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Abstract

Systems biology and systems medicine have played an important role in the last two decades in 

shaping our understanding of biological processes. While systems biology is synonymous with 

network maps and ‘-omics’ approaches, it is not often associated with mechanical processes. Here, 

we make the case for considering the mechanical and geometrical aspects of biological 

membranes as a key step in pushing the frontiers of systems biology of cellular membranes 

forward. We begin by introducing the basic components of cellular membranes, and highlight their 

dynamical aspects. We then survey the functions of the plasma membrane and the endomembrane 

system in signaling, and discuss the role and origin of membrane curvature in these diverse 

cellular processes. We further give an overview of the experimental and modeling approaches to 

study membrane phenomena. We close with a perspective on the converging futures of systems 

biology and membrane biophysics, invoking the need to include physical variables such as 

location and geometry in the study of cellular membranes.

1 Introduction

Systems biology, an emerging interdisciplinary field aimed at understanding biological 

systems holistically, is often associated with network maps of protein-protein interactions, 

proteomic, genomic, and bioinformatics approaches [1, 2, 3]. A quick Google search on 

systems biology leads us to the NIH definition, which includes contributions in 

computational modeling, proteomics, bioinformatics, genomics, and even immunology. 

These efforts have been used successfully to identify potential drug targets and genes related 

to various diseases [4, 5, 6].

One common feature of the network and gene maps and their interactions is that they occur 

in compartmentalized regions within the cell that are separated by a lipid bilayer. Systems 

biology approaches have made significant contributions to the different aspects of cellular 

membrane function. Lipidomics, the mapping of cellular lipids, heralded the era of ‘-omics’ 

into membrane biology [7, 8, 9, 10, 11]. Using methods such as liquid chromatography [12, 
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13, 14] and mass spectrometry [15, 16, 17], researchers have been able to extract lipids from 

distinct cellular compartments, and characterize and classify them into their specific 

molecular species. While each extraction and characterization methods has different 

strengths and weaknesses [18], these approaches announced the era of quantitative 

knowledge of lipids, lipid metabolites, and their role in the metabolome. Coupled with 

studies that highlighted the role of lipid signaling in health and disease [19] and signaling 

processes that regulate cellular membranes [20, 21, 22], it has become increasingly evident 

that systems biology of cellular membranes has come of age. This progression has also led 

to increasingly complex dynamical models that include compartments to represent the 

plasma membrane [23, 24, 25, 26, 27], calcium fluxes through the ER membrane [28, 29], 

and signaling at the Golgi membrane as well [30, 31, 32].

What then is the future of systems approaches for the study of cellular membranes? We 

propose that the next era of systems approaches in cellular membranes stems from 

combining the existing knowledge base of lipid diversity and function with spatial and 

mechanical aspects of cellular membranes, which impact diverse membrane processes from 

the assembly of trafficking vesicles to the function of organelles and cell invasion by 

pathogens. In this review, we make the case for an important role played by lipid bilayer 

mechanics in systems biology. Given the rather broad nature of this undertaking, we present 

a few important examples of membrane regulation of cellular processes and discuss 

experimental and modeling methods to study these processes. We propose that membrane 

curvature as a governing principle of biological function and suggest that the mechanics of 

lipid membranes cannot be neglected. We close with a perspective on the converging futures 

of systems biology and membrane biophysics, invoking the need to include physical 

variables such as location and geometry in the study of cellular membranes.

2 Lipid bilayers and cellular function

The function of cellular membranes is tied closely to their geometry. Membranes are 

important not only for protecting the cytosolic components but also for organelle function 

and cytoskeletal remodeling. (a) SEM image of lamellipodia and filopodia in Aplysia growth 

cone (adapted from [33]); (b) Micrographs of clathrin-mediated endocytosis at different 

stages of budding (adapted from [34]); (c) Membrane-bound receptors, G-protein coupled 

receptors, and receptor tyrosine kinases cause Ras GTPase activation at the plasma 

membrane and endomembranes [35]; (d) TEM images of mitochondrial membrane in 

amoebae Chaos carolinensis show triply periodic minimal structures (adapted from [36]); (e) 

TEM image of a nuclear membrane shaped as a catenoid by the nuclear pore complex 

(adapted from [37]); (f) 3D reconstruction from SEM endoplasmic reticulim in an acinar 

cells of mouse salivary gland, showing stacks of parallel membrane sheets connected by 

helicoidal ramps (adapted from [38]).

Lipid membranes are ubiquitous in the cellular environment, and not only mark cellular 

boundaries, but also separate the organelles from the cellular interior and from one another. 

Although compartmentalization of cellular features is one of the most recognized roles of 

the cellular membranes, membranes also perform essential biological functions through 

signaling, interaction with the cytoskeleton, and close regulation of organelle activity by 
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modulating their shapes (Figure 1). Cell membranes also provide substrates for surface 

reactions in signaling, an important feature that uses the local surface-to-volume ratio to tune 

the signal strength [39, 40, 41]. Cellular membranes achieve this wide range of function 

through a heterogeneous lipid and protein composition and their range of functionality is 

further enhanced by dynamic rearrangements of lipids through trafficking and lipid synthesis 

[42].

