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Abstract
In the last two decades, the application of surface enhanced Raman scattering (SERS) nanoparticles for
preclinical cancer imaging has attracted increasing attention. Raman imaging with SERS nanoparticles
offers unparalleled sensitivity, providing a platform for molecular targeting, and granting multiplexed and
multimodal imaging capabilities. Recent progress has been facilitated not only by the optimization of the
SERS contrast agents themselves, but also by the developments in Raman imaging approaches and
instrumentation. In this article, we review the principles of Raman scattering and SERS, present advances
in Raman instrumentation specific to cancer imaging, and discuss the biological means of ensuring
selective in vivo uptake of SERS contrast agents for targeted, multiplexed, and multimodal imaging
applications. We offer our perspective on areas that must be addressed in order to facilitate the clinical
translation of SERS contrast agents for in vivo imaging in oncology.

Introduction
The clinical pathway of cancer management
relies heavily on the use of medical imaging. Imaging
is essential in all aspects of the process, including for
initial diagnosis of the primary tumor, treatment
planning, and monitoring, often post-therapy, to
determine the progression, recurrence, or subsequent
growth of metastatic lesions. Continued development
and progress within the field of imaging is vital in
improving the modern medical care of patients –
especially in oncology, where the ability to highlight
all nodes of disease, early, efficiently, and precisely,
provides a clear advantage in prognosis.[1] In this
review, we will describe the imaging approach and
recent advances in preclinical imaging using surface
enhanced Raman scattering (SERS) nanoparticles for
in vivo cancer imaging applications, and discuss how

this method can be translated to the clinic.
Initial exploratory imaging, often performed
with x-ray or ultrasound, probes only the gross
anatomy and reveals the presence of abnormalities.
To assess whether a growth is malignant, these
imaging modalities are used to guide tissue biopsy for
histological analysis – the gold standard of cancer
diagnostics. However, imaging alone can provide
valuable information when it is performed with
enhanced contrast and molecular targeting. The case
of ultrasound imaging provides a useful paradigm:
innate tissue contrast is weak, and localization of
cancerous lesions is vastly improved with the
introduction of contrast agents. Microbubbles injected
intravenously enable the characterization of focal liver
lesions under ultrasonic interrogation. Real-time
http://www.ntno.org
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assessment can be obtained, as benign lesions
maintain microbubble enhancement, whilst malignancies show a lack of enhancement, which continues
through to the late, hepatic sinusoids phase. This
technique of contrast enhanced ultrasound provides a
~70% increase in the confidence of a definite
diagnosis, especially for the detection of early stage
lesions ≤1 cm in size.[2] Furthermore, microbubble
surface tailoring with targeting ligands has led to
molecularly targeted ultrasonography, with the first
in-human clinical
trials
aiming to
detect
neoangiogenesis using vascular endothelial growth
factor receptor type 2 (VEGFR2) labelled
microbubbles.[3]
Exogenous contrast agents are inherent in the
use of another non-invasive, real-time technique:
positron emission tomography (PET) imaging. PET
utilizes radioactive tracers for functional imaging, a
valuable tool for cancer staging prior to, and during,
treatment. The commonly selected radiotracer
2-[18F]fluoro-2-deoxy-D-glucose ([18F]FDG) highlights
areas of a high metabolic turnover rate, often
synonymous with carcinomas and metabolic
abnormalities indicating pre-malignancy; however,
sites of inflammation also demonstrate high
metabolism, leading to false positives. Molecularly
targeted radiotracers are employed in immuno-PET,
and can provide a highly specific localization of
cancer related markers.[4] As biological tissues
provide no intrinsic contrast for PET, it provides no
physiological information; but when combined with
structural
imaging
method
like
computed
tomography (CT), the multimodal imaging technique
PET/CT is able to distinguish metastatic lesions above
the millimeter range from the surrounding benign
anatomy during the same procedure.[5] Yet to be
brought into the clinic, PET/magnetic resonance
imaging (MRI) offers an even greater potential for
determining the localization of lesions with higher
resolution.[6]
This shift towards using contrast agents for
molecular targeting and multimodal techniques has
been seen across the entire pre-clinical imaging
landscape, in particular when utilizing non-destructive optical imaging methods. Compared to other
imaging modalities, optical imaging provides
considerably higher spatial resolution and requires
smaller and more cost-effective equipment. However,
as light does not readily travel through tissue, optical
imaging in vivo is performed via endoscopes, or in an
intraoperative setting. Additionally, near-infrared
(NIR) fluorescent agents are preferred, as they allow
deeper tissue penetration and lower background
autofluorescence compared to visible wavelengths.
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For example, peptides labeled with fluorescein
isothiocyanate (FITC) have been shown to improve
diagnosis confidence of Barret’s esophagus using a
multimodal optical endoscope.[7] NIR imaging with
indocyanine green (ICG) phase enhancement, in
combination with mammography and gadoliniumenhanced MRI, has been explored for breast cancer
lesion discrimination.[8, 9] Despite enabling
molecular targeting, NIR fluorescent agents have
wide, overlapping emission bands, which limit their
ability to provide multiplexed signals detailing the
landscape of heterogenous tumor tissue. Moreover,
typical fluorescent agents only provide optical signal,
and do not readily translate across multiple
modalities. More complex structures, such as
nanoparticles, can encapsulate contrast agents for
optical imaging and other modalities, providing a
platform to enable molecular targeting, and
ultimately expand the arsenal of medical imaging
capabilities against cancer.
One highly promising nanoparticle-based optical
imaging modality is SERS. SERS employs plasmonic
nanoparticles and the Raman effect to provide a
highly intense and recognizable fingerprint-like
spectrum. This technique has shown clinical promise
in its ability to delineate microscopic tumors and
determine dysplastic precursor lesions and malignant
nodes of disease. SERS nanoparticles provide a
platform with many opportunities: unsurpassed
sensitivity by using molecular resonance effects in
surface enhanced resonance Raman spectroscopy
(SERRS); active molecular targeting via surface
functionalization with targeting moieties; multiplexed
imaging, as the distinct spectra emanating from
Raman reporter molecules serve to reveal a specific
marker; and multimodality as the metal (typically
gold) core may serve simultaneously as a CT contrast
agent, while PET radioisotopes can be chelated on the
surface.
In this review, we present recent developments
of the methodology of cancer imaging with SERS
nanoparticles, focusing on in vivo applications. This
topic was pioneered by the groups of Dr. Sam
Gambhir and Dr. Moritz Kircher, to whose memory
this manuscript is dedicated. We will provide a brief
theoretical background related to the development of
the
nanoparticles,
examine
advances
in
instrumentation necessary for clinical translation of
the method, explore passive and active tumor
targeting, and finally consider multimodal and
multiplexed imaging strategies. A schematic
illustration of the topics covered in our review is
shown in Fig. 1.
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Figure 1. Advances in SERS-based in vivo imaging. Top: The modular core-shell structure allows nanoparticle customization for strong SERS signal and functionalization
for molecular targeting and multimodal contrast. Bottom left: Biological considerations improve nanoparticle pharmacodynamics and allow tumor selectivity and molecular
targeting. Bottom right: New instrumentation and processes can lead to improved Raman imaging, as well as multimodal and multiplexed in vivo imaging.

Principles of Raman Scattering, Surface
Enhanced Raman Scattering (SERS), and
Surface Enhanced Resonance Raman
Scattering (SERRS)
When light interacts with matter, photons can be
scattered elastically or inelastically. Most photons are
scattered elastically (i.e., with no energy exchange) in
what is termed Rayleigh scattering. However, a small
population of photons (about 1 in 107 photons) are
scattered inelastically, that is, the photons exchange
energy with the scattering material via vibrational
transitions within the molecule – this phenomenon is
known as the Raman effect, or simply Raman
scattering. The Raman scattered photons can lose or
gain energy (i.e., they undergo Stokes or anti-Stokes
Raman scattering, respectively) as shown in Fig.
2a.[10-12] Stokes Raman scattering takes place when
the frequency of the scattered photon is lower than
that of the incident photon, resulting in the molecule
being shifted to a higher vibrational state (e.g., from v
= 0 to 1). Conversely, if the frequency of the scattered
photon is higher than that of the incident photon and
the molecule shifts to a lower energy state (e.g., v = 1
to 0), anti-Stokes Raman scattering occurs. Since the
vibrational transitions and related energy exchanges
are specific to the molecular composition of the
scattering material, the resulting Raman spectrum can
be used as a fingerprint to infer detailed structural
and chemical information related to the scattering

material (Fig. 2b). Raman scattering, nevertheless, has
a very low efficiency. To enhance the probability and
intensity of inelastic scattering, the excitation laser
wavelength can be selected such that it matches the
electronic transition of the molecules of interest,
significantly boosting the signal by a factor of 102 to
106 in a process known as resonance Raman
scattering.[13-15]
Even greater enhancement factors can be
produced via a different mechanism. Molecules
placed in close proximity to a plasmonic material,
such as a metal nanostructure, experience both
light-molecule and light-metal interactions that affect
the Raman scattering cross section. The coupling of
these two interactions greatly enhances the inelastic
scattering efficiency through the phenomenon we
refer to as SERS.[16-19] When the excitation laser is
incident upon a metal-dielectric interface, the
non-localized conduction electrons of the metallic
nanostructures can be stimulated into collective
oscillation. If the frequency of the incident excitation
matches the intrinsic oscillation frequency of the
delocalized electrons, surface plasmon resonance
(SPR) will be triggered. For metallic nanostructures,
SPR is highly confined by the geometry of the
nano-structure,
leading
to
localized
SPR
(LSPR).[20-23] In fact, LSPR has been recognized as
the predominant mechanism contributing to SERS
enhancement. LSPR generates nanoscopic areas with
intense electromagnetic field, termed as hotspots,
with enhancement factors ranging from 104 to 1011.
http://www.ntno.org
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As an optical spectroscopic technique, label-free
(or intrinsic) Raman imaging, without the use of
nanoparticles as contrast, has been explored clinically
for delineating cancerous tissues from healthy tissues
based on differences in the Raman spectral
fingerprints. However, as a result of the very limited
Raman scattering of tissues and the consequent weak
Raman signal, long acquisition time is needed for
intrinsic Raman imaging. This compromises the
feasibility of intrinsic Raman spectral imaging for
most biomedical settings and limits its clinical use. For
real-time in vivo imaging, the Raman signal intensity
needs to be significantly amplified, which can be
achieved with the use of exogenous contrast agents
that provide more intense spectra than the intrinsic
Raman signal.[24-29] These contrast agents typically
comprise plasmonic nanoparticle cores, Raman
reporter molecules, dielectric shells, and ligands
against specific targets, or other functional moieties,
as shown in Fig. 1. The enhancement of the SERS
signal of exogenous contrast agents requires the
optimization of several parameters, particularly the
type, shape, and size of the metal nanoparticle core,
the quantity and optical absorbance of Raman
reporter molecules attached to the nanoparticle, the
composition and thickness of shell layer, and the
selection of excitation laser wavelength. Raman
imaging with SERS nanoparticles has shown excellent
sensitivity, high specificity, low background, and
multiplexing capability.[30-37]
Among the several plasmonic substrates capable
of generating SERS enhancement, such as gold, silver,
and copper nanomaterials, gold nanostructures stand
out due to their biological inertness, which promises a
greater potential for clinical translation.[38-45] In
addition, of the different shapes of nanostructures,
such as spheres, rods, cubes, prisms, and pyramids,
the star-shaped nanoparticles (i.e., nanostars) (Fig. 2c)
have been shown to generate greater SERS
enhancement when excited with NIR lasers.[46-51] In
order to preserve the intense and distinct Raman
fingerprint in the physiological environment, an
encapsulating matrix, such as silica or polyethylene
glycol (PEG) shell,[52-55] is often used in order to
stabilize the nanomaterial core and protect the Raman
reporter
molecules
against
desorption
and
degradation. To further increase the SERS intensity,
the resonant interactions at the metal-reporter
interface can be maximized. To this end, Raman
reporter molecules with a strong affinity to the
metallic core and an optical absorbance resonant with
the excitation laser (Fig. 2d) can be selected to yield
SERRS nanoparticles with superior Raman scattering
intensity.[47, 56] A promising new class of Raman
reporter molecules, with a chalcogenopyrylium
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structure, has been reported in the literature. Recent
studies comparing the Raman signal of different
reporter molecules conjugated to gold nanoparticles,[57, 58] showed that chalcogenopyrylium-based
dyes yielded more intense Raman signal than the
commercially available non-resonant dyes BPE and
AZPY (Fig. 2e and Fig. 2f). The markedly greater
signal enhancement was achieved due to the stronger
conjugation between gold nanoparticles and
chalcogenopyrylium dyes facilitated by the presence
of thiols and attractive electrostatic forces, as well as
the dye absorbance tuned specifically to match the
laser excitation wavelength. Because of these
considerations, to date, one of the best performing
SERRS contrast agents with exquisitely bright signal
has been constructed from a 60- to 70-nm gold
nanostar core, functionalized with specific Raman
reporter having a resonant frequency at about 785 nm,
and encapsulated within a silica shell, resulting in
nanoparticles of about 110 nm diameter (Fig. 2g).[47,
59]
As with most nanoparticles with a similar overall
size, SERRS nanoparticles are able to accumulate
preferentially at tumor sites because of the enhanced
permeability and retention (EPR) effect. However,
SERRS nanoparticles may also be functionalized with
antibodies or other ligands, including peptides and
aptamers, to achieve active targeting of molecules of
interest, such as cell receptors implicated in cancer
(Fig. 1). For example, SERRS nanoparticles have been
conjugated with folic acid, or cyclic Arg-Gly-Asp
(cRGD) peptide to specifically target folate-receptorexpressing ovarian tumor and integrin-expressing
brain tumor, respectively.[60-62] They have also been
conjugated with tissue-factor targeting antibodies to
detect pulmonary micrometastases to the lung.[63] As
nanoparticles may not be readily excreted from the
body, it is highly desirable to formulate SERRS
contrast agents with negligible toxicity – a necessary
prerequisite to facilitate their regulatory approval and
clinical translation. As such, the physicochemical
properties (e.g., size, charge, surface functionalities,
etc.) and biological behaviors (e.g., toxicity, stability,
immunocompatibility, biodistribution, clearance
mechanisms, etc.) of SERRS nanoparticles need to be
precisely tuned to meet the requirements set by the
regulatory bodies.

