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Abstract

Single-molecule characterization has become a crucial research tool in the chemical and life 

sciences, but limitations, such as limited concentration range, inability to control molecular 

distributions in space, and intrinsic phenomena, such as photobleaching, present significant 

challenges. Recent developments in non-classical optics and nanophotonics offer promising routes 

to mitigating these restrictions, such that even low affinity (KD ~ mM) biomolecular interactions 

can be studied. Here we introduce and review specific nanophotonic devices used to support single 

molecule studies. Optical nanostructures, such as zero-mode waveguides (ZMWs), are usually 

fabricated in thin gold or aluminum films and serve to confine the observation volume of optical 

microspectroscopy to attoliter to zeptoliter volumes. These simple nanostructures allow individual 

molecules to be isolated for optical and electrochemical analysis, even when the molecules of 

interest are present at high concentration (μM - mM) in bulk solution. Arrays of ZMWs may be 

combined with optical probes such as single molecule fluorescence, single molecule fluorescence 

resonance energy transfer (smFRET), and fluorescence correlation spectroscopy (FCS) for 

distributed analysis of large numbers of single-molecule reactions or binding events in parallel. 

Furthermore, ZMWs may be used as multifunctional devices, for example by combining optical 

and electrochemical functions in a single discrete architecture to achieve electrochemical ZMWs 

(E-ZMW). In this review, we will describe the optical properties, fabrication, and applications of 

ZMWs for single-molecule studies, as well as the integration of ZMWs into systems for chemical 

and biochemical analysis.
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1. INTRODUCTION

Optical spectroscopy, a long-standing pillar of chemical analysis, faces challenges when 

attempting to lower the limit of detection to the theoretical minimum - a single molecule, but 

the benefits of overcoming these challenges are well worth the effort. In bulk experiments, 

the behavior of molecular ensembles can be examined with great precision; however, as the 

number of molecules is decreased toward the single-molecule limit, the variability among 

individual molecules, rather than the average properties of the ensemble, becomes the 

dominant characteristic [1]. Effects that would otherwise be lost in an averaged signal from a 

bulk experiment may become readily apparent when a single molecule is investigated; to 

wit, molecular properties may be reflected in the number of occupied states, a time 

histogram, or a frequency distribution, thus providing more information than an ensemble 

average. This is especially useful when multiple effects overlap, such as fluorophore 

photobleaching and diffusion, both of which can remove molecules from the probed 

population [2]. For many applications within biological or life sciences, achieving single-

molecule sensitivity can provide deeper understanding of the local molecular environment 

and illuminate effects arising from molecular inhomogeneity [3].

Single-molecule spectroscopy presents two main experimental challenges: obtaining the 

required signal-to-noise (S/N) and controlling the local environment of the molecule. Many 

approaches have been developed to address these issues; for example, cryogenically cooling 

to achieve better isolation and separation of vibrational modes [4], optical trapping [5], or 

embedding molecules within optically-transparent host matrices to highlight inhomogeneous 

spectral lineshapes [6]. However, their specialized requirements render these techniques less 

than ideal for the wide range of samples encountered, for example, in the life sciences [7].

To preserve the natural conformations and interactions of biological molecules under study, 

biological samples are typically analyzed in aqueous environments near room temperature; 

however, the thermal excitation makes confinement of molecules in the observation volume 

more difficult. Early single-molecule optical measurements were realized by dramatically 

decreasing the observation volume [8], thus lowering the background noise, and hence the 

limit of detection. The diffraction of light, typically limits the spatial resolution to ca. λ/2, 

providing a lower threshold for optical measurements. However, achieving single molecule 

occupancy in a (λ/2)3 ~ 0.1 fL focal volume obtained from a high numerical aperture 

microscope objective requires diluting samples below biologically-relevant concentrations. 

Single-molecule spectroscopy of biological molecules in situ, thus, requires decreasing the 

observation volume past the diffraction limit. Two main tactics in this regard are: (1) 

reducing the liquid volume being excited, or (2) manipulating the optical excitation/

collection characteristics. The advances described in this review exploit one or both of these 

principles. With proper high-collection-efficiency optics, low-noise detectors, and 
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appropriate steps taken to reduce background fluorescence and scattering, solution-based 

single molecule spectroscopy can achieve impressive results, e.g. deep insights into the site-

specific binding behavior of biomolecules [9].

Near-field Scanning Optical Microscopy (NSOM) is a relatively early example of the first 

group of approaches - using the unique features of a nanophotonic structure to increase the 

spatial resolution beyond the diffraction limit of traditional optics. Furthermore, in the 

NSOM experiment, the excitation volume was decreased sufficiently to achieve single-

molecule imaging of single fixed-position molecules [10]. Total-Internal Reflectance 

Fluorescence (TIRF) also limits the excitation volume perpendicular to an interface and is 

able to achieve single-molecule sensitivity [11], but cannot achieve excitation volumes 

comparable to those of nanophotonic structures [12]. Examples of the second approach 

include selective activation/deactivation of fluorescent molecules, as in Stimulated 

Emission-Depletion (STED) and Fluorescence (or Förster) Resonance-Energy Transfer 

(FRET). In these approaches, the effective excitation volume is decreased even though the 

overall liquid volume under observation is still diffraction-limited. Zero-mode waveguides 

(ZMW) are structures that accomplish both objectives simultaneously, by confining the 

dimensionality of evanescent waves similar to NSOM while simultaneously confining the 

liquid volume being observed.

Continued advances in nanofabrication capabilities, spurred by the ever-shrinking feature 

size of semiconductor electronics, have enabled new families of nanophotonic devices which 

promise dramatic improvements in the single-molecule spectroscopy, for example easing the 

requirements for specific analytes and increasing the working concentration range, in order 

to achieve more biologically-relevant measurements. The history, theory, and exciting 

applications of these nanophotonic devices applied toward single-molecule optical 

characterization is the central focus of this review.

1.1. History of Nanophotonic Structures for Optical Spectroscopy

Early investigation into nanophotonics was spurred by the need to push the boundaries of 

optical communication and optical storage technologies [13]. By definition, nanophotonic 

devices are comprised of structures with dimensions smaller than the wavelength of visible 

light, and, in contrast with traditional optics, tend to favor near-field interactions. The 

prospect of harnessing the unique characteristics of nanophotonic structures has led 

investigators to explore both the theoretical underpinnings of their use [14] and experimental 

challenges in their fabrication [15]. Miniaturization of traditional optical components has, 

for example, been used to create microscopic spectrometers, hinting at the possibility of 

completely on-chip single-molecule spectroscopy and detection [16].

One broad category of nanophotonic devices relies on structural resonances of light within 

subwavelength structures. For example, microtoroids can access so-called “whispering-

gallery mode” optical resonances to build up large optical fields within a sub-wavelength-

scale device. Because the position of the resonance is governed principally by the properties 

of the interface between the toroid and the surrounding environment, these devices are 

extremely sensitive to small changes in surface molecular composition - a property that has 

been used to detect single molecules [17] and exosomes [18], yielding information about 
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both binding energy and kinetics. However, molecular detection is different from molecular 

spectroscopy, and these devices which use resonance frequency shifts of the toroid, rather 

than a spectroscopic signature of the detected molecule, do not provide spectroscopic 

information in the classical sense.

Split-ring resonators represent another example, which exploit changes in the plasmon 

resonance of segmented nanodisks with a small “gap” between the two ends of the disk. Due 

to their well-controlled dimensionality, these disks can show unusual features, such as Fano 

resonances [19]. Unlike microtoroids, split-ring resonators are more sensitive to molecules 

in certain parts of the disk, e.g. the gap is more sensitive than the ring, due to the local 

plasmon hot spots created [20]. This can effectively reduce the optical volume and raise the 

concentration threshold for single-molecule detection, as was demonstrated with surface-

enhanced Raman scattering (SERS) for molecular monolayers [21] and DNA [20].

Linear waveguides are similar to resonators in the subwavelength confinement of light, but 

they can more easily be used for spectroscopy. Light guiding in nanophotonic structures can 

decrease the observation volume similar to TIRF, a characteristic used in the detection of 

single nanoparticles [22]. However, the axial length of the waveguide needs to be large 

enough to facilitate this coupling, so the effective volume is significantly larger than in zero-

mode waveguides.

One early application of single-molecule spectroscopy in liquid environments was enabled 

by the development of near-field optical probes; typically made by creating a subwavelength 

aperture in a light-blocking film at the end of a tapered fiber, in essence extending the 

evanescent field of the waveguide but constraining it in both radial dimensions. NSOM uses 

the evanescent field created by the near-field probe to decrease the excitation volume well 

beyond the λ/2 diffraction limit; the first published experiments demonstrating lateral 

resolution <100 nm [23]. Images are then constructed by raster-scanning the probe [24]. 

