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9.1 Raman Imaging

9.1.1 Principles of Raman Spectroscopy and Raman Imaging

Raman spectroscopy, also named Raman scattering after its discoverer the Indian
physicist Sir C. V. Raman, relies on the inelastic scattering of incident photons.
Typically, when a radiation of frequency ω0 is incident on the molecules of a sample,
a certain number of scattered photons occur at all directions with varied frequencies
(Fig. 9.1). Among them, the majority is the elastic scattered photons called Rayleigh
scattering, without any change in frequency; and the inelastic scattered photons with
a shifted frequency of ω0 � ων are the Raman scattering. The frequency ων is found
to be associated to the transitions between molecular rotational or vibrational levels,
resulting in the energy of the incident photons being shifted up or down [1]. The
Raman shifts for scattering with an energy loss (with a frequency of ω0 � ων) are
referred to as Stokes shift, and the others (with a frequency of ω0 + ων) are as anti-
Stokes shift.

The unit for expressing Raman shift (also reported as wavenumber) is the inverse
centimeters (cm�1), which is directly related to energy and can be converted to
wavelength (λ, nm) by:

Raman shift cm�1
� � ¼ 1

λlaser nmð Þ �
1
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At present, Raman spectroscopy is widely used in chemistry to provide a molec-
ular fingerprint by which molecules can be identified. The unique Raman shifts in
energy offer the structural information of molecules and chemical components,
allowing the researchers to detect analytes and obtain their relative concentrations.
For the detection of biological samples, Raman spectroscopy provides favorable
properties: (1) noninvasive detection capability and high specificity with a finger-
print spectrum, weakly influenced by the temperature or environments; (2) high
compatibility with water, which enables the study of biomolecules under the active
state in aqueous samples; (3) minimal volume/amount required for the measurement,
typically with μL–mL of analytes.

Optical imaging based on Raman spectroscopy is further achieved by collecting
and mapping Raman spectra in an area of interest. Either for fundamental studies
or in clinical trials, Raman imaging has now been a powerful technique for
generating structural images or monitoring minute chemical changes of biological
samples such as tumor cells. Basically, Raman imaging can be performed through
direct and indirect strategies: the former detects the target directly through the
featured Raman spectra of targets; while the latter adopts a Raman label with
characteristic peaks to tag and track the targets.

9.1.2 Spontaneous, Surface-Enhanced, and Coherent Anti-Stokes
Raman Spectroscopy

If consider within the framework of the energy-level model, spontaneous Raman
scattering could be regarded as a process where the perturbation of incident photons
makes the molecules transit from the ground state (lowest energy state) to a virtual
state, and then molecules spontaneously turn back to the lower state with the
emission of new photons (Fig. 9.2). It should be noted that the virtual state does
not correspond to any electronic levels, and it cannot be occupied but does allow for
transitions between unoccupied real states [2]. This process doesn’t literally involve
the direct energy absorption. Instead, the role of the incident light is more likely to
induce the possibility of the electronic transitions. Nowadays, many types of

Fig. 9.1 Schematic illustration (left) and energy-level diagram (right) of Rayleigh and Raman
scattering process
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spontaneous Raman spectroscopy techniques have been explored, such as correla-
tive Raman imaging and the resonance Raman spectroscopy. Since Raman scattering
highly relies on the chemical information of molecules and is nearly unaffected by
the environment, the spontaneous Raman imaging can be used to qualitatively
analyze the structure and concentrations of the targets, offering images of high
sensitivity and resolution to reveal the details of biological samples.

However, the inherent cross-section (10�30 to 10�25 cm2) of Raman scattering is
small, compared to that of fluorescence spectroscopy (10�17 to 10�16 cm2).
This leads to a quiet weak spontaneous Raman signal, and largely limits its applica-
tion in clinical imaging [3]. The techniques applied to overcome these limitations
include the surface-enhanced Raman spectroscopy (SERS) and coherent anti-stokes
Raman spectroscopy (CARS).

SERS is a surface-sensitive technique that can greatly amplify the intensity of
Raman spectrum of molecules on or near the surface of plasmonic nanostructures.
The enhancement factor (EF) can be as high as 1014 to 1015, which opens the
possibility for single-molecule detection [1, 4]. So far, SERS has been widely used
in the field of chemical, biological, or clinical sensing and imaging. It has proven to
be an effective and convenient way to amplify the Raman signal of either target or
probe molecules. In addition, the capability to analyze each component from a
multiplexed mixture on the nanoscale makes SERS superior in performing sensitive
and quantitative detection of variant biomolecules, and in obtaining high-quality
images of biological structures. The explicit introduction of SERS will be shown in
Sect. 9.3.

