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The detection of cancer biomarkers represents an important aspect of cancer diagnosis and prognosis. Recently,
the concept of liquid biopsy has been introduced whereby diagnosis and prognosis are performed by means of
analyzing biological fluids obtained from patients to detect and quantify circulating cancer biomarkers. Unlike
conventional biopsywhereby primary tumor cells are analyzed, liquid biopsy enables the detection of a wide va-
riety of circulating cancer biomarkers, including microRNA (miRNA), circulating tumor DNA (ctDNA), proteins,
exosomes and circulating tumor cells (CTCs). Among the various techniques that have been developed to detect
circulating cancer biomarkers, nanoplasmonic sensors represent a promisingmeasurement approach due to high
sensitivity and specificity as well as ease of instrumentation and operation. In this review, we discuss the rele-
vance and applicability of three different categories of nanoplasmonic sensing techniques, namely surface plas-
mon resonance (SPR), localized surface plasmon resonance (LSPR) and surface-enhanced Raman scattering
(SERS), for the detection of different classes of circulating cancer biomarkers.
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1. Introduction

The detection of cancer biomarkers represents an important aspect
of cancer diagnosis and prognosis [1–3]. Traditionally, cancer detection
is performed by means of conventional tissue biopsy, which involves
the removal of small portion of cells from the primary tumor growth
ery Reviews theme issue on
cells (CTCs) as reliable cancer
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site via a surgical procedure followed by the examination of tumor spec-
imens [4,5]. This poses a significant degree of complication- and injury-
related risk to the patient [6,7], making it almost impractical to perform
repeated biopsies to track disease progression and treatment responses.
In addition, there is always a likelihood of clone formation within the
tumor [8–11], which may complicate diagnosis and lead to misleading
conclusions especially with respect to the cancer identity. Finally,
since tumors are often spatially concentrated in remote parts of the
body, such as in the ovaries, pancreas and brain, the surgical procedures
often need to be performed with great level of dexterity and precision
by highly trained healthcare professionals [12,13]. This may contribute
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to relatively high costs associated with tissue biopsy procedures, mak-
ing it less affordable to the masses [14,15]. In order to circumvent
these issues, the concept of liquid biopsy has been recently introduced
[16,17]. Liquid biopsy involves the extraction of biological fluid samples
(e.g. blood, urine, saliva etc.) from the patient and the analysis of circu-
lating cancer biomarkers contained within the samples. Unlike conven-
tional tissue biopsy, liquid biopsy is minimally invasive, relatively
simple, and can be performed repeatedly at a fraction of the cost in-
volved in tissue biopsies. Most notably, some circulating cancer bio-
markers are already present at the very early stages of disease
progression [18–20], enabling quicker intervention throughmore effec-
tive cancer treatments. Liquid biopsies also facilitate real-time tracking
of the disease progression and treatment responses, as well as real-
time assessment of any clonal evolution [21,22]. Based on these advan-
tages, liquid biopsy has great potential to improve the management of
cancer patients, provided there is a firm understanding of the plethora
of circulating cancer biomarkers.

Circulating cancer biomarkers can be largely divided into five main
categories namely, circulating tumor cells (CTCs) [23–25], exosomes
[26–28], proteins [29–31], circulating tumor DNAs (ctDNAs) [17,32–
34] and micro RNAs (miRNAs) [35–37]. CTCs are directly shed off from
primary tumor sites and/or metastatic sites into the bloodstream and
can provide information on the cancer identity and staging through
their physical properties such as cell counts, microstructures and clus-
tering propensities [24,38]. For example, variations in CTC counts have
been directly correlated to changes in the amount of cancer or tumor
load [39,40], and the presence of CTC clusters point towards a 20–50
times higher propensity of metastasis [41,42]. While CTCs are essential-
ly whole cells, circulating exosomes are small membrane-bound cell
fragments between 30 and 100 nm in diameter [43]. They are released
either from the cell when multivesicular bodies fuse with the plasma
membrane or directly from the plasma membrane [27,44]. They repre-
sent a new class of circulating cancer biomarkers and their specific roles,
especially within the context of metastasis, are still currently being elu-
cidated. So far, there has been evidence to suggest that they have spe-
cialized functions and play a major role in intercellular signaling and
coagulation [45,46]. Indeed, high levels of exosomes have been detected
in the presence of cancer [47], although the exact reason for such an oc-
currence is yet to be deduced. Unlike exosomes, the relationship be-
tween protein cancer biomarkers and cancer progression is well
defined. Generally, higher expressions of protein cancer biomarkers
suggest a more advanced stage of the disease [31,48]. Interestingly, in-
formation on cancer type and disease progression can likewise be in-
ferred from much simpler and smaller biomolecules, specifically
nucleic acids. For example, circulating tumor DNAs (ctDNA), which
can be released from primary tumors and CTCs, provide cancer identifi-
cation through cancer-specific genetic aberrations [49,50]. While the
specificity of the genetic aberrations is particularly advantageous for
the purpose of therapeutic selection in the clinical setting, ctDNA is
Scheme 1. A simplified illustration of the different types of circulating cancer biomarkers
present in the bloodstream, which can be extracted and quantified using the different
plasmonic measurement strategies discussed herein.
usually present in very low amounts in the bloodstream; it was discov-
ered in only 50–70% in patients with localized cancers. This poses a sig-
nificant challenge for its detection especially in the early stages of cancer
[51,52]. Most recently, another class of nucleic acids has been identified
as promising circulating cancer biomarkers. Micro RNAs (miRNAs) are
short-stranded nucleic acids (around 20–25 base-pairs) released from
primary tumor tissues into the bloodstream, and can be found in a
wide variety of biological fluids. It was revealed that they can regulate
target gene expression in recipient cells [53–55]. Similar to the case of
exosomes, the exact role of miRNAs in carcinogenesis is currently still
unclear. In a specific case of breast cancer, it was suggested that miRNAs
play a significant role in the initial trigger and subsequent development
of the disease by regulating the expression of breast cancer target proto-
oncogenes or tumor suppressor genes (TSG) at the post-transcriptional
level [56,57].

Several strategies have been developed to isolate, enhance and de-
tect these circulating cancer biomarkers [24,58–61]. For example, CTCs
can be isolated based physical properties such as size [62–64], shape
and deformability [62,65,66] as well as based on specific adhesion mol-
ecules presented on their surfaces [67–70]. CTC isolation techniques in-
clude CTC microchips [71], filtrations systems [72–74], and bead-based
capture [75]. Along this line, the first and only FDA approved technique
for CTC isolation and quantification is the CellSearch™ technology,
which is commercially available and has since been widely applied
both in the research and clinical settings [76,77]. The platform employs
EpCAM antibodies attached to magnetic beads to isolate tumor cells.
Among the circulating biomarkers,measurements techniques of protein
tumor markers are perhaps most well established. At present, the mea-
surement of protein tumormarkers in serum via enzyme-linked immu-
nosorbent assays (ELISA) is the standard protocol inmonitoring disease
progression in a clinical setting [78]. Conversely, ELISA represents the
current gold standard for which other techniques have to compare.
The advantage of ELISA is that it is easy to operate and relatively inex-
pensive. However, it is difficult to achieve multiplex measurements,
which may hamper rapid analysis of multiple samples. Besides protein
quantification, ELISA has also been applied to measure the purity of
exosomes. However, for concentration determination of exosomes, op-
ticalmethods such as nanoparticle tracking analysis (NTA) [79], dynam-
ic light scattering (DLS) [80] and flow cytometry, specifically
fluorescence-activated cell sorting (FACS) [81] can be used. With re-
spect to the detection of ctDNA and miRNA, techniques with high spec-
ificity and selectivity need to be employed since they are small, highly
sequence-specific and present in the fluid samples at extremely low
concentrations. Current techniques used for the detection and quantifi-
cation of ctDNA andmiRNA include commercially available sequencing
systems such as safe sequencing system (Safe-SeqS), tagged amplicon
sequencing (TamSeq), and digital polymerase chain reaction (PCR)
[82]. These techniques are capable of detecting single-nucleotide muta-
tions as well as perform whole-genome sequencing to establish copy-
number changes.

The current techniques clearly suffer from several limitations such as
the need for a complicated, multi-step protocol, difficulty to achieve
multiplex detection and the difficulty to attain device miniaturization;
techniques such as NTA, DLS, FACS and respective sequencing systems
are generally laboratory-based, some of which require complex instru-
mentation. In order to address this issue, nanoplasmonic sensing tech-
niques have been developed [83,84]. In brief, nanoplasmonic sensing
techniques are optical-based techniques that rely on local refractive
index changes within a small sensing volume to produce a signal read-
out, usually in the form of an optical spectral shift [85]. Nanoplasmonic
sensing techniques are generally label free, do not require complex in-
strumentation and can be easily designed to allow multiplex detection
using small sample volumes. Since nanoplasmonic sensors essentially
operate as optical sensors, the measured parameter is the dry mass of
target molecules. As a result, nanoplasmonic sensors are less likely to
suffer from solution-based interferences (i.e. effects from bound or
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coupled solvents are eliminated). Owing to these features, the
nanoplasmonic sensing technique has been successfully applied in the
field of biointerfacial science to study various interactions involving
lipid bilayers [86–91], lipid vesicles [92–97] and proteins [98–102],
among others [103,104]. There is a wide variety of plasmonic sensing
strategies that can be adopted for biomolecular detection, which can
be broadly categorized into three types, namely the surface plasmon
resonance (SPR) [105,106], localized surface plasmon resonance
(LSPR) [107,108], and surface enhanced Raman scattering (SERS)
[109–111] techniques (See Scheme 1). Within the specific context of
cancer biomarker detection, the suitability of each technique for the de-
tection of a particular class of cancer biomarker depends on several fac-
tors such as the degree of matching between the sensing depth of the
technique and the size of the target molecule, as well as the detection
approach. For example, SPR-based sensors have sensing depths of
around 100–200 nm [112], making it suitable for direct measurements
involving CTCs, proteins and exosomes, but not nucleic acids, since
they are significantly smaller and would only occupy a small portion
of the sensing depth. In contrast, the LSPR-based sensors are much
more surface sensitive, with sensing depths of around 5–20 nm [113],
making it suitable for direct detection of nucleic acids. In this review,
we describe the principles and measurement operations of the three
types of nanoplasmonic sensing strategies before we discuss the rele-
vance and applicability of each of these strategies for the detection of
the five different classes of circulating cancer biomarkers (i.e. detection
targets). Besides providing an overview of the current state of the art in
nanoplasmonic sensor design for the detection of circulating cancer bio-
markers, this review serves to highlight existing challenges that need to
be overcome before nanoplasmonic sensors can successfully be trans-
lated to a clinical setting.

2. Measurement strategies

There are three main measurement strategies in nanoplasmonic
sensing, namely surface plasmon resonance (SPR), localized surface
plasmon resonance (LSPR), and surface enhanced Raman scattering
(SERS). In this chapter, we discuss themeasurement principles, general
design of the sensing platform, measurement operation as well as the
different detection formats adopted in each strategy.