These nearfield probes, or nanoantennas, can also be coupled to linear waveguides in hybrid 

systems [25].

Shortly after development of NSOM, the small probe volume created by the tip was used to 

observe single surface-bound dye molecules [26], an experiment with obvious bioanalytical 

relevance [27], for example, in imaging cell membranes [28]. Furthermore, near-field 

spectroscopy (NFS), has proven effective at single-molecule spectroscopy [10]. In addition, 

Raman scattering has recently been extended to single-molecule sensitivity; no small 

achievement given the ~1014-fold smaller cross-section for Raman scattering compared to 

absorption/fluorescence. Many reports and review articles have detailed the significant 

progress in this field [29–34]. Since these measurements do not rely on transmitted or 

absorbed light, but rather on inelastically scattered radiation, plasmonic nanostructures are 

much more applicable. Some methods of multiplying the available Raman signal include 

nanostructures, such as plasmonic nanowires [29], to increase the Raman scattering 

efficiency [35,36]. These SERS experiments can be combined with scanned probe 

approaches, such as scanning-tunneling microscopy (STM) to produce tip-enhanced Raman 

scattering [37].
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Nanophotonic/nanoplasmonic structures, such as nanoantennas [38] and nanocubes [39], 

have been used for single-molecule SERS experiments engineering to produce highly 

localized surface plasmon “hot spots” which increase the surface-enhancement factor by a 

large factor within a limited volume.

1.2. Special Nanophotonic Structures

One of the most powerful aspects of nanophotonic structures is the ability to adjust the 

geometry to finely tune the local environment. The ability of these specialized nanophotonic 

structures to manipulate multiple parameters simultaneously allows for great control over 

observables such as reaction rate, activity, fluorescence, and catalytic behavior. As an 

example, nanowire photoluminescence can be modulated by varying pH and applied 

electrical bias [40].

The proximity of a molecule to a surface or nanostructures, i.e. the local molecular 

environment, can also affect molecular behavior. However, the advantages of a nanophotonic 

structure can be overwhelmed by the behavior of molecules in the bulk, if special care is not 

taken to limit the volume addressed by the nanophotonic architecture. To highlight this 

point, in optical aperture nanoantennas much work has been invested in developing the 

theory and studying the effect of adding insulating upper layers to the metal surface, in order 

to lower the limit of detection to the single-molecule regime [41].

Recent developments in plasmonics and metamaterials, such as the creation of material 

systems with index of refraction approaching zero [42], could significantly impact the field 

of single-molecule spectroscopy in the future due to the unusual effects made possible by 

non-classical material designs. Recent advances in theory and modeling, made possible by 

increased understanding of the optical behavior of nanostructures, promise benefits ranging 

from better design of plasmonic modes of nanostructures [43], to focusing light via 

metasurfaces into apertures without metallic waveguides [44], with many more future 

advancements certain to come.

2. ZERO-MODE WAVEGUIDE BACKGROUND

Zero-mode waveguides (ZMWs) are waveguides which restrict the transmission of 

propagating modes of incident radiation through sub-wavelength sized apertures, instead 

allowing only the exponentially-decaying evanescent field, a transverse stationary mode. 

Furthermore, confining the radiation to a zeptoliter-scale volume has important implications 

for the characterization of single molecules and single reaction events.

2.1. Zero-Mode Waveguide Characteristics

2.1.1. Bethe-Bouwkamp Theory—The optical properties of zero-mode waveguides 

are well-understood. The Kirchhoff approximation can be used to solve the homogenous 

wave equations within a given set of assumptions and thus describe the polarization-

independent diffraction of light through a relatively large aperture, i.e. one larger than the 

wavelength of the incident radiation [45]. Diffraction through sub-wavelength apertures is 

more difficult, since the direct transmission of propagating modes is attenuated. Bethe [46] 

developed a theory based on Maxwell’s equations, which was later expanded by Bouwkamp 
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[47] to examine the transmission of light through subwavelength apertures in an infinitely 

thin screen. In this regime, the transmission efficiency through the aperture is given by

ηB = 64(kr)4

27π2 (1)

where k = 2π/λ is the norm of the wavevector of the incoming light of wavelength λ, and r 
is the radius of the hole [48]. In real-world experiments, the metallic film has finite 

thickness, which serves to increase the transmission of light above the cutoff wavelength 

relative to the Bethe-Bouwkamp solution, as shown by Roberts [49].

More recently, the transmission has been shown to be higher than Bethe predicted due to 

surface plasmons and other nonideal interactions. For multiple apertures in an array, 

plasmonic interactions also affect the transmission, increasing it above the Bethe-Bouwkamp 

prediction. When the spacing between holes is decreased, the aperture array begins to 

resemble a classical interference grating, and the incident wave reconstructs from the array 

of holes acting as point sources [48]. It is even possible that extraordinary optical 

transmission may occur with closely-spaced nanoaperture arrays [50]. For unusual 

geometries, ideal solutions to the Maxwell equations, even when modified to account for 

surface plasmons and other non-idealities, perform poorly, and numerical methods may be 

required [51,52].

2.1.2. ZMWs – Light Trapping and Physical Properties—Typically, ZMWs are 

implemented as nanopore arrays, created as holes in a planar device made of metallic and, 

optionally, insulating layers. Certain physical properties of the nanostructured ZMW arrays 

can have a large impact on the behavior of the device. Typical pore diameters of 30–300 nm 

result in large surface-to-volume ratios compared to typical macro- and micro-scale liquid 

devices. Thus, the interaction between the surface and the liquid is greatly magnified.

One measure of the electrical condition inside the pore is the surface zeta potential, ζ, or the 

electrical potential at the shear plane. This is related to the Debye length, a measure of how 

effectively ions are shielded from the surface potential [53]. With the development of 

electro-kinetic flow in micro- and nano-sized liquid systems, significant progress has been 

made on understanding the zeta potential [54], which has been shown to be an important 

factor in biological systems [55]. With the small liquid volume inside nanopores, the zeta 

potential can determine the entire electric potential of the volume and greatly affect the 

behavior of ions within the pores. The zeta potential can be controlled in nanopores by 

changing the interfacial composition, for example by surface functionalization and ion 

implantation [56].

The shape [57] and metal used [58] to construct the nanopore are also important factors in 

determining the ability of the waveguide to confine the electromagnetic field, important for 

determining the optimum conditions for fluorescence, which change depending on the 

desired excitation and emission wavelengths. The cross-sectional shape of the nanopore/

nanoantenna, e.g. circular, elliptical, square, etc., affects the plasmon response, impacting 

both fluorescence and SERS measurements [59].
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2.1.3. Single Molecule Occupancy Conditions—When ZMWs enclose freely-

diffusing systems, single-molecule occupancy is specified by the concentration that, on 

average, places a single molecule within the observation volume. One indication of single-

molecule behavior is stepwise, well-defined transitions between a bright active state and a 

dark background. Transitions are sharp and well-defined to the extent that the observation 

volume provides a well-defined excitation intensity cutoff, with multiple fluorescent steps 

serving to indicate multiply-occupied pores with quantized occupancies, n = 0, 1, 2, …, 

while photobleaching provides fast deactivation of active molecules, appearing as a stepwise 

decrease in fluorescent intensity for both diffusive and bound molecules [1, 7].

The probability of a molecule being in the pore is simple to calculate at single-molecule, 

concentrations. Since the energy difference between an unoccupied pore, a singly-occupied 

pore, and a multiply-occupied pore is negligible, the standard canonical ensemble collapses 

to a simple Poisson distribution, with probability function [60].

P(k) = λke−λ

k! (2)

where k = number of molecules, and λ = the average occupancy. The Poisson distribution 

does not accurately describe a system with larger constituents (such as DNA or 

nanoparticles) which experience inter-particle interactions, nor is it valid for systems with 

significant surface-molecule interactions, such as antibody-functionalized pores with 

proteins. However, for pores where the simple assumptions hold, the occupation 

probabilities at various average occupancies are easy to calculate; a few values for typical 

conditions are given in Table 1.

During a measurement, an individual pore can only be occupied by an integer number of 

molecules, with transition rates between states governed by diffusion and/or 

electromigration, depending on the experiment. When a large array of equally-treated pores 

is observed, the pore occupancies corresponds well with Poisson statistics [60]. Of course, 

pore occupancy is a dynamic phenomenon. The amount of time that a freely-diffusing 

molecule remains in the pore is a function of the pore shape, diffusion coefficient, and 

temperature, among other factors, and thus can vary significantly even for systems with the 

same average occupancy. In contrast to relying on diffusion to fill pores, complete single-

molecule occupancy may be achieved, by direct manual placement of each molecule. This 

strategy was demonstrated by Tinnefield and Gaub, et al. who combined atomic-force 

microscopy (AFM) and ZMWs, by using an oligomer-functionalized AFM tip to place 

individual molecules in the direct center of nanoapertures with nm-scale precision [61].

