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Membrane proteins perform a large number of essential biological tasks, but the understanding of these proteins has progressed much more slowly than that of globular proteins. The study of membrane proteins is hindered by the inherent complexity of the cellular membrane. Membrane proteins cannot be studied outside their native environment because their natural structure and function is compromised when the protein does not reside in the cell membrane. Model membranes have been developed to provide a controlled, membrane-like environment in which these proteins can be studied in their native form and function without interference from other membrane components. Traditionally used model membranes such as bimolecular or black lipid membranes and floating lipid membranes suffer from several disadvantages including complex assembly protocols and limited stability. Furthermore, these membranes can only be studied with a narrow range of methodologies, severely restricting their use. To increase membrane stability, simplify the assembly process and increase the number of analytical tools that can be used to study the membranes, several strategies of covalently tethering the bilayer to its solid support have been developed. This review provides an overview of the methods used to assemble various membrane architectures, the properties of the resulting membranes and the tools used to study them.
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INTRODUCTION

The cellular membrane is a crucial component of living cells, hosting a vast array of proteins that are essential for cell-cell communication, nutrient import, signal transduction and many other cellular functions. At the same time, the membrane serves as a protective barrier against toxins and pathogens (van Meer et al., 2008; Groves and Kuriyan, 2010; Lingwood and Simons, 2010). Around 30% of an organism's genome encodes membrane proteins (Römer and Steinem, 2004) and 5% of its genes are responsible for lipid synthesis (van Meer et al., 2008). It is therefore of critical importance to better understand membrane proteins and their behavior, but due to the enormous variety of functions performed by the cellular membrane and the proteins that reside there, this challenge is highly complex. Furthermore, while globular proteins can be studied in isolation, membrane proteins require the unique physicochemical environment provided by a lipid bilayer to retain their native form and function. As a result, the determination of the structure and function of membrane proteins has progressed much more slowly than that of water soluble proteins (White, 2004).

Model membranes were developed in order to provide an environment that replicates the physicochemical properties of the cellular membrane while reducing their inherent complexity. In essence, model membranes are bilayers comprised of phospholipids or lipid-like compounds or a mixture thereof. They can be used in the form of free-standing lipid bilayers (bimolecular lipid membranes, or BLMs, also referred to as black lipid membranes), typically spread across a Teflon aperture with a diameter of a few 100 μm (Figure 1; Sackmann, 1996; Winterhalter, 2000). BLMs are also referred to as black lipid membranes as they appear to turn black when bilayer formation is complete. BLMs possess excellent electrical sealing properties (typically at least 100 MΩ·cm2), which results in very low leakage of background currents. This makes them highly suitable for the study of single ion channels. As they generally remain intact only for a few hours, they are not suitable for long-term studies (Römer and Steinem, 2004). Their stability can be improved by coating the membranes in a hydrogel (Jeon et al., 2008). However, their architecture limits the number of analytical tools that can be applied, generally allowing only electrical and some optical methods of characterization.
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FIGURE 1. Schematics of various model membrane types. The black lipid membrane (top) is a free-standing lipid bilayer across a small aperture made from a material such as Teflon, which is excellent for the study of single ion channels but has a very limited lifetime, typically of a few hours. It is also severely limited in terms of analytical methods that can be applied to it. A solid-supported membrane (middle) is somewhat more stable and is accessible for a significantly larger number of analytical tools than black lipid membranes. A tethered membrane (bottom) can be stable for weeks or even months and is accessible to the same range of analytical tools. The disadvantage of increased stability is generally reduced lateral lipid mobility.



