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Abstract: Raman scattering is one of the most used spectroscopy and imaging techniques in cancer
nanomedicine due to its high spatial resolution, high chemical specificity, and multiplexity modalities.
The flexibility of Raman techniques has led, in the past few years, to the rapid development of
Raman spectroscopy and imaging for nanodiagnostics, nanotherapy, and nanotheranostics. This
review focuses on the applications of spontaneous Raman spectroscopy and bioimaging to cancer
nanotheranostics and their coupling to a variety of diagnostic/therapy methods to create nanoparticle-
free theranostic systems for cancer diagnostics and therapy. Recent implementations of confocal
Raman spectroscopy that led to the development of platforms for monitoring the therapeutic effects
of anticancer drugs in vitro and in vivo are also reviewed. Another Raman technique that is largely
employed in cancer nanomedicine, due to its ability to enhance the Raman signal, is surface-enhanced
Raman spectroscopy (SERS). This review also explores the applications of the different types of SERS,
such as SERRS and SORS, to cancer diagnosis through SERS nanoprobes and the detection of
small-size biomarkers, such as exosomes. SERS cancer immunotherapy and immuno-SERS (iSERS)
microscopy are reviewed.

Keywords: cancer; nanomedicine; extracellular vesicles; Raman scattering; surface-enhanced
Raman scattering; spatially offset Raman spectroscopy; nanotheranostics; SERS immunoassay;
immuno-SERS microscopy

1. Introduction

Cancer is one of the most common diseases that burden our society and creates stress-
ful situations for individuals and their families from physical, emotional, and financial
viewpoints. According to the WHO (World Health Organization), cancer is the second
global leading cause of death and different types of cancer affect men and women dissim-
ilarly; for example, stomach and liver cancers are most common in men, whilst thyroid
and breast are most frequent in women [1]. As estimated by GLOBOCAN 2020, the burden
generated by cancer globally is expected to reach 28.4 million cases in 2040, which equates
to a 47% increase from the number of cases recorded in 2020 [2].

A key to the successful treatment of cancer is early detection [3,4] because of the sub-
stantial decrease in mortality that the detection of tumoral lesions and masses in the early
stages of the illness can produce [5-7]. At the moment, early diagnosis of cancer is achieved
by using a range of imaging techniques, such as Computed Tomography (CT), blue laser
endoscopy, Magnetic Resonance Imaging (MRI), fluorescence molecular imaging [8-12],
histopathology [13-15], and cytology [16-18]. Interestingly, when histopathology and cytol-
ogy are employed as probing tools for determining the level of malignancy of an early-stage
tumour [19], they are not used alone but in conjunction with standard imaging techniques
(e.g., CT, MRI, Positron Emission Tomography (PET), and ultrasounds). Furthermore, the
latter does not have the capabilities to provide the molecular information that would be
clinically necessary to accurately identify the different types of cancers and their stages [20].
The necessity to improve the accuracy and reliability of early diagnosis of cancer has led to a

Int. ]. Mol. Sci. 2021, 22, 13141. https:/ /doi.org/10.3390/ijms222313141

https:/ /www.mdpi.com/journal/ijms


https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://doi.org/10.3390/ijms222313141
https://doi.org/10.3390/ijms222313141
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/ijms222313141
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms222313141?type=check_update&version=1

Int. J. Mol. Sci. 2021, 22, 13141

20f21

rapid increase not only in investigating the clinical use of nanotechnology tools, techniques,
and systems for cancer screening [21] but also in using nanomaterials as biosensors for the
detection of cancer biomarkers in bodily fluids [22]. The benefit of using nanotechnology
for cancer diagnosis lies in the high complexity and multifactorial nature of the disease
that originate from cellular abnormalities in genetic and molecular processes [23].

Effective cancer imaging and screening processes have proved to be of paramount
importance in the early detection of cancer, and the last decade has seen rapid advance-
ments in the development and implementation of the efficacy and sensitivity of contrast
agents, such as fluorescent and plasmonic (e.g., gold, silver, and copper) nanoparticles [24].
Furthermore, cancer nanomedicine has made expeditious progress in cancer diagnosis
and therapy.

Nanomedicine is a relatively new field of research that has emerged at the end of the 20th
century [25] and is rapidly becoming a pivotal technology in 21st century medicine [26-28].
It began to play a key role in cancer therapy when the enhanced permeability and retention
(EPR) effect [29] was enhanced by overcoming the various obstacles encountered in the
delivery of nanodrugs to cancer sites [30]. The EPR effect occurs when nanoscale agents
exploit the permeable cancer vasculature to accumulate into solid tumours and they remain
in the cancer site because of reduced lymphatic drainage. Cancer nanomedicine exploits the
EPR effect to increase the number of nanodrugs delivered to the cancer site and, therefore,
the accumulation of anticancer therapeutics in tumour tissues [31]. However, one of
the challenges when designing anticancer drug delivery systems is the select targeting
of all cancer cells while reducing nanotoxicity effects on healthy tissues. Nanoparticles
play a pivotal role in drug delivery because they not only act as nanocarriers of the
antitumor drug but also allow for a very accurate release of the drug to the cancer site [32].
Another advantage of nanocarrier systems for cancer targeting is that they are designed to
overcome the biological barriers (e.g., the immune and renal systems, and the blood-brain
barrier) that the drugs would otherwise encounter when travelling towards the tumour [33].
Nanocarriers can be tailored to utilize:

(1) Passive targeting mechanisms by exploiting the EPR effect;
(2) Active targeting methods by employing ligands attached onto the surface of the
nanocarriers as highly specific receptors that link only to one type of cancer cell [34].

However, the efficacy of using the EPR effect for passive tumour targeting has been
recently questioned because the heterogeneity of the tumour vasculature introduces vari-
ability in the accumulation of nanomaterials in solid cancers, making the EPR effect highly
influenced by the characteristics of the tumour microenvironment [35].

To overcome the issues related to the classical EPR effect and ensure the effectiveness of
cancer therapy, nanotheranostics approaches have been developed. Theranostics is defined
as the combination of diagnostic tests and ad hoc therapy when the latter is informed by test
results [36]. Cancer nanotheranostics benefits greatly from the design, implementation, and
synthesis of new nanoparticles, and their ability to deliver multiple drugs to the tumours
due to the subsequent optimization of cancer therapies [37]. The novel nanotherapeutic
modalities offered by nanotheranostics have been used in nanoparticle-assisted cancer
immunotherapy [38], where nanoparticles are used as nanocarriers for the delivery of
vaccines, cytokines, and antagonistic antibodies. An example is the use of nanomaterial-
based vaccination strategies for further implementing T-cell cancer immunotherapy by
inducing T-cell activation in vivo [39]. Another advantage of nanomaterial-assisted cancer
immunotherapy is that by employing nanoparticles as delivery systems, the toxicity usually
associated with immunotherapy can be avoided [40]. Despite the rapid progress in the
development and implementation of increasingly sophisticated and multifunctional cancer
nanotherapeutics, only a few of these nanodrugs are translated into clinically approved
anticancer drugs [41]. Nanotheranostics is also employed for designing hybrid smart
nanoplatforms where functional nanoparticles are used in the therapeutic modality for the
release of chemotherapeutic drugs in response to an external stimulus [42]. Peng et al. [43]
developed a nanotheranostic platform where epigallocatechin gallate (PEG), which can
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induce apoptosis in prostate cancer cells by inhibiting matrix metalloproteinases, was
encapsulated into fucoidan/hyaluronic acid / PEG-gelatin (FU/HA /PG)-coated Poly (D,L-
Lactide-co-Glycolide) (PLGA) nanoparticles. The efficacy of the nanotheranostic platform
was tested in an orthotopic prostate cancer mouse model. FU/HA /PG-coated-PLGA-
encapsulated iron oxide nanoparticles were used to obtain in vivo molecular imaging of the
prostate tumour so that the diagnostic modality of the smart platform could be tested. The
metabolic and physiological characteristics of the prostate cancer cells were targeted using
fucoidan/hyaluronic acid in order to reduce the resistance of the tumour to anticancer
drugs. The therapeutic modality of the hybrid nanostructure was demonstrated by the
ability of PG-carrying EGCG to suppress orthotopic prostate tumour growth.

Nanomaterials are not only used for synthesizing nanodrugs, but also as biosensors.
Rauwel et al. [44] used confocal Raman spectroscopy to assess how easy it was for breast
cancer cells and colorectal cancer cells to uptake cobalt metal nanoparticles. Raman spectra
were acquired by means of a Nd:YAG laser at a wavelength of 532 nm. The apparatus was
able to distinguish between the spectral signatures of extracellular and intracellular cobalt
nanoparticles and could clearly show when the nanoparticles were localized inside the
cancer cells. This permitted validating how easily the cobalt nanoparticles penetrated the
membrane of the cancer cells, potentially causing cell apoptosis.

Nanomedicine techniques are widely used in cancer diagnosis, screening, and therapy.
In particular, cancer nanomedicine relies on a variety of spectroscopy techniques not only
for characterizing anticancer drug nanocarriers or for imaging cancer tissues, but also for
detecting cancer biomarkers and monitoring the effects of anticancer drugs on tumours.
One of the most used spectroscopy techniques is Raman scattering because of its high
flexibility and the high signal-to-noise ratio achieved by Raman scattering methods, such
as Surface-Enhanced Raman Scattering (SERS), Tip-Enhanced Raman Spectroscopy (TERS),
Coherent Anti-Stokes Raman Spectroscopy (CARS) [45], Resonance Raman Scattering
(RRS), Surface-Enhanced Resonance Raman Scattering (SERRS), Spatially Offset Raman
Spectroscopy (SORS), Transmission Raman Spectroscopy (TRS), and Stimulated Raman
Scattering (SRS) [46]. Among these techniques, those which are largely employed in
cancer diagnosis, staging, and therapy are spontaneous Raman scattering, SERS, SERRS,
and SORS. CARS is mainly used for investigating the pharmacokinetics of anticancer
drugs and nanocarriers both in vitro and in vivo, because of its high sensitivity and high-
speed imaging [47]. Table 1 summarizes some of the cancer nanotherapies currently
being investigated.