2.1 Dynamic membrane composition

Biological membranes are complex in both lipid composition and protein inclusion, as 

illustrated by this schematic of a mammalian plasma membrane. Varying membrane 

composition can lead to a change in membrane thickness and other mechanical properties, 

which in turn affect their function.

Although about six nanometers thick, cellular membranes are fascinatingly complex in their 

heterogeneity (Figure 2). Phospholipids are the predominant type of lipid found in cellular 

membranes. In mammalian cells, lipid membranes are also enriched locally in cholesterol 

and sphingolipids. Phosphatidylcholine (PC) is one of the key components of cellular 

membranes, often occupying half of the entire phospholipid content. However, lipid 

distribution varies across the different organelle membranes, with different endo membranes 

containing different ratios of phospholipid to cholesterol and small amounts of signaling 

lipids. Membrane composition not only varies across organelles but also varies across 

organisms, cell types, differentiation and development stages, and in disease states [43, 44, 

45, 46]. A comprehensive review of different membrane lipids, their role, and composition is 

given in [42], while a constantly updated database on lipids, lipidomics, and the role of 

lipids in different diseases can be found in the LIPID MAPS project (www.lipidmaps.org). 

These resources serve to highlight the complexity of cellular membranes, the role of lipids in 

regulating cellular function in health and disease, and the contributions of systems biology 

approaches to membrane biology.

The rich heterogeneous composition of cellular membranes is constantly regulated in a 

dynamic manner. This dynamic in-plane architecture of the plasma membrane was first 

discussed in the ‘fluid-mosaic’ model [47], where the proteins were thought to randomly 

diffuse in a sea of lipids. Subsequently, the ‘lipid-raft’ hypothesis was proposed by Simons 

et al. [48]. This hypothesis suggested that the lipids organize laterally in the plane of the 

plasma membrane, and this organization can result in functional microdomains that are 

enriched in cholesterol and sphingolipids (Figure 2). While this hypothesis is still the subject 

of considerable debate nearly 20 years since it was first proposed, it has played an important 

role in our understanding of the dynamics of lipid membranes. We now acknowledge that 

lipids undergo dynamic rearrangement in both model and cellular membranes [49, 50, 51, 

52, 53, 54, 55, 56, 57] and are not passive background components but active participants 

that promote the activity and functionality of membrane proteins.

The lateral organization of lipids in cellular membranes can be understood in terms of phase 

separation in synthetic vesicles. Recent analyses have shown that a synthetic vesicle made of 

multi-component membranes can phase separate into liquid-ordered and liquid-disordered 

domains in the presence of cholesterol [56]. The dynamics of phase separation depend on 
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temperature and membrane stress [55, 56, 57, 54, 58, 59], and provide a biophysical and 

thermodynamic interpretation of the raft hypothesis. These studies show that microdomain 

formation and dissolution is an inherent part of membrane dynamics. Within cells, however, 

the dynamics of formation and dissipation of heterogeneities in the plasma membrane are 

driven by several complex inter-related processes such as the compositional variation of the 

lipids and proteins present in the membrane, curvature stresses that can be induced by 

membrane heterogeneity, and the out-of-equilibrium nature of the extracellular environment. 

Whether these heterogeneities form signaling corrals or pinning structures to the 

cytoskeleton, and what, if any, is their function in cells, is still a matter of debate and 

investigation.

2.2 Signaling at cellular membranes, geometry, and mechanics

Cellular membranes play a critical role in information transfer through signal transduction, 

which serves as a cornerstone of biological function [37]. Some examples of signal 

transduction at the plasma membrane include ligand-receptor binding and the binding of 

scaffolding molecules and coat proteins to the plasma membrane from the cytoplasm [22, 

21, 60, 61, 62], and regulation of ion channels and pumps, many of which are known to be 

mechanosensitive [63, 64, 65, 66, 67, 68].

Canonical signaling through receptor-ligand pathways has been well studied in vitro and in 
vivo in many model systems [69, 70, 71, 72, 73]. Recent studies have shown that signal 

strength and lifetime at the plasma membrane are regulated by receptor levels, availability of 

receptors, and ligand accessibility [74, 75]. Live cell imaging and data analysis using 

simultaneous detection of the endocytic machinery and cargo have shown that the dynamics 

of the clathrin-coated pits depend on the cargo, which in turn regulate the formation and 

maturation of the endocytic pits [76]. These studies indicate that the time available for 

receptor clustering at the plasma membrane and for the initiation of productive signaling 

depends on the interplay between receptor-ligand interaction and the endocytic pathway 

[76]. For example, in EGFR signaling, clathrin-mediated endocytosis is associated 

predominantly with receptor recycling and sustained signaling whereas clathrin-independent 

endocytosis controls receptor degradation and signal extinction [77]. Endocytosis also 

controls the graded response of signaling intensity to EGF concentration through 

compartmental regulation [77]. Thus, the dynamic response of a signaling pathway at the 

plasma membrane is intricately tied to the geometry and mechanics of the cellular 

membranes.

