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Abstract

Monitoring changes of the protein contents and other macromolecules inside a living
single cell during the key cellular processes such as cell differentiation, division, and
apoptosis is a challenge for researchers. Raman spectroscopy is a powerful analytical
technique for several biomedical applications that is rapid, reagent-free, and non-destruc-
tive while limited application with its weak signal. Surface-enhanced Raman scattering
(SERS) technique is widely used to enhance the Raman signal (10°* fold) by using sur-
face Plasmon resonance of noble metal nanostructures (e.g. silver, gold, copper). SERS is
a non-destructive spectroscopic method applied for biomedical samples. In this chapter,
we will discuss the principles and fundamentals of SERS technique, theories and dif-
ferent strategies to obtain SERS signals such as immobilization of metal colloids on a
substrate. Also, we show the SERS applications including the identification and discrimi-
nation of different types of cells (healthy and nonhealthy cells, e.g., cancer cells), and the
interaction of cells with different drugs will also be discussed on monolayer bulk cells
as well as on single-cell basis and for stem cell differentiation. In addition, we show the
coupling of SERS with electrochemical techniques (EC-SERS) as spectroelectrochemical
technique and its applications in biology, bioanalytical, and life science.

Keywords: SERS, single cell, nanoparticles, spectroelectrochemical, microfluidics

1. Introduction

1.1. Brief overview of Raman spectroscopy

The fundamental principle of Raman spectroscopic technique is based on the inelastic scat-
tering of photons from the targeting molecules in the sample activated by the laser source
as shown in Figure 1. Hence, the chemical composition of the complicated subjects could be
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thoroughly studied by analysis of each peak from their corresponding Raman spectra, which
is not available with other optical, biological, or electrical methods [1]. Therefore, numerous
studies have been reported for application of Raman spectroscopy as a powerful analytical
technique that enables a rapid, reagent-free, and nondestructive technique for cell analysis
including the examination of cell populations in suspension [2, 3], single fixed cells [4], dried
cells [5], cytospun cells [6], and living and dead cells [7-13]. Furthermore, Raman spectros-
copy was reported as a candidate for monitoring the effects of different anticancer drugs on
cell viability, due to the fact that different toxic agents or drugs will cause different effects
on living cells and further induce changes in biochemical composition, which can readily be
detected by Raman spectra without invasive procedures. However, the application of tradi-
tional Raman spectroscopy to cell-based analysis is challenged due to its weak and unstable
signal.

1.2. Limitations of Raman spectroscopy

For the traditional Raman spectroscopy studies, it is well known that a typical Raman sample
will produce one Raman scattered photon from 10° to 10® excitation photons [14]. Thus, strong
intense light sources and efficient collection of Raman photons are required in order for an
adequate number of Raman photons to be detected. Nevertheless, the number of Raman pho-
tons produced is usually small enough for measurements to be shot-noise limited, so the
signal-to-noise ratio increases with the square root of the number of Raman photons detected.
The weak Raman intensity causes limits to the sensitivity, and as a result, the biomedical
applications of Raman spectroscopy. The Raman intensity depends directly on the intensity
of the excitation source and inversely proportional to the fourth power of the excitation wave-
length as shown in Egs. (1) and (2), respectively,

lal, (1)
Ta1/As @)

Excitation light elastically scattered (no wavelength change) from the sample is orders of
magnitude more intense than the Raman signal and must be severely attenuated. However,
in case of sample fluoresces, the fluorescence intensity can easily overwhelm the Raman spec-
trum. On the other hand, the weak Raman signal could be easily overcome by decreasing
the excitation wavelength. But unfortunately, the decreasing of the excitation wavelength
increases the probability that intense fluorescence from the sample will obscure the Raman
spectrum. Moreover, most biological molecules have small Raman scattering cross section,
which results in very weak signals, possibility of sample photolytic damage, and the strong
fluorescence background from cells and tissues. These limitations of sample damage and
strong florescence background can be avoided by shifting the excitation laser wavelength
from UV-visible (UV-Vis) to near-infrared (NIR) region. Therefore, Raman measurements are
often made in the NIR spectral region despite the loss in sensitivity in order to avoid fluores-
cence because most fluorescence that does occur is outside the spectral region of the Raman
spectrum. NIR laser gives very weak signal but it is fluorescence free and can penetrate much
deeper into the sample. Based on all of the above, the major disadvantage of Raman is that,
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Figure 1. Interactions between photons and molecules. (a) Schematic diagram of various interactions of a molecule with
monochromatic light. (b) Molecular energy diagram comparing Rayleigh scattering and Raman scattering (Stokes and

anti-Stokes).
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relative to UV-Vis methods, the sensitivity is poor and therefore high concentrations, long
data acquisition times, or the use of specialist surface or other enhancement techniques are
required. Several techniques have been reported for enhancing the Raman signals including
surface-enhanced Raman scattering (SERS), surface-enhanced resonance Raman scattering
(SERRS), and tip-enhanced Raman scattering (TERS). In the following sections, we focus on
SERS technique including the mechanism of SERS, the applications of SERS, and its integra-
tion with other techniques.

2. Brief overview of the surface-enhanced Raman spectroscopy (SERS)
phenomenon

The specificity of Raman scattering makes it a powerful molecular identification technique, but
the signals are too weak for sensitive quantitative analysis especially in the biological fields.
In 1974, surface-enhanced Raman spectroscopy (SERS) was observed on pyridines adsorbed
on an Ag electrode roughed by oxidation-reduction cycles [15]. But they attribute the signal
enhancement to the large surface area of the electrode. In 1977, it was first reported that the
intensity of Raman scattering for a molecule may be dramatically increased when the mol-
ecule is placed in very close proximity to a colloidal metal NPs or roughened macroscale metal
object with surface variation on the 10-100-nm scale. The enhanced re-radiated dipolar fields
excite the adsorbate, and, if the resulting molecular radiation remains at or near resonance
with the enhancing object, the scattered radiation will again be enhanced. Practically, SERS is
a Raman spectroscopic technique that provides greatly enhanced Raman signal from analyte
molecules that have been brought into close proximity to certain specially prepared metal sur-
faces (Ag, Cu, or Au), which is observed on micro- or nano-rough surfaces or in solution next
to a nanoparticle with a diameter much smaller than the wavelength of the excitation light.
When the incident light hits the surface or the particle, a surface plasmon mode is excited
which locally enhances the electromagnetic energy in the vicinity of the target molecule, sig-
nificantly enhancing the intensity of the inelastically scattered light and experiences a dramatic
increase in the incident electromagnetic field, resulting in high Raman intensities comparable
to fluorescence.

Therefore, SERS phenomenon offers an exciting opportunity to overcome the critical disad-
vantages of this normal Raman spectroscopy. Using the SERS technique, the Raman signal is
enhanced by the structured metal surface and can be detected effectively by low laser power
with short signal acquisition time available for biological applications [16].