The coherent nonlinear stimulation can effectively enhance the Raman signal,
referred as coherent Raman scattering. One of the developed coherent Raman
imaging techniques is based on CARS. As illustrated in the energy-level diagram
(Fig. 9.2), the molecule is initially in the ground state, and the pump irradiation
(ωpump) excites the molecule to a virtual state. A Stokes beam (ωstokes) is simulta-
neously present along with the pump, together inducing the energy coupling
between the ground state and the vibrational state of the molecule. This coherence
can be probed by a probe beam (ωprobe), which makes the molecule be excited to a
virtual state, and fall back instantaneously to the ground state, leading to the

Fig. 9.2 Energy-level
diagram of CARS process
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emissionof ananti-stokesphoton at the frequencyofωCARS¼ωpump+ωprobe�ωstokes.
When ωprobe equals to ωpump in practical application, the signal
ωCARS ¼ 2ωpump � ωstokes is generated with the intensity dependence of a third-
order nonlinear optical process [5]. By adjusting ωpump and ωstokes to couple with
different molecular vibration energy, the anti-stokes signal can be coherently
enhanced and benefit the detection of the corresponding chemical bonds. CARS
technique is also label-free and noninvasive, has the capability to show three-
dimensional images on molecular components of samples due to its sensitivity to
chemical bonds and nonlinear effects. An alternative nonlinear technique is the
stimulated Raman spectroscopy (SRS). Together with CARS, they have been
studied and shown promises on small molecules tracking and visualization in
biological samples. These two techniques are not the main focus in this chapter.
Readers are encouraged to find detailed information in the relevant reference [6].

9.1.3 Instrumentation, Data Acquisition, and Spectral Analysis

9.1.3.1 Instrumentation
In a typical setup of Raman microscopic spectrometer, the sample is illuminated with
a laser beam, and then the emitted photons from the illuminated spot are collected
with a lens and pass through a monochromator. The collected light is dispersed onto
a detector with Rayleigh scattering being filtered out using the notch or edge filters.
The dispersive spectrographs paired with CCD detectors are commonly used.
Among the applied excitation wavelengths for Raman measurements (514, 532,
615, 633, 785, 830 nm, etc.), 785 nm at the first near-infrared window (NIR-I), is the
most frequently used in biomedical imaging due to the optimal light penetration
depth and the minimization of autofluorescence from biological tissues.

9.1.3.2 Data Acquisition
The most applied method of acquiring spectra for Raman imaging is the pixel-by-
pixel point scanning, which requires no technical upgrades on the basic Raman
microscopes [7]. Although this strategy has shown enough time resolution to
visualize the localization of analytes or nanoparticles (NPs), it leads to a relatively
long acquisition time, usually 0.5–20 h for a single-cell imaging (50 � 50 pixels) if
considering that of 0.5–30 s per spectrum.

There have been some techniques developed to accelerate the imaging process in
commercial Raman spectrometers. One is the line-scanning method, adopted as the
StreamLine™ (Renishaw). Line-scanning acquires spectra from a line of points
through a linear laser spot, and can reduce the image acquisition time for the
sufficient temporal resolution, rapidly generating high-resolution two-dimensional
images of large sample areas in square centimeter scale. It can also prevent laser
induced sample damage by illuminating with a line of laser beam, rather than an
intense spot. Secondly, Raman imaging can be realized by rapid movement of the
laser spot instead of mechanical movement of the sample stage, therefore greatly
improving the imaging speed. For example, the Duoscan™ mode (Horiba) uses a
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combination of two galvo mirrors that make the laser beam scan across a pattern,
either a line for linear profiles or a two-dimensional mapping area. It can be used to
generate a “macro laser spot” for a large area with a scanning step size down to
50 nm. Some other techniques, such as multifocus Raman imaging which arranges
excitation beams throughout the field of view, or the selective scanning which takes
advantages of spatial correlation within samples to reduce the number of spectra
required, are also developed in Raman imaging studies to reduce overall acquisition
time [7].

9.1.3.3 Spectral Analysis
The Raman spectra for imaging provide high-resolution spatial information of
samples, and their raw data also contain spectral information of many interferents.
Therefore, it is usually necessary to perform data processing and spectral analysis to
deal with the complex dataset for diagnosis and imaging [8].

Spectral preprocessing refers to the treatment before the data are effectively
analyzed, aiming to eliminate the interferences of nontarget signals such as
autofluorescence background, noise, substrate-generated and other unwanted signals
from the sample itself [9]. It could be performed in the following steps: (1) Spectrum
smooth. It is applied to a set of Raman spectral data to smooth the high-frequency
components without distorting the signal tendency. Savitzky–Golay filter is one of
the most popular digital filters applied, which fits successive subsets of adjacent data
points with a local polynomial, and can be adjusted by selecting the degrees of
polynomials [10]. (2) Background removal, i.e., baseline subtraction. The
non-Raman background can be determined and removed while preserving charac-
teristic Raman peaks originating from the sample, by using the polynomial fitting, a
wavelet transform, etc. (3) Normalization. Different Raman spectra are often
obtained under different experimental conditions and time instruments. The purpose
of normalization is to ensure that the Raman spectra of the same materials are as
consistent as possible under different test conditions. The common normalizations
are based on peak intensity or peak area of a standard material, e.g., a silicon
substrate.