Network analyses, mathematical modeling, and other systems approaches to signaling have 

complemented experimental investigations of signal transduction in cells. There have been 

many modeling efforts focused on developing large interaction networks of proteins for a 

given process [6, 78]; these approaches have helped identify the key players and their 

relation with one another in the regulation of cellular phenomena. Recent advances in spatio-

temporal dynamics of signaling activity emphasized the crucial role of cell shape [79, 39, 

41], showing in particular that local membrane curvature can govern the kinetics of 

biochemical reactions [80, 39, 81, 41]. These studies highlight for instance the effect of cell 
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geometry on the signaling activity of second messengers like cAMP [40] and of kinases such 

as MAP kinase [39].

Signaling is not solely limited to the plasma membrane; indeed a large part of cell signaling 

occurs within the cell at the endomembranes. Using siRNA screens, [82] identified the 

kinases and phosphatases involved in trafficking [82, 83]. In particular, the Raf-MEK 

pathway was shown to regulate Sec16, which is an upstream regulator of COPII vesicle 

biogenesis. Growth factor signaling through endosomes is well known for the EGFR family 

of receptors [69, 70, 71] and dysregulation of endosomal signaling is implicated in several 

diseases [84, 85, 86]. siRNA screening and bioinformatics approaches were also used to 

identify the signaling networks that regulate the Golgi apparatus and revealed that a large 

proportion of signaling genes, in fact, regulated Golgi architecture [87, 88]. Another siRNA 

screen showed a previously unknown link between secretory pathways, actin cytoskeleton 

reorganization, growth-factor signaling, and small G-protein regulation [89]. Intracellular 

signaling also occurs between organelles; KDEL receptors on the Golgi membrane are 

activated by traffic chaperones released from the ER. The binding of chaperone molecules to 

the KDEL receptors on the Golgi membranes leads to the activation of the Src family of 

kinases [90, 91, 92]. Subsequently, the same group of researchers showed that the activation 

of Src kinase was through dynamin 2 [93], a protein that is implicated in vesiculation at the 

Golgi [92]. The dynamin family of proteins plays an important role in membrane fission in 

mammalian endocytosis [94, 60]. Thus, the spatial orchestration of Src activation through 

multiple intracellular compartments and its relation to dynamin suggests that signaling at 

intracellular membranes is closely tied to geometry and mechanical maintenance of the 

organelle equilibrium.

Interestingly, over the variety of approaches used to identify the signaling networks and the 

proteins involved in endomembrane signaling, a common thread exists – that is, the 

signaling proteins seem to closely regulate the secretory pathways and vesicle generation 

capability, indicating that coupling signaling with geometry and membrane mechanics is the 

next step toward putting these network maps in their proper biophysical context.

2.3 Membrane curvature generation

Membrane curvature can be induced by different mechanisms. (a) Due to the tail chemistry, 

lipids can have cylindrical, conic, or reversed conic shapes, therefore inducing curvature 

when the lipid composition is different between the two lipid layers. (b) Large intrinsically 

curved proteins, such as BAR domain family of proteins, can scaffold and bend the 

membrane. (c) Insertion of amphipathic α -helices in one leaflet induces membrane 

curvature. (d) Oligomerization of several monomers can scaffold and curve the membrane. 

(e) High surface concentration of membrane binding proteins produces a steric pressure that 

can bend the lipid bilayer.

Not only do membranes serve as platforms for cell signaling, but they also are capable of 

supporting curvature stresses due to their low bending resistance to external load. On the 

other hand, cellular membranes have high stretching modulus, and membrane area 

expansion is energetically expensive [95]. Cellular membranes use the curvature generating 

feature in many different biological functions such as trafficking, fission, fusion, and three-
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dimensional organization (e.g. caveolae) [96]. The mechanical aspect of membrane 

organization and conformation has motivated the development of many biophysical models 

over the years, experimental as well as theoretical, ranging from lipid to continuum scales. 

Theoretical contributions to the field are reviewed below in Section 4.2.

Many biological processes are regulated by membrane-protein interactions. An example that 

highlights the importance of protein-induced membrane bending is clathrin-mediated 

endocytosis, where a multicomponent protein coat forms to cluster cargo and bends the 

membrane into a budded morphology (see Figure 1b). Clathrin assembles into a lattice-like 

cage on the plasma membrane with the assistance of adaptor proteins that directly bind 

lipids, cargo proteins, other adaptors and clathrin itself [97, 98]. This assembly is generally 

thought to act as a scaffold that imposes its spontaneous curvature on the underlying 

membrane [99]. Recent work suggests that other components of the coat can also contribute 

to membrane bending via scaffolding by F-BAR domains, amphipathic helix insertion into 

the bilayer, and adaptor protein crowding [100, 97, 101, 102, 103]. The contributions from 

each of these membrane bending mechanisms, summarized in Figure 3, can be combined 

into a single measure of the curvature generating capability of the coat, or spontaneous 

curvature, with an effective strength that depends on its composition, density and area 

coverage [104, 105].

