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Chapter

Application of Raman
Spectroscopy in Biomedical
Diagnostics

Nikiwe Mhlanga, Phumlani Tetyana, Sanele Nyembe
and Lucky Sikhwivhilu

Abstract

In vivo cellular imaging and in vitro assays or sensors are fundamentally used
to study the spatiotemporal interaction of molecules at biological interfaces. The
study of these interfaces informs various applications such as diagnostics/detection
of foreign materials or processes in the biological system. Raman spectroscopy,
an optical, non-destructive, label-free fingerprinting tool offers a wide array of
applications in both in vitro and in vivo diagnostics owing to its relatively short
acquisition time, non-invasiveness and ability to provide biochemical molecular
information. It has been explored in tissue imaging, in vitro diagnosis, DNA/RNA
analysis, metabolic accretions, single cell analysis photodynamic therapy, etc. The
chapter details the application of the optical Raman platform in the detection and
imaging of diseases/tissues. The challenges associated with SERS applications and
the future outlook as a biomedical diagnostic tool are also discussed.

Keywords: Medical diagnostics, nanoparticles, Surface Enhanced Raman Spectroscopy;,
Surface Plasmon Resonance, Enhancement Factor

1. Introduction

The rapid and sensitive detection, identification, and quantitative analysis of
bio-species at very low concentrations for pre-symptomatic and symptomatic diagno-
sis represent a new frontier in biomedical research, enabled by nanomedicine [1]. The
surge to achieve such diagnostics has ushered in the exploration of various tools such as
Raman optical spectroscopy. The emerging Raman spectroscopy tool has the potential
to provide fingerprints of bio-species, quantify and differentiate biomarkers [2].

The vibrational modes of the bio-species are measured from inelastic Raman
scattering and the analysis of these modes gives a molecular picture of the bio-
species [2]. However, conventional Raman spectroscopy presents a weak signal due
to a small scattering cross-section. Plasmonic metal surfaces mitigate the issue of
the low signal and this phenomenon is known as surface-enhanced Raman spec-
troscopy (SERS) [2].

Several variants of Raman besides SERS have been developed to mitigate bio-
medical diagnostic issues presented by the conventional Raman. Resonance Raman
spectroscopy improves the low signal by the use of a laser excitation wavelength
that corresponds to the electron absorption maximum of the bio-species [3].
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For in vivo applications the penetration depth of the Raman laser to the targeted
tissues is usually a bottleneck. Nonetheless, spatially offset Raman spectroscopy
(SORS) measures diffuse Raman scattering from regions away from the laser
excitation and thus collects vibrational modes from deeper tissues. The SORS and
SERS technique are integrated into the SESORS variant, a tool that will benefit
biomedical in vivo diagnostics [3]. The Raman spectroscopy also falls short in
resolving nanostructures. To enable sub-nanometer spatial resolution and signal
enhancement a Tip-enhanced Raman (TERS) that combines SERS with apertureless
near-field scanning optical microscopy using a metallic tip is used [4]. This chapter
presents recent developments on some of the Raman variants in biomedical diag-
nostics, materials developments for the application, challenges, and forecasts into
the future of Raman biomedical diagnostics.

2. Materials used in Raman diagnostics
2.1 Gold and silver colloidal nanoparticles: bottom-up

It is commonplace that many condensed-matter systems exhibit collective
excitation modes involving coherent oscillations of the medium. As such surface
Plasmon’s are known to be the collective excitation of free conduction electrons
excited by electromagnetic radiation at the metal-dielectric interface [5]. Over
the years the use of noble metal thin films or nanoparticles (NPs) surfaces has
underpinned the success in this area. Despite all this, the study of the interaction
between light and metallic nanostructures holds promise for this emerging research
area of Plasmonic which is rapidly gaining traction [6-9]. Well-established targeted
technologies to engineer Plasmonic nanostructures allows for better control and
manipulation of visible light at the nanometer scale leading to new possible
application areas with real life impact [10-12].

Although most noble metals exhibit Plasmonic properties and can potentially
be used as SERS substrate gold and silver are the most widely used owing to their
superior enhancement factors (EFs) and Plasmonic resonance in the visible and
NIR regions [13-15]. Typically, these are used in their metallic form but also as com-
posite with other materials. However, in order to attain the highest sensitivity and
specificity these NPs materials must have the Plasmonic properties that include the
resonance frequency of the surface Plasmon’s and the magnitude of the electromag-
netic field that is generated at the surface. Inevitably, these properties are, in the
main, influenced by the type, size, shape, composition, and dielectric environment
[16-19]. Despite all this, Ag has proven to have higher EF than Au making it more
attractive for various applications.

