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Surface-enhanced Raman spectroscopy (SERS) is a power-
ful analytic technique that is capable of detecting analytes 
down to the single-molecule level and providing direct 

molecular specific information (1–3). The discovery of SERS 
was based on the electrochemical work of Fleischmann and 
colleagues (4) that was reported in 1974. In that manuscript, 
the authors reported Raman spectra of pyridine adsorbed on 
a rough silver (Ag) electrode. It should be noted that Fleis-
chmann and colleagues neither noticed that the Raman spec-
tra of pyridine on Ag surface had unexpectedly high intensity 
nor discussed the origin of this phenomenon. Inspired by this 
observation, Van Duyne and Jeanmaire (5) investigated the 
origin of such drastic enhancement of Raman spectra. They 
suggested that it could be caused by electrochemical interfa-
cial field gradient. Several years later, Van Duyne and Schatz 
proposed the “electromagnetic theory” of the SERS effect (6,7). 
It has been suggested that SERS originated from the intensity 
anomaly, which occurs when the sum of the dipole induced in 
the adsorbed molecule is added to its image in the metal, in the 
limit of zero separation between the two. Independently, Mos-
kovits proposed that a localization and amplification of the 
incident light by surface plasmon resonances (localized and 

propagating) of noble metals are responsible for the high am-
plification of the Raman signal (8). Localized surface plasmon 
resonances (LSPRs) are coherent oscillations of the conduction 
band electrons in noble metal nanostructures (discussed later 
in the “Optical Scattering” section) (9–13). The LSPR drasti-
cally enhances the local electric field (E) in the vicinity of the 
metallic nanoparticle, which can reach 100–1000 times the 
incident electric field (E0), leading to enhancements of the 
Raman signal up to 108. 

Nanoparticle-Based SERS Platforms
In the past decade, numerous SERS platforms have been de-
veloped, including nanoparticle- and substrate-based plat-
forms. Chemically synthesized nanoparticles, both in solu-
tion and on supporting materials, have been broadly used 
as SERS substrates. They have been used primarily because 
chemically synthesized nanoparticles exhibit high enhance-
ment factors, easy synthesis, and the possibility to tailor their 
sizes and geometries to fulfill particular experimental needs 
(14–18). During the past decade a variety of different f la-
vors of nanoparticles have been reported, including porous 
nanoparticles, octopods or nanostars, octahedra, concaved 
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and etched nanocubes, and nanocuboids 
(Figure 1) (14,18–22). A major drawback 
of nanoparticle SERS platforms is the 
difficulty of their large-scale fabrication. 
Also, precursors of their synthesis, such 
as cetyltrimethylammonium bromide 
(CTAB) and citric acid, typically remain 
on their surface, which commonly over-
complicates their practical applications 
in SERS and LSPR sensing (23,24). At the 
same time, the removal of these surfac-
tants commonly leads to random aggre-
gation and precipitation of the metallic 
nanoparticles, which reflects on a poor 
reproducibility of the provided SERS 
enhancement.

An interesting approach of “surfac-
tant free” nanoparticle synthesis was 
discovered by Leopold and Lendl (25). 
It has been demonstrated that a reduc-
tion of silver nitrate with hydroxyl-
amine at alkaline pH and at room tem-
perature yielded highly sensitive SERS 
colloids within a short time. Variations 
in the mixing order and rate of the two 
involved solutions, silver nitrate and 
hydroxylamine hydrochloride con-
taining sodium hydroxide, allow for 
control of the size and dispersion of 
the produced colloids.

There are also many different strate-
gies to controllably assemble nanopar-
ticles, ranging from simple modulation 
of electrostatic interactions between 
colloids to functionalization of nanopar-
ticles with DNA and small organic mol-
ecules (26–28).

SERS Substrates
Based on the fabrication techniques 
used, there are several types of SERS 
substrates. One example is lithographic 
substrates that are characterized by 
well-defined nanostructures at specific 
locations on the substrate and hence 
achieve high SERS enhancement fac-
tors (typically, 106–108) (29–31). One of 
the most well-developed types of litho-
graphic substrates is periodic particle 
arrays, which are fabricated by metal 
evaporation on a mask of close-packed 
silica or polystyrene spheres (30,32,33). 
The resulting surface is referred to as 
metal film-over-nanospheres (FONs) 
(Figure 1g). 