Table 1. Summary of some of Raman based cancer nanotherapies currently being investigated.

. . . Raman
Therapy Type Modality Nanoparticles Anticancer Drug Instrumentation Target Reference
Diagnostic FU/HA/PG- TZ-VK/IelligIhed
—nvivo ngvivo Coated- Epigallocatechin and Orthotopic
molecular PLGA- gallate in vivo mouse model [43]
. . Encapsulated (EGCG) . . of prostate cancer
imaging Tron oxide imaging
NP assisted system-CT
thfira?OSﬁC Fluorescence
atform i
P Therapeutic mlc:;sgopy
Activated FU/HA/PG-
. Confocal spontaneous
Nanoparticle Coated- R
. aman
anticancer drug PLGA Mi
icroscopy

delivery

(excitation at 488 nm and
emission at 525 nm)




Int. J. Mol. Sci. 2021, 22, 13141

40f21

Table 1. Cont.

Therapy Type Modality Nanoparticles Anticancer Drug InstrI::nI:ralItlation Target Reference
Confocal
Diagnostic Spontaneous Orthotopic
Raman Au nanostars-1 No Raman mouse model [48]
bioimaging Microscopy of breast cancer
(A =633 nm)
NP assisted
theranostic Photothermal
platform Therapy
Therapeutic (A = 808 nm;
tumour Au nanostars-2 No density =1 W/ cm?;
ablation thermographs recorded
with a NIR camera at
intervals of 5 s)
Spontaneous
Raman
Microscopy Colorectal
Diagnostic (A =785 nm; tumour
Raman No No laser power on sample xenografts in [49]
bioimaging ~80 mW; nu/nu mice
NP—free. integration time = 10 s;
theranostic number of spectra acquired
platform for each cell = 5)
Photosensitiser
Therapeutic 5-ALA
Photodynamic No No and
therapy laser source
(A =785 nm)

The present review focuses on the recent advancements in the application of spon-
taneous Raman scattering and different types of SERS to cancer nanotheranostics, the
detection of extracellular vesicles as cancer biomarkers, and optical nanoprobes for cancer
diagnostics, immunotherapy, and cancer bioimaging.

The Raman techniques used to monitor the effects of anticancer drugs on cancer
tissues are summarized in Table 2.

Table 2. Summary of some of the Raman techniques used for monitoring the effects of anticancer drugs on cancer tissues.

Monitoring

Anticancer

Raman

Approach Nanoparticles Drug Instramentation Target Reference
Targeted ‘ Confocal
Microtubule Spontaneous
Cet-PLGA-
Cancer targeted Raman .
response b-PEG vascular Microsco Ex-vivo
P and . . 124 hepatocellular [50]
to disrupting (A = 532 nm; laser power on .
. Non-targeted . . carcinomas
anticancer drugs agents sample = 10 mW; integration
PLGA- .
(MTVDA) time = 5 s; number of spectra
b-PEG -
acquired for each sample = 10)
Confocal
Monitoring of Spontaneous
concentration of Raman Murine lung
anticancer drug in - Microscopy carcinomas
cancer cell Squalene Doxorubicin (A =785 nm; laser power on and [51]
nucleus/ sample = 60 mW; integration Human breast cancer
cytoplasm time = 20 s; number of spectra

acquired for each sample = 30)
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Table 2. Cont.
Monitoring . Anticancer Raman
Approach Nanoparticles Drug Instramentation Target Reference
SERS
(A = 638 nm; He-Ne laser
power = 50 mW; laser power
. . on sample = 1 mW; acquisition
D;a;g;rl;elzp time = 1 s; SERS spectra
Assessing profiles of with collected from 30 cells)
the N Raman imaging Colorectal
release of Airll\‘]dps Galunisertib (A = 638 nm; He-Ne laser cancer (521
anticancer drugs enclosed power = 50 mW; laser power

in gelatin shell

on sample = 20 mW; Raman
images acquired by raster
scanning with step size of 0.5
um; number of spectra acquired
per cell = 1500,/2000)

2. Spontaneous Raman Scattering

Raman spectroscopy techniques exploit the phenomenon of spontaneous Raman scat-
tering, which was discovered by the Indian physicist Chandrasekhara Venkata Raman in
1927 [53], and for which he was awarded the Nobel Prize in 1930 [54]. Raman spectroscopy
works by detecting the radiation inelastically scattered from a sample after irradiating it
with a laser source, usually in the UV-Visible-Near IR range (~200 nm to ~800 nm wave-
length). The photons from the incident laser light interact with the molecules of the sample,
and the majority of the scattered photons have the same energy as the incident photons.
Only a small portion of the photons are scattered at an energy that is either higher or lower
than that of the incident photons, and it is this shift in energy (Raman shift) that gives us
access to the vibrational energy difference from where the unique spectroscopic signature
of the sample can be determined.

Raman scattering methods are label-free and non-destructive and they are largely used
for molecular cancer diagnostics because of their ability to detect changes in the biochemi-
cal signatures of cancer cells [55]. The success of Raman spectroscopy in nanomedicine lies
not only in its ability to discriminate with high accuracy between healthy and diseased cells
but also in its capability of identifying the unique biochemical fingerprints of individual
cells and of tissues [56]. These fingerprints are generated by the vibrations of the molecular
bonds of the components of the sample; in the case of cells and tissues, they are proteins,
amino acids, nucleic acids, and lipids. Since the spectroscopic fingerprint region of cells and
tissues ranges from about 400 cm ! to about 2500 cm !, Raman scattering techniques are
suitable for investigating samples in physiological conditions and aqueous environments,
allowing for both in vitro and in vivo applications. However, the long acquisition times
required to collect just a handful of Raman photons (about 1 in 10” photons) [57] do not fa-
cilitate the application of spontaneous Raman spectroscopy to clinical settings [58]. Despite
that, spontaneous Raman scattering is widely exploited under laboratory conditions, and
in the past decade, it has been extensively used for cancer diagnosis and cancer screening.

2.1. Cancer Nanotheranostics

Theranostic nanomedicine is a nanotherapeutic system that integrates diagnostic imag-
ing capability with therapeutic interventions [59]. In cancer nanomedicine, nanotheranostic
was developed to counteract the challenges of effective cancer therapies caused by the
molecular complexity of cancer. Since theranostics methods involve the use of molecular
imaging tools, combinations of drug delivery systems with different imaging techniques
(e.g., MRI, CT, or PET) were explored [60]. The theranostic combination in a single system
of the benefits of the diagnostics and therapeutic capabilities of an agent makes nanoparti-
cles an attractive cancer nanotheranostic system [61], with gold nanoparticles widely used
as imaging contrast agents. This type of nanostructure is also employed in photothermal
cancer therapy [62] because of the surface plasmon resonance, which seems to be linked
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to the localized irreversible cellular damage caused by irradiation, with light of a suitable
wavelength, of the area where gold nanoparticles accumulate [63].

The fact that gold nanoparticles are employed in both Raman imaging and pho-
tothermal therapy has been used to implement cancer nanotheranostic approaches. Gao
and co-workers [48] synthetized gold nanostars and assessed their suitability for Raman
bioimaging (diagnostic) and tumour ablation (therapy) in a mouse model of orthotopic
4T1 breast cancer cells. Two gold nanostars with different extinction spectra were pre-
pared by changing the HAuCly-3H,O/HEPES (Au chloride trihydrate /N-(2-hydroxyethyl)
piperazine-N’-(2-ethaneshlphonic acid)) ratio in solution: (1) Au nanostars-1 (10 mL of
140 mM HEPES mixed with 15 mL of 18 mQ) Milli-Q H,O and followed by the addition of
400 pL of 10 mg/mL HAuCly-3H,0); and (2) Au nanostars-2 (22.5 mL of 140 mM HEPES
mixed with 2.5 mL of 18 mQ) Milli-Q H,O and followed by the addition of 400 uL of
10 mg/mL HAuCly-3H;0). The diagnostic capabilities of the nanotheranostic platform
were explored through Raman bioimaging. 4T1 breast cancer cells were exposed to Au
nanostars-1 and Raman images acquired by using a Horiba Jobin-Yvon Lab Ram HR-VIS
high-resolution confocal Raman microscope with a laser source of 633 nm. The spectral
images of the 4T1 breast cancer cells treated with Au nanostars-1 showed that after endo-
cytosis the gold nanostars were located only in the cytoplasm. The therapeutic modality
of the nanotheranostic system was tested by incubating Au nanostars-2 with 4T1 breast
cancer cells in vitro. Exciting these nanostars with an 808 nm laser source, caused them
to induce hypothermia in the cancer cells that led to the ablation of the tumour through
photothermal therapy.