Typically SERS substrates are configured in two forms and these are colloidal
suspensions (NPs) and solid substrates. NPs are the most commonly used form
primarily because of simplicity of preparation and relatively high EFs. Interestingly,
the most significant SERS enhancement is achieved when molecular structures are
bound to noble metal nanostructures with a size range of 5-15 nm (Au and Ag NPs
are shown in Figure 1). Furthermore, it must be noted that the nature of interaction
between the molecules and nanostructured surfaces, as well as the charge proper-
ties of the molecular structure play a pivotal role in terms of performance of SERS-
based Raman measurements. For example, when colloidal noble metal NPs are put
to use the surface charge of the NPs and that of the molecules become fundamen-
tally important [20, 21]. This implies that maximum SERS activity is attained when
the detected molecule has the opposite charge to interacting colloidal NPs. This
phenomenon is ascribed to the induced aggregation resulting from reduced zeta
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Figure 1.
TEM images of colloidal (a) Au and (b) Ag NPs.

potential of NPs [20]. Kahraman, ez al. reported that the highest EF in the case of
Ag NPs is achieved when the NPs have a pyramid-like shape [22]. On the other hand
meticulously, controlling aggregation is useful for improving SERS enhancement

as this could lead to a higher possibility of “hot spot” formation [23, 24]. In view of
this, important consideration must be given to the fact that very large aggregates
could abate the effective formation of surface Plasmons as a result of the deforma-
tions and dampening of the electron cloud within the aggregate leading to poor
SERS activity. Data has shown that small-sized aggregates tend to greatly improve
the EFs [25]. Furthermore, the methods of preparation are known to influence the
SERS activity of Auand Ag colloidal NPs. This is because the structure of a sub-
strate has an important role on the properties of these metal NPs and subsequently
influences the applications of the substrate. Auand Ag colloidal NPs are sufficiently
produced using chemical reduction method such as Citrate method.

2.2 Colloidal gold nanowires: bottom-up

Besides, the use of Auand Ag as gold standard for superior EF and possibly
creating a stable platform for these metals by anchoring them on a support like
graphene it is clear that the effect of changing the shape of the material on the EF
is significantly large. Elongating the Au structures to very thin nanowires leads to
improved enhancement owing to their large surface area and excellent molecule
adsorption ability. The molecule adsorption is attributed to the fact that Au nanow-
ires adsorb Raman active compounds via two mechanisms, namely, surface adsorp-
tion due to the surface reactivity of Aunanowires and network entrapping through
their “web” network [26, 27]. The Au nanowires, as shown in Figure 2, reveal that
ultrathin wires tend to form a spider web-like network with interstices smaller than
1 nm. These interstices have been reported to be responsible for further entrapment
of adsorption molecules [27]. The spider web-like network are exclusively found in
Au nanowires and not in the spherical Au NPs. Hence, Au nanowires are reported
to have a relatively higher EF value compared to spherical NPs. Depending on the
method of preparation for the NPs, geometrical parameters such as size distribution
are not often well controlled as a result of production limitation such as random
deposition or irreproducibility of size distributions leading to disordered samples.



Recent Developments in Atomic Force Microscopy and Raman Spectroscopy for Materials...

Figure 2.
The TEM image of ultrathin Au nanowires.

However, in the case of nanowires reproducibility seems to be easily controlled
leading to the presence of hot spots (highly localized area of intense electric field)
resulting in significant enhancement and homogeneous SERS signal (reproducibil-
ity). This phenomenon is particularly important in terms of provision of unam-
biguous analyte quantification as the enhancement should be highly reproducible
while it is necessary to optimize SERS efficiency in relation to Plasmon excitation
conditions [28]. For example, the SERS signal is directly related to the excitation
wavelength and Raman scattering wavenumber [28-36] or the coupling between
nanostructures [37-39]. Furthermore, aggregation of Au nanowires is less likely
than in the case of colloidal Au NPs.

The size of the nanowires and its potential influence on SERS signal is consid-
ered important. It is understood that the surface of Au nanowires increases with an
increase in the diameter of the wires thereby inducing an increase in the number of
adsorbed molecules and consequently leading to a larger Raman signal. In order to
ensure a controlled enhancement as contribution by the nanostructures orientation
of the wires is important [40, 41]. Although nanowires tend to self-assemble into
dense bundles resulting from the electrostatic interaction the effect of SERS activity
remains insignificant. Au nanowires with a well-controlled geometry provide well
controlled and reproducible SERS signal. The high aspect ratio combined with the
bundling yield structures with impressive SERS activity. Ultrathin colloidal Au
nanowires are produced using facile modified chemical reduction method (citrate
method) making them very affordable [42, 43].

2.3 Au/Au nanowires: top-down

Whilst the use of nanowires as SERS substrate seems to be gaining momentum
on all fronts Sivashanmugana et al. reported on the fabrication of well-oriented
Au/Ag multi-layered nanorod arrays using a focused ion beam techniques [44].
The study revealed that the shape, thickness, space between nanorods and size
dimensions have influence on the performance of SERS. With good experimental
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conditions these factors can be optimized before fabrication of the substrate and
this is often done by varying the thickness of Au and Ag layers for optimum perfor-
mance. Ag layer plays a pivotal role in respect to the improvement of SERS mecha-
nism as it induces the electromagnetic effect at the Au surface [36-38, 44].

While SERS-active substrates are usually obtained either by the solvent-cast
deposition of colloidal NPs [45, 46] or by lithography techniques such as electron
beam lithography [46, 47], nanoimprint [48], and nano-indentation [49, 50]. These
fabrication methods are based on high precision regular patterns. Consequently,
most of these methods place emphasis on significant improvement on enhancement
factors. However, they tend to yield low reproducibility and high cost, and they lack
the essential characteristics required to make SERS a platform-enabling technology.
Interestingly, the use of nanowires of a single entity or multiple has led to the con-
struction of very reproducible SERS-active substrate, especially with gold nanorods
arrays. The Localized Surface Plasmon Resonance (LSPR) from the nanorods and
the lighting-rod effect of the Plasmonic field enhancement strongly depend on the
shape and the spacing between the nanorods [33, 51-56].

