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Abstract
Raman spectroscopy, based on the inelastic scattering of a photon, has been widely used as an
analytical tool in many research fields. Recently, Raman spectroscopy has also been explored for
biomedical applications (e.g. cancer diagnosis) because it can provide detailed information on the
chemical composition of cells and tissues. For imaging applications, several variations of Raman
spectroscopy have been developed to enhance its sensitivity. This review article will provide a
brief summary of Raman spectroscopy-based imaging, which includes the use of coherent anti-
Stokes Raman spectroscopy (CARS, primarily used for imaging the C-H bond in lipids), surface-
enhanced Raman spectroscopy (SERS, for which a variety of nanoparticles can be used as contrast
agents), and single-walled carbon nanotubes (SWNTs, with its intrinsic Raman signal). The superb
multiplexing capability of SERS-based Raman imaging can be extremely powerful in future
research where different agents can be attached to different Raman tags to enable the interrogation
of multiple biological events simultaneously in living subjects. The primary limitations of Raman
imaging in humans are those also faced by other optical techniques, in particular limited tissue
penetration. Over the last several years, Raman spectroscopy imaging has advanced significantly
and many critical proof-of-principle experiments have been successfully carried out. It is expected
that imaging with Raman Spectroscopy will continue to be a dynamic research field over the next
decade.
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INTRODUCTION
Raman scattering, the inelastic scattering of a photon, occurs when a small fraction of the
scattered light (approximately 1 in 107) is scattered by an excitation which leads to scattered
photons with a frequency different from that of the incident photon [1]. There are two types
of Raman scattering when energy exchange occurs between the incident photon and a
molecule: Stokes scattering (the molecule absorbs energy) and anti-Stokes scattering (the
molecule loses energy). Since the energy levels are unique for every molecule and the
frequency of light scattered from a molecule is based on the structural characteristics of the
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chemical bonds, Raman spectrum is highly chemical specific. Therefore, Raman
spectroscopy has been utilized as an important analytical tool in many research disciplines
such as chemistry [1,2], medicine [3,4], physics [5], and material science [6].

Recently, Raman spectroscopy has also been explored for biomedical applications because it
can provide detailed information on the chemical composition of cells and tissues. The
Raman spectrum of a cell, a biochemical “fingerprint” containing molecular-level
information about all the biopolymers inside the cell without the need of an exogenous label,
can be used to characterize the distribution of multiple cellular components and study the
dynamics of sub-cellular reactions with excellent spatial resolution [7,8]. Raman
spectroscopy has showed tremendous promise for the analysis of biological processes within
living cells, such as cell cycle dynamics, cell differentiation, and cell death [9]. Many
diseases can lead to changes in molecular composition of the affected tissues. Raman
spectroscopy can reflect these changes in many cases, thereby providing the physician with
invaluable information for diagnosing certain diseases in real time. Over the last decade, the
diagnostic potential of Raman spectroscopy has been demonstrated in cancers of various
organs including the esophagus [10], breast [11,12], lung [13], bladder [14], skin [15-17],
among others. Further, Raman spectroscopy has also been demonstrated useful for the
diagnosis of certain vascular diseases such as vulnerable plaque detection in atherosclerosis
[18].

Molecular imaging, “the visualization, characterization and measurement of biological
processes at the molecular and cellular levels in humans and other living systems”, has
gained enormous interest over the last decade [19]. Molecular imaging techniques typically
include molecular magnetic resonance imaging (MRI), magnetic resonance spectroscopy
(MRS), optical bioluminescence, optical fluorescence, targeted ultrasound, single-photon
emission computed tomography (SPECT), and positron emission tomography (PET)
[20,21]. Continued development and wider availability of scanners dedicated to small
animal imaging studies, which can provide a similar in vivo imaging capability in mice,
primates, and humans, can enable smooth transfer of knowledge and molecular
measurements between species thereby facilitating clinical translation of novel imaging
agents and/or techniques.

Among all these imaging techniques, no single modality is perfect and each has its
advantages and disadvantages. The fact that Raman spectroscopy can provide molecular/
chemical information of the tissue of interest makes it a competitive contender in the
molecular imaging arena. Aside from chemical specificity, Raman spectroscopy also
possesses many other desirable properties for imaging applications, such as high spatial
resolution, superb multiplexing capability [22], low background signal, and excellent
photostability [23]. However, the magnitude of Raman scattering is inherently weak (1
inelastically-scattered photon in every 107elastically scattered photons) which significantly
hampers its biomedical applications. Over the years, several variations of Raman
spectroscopy have been developed to enhance its sensitivity and many in vivo imaging
studies with Raman spectroscopy have been successfully achieved [24-26]. This review
article will provide a brief summary of Raman spectroscopy imaging, which includes the use
of coherent anti-Stokes Raman spectroscopy (CARS), surface-enhanced Raman
spectroscopy (SERS), and single-walled carbon nanotubes (SWNTs).

