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Abstract. Single-molecule detection has become a unique and indispensable tool for the study
of molecular motions and interactions at the single-molecule level. Unlike ensemble measure-
ment where the information is averaged, single-molecule analysis yields invaluable information
on both the individual molecular properties and their microenvironment. Among the various
technologies for the detection of single molecules, the detection with optical methods has
many advantages in terms of its high sensitivity, electrical passiveness, and robustness. The
recent advances in the engineering of either the excitation light or the solution of the molecules
have paved the way for enhanced single-molecule detection. We present recent developments
and future perspectives for single-molecule detection in the following three regimes: on a dry
surface, in solutions at ultralow concentrations, and in solutions at native physiological concen-
trations. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License.
Distribution or reproduction of this work in whole or in part requires full attribution of the original pub-
lication, including its DOI. [DOI: 10.1117/1.JNP.12.012504]
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1 Introduction

The goal of sensing in biology is to have the capability to study a wide variety of single-molecule
behaviors. Optical single-molecule detection is one such technology that enables the study of
molecular motion and interaction at the single-molecule level, and it has become an indispen-
sable tool in many applications, such as diagnostics,’ DNA sequencing,>’ and molecular
biology.* Single-molecule analysis yields invaluable information on both the individual molecu-
lar properties and their microenvironment, unlike the information that is normally disguised in
ensemble measurements.

Among the various single-molecule technologies, the detection with optical methods stands
out because of its advantages, such as greater sensitivity, electrical passiveness, and robustness.
Optical detection of single molecules can also be used over a wide range of concentrations. For
simplicity, this review mainly focuses on the single-molecule detection in the following three
regimes: (1) on a dry surface, (2) in solutions at ultralow concentrations, and (3) in solutions
at native physiological concentrations. Optical detection of single molecules on a dry surface
can be enhanced using nanostructures that enhance the fluorescence and modify the radiation
direction. The detection in solutions at ultralow concentrations requires the development of
ultrasensitive technology to distinguish the few molecules in the solution. A sample solution is
at an ultralow concentration typically because either the sample itself is rare and hard to prepare
in high concentrations or it is purposely diluted to facilitate single-molecule detection. The
optical detection of single molecules in solutions at native physiological concentrations is very
challenging but highly desired because meaningful information for many biologically relevant
processes can be obtained only under native physiological conditions.>®
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With the rapid development of nanotechnology, both the excitation light and the solution of
the molecules can be properly engineered to enhance single-molecule detection in all three
regimes. For example, plasmonic nanostructures, which consist of carefully designed metallic
nanostructures, have been used to enhance the single-molecule detection at both ultralow and
high concentrations.””'> Another easy-to-ignore but critically important factor for single-
molecule detection is the time required for a successful detection. Due to the small size of the
active detection area, it can take an impractically long time for the molecules to diffuse into the
detection area, especially at ultralow concentrations. Fortunately, several methods have been
proposed to solve this problem as will be discussed in this article.

The remainder of this review article is outlined as follows: Sec. 2 will describe the techniques
for the advanced detection of single molecules on a surface and at low concentrations; Sec. 3 will
introduce methods that have been applied to overcome the diffusion limit or the detection-time
issue; Sec. 4 will review the recent developments for the optical detection of single molecules
at native physiological concentrations; and finally, Sec. 5 will conclude with a discussion of
the perspectives for future developments in this promising field.