Instrumentation
The successful detection of SERS contrast agents
in vivo is reliant not only upon their brightness and
targeting efficiency, but also on the capabilities of the
Raman imaging instrumentation used. To ensure
efficient imaging and successful tumor detection,
several factors related to Raman instrumentation and
http://www.ntno.org
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the specific intended final application must be
considered. These factors include laser wavelength
and power, objective, grating, choice of detector
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(typically a charge-coupled device (CCD)), acquisition
speed, and depth of measurement.

Figure 2. Principles of Raman scattering, SERS, SERRS, and synthesis of a SERRS nanoparticle. (a) Jablonski diagram illustrating Raman scattering. (b) The Raman
spectrum (“fingerprint”) of a compound has peaks corresponding to the chemical structure. (c) Gold nanostructures with their typical absorption spectra. (d) Examples of
fluorescent dye absorption spectra. (e) Chemical structures of example chalcogenopyrylium-based Raman reporters (Dye 676, Dye 823, Dye 959 with optical absorbance at 676,
823, and 959 nm, respectively) and non-resonant reporters (BPE and AZPY). (f) Raman peak intensities of the reporters in (e) excited with an 830 nm laser source. (g) Schematic
illustrating the different components of a SERRS nanoparticle and its synthesis process. Both the gold nanostar and the Raman reporter feature absorption maxima in the NIR.
(e-f) Adapted with permission from ref. [58]. Copyright 2018 The Royal Society of Chemistry.
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When selecting the optimum laser wavelength
for Raman imaging, it is important to minimize
interference from tissue fluorescence and absorption
of incident light. This can be achieved by selecting a
laser wavelength within the NIR optical window
which allows greater penetration of light into tissues,
typically a diode laser at 785 nm.[64, 65] The intensity
of the incident light must also be considered in order
to avoid burning the sample; this can be circumvented
in part by utilizing a larger spot size as this reduces
the overall power density, albeit at a lower spatial
resolution.[66]
The choice of objective is also extremely
important as the laser spot size and consequential
power density is also influenced by the objective
optics; it is important to select an objective which
allows adequate spatial coverage and resolution while
avoiding sample degradation and burning.[67] Lower
magnification/low
numerical
aperture
(NA)
objectives are capable of imaging deeper into a sample
(z focal-plane) due to the longer objective working
distance, but are also associated with decreased
spatial resolution.[67] Higher magnification/high NA
objectives provide higher spatial resolution; however,
their shorter working distance makes them less
suitable for working with animal subjects, from both
an ease of use and depth of imaging perspective, and
are therefore typically better suited to thin samples
such as ex vivo tissue sections.
Diffraction gratings play an essential role in
dispersing the light onto the detector and are defined
by the number of grooves per mm on the surface
(typically 150 – 4000 per mm).[67] A higher groove
frequency is associated with higher spectral
resolution at the expense of reduced intensity and
spectral range detected by the CCD.[67] A CCD is
composed of an array of detector elements that are
electrically biased so that they generate and store
electric charge when exposed to light; as the scattered
light is diffracted by the grating based on its
frequency, each CCD element receives light from a
specific frequency band.[68] The amount of charge
associated with each detector element pixel directly
relates to the number of photons illuminating the
pixel, which is then “read out” by changing the
electrical bias of an adjacent capacitor and eventually
assigning a numerical value. The Raman spectrum
(example shown in Fig. 2b) is a plot of the numerical
value (counts) associated with each pixel on the CCD
and it is important that a CCD demonstrates high
quantum efficiency (conversion efficiency) and high
signal-to-noise ratios (SNR).[65] Achieving a high
SNR is particularly important when performing in
vivo Raman imaging. In general, SNR is influenced by
three main sources: dark-noise, read-out noise, and
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shot-noise. All three of these sources are important
factors to consider and steps must be taken to
minimize the contribution from each source of noise.
For example, if one wishes to increase the mapping
speed through reduction in acquisition time
(increased read-out speed) read-out noise will be the
predominant factor which will in turn lower overall
SNR.[69] For a more detailed discussion on each of
these three sources as well as means to improve SNR,
we direct the reader to the following articles where
they are discussed at greater length.[65, 67, 69]
When selecting Raman instrumentation for in
vivo imaging, it is extremely important to select a
system that supports the intended application most
efficiently. Traditionally, pre-clinical imaging with
SERRS nanoparticles is carried out using advanced
confocal Raman microscope systems in which the
animal, typically a mouse, is placed on a mapping
stage which runs perpendicular to the microscope
objective.[47, 70] Such instruments are typically
equipped with multiple objectives thus allowing the
user to select the most appropriate magnification and
resolution. Raman signal is acquired through the
objective, typically using a point-by-point scanning
approach. As such, the use of high NA objectives
which limit the field of view (FoV) severely influences
the overall time taken to map an area of interest – a
critical factor when working with living subjects
under anesthesia (Fig. 1, lower right). A different
approach to expedite imaging and provide fast
Raman mapping is the use of global imaging. In this
technique, a large area is illuminated and all spatial
points of the image are collected simultaneously on a
2D detector, typically a CCD, but only at a single
detection wavelength.[71, 72] In doing so however,
the molecularly specific Raman ‘fingerprint”
spectrum is lost giving rise to a reduction in selectivity
and limiting the potential for multiplexed imaging
applications.
A potential compromise was proposed by
Bohndiek et al., who applied to the development of a
small animal Raman imaging (SARI) unit for the
imaging of larger areas spanning the size of the
animal (Fig. 3a). Using line-scanning in combination
with a raster scanning approach, the authors reported
the ability to perform fast, spectroscopic imaging over
a wide field of view (> 6 cm2) at an order of
magnitude faster than existing microscopy systems,
all while maintaining the selectivity, multiplexing
capabilities, and spectral and spatial resolution
associated with point-by-point Raman imaging.
Specifically, in comparison to a commercially
available Raman microscope system utilizing a “fast
scanning mode”, the SARI unit demonstrated a
10-fold improvement in scan time (1.5 min vs. 15 min)
http://www.ntno.org
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and a 240-fold improvement in speed of acquisition
when compared to the traditional raster scan mode
(1.5 min vs. 360 min).[73]
Handheld wide-field Raman scanners have also
been reported and have been shown to be capable of
capturing the fingerprint region of a 25 mm2 field of
view, with a spatial resolution <100 µm and an
average spectral resolution of 95 cm-1 in as little as 90
seconds.[74] These systems however are only suited
to surface-based lesions and thus fail to probe through
larger, more clinically relevant depths.
The need for Raman-based detection and
imaging of tumors on the internal epithelial body
cavities has led to the development of portable fiber
optic Raman endoscopic probes. A clinically
translatable Raman endoscope has been developed for
the detection of topically applied SERS nanoparticles,[75-79] and also more recently, for the detection
of pre-malignant lesions of the gastrointestinal (GI)
tract.[80] Using a commercially available Raman
probe capable of being inserted into the accessory
channel of a clinical white-light endoscope to enable
simultaneous dual-modal white-light/Raman imaging, Harmsen and colleagues demonstrated that
SERRS contrast agents are capable of detecting
pre-malignant lesions as small as 0.5 mm along the GI
tract.[80] The scanning Raman endoscope included a
rotating mirror to enable circumferential distribution
of the laser along the intestinal epithelium. A
pre-clinical dual mode (Raman and fluorescence)
endoscope for the detection of nanoparticles with
fluorescence and surface-enhanced Raman scattering
contrast (F-SERS dots) has also been reported.[81, 82]
The detection of SERS contrast agents in vivo using
handheld fiber optic probes has been reported for the
imaging of immune response[83] as well as image
guided resection of glioblastoma multiforme
(GBM).[84] The handheld probe enabled real-time
scanning and identified microscopic foci of cancer in
the resection bed that would have otherwise been
missed.[84]
Although highly useful for detecting the
microscopic spread of cancer inside bodily cavities,
endoscopes based on fiber optic Raman probes suffer
the same weaknesses as traditional Raman
microscope systems: they cannot detect the signals
though large thicknesses of tissue. This is due to light
scattering from the tissue, which diffuses the light in
all directions at random and impedes its detection by
the objective. Taking into account the principle of
photon migration in turbid media, “spatially offset
Raman spectroscopy” (SORS) permits the acquisition
of signal through significantly greater tissue
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thicknesses in comparison to conventional Raman
optical configurations while also suppressing
autofluorescence contributions from tissue.[85, 86]
Termed “surface-enhanced spatially offset Raman
spectroscopy” (SESORS), SORS has also been used to
detect SERS nanoparticles through 50 mm of tissue in
phantom studies[87] using a transmission-SORS
approach in which the inelastically Stokes scattered
light was collected on the opposite side of the sample
(180º to the incident laser light). Other SORS
configurations include ring collection SORS as well as
ring illumination SORS (termed inverse SORS). In this
instance, an axicon lens is used to deliver the laser in a
ring configuration onto the sample surface and the
scattered light is collected from the center of the
illumination ring.[86] In comparison to a focused
beam, the use of a defocused beam or ring
illumination permits higher laser powers to be
delivered to the sample surface, supporting more
favorable permissible exposure limits.[86, 88, 89] The
use of SESORS for the non-invasive detection of
cancer in vivo, specifically GBM, was recently
demonstrated using a custom built SORS system. In
this instance, two fiber optic probes were spatially
offset from each other with one probe delivering a
diffuse beam to the intact skull while a second probe
detected the scattered Raman photons from the
SERRS nanoparticles which had accumulated within
the tumor through the skull[89] (Fig. 3b). Moving
forward, SESORS offers the potential to detect tumors
at much deeper levels than what can currently be
achieved by offering the ability to detect specific
molecular information at depths far superior to
standard Raman imaging techniques.