2.1.4. Optical Field Distributions—The spatial distribution of the optical field, both 

within and external to the ZMW, is important, and highlights one of the differences between 

ZMWs and NSOM. NSOM uses localized propagating radiation to illuminate an external 

surface held close to the waveguide aperture. This results in a relatively large excitation 

volume, but with the ability to optically probe a surface external to the waveguide. In 

contrast, ZMWs use the evanescent field within the waveguide itself, requiring the sample to 

Crouch et al. Page 7

J Phys D Appl Phys. Author manuscript; available in PMC 2021 June 21.

N
A

S
A

 A
uthor M

anuscript
N

A
S

A
 A

uthor M
anuscript

N
A

S
A

 A
uthor M

anuscript



be confined within the nanoaperture. Thus, ZMWs exhibit optical excitation volumes in the 

atto- to zeptoliter range [62].

The optical field distribution within this excitation volume is a function of both the incident 

wavelength and the shape of the nanopore. In the ideal case of a cylindrical nanopore and for 

wavelengths above the cutoff wavelength, λc ~1.7d for pore diameter d, the evanescent field 

decays exponentially with increasing distance into the cylinder, resulting in the optical 

intensity as a function of distance, I(z),

I(z) = I0e−3z Λ (3)

where I0 is the maximum intensity, Λ is the decay constant and z is the distance in the pore. 

The decay constant is defined as,

1
Λ = 2 1

λc

2
+ 1

λm

2 1/2
, (4)

where, λm is the wavelength in the ZMW medium. If the fluorescence intensity is assumed 

to be proportional to the excitation profile, then the effective optical volume, Veff, in a 

conical ZMW is given by

V eff = πd2Λ
24 (5)

2.2. Fluorescence in Zero-Mode Waveguides

2.2.1. Background Reduction—The noise in fluorescence experiments arises from 

three main sources: noise in the fluorescence signal, NS, noise from the background, NB, and 

noise from the detector, ND. These noise sources are usually independent, and thus 

cumulatively contribute to the overall measurement noise, N, in quadrature, [63].

N = ND2 + NB2 + NS2 (6)

with each noise source arising from multiple contributions. Signal noise is composed of shot 

and flicker noise of the illumination source and from the fluorescence emission, while 

detector noise may include dark noise, amplifier noise, and readout noise, depending on the 

detector technology used. Significant progress over the past few decades in decreasing noise 

in detectors and emission sources while increasing detector efficiency has decreased the 

contribution of these noise sources enough to make the background noise the dominant term.

In bulk experiments, reduction of NB is typically accomplished through frequency-domain 

optical filtering, which prevents scattered excitation radiation from completely 

overwhelming the fluorescence. In the case of a uniform background signal (save for the 

excitation wavelength), maximum signal-to-noise ratio(S/N) is typically achieved with the 

widest-range filter that captures the spectral range where the desired signal remains above 

the average S/N, yet still effectively blocks the excitation. In the case of frequently 
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encountered non-spectrally-uniform background signals, choosing the optimal excitation/

emission filters is more challenging and the subject of ongoing research [64].

Undesired fluorescence and scattering remain the largest contributions to the background 

noise. In single-molecule spectroscopy experiments, undesired fluorescence is typically 

proportional to the excitation volume, arising either from autofluorescence of the solvent/

supporting media or spurious emission from a fluorophore external to the excitation volume. 

The tightly-contained excitation profiles created with ZMWs and similar nanophotonic 

structures effectively minimize this contribution, enabling single-molecule measurements at 

biologically-relevant concentrations. Photobleaching, typically an undesired phenomenon, 

can be used to decrease undesired fluorescent species within the collection volume, when it 

is applied to solvent/background molecules [8]. Alternatively, background noise may be 

decreased by correlating signals at multiple wavelengths with appropriately-functionalized 

target molecules, since random noise at different wavelengths is uncorrelated [65].

2.2.2. Coupling to Surface Plasmons—Surface plasmon interactions are a very 

useful tool in decreasing the limit of detection in optical spectroscopy, with techniques such 

as SERS relying on the enhancement of the optical field via plasmon interactions. Plasmon 

modes, excited by the incident radiation, can lose energy in electron-phonon interactions or 

convert back to radiative modes, resulting in enhancement of the near-field or scattering 

[66]. For zero-mode waveguides, this can lead to increased transmittance through the 

nanopore array, thus increasing the background in a fluorescence measurement; or 

alternatively, increasing the efficiency of fluorescence, an effect used in some efforts toward 

high-throughput DNA sequencing.

The identity of the metal in which the nanoaperture is made affects the plasmonic behavior 

due to the polarizability of the metal; Au is more suited to red wavelengths, Al for green 

[58], and Mg for ultraviolet [67]. The shape of the nanoaperture can help to focus the 

plasmon interactions into “hot spots”; structures with shaper angles, such as triangles or 

bow-tie structures, being better for plasmon focusing than circular or elliptical structures. 

Pulsed illumination, with femtosecond lasers, has also been shown to increase the 

localization of the near-field in nanoapertures [68]. Pulsed illumination with dual-

wavelength SERS approaches have yielded insights into single-molecule plasmon-electron 

coupling between nanoparticles, demonstrating the potential of single-molecule SERS to 

examine behavior hidden in ensemble measurements [69].

2.2.3. Fluorescence Correlation—From its inception, fluorescence correlation 

spectroscopy (FCS) was created to be relevant to biological molecules - examining diffusion 

and binding kinetics for reactions such as binding of macromolecular partners with DNA 

[70]. FCS of freely-diffusing molecules uses the large changes in fluorescence associated 

with fluctuations in concentration equilibria of an active species, obtained in a time-resolved 

manner and analyzed by autocorrelation to glean valuable information about diffusion and 

rate constants. This approach has been extended to multicomponent mixtures [71] and larger 

particles, such as silica nanoparticles [72], and has gained great popularity due to the ability 

of FCS to provide information on multiple attributes of a molecular system with a relatively 

Crouch et al. Page 9

J Phys D Appl Phys. Author manuscript; available in PMC 2021 June 21.

N
A

S
A

 A
uthor M

anuscript
N

A
S

A
 A

uthor M
anuscript

N
A

S
A

 A
uthor M

anuscript



simple measurement. In short, FCS is a powerful technique which has been reviewed 

separately [73].

2.2.4. smFRET—Fluorescence Resonance Energy Transfer (FRET) is a versatile 

technique that has been adapted to a variety of conditions, including measurements at the 

single-molecule level (smFRET) under aqueous conditions, for both fixed and freely-

diffusing targets. FRET measurements rely on the transfer of energy from a donor to an 

acceptor fluorophore in a non-radiative pathway, such that the energy acquired by the donor 

is released by the acceptor radiatively. The efficiency of this transfer, E, can provide 

information about the intermolecular distance between the two dye molecules through the 

relationship [74]:

E = 1
1 + R/R0

6 (7)

where R is the inter-dye distance, and R0 is the Förster radius at which E = 0.5. The transfer 

efficiency as a function of intermolecular distance is portrayed in Figure 1. Practical 

implementations of smFRET rely on selecting the optimal energy transfer scheme, cf. Figure 

1(c). Such measurements have provided insight onto many biochemical problems, including 

early experiments on the nature and conformation of the DNA double helix [75], and have 

been so successful that the smFRET is alternately described as a “nano optical ruler” [76]. 

smFRET has been recently demonstrated in combination with ZMWs, increasing the single-

molecule concentration from ~μM to mM levels [12,77]. Carefully-tuned nanoantennas have 

even been shown to increase the availability of forbidden energy transmissions, increasing 

FRET emission efficiency [78], leading to an increase in the FRET rate for closely-spaced 

molecules by as much as a factor of 6 [79].

3. ZERO-MODE WAVEGUIDE FABRICATION

3.1. Lithography/Etching

3.1.1. Metal Lift-Off—The fabrication of zero-mode waveguides is inherently difficult 

due to the small (10–100 nm) length scales required to produce pores with a cutoff 

wavelength in the visible spectrum. Forming such small features is not possible using 

conventional lithography, as the diffraction limit of UV light is ~200 nm and traditional 

contact lithography results in features in the μm-scale. To overcome this problem 

lithography may be implemented using near-field optical fields from non-traditional masks,

[80] but this technique has not been applied to the fabrication of ZWMs. The first published 

work demonstrating the fabrication of ZMWs by Webb et al. used direct e-beam lithography 

and a positive tone photoresist to produce an etch mask on a metal layer, e.g. aluminum, 

which was thermally evaporated onto a quartz coverslip. Inherently anisotropic reactive-ion 

etching was then used to form the nanopores [81]. While effective at producing functional 

ZMWs which could be used for single-molecule enzyme analysis, this method requires 

careful tuning of the etch process and serial direct-write e-beam lithography.