2.1. Surface plasmon resonance (SPR)

Surface plasmon resonance (SPR) refers to the collective oscillation
of conduction band electrons (i.e. surface plasmons) at the interface be-
tween a conductor and a dielectric upon interaction with plane-polar-
ized light [106,112,114]. This will generate a surface plasmon wave
that will propagate along the conductor-dielectric interface, but
evanescently confined in the perpendicular direction within a distance
of around 100–200 nm [115,116] (Scheme 2). Inmost cases, gold repre-
sents the ideal conductor material since it possesses a high density of
conduction band electrons [117]. When the interface is illuminated
with a focused beam of monochromatic, plane-polarized light from an
angle sufficient to cause total internal reflection, maximum light ab-
sorption occurs when the electromagnetic wave frequency of the inci-
dent light matches the surface plasmon wave frequency [118,119].
Thiswill result in a loss of intensity in the reflected light and ismanifest-
ed as a dip in the SPR spectrum, which is typically presented as a func-
tion of incident angle along the abscissa and reflection intensity along
the ordinate. In the event of biomolecular adsorption at the interface,
Scheme2. (a) An illustration of a conventional surface plasmon resonance (SPR) detection
setup in the Kretschman configuration. A laser beam ismade to pass through a glass prism
before it undergoes total internal reflection on the bottom side of the sensing surface. The
totally internally reflected light is then captured by a detector, and the signal is then
converted to a SPR spectrum. In the presence of an adsorbate, the refractive index at the
interface as well as the surface plasmon wave frequency will change. Consequently, the
amount of bound molecules can be measured either by tracking the change in reflected
intensity at a fixed incident angle or by maintaining the reflectivity and tracking the
shift in the incident angle, otherwise referred to as the angular shift. The inset in the
background depicts the generation of a surface plasmon wave that will propagate along
the conductor-dielectric interface, but evanescently confined in the perpendicular
direction within a distance, upon interaction with an incident plane-polarized light. (b)
An example of a gold-coated prism pre-functionalized with aptamers specific to CRP
and control aptamers followed by the direct detection of CRP (fg/ml) spiked in human
serum (top) and sandwich based assay using CRP-Specific_aptamer-coated QDs for SPRi
signal amplification (bottom). Direct detection of CRP (fg/ml) does not generate a
quantifiable sensor response as depicted with no change in the angle of reflectivity,
however, with sandwich assay the NanoEnhancers induce a change in the reflectivity.
Adapted from Scientific Reports 4 (2014) 5129.
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the refractive index and the surface plasmon wave frequency will
change. Consequently, the amount of boundmolecules can bemeasured
either by tracking the change in reflected intensity at a fixed incident
angle or by maintaining the reflectivity and tracking the shift in the in-
cident angle, otherwise referred to as the angular shift. The latter ap-
proach is more widely adopted since keeping the intensity constant
will generally retain the overall shape of the SPR curve [120]. In other
words, features such as the full width at half maximum (FWHM) will
not change significantly, leading to the preservation of sensing resolu-
tion and simplifying signal interpretation.
Traditionally, SPR-based sensors operate in a prism coupled configu-
ration [121], although various other configurations are currently avail-
able employing diffraction gratings [122,123], optical fibers [124,125]
and other types of optical waveguides [126,127]. In the prism coupled
configuration, the laser beam passes through a glass prism before it un-
dergoes total internal reflection. There are generally two variants to this
arrangement, namely the Otto [115,128] and Kretschmann [118] con-
figurations. In the Otto configuration, a thin metal film (e.g. gold) is
placed at a distance near enough for the totally internally reflected
light in the prism to interact with the plasmons on the gold surface
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and the sample material is filled in the small gap. While this configura-
tion is generally suitable for measurements involving solid samples (or
materials with relatively high refractive indices), it is less suitable for
liquid samples (or materials with relatively low refractive indices)
since the small gap reduces the efficiency of photon-plasmon coupling
at the metal surface, which will decrease the overall detection perfor-
mance [129]. By contrast, in the Kretschmann configuration, the thin
metalfilm is directly coated onto the glass prism to a thickness of around
50nm, and the samples are directly detected on thefilm, on theopposite
side of the total internally reflecting surface. This arrangement allows
maximum plasmon generation efficiency, making it suitable for mea-
surements in both solid and liquid states [130,131]. Regardless of the
configuration, the totally internally reflected light is then captured by a
detector, and the signal is then converted to a SPR spectrum.

For the purpose of biomolecular detection, there are two major for-
mats that can be adopted. In the first approach, a thin film of gold that is
typically utilized as the plasmon generating surface is functionalized
with specific biorecognition elements (e.g. complementary nucleic
acid strands, aptamers, antibodies) with the aid of thiol chemistry
[114,132], and passivated either via bovine serum albumin (BSA)
blocking [133] or bymeans of a polymeric coating [134–138]. This max-
imizes the amount of target biomolecule captured on the surface and
minimizes interference arising from the non-specific adsorption of
othermolecules when liquid sample is introduced to the detection plat-
form. During measurement, the angular shift on the SPR spectrum,
which directly reveals to the amount of bound target, is monitored
over time. Along this line, it is important to note that since SPR is
evanescently confined in the perpendicular direction within 100–
200 nm from the gold surface, the SPR response is sensitive to any re-
fractive index change that occurswithin this distance, which constitutes
its effective sensing depth [116]. Conversely, this means that SPR-based
biosensing platforms employing the approach described above aremost
suited to measure the binding of biomolecules with dimensions in the
ten to hundred nanometer length scales such as proteins and exosomes.
While it is also feasible to employ the approach to measure the binding
of larger targets (i.e. micron range) such as circulating tumormarkers, it
is less suitable for the detection of smaller biomolecules (i.e. measuring
b10–25 nm) such as short-chain peptides and nucleic acids. Measure-
ments involving such small biomolecules will result in minute angular
shifts since they only occupy a small fraction of the sensing depth. At
the same time, the measurements are also more prone to interferences
arising from the bulk environment [104,139–141]. In order to circum-
vent this limitation, another approach has been developed involving
an additional signal enhancement step [142]. This is achieved by
attaching gold nanoparticles, which have been pre-functionalized with
a secondary biorecognition element, to the targets that have already
been captured on the metal film, resulting in a sandwich-type configu-
ration [143–148]. By doing so, the effective increase in refractive index
is enhanced, leading to greater shifts in the SPR response.

A major advantage of SPR over other optical detection techniques
arises from the fact that light does not penetrate the sample. As such,
Scheme 3. (a) A simplified schematic of a localized surface plasmon resonance (LSPR) sensor se
oscillation of free electrons in the conduction band of the metallic LSPR transducer upon int
electromagnetic field close to the nanoparticle surface (i.e. local electromagnetic field) and
shown in the foreground) the incident light illuminates an ensemble of LSPR transducers (i.
which translates the signal into an absorbance spectra. In the presence of an adsorbate on the
be shifted to a higher value (i.e. peak shift). The peak shift linearly correlates to the amoun
fabrication was performed using a one-step microfluidic patterning technique assisted by ele
microfluidic channels (Materials and Methods and Supporting Information Section 2). Subs
parallel microfluidic detection channels consisting of inlet and outlet ports for reagent loadin
using thiolated cross-linker and EDC/NHC chemistry. The current chip design integrates 480 A
dark-field microscopy and scanning electron microscopy (SEM). (ii) Histograms of the particl
images. The resulted interparticle distance was measured to be N200 nm, much larger than th
EM simulation. (iii) The principle of the LSPR microarray method. Analyte molecules are i
molecules to the receptors induces a redshift and scattering intensity change of the longi
characteristic frequency (gray area) using EMCCD coupled dark-field microscopy.
Adapted from ACS Nano, 9 (2015) 4173–4181.
the sensing performance is not affected by the turbidity of the sample,
allowing detection from both colored and clear samples [149,150]. In
other words, as long as an appropriate surface passivation strategy is
adopted, it is feasible to employ SPR-based biosensors to detect the
presence of target biomolecules even at low concentrations directly
from complex biological fluids, including whole blood [151–155]. This
is difficult to achieve via optical techniques relying on light absorbance
and scattering. In addition, since SPR essentially measures variations in
the surface concentration of target biomolecule in a direct fashion based
on refractive index changes, the time course of target binding events can
be tracked with good precision, allowing detailed analysis on the bind-
ing and interaction kinetics.

2.2. Localized surface plasmon resonance (LSPR)

While the interaction of electromagnetic waves with a planar sub-
strate induces SPR, the interaction with discrete metallic nanoparticles
with dimensions smaller than the incident wavelength leads to local-
ized surface plasmon resonance (LSPR) [84,85]. In LSPR, photons in
the incident light interact with the nanoparticles to cause a non-propa-
gating collective oscillation of free electrons in the conduction band of
the metal (Scheme 3). This resonant excitation results in a significant
enhancement of the electromagnetic field close to the nanoparticle sur-
face (i.e. local electromagnetic field). At the same time, the absorption
and scattering of light by the nanoparticles (i.e. light extinction) occurs
with maximum intensity at the plasmon resonance frequency [85,156].
Since the oscillation of free electrons is spatially restricted to the imme-
diate vicinity of the nanoparticle surface, any change to the local dielec-
tric environmentwill affect the polarizability of the nanoparticle, which
in turn will vary the plasmon resonance frequency and alter the optical
extinction spectrum [156,157]. In particular, there will be a noticeable
shift in the wavelength at which maximum light extinction occurs,
also referred to as the LSPR peakwavelength. This represents the funda-
mental principle that enables the detection of amolecular adsorption or
binding event at the nanoparticle surface, which paves theway for LSPR
sensing to be widely adopted for biomolecular detection. As the en-
hanced electromagnetic field distribution is concentrated near the
nanoparticle surface with a very short decay length on the order of
10–30 nm [113,158–160], LSPR sensing represents a highly surface sen-
sitive technique facilitating the direct detection of even small biomole-
cules such as nucleic acids.

Generally, the sensing platform consists of nanoparticles that are ei-
ther freely suspended in solution [102,161,162] or deposited onto a
solid support [163–168]. Alternatively, metallic nanostructure arrays
can be directly fabricated on the solid support with the aid of well-
established micro- and nanofabrication lithographic techniques [169–
173]. While LSPR can be induced in a wide variety of metals, gold nano-
structures are most popularly employed as optical transducers in LSPR
sensors due to their chemical inertness, ease of surface functionalization
via thiol chemistry and the fact that their plasmon resonance frequency
falls within the visible wavelength range, facilitating detection using a
tup in transmissionmode. The background illustration shows a non-propagating collective
eraction with light. This resonant excitation results in a significant enhancement of the
maximum light absorption at a peak wavelength. In a typical measurement setup (as

e. noble metal nanoparticles) and the transmitted light is then collected at the detector,
LSPR transducer surface, the wavelength at which maximum light absorption occurs will
t of adsorbate. (b) (i) An example of a LSPR microarray chip. The nanorod microarray
ctrostatic attractive interactions between the nanorods and the substrate surface within
equently, these nanorod microarrays were integrated in a microfluidic chip with eight
g and washing. Specific antibodies were conjugated to the patterned AuNR microarrays
uNR microarray sensor spots. The prepared LSPR microarray chip was then imaged under
e-to-particle distance of the AuNRs on the LSPR microarray chip characterized using SEM
e decay length of the localized electric field on the AuNR surface as shown in the inserted
ntroduced to an antibody-functionalized AuNR LSPR biosensor. Binding of the analyte
tudinal SPR (exaggerated in the illustration). This intensity change is imaged via the
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standard UV–vis spectrophotometer and in some cases, the unaided eye
[174,175]. In a typical measurement setup involving an ensemble of
nanostructures, light passes through the sensing platform and the en-
semble-average optical extinction (i.e. absorbance+ scattering) spectra
is obtained from transmitted light collected by the UV–vis spectropho-
tometer [176–180]. Scattering spectra from single nanostructures on a
solid support can also bemeasured by coupling a dark-field microscope
to an imaging monochromator and a charged coupled device (CCD)
camera or spectrophotometer [181–184]. The characteristics of these
two types of LSPR spectra would vary depending on the shape, size
and orientation of the nanostructures [185–191]. Conversely, the re-
sponse sensitivity, which depends on the position of LSPR peak wave-
length, can therefore be tuned by adjusting these physical parameters
[159,192–194]. In order to selectively capture a target biomolecule of in-
terest, the nanostructures are usually modified to present a bioreceptor
that can specifically bind to the target (e.g. complementary nucleic acid
strands, aptamers, antibodies), while the exposed surfaces are passivat-
ed to prevent non-specific adsorption of other interfering materials
[195–197]. Along this line, it is critical to ensure that the target would
remain within the enhanced electromagnetic field decay length having
taken into consideration the vertical distance occupied as a result of
bioreceptor functionalization and passivation, otherwise no detectable
signal will be obtained [198].

During a biosensing operation, the sample is introduced to the de-
tection platform after a baselinemeasurement is obtained in a blank so-
lution, which is usually an appropriate buffer. In general, the refractive
index of the biomolecular target of interest is greater than the surround-
ing aqueous medium (i.e. buffer) and its binding to the corresponding
bioreceptor on the nanoparticle surface will perturb the local dielectric
environment such that the LSPR peak will shift to a higher wavelength
(i.e. red shift) [85,107]. The amount of target on the nanoparticle surface
can then be directly correlated to the peak shift, allowing quantification
of the target concentration in the sample. This approach is sometimes
referred to as refractive index-based LSPR biosensing and represents
the simplest detection scheme in LSPR biosensing, which can be execut-
ed using nanostructures in solution [199,200] as well as on a solid sup-
port [165,166], applicable to both ensemble average [166,201] and
single nanoparticlemeasurements [202–205].While itsmain advantage
lies in its simplicity, the refractive index-based LSPR sensors usually
produce peak shifts that are small, in the order of b10 nm,making it dif-
ficult to quantify biomolecules at very low concentrations [206,207].
Several strategies have been devised to amplify the peak shift response
and enhance the detection capability. For example, after the target has
been captured, the signal can be further amplified by attachment of a
relatively large secondary bioreceptor [208]. Since refractive index-
based LSPR responses are proportional to the optical mass of the
adsorbing molecule, the attachment of a relatively large biomolecule
to the nanoparticle surface will induce a more pronounced LSPR peak
shift, as long as it remains within the enhanced electromagnetic field
decay length.