Depositing the lipid bilayer on a solid support (Figure 1), either directly or on a polymer cushion increases their stability and adds to the range of analytical tools that can be applied (Andersson and Köper, 2016). Typical substrates that have been used include gold, silicon, mica, and glass (Andersson and Köper, 2016; Moulick et al., 2018). They allow the use of tools such as atomic force microscopy (AFM), ellipsometry and neutron scattering. When a metallic supporting surface is used, surface plasmon resonance (SPR) and surface-plasmon enhanced fluorescence spectroscopy (SPFS) can also be used to study membrane-related processes within 150–200 nm of the substrate surface (Wiltschi et al., 2006). This makes SPFS and SPR highly suitable for the study of tethered and supported lipid bilayer membranes which typically have a thickness of around 8–20 nm (Heinrich et al., 2009; Junghans and Koper, 2010; Andersson et al., 2018). When using gold as a substrate, an excitation wavelength of 520 nm or above must be used for SPFS, which has to be considered when selecting fluorophores for the experiment.

Membranes that are tethered to their support (Figure 1) have been used to gain important insight into medical conditions, for example the effect of the agglomeration of β-amyloid oligomers at lipid membranes during Alzheimer's disease (Valincius et al., 2008), the process the HIV 1-Gag protein binding to a lipid membrane (Datta et al., 2011) and the effects of oxidative damage on the cellular membrane (Knobloch et al., 2015). Furthermore, tethered membranes can serve as stable and highly flexible platforms for biosensing applications (Cornell et al., 1997; Jackman et al., 2012). Model membranes have also been developed that mimic the outer membrane of gram-negative bacteria, which can cause some of the most dangerous multi-drug resistant infections (Clifton et al., 2015; Andersson et al., 2018).

However, when deposited on a solid support, the electrical sealing properties of the membrane are subject to the roughness and defects of the supporting surface. As the lipid bilayer can still move freely because there is no direct linkage between the lipid bilayer and the support, the membrane remains fragile and lacks longevity. Furthermore, because the membrane is in direct contact with the supporting surface there is insufficient space (generally only a few Å; Castellana and Cremer, 2006) underneath the membrane to accommodate the transmembrane domains of proteins. Therefore, proteins cannot readily be incorporated into the membrane as they may be in contact with the supporting material, resulting in impaired function or denaturation of the protein. Lastly, when a bilayer is directly deposited on a gold surface, any defects or roughness of the gold support can cause defects in the lipid bilayer, reducing its ability to resist current transfer.

If a polymer cushion is used to support the membrane, the properties of the supporting material can be partly reduced. Furthermore, the supporting polymer cushion can be designed such that it is thick enough to prevent contact of incorporated proteins with the supporting surface. However, the morphology, swelling behavior and thickness of the polymer cushion are challenging to control; consequently, the electrical qualities of any adsorbed lipid bilayer are usually not adequate for electrochemical studies. This makes polymer-supported lipid membranes highly suitable for the study of proteins and membrane processes that do not involve charge transport events, such as diffusion and binding studies.

Tethered membranes were developed with the aim to obtain a lipid bilayer system with high electrical sealing properties and high stability that avoids direct contact with the solid support. This can for example be achieved through the use of an anchorlipid, a lipid-like molecule functionalized with a spacer segment that suspends it from the solid support. Alternatively, the membrane can also be tethered to its support through the use of a protein, in a so-called protein-tethered lipid membrane. This review focuses on these types of model membranes, highlighting various tethering methods and showcasing a wide range of different applications for tethered membranes.

In addition to their stability and ease of assembly, tethered membranes are accessible to a large number of different analytical tools. These include AFM, neutron scattering, spectroscopic techniques such as ellipsometry, infrared reflection absorption spectroscopy (IRRAS) and SPR as well as electrochemical methods such as electrochemical impedance spectroscopy (EIS) and current-voltage (CV) studies. Furthermore, many tethered membrane systems can be prepared using only self-assembly, making them very accessible tools that do not require specific training. In addition, they enable the use of model membrane architectures in microfluidic devices, for use as sensors or as screening platforms for the pharmaceutical industry. This review will highlight three different approaches for binding a model membrane to a solid support: tethered membranes, sparsely tethered membranes and protein-tethered membranes.