IMAGING WITH CARS
CARS, a label-free imaging technique, employs multiple photons to address the molecular
vibrations and produces a signal where the emitted waves are coherent with one another
[27]. A non-linear process gives rise to a coherent radiation that is greatly enhanced when
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the frequency difference between the two laser pulses equals the Raman frequency of the
chemical bond of interest. Although CARS is several orders of magnitude stronger than
spontaneous Raman scattering, the absolute sensitivity of CARS is still relatively low.
Therefore, CARS has primarily been used to detect molecules that are abundant in
biological tissues, in particular lipids that have high density of CH2 groups [28].

CARS has been employed to image intracellular organelle transport in live cells [29].
Quantitative imaging of intracellular lipid droplets has also been achieved to characterize the
interaction between cells and free lipids [30]. In addition, CARS can be used to differentiate
embryonic stem cells from other cells within a growing culture [31]. The non-linear nature
of CARS permitted imaging with sub-cellular resolution, thereby offering a means by which
the chemical changes accompanying the early stages of stem cell differentiation can
potentially be associated with certain intracellular compartments (e.g. the nucleus,
cytoplasm, and membranes).

In one pioneering study, a sensitive technique for vibrational imaging of tissues by
combining CARS with video-rate microscopy was developed [32]. Backscattering of the
intense forward-propagating CARS radiation in tissues resulted in a strong epi-CARS signal,
which allowed for real-time monitoring of dynamic processes such as the diffusion of
chemical compounds in tissues. Focusing on the CH2 stretching vibrational band, CARS
imaging and spectroscopy of lipid-rich tissue (e.g. the ear) in a live mouse was achieved
with excellent contrast and sub-cellular resolution (Fig. (1)). Subsequently, in vivo imaging
of myelin fibers in the mouse brain by CARS microscopy was reported [33]. Several studies
have also demonstrated high resolution imaging of biological tissue samples with CARS
[34], which may augment the diagnostic accuracy of traditional frozen section
histopathology in needle biopsy, as well as dynamically define the margins of tumor
resection during surgery.

Although imaging with CARS is still at its infancy, proof-of-principle in vivo imaging has
been demonstrated. In addition to the C-H bond, CARS microscopy may also be used with
other vibrational modes (e.g. O-H stretching). Advances in several areas, such as
miniaturization of the microscope objective, high-speed scanning, and longer wavelength
excitation, are expected to significantly facilitate CARS imaging of live animals in the
future [28]. The recent development of CARS endoscopy may also enable in situ chemically
selective imaging for various biomedical applications [35].

IMAGING WITH SERS
Besides the label-free CARS technique, imaging with SERS has also gained significant
interest over the last several years [24]. SERS is a plasmonic effect where the molecules
adsorbed on a rough metal surface can result in high Raman scattering intensities by
increasing in the incident electric field [36]. Typically, metal nanoparticles (e.g. gold) with
various fluorescent dyes (such as Cy3, Cy5, and rhodamine) are used for SERS-based
applications [37]. For detailed mechanism of SERS and the design of SERS nanoparticles,
interested readers are referred to several excellent recent review articles on this topic
[24,26]. The SERS effect can increase the Raman signal intensity by up to 1014-1015 fold,
resulting in a detection sensitivity comparable to fluorescence [38].

In Vitro Applications of SERS
One major class of materials used for SERS applications is gold/silver nanoparticles [39,40].
In a pioneering report, gold nanoparticles (~13 nm in diameter) modified with Cy3-labeled,
alkylthiol-capped oligonucleotide strands were used as probes to monitor the presence of
specific target DNA strands [41]. The Cy3 dye was chosen as the Raman label because of its
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large Raman cross-section. In another study, Raman spectra and Raman images were
recorded for methylene blue molecules adsorbed as a single layer on gold nanoparticles in
periodic arrays [42]. It was suggested that all excited nanoparticles contribute equally to the
Raman signal which makes SERS a useful technique for studying the plasmon properties.
Recently, gold nanoparticles conjugated with a nuclear localization signal peptide were
reported to enter the Hela cell nucleus, thus revealing spatially localized chemical
information of the nucleus based on the SERS effect [43]. Importantly, this multifunctional
nanoparticle which is capable of sub-cellular targeting, intracellular imaging, and real-time
SERS detection was also found to be non-toxic and biocompatible. In another report,
PEGylated gold nanoparticles encapsulating a Raman reporter dye have been used as Raman
tags for tumor cell biomarker detection [44].