A more exaggerated improvement in the peak shift can be obtained
based on plasmonic coupling by the addition of a secondary
bioreceptor-functionalized nanoparticle [209–211]. Plasmonic coupling
occurs when nanoparticles approach each other to a distance close
enough for their plasmon modes to interact [212–214]. This results in
further enhancement of the electromagnetic field, the degree of which
depends on the inter-particle distance with smaller gap distances pro-
ducing higher enhancements [214–216]. Plasmonic coupling has been
most widely exploited in solution for LSPR-based colorimetric sensing
[217–219]. In this approach, the introduction of targetmolecules trigger
the clustering of receptor-functionalized nanoparticles leading to signif-
icant changes in the optical extinction profile, which entails extensive
peak broadening and a huge peak shift in the order of 50–100 nm.
Such changes translate to a distinct color change of the nanoparticle so-
lution (e.g. red to blue) that can be clearly discerned by the naked eye.
While traditional methods of colorimetric sensing rely on uncontrolled
nanoparticle aggregation that usually produces a sharp change in color
above a certain target concentration, more refined approaches have
been recently developed to facilitate quantitative detection especially
at low concentrations [220,221]. For example, instead of forming large
aggregates, nanoparticles can be designed to only dimerize (i.e. pair
up) upon the introduction of the target molecule [222]. This eliminates
peak broadening and improves the sensing resolution,which ultimately
lowers the limit of detection by several orders of magnitude.

Dimerization can also be realized on a solid support, most effectively
for the detection of nucleic acids (e.g. miRNA, ctDNA) [223,224]. In this
approach, nanoparticle pairs connected via a non-rigid linker molecule
(e.g. nucleic acid hairpin probe) are prefabricated on the solid support.
The interaction of the target with the linker molecule will modulate
the distance between the nanoparticles allowing them to switch be-
tween monomer and dimer configurations. For example, when a target
nucleic acid strand binds to a nucleic acid hairpin probe connecting the
nanoparticle pairs, the probe translates froma closed-loop to an extend-
ed configuration, in effect separating the nanoparticle dimers. In most
cases, such measurements are performed at the single particle level
using a darkfield microscope set-up, which effectively allows distinct
color changes of the scattered light to be directly visualized through
the microscope eyepiece or captured by the CCD camera. At the same
time, large peak shifts in the scattering spectra in the order of 50–
100 nm will be registered when the nanoparticles switch
configurations.

Although measurements based on single nanoparticles using a
darkfield microscope potentially allow highly sensitive detection
down to singlemolecule [225,226], they require extensive instrumenta-
tion and a trained operator. Meticulous optimization of the setup before
sample measurement is also needed and the interpretation of the out-
put signal is not straightforward primarily due to variations in the opti-
cal properties of individual nanoparticles arising from slight differences
in size, shape and surface morphology [204,227–231]. That being said,
while darkfield-based measurements are appropriate for fundamental
studies into biomolecular interactions that focus on isolated biomole-
cules [232,233], they are less suitable for practical applications. On the
other hand, most ensemble-average measurements require much sim-
pler instrumentation that can be miniaturized consisting of a light
source and a spectrophotometer, making themmore promising for bio-
marker detection applications [108]. Sensing platforms on a solid sup-
port are generally more robust than their solution-based counterparts
since they are more stable during storage and are not prone to unin-
tended aggregation over time. Furthermore, nanoparticles on a solid
support can also be coated by a thin layer of dielectric material (e.g. sil-
icon oxide, titanium oxide and aluminium oxide) [234–238], allowing
greater flexibility in terms of surface functionalization and passivation.
Optical fibers can also serve as solid supports, facilitating sensing device
miniaturization and integration with microfluidics [239]. Nonetheless,
solution-based colorimetric sensors are potentially themost convenient
since they rely on detection via the unaided eye and can operate even
without any form of instrumentation. However, proper standards
need to be established in order to accurately interpret the responses.

In all the detection schemes described above, the target detection
event occurs directly on the surface of the LSPR optical transducers
(i.e. surface of nanoparticles). While most works describing LSPR bio-
sensing typically employ one of these detection schemes, there is also
a growing sub-field of LSPR biosensing that involves linking LSPR trans-
ducers to enzyme-linked immunosorbent assays (ELISA); an approach
sometimes referred to as plasmonic ELISA [240–243]. In plasmonic
ELISA, protein detection follows the conventional ELISA procedure,
which begins with the binding of the target protein to capture antibody
pre-coated onto a microtiter plate, followed by the subsequent attach-
ment of a primary antibody and an enzyme-labelled secondary anti-
body. However instead of linking the biocatalytic cycle of the enzyme
to the generation offluorescence, it is linked to the growth of gold nano-
particles. The primary advantage of plasmonic ELISA stems from the fact



Scheme4. (a) A simplified illustration of surface enhancedRaman scattering (SERS) arising the interaction of a laser beamwithmolecules directly adsorbedon the surfaces of nanoparticle
clusters (or hot-spots). TheRaman scattered light (i.e. Stokes scattering) is collected by a spectrophotometer, which translates the signal into a unique SERS spectrum. (b) Essential features
of SERS immunoassays conducted in solution and using a solid surface substrate for antigen capture.
Adapted from Physical Chemistry Chemical Physics, 15 (2013) 20415–20433.
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that the growth of gold nanoparticles can be visualized without a fluo-
rescence excitation source. Color development based on LSPR is also
highly stable, consistent, and not prone to photobleaching effects
[243]. This has allowed the naked eye detection of several disease bio-
markers down to the attomolar level.

2.3. Surface-enhanced Raman scattering (SERS)

The generation of LSPR is also partially responsible for surface-en-
hanced Raman scattering (SERS) [85]. In SERS, inelastic Raman scatter-
ing signals originating from molecules that adsorb onto metallic
nanostructures are enhanced by several orders of magnitude primarily
through the amplification of the local electromagnetic field that occurs
when monochromatic light (i.e. from a laser source) interacts with the
metal. This is known as the electromagnetic contribution to SERS
[244], which plays a major role in Raman signal amplification with the-
oretical estimates suggesting that the maximum SERS enhancement
factor arising from this contribution is in the order of 1011 [245–247].
Although there is a second contribution to SERS identified as the chem-
ical contribution [248–251], which arises from the formation of a
charge-transfer state between the molecule and the metal surface, it is
believed to play a minor role in Raman signal amplification [252]. The
SERS enhancement factor arising from this contribution is only estimat-
ed to be in the range of 101 to 103 [250–252]. Based on these two con-
tributions, the overall SERS enhancement is maximized when the
molecule is in direct contact with themetal surface, or within its imme-
diate vicinity (around 10 nm [110]) due to the short decay length of the
amplified local electromagnetic field.

An appreciable SERS enhancement can be achieved by employing
metals that can produce the highest degree of electromagnetic field en-
hancement via LSPR, such as gold and silver [253,254]. On a related note,
since the electromagnetic field enhancement is also strongly dependent
on the nanostructure geometry and arrangement [254,255], the sub-
strate design requires several key features in order to effectively realize
SERS. As earlier mentioned in the previous sub-section, the clustering of
nanoparticles result in plasmonic couplingwhichwill lead to further en-
hancements of the electromagnetic field. Following this principle, SERS
is most effectively achieved at the nanoscale gap junctions between ad-
jacent nanostructures, also known as “hot-spots” [256–258]. There exist
variousmethods to obtain a high spatial density of SERS hot-spots rang-
ing from random aggregation of nanoparticles in solution [259–261] to
micro- and nanofabrication of well-defined multimer arrays on a solid
support [262–265]. In addition, the enhanced electromagnetic field dis-
tribution around a single non-isotropic nanostructure is non-uniform
with the enhancement effect concentrated at high-index facets (i.e.
tips and edges) [266–268]. As such, the use of nanostructures with
sharp tips and edges such as nanopyramids and nanostars are preferred
over conventional spherical nanoparticles.

In a typical SERSmeasurement, the SERS substrate, either in solution
or on a planar solid support (e.g. glass, silicon oxide etc.), is illuminated
by a laser beam and the scattered light from the surface-adsorbed mol-
ecule isfiltered to isolate theRaman scattered light (i.e. Stokes) from the
Rayleigh and anti-Stokes scattered light (Scheme 4). Raman scattered
photons are captured by the detector of a Raman spectrophotometer
and the signal is then decoded to present the SERS spectrum of themol-
ecule. The SERS spectrumconsists of several narrow-bandpeaks, each of
varying intensities at different Raman shifts,which reflect the frequency
or energy change between the Raman scattered photons and the inci-
dent beam corresponding to different vibrational energy levels of the
molecule. The identity of a particular molecule can therefore be
ascertained either from the signature peak pattern or from a single
peak at a certain Raman shift value [269]. At the same time, the amount
of molecule adsorbed on the SERS substrate can be inferred from the
peak intensities. Generally, greater SERS enhancement will result in
sharper peaks and increase the detection sensitivity [252,270,271].
Aside from proper materials selection and nanostructure design, anoth-
er important determinant of SERS enhancement related to themeasure-
ment instrumentation is the laser excitation wavelength since SERS
enhancements ultimately arise from a resonant response of the sub-
strate [272–275]. In other words, the degree of SERS enhancement ob-
served from a particular substrate varies greatly with the excitation
wavelength. In fact, a given substrate typically exhibit good enhance-
ments only within a narrow excitation wavelength range [276]. For
most gold and silver-based SERS substrates, they are usually designed
to operate optimally at a wavelength that falls within the visible to
near infrared range (i.e. 400–1000 nm).

In general, there are two major formats that can be employed for
SERS-based biodetection applications, namely the label-free detection
format [277–279] and the indirect detection format utilizing SERS tags
[280–284]. In the label-free approach, the target biomolecule of interest
will directly bind to the surface of the SERS substrate upon sample intro-
duction. Along this line, it is worthy to note that unlike SPR- and LSPR-
based sensing, bio-receptor functionalization is not a pre-requisite in
label-free SERS-based biosensing since the direct interaction between
the target biomolecule and the surface will reveal vibrational spectro-
scopic information in the form of a fingerprint SERS spectrum unique
to the biomolecule [285,286]. While this represents the simplest ap-
proach in SERS-based biosensing, the possibility of interference from
other adsorbing molecules in the sample can reduce the detection effi-
ciency [287]. Firstly, the competitive adsorption of other biomolecules
to the surface will reduce the amount of available space for direct con-
tact between the target biomolecule and the SERS substrate thereby
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reducing the amount of target detected. Secondly, SERS signals from co-
adsorbed molecules will also contribute to the SERS spectrum and may
potentially complicate data analysis, especially when SERS footprints
from othermolecules overwhelm those from the target. Taken together,
the label-free detection format is therefore less suitable for detection
from complex biomatrices such as blood and serum. On the other
hand, the indirect detection format utilizing SERS tags possess a higher
degree of specificity and are generally more robust in terms of signal
output [283,288]. SERS tags are essentially SERS signal transducers com-
prising of the substrate (i.e. gold or silver nanoparticles), a layer of re-
porter molecules possessing a strong Raman fingerprint directly
adsorbed onto the substrate and an outer coating layer of a dielectric
material (e.g. silica) to encase the reporter molecules and enhance bio-
compatibility and stability. Most importantly, the outer layer allows
functionalization with bioreceptor molecules and further passivation
to achieve specificity towards the target molecule. During detection,
the SERS tags will bind to the target via the bioreceptor molecules on
the outer coating before the tag is illuminated with the laser beam. Un-
like the direct detection format, the signal detected will originate from
the reporter molecule instead of the target molecule. It is worthy to
note that target molecules will not contribute to the signal at all since
it is well separated from the SERS substrate. Besides achieving a high
level of specificity towards the target, the utilization of SERS tags is par-
ticularly advantageous since a strong signal is obtained solely from the
reporter molecule with little to no interference, facilitating quantitative
analysis with improved detection performance [289].

