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Review. SERS and SEF with enhancement in nanogaps: from
fabrication to biosensing

Alisher Sultangaziyev?, Dinmukhamed Aliyev?, Ansar Seitkali?, and Rostislav Bukasov®*

This review surveys SERS and SEF spectroscopies, with a spotlight on the correlation between nanogap fabrication
techniques and subsequent applications of those nanogaps in biosensing. In the last several decades, the development of
new nanofabrication techniques and novel applications substantially increased the importance of these spectroscopic
techniques for biosensing. The cornerstone of this development is the application and control of nanogaps between
nanoparticles and nanostructures. Nanogaps are important since they may be responsible for the biggest portion of signal
enhancement in SERS and SEF. This review summarizes and provides insights into the theory behind nanogap enhancement,
nanogap fabrication, and its applications in direct and indirect biosensing. The theoretical part includes studies on the origin
of nanogap enhancement, its dependence on gap distance, and agglomeration. Next, the review presents and compares
structured and unstructured fabrication techniques with a few dozen examples tabulated with their figures of merit, like
enhancement factor (EF) and limit of detection (LOD). In total, 50 SERS-based and 26 SEF-based articles were tabulated;
whereas 38 papers were classified by the synthesis method, and based on the EF and median LOD values calculated for
Electron Beam Lithography (EBL) and Template—assisted (TA) prepared substrates were no more than one order of
magnitude better or about the same as those for other fabrication methods (median 1 x 101° and 8 x 10~ M for EBL and
TA, respectively, vs. median 4 x 1078 and 1 x 10° M for Nanosphere Lithography (NSL) and Self-Assembly (SA), respectively).
Median EF for substrates fabricated with EBL, NSL, and TA methods (4.6 x 108, 1.0 x 10® and 1.4 x 108) demonstrates only a
moderate advantage over the SA technique, with a median EF of 0.3 x 102 However, unstructured nanofabrication
techniques like self-assembly have a more affordable price, lower complexity, and better scalability. Therefore, SA can easily
compete with the ordered nanofabrication techniques. In addition, this review also highlights the applications of nanogaps
in label-free detection and biomarker detection. Finally, this review highlights applications of nanogap enhancement in SEF
and draws conclusions on the current state of nanogap research and its future.

Keywords: SERS, SEF, Dimer, Gap distance, NSL, EBL, Template-assisted fabrication, Self-assembly, Nanogap, Hot-spot,
Direct detection, Indirect detection, LOD, EF
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Electromagnetic enhancement arises from the light-induced

The first observation of surface-enhanced spectroscopy was made
almost 50 years ago by Fleischmann et al. while taking Raman spectra
of pyridine adsorbed on a roughened silver substrate.! In the
following years, this phenomenon was explained by two groups
independently, Jeanmaire and van Duyne with the electromagnetic
effect, and Albrecht and Creighton with the charge-transfer effect.?
3 These hypotheses evolved in currently accepted two mechanisms
of Raman signal enhancement: electromagnetic enhancement and
chemical enhancement. The relationship between the normal Raman
signal and the SERS signal can be seen in the equation below, where
Psers and Praman represent respective signal intensities, and Gsers
denotes a combination of electromagnetic and chemical
enhancements.
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electric fields on the surface of particular nanostructures. These
enhanced electric fields are generated when the incident light is in
resonance with the oscillations of conduction electrons of the metal
nanoparticle, which will
collectively. This optical phenomenon is called localized surface
plasmon resonance (LSPR).* Electromagnetic enhancement increases
the Raman scattering at least by the factor of 10* and as high as
10%.> 6 This enhancement mechanism depends mostly on the
configuration of the substrate, though the polarization and
orientation of the analyte molecule also have an effect. It can be seen
more clearly in equation 2 for the single-molecule electromagnetic
enhancement |E4| approximation, where M%,.(w;) and M%,.(wg)
are the terms for the field enhancement generated by laser
polarization either at the frequency of the laser or Raman.” It should
be noted that while |E*| approximation is a commonly used
simplification, it does not provide an accurate description of all SERS
cases. Specifically, it might fail in situations involving strong

make conduction electrons oscillate
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molecule—metal surface coupling, as well as in cases where chemical
enhancement makes a significant contribution to the overall Raman
signal.

Epoc(wi) Eyroc
GBks(E*) = Mioc(wr)Mfoc(wp) = [Pt Z(offf] | ;(ij;*) @)

On the other hand, chemical enhancement arises from localized
of the charge-transfer
resonances between the adsorbate and the metal surface, leading to
enhancement factors on the order of 100.8 This phenomenon can be
further explained by the following equation, where 39S and ofree
represent the k-th order vibrational mode Raman frequencies of the

free and adsorbed molecule.

electronic resonances adsorbate or

Chem _
GSERS -

O.kds/o.free (3)
The combination of these two phenomena can produce signal
enhancement levels as high as 104 order of magnitude.®

In addition to high sensitivity due to the high enhancement, non-
destructive for some SERS applications ( like TERS) nature, relatively
high speed of analysis, and the ability for label-free detection, SERS
has strong potential for multiplexing, since it has relatively narrow
Raman peaks in the spectrum, where dozens of different Raman
peaks can be resolved.l® Because of these and other advantages,
SERS has found applications in molecular biology,*'3 biomedicine!#
16, and environmental science'’, and showcasing even single-
molecule detection.’®2! This increase in popularity led to the
development of other surface-enhanced spectroscopies, like
surface-enhanced fluorescence (SEF).

Fluorescence spectroscopy has been an indispensable analytical
instrument in biotechnology and medicine over the last 40 years. It
detects molecules with moderate to high sensitivity quickly and
reliably.?2 Nonetheless, improving the sensitivity of this technique is
still highly desirable. This property of fluorescence is usually limited
by the quantum yield and fluorescence lifetime. The quantum yield
(Qo) determines the efficiency of the fluorescence and demonstrates
the ratio of photon emission against non-radiative decay:

_ r
Qo = [ — (4)
Where I is the radiative decay rate of the fluorophore, which is the
rate of photon emission. The terms k,, and k; depict the
phenomena by which the fluorophore can return to the ground state:
non-radiative decay and other quenching processes, respectively.
The fluorescence lifetime is described by the time the fluorophore
remains in the first singlet state on the Jablonski diagram?3, and
illustrated by the following equation:
1

0= s kq (5)

Usually, these parameters can be altered by changing the
magnitude of the non-radiative decay and other quenching
processes, as the radiative decay rate I' is the constant value that
depends on the extinction coefficient of the fluorophore.? However,

by placing the fluorophore near the conducting metal surface or

2| J. Name., 2012, 00, 1-3

particle, it is possible to change the radiative decay.sate. doand
influence the quantum yield and fluorescenc®fifetith@3»/D5NA01137J

The theoretical background behind the effects of metal surfaces on
fluorescence has been well studied and summarized in various
articles and reviews.2628 |t was found that two main effects are
responsible for the change in the fluorescence in the proximity of the
metal surface. The first one is the amplification of the incident light
by the inner free electrons of the metal, which is called the “lightning
rod effect”.?® This effect can be utilized to obtain localized
enhancement of the fluorescence and to significantly increase the
rate of excitation and intensity. It should be noted however, that the
lightning rod effect is not completely independent of localized
surface plasmon resonance, but rather represents an engineering
(geometrical) contribution to EM enhancement mechanisms. The
second effect is the increase in the radiative decay rate through the
additional metal-induced radiative rate [,,. This term modifies
equations 4 and 5 accordingly:

I+ Ty
T+ Dy + oyt kg

Qm = (6)

T = (7)

T+ Ty + knrt kg
So, the increase in quantum yield and decrease in fluorescence
lifetime can be achieved by placing the fluorophore near the
conducting metal surface or particle. The combination of these
phenomena is called metal-enhanced fluorescence (MEF) or, more
broadly, surface-enhanced fluorescence.3% 3!

The main source of signal enhancement in surface-enhanced
spectroscopies are “hot spots”, which are mainly spatial regions
with a high density of electromagnetic field enhancement.
These enhanced EM regions increase the radiative emission rate
and field strengths and subsequently produce significant signal
enhancement.?% 32 These regions are mostly on the tips of
nanostructures or in nanogaps between nanoparticles.3? The
highest enhancement levels are mostly observed in
nanostructures containing sufficiently small nanogaps, with
enhancement increasing dramatically near the 1 nm mark.3% 35
Those small nanogaps are more efficient due to the increase in
the electric field and amplification of light polarization.3® Thus,
the use of systems containing nanogaps is highly preferred in
order to achieve the best sensitivity. As an example, some of the
first successful studies on single-molecule detection involved
nanogaps from ensembles of aggregated metal nanoparticles.3*
35 However, obtaining nanostructures with reproducible high
enhancement factors is the biggest challenge for these
spectroscopic techniques.3”- 38 In this review, we will start with
a brief explanation of the nanogap phenomenon and then
present and discuss the design and synthesis of highly
structured and unstructured plasmonic nanogap structures for
spectroscopic applications. Then, we will provide examples for
applications of these nanogap structures for sensing and
detection of different analytes and biomarkers. Finally, we will
discuss recent progress in SEF applications on nanogap-based
substrates.

