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While surface-enhanced Raman spectroscopy (SERS) has been attracting a continuously increasing interest of scientific community
since its discovery, it has enjoyed a particularly rapid growth in the last decade. Most notable recent advances in SERS include
novel technological approaches to SERS substrates and innovative applications of SERS in medicine and molecular biology. While
a number of excellent reviews devoted to SERS appeared in the literature over the last two decades, we will focus this paper more
specifically on several promising trends that have been highlighted less frequently. In particular, we will briefly overview strategies
in designing and fabricating SERS substrates using deterministic patterning and then cover most recent biological applications of
SERS.

1. Introduction

SERS is a Raman spectroscopic technique, which takes
advantage of localized surface plasmon resonance (LSPR) in
nanoscale systems based on coinage metals, such as silver
and gold. As a result, Raman cross-sections of molecules on
SERS-active substrates can reach values comparable to those
of fluorescence spectroscopy [1–4]. Respectively, enhance-
ments of Raman scattering signals ranging from a factor of
106 to 1016 have been reported in various studies [5–7]. The
mechanisms for this enhancement in SERS are attributed
largely to electromagnetic field enhancement due to LSPR
and also to chemical interactions of the analyte with the
substrate. As a result of these enhancements, SERS can have
the sensitivity sufficient for the detection of ultratrace levels
of analytes down to single molecules [3, 8]. This level of
sensitivity is particularly useful for the detection of a small
number of analyte molecules normally encountered in a
single cell. Apart from the sensitivity, the inherent unique
attributes of Raman are retained in SERS. Thus, it distin-
guishes vibrational signatures of molecular bonds, enabling

label-free positive identification of analytes in complex
cellular environments. Analyte detection can be multiplexed
without spectral overlap because SERS provides spectra with
narrow bandwidth. It is also very sensitive to slight changes in
the orientation and structure of the molecules, allowing for
structural elucidation. These characteristics, coupled with
the weak Raman scattering of water, make SERS an ideal
technique for analyzing complex biological samples that
require little or no sample preparation. Importantly, SERS
is achieved using a wide range of excitation frequencies,
allowing for the selection of less energetic excitation (NIR
to red) in order to reduce photodamage and background
autofluorescence. Additionally, the analyte detection takes
place at a close proximity to the SERS-active metal sur-
face, thereby further reducing background autofluorescence
through quenching. Therefore, SERS addresses most of the
challenges of fluorescence detection for biological applica-
tions while providing comparable sensitivity.

Nanostructured metal surfaces or metal nanoparticle
assemblies (commonly referred to as SERS substrates) are
required for SERS measurements and their SERS activity and
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measurement reproducibility largely influence the extent of
SERS applications. As a result of this, the development of
high-performing SERS substrates is an ongoing investiga-
tion.

A remarkably wide variety of SERS active substrates
and media have been explored in the last few decades.
While roughened noble metal surfaces [9] and noble metal
colloids were among historically first SERS active objects,
more complex and optimized plasmonic systems prepared
by using elaborate chemical synthesis [10–12], template-
directed deposition [13–15] and nanosphere self-assembly
[16, 17] have subsequently set the standard in the area
of SERS active substrates. In general, all technological
strategies of creating SERS active substrates can be broadly
divided into the three main categories: (i) chemical synthe-
sis, (ii) template-assisted methods, and (iii) deterministic
(lithographic) patterning. The former two strategies can be
referred to as a “bottom-up” approach, while lithographic
patterning is a typical “top-down” approach. Since each
of these strategies has its own advantages and limitations,
a notable recent trend in creating SERS substrates with
improved performance consists in combining top-down and
bottom-up technological strategies [18].