The direct detection format is typically employed for in vitro detec-
tion of circulating biomarkers. In such cases, biological fluid samples
(e.g. from blood, urine, saliva) are either purified first or directly intro-
duced to the detection platform. Most often, this is achieved by flowing
the samples over SERS substrates that are deposited or fabricated on a
planar solid support, although there exist several approaches that de-
scribe the mixing of samples with SERS substrates that are suspended
in solution, usually involving other solution-based target isolation tech-
niques (e.g. via magnetic or electrochemical separation etc.) [290–293].
The direct detection format is, however, not suitable for detection in
vivo since the introduction of bare SERS substrates into the physiologi-
cal environment will less likely result in effective target adsorption due
to biocompatibility issues. In contrast, detection using SERS tags are
suitable for both in vitro as well as in vivo settings [111,282,294,295].
For in vitro detection involving a solid support, the target will usually
be first captured on the support that has been pre-functionalized with
the target recognition element. After eliminating other interfering ma-
terials, SERS tags are introduced to bind with the targets on the solid
support, resulting in a sandwich type configuration, before the SERS sig-
nals are acquired. For solution-based in vitro detection, the biological
fluid sample is mixed with the SERS tag solution. The target-bound
SERS tags are then isolated and quantified. Clearly, this is facilitated by
the ability to functionalize the outer coating of the SERS tags with the
target recognition element. Similarly, the ability to include additional
functionalities to SERS tags can be exploited to improve biocompatibil-
ity [296–298], which paves way for its use in vivo. There are generally
two mechanisms for in vivo cancer detection using SERS tags namely,
passive and active targeting [299,300]. In the passive targeting mecha-
nism, the SERS tags are not functionalized by any target recognition el-
ement and accumulate preferentially at tumor sites based on an
enhanced permeability and retention effect [282]. In the active targeting
mechanism, the SERS tags are functionalized with target recognition el-
ements such as antibodies and peptides in order to recognize specific
tumor antigens that are present on tumor cells at the primary growth
site as well as on circulating tumor cells.

Besides its direct utilization for biomarker detection, SERS can also
be employed in conjunction with ELISA [301,302]. In SERS-ELISA, the
detection protocol is similar to conventional ELISA up to the enzyme in-
troduction step. However, instead of linking the biocatalytic cycle of the
enzyme to the generation of fluorescence, it is linked to the aggregation
of SERS tags. The main advantages of SERS-ELISA over conventional
ELISA stem from the fact that SERS scattering is not affected by
quenchers such as oxygen and is less susceptible to photobleaching ef-
fects [303]. This facilitates detection from a variety of sample matrices.
It also permits extended signal averaging, which will effectively lower
detection limits. Finally, SERS can also be combined with fluorescence
imaging [304–306] to achieve dual mode sensing. In a typical arrange-
ment, nanoparticle clusters encoded with a Raman dye are mixed
with an organic fluorescent dye and the mixture is contained within a
biofunctionalized polymeric nanoparticle. The ability to detect the tar-
get binding event through both SERS and fluorescence modes leads to
greater sensitivity and specificity, owing to the sensitive and specific na-
ture of the SERS signals, as well improved multiplexing capability,
owing to a wide range fluorescent dye with non-overlapping emission
spectra.

3. Detection targets

3.1. miRNA

Micro RNA (miRNA) are small molecules of very short length of
around 20–25 nucleic acid base-pairs (i.e. around 6–8 nm in length)
[307–309]. They are non-coding RNAs and regulate gene expression
through mRNA degradation or translation inhibition [310,311]. In gen-
eral, the correlation between miRNA and a specific type cancer is
based on the up-regulation/down-regulation of miRNA or miRNA ex-
pression patterns [310,312–315].

The detection of miRNA using SPR-based sensing platforms typically
require a signal amplification step since the capture of miRNA without
any amplification will only result in an infinitesimal SPR shift due to
the small size of miRNA (6–8 nm) [307–309] compared to the sensing
depth of SPR (i.e. 100–200 nm) [116,128]. In fact, even in conventional
complementary DNA microarrays, the detection of miRNA is difficult
due to its short length and a chemical or enzymatic modification to
the capturedmiRNA is usually required to obtain an appreciable readout
[316–318]. Fortunately, these post-modification approaches can be
adopted in SPR-based systems and miRNA can be conveniently labelled
with larger biomolecules or nanoparticles for signal amplification,
resulting in the effective construction of nanosandwiches and a signifi-
cant enhancement of the SPR signal [319–321]. One of the earliest dem-
onstrations of SPR-based miRNA detection was conducted on a
microarray format, for the detection of 3 synthetic miRNAs (i.e. miR-
16, miR-122b and miR-23b) [322]. The detection and identification of
miRNAs follow a three-step scheme beginning with the binding of tar-
getmiRNAs to single-stranded locked nucleic acid (LNA) probes, follow-
ed by the addition of poly(A) tails via the poly(A) polymerase surface
reaction and finally the hybridization of the poly(A) tails with T30-
DNA coated gold nanoparticles for signal amplification before the signal
is eventually measured with SPR imaging. Based on this approach, they
achieved a limit-of-detection of 10fM. In contrast, unlabeledmiRNA can
only be detected down to a concentration of 1 nm. In other words, the
signal amplification produced a remarkable 105 signal enhancement.
In another work by Zhang et al., streptavidin was used instead of nano-
particles for signal amplification [323]. In this case, target miRNAs first
bind to short-stranded DNA capture probes on the sensing surface. A
streptavidin-oligonucleotide complex is then added to hybridize with
the exposed nucleotide fragments of the captured miRNAs before the
SPR signal is acquired. A similar approach was adopted by Ding et al.,
whereby instead of hybridizing directly to a streptavidin-oligonucleo-
tide complex, the exposed fragments of the captured miRNA was first
hybridized with biotinylated auxiliary probes, to achieve a DNA super-
sandwich, before the addition of streptavidin and acquisition of the
SPR signal [324]. Along this line, it is worthy to note that, unlike signal
amplification using gold nanoparticles, whichwas capable of producing
femtomolar limits of detection, signal amplification using DNA super-
sandwich and streptavidin only produced a limit of detection in the



Fig. 1. Schematic illustration of the proposed method of miRNA detection based on Stre-GNRs enhanced SPR response.
Adapted from Analytica Chimica Acta 954 (2017) 114–120.
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picomolar range, suggesting the advantage of using a hard, plasmon ac-
tive nanomaterial for signal amplification.Wang et al. then adopted the
DNA super-sandwich amplification step but replaced streptavidin with
gold nanoparticles [325]. They employed the scheme to detect miR-21
and, as expected, achieved a detection limit of 8 fM. Most recently,
Hao et al. described the utilization of biotinylated thiolated DNAmolec-
ular beacon as the capture probe [326] (Fig. 1). In this case, when target
miRNA hybridizes with the molecular beacon, the biotinylated group
Fig. 2. Design of plasmonic biosensors and detecting miR-X in various physiological media. (A
onto a 3-mercaptopropyltriethoxysilane-functionalized glass coverslip (substrate). (B) Surf
ssDNA-X and PEG6-SH in PBS buffer (pH 7.4) to prepare the plasmonic biosensor. (C) Incu
extinction spectrum of the biosensor collected in PBS buffer after modification with a 1.0 μM
again collected after incubation in miR-X solution and careful rinsing with PBS buffer to dete
depends on the concentration of miR-X used during the incubation in (C), which ranged f
determine the limit of detection. The image is not to scale.
Adapted with permission from Nano Lett. 2014, 14, 6955–6963.
becomes accessible and will then bind to streptavidin functionalized
gold nanorods, which served to significantly amplify the SERS signal.
Under optimal conditions, they obtained a limit of detection of 0.045
pM. Besides achieving a detection limit in the femtomolar range, anoth-
er advantage of this approach compared to the ones described previous-
ly is that amplification is performed in a single-step, which simplifies
the detection procedure and greatly reduces reproducibility issues aris-
ing from human error. In essence, there is a relatively huge degree of
) Chemically synthesized and freshly prepared gold nanoprisms were covalently attached
ace of gold nanoprisms was chemically modified with a 1.0 μM 1:1 mixture of SH-C6-
bation of sensor in miR-X solution and formation of DNA duplex. (D) Schematic of the
1:1 mixture of SH-C6-ssDNA-X and PEG6-SH (blue curve). The extinction spectrum was
rmine the new peak position (red curve). The extent of LSPR dipole peak shift (ΔλLSPR)
rom 100 nM to 50 fM. (E) Plot of ΔλLSPR versus log of miR-X concentrations used to
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freedom in designing the amplification step, including the use of other
biomacromolecules [327–329] and nanomaterials [330] as well as
employing more than one amplification strategy [321]. On top of that,
the detection performance can also be improved through better passiv-
ation of the sensing surface [331] as well as better SPR instrumentation
and detection formats [329,332]. In a notable example, by combining
SPR with a DNA-RNA antibody based assay, Sipova et al. achieved
subfemtomole level detection of miRNA using a novel high-perfor-
mance portable SPR sensor instrument for spectroscopy of surface plas-
mons based on a special diffraction grating called a surface plasmon
coupler and disperser (SPRCD) [329]. Most recently, Yang et al.
employed SPR to enhance light scattering from gold nanoparticle
(AuNP) tags conjugated with a monoclonal antibody with high affinity
for DNA-RNA hybrids [332]. In the presence of target miRNA, DNA-
RNA hybrids are formed on the sensing surface when target miRNA hy-
bridizes with the capture DNA. AuNP tags are then added to bind to the
DNA-RNA hybrids and subsequent illumination with the laser beam
lead to surface plasmon enhanced light scattering (SP-LS). They
employed this detection scheme for the detection of miR-122 and
achieved a limit of detection of 60 fM.

Unlike ctDNA, which has higher tendency to form stable secondary
structures due to its length, miRNA remains stretched since they are
much shorter. This provides better access for hybridization with probe
complementary sequences and provides greater flexibility in terms of
designing LSPR-based detection schemes. Since the length of miRNA
(6–8 nm) closely matches the sensing depth of LSPR (5–20 nm), direct
detection on isolated nanostructures is possible evenwithout any signal
amplification step. This was first reported by Joshi et al., whereby gold
nanoprisms deposited onto silanized glass and functionalized with a
probe ssDNA act as the LSPR transducer in the detection of miR-21
and miR-10b in human plasma obtained from pancreatic cancer pa-
tients [333] (Fig. 2). Due to the remarkable refractive index sensitivity
of the gold nanoprisms, the direct capture of miRNAs resulted in quan-
tifiable peak shifts down to the subfemtomolar range. Besides
exhibiting excellent sensitivity and selectivity, this approach is ex-
tremely simple and do not require any sample preparation step,making
it highly promising for use in point-of-care settings. In a follow-upwork,
they employed the same platform for direct detection of miR-10b in bi-
ological fluids and exosomes [334]. Most notably, they achieved single
nucleotide specificity at the attomolar concentration level. The remark-
able detection sensitivity was attributed to charge transport and/or de-
localization of free electrons on the gold nanoprism surface through
DNA backbonewhen the ssDNA probe forms the duplexwith the target
miRNA. It is alsoworthy to note that this work represents the first dem-
onstration of a label-free technique for the quantification of miRNAs in
exosomes. Consequently, it was the first work that revealed that miR-
10b is abundant in circulating exosomes in pancreatic ductal adenocar-
cinoma (PDAC) patients. Along this line, it becomes clear that with an
appropriate design, solid-phase LSPR detection platforms have huge a
potential in prognostic and therapeutic applications. Apart from the
possibility of direct detection, the short length of miRNA also facilitates
the bridging of nanoparticles in solution, which paves way for detection
based on the plasmonic coupling effect and colorimetry [335–338]. For
example, Guo et al. demonstrated detection based on the formation of
nanoparticle dimers in the presence of the target miRNA [335]. Briefly,
an enzyme-mediated signal amplification step was first performed in
which target miRNA was hybridized with cDNA and, in the presence
of duplex specific nuclease (DSN), resulted in cleaved fragments of
cDNA. Intact cDNA is then hybridized with two different probes that
have been asymmetrically functionalized onto two different groups of
AuNPs, respectively, resulting in a Y-shape DNA duplex that would as-
semble the AuNPs into dimers. Consequently, the color of the solution
would gradually change from purple to redwith increasingmiRNA con-
centration (i.e. decreasing intact cDNA concentration). Due to the highly
controlled formation of the AuNP dimers, sub-femtomolar circulating
miRNAs can be directly visualized in serum via unaided eye. The
formation of AuNP dimers as opposed to random aggregates also en-
sured a high level of colloidal stability and contributed to awide dynam-
ic range. The rearrangement of nanoparticles for the purpose of miRNA
detection is not only restricted to the solution phase. Detection based on
the formation of nanoparticle dimers [338] as well as core-satellite-as-
semblies [336,339] have also been demonstrated on a solid support
whereby measurements are based on the LSPR scattering spectra ob-
tained using a darkfield setup. In this case, existing microfabrication
techniques can be exploited to obtain well-defined nanostructures on
a solid support. For example, Lee et al. demonstrated the fabrication of
side-edge prefunctionalized gold nanostructure arrays on a flexible
polyethylene terepthalate (PET) substrate using contact transfer print-
ing [339]. In the presence of target miRNAs, heteroassemblies of nano-
structure and nanoparticles are formed, which is translated to a
significant change in LSPR scattering spectra. Aside from obtaining a
femtomolar limit of detection, this work particularly demonstrates the
possibility of developing LSPR-basedmiRNA sensors on plastic supports,
aside from conventionalmaterials such as glass and silicon oxide, which
can lead to lower production costs.While plasmonic coupling have been
largely employed to effect greater shifts in the absorbance and scatter-
ing spectra, thereby enabling visual detection of the target binding
event, the change in color of scattered light as a result of small refractive
index changes around a single nanostructure in the presence of small
molecules such as miRNA can be intensified via an appropriate post-
processing technique. This was recently demonstrated by Zhou et al.,
in which the color of single light scattering of plasmonic nanoparticles
obtained from darkfield images is automatically coded with the hue
values of the standard ‘hue-saturation-intensity’ (HSI) color model, be-
fore it is amplified using a MATLAB program even for minute spectral
changes [340] (Fig. 3). This resulted in a significant increase in color res-
olution of the darkfield images, facilitating detection via unaided eye.

