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Abstract

Recent advancements and applications of nanofabrication have enabled the characterization and 

control of biological membranes at submicron scales. This review focuses on the application of 

nanofabrication towards the nanoscale observing, patterning, sorting, and concentrating membrane 

components. Membranes on living cells are a necessary component of many fundamental cellular 

processes that naturally incorporate nanoscale rearrangement of the membrane lipids and proteins. 

Nanofabrication has advanced these understandings, for example, by providing 30 nm resolution 

of membrane proteins with metal-enhanced fluorescence at the tip of a scanning probe on fixed 

cells. Naturally diffusing single molecules at high concentrations on live cells have been observed 

at 60 nm resolution by confining the fluorescence excitation light through nanoscale metallic 

apertures. The lateral reorganization on the plasma membrane during membrane-mediated 

signaling processes has been examined in response to nanoscale variations in the patterning and 

mobility of the signal-triggering molecules. Further, membrane components have been separated, 

concentrated, and extracted through on-chip electrophoretic and microfluidic methods. 

Nanofabrication provides numerous methods for examining and manipulating membranes for both 

greater understandings of membrane processes as well as for the application of membranes to 

other biophysical methods.
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INTRODUCTION

Recently developed capabilities of nanofabrication have provided a means for 

unprecedented control and analysis of lipid membranes. Biological membranes are primarily 

composed of amphiphilic lipids and proteins which self-assemble into a planar sheet with a 

hydrophobic interior and hydrophilic exterior. The flow of molecules into and out of the cell 

is regulated by the membrane and its associated proteins. On the outer leaflet of the plasma 

membrane, proteins sense the extra-cellular environment and initiate cellular responses. On 

the inner leaflet of the plasma membrane, membrane-bound proteins commonly mediate 
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cellular processes, such as initiating actin (de)polymerization, regulating second messenger 

molecules, or controlling plasma membrane endo/exocytosis.

The importance of membrane-mediated processes is demonstrated by the improvements in 

human health that have resulted from understanding membranes and their associated 

proteins; approximately 50% of all drugs on the market directly target membrane proteins, 

including drugs for hypertension, allergies, heart burn and mental illnesses.56 Despite this, 

many technical challenges in the manipulation and examination of membranes yield slow or 

entirely infeasible tests of particular membrane components. The plasma membrane contains 

thousands of different lipid species in addition to the complex membrane proteome. Since 

the functionality of membrane proteins often depends critically on their involvement in 

fragile protein complexes and their interaction with particular lipid species, isolating 

functional membrane proteins is particularly challenging. Significant progress has been 

made to purify membrane proteins, although often by the addition of detergents, genetic 

manipulations, and affecting the protein structure. Difficulty extracting, concentrating, 

sorting, and systematically observing membrane proteins in a functional state have slowed 

progress in understanding the means by which membranes influence human health.

Due to the high complexity and numerous technical complications associated with native 

cell membranes, model systems have been developed to probe particular membrane 

properties. Model membranes of known composition may be fabricated as spherical 

liposomes in solution, as a suspended bilayer separating two externally-accessible solutions, 

or as supported lipid bilayers (SLBs) coating a solid surface. SLBs have been integrated into 

numerous nanotechnology applications and mimic some key parameters of complex cellular 

membranes (e.g. lateral diffusion, elasticity, leaflet-leaflet interactions, and protein-lipid 

interactions). Further, diverse biophysical studies have utilized model membranes for 

minimizing non-specific protein adsorption, regulating cellular adhesion, or confining 

associated molecules to lateral diffusion on the membrane.

This review focuses on the current and future applications of nanofabrication towards 

controlling and analyzing nanoscale membrane composition, patterning, and/or dynamics. 

