
PROGRESS REPORT

1900422  (1 of 18) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advmat.de

Plasmonic-Nanopore Biosensors for Superior  
Single-Molecule Detection

Joshua D. Spitzberg, Adam Zrehen, Xander F. van Kooten, and Amit Meller*

DOI: 10.1002/adma.201900422

1. Introduction

Sensing single molecules is the ultimate goal of chemical and 
biochemical analyses. The shift from bulk to single-molecule, 
wherein each molecule’s observation is an independent event, 
reveals information often intrinsically masked by ensemble 
measurements, such as sample heterogeneity, molecular mech-
anisms, and complex kinetic rates. Furthermore, reducing 
the sample volume and concentration to the minimum pos-
sible enables direct and unbiased observation of analytes that 
otherwise require or do not readily allow direct enzymatic 
amplifications, such as RNAs and proteins. This precision is 
important for a broad range of biomedical applications, particu-
larly in cases where multiplexing (the ability to target multiple 

Plasmonic and nanopore sensors have separately received much attention 
for achieving single-molecule precision. A plasmonic “hotspot” confines 
and enhances optical excitation at the nanometer length scale sufficient to 
optically detect surface–analyte interactions. A nanopore biosensor actively 
funnels and threads analytes through a molecular-scale aperture, wherein they 
are interrogated by electrical or optical means. Recently, solid-state plasmonic 
and nanopore structures have been integrated within monolithic devices that 
address fundamental challenges in each of the individual sensing methods 
and offer complimentary improvements in overall single-molecule sensitivity, 
detection rates, dwell time and scalability. Here, the physical phenomena and 
sensing principles of plasmonic and nanopore sensing are summarized to 
highlight the novel complementarity in dovetailing these techniques for vastly 
improved single-molecule sensing. A literature review of recent plasmonic 
nanopore devices is then presented to delineate methods for solid-state 
fabrication of a range of hybrid device formats, evaluate the progress and 
challenges in the detection of unlabeled and labeled analyte, and assess the 
impact and utility of localized plasmonic heating. Finally, future directions and 
applications inspired by the present state of the art are discussed.
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bio-markers simultaneously) is necessary. 
Finally, single-molecule sensing could 
simplify the sample workflow, hence 
reducing cost per sample, while stream-
lining the integration to bedside moni-
toring systems and precision medicine.[1]

Clinically relevant biomarker con-
centrations span over a dozen orders of 
magnitude,[2,3] from homeostatic proteins 
(abundant), to trace cytokines (a few per 
cell), and pathogenic targets (a few in sev-
eral mL of clinical sample, Figure  1). At 
the lower end of the concentration range, 
relevant targets include those from bacte-
rial infections such as tuberculosis (TB) 
and urinary tract infection (UTI), viral 
infections such as hepatitis C (HCV) and 
human immunodeficiency virus (HIV), 
as well as biomarkers for cancer such as 
circulating nucleic acids (cNAs) and circu-
lating tumor cells (CTCs).

The concentration of targets strongly 
affects the detection rate of single-
molecule sensors. This is particularly true 

for sensing methods that rely on diffusion to bring analytes 
to the sensing region. The observation rate (the rate at which 
molecules encounter the sensor) of freely diffusing analytes is 
inversely proportional to their concentration, requiring prohibi-
tively long observation times for statistical confidence. On the 
other hand, at high analyte concentrations the sensing region 
must be spatially confined to ensure single-molecule occu-
pancy, but a reduction of the sensing volume also reduces the 
dwell time of the molecule in the sensing zone (τ ~D

2
3V ), thus 

severely restricting the signal integration time.
Optical detection, in particular fluorescence, is widely used 

for single-molecule sensing as it allows parallel, multiplexed 
detection at compatible length scales. Various approaches for 
enhancing optical detection have been reported involving spa-
tial confinement of the electromagnetic field. These approaches 
include “structure-less” total internal reflection fluorescence 
(TIRF) configurations, physically confined zero-mode wave-
guide (ZMW) apertures, near-field scanning optical microscope 
(NSOM) probes and a variety of nanoantennae.[4] To obtain 
single-molecule sensing at a concentration of 100 × 10−9  m, 
the sensing volume must be smaller than roughly 10 attoliters 
(10−17 L), which is nearly the diffraction limited spot volume 
of a tightly focused laser beam (of visible wavelength) or the 
practical volume observed in TIRF illumination. At the other 
extreme, the detection volume of a highly localized plasmonic 
structure (e.g., an “antenna-in-a-box’ or a bowtie antenna) is 
just ≈10−20 L.[5] Such volumes are limited by diffusion to high 
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concentrations (roughly µM or more) to ensure the presence 
of at least one molecule inside the sensing volume. However, 
clinically relevant concentrations are often much smaller, some-
times as low as ≈1 × 10−15  m or less (Figure  1), thus severely 
restricting the practical applicability of small plasmonic 
structures.

Over the past few decades, plasmonic sensors and nanoscale 
pores (“nanopores”) have separately received much attention 
for achieving single-molecule precision of bound and unbound 
analytes.[3,6–12] Plasmonic antennae convert far-field optical radi-
ation into localized electromagnetic energy and vice versa,[13] 
by exploiting the optical properties of metal-dielectric bounda-
ries to generate surface-bound electron oscillations, called 
plasmons, with an energy density several orders of magnitude 
larger than that of the incident radiation.[14] The material and 
geometry of the interface can be designed to maximize the 
plasmon modal confinement and resonance[15–17] for a gain in 
signal-to-background ratio (SBR) sufficient to detect resonant 
shifts, fluorescence emission[9] and Raman scattering spectra[18] 
induced by the interaction of molecules with a plasmonic 
“hotspot.” The flux of emitted and scattered photons increases 
with the optical excitation, thus improving the temporal resolu-
tion and the SBR. Although nonradiative quenching inherent 
to metals can result in significant dissipative energy loss,[19] 
localized heating can also provide beneficial effects, as will be 
discussed later.

Nanopore sensors are based on nanoscale apertures through 
which ions can cross an electrically insulating membrane.[20] 
Solid-state nanopores are commonly defined as nanopores fab-
ricated in synthetic materials, as opposed to biological pores. 
A voltage bias applied across the membrane actively funnels 
and threads[21] molecules through the aperture, causing them 
to interact with the membrane and displace ions within the 
pore. This displacement is detectable as a change in the ionic 
current.[22,23] The combination of event amplitude (magnitude 
of the current blockage) and dwell time (duration of the 
blockage) is a distinct signature of an unlabeled molecule.[24–26] 
This “resistive pulse sensing” method has been extended to the 
detection of molecules barcoded with bulky groups,[27,28] and 
quenched fluorophores that “unzip” during translocation.[29]

This progress report highlights two fundamental features 
of nanopore biosensors that are used to overcome challenges 
associated with sensing freely diffusing analytes. First, the elec-
trical potential gradient in the vicinity of the nanopore actively 
funnels charged molecules such as nucleic acids and proteins 
toward the pore’s aperture, from distances much longer than the 
Debye screening length.[21] This active transport enables single-
molecule sensing at lower concentrations compared to passive 
diffusion. Second, the typical nanopore diameter is fabricated 
to be just slightly larger than the cross-section of the molecule, 
ensuring serial occupancy of the sensing volume while also con-
straining the motion of the molecules to one dimension. This 
confinement enables single-molecule sensing with increased 
dwell times at a wide range of concentrations. Threading through 
the pore also linearizes polymer species, allowing sequential 
observation of sub-molecular sequences.