Non-Targeted SERS Nanoparticles for In
Vivo Imaging of Premalignant Lesions
One of the ongoing goals in the development of
imaging techniques for early cancer detection is to
precisely delineate the compositional differences
between tissues, distinguishing malignant and
premalignant lesions from normal tissues.[90-93]
With its unparalleled signal specificity and extremely
high sensitivity, in vivo Raman imaging with SERS
nanoparticles can be potentially exploited for earlier
cancer detection than currently possible with other
imaging techniques. This would significantly aid
curative intervention, improving the prognosis and
therefore, the quality of life of cancer patients. To that
end, studies have demonstrated that SERS imaging is
capable of locating neoplastic lesions at the
premalignant stage prior to turning cancerous.[47, 80]
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Figure 3. Raman instrumentation. (a) Illumination pathway and collection pathway of the Small Animal Raman Imaging (SARI) instrument. The 785 nm laser excitation path
is indicated by the red line and Raman scattered light by the yellow line. The SARI provides a 10-fold improvement in scan time compared with a traditional Raman microscope
operating in the high-speed acquisition mode with matched spectral and spatial resolution. (b) In vivo SORS set up. A 785 nm laser was delivered at a 45˚ angle with regards to
the collection optics. A translational xyz stage was used to move the laser away from the point of collection in order to apply the SORS technique. Detection of GBM in vivo
through the intact skull is achieved using SESORS imaging as confirmed by MRI and ex vivo histology. (a) Reproduced with permission from ref. [73]. Copyright 2013 United States
National Academy of Sciences. (b) Reproduced with permission from ref. [89]. Copyright 2019 Ivyspring International.

Several applications of Raman spectroscopic
imaging using non-targeted SERRS nanoprobes for
delineating premalignant lesions in vivo have been
reported by the Kircher group.[47] In one of these
studies, SERRS nanostars comprising a 75-nm
star-shaped gold core, a NIR-resonant Raman
reporter, and a PEGylated silica shell were employed.
The SERRS nanostars demonstrated femtomolar
sensitivity in phantoms and were reported to
accurately detect the full sequence of cancer
progression, particularly the premalignant stage, in
murine models of pancreatic, prostate, and
gastrointestinal cancer. For example, in a KPC
pancreatic cancer mouse model, the presence of
pancreatic intraepithelial neoplasia (PanIN) – a
precursor
of
invasive
pancreatic
ductal
adenocarcinoma (PDAC) – could be detected in small
submillimeter foci in the body and tail of pancreas
based on the SERRS signal (Fig. 4a), as verified by
histology (Fig. 4b). Histological evaluation of the bulk
tumor revealed the accumulation of SERRS nanostars
in both the tumor stroma and within epithelial tumor

cells. Similarly, the existence of premalignant
high-grade prostatic intraepithelial neoplasia in a
Hi-Myc prostate mouse model could be determined in
the prostate, based on signal from the SERRS
nanostars. The successful delineation of precancerous
tissues in both murine carcinogenesis models was
made possible because of the selective passive
accumulation of the nanoparticles within the
submillimeter premalignant lesions, which in turn,
was attributed to the macropinocytosis of the
nanostars by the neoplastic cells.
In one of the more recent works of the Kircher
group, non-targeted SERRS nanoprobes were utilized
in conjunction with a commercial Raman imaging
system, a clinically validated Raman endoscope, and a
white-light endoscope to detect and delineate
premalignant dysplastic gastrointestinal tract lesions
in rat models of esophageal, gastric, and colorectal
cancer (Fig. 4c-g).[80] Similar SERRS nanostars were
used, with a 60-nm gold core, Raman reporter, and a
15-nm silica shell passivated with the hydrophilic
polyethylene glycol (PEG) layer, and featured a
http://www.ntno.org
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distinct spectral or diagnostic peak at 950 cm-1. The
developed imaging system relied on white light to
visualize relevant macroscopic anatomical context
(Fig. 4c) and SERRS signal to locate colorectal polyps
(Fig. 4d). The correlation between the SERRS signal
and the colorectal polyps was demonstrated through
a three-dimensional cylindrical projection (Fig. 4e) of
the two-dimensional Raman map (Fig. 4d) and the
histopathologic examination of the SERRS-positive
lesions (Fig. 4f, g; 1,3). Areas with no SERRS signal
(Fig. 4d, e; 2) were found to correspond to normal
colorectal tissues (Fig. 4f, g; 2). SERRS nanoparticles
were reported to accumulate uniformly in the
premalignant gastrointestinal tumors of the
esophagus, stomach, and intestines, and provided
sufficient sensitivity, which made the detection of
these precursor lesions possible. This approach could
significantly facilitate targeted biopsies and improve
therapeutic intervention.

Molecularly Targeted Tumor Imaging
Accumulation of SERS nanoparticles at the target
site leads to a localized increase of the Raman signal
intensity, generating contrast against surrounding
tissues, which gives SERS its imaging capability.
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Thus, the pharmacokinetic profile of SERS
nanoparticles is a crucial factor for their utility as
contrast agents. The selective accumulation of a
contrast agent into tumors depends on the agent’s
ability to extravasate into the tumor region and also
on its molecular targeting specificity, allowing the
detection and retention upon specific cell types or
sub-types.
One approach, as we discussed above, is to rely
solely on the nanoparticle biodistribution as a
delivery mechanism, without targeting moieties. This
technique, known as passive targeting, exploits the
physiological properties of tumors, such as the poorly
constructed networks of “leaky” neovasculature and
the decreased lymphatic clearance, both of which
contribute to EPR effect. However, reliance on passive
nanoparticle accumulation is complicated by
heterogeneity in vascularization, both inter- and
intra-tumoral,[94] and the inability to accurately
direct or advance retention of the contrast agents
within the tumor microenvironment.[95] It is
generally established that with such techniques, only
a small fraction of the injected nanoparticles reach the
tumor, as these nanomaterials are recognized as
foreign and sequestered by the body’s defense

Figure 4. Untargeted SERRS Nanoparticles for Detection of Premalignant Lesions. (a-b) SERRS imaging of premalignant lesions in a KPC pancreatic cancer mouse
model. (a) Photograph and the corresponding Raman images of the upper abdomen of a mouse with a pancreatic ductal adenocarcinoma (PDAC) in pancreas (top panels,
outlined with a white dotted line) and excised pancreas (bottom panels) (b) H&E staining of the pancreas indicating PDAC and pancreatic intraepithelial neoplasia (PanIN)
(arrows 1 and 2, respectively). Lesions in regions 1 and 2 were confirmed with histology and keratin 19 (KRT19) staining (c-g) SERRS imaging of premalignant lesions in an Apc
gastrointestinal cancer mouse model. (c) Endoscopic images of polyp and normal tissue (labeled as “1” dashed line region and “2”, respectively) in the colon of a rat. (d) 2D
Raman map of the SERRS signal intensity along the colon of the rat. (e) 3D projection of the 2D Raman map of the same colon of the rat. (f) White-light image of the evaluated
colon ex vivo. (g) Histopathologic examination of the colon confirmed the correlation between positive SERRS signal and the presence of adenomatous polyps (labeled as “1” and
“3”) as well as negative SERRS signal and the absence of lesions (labeled as “2”). Scale bars represent 2.5 mm. (a-b) Adapted with permission from ref. [47]. Copyright 2015
American Association for the Advancement of Science. (c-g) Adapted with permission from ref. [80]. Copyright 2019 American Chemical Society.
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mechanisms.[96] Upon introduction of nanoparticles
to the biological environment, non-specific biomolecules may adsorb and a protein corona (PC) may form
on the nanoparticle surface. The composition of the
PC, dictated by the physicochemical properties of the
nanoprobes, in turn shapes the circulation lifetime of
the nanoparticles before eventual uptake into the
mononuclear phagocytotic system (MPS).[97] PEG
has long been used to increase the nanoparticle
hydrophilicity, with a high density, brush-like
structure reducing the rate of protein adsorption and
therefore opsonization.[98, 99] To further increase
nanoparticle bioavailability, the combination of a
silica shell and PEG coating has also been found to
improve upon the deterrence of PC formation and
subsequent macrophage clearance.[100] Another
strategy used to pre-empt this mechanism is by using
fragments of cell membrane as a stealth coating for
nanoparticles, allowing them longer circulation
times.[101]
A different approach is to improve the retention
of nanoparticles at the tumor through the
functionalization of their surface with targeting
ligands that bind a molecule of interest, often a cell
receptor. This approach, called “active targeting”,
aims to not only increase nanoparticle affinity to the
tumor but also confer specific imaging of the chosen
target. Various targeting molecules have been shown
to be effective, such as aptamers, antibodies or
antibody fragments, and small molecules. Ideally
tethered to the distal end of the PEGylated chain
surface,[102] receptor-mediated targeting increases
nanoparticle uptake by increasing affinity and
specificity. A meta-analysis study conducted by
Wilhelm et al. found that employing active targeting
increases both the delivery and retention efficiency of
nanoparticles, compared to passive targeting, within
the intratumoral environment.[96]
Specifically, active targeting can be used to
improve the tissue imaging capability of Raman
imaging with SERS contrast agents. To this end, it is
instrumental to modify the surface of nanoparticles
with targeting moieties capable of tethering the SERS
contrast agents to the tumor microenvironment with
high affinity and specificity. This approach aims to
enhance the overall concentration of SERS nanoprobe
at the target site thereby enhancing the intensity of
SERS signal. Such functionalized nanoprobes have
been widely explored to target the biomarker
receptors, which are overexpressed on the surface of
several cancer cells, such as folate receptor, epidermal
growth factor receptor (EGFR), transferrin receptor,
asialoglycoprotein, low-density lipoprotein receptor,
etc.[103-107] Antibodies and their fragments have
long been the traditionally used active targeting
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moiety. Highly specific recognition of the increased
expression of EGFR within head-and-neck squamous
cell carcinoma (Tu686) in xenograft mouse models
was demonstrated by Quian et al. using SERS gold
nanoprobe conjugated with tumor targeting ligand
such as single-chain variable fragment (ScFv)-EGFR
antibody.[106] The human epidermal growth factor
receptor 2 (HER2) is an important receptor overexpressed in most solid breast tumors, which plays an
important role in cell proliferation.[108] In another
study, Samanta et al. used SERS to demonstrate the
unique targeting capability of Au nanoparticles
functionalized with lipoic acid-containing NIR-active
tricarbocyanine (CyNAMLA) and scFv anti-HER2
antibodies in HER2-positive SKBR-3 xenograft
models, in comparison to the HER2-negative
MDA-MB-231 models.[107]
Aptamers, either based on peptides or
oligonucleotides, are a preferred targeting ligand by
many researchers. Having good efficacy and safety in
humans, aptamers are generally of low cost and
require few simple steps to adhere to the nanoparticle
surface while maintaining their highly selective
outward binding capabilities. Mucin1 (MUC1) is a
common target for aptamers as it is overexpressed in
the vast majority of human breast carcinomas,
including in the early stages of triple negative breast
cancer, and plays a role in the progression and
metastatic potential of a tumor lesion.[109] To confirm
the homing ability of targeted SERS nanoparticles, Pal
et al. studied the competitive uptake of solely
PEGylated and DNA aptamer functionalized
nanoparticles.[110] Nude mice were simultaneously
implanted with two xenograft tumor models with one
lesion overexpressing MUC1 and a MUC1-negative
control. The distinctive SERS signal of the Raman
reporter, bound to the gold surface of the DNA
aptamer functionalized nanoprobe, was detected
more strongly within the MUC1 positive lesion,
confirming selective uptake. The integrin αvβ3 is
highly expressed on the surface of neovasculature and
is implicated in metastatic invasion commonly found
in glioblastomas and melanoma. Arg-Gly-Asp (RGD)
peptides bind with high affinity to this extracellular
matrix receptor.[111] Nicolson et al. published the
first in vivo SESORS study in 2019, functionalizing the
SERRS nanoprobe surface with cyclic-RGDyK peptide
to non-invasively image induced glioblastoma
multiforme tumors within the RCAS-PDGF/N-tva
transgenic mouse model.[89] Although novel
analogues are improving their pharmacological
profile, native peptides have intrinsically weak
chemical and physical stability, often translating to a
poor circulation time and prompt elimination by the
MPS.[112]
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In addition to the clinical markers mentioned
above (i.e., EGFR, HER2), the folate receptor is a
popular choice for cancer imaging. During the
disruptive, fast-laying of neovasculature, folate
receptors are highly expressed on the cell surface in a
number of cancers including breast, lung and
ovarian.[113] Feng et al. functionalized SERS
nanoprobes (gold nanobipyramids) with PEG-folic
acid to target the folate receptors present on MCF-7
breast cancer cells, injected subcutaneously in Balb/c
(nu/nu) nude mice.[114] The in vivo study confirmed
the specific accumulation of the targeted nanoprobes
within the tumor. For the detection of metastatic
spread of ovarian tumors within the peritoneal cavity,
Oseledchyk et al. challenged athymic mice with
human ovarian adenocarcinoma cell line SKOV-3
(Fig. 5).[60] Both non-targeting and anti-folate
receptor targeting SERRS nanoprobes were topically
applied, and a SERRS ratiometric algorithm revealed
the areas of overexpressed folate receptor. Alongside
histological and biodistribution analysis, this SERRS
imaging technique confirmed the increased retention
property of the nanoprobe granted by the folate
receptor targeting functionalization. As the
nanoprobes were applied topically (directly within
the peritoneal cavity), they did not need to circulate
through the blood stream, avoiding sequestration by
the immune system and also eliminating potential
toxicity to off-target tissues.
Active targeting provides an increased
internalization and retention of the nanoprobes
within the tumor microenvironment and facilitates
the ability to conduct non-simultaneous multimodal
imaging. Additionally, active targeting is essential in
selectively highlighting areas that express specific
molecules
of
interest
within
the
tumor
microenvironment, allowing the imaging of multiple
molecular targets by using a library of highly specific
Raman reporters and their corresponding targeting
ligands.