This journal is © The Royal Society of Chemistry 20xx
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Nanogap enhancement in aggregated
nanostructures

It is well known that the highest signal enhancement is observed in
the nanogap hot spots.” So, the research on the theory behind this
phenomenon through simulations and experiments is essential for
the development of surface-enhanced spectroscopies. The
understanding of this phenomenon will help to design more efficient
plasmonic nanostructures with better enhancement capabilities,
which can be applicable for different applications. This chapter will
be dedicated to the theory of hotspots in nanogaps.

Origin of nanogap enhancement

The reason why very strong fields are generated inside small gaps
can be inferred by looking at Figure 1, and illustrates the case of a
molecule placed in between two metallic spheres; in panel (a) the
electric field is polarized along the main axis of the dimer, while in
panel (b) it is polarized perpendicularly to the axis; the electric field
polarizes the nanoparticles, inducing time-oscillating positive and
negative surface charge densities on opposite sides of the
nanoparticles themselves.3® In the on-axis polarization, one can
observe that bringing nanoparticles close to each other reduces the
separation between regions of induced oscillating surface charges
and, therefore, increases the electric field in between them.
Moreover, the reciprocal interaction between the nanoparticles
leads to an increase in their polarizations; in fact, each nanoparticle
feels the effect of the external field plus the plasmon-induced
polarization response of the nearby nanoparticle. In other words, not
only the external field but also the plasmon-induced dipole in one
nanoparticle contributes to the

a)

R

Figure 1. A dimer formed by two nanoparticles, separated by a
gap g, is polarized by the action of an external electric field EO:
a) along the main axis, b) perpendicular to the main axis.
Reproduced under Creative Commons License from an open-
access Pilot et al. 2019 article.”

polarization of the other nanoparticle. This mutual reinforcement
occurs in configuration shown as (a), where a bonding plasmonic
mode is supported. However, in configuration (b) this strong
reinforcement is absent due to lack of a bonding plasmon mode that
can localize the EM field within the gap.3®

In addition to the previous qualitative considerations, it is also
worth showing a specific case study in which Gsgrs is numerically
calculated for different gap sizes. We shall refer to the work by Le Ru
et al., who studied the dimer reported in Figure 2a.3° The dimer is

This journal is © The Royal Society of Chemistry 20xx
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formed by two gold nanoparticles with radius a = 25 nmdmmersediin
water and separated by a variable gap g. Thel&¥etGs palarizéddlorig
the main axis, and the probe molecule is placed at the surface of one
of the two nanoparticles, along the main axis. In Figures 2b and 2c,
the extinction and the enhancement spectra of a single nanoparticle
and the dimer (with different gaps) are shown, respectively. The
points worth highlighting, especially concerning the local field, are
the following. Firstly, Gsers strongly increases by reducing the gap
size, it amounts to 5 x 10° at g = 10 nm and 3 x 10° at g = 2 nm; the
power-law dependence is reported to be approximately Gsers 1/g2.4%
41 A single gold sphere is limited to 2 x 103. This behavior explains
why SERS is very often observed on aggregated nanoparticles and
rarely on isolated nanoparticles. There are only very few cases in
which aggregation inhibits or weakly enhances the Raman scattering;
this may occur, for example, with hollow nanoparticles, where
aggregation leads to plasmon mode competition and field
redistribution between inner and outer surfaces, reducing the field
localization in the interparticle gaps.*? Secondly, for very small gaps
(g <1 nm), quantum mechanical phenomena, like electron tunneling,
come into play, leading to the saturation of charge-transfer
plasmons, limiting the increase in the field enhancement. This

subject has been recently studied by Zhu et al.*3 and by Hajisalem et
al.#

Gold (Au) dimer in water (a=25 nm)

a i ic SERS EF, varying gap, g
: w0 |
V
EI'I, ........... g
L.k .
B/x

Extinction, varying gap, g

En

1nm

T
SERS EF, F',,, on surface in gap

Extinction coefficient, Q'

single sphere

400 500 600

Wavelength [nm) Wavelength [nm]

Figure 2. (a) The dimer under investigation is formed by two
gold nanoparticles with radius ‘a’ and separated by a gap ‘g’;
the laser is polarized along the main axis. (b) Extinction
coefficient for a single sphere and for the dimer (with different
gaps) as a function of the wavelength. (c) Continuous lines:
SERS enhancement (SERS EF in the figure) for a single sphere
and for the dimer (with different gaps) as a function of the
wavelength. Reproduced with permission granted by Elsevier
B.V. from Le Ru et al. 2009 book.3°

J. Name., 2013, 00, 1-3 | 3
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Thirdly, an important distinction regards the use of a surface-
averaged or a single point Gsers: for example, Gsgrs at g = 2 nm,
calculated at the intersection of the Z-axis with the surface of one of
the nanoparticles, amounts to 3 x 107; if averaged over the surface
of the dimer, it is 300 times lower (Figure 2c dashed line). This
suggests that the field is strongly localized in a small spatial region.
The local Gsgrs therefore represents the maximum value at the hot-
spot, whereas the surface-averaged Gsers is the quantity more
directly relevant to experimentally measured SERS signals.

More insight into the anatomy and properties of hot spots in
nanogaps can be obtained by using computational methods like the
finite element method (FEM), the finite-difference time-domain
(FDTD) method, discrete dipole approximation (DDA), and the
generalized multipole Mie (GMM) analysis.*> For example, the study
by Etchegoin et al. utilized generalized Mie theory to calculate
enhancement factors in a gold nanogap with high accuracy.*® They
found that the average enhancement in the gap region can be almost
300 times lower than the maximum enhancement, and most of this
signal is coming from only 0.64% of the nanostructure surface.
Similar conclusions were derived by McMahon et al. with the help of
the finite element method.*’ In addition, they found that upon fusion
of two gold nanoparticles, the EF in the crevice can go up to 10,
Another study by McMahon shined the light on the impact of
nonlocal effects on the Raman signal enhancement by utilizing
FDTD.** It was found that nonlocal effects can decrease SERS
enhancement by one order of magnitude in gold nanoparticles with
a gap distance of 0.5 nm and produce blue-shifted plasmons.

Dimers & trimers vs monomers: EF measurements in NP aggregates

Understanding of the nanogap effect can be explored in more
detail with experimental methods involving the fabrication of the
simplest agglomerated nanoparticles: dimers and trimers. As they
represent the simplest nanostructure with nanogaps, which can be
easily controlled. The most influential work on this topic was
conducted by the group of Van Duyne.?® 47 48 They studied the
structure of hot-spots for single-molecule SERS with dimers and their
plasmonics with structure-activity relationships. According to their
findings, the agglomeration of nanoparticles higher than dimers does
not produce a significant increase in Raman signal enhancement.
Also, experimental results and FDTD calculations showed that the
highest enhancement factors (EF > 10%°) originate from nanogaps
with gap distances lower than 1 nm. And even higher EFs can be
achieved by a slight fusing of nanoparticles with the appearance of
tiny crevices. These findings were made by observing 30 monomers,
6 dimers, and 12+ trimers of SiO, encapsulated AuNPs. A similar
study, but with silver dimers, was done by Li et al.*® They found that
polarization-dependent EFs of dimers were found to be 1 to 10
higher than EFs for monomers, depending on polarization. Also,
according to Steinigeweg et al., the SERS intensity of the AuNP trimer
is twice as large compared with the AuNP dimer.>°

A simpler approach for the production and characterization of
agglomerated nanoparticles was utilized by our group. We used
mercapto carboxylic acid molecules as linkers for the fabrication of
gold nanoparticle agglomerates.5% 32 We were able to produce and
characterize 1224 SERS nanoantennae (533 dimers, 648 monomers,

4| J. Name., 2012, 00, 1-3

and 43 trimers) in conditions close to real-life applications.Alse, by
changing the carbon chain length of the meréptaf- MISRIEHEARNAS7I
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Figure 3. A-B) TEM images of the dimer and triangular trimer
fabricated by self-assembly. C) Plot of SERS intensity against
the average interparticle distance. D) Plot of SERS EF ratio (EF
dimer/EF single particle) vs. the average interparticle distance.
The number of dimers/number of single particles is shown for
each sample (blue, dimers; orange, single particles).
Reproduced under Creative Commons License from an open-
access Arbuz et al. 2022 article.>?

were able to quantitatively assess the effect of gap distance change
on the SERS signal. The characterization of each agglomerated
nanoparticle was achieved by using a novel agglomerate
characterization approach involving a combination of spectral and
topographical maps. Results of the fabrication process and Raman
measurement with a combination approach can be observed from
TEM images and SERS intensity and EF plots in Figure 3. By using the
combination approach, we found that dimers produce up to 4.5
times higher signals than monomers. Also, we observed that
dimerization of nanoparticles becomes more probable with a
decrease in gap distance during the self-assembly process.

Importance of gap distance

The dependence of EM enhancement on the gap size was
investigated extensively by both theoretical and experimental
methods. Electromagnetic considerations provide the following
dependence of GEMqs as a function of the distance (d) from the
surface of a spherical nanoparticle of radius a.?

Gérs(d) _ (l 12 (8)

GEERs(0) T Natd

It is worth noticing that the distance dependence of the SERS signal
is different from the enhancement dependence since the former
accounts also for the number of illuminated molecules in shells at
distance d from the surface, a number that scales as (a + d)2.8

Psprs(d) _ ( a |10
Psgrs(0) a+d

(9)

The above formulas suggest that the SERS enhancement and the
signals drop very fast from the surface, and the analyte should

This journal is © The Royal Society of Chemistry 20xx
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normally be placed within 10 nm from the surface to efficiently
exploit the plasmonic effect.

