600261


www.nature.com/scientificreports/

7SCiEnTiFiC REPORTS |  (2018) 8:10810  | DOI:10.1038/s41598-018-28965-y

 34. Rasch, M. R. et al. Hydrophobic gold nanoparticle self-assembly with phosphatidylcholine lipid: membrane-loaded and janus 
vesicles. Nano Lett. 10, 3733–9, https://doi.org/10.1021/nl102387n (2010).

 35. Nielsen, C. & Andersen, O. S. Inclusion-induced bilayer deformations: effects of monolayer equilibrium curvature. Biophys. J. 79, 
2583–604, https://doi.org/10.1016/S0006-3495(00)76498-8 (2000).

 36. May, S., Kozlovsky, Y., Ben-Shaul, A. & Kozlov, M. M. Tilt modulus of a lipid monolayer. Eur. Phys. J. E 14, 299–308, https://doi.
org/10.1140/epje/i2004-10019-y (2004).

 37. Bonnaud, C. et al. Insertion of nanoparticle clusters into vesicle bilayers. ACS Nano 8, 3451–3460, https://doi.org/10.1021/
nn406349z (2014).

 38. Harroun, T. A., Heller, W. T., Weiss, T. M., Yang, L. & Huang, H. W. Experimental evidence for hydrophobic matching and membrane-
mediated interactions in lipid bilayers containing gramicidin. Biophys. J. 76, 937–945, https://doi.org/10.1016/S0006-3495(99)77257-7 
(1999).

 39. Fošnarič, M. et al. The influence of anisotropic membrane inclusions on curvature elastic properties of lipid membranes. J. Chem. 
Inf. Model. 45, 1652–1661, https://doi.org/10.1021/ci050171t (2005).

 40. Fošnarič, M., Iglič, A., May, S., Fosnaric, M. & Iglič, A. Influence of rigid inclusions on the bending elasticity of a lipid membrane. 
Phys. Rev. E 74, 1–12, https://doi.org/10.1103/PhysRevE.74.051503 (2006).

 41. Katira, S., Mandadapu, K. K., Vaikuntanathan, S., Smit, B. & Chandler, D. Pre-transition effects mediate forces of assembly between 
transmembrane proteins. Elife 5, 1–19, https://doi.org/10.7554/eLife.13150 (2016).

 42. Hamai, C., Yang, T., Kataoka, S., Cremer, P. S. & Musser, S. M. Effect of average phospholipid curvature on supported bilayer 
formation on glass by vesicle fusion. Biophys. J. 90, 1241–1248, https://doi.org/10.1529/biophysj.105.069435 (2006).

 43. Black, J. C., Cheney, P. P., Campbell, T. & Knowles, M. K. Membrane curvature based lipid sorting using a nanoparticle patterned 
substrate. Soft Matter 10, 2016–2023, https://doi.org/10.1039/c3sm52522h (2014).

 44. Hägerstrand, H. et al. Curvature-dependent lateral distribution of raft markers in the human erythrocyte membrane. Mol. Membr. 
Biol. 23, 277–288, https://doi.org/10.1080/09687860600682536 (2006).

 45. Kralj-Iglič, V., Heinrich, V., Svetina, S. & Žekš, B. Free energy of closed membrane with anisotropic inclusions. Eur. Phys. J. B 10, 5–8, 
https://doi.org/10.1007/s100510050822 (1999).

 46. Kralj-Iglič, V. et al. Amphiphile-induced tubular budding of the bilayer membrane. Eur. Biophys. J. 34, 1066–1070, https://doi.
org/10.1007/s00249-005-0481-0 (2005).

 47. Helfrich, W. Elastic properties of lipid bilayers: theory and possible experiments. Zeitschrift für Naturforschung. Tl. C. Biochem. 
Biophys. Biol. Virol. 11, 693–703 (1973).

 48. Perutková, Š. et al. Elastic deformations in hexagonal phases studied by small-angle X-ray diffraction and simulations. Phys. Chem. 
Chem. Phys. 13, 3100–7, https://doi.org/10.1039/c0cp01187h (2011).

 49. Wales, D. J. & Doye, J. P. K. Global optimization by basin-hopping and the lowest energy structures of Lennard-Jones clusters 
containing up to 110 Atoms. J. Phys. Chem. A 101, 5111–5116, https://doi.org/10.1021/jp970984n (1997).

 50. Fletcher, R. The sequential quadratic programming method. Nonlinear Optim (2010).
 51. Kirkpatrick, S., Gelatt, C. D. & Vecchi, M. P. Optimization by simulated annealing. Sci. New Ser. 220, 671–680 (1983).
 52. Gopalakrishnan, G. et al. Multifunctional lipid/quantum dot hybrid nanocontainers for controlled targeting of live cells. Angew. 