Jeanmaire and Vanduyne [17] recognized that the large intensity is due to the electromagnetic
field effect, while Albrecht and Creighton [18] proposed a charge-transfer effect (chemical
enhancement (CE)). Recently, the enhancement factors in SERS can be as high as 10°-10",
which allows the technique to be sensitive enough to detect single molecules [19, 20]. Under
these conditions, Raman scattering can exceed the sensitivity of fluorescence, and it has gener-
ated tremendous interest in the nanomaterials, spectroscopy, and analytical chemistry com-
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munities [21, 22]. Electromagnetic field enhancement (EFE) “field enhancement” has been
reported as one of the major SERS enhancement mechanisms. Field enhancement occurred
at the surface of metallic NPs as a consequence of the interaction between laser radiation and
electrons on the metal surface for the activation of surface plasmons or collective oscillations
of metal electrons. Aggregation of metallic NPs has been reported to generate very intense
and enhanced Raman signals at the junction between two NPs, which are normally called
‘hot spots’ [23]. For this reason, a great deal of attention has been focused on the synthesis of
shape-controlled SERS structures with different morphologies.

2.1. Mechanisms of surface enhancement Raman spectroscopy (SERS)

The mechanism of the surface enhancement effect is not totally elucidated yet; however, the
SERS mechanisms were reported in the literatures to arise from two major enhancement mech-
anisms (electromagnetic field enhancement and chemical enhancement) [24, 25]. Before we dis-
cuss the enhancement theories, it is important to understand the nature of the roughened metal
surface. Ag surfaces “or any other metals” are covered with electrons cloud that arise from the
conduction electrons held in the lattice by the presence of positive charge from the Ag metal
centers. At the surface, the positive charge is only on the metal side of the electrons. Therefore,
the electron density extends a considerable distance from the surface and there is freedom of
movement in a lateral direction along it. When a light beam interacts with these electrons, they
begin to oscillate as a collective group across the surface. These oscillations are known as sur-
face plasmons. Surface plasmons from small uniform particles or from surfaces which have a
single periodic roughness feature have a resonance frequency at which they absorb and scatter
light most efficiently. The frequency varies with the metal and the nature of the surface. The
oscillation frequency of both Ag and Au is usually in the visible region and therefore, those
metals are suitable to use with the visible and NIR laser systems for Raman scattering.

2.1.1. Electromagnetic enhancement

Electromagnetic field enhancement (EFE) “field enhancement” has been reported to play a
major role of most of the observed features of SERS. EFE occurred at the surface of metal-
lic nanostructures as a consequence of the interaction between laser radiation and electrons
on the metal surface for the activation of surface plasmons or collective oscillations of metal
electrons (Figure 2) [25, 26]. That scattered light is characterized by an electromagnetic field
intensity that is extremely strong at certain portions of space near the metal nanostructures
surface. A molecule present in that space is excited by an enhanced field and produces more
intense Raman-scattered light than molecules outside that space. In addition, the sizes of the
SERS agents are generally quite small compared to the wavelength of the excitation source.
The small size of the particles allows the excitation of the metal particle’s surface plasmon to
be localized. The resultant electromagnetic energy density on the particle is the source of the
EFE, the primary contributor to SERS. The nanostructures size and shape changes the electric
field density on the nanostructures surface, which in turn changes the oscillation frequency of
the electrons.
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Figure 2. Electromagnetic field enhancement. Surface plasmon resonance (SPR) occurs when the oscillation of the
incident light electromagnetic field induces the collective oscillation of the conduction electrons of a metal nanoparticle
as the wave front of the light passes; the NP electron cloud is polarized to one side and oscillates in resonance with the
light frequency.

On the other hand, on a smooth metal surface, surface plasmons exist as waves of electrons
bound to the metal surface and are capable of moving only in a direction parallel to the sur-
face, while on a roughened metal surface, the plasmons are no longer confined and the result-
ing electric field can radiate both in a parallel and in a perpendicular direction to the surface.
Since, to get scattering, there needs to be an oscillation perpendicular to the surface plane, this
is achieved by roughening the surface. This locates the plasmon in the valleys of the rough-
ened metal surface and scattering is caused as the plasmons move up to the peaks. Hence,
when an incident photon falls on the roughened surface, excitation of the plasmon resonance
of the metal may occur and this allows scattering. Additionally, due to the difference in dielec-
tric constants between the roughened surface and the surrounding media, a concentration of
electric field density occurs at sharp points on the surface [24, 27].

2.1.2. Charge-transfer mechanism

Charge enhancement or chemical enhancement (CE) is the second mechanism of SERS, affects
the latter. The chemical mechanism is much less well understood, but is often attributed to a
charge-transfer intermediate state which takes place at the strong electron coupling between
the metal NP and its adsorbate [28, 29]. The higher SERS enhancement of molecules is directly
adsorbed to a metal relative to SERS of molecules that lie on top of a monolayer of molecules
attached to a metal which cannot be explained by protest invoking the distance dependence of
EFE. Also, SERS enhancement depends substantially on the chemical structure of the adsor-
bate, which cannot be accounted by EFE.

Basically, the charge enhancement results when molecules chemisorb directly on the
roughened surface, forming an adsorbate-metal complex. As a consequence, the molecular
orbitals of the adsorbate are broadened by an interaction with the conduction bands of the
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metal surface. This results in a ready transfer of electrons and excitation from the metal
to the adsorbate and vice versa. Thus, charge transfer between metal nanostructures and
adsorbate can produce adsorbate electron excitation under conditions that would not occur
if the adsorbates were free in solution. Relaxation of the excited electron to its ground state
generates light emission (resonance Raman scattering). The excited electrons and holes in
the metal nanostructures generated by surface plasmon resonance (SPR) can couple with
the lowest unoccupied molecular orbital (LUMO) and highest occupied molecular orbital
(HOMO) of the adsorbate as shown in Figure 3 [30, 31]. As a consequence, the SERS spec-
tra of chemisorbed molecules are significantly different from the Raman spectrum of the
free species. The CE mechanism is restricted by the nature of molecules directly adsorbed
on the metal, as opposed to the EFE, which extends a certain distance beyond the surface.
Thus, it is effectively operated only on the first layer of adsorbates. There have been many
experimental demonstrations confirming that both mechanisms play key roles in SERS
effects [32, 33]; however, it is generally believed that electromagnetic enhancement may
play a greater part than chemical enhancement [34-36]. In this context, the main analytical
advantages of SERS in comparison with other optical detection methods are the inherent
molecular specificity which can be obtained [25, 37], the relatively large sensitivity, and the
sharpness of the spectral signals, which can be as little as 1-nm full width at half maximum
[38]. This latter advantage is to be compared to conventional fluorescent labels which aver-
age about 75 nm [39] or quantum dots which average about 30 nm [40]. The relative sharp-
ness of the spectral SERS signal can facilitate multiplexing since multi-label readouts can be
carried out at single excitation wavelength [41] without being limited by spectral overlap.