To overcome these issues, protocols based on negative-tone photoresist were introduced. In 

negative tone the exposed resist remains after development resulting in a pillar where a 
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nanopore will be fabricated rather than a cylindrical hole. As shown in Figure 2, the metal 

layer is deposited after the resist is applied, developed, and exposed, so it is blocked from 

the surface where the photoresist pillar remains. The metal is then removed when the 

photoresist is stripped, negating the need for a separate etch step. Metal lift-off can prevent 

problems in fabrication due to native oxide formation, which adversely affects etch steps, as 

well as incomplete or over-etching of the metal layer. Since a metal-specific etch is not 

required, nearly any metal that can be deposited by thermal evaporation or physical vapor 

deposition (PVD) can be used without significant alterations [82]. In addition, metal lift-off 

can be combined with deep-UV lithography to create large numbers of nanopores in parallel 

without the need for serial electron-beam writing of the sample, making ZMW fabrication in 

large (wafer-scale) quantities possible. However, metal lift-off introduces new constraints on 

the design of the ZMW array, since fabrication becomes more difficult with increased 

cladding layer thickness and pore density, due to photoresist thickness and proximity effects, 

respectively [82].

One possibility for overcoming the limitations of metal lift-off is to use photolithography/

lift-off to define a larger-scale pattern that is then reduced by another method. For example, 

Tang et al. used conventional UV photolithography to fabricate large (2 μm) holes in a metal 

surface, which were then reduced to a final dimension as small as 70 nm by 

electrodeposition [83]. This technique can address thicker metal layers than direct metal lift-

off while achieving facile control of final nanoaperture diameter. However, control of 

electrodeposition conditions, including temperature, electrical current, solution circulation 

and concentration, introduces multiple parameters that need to be optimized. In addition, the 

process cannot fabricate high-density ZMW arrays due to the hole spacing defined during 

the UV lithography step.

3.1.2. Focused Ion Beam Milling—Focused ion beam (FIB) is widely used for 

fabricating nanoscale structures, including nanoapertures, because it is a direct-write method 

capable of precisly creating very small feature sizes. FIB techniques utilize a high-energy 

particle beam, usually Ga+, which is accelerated, collimated, and focused through 

appropriate ion optics onto a substrate material in a high-vacuum environment. The ion 

beam imparts energy on a very small area - the high momentum of the ion beam resulting in 

an extremely short DeBroglie wavelength, allowing for a tight focus and reduced forward- 

and back-scattering compared to electrons or photons [84].

Four main processes may result from FIB interaction with the substrate. The first, which is 

of most relevance to ZMW fabrication, is milling, where material is removed from the 

substrate through sputtering. During milling, sputtered material from the substrate may be 

redeposited, the substrate may swell, and amorphization of the underlying material may 

create non-idealities in the finished device. FIB may also be used to alter substrate 

properties, such as conductivity, through ion implantation, i.e. doping. Reagent gas may be 

injected into the local volume where the ion beam bombards the substrate, leading to two 

additional processes: ion-induced deposition adds material to the substrate, using the beam 

energy to localize a chemical vapor deposition (FIBCVD) process, or material may be 

removed from the substrate through FIB–assisted etching (FIBAE) where the ion beam 
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activates a chemical reaction between the surface and an adsorbed chemical species or 

reactive precursor gas, altering the milled shape [84].

These processes make FIB a versatile fabrication method. The simple direct-write approach 

enables facile formation and modification of nanopore arrays - similar to e-beam 

lithography, but without the need for photoresist or preparation steps, because FIB patterns 

metals and semiconductors directly. Key parameters determining precision and feature size 

achieved by FIB milling include the beam current, energy, and size, which are functions of 

the focusing optics and substrate interaction. Thus, monitoring and validation are required 

for close control of pore depth, and wafer-scale processing is impractical. Redeposition of 

sputtered material may require a subsequent cleaning step. Because the size of an FIB-

milled nanopore is governed by the focus of the ion beam, fabrication of nanopores larger 

than the critically-focused beam spot size may limit reproducibility.

In our group, we have used FIB milling to fabricate Au-clad ZMW arrays with interpore 

spacing ranging from 5 μm [85] to 2 μm [86] to 250 nm [87,88]. The versatility of the FIB 

milling technique is demonstrated by the simultaneous fabrication of large (d > λc) pores, 

used as alignment marks, Figure 3(a), to locate an array of small (d < λc) pores, Figure 3(b), 

enabling alignment of the sub-diffraction-sized ZMW array in an optical microscope. As 

shown in Figure 3(d), the FIB milling process produces conical frustum-shaped nanopores, 

rather than cylinders, as would be formed via metal lift-off or dry etching methods. This 

distinctive shape affects both the confinement of chemical species within the pore as well as 

the spatial distribution of the optical field. Promising new techniques such as inverted FIB 

milling may expand the abilities of FIB milling in the future, for example, by milling sub-

wavelength features within nanopores [89].

3.2. Surface Modification

3.2.1. Passivation—The inherent ability of ZMWs to isolate zepto- and atto-liter 

volumes from a bulk chemical solution carries with it an intrinsically high surface-area-to-

volume ratio. While this can be helpful when significant wall interactions are desired, it 

complicates the problem of nonspecific adsorption which contributes to background noise. 

In addition, depending on the experiment, it may be desirable for the transparent lower 

bottom of the ZMW to exhibit a different surface functionality than the metal cladding side 

wall. Thus, selective and stable surface-blocking methods are needed.

One of the first, and still most common, methods is physical adsorption of bovine serum 

albumin (BSA), a protein which adheres to the surface and resists nonspecific adsorption of 

other proteins. BSA is a total passivation method which has proven effective in experiments 

examining DNA sequencing within ZMWs [81,90,91], ligand binding events [12,92], and 

protein interactions [93,94]. A caveat in its use is that BSA may bind to unbound fluorescent 

labels, giving rise to fluorescence noise. Thus, once BSA is used to passivate the surface, it 

should be included in all subsequent solutions introduced to the ZMW, or it may desorb thus 

degrading surface passivation [95].

Aluminum-based ZMWs can be selectively passivated using aluminophosphonate (Al-O-P) 

chemistry, which can bind a polyvihylphosphonic acid (PVPA) coating to the pore wall, 
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producing a ca. 2 nm passivating layer [91]. Biotin-funtionalized poly(ethylene glycol)-

trimethoxysilane (PEG-TMS) may then be deposited to achieve a ZMW with a biotin-

functionalized bottom surface [90]. Similar ZMW arrays are now available commercially 

from Pacific Bioscience, in which BSA is used to reduce overall nonspecific binding [92].

3.2.2. SiO2/Metal Chemical Orthogonality—General strategies for surface 

derivatization may be extended by activating some areas of the ZMW while retaining surface 

passivation elsewhere. Selective modification is similar in concept to nano- and miro-scale 

surface patterning used to render biosensor surfaces similar to natural cell and extra-cellular 

environments [96]. This concept is manifested in variety of techniques; for example, using 

self-assembled monolayers with different identities on gold vs. alumina areas has been 

described as “orthogonal self-assembly” [97]; TiO2-organophosphate vs. PEG-SiO2 

functionalization was termed “selective molecular assembly patterning” [98]; and thiol-Au 

vs. silane-SiO2 chemistry, “substrate selective patterning” [99]. Conceptually, these all share 

the common characteristic that two functionalization species are used with excusive 

reactivity to one of the available surface compositions.

Using a Au metal cladding layer instead of Al opens new possibilities for surface 

engineering and enhanced ZMW behavior. While at some wavelengths Al is better suited for 

ZMW use[58], exhibiting beneficial properties such as a short skin depth and high 

reflectivity [52], practical options for surface functionalization are limited. In contrast, Au is 

well-suited for chemical and electrochemical experiments, due to its enhanced resistance to 

oxidation and well-studied Au-thiol binding chemistry which has been used extensively to 

produce self-assembled monolayers on gold surfaces [100–104]. Other chemistries for 

fabricating self-assembled monolayers on gold, such as alkylsilane-Au [105] and 

silsesquioxane [106] covalent bonding, have also been demonstrated. With appropriate 

choice of end group functionality, the different surfaces of SiO2 and thiol-functionalized Au 

wall surface may be used to for selective patterning [107] allowing an even greater variety of 

specific binding interactions to be examined in the ZMW optical probe volume.

Kinz-Thompson et al. [108] demonstrated an application of SiO2/AU orthogonality to 

effectively bind fluorophores to the bottom SiO2 surface of a ZMW array in an Au layer 

through careful choice of end-group functionality for poly(ethylene glycol) (PEG) 

molecules. Methoxy-and thiol-functionalized PEG were bound to the Au wall surface of the 

ZMW, thus passivating the surface to the fluorophore, while methoxy- and biotin-

funtionalized PEG were localized to the bottom SiO2 surface, with the biotin end-group 

exposed for further biotin-streptavidin interaction as show in Figure 4.