Alternatively, a silica or polystyrene 
sphere mask, with metal deposited on 

Figure 1: SEM images of nanoparticles (a–f) with different morphology: (a) nanoparticles produced 
by reduction of Ag ions, (b) Ag nanocubes, (c) Ag nanocubes etched by HAuCl4, (d) Ag octahedra, 
(e) Ag octahedra etched by HAuCl4, (f) Ag octapods etched from Ag by HAuCl4 octahedra. SERS 
substrates (g–j): (g) film over nanospheres (FONs), (h) periodical particle array (PPAs), (i) regular 
array of metal structures patterned by electron beam lithography, and (j) array of plasmonic 
nanoholes created using lithography, atomic layer deposition (ALD), metal deposition, and 
anisotropic etching. Adapted from reference 15 with permission from the PCCP Owner Societies.
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the top, can be removed by pealing (Fig-
ures 1h and 2). The remaining surface 
will contain triangular nanostructures, 
known as periodical particle arrays 
(PPAs). If glass or quartz coverslips were 
used as the support for silica or poly-
styrene spheres, PPA SERS substrates 
would be transparent. Such transparent 
SERS substrates were found to be ad-
vantageous for numerous experimental 
applications if an epi-(bottom) illumina-
tion Raman system was used for spectral 
acquisition (34,35).

Electron beam lithography (EBL) is 
also commonly used to fabricate ar-
rays with various shapes with tunable 
interparticle distances (Figures 1i and 

1h) (36,37). However, the high labor in-
tensity and time consumption of EBL-
based substrates and high fabrication 
costs limit their broad- and large-scale 
utilization (31). The fabrication of non-
lithographic substrates is commonly 
carried out through thermal evaporation 
of plasmonic metals on a glass or silicon 
substrate (34). This fabrication results 
in the generation of nanometer-scale 
plasmonic features (38,39). Although 
the fabrication of nonlithographic sub-
strates, such as metal islands or porous 
films, is relatively facile, it is practically 
impossible to control the nanostructure 
geometry and architecture, and, conse-
quently, their uniformity. 

A hybrid of nanoparticle and sub-
strate was proposed in the 1980s (40–42) 
and recently commercialized (43,44), in 
which paper or fabric is used to anchor 
and assemble nanoparticles (Figure 3). 
These SERS substrates have been dem-
onstrated to be very promising platforms 
for the detection and identification of 
various chemical and biological ana-
lytes, providing detection down to the 
nanogram and femtogram levels (43). 

It was demonstrated that nanoparti-
cles could be deposited on the substrates 
using simple ink-jet printers, which 
drastically decreases their production 
costs and enables on-site fabrication 
(43,45). During this process, nanopar-
ticles penetrate down through the pa-
per’s or fabric’s fibers and form different 
aggregates on their surfaces (Figure 3). 
Therefore, these substrates can be con-
sidered as the first three-dimensional 
(3D) SERS platforms. Consequently, 
in the past decade, 3D SERS substrates 
gained enormous popularity in various 
fields ranging from analytical chemis-
try to biology (15,46–48). However, the 
feasibility of their large-scale production 
remains unclear. Finally, it has been no-
ticed that insects have highly periodic 
structures on their wings. Deposition of 
metal on such nature-built masks pro-
vides cheap and highly uniform SERS 
substrates (49,50).

Spectroscopic Properties  
of SERS Substrates
There are no commonly accepted 
standard procedures for substrate or 
nanoparticle characterization, as well 
as criteria to which the newly developed 
SERS platforms should be compared. 
As a result, it becomes extremely chal-
lenging to compare the substrates and 
nanoparticles discussed above and, con-
sequently, fully recognize their spectro-
scopic properties. Recently, it has been 
proposed to report the following physi-
cal characteristics of newly developed 
SERS platforms: 
•	morphological characterization,
•	optical scattering (far-field response), 

and 
•	near-field SERS properties (51). 
The proposed set of three measurements 
is very logical and truly represents the 
minimum physical characterization that 

Figure 2: Schematic representation of the nanosphere lithography process for fabricating a metal 
film over nanospheres and periodic particle arrays of metal nanotriangles.
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Figure 3: SEM images of commercially available paper- and fabric-based 3D SERS substrates. 
Adapted from reference 10 with permission from The Royal Society of Chemistry.
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is required to evaluate spectroscopic 
performance of any SERS platform. 
For instance, morphological character-
ization is necessary to understand the 
substrate uniformity and nanoparticle 
composition. Far-field measurements 
are required to reveal LSPRs, which 
determine the near-field properties of 
the substrate. Far-field response also 
indicates how broad the expected near-
field response can be of a particular 
substrate. At the same time, near-field 
measurements are required to unravel 
the enhancement factor (EF) (discussed 
below) of the substrate and understand 
the fundamental physics that lie behind 
the electromagnetic and chemical mech-
anisms of the substrate enhancement. 
The following sections demonstrate, in 
detail, what information one will obtain 
by determining each of these physical 
properties.