The majority of theranostic systems employ nanoparticles; however, Raman scattering
techniques have also been coupled with other diagnostic/therapy methods in order to
create nanoparticle-free theranostic platforms. Horgan et al. [49] developed a nanoparticle-
free cancer nanotheranostic system by combining Raman spectroscopy for cancer diagnosis
with photodynamic therapy (PDT) as the therapeutic modality. They demonstrated that
Raman microscopes with a laser source of 785 nm did not activate the photosensitisers used
in PDT, hence showing the compatibility between the two techniques. The opposite was
also true, with the photosensitiser 5-aminolevulinic acid (5-ALA)-induced protoporphyrin
IX (PPIX) having the least effect on the Raman spectra of A549 lung carcinoma cells,
MDA-MB-231 breast adenocarcinoma cells, and MDA-MB-436 breast adenocarcinoma
cells. The validity of this nanoparticle-free cancer theranostic approach and its potential
clinical application were demonstrated by carrying out an in vivo investigation of SW1222
colorectal tumour xenografts in nu/nu mice. The Raman spectra acquired from control
mice and mice with the tumour xenografts before and 4 h after the administration of 5-ALA
were comparable to the Raman spectra obtained in other in vivo studies.

2.2. Monitoring of Anticancer Nanomedicine Therapeutics

Poojari et al. [50] investigated the potential of confocal Raman spectroscopy for assessing
the response of tumoral tissues to anticancer nanodrugs. The spectral response of ex vivo
hepatocellular carcinomas cells to two anticancer nano-agents — (1) microtubule-targeted
vascular disrupting agents (MTVDA)-encapsulated non-targeted polymeric nanocomplexes
PLGA-b-PEG-CA4 NP + PLGA-b-PEG-2ME NP combinatorial, and (2) MTVDA-encapsulated
targeted cetuximab polymeric nanocomplexes Cet-PLGA-b-PEG-CA4 NP + Cet-PLGA-b-
PEG-2ME NP combinatorial — were investigated by means of a confocal Raman microscope
with a laser source of 532 nm. The Raman spectra of tumour tissues treated with anticancer
drugs showed an increase in the intensity of the lipid peaks and of the amid-I bands. These
two spectral features could be a clear indication of apoptotic activity in cancer cells as a result
of the action of the anticancer agents. The Raman spectra of cohorts treated with different
MTVDA encapsulated targeted cetuximab polymeric nanocomplex combinatorials showed
clear spectral differences between the cohorts. The multivariate analysis made it possible to
identify the Cet-PLGA-b-PEG-CA4 NP + Cet-PLGA-b-PEG-2ME NP combinatorial as that
which achieved the highest stratification accuracy compared to the other combinatorials. These
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findings indicated Raman spectroscopy as a potential highly sensitive and rapid approach for
therapeutic monitoring of anticancer nanodrugs on hepatocellular carcinomas.

The potential of confocal Raman microspectroscopy as a label-free and non-destructive
tool for molecular characterization of anticancer nanodrugs and their potential toxic effects
on cells, was studied by Rammal and co-workers [51]. They investigated the activity of
the anticancer chemotherapeutic drug doxorubicin within single murine lung carcinoma
cells and human breast cancer cells. To facilitate the uptake of the anticancer drug from the
cancer cells, doxorubicin was linked to the nanocarrier squalene because this bioconjugate
spontaneously self-assembled in the form of nanoparticles when in water. The murine
lung carcinoma cells and the human breast cancer cells were treated with 1 uM and 5 uM
doxorubicin and squalene-doxorubicin bioconjugate (squalenoylated nanoparticles) and
a confocal Raman microscope with an excitation source of 785 nm was used to locate the
doxorubicin and squalenoylated nanoparticles in the nuclear region and in the cytoplasm
of the murine lung and human breast tumours. The Raman spectra showed that after
treating the murine lung carcinoma cells with 1 uM doxorubicin, the spectral signature of
doxorubicin was detected neither in the nucleus nor in the cytoplasm of the cells. However,
when the murine lung tumour cells were exposed to 1 uM squalenoylated nanoparticles,
the Raman spectra displayed the peaks of the squalene-doxorubicin bioconjugate in both
the nucleus and the cytoplasm of the cells. When the concentration of doxorubicin was
increased to 5 uM and the murine lung cancer cells were exposed to it, not only were the
Raman peaks of the anticancer drug observed in the nuclear region of the cells, but the
intensity of the doxorubicin peaks at 1211 cm~! and 1241 cm ! also decreased, indicating
intercalation of doxorubicin into DNA, which could account for the toxicity of the drug.
Interestingly, when the cancer cells were exposed to 5 uM squaleoylated nanoparticles, the
intensity of the Raman peaks of the squalene-doxorubicin bioconjugate increased in both
the nucleus and the cytoplasm of the tumour cells, indicating an accumulation of the dox-
orubicin in both cellular regions. Additionally, the intensity of the 1211 cm ! /1241 cm ™!
ratio was higher, which seemed to indicate a decrease in the intercalation of doxorubicin
into DNA, which could lead to a decrease in the toxicity of the anticancer drug.

2.3. Extracellular Vesicles (EVs) in Cancer Detection

The communication between cells and their environment occurs by means of different
mechanisms involving

(1) Direct cell-to-cell contact;
(2) Secretions from cells of soluble factors, such as cytokines and growth factors;
(3) Extracellular vesicle (EV) trafficking.

EVs are secreted by many eukaryotic cells and can be found in bodily fluids, such
as blood, urine, bile, and seminal and bronchoalveolar lavage fluids. EVs have different
functions and sizes and are classified as

- Exosomes: they are <150 nm in diameter and are released to the extracellular environ-
ment after late endosomes have fused with the cell plasma membrane;

- Microvesicles and apoptotic bodies: they are >100 nm in diameter and are released
from the cell plasma membrane into living (microvesicles) and dying (apoptotic
bodies) cells [64].

EVs are important mediators of cell-cell communications because they are not only
involved in many physiological processes (e.g., blood coagulation, stem cell differentiation,
tissue regeneration, and embryo implantation), but also in pathological processes (e.g., neu-
rodegenerative diseases and cancer). Despite the multiple challenges linked to the reliable
and accurate detection of EVs, their involvement in many of the processes that contribute
to the progression of cancer makes them ideal candidates as cancer biomarkers [65].

Krafft et al. [66] investigated the value of EVs (exosomes and microvesicles) as a
diagnostic biomarker for tumour progression by comparing Raman spectra of cancer
EV with those of non-cancer EV. Two different EV fractions (12,000 x g for microvesicles
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followed by 120,000 x g for exosomes) were isolated from the serum and plasma of healthy
donors and cancer patients, and Raman spectra were acquired with an RXN1 Raman
microscope equipped with a 785 nm laser source. The spectra showed that for cancer
patients the exomes fraction contained more beta-sheet structure than the microvesicles
fractions. These spectral differences were tested on EVs isolated from the serum and plasma
of prostate cancer patients and benign prostatic hyperplasia patients, the latter acting as
a control. Again, the Raman spectra showed an elevated content of beta-sheet proteins
in prostate cancer EV as compared to benign prostatic hyperplasia EV. Since EVs play a
key role in tumour growth and metastasis [67,68], these findings indicate that when EVs
are secreted in the circulatory system and in the urinal tract, they can act as invaluable
biomarkers for cancer detection and diagnosis.

Enciso-Martinez and co-workers [69] developed a new method for characterizing
EVs from fluids based on trapping them and simultaneously acquiring their biochemical
fingerprints. This was achieved by using a home-built synchronized Rayleigh and Raman
scattering apparatus with a laser wavelength of 647.086 nm. The Rayleigh light scattering
was detected when the EVs were trapped and Raman spectroscopy was employed to
obtain the spectral signature of the trapped EV. This method was subsequently applied for
distinguishing EVs derived from PC3 and LNCaP prostate cancer cells, from lipoproteins,
and EVs originating from erythrocytes based on their Raman spectral signatures [70].
Comparison of the Raman spectra of tumour-derived EVs and lipoproteins showed that
the peaks attributed to proteins (e.g., phenylalanine) were visible in the EVs’ spectra but
not in the lipoproteins” ones and that the lipid-protein peaks were more intense in the
Raman spectra of EVs than in the spectra for lipoproteins. These findings seem to indicate
that synchronized Rayleigh-Raman scattering may prove to be a promising label-free and
non-invasive tool for the diagnosis of cancer.

2.4. Raman Imaging

Raman imaging differs from Raman spectroscopy in that it makes it possible to obtain
spectral and spatial information simultaneously. Raman images are chemical images in
which each pixel contains spectral information because it is composed of a complete Raman
spectrum. Raman images are acquired by mapping the sample area, namely by acquiring
individual Raman spectra point by point within a defined area on the sample surface [71].
These images are called Raman hyperspectral maps where the step size of the mapping
refers to the distance between two consecutive points within the chosen area and it provides
the lateral resolution of the Raman map [72].

Bravo and co-workers [73] demonstrated the ability of spontaneous Raman bioimag-
ing in screening and grading tumours at the cellular level. They used a Thermo Fisher
Scientific DXR2xi Raman microscope with laser wavelengths 532 nm and 785 nm on osteo-
differentiated mesenchymal stem cells (MSCs) and osteosarcoma cells. The Raman chemical
maps obtained showed that the peaks for cysteine and hydroxyapatite at 668 cm~! and
960 cm~!, respectively, were more intense in the Raman spectra of osteosarcoma cells
than in those of osteo-differentiated cells. In addition, when Raman spectroscopy was
used on chondrogenic tissues with different progressive tumorigenesis, it was able to give
information on the grade of malignancy of the cartilaginous cancers.