Multimodal SERRS Nanoparticles for In
Vivo Delineation of Localized Tumors
While Raman imaging with SERS nanoparticles
is considered a powerful emerging medical imaging
technique, it suffers from several inherent
technological limitations such as poor tissue
penetration, small field of view, and long image
acquisition times compared to other imaging
techniques. These shortcomings can be remedied by
adding additional modes of contrast to the SERS
nanoparticles, to allow for multimodal imaging.
Medical imaging with complementary modalities is now common clinical practice, as it allows
acquisition of images with integrative information.
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The most common clinical example is the use of
PET-CT, which combines the molecular specificity of
immuno-PET with the high-resolution physiological
imaging of CT.[115] New multimodal approaches
could allow for non-invasive macroscopic imaging for
surgical planning as well as for microscopic
intra-operative imaging for defining the tumor
margins with a single injection of contrast.
Combinations of imaging modalities can help avoid
possible ambiguities stemming from a single method,
as well as overcome the limitations in contrast and
resolution of the independent imaging techniques.
In multimodal SERS imaging, a precisely
functionalized nanoparticle acts as a contrast agent for
Raman imaging via SERS or SERRS, as well as for
various other medical imaging modalities such as
photoacoustic imaging (PAI), MRI, fluorescence
imaging, PET, CT, etc. (Fig. 6). During multimodal
tissue imaging, a single dose of administered
multimodal imaging contrast facilitates the surgeon to
precisely correlate tumor margin in pre- and
intraoperative images, which can help to more
precisely identify the tumor extent, while also
potentially limiting the toxicity associated with
administration of multiple contrast agents.
In order to develop an efficient multimodal SERS
nanoprobe, there are several key design parameters
that need to be evaluated, such as size, shape,
composition, surface functionalization, etc. The
multilayered structure of a SERS nanoparticle, which
usually comprises of a plasmonic metal core, a layer
of a Raman reporter, and a protective coating layer,
e.g. PEG or silica, which can then be functionalized
with targeting or other moieties, can readily integrate
additional modalities into the structure with minor or
no modifications. For example, due to its high
extinction coefficient for NIR light, the gold core of a
nanoparticle provides high signal intensity for PAI, as
was demonstrated in several multimodal imaging
reports.[116-119] CT is another modality enabled by
the presence of a gold core, as gold is known to
provide a higher X-ray contrast than the traditionally
administered iodine.[120] SERS nanoparticles based
on gold nanospheres,[121] nanorods,[117] Janus
nanostars[122] and even gold-iron alloy[123] were
shown to be successfully used in both Raman and CT
imaging. To integrate the MRI modality, it becomes
necessary to add a magnetic component to the
nanoparticle to provide MR contrast. This can be
achieved in various ways, e.g. adding paramagnetic
iron oxide in the core of a SERS nanoparticle,[122, 123]
adding iron ions in the coating layer;[124] forming a
composite of SERS nanoparticle and superparamagnetic iron oxide nanoparticles[125] or, more
commonly, integrating gadolinium as an MRI contrast
http://www.ntno.org
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agent. The latter is most often attached to the
nanoparticle surface through chelating ligands,[126128] however there is also report of using gadolinium
from an attached upconversion nanoparticle as an
MRI contrast source.[129] Kircher et al. demonstrated
the possibility of integrating SERS with PAI and MRI
for imaging brain tumors using a triple-modality
nanoparticle comprised of silica-coated gold
nanoparticle functionalized with Raman active
molecule and gadolinium (Gd) chelate (Fig. 6a).[116]
SERS-PET dual imaging has been reported for both
chelator-based[75] and chelator-free[130] approaches
of nanoparticle design (Fig. 6b).
An interesting approach is to use Raman
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imaging with fluorescence, as these are both optical
imaging techniques, but each offers distinct
advantages. However, when a fluorescent dye is in
close proximity to the gold surface of a SERS
nanoparticle, its fluorescence is quenched. Still,
nanoparticles with dual contrast, combining SERS and
fluorescence, have been developed. First and
foremost, one can control the distance between a dye
and gold surface using an insulating layer[131] or a
DNA strand to enable dual imaging mode (Fig.
6c).[110] Alternatively, fluorescence quenching can be
reduced by decreasing the size of the gold core,[132]
or by using upconversion luminescent-SERS
nanoparticles.[117, 129]

Figure 5. Topically applied SERRS ratiometry targeting the folate receptor. (a) Two distinct SERRS nanoparticles were synthesized: red – targeted against the folate
receptor, blue – non targeted. (b) White light and bioluminescence imaging make the precise identification of the diffuse tumor difficult. (c) The decoupled signal from each of the
two SERRS nanoparticles, does not offer any indication of the tumor site. (d) Ratiometry of the targeted probe over the untargeted, reveals the extend of the main tumor and
multiple microtumors. Adapted with permission from ref. [60]. Copyright 2017 American Chemical Society.
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Figure 6. SERS nanoparticles developed for multimodal imaging. (a) A tri-modality MRI/Photoacoustic/Raman nanoparticle. The gold core provides photoacoustic
contrast while Gadolinium, chelated on the surface, provides MRI contrast. (b) A PET/Raman nanoparticle. Gallium-68 embedded within the silica shell emits positrons allowing
pre-operative whole-mouse imaging. The contrast comes from healthy liver tissue, with hypo-intense tumors. (c) A fluorescence/Raman nanoparticle based on a DNA linker for
the fluorophore allows quick intraoperative tumor location with fluorescence, and highly precise margin definition with Raman imaging. (a) Adapted with permission from ref.
[116]. Copyright 2012 Nature Publishing Group. (b) Adapted with permission from ref. [133]. Copyright 2017 Wiley-VCH. (c) Adapted with permission from ref. [110].

As contrast for additional imaging modalities
can be added independently to the various parts of
the SERS nanoparticles, there are now triple-[116, 123]
and quadruple-modality[117, 122] nanoparticles,
demonstrating that it is feasible to integrate all
aforementioned modalities into one single complex
nanoconstruct – a universal contrast agent, which will
most likely be developed in the near future.

Advanced Mouse Models
Currently, SERS imaging is confined to the
preclinical setting, as no SERS-based contrast agents
are approved for use in patients. In oncology,
preclinical SERS imaging is performed using murine
models: grafted with human tumors (xenograft) or
with syngeneic tumors (allograft), or genetically
engineered mouse models (GEMMs) that recapitulate
the human pathology.[134] To date, most studies
utilize xenograft (ectopic or orthotopic) models that
allow for rapid imaging of cancer and the evaluation

of SERS contrast agents to target to the region of
interest. In the typical xenograft assay, 0.5–1.0 million
cells from culture derived from human tumors are
injected subcutaneously on the flank of the animal,
subsequently forming palpable tumor nodules.[135]
With this in mind, it can be said that xenograft studies
are not a true ‘mouse model’, instead representing a
human-in-mouse system in which fully established
cancer cells are grown in immunodeficient mice with
the support of murine stroma and vascularture.[134-137] Using a different approach, cells from a
lysed solid tumor (or from culture) can be injected
intravenously, intraventricularly, or orthotopically, to
mimic the process of metastasis.[135] While this
approach has notable flaws, its ease of use and low
cost have enabled it to be used extensively in the last
decade for the testing and validation of SERS contrast
agents. However, recent advances in genetic
engineering have enabled the development of more
sophisticated GEMMs to which SERS contrast agents
http://www.ntno.org
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have also been administered. These mice provide
immunocompetent models and possess several
desirable features including spontaneous tumor
growth in situ in the appropriate organ, prior
knowledge of the initiating molecular mechanisms,
and can generate tumors which possess the
architectural and cellular complexity associated with
disease as found in patients, i.e. with inflammatory
cells, vasculature, and other tumor-stromal
interactions required for tumor progression.[134-137]
Several GEMMs have been employed to test the
uptake of SERS contrast agents in vivo (Table 1). The
most frequently utilized GEMM reported in the
literature and used in SERS imaging is the
RCAS-PDGF/N-tva transgenic mouse model of
GBM.[61, 84, 89, 110, 118] This mouse model system
permits the somatic gene transfer of selected
oncogenes, such as PDGF, into targeted brain cells
engineered to express the tv-a receptor. These
transgenic tv-a mice can then be crossed onto various
genetic backgrounds to model the effects of genetic
aberrations such as loss of tumor suppressor genes on
glioma formation and response to therapy.[138]
Importantly, this GEMM exhibits histopathological
and imaging hallmarks of human high-grade tumors
such as infiltrating tumor, margins, microvascular
proliferation and pseudopalisading necrosis.[138] In
these reports, Nestin-tv-a/Ink4a-arf-/-//Ptenfl/f/ mice
were stereotactically injected with DF-1 cells
transfected with RCAS-Pdgfb and RCAS-Cre, which
leads to the overexpression of oncogene Pdgfb and
loss of tumor suppressor genes Ink4a-arf and Pten,
giving rise to almost complete penetrance of GBM
after four weeks.[61, 84, 89, 110, 118]
GEMMs enable researchers to better visualize
cancer in a way that more closely resembles its initial
formation, progression, and consequential metastasis
in patients. The APCPirc/+ rat model was used to
determine the ability of SERS contrast agents to detect
premalignant lesions of colorectal cancer (CRC).[80]
Loss of function of the tumor suppressor gene
adenomatous polyposis coli (APC) is known to
initiate neoplastic growth and the development of
adenomatous polyps, however it is well understood
that such lesions do not progress into metastatic
adenocarcinomas.[139, 140] The APCPirc/+ rat model
was thus chosen to mimic the development of
premalignant lesions of CRC and determine the
effectiveness of both SERS endoscopy to detect such
polyps.[80] Uptake of SERS contrast agents into the
KPC model of pancreatic cancer has also been
achieved, in which SERS imaging successfully
detected PanIN, a microscopic premalignant lesion of
the pancreas that can progress to invasive ductal
adenocarcinoma with 100% penetrance.[47] Andreou
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et al., evaluated the ability of SERS contrast agents to
detect liver cancer using two GEMMs; (1) Myc-driven
model and (2) the Ink4A/ Arf−/− model[141]. Myc is
commonly over expressed in hepatocellular
carcinomas (HCC)[142] while inactivation of
Ink4A/Arf−/− can lead to the development of
histiocytic sarcomas, soft tissue sarcomas, and
lymphomas.[141] The authors demonstrated that
SERS contrast agents accumulate in healthy liver
tissues but not in liver tumors giving rise to high
contrast,
high
resolution
Raman
imaging.
Importantly, using the Ink4A/Arf−/− model, through
the use of SERS contrast agents, it was possible to
image microscopic cancerous lesions within the liver
which were otherwise undetectable using white light
sources.
Table 1: Summary of Genetically Engineered Mouse Models used
in SERS in vivo imaging
Model
APCPirc/+
RCAS-PDGF/N-tva
4Ink4A/ Arf−/−
Myc-HCC
MMTV-PyMT
Hi-Myc
KPC
DDLS