Morphological Characterization 
Morphological characterization is com-
monly achieved by electron microscopy 
(EM) or scanning probe microscopy 
(SPM). Scanning electron microscopy 
(SEM) is typically used to investigate the 
morphology of SERS substrates, whereas 
transmission electron microscopy 
(TEM) can only be used for the deter-
mination of shape, size, and uniformity 
of nanoparticles. SPM is less commonly 
used for the morphological characteriza-
tion of SERS substrates (Figures 1 and 
3), primarily because SPM is much more 
labor-intensive and can be used only on 
relatively flat (that is, having a roughness 
of several micrometers) surfaces.

One may argue that morphological 
characterization provides very little, if 
any, information about spectroscopic 
properties of SERS substrates. For ex-
ample, it is very difficult to predict the 
optimal enhancement wavelength for 
the SERS substrates shown in Figures 1 
and 3 based on their morphologies (13). 
Nevertheless, spectroscopic properties 
of nanoparticles can be much more ac-
curately predicted based on their TEM 
images. For instance, it is known that 
80-nm Au nanoparticles will exhibit the 
highest EF at ~800 nm, whereas nano-
prisms or nanoplates will be plasmoni-
cally active in the infrared (IR) region 
of the electromagnetic spectrum (11,29). 

The information obtained upon mor-
phological examination of the substrate 
is also often used to develop theoretical 
models that help to understand spec-
troscopic properties of SERS substrates 
(18,52,53). Finally, based on the micro-
scopic examination, the substrate is 
classified to the particular class of sub-
strates, such as nanoparticle-, nanohole-, 
or bowtie-based substrates.

Optical Scattering  
Optical scattering is by far the most ro-
bust and reliable method to obtain in-
formation about plasmonic properties of 
SERS substrates and nanoparticles. Ac-
cording to the Mie theory, the extinction 
spectrum, E (λ), of an arbitrarily shaped 
nanoparticle is given by equation 1:

E(λ) =
24π2Na3εout³∕²

λln(10)

εi (λ)

(εr(λ) + χε
out)

2 +εi (λ)2[ [	 [1]

where εr and εi are the real and imagi-
nary components of the metal dielectric 
function εin, respectively; εout is a di-
electric constant of the external envi-
ronment; and a is a nanoparticle radius 
(54). The shaper factor χ = 2 for a sphere 
and >2 for spheroids. For gold and silver 
nanoparticles, the dielectric resonance 
condition (εr ≈ − χ•εout) is met in the vis-
ible region of the spectrum. Therefore, 
noble metal nanoparticles are com-
monly used for the fabrication of SERS 
platforms.

As evident from equation 1, the 
LSPR also depends on nanoparticle size 
(16,31,55). This dependence can be sim-
plified to the following rule: The larger 
the nanoparticle size is, the more to the 
red its LSPR will be shifted (Figure 4). 
One can expect that to achieve the high-
est EF, the excitation wavelength should 
match, or be close to, the LSPR. Recently, 
Greeneltch experimentally demon-
strated that the highest EF can be ob-
tained if the LSPR is located between the 
photon energy of Rayleigh and Raman 
photons (56). The broadness of the LSPR 
peak allows for estimation of the region 
of the electromagnetic spectrum where 
a decent SERS signal can be obtained.

The Van Duyne laboratory demon-
strated that the highest electromagnetic 
field is reached in the junction between 
two nanoparticles, a so called hot spot 
(57). Moreover, Wustholz and colleagues 
investigated spectroscopic properties of 
nanoparticles in different aggregation 
states (dimers, trimers, and so forth) and 
correlated them with TEM images of 
the particles (57). It has been found that 
EFs did not correlate with nanoparticle 
aggregation state. This indicated that a 
single hot spot between two particles 
was sufficient and the “extra” particles 
did not contribute significantly to the 
SERS signal. 