Metal colloids in suspensions or aggregation have widely
been used for SERS measurements due to their ease of prepa-
ration by chemical synthesis and the high SERS activities
they exhibit especially at the interparticle spacing [19–22].
SERS enhancement factors as much as 1016 have been
reported with such substrates, allowing for single-molecule
detection [23–26]. When these colloids are immobilized on
solid supports using chemical or electrostatic interaction,
their reproducibility is tremendously improved. This is due
to the ability to control interparticle spacing between the
immobilized metal colloids. Additionally, such control of
interparticle spacing has been exploited in the investigation
of some fundamental concepts of SERS [27–29]. Template-
assisted SERS substrates development have largely been
aided by the advances in nanotechnology, leading to
existence of a broad range of such substrates in recent years.
One advantage of this group of substrates involves the use of
nanostructure templates to control the interparticle distance
and improve the reproducibility. Nanosphere lithography,
for example, involves the deposition of a metal film on
nanosphere templates arranged on a solid platform followed
by the removal of the template. This leaves a regular of
array of SERS-active metal nanostructures on the solid
platforms [30, 31]. Substrates derived from metal film on
nanostructures (MFON) are another template method
except in this case; the nanostructures are not removed
after the metal deposition. Thus, both the underlying
nanostructures and the metal film deposited serve as the
SERS substrates [32, 33]. These types of substrate are
easily controlled based on the thickness of the metal film
deposited and the size of the templates used, yielding highly
reproducible SERS substrates. Importantly, by depositing
several layers of SERS-active metal films separated by
dielectric spacers, MFONs can be used in a multilayer
geometry for improved SERS enhancement by as much as 2
orders of magnitude, showing that the SERS enhancement

of conventional substrates can be further increased
[34–36]. Since SERS discovery, a large variety of substrates
has been reported for its measurements as captured in
recent reviews [37–40], and all of them could not be covered
in this paper. Although experimental work on SERS of
biological objects has relied predominantly on “bottom up”
approaches, such as colloidal assembly and synthesis, SERS
substrates implemented using “top down” strategies, such
as EBL, are likely to yield to the most reproducible SERS
substrates in the future. Therefore, the following section will
review several specific deterministic patterning strategies that
offer great promise for fabricating high-performance SERS
substrates.

2. SERS Substrates Created Using Deterministic
Patterning Strategies

It is worthy to note that, while chemical synthesis and
template-directed methods have prevailed in creating intri-
cate plasmonic structures with remarkable SERS perfor-
mance [10, 41–44], deterministic patterning approaches,
in particularly electron beam lithography (EBL), has been
explored in the area of SERS far less extensively. This trend
can be explained by the historically limited availability of
EBL tools as well as the high cost of nanoscale lithographic
processing compared to chemical synthesis. Nonetheless,
notable examples of successful applications of EBL to SERS
active substrates can be traced back to studies by Liao et al.
in the early 1980s [45, 46]. A growing number of promising
results on SERS active substrates prepared using lithography-
derived processing have been reported more recently [18, 47–
58].

In the section below, we will briefly discuss the recent
advances in high-performance SERS substrates prepared
using primarily EBL and wafer level cleanroom processing.
Comprehensive discussions of conventional wafer level pro-
cesses can be found in the literature [59]. Patterning of a
substrate material by means of EBL is a multistep process
that starts with designing patterns using computer-assisted
design (CAD) software. EBL tool provides a programmable
exposure of substrates coated with e-beam resist to a focused
electron beam. As a result, the pattern is transferred onto
a thin layer of e-beam resist that plays a role of a mask in
the subsequent selective removal of the substrate material by
dry or wet etching or in the subsequent selective removal
of a deposited metal film by a liftoff process. Soft lithog-
raphy relies on a patterned master to create morphologies
complimentary to those present on the master in a single
step, such as embossing or molding. Various modifications
of anisotropic reactive ion etching (RIE) enable formation
of grooves, wells, pillars, and other nonplanar structures
on Si, SiO2, and polymeric substrates with excellent control
of the sidewall profile and characteristic sizes ranging from
tens of nanometers [59]. As applied to SERS substrates, the
main advantage of EBL patterning is its ability to create
arbitrary 2D shapes with high fidelity on the spatial scale
relevant to noble metal structures that exhibit localized
plasmon resonance (LSPR) in the visible region of the
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electromagnetic spectrum [60]. These features, combined
with the wider availability of EBL tools to the research
community, have facilitated efforts towards combinatorial
[60] as well as model-driven [18, 51, 61–63] SERS active
substrates.