In addition to bending in response to curvature-inducing proteins, curved membranes can 

also serve as interfaces that facilitate the binding of curvature-sensing proteins. This relation 

between protein-curvature generation and curvature-sensing, can be illustrated by the 

mechanism of binding of antimicrobial peptides (AMPs) to lipid membranes. AMPs are 

multi-functional molecules involved in the host defense system, which have been shown to 

generate negative Gaussian curvature in model bacterial membranes [106, 107]. On the other 

hand, certain AMPs such as TRP3, duramycin, and cinnamycin, bond preferentially to 

highly curved membranes [108, 109]. These curvature-mediated binding events can be 

utilized in therapeutic applications, for instance using nanoparticles coated with native RBC 

membranes that sequester and neutralize protein toxins in the blood stream as an effective 

drug delivery mechanism [110].

2.4 Cytoskeleton membrane interactions

Cell shape is controlled by the physical properties of the plasma membrane, the biochemical 

reactions involving membrane components, and the underlying cytoskeleton [111, 112, 113]. 

In particular, actin has long been known to be intimately associated with membranes. Upon 

activation by extracellular ligand binding to receptors in the plasma membrane, multiple 

signaling pathways containing small GTPases regulate the actin network dynamics and thus 

cell shape [27]. Actin has long been known to be intimately associated with membranes, and 

two major forms of actin regulation have been linked to the plasma membrane: (1) 

modulation of the actin monomer pool by phosphoinositides; and (2) modulation of actin 

assembly factors by membrane-associated small GTPases, membrane-associated proteins, 

and direct binding of assembly factors to the plasma membrane.

Phosphoinositide (PI) lipids associate with diverse types of actin-binding proteins, and either 

inhibit or stimulate their activity [114]. The actin nucleation promotion factors WAVE and 
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WASP facilitate actin polymerization via the Arp2/3 complex upon binding PI(4,5)P2 and 

play important roles in endocytosis [115]. In contrast, actin-capping protein, the F-actin 

severing protein ADF/Cofilin, and the G-actin binding protein profilin, are all inhibited by 

binding to PI(4,5)P2 [114] and upstream signaling networks [27]. Membrane-cytoskeletal 

interactions also regulate critical biological processes such as clathrin mediated endocytosis, 

where F-BAR proteins recruit and modulate the activity of nucleation-promoting factors for 

the Arp2/3 complex[116, 117, 118, 119, 120, 121, 122]. These associations regulate WASP 

activity and myosin contractile activity in yeast and cytoskeleton assembly in endocytic 

patches [123, 124, 115]. Thus, the role of the cytoskeleton cannot be ignored while studying 

membrane processes and vice versa.

3 Experimental systems for the study of lipid bilayers

The overwhelming diversity, complexity, and variability of lipid membranes in mammalian 

cells make the study of their biophysical and biochemical properties particularly 

challenging. In order to study membranes in relatively simplified conditions, one can either 

follow a top-down approach, deconstructing the cellular membrane complexity into simpler 

systems, or adopt a bottom-up approach, building up increasingly complex membrane 

models (Figure 4). While we are quite far from building artificial cells, the past few decades 

have been rich in successes in constructing biomimetic model membranes which enable the 

study of structure, composition, dynamics, and interactions of lipid membranes. Here we 

review the main membrane systems from a biophysical perspective; reviews more focused 

on preparation protocols can be found, for instance, in [125], while reviews on lipid 

monolayer systems are available in [126, 127].

Model systems for the study of cellular membranes. In the top-down approach, the cellular 

structural complexity is simplified to some or one of its part by extracting membrane 

components from the cell. In the bottom-up approach on the other hand, increasingly 

complex membrane systems are built-up from synthetic materials.

3.1 Top-down approach

Although some membrane chemical and physical properties can be directly studied in living 

cells [128, 129, 62], an approach that is especially popular in the study of endocytosis from 

the plasma membrane [130, 131], this approach presents several difficulties. First, there is an 

inherent lack of control of most biological processes that can influence membrane behavior. 

Second, acting on the plasma membrane, its inner leaflet, or endomembranes, is not feasible 

without altering several other cell functions, and therefore introducing additional doubt 

about the origin of the measured phenomena. Finally, most cellular membranes are highly 

curved [132], limiting the use of diffusion measurement such as single-particle tracking, 

which, with the exception of 3D particle tracking microscopes [133] cannot resolve the 

plasma membrane folds and is based on the assumption of a flat cell surface [134].

These difficulties can be partially overcome by isolating cellular material to facilitate 

detailed study. Giant plasma membrane vesicles (GPMVs) can be extracted from living cells 

by inducing chemical blebbing [135, 49]. This system enables the study of the plasma 

membrane in isolation from the cytoskeleton and organelles. GPMVs have been primary 
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employed to investigate the formation of membranes heterogeneities such as lipid rafts in 

membranes of cell-like compositional complexity [49, 136, 137]. Interestingly, partitioning 

between two fluid membrane phases in cell-derived GPMVs has been observed at relatively 

low temperatures between 15 and 25°C [49, 50], suggesting that at physiological conditions, 

cell plasma membranes are in the vicinity of a critical point, allowing compositional 

fluctuations to maintain heterogeneities of approximately 20 nm in size [50, 138].

Alternatively, stable membrane patches originating from cells adhering to a support coated 

with adhesive proteins can be isolated by detaching the cell from the patch, either by 

sonication [139] or mechanically disrupting the plasma membrane [140, 141]. This 

technique provides direct access to the inner leaflet and its associated proteins. Moreover, it 

gives control on the geometry of membrane sheet, allowing the use of surface sensitive 

techniques to measure diffusion properties or lipid-protein interactions [142, 143].