The exploration of spontaneous Raman bioimaging was continued by D’ Acunto et al. [74]
who employed a Raman imaging microscope with a laser wavelength of 532 nm to study the
progression of enchondroma and chondrosarcomas and their grade of malignancy. Raman
biochemical maps revealed a strong correlation between the progression of grading and the
biochemical fingerprints of the extracellular matrix. In particular, the maps highlighted the re-
lation between tumour grading and the alteration of proteoglycan contents in the biochemical
makeup of non-collagenous proteins, as well as the progressive degradation of collagen type-II
components. Additionally, Raman bioimaging showed that the Raman peaks assigned to pro-
line and collagen appeared less intense going from enchondroma to chondrosarcoma grades
1 and 2, indicating proline as one of the biomarkers of the collagen degradation that occurs
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in tumours. Chondrosarcoma grade 3 behaved differently as it displayed Raman spectra in
which the peaks assigned to tyrosine, tryptophan, and phenylalanine intensified. Multivariate
analysis of the Raman maps showed that Raman spectroscopy was able to distinguish between
the chondrogenic tumours grades 1 and 2 with a 90% sensitivity, 90% specificity, and 90%
accuracy, and between the enchondroma and chondrosarcomas with ca. 75% sensitivity, 75%
specificity and 75% accuracy, which clearly show the potentially significant impact that Raman
spectroscopy can have in the diagnosis and progression of grading of cartilaginous tumours.

Table 3 summarizes the cancer Raman imaging techniques currently used.

Table 3. Summary of current cancer Raman bioimaging techniques.

Raman Imaging Application Nanoparticles Raman Instrument Target Reference
Raman
Spontaneous microscope
P Cancer screening (A =785nm;
Raman . No Osteosarcoma [73]
. and grading power on sample = 5-10 mW;
microscopy ; on Hime = 1 s
integration time = 1s;
10 scans per spectrum)
Raman
microscope
Spontaneous Cancer progression (A = 532 nm; Enchodroma and
Raman . No power on sample = [74]
- and grading ! Chondrosarcoma
microscopy 5-10 mW;
integration time = 1s;
10 scans per spectrum)
Targeted
Topically Applied Visualization functionalized NPs Raman
Surface Enhanced of with IR780 microscope Murine animal
Resonance Raman microscopic Raman reporter (A =785nm; model of (75]
Ratiometric residual and diode laser power = 300 mW; ovarian
Spectroscopy of ovarian Non-targeted NPs power on sample = 100 mW; adenocarcinoma
(TAS3RS) cancer tissues with IR140 acquisition time < 100 ms)
Raman reporter
Targeted-RGD- SERS
Raman Visualization of true SEERS (A =785 nm; diode laser Glioblastoma
multinlexin extension of and power = 300 mW; power on multiforme (GBM) [76]
P & brain cancer Non-targeted sample = 10-100 mW; Cancer
RAD-SEERS acquisition time = 1.5 s)
SORS
(A =785 nm;
. . L . . laser power = 400 mW; power
In-vivo visualization Integrin-targeting on sample Deep-seated GBM
SESORRS of SERRS active mp tumour through [77]
. for conventional Raman .
cancer tissues nanostars . . intact skull
imaging = 20 mW;
power on sample for SORS
measurements = 130 mW)
Characterisation of 61__th; lroglg[/
Multicolour/multitarget expression of SERS A u/Au core iSERS
different satellite NPs with .
SERS cancer protein 6 distinct Raman microscope Breast cancer [78,79]
imaging P (A =785 nm; He-Ne laser power

biomarkers on the
same cancer cell

reporters on the core

on sample = 1.2 mW;
integration time = 100 ms)

3. Surface-Enhanced Raman Scattering (SERS)

In 1973, Fleischmann and co-workers [80] carried out Raman spectroscopy of pyridine
adsorbed at a silver electrode that led to the development of surface-enhanced Raman
scattering (SERS) [81], which combines the high flexibility and specificity of spontaneous
Raman spectroscopy with the increased sensitivity caused by the signal amplification
generated through the use of plasmonic nanostructures. The surface plasmon resonance
generated by the collective oscillations of the electrons in the electronic conduction bands
of plasmonic nanoparticles causes an increase in the intensity of the Raman spectra [82],
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which makes SERS an attractive technique in cancer diagnosis and therapy [83]. Table 4
summarizes some of the current Raman-based cancer diagnosis procedures. Due to its
high sensitivity, specificity and accuracy, SERS is not only used for the detection of cancer
but also for staging through the chemometric analysis of cancer biomarkers (e.g., cellular
metabolites and exosomes) that circulate in extracellular bodily fluids, such as blood
and urine [84].

SERS is also used for investigating and quantifying the profiles of the release of
anticancer drugs. Manago et al. [52] designed a nanocarrier for the delivery of the molecule
Galunisertib (LY2157299, LY) to colorectal cancer cells (CRCs). LY presents anticancer
properties because of its ability to block the transforming growth factor-31 receptor, which
is responsible for the epithelial-to-mesenchymal transition that allows CRCs to migrate
and metastasize. The nanocarrier was constituted by a diatomite nanoparticle decorated
with gold nanoparticles and enclosed in a gelatin shell to retain LY and deliver it to CRCs.
The amount of LY released to living CRCs, and the subsequent increase in the ability of
the anticancer drug to reduce cancer migration and metastasis, were quantified by SERS
imaging of LS-174T colorectal cancer cell line after cellular uptake of the nanocarrier. SERS
spectra and images were acquired with an Xplora Inv. Horiba—Jobin Yvon confocal Raman
microscope with a laser source of wavelength 638 nm. These results showed the potential,
using this hybrid nanovector, for the delivery of a minimal amount of anticancer drug to
cancer cells to decrease the number of toxic metabolites that are released with the drug.

3.1. SERS Nanoprobes for Cancer Diagnosis

SERS nanoparticles are the molecular contrast agents and nanobiosensors [85] used in
in vivo cancer Raman imaging and in vitro Raman spectroscopy. These nanoparticles have
many advantages when it comes to clinical translation; for example:

(1) The materials used to make SERS nanoparticles are inert;

(2) Passive or non-targeted (i.e., without any targeting moiety) resonant SERS (SERRS)
nanoparticles (NPs) can be synthesized. SERRS NPS are not only capable of visualiz-
ing different types of cancer, but they also make it possible to image local metastases
in animal models;

(38) Active or targeted (i.e., with a targeting moiety) SERRS NPs make it possible to
visualize in vivo tumoral extensions that otherwise would go unobserved;

(4) SERS multiplexing can be achieved where SERS nanoparticles of the same size and
chemical composition can be spectrally different from one another, thus allowing
multiplex detection of different types of cancer [86].

SERS analysis for cancer diagnosis can be

- Direct/label-free;
- Indirect/encoded SERS.

3.1.1. Label-Free SERS

In direct SERS, plasmonic nanoparticles are used as SERS substrates by adsorbing
cancer biomarkers on their surfaces. Karunakran et al. [87] used label-free SERS for accurate
differential grading of normal cervical cells (control), high-grade squamous intraepithelial
lesions (HSIL), and cervical squamous cell carcinoma (CSCC), through the SERS-aided
grading of cervical exfoliated cells obtained from cervical smear tests. Gold nanoparticles
were used as SERS substrates and incubated with cervical exfoliated single cells. SERS
spectra were acquired using a WITec alpha 300 R confocal Raman microscope equipped
with a 633 nm laser source and showed the presence of distinctive Raman peaks for the
three grades. In particular, high nuclear content and high protein content appeared to be
observed in HSIL and CSCC compared to normal cervical cells. A shift in the amide III
signal from proteins from 1262 cm~! in normal cells to 1270 cm~! in HSIL and CSCC was
observed along with a shift of 10 nm of the amide I peak at 1560 cm ™! from normal cells
to HSIL and CSCC. Cervical exfoliated cell pellets were also studied; since they contained
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a mixture of normal cervical cells, HSIL, and CSCC, they showed Raman features common
to the three grades. Finally, the nucleic acids profiling was rechecked by acquiring the
SERS spectra of the DNA extracted from cervical exfoliated cells. As expected, the majority
of the Raman peaks in the SERS spectra from the extracted DNA correlated with those in
the SERS spectra obtained from cervical exfoliated single cells and pellets. The findings
indicated that a SERS spectro-cytology approach based on the use of exfoliated cells can
lead to a more sensitive grading of cervical precancerous lesions and cervical carcinomas.

3.1.2. Encoded SERS

SERS-encoded nanoparticles (SEPs) are hybrid nanostructures with a plasmonic
nanoparticle core and coated with a SERS reporter on which a protective layer of sil-
ica is often added [88]. SEPs come in different shapes (sphere, star, and rod) depending
on how intense the SERS signal is to be. Of the three shapes, SERS nanorods appear to
be the best option because not only are the SERS intensities higher than those of SERS
spheres due to the accumulation of the electromagnetic field to their tips, but the geometry
of these nanoparticles can be precisely controlled so that a homogenous SERS signal can
be achieved. SERS nanostars also produce higher intensities than spheres, but contrary
to the nanorods, the geometry of the nanostars’ tips are inhomogeneous, leading to great
variance in the SERS intensities of different nanostars [89].

3.1.3. SERS Characterization of EVs

Direct and indirect label-free SERS analyses of EVs are used for cancer diagnosis.
At this end, the chemico-physical properties of EVs are exploited to make the vesicles
adhere to plasmonic nanostructures in order to detect the SERS signal of EVs. However,
direct SERS analysis poses many challenges due to the small sizes of exosomes and their
complex compositions. In fact, exosomes contain biomolecules whose Raman signal is
intrinsically weak, leading to an overall Raman spectrum showing broad peaks that make
it difficult to discriminate the spectral fingerprint of EVs. When exosomes are allowed to
directly interact with plasmonic nanostructures in order to increase the intensity of the EVs
SERS signal, one of the main difficulties is to ensure that the nanostructures are regularly
arranged on the exosome outer layer. To overcome these obstacles, the SERS spectra of
exosomes can be analysed using deep learning algorithms in order to distinguish between
cancer and healthy patients [90].