TETHERED BILAYER LIPID MEMBRANES

Tethered bilayer lipid membranes (tBLMs, Figure 1) are comprised of an anchorlipid in the inner leaflet and a phospholipid monolayer in the outer leaflet of the membrane. The inner leaflet is tethered to the solid support via an anchoring group that can be tailored to bind to the substrate that is used. Usually, the substrate of choice is gold due to its stability and versatility for a wide range of analytical methods. However, other substrates such as silicon oxide (Vockenroth et al., 2008c) or mercury (Becucci and Guidelli, 2014; Becucci et al., 2015) and aluminum oxide (Roskamp et al., 2008) have also been used.

In fully tethered tBLMs, the inner leaflet is comprised exclusively of an anchoring lipid. This typically results in membranes with excellent electrical sealing properties that are highly suitable for electrochemical studies. A large number of different chemistries have been developed as anchoring lipids. Table 1 shows a summary of commonly used anchorlipid structures and the respective names of each compound. An anchorlipid cosists typically in a hydrophobic part, a spacer unit and an anchoring group, which binds the lipid so a substrate.


Table 1. Examples of various tethering chemistries developed for tBLMs.
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The choice of anchoring group can significantly impact that quality of the resulting tethering layer. For example, changing the anchoring group from a single thiol (DPhyTT) to a disulfide (DPhyTL) while using the same length of the spacer molecule, improved the electrical resistance of the resulting bilayer from up to 15 MΩ·cm2 to 55 MΩ·cm2 (Junghans and Koper, 2010). This is possibly because the size of the anchor group more closely matches that of the hydrophobic chains, resulting in improved packing density as the anchorlipid.

In addition to the packing density and surface roughness, the area of the membrane is also a crucial factor affecting membrane quality. A larger surface area results in a higher absolute number of membrane defects that are present. The highest reported resistance of DPhyTL-based tBLMs is 10 GΩ for a membrane diameter with 10 μm (Vockenroth et al., 2008b). Membrane resistance decreased with increasing diameter of the membrane, with a 4 mm radius resulting in membrane resistances of 30 MΩ·cm2. The capacitance of the membranes decreased from 1 μF/cm2 at a diameter of 4 mm to around 0.5 nF at a diameter of 8 μm.

Molecular dynamics simulations were used to predicte that increasing the length of the spacer will cause the structure of a tBLM to become significantly more disordered, strongly reducing its quality and electrical sealing properties. With increasing tether length, the membrane forms lesions and ultimately becomes detached completely from the solid support (Liu and Faller, 2012). This prediction was also investigated experimentally by doubling the length of the anchorlipid DPhyTT from four ethylene glycol units to eight (DPhyOT), which reduced bilayer resistance by three orders of magnitude from ca. 15 MΩ to around 90 kΩ·cm2 (Junghans and Koper, 2010).

In addition to the structures shown in Table 1, peptides have also been explored as tethering moieties to create so-called pep-tBLMs (Chadli et al., 2017). One of the benefits of using a peptide as tethering and anchor group is that a cysteine residue at the N-terminal naturally binds to gold, avoiding the need to functionalize or modify the desired peptide sequence. The C-terminal of the tethering group was modified with a several histidine residues which allow the binding of vesicles containing a chelating lipid to the tethers in the presence of nickel. Once the vesicles were adsorbed to the tethering groups, a fusogenic peptide (derived from a Hepatitis C protein) was used to cause the fusion of the adsorbed vesicles into a continuous lipid bilayer.

If cell-free expression is utilized to synthesize a membrane protein, lipid vesicles can be used to incorporate the protein (Chadli et al., 2017). These vesicles can subsequently be used for tBLM formation, offering a simple pathway to create protein-functionalized tethered membranes. Using this method, the C-X-C motif chemokine receptor 4 was successfully incorporated into a model membrane (Chadli et al., 2017). Bilayer formation was monitored using SPR and the incorporation of the protein was confirmed using AFM and fluorescence recovery after photobleaching (FRAP). The functionality of the receptor was confirmed by observing the binding of the receptor antagonist to the protein with SPR.