2 Enhanced Single-Molecule Detection on a Surface and
at Low Concentrations

In the past few decades, engineering of near-field radiation with plasmonic nanostructures has
proven to be a promising pathway for enhancing the weak signals from molecules with low
quantum yields. Plasmonics is a research field that investigates the interaction of electromagnetic
waves with metallic nanostructures.'>'* In recent years, the study of plasmonics has been
extended to many nonmetallic materials, such as doped semiconductor nanoparticles'>'® and
graphene.'”!® The surface plasmon resonance (SPR) on these nanostructures, which is a con-
dition in which the electromagnetic wave resonantly couples with the free-electron motion of
the nanostructures, can focus light far beyond the diffraction limit.'*~>! Hundreds of such nano-
structures can be fabricated on a substrate with each nanostructure serving as an independent
nanodetector for the enhanced single-molecule detection. Therefore, it enables label-free and
parallel detection of single molecules with significantly improved throughput. It also allows
the enhancement of the fluorescence of molecules near these plasmonic nanostructures. The
fluorescence enhancement (FE) factor is defined as?>?*
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where ey /7% gives the enhancement of the excitation rate that is directly related to the field
enhancement of the plasmonic nanostructures, ¢/¢° indicates the enhancement of the quantum
yield of the molecules due to the presence of the plasmonic nanostructures, and 7. /72 represents
the enhancement of the collection efficiency in the presence of the plasmonic nanostructures.
The superscript o indicates the corresponding quantities in free space.

A wide variety of plasmonic nanostructures, also called optical nanoantennas because of their
similarity to conventional radio frequency (RF) antennas, have been developed for single-
molecule detection.”*?° The most simple and easy-to-realize optical nanoantenna is a spherical
nanoparticle, which has been used to reduce the observation volume by four orders of magnitude
beyond the diffraction limit.”” Similar to an RF dipole antenna, an optical dipole nanoantenna
(ODN), which consists of a metallic nanorod (NR), has a response to the excitation light that
strongly depends on its aspect ratio and can be carefully designed to optimize the excitation and
emission rate for single-molecule detection. Figure 1(a) shows such an ODN for the detection of
light-harvesting complex 2 (LH2). The ODN consists of a gold nanorod (AuNR) on a glass
coverslip and can be prepared in arrays for parallel detection as shown in the inset of Fig. 1(a).
The study of individual LH2 at ambient conditions without the help of optical nanoantennas
is limited by the low fluorescence efficiency and its limited photostability. With the help of
the ODN, an FE of light from the LH2 with more than a 500-fold enhancement has been
demonstrated at the single-molecule level.”* Figure 1(b) shows the fluorescence image of the
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Fig. 1 (a) Schematic representation of an AuNR surrounded with LH2 complex. Inset: schematic
of NRs with increasing length. (b) Fluorescence images of LH2 coated over an array of 160 nm
AuNRs. Reproduced with permission from Ref. 24. (c) Schematic of bowtie nanoantenna (gold)
coated with N,N’-bis (2,6-diisopropylphenyl)-1,6,11,16-tetra-[4-(1,1,3,3-tetramethylbutyl) phe-
noxy] quaterrylene-3,4:13,14-bis (dicarboximide) (TPQDI) molecules (black arrows) in Poly
(methyl methacrylate) (PMMA) (light blue) on a transparent substrate. (d) Finite-difference
time-domain calculation of local intensity enhancement. Scale bar, 100 nm. (e) Confocal scan
of 16-bowtie nanoantennas coated with TPQDI molecules at high concentrations. Scale bar,
4 ym. (f) Fluorescence time trace of a single TPQDI/PMMA-coated bowtie nanoantenna.
Reproduced with permission from Ref. 25.

LH2 on an ODN array. Interestingly, the authors have claimed the first demonstration of photon
antibunching from a single LH complex under ambient conditions, which shows its potential
application as a quantum emitter. The field enhancement, which is defined as the ratio between
the magnitudes of the electric field near the optical nanoantenna to that of the incident light, is
limited for a single ODN.

To increase the field enhancement, a similar optical nanoantenna can be put together to form
a small gap. The near-field light coupling between the adjacent nanoantennas can give rise to
a large field enhancement in the gap. Figure 1(c) shows such a coupled optical nanoantenna in
a bowtie shape, a so-called bowtie nanoantenna. In addition to the huge field enhancement in the
gap of the bowtie nanoantenna as shown in the simulation in Fig. 1(d), another advantage lies
in its broadband response. Kinkhabwala et al.>> demonstrated large single-molecule FE by the
bowtie nanoantenna. The bowtie nanoantennas are fabricated on a quartz coverslip with electron-
beam lithography, and the low-quantum-efficiency fluorescent dye TPQDI is doped in PMMA
and spin coated on the bowtie nanoantennas as shown in Fig. 1(c). The fluorescence of low-
quantum-efficiency emitters has been shown to have a much higher potential to be enhanced in
the presence of the optical nanoantennas than high-quantum-efficiency emitters.”®*° Figure 1(e)
shows the experimental measurement of the FE of single molecules on 16 bowtie nanoantennas.
Figure 1(f) shows the fluorescence time trace of a single molecule at one bowtie nanoantenna.
A FE factor as high as 1340 has been reported for these nanoantennas.