A more promising approach to the detection of exosomes is the indirect SERS analysis,
which exploits the conjugation of SEPs with targets in order to ensure the accumulation
of SEPs on exosome surfaces. Capturing substrates (e.g., magnetic beads) are also used
to make sure that the SEPs-decorated exosomes accumulate but they are still sufficiently
separated in small areas in order to increase the sensitivity of the exosome detection [91].

Osei et al. [92] used SERS to characterize the spectral signatures of EV-enriched
fractions from the plasma of prostate cancer patients. The EV fractions were incubated with
silver nanoparticles and SERS spectra were acquired by means of a Raman spectrometer
RXNT1 with a laser source of 785 nm. The spectra for cancer samples displayed an increase
in the intensity of the Raman peaks for proteins at 382, 394, 713, 854, 1004, 1132, 1238, and
1393 cm ™! compared to spectra for control samples from non-cancer (control) patients.
These bands could be considered as potential prostate cancer biomarkers. Furthermore,
differences between the Raman bands for disulfide stretches and tryptophan residues
in proteins in the SERS spectra of EV fractions from control and cancer patients were
observed. These preliminary results seem to show the potential of SERS analysis of EV-
enriched fractions to discriminate between cancer and non-cancer patients.

3.1.4. Multiplexing

SEPs are particularly useful when used as contrast agents for multiplex analysis,
characterization of individual cancer cells and tumoral tissues, and cancer diagnosis by
means of in vitro and in vivo bioimaging. In particular, multiplexing has proved to be an
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invaluable technique in cancer molecular biology, immunohistochemistry, and diagnosis
because it allows the quantification of multiple receptors in parallel using just one sam-
ple. Li et al. [93] used multiplexing SERS to achieve ultrasensitive detection of multiple
soluble cancer protein biomarkers—for example, soluble programmed death 1 (sPD-1),
soluble programmed death-ligand 1 (sPD-L1), and soluble epithermal growth factor re-
ceptor (SEGFR)—which are linked to the progression of the tumour, as well as the efficacy
of the cancer therapy. The SERS nanoprobes were synthetized using anisotropic Au-Ag
alloy nanoboxes as SERS substrates and specific nanoyeast-single-chain variable fragments
(nanoyeast-scFvs) as affinity reagents. The nanoyeast-scFvs were obtained by embedding
single-chain variable fragments (scFvs) in fragments of yeast cell walls. The SERS signals
were recorded using a portable IM-52 Raman microscope with a laser source of 785 nm.
The cancer biomarkers were successfully detected with limits of detection of 6.17 pg/mL
for sPD-1, 0.68 pg/mL for sPD-L1, and 69.86 pg/mL for sEGFR, demonstrating the po-
tential of multiplexed SERS detection of soluble cancer protein biomarkers as a cancer
diagnostic tool.

3.1.5. SERS Immunoassay and Immunotherapy

SERS immunoassays are proving to be highly successful in the detection of cancer
biomarkers and show great potential as cancer diagnosis tools in clinical settings. In partic-
ular, some cancer immunotherapies use SERS-active nanoparticles as immunomarkers for
immunotherapy stratification. SERS-active nanomaterials are also employed for immuno-
marker biosensing where antibody-coated plasmonic SERS nanoparticles are incubated
with target immunomarkers. SERS images are subsequently acquired, which clearly show
the distribution of target biomarkers on the cancer cell surface [94].

Koo et al. [95] used SERS as a nanodiagnostic tool for early prostate cancer risk
stratification by integrating it with Mi-Prostate Score (MiPS), a clinically validated prostate
cancer risk score test that, however, is currently carried out through a lengthy laboratory
process. MiPS is a urine test for detecting two prostate cancer biomarkers: a piece of RNA
made from the prostate cancer antigen 3 (PCA3), and another RNA marker that is found
only when TMPRSS2 and ERG abnormally fuse (T2:ERG) [96]. The SERS signals for the
RNA biomarkers T2:ERG and PCA3 in cancer patient urine samples were obtained by
adsorbing T2:ERG and PCA3 amplicons onto 40 nm cationic silver nanoparticles. The
algorithm of MiPS was then followed and the cancer biomarker SERS signals were used to
develop a prostate cancer risk score. Comparison of the %SERS_MIPS score with patients’
biopsy outcomes led to a clinical sensitivity of the SERS_MiPS of 87% and a specificity of
90%, which confirmed the potential of this new cancer-nanodiagnostic tool to accurately
separate patients into different risk groups.

Table 4. Summary of current Raman approaches to cancer diagnosis.

Diagnosis Type Nanoprobes Raman Instrument Target References
EVs-fractions from Spontaneous
Cancer Raman Prostate
. serum and plasma . [66]
biomarkers of cancer patients microscopy cancer
p (A = 785 nm)
Synchronized
Rayleigh-
Spontaneous
Raman
Cancer Cancer-derived Apparatus Prostate [69]
biomarkers EVs (A = 647.089 nm; laser power on sample = 70 mW; cancer

number of spectra acquired = 256;
acquisition time per spectrum = 38 ms over a
period of ~9.7 s;
number of spectra per measurement = 25,600)
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Table 4. Cont.

Diagnosis Type Nanoprobes Raman Instrument Target References
SERS
(A =633 nm;
laser power on sample = 3-7 mW; High-grade squamous
Stokes shift Raman spectra: intraepithelial lesion
Differential integration time = 10 s; (HSIL)
grading AuNPs number of accumulations = 10 and 871
Single cell Raman mapping: cervical squamous cell
map size =5 um X 5 um; carcinoma (CSCC)
number of points per line = 150 x 150;
integration time per point = 0.02 s)
SERS
(A =785 nm; laser power = 150 mW;
SERS spectra of EV-enriched Ag-NPs
suspensions:
Cancer EVs incubated with acquisition time = 10's; Prostate [92]
biomarkers Ag-NPs number of SERS spectra acquired /droplet = 5 cancer
Raman maps of dried film of EV-enriched
deposited on CaF, substrate:
Exposure time = 10 s;
step size = 10 um)
Multiplex SERS for Au-Ag-alloy _SERS . Soluble cancer
cancer detection nanoboxes (A =785 nm; protein 93]
laser power =70 mW) biomarkers
MiPS and
. SERS
Can.C o r1.sk Cationic Ag-NPs (A =785 nm; laser power = 70 mW; Prostate [95]
stratification S . cancer
acquisition time = 1s;
number of measurements/sampled volume = 10)
SERS Antibody sandwich SERS SERS
immunosensor for made of Gastric cancer
detection of Au-nanocages (A = 633 nm Hg—Ne la'ser power =5mW; and [97]
. 8 acquisition time = 10's;
cancer and highly branched g breast cancer

biomarker IL-8

AUNP substrate number of serum samples = 30)

SERS immunoassay platforms can also be used for the high sensitivity analysis of can-
cer biomarkers in human serum. Wang and co-workers [97] employed a double antibody
sandwich-type SERS immunoassay for detecting Interleukin 8 (IL-8) in serum because of
its fundamental role in tumour growth and angiogenesis and, therefore, its importance in
cancer early diagnosis as well as in cancer treatment. The sandwich was formed by gold
nanocages (GNCs) modified with IL-8 that acted as SERS tags, and by highly branched gold
nanoparticle substrates (HGNPs) conjugated with IL-8 that were employed as SERS captur-
ing substrates. The IL-8 SERS tags were fabricated using 4-mercaptobenzoic acid (4-MBA)
as both a Raman reporter and a covalent link to the anti-IL-8. The antigen-IL-8-conjugated
HGNP capturing substrates were obtained by placing a piece of ITO glass functionalized
with (3-Aminopropyl)triethoxysilane (APTES) in an HGNP colloidal solution so that when
the pendant primary amine groups of APTES were covalently bound to the nanoparticles,
the HGNP substrate was formed. Combining the IL-8 antigen and antibody enabled the
construction of a SERS immunosensor for the detection of IL-8. The SERS measurements
were carried out using a Renishaw Raman system-in-Via-Reflex equipped with a 785 nm
laser. The Raman spectra of serum from gastric cancer and breast cancer patients showed
that the intensity of the peak at 1077 cm ™! was six to eight times higher than in the spectra
of the serum from healthy subjects, indicating a higher concentration of IL-8 in cancer
patients compared to healthy subjects.

3.2. SERS Bioimaging

One of the main applications of SERS is in cancer imaging due to the flexibility that
using SERS nanoparticles as contrast agents and nanosensors allows. In particular, new
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efficient and safe-to-use SERS nanoparticles have been developed and synthetized for
in vivo imaging [98].

SERRS NPs have been found to be very promising molecular contrast agents for
in vivo tumour imaging because altering the way they are synthetized leads to the shifting
of their limits of detection by orders of magnitude. Additionally, the high Raman signal
specificity and sensitivity obtained in cancer Raman imaging when using SERRS NPs as
contrast agents not only makes it possible to achieve universal cancer imaging because
SERRS NPs can overcome the barrier posed by the EPR effect, but it also permits the
clear visualization of the delineation of the cancer tissue [99]. Oseledchyk et al. [75] used
folate receptor (FR)-targeted SERRS NPs as a contrast agent for ovarian cancer imaging
because folate receptors are overexpressed in ovarian cancer cells. They synthetized
two different SERRS NPs: (1) a targeted nanoprobe functionalized with an anti-folate-
receptor antibody via a PEG-maleimide-succinimide crosslinker with infrared dye IR780
as the Raman reporter; and (2) a non-targeted nanoprobe coated with PEGsppp-maleimide
with infrared dye IR140 as the Raman reporter. A Topically Applied Surface Enhanced
Resonance Raman Ratiometric Spectroscopy (TAS3RS) method was developed, which used
an inVia RFenishaw Raman microscope equipped with a 785 nm diode laser. TAS3RS was
based on the ratiometric information obtained from the difference between anti-FR-SERRS
nanoparticle homing and non-targeted SERRS nanoparticle homing. Tumour lesions of any
size (down to a few hundred pm) and at any location in murine animal models of human
ovarian adenocarcinoma were successfully detected, demonstrating the great potential of
TAS3RS for the intraoperative detection of microscopic residual cancer tissues.