Tethered membranes also offer the possibility of combining cell-free expression of a protein with a model membrane, avoiding the need for lengthy protein purification processes (Zieleniecki et al., 2016). The plant membrane transporter Bot1 was expressed in the presence of a DPhyTL-based tBLM, and spontaneously incorporated in its functional form into the lipid bilayer (Zieleniecki et al., 2016).

Very different tethering chemistries have also been explored, for example by furnishing a cholesterol molecule with an thiolated ethyleneoxy-anchor on a nanostructured surface enabling surface-enhance infrared absorption spectroscopy (SEIRA; Wiebalck et al., 2016). The resulting lipid membranes were of lower quality than other tBLMs due to the increased roughness of the substrate that is necessary for SEIRA spectroscopy. When this type of tBLM architecture was deposited on a planar substrate instead, the resistance of the membrane was increased to around 700 kΩ·cm2. This also confirmed the observation that thiols as anchoring moieties produce inherently lower quality membranes than when a disulfide (for example lipoic acid) is used (Junghans and Koper, 2010).

An inner leaflet comprised exclusively of anchorlipids is detrimental to incorporated proteins and the activity of ion transporters. In part, this is likely a consequence of the limited amount of water incorporated underneath the membrane [around 5 volume-%(Junghans and Koper, 2010)], resulting in a reduced capacity to store ions. The low hydration of the sub-membrane compartment was confirmed by polarization-modulation infrared reflection-absorption spectroscopy (PM-IRRAS) of a DPhyTL-based lipid membrane which showed that the ethylene glycol segment takes on a coiled conformation in which the hydrophobic carbon segments of the ethylene glycol chain are exposed to the surroundings, excluding water from the sub-membrane space (Leitch et al., 2009). The authors were able to distinguish between the C-H stretching of the hydrophobic chains and those located in the ethylene glycol spacer by using a deuterated spacer segment.

The high packing density of fully tethered lipid would likely limit the amount of water in the sub-membrane space even if the hydrophobic conformation of the spacer segment was not a significant factor. Experiments were conducted using a different anchorlipid chemistry (DPhyAL), in which the ethylene glycol spacer was replaced with an ester-based segment that is unable to adopt the same helical conformation as a PEG-based spacer and is also more polar than an ethylene glycol chain (Andersson et al., 2017).

Neutron scattering showed that the change in spacer segment composition did not increase the hydration of the sub-membrane space which remained low at around 5 volume-% (Andersson et al., 2017). This suggests that the packing density of the inner leaflet also plays a significant role in determining the hydration of the sub-membrane compartment.

However, the use of ester linkages instead of ether groups in the spacer segment caused ions to remain in the sub-membrane compartment when the buffer was exchanged. When studies were carried out with the ion transporter valinomycin, which selectively transports K+ ions across lipid bilayers, it was shown that membrane resistance did not immediately increase upon replacement of the KCl bathing solution with NaCl (Andersson, 2013). This suggested that K+ remained in the sub-membrane reservoir that slowly leaked out instead of being quickly replaced with the new electrolyte. To restore the membrane resistance, storage of the bilayer under MilliQ for up to 24 h was required to remove the remaining potassium ions from the membrane. PM-IRRAS measurements could provide more detailed insight into the structure and orientation of the new spacer segments.