Several papers, including our own, investigated the distance
dependence of SERS signal enhancement and control of gap distance.
Most of these articles show the use of some sort of spacer as a tool
to control the gap distance between plasmonic nanoparticles. For
example, in Arbuz et al., our group used mercapto carboxylic acids
with different chain lengths and produced dimers with gap distances
from 0.9 to 2.3 nm.>2 According to our data, we found that the
dependence of gap distance on Raman signal is more of an
exponential form rather than the power of 10.52 A different approach
was made by Masango et al.; they deposited Al,O3 as a spacer by
using atomic layer deposition (ALD) on top of an Ag film over silica
nanospheres (Ag-FON). This method helped them to achieve an
angstrom level of precision in building gap distances from 0.1 to 3.3
nm.>3 An alternative spacer was proposed by Marotta et al. in the
form of oligonucleotides, which were able to produce Ag nanorod
aggregates with 1 to 6 nm gap distances.> Despite these examples

23yt
/‘E/\ Au \4@\/ Au

Ss sl
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of gap distance control, the problem of Raman signal repreducibility
is still a major topic of concern, especialf!fép 1Sihglemoléedleé
detection.

Reproducibility of SERS and Structured Substrates

Sensing and characterization of molecules is the main application of
SERS and other surface-enhanced techniques, in which the intensity
of specific spectral peaks/bands is at the cornerstone. So, the
reproducibility of signal enhancement is one of the most important
parameters for surface-enhanced techniques and its biggest
limitation for widespread use in routine applications. In addition,
according to Natan and Lin et al., uniformity and reproducibility are
the main features of an ideal SERS substrate as well as high EF and
stability.>> 56 And this issue is more profound for single-molecule
detection applications. As the probability of finding a molecule in a
hot spot with a sufficient level of EM field enhancement is very low.3”:
38 One of the answers for the reproducibility problem is to design and
synthesize highly ordered nanostructures, which will produce
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Figure 4. Plasmonic nanogaps with precise size control for single-molecule SERS. a) Scanning electron microscope image of an optical
antenna b) Representative Raman spectra of R6G-d0 and R6G-d4 single-molecule level events. c) Nanometer-scale silver-shell growth-
based gap-engineering in the formation of the SERS-active GSND. d) Raman spectra taken from Cy3-modified oligonucleotides (redline)
and Cy3-free oligonucleotides (blackline) in NaCl-aggregated silver colloids. e) Schematic of the NP dimers assembled on the DNA
origami platform. f) Measured Raman spectra of the ssDNA coating of 19 bases of thymine (sequence 1) on the NP dimers. g) SECARS
enhancement map. (h) Three representative SECARS spectra showing a pure p-MA event (top), a pure adenine event (middle), and a
mixed event (bottom). Reproduced under Creative Commons License from an open-access Yu et al. 2020 article.>”

sufficiently homogenous nanogaps in size and morphology. In the
last decade, the research on this topic gained more attention with an
increasing number of studies dedicated to the production of
nanogaps by using nanofabrication techniques like atomic layer
deposition,®®%* electron beam lithography,5>%7 nanosphere
lithography, 5870 and others. Moreover,
nanostructures fabricated with these techniques were successfully
used for single-molecule detection, with examples shown in Figure
4,57, 7578 Most of the nanogaps produced with these techniques can
be classified into 5 different categories: interparticle nanogaps,>% 7%
82 intraparticle nanogaps,’’” 838 nanocrevice gaps,3¢8 nanogaps
between nanoparticles and 2-D surface,?? %0 and nanogaps formed
on the 2-D surface.”® In this chapter, we will review fabrication

self-assembly,”1-74

This journal is © The Royal Society of Chemistry 20xx

techniques that produce these highly structured and reproducible
nanogap substrates.

Electron Beam Lithography (EBL)

EBL is a nanofabrication technique with more than 4 years of
development based on scanning electron microscopes developed in
the early 1960s.>> The process of EBL is illustrated in Figure 5a.%-98
In the first step, the layers of conductive polymer and EBL resist are
spin-coated on the surface of fused silica. Next, the desired pattern
is drawn by a focused electron beam on an electron-sensitive
polymer. The exposure to the electron beam modifies the solubility
of the resist; in particular, positive resists become soluble after

J. Name., 2013, 00, 1-3 | 5
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electron exposure, and negative resists become insoluble after
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electron exposure. After that, the layer of the conductive polymer is . CoRICIVETHONTEE DOI: 10,1059 RN
removed, and the sample is developed by immersing it in a solvent Coating
that removes the soluble portion of the resist, generating the desired
pattern. Etching or lift-off methods can now be used to create a EBL
metallic pattern. The metal can be deposited straight after the Eexe
development stage, followed by removal of the polymer (lift-off), as it
shown in Figure 5a, producing metal islands. In Figure 5b, we can see gzmgl
gold nanodots with varying gap sizes prepared by using the EBL
method with different exposure levels.?® Alternatively, reactive ion 5
ievelopment
etching (RIE) can be used to write the polymer pattern into the
substrate (the substrate is etched, but the polymer is not), then the
polymer is removed and the metal evaporated; in this case, the Bﬂetﬂl "
eposition
whole surface is covered with metal. =
Metal nanostructure
Lift-off

Figure 5. a) Scheme of electron beam lithography, metal deposition, and lift-off process steps employed to fabricate metallic
nanostructures on dielectric substrates. b) SEM images of nanodot arrays prepared by EBL with different gap sizes. Reproduced with
permission granted by the Journal of Visualized Experiments from Peters et al. 2015 article.®®
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Figure 6. a) Fabrication process for sub-10 nm gaps; b) SEM image of the array of dimers fabricated; c) experimental and theo\;etig\a;tl‘C ERS e
enhancement as a function of the gap. Reproduced with permission granted by John Wiley & Sons from Zhu et al. ZQj@;|a{tjqk§e3§§/ND5NA01137J

EBL allows to finely control the geometry of the substrate with a high

degree of reproducibility; therefore, it is ideally suited for fabricating
substrates whose properties have been theoretically engineered in
order to optimize enhancement and to carry out structure-property
studies. The best resolution is normally around 10-20 nm, which is
significantly better than standard optical lithography (limited by light
diffraction).1%° For example, Zhu et al. fabricated sub-10 nm gaps by
using a clever strategy.®® In the first round of EBL fabrication and
metal  evaporation, an array of isolated multilayer
gold/silver/chromium parallelepipeds was prepared. Afterward,
chromium was oxidized to produce a controlled later swelling of the
metal. The second round of EBL fabrication and metal evaporation
was used to form nanoparticle dimers, whose gap was determined
by the lateral expansion of the chromium. This process is illustrated
in Figure 6a, and a representative SEM image of the sample is
reported in Figure 6b. SERS measurements and simulations (Figure
6c) demonstrated a two-order magnitude in the
enhancement upon reduction of the gap, from 16 to 2 nm, Another
example of the application of EBL in structured nanogap production
was demonstrated by Ward et al.2%! They fabricated a “multibowtie”
nanostructure by using EBL and electromigration. This structure
consists of two larger pads with constrictions in between that have
nanometer-scale gaps with sizes smaller than or equal to 5 nm. The
FDTD calculation showed an approximate total EF of 5 x 108 by
assuming conservatively the gap distance to be 2.5 nm. Likewise,
Zhang et al. synthesized bowtie nanostructures to produce an array
of nanogaps.®® But they produced individual bowties with nanogaps,
in contrast to the “multibowtie” structure by Ward et al. They were
able to produce bowtie gap distances that varied from 24 nm down
to 3 nm. This bowtie structure with a 6 nm gap was used to detect
1,2-di(4-Pyridyl)ethylene (BPE) in different concentrations. The
highest EF of 107 was achieved for the detection of 1 nM BPE.
Different nanostructure geometries for nanogap formation were
shown by Clark et al.®” By using EBL, they fabricated silver multiple-
split ring resonators with many nanometer-scale gaps smaller than 6
nm. This nanogap array was tested by using a DNA-hybridization
assay. Results showed that these structures are capable of detecting
approximately 50 DNA molecules per nanostructure and 10 DNA
molecules per nanogap.

increase

Overall, the electron beam lithography (EBL) method allows the
preparation of highly ordered and uniform SERS substrates with
nanostructures having a wide diversity of shapes and geometries
compared with nanosphere lithography. However, the high cost of
operation and time-consuming procedure, in addition to forward
scattering and back scattering problems, limit the use of this
technique to produce large amounts of sensing platforms and
subsequent commercialization.