The SERS method has great potential for the detection of Raman- active species,
ranging from single molecules to biomolecules. The past five years have seen vari-
ous approaches being developed for fabrication of SERS-active substrates with high
sensitivity using noble metal nanostructures via bottom-up, top-down, or template-
assisted routes. Nano-based substrates with relatively high SERS enhancement
factors can be easily produced, with the EF largely dependent on the size and shape
of the nanostructures that give rise to the effect. In order for SERS substrates to be
used as a platform for applications such as bio-sensing or diagnostics various issues
including sensitivity, selectivity, and intensity-concentration dependency must be
addressed. The potential application of nano-based and shape-dependent (nanow-
ires and NPs) SERS substrates in diagnostics will be discussed in the next section.

3. Application
3.1 Application of Raman spectroscopy in In-vitro diagnostics

In-vitro diagnostics (IVDs) are tests done on the external of the human body,
on biological samples (blood or tissues) that are extracted from the human body
or expressed to mimic the human body samples. IVDs serve healthcare through
detection, cure, treatment and prevention of diseases. The test tube IVDs are
crucial in healthcare and proffers the following merits: non-invasiveness; possible
prevention of patient side-effect; a rapid diagnosis that facilitates earlier treatment
even in remote areas [57]. The unique IVDs are characterized into 3 groups based
on their applications: 1. Clinical laboratory IVDs — for samples that require a clinical
laboratory with advanced instrumentations and specialized/trained personnel. A
good example is the polymerase chain reaction (PCR) test. 2. Near-patient [IVDs —
advanced instrumentation is not required for these samples but a trained person is
still needed to administer e.g. physician or a nurse. 3. In-home IVDs/Point of Care
Testing (POCT) - test is simple, easy to use, does not require trained personnel or
instrumentations. Examples of POCT devices include popular pregnancy test kits
and glucose meters [57]. The last decade has propelled and translated the clinical
and near-patient IVDs into the in-home (POCTs) IVDs to control and manage
diseases. This translation is advantageous for early, rapid diagnosis even in remote
World Health Organization (WHO) regions.

The fabrication or architecture of the IVDs devices mobilizes different scientific
platforms and instruments. The optical Raman spectroscopy merited by its high



Recent Developments in Atomic Force Microscopy and Raman Spectroscopy for Materials...

chemical specificity, minimal to zero sample preparation, wide visible/near-
infrared spectral range is inherently used in medical diagnostics. The capability of
Raman spectroscopy to detect and quantify changes in cells, tissues and biofluids is
an impetus for its application in IVDs [58]. The conventional Raman spectroscopy
is however insufficient due to low inelastic Raman photons. SERS mitigates the low
inelastic Raman photons. SERS uses roughened Plasmonic noble metal surfaces
to amplify or enhance the Raman signal [57, 59]. Application of SERS in IVDs is
driven by its high sensitivity, fingerprinting, large dynamic range, and multiplexing
competencies [57, 60], molecular specificity, non-invasiveness, potential to resolve
the composition of complex molecular bio-analytes [61].
SERS IVDs immunoassays started with the classical ELISA mimicking sand-
wich assay on a solid support or free floating and recently advanced to automated
systems such as lateral flows ((LFAs) and lab on chip (microfluidics) [60]. The
choice of the SERS substrate discussed in the materials section is vast and offers suf-
ficient choices for the detection of bio-analytes [61] which in turn serves in clinical
practices for the prognosis and diagnosis of diseases [5, 61].

SERSIVDs Bioanalyte/disease SERS substrate Reference
Label-free SERS Cancer (blood plasma protein Ag NPs Linet al. [62]
IVDs Quantification of hepatitis B Ag NPs Batool et al. [63]

DNA

HIV-1 Ag nanorods Yadaet al. [64]
Nasopharyngeal cancer DNA Negatively charged Ag Linet al. [65]

NPs
Breast cancer tissue Ag Nps Shenet al. [66]
Sjogren’s syndrome fromsaliva ~ Cl-Ag NPs Moisoiuet al. [67]
Track biological injuries caused ~ Au NPs spurted on the Muhammad ez al. [68]
by radiation from serum and nano tip of a canonical

urine samples of mice

anodic aluminum oxide
template

Huma tear uric acid

Polydimethylsiloxane film

layered with polystyrene,
SiO; and Au

Narasimhan et al. [69]

Ovarian and endometrial
cancer extracellular vesicles

biosilica/Ag NPs
composite substrates

Rojalinet al. [70]

creatinine Nano-Au on Ag film Suet al. [71]
nanostructures
Labeled-SERS DNA and microRNA Au core/stellate shell Wanget al. [72]
IVDs Plasmodium falciparum DNA Magnetic beads Ngoet al. [73]
mouse IgG Au NPs Frimpong et al. [74]
SARS-coV-2 IgM/IgG Si0,@Ag Liuet al. [75]
Myocardial infarction Ag@Au NPs Zhang et al. [76]
biomarker
HIV-1 DNA Au NPs Fuetal. [77]
Single prostate cancer cells Au NPs Willner et al. [78]
Estrogen receptor alpha Au NPs Kaparaet al. [79]