The most notable types of deterministically patterned
SERS substrates include (i) dense periodic arrays and
gratings, [35, 46, 61] (ii) plasmonic structures with extremely
small (5 nm or less) nanogaps [48, 52, 64, 65], and (iii)
multiscale structures and structures with complex 3D archi-
tectures [18, 51, 57, 58, 66]. Silver-coated gratings [61] and
dense periodic arrays of nanoscale pillars [45, 46] were
among historically first SERS substrates created by means
of EBL. Fabrication of such substrates involved three main
processing steps: EBL patterning of the resist layer, RIE of
the substrate material to the desired depth (typically several
hundred nanometers), and physical vapor deposition (PVD)
of a 25 to 50 nm silver layer. The SERS enhancements of
the resulting structures were reported to be at least one
order of magnitude larger than that of silver island films
[52]. Subsequently, several modifications of this processing
sequence was adapted to create various highly optimized
SERS substrates [55, 57, 58].

Plasmonic dimers shaped as nanoscale bowtie antennas
[54] represent another interesting class of structures that
can be precisely fabricated using EBL and utilized as very
promising high-performance SERS substrates [52]. These
substrates were characterized by SERS enhancement factor
exceeding 1011. An alternative approach to plasmonic
structures with sub-10 nm gaps that give rise to very
strong local enhancements of optical fields relied on
photolithographic patterning and an alumina sacrificial
spacer layer deposited using atomic layer deposition [55].
Such vertically oriented plasmonic nanogap arrays were
characterized by local SERS enhancements of up to 109. Yet
another type of SERS substrates with plasmonic dimers with
few nm gaps was fabricated by creating discontinuities in
EBL-patterned bridge structures using electromigration [48].
Electromigrated nanoscale gaps exhibited extremely strong
SERS.

More recently, several modifications of the fabrication
sequence that combines EBL, RIE, and PVD have been used
to create sombrero-shaped [58] and disc-on-pillar plasmonic
architectures further optimized to achieve strong local field
enhancements [63].

SERS signal enhancements sufficient for detection of few
molecules in vicinity of hot spots were reported for the
sombrero-shaped structures [58] while the disk on-pillar
structures exhibited averaged SERS enhancement factors
above 109 [57].

A very interesting concept of aperiodic multiscale struc-
tures that takes advantage of the cascade enhancement effect
was implemented using EBL patterning and subsequent in
situ spatially selective reduction of gold. These two suc-
cessive steps resulted in hierarchal formation of plasmonic
nanoparticles with two characteristic sizes of approximately
200 nm and 30 nm, respectively. These multiscale structures
exhibited reproducible spatially averaged SERS enhance-
ments similar to 108 [18].

Although fabrication of the majority of the SERS active
substrates discussed above relied on EBL, similar structures
could be created using alternative approaches, such as optical
interference [66, 67], nanostensil [68] lithographies, and
laser-induced synthesis [68, 69]. Compared to these latter
techniques, advantages of EBL include its wider availability
and applicability to patterning both periodic [40] and
aperiodic patterns [18, 50] of arbitrary shapes, a particularly
useful feature at the research stage. A relatively low through-
put and high cost of EBL tools makes them less attractive
for scaled-up fabrication of SERS substrates. In order to
make deterministic patterning of SERS substrates scalable,
more flexible and less expensive advantages of EBL can be
further augmented by nanoimprinting, nanoembossing [70],
and nanotransfer stamping/printing approaches [53, 54]. For
instance, a small-area silicon master with nanoscale patterns
can be created using a combination of EBL and RIE and
then used in a step-and-repeat process to pattern larger areas
and/or a number of SERS substrates in a cost- and time-
efficient manner.