Cancer Type
Premalignant GI tract lesions
Glioblastoma Multiforme
Sarcoma
Liver cancer
Breast cancer
Prostate cancer
Pancreatic cancer
Dedifferentiated liposarcoma

References
[80]
[61, 84, 89, 110, 118]
[47, 141]
[130, 141]
[47]
[47]
[47]
[47]

Multiplexed SERS for In Vivo Cancer
Imaging
One of the most promising features of SERS for
cancer imaging is its potential for multiplexed
detection of numerous cancer-related molecular
markers,[30, 34, 35, 76] particularly their distribution
within
the
tumor
microenvironment.
The
simultaneous imaging of multiple biomarkers in real
time, in living subjects, with sufficient specificity will
be beneficial for improving cancer staging,
monitoring treatment response, and screening for
cancer recurrence. In fact, the need for multiplexed
detection is evident from the rising trend in
leveraging numerous imaging modalities on the same
patient to obtain more clinically relevant
information.[115] So far, this has been achieved in the
clinic primarily through the co-registration of images
acquired over a lengthy period of time using a
multimodal approach. The commonly used medical
imaging modalities have limited capacity for
multiplexed imaging: the radionuclides used in PET
offer high sensitivity, but they provide photons of the
same energy which are thus indistinguishable; CT
contrast agents do not have sufficient sensitivity of
detection to allow molecularly specific imaging; MRI
relies primarily on intrinsic contrast, which again
makes the detection of rare and microscopic targets
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practically impossible. In the preclinical setting, while
a higher number of targets (i.e., up to five targets) can
be detected using fluorescence imaging,[143-145] it is
still mostly limited to in vitro setting and several
issues, such as overlapping broad emission spectra,
photobleaching,
and
autofluorescence,
have
complicated its in vivo implementation.
Compared to other imaging modalities, SERS
imaging does not have these limitations, and can in
theory provide high degrees of multiplexed detection,
on par with specialized ex vivo imaging methods like
multiplexed histology,[146-148] or mass spectrometry
(e.g. MIBI).[149, 150] The high multiplexing capacity
of SERS stems primarily from the narrow Raman
bands that appear in the fingerprint-like spectra,
which are distinct to individual Raman reporter
molecules. SERS imaging, in principle, is capable of
visualizing a large number of molecular markers
within the same tumor in a single scan.
Initial demonstration of the high multiplexing
potential of SERS nanoparticles was provided by
Zavaleta et al. in a study where the authors injected 10
distinct SERS nanoparticles subcutaneously in a
mouse and imaged them.[30] The next step to fully
exploit the potential of multiplexed imaging is to
systemically administer targeted SERS nanoparticles,
and image the distribution of several markers at the
tumor site. This is yet to be reported in the literature.
To realize this, Raman reporters with distinct spectral
signatures have to be synthesized and introduced into
identical
nanoparticles
functionalized
with
differentially targeting moieties to generate a cocktail
of spectrally unique and molecularly targeted SERS
nanotags.
One of the earliest studies that reported the
utilization of SERS for in vivo multiplexed cancer
detection with bioconjugated SERS nanoparticles was
able to detect three intrinsic cancer biomarkers, i.e.,
EGFR, CD44, and TGFβ receptor II, in a breast
cancer-bearing murine model, after intratumoral
injection.[151] The SERS contrast agents were
constructed from different reporter molecules, namely
Cy5, malachite green isothiocyanate, and rhodamine
6G, and conjugated with antibodies to enable
targeting of the specific cell surface receptors. To date,
no studies have been reported that use more than two
distinct
and
targeted
SERS
nanoparticles
administered intravenously.
Encouragingly, ratiometric Raman-encoded
imaging has been developed,[60] and applied to
visualize up to four targets ex vivo.[152] With further
molecular designs and refinement, SERS imaging can
be effectively translated for multiplexed imaging of
more than five biomarkers in vivo.
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Towards Clinical Translation
The versatile nature of SERS-based contrast
agents makes them a highly promising tool in the field
of molecular imaging. Their clinical application will
serve to complement the existing medical imaging
modalities, filling a void between non-invasive
imaging methods and molecularly-specific histology
performed after biopsy. However, many challenges
remain before these nanoparticles are ready for
clinical trials; the most important of which include
off-target accumulation (in organs of the
reticuloendothelial system), potential long-term
toxicity effects, and the lack of validated molecular
targets reported in the literature.
It is well accepted that most systemically
administered nanoparticles with diameters around
100 nm are removed from circulation and retained by
the liver and the spleen, leaving only a very small
number to reach the target sites.[95],[153] Smaller
nanoparticles, with diameters well below 10 nm, are
instead cleared renally and would pose fewer
long-term toxicity concerns.[154] However, such
nanoparticles demonstrate weak SERS, as plasmonic
enhancement is strongly related to the number of free
electrons (which is proportional to the cubic power of
the diameter). One potential alternative approach is to
use clusters of ultrasmall nanoparticles which would
ideally disintegrate and be cleared through the renal
or biliary pathway.[155]
For common gold-core silica-shell SERS
nanoparticles, initial in vitro studies, by Dr. Gambhir’s
group, aimed to investigate the toxicology,
biocompatibility, and long-term effects and reported
minimal toxicity.[156] Later in vivo toxicity studies by
the same group reported that after intravenous
injection via the tail vein, SERS nanoparticles with a
PEG passivation layer were shown to elicit a mild
inflammatory response and an increase in oxidative
stress in the liver after 24 hours. However, this
subsided over two weeks following administration.[157] A gradual decline in the concentration of
gold within the liver of both male and female animals
was also observed over the two-week period.
Importantly, by measuring clinical, histological,
biochemical, or cardiovascular parameters over two
weeks, no evidence of significant toxicity was
observed.152 As part of the same work, the group tried
topical administration of the same nanoparticles per
rectum. Animals that underwent per rectal
administration were also shown to have no significant
bowel uptake, or systemic nanoparticle uptake and
toxicity.[157] Results indicated that the non-targeted
nanoparticles remained in the bowel lumen and did
not cross the colon wall, and in fact, nanoparticles
administered per rectally were eliminated from
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mouse models through their feces. Topical
administration of this type of nanoparticles within the
peritoneal cavity was also shown to lead to negligible
systemic uptake by the Kircher’s group.[60] Although
further investigation into the long-term toxicology
and biocompatibility of the SERS nanoparticles is
certainly required, initial data suggest that SERS
nanoparticles have the potential for clinical
translation, particularly when administered topically,
instead of through the bloodstream.
Validated molecular targeting is also a crucial
step in establishing the clinical utility of SERS contrast
agents, especially in the context of multiplexed
imaging. As unfunctionalized nanoparticles can be
taken up by cancer and immune cells, it is important
to establish the targeting efficacy of functionalized
SERS contrast agents and identify the extent of
non-specific interactions. The most common way of
validation is by comparison to immunohistological
stains after tumor excision, while in vivo targeting
validation can be shown by using blocking antibodies.
A few examples using both validation methods are
found in literature, e.g. for nanoparticles targeted
against integrin[61] and against tissue factor[63]. For
ex vivo imaging several other molecular targets have
been validated.

Conclusion
Raman imaging with SERS nanoparticles makes
a highly promising technology for the imaging of
cancer. The method has undergone many
advancements in recent years, especially when it
comes to in vivo imaging for preclinical research.
Compared to other medical imaging modalities, this
technique offers many advantages, mostly stemming
from the fact that the contrast agent is a nanoparticle.
Nanoparticles enjoy preferential extravasation and
uptake in cancerous and premalignant tumors,
allowing SERS nanoparticles to reveal these
malignancies. Additionally, nanoparticles provide a
platform on which functional molecules can be
attached, to allow for specific targeting, or for
detection by other imaging modalities. The greatest
potential of SERS nanoparticles is that they can be
engineered to allow detection of multiple targets in a
single scan, with high specificity and high spatial
resolution in vivo. However, for this imaging modality
to fulfill its promise, many more advancements are
required, both in the realm of instrumentation, to
allow for rapid imaging of large and at depth areas, as
well as in optimization of the biological interactions of
the nanoparticle constructs, acting favorably towards
tumors while eluding the MPS and bypassing healthy
tissues. As improvements continue on these two
fronts, we should continue on the tracks laid by Dr.
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Gambhir and Dr. Kircher, and push towards clinical
approval and translation of medical imaging with
SERS nanoparticles.

Acknowledgements
The
following
funding
sources
are
acknowledged: NIH R01 EB017748, R01 CA222836,
start-up funds from the Dana-Farber Cancer Institute
and an Innovation Research Fund grant from the
Dana-Farber Cancer Institute. FN acknowledges the
Trustee Science Committee Postdoctoral Fellowship
from the Dana-Farber Cancer Institute.

Competing Interests
The authors have declared that no competing
interest exists.

References
1.
2.
3.

4.

5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.

19.
20.

Andreou C, Kishore SA, Kircher MF. Surface-Enhanced Raman Spectroscopy:
A New Modality for Cancer Imaging. Journal of Nuclear Medicine. 2015; 56:
1295.
Moriyasu F, Itoh K. Efficacy of perflubutane microbubble-enhanced
ultrasound in the characterization and detection of focal liver lesions: phase 3
multicenter clinical trial. American Journal of Roentgenology. 2009; 193: 86-95.
Smeenge M, Tranquart F, Mannaerts CK, de Reijke TM, van de Vijver MJ,
Laguna MP, et al. First-in-Human Ultrasound Molecular Imaging With a
VEGFR2-Specific Ultrasound Molecular Contrast Agent (BR55) in Prostate
Cancer: A Safety and Feasibility Pilot Study. Invest Radiol. 2017; 52: 419-27.
Carter LM, Poty S, Sharma SK, Lewis JS. Preclinical optimization of
antibody-based radiopharmaceuticals for cancer imaging and radionuclide
therapy—Model, vector, and radionuclide selection. Journal of Labelled
Compounds and Radiopharmaceuticals. 2018; 61: 611-35.
Almuhaideb A, Papathanasiou N, Bomanji J. 18F-FDG PET/CT imaging in
oncology. Ann Saudi Med. 2011; 31: 3-13.
Ehman EC, Johnson GB, Villanueva-Meyer JE, Cha S, Leynes AP, Larson PEZ,
et al. PET/MRI: Where might it replace PET/CT? J Magn Reson Imaging. 2017;
46: 1247-62.
Joshi BP, Duan X, Kwon RS, Piraka C, Elmunzer BJ, Lu S, et al. Multimodal
endoscope can quantify wide-field fluorescence detection of Barrett's
neoplasia. Endoscopy. 2016; 48: A1-A13.
Ntziachristos V, Yodh AG, Schnall M, Chance B. Concurrent MRI and diffuse
optical tomography of breast after indocyanine green enhancement. Proc Natl
Acad Sci U S A. 2000; 97: 2767-72.
Poellinger A, Burock S, Grosenick D, Hagen A, Ludemann L, Diekmann F, et
al. Breast cancer: early- and late-fluorescence near-infrared imaging with
indocyanine green--a preliminary study. Radiology. 2011; 258: 409-16.
Krishnan RS, Shankar RK. Raman effect: History of the discovery. Journal of
Raman Spectroscopy. 1981; 10: 1-8.
Kneipp K. Surface-enhanced Raman scattering. Physics Today. 2007; 60: 40-6.
Wang X, Huang S-C, Hu S, Yan S, Ren B. Fundamental understanding and
applications of plasmon-enhanced Raman spectroscopy. Nature Reviews
Physics. 2020; 2: 253-71.
Morris MD, Wallan DJ. Resonance Raman Spectroscopy. Analytical
Chemistry. 1979; 51: 182A-92A.
Efremov EV, Ariese F, Gooijer C. Achievements in resonance Raman
spectroscopy: Review of a technique with a distinct analytical chemistry
potential. Analytica Chimica Acta. 2008; 606: 119-34.
Guo Y, Shu C-C, Dong D, Nori F. Vanishing and Revival of Resonance Raman
Scattering. Physical Review Letters. 2019; 123: 223202.
Zong C, Xu M, Xu L-J, Wei T, Ma X, Zheng X-S, et al. Surface-Enhanced Raman
Spectroscopy for Bioanalysis: Reliability and Challenges. Chemical Reviews.
2018; 118: 4946-80.
Langer J, Jimenez de Aberasturi D, Aizpurua J, Alvarez-Puebla RA, Auguié B,
Baumberg JJ, et al. Present and Future of Surface-Enhanced Raman Scattering.
ACS Nano. 2020; 14: 28-117.
Demirel G, Usta H, Yilmaz M, Celik M, Alidagi HA, Buyukserin F.
Surface-enhanced Raman spectroscopy (SERS): an adventure from plasmonic
metals to organic semiconductors as SERS platforms. Journal of Materials
Chemistry C. 2018; 6: 5314-35.
Laing S, Jamieson LE, Faulds K, Graham D. Surface-enhanced Raman
spectroscopy for in vivo biosensing. Nature Reviews Chemistry. 2017; 1: 0060.
Willets KA, Van Duyne RP. Localized Surface Plasmon Resonance
Spectroscopy and Sensing. Annual Review of Physical Chemistry. 2007; 58:
267-97.