LSPR maxima of the SERS substrate 
will shift upon the adsorption of a mo-

Figure 4: Dependence of the LSPR spectra on the Au nanoparticle size. LSPR red-shifts 
as nanoparticle size increases. Adapted with permission from Cytodiagnostics Inc.,  
www.cytodiagnostics.com.
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lecular analyte to the metal surface 
(58–60). This principle was used by the 
Van Duyne laboratory to develop LSPR-
based sensors. Such sensors are primar-
ily noble metal nanoparticles that can 
be functionalized individually to bind 
a variety of analytes, making it optimal 
for miniaturized, multiplexed sensing. A 
more detailed description of the LSPR-
based sensors can be found in the excel-
lent review by Sagle and colleagues (58).

At the same time, there are SERS plat-
forms that exhibit very little if any far-
field response. For instance, Kurouski 
and colleagues recently reported that 
3D SERS substrates had extremely weak 
optical scattering that did not allow for 
prediction of their plasmonic proper-
ties (13). Moreover, observed optical 
scattering was dominated by signals 
from individual nanoparticles, whereas 
the plasmonic activity of the substrates 
was determined by nanoparticle dimers 
and their aggregates. Therefore, it is ex-
tremely important to determine a near-
field SERS response of any newly devel-

oped SERS platform to fully understand 
its plasmonic properties.

Near-Field Response   
Near-field response originates from both 
electromagnetic (EM) and chemical en-
hancements. EM enhancement reaches 
104–108 (with theoretical predictions up 
to 1011), whereas chemical enhancement, 
also known as charge transfer, gives only 
(101–102). Experimentally, the near-field 
response is characterized by an EF as 
given in equation 2:

EF =
Nvol

×ISERS 

Nsurf
×IRS 

		  [2]

where Nvol and Nsurf are the average 
number of molecules in the scattering 
volume for the normal Raman mea-
surement and the number of adsorbed 
molecules in the scattering volume for 
the SERS measurement, respectively. IRS 
and ISERS are the corresponding normal 
Raman and SERS intensities. 

Nonresonant molecules are com-
monly used as the signal reporters to 

avoid amplification of SERS by the 
resonance Raman effect, which can 
increase the EF by 103–106. One of the 
most commonly used nonresonant sig-
nal reporters is benzenethiol. Benzene-
thiol is primarily used because it forms 
a monolayer on metal surfaces upon 
vapor or solution deposition and has a 
large Raman cross-section. Also, ben-
zenethiol packing density has been pre-
viously calculated (6.8×1014 molecules/
cm2). To determine the EF, the following 
measurements have to be performed: the 
dimension of the beam cone of the ob-
jective (XYZ), and normal Raman spec-
trum of a solution of neat benzenethiol 
(61). Measurements of the microscope 
beam cone define the surface area and 
solution volume that are illuminated by 
the laser light and consequently contrib-
ute to the collected Raman signal. Each 
microscope objective or a set of optics 
will have a different beam cone. The 
normal Raman spectrum of a solution 
of neat benzenethiol is used as a refer-
ence (equation 2).

It should be noted that EF (if calcu-
lated by equation 2) does not depend on 
the resonance effect since its contribu-
tion will be in both the denominator and 
numerator and thus is canceled out. 

It is often important to measure the 
EF at different wavelengths to investigate 
the near-field profile of the SERS sub-
strate (Figure 5). This measurement al-
lows for the direct elucidation of broad-
ness of the substrate plasmonic activity. 
Moreover, this near-field response can 
be correlated with the optical scattering 
profile of the substrate, which allows 
for unraveling of the fundamental rela-
tionship between the far- and near-field 
responses for that particular SERS sub-
strate. Finally, it is important to measure 
and report a near-field response from 
multiple locations on a single SERS sub-
strate, as well as on multiple fabricated 
batches of the substrate. This process is 
necessary to reveal uniformity, repeat-
ability, and feasibility for scale-up manu-
facturing of any newly developed SERS 
platform.