Figure 3. Chemical enhancement in SERS. Schematic diagram of relative energies of excited electron-hole pairs generated
via surface plasmon resonance in the metal nanoparticle relative to the HOMO and LUMO of the chemisorbed molecule
(adsorbate). E, Fermi level (highest energy state occupied by an electron at 0 K).

367



368 Nanoplasmonics - Fundamentals and Applications

2.2. Overview of traditional and advanced SERS implementations

Broadly speaking, there are two ways to carry out the SERS detection reaction:

i. homogeneously, where the target becomes bound or absorbs onto the solution phase
metallic NPs which act as Raman enhancers;

ii. heterogeneously, where the solution phase targets interact with the surface-phase SERS
active sites.

The former of these has the same advantages as all homogeneous reactions (i.e., faster reac-
tion rate and relative ease of implementation) as well as enhanced uniformity and repeat-
ability of the SERS enhancement since the NPs can be synthesized with high uniformity.
Examples of such systems include the use of metal nanoshells [42] and nanorods [43] spheri-
cal NPs, nanospheres, nanorods, or nanostars [44, 45] as SERS-active substrates. However,
this homogeneous approach is disadvantaged because the Raman enhancers are dispersed in
solution, thus the detection sensitivity is relatively low. Over the recent decades, many types
of SERS-active surfaces have been demonstrated including electrochemically roughened
electrodes [46], vapor-deposited metal island films [47], periodically aligned nanoparticles
[48, 49], and lithography-produced nanostructures [50]. While these surface-phase systems
can have fundamentally greater sensitivity than homogeneous ones (essentially concentrat-
ing the detection zone from 3D to 2D), the analysis time can be longer (since the molecules
must diffuse to the analysis site), the chip fabrication is more complicated (since nanoscopic
features must be patterned), and in some cases, it is difficult to obtain regular and repeatable
SERS enhancement. If the enhancement is not consistent, then specific detection is still possible
but reliable quantification is not.

2.3. Advantages of SERS method

SERS phenomenon offers an exciting opportunity to overcome the critical disadvantages of the
normal Raman spectroscopy. Therefore, relatively lower laser intensity, longer wavelengths,
and rapid signal acquisition times will be possible with SERS. For these reasons, NIR-SERS
is becoming a useful tool for biological applications [16]. The importance of SERS is that the
surface selectivity and sensitivity extend Raman utility to a wide variety of interfacial systems
previously inaccessible to Raman. In addition, unlike other vibrational spectroscopies, SERS
can be conducted under ambient conditions and has a broad wavenumber range. Moreover,
SERS has two main advantages over fluorescence. One is its high sensitivity in comparison
to fluorescence by two or three times [51, 52]. The other advantage is the multiplex detection
capability due to its molecularly narrow-band spectra.

2.4. SERS-active substrates

Fabrication of SERS-active substrates was found to have a number of problems, including
poor signal enhancement, uniformity, or reproducibility. Therefore, an advanced method
for fabrication of the SERS-active surface is still required for more effective enhancement of
Raman signals. Generally, there are two strategies to obtain the SERS signals.
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First, the “average SERS” enhanced spectra [53], which were obtained from an ensemble of
colloidal particles and aggregates, giving a relatively low signal, especially before aggrega-
tion. Recently, several reports described the uses of colloidal metallic (Au or Ag) NPs or
nanorods to perform SERS on living cells [54-57]. The SERS signal was generated based on
the direct NPs diffusion inside cells (pinocytosis process) or depend on the interaction of
the antibody conjugate NPs with the protein on the cell membrane. However, it was found
that the localization of colloidal particles inside a living cell is difficult to control, and also
causes non-homogeneous particles aggregation that dramatically changes the efficiency of
Raman signal enhancement from one point to another within the cell surface. Although
the antibody-conjugated metal particles have been tried as SERS-active agents to overcome
these limitations, however, the antibody was reported to cause unwanted SERS signals that
hardly are distinguishable from the Raman signals originating from target molecules inside
the cell [58]. Moreover, during the NPs preparing some surfactants such as cetyltrimethyl-
ammonium bromide (CTAB) or polyvinylpyrrolidone (PVP) were used [59, 60]. The exis-
tence of these species on the metal NPs surfaces will provide less active sites and the SERS
signal generated by these species may severely interfere with the SERS signals of target
molecules. Also, SERS-based investigation of a cell nucleus is challenged due to the exis-
tence of several cellular barriers that limit the delivery of SERS-active colloidal NPs to the
cell nucleus [61]. Moreover, Au NP-targeting of cancer cell nuclei affected cellular function
causing cytokinesis arrest, DNA damage, and programmed cell death, which led to failed
cell division, thereby resulting in apoptosis [62].

Second, SERS intensities obtained from Ag or Au nanostructures sustain a “hot spot” (large
enhancement factors), which permits the detection of a few molecules with fluctuating
spectral characteristics [63, 64]. The existence of a particular hot spot (from 1 nm to several
hundred nm) can lead to particularly large enhancements of Raman scattering (1014 times)
because the Raman scattering rate is proportional to | E(w)|2|E(w'") |2 at the location of the
molecule, where E(w) is the electric field component at the frequency of the incident radia-
tion, and E(w') is the component at the scattered frequency. A SERS-active surface that used
a non-uniform distribution of Au NPs on an APTMS (3-aminopropyltrimethoxysilane)-
functionalized ITO substrate was reported [65]; however, any small variation in the local
arrangement of nanostructures (patterns/shapes) used as SERS-active substrates leads
to critical changes of SERS signals due to the high sensitivity of the hot spots. Also, the
organic linkers (e.g., APTMS) reduce the enhancing effects and interfere with the SERS
signals of target molecules [53, 58]. Therefore, a geometrically well-organized and clean
SERS-active substrate that allows control of both nanostructures size and shape is highly
desirable [66].

2.5. Applications of SERS

SERS is one of a very few methods that can give effective, molecularly specific information
about an adsorbate on a metal surface, in situ and in aqueous solutions. In early 1980s,
SERS was observed on small and large biomolecules such as DNA and protein. Presently,
many researchers have continued to demonstrate the great potential of SERS applications
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in the fields of biochemistry, biophysics, and molecular biology. In early 1990s, SERS was
performed using metallic NPs on living cells [57, 67]. However, on the cell monolayer,
different spectra are obtained on different spots. These distinct spectra could be reflecting
the inhomogeneity of the cell composition, but also the NPs aggregated inside cells, which
might be results in the signal difference due to different degrees of aggregation. Thus, if
SERS is to be used as a detection technique, a careful consideration of the chemistry of the
surface and the physics of surface enhancement is required, but with care and by using
the technique within its limitations, good quantitative measurements can be obtained. In
the following section, we represent some applications of SERS technique for single-cell
analysis.