SPARSELY TETHERED MEMBRANES

In order to increase the hydration of the sub-membrane spacer and better facilitate protein incorporation into the lipid bilayer, sparsely tethered bilayer lipid membranes (stBLMs) have been developed that use either a larger anchoring segment or a smaller diluting molecule mixed with the anchoring lipid, resulting in a significantly reduced density of the anchoring moieties. Figure 2 shows a comparison between the different types of tethering architectures.
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FIGURE 2. Comparison of various tethered membrane architectures. A fully tethered inner leaflet (left) is comprised of only anchorlipids (gray/red). It offers the highest stability and electrical sealing properties, but limits protein incorporation. A sparsely tethered lipid membrane (middle) is comprised of an anchorlipid mixed with a small molecule (green) that binds competitively with the anchorlipid to the supporting surface, creating a sparsely tethered inner leaflet with greater phospholipid diffusion rates and enhanced functionality of incorporated ion transporters and ion channels. A self-diluting inner leaflet (right) is prepared using an anchorlipid with a bulkier anchoring moiety such that a similar effect to a sparsely tethered inner leaflet is achieved. The synthesis of this type of anchorlipid is more complex, but it affords a more controlled membrane composition while still allowing increased hydration of the sub-membrane compartment.



Using a combination of molecular dynamics calculations and SEIRA measurements, it was possible to observe the process by which the antimicrobial peptide alamethicin absorbs to and then integrates into a lipid bilayer (Forbrig et al., 2018). Alamethicin acts by assembling into pores comprised of 4–6 individual peptide strands. Two membrane architectures—one sparsely tethered and one fully tethered system—were used for this study. SEIRA enables the direct observation of the orientation of the alamethicin during its interaction with the lipid membrane. In a fully tethered membrane system, alamethicin was not able to penetrate the bilayer. However, in the sparsely tethered system the peptide first adsorbed to the membrane surface, followed by aggregation of individual peptides, and finally the agglomeratedcpeptide inserted into the bilayer to form pores. This highlights the importance of selecting the correct membrane architecture for a study.

Reducing the tethering density of the inner leaflet to create an stBLM results in significantly increased sub-membrane hydration (Junghans and Koper, 2010; Andersson et al., 2017). However, when using a mixture of anchorlipid and a spacer molecule such as mercaptoethanol, the sealing properties of the resulting lipid membrane are reduced. When a modified anchoring segment was used instead of a mixture of anchorlipid and spacer, for example in the case of DPhySDL (Andersson, 2013) or DPhyHDL (Junghans and Koper, 2010), the sealing properties of the membrane remained high, while the sub-membrane hydration was also increased. When a mixture of anchorlipid and a spacer such as mercaptoethanol was used, membrane hydration was also improved but the electrical resistance of the membranes decreased by an order or magnitude (Andersson, 2013). Furthermore, the exact composition of the resulting inner leaflet was no longer known, as it depends on a large number of factors such as the relative solubilities or the compound in the chosen solvent and their binding kinetics. The use of a modified anchoring segment is therefore a useful strategy when designing sparsely tethered lipid bilayer because in addition to retaining a higher quality lipid bilayer, the exact composition of the membrane is known.

Ion transporters and ion channels are also incorporated more effectively and possibly exhibit improved function when they are incorporated into an stBLM. The functionality of the pore-forming toxin alpha-hemolysin was compared when incorporated into a tBLM with a proximal leaflet comprised only of DPhyTL and a proximal leaflet comprised of DPhyHDL, demonstrating that either the protein had significantly improved function in the sparsely tethered architecture, or more proteins were incorporated into the membrane (Vockenroth et al., 2008a). Any ions transported into the sub-membrane space still require stabilization by a hydration shell; therefore, improved sub-membrane hydration should increase ion transport through the lipid bilayer.

DPhyTL forms a densely packed inner membrane leaflet whereas DPhyHDL is designed to provide more space underneath the lipid membrane by using both a longer anchoring segment and a larger anchoring group. DPhyTL forms a more sealing lipid bilayer with a resistance of up to 55 MΩ cm2, but the resistance of the membrane was only reduced by around one order of magnitude upon incorporation of α-hemolysin. A DPhyHDL-based stBLM has a much lower resistance of 1 MΩ cm2 but allows significantly improved ion transport, with α-hemolysin reducing membrane resistance by three orders of magnitude to 1 kΩ cm2 in the presence of KCl. Neutron scattering could be used to ascertain whether the amount of proteins incorporated into the bilayer is affected by the choice of membrane architecture, or the increased sub-membrane hydration improves their function.