This journal is © The Royal Society of Chemistry 20xx

Nanosphere Lithography (NSL)

Another very effective fabrication method for the production of
structured SERS substrates is nanosphere lithography, which was
developed mainly by the efforts of the Van Duyne group and co-
workers.102.103 The technology is based on the assembly of
polystyrene or silica spheres of suitable size on a clean substrate
(glass, ITO glass, Si, or metal film), and by manipulating the
assembly conditions, a monolayer or multilayer of the highly
ordered nanosphere film will form on the substrate. The film is then
utilized as a template for vacuum deposition or electrochemical
deposition to generate a metal layer of the desired thickness on the
template. As a result, three kinds of structured SERS substrates may
be produced as illustrated in Figure 7. The first one is a “film over
nanosphere” (FON) substrate, synthesized by physical vapor
deposition of metal (e.g., Ag or Au) on the nanosphere template.
The second nanostructure is surface-confined nanoparticles with a
triangular footprint made by the removal of nanospheres in the
FON substrate by sonicating the entire sample in a solvent. Third is
electrochemical deposition, followed by removal of the
nanosphere, which leaves a thin nanostructured film containing a
regular hexagonal array of uniform metal nanoislands, nanobowls,
or nanovoids, depending on the thickness of the deposited film.194
105 The advantage of using nanosphere lithography to prepare the
SERS substrate is that the shape, size, and spacing of the
nanostructures can be controlled by the size of the nanospheres
and the thickness of the deposited metal, allowing the LSPR
position to be adjusted to match the excitation wavelength and
achieve optimized SERS enhancement.1% Methods 1 and 3 will
result in substrates with significant SERS enhancement. Even
though the SERS activity of the second technique is rather low due
to the considerable spacing between particles, the excellent LSPR
tenability results in an excellent LSPR sensing chip. Although
obtaining an ordered substrate with an area of 10-100 m? is rather
common in some experienced groups, the success rate of this
procedure is dependent on the experimentalist's experience and
how rigorously the experimental conditions can be regulated.%”
When the size of the sphere is less than 200 nm, obtaining an
ordered surface with no point or line flaws is extremely difficult.
However, with the aid of a microscope, it is still possible to locate
an ordered area for quantitative analysis that has high
reproducibility and stability.

The advantages of this method in the formation of long-range
ordered nanostructure arrays spurred numerous research studies
and subsequent possible applications. One such application was
demonstrated by Wang et al., where they prepared an Au/Ag
bimetallic nanostructure array by NSL.%8 They were able to fabricate
“V” and “Y” shaped nanogaps with a gap distance as low as 3 nm by
depositing Au/Ag film on 200 nm polystyrene spheres. And by using
a 4-mercaptopyridine (4-Mpy) analyte, they calculated the EF of this
nanostructure, which is 1.66 x 10°. A similar level of signal
enhancement was presented by Sawai et al.%® They used angle-
resolved NSL (AR-NSL), developed by a group led by Van Duyne, to
produce an array of Ag dimers with a gap distance of approximately
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10 nm.1% The Raman measurement of 4,4’-bipyridine molecules View Article Online
with this nanostructure showed a strong peak at 1018 cm™ (ring DOI: 10.1039/D5NA01137J

breathing), which translates to an enhancement factor in the range
of 105-10° with even higher EF if it was calculated in hot spots. In
addition to these techniques, the combination of NSL with atomic-
layer deposition (ALD) is becoming a popular variation for the
production of 3D nanogap arrays. One of such studies is presented
by Im et al., where they produced hybrid Ag/air/Ag nanorings by
using an Ag-FON substrate modified with an Al,03 layer by ALD
(Figure 8).79 The final nanostructure had well-defined 10 nm
nanogaps around each nanosphere and showed an EF of 108 and a
and a LOD for adenine of 76 pM, which is significantly better than the
results of similar experiments for plain Ag-FON substrate.
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Figure 7. Schematic diagram of template methods using nanosphere lithography to fabricate ordered nanostructured SERS-active
substrates. Reproduced with permission granted by the Royal Society of Chemistry from Wu et al. 2008 article.1%*
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Figure 8. (a) A schematic of the fabrication process for plasmonic nanoring cavities using nanosphere lithography and atomic layer
deposition (ALD). (b) Cross-sectional schematics of the fabrication process. (c) Scanning electron micrograph (SEM) of the nanoring
cavities on the FON substrates. Scale bar: 200 nm. (d) SEM image of the nanoring cavity array formed over a 16 um x 10 um area. (e)
Photograph of the nanoring cavity (FON-gap) sample. Reproduced with permission granted by John Wiley & Sons from Im et al. 2013

article.”®

A different approach for the combination of ALD with NSL was
shown by Li et al. by producing a particle-in-bowl nanostructure,
which consists of an Ag nanoparticle in an Au bowl.%* They were able
to obtain a spatially averaged SERS EF of 3.8 x 107 for the rhodamine
6G molecule with nanogap sizes of 5-15 nm. By using a similar
approach, the group Cai et al. produced annular nanogap arrays with
1-10 nm gap distance and even sub-1 nm gap separation.®® Produced
a nanostructure which was then used to quantitatively detect the 4-
ATP molecule in the concentration range 1 pM — 10 nM and resulted
in LOD of 10 pM and EF of 3.1 x 10°. With this method, they were
able to produce a densely packed array of ultrasmall and uniform
nanogaps, which can be used in numerous nanophotonic and
nanoelectronics applications.

To sum up, the NSL method is more straightforward, cost-effective,
and material agnostic than conventional lithography methods like
EBL to produce highly ordered nanogap arrays.1%> 1 However, there
are still some challenges associated with this method concerning
stability and morphology. For example, plasma and heat treatment
required to alter the size of the nanospheres in most cases produce
problems in morphology, like rough surfaces, irregular shapes, and
non-uniform sizes.!1% 111 Consequently, the non-uniformity in the
morphology of nanospheres affects the performance of the resulting

This journal is © The Royal Society of Chemistry 20xx

nanostructure, which is even more problematic when the size of the
nanosphere is reduced below 50%.112 Nevertheless, further research
on different approaches for nanosphere etching will help to reduce
the issues in morphology.

Template-assisted (TA) fabrication

The template-assisted electrochemical deposition (TAED) allows the
deposition of metals with controlled geometry and disposition by
using inorganic ordered templates, such as silica'®® and aluminal4,
or polymeric template polycarbonate.''> Polymeric membranes or
microspheres, as well as custom alumina membranes, are
commercially available. In addition, anodization of an aluminum foil
or a thin aluminum film produced by sputtering over a conducting
substance can be used to make alumina templates. Self-organization
leads the anodization to generate channel arrays with a high aspect
ratio and regular pore layouts. 126 In the case of silica, the template
is formed by applying a suitable cathodic potential to an electrode
immersed in a surfactant-containing hydrolyzed solution, which
produces the hydroxyl ions required to catalyze polycondensation of
the precursors and self-assembly of hexagonally-packed one-
dimensional channels that grow perpendicular to the electrode
surface. Following template construction, metal deposition is

J. Name., 2013, 00, 1-3 | 9
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performed under galvanostatic conditions using either constant or
alternating current deposition, and the template is then removed,

a)  polishing d)  Ag deposition g) ’.

Al

b) Anodization

UUUY

€} Pore opening

Figure 9. Steps involved in the fabrication of a hexagonal array

of metallic nanopillars with the anodic alumina template
method. (a) An aluminum foil is polished; (b) An array of
vertically aligned nanopores is produced by anodization; (c)
Pores can be widened by etching with a phosphoric acid
solution to tune the wall thickness and hence the gap size in
the final structure; (d) Silver is electrodeposited in the pores
forming nanopillars of controlled height; (e) Alumina is partially
etched to expose the silver nanopillars; (f) The final array is
characterized by interparticle distance S, interparticle gap W
and nanopillar diameter D; (g)-(h) SEM images of AAO
substrate before and after Ag deposition. Reproduced with
permission granted by John Wiley & Sons from Wang et al.
2006 article.116

leaving free-standing metal nanostructures. The fabrication process
of an array of nanorods is summarized in Figure 9.11® This
methodology can produce large arrays of nanogaps with a controlled
size between 5 and 25 nm, which can be observed in Figures 9g and
9h. Numerous research studies were conducted on this fabrication
method to prepare SERS substrates with good enhancements.

One such study was done by Tian et al., in which they used a
mesoporous silica template in combination with nano casting to
produce a plasmonic Ag superstructure.8”> 117 The resulting
nanostructure can be seen in Figure 10. The gap distances in this
nanostructure were approximately 2 nm in size and highly uniform.
The signal enhancement properties of this nanogap array were
measured by using crystal violet (CV) dye and showed an EF of 10°
and LOD of 0.1 fM. An earlier example of template-mediated
nanogap array formation was presented by Baik et al., where they
used an anodic alumina template to produce silver nanowires with
gap distances ranging from 17 nm to 40 nm.*8 A similar methodology
with a different nanostructure was presented by Hao et al.®® They
fabricated a highly ordered and uniform array of dimers by using
anodic aluminum oxide as a template and angle-resolved shadow
deposition. The gap distance between dimers varied from 8 to 18 nm
by changing the angle of shadow deposition. Also, by changing the
deposition rate, they were able to produce heterodimers of different
sizes. FDTD calculations for this substrate showed a theoretical EF of
1.4 x 108, Even lower gap distances and subsequently higher EF were
achieved by Fu et al. with their ultrathin alumina mask (UTAM)
surface pattern technique.!®

10 | J. Name., 2012, 00, 1-3
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Overall, template-assisted deposition is an efficient method fas the
production of ordered and uniform nanogap @Frdys0 196wl 1gHe
morphology and gap distance are highly dependent on the template
fabrication, like in the case of NSL, which can produce serious
problems during the deposition stage. Thus, novel template
production methodologies need to be implemented for this
technique to improve and obtain new applications in surface-
enhanced spectroscopies.