3.2 Bottom-up approach to lipid bilayer study

An alternative approach to cell-based investigation is the use of reconstituted membrane 

systems, where many relevant parameters such as concentration, composition, mechanical, 

or geometrical properties can be controlled with precision. Such reconstituted systems have 

been particularly successful in studying the mechanical and dynamic properties of lipid 

bilayers, membrane protein interactions, and phase separation, as discussed below.

One of the conceptually simplest membrane systems is the supported lipid bilayer (SLB), 

which consists of a single lipid bilayer spread over an hydrophobic solid support, typically 

glass, mica or silica [144, 145, 146]. Variations of this configuration include polymer or 

protein layer between the support and the bilayer [147, 148, 149], porous supports to 

produce suspended membranes [150], and patterned supports to induce membrane curvature 

[51]. Supported and suspended lipid bilayers are relatively easy to prepare, and can be used 

to regulate the chemical and physical environment on both sides of the bilayer. Furthermore, 

the control on conformation of the membranes greatly facilitates the use of surface based 

methods to measure and manipulate with high resolution its morphology (thickness, area per 

lipid, organization), composition (domain, raft, heterogeneities), and dynamics (fluidity, 

diffusivity) [151, 152, 153]. SLBs are also a system of choice for the study of actin-

membrane interactions [154, 155, 156, 157, 158]. In order to get closer to a three-

dimensional cell geometry, lipid bilayers can be coated over a solid bead instead of a planar 

surface [159]. One of the most popular assays of this coated bead system is the supported 

membrane with excess reservoir (SUPER), which allows the study of protein-induced 

tubulation and fission of negatively charged lipid mixtures in high-ionic strength conditions 

[160, 161, 61].

In the absence of a solid support, suspended vesicles of sizes ranging from ten nanometers to 

micrometers can be produced artificially from defined lipid mixture solutions. 

Thermodynamically, multilamellar vesicles are more stable that unilamellar vesicles [162], 

necessitating the addition of mechanical energy to produce unilamellar vesicles. For 

instance, large unilamellar vesicles (LUVs) – several hundreds nanometers in diameter – can 

be formed by sonication or extrusion, while further high frequency sonication can break 

LUVs into small unilamellar vesicles (SUVs) – ten to hundreds nanometers large. SUVs can 
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also be produced by extrusion through filters of the desired pore diameter [163]. Giant 
unilamellar vesicles (GUVs), which are around ten micrometers in diameter, are most often 

produced by electroformation [164, 165], although microfluidic techniques have recently 

emerged, allowing a control on the inner content [166, 167, 168]. Because they have low 

curvature, and can be micro-manipulated, GUVs offer a convenient platform to probe the 

physical properties of quasi-flat membranes. Due to their micron size, GUV are particularly 

well suited for fluorescence microscopy observations, and mechanical micromanipulation 

techniques. Early mechanical investigations of lipid vesicles were carried with micropipette 

aspiration techniques by Evans and coworkers[169, 170, 171, 95, 172, 173, 174], allowing 

the measurement of the viscoelastic properties of membranes of various lipid compositions. 

The capability to measure or control membrane tension by micropipette aspiration is also 

useful when combined with other methods. For instance, tube or tether pulling, either with 

molecular motors [175], micropipiette [176], or an optical trap [177] can be used to study 

curvature sensitive processes such as lipid sorting or protein binding [178, 179]. However, a 

drawback of micropipette aspiration experiments is the heterogeneity of applied membrane 

tension due to contact with the pipette tip. Alternatively, membrane tension can be 

modulated by varying the osmolarity of the system. In hypotonic conditions (lower solute 

concentration outside of the vesicle than inside), an osmotic pressure proportional to the 

concentration differential will be established in the vesicle, homogeneously increasing 

membrane tension according to Laplace law [180, 181, 59]. Yet, estimations of osmotically 

induced membrane tension can only be indirectly deduced from the size variation of the 

GUV, assuming a knowledge of the resting radius of the GUV. On the other hand, decreasing 

the volume to area ratio, and therefore lowering membrane tension, either by providing a 

membrane reservoir, applying hypertonic conditions [182], or photo-oxidation [183], 

produces intriguing shapes driven by a thermodynamic balance between curvature energy 

and geometrical constraints [184, 185].

Combined with fluorescent probes that have affinities to either liquid ordered or disordered 

phases [186], LUVs and GUVs are powerful systems to study the phase behavior of lipid 

mixtures under various thermodynamic conditions [52, 53, 54]. Phase diagrams for several 

composition of ternary mixtures were determined by Veatch and Keller[55, 56, 57], 

emphasizing the importance of the miscibility transition temperature between homogeneous 

and phase separated states [187]. Although it is well established that the miscibility 

temperature depends on membrane tension, contradictory observations have been reported 

depending on the experimental method. While tension induced by micropipette aspiration 

decreases the miscibility temperature over which the membrane is homogeneous [58], 

osmotically tense GUVs favor the formation of domains [188, 59]. These studies highlight 

the complexity and often non-intuitive behavior of lipid membranes due to the intricate 

coupling between their chemical and physical properties.