After acquiring a group of Raman data with spatial and spectral information (x, y,
and Raman shift), a variety of methods can be used to transform them into an image,
from direct display of band intensities to more advanced statistical methods [7]. The
univariate imaging is a simple way to visualize the locations and relative
concentrations of target molecules in the samples, by displaying the intensity of a
specific Raman band at each pixel. Advanced multivariate analysis can be further
used for complicated samples with multiple components. It exploits the whole
spectrum of Raman data rather than relying on a single Raman mode, simultaneously
using multiple peaks to display molecular properties and to extract effective infor-
mation from complex variables. In this case, the minor variations in the spectrum
that are unobservable to the naked eyes could convey valuable information. A
variety of multivariate analysis methods can be combined and optimized based on
the goals of analysis: (1) Data generalization and model construction. For example,
principal component analysis (PCA) captures a set of linearly uncorrelated variables
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called as principal components to represent the entire dataset, then generates PCA
images by plotting the principal components scores at each pixel. (2) Classification.
The cluster analysis is adopted to group the sets of similar spectra by assigning
colors to each cluster. The average spectrum of each cluster can be analyzed to
extract chemical information throughout the sample. (3) Regression to make
predictions. The two groups of variables can be correlated and quantified to form a
regression model. In this process the coefficients define the relationship between
each independent variable and the dependent variable.

9.2 Spontaneous Raman in Biomedical Imaging

9.2.1 Raman Contrast and Label

Spontaneous Raman spectroscopy is capable to provide specific vibrational infor-
mation of chemical bonds in biomolecules (e.g., lipids, nucleic acids, proteins) as a
direct imaging method. The intrinsic bonds with characteristic Raman modes are
chosen as label-free chemical contrast in biomedical imaging, such as C–H
(2800–3000 cm�1), C¼O (1680–1820 cm�1), C–C (stretching mode at
1000–1200 cm�1), and C¼C (stretching mode at approximately
1500–1700 cm�1), as shown in Fig. 9.3 [11]. The common biomolecules and their
corresponding chemical contrast information can be found in Table 9.1.

Still, spontaneous Raman imaging is hindered by the low sensitivity and weak
signals. Some specialized Raman labels have thus been developed to enhance
imaging contrast and track molecules. The requirements for the Raman labels are
that their bands are easily distinguishable and should not overlap with intrinsic
signals of the target molecules. Two excellent candidates are the stable isotope

Fig. 9.3 The contrast bands (blue) and label bands (green). The Raman spectrum is measured on
an MDA-MB-231 breast cancer cell. The labels exhibit instinct Raman bands in the cell-silent
window
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labels and alkyne labels. The stable isotopes (e.g., 2H, 13C, 15N) are used to replace
their primordial isotopes (1H, 12C, 14N) [14]. The heavier isotope can lower the
vibrational energies of the associated chemical bond, leading to the shifted Raman
bands. As the isotope labels can be nondestructively tagged into cellular genomics
by cell co-incubation, they enable the direct studies of single-cell metabolism, cell–
cell transition and functional properties of microbial communities [14]. Another
promising Raman label is the alkyne structure (C�C), which shows a strong band in
the spectral cell-silent window (1800–2800 cm�1). Considering that the
600–1800 cm�1 region is generally crowded with intrinsic Raman bands, and the
high-frequency C–H stretching mode (2800–3200 cm�1) lacks specificity, the cell-
silent window is free from the interference of endogenous cellular background
(Fig. 9.3). Also, being small enough not to affect the properties of target molecules,
the alkyne structures have been applied to design a kind of alkyne-tagged cell
proliferation probes, EdU (5-ethynyl-20-deoxyuridine), for live cell imaging
[15]. Both the stable isotope and alkyl-based Raman label can provide a way with
minimal labeling to distinguish the molecules of interest in the spectrum, greatly
enhancing the specificity of Raman images.

Table 9.1 Biomolecules, corresponding contrast and Raman bands, with data adapted from ref.
[12, 13]

Biomolecule Contrast Raman band (cm�1)

Phospholipid PO4
2� 1090

Lipid Cholesterol 607, 700, 1440, 1674

C–C 1065, 1129

C¼C 1660

C¼O 1740

CH2 deformation 1300, 1440

N(CH3)3 716, 875

Protein Amide I 1655–1666

Amide III 1255

CH3 deformation 1320, 1450

Peptide C–Cα 898, 935

Phenylalanine 622, 1004, 1030, 1159, 1208, 1607

Tyrosine 644, 830, 855, 1175, 1617

Tryptophan 757, 1159, 1340, 1555, 1617

Nucleic acid Adenine 727, 1490, 1580

Cytosine 785

backbone 830, 1093–1100

DNA backbone 680, 1490, 1580

Guanine 667, 757, 780, 1277

Thymine
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9.2.2 Spontaneous Raman in Biological Studies

Spontaneous Raman spectroscopy has been shown to measure the slight chemical
changes and relative concentrations of components in a single cell, or even at
a subcellular level. The visualization of various factors, including the uptake of
drugs, bioactive compounds or non-chemical stressors can be obtained [16]. So far,
Raman imaging has been be used to study metabolites such as (deoxy)nucleotides,
lipids, proteins, amino acids and sugars, playing an important role in fundamental
studies of biology, pharmaceutical and medical sciences [11, 17].