The detection of miRNA via SERS can either be achieved directly on a
SERS active substrate or indirectly with the aid of SERS nanoprobes. For
example, in the work by Driskell et al., target miRNAs directly adsorb
onto silver nanorod arrays before their respective SERS spectra are ac-
quired [341]. They revealed that SERS spectra of related and unrelated
miRNAs can be distinguished almost in real-time and that miRNA pat-
terns can be classifiedwith high accuracy. Similarly, Abell et al. reported
direct miRNA detection using highly reproducible silver nanorod SERS
substrate [342]. In this work, the importance of an appropriate quantifi-
cation technique in order to achieve better sensing resolution was
discussed. In particularly, they noted the difficulty in distinguishing
miRNA in a freely adsorbed state versus a hybridized state and over-
come it by using a straightforward least-squares analysis technique to
determine the relative ratios of four nucleotide components A, C, G,
and T/U before and after hybridization. In the indirect detection format,
target miRNA is first captured on a solid support, usually by means of
hybridization with a complementary short-stranded nucleic acid
probe. SERS nanotags, which are functionalized with a second nucleic
acid probe, is then added and the SERS signal is acquired. In this case,
the SERS spectrum originates from the SERS reporter molecule
contained within the SERS nanotags instead of the target miRNA.
There are plenty of variants to the indirect detection scheme, since the
attachment, arrangement and configuration of SERS nanotags with re-
spect to the target miRNA can all be customized. Along this line, it is im-
portant to note that slight variations to the detection scheme can result
in significant changes to the SERS response. Guven et al. revealed this in
awork employing two closely similar indirect SERS assay configurations
to detect mir-21 [343]. In the first configuration, mir-21 was covalently
immobilized on the sensing surface before hybridization with SERS
nanotags functionalized with nucleic acid probes complementary to
mir-21. In the second configuration, instead of covalent attachment to
the sensing surface, mir-21 was hybridized to complementary nucleic
probes functionalized on the sensing surface. The subsequent hybridiza-
tion step with the SERS nanotags was maintained. The detection limits
for the first and second configurations were found to be 0.36 and



Fig. 3. Schematic illustration of the color analytical method for improving the resolution and its further application for the detection of HCC-associatedmiRNA. (A) Biosensing scheme for
the detection of HCC-associated miRNA by hybridization between the DNA-functionalizedAuNP probe and miR-122. (B) Characteristic DFM images of AuNPs (B\\I), DNA-functionalized
AuNPs (B-II), and hybridization betweenprobemolecules andmiR-122 on theAuNP surface (B-III). (C)Hue diagram of the HSI colormodel and improvement of the color resolution of the
DFM images by computer programming (HI, HII, and HIII are the hue values of the DFM images in (B), and the amplification values are H'I, H'II, and H'III). (D) Improvement of the color
resolution of the DFM images corresponding to (B) by amplifying the color difference signals.
Adapted with permission from Nanoscale, 2017, 9, 4593–4600.
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0.85 nM, respectively, highlighting the importance of precise control
over the spatial arrangement of SERS nanotags in optimizing the overall
detection performance. However, compared to the control over their ar-
rangement, there is perhaps greater freedom to design and fabricate
novel SERS nanotags that can allow multiplex detection and at the
same time improve the overall detection performance. Indeed, there
are many current works that have achieved multiplex miRNA detection
using a wide variety of SERS nanotags [344–348]. For example, the
group of Vo-Dinh introduced the inverse molecular sentinel (iMS)
nanoprobes formultiplex detection ofmiRNA cancer biomarkers direct-
ly from biological samples [344,346]. The iMS basically acts as an “off-
to-on” signal switch based on a non-enzymatic strand displacement
process and the conformational change of hairpin oligonucleotide
probes upon target binding. In the absence of target miRNA, the oligo-
nucleotide probewith a nanostructure at one end and a Raman reporter
molecule at the other end is kept in a stretched configuration bymeans
of hybridization with a partially complementary single-stranded DNA
containing an overhanging toehold sequence (i.e. exposed sequence
that later bind to the target miRNA), otherwise referred to as the place-
holder strand. The sequence of the placeholder DNA strand is fully com-
plementary to the target miRNA such that upon introduction of the
target miRNA, the oligonucleotide probe is displaced and assumes a
hairpin configuration, which brings the Raman reporter close to the
nanostructure resulting in a SERS signal. Since iMS probes targeting dif-
ferent miRNAs can be easily tagged with different Raman reporter mol-
ecules, multiplex detection can be conveniently achieved. Most
recently, Zhou et al. described the utilization of Raman dye encoded
gold nanoparticles with narrow intra-nanogap structures (Au-RNNPs)
as SERS nanotags and hollow silver microspheres (Ag-HMSs) as captur-
ing substrates [348]. In a detection event, the miRNA will bind to both
Ag-HMSs and Au-RNNPs to form a sandwich configuration. Excellent
sensitivity and selectivity during the multiplex detection of 3 types of
miRNA biomarkers (miRNA-21, miRNA-122, and miRNA-223), which
is associated with hepatocellular carcinoma (HCC), was mainly



Fig. 4. (A) Schematic illustration of EXPAR-based SERS formicroRNA assay. MultiplexedmiRNA assay. (B) Raman spectra of amplification products in the presence of miR-126 (blue line),
miR-205 (red line), and a mixture of miR-126 and miR-205 (black line), respectively. The concentration of miR-126 is 1 pM, and the concentration of miR-205 is 1 pM. (C) Simultaneous
detection ofmiR-126 (green column) andmiR-205 (purple column) bymeasuring Raman intensity at 1590 cm−1 for miR-126 and 1651 cm−1 for miR-205. Error bars show the standard
deviation of three experiments.
Adapted with permission from Chem. Commun., 2014, 50, 11,883–11,886.

59A.R. Ferhan et al. / Advanced Drug Delivery Reviews 125 (2018) 48–77
attributed to the surface roughness of the Au-RNNPs. Finally, the SERS
signals can also be amplified by means of generating an abundance of
target miRNA or associated triggers that would bind to the SERS
nanotags [333,349]. Although this involves an additional step prior to
detection, it has proven to be remarkably successful in improving the
detection sensitivity and selectivity. For example, in the work by Ye et
al., whereby a circular exponential reaction (EXPAR)-based SERS was
employed for the multiplex detection of several miRNAs associated
with lung cancer, a detection limit of as low as 0.5 fM was obtained
[333] (Fig. 4). This translated to a 6 order of magnitude improvement
compared to the case without EXPAR amplification.

3.2. ctDNA

Circulating tumor DNA (ctDNA) are relatively small molecules with
short length of around 100–200 nucleic acid base pairs (i.e. around
30–60 nm in length) [350,351]. Specific sequences point to different
types of cancer (cancer-associated genes) and can be easily detected
through highly specific hybridization reactionswith nucleic acid probes
bearing complementary sequences. Generally, the detection of cancer
via ctDNA relies on the presence of mutations [51,352,353], although
there are other types of abnormalities associatedwith genetic alteration
such as microsatellite instability and loss of heterozygosity [354–356].

Since the size of ctDNA is within the sensing depth of LSPR, there is
seemingly huge prospect for the technique to be used for ctDNA detec-
tion. Furthermore, LSPR transducers can be easily functionalized with
complementary nucleic acid detection probes via well-established
thiolation strategies [357,358]. Surprisingly, there exist only few
works describing detection of ctDNA via LSPR-based detection schemes.
This is possibly due to two main reasons. Firstly, typical ctDNA frag-
ments are relatively long, consisting of around 150 bases [350]. It is
therefore difficult to detect via solution-based aggregation strategies
since the attachment of ctDNA will hinder nanoparticles from ap-
proaching each other to a distance close enough for effective plasmonic
coupling to occur [359]. Secondly, at such lengths, they have the tenden-
cy to form secondary structures (e.g. hairpin, internal and bulge loops)
that can conceal the mutated fragment [360]. As such, most works de-
scribing LSPR-based detection of ctDNA rely on single nanoparticles



Fig. 5. (A) Schematic illustration of the enzyme-enhanced optical DNA sensor. Darkfield images (B) and SEM images (C) of GOx-guided time-dependent growth of an AuNP seed.
Adapted with permission from Biosensors and Bioelectronics 79 (2016) 266–272.
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with measurements performed in a dark-field setup. One of the earliest
examples ofmutantDNA detection using single nanoparticleswas dem-
onstrated by Ma et al., whereby gold nanoparticles (AuNPs) measuring
around 50 nm in diameter is functionalized with thiol-oligonucleotide
probes [334]. Upon the introduction of the sample solution, both in buff-
er and serum, the mutant DNA hybridizes with the oligonucleotide
probe on theAuNP surface, resulting in a slight red shift of the LSPR scat-
tering spectra to a higher wavelength. In order to amplify this shift, they
employed cell-derived DNA mismatch repair protein MutS, which rec-
ognizes and binds specifically to the mutant fragment of the DNA. By
using this strategy, they were able to distinguish mutant from normal
genes and quantify the amount of mutant DNA down to picomolar
levels. In a separate work by Nguyen et al., bothmutation and methyla-
tion of ctDNAof PIK3CA gene is detected bymeans of hybridizationwith
peptide nucleic acid (PNA)probe on single AuNPs [361]. In this case, sig-
nal amplification is performed via the addition of immunogold colloids
that specifically detectmethylation sites on the target ctDNA.While the
primary detection event (i.e. ctDNA-PNA hybridization) led to a LSPR
peak shift of around 4.3 nm, the secondary detection event (i.e.
immunogold attachment to the ctDNA) led to a LSPR peak shift of
around 11.4 nm. This eventually translated to a four times enhancement
in terms detection sensitivity, reducing the limit of detection from
200 fM to 50 fM. More importantly, their work demonstrated the capa-
bility of LSPR to detect not only hot-spot mutations but also epigenetic
changes on the ctDNA. While these works have demonstrated signal
amplification, they do not result in a significant change to the appear-
ance of scattered light observed under the dark-field microscope. Re-
cently, Guo et al. demonstrated the possibility of distinguishing the
mutant from wild-type phenotypes of the breast cancer gene BRCA1
by means of direct observation of the scattered light under the micro-
scope [362] (Fig. 5). They employed a unique detection scheme involv-
ing an enzyme-guided enlargement of AuNPs. In brief, small AuNPs
(25 nm in diameter) that are typically invisible under the dark-fieldmi-
croscope act as the target-binding sites. Upon target binding, Ag deposi-
tion is triggered via an enzyme-mediated reaction leading to an
enlargement of the AuNP beyond its diffraction limit, making it visible.
Quantitatively, a limit of detection of 5.0 × 10−21 M was obtained fol-
lowing this scheme. In other words, that is the lowest concentration
that can transform the darkfield image of the nanoparticle from a
completely dark to a blue dot. With regard to the detection of ctDNA
based on an ensemble of nanoparticles, Sanroman-Iglesias et al. recently
revealed a strategy involving sequential bridging of DNA-functionalized
AuNPs. They noted that while the direct addition of ctDNA to a solution
mixture containing two sets of probe DNA-functionalized AuNPs
(65 nm in diameter) did not result in any aggregation, pre-incubation
of the target with one set of DNA-functionalized AuNPs followed by
the addition of the second set led to appreciable increase in AuNP clus-
ter size. This is attributed to the extension of non-hybridized bases of