Due to the fact that Raman spectral lines are narrower (~1 nm) than fluorescence signals,
SERS nanoparticles can be attractive candidates for multiplexed immunostaining. In one
study, antibody-conjugated SERS nanoparticles have been evaluated for immunostaining of
the prostate-specific antigen (PSA) in tissue slices obtained from prostate cancer patients
[45]. Although it was found that these SERS nanoparticles had lower staining accuracy than
their fluorescent counterparts, they did provide comparable signal intensities to common
fluorescent dyes and good reproducibility/consistency.

Gold nanorods can also exhibit strong SERS effect which makes them suitable optical
sensors for biological and medical applications [46]. For example, peptide-conjugated gold
nanorods were investigated for nuclear targeting of various cell types and Raman imaging
[47]. When conjugated with a nuclear localization signal peptide and incubated with cells,
the gold nanorods were detected in both the cytoplasm and the nucleus by Raman scattering.
More importantly, the Raman spectra were different between the benign and cancer cell
lines which could potentially be used for diagnostic applications. Antibody-conjugated gold
nanorods have been applied for oral cancer detection [48]. When conjugated with anti-
epidermal growth factor receptor (anti-EGFR) antibodies, these gold nanorods were shown
to exhibit strong Rayleigh (Mie) scattering that can allow for Raman imaging. Molecules
near the gold nanorods in the cancer cells exhibited Raman spectra that were greatly
enhanced, sharp, and polarized which may serve as diagnostic signatures for cancer cells.

Silver nanoparticle-embedded silica spheres with organic Raman labels (termed “SERS
dots”) were developed for cancer cell targeting, upon conjugation with antibodies [49].
Raman signal intensity of these SERS dots exhibits a linear correlation with the quantity,
which can enable accurate target quantification. Subsequently, similar SERS dots were
further modified with fluorescent organic dyes and antibodies for multiplexed targeting,
tracking, and imaging of apoptosis [50]. It was reported that these “F-SERS dots” could be
used to monitor apoptosis effectively and simultaneously through fluorescence as well as
Raman signals in both cells and tissues with high selectivity.

Recently, isocyanide-functionalized silver and gold nanoparticles were investigated in cells
with SERS [51]. The SERS marker band at approximately 2,100 cm−1 was used to
determine the location of the nanoparticles inside the cell, without much spectral
interference from other cellular components, which makes these nanoparticles potentially
useful for imaging certain biological processes at the single cell level. In another study,
rhodamine B isothiocyanate-modified, silver-deposited silica or polystyrene beads were
reported to be capable of detecting streptavidin down to a concentration of 10−13M based on
the SERS signal [52].
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In Vivo Imaging with SERS
Non-invasive SERS-based imaging has been achieved in animal models. In one pioneering
report, it was shown that small molecule Raman reporters (such as fluorescent dyes) on the
surface of gold nanoparticles were stabilized by thiolated PEG and gave large optical
enhancements [53]. These PEGylated SERS nanoparticles, with light emission in the near-
infrared window (700-900 nm), were found to be considerably brighter than semiconductor
quantum dots (common nanoparticles used for fluorescence imaging [21,54,55]. When
conjugated to tumor-targeting ligands, these SERS nanoparticles could home to tumor
markers (such as EGFR [56]) on human cancer cells and in xenograft tumor models.
Interestingly, although Raman spectra of the SERS nanoparticles were reported, a Raman
image was not reported for the tumor-bearing mice.

In another study, SERS nanoparticles composed of a gold core, a Raman-active molecular
layer, and a silica coating were used for Raman imaging in vivo [22]. A minimum detection
sensitivity of 8 picomolar of SERS nanoparticles was observed in a living mouse. As a
proof-of-principle, in vivo multiplexed imaging of four different SERS nanoparticles was
demonstrated. In a follow-up study, the superb multiplexing capability of Raman
spectroscopy was further explored [57]. Spectral fingerprints of 10 different SERS
nanoparticles were successfully separated after subcutaneous injection into a living mouse
(Fig. (2)). The five most intense and spectrally unique SERS nanoparticles were selected and
intravenously injected to image their natural accumulation in the liver (most nanoparticles
will accumulate in the liver when intravenously injected due to the reticuloendothelial
system uptake [21,58]), which were also all identified and spectrally separated by the Raman
imaging system. More importantly, linear correlation of the Raman signal with SERS
nanoparticle concentration was observed for both subcutaneous and intravenous injection,
which sets the foundation for future quantitative, targeted, and multiplexed Raman imaging
in vivo.