9.2.2.1 Nucleic Acid and Proteins Tracking
Nucleic acids and proteins are both essential components in biological cells. The
commonly applied imaging method is by staining morphologically preserved fixed
cells and tissues. The Raman technique provides an investigation on them in live
cells with minimal labels. Sodeoka et al. put forward with the strategies of using
alkynes in nucleic acid and proteins visualization [15, 18]. They successfully
designed an alkyne-tagged cell proliferation probe, 5-ethynyl-20-deoxyuridine
(EdU), which was readily incorporated into DNA as a mimic of thymidine during
DNA replication and can accumulate in nucleus. Thus, the localization of DNA in
live cells can be visualized. Alkyne-tagged coenzyme Q (CoQ) analogues were
imaged in the same way and their cellular concentrations be semiquantitatively
estimated. A simultaneous imaging of the two small molecules, EdU and a CoQ
analogue, was also demonstrated. This strategy should be applicable to image a
variety of small molecules, such as lipids and drug candidate molecules.

It is noteworthy that in recent years, this method is more adopted by nonlinear
Raman imaging techniques, which offers faster image acquisition and greater sensi-
tivity. For example, the alkyne-tagged deoxyribonucleoside ethynyl-deoxyuridine
has been used to elucidate DNA synthesis and cell proliferation by SRS [19].

9.2.2.2 Medial Vascular Calcification Imaging
Medial calcification accumulated in the human aorta induces a weakened arterial
compliance and is known to comprise a number of diseases. Stevens et al. studied the
mechanism of cardiovascular calcification, especially its relationship to atheroscle-
rosis, by using Raman imaging methods [20]. They revealed a biochemical distribu-
tion in the aorta by characterizing the Raman spectroscopy of proteins, cholesterol
and predominant minerals. Spectral unmixing algorithms were adopted to distin-
guish between the major biomolecules (apatite, whitlockite, β-carotene, cholesterol
ester, triglyceride, elastin, collagen, actin). Raman images of 200 mm � 200 mm
with a step size of 0.8 mm � 0.8 mm were acquired using 785-nm laser, 100 mW
power and 1 s integration time. For the first time they demonstrated that Raman
spectroscopy can be used to quantify the spatial distribution of the mineral species in
aortic tissues.
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9.2.2.3 Study on Endoplasmic Reticulum (ER) Changes
ER is a cellular compartment where proteins undergo folding and being transported
to other parts of a cell or outside cell. The exposure to stressors induces a decreased
ER capacity of protein folding and thus an accumulation of unfolded proteins.
Majzner et al. have used Raman confocal imaging to monitor biochemical alterations
in single endothelial cells under stress stimulated by tunicamycin (Tu) [21]. A
532 nm laser was used with a power of ~15–20 mW at the sample. Raman imaging
was performed on cells with a 0.5 s integration time and a sampling step size of
0.5 μm. They found that Tu accumulation led to the enlarged size of the ER and a
decrease of the phospholipid content in the corresponding area. The increased
intensity of bands at 790, 1098, 1206, 1342, and 1380 cm�1 observed in the ER
spectra after Tu treatment indicated that the content of nucleic acids is also bigger.
Overall, the application of Raman imaging enabled the studies on the minute
chemical information within a single endothelial cell.

9.2.3 Spontaneous Raman in Disease Diagnostics

9.2.3.1 Brain Tumor Biopsy
Limited by the long exposure time, spontaneous Raman imaging is rarely used
in vivo or in clinical applications. Still, it can be used on tissues ex vivo for the
visualization of tumor sites. J. Popp et al. demonstrate the diagnostic prospects of
Raman imaging to probe the cell density and nucleic acid of brain primary tumor
metastases [22]. They collected Raman images of human brain tumor tissue sections
and analyzed the data using the multivariate vector vertex component analysis
(VCA). The results were compared with the gold-standard histopathological assess-
ment, which uses H&E staining on abnormal tissues to show what type of brain
lesion (abscess, tumor) is and whether it is malignant or not. A good agreement of
Raman imaging results with H&E staining results was reached after spectral
demultiplexing. The morphology obtained in lots of Raman images could be
interpreted in a similar way as the H&E staining biopsy. Moreover, it was impressive
that the spatial resolution was high enough that individual cell nuclei could be
resolved in the Raman images. This work demonstrated the prospects of spontaneous
Raman imaging as a biopsy tool for direct vision without labeling.