Unilamellar vesicles are also a system of choice for the study of curvature-inducing proteins 

on lipid membranes. The main mechanisms by which proteins interact with lipid membranes 

to create curvature are illustrated in Figure 3, and include scaffolding, asymmetric insertion, 

clustering, and steric repulsion by crowding [189, 132]. Typically, GUVs at low membrane 

tension incubated with sufficiently high concentrations of curvature-inducing protein display 

membrane tubules or invaginations [190, 191, 192]. Curvature sensing by proteins can be 
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quantitatively measured using microtubules pulled out from GUVs, and simultaneously 

monitoring protein binding as a function of the tube radius (or curvature) and concentration 

[191, 193, 194].

A step further in complex membrane interaction studies is the incorporation of cytoskeletal 

components [195]. GUVs are a particularly interesting system for the study of membrane-

cytoskeleton interaction because they resemble cell compartments in size and shape, and can 

allow an interdependent dynamic between network polymerization and membrane shape. 

Pioneering work on encapsulating actin filaments inside GUVs showed vesicles exhibiting 

morphological changes due to actin polymerization, leading to various shapes by varying 

actin activity, concentrations and binding affinities [196, 197, 198, 199, 200]. Yet these early 

studies where limited by the maximum concentration of actin and ions that could be 

encapsulated without compromising the integrity of the GUV. A better control on the actin 

polymerization and binding components can be achieved by generating a network on the 

outer side of the membrane [201, 202, 203]. Liu and Fletcher produced dendritic actin 

network growth toward the inside of GUVs by activating the Arp2/3 complex through N-

WASP and PI(4,5)P2 binding. Recently, N-WASP and Arp2/3 complex were successfully 

encapsulated with actin filaments in GUVs, forming an actin shell (or cortex) inside the 

vesicle [204, 205, 206]. These various membrane-cytskeleton systems offer interesting 

platforms to study force generation by actin polymerization occurring in cell motility and 

cytokinesis.

Despite the complexity and variety of biological membrane behavior, several membrane 

systems have been successfully developed to understand the key design principles that 

govern membrane processes. In the next section, we review and discuss how mathematical 

and computational modeling have helped this process.

4 Modeling cellular membrane processes

While the building blocks of biological membranes (lipids, proteins) are of the length scale 

of the membrane thickness (~ 3–6 nm), many biological processes occur simultaneously 

over several length scales (~100 nm-μm) [207]. When developing membrane models, this 

length scale separation represents both a challenge and an opportunity. First it is a challenge, 

because representing all the known biophysical and biochemical interactions in large 

systems is quite expensive, and often practically impossible from a computational point of 

view [208, 207]. On the other hand, details at the atomic scale of the lipid are rarely required 

to study relevant membrane phenomena. Therefore, length scale separation gives us the 

opportunity to deal with homogenized quantities, allowing for the description of the 

membrane as a continuum surface with average properties [207]. As shown in Figure 5, 

these two approaches, namely discrete and continuum approaches, are interdependent, as the 

quality of the continuum approach relies on the physical relevance of its parameters, which 

are obtained from small scale analysis. In what follows, we discuss both continuum and 

discrete modeling approaches of biological membranes, with a particular focus on 

continuum approaches as they allow for the representation of cellular scale geometries. We 

conclude by discussing multiscale modeling approaches that attempt to bridge the small and 

large length scale of cellular membranes.
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Different computational methods developed to study cellular membranes are valid in 

different length and time scales. Although some methods have attempted to bridge these 

scales, no unifying multiscale framework currently exists. This provides an opportunity for 

future model development.

4.1 Discrete membrane models

Atomistic molecular dynamic simulations trace the motion and energy of each atom through 

an empirical force field [209, 210]. The biggest advantage of these models is that they output 

information at the molecular level of the lipid lipid and lipid protein interactions that are 

difficult to obtain experimentally [211, 212, 213, 214]. One of the drawbacks with these 

approaches, however, is the large number of degrees of freedom that have to be computed, 

limiting atomistic simulations to represent phenomena on nano to microseconds for domains 

between ten and hundreds nanometers [208, 215].

To overcome these limitations, coarse grained (CG) methods have been developed. In this 

approach, the interactions between effective groups of atom are considered instead of the 

individual atoms [216]. Such methods, including the MARTINI model [217] and the 

dissipative particle dynamics [218], lose some details at the scale of the atom but allow 

larger computational domains and longer time scales. CG methods have been successful in 

modeling domain formation by lipid demixing, and protein inclusion [219, 220]. These 

models are also well suited to study local topological changes of lipid bilayers. For instance, 

membrane fusion has been modeled using dissipative particle dynamics [221, 222], showing 

that when two fusing membranes are in close proximity, the lipids tilt, splay and flip from 

one monolayer to another [223, 221, 222]. Recently, lipid-protein interactions have been 

successfully studied using CG simulations to evaluate the bending ability of membrane 

proteins, as well the interrelations between membrane tension and protein-membrane 

association [224, 225].

4.2 Continuum membrane models

For biological phenomena spanning over hundreds of nanometers, the discrete modeling 

approaches discussed above become computationally expensive and impracticable. 