When the pore is just slightly larger than the cross-section 
of the analyte, the conditions for single-file translocation 
through a pore are best ensured. This report therefore focuses 
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on progress in plasmonic nanopore devices with nanometric 
(<10  nm) pores, in order to provide robust single-molecule 
sensing and threading of nucleic acids and proteins (cross 
sections on the order of 1  nm). Furthermore, “small” nano-
pores can be used to analyze clinically relevant biomarkers 
extracted from larger objects such as viruses (tens of nm), 
bacteria, and CTCs (micrometer-scale) as shown in Figure 1. 
Examples presented below focus on the detection of DNA 
molecules.

Recently, plasmonic and solid-state nanopore structures 
have been monolithically integrated to offer complimentary 
improvements in sensitivity, specificity, observation rate, dwell 
time, and scalable parallelized detection. Fabrication methods 
discussed in Section  2 enable co-localization of the surface-
bound plasmonic “hotspot,” whose structured metal-dielectric 
interface provides enhanced optical excitation within a sub-
diffraction-limited volume, with a nanopore whose molecule-
sized aperture actively funnels and interrogates analytes in an 
intrinsically serial and linearized fashion. Plasmonic nanopores 
(PNPs) thus offer several important advantages: the ability to 
measure Raman spectra of single unlabeled analytes, discussed 
in Section 3, improved spatiotemporal resolution and enhanced 
signal-to-background of fluorescently labeled analytes, dis-
cussed in Section 4, and plasmonic-based heating discussed in 
Section 5. Notably, both PNP-enhanced Raman scattering and 
enhanced fluorescence sensing improve specificity via optical 
fingerprinting. This combination of traits offers significant 

potential for fundamental studies in biophysical science as well 
as for biotechnology applications.

1.1. Plasmonic Sensing

Plasmons are surface-bound charge-density oscillations of the 
free electron gas of a metal at the interface with a dielectric 
material.[14] Optically driven displacement of the electron gas 
with respect to this boundary creates a restoring force between 
the negatively charged electron gas and the positively charged 
ion lattice, which in turn generates strong optical near-fields at 
the interface. The effect is resonant in origin, with the ampli-
tude accumulating over each optical cycle, while simultaneously 
experiencing dampening due to Ohmic losses in the metal and 
other mechanisms.[30] The development of plasmonic sensors 
is centered on designing structures to achieve maximum modal 
confinement and concentration of electromagnetic energy, to 
sufficiently enhance the strength of surface–analyte interac-
tions for single-molecule sensitivity at high spatiotemporal 
resolution. Although Maxwell’s equations are scale invariant, 
material properties are spectrally dependent, which limits the 
range of electromagnetic frequencies and materials that support 
plasma oscillations. For this reason, gold and silver are com-
monly chosen for devices active in the visible spectrum, and the 
development of materials with varied resonance features and 
reduced loss is an active area of research.[31,32] Reshaping the 
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Figure 1.  Summary of concentrations of biomolecular analytes in clinical samples. Applications of bacterial detection are outlined in green, viral 
targets are outlined in purple (with a dotted line for indications where quantitative monitoring is required), and cancer biomarkers are shown in blue 
(circulating tumor cells), red (protein biomarkers), and orange (circulating nucleic acids). Reproduced with permission.[2] Copyright 2017, American 
Chemical Society.
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metal–dielectric interface shifts the resonant frequency of the 
structure and alters the plasmon’s intensity.[15,17] For example, 
mode confinement at a “sharp” boundary feature, such as a tip, 
particle, or gap, may lead to significant optical near-field ampli-
fication and localization.[33] Similarly, changes in the dielectric 
properties at the interface, such as those caused by molecular 
analytes, may also lead to enhancement. This forms the basis of 
label-free plasmon resonance sensing of single molecules.

Development of plasmonic nanoantennae is an extremely 
active field. Fabrication techniques range from top-down to 
bottom-up,[34] and approaches to optimizing mode confine-
ment and resonance spectra involve both deterministic[35–38] 
and generative methods.[39–41] This has led to a variety of imple-
mentations of single-molecule fluorescence enhancement 
strategies. Computational simulation is heavily employed to 
systematically explore the geometric and material parameter 
space for even geometrically simple structures.[17,42] Neverthe-
less, it remains essential to experimentally confirm predictions 
and to update models based on real fabrication profiles,[43] as 
even sub-nanometric variations in fabrication can have signifi-
cant consequences at these length scales.[44,45]

Plasmonic devices have primarily been employed in three 
sensing modes: refractometric, surface-enhanced Raman spec-
troscopy, and fluorescence emission. In each case the confined 
electromagnetic field mediates plasmon–molecule interactions 
to enhance optical sensing (Figure  2). Refractometric sensing 
is the simplest, and most common configuration. Molecules 
binding to a surface cause an increase in the local refractive 
index,[46,47] leading to a shift in plasmon resonance (Figure  2, 
panel III, bottom). This approach is limited in sensitivity by the 
nonspecific adsorption of analytes to the surface. Although the 
sensitivity can be increased by using an enzyme-linked immu-
nosorbent assay (ELISA) to increase the apparent affinity of 
analytes[48] or by using surface coatings to reduce nonspecific 
adsorption, both of these approaches require a priori knowledge 
of the target analyte. A further limitation of resonance-shift 
sensing is that the change in refractive index depends on the 

location and orientation of the molecule with respect to the 
plasmonic hotspot. This results in a stochastic distribution of 
the detected signal,[49,50] which can only be reduced by spatially 
controlling the binding of analytes to the surface.

The second sensing modality, Raman spectroscopy, is based 
on detecting the characteristic vibrational states of molecular 
bonds. Although rich structural information can be deduced 
from Raman spectra of unlabeled molecules, obtaining such 
information is practically challenging, as the Raman cross-
section is often 12–14 orders of magnitude smaller than typical 
fluorescence cross-sections.[51] Surface-enhanced Raman spec-
troscopy (SERS), in which the Raman signal of analytes is 
enhanced in the vicinity of “rough” metal surfaces, provides 
a way to overcome this. Electromagnetic and chemical effects 
at metal surfaces enhance the interaction, although the exact 
mechanisms are a continuing subject of investigation. First, 
plasmon hotspots increase the density of states at the Stokes-
shifted wavelength. An analyte within this plasmonic hotspot 
exhibits enhanced amplitude of Raman scattering, similar to 
the schematic configuration of Figure 2 (panel III, top). Second, 
“chemical” enhancement arises from changes in molecular 
state due to surface–analyte interactions. Plasmonics is a pow-
erful approach for enhancing SERS, as the strength of the 
Raman scattering interaction scales with the fourth power of 
the electric field. Overall enhancement factors on the order of 
1014 have been reported for roughened metallic surfaces,[18] yet 
deterministic formation of hotspots and active delivery of ana-
lytes to these sites remains an open challenge. As enhancement 
factors are not uniform across SERS substrates, molecules 
must be consistently positioned near hotspots to improve the 
Raman signal.