9.2.3.2 Biochemical Study of Heart Tissues
The biochemical study of heart tissues is important to provide information on infarct
and related heart disease. Conventional histological examinations such as hematox-
ylin and eosin staining is capable of elucidating morphological information on fixed
tissues, but cannot be applied in vivo. Takamatsu et al. demonstrated a high-speed
spontaneous Raman imaging on rat heart tissues with resonance Raman effect of
heme proteins [23]. In their findings, the cardiomyocytes and blood vessels in intact
hearts can be visualized via cytochromes from oxy- and deoxyhemoglobin, while
those in infarct hearts via cytochromes from collagen type-I. By using spectra
extracted by PCA, they imaged the intact and infarcted myocardial sections at the

9 Spontaneous Raman and Surface-Enhanced Raman Scattering Bioimaging 185



cellular level without further staining. Their work has shown the potential of
spontaneous Raman imaging for studying morphological and biochemical changes
of heart tissue based on the molecular components, and is prospective toward in vivo
monitoring of cardiac microcirculation and fibrosis.

9.3 SERS in Biomedical Imaging

9.3.1 Mechanism and Advantages of SERS

SERS was firstly discovered by Fleischmann et al. in 1974, when they adsorbed
pyridine molecules on the surface of roughened silver electrode and obtained the
enhanced Raman spectra of pyridine molecules [24]. It was found that the pyridine
Raman signal was enhanced by nearly six orders of magnitude. The observed
enhancement cannot be explained simply by the increase in the number of
molecules, which turned out to be an enhancement effect associated with rough
plasmonic surfaces referred as the SERS effect. Its mechanism has been studied
throughout decades, with the contributions of EF usually separated into two main
categories [1, 2]:

9.3.1.1 Electromagnetic (EM) Enhancement
It is due to an enhanced electric field near the surface of metallic nanostructures,
which is affected by their material, size and shape. When metal NPs are irradiated
with incident light, the collective oscillations of conduction electrons at the bound-
ary of NPs are excited as localized surface plasmon resonance (LSPR). This process
results in a large local field enhancement near NP surfaces, referred to as EM hot spot
regions. The Raman signal of molecules located in hot spots can be greatly
enhanced, through the coupling of metallic NPs with both the incident field and
the re-emitted (scattered) Raman field: the LSPR firstly amplifies the intensity of
incident field which excites the Raman scattering of the molecules, thus increasing
the signal; then, the Raman scattering signal is further amplified due to the same
mechanism, bringing an increase in total EF. The electric field is enhanced as |E|2 at
each stage. When both the incident light and the scattering resonate with plasmon
frequency, the maximum enhancement can be obtained as the fourth power of the
incident field |E|4. EM is thought to be the main contribution to SERS EF, and is
nonselective that gives the same enhancement to all types of molecules on the
surfaces either through chemisorption or physisorption.

9.3.1.2 Chemical Enhancement (CE)
It is due to the electronic interaction between chemically adsorbed molecules and
metallic surfaces. CE can be understood in a way that the interaction induces the
formation of intermediates which have a larger scattering cross-section than that of
original molecules. The most widely accepted explanation for this is the so-called
charge transfer (CT), which can be from the highest occupied molecular orbital
(HOMO) of molecules to the Fermi level of metal, and the Fermi level of metal to the
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lowest unoccupied molecular orbital (LUMO). Yet researchers have not reached an
agreement on the mechanisms and enhancement contributions of CT effect, of which
the reported EF was in a wide range of 10 to as high as 107 to 108 [25]. Also, there
are different explanations for the CT effect, including the vibronic coupling model
based on the selection rule [26], tunneling or electron transport at metal–molecule–
metal interface [27, 28].

9.3.2 Fabrication of SERS Probes

In SERS imaging, the Raman labels with characteristic spectrum are designed to
attach to biological tissues or cells through bio-recognition. Then targets can be
evaluated by reading the spectra of labels, as an indirect imaging strategy. These
Raman labels are named as SERS probes (or SERS tags), which consist of metallic
NPs, Raman reporters, protective layers and targeting ligands [29, 30]. In the
fabrication process of a typical SERS probe (Fig. 9.4), each step follows certain
strategies and principles of design, aiming to improve the intensity, sensitivity,
stability, targeting efficiency and binding ability of the SERS probes.

9.3.2.1 Metal NPs
As the core of a SERS probe, the metal NP serves as a substrate to enhance the
Raman signal of the molecules adsorbed on the surface. In recent years, plasmonic
nanostructures with different sizes and shapes have been intensively studied such as
nanospheres, nanorods, nanostars, hollow nanocages and core-shell particles with
interior nanogaps. Among them, three types of NPs reported to have ultrahigh EF
are: (1) the ones with sharp tips (e.g., nanostars), (2) the assembled NP aggregates
with large numbers of hot spots (e.g., NP dimers or trimers), (3) NPs with interior
nanogaps as built-in hot spots (e.g., Au core/gap/Au shell NP). Still, Au or Ag
nanospheres are the most commonly applied NPs because of their convenient
synthetic routes.