In our laboratory, Au-clad ZMWs were constructed for single catalytic turnover studies 

using monomeric sarcosine oxidase (MSOX). A ZMW array was FIB-milled into a ~100 nm 

Au layer, after which the exposed Au surface was passivated with 2 kDa PEG-thiol. The 

bottom SiO2 surface was then silanized, after which MSOX was bound via glutaraldehyde 

[109]. Exploiting the SiO2/AU orthogonality allowed the dynamics of single MSOX 

enzymes to be studied [110].
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3.3. Articulated Nanopores for Multifunctionality

Multifunctional ZMWs may be realized by using the component layers for multiple tasks. 

For example, the optical blocking layer may be used as a working electrode to effect 

potential control, yielding an electrochemical ZMW (E-ZMW). Previously, our group has 

developed bifunctional E-ZMWs [85,86], as shown in Figure 5. These structures are 

fabricated on an optically transparent substrate, so that the nanopores are bifunctional 

nanophotonic-nanoelectrochemical architectures, which can be used to characterize 

potential-dependent fluorescence dynamics under both single and double electrode 

configurations. The small volumes enclosed by the active region of the E-ZMW, their close 

proximity to the working electrode, and the small distances over which diffusive mass 

transport occurs combine to give the E-ZMW system powerful new properties, including the 

ability to observe electron transfer dynamics at the level of single electron transfer events 

[88].

4. ZERO-MODE WAVEGUIDE APPLICATIONS

4.1. Freely Diffusing Systems

4.1.1. Residence Times—In FCS, fluorescence emitted from an observation volume is 

measured over time, with fluorescence fluctuations arising as molecules diffuse into and out 

of the observation volume being autocorrelated. Because the technique relies on the presence 

of a small number of molecules within the observation volume, the working concentration of 

FCS experiments is inversely proportional to the observation volume. Thus, ZMWs are well-

suited to achieving FCS measurements at high concentrations of freely-diffusing species, as 

first demonstrated in the seminal work of Levene et al. [81]. In that experiment, ZMWs of 

varying diameters were studied, demonstrating the feasibility of FCS measurements at 

biologically-relevant concentrations and confirming the expected relationship between 

ZMW diameter and mean residence time, with smaller ZMWs producing smaller optical 

excitation volumes and, thus, shorter residence times.

ZMW-based designs were later extended to dual-color fluorescence cross-correlation 

(FCCS) by combining two excitation sources and two appropriately-chosen fluorescent 

labels to monitor enzyme-catalyzed cleavage reactions, with kinetic information obtained 

through cross-correlation of the fluorescence intensity time series from the two color 

channels [111]. Similarly, inverse-fluorescence FCS was shown by Vogel et al. to be an 

effective combination with ZMWs in the study of single-protein and single-nanoparticle 

diffusion. By observing the decrease in fluorescent intensity as high initial concentration of 

fluorophore was replaced by non-fluorescent proteins/nanoparticles, non-fluorescent 

biomarkers could be studies at relatively high concentrations in a label-free fashion[112]. 

New FCS techniques in ZMW devices continue to be explored, such as recent UV-FCS 

measurements showing changes in fluorescence lifetime as a function of the quantum 

efficiency of the emitter and ZMW diameter in Al ZMWs of various sizes from 60–110 nm 

[113].

Our group has leveraged the unique properties of E-ZMWs to examine the behavior of 

freely-diffusing fluorescent molecules in a controlled potential environment [85]. Flavin 
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mononucleotide, which contains an isoalloxazine chromophore, is fluorescent when 

oxidized (FMN) but dark when reduced (FMNFh). It was observed at single-molecule 

occupancy conditions enabled by the zeptoliter-scale excitation volume of each nanopore in 

a ZMW array even at μM concentrations. At 〈n〉 ~ 1 occupancy, any given single molecule 

exhibits a residence time of 〈τ〉 ~ 2–5 μs within the ZMW excitation volume, depending on 

pore size and shape. With such small residence times, optical and electronic data collection 

pathways must be optimized for fast response; thus, avalanche photodiodes (APDs) rather 

than a more traditional electron-multiplied CCD were used for detection. Consistent with the 

potential-dependent emission characteristics of the isoalloxazine chromophore, increasing 

fluorescence intensity was observed at increasingly oxidizing potentials, as shown in Figure 

6.

4.1.2. Molecular Turnover—The E-ZMWs developed in our laboratory exhibit unique 

capabilities for spectroelectrochemical investigations of single molecule redox events. In 

particular, it is possible to carry out the single molecule fluorescence analogs of classic 

electrochemical experiments – for example, cyclic potential sweep single molecule 

fluorescence (analog of cyclic voltammetry) and single molecule chronofluorometry (analog 

of chronoampermetry). Here, the confinement properties of E-ZMWs are used in to probe 

small populations of fluorescent FMN species under controlled potential conditions. By 

varying the sweep rate of an applied triangular cyclic potential, the mechanistic pathways of 

the FMN redox process can be explored in more detail [85]. At faster sweep rates (0.5 V s−1) 

the fluorescence intensity is a symmetric function of applied potential, Figure 7(a), while 

slower sweep rates (0.05 V s−1) reveal an asymmetric response to the applied voltage, Figure 

7(b). At extremely slow (0.001 V s−1) sweep rates, a distinct intermediate fluorescence 

response was observed, a behavior not observed in bulk (non-confined) cyclic voltammetry 

of FMN, Figure 7(c). We hypothesize that this intermediate fluorescence level arises from a 

neutral semiquinone species, which is stabilized by the unique, confined environment 

provided by the ZMW nanopore geometry.

4.2. Enzyme Activity

4.2.1. Immobilized Enzymes—We have also exploited the selective functionalization 

and passivation techniques made possible with Au-based ZMWs to also observe molecular 

turnover events using an immobilized, non-processive enzyme, monomeric sarcosine 

oxidase (MSOX) [110]. The enzyme was immobilized in the bottom of the ZMW pore, 

where the optical excitation intensity is highest, Figure 8, while the walls were passivated 

with PEG-thiol. MSOX contains an FAD cofactor, the fluorescence from which was 

monitored to follow the reaction dynamics of single enzyme molecules. Images of the ZMW 

array were analyzed to find statistical distributions of “on” and “off” residence times, 

allowing for more granular analysis of enzyme-substrate kinetics than could be obtained 

from average occupancy measurements. From these distributions, binding kinetics consistent 

with Michaelis-Menten theory were confirmed for the steady-limit, and the interaction of 

MSOX with two distinct substrates, sarconsine and L-proline, were clearly delineated. We 

explored the behavior of the FAD cofactor alone as a function of applied potential in the E-

ZMW by functionalizing FAD on the sidewall of a Au ZMW array [86]. By varying the 

applied potential above and below the equilibrium potential, Eeq, it was found that the 
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transition rate between “on” and “off” states for single FAD fluorophores was a strong 

function of potential, reaching a maximum around Eappiied = Eeq, as expected if the 

transition reflects the joint probability distribution of being in the oxidized or reduced states.

4.2.2. Processive Enzymes—Processive fluorescent enzymes have also been 

examined in ZMWs. Spudich et al. [114] used a unique adaptation of ZMW technology to 

examine the motor function of myosin V along actin filaments. The tight confines of 

cylindrical ZMWs, while ideal for observing freely-diffusing single molecules at high bulk 

concentrations, limit the size of actin filaments such that only a few processive steps may be 

observed. Instead, high-aspect trenches were fabricated with μm-scale lengths but ca. 50 nm 

widths to produce nanotracks in an Al film on fused silica. This unique design provided 

polarization-dependent confinement of light, with light polarized along the trench direction 

propagating similar to a subwavelength slit, while perpendicularly-polarized light was 

blocked. The long trench length allowed many enzyme steps of a single enzyme to be 

observed. The processive action was confined along the substrate, an actin filament, which 

was guided into the nanotrack by convex lens-induced confinement (CLIC), thus extending 

the observation time while minimizing background signal.

The linear ZMW concept can be extended to non-fluorescent processive enzymes as well. 

Yokokawa and co-workers used linear ZMWs were used to examine the mobility of kinesin 

along microtubules. Since the kinesin enzyme itself is not fluorescent, the microtubules were 

functionalized with fluorescent kinesin. The confinement provided by the Al linear ZMW 

decreased fluctuations typically observed from the movement of the microtubule itself, 

allowing for more direct observation of the enzyme kinetics directly [115]. Similar 

techniques are being adapted to the observation of other low-affinity enzymatic processes 

such as ATP hydrolysis [116].

Cylindrical ZMWs have been used for the study of complex, multi-pathway biological 

processes, such as RNA translation. With the enzyme immobilized on the glass bottom of an 

Al ZMW, the resultant small optical probe volume allows for high concentrations of the 

fluorophore, and the time resolution enables the study of time-dependent processes with 

multiple interactions using multi-channel wavelength-filtered detection [117].