http://www.ntno.org

Nanotheranostics 2022, Vol. 6
21. Mayer KM, Hafner JH. Localized Surface Plasmon Resonance Sensors.
Chemical Reviews. 2011; 111: 3828-57.
22. Agrawal A, Cho SH, Zandi O, Ghosh S, Johns RW, Milliron DJ. Localized
Surface Plasmon Resonance in Semiconductor Nanocrystals. Chemical
Reviews. 2018; 118: 3121-207.
23. Chen Y, Ming H. Review of surface plasmon resonance and localized surface
plasmon resonance sensor. Photonic Sensors. 2012; 2: 37-49.
24. Wang Y, Yan B, Chen L. SERS Tags: Novel Optical Nanoprobes for
Bioanalysis. Chemical Reviews. 2013; 113: 1391-428.
25. Jun A, Katsumasa F. Metallic Nanoparticles as SERS Agents for Biomolecular
Imaging. Curr Pharm Biotechnol. 2013; 14: 141-9.
26. Li M, Qiu Y, Fan C, Cui K, Zhang Y, Xiao Z. Design of SERS nanoprobes for
Raman imaging: materials, critical factors and architectures. Acta
Pharmaceutica Sinica B. 2018; 8: 381-9.
27. Li Y, Wei Q, Ma F, Li X, Liu F, Zhou M. Surface-enhanced Raman
nanoparticles for tumor theranostics applications. Acta Pharm Sin B. 2018; 8:
349-59.
28. Dey P, Blakey I, Stone N. Diagnostic prospects and preclinical development of
optical technologies using gold nanostructure contrast agents to boost
endogenous tissue contrast. Chemical Science. 2020; 11: 8671-85.
29. Du Z, Qi Y, He J, Zhong D, Zhou M. Recent advances in applications of
nanoparticles in SERS in vivo imaging. WIREs Nanomedicine and
Nanobiotechnology. 2021; 13: e1672.
30. Zavaleta CL, Smith BR, Walton I, Doering W, Davis G, Shojaei B, et al.
Multiplexed imaging of surface enhanced Raman scattering nanotags in living
mice using noninvasive Raman spectroscopy. Proceedings of the National
Academy of Sciences. 2009; 106: 13511.
31. Zhang Y, Hong H, Cai W. Imaging with Raman spectroscopy. Curr Pharm
Biotechnol. 2010; 11: 654-61.
32. Jokerst JV, Pohling C, Gambhir SS. Molecular imaging with surface-enhanced
Raman spectroscopy nanoparticle reporters. MRS Bull. 2013; 38:
10.1557/mrs.2013.157.
33. Henry A-I, Sharma B, Cardinal MF, Kurouski D, Van Duyne RP.
Surface-Enhanced Raman Spectroscopy Biosensing: In Vivo Diagnostics and
Multimodal Imaging. Analytical Chemistry. 2016; 88: 6638-47.
34. Davis RM, Kiss B, Trivedi DR, Metzner TJ, Liao JC, Gambhir SS.
Surface-Enhanced Raman Scattering Nanoparticles for Multiplexed Imaging
of Bladder Cancer Tissue Permeability and Molecular Phenotype. ACS Nano.
2018; 12: 9669-79.
35. Noonan J, Asiala SM, Grassia G, MacRitchie N, Gracie K, Carson J, et al. In
vivo multiplex molecular imaging of vascular inflammation using
surface-enhanced Raman spectroscopy. Theranostics. 2018; 8: 6195-209.
36. Zhang Y, Jimenez de Aberasturi D, Henriksen-Lacey M, Langer J, Liz-Marzán
LM. Live-Cell Surface-Enhanced Raman Spectroscopy Imaging of Intracellular
pH: From Two Dimensions to Three Dimensions. ACS Sensors. 2020; 5:
3194-206.
37. Pérez-Jiménez AI, Lyu D, Lu Z, Liu G, Ren B. Surface-enhanced Raman
spectroscopy: benefits, trade-offs and future developments. Chemical Science.
2020; 11: 4563-77.
38. Xie W, Qiu P, Mao C. Bio-imaging, detection and analysis by using
nanostructures as SERS substrates. Journal of Materials Chemistry. 2011; 21:
5190-202.
39. Sharma B, Frontiera RR, Henry A-I, Ringe E, Van Duyne RP. SERS: Materials,
applications, and the future. Materials Today. 2012; 15: 16-25.
40. Tian F, Bonnier F, Casey A, Shanahan AE, Byrne HJ. Surface enhanced Raman
scattering with gold nanoparticles: effect of particle shape. Analytical
Methods. 2014; 6: 9116-23.
41. Yu Y, Zeng P, Yang C, Gong J, Liang R, Ou Q, et al. Gold-Nanorod-Coated
Capillaries for the SERS-Based Detection of Thiram. ACS Applied Nano
Materials. 2019; 2: 598-606.
42. Guo J, Yan X, Xu M, Ghimire G, Pan X, He J. Effective Electrochemical
Modulation of SERS Intensity Assisted by Core–Shell Nanoparticles.
Analytical Chemistry. 2021; 93: 4441-8.
43. Cai Z, Hu Y, Sun Y, Gu Q, Wu P, Cai C, et al. Plasmonic SERS Biosensor Based
on Multibranched Gold Nanoparticles Embedded in Polydimethylsiloxane for
Quantification of Hematin in Human Erythrocytes. Analytical Chemistry.
2021; 93: 1025-32.
44. Guo S, Jin S, Park E, Chen L, Mao Z, Jung YM. Photo-Induced Charge Transfer
Enhancement for SERS in a SiO2–Ag–Reduced Graphene Oxide System. ACS
Applied Materials & Interfaces. 2021; 13: 5699-705.
45. Spaliviero M, Harmsen S, Huang R, Wall MA, Andreou C, Eastham JA, et al.
Detection of Lymph Node Metastases with SERRS Nanoparticles. Molecular
Imaging and Biology. 2016; 18: 677-85.
46. Khoury CG, Vo-Dinh T. Gold Nanostars For Surface-Enhanced Raman
Scattering: Synthesis, Characterization and Optimization. J Phys Chem C
Nanomater Interfaces. 2008; 2008: 18849-59.
47. Harmsen S, Huang R, Wall MA, Karabeber H, Samii JM, Spaliviero M, et al.
Surface-enhanced resonance Raman scattering nanostars for high-precision
cancer imaging. Science Translational Medicine. 2015; 7: 271ra7.
48. Tian F, Conde J, Bao C, Chen Y, Curtin J, Cui D. Gold nanostars for efficient in
vitro and in vivo real-time SERS detection and drug delivery via
plasmonic-tunable Raman/FTIR imaging. Biomaterials. 2016; 106: 87-97.
49. Meng X, Dyer J, Huo Y, Jiang C. Greater SERS Activity of Ligand-Stabilized
Gold Nanostars with Sharp Branches. Langmuir. 2020; 36: 3558-64.