9.3.2.2 Raman Reporters
These reporter molecules attached onto the metal NPs endow SERS probes with
unique Raman spectra. Generally, the metallic NPs and Raman reporters are the

Fig. 9.4 Fabrication process of a typical SERS probe
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basic unit of a SERS probe to provide the strong and characteristic Raman signals,
being decisive on the specificity and sensitivity of SERS imaging. There are several
strategies to choose suitable Raman reporters [29, 30]: (1) molecules are with a large
scattering cross-section for obtaining strong Raman signals, which typically feature
aromatic rings or π-conjugated systems; (2) molecules can be easily adsorbed onto
metal substrates through physisorption or chemisorption, e.g., molecules with sulf-
hydryl groups, amino groups, and carboxyl groups; (3) molecules should have, but
not too many, characteristic Raman bands to minimize the band overlap with other
molecules in a multiplexing analysis; (4) molecules with an electronic transition
band in resonant with the incident laser are beneficial for the surface-enhanced
resonant Raman scattering (SERRS) effect, gaining additional 10- to 100-fold
enhancement [31].

9.3.2.3 Protective Layer
The compound of metal NP-Raman reporter is the core of a SERS probe, but this
simple structure lacks stability and its Raman signal is easily interfered by the
surrounding environment. The protective layer is thus adopted to: (1) enhance the
stability and biocompatibility of NPs by replacing the original stabilizers or
surfactants on their surface; (2) offer the anchoring sites for targeting ligands;
(3) protect Raman reporters from directly contacting and being affected by the
solution medium. The materials of protective layers can be silica, mesoporous silica,
polymers (including polyethylene glycol, polyvinylpyrrolidone, polydiacetylenes),
dihydrolipoic acid, etc. Nowadays, silica is mostly adopted due to its easy fabrica-
tion, and has been applied in commercial Nanoplex™ biotags—a type of silica
coated Au NP SERS probes.

9.3.2.4 Targeting Ligands
In the final step of fabrication, the ligands are conjugated to the surface of SERS
probes. This step is of critical effects in imaging specificity since the interaction
between ligands and targets leads SERS probes to migrate to specific sites. The
selection of ligands, including proteins, nucleic acids, aptamers, and small
biomolecules, depends on the types of target molecules, e.g., receptors on the tumor
cell surface.

The SERS probes facilitate the researches and applications of Raman-based
imaging and detections owing to its impressive advantages over conventional optical
labels (e.g., organic fluorescent dyes and quantum dots) [32]:

1. High sensitivity down to the single-NP detection level.
2. The narrow bandwidth (usually ~10 cm�1) much smaller than that of fluorescent

dyes (~50 nm), which minimizes the peak overlapping for various Raman
molecules in the multiplex assays.

3. High photostability under continuous laser irradiation.
4. The selectable excitation wavelength by adjusting the morphology of the SERS

substrate and choosing a specific Raman molecule.
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9.3.3 SERS Imaging in Biological Studies

9.3.3.1 Cell Imaging
The in vitro cell bioimaging yields information on the cellular biomarkers’ expres-
sion, intracellular organelles, interactions and dynamics, thus being widely applied
and playing a critical role in fundamental biological studies. SERS probes are of
intrinsic photostability and multiplexing capability, and the surface coating further
brings in high specificity and targeting efficiency, making them ideal optical agents.
SERS probes can identify cancer cells via the recognition between specific mem-
brane cancer marker and targeting ligands, such as anti-epidermal growth factor
receptor (EGFR) antibodies.

As a nondestructive and sensitive detection technique for chemical components in
living cells, SERS cell imaging can be applied for studying the biomarker expression
on cell membrane. Additionally, it can be adopted to study and visualize the local
chemistry and changes in cell micro environment. The main principle for this type of
measurement is to use the target-sensitive Raman reporters. For example, in order to
detect the dynamic detection of local pH in living cells, the molecules with
pH-dependent spectra are favorable, such as 4-mercaptobenzoic acid (MBA) or
2-aminobenzenethiol (ABT) whose carboxyl or amino groups can be protonated at
low pH [32]. Typically, the signal ratios of 1423 cm�1 mode (COO- stretching
mode) to 1076 cm�1 (aromatic ring vibration) of MBA molecules can be applied to
sense pH variation. Similarly, to detect the cholesterol in living cells, the Au/Ag NPs
modified with 4-mercaptophenylboronic acid (MPBA) on the shell surface was
developed [33]. MPBA can react with H2O2 and convert into
4-hydroxybenzenethiol (HBT), inducing a change in SERS signal. These NPs can
be used to quantify and map the intracellular cholesterol via the produced H2O2 in
cholesterol oxidation process, proving a reliable SERS mapping analysis of intracel-
lular H2O2 and cholesterol at single-cell level.