3. Design of SERS-Based Nanosensors for
Cellular Applications

In addition to lithographically produced or patterned sub-
strate fabrication, SERS has also seen several significant
advances in its application to biological and intracellular
analyses over the pat decade. Such analyses take advantage
of the inherent nanoscale size of the SERS active substrates
to perform highly localized chemical-specific investigations.
During the past couple of decades, such analyses have
advanced from the pioneering work of inserting gold
colloidal probes inside a cell for SERS-based chemical
imaging of whatever species were present at the probes
surface, to more recent versions of SERS-based sensors with
various biological receptors for added specificity. In such
analyses, the highly enhancing nature of the substrate must
be retained as well as the addition of specific receptors.
Figure 1 represents the general model of a typical SERS-based
nanosensing showing a SERS nanosensor made of a SERS-
active nanoparticle with a recognition elements tethered
to it. The particle is a nanostructure small enough to be
inserted into a living cell without significant perturbation
or toxicity. It is also capable of supporting the induction
of localized electromagnetic field when excited so that
the molecular information of analyte closer to it can be
obtained by SERS. Nanostructures made from gold and
silver are often used as SERS-active particles because they
provide the most enhanced SERS signals especially in the
visible to NIR region. To promote analyte specificity, the
SERS-active nanostructure can be attached with analyte
recognition elements (e.g., enzymes, aptamers, and Fabs) or
a Raman reporter. For intracellular analyte detection, the
SERS nanosensor is inserted into the cell (through cellular
uptake or physical injection). The targeted analyte interacts
with the recognition elements and is brought closer to the
SERS-active particle. The nanosensor is interrogated with an
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Figure 1: A general concept of SERS-based intracellular nanosensing.

appropriate excitation source and the scattered radiation is
collected and detected by a photodetector.

3.1. Application of SERS in Intracellular Analyses. Colloidal
plasmonic gold nanoparticles are commonly used for SERS-
based intracellular analyses due to their small sizes, SERS-
activity, and biocompatibility [71, 72]. Kneipp and cowork-
ers were among the pioneers of SERS-based individual live
cells monitoring [73–76]. In one study, gold nanoparticles
with sizes ranging from 30 to 50 nm were introduced into
immortalized rat renal proximal tubule (IRPT) cells and
mouse microphage cell line (J774), via endocytosis. To
minimize background autofluorescence, 786 nm was used
for excitation source for the measurement of SERS spectra
at different time points. Remarkably, it was noticed that
the pattern of SERS fingerprints changed over time, with
the spectra taken two hours after particles internalization
showing the largest number of bands and highest intensity
[63]. From these study, the potential of SERS as a sensitive
method for label-free analyte detection inside an individual
living cell was demonstrated. However, because any species
in contact with the metal surface could potentially provide
a signal, a significant background problem with such studies
was found to exist. Furthermore, the strong interaction of
some biological molecules with metal surfaces often resulted
in biological fouling, as biomolecules randomly adsorbed
onto the metal surfaces [73, 75, 77].

To selectively detect specific analytes in complex biologi-
cal environments, nanoparticles have been immobilized with
chemical receptors to form SERS-based nanosensors. Most
of such SERS-based nanosensors have been developed for
pH monitoring [78–82]. In one study, 4-mercaptobenzoic
acid with pH sensitive COO− vibration (1430 cm−1) was self-
assembled on SERS-active nanoparticles. By monitoring the
intensity of COO− vibration, it was possible to monitor pH
in Chinese hamster ovary cells at physiological concentra-
tions [83]. Recently, functionalized gold nanoparticles have
been used to monitor intracellular redox potential changes
in NIH/3T3 fibroblast cells [75]. SERS-active nanoparticles
made of 125 nm silica core and 25 nm thick gold shells
were modified with redox-active SERS molecules (e.g. 2-
mercaptobenzene-1, 2-diol). The redox-active molecules

responded to the concentration of oxidative and reductive
species in the cell through reversible redox reaction leading
to slight changes in structure, which was reflected in SERS
spectra [84].

3.2. SERS-Based Immunonanosensors. With increasing de-
velopment of different types of SERS-active nanomaterials, it
became clear that improvement in the specific analyte detec-
tion capability of these nanomaterials can rapidly advance
SERS intracellular nanosensing technology. In view of this,
various biorecognition molecules (including enzymes, Fabs,
and aptamers) were earmarked for the development of
SERS bionanosensors [85–88]. Efforts in this direction have
led to the development of SERS bionanosensors employing
antibodies for analyte recognition [89–92]. These SERS
immunonanosensors developed by Cullum and coworkers
employed metal film over nanostructure (MFON) SERS-
active nanoparticles to provide uniform sensitivity [93]
without the need for particle aggregation. Antibodies for
specific antigens were immobilized on these nanoparticles
to broaden the classes of analytes that can be interrogated
to include proteins/peptides [91, 92] and other immuno-
genically recognized biomolecules (e.g., glucose, insulin, etc.)
[89, 94].