3. SERS cell-based detection

Living- or whole-cell Raman spectroscopy can serve as the basis for reliable identification of
molecular events inside intact cells [68]. Breuzard et al. performed living-cell studies using
SERS spectroscopy and proposed that it could be an effective method in studying the process
of the anticancer drug mitoxantrone (MTX) absorption into the plasma membrane of living
cells [69].

Shamsaie et al. demonstrated a cellular SERS probe that they called intracellular-grown
Au NPs (IGAuNs) using NPs that grow inside MCF10 epithelial cells [70]. Since large
nanoparticles are not able to pass through the nuclear membrane pores, they cannot reach
the cytoplasm or the nucleus. They also show poor ‘controllability” when inserted inside
the cell [70, 71]. The presented IGAuNs, however, can be precisely controlled to overcome
some of the inherent drawbacks, and act as a potential SERS substrate to understand intra-
cellular events.

In addition, the treated cells show strong Raman signals compared with weak and noisy
Raman. However, they have proposed that the cells will still live after treatment with salt
solution in phosphate buffer saline (PBS) buffer without media for a long time (1 week). In
our previous work, we have demonstrated the formation of different metallic NPs (Au and
Ag) intracellular and extracellular condition of different human living-cell lines (cancer and
normal cells) through the reduction of ions. In addition, we examined effects of these metal
ions (auric chloride or silver nitrate) on cell viability as well as on cell morphology in differ-
ent living-cell lines. Our results demonstrated that the treatment of different cell lines with
metal ions resulted in the cell fixation and the cells could not still live after treatment. The
formation of metal NPs inside the cell's nucleus as well as larger particles of different sizes
and shapes in the incubation solution was demonstrated using AFM, TEM, EDX, SEM, and
UV-Vis absorption techniques. Figures 4 and 5 show the growth of Au NPs inside and outside
the cells, respectively. This approach was shown to exhibit good potential for SERS detection
in comparing with standard Raman spectrum (Figure 6) [72].
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Figure 4. TEM images of negatively stained thin sections from treated HeLa cells (a—c), treated MCF-7 cells
(d—f) and treated HEK293T cells (g-i) with 1 mM of auric chloride solution for 4 days. The arrows indicated the
spread of black dots across the cell's nucleus and cytoplasm, respectively, that correspond to gold nanoparticles
which are 10-20 nm in diameter (c, f, and i). Figure reproduced with permission from Ref. [72], © John Wiley
and Sons.
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Figure 5. SEM images of selected gold particles formed in the incubation solution with HeLa cells after incubation with
gold chloride solution for 4 days (a, b), 8 days (c, d), 14 days (e, f), 21 days (g, h), and 28 days (i, j). Figure reproduced
with permission from Ref. [72], © John Wiley and Sons.
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Figure 6. Raman spectrum of (a) control HEK293T cells and (b) HEK293T cells that were incubated with auric chloride
for 4 days. Figure reproduced with permission from Ref. [72], © John Wiley and Sons.
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4. Single molecule analysis using SERS

Single-cell technologies, such as the classical fluorescence-activated cell sorting (FACS)
analysis [73] as well as Raman spectra profiling, can detect population diversity by observ-
ing distinct phenotypic parameters. Raman spectroscopy is an especially powerful analyti-
cal technique and has already been used in several studies on single cells [74]. A single-cell
Raman spectrum usually contains many Raman shifts, which provide rich information of
the cell components including nucleic acids, proteins, carbohydrates, and lipids, reflecting
cellular genotypes, phenotypes, and physiological states [75]. Therefore, a Raman spectrum
could serve as a molecular fingerprint of a single cell, enabling the distinction of various cells,
including those from bacteria and animals, without prior knowledge of the cells [76].

The extremely large SERS cross sections (roughly the 10'*-fold enhancement discussed earlier)
for near-infrared excitation of molecules attached to colloidal Ag or Au clusters [25, 77-79]
make it possible to use SERS to provide molecularly specific information on a very small
number of molecules. Near-infrared (NIR) excitation also offers the advantage of decreasing
the fluorescence background which interferes with traditional single-molecule Raman detec-
tion [25]. This has made SERS of great practical interest to both the nanomaterials and the
single-molecule spectroscopy communities [37].

4.1. SERS-based single-cell sensing

Jiang et al. have reported on developing a new SERS strategy for apoptosis detection with
ultrahigh sensitivity, using silver nanoparticle (Ag NPs)-decorated silicon wafer (Ag NPs/Si),
as an active and reproducible SERS in vitro platform as shown in Figure 7 [80]. Significantly,
representative Raman peaks of DNA distributed in cells could be greatly amplified and sen-
sitively detected by the Ag NPs/Si due to SERS ultrahigh sensitivity. As a result, a whole
process of apoptosis is readily analyzed at the single-cell level via recording SERS intensities
of DNA distributed in the apoptotic cells. The results suggest new opportunities for novel
SERS-based in vitro bio-applications, as well as provide powerful strategies for ultrasensitive
apoptosis detection. Remarkably, single-cell detection of different apoptotic cells is readily
realized using the Ag NPs/Si of high SERS sensitivity and excellent reproducibility (Figure 8).
In addition, the detection process is label-free, that is, DN A-intrinsic SERS spectra are directly
employed for apoptosis detection, which is free of additional chemical or biological reagents
as external signal indicator. Consequently, this SERS method may serve as a potentially prac-
tical tool for ultrasensitive detection of apoptotic cells, complementing the state-of-the-art
strategies for apoptosis detection (Figure 9). While better understanding of Ag NPs/Si in vitro
behavior and the diameter effect of Ag NPs on detection sensitivity require further investi-
gation, the present findings may open new opportunities for SERS-based in vitro-sensing
applications.

Kang et al. [81] reported the application of small spherical gold nanoparticles with highly nar-
row intra-nanogap structures to achieve high-speed and high-resolution live-cell Raman images.
They have used a specific spacer sequence of oligonucleotides (T10) on the core DNA-modified
Au NP to create gold nanoparticles with very narrow intra-nanogap (Au-NNP) structures,

373



374 Nanoplasmonics - Fundamentals and Applications

20000 T
~—AgNPs@Si

= gilicon wafers

[

T120

1000 1200 1400 1600 1800 20001000 1200 1400 1600 1800 2000
Alem' —» Alem® ——=

Figure 7. SEM (a) and AFM (b) images of the prepared Ag NPs/Si. The AFM image was collected from an area of 5.0 x
5.0 um?. (c) Raman spectra of R6G (100 uM) dispersed on the surface of a pure silicon wafer or Ag NPs/Si substrate. (d)
Raman mapping spectra and corresponding mapping image (inset) of R6G dispersed on the surface of Ag NPs/Si. Insert
denotes Raman intensities of the 1364 cm™ peak. (A__, ... = 633 nm, acquisition time =1 s, hole =200 pm, slit =100 pm,
grating = 600 g/mm). Reprinted with permission from Ref. [80]. © 2013 American Chemical Society.