Wavelength scanned surface-en-
hanced Raman excitation spectroscopy 
(WS-SERES) is a sophisticated spectro-
scopic approach that allows for the suc-
cessful characterization of the near-field 

Figure 5: WS-SERES profiles of two (a) paper-based and (b) fabric-based SERS substrates. 
Adapted from reference 10 with permission from The Royal Society of Chemistry.
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response of SERS substrates and aggre-
gated nanoparticles (62). It has been pre-
viously used to determine the near-field 
response of PPAs, nanoparticle assem-
blies, and 3D paper- and fabric-based 
SERS substrates (62–64). The 3D SERS 
substrates exhibited a very similar rela-
tionship between the far-field optical re-
sponse and near-field surface-enhanced 
Raman scattering to the nanoparticle 
assemblies. This behavior was expected 
because their enhancement properties 
are based on nanoparticles and nano-
rods adsorbed in various aggregation 
states onto the surfaces of paper or fab-
ric. In the 3D SERS substrates, the near-
field SERS maxima are red-shifted by 
approximately 200 nm relative to the 
calculated LSPRs (13). 

To summarize, we have demonstrated 
that only direct measurements of the mor-
phological organization as well as far- and 
near-field responses of any newly devel-
oped SERS platform provide a clear un-
derstanding about its plasmonic activity. 
Moreover, a determination of the relation-
ship between near- and far-field proper-
ties allows for an unambiguous elucida-
tion of the fundamental physics that lie 
behind the plasmonic performance of the 
SERS substrate. This information can be 
used to tailor plasmonic properties of the 
SERS substrate to the particular experi-
mental needs.  

Detection Versus 
Quantification
The practical applications of SERS dis-
cussed above demonstrate that this ana-
lytic technique is capable of the confir-
matory identification of analytes with 
single-molecule resolution. It also requires 
minimal sample amount and has the ad-
vantage of fluorescence quenching. The 
question to ask is whether such detection 
can be quantitative.

In 2015, Krämer and colleagues dem-
onstrated that quantitative SERS could 
be achieved if the analyte was measured 
simultaneously with different concentra-
tions of an “internal standard” (65). Using 
this approach, a calibration curve is built 
based on the known concentrations of the 
“standard” and then is used to determine 
the concentration of the analyte. In the 
proof-of-concept study, methyl red was 
used as the “internal standard” to obtain 

quantitative determination of the analyte 
of interest, Congo red. Such an approach 
could be used if both the internal standard 
and the analyte have similar or equal ad-
sorption affinity to the metal surface. It 
should also be noted that vibrational “fin-
gerprints” of the internal standard should 
not overlap with the Raman spectrum of 
the analyte (65).

Independently, Bin Ren’s laboratory 
demonstrated that quantitative SERS 
could be achieved using core-molecule-
shell (CMS) nanoparticles (NPs) (66). In 
CMS NPs, the molecular layer is sand-
wiched between the core and shell and, 
consequently, is not influenced by the 
outer environment. The shell surface can 
be accessed by target molecules without 
competition in the dynamic replacement. 
Finally, the molecular layer in CMS NPs 
can be simultaneously used as the inter-
nal standard and enhancing substrate. 
Using 4-mercaptopyridine (Mpy) as the 
internal standard molecule, Shen and col-
leagues demonstrated that concentrations 
of 1,4-phenylene diisocyanide (PDI), uric 

acid (UA), and basic red 9 (BR9) could be 
quantitatively determined by CMS NPs 
(66). 

Finally, Chen and colleagues recently 
reported on an Ag-nanoparticle-based 
SERS substrate that allowed for quantita-
tive SERS measurements at the single-mol-
ecule level (67). This result was achieved by 
precise control of the SERS enhancement 
factor and detection of a hot zone using 
ligand-regulated silver nanoparticle super-
lattices with a built-in internal standard.

Future Perspectives
SERS has become a powerful stand-
alone analytical technique that is cur-
rently utilized in various research areas 
ranging from art conservation science 
to forensics and medicine. It can be in-
tegrated with existing biosensing assays 
and bioimaging techniques to quantify 
biomarker levels and confirm a diag-
nosis or the efficacy of drug delivery. 
Because of the technique’s sensitivity 
and the ability to detect bioanalytes, its 
application has expanded beyond the 