In addition to detecting analytes using resonance shift 
sensing and Raman spectroscopy, plasmonic sensors can be 
designed to minimize fluorescence quenching and to maximize 
the enhancement of the incident field, thus allowing single fluo-
rescent molecules to be resolved. Fluorescence emission scales 
as the product of excitation and quantum yield,[52] allowing 
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Figure 2.  Principle of plasmon-enhanced single-molecule sensing using nanoparticles. I) The sensor (yellow rod) is typically probed using an optical 
microscope. II) The plasmon resonance induces a strongly enhanced and tightly confined electromagnetic field around the particles. The field shown 
here is for a gold nanorod that is excited at its resonant frequency calculated using the boundary element method. III) This local field mediates 
plasmon–molecule interactions, enabling enhanced single-molecule detection by monitoring plasmon-induced changes of the molecule (resulting in, 
e.g., enhanced fluorescence or enhanced Raman scattering) or by monitoring molecule-induced changes of the plasmon (resulting in frequency shifts 
of the plasmon). Adapted with permission.[3] Copyright 2017, American Chemical Society.
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significant enhancement within a plasmonic hotspot (Figure 2, 
panel III, top). While excitation enhancements on the order of 
104 are not uncommon, these typically occur within metal–die-
lectric–metal gaps approaching less than 10  nm separation in 
which quenching reduces the overall emission.[53] Quenching 
refers to nonradiative energy transfer processes that lead to 
reduced fluorescence emission in the vicinity of metal sur-
faces, including ohmic losses. Strategies to counter quenching 
include depositing a thin polymer layer on the metal surface 
to act as a spacer between the fluorophore and the surface.[8] 
The fluorescence enhancement in plasmonic devices can be 
improved in other ways besides reducing quenching. First, 
large enhancement factors can be achieved using low-yield 
fluorophores, as the hotspot provides additional favorable path-
ways for radiative decay to the ground state, thereby increasing 
the radiative rate. The enhancement is larger for a low-yield 
emitter than it is for an ideal emitter, as the latter cannot have 
a yield larger than unity and therefore benefits less from plas-
monic enhancement of emission. Second, fluorophores outside 
the hotspot can be quenched or, in some cases, shielded from 
incident light, leading to a suppression of the background fluo-
rescence. Combinations of engineered plasmonic structures 
with dye quenching has led to demonstrations of fluorescence 
enhancement factors over 1000-fold for analytes positioned 
within zeptoliter hotspots.[5,54] In contrast to label-free methods, 
fluorescence sensing can offer improved specificity and can 
enable spectral multiplexing, albeit at the cost of increased 
complexity.

1.2. Nanopore Sensing

Solid-state nanopores (ssNPs) are a type of single-molecule 
sensor that has been shown to be promising for a variety of 
biological applications, including nucleic acid sequencing,[55] 
pathogen typing,[24] protein discrimination[56] and RNA struc-
ture analysis.[57] An ssNP device consists of an electrically 
insulating, ultrathin (a few nanometers) membrane in which 
a nanometer-scale pore is formed. Electrodes, usually Ag/AgCl, 
are inserted into electrolyte-filled chambers to apply a voltage 
across the pore, resulting in an electrophoretic force that 
attracts charged biomolecules to the pore. As a molecule passes 
through the pore, it displaces ions, leading to a pico- to nano-
ampere change in the current measurement from an “open 
pore” level io to a “blocked pore” level ib (Figure  3, panel I). 
The combination of the fractional event amplitude IB = <ib/io> 
(blockage depth) and event dwell time τD (blockage duration) 
is a molecular signature, which can be used in various sensing 
applications, for example to identify pathogens from single-
nucleotide variations (SNVs)[24] or to decode information by 
reading a sequence of bulky nucleic acid structures.[28]

The development of nanopore sensing techniques has 
been largely catalyzed by the quest for novel single-molecule 
DNA sequencing strategies, following the completion of the 
human genome project.[58–60] An important step forward 
in this area took place when a molecular motor enzyme was 
used to feed a strand of DNA base-by-base through the nano-
pore while changes in the nanopore’s conductance were read, 
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Figure 3.  I) Nanopore-based electrical sensing. Top: schematic illustration of a solid-state nanopore device for probing DNA translocation dynamics 
(not to scale). DNA molecules are driven through the nanopore by an applied voltage while the ionic current is measured. Bottom: typical ionic current 
trace for a 4 nm pore, before and after the introduction of 5 × 10−9 m 400 bp DNA to the cis chamber (green arrow). The transient current-blockade 
events correspond to single-molecule translocation of DNA. The inset displays a magnified translocation event in which the relevant parameters used 
in this article are defined. Adapted with permission.[63] Copyright 2008, Biophysical Society. II) Electro-optical sensing of DNA “barcodes.” High SBR 
measurements of two-color DNA barcodes. Top: single-stranded DNA template harboring 16-mer binding sequences for five molecular beacons, 
labeled with a unique sequence of green and red fluorophores (F1 and F2, respectively), and a schematic illustration of the nanopore beacon unzipping 
setup. Bottom: typical unzipping events using a low photoluminescence 3 nm pore, where optical and electrical signals are measured simultaneously, 
showing five clear photon bursts per event in the green and red channels, in accordance with the DNA templates. Adapted with permission.[64] Copyright 
2015, American Chemical Society.
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a concept that eventually matured to a commercial sequencing 
platform.[61] Nevertheless, single-molecule gene sequencing 
still requires substantial sample preparation as well as sam-
ples containing a minimum number of copies, requirements 
that are incompatible with many biomedical applications. Com-
plementary methods can alleviate the challenge of minimum 
copy number in cases where genotyping, i.e., identification 
of a certain known sequence, is the main goal. For instance, 
sequence-specific molecular tags such as peptide nucleic acids 
(PNA), locked nucleic acids (LNA) or morpholinos can be used 
to create unique “barcodes” on the target DNA molecules, ena-
bling nanopore-based identification of single molecules while 
potentially circumventing the need for conventional amplifica-
tion techniques such as polymerase chain reaction (PCR).[62]

Several hurdles have yet to be overcome to enable resis-
tive pulse sensing for more sensitive applications; specifically, 
nonideal noise components,[65,66] insufficient temporal and 
spatial resolution,[67] and low analyte throughput. Researchers 
have developed complementary optical tools to enhance 
the ssNP utility through simultaneous electrical and optical 
transduction.[22,68–70] Under confocal or total internal reflec-
tion (TIR) illumination, an excitation laser beam is directed 
at the nanopore to excite fluorescently labeled biomolecules. 
The emitted light is spatially filtered in the case of confocal 
illumination, and detected by an avalanche photodiodes or a 
single-photon camera (e.g., EM-CCD). The ability to temporally 
resolve photon bursts in multiple colors during the passage  
of a biomolecule through the nanopore greatly extends the 
scope of nanopore sensing, as it permits a flexible design of 
combinatorial sets of colored probes for optical barcoding. 
Optical barcoding can provide information that is complimen-
tary and orthogonal to the structural information obtained 
using electrical barcodes. An example of two-color DNA bar-
code readout using simultaneous electrical and optical sensing 
is shown in Figure  3 (panel II, top). The sequence of fluo-
rophores uniquely identifies analytes with single-molecule 
sensitivity. Target DNA is converted according to a binary 
code, which is recognized by molecular beacons with one of 
two different fluorophores. The head-to-tail configuration of 
the hybridized beacons causes the fluorophores to remain 
quenched, until they are stripped off as the template strand 
translocates through the narrow pore. This results in a series 
of detectable photon bursts at high speed. In this way, the two  
unique capabilities of the nanopore, i) drawing in charged 
molecules serially and ii) linearizing the molecule, enable 
single-polymer sensing and analysis of monomeric subunits. 
This applies equally well to hybrid detection, as demonstrated 
by the electrical and optical traces in Figure 3 (panel II, bottom). 
As has been demonstrated, optical signals from multiple nano-
pores can be stimulated and detected in parallel using a single 
array sensor, providing a method for straightforward and scal-
able parallelized sensing by large nanopore arrays.[29]

In conventional resistive-pulse sensing, the presence of mul-
tiple nanopores in the same membrane may result in overlap-
ping electric signals that cannot be decoded. This challenge 
can be overcome by simultaneously recording optical signals 
from an array of pores. Although implementations of optical 
sensing have until now employed primarily a single nano-
pore per device, significant efforts are being made to improve 

throughput, with the goal of simultaneous readout of hundreds 
to thousands of nanopores on a single chip.[22] Optical nano-
pore sensing has been successfully applied to DNA barcode 
discrimination[29] mapping of epigenetic modifications,[71] DNA 
length discrimination[64,72] and polypeptide discrimination.[73]

1.3. Plasmonic Nanopores

Several fundamental features of nanopore sensors and plasmonic 
enhancement make the combination of the two sensing modali-
ties both complimentary and powerful. In plasmonic sensing, 
the confinement of the electromagnetic field at hotspots medi-
ates and enhances the SBR of plasmon–molecule interactions for 
improved single-molecule sensing. Although a smaller hotspot 
is typically associated with a larger amplification of the electro-
magnetic field, both the arrival time and dwell time of a freely 
diffusing molecule to and within the hotspot decrease sharply 
with the hotspot volume, limiting the overall signal integration. 
Solid-state nanopores can however deliver charged analyte mol-
ecules from bulk to a predetermined point in space, and can 
therefore be used to spatially localize analyte molecules at a plas-
monic hotspot. Moreover, a molecule captured in the nanopore 
is practically restricted to one-dimensional motion; hence, the 
dwell time can be substantially increased by reducing the diam-
eter of the nanopore.[63] Therefore, both the likelihood of sensing 
an individual molecule from bulk and the expected signal-to-
background ratio are increased in hybrid plasmonic nanopore 
structures, as compared to either of the methods independently.