Nanofabrication is providing a means to isolate, concentrate, and study membranes with 

unprecedented control. We will focus on five key applications of nanotechnology to 

membranes and how these applications have advanced our understandings and uses of 

biological systems: 1) metallic apertures for confining fluorescence excitation light to sub-

diffraction-limited areas, 2) surface plasmons on metallic nanostructures for optical field 

enhancement, 3) nanofabricated obstacles for restricting membrane diffusion, 4) patterning 

membrane composition, and 5) sorting membrane components. Micron-scale methods of 

patterning and probing membranes will not be addressed here in detail due to previous 

quality review articles on these techniques, as indicated throughout this manuscript. For 

example, review articles that focus on diffraction-limited optical techniques33,84 or field-

effect transistors for electrical membrane sensing49 are available.
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METALLIC APERTURES FOR OPTICAL CONFINEMENT

Cellular membranes perform a variety of complex tasks through dynamic regulation of their 

contents and lateral organization, but the detailed mechanisms by which they achieve their 

diverse functionality are not well understood. The governing principles of micron scale 

membrane dynamics include conceptually simple phenomena, such as Brownian motion, 

electrostatic bonding, and phase separation. However, the interplay of these phenomena at 

the nanoscale is difficult to resolve. Techniques such as freeze-fracture electron microscopy, 

nuclear magnetic resonance, calorimetry, and diffraction-limited microscopy are some of the 

key techniques used to date.81 But these techniques are unable to provide simultaneous 

nanometer and microsecond resolution of membrane dynamics.

Recent progress towards simultaneous nanoscale and microsecond resolution of membranes 

has been through expanding on the capabilities of optical microscopy and spectroscopy. 

Membrane dynamics are optically understood by monitoring the motion of membrane-

bound particles, including observing individual particle trajectories, the equilibration of 

concentration gradient, or time correlation analysis of residency times.9 Among the most 

significant differences is the ability of each technique to observe non-Brownian diffusion. 

Many membrane-bound particles display anomalous diffusion at the nanoscale; the 

dominating mechanisms of anomalous membrane diffusion are frequently debated and 

rarely observed.16,81 The mechanisms of non-Brownian membrane diffusion are of 

considerable interest due to their involvement in various key cellular processes, such as 

receptor-mediated signaling, lipid-rafts, and actin-membrane interactions.

Numerous approaches to nanoscale patterning of metallic structures have provided 

nanoscale resolution of membrane dynamics via near-field light confinement/enhancement 

for decreased fluorophore illumination volumes. These approaches build upon the abundant 

tool-kit of fluorescence microscopy (e.g. membrane-bound fluorophores, chromatic filters, 

and sensitive detectors) while incorporating nanoscale metallic structures. Isolated metallic 

apertures have been used to prevent the majority of the illumination light from interacting 

with the membrane and limiting the excitation to the small area that is determined by the 

aperture dimensions rather than the diffraction-limit. In recent decades, a practical near-field 

imaging method has been developed as a near-field scanning optical microscope 

(NSOM).3,55 NSOMs have been used to provide 12 nm resolution for a variety of 

microscopy and spectroscopy applications.3 Recently, NSOMs have been used to examine 

the distribution of proteins and lipids on biological membranes.38,100 Since NSOM data are 

very sensitive to the probe-to-sample distance, the use of NSOMs for the examination of soft 

samples has been largely limited to biological samples that were chemically fixed, limiting 

the use of NSOM for measuring dynamics. However, recent advances in the control of the 

NSOM probe-to-sample distance have enabled near-field fluorescence correlation 

spectroscopy (FCS) on fluid SLBs93 and live cell membranes.58 FCS has proven to be a 

powerful optical technique for probing nanoscale membrane phenomena and will be even 

more useful when fully integrated with nanoscale optical methods.33 On live cells, 120 nm 

diameter apertures on NSOM tips have provided 20× faster residence time in the 

illumination spot than confocal optics and observed varying diffusion of fluorescently 

tagged phosphoethanolamine lipids and sphingolipids within the membrane.58 Continued 
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developments in controlling the probe-to-sample distance will ensure minimal topographic 

artifacts or disruption of soft samples.