Recently, a gold nanotag was synthesized to combine multi-colored Raman spectroscopy
with x-ray computed tomography (CT) [59]. Different nanotags were prepared with quasi-
spherical gold nanoparticles encoded with various reporter dyes, each possessing a unique
Raman spectrum. A library of these nanotags with six different Raman colors were
constructed with good SERS signal intensity and x-ray attenuation, higher than the iodinated
CT contrast agents used in the clinic. Proof-of-principle in vivo imaging studies with both
SERS and CT successfully demonstrated the dual-modality imaging capability of these
nanotags.

RAMAN SPECTROSCOPY WITH SWNTS
SWNT has an intense Raman peak at 1593 cm−1 (the G band), produced by the strong
electron-photon coupling which can cause efficient excitation of tangential vibration upon
light exposure [60]. The narrow Raman peak of SWNTs, easily differentiated from the
autofluorescence background, has been used to study the biodistribution of functionalized
SWNTs in mice [61,62]. Unlike SERS nanoparticles, SWNTs are inherently Raman active
and do not need a metal surface enhancer to improve their Raman detection, which is highly
desirable for biological applications. Further, the Raman excitation and scattering photons of
SWNTs are both in the near-infrared region, the most transparent optical window for in vivo
imaging.

Raman spectroscopy with SWNTs has recently been comprehensively reviewed [63].
Therefore, we will only provide a brief summary of this topic in this article. A laser-
scanning optical microscope, which can allow for highly repeatable imaging over large
sample areas, was developed to measure the low-temperature Raman scattering spectra of
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individual SWNTs [64]. Anodized aluminum oxide perforated in an organized fashion has
been employed to investigate the SERS effect of SWNTs at micron length and a large signal
enhancement was observed [65]. SWNTs have also been investigated in vitro with a variety
of other Raman imaging techniques such as near-field Raman imaging/spectroscopy [66-68],
Raman mapping and 3D real optical imaging [69], and confocal Raman imaging [70,71].

In one of the abovementioned reports, tumor targeting of peptide-conjugated SWNTs in
living mice was non-invasively evaluated with Raman spectroscopy [22]. Subsequently, an
optimized Raman microscope was employed to further investigate the in vivo tumor
targeting and localization of SWNTs in mice [72]. The molecular target and targeting ligand
used in these studies was integrin αvβ3 and an Arginine-Glycine-Aspartic acid (RGD, potent
integrin αvβ3 antagonist [73]) peptide respectively, one of the most extensively studied and
validated receptor-ligand pair over the last decade [74,75]. Raman imaging commenced over
three days revealed more accumulation of SWNT-RGD in the U87MG human glioblastoma
tumor (integrin αvβ3-positive [76,77]) than the unconjugated SWNTs (Fig. (3A)) [72]. These
reports strongly supported further development of non-invasive Raman imaging as a tool to
assess the efficacy of new diagnostic strategies and therapies in small animal models, which
may eventually lead to improvements in cancer patient care.

Recently, multiplexed Raman imaging of live cells with isotopically modified SWNTs was
reported [78]. SWNTs with different isotope (12C and/or 13C) compositions, which in turn
exhibit distinct Raman G-band peaks, were investigated in this study where different cancer
cells over-expressing different cell surface receptors were used for receptor-specific
targeting. Three differently “colored” SWNTs were each conjugated with a different
targeting ligand, each recognizing one specific receptor, which allowed for multicolor
Raman imaging of cells in a multiplexed manner (Fig. (3B)). In another report, antibody-
functionalized SWNTs were used as multicolor Raman labels for highly sensitive,
multiplexed protein detection in an arrayed format [79]. When combined with SERS
substrates, the strong Raman intensity of SWNTs afforded protein detection sensitivity in
sandwich assays down to the femtomolar level. By conjugating different antibodies to
pure 12C- and 13C-SWNTs, multiplexed Raman detection of different proteins was
demonstrated. Besides the use of SWNTs with different isotope compositions, SWNTs with
controlled diameters (which exhibit distinctive Raman peaks in the radial-breathing mode
depending on the diameter [80]) may also be applied for multicolor Raman sensing/imaging
in the future.