9.3.3.2 Multiplexing Imaging
The multiplexing imaging has also been intensively studied using SERS probes,
which is of multiplexing capability of detecting cancer biomarker on the cell
membrane, and the concentration of the biomarkers could be calculated through
data processing of individual Raman spectrum, demonstrating the potential for high
throughput mapping of cancer cells. For example, researchers have applied the
ultrasensitive SERS probes as intracellular imaging agents, which can be embedded
with different Raman reporters, and modified with different types of targeting
ligands: cell-penetrating peptide, mitochondria-targeting peptide, nucleus-targeting
peptide. Their characteristic Raman spectrum can be separated to obtain the location
of each type of SERS probes in cells. The multiplexing live-cell imaging is achieved
in high-speed (10 ms/pixel) with 200 μW laser power and 785 nm excitation
[34]. This work demonstrates promising subcellular organelle targeting and
multiplexed capabilities for informative SERS cell imaging, also reveals a great
potential for the high throughput SERS imaging of living subjects in the future.
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9.3.4 SERS Imaging in Disease Diagnostics

9.3.4.1 Tumor Imaging
SERS has emerged as a powerful tool for in vivo imaging and overcomes several
limitations of other imaging methods. The biosafety of SERS probes is expected that
no evidence of significant toxicity was observed 2-week after administration in mice
[35]. The photostability of SERS probes surpasses the fluorophores. Also, they can
be used with adjustable laser excitation and allow multiplexing imaging without
strong autofluorescence background interference of tissues.

Starting from one decade ago, researchers have achieved in vivo tumor detection
on the mice model. In 2008, Nie et al. using polyethylene glycol coated Au NPs as
SERS probes with crystal violet molecules as Raman molecules, which can attach to
xenograft tumor models by EGFR biomarkers on human cancer cells [36]. Similar
experiments were reported by Kircher et al. using carbon nanotubes as SERS
substrate [37]. Following these pioneered works, plenty of progress has been made
toward in vivo tumor SERS imaging, mainly to reduce acquisition time by develop-
ing brighter SERS probes, improving target specificity, and optimizing Raman
system and methodologies [29]. So far, different SERS tags have been developed
like Au NPs, nanostars, nanorods, gap-enhanced Raman tags (GERTs) and carbon
NPs, with a potential for multiplexing tumor imaging, showing broad research
interest in engineering and medicine [29, 38, 39].

Researchers have also begun to integrate SERS with other imaging modalities,
such as fluorescence, photoacoustic imaging, PET, CT, and MRI. Gambhir et al. has
invented a unique triple modal agent for magnetic resonance imaging, photoacoustic
imaging and SERS imaging. This tri-modality agent can help delineate the margins
of brain tumors in living mice both preoperatively and intraoperatively, showing the
promise for precise brain tumor imaging and resection [40]. Similarly, a type of core-
shell Au nanorods embedded with fluorophores of high Raman cross-sections was
designed as fluorescence-Raman bimodal nanoprobes by Kircher et al. [41]. Their
dual-mode imaging has achieved the visualization of tumor sites on mice models of
subcutaneous ovarian cancer or the glioblastoma. The work demonstrates the poten-
tial of the integrated fluorescence-Raman technique in cancer imaging.

9.3.4.2 Lymph Node Localization
The sentinel lymph node (SLN) is considered as the first station for metastatic
tumors to spread to other parts of the body through the lymphatic system. The
presence or absence of cancer cells in SLN could be critical in determining the stage
of cancers. As a result, the SLN identification is a key step in the investigation
procedure for lymphatic metastasis of tumor sites, in which the optical imaging
technique is usually applied. The SERS probes can fulfill the requirement as an SLN
imaging agent. In recent years, Ye et al. developed the core-shell structured GERTs
[42, 43], which is reported to have strong EF, high photostability, long retention time
(24 h) in lymph node, convenient usage (injection 2 h before surgery), and good
imaging depth (over 2 mm). They not only allow the high-contrast and deep
imaging, but provide the dynamic migration trace of SERS probes into the SLN.
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The high-resolution three-dimensional margin of SLN can be visualized through
quantitative volumetric Raman imaging data processing. It is also possible to apply a
portable Raman spectrometer to locate the SLN, proving a promising potential for
convenient preclinical applications.