Fig. 6. (A) Construction of SWNT-based SERS assay couplingwith RNaseHII-assisted amplification for highly sensitive detection of ctDNA inhumanblood. The enlarged image illustrates T-
rich DNAmediated growth of CuNPs to enhance the SERS signal of SWNTs. (B) Mechanism of RNase HII-assisted THMS-based amplified recognition to produce numerous T-rich ssDNAs.
(C) Representative AFM image of T20-mediated growth of CuNPs on the SWNT surface. (D) SERS spectra of SWNTs andDNAmediated SWNT@CuNPswith A20, T20, C20, G20, and random
DNA. [CuSO4]= 150 μMand [Na3C6H5O7]= 2mM. The concentration of SWNTs was excessive. (E) FDTD simulation of the normalized EM-field intensity distribution (|E|2/|E0|2) for T20-
mediated SWNT@CuNPs: (a) XZ plane views of T20-mediated SWNTs and (b) XZ plane views of T20-mediated SWNT@CuNPs on the surface of a Aufilm. (D) SERS intensity enhancements
of the 1605 cm−1-band of SWNTs, I/I0, plotted against the concentration of T20.
Adapted with permission from Anal. Chem. 2016, 88, 4759–4765.
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the target upon hybridization with the short-sequence probe DNA in
the first set of AuNPs, highlighting the importance of unravelling the
secondary structure of the ctDNA for successful detection based on
AuNP aggregation.With this strategy, they demonstrated the colorimet-
ric detection of single-basedmutations in ctDNA containing 70 and 140
bases.
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Besides LSPR-based detection platforms, SERS-based detection plat-
forms have also been used to detect ctDNA. As earlier described, SERS
nanotags have an outer layer of dielectric material, which can likewise
be functionalized to present short-strand nucleic acid probes. Another
advantage of SERS-based detection platforms is that it allows multiplex
sensing and it is capable of direct detection in human bloodwithout the
need for a separate purification or separation step. For example, Wee et
al. combined the simplicity of a standard polymerase chain reaction
(PCR) procedure with the multiplexing capability of a SERS-based de-
tection scheme to develop a PCR/SERS assay for the detection of
ctDNA [363]. Briefly, PCR amplicons obtained from target DNA se-
quences is enriched on magnetic beads and attached with mutation-
specific SERS nanotags. Since the nanotags employ dedicated reporter
molecules for differentmutation sequences, the presence of severalmu-
tation sequences can be detected simultaneously from a single SERS
spectrum in the output signal. As a proof-of-concept, they first utilized
the assay for triplex detection of 3 clinically important DNApointmuta-
tions in melanoma (BRAF V600E, c-Kit L576P and NRAS Q61K) and as
few as 10 mutant alleles were successfully detected from a background
of 10,000 wild-type sequences. By using b5 ng of genomic DNA, the
assay can accurately genotype cell lines and serum-derived ctDNA
from cancer patients. As these procedures are essentially performed in
a single-tube, its simplicity andmultiplexing capabilitymakes it suitable
for translation to a clinical setting. In anotherwork, Zhou et al. described
SERS detection of ctDNA directly in human blood by employing single-
walled carbon nanotubes [364] (Fig. 6). In their approach, the specific
identification of ctDNA was achieved using a triple-helix molecular
switch (THMS) structure as the recognition element. The thymine-rich
ssDNA fragment of the THMS structure was used as the signal transduc-
tion probe while an RNA site embedded in the sequence produce nu-
merous T-rich ssDNA in the presence of target ctDNA, mediated by the
enzyme RNase HII. The T-rich ssDNA fragments then adsorb onto sin-
gle-walled carbon nanotubes (SWNTs) to form ssDNA/SWNT complex,
which served as a template for the growth of copper nanoparticles
(CuNPs) in the presence of copper (Cu2+) ions and sodium citrate.
The CuNPs on ssDNA/SWNT complex gave rise to SERS enhancement
of the G-band peak of SWNTs, the intensity of which is dependent on
the T-rich ssDNA concentration. Following this detection scheme, they
could identify KRAS G12DM mutation down to femtomolar levels
from microliter blood sample volumes.

3.3. Proteins

Proteins are generally large and complex biomacromolecules mea-
suring around tens to hundreds of nm [365]. Generally, they can be de-
tected by specific interaction with antibodies [366,367] or aptamers
Fig. 7. Schematic representation of the PSA sandwich assay on a SPR platform using PSA
detection antibody-modified Au nanoparticles.
Adapted with permission from Anal. Chem. 2012, 84, 5898–5904.
[368,369], which are protein-specific nucleic acid sequences. Disease
detection is usually inferred from an elevated concentration (due to
over-expression) of cancer biomarker proteins [370,371].

Within the general context of protein sensing, the SPR technique has
beenwidely employed for the real-time characterization of protein-pro-
tein [372,373], protein-ligand [374,375] and protein-surface interac-
tions [376–378], providing information on the binding kinetics and
affinity of the interactions. As such, protocols for protein assay develop-
ments and concentration measurements have also been well-
established, facilitating its adaptation for the detection of cancer bio-
marker proteins. In a typical SPR-based detection format, the sensing
surface is functionalized with antibodies or aptamers that serve as the
biorecognition element for the target protein of interest. However, con-
sidering the fact that cancer biomarker proteins are usually present at
ultralow concentration levels in the blood, an additional step is usually
needed to amplify the signal. For example, Krishnan et al. relied on the
labeling of targets captured on the SPR sensing surface with
superparamagnetic nanoparticle clusters to achieve an ultralow detec-
tion limit (around 300 attomolar) for cancer biomarker prostate specific
antigen (PSA) in serum [379]. In a separate work, Uludag et al. also de-
scribed the development of a point-of-care immunosensor for the de-
tection of total PSA (tPSA) using SPR with an amplification step
involving gold nanoparticles [380] (Fig. 7). In this case, a detection
limit of 8.5 pM tPSA was obtained in 75% serum. In another work,
Eletxigerra et al. also employed gold nanoparticles to amplify SPR re-
sponses for the detection of ErbB2 cancer biomarker protein in serum
samples and raw cell lysates [381]. They obtained a limit of detection
of 180 pg/mL in 50% human serum. In the detection of tumor necrosis
factor alpha (TNF-α) Law et al. reported a 40-fold enhancement by
employing a sandwich type configuration involving gold nanorods
functionalized with a secondary antibody that binds to captured target
[143]. The capture of target proteins on the SPR sensing surface can
also be achieved without functionalizing the SPR sensing surface with
a biorecognition element. This was recently demonstrated by Erturk et
al. by using the microcontact imprinting method, which introduced
PSA imprints directly onto the SPR sensor chip surface [382]. The system
was used for the detection of PSA from clinical samples and the results
were compared with those obtained using conventional ELISA. When
the response linearity was compared between the twomethods, no sig-
nificant difference was found for PSA detection in serum samples from
prostate cancer patients, highlighting its suitability for use in a clinical
setting. Other ways to promote the use of SPR in a clinical setting in-
clude simplifying the instrumentation such as using a plastic optical
fiber configuration [383].

Unlike SPR sensors, which utilizes planar substrates as the sensing
surface and have sensing penetration depths of around 100–200 nm
[115,116], LSPR sensors utilizes nanostructures as the signal transducer
with sensing penetration depths of around 10–30 nm [113,140,158,
160]. This represents an important consideration within the context of
cancer biomarker protein sensing. In particular, the use of antibodies
as the biorecognition element will not yield an appreciable response
during the target detection step since antibodies would already occupy
a large section of the sensing depth and the captured targetwould effec-
tively lie beyond the sensing depth. Along this line, aptamers, which are
oligonucleotide strands with specific recognition towards a particular
protein, are often used instead of antibodies. In fact, the use of
aptamer-conjugated nanomaterials represents a primary enabling fac-
tor that contributes to the success of LSPR-based detection schemes
for protein sensing [384]. Due to the spatial and configurational flexibil-
ity of the nanostructure transducers, as well as the small size of
aptamers, the detection of cancer biomarker proteins can be achieved
through a variety of detection formats ranging from direct protein bind-
ing to nanoparticles adsorbed onto a solid support [385–389] to target-
induced nanoparticle rearrangement in solution [390]. The captured
target can also be further labelled with other nanoparticles for signal
amplification [391] and LSPR-based detection schemes can also be



Fig. 8. Schematic representation of conventional ELISA versus Plasmonic ELISA. (A) In conventional colorimetric ELISA, enzymatic biocatalysis generates a colored compound. (B) In
plasmonic ELISA the biocatalytic cycle of the enzyme generates colored nanoparticle solutions of characteristic tonality (S, substrate; P, product; NP, nanoparticle).
Adapted with permission from Nature Nanotechnology, 7, 2012.
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linked to other forms of detection schemes such as fluorescence detec-
tion using quantum dots [392]. Recent efforts aimed towards the appli-
cation of LSPR-based sensing platforms in clinical settings have focused
on developing their multiplexing capabilities [385,393]. In another ex-
citing development, LSPR has been increasingly used in combination
with conventional enzyme-linked immunosorbent assay (ELISA), in an
approach often referred to as plasmonic ELISA [243]. This approach
was first developed by the Stevens group. In their first report, they de-
scribed how the catalytic cycle in the final step of ELISA can be used to
control the growth of nanoparticles and generate colored solutions
with distinct tonality in the presence of the target protein [240] (Fig.
8). They employed their system for the detection of PSA in whole
serum and achieved successful detection down to an ultralow concen-
tration of 1 × 10−18 g/mL. Since then, several other variants of the tech-
nique have been reported [394–399].

Similar to the case of LSPR-based detection platforms, cancer bio-
marker proteins can also be detected via SERS through a variety of de-
tection schemes performed either on a substrate [400–402] or in
solution [403]. For SERS-based direct detection of cancer biomarker pro-
teins on a substrate, it is crucial to ensure that the surface can produce
significant SERS enhancement (high efficiency SERS substrate) since
the natural Raman signatures produced by some target proteins are
weak. Such surfaces are usually roughened, highly corrugated or pos-
sess intricate nanostructures [345,364,404]. In themost recent example,
Song et al. described the detection of a tumormarker, carcinoembryonic
antigen (CEA) on Au-coated butterfly wings possessing natural three-
dimensional hierarchical sub-micrometer structures [345]. Aside from
the ability to effectively enhance Raman signals, these structures are ex-
tremely stable leading to high signal reproducibility. Compared to the
direct detection approach, the detection of protein biomarkers involv-
ing the addition of SERS nanotags, conducted either on a solid support
[400,402] or in solution [403], is generallymore favorable since a sharp-
er spectra can be obtained through the use of spectrally rich Raman re-
porter molecule. Recent efforts have focused on improving these
strategies through various aspects such as probe design and instrumen-
tation in order to obtain better detection performance. For example, Li
et al. described the use of bifunctional nanocomposite probes in a
flow-through system [405]. The nanocomposite probes, which com-
prised of a magnetic nickel iron core and a gold shell, served to enhance
the SERS signals as well as to allowmagnetic focusing of the bound tar-
get to the laser excitation spot. The use of magnetic focusing combined
withmicrofluidics has also been reported in other SERS-based detection
schemes [406,407]. In terms of improving the detection platform, addi-
tional functionalities can also be presented on the SERS substrate by
means of introducing an electrical field. For example, Wang et al. intro-
duced an electric field to the substrate to generate nanoscaled shear
forces that facilitate transport of the target proteins to the surface,
resulting in a rapid and specific SERS immunoassay [402]. SERS-active
substrate properties can also be tuned through the use of hybrid mate-
rials or coatings, in order enhance functionalizationwith Raman report-
er molecule, promote surface passivation and enhance the SERS
response. For example, Zhou et al. reported the detection of tumor
markers in human serum using SiO2-coated silica nanoparticles as
Ramanprobes and silver-coated SiC sandpaper as SERS active substrates
[364]. They detected prostate specific antigen (PSA), alpha-fetoprotein
(AFP), and carbohydrate antigen 19-9 (CA19-9) and obtained detection
limits of 1.79 fg/mL, 0.46 fg/mL and 1.3 × 10−3 U/mL, respectively. The
use of hybrid materials as SERS tags has been gaining traction in the
context of both bioimaging and biosensing [408,409]. In themost recent
development, Ali et al. demonstrated the controlled clustering of gold
nanoparticles induced by graphene oxide and obtained SERS signal en-
hancements up to 3- to 4-fold higher compared to individual nanopar-
ticles when used as SERS tags for the detection of antibodies [408].
Such design can likewise be adopted for the detection of cancer antigens
in the near future. Besides variations to the detection platform, the de-
tection performance can also be improved though better instrumenta-
tion and analysis techniques. For example, Dinish et al. described a
highly sensitive SERS detection for epidermal growth factor receptors
(EGFRs) in low sample volume using a hollow core photonic crystal
fiber [410]. Chang et al. described an area-scanningmethod for the anal-
ysis of SERS responses and achieved PSA detection with femtomolar
sensitivity and a broad dynamic range [411]. Most recently, Cheng et
al. developed a SERS-based immunoassay for the determination of free
to total (f/t) PSA ratio to improve the diagnostic performance of prostate
cancer [403] (Fig. 9). Simultaneous dual detection of the two markers
was performed using two SERS tags for clinical samples between 4.0
and 10.0 ng/mL (i.e. gray zone) and their results showed a good linear
correlation with those measured using an electrochemiluminescene
(ECL) system used in a clinical laboratory. Besides employing SERS for
the detection of cancer biomarker proteins for the purpose of disease di-
agnosis, it can also be employed to monitor responses to drug treat-
ments. This was demonstrated by Chung et al., whereby a SERS-based
imaging technique was utilized to quantify the expression of EGFR be-
fore and after cetuximab treatment [412]. Finally, SERS can also be com-
bined with ELISA to produce SERS-ELISA detection platforms whereby
the catalytic cycle in the last step of ELISA is linked to the aggregation
of silver nanoparticle SERS nanotags [302].
3.4. Exosomes

Exosomes are relatively small extracellular vesicles measuring
around 30–120 nm in diameter [413,414]. They carry cargo that reflects
the genetic or signaling alterations in cancer cells of origin [415–417].