The FE of a molecule in the gap of an optical nanoantenna strongly depends on the gap
size of the optical nanoantenna. To further enhance the single-molecule detection, optical
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nanoantennas with gap sizes in the sub-10 nm range are desired. However, it is not an easy task
to fabricate such small gap sizes with top-down nanofabrication methods, such as electron-beam
lithography or focused ion-beam milling. To solve this problem, a simple yet clever design is
proposed as shown in Fig. 2(a). In this system, a silver nanocube sits on top of a dielectric layer
that is sandwiched between the nanocube and a gold film, which is a so-called nanoscale patch
antenna (NPA).**33-3¢ The gap of this NPA can be precisely controlled in the range of 5 to 15 nm
during the spin-coating process used to fabricate the dielectric layer.** Single fluorescent emitters
are embedded in the dielectric layer. Figure 2(b) shows the fundamental plasmonic mode of
NPA together with the large field enhancement in the gap. An enhanced spontaneous emission
rate that exceeds 1000 has been obtained in the measurements of fluorescence lifetimes of
different ensembles of emitters. The NPA also facilitates directional emission of the single
molecules and therefore improves the collection efficiency of the system.*

In addition to top-down nanofabrication methods that are commonly used to fabricate optical
nanoantennas for enhanced single-molecule detection, metallic nanoparticles, such as gold
and silver nanoparticles, can be synthesized with bottom-up methods and assembled into
well-organized nanostructures with extremely small gaps for enhanced single-molecule detec-
tion. For example, the self-assembly of metallic nanoparticles using the DNA origami technique
has been extensively used to build plasmonic nanostructures for the detection of single
molecules.”’*! The nanogaps in these nanostructures also allow for surface-enhanced Raman
scattering (SERS) detection with single-molecule sensitivity.*> Enhancement factors in the
range from 2.8 X 10* to >1 x 10'° have been reported in the literature.*”*® However, the
reproducibility of the SERS sites is still poor, which results in unquantifiable SERS signals.
To overcome these limitations, Lim et al.’' demonstrated a new form of nanostructure that
is built with DNA-modified gold nanoparticles known as gold nanobridged nanogap particles
(Au-NNPs) as shown in Fig. 2(e). Uniform 1 nm gaps can be formed between the gold core and
the gold shell, and Raman dyes can be precisely loaded into the gap. Therefore, highly stable
and quantitative SERS signals can be generated and amplified by roughly two orders of
magnitude on this Au-NNP. Figures 2(f) and 2(g) show the distribution of the SERS enhance-
ment factor of the Raman spectrum of Au-NNPs at 1190 and 1580 cm™!, respectively.

The aforementioned methods can generate significantly enhanced Raman signals for single-
molecule detection; however, the SERS site is typically fixed on the substrate making it hard to
create an SERS map, which contains valuable positional information. Tip-enhanced Raman scat-
tering (TERS) has been developed not only for detection but also for chemical recognition of
individual molecules at any desired location on a surface.’**® Figure 2(h) schematically shows
a typical TERS configuration, which consists of a gap formed between a scanning tip and
a metallic surface. A submonolayer of molecules is immobilized on the metallic surface, and
the scanning tip can freely move over the surface to create an SERS map of the immobilized
molecules. This special configuration offers stable control of the gaps at incredibly small tip—
sample distances. It also provides in sifu tuning of the plasmon resonance of the nanocavity,
which is defined by the tip and substrate.*” Recently, Jiang et al.*> have shown the ability to
distinguish adjacent molecules (H,TBPP and ZnTPP) in real space that are within the van der
Waals contact distance by using this method. Figure 2(i) shows that both ZnTPP and H,TBPP
molecules are coadsorbed at the step edge with a total of six molecules arranged alternately
due to the van der Waals interactions.