4.3. Protein Interactions

The binding, folding, transport and interaction of proteins is important in understanding 

intracellular functions, but many of these reactions are difficult to study due to low affinity 

and short timescales of many of these reactions [118]. ZMWs offer a potential way to 

address these systems, as demonstrated by their use for studying high-throughput single-

molecule real time sequencing of DNA [90].

4.3.1. Protein-Protein Binding—Molecular interactions within the nanopore are 

sensitive to changes in the surface functionalization of the pore. Electrochemical 

experiments have shown that with careful tuning of the nanopore surface chemistry, 

identification of certain nucleosides is possible [119]. For some low-affinity interactions, 

such as the oligomerization of λ-repressor, high μM concentrations are required to examine 

the equilibrium behavior of the molecule; traditional FCS is unable to examine single-

Crouch et al. Page 16

J Phys D Appl Phys. Author manuscript; available in PMC 2021 June 21.

N
A

S
A

 A
uthor M

anuscript
N

A
S

A
 A

uthor M
anuscript

N
A

S
A

 A
uthor M

anuscript



molecule kinetics at such high concentrations, even when combined with TIRF or NSOM. 

However, ZMWs can effectively address these systems, since their sub-attoliter volume 

range renders single molecule occupancies at μM concentrations [12,120]. Similarly, ZMWs 

have been useful in examining the complex interactions of ribosomes with tRNA, showing 

the stochastic nature of tRNA-ribosome interactions and the effect of tRNA on the 

conformation of the ribosome [121]. With multiple approaches to increasing optical signal-

to-noise, such as smFRET, and integrated microfluidics to simplify sample delivery, very 

weak protein-protein interactions with rare binding events may be studied in detail [94]. 

Proper surface passivation is needed in order to prevent aggregation of protein on the metal 

cladding layer, instead attracting the protein to the bottom of the pore, where the optical 

excitation field is most intense. The presence and motion of multiple proteins within the 

pore can be determined by labeling each protein with a unique fluorophore, yielding a 

multiplexed detection strategy [121], as shown in Figure 9.

4.3.2. Small Molecule Gating—For some selected applications, strict adherence to the 

Poisson-distributed molecular pore occupancies is problematic. To address these cases, DNA 

can be functionalized on the pore wall to preferentially bind molecules inside nanopores, 

thereby increasing the average occupancy of the ZMW array while still maintaining single-

molecule occupancy conditions for each pore individually [122]. A related strategy uses 

voltage-controlled electromigration of proteins into ZMW nanopores to repeatedly fill/unfilll 

the pores and increase loading of large DNA strands within the pores above Poisson limits 

[123]. These approaches are especially helpful in exploiting the similarity of nanopore 

ZMWs to biological transport constructs and mechanisms, thus opening the possibility of 

examining such biological phenomena ex vivo and obtaining binding kinetic information 

without fluorescent labeling.

4.4. DNA Sequencing

4.4.1. Single Molecule Sequencing—Single oligonucleotide molecules have been 

probed electrically, by examining the solution impedance change as a molecule passes 

through a nanopore (d < 5 nm). This resistive pulse sensing approach yields information on 

the transport dynamics and some DNA intermolecular interactions, but it has to-date proven 

difficult to obtain sequence information [124]. However, adding single-molecule 

spectroscopic information, with the metallic nanopore membrane blocking the excitation 

from reaching the bulk, can enable optical detection of DNA molecule translocations over a 

wide array of pores, i.e. multiple parallel single-molecule events [125], thus enabling 

fluorescent sequencing of DNA with performance characteristics superior to that obtained 

through non-ZMW nanopores [126]. ZMWs used for DNA sequencing typically combine a 

ZMW nanoaperture, with an even smaller opening in the supporting substrate in order to 

orient each strand of DNA [123]. An alternate illumination method utilizes the scattering-

plasmon interaction to illuminate the pore, potentially leading to label-free sequencing 

[127].

4.4.2. Current Capabilities—Spectroscopic multiplexing can be combined with DNA 

polymerase reactions to enable real-time sequencing using single polymerase enzymes. In 

experiments conducted by Korlach and Turner et al. [90] the low observation volume of 
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ZMWs was used to enable the high nucleotide concentration required for polymerase 

sequencing, while limiting the optical probe volume to a single polymerase enzyme, thereby 

enabling real-time detection. By carefully controlling the fluorescent labeling of dNTP 

substrates and the surface chemistry of the pores, detection of four different fluorescently-

labeled dNTPs was achieved with very high (>99%) accuracy using multiple excitation and 

collection wavelengths. Pulses in the color channels were then correlated to base pairs, with 

threshold and fitting algorithms used to determine the base pairs, as shown in Figure 10. 

With this method, a sequencing rate significantly higher than commercial methods was 

achieved.

4.5. Cellular Mem branes in ZMWs

Due to the ability of ZMWs to isolate small volumes of analyte from bulk species, they have 

become increasingly important in probing isolated interactions, such as those characteristic 

of cell membrane-supported biomolecules. By functionalizing the bottom of the nanopores 

with the appropriate biomarkers, cells cultured on the ZMWs can interact with the 

nanopores on the single-molecule level. Remarkably, ZMWs have the unique capability of 

both supporting these live cell cultures while still providing the isolation necessary for 

studies of single-molecule interactions [128]. The increase in spatial resolution and 

enhancement of fluorescent signals allows single fluorophores crossing lipid bilayer 

membranes to be monitored by FCS [129], an important capability in understanding cellular 

uptake and secretion.

Because the excitation volume of the ZMW is at the bottom of the nanopore, the cell 

membrane bends to fit inside of the nanoaperture, isolating the remainder of the cell from 

optical excitation. Craighead and Bard demonstrated the ability of rat basophilic leukemia 

cells to conform to the shape of ZMWs, as well as the ability of the resulting fluorescent 

signal to elucidate kinetic information about molecular transport through the membrane 

[130]. Because only a small area of the cell membrane is probed, difference in transport 

behavior between finely-spaced areas on the cell membrane can be observed [131]. For more 

dynamic studies, ZMWs can be combined with other biological analysis techniques; for 

example, single-ligand binding has been demonstrated with cells cultured on a ZMW array 

in an integrated microfluidic device [132].

4.6. Spectroscopic/Electrochemical Multifunctional ZMWs

4.6.1. Speciation Control—Because the E-ZMW combines spectroscopic and 

electrochemical measurements at the single molecule level within a well-defined 

nanophotonic structure, single electron transfer events can be studied, thus illuminating the 

relationship between single molecule redox behavior and population characteristics. 

Recently, our group demonstrated an E-ZMW nanophotonic structure for single molecule 

spectroelectrochemistry of freely diffusing molecules [85,88]. Bifunctional E-ZMW 

nanostructures were fabricated and shown to exhibit nanoscale behavior in multiple domains 

– for example, dual-ring electrode structures that exhibit both nanophotonic and 

nanoelectrochemical behavior, viz. Figure 11 [87,88]. These nanopores were produced in a 

parallel array, which was advantageous, because: (1) the molecular occupancy conditions for 

individual pores could be controlled easily; (2) each nanopore contained an identical set of 
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ring electrodes, so they all exhibited the same potential, Eappl, and (3) the electrochemical 

behavior was integrated over the entire array. In contrast, the fluorescence response was 

examined over a user-defined sub-array that could be expanded as needed up to the entire 

array. Because these architectures support both single molecule fluorescence and direct 

electrical measurements, fluorogenic molecules, such as the flavoenzymes, or the cofactors 

(FAD/FADH2) themselves [133,134], can be used to correlate fluctuations in 

electrochemical and spectroscopic events at the single-molecule level [85,135].

4.6.2. Redox Cycling—The E-ZMW permits a wide range of nanoscale electrochemical 

control schemes to be coupled spectroscopic experiments, thereby providing a rich palette of 

single-molecule level spectroelectrochemical experiments with no direct analogs at the 

macroscale. For example, redox cycling (RC) of electroactive species can be exploited for 

signal amplification. Improved sensitivity due to the RC effect is obtained when two closely 

spaced electrodes are held at different potentials, one oxidizing and the other reducing, so 

that an electroactive analyte is oxidized and reduced multiple times within a short period of 

time, producing multiple electron transfer events from a single analyte molecule [136]. To 

realize this, our group fabricated nanoscale recessed dual-ring electrode arrays for 

spectroelectrochemistry [87,88]. By modulating the reaction at the bottom-ring electrode 

with the top-ring potential, it was possible to carry out independent redox reactions at the 

two ring electrodes. In particular, the dual-ring geometry, viz. Figure 11(d), allowed RC of 

fluorigenic redox species, with current being measured at both top and bottom electrodes, 

while fluorescence was observed only in the E-ZMW region defined by the bottom ring 

electrode.