9.3.4.3 SERS Image-Guided Surgery
Despite major advances in targeted drug and radiation therapies, surgery is still the
most effective treatment for localized tumors. Benefited from the development and
application of portable Raman scanners and Raman endoscopes, precision cancer
surgery guided by intraoperative Raman imaging has been explored in biomedical
studies [44]. A SERS probe with high brightness, good targeting capability and
specificity can be beneficial for the complete tumor resection surgery of the primary
tumor, draining lymph nodes and metastatic sites. Ye et al. developed a type of
sensitive core-shell SERS NPs with embedded Raman reporters, showing a detection
limit of 20 fM in aqueous solution under laser power density of 105 W/cm2 and
1.86 s integration time [38, 45]. These SERS probes can be applied to identify the
tumor margin and locations of micro satellite metastases, as demonstrated in mice for
the successful diagnostics of disseminated ovarian cancers, as well as the treatment
of the prostate tumors, opening the possibility for more complete tumor resection.

Since SERS probes have large surface areas for functionalization, it is also
possible to incorporate other therapy methodologies, including photodynamic ther-
apy, photothermal therapy, and chemotherapeutic delivery, to achieve an image-
guided therapy. For example, plasmonic NPs can be served as photothermal agents
due to their intrinsic EM enhancement ability. Under continuous irradiation, the
SERS probes can have high-enough temperature as the therapeutic agents for image-
guided photothermal ablation of tumors [46]. Also, by loading drugs in the surface
coating layer of SERS probes, one can perform the Raman-guided chemo-
photothermal synergistic therapy [47]. This can be designed for the SERS probes
to precisely bind to tumor sites, revealing tumor margin, releasing drugs under the
irradiation, killing tumor cells in high temperature, and thus minimizing the side
effects on normal tissues. It proves that SERS probes are a robust platform for the
intraoperative diagnosis and treatment of tumors.

9.4 Perspective and Conclusions

Raman imaging, including spontaneous Raman and SERS microscopic imaging
technique, have been explored to provide the high-resolution noninvasive molecular
analysis of biological samples, and shows a breakthrough potential for the diagnoses
on human diseases.

Spontaneous Raman imaging is capable to obtain label-free chemical images of
samples especially in vitro. Various strategies have been adopted to optimize its
performance, such as developing advanced instruments, or enhancing contrast by
attaching Raman labels. However, it is still far from clinical application due to the
limitations of imaging speed. Huge research opportunities exist in its data acquisition
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techniques, spectral processing and analysis methodologies. For example, Raman
systems should be updated by reducing either the scanning or data collecting time for
high-speed and wide-field imaging. A small-animal Raman imaging system with a
speed of 1.5 min for a 5 mm � 5 mm area was reported, showing a tenfold and
240-fold improvement in scan time compared with the Streamline™ (Renishaw) and
the normal scan mode, respectively [48].

In contrast, SERS imaging possesses several advantages over spontaneous
Raman imaging with reduced time, better photostability, sensitivity, and capability
of multiplexing imaging, and has achieved huge progress during the past decade.
Nevertheless, the most threatening impediment to its general application is still the
imaging speed, particularly compared to that of fluorescence imaging. Its typical
exposure time on a single cell is in minutes, which may damage the biological
samples and hinder the high-resolution live cell imaging. Efforts have been devoted
in two aspects to circumvent this problem. The first is to develop advanced Raman
spectrometers, which can also be used for spontaneous Raman imaging. The second
is to invent brighter SERS probes. A series of work has been undertaken so far. For
example, a type of core-shell probes with the embedded Raman reporters and the
petal-like Au shells were reported to have a 109 EF and the single-NP detection
sensitivity. They allowed the high-resolution cell imaging within 6 s in an area of
50 � 50 pixels, under a 370 μW laser by using the commercial confocal Raman
microscopy. In vivo imaging on mice models using the same power and an acquisi-
tion time of 0.7 ms per pixel on an area of 3.2 � 2.8 cm2 was also achieved, which
enables high-contrast Raman imaging with a signal-to-background ratio up to
~80 [49].

Like other optical imaging techniques, the tissue penetration in SERS imaging is
limited by the absorption and scattering of photons. This hinders the deep tissue
imaging on large animals or whole-body scanning on humans. Attempts to circum-
vent this problem including the development of SERS probes for the second near-
infrared window (NIR-II). The NIR-II region of 1000–1700 nm has drawn much
attention in bioimaging due to its high improvement in penetration depth and spatial
resolution by reducing scattering, absorption, and autofluorescence of tissues.
Researches on a direct comparison between NIR-I and NIR-II SERS have
demonstrated that the latter provides more favorable optical conditions on biological
tissues than the former [50]. It thus would be a great benefit for the studies and
applications of SERS imaging with suitable NIR-II probes. Other efforts have been
put on the development of multimodal SERS probes, which integrates SERS with
other imaging techniques (such as photoacoustic imaging, PET, CT, and MRI) to
overcome the limitations of tissue penetration in optical imaging.

Finally, although a variety of fascinating SERS probes have been developed,
there are still many obstacles needed to overcome for clinical application, which
requires the regulatory approval of the inert NPs based on the knowledge of the
pharmacokinetics and toxicity related to metallic, inorganic, and polymeric
materials.
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