SERRS techniques also hold great potential for visualising the true extension of brain
tumours. Huang and co-workers [76] synthetized integrin-target SERRS nanoparticles
to visualize the true extent of a glioblastoma multiforme (GBM) tumour in an animal
model. They used Raman multiplexing to compare the RGD-peptide-conjugated version
for integrin-targeting (RGD-SEERS) to the non-targeted RAD-SERRS control in the same
animal models. Multiplexed Raman images of mice bearing GBM cancers were acquired
with a Renishaw InVia Raman microscope equipped with a 785 nm diode laser. The non-
targeted RAD-SERRS nanoparticles were able to visualize the delineation of the main GBM
tumoral tissue; however, integrin-targeting RGD-SERRS nanoparticles had the ability to
clearly image the real extension of the main tumoral tissue including its margins.

SERRS NPs hold great potential in Raman cancer imaging and it is possible to syn-
thetize them with limits of detection below the femtomolar region (<10715 M) [100].
However, this technology has limitations in a clinical setup because SERRS NPs are not
commercially available and Raman imaging systems are not widely used in clinical settings.
Furthermore, the protocols for synthetizing SERRS NPs are optimized for a limited range
of wavelengths, mainly in the infrared region, which limits the depth of tissue penetration
to millimetres. To overcome this limitation and increase the detection of SERRS NPs into
the tissue to the centimetres depth, surface-enhanced spatially offset Raman scattering
(SESORS) can be used, where spatially offset Raman spectroscopy (SORS) is employed to
detect SERRS NPs [101].

The benefits and the capability of SESORRS for non-destructive in vivo imaging of
different types of cancer were shown by Nicolson et al. [77] who used SESORS for the
in vivo visualization of deep-seated glioblastoma multiforme (GBM) tumours through the
intact skull of mice. Integrin-targeting SERRS active nanostars were synthetized, which
could target only GBM tumours. In vivo SORS imaging of GBM cancer-bearing mice was
carried out by using a custom-built SORS system equipped with a 785 nm laser source.
The surface-enhanced spatially offset resonant Raman scattering (SESORRS) technique was
able to acquire clear images of the extension of the deep-seated GBM non-invasively. The
SESORRS images were not only comparable to those obtained using MRI, but they also
displayed high contrast and high signal specificity for the tumour region.
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Immuno-SERS (iSERS) Microscopy

The advantage of immuno-SERS (iSERS) microscopy on standard Raman microscopy
is speed. The acquisition times per pixel of iSERS microscopy are more than one order of
magnitude lower than the times achieved by the first iSERS microscope in 2006 [102], due
to the use of high laser power densities as laser sources. In particular, Wang et al. [103]
demonstrated that using 1-2 mW laser power with a 50 ms acquisition time per pixel led
to the collection of highly reproducible iSERS images in repeated experiments performed
on the same individual breast cancer cell overexpressing the biomarker human epidermal
growth factor receptor 2 (HER2).

Stepula et al. [78] further developed iSERS microscopy and designed a multicolour /multit-
arget SERS imaging technique that would allow the characterization of the expression of
different cancer protein biomarkers on the same single cancer cell. In particular, they devel-
oped a 6-colour/1-target iSERS microscope and successfully localized HER2 on single SkBr-3
breast cancer cells. This was achieved by labelling the corresponding antibody (anti-HER?2)
with six different small (<80 nm) SERS nanotags (i.e., Au/Au core/satellite particles with six
distinct Raman reporter molecules on the Au core) with single-particle brightness. The iSERS
mapping was carried out using a WITec alpha 300 R Raman imaging microscope with only
one laser source of 632.8 nm wavelength and 1.2 mW power. The spectra of the six SERS
nanotags could be clearly distinguished on the Raman maps of one single SkBr-3 cell. These
results demonstrate the great potential of multicolour iSERS mapping on one single cell for
the identification of unknown protein markers expressed on the surface of cancer cells that
could further enable the early detection of cancer.

Stepula and co-workers [79] also used Au/Au core/satellite nanoparticles with Raman
reporter molecules on the surface as SERS nanotags to obtain false-colour iSERS images of
the specific location of programmed cell death-ligand 1 (PD-L1) on a single SkBr-3 breast
cancer cell. The SERS nanotags were bioconjugated to antibodies (anti-PD-L1) and the SkBr-
3 cell slides were first incubated with the primary antibody and, after that, the slides were
stained with the SERS-labelled secondary antibody (positive control). Negative control
slides were also prepared where the SERS-labelled secondary antibody was incubated on
the SkBr-3 cell slides but without first incubating the slides with the primary antibody. The
false-colour iSERS images of the positive controls clearly showed the selective localization
of PD-L1 on the cell membrane of the cancer cells.

4. Conclusions

Raman spectroscopy, in its various forms, has proved to be a highly flexible, accurate,
efficacious, and multiplexing method in cancer nanomedicine. Its non-destructive and
label-free approach to sample characterization, along with its high specificity and sensitivity
in probing the biochemical fingerprints of individual cells and tissues, have contributed
to its current widespread use in cancer diagnostics and therapy. One of the areas where
Raman scattering techniques are being developed very rapidly is Raman bioimaging for
diagnostic purposes. In particular, new developments in spontaneous Raman and surface-
enhanced Raman spectroscopy (SERS) techniques to further improve the speed of data
acquisition, as well as the specificity and sensitivity for in vitro and in vivo experiments, are
instrumental in promoting the application of Raman spectroscopy and imaging to clinical
settings. Despite the fact that, in the past few years, Raman bioimaging has achieved high
levels of resolution and sensitivity due to the use of SERS nanoparticles and Resonant
SERS (SERRS) nanoparticles as contrast agents, the clinical application of bioimaging to
cancer diagnosis is still very limited. This is primarily because most SERS microscopes are
unable to penetrate deep tissues. To overcome this limitation, bioimaging systems based
on surface-enhanced spatially offset Raman scattering (SESORS) have been developed, and
have shown great potential for imaging deep-seated tumours. Another challenge for the
clinical use of Raman imaging lies in achieving a fast enough acquisition speed. To address
this issue, immuno-SERS (iSERS) microscopy has been developed, which has proven to be
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sufficiently fast and able to produce reliable Raman images for the characterization and
localization of tumour biomarkers on the surface of cancer cells.

Raman spectroscopy is also used in theranostics. Recently, new Raman-based cancer
nanotheranostic platforms have been developed, where plasmonic nanoparticles are em-
ployed to enhance the Raman signal from the cancer cells and obtain high quality Raman
maps, as well as to act as therapeutic anticancer agents. To overcome the toxicity issues
that might be related to the use of nanostructures, nanoparticle-free theranostic systems
have also been investigated where Raman bioimaging (diagnostic modality) is coupled
with an anticancer therapy, such as photodynamic therapy.

Raman spectroscopy methods have also been employed for the detection of cancer via
unique biomarkers. Extracellular vesicles, such as exosomes, are excellent candidates as
cancer biomarkers because of their being involved in many of the processes that contribute
to tumour growth. In particular, confocal Raman spectroscopy and SERS have been
employed to discriminate EV-enriched fractions from the plasma and serum of cancer
patients. Detection of cancer biomarkers has also been successfully achieved by using SERS-
based cancer immunotherapy, indicating its great potential for clinical cancer diagnostics.

Although recent years have witnessed a rapid development in Raman spectroscopy
and imaging techniques that have led to some clinical applications of Raman-based systems,
there are still factors (e.g., optimal excitation laser wavelength) that limit the promotion of
Raman scattering techniques in clinical settings. In addition, the development of portable
and commercial Raman devices with clinical capabilities and modalities for cancer di-
agnostics and therapy is a challenge that holds great potential for the future of Raman
spectroscopy in clinical cancer nanomedicine, but that still requires further research.
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Abbreviations

ALA Amino-Levulinic Acid
APTES  (3-Amino-Propyl)Tri-Ethoxy-Silane

CA4 Cyproterone Acetate

CARS Coherent Anti-Stokes Raman Spectroscopy
Cet Cetuximab

CRCs Colo-Rectal Cancer cells

CSsCC Cervical Squamous Cell Carcinoma

CT Computed Tomography

DNA Deoxyribo-Nucleic Acid
EGCG  Epi-Gallo-Catechin Gallate

EPR Enhanced Permeability and Retention
ERG ETS transcription factor

ETS E26 Transformation-Specific

EVs Extracellular Vesicles

FR Folate Receptor

GBM Glio-Blastoma Multiforme

GNCs Gold Nano-Cages

HER2 Human Epidermal growth factor Receptor 2
HGNPs Highly branched Gold Nanoparticles

HSIL High grade Squamous Intraepithelial Lesion
IL-8 Interleukin 8
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iSERS Immuno-Surface-Enhanced Raman Spectroscopy
IR Infra-Red

4-MBA  4-Mercapto-Benzoic Acid

ME Methyl Group

MiPS Mi-Prostate Score

MRI Magnetic Resonance Imaging

MSCs Mesenchymal Stem Cells
MTVDA  Microtubule-Targeted Vascular Disrupting Agents
Nd:YAG Neodymium doped Yttrium Aluminium Garnet

NPs Nanoparticles

PCA3 Prostate Cancer Antigen 3

PDT Photo-Dynamic Therapy

PEG Poly-Ethylene Glycol

PET Positron Emission Tomography

PLGA Poly (D,L-Lactide-co-Glycolide)

PPIX Proto-Porphyrin IX

RGD Arginylglycylaspartic Acid

RRS Resonance Raman Scattering

scFvs Single Chain Variable Fragments

sEGFR Soluble Epithermal Growth Factor Receptor
SEPs SERS Encoded Nanoparticles

SERS Surface-Enhanced Raman Spectroscopy
SERRS Surface Enhanced Resonance Raman Scattering

SORS Spatially Offset Raman Spectroscopy

sPD-1 Soluble Programmed Death 1

sPD-L1  Soluble Programmed Death-Ligand 1

SRS Stimulated Raman Scattering

TAS3RS  Topically Applied Surface Enhanced Resonance Raman Ratiometric Spectroscopy
TERS Tip Enhanced Raman Spectroscopy

TMPRSS2 Transmembrane Serine Protease

TRS Transmission Raman Spectroscopy
uv Ultra-Violet

References

1. World Health Organisation. Cancer. Available online: https://www.who.int/health-topics/cancer#tab=tab_1 (accessed on
24 September 2021).