2. Fabrication

Fabrication of solid-state plasmonic nanopore devices can be 
separated into three main processes: i) fabrication of the plas-
monic structure, ii) fabrication of the freestanding membrane, 
and iii) nanopore drilling. Lithography and milling are the two 
principal methods for constructing architectures supporting 
plasmonic resonance. Depending on the method employed, 
either the plasmonic layer or the nanopore layer can be com-
pleted first, while nanopore drilling is reserved for the last step. 
A simpler, though more limited strategy that differs from this 
format, is to metallize the nanopore itself to achieve a plas-
monic effect at the edges of the pore. The freestanding mem-
branes are most commonly prepared by patterning a series of 
squares with sides on the order of the wafer thickness, using 
optical lithography, followed by etching of a hard mask, ani-
sotropic wet etching of <100> silicon, with additional etching 
steps depending on the presence of a noise-insulating layer 
such as silicon dioxide. We focus on progress in the first (i) and 
third (iii) steps of plasmonic nanopore fabrication.

2.1. E-Beam Lithography for Constructing Plasmonics

Electron-beam lithography (EBL) is one of the most preva-
lent techniques for creating high-resolution wafer-scale nano-
structures for plasmonic applications. The EBL resolution, 
dependent on spot size, electron scattering, resist development 
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and other factors,[74] has been lowered to sub-5 nm in isolated 
feature size and pattern density.[75] To construct plasmonic 
nanowell–nanopore devices, Assad et al. used a negative tone 
e-beam process to pattern an array of 120  nm diameter gold 
nanowells (Figures  4 and  5a), at the center of a free-standing 
silicon nitride (SiNx) membrane. Briefly, Ma-N 240 resist, 
which has a resolution down to 50  nm, was spun to a thick-
ness of 300  nm. A pattern of nanowell arrays and alignment 
marks were defined as single dots using a Raith 150 at 30 kV 
accelerating voltage, the maximum voltage to prevent failure of 
the lift-off due to resist overcutting. After immersing in Ma-D 
525 developer, the array of cylindrical columns remaining on 
the wafer served as the nanowell openings. A thin chromium 
film of 5 nm was then deposited as an adhesion layer, followed 
by 130  nm of gold. Finally, the resist pillars were removed in 
Microposit 1165 resist remover.[76]

A similar procedure was used to create two 90 nm long, 30 nm 
thick gold equilateral triangles (a bowtie-like shape), facing each 
other with a 1–10  nm gap between the tips (Figure  5b).[77,78] 
Inverted-bowtie nanoapertures can be created using a trilayer 
positive resist stack consisting of PMGI/MMA-MAA copolymer/
PMMA, which works at a higher acceleration voltage (100 kV) 
and allows the gold layer to be stripped away easily.[79] An alter-
native to lift-off, which is an additive process, is to perform EBL 

on a metal-coated wafer, followed by isotropic or anisotropic 
etching. For example, reactive ion etching (RIE) with argon gas 
was used to open up 200 nm nanoholes in a 50 nm thick gold 
film,[80] and reactive ion beam etching (RIBE), was used to pat-
tern 20 nm thick 100 nm spaced SERS line gratings.[81]

While EBL is a wafer-scale and therefore high-throughput 
process, it requires at least two alignment steps, depending on 
the number of different heights, which adds to processing time 
and imposes restrictions on structure possibilities. Alignment 
accuracies vary between sub-10 to 30  nm depending on the 
sophistication of the alignment procedure and equipment.[82–84] 
Nanoimprint lithography (NIL) can further increase throughput 
over EBL since it relies on a single master template instead 
of write repeats, but this only makes sense in the context of 
an optimized design for mass production.[85] The ultimate 
throughput will also be affected by the chosen nanopore drilling 
technique as outlined in Section 2.4.

2.2. FIB Milling for Constructing Plasmonics

Focused ion beam (FIB) milling is an entirely physical process 
relying on momentum transfer from the ion beam to the atoms 
of the substrate. Collisions that have energy greater than the 

Adv. Mater. 2019, 1900422

Figure 4.  Schematic of wafer-scale fabrication of plasmonic nanowell–nanopore devices using electron-beam lithography to construct the plasmonic 
architecture. The substrate is SiNx/Si/SiNx. i) Single-pixel dots were exposed at 30 kV (Raith 150) to define the nanowells. 5 nm Cr and 130 nm Au 
was deposited by e-beam evaporation, and then lifted off to leave behind an imprint of pillars forming nanowell arrays. ii) To create free-standing 
membranes, a series of squares were backside-aligned to the nanowells and etched anisotropically with KOH. iii) The 25 nm thick SiNx membranes 
were thinned down to 10 nm using buffered oxide etch, to improve the signal-to-noise ratio. Adapted with permission.[76] Copyright 2017, Wiley-VCH.
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substrate’s binding energy (3.8 eV for gold) will result in ejec-
tion of the atom, and normally a collision cascade is desirable 
to increase the sputtering yield or number of atoms removed 
per incident ion. The yield is typically 1–50 atoms per colli-
sion and depends on the mass and energy of incident ions, the 
mass of target atoms, direction of incidence, target tempera-
ture and ion flux. Besides sputtering, the other governing effect 

controlling the material removal is redeposition, which occurs 
when a portion of ejected atoms returns to the sputtered region. 
By fine-tuning the size, shape, current, and energy of the ion 
beam, it is possible to produce complex pseudo-3-dimensional 
structures with nanometer precision.[86] FIB milling is superior 
to EBL for structures with variable and curvilinear heights, such 
as the “antenna-in-a-box” geometries fabricated by Punj et al.[5]