Nanoscale apertures in a planar aluminum film have been fabricated to provide optical 

confinement without the complications of incorporating a scanning probe (Fig. 1). 

Illumination volumes as small as 10−21 L have been made within arrays of hollow apertures 

in a planar metallic film, called zero-mode waveguides (ZMWs).54 This approach uses an 

opaque metallic film on the glass substrate to block most of the excitation light from 

penetrating into the bulk of the sample and only excites fluorophores at the bottom of the 

ZMWs (i.e. at the metal-glass interface). ZMWs provide 1,000× smaller illumination 

volumes than diffraction-limited total internal reflection microscopy and single molecule 

resolution at concentrations of up to 1 µM.60 As fluorophores diffuse on the membrane in 

and out of the ZMW, bursts of fluorescence emission are observed. The duration of the 

fluorescence emission for each fluorophore is dependent on the fluorophore diffusion rate 

and the ZMW dimensions, as seen with both single fluorescence burst analysis and 

autocorrelations in time via FCS. ZMWs have been used to examine model and living 

membranes, requiring that the membrane itself penetrates into the hollow aperture and 

membrane-bound fluorophores on the membrane are observed only at the bottom of the 

ZMW.15,94 The applicability of ZMWs to membranes can be complicated by the required 

membrane curvature for penetration into the ZMW and the lateral diffusion of large 

membrane-bound structures (e.g. lipid-rafts) may be altered.62 However, the binding of 

molecules from solution to the membrane is well suited for study in ZMWs; the binding 

constant of tetanus toxin C to the ganglioside GT1B has been determined to be 390 ± 40 

nM−1 by monitoring single-molecule binding events at high concentrations (500 nM) of 

tetanus toxin C.77 This experiment utilizes the small illumination volume in ZMWs to obtain 

single-molecule resolution, whereas diffraction-limited optics would have too many 

fluorophores simultaneously illuminated to be useful.

Recognition of the limitations of the scanning probe in NSOMs and the membrane curvature 

effects in ZMWs has encouraged the development of planarized apertures for near-field 

optical microscopy (PANOMs).50 PANOMs are conceptually equivalent to glass-filled 

ZMWs. However, the excitation light of PANOMs transmits through the aperture and the 

emission fluorescence is collected from above, without requiring the emission to transmit 

back through the aperture. PANOMs provide a confined, near-field illumination profile, like 

an NSOM, but can be fabricated on an array for numerous simultaneously illuminated 

apertures with reliably controlled aperture-to-membrane distances, like ZMWs (Fig. 1). The 

key aspects of PANOMs are their 50 nm diameter apertures, which provide 60 nm full width 

at half maximum illumination profiles, and their planarized surface, which provides 

unperturbed membrane diffusion, for both SLBs and live cells.50 Additionally, PANOMs 

provide the ability to examine apertures of varying sizes and numerous chromatically 

distinct fluorophores simultaneously with conventional excitation lasers and fluorophores, 

without inducing membrane curvature or incorporating a scanning probe.
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SURFACE PLASMONS FOR OPTICAL ENHANCEMENT

Rather than using a metallic aperture to limit the regions of the sample exposed to the 

excitation light, it is possible to excite the electron plasmon within a metal to yield increased 

intensities of illumination in close proximity to the metal. Plasmon excitations have been 

used for wide-field spectroscopic sensors, near-field fluorescence enhancement, or surface-

enhanced Raman spectroscopy (SERS). All of these techniques depend on the fabrication of 

nanoscale metallic structures. Because electric fields are enhanced at sharp metal corners 

and at the gaps between metallic structures, control of the metal size and shape are necessary 

for plasmonic devices.