Figure 10. The ordered mesoporous template strategy to
synthesize silver plasmonic supercrystals. a,b) Schematic
diagram of the synthesis procedure for ordered silver
supercrystals by means of a nanocasting process using
different templates with a variety of pore sizes and wall
thickness, c¢) TEM image of the template OMS-28, d) SEM
image of OMASC-28. Reproduced with permission granted by
John Wiley & Sons from Tian et al. 2015 article.8”

Unstructured SERS enhancement

Despite the presence of numerous techniques that can produce
highly structured arrays of nanostructures with nanometer-level
nanogaps, their cost, speed, and complexity make the scalability for
future commercial use very problematic. On the other hand, the
techniques involving unstructured fabrication of nanogaps are easier
to perform, less expensive, and readily scalable. Also, such platforms
exhibit quite significant levels of SERS signal enhancement and can
be used for quantitative research. These methodologies are based on
the aggregation of nanoparticles in solution.12°

The majority of nanoparticles utilized for SERS investigations in
solutions are spherical silver and gold colloids. They are frequently
made by reducing a precursor salt in water with sodium citrate; the
citrate deposited on the surface of the nanoparticles also serves as
an electrostatic stabilizer.1?% 122 For silver and gold, the localized
surface plasmon resonance typically peaks around 400 and 520 nm,
respectively. Spherical nanoparticles can also be fabricated by laser
ablation.123-124 |n this scenario, a metal target is put at the bottom of
a solution and a pulsed laser is closely focused on its surface; the
heating and photoionization processes lead the metal to change
aggregation state, generating liquid drops, vapors, or a plasma
plume. The target's atomized material condenses, resulting in the
production of nanoparticles.'?> 124 Nanoparticles can be created via
laser ablation from a variety of materials, with or without capping

This journal is © The Royal Society of Chemistry 20xx
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agents, by selecting the right target plate. The absence of capping stability. Different groups of aggregating agents can be,distinguished
agents facilitates the functionalization of nanoparticles. based on the degrees of alteration induBé&d: iR€638HaSoNbidAl
system.3® For example, passive electrolytes, such as KNOs; and

The simplest process for inducing nanoparticle aggregation is to MgS0., merely increase the ionic concentration without firmly

increase the ionic strength of the colloid by adding an electrolyte,
which reduces the Coulombic repulsions that ensure nanoparticle
Table 1. SERS studies involving nanogaps.
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We also decided to do the same statistical calculations excluding the papers where the gap is > 11 nm*3* and LOD is >1073 M (excluded articles

are noted with an asterisk sign):

Average gap (nm) Median gap (nm) Average LOD (M)

Median LOD (M) Average EF Median EF

3.52 5.0 1.01E-11

1.00E-11 5.06E+07 1.00E+08

*NA — Not Available

binding the metal surface, whereas active electrolytes (such as halide
salts NaCl and KBr) significantly modify the nanoparticle surface
chemistry via strong halide—metal interactions, particularly in the
case of Ag.1>> 156 Randomly aggregated large nanoparticle ensembles
have been found to produce significant SERS amplification, allowing
SERS to identify single molecules.'® 1 Uncontrolled nanoparticle
assemblies, even from highly monodisperse systems, have poor
consistency in terms of interparticle spacing, shape, and particle
counts per cluster. One of the ways that this issue can be solved is by
employing molecular nanoparticle cross-linkers to self-assemble
nanoparticle aggregates and engineer nanogaps in a controllable
manner.

This journal is © The Royal Society of Chemistry 20xx

Self-assembly mediated by molecular linkers

The use of molecules as nanoparticle cross-linkers has been shown
to be a more efficient strategy to control and design the
interparticle properties and the geometrical structure of Ag and Au
clusters. It is possible to generally classify the molecular linkers into
two major categories: non-biological linkers and biological linkers.
Also, these molecular linkers can be classified by their mode of
work: bifunctional molecules and molecules with selective
recognition ability. The difference between these types stems from
the mode of link; in the latter type, the assembly is triggered by
some external factor like a change in pH or UV irradiation, whereas
the former bonds nanoparticles constantly through covalent bonds
or electrostatic interactions.'?°

J. Name., 2013, 00, 1-3 | 15
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Non-biological linkers

Extensive research on the use of bifunctional molecules to engineer
hot-spots into SERS active nanostructures was pioneered by
Moskovits and co-workers, who successfully employed various
classes of linkers such as dithiol- and diamine-containing
molecules.’®”"15% VIickova et al., for example, explored single-
molecule SERS at individual hotspots of silver dimers generated by
small cluster assembly utilizing 4,4’-diaminoazobenzene as a
bifunctional linker with a high Raman cross-section.® A linker-to-
nanoparticle ratio of about 1 to 1 was used to limit the dispersion of
aggregates to very small ones dominated by dimers and to
statistically pinpoint a single bifunctional molecule at the hot spot.
SERS spectra recorded on a single dimer level after chemical
deposition on TEM finder grids revealed temporal fluctuations
(blinking) with large repetition durations, which were most likely
caused by single-molecule dynamics.

Bifunctional compounds with the nanoparticle-bridging ability and
high Raman cross-sections are especially well suited for the creation
of SERS-encoded clusters for extrinsic applications. For example,
Fabris and colleagues reported high-yield production of Ag dimers in
suspension via controlled aggregation utilizing distyrylbenzene or
4,4'-dimercaptobiphenyl.161 Following that, 4,4'-
dimercaptobiphenyl-linked Ag dimers were functionalized with
aptamer sequences to impart selective recognition properties and
their application as an effective SERS-encoded substrate for protein
detection. A different approach for the non-biological linkage was
demonstrated by Cong et al., where they produced an array of AuNPs
with biocompatible silicon nanotube as an external linker.”* The
linking of nanoparticles with the help of silicon nanotube was
probably an effect of solvent evaporation-assisted capillary forces.
With this methodology, they produced sub-1 nm nanogaps with an
EF of 3.1 x 107 and with application in in-vivo pH measurement.
Intraparticle nanogap fabrication with the non-biological linker was
demonstrated by Song et al.®> They were able to produce sub-10 nm
intraparticle gaps by self-assembly of amphiphilic block copolymers
around an Au nanoparticle with subsequent formation of an Au
nanoshell around it. The EF calculation showed signal enhancement
of 1.4 x 108 order and detection of MCF-7 by MUC-1 aptamers
yielded a 30 cells/ml limit of detection.

Biological linkers

Biomolecules, including antibodies and antigens, proteins, and
DNA, have also been used to successfully build metallic
nanoparticles. Because of its extraordinary properties, such as
molecular recognition, structural plasticity, and programming
capabilities to precisely direct the nanoparticle organization into an
impressive variety of complex morphologies, including post-
assembly reconfiguration of the plasmonic nanostructures via
molecular stimuli, DNA is one of the most outstanding materials for
bottom-up engineering of designed  plasmonic
nanoparticle assembly.162-164

rationally

Graham and colleagues pioneered reversible aggregation of
oligonucleotide-functionalized nanoparticles incorporating a Raman
reporter via ssDNA hybridization to alter SERS signals, which was
followed by Nie and colleagues.6% 166 Sjlver and gold nanoparticles
were functionalized with DNA probes and tagged with dye molecules
as Raman reporters in these investigations. The addition of a target

16 | J. Name., 2012, 00, 1-3

sequence that is complementary to the two probe seqyences resylts
in sequence-specific DNA hybridization, which: dictsesextended
nanoparticle aggregation and, as a result, an increase in the SERS
signal. Subsequent heating of the colloidal system promotes cluster
disassembly via DNA duplex denaturation, resulting in the removal of
the extra SERS enhancement due to interparticle connection
creation. Built on these studies, the recent work of Li et al. explores
the fabrication of heterodimers with nanogap distances of sub-5
nm.82 The process of DNA-mediated heterodimer synthesis and its
results can be observed in Figure 11. The Raman measurement of
Cy5 dye resulted in an EF of 10°-10¢ order. Despite lower EF than
other nanostructures, this type of nanogap is less susceptible to small
changes in interparticle separations as compared to much narrower
gaps, providing SERS substrates with quantitatively predictable
enhancements.

As for the other biological linkers, Wang et al. created an
asymmetric assembly of spherical gold nanoparticles and gold
nanorods, respectively, functionalized with a thrombin-binding
aptamer and an anti-thrombin antibody for the detection of
thrombin in human blood serum at subnanomolar levels.'®? The
linkage through antibodies and antigens is also possible, which is
shown by numerous studies on sandwich SERS immunoassays,
including several from our group.1%8 In these studies, we studied the
use of a Si wafer substrate with gold nanoparticles for the
quantitative assay of human immunoglobulin antibody biomarker,
which also serves as a linker between the nanoparticle and gold
substrate surface nanoparticles.