In addition to the aforementioned techniques, Forster resonance energy transfer (FRET) is
another important method for single-molecule measurement. FRET depends on the nonradiative
energy transfer from a donor fluorophore to an acceptor fluorophore, which is distance
dependent. Therefore, it allows for the measurement of molecular distances at nanometer scales.
FRET can also be enhanced using plasmonic nanostructures. For example, Zhang et al.>® have
investigated the effect of a metallic silver nanoparticle on FRET between a nearby donor—
acceptor pair and showed enhanced FRET efficiency due to the metal nanoparticles.
Moreover, the resonance energy transfer can directly occur between plasmonic nanostructures
and dye molecules.’’ For example, Zheng’s group has reported plasmon-induced resonance
energy transfer from single AuNRs to merocyanine dye molecules.’ This shows that AuNRs
can function as donors that have a larger absorption cross section than the dye molecules, which
leads to an enhanced acceptor excitation.
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Fig. 2 (a) Schematic of a silver nanocube on a gold film separated by a layer of fluorescent
material. The red cone indicates the enhanced emission from the system. (b) Transmission elec-
tron microscopy image of a single silver nanocube. Scale bar, 50 nm. (c) Schematic cross section
of the system with maximum field enhancement of ~100 in the gap. (d) Map of the enhanced
quantum efficiency of the dipoles as a function of position under the nanocube. Reproduced
with permission from Ref. 30. (e) Synthesis scheme for DNA-modified Au-NNPs. (f) and
(g) Distribution of measured electromagnetic enhancement factors at 1190 and 1580 cm™',
respectively. Reproduced with permission from Ref. 31. (h) Schematic of STM-controlled
TERS on Ag (111) with an Ag tip. (I) STM map of a mixed molecular chain self-assembled at
the step edge of Ag (111). Reproduced with permission from Ref. 32.
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3 Breaking the Diffusion Limit of Single Molecules by Increasing
the Molecular Concentration

Engineering of the near-field excitation light with plasmatic nanostructures allows for the control
of single-molecule emissions at the nanoscale. However, this will not guarantee the successful
detection of single molecules in practice, especially when the molecules are in a highly diluted
solution with concentrations in the femtomolar (10~'3) or attomolar (10~'3) range. This is mainly
because it takes an unrealistically long time for the molecules to diffuse to the small detection
area, or in other words, it is diffusion-limited.>>=” To break this diffusion limit, several methods
have been demonstrated that allow for the significant reduction of the single-molecule diffusion
time by increasing the concentration of the molecular solutions in the detection area.

De Angelis et al.’® have demonstrated that a few molecules can be localized and detected at
an attomolar concentration by combining superhydrophobic artificial surfaces and plasmonic
nanostructures. The basic idea is schematically shown in Fig. 3(a) as follows: (1) put a drop
of a solution that contains the molecules on a hydrophobic surface; (2) let the droplet evaporate
to increase the concentration of the molecules in the drop; (3) as the concentration increases,
the detection time decreases until the molecule eventually sticks on the detection surface; and
(4) the detection surface is constructed using SERS active structures so that the single molecule
can be detected with SERS. In this work, the hydrophobic surface is made of periodical silicon
micropillar arrays as shown in the SEM image of Fig. 3(b). The hydrophobic surface allows the
droplet to slide on the surface and, at the same time, avoids it being pinned at its initial contact
point.*°! Figure 3(c) shows the measurement of the contact angle of the droplet during the
evaporation at four different times, which is almost constant. The recognition and localization
of a single lambda DNA molecule has been successfully demonstrated using this system.
Recently, Wong’s group®® developed a slippery substrate that allows for the free movement
of the droplet on a substrate to achieve similar functions.