Insulin receptive immunonanosensors were fabricated
by immobilizing anti-human insulin receptors on MFON
SERS-active particles via crosslinkers. Suitable crosslinkers
were identified by characterizing several crosslinkers. Figure
2 shows the spectra of 2-mercapto-4-methyl-5-thiazoa-
cetic acid (MMT), which was the preferred crosslinker
because it exhibited rigidity and minimal spectral peaks
while providing significant bands for use as internal stan-
dards. After attachment of the receptor (i.e., antibody)
via traditional EDC chemistry, evaluation of the fabricated
immunonanosensors in the cell culture media revealed
significant and reproducible changes in the SERS spectra
physiological concentrations of human insulin.

This was because antibody-analyte interaction led to
changes in the conformation of the antibody. The spectra
showing the various stages of nanosensor evaluation are
shown in Figure 3. That specific Raman bands (443, 808,
1625 cm−1), which are associated with the antibody, were
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Figure 2: SERS spectra and structure of the cross-linker MMT.
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Figure 3: SERS spectra of (a) activated MMT bound to silver-
coated nanosphere with 40% surface coverage, (b) after binding
anti-human insulin to the MMT, and (c) of (b) (immunonanosen-
sors) in the presence of 10 μg/mL of insulin.

not present when the analyte interacted with the receptor. By
attaching interleukin II (IL-2) receptors to SERS nanosensor
surfaces through the same attachment process, it was possible
to fabricate different types of nanosensors for the detection
of IL-2 to a level as low as 10 μg/mL [92, 95] indicating
that the nanosensors could be modified for a wide range of
applications.

3.3. SERS-Based Nanoimaging. Besides achieving sensitivity
for ultratrace intracellular analyte detection, extracellular
SERS imaging of cellular and bacterial surfaces has recently
seen significant interest. Such extracellular imaging is capable
of providing important chemical specific spatial information
(e.g., size and distribution) of the macromolecules present.
Such analyses significantly improve our understanding of
how macromolecules are transported and assembled at spe-
cific sites particularly if rapid dynamic imaging is possible.
To achieve such analyses, SERS methods with high-spatial
resolution are required. A commonly used configuration
for improving the spatial resolution of SERS is the tip-
enhanced Raman spectroscopy (TERS). This takes advantage
of a precise positioning of a nanotip SERS-active substrate
to achieve localized SERS enhancement with subdiffraction-
limited spatial resolution. TERS is normally achieved by
modifying the tips of scanning probe microscopy (SPM) with

SERS-active metals. For example, SERS has been coupled
with near-field scanning optical microscopy (NSOM), to
provide highly resolved chemical images of multiple trace
species [96–98]. Other SPMs that have been coupled with
SERS to provide the subdiffraction-limited chemical imaging
are atomic force microscopy AFM and scanning tunneling
microscopy STM [99, 100]. For example, silver coated AFM-
tip has been used to gather both topographical and SERS
spectral information of a bacterial membrane. The SERS
spectral showed the peptide and sugar components of the cell
surface [100]. However, TERS is only useful for static images
as it typically requires long periods of time to scan across the
entire sampling area.

To provide a nanosensor/nanoprobe capable of obtaining
dynamic images, a novel nanoimaging probe has been
developed whereby coherent fiber optic imaging bundles
were coupled with SERS for real-time subdiffraction-limited
chemical imaging [68, 101–104]. This SERS nanoimaging
probe has an advantage of providing both temporal and
spatial resolution, thereby allowing the monitoring of the
movement of macromolecules across membranes. The tech-
nique takes advantage of a tapered fiber optic with a large
collection of fiber elements (30 000). The coherent nature of
the packed bundle is retained during the tapering process,
which is controlled in order to vary the diameter of the
entire tip. This variation in diameter yields predictable
spatial resolution that can be varied from microscopic to
subdiffraction-limited levels. The SERS surface is produced
on the tip through a controlled chemical etching process
followed by selective deposition of silver or gold, which
creates reproducible hexagonal spikes for the roughness
(Figure 4). For this reason, uniform SERS enhancements
across the surface of the probe are achieved.