Table 1.
SERS IVDs.
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SERS immunoassays inherit a labeled/indirect or label-free configuration. In
Label-free SERS, the Raman reading comes from the fingerprint of the bio-analyte
while with labeled SERS, the characteristic spectra is that of a Raman tag [61]. The
label-free is simple as opposed to the labeled system which incorporates the tag on
the metallic nanostructures. Both systems have been used in the detection of pro-
teins, nucleotides, and fatty acid/lipids. Changes or alterations in these bio-samples
inform the diagnosis of communicable and non-communicable diseases [61]. Table 1
[62-79], list a few examples of bio-analytes or diseases detected using SERS IVDs.

3.1.1 Traditional sandwich SERS IVDs

The traditional sandwich SERS immunoassay is characterized by a SERS substrate
and a SERS immunoprobe and inherits the ELISA principle. It is crafted with SERS
surfaces (Plasmonic metals structures), which could be supported on a platformii.e.,
solid support (metal, non-metallic) or the new flexible supports, or free-floating in
colloidal form. Several research papers have reported on the solid substrates [80-85].
We have fabricated immune SERS substrates on solid supports (glass and silicon
wafer) [86] and a schematic of the preparation of the SERS substrates is shown in
Figure 3. Noble metal NPs (Au/Ag) are self-assembled onto solid support using wet
chemistry methods [86]. These SERS substrates are applied in the detection and
quantification of malaria plasmodium falciparum antigens. A capture and detection p.

falciparum antibodies sandwiches the pf antigen and it could be confirmed indirectly
via a 4-mercaptobenzoic acid SERS tag [87]. Figure 4 schematically details the SERS
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Figure 3.

Schematic representation of the preparation of SERS immune substrates on solid support. Reprinted with
permission from ref. [86].
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Figure 4.
SERS immunoassay schematic. Reprinted with permission from ref. [87].



Recent Developments in Atomic Force Microscopy and Raman Spectroscopy for Materials...

AgMBA_4808 SERS detection hybrid | =
1588 Nigeria 200 z
* ce — Nigeria 2000 b
e — Santa Luca 200 5 f\
5 |
b - c 4+ "
g i CC 5 2’ "‘:\
8 /A
E D e ———— Mm——
: 4 104 7o 80 16 !::'11 1900
© Wavenumber / cm
E
vl
(1 4
210*

o a_.a._} LJS.C | w
1500 1ooo
Wavenumber / cm™

Figure 5.
Labeled-SERS spectra showing quantitative and qualitative detection of pf antigen from WHO malaria blood
specimens. Reprinted with permission from vef. [87].

probe. The labeled SERS sandwich assay proves the capability of the SERS IVDs for
the quantitative and qualitative detection of bio-analytes; Figure 5 shows the SERS
spectra of the SERS IVDs tested on WHO malaria specimens from different regions
with known bacterial loadings.

The next section will highlight a few examples of the upcoming flexible SERS
substrate. The flexible SERS substrates include polymers, graphene, graphene oxide
and nanowires [88]. The lack of biodegradability and non-uniformity presented by
the conventional solid SERS substrates and lithography approaches, respectively, is
an impetus for the flexible substrates [89].

Fanet al. [90] reports on a reproducible label-free SERS hybrid of graphene
oxide conjugated to popcorn shaped Au NPs. The ultrasensitive graphene oxide-Au
SERS probe is used for testing of HIV DNA and MRSA bacteria and has a detection
limit of 10 DFU/mL for the latter. Korkmaz et al. [91] demonstrated an affordable
simple development of a porous biosilica Plasmonic composite flexible SERS sub-
strates. The technique involved deposition of the materials on a regular office-grade
adhesive tape. The characterization of the novel material reveals unique properties:
pore size, Plasmon resonance, Raman enhancement suitable for biosensing. The
usability of the platform was tested on bioanalytes; proteins and bacteria. However,
due to the porous nature of the nanocomposites, smaller proteins and nanostruc-
tures disperse within the substrate and afford a reduced particle density for optical
detection. Hence, low analyte concentrations cannot be detected with the exclusion
of particles larger than 100 nm. The platform is useful in the detection of bacteria
and other bio-analytes of nano- to micro-meter sizes.

He et al. [92] explored the use of graphene in SERS immunoassays. A SERS-
active substrate of Au NPs grown on graphene using chemical vapor deposition is
developed and used for multiplexing detection of DNA. The presence of both the
Au metallic substrate and graphene leads to an enhanced signal. The Au NPs enables
assemble of DNA capture probes which is normally problematic on the graphene.
The SERS Au-graphene SERS platform showed extraordinarily high sensitivity and
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specificity for DNA detection with a detection limit of 10 pM. The multiplexing
capability is tested with the simultaneous detection of two DNA targets.

3.1.2 Automated SERS IVDs

Automated SERS IVDs include LFAs and microfluidics synergized with the SERS
phenomenon. LFAs are cemented for POCT due to their simplicity, user-friendli-
ness, long-term stability, rapid detection which makes them a suitable choice for
remote WHO regions. Incorporation of the SERS component into the LFAs results
in SERS/LFAs IVDs. The SERS-LFAs principle is still the same as that of the classical
LFAs with an addition of a Raman tag. The SERS tag is conjugated to the Plasmonic
metal nanostructures, which are mostly Au NPs [93].