This journal is © The Royal Society of Chemistry 20xx
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Figure 11. Fabrication of AUNP heterodimer arrays. (a) Schematic of the hierarchical assembly of AUNP heterodimers. (b) The yield of
single-AuNP arrays is essentially 100%. Single-AuNP arrays are then functionalized with ssDNA1. (c)-(e) Heterodimers of 40-50, 60-50,
and 80-50 nm sizes can be readily assembled following the hierarchical approach. (g) Dominant structures after assembly are
heterodimers and single AuNPs. Reproduced with permission granted by the American Chemical Society from Li et al. 2019 article.?
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Table 2. Comparison of fabrication techniques
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*EBL - Electron Beam Lithography; NSL - Nanosphere Lithography; TA - Template assisted; SA - Self-assembly

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 17

Please do not adjust margins



http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5na01137j

Open Access Article. Published on 26 March 2026. Downloaded on 3/27/2026 3:02:58 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(ec)

Nanoscale-Advances

Comparison with other fabrication methods

Despite clear advantages of the self-assembly process over-ordered
fabrication methods (lithography, template-assisted deposition) in
terms of low-cost, simplicity, and scalability, a more quantitative
approach for comparison of these methods in terms of figures of
merit would be useful. To make such a comparison, we compiled
references for each major nanogap fabrication technique and
assessed them in terms of attainable gap distance and enhancement
factor. The compact representation of the results for this endeavor
can be observed in Table 2. From this table, we can observe that the
average gap distances are lowest for the self-assembly and template-
assisted techniques (2.34 and 3.74 nm), followed by EBL (5.28 nm)
and NSL (5.36 nm). The low gap distance of nanostructures made by
self-assembly can be attributed to the role of linker molecules, which
promote the formation of nanogaps and dictate the final gap
distance. As for the ordered nanofabrication techniques, the gap
distance is limited only by the capabilities of the instrument and
methodology.

In addition, the average and median enhancement factors for
ordered techniques are only 1—2 orders of magnitude higher than
for self-assembly. For instance, NSL and template-assisted methods
produce nanostructures with average EFs of 7.9 x 107 and 1.58 x 108
and median EFs of 1.0 x 108 and 1.4 x 108, respectively. Whereas
nanostructures formed by self-assembly produce EFs of 2.6 x 108 on
average, with a median EF of 3.1 x 107. EBL also produces results
close to the ordered nanofabrication techniques in terms of EFs
(average — 1.2 x 108, median — 4.6 x 108). This slight difference in
enhancement factors can be explained by the formation of more
ordered substrates with hot spots by lithography and template-
assisted methods compared to the unstructured fabrication by self-
assembly. Nevertheless, self-assembly produces a high number of
nanogaps with smaller sizes, which negates its less structured nature.
Moreover, if we compare the average LODs for nanostructures
produced by these methods, we can observe that the difference in
performance between structured and unstructured techniques is
only around 1 to 2 orders of magnitude. In particular, self-assembly
has a higher average LOD than the template-assisted method and
about 2 orders higher LOD than EBL (2.50 x 107° vs. 3.46 x 1070 and
1.40 x 10711, respectively. And in terms of median LOD, self-assembly
is slightly worse performing as well compared to EBL and template-
assisted methods (1.0 x 107 vs. 1.0 x 1071° but the median LOD for
self-assembly is close to the median LOD of template-assisted
methods (10 x 1071%vs 7.9 x 10719, respectively). Overall, EBL-based
publications have the lowest average and median LODs of 1.40 x
1071 and 1.0 x 1071°, As for the reproducibility of these methods, all
methods except EBL have an average relative standard deviation of
Raman intensity between 9 to 10%, as seen in Table 2 (no
reproducibility data are available for EBL). Overall, self-assembly
produces comparable levels of enhancement, sensitivity, and
reproducibility in contrast to the structured techniques, while
maintaining better cost-efficiency, complexity, and scalability. We
also have investigated the correlation between all parameters,
including EF, LOD, gap size, and year of publication for all 50
presented articles and found no distinguishable trends or significant
relationships among them (with all R? values below 0.1), suggesting

18 | J. Name., 2012, 00, 1-3

that these factors may have little to no identifiable dependepey,Qn
each other. DOI: 10.1039/D5NA01137J

Direct detection in nanogaps

Label-free SERS experiments have been carried out on a wide range
of biological species, including amino acids, peptides, purine and
pyrimidine bases, proteins, DNA, RNA, chlorophylls and other
pigments, molecules containing chromophores (such as heme-
containing proteins), stimulating drugs, and antitumor drug
interactions with DNA and bacteria, with high sensitivity even at the
single-molecule level.177-180 This section of the review will provide an
overview, albeit not thorough, of many different uses of label-free
SERS with nanostructures involving nanogaps.

SERS has been used notably for the detection of different types of
cancer in the last decade. For example, Au nanowires (NW) on the
sapphire surface were used for the sensitive detection of Hela
cancer cells with concentrations as low as 0.2 cell/ml.8¢ These
nanogap-rich AuNWs were synthesized by depositing AUNPs on the
vertical Au NWs, which resulted in nanogaps with a sub-10 nm size.
Tian et al. recently developed a novel substrate with aluminum
nanocrystal aggregates capable of substantial near-infrared SERS
enhancements.’81 They proposed these novel low-cost SERS
substrates as the first to quantitatively detect ssDNA, with no
modification to either the ssDNA or the substrate surface.

Also, the direct SERS detection of simpler biologically active
molecules is possible with the right nanostructure. As an example,
Dinish et al. showcased the detection of glucose by using a nanogap
substrate fabricated by deep UV photolithography.'82 This
nanostructure was able to sense in a linear fashion glucose
concentrations between 5-25 mM and produced an EF of up to 101,
Detection of similar small-molecule urea was presented in a study by
Wu et al.l?’ The Au-coated plasmonic nanodome array that they
utilized showed EF of 8.51 x 107 with sub-10 nm nanogaps. And the
LOD for detection of urea was calculated to be 11.9 mM. More
dangerous substances were detected by groups Ma et al. and Zhang
et al.”» 18 The latter group used core-shell gold nanorods for
quantitative detection of polyaromatic hydrocarbons (PAH), which
can be seen in Figure 12.183 The resulting nanostructure contained 2-
6 nm sized nanogaps and exhibited a linear response for the
increasing concentrations of PAHs. And Ma et al. showed 10 ppb
methamphetamine detection by gold nanoparticle aggregates self-
assembled in different interfaces.”?

A SERS active substrate of 60—80 nm diameter Ag nanocrystals built
on Ag nanospheres was used to analyze harmful bacteria; the Raman
signal was collected from cells containing as few as 10 colony-
forming units/mL (CFU/mL) of three important pathogens
(Escherichia coli 0157, Salmonella typhimurium, and Staphylococcus
aureus). Based on the high signal amplification of 2.47 x 107, SERS
spectra allowed them to identify them and determine whether the
bacteria were alive or dead.’®* Recently, silver-gold bimetallic
nanogap-rich SERS substrates were developed and tested to
demonstrate the possibility of distinguishing Listeria monocytogenes
bacteria at the strain level, by determining whether they belong to
different or a single geno-sero group, in order to determine the
bacterium's level of hazard.!8>

This journal is © The Royal Society of Chemistry 20xx
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Indirect detection in nanogaps

In this section, we will discuss applications of nanogap
nanostructures employing SERS tags as substrates for the indirect
detection of DNA, miRNA, cell biomarkers, proteins, and molecules.
Detection of DNA sequences provides important information for a
variety of applications, including disease diagnosis, identification of
mutations in genes, and detection of pathogens and viral strains.
Current DNA detection methods include PCR and fluorescence,
which have limited multiplexing capability and are prone to
contamination issues. SERS-based DNA biosensors offer high
sensitivity with low sample concentrations, thereby eliminating the

need for amplification and potential contamination issues.186

An example of miRNA detection was presented by Zhou et al.’®”
They used a bacteria template-mediated approach for the synthesis
of hollow silver microspheres (Ag-HMS), which were linked to Raman
dye-containing gold nanobridged nanogap particles (Au-RNNPs). The
resulting immunoassay of miRNA showed LOD of 10 fM and EF of 10°.
Guven et al. developed a direct and sandwich-based assay to
sensitively detect miRNAs, targeting specifically miR-21, a biomarker
that is overexpressed in several cancers.!®® In the direct detection
method, the authors developed a substrate consisting of gold
nanorods immobilized on a gold substrate and hybridized with the
target miR-21 probes. In the sandwich method, the target miR-21
was captured by a target probe functionalized on a gold slide. It was
then hybridized with a second miR-21 probe that was immobilized
on gold nanorods containing the reporter 5,5'-dithiobis(2-
nitrobenzoic acid) (DTNB). Both assays were found to offer quick and
sensitive detection of miR-21 with detection limits for the direct and
sandwich assay, at 0.36 and 0.85 nM, respectively.

Kang et al. used the Au nanoparticle-on-wire system with
nanogaps, employing probe, target, and reporter DNAs to detect four
pathogenic bacterial DNA strands from clinical samples in patients.8
They were able to isolate pathogenic DNA (Enterococcus faecium,
Staphylococcus aureus, Stenotrophomonas maltophilia, Vibrio
vulnificus) from various clinical specimens and achieved a low
detection limit of 10 pM. Zhou et al. used terminal deoxynucleotidyl
transferase (TdT)-catalyzed DNA with core-shell nanoparticles to
alter the intraparticle gap distance and to quantitatively detect
Escherichia coli 0157:H7 (E. coli 0157:H7) cells.’®® They achieved the
limit of detection of 2 colony-forming units per ml average recoveries
of 98.1% and 105.2% in real-life samples. These examples
demonstrate that SERS biosensors can be used for the diagnosis of
clinical pathogens.