The most obvious advantage of RC is the augmented faradic current, as given by its 

amplification factor, AF [137].

AF = ifeedback
ioff

(8)

where ifeedback and ioff are the faradic currents obtained in feedback (RC) mode and non-

feedback (single-electrode) mode, respectively. A characteristic feature of E-ZMW RC 

operation is steady-state voltammetric response, which is independent of the scan rate as 

well as the electrode area [138]. Furthermore, the high collection efficiency obtained with 

the E-ZMW dual ring electrode structure produced mirror-image oxidation and reduction 

currents. Furthermore, in this scheme the collector electrode exhibits only a small charging 

current, thus raising the possibility of fast-scan electrochemical experiments [135,139].

4.6.3. Role of Supporting Electrolyte—The E-ZMW geometry also allows 

electromigration mass transport to be exploited, thus yielding even greater sensitivity for 

analytical performance. Typically, electrochemical experiments use a background electrolyte 

to carry the bulk of the current between electrodes, thus reducing the electromigration of 

redox-active species. In contrast, large current enhancements can be achieved at nanopore 

electrodes without supporting electrolyte. This behavior is shown in the three distinct 

regimes of Figure 12. Interestingly, at very low analyte concentrations, in the absence of 

supporting electrolyte, two mechanisms contribute to enhanced currents: (1) ions accumulate 
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in the nanopores due to permselectivity, and (2) electromigration adds to diffusive mass 

transport. Thus, electroanalytical currents in electrolyte-free media were found to produce 

up to 2000-fold total current amplification from a combination of ion enrichment/migration 

as well as RC effects [140]. At these small distances and low concentrations, the analyte 

itself is important in determining the structure of the electrical double layer. In another 

example, the strong ion accumulation was used to enhance analytical selectivity of dopamine 

in the presence of ascorbic acid. The nanopore electrode array acted as a counter-ion 

permselective channel with the RC effect producing a 3000-fold selectivity for dopamine 

over the common interferent, ascorbic acid [141].

4.6.4. Single Molecule Electrochemical Fluorescence—Our group also studied 

single-molecule spectroelectrochemical cross-correlation with electron transfer events in 

redox switchable fluorophores in an E-ZMW [88], as shown in Figure 13. Dual ring 

electrode E-ZMWs exhibit efficient redox cycling of electroactive species, while 

simultaneously monitoring single FMN molecule fluorescence excited by the confined 

optical field near the bottom ring electrode, so that both electrical and optical signals could 

be recorded simultaneously and cross-correlated. Electron transfer events were signaled by a 

transition of the emission from high- to low-intensity, as FMN was reduced to FMNH2, after 

which potential-controlled return to the oxidized state was accompanied by a 

complementary fluorescence transition. The current/fluorescence-time traces obtained at 

pore occupancies of 〈n〉pore ~ 0.001 under RC conditions are shown in Figure 14. The clear 

spectroelectrochemical cross-correlation signals permitted the simultaneous current and 

fluorescence fluctuations to be unambiguously assigned to single molecule population 

fluctuations.

5. CONCLUSIONS AND OUTLOOK

5.1. Anticipated ZMW Developments

Exploring the global dynamics of biological processes at minute length and time scales 

presents a significant challenge to single-molecule characterization methods that are limited 

to low concentrations of label-free components. To address this, ZMW technologies pave the 

way for detailed characterization of freely diffusing target molecules at μM to mM 

concentrations. The accessibility and the multiplexing capability of nanophotonic structures, 

as evidenced, for example in real-time sequencing [90], allows even complex multi-molecule 

processes to be explored, yielding deep insights into fundamental biochemical mechanisms. 

Additionally, because ZMW-based systems are continually being improved, researchers can 

adjust the architectures and experimental protocols to suit the requirements of specific 

single-molecule characterization experiments. In addition, there are exciting applications yet 

to be explored in the coupling of ZMWs to the study of non-biochemical reactions, such as 

the electrochemical phenomena highlighted here. The development and use of E-ZMWs 

represents just the first step to further exploration of electron transfer reactions at the single-

molecule level. These unique capabilities developed in E-ZMWs should open new 

experiments in which coupled electrochemical and spectroscopic investigations_of single 

electron transfer events in biological systems occur under tightly controlled conditions. For 
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these reasons, we believe that ZMW technology should play an expanding role in 

biophysics.

5.2. Other Nanostructures

A defining characteristic of the ZMWs highlighted in this review is their capacity to 

decrease the optical excitation volume by eliminating far-field propagating light modes, 

restricting excitation to the localized evanescent field within the ZMW volume. However, 

metallic nanostructures can display a wide array of additional interesting optical properties. 

For example, localized surface plasmon (LSP) resonances can be excited at shaped metallic 

(typically Ag) nanoparticles at wavelengths that can be tuned based on the size and shape of 

the nanoparticles. The LSP is based on the polarization of free electrons within the metal, 

but it is not limited to the metal, affecting the local environment surrounding the 

nanoparticle as well. With appropriate engineering, LSP can be used to create areas of 

extremely high electric fields, which can enhance, rather than quench, the fluorescence of 

nearby molecules. Nanostructures which harness the LSP effect, called “nanoantennas”, 

engineered in the form of “bowties” have been shown to enhance the fluorescence of dye 

molecules within the <100 nm bowtie gap by >1000-fold [142], sparking a flurry of interest 

in propagating-localized radiation interaction [143]. Wegner and co-workers demonstrated 

that the properties of nanoantennas and ZMWs could be combined with a “nanoantenna-in-

a-box” design, in which a bi-hemispherical nanoantenna was used to excite an LSP hotspot 

while background noise was suppressed by placing the nanoantenna within a ZMW-like 

structure [144]. Nanoantennas are also of active interest in the enhancement of Raman 

scattering. These are just a few representative examples of the types of nanophotonic 

structures that can be explored in the future that promise to reveal new insights into complex 

systems and phenomena.

5.3. From Characterization to Processing

In summary, ZMWs represent a powerful and versatile tool that can confine optical radiation 

to volumes orders of magnitude smaller than diffraction-limited optics allow, thus enabling 

unprecedented experimental capabilities, such as the study of single-molecule dynamics in 

physiologically-relevant bulk concentrations. The metallic nature of ZMWs allows for 

bifunctional nanostructures that can be used, for example, to manipulate the electrochemical 

potential and the optical field distribution simultaneously, as demosntrated in the E-ZMW – 

nanostructures that enable precise control of redox states of fluorophores and enzymes as 

well as stabilization of previously-inaccessible reaction intermediates. LSP effects can also 

be coupled with ZMWs, enhancing fluorescence emission while maintaining low 

backgrounds. Importantly for future technological applications, ZMWs can be fabricated 

from a wide array of materials in both lab- and wafer-scale production schemes, and the 

surface chemistry can be selectively modified to suit the requirements of particular 

experiments.

ZMWs already constitute a valuable tool for the study of molecular-scale phenomena of 

importance in in fields ranging from biophysics to electrochemistry, as the coupling of 

nanophotonics and nanoelectronics enables the detailed study of the behavior of single 

molecules. Elaborated designs, such as the bifunctional dual-ring E-ZMWs and integrated 
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trench-ZMW nanophotonic devices, typify the opportunities that await exploration, with 

possibilities in biomimetic applications such as ion- and particle- transport through voltage-

gated channels, voltage-dependent single-particle catalysis, and bio-specific adaptations 

such as linear ZMW processive enzyme assemblies. High-throughput, on-chip DNA 

sequencing with ultra-low detection limits is foreseeable, as commercial interest in ZMW 

technology continues to decrease cost and increase the audience for ZMW technology, even 

to the point advanced point-of-care diagnostics and therapeutics.
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SUMMARY OF ACRONYMS

E-ZMW electrochemical zero-mode waveguide

FAD flavin adenine dinucleotide

FCS fluorescence correlation spectroscopy

FIB focused ion beam

FMN flavin mononucleotide

FRET fluorescence resonance energy transfer

MSOX monomeric sarcosine oxidase

NSOM near-field scanning optical microscopy

PVD physical vapor deposition

RC redox cycling

S/N signal-to-noise ratio

SERS surface enhanced Raman scattering

STED stimulated emission-depletion

STM scanning tunneling microscopy

TIRF total internal reflection fluorescence

ZMW zero-mode waveguide
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Figure 1. 
Single-molecule Fluorescence Resonance Energy Transfer (smFRET) (a) Transfer efficiency 

vs donor-acceptor distance according to equation 7 with R0 = 5.0 nm. (b) Fluorescence vs. 

time trace, top, showing simultaneous two-color, two-channel smFRET fluorescence 

monitoring. FRET efficiency over time, bottom, calculated from the two intensity traces. (c) 

Single-molecule FRET schemes. (Reproduced with permission from [74]. Copyright 2008, 

Nature Publishing Group.)
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Figure 2. 
Schematic description of the metal lift-off method using negative photoresist. (a) Bare 

substrate. (b) Photoresist coated onto substrate and hardened with post-bake. (c) After 

pattern is written with electron-beam writer, pillars are developed and remainder of resist is 

removed. (d) A metal layer, such as aluminum, is deposited on substrate.(e) Metal lift-off 

reverses the pattern and reveals the nanopore/ZMW. In each panel the left image is a 

perspective view, and the right shows a cross-section. (Reproduced with permission from 

[82]. Copyright IOP Publishing Ltd. All rights reserved.)
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Figure 3. 
ZMW nanopore array formed by FIB milling and imaged via SEM. (a) Plan view showing a 

square array of 121 (11 × 11) nanopores, (b) Magnified view showing 9 (3 × 3) pores from 

the array, (c) Single nanopore, diameter of approx 40 nm, (d) Nanopore cross-sectioned with 

FIB with a protective Pt layer to assist in imaging. (Reproduced with permission from [85]. 