The SERS-LFAs improves sensitivity and enable both qualitative and quantita-
tive detection of bio-analytes, an improvement of the traditional LFAs [93].

Ma et al. [94] capitalizing on the flexibility, portability and simplicity of
polydimethylsiloxane (PDMS) used it as a matrix/support of SERS Plasmonic
metallic substrates for SERS-LFAs. A novel PDMS-based SERS-LFAs for ultra-
sensitive and quantitative detection of ferritin (FER), a liver cancer biomarker, is
developed. The hydrophilic-hydrophobic Ag/PDMS strip is prepared and anti-FER
is mobilized on the Ag strip (test line, control line 1 and control line 2). The FER
bio-analyte flowed smoothly into the hydrophobic PDMS substrate coupled with
SERS immonoprobes of raspberry-shaped Au NPs conjugated to 4-MBA SERS tag
and anti-FER results in the detection of FER with a detection limit of 0.41 pg./ml.

Microfluidics pertains to the science and technology of handling fluids and the
micro/nanofluidics devices are an ensemble of miniaturized components such as
pumps, channels, valves, mixers and separators to facilitate the movement of the
fluids [95].

The application of microfluidics in diagnostics proffers the following advan-
tages: high-to-volume ratio, precise fluid control, low sample consumption and
high integration with functional components [96].

For the detection of bio-analytes, microfluidics is coupled with optical, electron
chemical, or electrical techniques [96]. Raman spectroscopy is one such optical
technique and the synergy results in SERS-microfluidics devices [96]. The SERS/
microfluidics are used for the analysis of various biospecies.

Pallaoro et al. [97] proved the capability of the SERS/microfluidics platform in
the detection of cancer from flowing cells. A mixture of cells, cancerous (prostrate)
and non-cancerous from bodily fluids are incubated with label-mediated SERS
probes. The SERS probes are based on Ag NPs dimer core labeled with SERS tag
and paired with an affinity-biomolecule. They are circulated continuously in the
microfluidics channel and exposed to Raman laser which differentiates the cells
based on their characteristic fingerprints.

3.2 Application of Raman spectroscopy in Irn-vivo diagnostics

Raman spectroscopy has gained much popularity over the years in applica-
tions that determine the biochemical composition of cells and tissues. This
technique has advanced significantly and has found widespread use outside the
laboratory in applications such as materials analysis, process control and envi-
ronmental monitoring amongst others. Recently, Raman spectroscopy has found
use in clinical applications such as in vivo diagnostics and monitoring, through
coupling with other diagnostic systems. Initially, most applications of Raman
spectroscopy that relate to biochemical analysis are mostly based on ex-vivo or
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Figure 6.

Raman spectra showing the fingerprint region which depicts the area of the spectra where biological molecules
and other associated molecules appear [104].

in vitro assays, but until recently, there has been a great migration from ex-vivo
to in-vivo applications [98, 99].

Raman scattering occurs as a result of a change in the polarization of molecules
due to light. This technique provides quantitative assessment of the biochemical
composition of biological tissues. When a spectra is obtained during assessment,
the peaks are highly specific to the molecular chemistry of the specimen under
investigation, with intensities directly proportional to the molecular content. This
allows for the investigation of concentrations and ratios of constituents within the
specimen under investigation [100, 101].

Thus, Raman spectroscopy provides chemical fingerprints of biological materi-
als such as cells, tissues or biological fluids through inelastic scattering of light by
vibrating molecules [58, 102, 103]. This fingerprint represents molecular vibrations
brought about by chemical bonds, thus deciphering the samples chemical or bio-
chemical composition. The spectra is collected in the fingerprint region from 400 and
1800 cm ™, as depicted in Figure 6. Collection of the Raman spectra does not disrupt
the cellular environment. This is considered one of the advantages that have made
Raman spectroscopy superior amongst other optical diagnostic tools [100, 104].

Some of the properties that have made Raman spectroscopy suitable for use in
in-vivo applications include its excellent chemical specificity which result in the
formation of a fingerprint like spectrum without interference from water, minimal
or lack of sample preparation and its ability to employ advanced optical technolo-
gies in both the visible and near infrared spectral ranges [58, 98, 105, 106]. Water
is known to be a weak Raman scatterer and shows no interference with the spectra
of solutes in aqueous solution. Water absorbs in the region between 2000 and
4000 cm ™ in the Raman spectra, which is in the infrared (IR) and near infrared
(NIR) regions, and thus falls beyond the fingerprint region in which the molecules
of interest absorb [106, 107].

3.2.1 Instrumentation requivements for In vivo applications
Although Raman spectroscopy has been found to yield exceptional results in
in-vivo applications, certain adjustments and additional components are required

for optimum performance. According to Ramirez-Elias and Gonzalez [108], in
vivo measurements require an integrated system capable of providing spectral

10
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Figure 7.
A typical Raman spectroscopy setup showing the components required to perform an in vivo analysis [109].

acquisition and analysis in real time. Such a system includes a light source (lasers),
light delivery system, Raman probe, signal delivery, and a signal detection system,
as shown in Figure 7 [110]. For in vivo applications, it has been reported thata
spectra of sufficient signal-to-noise ratio (SNR) should be obtained within a few
seconds on the signal collection time, or even faster. Thus, the instrumentation for
in vivo applications should have an improved signal detection system and also be
able to minimize noise contributions [111].