To break the diffusion limit, the solution can also be forced to flow through nanochannels to
increase the molecular concentration in the detection area.>%* Figure 4(a) schematically shows
the working mechanism of such a system.%> An array of nanoholes in a gold film is integrated
with a microfluidic system to serve as both a plasmonic sensor and flow-through nanochannels.
A voltage is applied across the solution to force the solution to flow through the nanochannels
and concentrate the analyte on the plasmonic sensor. Figure 4(b) shows the evolution of
the fluorescence signal collected from the nanoholes by using this method. The increase in
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Fig. 3 (a) Schematic of the working principle of the single-molecule detection beyond the diffusion
limit. (b) SEM images of the sample after the evaporation of the sample solution. (c) Contact angle
and droplet size changes during evaporation at four different times. Reproduced with permission
from Ref. 56.
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Fig. 4 (a) Mechanism of flow-through sensing through nanochannels. (b) Image sequence
showing the progress of fluorescein concentration at the nanochannels (top panel) and their
corresponding surface plots. Reproduced with permission from Ref. 63.

the concentration of the analytes on the sensor is clearly demonstrated. In addition to these
techniques, other methods have also been developed to increase the binding probability of
the analytes on the sensor and to increase the detection speed. For example, the surfaces of
plasmonic nanoparticles serving as sensors can be antibody modified to target the molecules,
which is another effective way to increase the binding rate and reduce the detection time.®>~"°

4 Enhanced Single-Molecule Detection at Physiological Concentrations
Using Optical Aperture Nanoantennas

Another detection that seems easy but is very challenging happens at native physiological con-
centrations. Many biologically relevant processes occur at high concentrations, for example,
micromolar (107%) concentrations. Therefore, single-molecule detection at these high concen-
trations is highly desired.>® A common sense is that the higher the concentration of the mol-
ecules, the higher the signal and the easier the detection. However, the problem is that it is
difficult to distinguish the signal from a single molecule at such high concentrations. The higher
the concentrations, the smaller the average distance between adjacent molecules. Therefore,
the distance between two molecules will be much smaller than the diffraction limit of light,
which means it is almost impossible to excite only one molecule at a time with diffraction-limited
light except that the molecule itself can be photo activatable and separated temporally like
the molecules used in super-resolution imaging.”"’?

The ODN introduced in Sec. 2 can be used to focus light at the nanoscale and excites
only one molecule at a time at a high concentration.’**73"* However, the ODNGs are typically
illuminated with diffraction-limited light; therefore, the molecules are not only excited by the
near-field light of the ODNs but also by the diffraction-limited light. The fluorescence signal
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from the molecules excited by the diffraction-limited light may contribute a background noise to
the detection. Optical aperture nanoantennas (OANs), which consist of nanoapertures formed on
a metallic film, have been developed to overcome this limitation.®*’>® The OANs can effec-
tively block the incident light and confine the excitation light in the nanoaperture. Therefore,
it can excite only one molecule at a time and gives near-zero background noise. The OANs with
these properties are ideal for single-molecule detection at high concentrations. Zhao’s group
has provided a review on this topic before, and we refer the reader to Ref. 8 for more details.
In this section, we provide a brief and updated overview on this topic.

A commonly used OAN is a circular nanohole that is formed in a metallic film such as a gold
film. Djaker et al.”” have investigated the SERS of 4-aminothiophenol (pMA) with such an OAN.
The pMA is self-assembled inside the OAN. An average SERS enhancement factor of 250 is
obtained when the aperture size is 100 nm because of the effects of SPR on the aperture. OANs
with other designs have been demonstrated such as the one shown in Fig. 5(a).”® The OAN consists
of two touching nanoholes to form a double-hole shaped OAN, which can give a large field enhance-
ment at the apex between the holes when the polarization of the exciting light is parallel to the apex
as shown in Figs. 5(b) and 5(c). Gordon’s group has systematically investigated the optical proper-
ties of this double-hole shaped OAN.3#? Figure 5(d) shows the fluorescence correlation spectros-
copy analysis and the corresponding temporal correlation of the intensity traces, which illustrates a
reduced number of molecules within the nanoscale detection volume when the excitation is set
parallel to the apex region. The confocal measurement for the reference solution demonstrates a
reasonably high average fluorescence intensity as shown by the green curve in Fig. 5(b).”® The
same group later showed that this double-hole shaped OAN can also be used for trapping and sens-
ing single proteins.” Figure 5(e) shows the real-time optical transmission signal from the OAN
when different agents are trapped and sensed by the OAN. The signal at steps (a), (b), and (c) in
Fig. 5(e) shows the optical signal without a trap, with a 20-nm biotin-coated polystyrene (PS) par-
ticle trapped, and binding of streptavidin with the trapped biotin-coated PS patrticle, respectively.