47
50. Mahmoud AYF, Rusin CJ, McDermott MT. Gold nanostars as a colloidal
substrate for in-solution SERS measurements using a handheld Raman
spectrometer. Analyst. 2020; 145: 1396-407.
51. Fabris L. Gold Nanostars in Biology and Medicine: Understanding
Physicochemical Properties to Broaden Applicability. The Journal of Physical
Chemistry C. 2020; 124: 26540-53.
52. Narayanan R, Lipert RJ, Porter MD. Cetyltrimethylammonium
Bromide-Modified Spherical and Cube-Like Gold Nanoparticles as Extrinsic
Raman Labels in Surface-Enhanced Raman Spectroscopy Based
Heterogeneous Immunoassays. Analytical Chemistry. 2008; 80: 2265-71.
53. Zhang Y, Li X, Xue B, Kong X, Liu X, Tu L, et al. A facile and general route to
synthesize silica-coated SERS tags with the enhanced signal intensity.
Scientific Reports. 2015; 5: 14934.
54. Sanz-Ortiz MN, Sentosun K, Bals S, Liz-Marzán LM. Templated Growth of
Surface Enhanced Raman Scattering-Active Branched Gold Nanoparticles
within Radial Mesoporous Silica Shells. ACS Nano. 2015; 9: 10489-97.
55. Yeo J, Lee D, Pang Y. Surface adsorption of hydroxyanthraquinones on
CTAB-modified gold nanosurfaces. Spectrochimica Acta Part A: Molecular
and Biomolecular Spectroscopy. 2021; 251: 119408.
56. McNay G, Eustace D, Smith WE, Faulds K, Graham D. Surface-Enhanced
Raman Scattering (SERS) and Surface-Enhanced Resonance Raman Scattering
(SERRS): A Review of Applications. Applied Spectroscopy. 2011; 65: 825-37.
57. Nicolson F, Jamieson LE, Mabbott S, Plakas K, Shand NC, Detty MR, et al.
Surface enhanced resonance Raman spectroscopy (SERRS) for probing
through plastic and tissue barriers using a handheld spectrometer. Analyst.
2018; 143: 5965-73.
58. Nicolson F, Jamieson LE, Mabbott S, Plakas K, Shand NC, Detty MR, et al.
Through tissue imaging of a live breast cancer tumour model using handheld
surface enhanced spatially offset resonance Raman spectroscopy (SESORRS).
Chemical Science. 2018; 9: 3788-92.
59. Andreou C, Oseledchyk A, Nicolson F, Berisha N, Pal S, Kircher MF.
Surface-enhanced Resonance Raman Scattering Nanoprobe Ratiometry for
Detecting Microscopic Ovarian Cancer via Folate Receptor Targeting. J Vis
Exp. 2019: 10.3791/58389.
60. Oseledchyk A, Andreou C, Wall MA, Kircher MF. Folate-Targeted
Surface-Enhanced Resonance Raman Scattering Nanoprobe Ratiometry for
Detection of Microscopic Ovarian Cancer. ACS Nano. 2017; 11: 1488-97.
61. Huang R, Harmsen S, Samii JM, Karabeber H, Pitter KL, Holland EC, et al.
High Precision Imaging of Microscopic Spread of Glioblastoma with a
Targeted Ultrasensitive SERRS Molecular Imaging Probe. Theranostics. 2016;
6: 1075-84.
62. Chakraborty A, Ghosh A, Barui A. Advances in surface-enhanced Raman
spectroscopy for cancer diagnosis and staging. Journal of Raman
Spectroscopy. 2020; 51: 7-36.
63. Nayak TR, Andreou C, Oseledchyk A, Marcus WD, Wong HC, Massague J, et
al. Tissue factor-specific ultra-bright SERRS nanostars for Raman detection of
pulmonary micrometastases. Nanoscale. 2017; 9: 1110-9.
64. Matousek P, Stone N. Development of deep subsurface Raman spectroscopy
for medical diagnosis and disease monitoring. Chemical Society Reviews.
2016; 45: 1794-802.
65. Cordero E, Latka I, Matthäus C, Schie I, Popp J. In vivo Raman spectroscopy:
from basics to applications. Journal of Biomedical Optics. 2018; 23: 071210.
66. Wang W, Short M, Tai IT, Zeng H. Disposable sheath that facilitates
endoscopic Raman spectroscopy. J Biomed Opt. 2016; 21: 25001.
67. Butler HJ, Ashton L, Bird B, Cinque G, Curtis K, Dorney J, et al. Using Raman
spectroscopy to characterize biological materials. Nat Protoc. 2016; 11: 664-87.
68. Dereniak EL, Dussault D, Sampson RE, Hoess P, Johnson CB. Noise
performance comparison of ICCD with CCD and EMCCD cameras. Infrared
Systems and Photoelectronic Technology; 2004.
69. Denson SC, Pommier CJS, Denton MB. The Impact of Array Detectors on
Raman Spectroscopy. Journal of Chemical Education. 2007; 84: 67.
70. Harmsen S, Wall MA, Huang R, Kircher MF. Cancer imaging using
surface-enhanced resonance Raman scattering nanoparticles. Nat Protoc. 2017;
12: 1400-14.
71. Mallia RJ, McVeigh PZ, Veilleux I, Wilson BC. Filter-based method for
background removal in high-sensitivity wide-field-surface-enhanced Raman
scattering imaging in vivo. J Biomed Opt. 2012; 17: 076017.
72. McVeigh PZ, Mallia RJ, Veilleux I, Wilson BC. Widefield quantitative
multiplex surface enhanced Raman scattering imaging in vivo. J Biomed Opt.
2013; 18: 046011.
73. Bohndiek SE, Wagadarikar A, Zavaleta CL, Van de Sompel D, Garai E, Jokerst
JV, et al. A small animal Raman instrument for rapid, wide-area, spectroscopic
imaging. Proc Natl Acad Sci U S A. 2013; 110: 12408-13.
74. St-Arnaud K, Aubertin K, Strupler M, Jermyn M, Petrecca K, Trudel D, et al.
Wide-field spontaneous Raman spectroscopy imaging system for biological
tissue interrogation. Opt Lett. 2016; 41: 4692-5.
75. Zavaleta CL, Hartman KB, Miao Z, James ML, Kempen P, Thakor AS, et al.
Preclinical Evaluation of Raman Nanoparticle Biodistribution for their
Potential Use in Clinical Endoscopy Imaging. Small. 2011; 7: 2232-40.
76. Zavaleta CL, Garai E, Liu JTC, Sensarn S, Mandella MJ, Van de Sompel D, et al.
A Raman-based endoscopic strategy for multiplexed molecular imaging.
Proceedings of the National Academy of Sciences. 2013; 110: 10062.
77. Garai E, Sensarn S, Zavaleta CL, Van de Sompel D, Loewke NO, Mandella MJ,
et al. High-sensitivity, real-time, ratiometric imaging of surface-enhanced

http://www.ntno.org

Nanotheranostics 2022, Vol. 6

78.

79.
80.

81.
82.
83.

84.
85.
86.
87.
88.
89.
90.

91.

92.
93.
94.
95.
96.
97.

98.
99.

100.

101.
102.
103.

Raman scattering nanoparticles with a clinically translatable Raman
endoscope device. J Biomed Opt. 2013; 18: 096008.
Garai E, Sensarn S, Zavaleta CL, Loewke NO, Rogalla S, Mandella MJ, et al. A
Real-Time Clinical Endoscopic System for Intraluminal, Multiplexed Imaging
of Surface-Enhanced Raman Scattering Nanoparticles. PLOS ONE. 2015; 10:
e0123185.
Wang YW, Kang S, Khan A, Bao PQ, Liu JTC. In vivo multiplexed molecular
imaging of esophageal cancer via spectral endoscopy of topically applied
SERS nanoparticles. Biomed Opt Express. 2015; 6: 3714-23.
Harmsen S, Rogalla S, Huang R, Spaliviero M, Neuschmelting V, Hayakawa Y,
et al. Detection of Premalignant Gastrointestinal Lesions Using
Surface-Enhanced Resonance Raman Scattering–Nanoparticle Endoscopy.
ACS Nano. 2019; 13: 1354-64.
Kim YI, Jeong S, Jung KO, Song MG, Lee CH, Chung SJ, et al. Simultaneous
Detection of EGFR and VEGF in Colorectal Cancer using Fluorescence-Raman
Endoscopy. Sci Rep. 2017; 7: 1035.
Jeong S, Kim YI, Kang H, Kim G, Cha MG, Chang H, et al.
Fluorescence-Raman dual modal endoscopic system for multiplexed
molecular diagnostics. Sci Rep. 2015; 5: 9455.
Ou YC, Wen X, Johnson CA, Shae D, Ayala OD, Webb JA, et al. Multimodal
Multiplexed Immunoimaging with Nanostars to Detect Multiple
Immunomarkers and Monitor Response to Immunotherapies. ACS Nano.
2020; 14: 651-63.
Karabeber H, Huang R, Iacono P, Samii JM, Pitter K, Holland EC, et al.
Guiding Brain Tumor Resection Using Surface-Enhanced Raman Scattering
Nanoparticles and a Hand-Held Raman Scanner. ACS Nano. 2014; 8: 9755-66.
Matousek P, Clark IP, Draper ERC, Morris MD, Goodship AE, Everall N, et al.
Subsurface Probing in Diffusely Scattering Media Using Spatially Offset
Raman Spectroscopy. Applied Spectroscopy. 2005; 59: 393-400.
Nicolson F, Kircher MF, Stone N, Matousek P. Spatially offset Raman
spectroscopy for biomedical applications. Chem Soc Rev. 2020.
Stone N, Kerssens M, Lloyd GR, Faulds K, Graham D, Matousek P. Surface
enhanced spatially offset Raman spectroscopic (SESORS) imaging – the next
dimension. Chemical Science. 2011; 2: 776-80.
Matousek P. Inverse Spatially Offset Raman Spectroscopy for Deep
Noninvasive Probing of Turbid Media. Applied Spectroscopy. 2006; 60:
1341-7.
Nicolson F, Andreiuk B, Andreou C, Hsu H-T, Rudder S, Kircher MF.
Non-invasive In Vivo Imaging of Cancer Using Surface-Enhanced Spatially
Offset Raman Spectroscopy (SESORS). Theranostics. 2019; 9: 5899-913.
Stephen MM, Jayanthi JL, Unni NG, Kolady PE, Beena VT, Jeemon P, et al.
Diagnostic accuracy of diffuse reflectance imaging for early detection of
pre-malignant and malignant changes in the oral cavity: a feasibility study.
BMC Cancer. 2013; 13: 278.
Zaric B, Perin B, Stojsic V, Carapic V, Matijasevic J, Andrijevic I, et al.
Detection of premalignant bronchial lesions can be significantly improved by
combination of advanced bronchoscopic imaging techniques. Ann Thorac
Med. 2013; 8: 93-8.
Baeten J, Suresh A, Johnson A, Patel K, Kuriakose M, Flynn A, et al. Molecular
Imaging of Oral Premalignant and Malignant Lesions Using Fluorescently
Labeled Lectins. Translational Oncology. 2014; 7: 213-20.
Kim DH, Kim SW, Hwang SH. Autofluorescence imaging to identify oral
malignant or premalignant lesions: Systematic review and meta-analysis.
Head & Neck. 2020; 42: 3735-43.
Jain RK. Barriers to drug delivery in solid tumors. Sci Am. 1994; 271: 58-65.
Sykes EA, Chen J, Zheng G, Chan WC. Investigating the impact of
nanoparticle size on active and passive tumor targeting efficiency. ACS Nano.
2014; 8: 5696-706.
Wilhelm S, Tavares AJ, Dai Q, Ohta S, Audet J, Dvorak HF, et al. Analysis of
nanoparticle delivery to tumours. Nat Rev Mater. 2016; 1.
Rampado R, Crotti S, Caliceti P, Pucciarelli S, Agostini M. Recent Advances in
Understanding the Protein Corona of Nanoparticles and in the Formulation of
“Stealthy” Nanomaterials. Frontiers in Bioengineering and Biotechnology.
2020; 8.
Perrault SD, Walkey C, Jennings T, Fischer HC, Chan WCW. Mediating Tumor
Targeting Efficiency of Nanoparticles Through Design. Nano Letters. 2009; 9:
1909-15.
Aggarwal P, Hall JB, McLeland CB, Dobrovolskaia MA, McNeil SE.
Nanoparticle interaction with plasma proteins as it relates to particle
biodistribution, biocompatibility and therapeutic efficacy. Advanced Drug
Delivery Reviews. 2009; 61: 428-37.
Mosquera J, García I, Henriksen-Lacey M, González-Rubio G, Liz-Marzán LM.
Reducing Protein Corona Formation and Enhancing Colloidal Stability of
Gold Nanoparticles by Capping with Silica Monolayers. Chemistry of
Materials. 2019; 31: 57-61.
Liu Y, Luo JS, Chen XJ, Liu W, Chen TK. Cell Membrane Coating Technology:
A Promising Strategy for Biomedical Applications. Nano-Micro Lett. 2019; 11.
Lane LA, Qian X, Smith AM, Nie S. Physical Chemistry of Nanomedicine:
Understanding the Complex Behaviors of Nanoparticles in Vivo. Annual
Review of Physical Chemistry. 2015; 66: 521-47.
Xu S, Olenyuk BZ, Okamoto CT, Hamm-Alvarez SF. Targeting
receptor-mediated endocytotic pathways with nanoparticles: rationale and
advances. Advanced drug delivery reviews. 2013; 65: 121-38.