Adv. Mater. 2019, 1900422

Figure 5.  Plasmonic nanopore designs and their fabrication techniques. a) Plasmonic nanowell fabricated by EBL. Left: Free-standing membrane with 
a gold nanowell. Right: SEM image inside the gold nanowell with an arrow pointing to a TEM-drilled pore. Adapted with permission.[76] Copyright 2017, 
Wiley-VCH. b) Plasmonic bowtie fabricated by EBL. Left: Schematic of the bowtie structure fabricated from 1 nm Ti and 30 nm Au. Right: TEM image 
of plasmonic bowtie. Inset shows a false-color zoom in on the gap and nanopore. Adapted with permission.[77] Copyright 2015, American Chemical 
Society. c) Plasmonic bullseye structure fabricated by FIB. Left: Schematic of the structure where (1) is a 47 nm layer of Au and 3 nm layer of Ti, (2) is a 
20 nm thick SiNx membrane, and (3) is a bullseye ring with a height of ≈80 nm. The pitch between rings (4) is 518 nm, and the nanopore (5) is 20 nm 
(oversized for visualization). Right: SEM image of the bullseye structure and FIB image of the nanopore structure (inset). Adapted with permission.[89] 
Copyright 2017, American Chemical Society.
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Although FIB milling provides sensitive control over the 
size and shape of the structure with real-time feedback, it is 
considerably time-consuming, requires substantial optimiza-
tion, and is not easily automated. The technique is therefore 
less often used for high volume applications, with the exception 
of simple designs such as zero-mode waveguides.[87] Instead, 
it serves as an excellent tool for investigating new plasmonic 
structures.[16] To date, FIB has been used to fabricate plasmonic 
nanopore devices on a chip-by-chip basis. In these cases, align-
ment markers are used to visualize the membrane in the FIB 
setup, and a sacrificial layer such as silicon dioxide (SiO2) is 
used to support the membrane during processing. Raza et  al. 
fabricated double nanohole nanoapertures on 60 nm SiNx and 
500  nm SiO2 by aligning to four diagonal markers at the cor-
ners of the membrane, which were wet-etched into Au and Cr. 
After removal of the SiO2 layer, the structure was milled using 
a neon gas field ion source, which provides the advantage of 
precision machining with speed.[88] While the authors note 
complications in using a gallium ion FIB, which is typically 
used for massive material removal, Crick et  al. used gallium 
ion FIB to mill plasmonic bullseye features into 50  nm gold 
(Figure 5c). This required sequences of test milling and visual 
inspection in order to establish the ideal milling conditions, as 
in some instances overmilling (partial or total removal of the 
gold), undermilling (undefined features), or membrane perfo-
ration occurred.[89] To facilitate drilling of nanopores (20 nm), a 
helium ion beam was used (Carl Zeiss ORION NanoFab).

2.3. Metallized Nanopores

Localized enhancement can also be achieved by coating a nano-
pore with metal. In one configuration, Li et al. fabricated 10 nm 
nanopores by sputtering 10  nm of titanium and 200  nm of 
gold on a silicon nanocavity.[90,91] Nanopores in free-standing 
membranes can be coated with metal, provided that the mem-
brane and nanopore can withstand the high temperature of the 
chosen deposition method. Controlled breakdown (CBD) offers 
a way to generate nanopores directly in metallized membranes, 
although the cross-sectional geometry of the resulting pore has 
yet to be determined.[92–94]

2.4. Drilling Nanopores

To fabricate nanopores, researchers have traditionally relied 
on focused electron or ion beam methods, namely transmis-
sion electron microscopy (TEM) and focused ion beam (FIB) 
milling.[95–98] However, the high cost and low throughput of 
these methods has led to the development of several new 
approaches, which may be beneficial for the fabrication of plas-
monic devices. For instance, if FIB is used to fabricate the plas-
monic architecture, FIB can also be used to drill the nanopore, 
after the appropriate adjustments to the ion source. A gallium 
ion beam, which is typically used to remove massive material 
in plasmonic devices, can readily drill nanopores with a diam-
eter of several hundred nanometers, but the diameter can be 
reduced to less than 5 nm by shrinking a large pore with the ion 
beam.[97,99,100] Additionally, conformal atomic layer deposition 

(ALD) processes have been used to shrink FIB-drilled nano-
pores from roughly 30  nm down to 5  nm.[67] Alternatively, 
systems such as the Carl Zeiss ORION NanoFab are capable of 
switching between a gallium and helium ion FIB, allowing the 
plasmonic layer to be fabricated using the gallium beam, and 
the nanopore to be formed using the helium beam.[89]

An EBL-based approach was used to fabricate nanopores 
in a nonplasmonic device, but only for diameters larger than 
16  nm (±10%) which precludes their use for some sensing 
applications.[101] Helium ion milling can be used to make 
sub-5  nm nanopores with high reproducibility (<10% vari-
ability in pore size), but, similarly to high-resolution TEM, 
remains prohibitively expensive for many laboratories.[72,102,103] 
The lowest cost alternative, controlled dielectric breakdown 
(CBD), has been shown to be effective for creating a range of 
pore sizes in various materials, for ssDNA, dsDNA, and protein 
sensing.[73,92–94] Although it is an inherently stochastic process, 
CBD can be automated for fabricating 2-nm nanopores with 
high yield, as well as for larger nanopores.[104]

CBD has also been used in one of the first demonstrations 
of an integrated plasmonic nanopore device with a sub-10 nm 
nanopore (Figure  5b). It was shown that simultaneously 
applying a transmembrane voltage and illuminating with a 
785  nm laser consistently caused a nanopore to form at the 
center of a bowtie structure.[77] Although elevated temperatures 
are known to accelerate dielectric breakdown,[105] the tempera-
ture profile was found to be nearly uniform around the 100 nm 
structure, and the localization was instead attributed to the plas-
monic optical field enhancement. An alternative self-alignment 
strategy is to selectively thin the membrane at the desired nano-
pore location (e.g., by FIB, RIE) prior to CBD, as demonstrated 
by Carlsen et al. and Zrehen et al. The membrane would thus 
be biased to form a nanopore within the thinned region.[106,107]

One of the drawbacks of CBD is the careful optimization 
required to prevent the unintended formation of multiple pores 
on a single membrane.[107,108] For high-throughput sensing 
where multiple nanopores are desirable, studies have presented 
possible ways to determine the number of pores formed.[109,110] 
However, these pores form at random locations, and their size 
is not easily controlled since the further application of an elec-
tric field to induce dielectric breakdown may expand existing 
pores. This problem was remedied using microscale liquid 
contacts for a nanopore pitch of 5 µm,[111] though the con-
trolled formation of nanopore arrays with sub-micrometer pitch 
has not yet been demonstrated. The ion track-etching (ITE) 
technique,[112] which is the most efficient at generating nano-
pores (billions cm−2), is also a fundamentally stochastic process 
with poor spatial control.

The latest nanopore fabrication method, which is based on 
laser-induced etching, combines several advantages of CBD 
(low cost, simplicity) with the well-defined pore localization typi-
cally achieved with ion and electron beam techniques. Specifi-
cally, this technique uses a milliwatt laser to gradually etch free-
standing SiNx membranes directly in aqueous solution, until a 
nanopore is formed. As the laser can be positioned anywhere 
on the membrane, it provides diffraction-limited control of the 
nanopore position, as well as the possibility to create multiple 
spatially separated pores.[113] Laser etching can be fine-tuned to 
form pores consistently with nearly 100% yield. But being an 
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emerging method, further studies are required to better char-
acterize and improve pore functionality especially below 3  nm, 
as well as to determine the stability and yield. However, being a 
new technique, laser etching has not yet been used to fabricate 
nanopores in plasmonic devices. The ability to do so depends on 
the interaction of light with the plasmonic structure.

A comparison of the various techniques is summarized in 
Table 1, which includes a column dedicated to whether the tech-
nique has been used for a plasmonic device in the past. The 
choice of nanopore fabrication technique primarily depends on 
the intended sensing application, as this determines the size of 
the nanopore. For instance, unzipping of dsDNA requires a pore 

with a diameter similar to that of ssDNA (≈1.1 nm).[64] For highly 
localized plasmonic hotspots, methods capable of precisely 
positioning pores, such as TEM or FIB, are preferred. CBD is 
an easy-to-implement, low-cost method; however, it is unclear 
how reproducibly it can fabricate a single nanopore at a specific 
location. In situ laser etching bears the potential to perform 
highly localized pore drilling, however, as an emerging method 
more studies need to be performed. Furthermore, the nature 
of “self-aligning” nanopores formed within the hotspot of a 
plasmonic bowtie[77] may not necessarily carry over to other plas-
monic designs. While lithography-based nanopore fabrication 
appears compatible with a wafer-scale EBL process used for the 
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Table 1.  Comparison of nanopore drilling techniques, indicating whether the drilling technique has been specifically used in a plasmonic device. 
Pore size range is based on literature for nanopore fabrication. Cost refers to instrument expense. “Throughput” accounts for average time to form a 
single pore and scalability of the process. “Alignment” indicates how accurately and easily a nanopore can be positioned at a set location. Attribution 
of images as follows: TEM: adapted with permission.[98] Copyright 2003, Nature Publishing Group; FIB/HIM: authors’ own; EBL/RIE: authors’ own; 
CBD: adapted with permission.[77] Copyright 2015, American Chemical Society; Laser: adapted under the terms of the CC-BY Creative Commons Attri-
bution 4.0 International License (http://creativecommons.org/licenses/by/4.0/).[113] Copyright 2018, The Authors, published by Springer Nature; ITE: 
adapted with permission.[112] Copyright 2009, National Academy of Sciences.