With spectroscopic techniques, a change in surrounding the index of refraction (i.e. the 

binding and unbinding of biomolecules) affects the resonant frequency of light transmission 

through the metallic nanostructure. Nanoscale apertures in metallic films are the most 

commonly used structures to spectroscopically study membranes, however, metal 

nanoparticles,22 spherical micro-resonators,2 and conventional surface plasmon 

spectroscopy (SPR) have also been employed for label-free detection of biomolecules 

(un)binding to the metal or associated membranes. High-sensitivity plasmonic devices can 

be created with inexpensive colloidal lithography10 or precisely nanostructured surfaces for 

greater capabilities,23 and through-aperture microfluidics.43

Current technology now permits real-time, label-free analysis of membrane formation or 

absorption of proteins, such as α-hemolysin39 and head-group-specific binding proteins.22 

Recent optimizations of biomolecules on plasmonic devices have enabled binding only to 

the most sensitive regions of the detector.11,20 The physical capabilities of spectroscopic 

plasmonic devices have been well reviewed26,59,76 and some review articles have 

highlighted plasmonic applications for membranes.34,75

Rather than monitoring the wavelength-dependent resonances of nanoscale metallic 

structures, designing a plasmonic device to couple into the excitation or emission of a 

fluorophore enables metal-enhanced fluorescence (MEF) or fluorescence quenching in the 

local proximity of the metal.52 MEF has been applied to membranes both with metallic 

structures on a surface as well as metallic structures on a scanning probe.67 On a scanning 

probe similar to NSOM, aperture-free near-field point probes enhance the excitation light to 

the 30 nm region surrounding the nanofabricated metallic antenna while illuminated and 

observed in the far-field (Fig. 2).101 Near-field point probes have been used to image 

individual membrane-bound calcium pumps35 and nanodomains of lymphocyte function-

assisted antigen-1 (LFA-1).101 Scanning point probes may be easier to fabricate than 

apertures, but their use can be complicated by the higher background fluorescence due to 

far-field illumination. Obviously, the experimental setups for NSOMs and scanning point 

probes are related to those for atomic force microscopy (AFM). AFM has recently made 

significant improvements in high-resolution and high-speed imaging of membranes, 

including revealing nanoscale protein structures within membranes.5 Substantial 

technological advances are imminent as these technical improvements recently made for 

AFMs become better integrated with scanning probes utilizing near-field optics.
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Just as strong electric fields from plasmon resonances can enhance or quench fluorescence, 

they can also be used for label-free SERS. By observing an energy change in scattered light 

due to molecular vibrations, Raman spectroscopy can provide molecular fingerprints of the 

sample.83 Coupling molecular vibrations with surface plasmon resonances increases the 

intensity of the Raman signal to better decipher it from the background fluorescence and 

scattering. Nanofabrication has advanced the use of SERS, but applications of SERS to 

membranes are rare.12 SERS of live cells has provided improved resolution in recent years 

and may develop into a powerful analytical tool as the capabilities of nanofabrication are 

better utilized.1

RESTRICTING MEMBRANE DIFFUSION

By imposing restrictions on membrane diffusion, nanofabrication has provided a tool for 

both understanding membranes as well as using membranes to understand other biophysical 

phenomena. For example, studying lipid diffusion around nanofabricated channels90,95 and 

nanogates66 has provided insights of membrane diffusion on complex surfaces. Carefully 

designed surface patterns may be applied for selective sorting of membrane components 

based on molecular mobility, size, or charge.71

Metallic barriers approximately 100 nm wide and 30 nm tall have been used to limit the 

extent of lipid diffusion by isolating supported lipid bilayers within rectangular corrals. 

These membrane corrals have been used to explore the how T cells interact with antigen 

presenting cells and rearrange their initially uniformly distributed membrane components for 

the formation of a structured immunological synapse (Fig. 3).57,65 Corralled SLB-bound 

signaling molecules have been used to mimic antigen presenting cells. Varying the 

concentration of antigens in the SLB and the dimensions of the membrane corrals provides a 

means for exploring key properties of antigen presenting cells for proper formation of the 

immunological synapse. This experimental method enables the investigation of the critical 

number, density, and mobility of signaling molecules necessary for these fundamental 

membrane phenomena.64,32

With similar techniques, SLB-bound DNA has been utilized in a microfluidic channel to 