The OANSs formed on a gold film as shown in Fig. 5 can block the light outside the aperture;
however, some light can still reach the top surface due to plasmonic coupling through the
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Fig. 5 (a) Sketch of a double-hole shaped OAN to enhance single-molecule fluorescence.
(b, c) Intensity enhancement of the double-hole shaped OAN (25-nm gap and 190-nm diameter
excited at 633 nm) with a polarization perpendicular (b) and parallel (c) to the apex between
the holes. (d) Fluorescence time trace with excitation light parallel (red line) and perpendicular
(blue line) to the apex. The green line shows the time trace measured in the confocal case for
comparison. (e) Time trace of optical transmission signal from the double-hole shaped OAN
for trapping and sensing single proteins. Reproduced with permission from Refs. 78 and 79.
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aperture.®® The “leaked” light to the top surface will excite extra molecules that may contribute a
background noise to single-molecule detection at high concentrations. An ideal OAN for single-
molecule detection at high concentrations should focus the light only at the bottom of the aper-
ture with minimum light on the top surface. OANs that are formed on hybrid metallic film, such
as Al-Au®® and Cr-Au® films, have been used to achieve this goal. The top metallic film allows
for the quenching of the top field on the Au film, therefore confining the light more efficiently at
the bottom of the aperture.

Limited by the current nanofabrication technologies, the nanoaperture in an OAN is typically
larger than the nanogap in an ODN. Therefore, the ODN gives rise to a larger field enhancement
than the OAN. Wenger’s group has designed a so-called antenna-in-box,*¢ which is formed
by fabricating an ODN inside an OAN. This design combines the advantages of the OAN’s low
background noise with the ODN’s high field enhancement. The nanogap in the ODN in the
antenna-in-box can be fabricated with a much smaller size than the nanoaperture in an OAN.
Recently, Flauraud et al.*” have developed a nanofabrication technique that allows for the
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Fig. 6 (a) Schematic of an antenna-in-box array. (b) FE enhancement of crystal violet molecules
on antenna-in-boxes with different gap sizes. The left column is the fluorescence time traces. The
right column shows the corresponding photon count rate histograms. Reproduced with permission
from Ref. 87. (c) Schematic of an antenna-in-box for the enhancement of FRET efficiency. Inset
shows the scanning electron microscope image of an antenna-in-box that is fabricated in an
aluminum film. (d) Comparison of the FRET efficiency histograms for different configurations:
confocal (first row), 200-nm diameter aperture (second row), and antenna-in-box with 20-nm gap
(third row). 2, which is the orientation parameter, describes the relative orientation between the
donor and acceptor transition dipoles. Reproduced with permission from Ref. 88.
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fabrication of large flat arrays of such antenna-in-boxes featuring 10 nm gaps as schematically
shown in Fig. 6(a). Figure 6(b) shows the FE of crystal violet molecules from the nanoantenna
with different gaps. Such an antenna-in-box can be used to enhance single-molecule fluores-
cence by a factor of 10* to 10° and to reduce the detection volumes to 20 zeptoliter. The
antenna-in-box can also be used to enhance the FRET efficiency as schematically shown in
Fig. 6(c). Torres et al.®® have demonstrated that the strong inhomogeneous and localized electric
field in the antenna-in-box opens new energy transfer routes; therefore, it overcomes the lim-
itations from the mutual dipole orientation in conventional FRET and ultimately enhances the
FRET efficiency. It also enables the energy transfer between near-perpendicular orientations of
the donor and acceptor dipoles that would be otherwise forbidden in conventional FRET.
Figure 6(d) compares the FRET efficiency histograms for different nanostructures that are in
confocal setup, 200-nm diameter aperture, and antenna-in-box with 20-nm gap antenna. FRET
efficiency at different configurations of the donor and acceptor, which is defined by the
orientation parameter 2, is also investigated. x> has a maximum value of four when both dipoles
are aligned, whereas it is zero for dipoles in parallel planes with perpendicular orientation. The
FRET efficiency increased >50% for the antenna-in-box with the smallest orientation parameter
(x? = 0.06) for the Cy3-12-Cy5 sample.