CONCLUSIONS
A variety of contrast agents, both endogenous (e.g. lipids) and exogenous (e.g. SERS
nanoparticles and SWNTs), have been investigated for imaging with Raman spectroscopy.
Since most imaging modalities do not offer single cell resolution, in vivo CARS imaging
will fill an important niche for studying certain disease processes (especially those that
involve lipids). The key advantage of SERS-based Raman imaging over fluorescence
imaging (the most widely used optical imaging technique) is the superb multiplexing
capability, good quantitation, and lack of confounding background signal from
autofluorescence. In particular, multiplexed imaging can be extremely powerful in future
research where different agents can be attached to different Raman tags to enable the
interrogation of multiple biological events simultaneously in living subjects. For better
performance in vivo, future generations of smaller SERS nanoparticles will be needed since
the currently used SERS nanoparticles are typically around 100 nm in diameter which can
lead to significant uptake in the reticuloendothelial system (e.g. the liver and spleen). Aside
from Raman imaging, SWNTs can also be used for a variety of other applications such as
drug/gene delivery, sensing, photothermal therapy, as well as multimodality imaging which
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takes advantage of both its intrinsic signal and versatile chemistry [63,81]. Combination of
these applications with Raman imaging can be a fertile area of research and it is expected
that SWNT-based investigations will continue to be an active field over the next decade.

The primary limitations of Raman imaging in humans are those also faced by other optical
techniques. Even in the near-infrared region, light penetration beyond a few centimeters of
tissue is quite difficult. In clinical settings, optical imaging (including Raman spectroscopy)
is only relevant for tissues close to the surface of the skin (for example, breast imaging),
tissues accessible by endoscopy (such as the esophagus and colon), and intraoperative
visualization (typically image-guided surgery). Much future improvement in both the
imaging system and contrast agents will be needed before Raman imaging can become a
clinical reality.

Since no single imaging modality can have all the desirable features such as high sensitivity,
good spatial/temporal resolution, multiplexing capacity, low cost, and high-throughput,
combination of Raman imaging with other techniques such as fluorescence, photoacoustic
[82], or PET imaging is a fertile area for future research. For personalized patient
management, ex vivo sensing and in vivo imaging are both important. Raman-based sensing
(using blood samples drawn before, during, and after treatment) in combination with in vivo
diagnostics (non-invasive imaging before, during, and after treatment) may provide a
synergistic approach in predicting which patients will likely respond to a specific molecular
therapy and monitor their responses to personalized therapy. Over the last several years,
Raman spectroscopy imaging has advanced significantly and many critical proof-of-
principle experiments have been successfully carried out. The next decade will likely
witness rapid expansion of this unique imaging technique.
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Fig. (1).
In vivo imaging with CARS. A. Schematic of a real-time CARS imaging microscope. OPO:
optical parametric oscillator. B. Images of a hairless mouse ear at different depth. The
Raman shift is set at 2,845 cm−1 to address the lipid CH2 symmetric stretch vibration. Top:
the stratum corneum; middle: adipocytes of the dermis; bottom: adipocytes of the
subcutaneous layer. Adapted from [32].

Zhang et al. Page 12

Curr Pharm Biotechnol. Author manuscript; available in PMC 2011 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. (2).
Multiplexed Raman imaging in vivo. A. Schematic of a SERS nanoparticle consisting of a
gold core, a Raman active layer, and glass coating. Ten different SERS nanoparticles were
used. B. Raman spectra of the 10 SERS nanoparticles, each assigned a different color. C.
Multiplexed Raman imaging of 10 different SERS nanoparticles in vivo. The particles were
injected subcutaneously into a nude mouse and the post-processing software separated all 10
SERS nanoparticles into their respective channels with minimal crosstalk. Top: S420, S466,
S481, S421, and S403. Bottom: S440, S482, S470, S663, and S661. Adapted from [57].
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Fig. (3).
Raman imaging with SWNTs. A. Left: photograph of an integrin αvβ3-positive tumor-
bearing mouse depicting tumor area scanned with Raman spectroscopy (black box). Right:
Raman tumor maps of mice receiving SWNT-RGD conjugate or unconjugated SWNT at 72
h post-injection. B. Deconvoluted confocal Raman spectroscopy images of a mixture of
three cell lines after incubation with a mixture of three different, molecularly targeted
SWNT conjugates. Each of the SWNT conjugate has a different Raman signature (due to
different carbon isotope composition) and was conjugated with a targeting moiety for a
different molecular target. Adapted from [72,78].
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