explore the biophysical properties of DNA and its associated proteins (Fig. 4).27 DNA was 

confined to the membrane with multivalent neutravidin after conjugation of DNA and lipids 

separately to biotin. Through careful control of the nanoscale metallic structures and 

hydrodynamic forces within the microfluidic channel, single molecules of DNA have been 

precisely localized for individual inspection.18,19,92 This technique has revealed the effects 

of hydrodynamic force on DNA-protein interactions,25 the energetics of nucleosome 

deposition,91 and protein disruption by DNA translocase.21 Similar techniques of 

immobilizing biomolecules to the plane of a SLB may prove to be a value tool for high-

throughput, single-molecule experiments.

In place of metallic barriers, polymerizable lipids and surface immobilized lipids have been 

incorporated into SLBs to restrict lipid diffusion. These barriers are formed post membrane 

formation and have primarily led to basic science explorations such as quantifying the 

effects of polymerization on diffusion and induced phase separation of membrane 
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components at the micron scale.63,68 Surface-immobilized monolayers of n-

octadecylsiloxanes37 and chlorotrimethylsilanes31 have provided a means of patterning just 

the bottom bilayer leaflet. With electron beam lithography, nanoscale membrane patterns 

have been created with silanes conjugated to amphiphilic lipid molecules45 or cholesterol 

derivatives30 through immobilization to nanoscale patterned noble metals. Sub-diffraction-

limited, near-field illumination may provide a means of selectively polymerizing membrane 

components with nanoscale resolution on living samples. Methods of efficiently patterning 

and immobilizing nanoscale regions of SLBs would be applicable to a variety of biophysical 

experiments on SLBs, live cells, and other biomolecules.

PATTERNING MEMBRANE COMPOSITION

Selectively patterning membranes has permitted numerous studies in membrane biology and 

has been applied towards controlling cellular adhesion or exposure to biomolecules.69,75 

Three general methods of patterning membranes have been broadly developed: (1) 

chemically altering regions of the homogeneous membrane to provide selective removal and 

exchange of the (un)altered regions, (2) forming the membrane on a pre-patterned substrate 

for selective membrane adsorption or removal, or (3) mechanically forming the membrane 

only in specific areas. These techniques have provided great advances at the micrometer 

scale, but membrane patterning at the submicron scale is still in its infancy. The techniques 

described here that provide the most potential for membrane patterning include polymer lift-

off, pre-patterned substrate wells, microcontact stamping, and scanning-probe lithography.

Among the most adept techniques for patterning membranes and biomolecules is polymer 

lift-off.85,89 The polymer lift-off method begins with conformally coating a substrate with a 

polymer, such as Parylene, and selectively etching through the polymer in specific areas. 

The entire substrate and polymer are then coated with lipids or other biomolecules and the 

polymer is peeled off to leave biomolecules only in the areas in which the polymer was 

previously etched. Membrane patterning via polymer lift-off at the micron scale has been 

used to create multiplexed method of monitoring membrane binding61 and local regions of 

antigen presentation to explore the signaling cascade in mast cells (Fig. 5).70 By confining 

the ligand presentation area to a patterned membrane, the downstream membrane-mediated 

IgE signaling cascade in mast cells was monitored, including the recruitment of signaling 

kinases,98 ordered-phase lipids,98 and cytoskeleton-adapting proteins,88 as well as 

localization of the resulting secretory granuals.97 Recent advances in polymer lift-off have 

demonstrated the patterning of biomolecules with parylene with 90 nm size patterns, but 

have yet to be applied to membranes.86 Advancements in polymer peel-off of membranes 

with nanoscale resolution would allow greater understandings of the membrane-mediated 

signaling cascade in addition to higher-throughput model membrane binding assays for drug 

discovery.