Proteins are important in numerous biological functions, including
accelerating metabolic pathways, cell communication, and
immunological response. The ability to detect and quantify certain
protein markers is useful for illness diagnosis and comprehension.
Human chorionic gonadotropin (hCG) for pregnancy and prostate-
specific antigen (PSA) for prostate cancer are two examples of
protein biomarkers that indicate health status.!®¢ Immunoassays are
the most commonly used technique to detect proteins that are based
on the specificity of antigen-antibody interaction or protein—

This journal is © The Royal Society of Chemistry 20xx
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aptamer recognition. Several SERS-based immunoassays, haye begn
developed in recent years to detect proteins. P61téPgrodpthelilsired
a simple SERS sandwich-like immunoassay to detect a pancreatic
cancer biomarker, MUC4.1°1 They designed a nanochip consisting of
gold nanoparticles functionalized with MUC4 antibody, which could
extract and concentrate antigens from solution. SERS tags with a
Raman reporter were then added on top, giving rise to intense SERS
signals. This technique proved to be a simple diagnostic test for
detecting MUC4 from clinical serum samples of patients. With a
similar methodology, our group used an immunoassay procedure
with commercially available substrates for the detection of higG.1%8
Our study showed the possible application of a Si wafer as a possible
replacement for expensive plasmonic metal substrates.

® PAHs

mmPolydopamine mmAu PAHs: Polycyclic aromatic hydrocarbons

Figure 12. Schematic lllustration of the Synthesis of the
Plasmonic Core-Shell Structure, Based on GNRs, for
Quantitative SERS Analysis of PAHs. Reproduced under
Creative Commons License from an open-access Zhang et al.
2018 article.'83

Agglomeration and association of nanotags on the substrate’s
surface may have a significant impact on the reproducibility and
strength of the SERS signal in the sandwich SERS immunoassay.'%?
Post-immunoassay characterization with SEM images has
demonstrated a large degree of association for nanotags on the
surface of the substrate, in some cases exceeding 50%, which implies
that the impact of the nanotag association on the signal should be
significant.1%3 194 There were no direct and accurate measurements
of the gap distances in those SEM images on the substrate’s surface;
however, the method of AFM/Raman and SEM/Raman map
combinations, described earlier by Arbuz et al., allows for the
quantification of the Raman signal from individual nanotag species
(single nanotags, dimers, trimers, etc.).>? Previously, Sergiienko et al.
determined that the average SERS enhancement factor for the
nanotag dimer (EFgimer = 4 x 10°) is about 1.2—1.3 times greater than
that for a single nanotag.>! Overall, there is a strong potential for the
SEM/Raman maps combination to obtain a signal-to-structure
relationship for individual nanostructures. This information might be
applied to study and elucidate the impacts of the substrate effects,
of nanotag-substrate separation, and of other parameters
controlling the SERS signal in sandwich SERS immunoassay or in other
indirect SERS assays used for the detection of biomolecules, such as
relatively new methods like the aptamer-based SERS assay.®® There

J. Name., 2013, 00, 1-3 | 19
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are a few other examples where nanogap-rich substrates are
efficient in the indirect SERS detection of biomarkers, like detection
of proteinurea on gold nanoparticles over gold film, where most
nanorparticles were associated/agglomerated into dimers, trimers
or oligomers.

Li et al. attached Raman dyes and methoxy poly(ethylene glycol)
thiol (MPEG-SH) to gold nanoparticles (AuNPs) to prepare gold
cores.'3? Next, the Ag nanoparticles were deposited on the gold core,
followed by etching of the subsequent Ag shell in order to form an
interior nanogap. This nanostructure was then examined by
detecting PSA and C-reactive protein (CRP), which are biomarkers for
prostate cancer and coronary diseases, respectively. The LOD for
these two biomarkers was well below the diagnostic concentrations
of these diseases. In addition, this nanostructure was applied in
cancer cell imaging and was able to qualitatively show CCRF-CEM
cells, which are precursors for T cell acute lymphoblastic leukemia.

Xu et al. were able to detect three disease biomarkers
simultaneously using a SERS substrate.’®® They employed self-
assembled silver nanoparticle pyramids on a SERS active substrate

Magnetron
Supttering
Sio,
Magnetron
Supttering Measurement _
Ag =
# Rhodamine 6G
- Ag nanopaticle
Si0, Coated Ag nanopaticle

Journal Name

with 2-8 nm sized nanogaps and SERS tags to detect the biomarkers
PSA, thrombin, and Mucin-1 simultaneo®$l. 1oTH&EP/SEGOIDHNA
aptamers for target recognition and were able to achieve detection
at the attomolar concentration of proteins. With this biosensor, the
LODs for the three biomarkers, PSA, thrombin, and Mucin-1, were
0.96, 85, and 9.2 aM, respectively.

SEF in nanogaps

This effect was first observed and discovered in the late 1960s by
Drexhage during the investigations on the fluorescence lifetime in
the presence of the metal film.1%7. 19 |n the next several decades, this
topic gained more attention, mostly due to the substantial research
works by the group of Lakowicz and Geddes.9°-292 The most popular
substrate of choice at that time was silver island films (SiFs).28 203,204
Then the potential use of nanoparticles was revealed, especially
silver, gold, and core-shell nanoparticles.295-207 Nowadays, the use of
qguantum dots and biochips for SEF is becoming increasingly
popular.298-211 Consequently, with the development of the new
metallic surfaces and nanostructures, the possible applications of

Figure 13. Schematic diagram of the Ag-X substrate fabrication process and SEF measurement by the fluorescent system. Reproduced
with permission granted by Elsevier B.V. from Pan et al. 2020 article.?!2

Table 3. SEF studies involving nanogaps

I
Gap LOD '
Year, Author et al. Nanostructure Preparation width Analyte ™) EF :
(nm)
2008, Bek et al. 213 AuNP-FS-AuNP sandwich AFM manipulation 40 Fluorescent NA 5.35
polystyrene beads

20 | J. Name., 2012, 00, 1-3
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Journal Name ARTICLE
View Article Online
. . Ol: 10.1039/D5NA01137J
2010, Fu et al. 214 (%) nanopetals in a shape sputter-deposition of 110 Fluorescein NA 4000
memory polymer substrate gold and silver
Co-aggregation process
2011, Gill et al. 15 dye-labeled DNA aggregated induced by the 15 Dye-DNA NA 3775
AgNPs polycationic molecule
spermine
laboratory-designed 1.25E-12 :
2012, Li et al, 216 Cy5-funct|<?nallzed silver tagsand a 1 \gE (0.25 25 !
nano-particles (AgNPs) fluorescence ng/ml) !
enhancement solution |
I
|
nanoimprint (top- w
disk-coupled dots-on-pillar down) with self-aligned 3.00E-16 '
2012, ZI , 217 . ' 4
012, Zhou et al antenna array (D2PA) self-assembly(bottom- > l8G 7400 !
up) !
!
I
2013, Fu et al, 21 Sllyer n.anoparjclcles and Iayer-by-la'yfer (LBL) 75 Dil NA 100 X
silver island film (SIF) deposition '
I
I
I
2013, Punj et al. 29 plasmonic ‘antenna-in-box thermal evaporation 26 Alexa 647 NA 1100 |
platform ;
{
I
raspberry-shaped Fluorescein; NA; 10; '
. . 220 . . . . . . . . ’ '’ ’ r
2015, Kinoshita et al. organic/inorganic hybrid anionic species doping 5 Rhodamine NA 10 |
structure |
[}
:
plasmon coupled gold !
2015, Zhang et al. %1 nanorod d|me.r flxe.d ona seed-mediated method 16.05 ATTO-655 NA 295 |
DNA origami .
nanobreadboard
|
all-dielectric nanoantennas electron beam I‘
2016, Regmi et al. 22 - ; lithography and 20 Alexa 647 NA 270 !
based on silicondimers A .
reactive ion etching |
{
I
|
large flat surface arrays of in- planarization, etch '
2017, Flauraud et al. 223 & ¥ back,and template 10 Alexa 647 NA 55000
plane nanoantennas - I
stripping |
dewetting of thin
2017, Hohegljerger etal nanostructured silver films metallic films of 30 R6G NA 21
elemental silver

This journal is © The Royal Society of Chemistry 20xx
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ARTICLE Journal Name
View Article Online
| 225 g . 4 gO!I: 10.1039/D5NA01137J
201 i - iti i -
019, Yanagfwa eta Au nanorods sputter-deposition o 475 Influenza VIF%IS 1.00E-08 300
(*) gold nucleoprotein
Ag-decorated dragonfly .
226
2019, Shang et al. wings (DWs) magnetron sputtering 40 R6G NA 1533
;
Au nanohole-disc arrays (Au- nanosphere |
227
2019, Pang et al. NHDAs) lithography 10 AlexaFluor 790 NA 400 |
{
I
|
. _ . |
2019, Guo et al. 40 AUNPs micro-nano machining 1 cv 1.00€-20 NA
technology !
1
|
1
.‘
2020, Wei et al. 22 aluminum (Al) nanospheres NA 1 NA NA 34000
dimer r
|
|
in situ chemical '
2020, Dong et al. %%° Tin Dendrite nanostructures reaction between NA R6G 1.00E-09 29.81 |
Sncl2 solution and Al :
i
_ I
2020, Pan et al. 212 Si02-Ag-cicada wing magnetron sputtering 23.75 R6G 1'00; 64 161
[}
:
5.77E-12 !
lasmonically enhanced D4 Gap size is controlled B-type natriuretic (0.02 ‘
2020, Cruz et al. 2% P 20 ) - 100
(PED4) by POEGMA brush peptide ng/mL) !
deposition of a silver :
lasmonic nanoantenna (Ag) layer on an |
2021, Kim et al. 23! P ultraviolet (UV) NA Streptavidin-Cy5 NA 22 !
array (PNAA) R .
nanoimprinted |
nanodot array :
I
6.51E-13 |
Ag nanorods on micropost glancing angle (7.8125 !
232 - . |
2021, Luetal. array (AgNMPA) deposition (GLAD) NA MPIF-1 /ml 71 |
pg/ml) |
2021, Kim et al. 253 two AuNPs attached by DNA the flexible DNA 25 Fluorescent dye 2.50E-05 5000
’ ’ origami pillar origami design ' molecule