then they have loaded three different Raman-active molecules inside the narrow intra-nanogap
including 4,4'-dipyridyl (44DP), methylene blue (MB), and 4,4'-azobis (pyridine) (AB) for tar-
geting the mitochondria, cytoplasm, and nucleus, respectively as shown in Figures 10 and 11,
which lead to obtain high-resolution single-cell image within 30 s without inducing significant
cell damage. Using oligonucleotide thiolated DNA (3'-(CH2)3-spacer sequence (A10, G10, C10,
or T10)-PEG9-AAACTCTTTGCGCAC-5NA results in the formation of intra-nanogap structure
of 1.2 nm in thickness. The high-resolution Raman image showed the distributions of Au NPs
for their targeted sites such as cytoplasm, mitochondria, or nucleus as shown in Figure 12.
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Figure 8. High-resolution Raman mapping images of the A549 cells treated with (a—f) or without (g-1) 150 uM Triton
X-100 for 0, 6, 12, 24, 48, and 72 h. Insets are the corresponding Raman bright-field images. Scale bar: 2 um. Reprinted
with permission from Ref. [80]. © 2013 American Chemical Society.

The high-speed Raman-based live-cell imaging allowed monitoring rapidly changing cell
morphologies during cell death induced by the addition of highly toxic KCN solution to
HSC-3 cell (Figure 13), then the single cell was imaged repeatedly at every 2.5 min with a
200 uW of laser power and 10-ms exposure per pixel (50 x 50 pixel). The overlaid images of
bright field and Raman image at t = 0 showed typical distributions of 44DP-coded Au-NNPs in
the mitochondria as shown in Figure 13A. After 2.5 min of addition, it showed some changes
in Raman signal distributions in the cell. After 5 min, the cell morphologies were significantly
changed and the changes of Raman signal distributions were also observed (Figure 13B).
Eventually, it was completely changed into a circular cell structure, indicative of cell death
(necrosis). In the case of 10 pL of KCN solution (1.0 M) addition, it also showed the changes of
cell morphologies and Raman signal distributions with time. These results demonstrated that
the use of SERS-active nanoparticle can greatly improve the current temporal resolution and
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Figure 9. (a-f) Raman mapping images of the A549 cells treated with 150 uM Triton X-100 for 0, 6, 12, 24, 48, and 72 h.
(g-1) Five representative Raman spectra of DNA distributed in the cell are randomly selected from the corresponding
mapping images, as indicated by white arrows. Reprinted with permission from Ref. [80]. © 2013 American Chemical
Society.

image quality of Raman-based cell images enough to obtain the detailed cell dynamics and/
or the responses of cells to potential drug molecules. It is expected that the synthetic methods
for Au-NNP would be a useful concept for the future design of SERS-active nanostructures
and the high-resolution live-cell Raman-imaging method within half a minute can open new
opportunities for Raman-based high-throughput and high-content drug-screening platforms.

Cooper and his coworkers [82] have reported on developing a simple microfluidic cell array to
mechanically trap a living single cell (Figure 14) and it application as a real-time mapping of
live cell, also to unequivocally distinguish between differently labeled intracellular nanopar-
ticle SERS probe types from within a mixed population of cell types and also demonstrate
the ability to distinguish different types of intracellular nanoparticle probes from within a
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Figure 10. (A) Synthetic scheme of Raman-dye (44DP)-coded Au-NNPs using DNA-AuNPs as a core particle (four
different kinds of spacer sequences such as adenine (A10), guanine (G10), cytosine (C10), and thymine (T10) in the
thiolated DNA (3'-(CH2)3-spacer sequence-PEG9-AAACTCTTTGCGCAC-5") were investigated). 4,4'-dipyridyl (44DP)
molecules were loaded on the surface of DNA-AuNP via electrostatic interactions, and then the Au shell was formed. (B)
The solution color and HR-TEM image of 44DP-coded Au-NNPs prepared from A10-spacer DNA-AuNP (1), G10-spacer
DNA-AuNP (2), C10-spacer DNA-AuNP (3), and T10-spacer DNA-AuNP (4). (C-D) Raman spectra of 44DP-coded
Au-NNP solution prepared from four different spacer DNA with an excitation of 633 nm (C) and 785 nm (D). (Each
spectrum was obtained using conditions (0.5 nM particle concentration, 1.0 s exposure time).) Reprinted with permission
from Ref. [81]. © 2015 American Chemical Society.

single cell. These microfluidic devices were prepared from masters produced using soft litho-
graphic techniques, and cast in polydimethylsiloxane (PDMS). Then, they have demonstrated
the ability of SERS spectroscopy to detect nanoparticle probes within individual living cells,
the ability to monitor an individual trapped cell containing SERS-active nanoparticles over
a period of several hours, the ability to distinguish between differently labeled intracellular
nanoparticle probe types from within a mixture of differently labeled cell populations, as
well as the ability to distinguish between more than one nanoparticle species from within
an individual cell containing a mixture of probes. To achieve the reliable SERS mapping of a
single cell, they have labeled the cells after harvesting by using a colloid solution of silver NPs
in 10 mM of either 4-mercaptobenzoic acid or 2-mercaptopyridine in ethanol and incubating
the cells for 12 h to allow passive uptake of the colloid by the cells. Then, cell culture solu-
tions were loaded into the PDMS chips using gas-tight Hamilton syringes controlled using
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Figure 11. (A) Scheme for the PEGylation and peptide modifications on the Raman dye-coded Au-NNPs (MB-coded
Au-NNP was modified with mPEG thiol and RGD peptide (RGDRGDRGDRGDPGC) so that targeting to cytoplasm,
44DP-coded Au-NNP was modified with mPEG thiol, RGD peptide, and MLS peptide (MLALLGWWWEFFSRKKC) so that
targeting to mitochondria, and AB-coded Au-NNP was modified with mPEG thiol, and RGD peptide and NLS peptide
(CGGGPKKKRKVGG). (B-D) Representative Raman spectra of MB-coded Au-NNPs (B), 44DP-coded Au-NNPs (C), and
AB-coded Au-NNPs (D) obtained from 0.5 nM particle concentration with an incident laser power of 4.0 mW and 10 ms
exposure time per spectra. Reprinted with permission from Ref. [81]. © 2015 American Chemical Society.
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Figure 12. Time-dependent live-cell Raman images (50 x 50 pixel) after incubating with subcellular-targeting NNPs.
(A) Representative Raman spectra obtained from inside cells incubated with MB-coded NNPs for cytoplasm targeting,
bright-field image (t = 0), and bright-field images overlaid with Raman images (t = 3, 6, 12 h) (4.0 mW laser power,
100 ms exposure time per pixel). (B) Representative Raman spectra from cell incubated with 44DP-coded NNPs for
mitochondria targeting, bright-field image (t =0), and bright-field images overlaid with Raman images (=3, 6, 12 h) (200
UW laser power, 10 ms exposure time per pixel). (C) Representative Raman spectra from cell incubated with AB-coded
NNPs for nucleus targeting, bright-field image (f = 0), and bright-field images overlaid with Raman images (t =3, 6, 12
h) (200 uW laser power, 10 ms exposure time per pixel). Reprinted with permission from Ref. [81]. © 2015 American
Chemical Society.
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Figure 13. (A) Time-dependent Raman images overlaid with bright-field image after additions of 100 puL of potassium
cyanide solution (1.0 M) into HSC-3 cell. (B) Representative Raman spectra obtained from inside cells at designated time
points (0, 2.5, 5.0, and 7.5 min). Imaged at every 2.5 min after additions of KCN with an analysis conditions (50 x 50 pixel,
200 uW laser power density, 10 ms/pixel, 27.5 s (total imaging time)). Reprinted with permission from Ref. [81]. © 2015
American Chemical Society.