Rather than lifting-off unwanted membrane material, recent developments have enabled a 

“squeegee”-based technique for scraping away membrane material that did not settle into 

predefined wells in the substrate.96 By pre-patterning 80 nm diameter wells into a silicon 

wafer and allowing small vesicles of native cell membrane extract to settle into the wells, 

Wittenberg et al. were able to remove membrane material not within the well via a squeegee 
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technique. This yielded an array of membrane material within the array of wells that could 

be examined via fluorescence emission or label-free plasmonic spectra effects for high-

throughput analysis of binding of analytes to the membrane.96

Rather than patterning a membrane after coating the full surface with a SLB, some 

techniques form the membrane only in defined regions, such as microcontact printing, 

robotic spotting, ink-jet printing, or scanning-probe-based lithography. Commercially 

available robotic arrayers and ink-jet printers have been used to pattern SLBs, but they 

traditionally have resolution significantly greater than 1 µm and moderate reproducibility.17 

Microcontact printing on membranes has been well used for both adding and subtracting 

lipids in SLBs.36,46 Microcontact printing works much like a conventional rubber stamp; a 

textured stamp is pressed against a flat substrate and the substrate surface is modified with 

the addition or subtraction of material where the stamp and the surface made contact, 

depending on the initial materials on the stamp and the substrate. Microcontact printing 

provides the ability to efficiently pattern large substrates quickly with a reusable stamp. 

Additionally, microcontact printing has been used to define regions of adsorbed proteins as a 

barrier to membrane diffusion and the selective adhesion of live cells.47,51 However, 

achieving reproducible nanoscale features can be challenging due to wear on the sample and 

residue left on the substrate by some stamp materials, such as polydimethylsiloxane 

(PDMS).24

Scanning probe lithography has been demonstrated to 100 nm resolution with both the 

additive technique of dip-pen nanolithography72 and the subtractive technique of 

nanoshaving lithography.40,79 Lithography on membranes with a scanning probe utilizes a 

piezo-controlled pointed nanoscale tip to make contact with the surface only at specific 

locations. If lipids or biomolecules are initially coating the surfaces, the tip can remove 

material to pattern the surface. If the surface is initially clean and the tip is coated with a 

biomolecule-containing ink, the tip can be used to write the biomolecules on the surface at 

select locations. Massively parallel, multi-component arrays of lipids have been created at a 

resolution of 200 nm, and have been used to study nanoscale cellular adhesion (Fig. 2).53,78 

Dip-pen nanolithography is among the best methods for patterning membranes at the 

nanoscale and future developments may allow scanning-probe lithography to be a standard, 

high-throughput nanofabrication technique.

SORTING MEMBRANE COMPONENTS

Many unknowns of membrane biology revolve around the stoichiometry and interactions of 

membrane components. Numerous bulk techniques have been used to separate membrane 

proteins based on their local membrane phase, such as detergent resistance and gel 

electrophoresis.80 However, these techniques provide little information as to the lipid-

mediated effects on the protein function, often cause protein denaturation, and hinder 

analysis of the protein functionality.13 In recent years, now standard microscopy assays have 

been developed to determine co-localization with multi-colored fluorescence microscopy at 

diffraction-limited resolution. By fluorescently labeling both a molecule with an unknown 

membrane phase preference and a known liquid-order preferring membrane component with 

a spectrally distinctly fluorophores, the colocalization and similarity in phase preferences 
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can be assessed. Most commonly, fluorescently labeled cholera toxin subunit B (CTxB) is 

used to label the liquid-ordered phase regions of the membrane since CTxB binds 

specifically to GM1, a liquid-order preferring ganglioside. However, this technique suffers 

from two key limitations. First, traditional fluorescence techniques are limited to diffraction-

limited resolution and are unable to yield information on the size of membrane 

microdomains smaller than 200 nm. Secondly, the pentameric CTxB is known to induce 

phase separation of membrane components in some model systems29 and its binding to the 

membrane may perturb the natural balance of liquid-ordered and liquid-disordered 

components in living membranes.