In proof-of-principle studies, such probes have been used
for chemical differentiation of various samples with <100 nm
spatial resolution [68, 101–104]. In one such study, gelatin
was homogenously mixed with brilliant cresyl blue (BCB),
while benzoic acid was spotted at various locations around
the edge. By tuning to the appropriate wavelength, each of
the two analytes was selectively imaged in the sample as
shown in the images and the spectra in Figure 5. Additionally,
time-lapse images actually allowed for the diffusion of
the chemicals to be monitored with millisecond temporal
resolution [68, 101]. Using these SERS nanoimaging probes,
dynamic visualization of biochemical species associated with
cell membrane components have been measured, demon-
strating the potential of such probes for providing a deeper
understanding of the various physiological processes in
cellular membranes [105].

4. Detection, Identification, and
Characterization of Biomacromolecules
and Microorganisms

There is an enormous interest to use SERS for the solution
of problems in biorelated fields such as medicine, molecular
biology, and microbiology. The advantage of SERS over other
techniques such as fluorescence, IR, and mass spectroscopy
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Figure 4: SEM images of (a) a tapered optic fiber probe and (b) its
etched tip which is coated with SERS-active metal.

is already stated above. Although all these techniques have
distinct advantages, SERS could be a proper replacement
for certain applications. For example, narrow-spectral band-
width, detection and identification of a molecule without
an external label, insensitivity to water, nondestructive
nature, and low cost for instrumentation can be given the
advantages over the mentioned techniques. However, the
several issues inherent to the nature of the technique, mainly
reproducibility, still persist and lower the applicability to its
wide spread use in biological applications.

The detection and identification of several biological
molecules such as proteins [106–110], DNA [111–114],
and RNA [115, 116] and molecular organizations such
as bacteria [117–126], yeast [127–129], and viruses [130,
131] using SERS were reported. The detection scheme
could be based on either using the intrinsic fingerprint
information of the molecules or molecular structures or
the use of an external label. Although the use of the
molecules’ fingerprint spectrum is highly desirable for
identification and detection, obtaining a healthy spectrum
from a biological molecule such as proteins could be
difficult. In this section, the detection and identification
of proteins, DNA/RNA and whole microorganisms will be
discussed. There are several reviews [132–134] in literature
summarizing the developments in previous years and only
most recent and some of the important reports are discussed
here.

In most of the indirect protein detection assays, SERS is
used as a replacement of either fluorescence or staining step.
There are several reports regarding the use of the technique
in immunoassays format for protein or microorganism
detection [135–141]. In immunoassay-based approaches, a
recognition element, an antibody, captures the target and
a transducer converts the biological recognition to readout.
The transducer could be a radiological, electrochemical, or
optical. SERS is generally used as a replacement of these
transducers types. The high sensitivity and the multiplexing
properties of the technique can be given as its advantages
over other transducer types.

In a one-step homogenous immunoassay, label-free
detection of human IgG down to 0.1 μg/mL without using
an external label was reported [126]. In another report,
a photobleaching-resistant immunoassay system was devel-
oped for the detection of protein A, which is the surface
antigen of Staphylococcus aureus. The achieved detection
limit for this protein was 1 pg/mL [136].

In a recent study, a SERS-based sandwich immunoassay
coupled with an optoelectronic microfluidic system for the
detection of human tumor marker, alphafetoprotein, was
reported. A detection limit down to 0.1 ng/mL using a 500 nL
sample droplet in 5 minutes was accomplished [137]. Figure
6 illustrates the optoelectronic sandwich immunoassay pro-
cedure.