Fig. 9. Sequential SERS-based assay process for the simultaneous detection of f-PSA and c-PSA. (i) Mixing of f-PSA, c-PSA, and t-PSA antibody-conjugated magnetic beads. (ii) Addition of
SERS nano tags to form sandwich immunocomplexes. (iii) Separation of magnetic immunocomplexes using a magnetic bar. Simultaneous detection of (iv) f-PSA and (v) c-PSA.
Adapted with permission from ACS Nano 2017, 11, 4926–4933.
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Generally, the detection of a specific type of cancer is based on an in-
creased amount of exosomes in circulation [418–420].

The detection of exosomes via SPR based on a direct, label-free de-
tection format is generally feasible [421–425] since the size of exosomes
closely matches the SPR sensing depth. In one of the earliest reports of
SPR-based exosome detection, an antibody microarray was combined
with SPR imaging to achieve a label-free detection platform (Fig. 10).
In brief, antibodies specific to exosome transmembrane proteins are
functionalized on gold surfaces of the microarray chip. The reflected
Fig. 10. Schematic view of SPRi in combination with antibody microarray to capture and dete
proteins were printed on the gilded gold chip. The optical path from the laser passes through
camera. Upon injection of sample into the flow cell, exosomes can be captured by antibodie
reflection intensities, which is monitored by the CCD camera.
Adapted with permission from Anal. Chem. 2014, 86, 8857–8864.
laser beam exiting the prism directly underneath the chip is recorded
by a CCD camera. When the sample is injected, exosomes are directly
captured by the antibodies on the microarray chip resulting in a refrac-
tive index change and a drop in the intensity of reflected laser beam. The
intensity recorded by the CCD camera can therefore be directly correlat-
ed to the amount of captured exosomes. Since then, various techniques
have been introduced to improve the detection performance. For exam-
ple, Di Noto described the combination of colloidal gold merging colloi-
dal plasmonics and SPR to achieve enhanced profiling of multiple
ct exosomes in cell culture supernatant. Antibodies specific to exosome transmembrane
the coupling prism at a fixed angle of incidence, and the reflection is recorded by a CCD
s on the chip, resulting in changes in the refractive index and therefore changes in the



Fig. 11. Profiling of ovarian cancer patient exosomes with nPLEX. (A) A photograph of
nPLEX chip integrated with a multichannel microfluidic cell for independent and parallel
analyses. (Right) Transmission intensities of 12 by 3 nanohole arrays were measured
simultaneously using the imaging setup. (B) A representative schematic of changes in
transmission spectra showing exosome detection with nPLEX. The gold surface is pre-
functionalized by a layer of polyethylene glycol (PEG), and antibody conjugation and
specific exosome binding were monitored by transmission spectral shifts as measured
by nPLEX (not drawn to scale). (C) Exosomal protein levels of EpCAM and CD24 in
ascites samples from patients were measured by nPLEX. Ovarian cancer patient samples
(n = 20) were associated with elevated EpCAM and CD24 levels, whereas noncancer
patients (n = 10) showed negligible signals.
Adapted with permission from Nature Biotechnology 32, 5, 2014.
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myeloma-derived exosomes [426]. Rupert et al. described a dual-wave-
length SPR for determining not only the presence, but also the size and
concentration of sub-populations of extracellular vesicles [424]. More
recently, Sina et al. described an approach to quantify the proportion
of clinically relevant exosomes (CREs)within the bulk exosome popula-
tion isolated from patient serum [427]. The quantification began with
the isolation of bulk exosome population followed by the detection
CREs within the captured bulk exosomes using tumor specific markers.
Following this approach, they successfully isolated exosomes from a
small cohort of breast cancer patient samples and identified that ap-
proximately 14–35% of their bulk population express HER2.

The detection as well as quantitative profiling of exosomes via LSPR
has been performed on gold nanoholes, nanopores and nanoislands. In
the first demonstration of exosome detection on a nanoplasmonic plat-
form, Im et al. employed a periodic gold nanohole array as the sensing
substrate and conducted measurements based on transmission surface
plasmon resonance [428] (Fig. 11). Each array is functionalizedwith an-
tibodies that specifically bind to exosome surface proteins as well as
proteins present in exosome lysates. Unlike conventional LSPR devices,
which measure responses based on absorbance or scattering and pro-
duce absorbance and scattering spectra respectively, their
nanoplasmonic exosome (nPLEX) assay measure light transmitted
through the nanohole arrays and produce a transmission spectra.
Whenexosomes specifically bind to the nPLEX sensor, the local refractive
index will change. This event can be monitored by measuring either
wavelength shifts in light spectrum or intensity changes at a fixedwave-
length. The nPLEX sensorwas used to analyze ascites samples fromovar-
ian cancer patients and their results revealed that therewas an increased
expression of CD24 and EpCAM on exosomes derived from ovarian can-
cer patients. A significant advantage of transmission-based measure-
ments is that it facilitates device miniaturization. In this case, the
nPLEX sensor is integrated with a laser diode and a complementary
metal-oxide semiconductor (CMOS) imager, forming a portable device
capable of rapid and large scale sensing, which is suitable for use in the
clinical setting. Following up on this work and adopting the same detec-
tion principle, Yang et al. employed nanopore arrays for multiparametric
plasma extracellular vesicle profiling, whichwas aimed at facilitating di-
agnosis of pancreatic malignancy [429]. In a separate work, Thakur et al.
utilized self-assembled gold nanoislands to detect and distinguish
exosomes from multivesicular vesicles isolated from cells, blood serum
andurine fromamousemodel [430].Most recently, Liang et al. described
the nanoplasmonic quantification of tumor-derived extracellular vesicles
in plasma microsamples based on light scattering [431]. In brief, a
nanoplasmon-enhanced scattering (nPES) assay was used. The assay re-
lied on the binding of antibody-conjugated gold nanospheres and nano-
rods to extracellular vesicles (EV) by EV-specific antibodies
functionalized on a sensor chip to produce a local plasmon effect that en-
hances tumor-derived EV detection sensitivity and specificity.

The detection of exosomes using a SERS-based detection platform
was mostly conducted in solution, with the aid of SERS nanoprobes.
For example, Zong et al. described the facile detection of tumor-derived
exosomes usingmagnetic nanobeads and SERS nanoprobes [432]. In the
presence of exosomes, the magnetic nanobeads and SERS nanoprobes
captured the exosomes by forming a sandwich-type immunocomplex,
whichwas precipitated by amagnet. As a result, high intensity SERS sig-
nalswere detected in the precipitates. In the absence of exosomes, there
will be no immunocomplex formed and the SERS signals will be very
weak (i.e. background). In another work, Stremersch et al. described a
method to distinguish between exosome-like vesicles derived from dif-
ferent cellular origins by using partial least squares discriminant analy-
sis on the obtained SERS spectra [433]. This study highlights the
importance of combining SERS fingerprinting with an appropriate sta-
tistical analysis approach to develop effective cancer diagnostic tools
for clinical applications. At the same time, SERS fingerprinting can be
conducted either through the identification of specific peaks or through
analysis of the entire SERS spectra. In the most recent work, Park et al.
described exosome classification by pattern analysis for lung cancer di-
agnosis [434] (Fig. 12). In this case, the detection was performed on a
solid support in which exosome directly attaches to gold nanoparticle
coated glass slides without any biorecognition element. In other
words, the SERS spectra originate from the exosomes. After detection,
whole SERS spectra were analyzed using principle component analysis
(PCA). By applying this methodology for pattern analysis, exosomes
from lung cancer cells were clearly distinguished from exosomes from
normal cells by 95.3% sensitivity and 97.3% specificity. With this ap-
proach, cancer diagnosis and identification can be performed in real-
time using exosome as a cancer marker.

3.5. CTCs

Circulating tumor cells (CTCs) are cells that are shed off from the pri-
mary tumor into the blood circulation [435]. They typically measure



Fig. 12. Schematic diagram of lung cancer diagnosis by SERS classification of exosome. (A, B) Lung cancer cell and normal cell release exosomes to the extracellular environment having
their own profiles by fusing multivesicular endosomes to plasma membrane, respectively. (C, D) Raman spectra of lung cancer cell and normal cell derived exosomes were achieved by
SERS respectively. (E) SERS spectra achieved bymethods of panels c and d are shown. Red lines indicate specific peaks of lung cancer derived exosomes. (F) Exosome classification is done
by PCA of SERS spectra. Identifying the origin of the exosome is done by checking the location of the plotted X-marked dots. Dot plotted inside of the red circle indicates lung cancer cell
derived exosome, and dot plotted inside of the blue circle indicates normal cell derived exosome.
Adapted with permission from DOI: https://doi.org/10.1021/acs.analchem.7b00911.
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around 20–30 μm in diameter [436,437] and are present in blood at ex-
tremely low levels or copy number [438]. Since CTC-based cancer diag-
nosis essentially relies on the quantification of CTC concentration, it is
Fig. 13. SPR-based cancer cell detectionwith signal amplificationwithmagnetic nanoparticles (M
the functionalized MNPs (carrying antibody I) with the sample to capture the target cells. (
microfluidic chip and capturing the MNPs-cells to binds to the antibody II on the gold nanos
SPR spectrum generated by the gold nanoslits. The detection area of the nanoslits is defined by
Adapted with permission from Biosensors 2015, 5, 98–117.
often necessary to enrich the CTCs before it can be detected via conven-
tional biosensing schemes. Along this line,most recentworks have been
dedicated to improve the efficiency of CTC capture and ensure a high
NPs). (A) Thefirst step includes: (i) Functionalizing theMNPswith antibody I; (ii)Mixing
B) The second step includes introducing the mixture of blood sample and MNPs to the
lits. The cell binding on the gold nanoslits was monitored by the wavelength shift of the
the focal spot of the probe light.

https://doi.org/10.1021/acs.analchem.7b00911
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level of purity of captured cells [71,77]. These approaches rely on several
distinguishing features of CTCs with respect to red and white blood
cells. Aside from differentiating the different cells based on their physi-
cal properties such as size and stiffness [64,439,440], the expression of
specific surface antigens on the CTCs is usually exploited for the purpose
of CTC isolation and enrichment [441,442].

While there exists several SPR-based strategies for the general char-
acterization of cell attachment to surfaces, including real-time tracking
of cell-cell and cell-substrate interactions [443], detecting variations in
cell layer morphology [444] and monitoring cell viability [445], the de-
tection of CTCs using SPR detection platforms is still rare. Hiragun et al.
first revealed the possibility of identifying different cancer cells lines
through the different patterns of their respective SPR signals [446]. In
a more recent work, Mousavi et al. demonstrated the detection of
CTCs using a gold nanoslit SPR detection platform integrated with
microfluidics. The detection was achieved following two steps [447]
(Fig. 13). Firstly, CTCs fromwhole blood are captured onmagnetic nano-
particles (MNPs) functionalizedwith afirst set of antibodies recognizing
specific antigens on the CTC surface. The suspension containing the CTC-
bound MNPs was then introduced via microfluidics to the detection
chip comprising of gold nanoslits that have been pre-functionalized
with a second set of antibodies specific to the CTCs. Furthermore, a nee-
dle magnet was also placed beneath the sensing area to facilitate trans-
port of CTC-bound MNPs to the surface of the gold nanoslits. In effect,
this resulted in a highly selective capture of CTCs on the sensing area
while eliminating non-specific adsorption of other cells present in
whole blood, leading to a detection limit of 13 cells/mL of whole blood.