microsyringe pumps. SERS mapping of a single cell containing labeled nanoparticles was
obtained by monitoring the SERS measurement of a single cell trapped within a microfluidic
device as shown in Figure 15. These results demonstrate the capability of the developed chip
to observe the dynamic cellular processes (such as cell division and intracellular nanoparticle
redistribution and movement) in real time. This work illustrates the development of the basic
technology required to facilitate the analysis of live cells using SERS.

4.2. SERS/flow cytometer for single-cell analysis

In the last years, several groups have shown different approaches to enhance Raman signals
or more in general luminescent outputs like those working within the field of colloidal pho-
tonics where quantum dots are used for such a purpose [83, 84].

In 2012, Nolan and his group [85] have reported on developing NPs SERS tags as well as
Raman flow cytometers for multiparameter single-cell analysis of suspension or adherent
cells. SERS tags are based on plasmonically active Au nanorods whose plasmon resonance
can be tuned to give optimal SERS signals at a desired excitation wavelength (Figure 16).
Raman resonant compounds are adsorbed on the NPs to confer a unique spectral fingerprint
on each SERS tag, which are then encapsulated in a polymer coating for conjugation to anti-
bodies or other targeting molecules. Raman flow cytometry employs a high-resolution spec-
tral flow cytometer capable of measuring the complete SERS spectra, as well as conventional
flow cytometry measurements, from thousands of individual cells per minute (Figure 17).
Automated spectral unmixing algorithms extract the contributions of each SERS tag from
each cell to generate high-content, multiparameter single-cell population data. SERS-based
cytometry is a powerful complement to conventional fluorescence-based cytometry. The nar-
row spectral features of the SERS signal enable more distinct probes to be measured in a
smaller region of the optical spectrum with a single laser and detector, allowing for higher
levels of multiplexing and multiparameter analysis.
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50 microns

Figure 14. Schematic diagrams of a single PDMS cell trap (A), the trapping array (B), and layout of the microfluidic
device (C) with the cell-trapping array represented as a black triangle with white dots. (D) Scanning electron microscope
image of 18 x 18 x 10 mm PDMS cell traps on a device. Reprinted with permission from Ref. [82]. © The Royal Society
of Chemistry.

They have illustrated the detection of four different SERS tags on a single particle. For either
flow or image cytometry, it is feasible to consider integrating fluorescence detection with
SERS detection. For example, in a multi-laser system, violet and blue excitation could be used
to excite a number of popular fluorescent dyes, while red or NIR excitation could be used to
excite a set of SERS tags. Such a multimodal cytometry approach would combine the versatil-
ity of fluorescence probes with the multiplexing capability of SERS probes.
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4MBA + 2-MPy

Figure 15. SERS maps of individual CHO cells containing differently labeled Ag nanoparticles. Top left: bright-field
image of a CHO cell trapped in the device. The cell is roughly spherical and approximately 15 um in diameter. Top right:
a cell containing 4-MBA-coated Ag NPs. Bottom left: a cell containing 2-MPy-coated Ag nanoparticles. Bottom right: a
cell containing both 4-MBA- and 2-MPy-coated Ag nanoparticles. SERS maps were constructed using reporter regions at
1050-1090 and 1560-1590 cm™ to assign 4-MBA (shown in pink) and regions at 1090-1130 and 1525-1555 cm™ to assign
2-MPy (shown in cyan). The broken green line shows the approximate extent of the cell in each case, which cannot
itself be visualized directly during Raman imaging. Reprinted with permission from Ref. [82]. © The Royal Society of
Chemistry.

SERS tags were used as tags for antibodies in cell surface receptor staining as well. They have
conjugated anti-CD4 and anti-CD8 antibodies to two different carboxylated SERS tags and
used these to stain SupT1 cell line that expressed both receptors. Then, the stained cells and
the appropriate reference controls were analyzed using a SERS spectral flow cytometer and
spectral unmixing performed. Figure 18A and B shows the light-scatter gating, individual
cell and average spectra, and single parameter SERS intensity histograms for singly stained
beads. In addition, Figure 18C showed data from cells stained with both SERS tags, illustrat-
ing the ability of SERS flow cytometry hardware and software to measure the amount of
SERS-tagged antibody to cell surface receptors.

Recently, Perozziello et al. have reported a Raman/flow cytometer system that consists of a
microfluidic device; this device is composed by two calcium fluoride slides among which a
photosensitive resist is placed [86]. The device consists of five through-channels integrating
a microfluidic trap that was fabricated by using photolithography (Figure 19). The trap is
realized by means of a simple volumetric constriction of the channels. Flowing cells in the
microchannel was blocked at each trap where Raman spectroscopy was performed on each
individual cell “since the cells can flow one-by-one” that allow single-cell Raman analysis.
These allow a label-free analysis, providing information about the biochemical content of
membrane and cytoplasm of each cell. Furthermore, in order to measure SERS signals from
single cell and to minimize the acquisition time, the device integrates a microfluidic trap with
nested plasmonic nanodimers [87-91] that takes advantages of the basic principles of Raman
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Figure 16. Schematic of nanoparticle-based SERS tags and their characteristic spectra. (A) SERS tags are typically
composed of a plasmonic nanoparticle, Raman tag, surface coating, and targeting entity. (B) The SERS tag excitation is
determined largely by the plasmon resonance wavelength of the plasmonic nanoparticle, which can be tuned by altering
the composition, size, and shape of the nanoparticle. (C) Gold nanorods of 25-50 nm have a plasmon resonance in the
red light (630 nm). (D) The Raman tag is adsorbed to the nanoparticle surface and gives each SERS tag its characteristic
SERS spectrum. Reprinted with permission from Ref. [85]. © 2012 Elsevier Inc.
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Figure 17. Schematic of a Raman flow cytometer. Excitation is provided by a solid-state laser (660 nm, 400 mW) and
forward-angle light scatter is collected on a photodiode. A 90° light scatter is collected from one side of the flow cell via
an optical fiber and detected with a photomultiplier tube (PMT). SERS signals are collected from the opposite side of
the flow cell into and optical fiber and delivered to an imaging spectrograph coupled to a CCD detector. Particles in the
probe volume are detected by forward and side scatter, which trigger the acquisition of individual particle spectra by the
CCD. Reprinted with permission from Ref. [85]. © 2012 Elsevier Inc.

spectroscopy as well as the advantages of flow cytometry technique. These devices are based
on the amplification of the electromagnetic field due to the polarization of the local electric
field and resonance effects between the gap of the nanodimers. In this way, it is possible to
obtain a field localization that depends on the size of the gap (approximately 5-10 nm). In
particular, the plasmonic nanodevice allows an enhanced Raman scattering that increases the
sensitivity and the spectroscopic information regarding both the cellular membrane and the
cytoplasm of each cell.