48
104. Yameen B, Choi WI, Vilos C, Swami A, Shi J, Farokhzad OC. Insight into
nanoparticle cellular uptake and intracellular targeting. Journal of controlled
release : official journal of the Controlled Release Society. 2014; 190: 485-99.
105. Bareford LM, Swaan PW. Endocytic mechanisms for targeted drug delivery.
Advanced drug delivery reviews. 2007; 59: 748-58.
106. Qian X, Peng X-H, Ansari DO, Yin-Goen Q, Chen GZ, Shin DM, et al. In vivo
tumor targeting and spectroscopic detection with surface-enhanced Raman
nanoparticle tags. Nature Biotechnology. 2008; 26: 83-90.
107. Samanta A, Maiti KK, Soh K-S, Liao X, Vendrell M, Dinish US, et al.
Ultrasensitive Near-Infrared Raman Reporters for SERS-Based In Vivo Cancer
Detection. Angewandte Chemie International Edition. 2011; 50: 6089-92.
108. Oh D-Y, Bang Y-J. HER2-targeted therapies — a role beyond breast cancer.
Nature Reviews Clinical Oncology. 2020; 17: 33-48.
109. Hollingsworth MA, Swanson BJ. Mucins in cancer: protection and control of
the cell surface. Nature Reviews Cancer. 2004; 4: 45-60.
110. Pal S, Ray A, Andreou C, Zhou Y, Rakshit T, Wlodarczyk M, et al.
DNA-enabled rational design of fluorescence-Raman bimodal nanoprobes for
cancer imaging and therapy. Nat Commun. 2019; 10: 1926.
111. Ma Y, Ai G, Zhang C, Zhao M, Dong X, Han Z, et al. Novel Linear Peptides
with High Affinity to &#945;v&#946;3 Integrin for Precise Tumor
Identification. Theranostics. 2017; 7: 1511-23.
112. Fosgerau K, Hoffmann T. Peptide therapeutics: current status and future
directions. Drug Discovery Today. 2015; 20: 122-8.
113. Fernández M, Javaid F, Chudasama V. Advances in targeting the folate
receptor in the treatment/imaging of cancers. Chemical Science. 2018; 9:
790-810.
114. Feng J, Chen L, Xia Y, Xing J, Li Z, Qian Q, et al. Bioconjugation of Gold
Nanobipyramids for SERS Detection and Targeted Photothermal Therapy in
Breast Cancer. ACS Biomaterials Science & Engineering. 2017; 3: 608-18.
115. Heinzmann K, Carter LM, Lewis JS, Aboagye EO. Multiplexed imaging for
diagnosis and therapy. Nature Biomedical Engineering. 2017; 1: 697-713.
116. Kircher MF, de la Zerda A, Jokerst JV, Zavaleta CL, Kempen PJ, Mittra E, et al.
A brain tumor molecular imaging strategy using a new triple-modality
MRI-photoacoustic-Raman nanoparticle. Nature Medicine. 2012; 18: 829-U235.
117. Sun M, Xu L, Ma W, Wu X, Kuang H, Wang L, et al. Hierarchical Plasmonic
Nanorods and Upconversion Core-Satellite Nanoassemblies for Multimodal
Imaging-Guided Combination Phototherapy. Advanced Materials. 2016; 28:
898-904.
118. Neuschmelting V, Harmsen S, Beziere N, Lockau H, Hsu HT, Huang R, et al.
Dual-Modality Surface-Enhanced Resonance Raman Scattering and
Multispectral Optoacoustic Tomography Nanoparticle Approach for Brain
Tumor Delineation. Small. 2018; 14: e1800740.
119. Jokerst JV, Cole AJ, Van de Sompel D, Gambhir SS. Gold Nanorods for
Ovarian Cancer Detection with Photoacoustic Imaging and Resection
Guidance via Raman Imaging in Living Mice. ACS Nano. 2012; 6: 10366-77.
120. Ross RD, Cole LE, Tilley JMR, Roeder RK. Effects of Functionalized Gold
Nanoparticle Size on X-ray Attenuation and Substrate Binding Affinity.
Chemistry of Materials. 2014; 26: 1187-94.
121. Xiao M, Nyagilo J, Arora V, Kulkarni P, Xu D, Sun X, et al. Gold nanotags for
combined multi-colored Raman spectroscopy and x-ray computed
tomography. Nanotechnology. 2010; 21.
122. Reguera J, Jimenez de Aberasturi D, Henriksen-Lacey M, Langer J, Espinosa
A, Szczupak B, et al. Janus plasmonic-magnetic gold-iron oxide nanoparticles
as contrast agents for multimodal imaging. Nanoscale. 2017; 9: 9467-80.
123. Amendola V, Scaramuzza S, Litti L, Meneghetti M, Zuccolotto G, Rosato A, et
al. Magneto-Plasmonic Au-Fe Alloy Nanoparticles Designed for Multimodal
SERS-MRI-CT Imaging. Small. 2014; 10: 2476-86.
124. Ju K-Y, Lee S, Pyo J, Choo J, Lee J-K. Bio-inspired Development of a
Dual-Mode Nanoprobe for MRI and Raman Imaging. Small. 2015; 11: 84-9.
125. Yigit MV, Zhu L, Ifediba MA, Zhang Y, Carr K, Moore A, et al. Noninvasive
MRI-SERS Imaging in Living Mice Using an Innately Bimodal Nanomaterial.
Acs Nano. 2011; 5: 1056-66.
126. Gao Y, Li Y, Chen J, Zhu S, Liu X, Zhou L, et al. Multifunctional gold
nanostar-based nanocomposite: Synthesis and application for noninvasive
MR-SERS imaging-guided photothermal ablation. Biomaterials. 2015; 60:
31-41.
127. Gao X, Yue Q, Liu Z, Ke M, Zhou X, Li S, et al. Guiding Brain-Tumor Surgery
via Blood-Brain-Barrier-Permeable Gold Nanoprobes with Acid-Triggered
MRI/SERRS Signals. Advanced Materials. 2017; 29.
128. Yue Q, Gao X, Yu Y, Li Y, Hua W, Fan K, et al. An EGFRvIII targeted
dual-modal gold nanoprobe for imaging-guided brain tumor surgery.
Nanoscale. 2017; 9: 7930-40.
129. Niu X, Chen H, Wang Y, Wang W, Sun X, Chen L. Upconversion
Fluorescence-SERS Dual-Mode Tags for Cellular and in Vivo Imaging. Acs
Applied Materials & Interfaces. 2014; 6: 5152-60.
130. Wall MA, Shaffer TM, Harmsen S, Tschaharganeh DF, Huang CH, Lowe SW,
et al. Chelator-Free Radiolabeling of SERRS Nanoparticles for Whole-Body
PET and Intraoperative Raman Imaging. Theranostics. 2017; 7: 3068-77.
131. Zhang Y, Qian J, Wang D, Wang Y, He S. Multifunctional Gold Nanorods with
Ultrahigh Stability and Tunability for In Vivo Fluorescence Imaging, SERS
Detection, and Photodynamic Therapy. Angewandte Chemie-International
Edition. 2013; 52: 1148-51.
132. Iacono P, Karabeber H, Kircher MF. A "Schizophotonic" All-In-One
Nanoparticle Coating for Multiplexed SE(R)RS Biomedical Imaging.
Angewandte Chemie-International Edition. 2014; 53: 11756-61.

http://www.ntno.org

Nanotheranostics 2022, Vol. 6

49

133. Wall MA, Harmsen S, Pal S, Zhang L, Arianna G, Lombardi JR, et al.
Surfactant-Free Shape Control of Gold Nanoparticles Enabled by Unified
Theoretical Framework of Nanocrystal Synthesis. Advanced Materials. 2017;
29: 1605622.
134. Kocher B, Piwnica-Worms D. Illuminating cancer systems with genetically
engineered mouse models and coupled luciferase reporters in vivo. Cancer
Discov. 2013; 3: 616-29.
135. Sharpless NE, Depinho RA. The mighty mouse: genetically engineered mouse
models in cancer drug development. Nat Rev Drug Discov. 2006; 5: 741-54.
136. Walrath JC, Hawes JJ, Van Dyke T, Reilly KM. Genetically Engineered Mouse
Models in Cancer Research. 2010. p. 113-64.
137. Kersten K, de Visser KE, van Miltenburg MH, Jonkers J. Genetically
engineered mouse models in oncology research and cancer medicine. EMBO
Mol Med. 2017; 9: 137-53.
138. Hambardzumyan D, Amankulor NM, Helmy KY, Becher OJ, Holland EC.
Modeling Adult Gliomas Using RCAS/t-va Technology. Transl Oncol. 2009; 2:
89-95.
139. Taketo MM, Edelmann W. Mouse models of colon cancer. Gastroenterology.
2009; 136: 780-98.
140. Romano G, Chagani S, Kwong LN. The path to metastatic mouse models of
colorectal cancer. Oncogene. 2018; 37: 2481-9.
141. Andreou C, Neuschmelting V, Tschaharganeh DF, Huang CH, Oseledchyk A,
Iacono P, et al. Imaging of Liver Tumors Using Surface-Enhanced Raman
Scattering Nanoparticles. ACS Nano. 2016; 10: 5015-26.
142. Brown ZJ, Heinrich B, Greten TF. Mouse models of hepatocellular carcinoma:
an overview and highlights for immunotherapy research. Nat Rev
Gastroenterol Hepatol. 2018; 15: 536-54.
143. Liu Z, Tabakman S, Sherlock S, Li X, Chen Z, Jiang K, et al. Multiplexed
Five-Color Molecular Imaging of Cancer Cells and Tumor Tissues with
Carbon Nanotube Raman Tags in the Near-Infrared. Nano Res. 2010; 3: 222-33.
144. Bae SM, Bae D-J, Do E-J, Oh G, Yoo SW, Lee G-J, et al. Multi-Spectral
Fluorescence Imaging of Colon Dysplasia In Vivo Using a Multi-Spectral
Endoscopy System. Translational Oncology. 2019; 12: 226-35.
145. AbuElela AF, Al-Amoodi AS, Ali AJ, Merzaban JS. Fluorescent Multiplex Cell
Rolling Assay: Simultaneous Capturing up to Seven Samples in Real-Time
Using Spectral Confocal Microscopy. Analytical Chemistry. 2020; 92: 6200-6.
146. Blom S, Paavolainen L, Bychkov D, Turkki R, Mäki-Teeri P, Hemmes A, et al.
Systems pathology by multiplexed immunohistochemistry and whole-slide
digital image analysis. Scientific Reports. 2017; 7: 15580.
147. Viratham Pulsawatdi A, Craig SG, Bingham V, McCombe K, Humphries MP,
Senevirathne S, et al. A robust multiplex immunofluorescence and digital
pathology workflow for the characterisation of the tumour immune
microenvironment. Molecular Oncology. 2020; 14: 2384-402.
148. Tan WCC, Nerurkar SN, Cai HY, Ng HHM, Wu D, Wee YTF, et al. Overview
of multiplex immunohistochemistry/immunofluorescence techniques in the
era of cancer immunotherapy. Cancer Commun (Lond). 2020; 40: 135-53.
149. Angelo M, Bendall SC, Finck R, Hale MB, Hitzman C, Borowsky AD, et al.
Multiplexed ion beam imaging of human breast tumors. Nature medicine.
2014; 20: 436-42.
150. Keren L, Bosse M, Thompson S, Risom T, Vijayaragavan K, McCaffrey E, et al.
MIBI-TOF: A multiplexed imaging platform relates cellular phenotypes and
tissue structure. Science Advances. 2019; 5: eaax5851.
151. Dinish US, Balasundaram G, Chang Y-T, Olivo M. Actively Targeted In Vivo
Multiplex Detection of Intrinsic Cancer Biomarkers Using Biocompatible SERS
Nanotags. Scientific Reports. 2014; 4: 4075.
152. Wang YW, Reder NP, Kang S, Glaser AK, Yang Q, Wall MA, et al.
Raman-Encoded Molecular Imaging with Topically Applied SERS
Nanoparticles for Intraoperative Guidance of Lumpectomy. Cancer Research.
2017; 77: 4506.
153. Cheng YH, He CL, Riviere JE, Monteiro-Riviere NA, Lin ZM. Meta-Analysis of
Nanoparticle Delivery to Tumors Using a Physiologically Based
Pharmacokinetic Modeling and Simulation Approach. Acs Nano. 2020; 14:
3075-95.
154. Yang J, Wang T, Zhao L, Rajasekhar VK, Joshi S, Andreou C, et al.
Gold/alpha-lactalbumin nanoprobes for the imaging and treatment of breast
cancer. Nat Biomed Eng. 2020; 4: 686-703.
155. Wang Y, Wang FH, Shen YY, He QJ, Guo SR. Tumor-specific disintegratable
nanohybrids containing ultrasmall inorganic nanoparticles: from design and
improved properties to cancer applications. Mater Horiz. 2018; 5: 184-205.
156. Thakor AS, Paulmurugan R, Kempen P, Zavaleta C, Sinclair R, Massoud TF, et
al. Oxidative stress mediates the effects of Raman-active gold nanoparticles in
human cells. Small. 2011; 7: 126-36.
157. Thakor AS, Luong R, Paulmurugan R, Lin FI, Kempen P, Zavaleta C, et al. The
fate and toxicity of Raman-active silica-gold nanoparticles in mice. Sci Transl
Med. 2011; 3: 79ra33.

http://www.ntno.org