While the detection of CTCs using SPR-based platforms has been
achieved by means of CTC accumulation on a planar or nanostructured
bulk surface, detection of CTCs relying on LSPR has been performed al-
most exclusively in solution. Although it is not entirely clear why
LSPR-based detection of CTCs has not been achieved on discrete nano-
structures deposited on a solid support, one possible reason is that the
dimension of the CTCs far exceeds the dimension of LSPR transducer
(i.e.metal nanostructures). As such, a single CTC can adsorb onto several
discrete nanostructures, making it difficult to directly correlate the LSPR
signal response to the actual CTC surface coverage and concentration.
Most reports describing CTC detection based on LSPR therefore depend
on nanoparticle aggregation, which is either directly triggered in the
presence of CTC, or mediated by an enzymatic signal amplification
step. In of the earliest works describing the employment of LSPR for
the detection of cancer cells, Medley et al. utilized aptamer-conjugated
gold nanoparticles, which specifically bind to proteins and receptors
that are uniquely present on the surfaces of cancer cells [448]. Converse-
ly, nanoparticle accumulation and aggregation occurred only in the
presence of cancer cells. Aside from observing significant changes to
the LSPR absorption spectra, a color change is also visible to the unaided
Fig. 14. Schematic illustration of a highly sensitive colorimetric method for the detection of r
Adapted with permission from Anal. Chem. 2014, 86, 5567–5572.
eye during the detection event. Excellent sensitivity and selectivity was
maintained even in fetal bovine serum (FBS), which can be attributed to
the application of highly specific aptamers as the cell recognition ele-
ment. This also meant that the approach can differentiate between dif-
ferent types of cells, suggesting its wide applicability in cancer
diagnosis. Having recognized the advantages of aptamer conjugation,
especially within the context of cell detection by means of nanoparticle
aggregation, several other closely-related detection schemes employing
aptamer conjugation have been demonstrated. For example, Liu et al.
described the detection of cancer cells on a lateral flow device by
employing the same principle. In this case, cancer cells are first captured
on the ‘test zone’ before the addition of aptamer-conjugated nanoparti-
cle [449]. The attachment of the aptamer-conjugated nanoparticle to
the cancer cells will result in a visible test line, the intensity of which
can be quantified with a portable strip reader. Compared to the work
by Medley et al., the main advantage of the sensor designed by Liu et
al. is its operation simplicity and portability, whichmakes it highly suit-
able for point-of-care diagnostics. Aside from the direct accumulation
and aggregation of nanoparticles on the surfaces of cancer cells, the ag-
gregation of nanoparticles can also be mediated by cell-triggered cyclic
enzymatic signal amplification (CTCESA) [450] (Fig. 14). There are two
primary components in this scheme, namely linker DNA, which serve
to link gold nanoparticles via hybridization with complementary se-
quences present on the nanoparticle surface, and hairpin aptamer
probes, which specifically bind to the target cells. In the absence of tar-
get cells, no hybridization occurs between the linker DNA and hairpin
aptamer probes and the linker DNA assembles the gold nanoparticles
into relative large clusters, which produces a purple solution. In the
presence of target cells, the hairpin aptamer probes specifically bind to
the surface of the cells. This triggers a conformational switch that
leads to linker DNAhybridization and cleavage by nicking endonuclease
strand scission cycles. As a result, the cleaved fragments of the linker
DNA can no longer assemble the nanoparticles, thereby producing a
red solution. It is interesting to note that following this scheme, the
presence of target cell is actually inferred through nanoparticle de-ag-
gregation, instead of nanoparticle aggregation, highlighting the flexibil-
ity of colorimetric-based LSPR sensing. The cyclic enzymatic signal
amplification step can also be performed more than once to achieve
even greater signal enhancement.

Unlike LSPR-based colorimetric detection schemes employed for
cancer cell detection that require a re-arrangement of an ensemble of
nanoparticles to provide effective signal readout, SERS-based detection
schemes can operate even by using discrete or isolated SERS nanotags
since the signals essentially originate from the SERS reportermolecules,
simplifying the detection protocol. On a related note, the presence of in-
terfering molecules is less likely to affect the signal response as long as
the SERS nanotags are appropriately functionalized with a
are cancer cells based on cell-triggered cyclic enzymatic signal amplification (CTCESA).
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biorecognition element that binds to the target cell with a high level of
specificity. This facilitates direct detection from whole blood. Further-
more, due to the narrow bandwidths of the SERS peaks, signals arising
from a wide variety of SERS reporter molecules can be distinguished
with relatively good precision when used simultaneously, paving the
way for highly multiplexed detection formats. The first example of
CTC detection employing SERS nanotags was reported almost a decade
ago and even then, the detection was already performed in whole
blood. It described the use of magnetic beads conjugated with epithelial
cell-specific antibody (epithelial cell adhesion molecule, anti-EpCAM)
and SERS nanotags conjugated to an anti-her2 antibody (human epider-
mal growth factor receptor-2) for the detection of SKBR3 cells from the
breast cancer cell line. During detection, a mixture containing the anti-
body-conjugated magnetic beads and SERS nanotags was added to the
blood sample containing the target cell in a reaction tube. The EpCAM
antibody-conjugated magnetic beads only bind to cancer cells enabling
its effective separation from other regular circulating cells (including
red and white blood cells) in the presence of a magnetic field. At the
same time anti-her2 antibody-conjugated SERS nanotags binds to the
target cells in significant quantities due to the abundance of her2 recep-
tors on the cell surface, ensuring not only specific recognition but also
high intensity SERS peaks. The mixture is then subjected to a magnetic
field to concentrate the magnetic beads along with the target cells and
SERS nanotags to a single spot at the side of the tube where the SERS
spectrum is acquired. The limit of detection obtained using 100 μL of
blood sample was about 50 cells/mL. Clearly, a major advantage of this
technique is its simplicity and the fact that it does not require anywash-
ing step. Since then, other similar detection schemes have been devel-
oped with slight variations [60,391,451,452]. For example, instead of
using antibodies as the cell recognition element on the magnetic
beads and SERS nanotags, aptamers can also be used [60]. More recent-
ly, several works have moved away from direct detection from solution
and developed solid-based protocols, which are deemed to be more
practical when used in a clinical setting. For example, Zhang et al. de-
scribed the capture of target cells in the bloodstream by the SERS
nanotags followed by their attachment on an antibody-functionalized
nitrocellulose membrane substrate [453]. This approach eliminates the
need for magnetic nanobeads and relies on the high density of antibod-
ies on the nitrocellulose membrane to concentrate the SERS nanotag-
decorated target cells within the sensing area. Following this line,
there are also reports that have paid particular attention to the develop-
ment of microfluidics-based SERS detection platforms [454,455]. In a
notable example, Pallaoro et al. recently described a fully integrated
microfluidic SERS system that is capable of identifying and quantifying
cancer cells from a population of cells flowing through a microfluidic
Fig. 15.Graphical depiction of a highly focusedflow-throughSERS detection system for sensing C
(NRP) and control (UC) SBTs (the latter binding both cell types), are injected into the device,
bright-field and epifluorescence (Cy3 channel, colorized orange) image of a single cell
Epifluorescence image (FITC channel, colorized green) of 200 nm polymer beads separately in
the two former images (bottom), showing the overall flow dynamics in the device.
Adapted with permission from ACS Nano 2015, 9, 4328–4336.
channel [455] (Fig. 15). There are two important features to this system.
Firstly, two types of SERS nanotags (defined in their work as SERS
biotags or SBTs) are employed such that onewill only bind to cancerous
cells while the other will universally bind to both cancerous and normal
cells, serving as a non-cell-specific control. Each type of SBT contains a
reporter molecule that presents a unique SERS spectrum with distinct
Raman bands that can be easily deconvoluted from a composite SERS
spectrum. Secondly, cells are forced by hydrodynamic forces to flow in
a single file so that it crosses a focused laser beam at the interrogation
region, allowing SERS signals to be acquired one cell at a time as they
flow through the system. Prior to detection, the sample solution is incu-
batedwith both types of SBTs.When the samples pass through the laser
beam, the SERS spectrum is acquired and deconvoluted using two strat-
egies namely principle component analysis and classical least-squares,
to identify the cancer cells and determine its amount. Owing to the
spectroscopic richness of the Raman bands of the reporter molecules
in each type of SBT, they were successful in detecting down to one can-
cer cell per 100 noncancerous cells under an interrogation time of
20 ms. This approach requires only one-step labeling, enable high-
throughput continuous analysis and can be fabricated into a low-cost
device, making it highly promising for point-of-care diagnostics. Apart
from using spherical gold nanoparticles as SERS nanotags, nanorods
with different metal compositions can also be employed to refine the
signal responses. This was demonstrated by Nima et al., whereby the
detection and imaging of single breast cancer cells in unprocessed
human blood, representing CTCs, were achieved using tunable, silver-
decorated, gold nanorods as SERS nanotags [456]. In essence, the deco-
ration of gold nanorods with silver led to narrower bandwidths of the
SERS peaks, providing higher spectral specificity. Compared to conven-
tional gold nanorods, the use of silver gold nanorods resulted in an im-
provement in SERS signal enhancement by more than two orders of
magnitude. The surface modification procedures of the SERS nanotags
can also be varied to optimize the intensity of the SERS signal. For exam-
ple, Wu et al. demonstrated the use of reductive bovine serum albumin
(rBSA) as an alternative to the more conventional polyethylene glycol
(PEG) for the purpose of bio-passivation and protective coating [457].
Since rBSA formed a thinner outer coating than PEG, SERS signals from
the underlying SERS reporter molecules can be obtainedwith higher in-
tensities, ultimately improving the detection performance. In a separate
work, they applied the same strategy to SERS nanotags of different
shapes specifically gold nanoparticles, gold nanorods and gold
nanostars [458]. They revealed that gold nanostars produced the best
sensing capability, with a detection limit of 1 cell/mL without requiring
any enrichment process. Based on these recent efforts, it is clear that
there is plenty of room for continual improvements to the detection
TCs. (A) Schematic of setup and concept. Cells, prelabeledwith a cocktail of cancer-specific
where they are flow-focused before passing through the Raman laser. (B) Simultaneous
in the channel as a function of time illustrating the efficacy of flow focusing (top).
jected into the buffer channels, to highlight the sheath flow (center). Montage merging
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sensitivity and specificity of SERS-based CTC detection schemes, which
can be achieved through the fabrication of novel SERS nanotags.

4. Conclusions & future outlook

Nanoplasmonic sensing techniques have been proven useful for the
detection of a wide variety of circulating cancer biomarkers. This has
been facilitated by well-established nanofabrication, surface modifica-
tion and bio-functionalization techniques, which are routinely utilized
in the nanoplasmonic sensing field for the general purpose of biomolec-
ular detection beyond circulating cancer biomarkers. In particular, the
protocols for wet-chemical synthesis or fabrication of nanoparticles
and nanostructures are well-established and are widely available such
that the nanostructures can be obtained with relatively good precision.
At the same time, a wide selection of surface functionalization protocols
is available for the attachment of biorecognition elements on the sensor
surface. Clearly, this has accelerated the progress in sensor development
for the detection of cancer biomarkers since it encourages the develop-
ment of novel detection schemes.

However, it isworthy to note thatwhilemostworks have focused on
the development of novel detection schemes, or improvement of
existing detection schemes, there exists only a few works that have
attempted to design an integrated sensing platform for the purpose of
device development. In other words, most works have mainly focused
on the improvement of the detection performance. While progress in
this aspect is encouraging, the translation of nanoplasmonic sensing
techniques will not be possible without efforts to demonstrate its appli-
cability as an integrated device. In order to achieve this, there needs to
be greater combined efforts encompassing the development of sensing
platform as well as instrumentation design. For example, while LSPR
sensors based on darkfield microscopy can achieve excellent specificity
and sensitivity, their translation into a clinical setting is still beyond the
horizon due to their difficulty inminiaturization. In this respect, ensem-
ble average LSPR sensors are more promising. Likewise, while conven-
tional SPR sensors represent the gold standard for protein interaction
studies, its utilization in the clinical setting cannot be achieved without
significant modifications to the instrumentation setup, for example
through the use of optical waveguides and optical fibers.

At the same time, while current works have focused almost entirely
on improving detection specificity and sensitivity, it needs to be realized
that effective detection of cancer biomarkers for purpose of proper analy-
sis goes beyond singular detection events. Most often, relative concentra-
tion variations need to be monitored in real time and compared against
several variants of the biomarker or in parallel with other biomarkers, in-
stead of determining the absolute concentration of a single biomarker. To
satisfy this requirement, novel techniques need to be demonstrated for
the analysis of multiple or an ensemble of measurement signals.
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