In another recent report, immunoassay-based SERS
method for the detection of cancer marker, angiogenin
(ANG), and alpha-fetoprotein (AFP), was successfully
demonstrated with a detection limit of 0.1 pg/mL and
1.0 pg/mL, respectively [138]. Wang et al. demonstrated the
detection of MUC4 in real samples, which is a pancreatic
cancer marker, using a SERS-based immunoassay platform
[139]. The detection of bacteria based on SERS immunoassay
is also attracting interest. In a heterogeneous immunoassay,
the detection of E. coli concentration in range of 101–
105 cfu/mL was demonstrated [140]. The same group also
demonstrated the detection of E coli down to 8 cfu mL−1

using a sandwich immunoassay [141].
The detection and identification of proteins have a criti-

cal importance in several fields including medicine, biotech-
nology, and pharmacology. The conventional approaches
such as immunoassay-based techniques and mass spec-
troscopy are powerful but they have certain drawbacks
such a low sensitivity with immunoassay-based techniques
and high-cost with mass spectroscopic approach. With the
proven high sensitivity, SERS can be a complementary
technique, even alternative to some applications, for the
protein detection and identification. As mentioned earlier,
SERS can be used as replacement for fluorescence or radiola-
beling. However, the potential of the technique for label-free
detection and identification of biomacromolecules has not
been fully explored yet. Among the biomcaromolecules, the
proteins are the most important group, and their detection
and identification have a great importance. Therefore, the
use of SERS as label-free detection and identification of
proteins is pursued. Han et al. recently reviewed the detection
of proteins using SERS [142]. The biggest obstacle with the
label-free detection of proteins is the diversity of the protein
shape, size, and surface charge properties. When colloidal
noble metal nanoparticles are used in the SERS experiment,
it is very difficult to control the aggregation behavior of the
protein-NP structures during drying process. When a simple
mixing and drying approach is used for the sample prepara-
tion, only proteins with a chromophore/heme group provide
reasonably rich spectra. Otherwise, a very poor spectrum is
obtained. Therefore, a more systematic approach must be
followed to obtain good spectra from proteins. For example,
Zhou et al. reported fast label-free semiquantitative detection
of proteins down to submonolayer coverage using nitrate ion
[143].

Kahraman et al. recently used “convective-assembly”
approach for label-free detection of proteins regardless
of their size, shape, and surface charge [108]. In this
approach, mixture of protein-AgNP colloid is spotted at
the cross-section of two glass slides, which one is placed on
a moving stage and other is located with an angle of 23◦

on top of the other at a fixed position. Figure 7 shows the
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Figure 5: Chemical differentiation using SERS imaging probe tapered down to 140 nm. (a) A brightfield image of the gelatin, (b) a SERS
image of the localized benzoic acid, and (c) a SERS image of the BCB, and (d) and (e) are the corresponding spectra of images (b) and (c),
respectively.

“convective-assembly” set-up and process. As the stage
moves, the droplet at the cross-section is slowly dragged.
During the dragging process, the evaporation forces the
protein-AgNP structures to form a thin film in a more
controlled manner. During the drying process AgNP and
proteins are forced to stay close to each other, which has a
dramatic effect on SERS spectra. Using this approach, a more
reproducible sample preparation was possible. The detection
limit using this approach was estimated as 0.50 μg/mL
for all proteins used in the study, which was about one
order of magnitude lower than the previously reported
detection limits. The same group later also demonstrated
the differential separation of the binary and ternary protein
mixtures using convective assembly process and detection
and identification of proteins in these mixtures [110].

Whole microorganism detection and identification using
SERS is another research area where the fingerprint spectra
obtained from whole microorganisms can be used. There
are a number of studies demonstrating the feasibility of

technique for whole bacterial detection and identification
[117–126]. The identification and classification of bacteria
causing urinary tract infections were demonstrated by
Goodacre group using citrate reduced AgNPs [123]. The use
of gold-coated silica nanoparticles as substrate and a barcod-
ing approach was later used for the bacterial identification by
Zeigler group [144]. The major problem with the application
of SERS as a technique for microorganism identification
is the spectral reproducibility. When the fact that the
microorganisms are living systems is taken into account
besides the number of parameters influencing the ultimate
spectrum due to the nature of the technique, it becomes
more confusing. Therefore, a solid protocol is obligatory for
healthy interpretation of the obtained results. In this regard,
Kahraman et al. followed several different approaches to
obtained reproducible spectra from bacteria and studied the
parameters influencing spectral reproducibility such as laser
wavelength and colloidal nanoparticle concentration used
for sample preparation [145].
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Figure 6: Illustration of optoelectronic sandwich immunoassays procedure, SERS spectra at decreasing AFP concentrations, and calibration
curve at 1615 cm−1, reprinted with permission from [137].