In an stBLM comprised of DPhySL or DPhyTL mixed with 40–60% mercaptoethanol as a spacer, membrane resistance was reduced by up to four orders of magnitude when valinomycin was incorporated in the presence of KCl, compared to a reduction of only one or two orders of magnitude in fully tethered membrane systems (Andersson et al., 2017). While the dilution of the inner leaflet with mercaptoethanol reduced the membrane resistance from 5–10 MΩ cm2 to around 1–2 MΩ cm2, this was not the case when DPhySL was diluted with mercaptoethanol, possibly because this spacer chemistry allows for better packing density when diluted than the other spacer architectures.

Neutron scattering showed that using either the self-diluting lipids DPhySDL or DPhyHDL or inner leaflets diluted with mercaptoethanol increases the sub-membrane hydration from 5% to around 25%. Using partially deuterated phospholipids it was demonstrated that when the proximal leaflet is diluted, phospholipids also incorporate into the inner leaflet of the membrane (Andersson et al., 2018).

Another study used a membrane architecture comprised of a mixture of 30% WC14 (see Table 1) and 70% mercaptoethanol to incorporate α-hemolysin (McGillivray et al., 2009). The resulting membrane had a resistance of 100 kΩ cm2 which was reduced by two orders of magnitude to around 2 kΩ cm2 upon incorporation of α-hemolysin in the presence of KCl. The same membrane architecture was also used to show that neutron reflectometry is a viable means of obtaining low-resolution structural information of proteins incorporated into tethered lipid bilayer membranes. These membranes were shown to have very high sub-membrane hydration levels of up to 60% (McGillivray et al., 2007).

A sparsely tethered membrane was also prepared using a mixture of the anchorlipid CPEO3 (see Table 1) and mercaptohexanol (Jeuken et al., 2006). The protein-functionalized lipid bilayer was formed by adding proteoliposomes containing 0.5 mas-% E. coli cytochrome bo3, a ubiquinol oxidase. In the presence of Ca2+, the liposomes fuse into a tBLM with a resistance of 500 kΩ cm2. The density and distribution of the incorporated proteins was investigated via AFM, showing a protein density of 3–8.5 fmol/cm2. Cyclic voltammetry of the cbo3-functionalized membrane in the presence of ubiquinol-8 showed that virtually all proteins that were seen in the AFM studies were active.

Surface-enhanced infrared absorption spectroscopy (SEIRAS) studies have been used to study the water structure at the interface between solid-supported lipid membranes comprised of the phospholipid 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and the supporting surface (Uchida et al., 2014). While this study was not carried out on membranes tethered to the solid support, it nevertheless had some interesting implications for supported lipid membranes. The authors found several types of environments for water molecules in bilayers on solid supports. At electrical potentials close to zero, water was bound tightly to the phospholipid head groups. When the potential was increased, aggregates of water molecules began to penetrate into the lipid membrane. At applied potentials lower than −700 mV, resulting in charge densities below −20 μC·cm−2, a layer of liquid water with a thickness of around 1 nm formed below the lipid membrane.

As SEIRAS can distinguish between hydrogen-bonded and unbonded water molecules, it would be an ideal technique to study the sub-membrane reservoir of various tBLM architectures to gain an understanding of the distribution of water below the membrane and the fluidity of the aqueous environment between the membrane and its support. This could provide important insight into which architectures would be most suited for protein incorporation studies, particularly if the diffusion of membrane components is a factor in their functionality.

The EO3-cholesterol based tether shown in Table 1 has also been mixed with mercaptohexanol to create a sparsely tethered lipid bilayer membrane (Kendall et al., 2010). This membrane had a good electrical resistance of around 1 MΩ cm2 which was reduced by up to four orders of magnitude upon incorporation of valinomycin and other ion transporters.