Nanofabrication is overcoming these limitations by providing novel means of sorting 

membrane components based on their lipid tail order, electrophoretic mobility, and 

hydrodynamic mobility. The use of laminar flow to create a distribution of lipid phases 

within a microfluidic channel have provided a mechanism of separating lipids and 

membrane proteins based on their partition coefficient between liquid-ordered and liquid-

disordered lipid phases in a microfluidic channel.7 Electrophoretically, membrane 

components have been separated based on size and charge on both model membranes42,74 

and live cells.73 Numerous researchers have exploited nanofabricated metallic structures to 

apply strong electric fields across small membranes areas and have demonstrated sorting of 

fluorescent lipids,14,28 SLB-tethered vesicles,99 streptavidin,31 and polyhistidine-tagged 

proteins87 (Figs. 6 and 7). The removal of select separated membrane components is 

occasionally performed and these techniques have significant potential once complex 

cellular membranes are better integrated into these controlled SLB-based separations.14,48

Current trends in membrane separations include performing electrophoresis on substrates 

with complex fabricated barriers for more efficiently separating and concentrating 

membrane components,8,71 integrating electrodes into the substrate,41 or incorporating 

differences in hydrodynamic drag to separate membrane components.44 In particular, the 

recently developed methodology of incorporating native cell membranes into continuous 

SLBs will allow for analysis and sorting of components within complex membranes with 

these nanofabricated structures.82 These techniques have great potential to advance 

membrane biology through the on-chip manipulation of membrane components for diverse 

scientific and medical applications.

CONCLUSIONS AND OUTLOOK

When these nanofabrication methodologies prove to be effective and reliable, they may 

quickly become incorporated into numerous methods for drug and biomarker discovery. For 

example, surface-enhanced laser desorption/ionization time-of-flight mass spectrometry 

(SELDI-TOF MS) is currently being employed for biomarker discovery from biological 

fluids, but is limited in its resolution of scarce markers with detection limits of µg/mL.6 

Similarly, spectrally sensitive plasmonic structures have the potential to detect the binding 

of regents to membranes while maintaining label-free targets and binding candidates. But 

controlling the application of native membranes onto plasmonic structures has yet to be 

reliably demonstrated. Techniques such as these are on the threshold of being widely used as 

nanofabrication and have the potential to incorporate native membrane and concentrate 
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proteins of interest, opening the door to integration with other analysis and characterization 

tools.

The use of nanopatterning has permitted observation of membranes with high spatial 

resolution and high sensitivity to slight changes in the membrane. Single-molecule 

fluorescence experiments can now be performed with 30 nm resolution using conventional 

fluorophores and without high-powered lasers. As these techniques for sub-diffraction-

limited resolution advance, greater detail of the organization and dynamics of model and 

live cell membranes will be revealed. Similarly, nanopatterned substrates for controlled 

diffusion of membrane-bound lipids and proteins will continue to be utilized as a tool for 

understanding a variety of biological processes. Current techniques for patterning membrane 

components are of frequent use in biosensors and controlling cellular adhesion, but are 

primarily limited to micron dimensions. Nanoscale membrane patterning will permit higher 

resolution, greater throughput, more efficient material use, and better membrane localization 

for biosensors. As nanofabrication techniques are further developed, biologists, engineers, 

physicians, and patients will all benefit by improved abilities to observe and control of 

membranes.
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Figure 1. 
(A) Zero-mode waveguides (ZMWs) and (B) planarized apertures utilize nanofabricated 

metallic structures to limit the illumination for fluorescence spectroscopy to sub-diffraction-

limited areas. ZMWs illuminate the membrane at the bottom of the aperture while 

planarized apertures provide 60 nm resolution of planar membranes. (Adapted with 

permission from (A) Refs. 60 and 77 and (B) Ref. 50)
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Figure 2. 
Scanning probes have been used both for nanoscale imaging and patterning of membranes. 