Experiments were performed by using three different cell lines [red blood cells (RBCs), periph-
eral blood lymphocytes (PBL), and K562 tumor cells from leukemia] by using the microfluidic
device integrating the nanodimers as well as at a flat surface without nanodimers.

The flow rate was set at 5 pL/min so that the cells can proceed very slowly and can be stopped
in correspondence of the trap. Figure 20 demonstrated that the cells appear under the micro-
scope and they flow one by one due to the well-defined size of the channel that constrains
them and avoid the agglomeration. This is a suitable result, ideal for the fabricated device
aiming continuous analysis of a single cell. Based on the obtained results, Perozziello et al.
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Figure 18. Cell surface immunostaining with antibody-coupled SERS tags. A cultured cell line (SupT1) was stained with
(A) and anti-CD4 SERS tag, (B) and anti-CD8 SERS tag, or (C) both, and analyzed by Raman flow cytometry. Light scatter
histograms with single-cell gating, individual and average spectra of gated cells, and single parameter histograms of
the contributions of each SERS tags after spectral unmixing are presented. Reprinted with permission from Ref. [85]. ©

2012 Elsevier Inc.
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Figure 19. Assembled microfluidic device. Reprinted with permission from Ref. [86]. © 2015 Optical Society of America.

reported that the use of nanodimers results in reducing the laser power until 10% (10 mW)
of the maximum power of laser to obtain an enhanced spectrum on nanodimers, while they
need to use the full laser power (100%, 100 mW) to record Raman spectrum at the flat surface,
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Figure 20. Sequence of the cell analysis mechanism: (1) the cell approaches the trap followed by other cells (t = 0 s); (2)
the cell is trapped and the flow is stopped (f =2 s), in this phase Raman measurements can be performed on the cell (t =
4 s); (3) the increasing pressure due to clogged channel deforms the cell forcing it through the trap (f =6 s); (4) the cell is
released continuing to move over the trap while other cells are approaching the trap aligning themselves to it (f = 8 s).
Reprinted with permission from Ref. [86]. © 2015 Optical Society of America.

which is a very important point to consider when dealing with living biological samples since
a high laser power can affect the viability of the cells.

Figure 21 showed the SERS measurements for RBCs in comparing with Raman measurements
taken on a flat surface. The SERS spectrum shows not only a higher signal, compared to standard
Raman, but above all the curve exhibits a richer peak profile due to plasmon enhancement of bio-
molecular vibrations occurring at the dimers locations. Furthermore, Figure 22 shows the SERS
spectra from RBC (red curve), PBL (black curve), and K562 (blue curve). The main peaks of all the
three cell lines are correctly found in the Raman measurements. RBCs demonstrated the typical
Raman peaks of phenylalanine at 1005 cm™, the deformation of the Cm-H bond at 1225 cm™, the
half- and quarter-ring stretching of pyrimidine, respectively, at 1377 and 1397 cm™, and finally
several peaks of the multi-structured band between 1540 and 1630 cm™. The relative intensities
of the Raman peaks at 1565 cm™ peak (CPCf stretching), 1582 cm™ (CaCm asymmetric stretch-
ing), and 1621 cm™ (Ca = Cb stretching) confirmed that the RBCs are in an oxygenated state [86].

Raman signature collected on PBL cells shows characteristic peaks due to deoxyribose vibra-
tions, at 980 and 1448 cm™, to phospholipid C-C stretching at 1067 cm™, and Amide I vibration
from proteins secondary structure at 1665 cm™ [92]. The 1448 cm™ peak is a broad one since it is
the overlapping of deoxyribose signature with C-H deformation from proteins. Finally, Raman
signals coming from K562 cells show a very good agreement with the reported data from the
literature [93, 94]. The SERS spectrum of the phenylalanine ring mode at 1003 cm™ is observed,
the PO2- backbone vibration arises at 1095 cm™, Amide III vibrations from proteins are located
at 1203 and 1303 cm™ where the former one (1203 cm™) overlaps with DNA bases signal,
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Figure 21. Raman spectra collected from red blood cells (RBC) on nanodimers (the used power for the enhanced Raman
measurements is 10% of the total) and on a flat substrate (the used power for the standard Raman measurements is
100% of the total). The spectrum recorder on nanodimers exhibits a higher signal and is more resolved. Reprinted with
permission from Ref. [86]. © 2015 Optical Society of America.
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Figure 22. Raman spectra collected in three different experiments with different cell lines, in the proximity of the
microfluidic traps. From top to bottom, the average spectra of red blood cells (RBC), peripheral blood lymphocytes
(PBL), and leukemia cells (K562) are reported. See the text for assignment of the main peaks. Reprinted with permission
from Ref. [86]. © 2015 Optical Society of America.
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C-H bending and deformation are, respectively, found at 1261 and 1448 cm™, small DNA signal
is also observed at 1578 cm™, and finally the Amide I strong vibration from proteins is located at
1658 cm™. Compared to PBL, the Amide I shift toward lower frequencies (from 1665 to 1658 cm™)
that could be due to a larger presence of alpha helix structure of proteins. This is also supported
by the small peak observed at 935 cm™ (alpha helix C-C skeletal mode) for the K562 curve.

4.3. SERS-LSV spectroelectrochemical method for single-cell analysis

In our previous work [95], we have reported on the fabrication of Au nanodot array-modified
ITO substrate and its application as cell culture system, SERS-active surface, and a working
electrode. Moreover, we have designed a new spectroelectrochemical cell chip that combined
the SERS and voltammetric methods for monitoring redox properties of single living cell. In
this study, we have used PC12 cell line as an experimental modal. In order to evaluate the spec-
troelectrochemical assay at the single PC12 cell level (Figure 23), 12 Au microelectrode arrays
were patterned on a 10 x 10-mm glass substrate that provided six microgaps of about 7 um in
width between each couple of microelectrode. In order to enhance the Raman signals from the
single cell, we have fabricated polystyrene-assisted hexagonal array of Au nanodots inside the
gap between each pair of Au microelectrodes. Then, we immobilized the single cells over the
microgaps by using a polydimethylsiloxane (PDMS) microchannel (200 mm in width) that was
attached. The cells were then transferred onto the chip with a new culture medium through
the microchannel inlet. A sterile cell chamber with dimensions of 8 x 8 mm was developed to
measure the Raman spectra of living single cells under physiological conditions (Figure 24).