Used in plasmonics Size [nm] Cost Throughput Alignment Ref.

TEM ✓ <1–20 High Low High [95–98]

FIB/HIM ✓ 4–200 High High High [68,74,91,99,102,104,105]

RIE X >16 Medium High Low [101]

CBD ✓ <1–50 Low Medium Medium [73,77,92–94,107,110]

LASER X <1–5 Low Medium Medium [113]

ITE X 1–100 High High Low [112]

http://creativecommons.org/licenses/by/4.0/
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plasmonics, it would be challenging to optimize the nanopore 
size and align various device layers with nanoscale resolution.

3. Label-Free Optical Sensing

Plasmon resonance in metal nanostructures depends strongly 
on the interaction with analytes in the sensing volume.[3,50] 
While the locally enhanced electric field in plasmonic hotspots 
may be used to drive the excitation of fluorescent labels, direct 
sensing of unlabeled analytes is also possible via changes in the 
resonance frequency of plasmonic hotspots.

3.1. Plasmonic-Nanopore-Enhanced Resonance Shift Assay

Near-field optical effects around sub-wavelength apertures  
in tapered optical fibers have been used to probe single 

molecules on surfaces in near-field scanning optical 
microscopy.[114] This concept has been extended to aper-
tures in thin metal films, forming ZMWs in which analytes 
are excited within zeptoliter observation volumes.[115] Shi et 
al. used a ZMW to measure changes in refractive index due 
to analytes entering the ZMW directly above a nanopore.[99] 
An analyte entering the sensing volume causes the apparent 
refractive index of the aperture to increase with respect to its 
empty configuration. This change in refractive index affects 
the resonance that excites the gap, leading to an increased 
transmission of scattered light through the nanopore 
(Figure  6). In addition to improving scattering, the 100  nm 
thick gold film suppressed the optical background signal 
by blocking incident light in a dark-field configuration. The 
large diameter (150–200 nm) of the nanopores fabricated in 
these devices enabled detection of 70  nm polystyrene beads 
with an increase in scattering intensity of 20–50%. However, 
achieving the same level of sensitivity for molecular analytes 
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Figure 6.  Single-molecule nanopore sensing based on refractive index changes. a) Illustration of the sensing principle. The presence of an analyte 
increases the refractive index of the sensing volume, leading to a redshifted resonance peak of the plasmonic structure. This can be measured as 
a decrease in the intensity of backscattered light through a nanopore between a gold nanodisc antenna. Adapted with permission.[116] Copyright 
2018, American Chemical Society. b) Typical TEM image of the plasmonic nanopore device from (a). Adapted with permission.[116] Copyright 2018, 
American Chemical Society. c) The ionic current through the nanopore and the light transmitted through an inverted bowtie nanoantenna show a 
strong correlation upon translocation of DNA. Adapted with permission.[79] Copyright 2018, American Chemical Society. d–f) Comparison of the signal-
to-background ratio (SBR) for optical and ionic current measurements of the device in (c) under various experimental conditions. In contrast to the 
ionic SBR, the optical SBR is independent of operating voltage and ionic strength, and it enables a higher measurement bandwidth. d–f) Adapted with 
permission.[79] Copyright 2018, American Chemical Society.
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remains challenging due to the much smaller expected index 
change.

Verschueren et al. applied the concept of resonance sensing 
to a plasmonic inverted bowtie nanoantenna.[79] The change of 
intensity of the transmitted light was attributed to a redshifted 
resonance of the nanoantenna in the presence of analytes 
(Figure  6b). This hypothesis was confirmed by independent 
measurements[116] that showed a decrease or increase of the 
backscattered signal when the excitation wavelength was 
respectively lower or higher than the resonant wavelength of the 
nanoantenna. The use of an inverted bowtie antenna enabled 
detection of folded dsDNA, but the SBR was insufficient for 
regular detection of linear dsDNA.[79] These results highlighted 
a strong dependence of the gap resonance on the polarization 
of the incident light, and excitation was only achieved when the 
polarization was parallel to the nanogap. A detailed quantifica-
tion also demonstrated key advantages of optical sensing over 
ionic sensing (Figure  6c). First, the magnitude of the optical 
signal is independent of the driving voltage and buffer compo-
sition. Second, the optical noise spectrum is constant at high 
frequencies, enabling measurements at higher bandwidth and 
a slower deterioration of SBR than for ionic sensing. Neverthe-
less, achieving high SBR still appears to be a bottleneck for 
single-molecule plasmonic resonance shift sensing.

3.2. Plasmonic-Nanopore-Enhanced SERS Assay

Although changes in the refractive index within a plasmonic 
sensor’s hotspot offer a simple means to detect analytes 
without the need for labeling, single-wavelength measurements 
provide limited information about the analyte, as different 
molecules may yield similar signals. Limited specificity com-
plicates detection in complex samples containing diverse ana-
lytes. Surface-enhanced Raman spectroscopy (SERS) overcomes 
this challenge by using plasmonic hotspots to excite chemical 
bonds at their resonant wavelengths, thereby providing rich 
structural information characteristic to each analyte; however, 
SERS is limited by the brief residence time of molecules within 
the hotspot (typically ≈1 µs for free diffusion) in acquiring spec-
tral information (several ms to tens of ms). Moreover, it is chal-
lenging to resolve single molecules, as multiple hotspots may 
be occupied by different analytes at a given time.

Combining nanopores with SERS provides a way to extend 
the observation time, by sequentially threading molecules 
through the hotspot. However, typical sub-millisecond trans-
location times are still too short to acquire the full spectrum 
multiple times during translocation (a requirement to reliably 
measure the spectrum of a single translocating molecule). The 
Van Dorpe group extended the interaction time of analytes with 
the hotspot by using nanoslit devices to optically trap particles 
in the plasmonic hotspot (Figure  7a).[117,118] Although they 
demonstrated detection of DNA oligonucleotides[119] and dielec-
tric nanoparticles,[120] the nanoslit devices could not be used to 
collect ionic signatures of translocating molecules due to the 
large cross-sectional area of the slit and the metal sidewall of the 
nanoslit. As such, nanoslit devices were only suitable for fluidic 
nanoslit SERS, and no transmembrane voltage was applied. 
A notable exception is the work of Chen et al. in which a 

transmembrane voltage was used to drive adsorption and trans-
location of analytes.[121] Electrophoretic translocation through 
a nanopore is particularly useful for large polymer molecules, 
as it untangles and sequentially exposes different parts of the 
molecule to the hotspot. However, the high ionic background 
signal and photoinduced electrical noise[122] in metallic nano-
pores remains a challenge, and resistive pulse sensing has not 
yet been shown in nanoslit devices.

Belkin et al. proposed and simulated controlled ratcheting of 
DNA through a nanopore, by using optical trapping and release 
of DNA by exciting a bowtie nanoantenna with microsecond 
pulses (Figure 7b).[123] Simulations showed that combining this 
process with SERS would enable accurate piecewise sequencing 
of DNA. However, to resolve the sequence, the tail of incoming 
DNA must be untangled to prevent accumulation and coiling 
near the hotspot, and it is not clear how this can be practically 
implemented.