Much longer tethers are also available, for example a lipid bilayer was prepared using PEG-3400-modified 1,2-distearoyl-sn-glycero-3-phosphoethanolamine functionalized with succinimidyl propionate such that it could bind covalently to a gold surface furnished with amine groups. By doping phospholipid vesicles with 5% of this anchorlipid, a bilayer was created which was used to study the translocation of adenylate cyclase toxin (CyaA), a toxin produced by Bordetella pertussis (the causative agent for whooping cough) across a lipid membrane, primarily using SPR (Veneziano et al., 2013).

CyaA is unique in that it is able to facilitate and catalyze its own transition across the cell membrane without requiring other cellular machinery from the host. The electrical properties of this type of tethered membrane have not been investigated, and it is highly likely that they are insufficient to enable meaningful electrical characterization of the system given the reduced quality of tBLMs with a small fraction of the PEG units present in this system. CyaA binds strongly to calmodulin (CAM), which was also immobilized under the tBLM. If CyaA successfully crossed the membrane, its catalytic domain will bind to the immobilized CAM, and should remain bound to the substrate after removal of the tBLM with a detergent. CyaA required both the presence of Ca2+ and a negative membrane potential to be able to cross the lipid membrane. In the absence of either calcium or a negative potential, no translocation of the toxin across the membrane took place.

As many toxins must first cross the cellular membrane, biomimetic membranes can provide unparalleled insight into their mechanisms of binding and translocation across the membrane. Furthermore, the model systems can be used to explore methods of preventing or slowing the translocation of these toxins across the membrane, aiding the development of novel treatment strategies for diseases caused by pathogens such as Bordetella pertussis.

Sparsely tethered membranes can be combined with mesoporous substrates to increase control over membrane architecture, composition and hydration (Wallin et al., 2015). By using vesicles comprised of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and a small amount of Distearoylphosphatidylethanolamine (DPSE) furnished with a long-chain poly(ethylene) glycol (PEG-2000) tether and an N-hydroxysuccinimide anchor, a lipid bilayer was formed on mesoporous silica functionalized with amines. Quartz crystal microbalance showed that vesicles bound the substrate via the tethers but remained intact rather than fusing into a continuous lipid bilayer. The adsorbed vesicles were resistant to the application of both osmotic pressure and shear force. Vesicle rupture and fusion into a lipid bilayer was achieved via the addition of a fusogenic peptide, which is an α-helical (AH) peptide with the sequence H-Ser-Gly-Ser-Trp-Leu-Arg-Asp-Val-Trp-Asp-Trp-Ile-Cys-Thr-Val-Leu-Thr-Asp-Phe-Lys-Thr-Trp-Leu-Gln-Ser-Lys-Leu-NH2 that has been reported to promote vesicle rupture (Coutable et al., 2014). AFM showed that the resulting tBLMs had roughnesses between 1 and 3 nm on the mesoporous substrate.

PROTEIN-TETHERED MEMBRANES

Tethering the inner leaflet of the membrane to the solid support, even when diluting the anchorlipid, could still hinder the incorporation of proteins into the membrane. By using proteins modified with a His-tag [for example cytochrome C oxidase (Ataka et al., 2004; Giess et al., 2004)], the protein of interest itself can also be used to anchor a lipid bilayer to the solid support, also allowing direct control over the orientation of the protein in the membrane. A schematic of a protein-tethered lipid bilayer membrane is shown in Figure 3.
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FIGURE 3. A protein-tethered lipid membrane. It is prepared by first functionalizing the gold surface with a SAM containing nitriloacetic acid groups that can bind to His-tags present in proteins. In the second step, detergent-solubilized protein is added to the substrate which binds to the SAM. The detergent is finally removed via in-situ dialysis or through the use of Bio-beads and replaced with phospholipids to form a lipid bilayer around the adsorbed proteins.