2. Sung, H,; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN
Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J. Clin. 2021, 71, 209-249. [CrossRef]

3. Whitaker, K. Earlier diagnosis: The importance of cancer symptoms. Lancet Oncol. 2020, 21, 6-8. [CrossRef]

4. L1i,].; Guan, X,; Fan, Z.; Ching, L.; Li, Y.; Wang, X.; Cao, W.; Liu, D. Non-invasive biomarkers for early detection of breast cancer.
Cancers 2020, 12, 2767. [CrossRef] [PubMed]

5. McCormack, V.; Aggarwal, A. Early cancer diagnosis: Reaching targets across whole populations amidst setbacks. Br. |. Cancer
2021, 124, 1181-1182. [CrossRef]

6.  Hawkes, N. Cancer survival data emphasise importance of early diagnostic. BMJ 2019, 364, 1408. [CrossRef] [PubMed]

7. American Cancer Society. Cancer Prevention & Early Detection Facts & Figures 2019-2020; American Cancer Society: Atlanta, GA,
USA, 2019; pp. 1-61.

8. Zhu, G,; Wu, Z; Lui, S.; Hu, N.; Wu, M. Advances in imaging modalities and contrast agents for the early diagnosis of colorectal
cancer. J. Biomed. Nanotechnol. 2021, 17, 558-581.

9. Liu, S, Liu, H;; Li, P; Jiang, L. Application of high-resolution CT images information in complicated infection of lung tumors.
J. Infect. Public Health 2021, 14, 418-422. [CrossRef]

10. Bi, Y.; Min, M,; Zhang, F; Li, X. The Characteristics of Blue Laser Imaging and the Application in Diagnosis of Early Digestive
Tract Cancer. Technol. Cancer Res. Treat 2019, 18, 1-5. [CrossRef]

11.  Vonk, ].; de Wit, ].G.; Voskuil, FJ.; Johannes, M.; Witjes, H. Improving oral cavity cancer diagnosis and treatment with fluorescence
molecular imaging. Oral Dis. 2020, 27, 21-26. [CrossRef]

12.  Sim, AJ.; Kaza, E.; Singer, L.; Rosenberg, S.A. A review of the role of MRI in diagnosis and treatment of early stage lung cancer.
Clin. Transl. Oncol. 2020, 24, 16-22. [CrossRef] [PubMed]

13. Meng, Z.; Zhao, Z.; Li, B.; Su, F,; Guo, L. A cervical histopathology dataset for computer aided diagnosis of precancerous lesions.

IEEE Trans. Med. Imaging 2021, 40, 1531-1541. [CrossRef] [PubMed]


https://www.who.int/health-topics/cancer#tab=tab_1
http://doi.org/10.3322/caac.21660
http://doi.org/10.1016/S1470-2045(19)30658-8
http://doi.org/10.3390/cancers12102767
http://www.ncbi.nlm.nih.gov/pubmed/32992445
http://doi.org/10.1038/s41416-021-01276-2
http://doi.org/10.1136/bmj.l408
http://www.ncbi.nlm.nih.gov/pubmed/30683652
http://doi.org/10.1016/j.jiph.2019.08.001
http://doi.org/10.1177/1533033819825877
http://doi.org/10.1111/odi.13308
http://doi.org/10.1016/j.ctro.2020.06.002
http://www.ncbi.nlm.nih.gov/pubmed/32596518
http://doi.org/10.1109/TMI.2021.3059699
http://www.ncbi.nlm.nih.gov/pubmed/33600310

Int. J. Mol. Sci. 2021, 22, 13141 18 of 21

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

Ayyad, S.M.; Shehata, M.; Shalaby, A.; El-Ghar, M.A.; Ghazal, M.; El-Melegy, M.; Abdel-Hamid, N.B.; Labib, L.M.; Ali, H.A;
El-Baz, A. Role of Al and Histopathological Images in Detecting Prostate Cancer: A Survey. Sensors 2021, 21, 2586. [CrossRef]
[PubMed]

Hameed, Z.; Zahia, S.; Garcia-Zapirain, B.; Aguirre, ].J.; Vanegas, A.M. Breast Cancer Histopathology Image Classification Using
an Ensemble of Deep Learning Models. Sensors 2020, 20, 4373. [CrossRef]

Alsarraf, A.H.; Kujian, O.; Farah, C.S. The utility of oral brush cytology in the early detection of oral cancer and oral potentially
malignant disorders: A systematic review. J. Oral Pathol. Med. 2018, 47, 104-116. [CrossRef]

Allen, C.J.; Blumenthaler, A.N.; Das, P.; Minsky, B.D.; Blum, M.; Roy-Chowdhuri, S.; Ajani, J.A.; Ikoma, N.; Mansfield, P.F;
Badgwell, B.D. Staging laparoscopy and peritoneal cytology in patients with early stage gastric adenocarcinoma. World J. Surg.
Oncol. 2020, 18, 39. [CrossRef]

Pasquali, P.; Segurado-Miravalles, G.; Castillo, M.; Fortufio, A Puig, S.; Gonzalez, S. Use of Cytology in the Diagnosis of Basal
Cell Carcinoma Subtypes. J. Clin. Med. 2020, 9, 612. [CrossRef] [PubMed]

Chinen, A.B.; Guan, C.M,; Ferrer, ].R.; Barnaby, S.N.; Merkel, T.J.; Mirkin, C.A. Nanoparticles Probes for the Detection of Cancer
Biomarkers, Cells, and Tissues by Fluorescence. Chem. Rev. 2015, 115, 10530-10574. [CrossRef]

Jin, C.; Wang, K.; Oppong-Gyebi, A.; Hu, J. Application of Nanotechnology in Cancer Diagnosis and Therapy—A Mini-Review.
Int. J. Med. Sci. 2020, 17, 2964-2973. [CrossRef] [PubMed]

Lin, D.; Wu, Q.; Qiu, S.; Chen, G.; Feng, S.; Chen, R.; Zeng, H. Label-free liquid biopsy based on blood circulating DNA detection
using SERS-based nanotechnology for nasopharyngeal cancer screening. Nanomed. Nanotechnol. Biol. Med. 2019, 22, 102100.
[CrossRef] [PubMed]

Neelapu, N.R.R.; Nammi, D. Application of Nanotechnology in Early Detection of Gastrointestinal Cancer. In Recent Advancements
in Biomarkers and Early Detection of Gastrointestinal Cancers. Diagnostics and Therapeutic Advances in GI Malignancies; Veera
Bramhachari, P., Neelapu, N., Eds.; Springer: Singapore, 2020. [CrossRef]

Perumal, V.; Sivakumar, PM.; Zarrabi, A.; Muthupandian, S.; Vijayaraghavalu, S.; Sahoo, K.; Das, A.; Das, S.; Payyappilly, S.S.;
Das, S. Near infra-red polymeric nanoparticle based optical imaging in Cancer diagnosis. J. Photochem. Photobiol. B Biol. 2019, 199,
111630. [CrossRef]

Santra, S.; Malhotra, A. Fluorescent nanoparticle probes for imaging of cancer. Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol.
2011, 3, 501-510. [CrossRef] [PubMed]

Salvioni, L.; Rizzuto, M.A.; Bertolini, J.A.; Pandolfi, L.; Colombo, M.; Prosperi, D. Thirty Years of Cancer Nanomedicine: Success,
Frustration, and Hope. Cancers 2019, 11, 1855. [CrossRef] [PubMed]

Zhang, Y.; Li, M.; Gao, X.; Chen, Y,; Liu, T. Nanotechnology in cancer diagnosis: Progress, challenges and opportunities. ]. Hematol.
2019, 12, 137. [CrossRef] [PubMed]

El-Readi, M.Z.; Althubiti, M.A. Cancer nanomedicine: A new era of successful targeted therapy. J. Nanomater. 2019, 2019, 4927312.
[CrossRef]

Van der Meel, R.; Sulheim, E.; Shi, Y.; Kiessling, F.; Mulder, W.J.M.; Lammers, T. Smart cancer nanomedicine. Nature Nanotech.
2019, 14, 1007-10017. [CrossRef]

Matsumura, Y.; Maeda, H. A New Concept for Mvacromolecular Therapeutics in Cancer Chemotherapy: Mechanism of
Tumoritropic Accumulation of Proteins and the Antitumor Agent Smancs. Cancer Res. 1986, 46, 6387-6392.