Figure 6: MCA concept based on silica-coated AuNPs with Raman-active (trans-1,2-bis(4-pyridyl)-
ethylene) and MRI-active ( maleimide-DOTA-Gd) layers. After intravenous injection, MCA diffuses 
through the disrupted blood–brain barrier and is sequestered by the tumor. MCA does not 
accumulate in healthy brain tissue because they are too large to cross the intact blood–brain 
barrier. Preoperative MRI imaging defines tumor margins, while both PA and Raman imaging, with 
their high resolution and deep tissue penetration, guide bulk tumor resection intraoperatively. 
The resected specimen can subsequently be postoperatively examined using Raman imaging to 
verify clear tumor margins. Adapted with permission from reference 68. Copyright 2016, Nature 
Publishing Group.
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analytical chemistry laboratory to bio-
medical imaging facilities (for example, 
magnetic resonance imaging [MRI]) 
and into clinics (68). SERS is also highly 
efficient in the detection and identifi-
cation of bacteria in urine and serum 
(69,70). This methodology will allow 
for detection of pathogenic bacteria in 
a very short timeframe, which is vitally 
important for rapid treatment of severe 
bacterial diseases such as sepsis.

Another interesting application of 
SERS is plasmonic catalysis. Recent find-
ings demonstrate that plasmon-driven 
photocatalysis (PDP) is the route to 
concentrate and channel the energy of 
low-intensity visible light onto adsorbed 
molecules (71). PDP is based on the non-
radiative Landau damping of LSPR, which 
results in energetic “hot” carriers: elec-
trons above the Fermi energy of the metal 
or holes below the Fermi energy (72,73). It 
should be noted that hot refers to carriers 
of an energy that would not be generated 
thermally at ambient temperatures.  

PDP can be used to enhance the rates of 
chemical transformations and control re-
action selectivity. It can be indirect where 
excitation of LSPR is used to transfer pho-
ton energy to semiconductors, molecular 
photocatalysts, or metals and direct where 
coinage metal nanoparticles act as the 
light absorber and the catalytically active 
site. For instance, it has been shown that 
the Na desorption rate from 50-nm Na 
clusters strongly correlates with photon 
excitation wavelength (energy) (74). In 
2008, Chen and colleagues (75) reported 
that Au nanoparticles supported on opti-
cally inert SiO2 exhibited HCHO oxida-
tion activity under red light illumination 
(600−700 nm). The photocatalytic activ-
ity has been observed on both visible light 
active semiconductors (Fe2O3) and opti-
cally inactive supports (SiO2) . Recently 
Christopher and colleagues showed that 
the rate of ethylene epoxidation (C2H4 + 
1/2O2 → C2H4O) executed over Ag nano-
cubes supported on Al2O3 could be signif-
icantly enhanced by low-intensity visible 
light illumination (76). One of the most 
fascinating examples of plasmonic pho-
tocatalyst activity was recently reported 
by the Halas group. Using Al nanocrysy-
als, Zhou and colleagues demonstrated 
plasmon-driven hydrogen dissociation 
on their surface (73). 

Conclusions
From the perspective of a substrate devel-
opment, one can envision that a fabrica-
tion of SERS substrates with an EF greater 
than 107 is strongly desired. During the 
last decade, numerous research laborato-
ries developed new SERS platforms with 
exotic morphology or modified currently 
known SERS substrates. At the same time, 
these new substrates often exhibit an EF 
on the range of 106. In this regard, it is im-
portant to question why a newly invented 
SERS platform is better than hundreds 
of previously reported ones. It is also im-
portant to work toward elucidation of the 
plasmonic properties of new materials, 
which will allow us to perform SERS in 
a broader range of the electromagnetic 
spectrum, such as in the ultraviolet (UV) 
and IR regions. Additionally, the replace-
ment of Au and Ag with more economi-
cal plasmonic materials, such as Al, will 
decrease the substrate fabrication cost and 
allow their utilization in the UV region of 
the electromagnetic spectrum (77).

A very important issue that remains 
to be addressed is the repeatability of 
fabrication or scale-up manufacturing of 
SERS substrates. Whereas a fabrication 
of a single copy of a substrate is relatively 
facile, manufacturing of identical (from 
the perspective of their uniformity and 
consequently plasmonic activity) SERS 
platforms is a challenging task. This dif-
fficulty often reflects in poor reproduc-
ibility of acquired SERS spectra, from an 
industrial perspective. Therefore, one can 
envision that the development of a robust 
and highly repeatable substrate fabrica-
tion procedure will be strongly desired 
to broaden the applicability of SERS to 
pharmaceutical and other industrial ap-
plications. 
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