Electrochemical detection
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PDMS Microchannel ;utlet
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Figure 23. Schematic diagram of the immobilization of a single cell on the microgap between pairs of Au microelectrodes.
Reprinted with permission from Ref. [95]. © 2015 Elsevier.
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Figure 24. Fabrication of the nanodot array inside the microgap as cell-based chip for single-cell studies: (a) SEM
image of the microgap between the pair of Au microelectrodes; (b and c) SEM images of Au nanodots array inside the
microgap between the pair of Au microelectrodes; and (d) AFM image of PC12 cell on the microgap between the pair Au
microelectrodes. Reprinted with permission from Ref. [95]. © 2015 Elsevier.

SERS-linear sweep voltammetry (LSV) technique was developed, in which LSV was used to
investigate the redox behavior of neural cells (PC12), while the NIR laser source was simulta-
neously focused on the target cell for SERS analysis of the biochemical composition changes
of living single PC12 cells during the redox processes.

Figure 25a showed the CV of the Au microelectrodes in PBS buffer solution and no redox peaks
were observed. Interestingly, an irreversible oxidation process showing an anodic peak only
was observed from a single PC12 cell, which was significantly distinguished with bulk PC12
cells normally showing quasi-reversible redox process. This result may be related to the low
concentration of electro-active species and a lack of cell-cell interactions. The CV behavior of
single PC12 cell immobilized on microgap between the pair of Au microelectrode containing
hexagonal Au nanodots array showed sharp anodic peak at about 0.4 V (Figure 25c). This was
significantly different from the cell on bare Au microelectrode that showed broad anodic peak
(Figure 25b). These results indicated that Au nanodots array is very effective for the enhance-
ment of the electron transfer rate. Figure 25d showed the LSV oxidation behavior of single
PC12 cell within a potential range from —0.2 to +0.8 V, which contained anodic peak at about
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+0.4 V. Moreover, many peaks in the SERS spectrum were changed relative to the control PC12
single cell (Figure 25f). The SERS spectra changes including a decrease in the intensity of SERS
peaks at 720 cm—! (adenine), 760 (Trp), 905 (prot. ring str.), 1001 (Phe), 1060 (str. PO2- and str.
COC), 1093 (lipids: str. C=C, deoxyribose: C=0, C=C str. and str. PO2-),1125 (prot. str. CN),
1175 (prot. Tyr str. CN and CC), 1270 (T, A and amide III), 1310 (A), 1360 (prot. CH2), 1390
(T, A and G), and 1690 cm~' (amide I and C=C). Additionally, the Raman peaks at 1625 cm™
(C=C, Tyr and Trp), which was observed in control PC12 cells, disappeared. Also, peaks at
854 cm™ (prot. Ring br. Tyr), 940 (proteins: a-helix, and deoxy and C-O-C), and 1560 cm™ (pro-
teins: amide II and Trp; C=C and/or C=0 stretch of o-quinone group) shifted to 866, 952, and
1545 cm™, respectively. New Raman peaks were observed during the application of the oxida-
tion voltage, including Raman peaks at 1330 (G), s1450 (deoxyribose), 1426, 1502, and 1595 cm™
(A and G). In addition, no cathodic peak was observed when PC12 cells were subjected to
reduction potential within a potential range from +0.8 to -0.2 V (Figure 25e). However, the
Raman spectrum during the reduction process was different than the Raman spectrum of the
control PC12 or PC12 cells in the oxidation state (Figure 25f). These changes in Raman spectra
included an increase in the Raman peaks intensities at 905 (prot. ring str. CC), 1001 (Phe), 1060
(PO2- str. and C=0, C=C str.), 1093 (lipids, chain C=C str. deoxyribose: C=0, C=C str. phos-
phate: str. PO2_), 1125 (C-N str.), 1175 (C-H bend Tyr), 1270 (T, A and amide III), 1310 (A), 1360
(A, G, and prot. CH2 def), and 1390 cm™ (T, A and G). Also, the Raman peak at 1560 cm™ (C=C
and/or C=0 stretch of o-quinone group) shifted to 1575 cm™. Furthermore, new Raman peaks
at 1230 (T, A, and amide III), 1426 (G, A and CH def), and 1502 cm™ (G and A) were observed.
Moreover, the Raman peaks at 1330 (G), 1595 (A and G), 1625 (C=C Tyr and Trp), and 1720 cm™
(amide I and C=0 ester) disappeared, which could be related to a reduction of these functional
groups. This study demonstrated that the changes in the Raman spectra signals of single PC12
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Figure 25. (a) CV background of microelectrode. (b) CV of single PC12 cell on the microgap between the pair of Au
microelectrodes. (c) CV of a single PC12 cell on the microgap between the pair of Au microelectrodes containing the Au
nanodots array. (d) LSV oxidation of a single PC12 cell on the microgap between the pair of Au microelectrodes. (e) LSV
reduction of a single PC12 cell on the microgap between two Au microelectrodes. (f) SERS spectra of PC12 cells control
(top) during reduction (middle) and oxidation (bottom). Reprinted with permission from Ref. [95]. © 2015 Elsevier.
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cells during oxidation and/or reduction processes were more complicated than the changes of
bulk PC12 cells. This may be due to the direct effect of voltage on the target cell [95].

5. Conclusions

Over the last couple of decades, many techniques have been used for the design and fabrication
of homogeneous nanostructure-modified substrates for developing new SERS-active substrates
that we reported and their application as a strong analytical tool for the analysis of both bulk
and single cell. In this chapter, we have reviewed the origin of Raman spectroscopy and its limi-
tations, advantages of SERS technique, and different mechanism theories for SERS phenomena.
In addition to the uses of SERS technique, we have also studied the chemical composition of
different cell components and differentiation between different cell lines, live and dead cells
and to monitor the effects of drugs on different cell lines. Furthermore, we have showed the
capability of SERS to combine with different techniques, for example, combining between SERS
and electrochemical techniques as spectroelectrochemical tool to analyze the intracellular and
extracellular state of single cell that allowed us to follow the mechanism of oxidation and reduc-
tion systematically as a function of electrode potential. Moreover, this technique may be used to
monitor the biochemical changes during cell electrofusion and the electrical stimulation of dif-
ferentiated neural cells. Also, we have reviewed the combination of SERS with flow cytometry
measurements to analyze different single-cell lines including the uses of microfluidic system
enabling easy and potential way for controlling a fast analysis cell-by-cell diagnostic tool with
an amount of information that other optical techniques are lacking. Thus, this cutting-edge
technology that combined the SERS and electrochemical and/or flow cytometry methods could
be utilized as a noninvasive and nondestructive tool at various kinds of cellular researches.
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