Continuum models of bilayer membranes have been used to study the deformation of 

membranes and to explain many biological phenomena. The most widely used model of 

lipid bilayers is the Helfrich model [104], where the energy per unit area depends only on 

the mean and Gaussian curvatures of the membrane. This model has been extensively 

applied to the study the shape of red blood cells [226, 227] and to explain biological 

phenomena such as endocytic processes [228], the formation of membrane tubes [229] and 

the shapes of lipid vesicles [230, 231, 232, 233]. The Helfrich model assumes that the lipids 

are aligned normal to the membrane surface at all times and that curvatures are of the order 

of the bilayer thermal wavelength (≈20 nm). This approach captures the changes in 

membrane shape that occur at length scales larger than the thickness of the bilayer (≈ 5 nm). 

Subsequently, models including the area-difference across the leaflets [234, 235, 236] have 

been developed, providing further detail for curvature generation.
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Incorporation of in-plane transport, including diffusion and lipid flow is an important feature 

of membrane curvature generation and maintenance. Saffron and Delbruck developed a 

framework for Brownian motion in biological membranes, which has been the cornerstone 

of protein diffusion in membranes [237]. Yet, the Saffman-Delbruck model is valid for flat 

surfaces and breaks down for highly curved membranes. More recently, a few models 

describing the flow and diffusion of lipids and proteins have been proposed [238, 239]. The 

role of lipid flow in governing the deformation of membranes was analyzed by modeling the 

membrane as a viscoelastic material [238, 234]. These efforts demonstrated how the lipid 

flow velocity is coupled to the changes in membrane shape, and showed that the membrane 

velocity field satisfies a Killing vector field on minimal surfaces [240]. We subsequently 

showed that lipid flow plays an important role in governing local membrane tension in 

response to protein-induced spontaneous curvature [241]. The coupling of membrane 

diffusion and elasticity results in membrane shapes that are either diffusion-dominated or 

curvature-dominated [239].

The elastic models used so far to study lipid membranes focus mainly on length scales that 

are much larger than the thickness of the bilayer. As a result, these models assume that all 

the lipids are oriented normal to the membrane [104]. There are, however, circumstances 

under which lipids are not aligned with the surface normal. The lipids are then said to tilt 
relative to the membrane surface; this in turn induces a change in membrane thickness, 

which is simply the projection of the lipid length onto the surface normal. For example, the 

tilt angle of gel-phase dipalmitoylphosphatidylcholine (DPPC) was found to be 

approximately 32° [242]. Even in the liquid phase, lipids can tilt in regions adjacent to 

protein inclusions [243]. Experimentally observed ripple phases are characterized by 

oscillatory thickness variations induced by spatially non-uniform tilt [244]. We developed a 

model for lipid tilt to study how protein inclusions could change lipid orientation and 

showed that for small length scales, lipid orientation, and tilt energy dominates the bending 

energy contributions [245, 246]. Other models accounting for lipid tilt and the attendant 

thickness variation have been developed by a number of research groups [247, 248, 249, 

250, 251, 252, 253]. A continuing challenge with the development of these models is the 

dearth of experimental data at the level of lipid orientation and tilt angles to validate the 

models and extract the moduli. However, recently some experimental studies have measured 

the tilt angle using grazing incidence x-ray diffraction [254, 255] and these will provide 

valuable inputs for further model development.

4.3 Multiscale models

The modeling approaches described above are all suited to represent phenomena at a specific 

length scale. Yet the nature of cellular membranes motivate the need for models able to 

represent phenomena over multiple length scales. Although the development of multiscale 

membrane models is still an emerging research field, substantial progress has been made in 

bridging the atomic and CG scales. For instance, the effective properties of CG elements 

have been derived from atomistic molecular dynamics for lipids [256, 257, 258]. 

Alternatively, the equilibrium structure of the lipid lipid or lipid protein system can be 

obtained by CG simulations, and then refined to atomistic resolution to allow the simulation 

of atom interactions and configuration [259, 260, 261]. Such methodology is particularly 
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useful for computing the dynamics of multicomponent lipid mixtures, where the 

arrangement of lipids happens on a longer time scale than the specific atom interactions 

[220]. A step further in multiscale resolution has been proposed by coupling the CG/

Atomistic simulations with reaction modeling using hybrid quantum mechanics/molecular 

mechanics methods, in order to study the interactions of the cytochrome P450 enzyme with 

the plasma membrane and its environment [262].

Mesoscale model approaches aim to bridge continuum and coarse grain representations. 

Among them are the dynamically triangulated membrane model [263, 264, 265], and Elastic 

Membrane 2 (EM2) model [266, 267, 268]. The main idea behind these models is to 

discretize the Helfrich energy for continuum membranes into pseudo membrane-particles 

that interact through a bending potential [266]. This takes advantage of the CG simulations 

methodologies to represent the effect of local phenomena on micrometric scales membrane 

structures. These mesoscale models are particularly well suited to study the influence of 

curvature-inducing proteins such as BAR proteins on dynamics of membranes [267, 268, 

264, 265, 269, 270]. In an attempt to extend the multiscale capabilities of mesoscale models, 

an inverse “coarse-graining” method was proposed, to refine the pseudo membrane-particles 

into CG simulations [271]. In this case the mesoscale EM2 model is run to obtain the 

equilibrium membrane configuration and the local spontaneous curvature. This information 

at the pseudo membrane nodes is then converted into CG systems, with one site per lipid and 

26 sites per N-BAR protein.