Raman spectroscopy has gained much popularity over the years in applications
that determine the biochemical composition of cells and tissues. This technique has
advanced significantly and has found widespread use outside the laboratory in appli-
cations such as materials analysis, process control and environmental monitoring
amongst others. Recently, Raman spectroscopy has found use in clinical applications
such as in vivo diagnostics and monitoring, through coupling with other diagnostic
systems. Initially, most applications of Raman spectroscopy that relate to biochemi-
cal analysis were mostly based on ex-vivo or in vitro assays, but until recently, there
has been a great migration from ex-vivo to in-vivo applications [98, 99].

3.2.2 Excitation or light source

A light source is used to deliver power or energy to the sample to generate
Raman scattered photons. Raman scattering is known to be a relatively weak
phenomenon and thus it is vital to ensure that sufficient power is directed towards
the test sample. Laser is the most commonly used light source in the Raman
spectroscopy system due to their narrow bandwidth and high power output [110].
Raman scattering is dependent on a variety of factors including signal to noise ratio,
maximum permissible exposure and an increase in temperature [112]. Various lasers
have been used in optical systems and only lasers offering the following character-
istics are desired for use in in vivo applications; the first characteristic to consider is
the line width of the emission. According to Sato et al., the line width of the emis-
sion must be narrow [99]. This requirement ensures that laser line broadening does
not propagate into Raman bands through convolution, which results in irrevocable
adjacent Raman peaks [113, 114].

11
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Secondly, the wavelength of the laser light and its intensity should be stable or
carefully selected. For in vivo applications, excitation with ultraviolet or visible
light is not recommended. When UV light is used for excitation, there is a risk of
photochemical damage to the tissue being investigated. Also, when visible is light
is used for excitation, there is a strong auto-fluorescence that is generated in the
biological sample under investigation. Thus, near infrared (NIR) excitation sources
are commonly used. This has been chosen since only a few biological fluorophores
are known to have peak emission in this region of the spectrum thereby reduc-
ing background autofluorescence and absorbance and further simplifying signal
processing needed for extracting the Raman bands [107, 112].

3.2.3 Fiber optic probes

During tissue examination, excitation or illumination light needs to be delivered
to the tissue and Raman signals emitted from the tissue should be transmitted back
to the detectors. This is done through the use of optical fibers which enhance signal
collection and lessen interfering signals. Interfering signals include signal-to-noise
ratio and also includes both the Raman signal and photoluminescence generated
within the optical fibers [115]. The design of the probe is mostly dependent upon
the envisaged use. The following parameters are considered: Raman configuration,
location of organ under investigation, microanatomy of the tissue, and the patho-
physiology of the disease [112]. A probe suitable for in vivo applications should have
the following characteristics; The probe should be inexpensive and sterilizable if its
reusable, output of the laser delivery fiber should be filtered to prevent the Raman
signal induced from the fiber reaching the sample, high signal collection efficiency,
light emitted from the sample should be filtered to avoid Raman signal contribu-
tions from the fiber material [98, 111, 116].

3.2.4 Signal detection or spectrograph

A Raman detection system that is used for clinical applications consist of an
imaging spectrograph linked with a charge-couple device (CCD). For in vivo Raman
applications, a spectral acquisition of no more than a few seconds is required,
and can be achieved through the use of a fast spectrograph and a highly sensitive
detector. A suitable detection system for in vivo applications requires an appropriate
imaging spectrograph that is linked to the sample interface, such as optic fibers,
on one end and the CCD on the other end. Other components that form part of the
detection system include rejection filters that are responsible for eliminating any
laser light or elastically scattered light from the signal [112].

3.2.5 Raman spectra in In vivo diagnosis and monitoring

This section captures some of the biomedical applications that have employed
Raman spectroscopy as an iz vivo diagnostic tool, in conjunction with other
techniques.

3.2.5.1 Breast cancer diagnosis and monitoring

Sahaet al. demonstrated the diagnosis of early stage breast cancer by the real
time detection of microcalcifications during stereotactic breast core needle biop-
sies. They performed their study on 159 tissue sites in 33 patients in order to detect
microcalcifications in breast tissue biopsies. The authors used ordinary least squares
fitting to approximate spectra that had been acquired with a breast model that
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Figure 8.

Raman spectra and histopathology of breast lesion with types I and types II microcalcifications [117]. (a)
and (b) depicts the Raman spectrum of type I microcalcifications characterized by calcium oxalate peaks
and the spot on the biopsy where the fingerprint was collected. (c) and (d) characteristic peaks of type I

microcalcifications calcium hydroxyapatite and data collection location on the biopsy, respectively.

had been developed previously. They demonstrated the possibility of distinguish-
ing between various microcalcifications based on the appearance of vibrational
bands that represent calcium oxalate in the fingerprint region at positions 912

and 1477 cm-1, as depicted in Figure 8(a). The location where the spectrum was
collected in the biopsy is shown in Figure 8(b). Figure 8(c) shows the appearance
of the peak or band at 960 cm-1 which represents the presence of calcium hydroxy-
apatite (microcalcification type II), with Figure 8(d) showing the exact position on
the biopsy [98, 117].