Experimental demonstrations of SERS with nanopores based 
on dielectric membranes showed that fluorescently labeled 
metallic nanoparticles could be detected during transloca-
tion.[124] By using a fast acquisition system (less than 1 ms for 
the measured spectrum) and fluorescently labeled nanoparticles 
with long translocation times (>50  ms), the Raman spectrum 
could be measured several times during a single translocation 
(Figure  7c). The use of nonresonant SERS for unlabeled ana-
lytes may suffer from lower SNR and will likely not be possible 
for molecular analytes with sub-millisecond translocation 
times, until acquisition times can be further reduced.

Nanopipettes can be used to probe localized targets such as 
cells, which cannot easily be delivered to conventional nano-
pores. Plasmonic effects in the vicinity of metal-coated tips 
have been leveraged in tip-enhanced Raman spectroscopy 
(TERS),[125] and several examples exist of TERS and SERS 
sensing using nanopipettes. For instance, Freedman et al. 
showed label-free sensing using plasmonic nanopipettes, by 
using a dielectrophoretic assembly of gold colloids to form a 
rough gold sphere at the tip of a nanopipette.[126] This created 
multiple plasmonic hotspots, which acted as an SERS substrate 
at the tip of the nanopipette that could also be used for TERS. 
Passive self-assembly of gold nanospheres to create SERS tips 
has also been shown by Liu et al.[127] However, the use of nano-
pipette-based plasmonic nanopores for SERS faces several chal-
lenges. First, the pore size commonly achieved with laser-based 
pipette pullers (≈50 nm) is too large to identify most molecular 
analytes. More importantly, the random formation of multiple 
hotspots complicates the discrimination of single-molecule 
translocation events and limits repeatability.

The two dominant approaches to label-free sensing using 
plasmonic nanopores (resonance shift and SERS) are both suit-
able for single-analyte fingerprinting but differ in the depth 
of information they provide about an analyte. Although reso-
nance shift sensing is relatively straightforward to implement, 
it does not provide spectral information and requires a priori 
knowledge of the sample, as different analytes may yield similar 
signatures. On the other hand, SERS sensing using nanopores 
provides very rich information, but long acquisition times 
limit the use of this technique to large analytes with a lower 
translocation velocity. Nevertheless, it is easy to imagine that a 
combination of controlled translocations, enabled by nanopore 
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Figure 7.  Single-molecule nanopore sensing based on SERS. a) Schematic of SERS detection of dielectric nanoparticles using a gold-coated nanoslit 
geometry. A nanoparticle is trapped by optical forces in the nanoslit at the bottom of the cavity, enabling long acquisition times. Adapted with permis-
sion.[120] Copyright 2015, Royal Society of Chemistry. b) Schematic of DNA threading through a nanopore with a bowtie antenna. The measured spec-
trum is the superposition of the Raman spectrum of individual nucleobases. Adapted with permission.[123] Copyright 2015, American Chemical Society. 
c) Sub-millisecond acquisition time for the full Raman spectrum enables multiple acquisitions during a single translocation of a gold nanoparticle. 
Adapted with permission.[124] Copyright 2013, American Chemical Society.
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threading, and fast spectrometers can make this approach rel-
evant to fingerprinting of molecular analytes, and possibly even 
of long polymers.

4. Plasmonic-Nanopore-Enhanced Fluorescence 
Sensing

Among all single-molecule sensing methods, fluorescence pro-
vides one of the highest signal-to-background time-resolved 
signals.[128] A bright fluorophore typically has a large absorp-
tion cross-section (≈105 mol−1 cm−1) and can emit thousands of  
photons in a millisecond, enabling time-resolved single-molecule 
sensing with low background. Additionally, labeling of nucleic 
acids and proteins is an established area, and stable fluoro-
phores are widely available, covering wavelengths from the near 
UV to the near IR. Consequently, single-molecule fluorescence 

sensing involving spectral multiplexing has become feasible, 
supporting biomedical applications such as DNA sequencing.

One of the challenges of coupling nanopores with single-
molecule fluorescence is related to the fast translocation of 
molecules through the nanopore, which practically limits the 
observation time of each fluorophore. Incorporating a plas-
monic hotspot in the vicinity of the nanopore may alleviate this 
challenge. Plasmon-enhanced fluorescence detection has been 
demonstrated for analytes passing through a hotspot integrated 
with “nano-holes” on the order of 100 nm wide.[87,129–131] Nano-
holes are commonly used due to the challenge of fabricating 
small nanopores (<10  nm) within multilayer, multimaterial 
devices. However, they are unsuitable for resistive pulse sensing 
and translocation of one molecule at a time, as their diameter 
is much larger than most biological analytes. Recently, Assad et 
al. reported a device, with a nanopore positioned within a plas-
monic nanowell (Figure 8a). A 4 nm diameter pore was formed 
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Figure 8.  Simultaneous electrical and optical recording of DNA translocations through solid-state nanopores. a) A simplified illustration of the electro-
optical nanopore setup. A collimated laser beam is focused at the nanopore region through the microscope objective lens, forming a tight focus spot for 
confocal illumination. The emitted photons are directed to an avalanche photodiode. Inset: a schematic cross-section of the PNW–NP device containing 
a nanowell fabricated in a gold film (orange) with a nanopore drilled in the freestanding SiNx membrane (light green). b) FDTD simulation 2D heat 
map of the excitation intensity at 680 nm, calculated for a 120 nm PNW–NP device. Scale is relative to the STD device. c,d) Representative electro-
optical traces of DNA translocation events recorded using two device configurations: “STD” and “PNW–NP.” Each panel presents typical concatenated 
traces of 5 kbp DNA covalently labeled with seven CF640R dyes. Electrical ion current shown in blue and optical signals in red. Asterisks correspond to 
photon spikes that are not associated with DNA translocations, observed only in the STD device. The optical translocation signal recorded using the 
plasmonic nanowell–nanopore configuration is enhanced by a factor of 10 as compared to the standard nanochip device configuration. a–d) Adapted 
with permission.[76] Copyright 2017, Wiley-VCH.
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at the bottom of a 120 nm wide, 130 nm deep gold nanowell, 
as described in Section 2.1. The dimensions of the plasmonic 
nanowell were chosen based on numerical simulation, to pro-
vide peak plasmon-induced fluorescence enhancement at the 
epi-illuminated aperture, and to reduce excitation along the 
optical axis in order to suppress background from analytes in 
the cis reservoir (Figure 8a). An intensity heatmap of the plas-
monic nanowell–nanopore (PNW–NP) cross-section is shown 
in Figure 8b.

In addition to its geometry, the orientation of the device 
with respect to incoming light had an important impact 
on sensor performance. The device was examined in two 
orientations: a ZMW configuration, in which the laser excita-
tion was introduced from the SiNx membrane side, and a PNW 
configuration, in which the laser excitation was introduced 
from the plasmonic (nanowell) side. In both cases, the emis-
sion light was collected in epi-fluorescence mode. Fluorophore 
solutions of various concentrations were introduced at the side 
opposite of the excitation, and the background fluorescence was 
measured. The background threshold for Cy5 dyes introduced 
at the nanowell side was 0.1 × 10−9 m, whereas the background 
was essentially negligible up to 1  × 10−3  m in the PNW con-
figuration. The difference in the background levels was due to 
the fact that the SiNx membrane blocks free molecules from 
entering the PNW. Only a single molecule can enter the nano-
pore at a time, thus reducing the apparent background level.

To characterize the properties of PNW–NP, 5  kbp dsDNA 
was covalently labeled with the fluorophore CF640R. Each DNA 
molecule harbored 7 fluorophores and was introduced to the cis 
chamber at relatively low concentrations of 0.1 × 10−9 m or less 
(Figure 8a). Relative to a nonplasmonic device, the PNW exhib-
ited more than  tenfold increase in peak fluorescence intensity 
during the passage of the DNA molecules (Figure 8c,d). Addi-
tionally, the inclusion of the PNW–NP completely suppressed 
spurious photon spikes from collisional events and allowed 
sub-millisecond synchronization between the electrical and 
optical signals. These results demonstrate both fluorescence 
enhancement from the plasmonic layer, as well as the use of 
resistive pulse sensing as a “gating” signal. A detailed analysis 
of the translocation results yielded a per-fluorophore SBR of 
33 in the PNW configuration, versus less than 3 for a standard 
(STD) SiN membrane containing a nanopore, which was con-
sistent for both low and high excitation powers (9 and 90 µW).