For example increasing the colloidal AgNP concentration
before mixing with the bacterial sample improved the
sample-to-sample spectral reproducibility [126]. In another
example, the bacteria and AgNPs were assembled into a
thin film with “convective-assembly” method in order to
generate a more uniform sample on a surface [146]. Figure 8
shows the SEM image of a sample assembled onto a glass
surface using convective assembly. As it was stated above,
there are several parameters that may affect the SERS spectra
of microorganisms. In addition to the parameters pertaining
to the SERS experimental conditions such as substrate and
laser wavelength, the microorganisms are living things and
they may show variations in their biochemical structure
as they continue to grow in their life cycle. Besides the

reproducibility issues, the origin of the spectral bands has not
been completely understood yet.

When colloidal AgNPs or AuNPs are mixed with a
complex biological sample, the molecular or ionic species
that have an affinity for the noble metal surface preferentially
interacts with the metal surface. From this point, one can
easily conclude that the SERS spectra from such a complex
mixture are dominated by the vibrational bands originating
from those molecules or species preferentially bound to the
metal surface. This leads to the striking similarity in the
spectral pattern of biological samples, even though they are
completely from different origins. For example, the growth
media for bacterial has striking similarity with some bacteria
such as E. coli. Keeping this point in mind, one needs to be
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very careful with the experimental design and should have a
very good knowledge of the sample composition and sample
handling for a healthy interpretation of the experimental
result. The origin of the bands that appeared on the SERS
spectra of bacteria was independently investigated by two

groups. Kahraman et al. demonstrated that the SERS spectra
obtained from a bacterial sample after several washing steps
originate from the bacterial structures on the bacteria wall
with some contribution from metabolites released during
the sample preparation, mixing, and drying [147]. Premasiri
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Figure 8: “Convectively assembled” E. coli on glass surface,
reprinted with permission from [146].

et al. showed that the bacteria grown in different culture
media resulted with the same SERS spectrum indicating
the source of spectral features on the spectrum were from
bacteria [148].

5. Conclusions

The investigation and optimization of high performing SERS
substrates remains a very active area pursued by a number
of cross-disciplinary research teams. The evidence, that
SERS can be used for single-molecule detection and clear
understanding of the relationship between LSPR and SERS
enhancement mechanism, has inspired many recent studies
focused on design and fabrication of new types of SERS
substrates [149–151].

A number of recent studies indicate that SERS is a viable
analytical technique for detection and differentiation of
chemical species in biological cells and biologically relevant
samples. Chemically synthesized noble metal nanoparticles
and colloidal systems have been among SERS substrates with
the highest reported values of SERS signal enhancement.
Chemically synthesized noble metal colloids are also the most
suitable SERS substrates for biological assays. This is largely
due to their stability in aqueous media, inexpensive syn-
thesis, and wide availability of precursor chemicals. On the
other hand, a combination of deterministic (lithographic)
patterning and wafer level processing offers a very attractive
alternative route to SERS substrates that can be rationally
designed and further optimized using theoretical models. It
can be anticipated that this latter approach will ultimately
lead to highly reproducible SERS substrates suitable for
analysis of biological samples.

Although applications of lithographically patterned SERS
substrates to detection of biological analytes remain relatively
rare, ongoing efforts that bridge distinct technological strate-
gies will likely bring a series of breakthroughs in this area in
the nearest future. Already an impressive reproducibility and
stability have been achieved in SERS analysis of biological
samples using recently implemented SERS substrates. In
many cases, however, the sensitivity needs to be improved
in order to achieve the same level of success as with fractal
colloidal aggregates. Further substantial advances can also be

anticipated in SERS-based imaging with applications to live
biological cells and microorganisms.
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