3.2.5.2 Diagnosis of skin cancer

The use of Raman spectroscopy in the in vivo diagnosis of skin cancers has been
sought after due to the easy optical access to skin. Lieber and colleagues demon-
strated the possibility of using Raman in the diagnosis of skin cancers through
the use of a fiber optic Raman probe which recorder a sensitivity of 100% and
a specificity of 91% [118]. Recently, Raman spectroscopy is coupled with auto-
fluorescence (AF) imaging and used to diagnose basal cell carcinoma of the skin
using multimodal spectral imaging, as shown in Figure 9. AF is used to investigate
the main spatial features of skin resections for use in selecting and prioritizing
sampling points in Raman spectroscopy. Skin resections are collected during Mohs
surgery, and proper investigation of resection margins is obtained using 500-1500
Raman spectra and without sectioning, staining or any other form of sample or
tissue preparation step [58].
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Figure 9.
Use of Raman Spectroscopy coupled with auto-fluorescence imaging in the in vivo detection of BCC in skin
resections obtained during Mohs surgery [58].

4. Limitations of SERS in biomedical diagnostics

An effective SERS application for biomedical diagnostic requires a Plasmonic
substrate. The metal substrates are the most superior as they produce relatively
higher EFs. Plasmonic substrate play dual role in SERS technique, firstly, it interacts
directly or indirectly with the targeted molecules, secondly, it amplifies the Raman
signal [119]. One of the limitations often reported for SERS technique is irrepro-
ducibility of its results mostly associated with the substrate being irreproducible,
quasi-ununiformed and unstable [120]. In recent decades with nanotechnology
taking center stage in various areas of science, the SERS surface have shifted from
bulk solid metals to colloidal nanoparticles [120]. The nanoparticles offer higher
surface area and tailored optical properties over bulk solid metals leading to higher
reaction “hotspots” for better enhancement of SERS signal [121].

However, the use of colloidal metal NPs does not come without its own disad-
vantages. Metal NPs synthesized without any stabilizing agent often have unaccept-
ably wide particle size distribution and a mixture of undesired morphologies. Hence
compromising the reproducibility of SERS application [122]. Contrary, stabilized
NPs offer controlled particle size and uniformity. However, it can block the targeted
molecule from adsorbing to the metal surface through steric hindrance leading to
suppressed SERS signal [123].

In general the success of SERS activity is dependent on the interaction between
the adsorbed molecules and the surface of Plasmonic nanostructures. This means
that if the two are mismatched activity is compromised leading to poor or no
enhancement factor. It is a requirement that the analyte must adsorb on the surface
effectively. Thus, it should have a higher SERS cross-section than any possible inter-
ference of contaminants. It must be noted that the influence of the metal substrate
on both the physical and chemical properties of the metals and the stability includ-
ing the reversibility or reusability of the same material remains a major drawback
in respect to applicability [122]. On the other hand many methods used to produce
nanostructured materials fail to produce materials with narrow size distribution
leading to poor reproducibility of the SERS substrate.
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Even though stabilized metal nanoparticles offers a better Plasmonic surface to
bulk metals but it compromises the interaction with the targeted analyte. Therefore,
to further advance this technology commercially, the retention of Plasmonic proper-
ties in the presence of stabilizing agents of colloidal nanoparticles will be key [124].

5. Future prospects of surface enhances Raman Spectroscopy in
biomedical diagnostics

SERS interest has catapulted in the research community in the past couple of
decades owing to its capability of quantitative analysis of very low concentrations
and fingerprints of bio-species [125-130]. Over the past 4 decades SERS technique
has blossomed into various areas of research and technology due to reasons dis-
cussed in details in the previous sections. However, further efforts are still required
to further advance this technique commercially [131, 132]. In this section the
highlights of future prospects of SERS real world applications in selected areas of
research, application and technology will be discussed. General issues hindering this
technique would also be briefly highlighted in order to understand its true potential.

The new and novel areas of application of SERS in the near future include
ultraviolet-SERS, tip enhanced-SERS and biological sensing [132-136].

5.1 Ultraviolet surface enhanced Raman Spectroscopy (UV-SERS)

SERS applications are largely based on the enhancement of Raman scatter-
ing molecules that are either physically or chemically adsorbed onto a Plasmonic
surface. The most effective surfaces for Raman reporters has been metallic surfaces
such as Ag, Au and Cu because they produce superior enhancement factors [137-
139]. However, they are limited to the visible and near infrared region of the spec-
trum, which limits the use of SERS in the same region. The use of SERS technique
in the ultraviolet region is highly desirable and remains an unexplored terrain [132,
140-143]. UV SERS would enable resonance detection of molecules in the UV wave-
length range such as protein residues, DNA bases etc. Analysis of these molecules
are currently analyzed with other techniques which are often not as sensitive as
SERS technique. The challenge of achieving UV SERS is finding a Plasmonic mate-
rial that support surface enhancement in the UV region. Research has been on going
in this area, however, there has been no success in finding a material that absorbs in
the UV region that outperforms or close to the enhancement factors offered by Au,
Ag and Cu metals [133, 142-144]. The potential of UV SERS outweighs the current
challenges and with the rapid advancement in material nanotechnology, There is
hope that the ideal material will be found in the near future.