5 Perspectives

We have witnessed the rapid development of this promising field in recent years. Engineering of
the excitation light and the solution of molecules allows for the enhancement of single-molecule
detection at both ultralow and physiological concentrations. In addition, the radiation of the mol-
ecules can be controlled by the plasmonic nanostructures. Based on these recent developments, we
provide insight into some new possibilities for future developments in this promising field.

5.1 Broadband and Near-Infrared Operation

Most plasmonic nanostructures are designed to have a narrow resonance spectrum such as at the
excitation or emission spectrum of a molecule, but not both. However, it is highly desired to
optimize the SPR of the optical nanoantennas so that it is optimized for both the excitation and
the emission spectrum of a molecule to achieve maximum enhancement of its fluorescence.
Recently, Liu and Lei* proposed a double-resonant AuNR that can be used to match both
the excitation and emission wavelengths of an emitter. In addition, optical detection of single
molecules in the near-infrared window would be beneficial for many bioapplications because of
the deep light penetration and reduced background absorption for this spectrum.”*"!

5.2 Multiplex Detection

There is increasing interest and demand in the simultaneous detection of multiple molecular targets
for many biomedical applications. Optical detection based on fluorescence and Raman signals can
both be used for this purpose. While the fluorescence method requires multiple labeling of the
target molecules for multiplex detection,”>*> Raman has its intrinsic advantages in terms of multi-
plicity and sensitivity. For example, multiplex detection of viral antigens,” bacterial meningitis,”
and cancer markers®® using SERS has been demonstrated. In addition, the combination of fluo-
rescence, Raman, and plasmonic nanostructures on the same platform will allow for multiple and
parallel detection of molecular targets as well as reduced detection times.””*

5.3 Miniaturization

The engineering of the optical field with far-field optics typically involves many bulk optical
elements, which occupy a large physical space. In contrast, the engineering of the near-field light
with plasmonic nanostructures can reduce the system size significantly and possibly integrate the
whole system on a single chip. However, bulk optics together with free-space lasers are still used
to illuminate the plasmonic nanostructures in most of the single-molecule detection systems,
which limits the further miniaturization of the system. Light sources with small form factors
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are desperately needed for these systems. Integrated silicon photonic devices with plasmonic
nanostructures are a possible way to overcome this limitation. Silicon photonic devices have
undergone a rapid development in recent years.”””'*? Their fabrication shares the commercially
complementary metal-oxide semiconductor chip fabrication facilities and, therefore, allows
for low-cost and massive production. In addition, sample solution handling with microfluidic
technology and imaging with smartphones'® will further facilitate the miniaturization systems
for single-molecule detection.

5.4 Heat Reduction

The plasmonic nanostructures for single-molecule detection are typically made of metallic mate-
rials. Upon light illumination, heat is generated around these nanostructures due to the intrinsic
ohmic loss in the materials. The heat generation disturbs the fluid flow in the system and
may cause unpredictable effects for the single-molecule detection, which itself is an interesting
topic to study. Therefore, the heat generation must be minimized in these systems. Caldarola
et al.'® have proposed to use a nonplasmonic platform based on dielectric nanostructures to
reduce the heat generation, which may be beneficial for new developments in this field.

5.5 Detection-Time Reduction

The natural evaporation of the sample solution has been applied to break the diffusion limit in
single-molecule detection.’®%> However, this process still takes several minutes. New technol-
ogies are required to further reduce the detection time. This might be achieved by either reducing
the droplet size with microfluidic devices or by speeding up the droplet evaporation process.
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