(A) Fluorescence enhancement at the tip of nano-antenna on a scanning probe provides 30 

nm resolution of membrane-bound integrin LFA-1; scale bar = 1 µm. A SEM image of the 

nano-antenna is shown in the inset of (A). (B) A line scan of fluorophore emission intensity 

vs. distance demonstrates 29 nm resolution. (C) SLBs of varying composition have been 

simultaneously patterned with dip-pen lithography at 200 nm resolution. (D) Multiplexed 

“pens” with varying composition of lipid-containing inks allow for simultaneous writing of 

many patterns and combinatorial mixing of the membrane components. (Reprinted with 

permission from (A,B) Ref. 101 and (C,D) Ref. 78.)
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Figure 3. 
Membrane reorganization is induced upon the binding of T cells to antigen presenting cells, 

forming an immunological synapse. (A) Key elements of antigen presenting cells (i.e. the 

peptide-major histocompatiability complex (pMHC) and the inter-cellular adhesion 

molecule (ICAM)) have been incorporated into a SLB and reorganized upon binding to T 

cell receptors (TCR) and to lymphocyte function-associated antigen 1 (LFA-1), respectively. 

The (B) presence or (C) absence of the metallic barriers to diffusion results in distinctly 

different morphology of the resulting immunological synapse as the T cell attempts to 

concentrate the TCRs within a ring of ICAMs. (Reprinted with permission from Ref. 32.)
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Figure 4. 
Supported lipid bilayers and nanofabricated metallic barriers have been used for high-

throughput single-molecule analysis of DNA. DNA molecules are bound to lipid molecules 

and analyzed with total-internal reflection fluorescence microscopy, as shown schematically 

(A) with and (B) without a hydrodynamic force confining them to metallic barriers. Isolated 

molecules 48.5 kb λ DNA stained with YOYO1 can be seen in a single image (C) with and 

(D) without flow. (Reprinted with permission from Ref. 92. Copyright 2008 American 

Chemical Society.)
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Figure 5. 
Membranes and biomolecules have been patterned with polymer lift-off. (A) Micron scale 

patterns of antigen-incorporating SLBs recruit IgE on live cell membranes for spatial control 

of membrane-mediated cell signaling; scale bar = 10 µm. (B) Biomolecules, such as 

fluorescently-labeled antibodies, have been patterned with a resolution of 90 nm via polymer 

lift-off and electron beam lithography in nanoscale dots and lines. Polymer lift-off holds 

promise for nanoscale patterning of membranes with high-throughput and high-resolution. 

((A) Reprinted with permission from Ref. 98. Copyright 2004 National Academy of 
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Sciences, U.S.A. (B) Reprinted with permission from Ref. 86. Copyright 2010 American 

Chemical Society.)

Kelly and Craighead Page 21

Ann Biomed Eng. Author manuscript; available in PMC 2015 March 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
The incorporation of electrophoresis and metallic barriers provide a mechanism of 

concentrating, separating, and purifying membrane components. (A) Initially mixed SLB 

components can be (B) separated by electrophoresis within the corral. (C) Controlled 

laminar flow can expose only a portion of the SLB to a stripping solution to remove the 

exposed SLB from the surface. (D) The partially stripped SLB can then be refilled via 

vesicle fusion to reform a complete SLB with potentially new components. SLBs are 

composed 97.5% zwitterionic egg phosphocholine lipids, 0.5% negatively charged Texas 
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Red-phosphoethanolamine lipids (red), and 2% neutral NBD-phosphocholine lipids (green). 

(Reprinted with permission from Ref. 48. Copyright 2003 American Chemical Society.)
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Figure 7. 
Incorporating electric fields with complex metallic structures provides a means of 

concentrating membrane components. (A) Initially homogeneous SLBs diffuse uniformly 

around the metallic structures, but application of alternating electric fields may concentrate 

select components (B). SLBs are 99.8% zwitterionic phosphocholine lipids and 0.2% 

negatively charged Texas Red-phosphoethanolamine lipids. (Reprinted with permission 

from Ref. 8. Copyright 2011 American Chemical Society.)
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