The PNW–NP example shows that the combination of plas-
monics and nanopores is very powerful, providing i) serial, 
linearized interrogation, particularly for enhanced specificity 
via optically barcoded analytes; ii) fluorescent signal enhance-
ment from the plasmonic layer; and iii) a superior capture rate 
relative to typical ZMWs lacking active focusing, made possible 
by the nanopore. Notably, a ZMW used in conjunction with a 
nanopore may offer enhanced detection rates under an applied 
nanopore bias, independently of plasmon resonance.[132]

5. Additional Plasmon-Induced Effects  
in Nanopores

The temperature of the solution in the vicinity of a nanopore 
directly and indirectly affects its performances. The mobility of 

ions and the interactions of analytes with the pore are strongly 
temperature-dependent.[60,63] Changes to the temperature will 
impact the nanopore conductance (G), blockage amplitude 
(∆G), translocation dwell time (τ), and capture rate.[133,134] 
Around room temperature the pore conductance increases 
roughly linearly with temperature (dG/dT = 0.21 nS K−1), and 
a change of 35 °K results in a doubling of the pore conduct-
ance and blockage amplitude. While the latter is desirable for 
improved signal-to-noise, a raised temperature also speeds 
up translocation, thereby lower the sensing resolution. In 
an experiment with ≈50  kbp long lambda phage DNA, the 
translocation dwell time across an 8.1 nm pore decreased from 
≈2.1 ms at 285 °K to ≈0.9 ms at 318 °K after heating the whole 
flow cell with a Peltier element.[134] For the same experimental 
conditions, the capture rate was observed to approximately 
double over the same temperature range. This was due to an 
increase in the electrophoretic mobility of the biomolecule, 
which varies according to the balance between electric pull and 
viscous drag, which at high concentrations can be expressed as 
µ ∝ rD/η, where rD is the Debye screening length and η is the 
viscosity.[135]

In the first application of a nanopore as a temperature probe, 
it was found that a strong infrared laser (1064  nm, 960  mW) 
focused directly on a nanopore could raise the local temperature 
by up to 20 °C, as determined from the change in open pore con-
ductance.[136] Since then, researchers have attempted to exploit 
the light-concentrating properties of plasmonic nanostructures 
to increase the heat generation efficiency and localization in 
nanopore devices.[137] To map optical intensity landscapes of 
low intensity lasers, Jonsson et al. constructed a gold plasmonic 
bowtie structure with a nanopore at its center, and as a proof 
of concept, illuminated it with a near-IR 785 nm 10 mW laser 
while measuring the ionic conductance. Due to the very strong 
light absorption of the plasmonic nanoantenna, reflected as a 
local temperature increase of 55 °C, the signals were almost two 
orders of magnitude higher compared to a nanopore without 
a plasmonic nanoantenna. A similar enhancement was made 
possible with an optimized gold bullseye structure irradiated at 
wavelengths in the 500–700 nm range.[89]

While plasmonic nanopores have been successfully applied 
to tomography and temperature control, with other potential 
applications such as improving solubility and probing con-
formational stability,[138] there may be some unwanted side 
effects of nanopore heating for translocation experiments. 
For example, irradiation of a plasmonic bowtie with a 532 nm 
5  mW laser caused the immediate onset of periodic noise, 
raising the nanopore noise from ≈25 to ≈160 pA (at 300 mV). 
At a similar power and higher wavelengths (632, 685 nm), there 
was no significant change in noise levels.[89] Given that for sim-
ilar temperature increases (attained at different laser powers), 
the noise levels were completely different, plasmonic-induced 
heating should not be considered the origin of the noise; rather 
the noise is due to the interaction of light with a particular 
structure. This conclusion was also reached for a gold-coated 
silicon nanopore, illuminated at 633 and 785 nm, for which the 
source of the noise was suspected to be plasmon induced elec-
trochemical catalysis.[139]

Concerning the translocation kinetics, Nicoli et al. dem-
onstrated the unintuitive result that while plasmonic heating 
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increases the capture rate, it comes at no expense to the trans-
location dwell time.[134,140] This in accordance with a study by 
Di Fiori et al., which showed that low-intensity green laser light 
focused on a SiNx nanopore induces a negative surface charge 
density, thereby creating an electroosmotic flow in the opposite 
direction of analytes translocation and leading to the desirable 
result of slower speeds.[141] The capture rate enhancement was 
described as a thermophoresis effect, whereby molecules move 
along thermal gradients,[142] as it was stronger than expected 
for uniform heating in LiCl. In particular, local heating com-
bined with a negative Soret coefficient (defined as the ratio 
of the thermal and normal diffusion coefficients), results in a 
longer capture distance than electrophoresis alone. Thermopho-
resis depends not only on temperature but also on the size and 
charge of the molecule, type of salt, and ionic strength, therefore 
plasmonic nanopore systems need to consider both the analyte 
and buffer properties in order to maximize the capture rate. The 
approximately tenfold enhancement achieved here using just a 
few milliwatts of laser power is a testament to how plasmonics 
can serve to overcome some of the major bottlenecks of nano-
pore sensing. It is important to keep in mind that high tempera-
tures (e.g., 50°C) are sufficient to facilitate nucleation of surface 
bubbles,[143] which for particular geometries can get lodged at 
the nanopore entrance. These bubbles can disrupt translocation 
or can be exploited for the purpose of a nanopore switch.[144]

6. Outlook and Summary

The plasmonic-nanopore devices described here combine the 
exceptional field localization and enhancement of surface plas-
monics with the active funneling, location-specific threading, 
and serial processivity of molecular-scale nanopores for supe-
rior single-molecule sensing. The hybridization of plasmonic 
and nanopore device “layers” improves the dwell time by con-
stricting analytes, and improves the detection rate by enhancing 
the analyte capture rate through a combination of thermo- and 
electrophoresis. Initial implementations of this concept that 
used a simple nanowell–nanopore structure already yielded an 
order of magnitude fluorescence enhancement in true single 
molecule sensing.[76] Clearly, however, greater enhancement 
factors are possible, as well as multiplexed and multimodal 
analyses with higher spatiotemporal and spectral resolution.

It has already been shown that leveraging the breadth 
of solid-state fabrication methods enables a variety of PNP 
implementations. Advances in fabrication will enable novel 
approaches for designing, applying, and scaling PNP sensors. 
For example, it is well established that lattices of nanostruc-
tures, such as “well”-like apertures, generate significant intra-
well resonances that can further enhance inter-well plasmon 
intensity.[37] Although PNW–NPs have thus far been imple-
mented as stand-alone devices, robust fabrication of arrays 
would potentially lead to significant gains in SBR, sample 
volume processivity and detection rate.

Nanopore-assisted threading through a plasmonic hotspot 
offers an interesting route toward a range of fingerprinting 
and sequencing applications, particularly for SERS, whose 
label-free detection bypasses challenges with multiplexing that 
other optical methods may face. Some applications include 

high-sensitivity genotyping based on extremely small DNA 
copy numbers, DNA sequencing, and quantification of epige-
netic markers. Finally, although this progress report focused 
on the development of solid-state plasmonic nanopores, trans-
posing these principles to the expanding field of self-assembled 
DNA origami structures is only a matter of time, as plasmonic 
resonators[145] and nanometric apertures[146] have already been 
demonstrated in this context.
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