Copyright 2015, Royal Society of Chemistry.)

Crouch et al. Page 32

J Phys D Appl Phys. Author manuscript; available in PMC 2021 June 21.

N
A

S
A

 A
uthor M

anuscript
N

A
S

A
 A

uthor M
anuscript

N
A

S
A

 A
uthor M

anuscript



Figure 4. 
Selective passivation scheme for ZMW arrays in a gold metal cladding layer. A self-

assembled monolayer (SAM) is formed via Au-thiol chemistry with mPEG-SH on the 

exposed metal surfaces. A mixture of biotin-PEG-Si and mPEG-Si forms a SAM on the the 

borosilicate bottom surface of each nanopore. (Reproduced with permission from [108]. 

Copyright 2013, American Chemical Society.)
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Figure 5. 
Physical configuration to integrate a ZMW array in a solution-based electrochemical cell. 

The ZMW array is used as the working electrode, while a Au-coated coverslip is used as the 

counter electrode. A Ag/AgCl reference electrode is inserted through a hole in the coverslip 

used to fill the device. Nanopores are formed in a 5 × 5 μm array with a pore diameter of 

~100 nm and a period of 2 μm and illuminated from below the device as indicated. 

(Reproduced with permission from [86]. Copyright 2013, Royal Society of Chemistry.)
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Figure 6. 
Fluorescence intensity histogram fits showing a change in fluorescence intensity as a 

function of the applied voltage. Two different fluorophore concentrations, with (a) 10 μM 

and (b) 1 μM of FMN are shown. Data points are shown for the Eappl = +0.061 V data set to 

illustrate the quality of the fit. (Reproduced with permission from [85]. Copyright 2015, 

Royal Society of Chemistry.)
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Figure 7. 
Fluorescence as a function of applied potential in a single pore of a ZMW array in 10 μM 

FMN in 100 mM citrate buffer. A triangular waveform (blue, top) is applied with a slew rate 

of (a) 0.5 V s−1, (b) 0.05 V s−1, and (c) 0.001 V s−1which affects the observed fluorescence 

intensity (red, bottom). (Reproduced with permission from [85]. Copyright 2015, Royal 

Society of Chemistry.)
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Figure 8. 
(a) Diagram of a ZMW nanopore used for MSOX immobilization. The incident radiation, 

introduced through the fused silica substrate, decays exponentially as a function of the 

vertical distance within the pore. A single MSOX enzyme is localized in the bottom 

(overetched) region of the pore. (b) Finite-element modeling shows the magnitude of the 

optical field amplitude. (c) Cross-sectional SEM image of a single ZMW. (Reproduced with 

permission from [110]. Copyright 2012, Society of Applied Spectroscopy.)
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Figure 9. 
(a) Though TIRF microscopy relies on an evanescent field to excite diffusing fluorophores. 

Illumination extends ~150 nm into the solution, effectively limiting label concentration to < 

50 nM. The spatial confinement of ZMWs limits illumination to the diameter of the 

nanopore and to ~ 20–30 nm from the pore bottom, increasing the working single-

fluorophore concentration to > 1μM. (b) Selective passivation/functionalization of the 

nanopore is key to further decreasing noise from adsorbed fluorophores on the pore walls. 

With proper monitoring optics, a multiplexed observation system allows collection of data at 

several wavelengths simultaneously, enabling complex interactions such as ribosome 

translation on mRNA to be tracked with high time resolution at concentrations similar to in 
vivo conditions. (Reproduced with permission from [121]. Copyright 2016, Elsevier.)
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Figure 10. 
Real-time single-molecule DNA sequencing in ZMWs using a four-channel wavelength-

multiplexed detection strategy. (a) Example intensity vs. time trace for all four channels, 

with intensity weighted based on fluorophore identity. Pulses are identified with a least-

squares fitting algorithm. (b) An example of an entire 150 base-pair DNA sequence; readout 

was complete in approximately 63% of attempts. (c) This method produces consistent 

results, as seen in this plot of average pulse with as readout progresses along the DNA 

strand. (Reproduced with permission from [90]. Copyright 2009, AAAS.)

Crouch et al. Page 39

J Phys D Appl Phys. Author manuscript; available in PMC 2021 June 21.

N
A

S
A

 A
uthor M

anuscript
N

A
S

A
 A

uthor M
anuscript

N
A

S
A

 A
uthor M

anuscript



Figure 11. 
SEM images of recessed dual ring electrode ZMW array structures. Top-down views of (a) 

the entire ZMW array, (b) a small portion of a high density nanopore array with ~250 nm 

pitch, (c) a single nanopore. (d) Cross-section image of 3 adjacent dual-ring E-ZMW 

nanopores showing two Au ring electrodes with ~100 nm of SiNx as an insulator. 

(Reproduced with permission from [87]. Copyright 2016, American Chemical Society.)
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Figure 12. 
Steady-state current through the bottom ring electrode of dual-ring ZMWs in the presence of 

Ru(NH3)6
3+, showing a change in the behavior of the limiting current with analyte 

concentration in 0.1 M KCl (blue) vs. without supporting electrolyte (red). The calculated 

value of the Debye length-pore diameter ratio (1/κh) for Ru(NH3)6
3+ without supporting 

electrolyte is shown as the black curve. (Reproduced with permission from [140]. Copyright 

2014, American Chemical Society.)

Crouch et al. Page 41

J Phys D Appl Phys. Author manuscript; available in PMC 2021 June 21.

N
A

S
A

 A
uthor M

anuscript
N

A
S

A
 A

uthor M
anuscript

N
A

S
A

 A
uthor M

anuscript



Figure 13. 
(a) Schematic diagram of the experimental configuration of the E-ZMW. (b) Photograph of 

E-ZMW array in mount with PDMS fluidic reservoir. (c) Diagram of ZMW and mount 

configuration showing through-vias for fluid access and PDMS well. Not to scale. (d) Finite-

element simulation of optical field intensity for a conical frustum pore with dtop/dbottom = 2, 

and dbottom = 60 nm, showing decrease in intensity with vertical distance from pore bottom 

(Reproduced with permission from [88]. Copyright 2017, Royal Society of Chemistry.)
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Figure 14. 
Current/fluorescence-time traces and histogram at 1 nM FMN corresponding to a molecular 

occupancy of 〈n〉pore ~ 0.001. Top: Symmetric steady-state current behavior, characteristic 

of redox cycling conditions, is measured through both bottom (red) and top (blue) electrodes 

of a dual-ring E-ZMW device with ~6,500 pores. The fluorescence intensity, collected 

simultaneously with the electrical signals in a custom confocal FCS microscope, fluctuates 

around a steady-state level. Some fluctuations, corresponding to quantized changes in the 

occupancy of the optically-interrogated portion of the array, are observed in both electrical 

and optical traces (grey highlights). A magnified view of one such fluctuation is shown in 

the inset, right. (Reproduced with permission from [88]. Copyright 2017, Royal Society of 

Chemistry.)

Crouch et al. Page 43

J Phys D Appl Phys. Author manuscript; available in PMC 2021 June 21.

N
A

S
A

 A
uthor M

anuscript
N

A
S

A
 A

uthor M
anuscript

N
A

S
A

 A
uthor M

anuscript



N
A

S
A

 A
uthor M

anuscript
N

A
S

A
 A

uthor M
anuscript

N
A

S
A

 A
uthor M

anuscript

Crouch et al. Page 44

Table 1.

Molecular occupation probabilities for various average occupancy (λ) values.

P(k) λ = 0.1 λ = 1 λ = 2

P(0) 0.90484 0.36788 0.13534

P(1) 0.09048 0.36788 0.27067

P(2) 0.00452 0.18394 0.27067

P(3) 0.00015 0.06131 0.18045
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