Although the modeling approaches presented here are promising steps towards a true 

multiscale representation of cellular membranes, we are still quite far from a modeling 

framework that can encompass the multiscale nature of cellular membranes (see Figure 5). 

Indeed, the current coupling of scales is sequential and often unidirectional. One first 

computes an equilibrium configuration at one scale, and then refines this equilibrium to 

obtain local details at a finer scale. The limitations of this top-down approach are: (i) The 

effective properties at the larger scale are assumed a priori, instead of arising from an up-

scaling approach. (ii) the current methodologies are heavily computational due to the use of 

particle-based approaches. Therefore, a theory of lipid bilayers that rigorously up-scales the 

local lipid/protein physics into a continuous mesoscale model with effective properties 

arising from the local scale would be extremely valuable. Such a model would ease the 

integration of membrane dynamics into a systemic representation of the cell, enabling its 

coupling with biological processes occurring away from cellular membranes, such as 

cytoplasmic transport and extracellular signaling.

5 Some perspectives for the future

Cell biology continues to face challenges that emerge from its complexity, especially 

bridging the whole with the parts. In particular, in systems biology, these challenges are 

manifested as the need to bridge the gap between model systems and cells. Multidisciplinary 

efforts including physics, mathematics, engineering, and computation coupled with 

experiments at different system scales will continue to lead the way for us to answer 

fundamental questions associated with cellular phenomena. Additionally, top-down 

approaches should be complemented by bottom-up approaches in order to relate the 

Chabanon et al. Page 13

Wiley Interdiscip Rev Syst Biol Med. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



fundamental processes to their the biological counterparts. This is more so the case in the 

study of cellular membranes, where composition, shape, chemistry, and mechanics are all 

interconnected. An example of a process that is now well-understood through the above 

mentioned approaches is the formation of micron size lipid heterogeneities at physiological 

temperature [50, 137]. However, many more such approaches are needed to translate the 

results observed in synthetic systems to cellular systems.

Approaches such as network analyses [24], Boolean methods [26], compartmental models of 

signaling [24, 25, 27, 32], and ‘-omics’ approaches [9, 10, 8] have propelled the era of 

systems biology in the study of cellular membranes. Alongside, over the last few decades, 

the biophysics of membranes, through theory, computation, and experiment has provided 

great insight into how mechanics and geometry work in tandem to regulate membrane 

processes. These two areas of research have followed parallel paths, but recent advances in 

our understanding of how shape regulates signaling [40, 41], how signaling regulates shape 

[96, 27], the role of membrane curvature in regulating membrane protein diffusion [80, 39, 

81], and how membrane shape and actin flow are controlled [111, 112, 113] provide a 

glimpse of the rich future at the intersection of these two fields. Therefore, we believe that 

the future lies in coupling mechanics and geometry of the membrane with biochemistry and 

temporal dynamics of cellular processes.

To that effect, we identify some current interdisciplinary challenges that serve as 

opportunities to push the boundaries of systems biology. While by no means exhaustive, this 

list is a good starting place for the development of theory, computation, and experimental 

resources.

• Although self assembly features of lipids are well understood in synthetic 

systems, we still lack knowledge on how the dynamic composition affects 

signaling and cytoskeletal rearrangements in a complex system.

• The assumption of symmetry in understanding membrane shapes, often used to 

generate mathematically tractable shapes, can sometimes be to our detriment 

since cells do not require symmetry in their shape for fulfilling their function. 

How can we understand complex geometrical aspects of cellular function 

including asymmetry?

• From a biomedical perspective, the interaction of viral proteins and antimicrobial 

peptides with the lipid membrane need a further understanding both in terms of 

biophysics and on their impact on cellular function.

• Signaling needs to be understood in the context of its coupling to the dynamics 

of protein and lipid uptake by endocytosis, and trafficking particularly in 

endomembranes.

• The interaction of the membrane with the fluid in the environment and the 

associated shape changes are complex mathematical problems that invoke fields 

such as differential geometry and the need for new computational methods 

including advanced image analysis and fluid-structure interactions.
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• While molecular dynamic simulations and experiments have indicated that lipid 

orientation is an important order parameter governing membrane behavior, there 

is a need for a truly multiscale theory that can rigorously up-scale lipid scale 

physics to the curvature-dominant scale model.

• Another important aspect of membrane biology is that that biological processes 

are inherently out-of-equilibrium. Unlike models for mechanical equilibrium that 

are quite well-developed, substantial work needs to be done to study out-of-

equilibrium membrane processes.

The continued success of systems approaches in cell biology relies on our ability to integrate 

these different features and shape the converging futures of systems biology and biophysics 

of cellular membranes.
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MAP kinase Mitogen-activated protein kinase

MEK Mitogen-activated protein kinase kinase
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SLB Suspended lipid bilayer
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WASP Wiskott-Aldrich syndrome protein
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Figure 1. 
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Figure 2. 
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Figure 3. 
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Figure 4. 
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Figure 5. 
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