5.2 Tip enhanced Raman Spectroscopy (TERS)

Merging of SERS technique with one of the microscopic techniques such as
atomic force microscopy or scanning tunneling microscopy has led to the discovery
of TERS, which is an advanced and powerful imaging tool. TERS is one of a very
promising spectroscopic method that can analyze a variety of samples with sub
diffraction limit imaging capabilities [145-147]. In TERS technique, the electromag-
netic field enhancement is located at the sharp metallic/semiconducting cantilever
tip that is eradicated with a laser beam. A localized region of SERS enhancement is
created when the cantilever tip is brought in close proximity to the sample of inter-
est; this enables structural and compositional analysis of the sample [145]. Spatial
resolution achieved through this hybrid technique is far superior to any other
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microscopic techniques commercially available. This method has been used for
over a decade, initially for analysis of strong Raman scatterers such as buckyballs
and dye molecules. However, the TERS technique has rapidly grown into charac-
terization of more sophisticated and diverse samples such as single stranded RNA,
individual single walled carbon nanotubes, hydrogen bonding in DNA [147], single
particle dye sensitized solar cells, amongst others [146]. Few issues are still holding
this technique from being routinely used commercially such as the difficulty of
calculating the enhancing region for single molecules, hence the resolution and the
enhancement factor. In the near future this issue would be solved since analysis of
individual biomolecules is crucial for understanding and managing deadly diseases.

5.3 Biological diagnostic and sensing

SERS application has catapulted biosensing into new heights in the past decade.
However, the prospects of becoming a commercial clinical diagnostic technol-
ogy has stagnated. This is due to its low tissue penetration depth achievable [148,
149]. However, there are clinical areas where SERS have shown superiority and
advantages over other techniques such as fluorescence imaging, MRI etc. The future
of imaging single cells is likely to be via SERS based technology because of better
brightness, high sensitivity and lack of photo bleaching [149]. Furthermore, SERS
offers far better resolution in the micrometer range compared to commercially used
MRI which offers resolution in a range of a few millimeters. The risk of using the
low resolution MRI, for example, in detection of cancer cells would require 100 000
cancers cells in a tumor to be detectable via MRI technique [150]. This might render
this detection too late for some aggressive tumors. Advantages offered by SERS in
biosensing are likely to be leveraged in the future to make this technique a diagnos-
tic technique with true clinical reach.

SERS is one of the most sensitive analytical methods which offers detection of
molecules in low concentrations (ppb) and provides rich structural information. In
this section some of the SERS applications that are likely to be commercially used
outside of the laboratory while also demonstrating the versatility of this technique
have been discussed. We envisage great extension of SERS technique and an advent
use of UV SERS and TERS in biological diagnostic, sensing and imaging.

6. Conclusions

In this chapter recent advances relating to the use of SERS in biomedical
applications were reviewed and reported. The point of departure was to concisely
introduce the fundamentals of Plasmonics and SERS in respect to the enhancement
of the Raman signal of molecules that are closest to the metallic nanostructures.
For this reason, various metallic nanostructures that could be used to achieve the
highest possible SERS enhancement factors were discussed. Discussion on the
SERS efficiency of Plasmonic substrates made of gold nanowires prepared using a
chemical route (bottom-up) was made. This was followed by the influence of the
geometrical parameters (diameter and length of the wires or aspect ratio) on the
SERS signal as a way to optimize it.

Emphasis was placed on the development of SERS as potentially dynamic
technique for point-of-care diagnostics taking from its high sensitivity and mul-
tiplexing capabilities. The approach was to compare different methodologies that
can be translated across various types of biomarkers. Techniques such as sandwich
SERS and automated SERS for in vitro diagnostics have been elucidated. Moreover,
progress made in respect to strong capture ligands such as DNA that are also specific
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has been unpacked and holds promise for a much needed solution. These techniques
have been used in both the detection and quantification of various diseases includ-
ing malaria, cancer, hepatitis B, etc. using different bioanalytes such as antigens,
protein, DNA, respectively. On the other hand developments on diseases diagnosis
based on label-free sensing techniques that are sensitive to low analyte concentra-
tions found in the physiological environment were elucidated as they offer hope for
therapeutic intervention. It is relatively acceptable that most disease states usually
start with small changes in cellular processes that ultimately augmented as the
disease progresses without medical intervention. Although SERS sensitivity can

be excellent in vivo measurements require an integrated system that is capable of
providing spectral acquisition and analysis in real time.

Although SERS is undoubtedly a promising technique for diagnostic purposes
and for uses as POC devices the success rests on overcoming the barriers through
further advancements in the fabrication of SERS substrate, assays, platforms, and
making them cost-effective.

The discussion has shown that SERS allows for the continuous and highly sensi-
tive detection and quantification of various biomarkers and end-products of disease
states, making it an excellent option in the diagnosis and treatment of various
diseases that are cause health concerns. However, with advances in the development
of different types of novel techniques such as UV-SERS and TERS, SERS will remain
an indispensable technique showing a great promise for in vitro and in vivo disease
detection.
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