22 | J. Name., 2012, 00, 1-3
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Journal Name ARTICLE
View Article Online
resonant nanogap antennas | o Streptavidin and HO!: 10.1039/D5NAO1137J
2023, Roy et al. 234 with rhodium nanocube g 118 10 hemoglobin NA 120 (Hb)
. exchange .
dimers proteins
two-step anodization
2023, Wang et al. 55 densely packed gold nanogap method, two-round 67 Cyanine dye NA 10000
arrays electron-beam shadow
deposition
wafer-scale plasmonic tiap;rr:;zz:“;lgé Zl-abS:e::w IR-780 iodide; 209;
2025, Wu et al. 154 (¥) aep s N5 >1 Nile Blue; NA 106;
metamaterial sheet (PLAMS) evaporation metal Rhodamine 6G 6
deposition, ICP-CVD
Average gap (nm) Median gap (nm) Average LOD (M) Median LOD (M) Average EF Median EF
9.41 10 1.01E-11 5.77E-12 220.89 164.5

We also decided to do the same statistical calculations excluding the papers where the gap is > 40 nm (excluded articles are noted with an

asterisk sign):

Average gap (nm) Median gap (nm) Average LOD (M)

Median LOD (M) Average EF Median EF

7.75 10 4.29E-12

3.51E-12 212.9 164.5

MEF are steadily increasing.23¢ Despite all of these innovations, the
signal enhancement of this spectroscopic technique is heavily
influenced by the appearance of hot spots, which are primarily found
in nanogaps between plasmonic metals. Thus, the application of
these nanostructures in SEF is a prominent topic of study. And it is
evident from the literature search that its development is far from its
potential. A fraction of this area of research is summarized in Table
3. In this Table only reports with relatively well-structured SEF
substrates are reviewed. A few publications where large (up to
several 100s) SEF enhancement is achieved on less
structured/controlled substrates are NOT included in the table. For
instance, it is the case for some biological analytes such as bacterial
cell labelled with composite core shell quantum dotes or carbon dots
on metallic substrates, particularly gold and aluminum films 237-239 |n
addition to that, H. Chowdhury et al. calculated theoretical EF for
aluminum nanoparticle dimer system which can be higher than 3500-
fold, but in this table we consider only experimental results.24°

One of the examples of nanogap application in SEF, which is included
in the Table, is demonstrated in the work of Li et al., where they
used Cy-5 oligomer tag as a linker between two colloidal silver
nanoparticles.?’® The performance of this nanostructure was

This journal is © The Royal Society of Chemistry 20xx

explored by detection of IgE in the concentration range of 0.5 ng/ml
—16 ng/ml. The LOD for this measurement was calculated to be 0.25
ng/ml. An approach involving top-down nanoimprint technique and
bottom-up self-assembly for fabrication of nanogap array for SEF was
presented by Zhou et al.21” The resulting plasmonic nanostructure
was further utilized for immunoassay detection of higG and showed
3 x 10%increase in sensitivity compared to identical assay on the glass
surface. The fluorescence enhancement was calculated to be 4 x 108
and the LOD was 0.9 x 10° M. According to Punj et al., even single-
molecular SEF detection was possible by utilizing a nanogap
containing “antenna-in-box” plasmonic nanostructure.?!® With
detection volumes reaching 50 zeptoliters and fluorescence
enhancement of 1100. In addition, Yanagawa et al. showed the
detection of influenza virus protein by using gold nanorods on the
template substrate.??> The subsequent immunoassay for virus
protein showed that even 10 nM concentration of nanoparticles can
detect the virus protein antigen. A more exotic approach for nanogap
fabrication was proposed by Pan et al.2!2 They used cicada wings as
a template for magnetron sputtering of silver nanoparticles, the
process for which can be seen in Figure 13. The final 3D
nanostructure possessed nanogaps with distances between 7—40
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nm and was used for quantitative detection of R6G. The
measurement of R6G in the concentration range from 10 mM to 100
nM showed a LOD of 3.24 x 107 M.

There are also emerging examples of application of combined
SERS/SEF techniques in sensing in sensing. While SERS provides the
ability for multiplexing and exceptionally sensitive detection, SEF
offers rapid fluorescence imaging. The combination of these surface-
enhanced techniques is beneficial for sensing, as it improves
sensitivity and accuracy.?*! For instance, Tatar et al. developed a
SERS/SEF dual-mode sensing platform based on PVP-coated gold
nanostar  films  deposited on polystyrene plates.?4?
Polyvinylpyrrolidone-stabilized nanostars demonstrated reduced
quenching compared to unmodified ones and hence better SEF
performance. This dual-mode platform reached the EF of 3.2 x 10°
with Rh800 as analyte. Previously, PVP was also used to optimize the
SEF properties of other nanostructures, such as quantum dots
embedded in a PVP matrix on polystyrene microplastics, as reported
by Falamas et al. where this polymer was used for improving
dispersion of QDs, which led to a more consistent and reproducible
SEF signal.?*3 Typically, combining SERS and SEF is impeded by the
fact that surface-enhanced fluorescence requires a dielectric spacer
to prevent fluorescence quenching; however, their use weakens the
electromagnetic hotspots required for SERS, nonetheless the Kaiyu
Wu'’s research group developed the a wafer-scale plasmonic
metamaterial sheet that maximized both SERS’s and SEF’s surface-
average enhancement factors (achieving corresponding EFs of 1.17 x
10% for SERS and 209 for SEF, respectively).’>* The platform was
capable of rapid target screening via SEF followed by highly sensitive
and specific molecular characterization using SERS. Further
morphological improvements and implementation of nanogaps into
substrates might enhance the analytical performance of dual-sensing
systems in the future, allowing these dual-mode SERS/SEF substrates
to be used in other sensing-related fields as well.

Conclusions

In this review, we presented and discussed the scope of use and
importance of nanogaps in surface-enhanced spectroscopies.
Starting from the theoretical background and going through
fabrication methodologies to the published applications of these
nanostructures in direct and indirect SERS sensing. Also, we
discussed SEF as a surface-enhanced technique that is also
dependent on nanogap enhancement.

The fabrication techniques depicted in this review are just a tip of the
actual iceberg of innovations made in this area. When these
techniques are compared by their EFs , the SERS substrates
fabricated with ordered nanofabrication techniques such as EBL and
NSL as reported in Table Two, which is based on total of 38 studies,
tentatively produce EFs, which are only up to one order of
magnitude higher ( for EBL) than SERS EFs observed on substrates
fabricated with self-assembly ( SA) , when median reported EFs are
5x 108 vs 3 x 107 for EBL vs SA respectively . Moreover, the difference
in performance becomes less evident when LOD values are
compared. When those techniques are compared by LOD,
substrates fabricated by EBL demonstrated only one order of

24 | J. Name., 2012, 00, 1-3

magnitude better LOD/higher sensitivity in comparisontoothe
substrates fabricated by self-assembly with rRédidR FepyRetAD DS 6f
0.1 nM vs 1 nM respectively.

Since unstructured nanofabrication processes are less expensive,
have lower complexity, and are more scalable than structured
techniques, self-assembly is likely to be a more efficient technique
for the fabrication of nanostructures applied in surface-enhanced
spectroscopy based on its performance-to-cost ratio.

The fabrication techniques depicted in this review are just a tip of the
actual iceberg of innovations made in this area. When these
techniques are compared by their figures of merit, the ordered
nanofabrication techniques reported in the reviewed studies
typically produce EFs up to one order of magnitude higher EFs than
self-assembly. Moreover, the difference in performance becomes
less evident when comparing LODs and reproducibility values overall.
Since unstructured nanofabrication processes are less expensive,
have lower complexity, and are more scalable than structured
techniques, self-assembly is a more efficient technique for the
fabrication of nanostructures applied in surface-enhanced
spectroscopy based on its performance-to-cost ratio.

The variations and combinations of different methodologies enable
the synthesis of nanogaps for a myriad of applications, starting from
metal ion detection to bacteria and virus sensing. Although the
challenges of scalability, stability, and reproducibility affecting these
techniques are major obstacles for the broad commercialization of
these nanostructures and SERS as a whole. A similar image can be
seen for the real-life applicability of the SEF technique. But the recent
breakthroughs in these research areas show great promise for the
potential real-life use of these techniques.
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