Binding of the protein was facilitated by first modifying the surface with a self-assembled monolayer (SAM) of amino-nitriloacetic acid (NTA) which was then coupled with N-hydroxysuccinimide ester. This surface was then able to complex with Cu2+, to which a His-tagged protein could bind reversibly. Due to their hydrophobic domains, membrane proteins are first solubilized with a detergent which is subsequently replaced with a lipid (such as DPhyPC) via in-situ dialysis. Instead of dialysis, biobeads can also be used to remove the detergent and replace it with a lipid bilayer.

The resulting protein-tethered lipid bilayer membrane had reasonably good electrical sealing properties, with resistances of around 800 kΩ cm2, which while lower than the resistance of some tBLM systems is still indicative of a reasonably good lipid membrane. The resistance was likely reduced by the presence of a significant amount of redox-active protein. Addition of cytochrome c to the tethered membrane reduced membrane resistance by one order of magnitude, showing that the activity of the tethered cytochrome c oxidase protein was not impaired. Subsequent reports showed improved membrane resistance exceeding 10 MΩ cm2 for this architecture (Friedrich et al., 2008); this method is therefore also suitable for biosensing applications. In theory, this methodology can be applied to all membrane proteins containing a His-tag. However, care should be taken that the location of the His-tag does not force an unfavorable orientation of the bound protein.

Another approach to tethering lipid bilayers on a solid support is the use of biotin-streptavidin interactions. By using biotin-functionalized bovine serum albumin (BSA), a monolayer of biotin could be readily assembled on a gold substrate (Taylor et al., 2009). A lipid bilayer was then formed by adding vesicles containing biotinylated phospholipids. Once adsorbed to the support, bilayer formation was caused by using a fusogenic peptide or PEG-8000. The tethering density was controlled by mixing biotin-BSA with native BSA and proteins were inserted into the membrane by incorporating them into the vesicles used for bilayer formation. The biotin-BSA tethered lipid bilayer membrane could be regenerated, as the tBLM could be removed by simply rinsing the bilayer with a surfactant such as Triton X. This is a significant advantage compared to other tethering systems for the use in microfluidic devices, allowing the development of multi-use devices.

AFM studies of membrane proteins in a native conformation can provide valuable insight into their structure and function, but they are challenging to carry out. Using an architecture comprised of tris-NTA (to which the protein can bind trough a His-tag) and anchorlipid bound to the solid support via a PEG-chain, an environment was created that enabled the study of bacteriorhodopsin as a model for membrane proteins (Bronder et al., 2016).

CONCLUSION

Biomimetic membranes that are covalently tethered to a solid support provide significant advantages, among them increased stability, ease of assembly and a wide variety of applicable tools. Depending upon the intended application, the bilayer can be optimized to maximize its electrical sealing properties by using a fully tethered inner leaflet, to study ion transporters by using sparsely tethered membranes or for the incorporation of functional proteins by anchoring the membrane to its support using the embedded proteins. A fully tethered inner leaflet is the most accessible means of assembling a highly-sealing lipid membrane, whereas sparsely tethered membranes require somewhat more complex assembly procedures, but afford excellent compromises between membrane fluidity, stability and protein function.

Future work with lipid membranes will likely focus further on the functional incorporation of membrane proteins. As the cellular membrane is a crucial barrier and portal between the cell and its surroundings, many biotechnological applications, particularly in biosensing, could result from the successful incorporation of functional membrane proteins into model membranes. The amphiphilic structure of lipid bilayers has also been successfully replicated using block copolymers (Zhang et al., 2012) comprised of linked hydrophobic and hydrophilic domains. Firstly, these polymers provide a robust membrane-like structure that could be designed to resist environments that would damage or destroy lipid bilayers (for example exposure to gases or vacuum). In addition, block copolymers can be designed to assume highly complex shapes and geometries not available to lipid bilayers (Amado and Kressler, 2011). This could also open the door to radically new biotechnological applications for membrane proteins.
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