Chem. Int. Ed. Engl. 45, 5478–83, https://doi.org/10.1002/anie.200600545 (2006).
 53. Nagle, J. F., Jablin, M. S., Tristram-Nagle, S. & Akabori, K. What are the true values of the bending modulus of simple lipid bilayers? 

Chem. Phys. Lipids 185, 3–10, https://doi.org/10.1016/j.chemphyslip.2014.04.003 (2015).
 54. Tristram-Nagle, S., Petrache, H. I. & Nagle, J. F. Structure and interactions of fully hydrated dioleoylphosphatidylcholine bilayers. 

Biophys. J. 75, 917–925, https://doi.org/10.1016/S0006-3495(98)77580-0 (1998).
 55. Perutkova, S. et al. Stability of the inverted hexagonal phase. In Liu, L. & Tien, H. (eds.) Adv. Planar Lipid Bilayers Liposomes, vol. 9, 

237–278 (Academic Press, Burlington), https://doi.org/10.1016/S1554-4516(09)09009-7 (2009).
 56. Kucerka, N., Tristram-Nagle, S. & Nagle, J. F. Structure of fully hydrated fluid phase lipid bilayers with monounsaturated chains.  

J. Membr. Biol. 208, 193–202, https://doi.org/10.1007/s00232-005-7006-8 (2006).
 57. Guo, Y., Terazzi, E., Seemann, R., Fleury, J. B. & Baulin, V. A. Direct proof of spontaneous translocation of lipid-covered hydrophobic 

nanoparticles through a phospholipid bilayer. Sci. Adv. 2, e1600261–e1600261, https://doi.org/10.1126/sciadv.1600261 (2016).

Acknowledgements
The study was supported by projects of the Czech Health Research Council 15–33629 A and the Czech Science 
Foundation 16-14758 S and the grants P2-0232, P3-0388, J5-7098, J2-8166 and J2-8169 from Slovenian Research 
Agency (ARRS).

Author Contributions
M.D. designed the computational framework, performed the numerical simulations and took the lead in writing 
the manuscript, J.Ř. performed the analytic calculations, analysed the data and verified the numerical results 
by an independent implementation, M.H. contributed to the interpretation of the results, A.I. and V.K. devised 
the main conceptual ideas and developed the theoretical formalism. All authors provided critical feedback and 
helped shape the research, analysis and manuscript.

Additional Information
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://dx.doi.org/10.1021/nl102387n
http://dx.doi.org/10.1016/S0006-3495(00)76498-8
http://dx.doi.org/10.1140/epje/i2004-10019-y
http://dx.doi.org/10.1140/epje/i2004-10019-y
http://dx.doi.org/10.1021/nn406349z
http://dx.doi.org/10.1021/nn406349z
http://dx.doi.org/10.1021/ci050171t
http://dx.doi.org/10.1103/PhysRevE.74.051503
http://dx.doi.org/10.7554/eLife.13150
http://dx.doi.org/10.1529/biophysj.105.069435
http://dx.doi.org/10.1039/c3sm52522h
http://dx.doi.org/10.1080/09687860600682536
http://dx.doi.org/10.1007/s100510050822
http://dx.doi.org/10.1007/s00249-005-0481-0
http://dx.doi.org/10.1007/s00249-005-0481-0
http://dx.doi.org/10.1039/c0cp01187h
http://dx.doi.org/10.1002/anie.200600545
http://dx.doi.org/10.1016/j.chemphyslip.2014.04.003
http://dx.doi.org/10.1007/s00232-005-7006-8
http://dx.doi.org/10.1126/sciadv.1600261
http://creativecommons.org/licenses/by/4.0/

	Clustering and separation of hydrophobic nanoparticles in lipid bilayer explained by membrane mechanics
	Results
	Discussion
	Methods
	Data availability. 

	Acknowledgements
	Figure 1 (A) Vesicles prepared by coextrusion of lipids and nanoparticles NPs in the membrane are separated (sep).
	Figure 2 Geometrical model of the lipid bilayer with two embedded NPs of radius r at distance d.
	Figure 3 The membrane elastic energy per lipid molecule in the presence of nanoparticles g considering the planar lipid bilayer energy gplanar as reference (Δg = g − gplanar) in dependence on the distance between the nanoparticles d for various sizes of n
	Figure 4 Contribution of stretching (Δgc) and bending energy (Δgb) to the relative elastic energy per lipid molecule (Δg) in the presence of nanoparticles (r = 2 nm) as a function of the distance between the nanoparticles.
	Figure 5 The height of the energy barrier with respect to (A) the condensed and (B) the separated phase of NPs calculated for different values of membrane parameters C0, κb, and κc.
	Table 1 Geometrical and mechanical parameters of the NP and phosphatidylcholine membrane monolayer.