Nakamura, Y.; Mochida, A.; Choyke, PL.; Kobayashi, H. Nano-drug delivery: Is the enhanced permeability and retention (EPR)
effect sufficient for curing cancer? Bioconjug. Chem. 2016, 27, 2225-2238. [CrossRef]

Kobayashi, H.; Turkbey, B.; Watanabe, R.; Choyke, PL. Cancer Drug Delivery: Considerations in the Rational Design of Nanosized
Bioconjugates. Bioconjug. Chem. 2014, 25, 2093-2100. [CrossRef]

Raza, F; Zafar, H.; You, X.; Khan, A.; Wy, J.; Ge, L. Cancer nanomedicine: Focus on recent developments and self-assembled
peptide nanocarriers. J. Mater. Chem. B 2019, 7, 7639-7655. [CrossRef]

Thomas, O.S.; Weber, W. Overcoming Physiological Barriers to Nanoparticle Delivery—Are We There Yet? Front. Bioeng.
Biotechnol. 2019, 7, 1-21. [CrossRef] [PubMed]

Tran, S.; DeGiovanni, PJ.; Piel, B.; Rai, P. Cancer nanomedicine: A review of recent success in drug delivery. Clin. Trans. Med.
2017, 6, 44. [CrossRef]

Izci, M.; Maksoudian, C.; Manshian, B.B.; Soenen, S.J. The Use of Alternative Strategies for Enhanced Nanoparticle Delivery to
Solid Tumors. Chem. Rev. 2021, 121, 1746-1803. [CrossRef] [PubMed]

Warner, S. Diagnostic plus therapy = theranostics. Scientist 2004, 18, 38-39.

Shi, ].; Kantoff, PW.; Wooster, R.; Farokhzad, O.C. Cancer nanomedicine: Progress, challenges and opportunities. Nat. Rev. Cancer
2016, 17, 20-37. [CrossRef]

Thakur, V.; Kutty, R.V. Recent advances in nanotheranostics for triple negative breast cancer treatment. J. Exp. Clin. Cancer Res.
2019, 38, 430. [CrossRef]

Gong, N.; Sheppard, N.C.; Billingsley, M.M.; June, C.H.; Mitchell, M.]. Nanomaterials for T-cell cancer immunotherapy. Nat.
Nanotech. 2021, 16, 25-36. [CrossRef] [PubMed]

Akkin, S.; Varan, G.; Bilensoy, E. A Review on Cancer Immunotherapy and Applications of Nanotechnology to Chemoim-
munotherapy of Different Cancers. Molecules 2021, 26, 3382. [CrossRef]


http://doi.org/10.3390/s21082586
http://www.ncbi.nlm.nih.gov/pubmed/33917035
http://doi.org/10.3390/s20164373
http://doi.org/10.1111/jop.12660
http://doi.org/10.1186/s12957-020-01813-y
http://doi.org/10.3390/jcm9030612
http://www.ncbi.nlm.nih.gov/pubmed/32106408
http://doi.org/10.1021/acs.chemrev.5b00321
http://doi.org/10.7150/ijms.49801
http://www.ncbi.nlm.nih.gov/pubmed/33173417
http://doi.org/10.1016/j.nano.2019.102100
http://www.ncbi.nlm.nih.gov/pubmed/31648038
http://doi.org/10.1007/978-981-15-4431-6_10
http://doi.org/10.1016/j.jphotobiol.2019.111630
http://doi.org/10.1002/wnan.134
http://www.ncbi.nlm.nih.gov/pubmed/21480546
http://doi.org/10.3390/cancers11121855
http://www.ncbi.nlm.nih.gov/pubmed/31769416
http://doi.org/10.1186/s13045-019-0833-3
http://www.ncbi.nlm.nih.gov/pubmed/31847897
http://doi.org/10.1155/2019/4927312
http://doi.org/10.1038/s41565-019-0567-y
http://doi.org/10.1021/acs.bioconjchem.6b00437
http://doi.org/10.1021/bc500481x
http://doi.org/10.1039/C9TB01842E
http://doi.org/10.3389/fbioe.2019.00415
http://www.ncbi.nlm.nih.gov/pubmed/31921819
http://doi.org/10.1186/s40169-017-0175-0
http://doi.org/10.1021/acs.chemrev.0c00779
http://www.ncbi.nlm.nih.gov/pubmed/33445874
http://doi.org/10.1038/nrc.2016.108
http://doi.org/10.1186/s13046-019-1443-1
http://doi.org/10.1038/s41565-020-00822-y
http://www.ncbi.nlm.nih.gov/pubmed/33437036
http://doi.org/10.3390/molecules26113382

Int. J. Mol. Sci. 2021, 22, 13141 19 of 21

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.
58.

59.
60.

61.

62.

63.

64.

65.

66.

67.

Gonzalez-Valdivieso, J.; Girotti, A.; Schneider, J.; Arias, FJ. Advanced nanomedicine and cancer: Challenges and opportunities in
clinical translation. Int. J. Pharm. 2021, 599, 120438. [CrossRef]

Thorat, N.D.; Bauer, J. Functional smart hybrid nanostructures based nanotheranostic approach for advanced cancer treatment.
Appl. Surf. Sci. 2020, 527, 146809. [CrossRef]

Peng, S.; Lai, C.; Chu, P; Hsieh, J.; Tseng, Y.; Chiu, S.; Lin, Y. Nanotheranostics With the Combination of Improved Targeting,
Therapeutic Effects, and Molecular Imaging. Front. Bioeng. Biotechnol. 2020, 8, 570490. [CrossRef]

Rauwel, E.; Al-Arag, S.; Salehi, H.; Amorim, C.O.; Cuisinier, F; Guha, M.; Rosario, M.S.; Rauwel, P. Assessing cobalt metal
nanoparticles uptake by cancer cells using live Raman spectrosocpy. Int. J. Nanomed. 2020, 15, 7051-7062. [CrossRef]

Keating, M.E.; Byrne, H.J. Raman spectroscopy in nanomedicine: Current status and future perspectives. Nanomedicine 2013, 8,
1375-1391. [CrossRef]

Auner, G.W,; Koya, S.K.; Huang, C.; Broadbent, B.; Trexler, M.; Auner, Z.; Elias, A.; Mehne, K.C.; Brusatori, M.A. Applications of
Raman spectroscopy in cancer diagnosis. Cancer Metastasis Rev. 2018, 37, 691-717. [CrossRef]

Zeng, ].; Zhao, W.; Yue, S. Coherent Raman Scattering Microscopy in Oncology Pharmacokinetic Research. Front. Pharmacol. 2021,
12, 630167. [CrossRef]

Gao, J.; Sanchez-Purra, M.; Huang, H.; Wang, S.; Chen, Y.; Yu, X.; Luo, Q.; Hamad-Schifferli, K.; Liu, S. Synthesis of different-sized
gold nanostars for Raman bioimaging and photothermal therapy in cancer nanotheranostics. Sci. China Chem. 2017, 60, 1219-1229.
[CrossRef]

Horgan, C.C.; Bergholt, M.S.; Nagelkerke, A.; Thin, M.Z.; Pence, 1].; Kauscher, U.; Kalber, T.L.; Stuckey, D.J.; Stevens, M.M.
Integrated photodynamic Raman theranostic system for cancer diagnosis, treatment, and post-treatment molecular monitoring.
Theranostics 2021, 11, 2006-2019. [CrossRef] [PubMed]

Poojari, R.; Bhujbal, M.; Hole, A.; Krishna, C.M. Distinct stratification of normal liver, hepatocellular carcinoma (HCC), and
anticancer nanomedicine-treated-tumor tissues by Raman fingerprint for HCC therapeutic monitoring. Nanomed. NBM 2021,
33, 102352. [CrossRef]

Rammal, H.; Al Assaad, A.; Dosio, E,; Stella, B.; Maksimenko, A.; Mura, S.; Van Gulick, L.; Callewaert, M.; Desmagéle, D.;
Couvreur, P; et al. Investigation of squalene-doxorubicin distribution and interactions within single cancer cell using Raman
microspectroscopy. Nanomed. NBM 2021, 35, 102404. [CrossRef]

Manago, S.; Tramontano, C.; Delle Cave, D.; Chianese, G.; Zito, G.; De Stefano, L.; Terracciano, M.; Lonardo, E.; De Luca, A.C;
Rea, I. SERS Quantification of Galunisertib Delivery in Colorectal Cancer Cells by Plasmonic-Assisted Diatomite Nanoparticles.
Small 2021, 17,2101711. [CrossRef] [PubMed]

Raman, C.V. A new radiation. Indian J. Phys. 1928, 2, 387-398. [CrossRef]

The Nobel Prize in Physics 1930. Available online: https://www.nobelprize.org/prizes/physics/1930/summary/ (accessed on
1 October 2021).

Upchurch, E.; Isabelle, M.; Rhys Lloyd, G.; Kendall, C.; Barr, H. An update of the use of Raman spectroscopy in milecular cancer
diagnostics: Current challenges and future prospects. Expert Rev. Mol. Diagn. 2018, 18, 245-258. [CrossRef] [PubMed]

Vlasov, A.V,; Maliar, N.L.; Bazhenov, S.V.; Nikelshparg, E.I; Brazhe, N.A.; Vlasova, A.D.; Osipov, S.D.; Sudarev, V.V.; Ryzhykau,
Y.L.; Bogorodskiy, A.O.; et al. Raman Scattering: From Structural Biology to Medical Applications. Crystals 2020, 10, 38. [CrossRef]
Chase, B. A new generation of Raman instrumentation. Appl. Spectrosc. 1994, 48, 14A-19A. [CrossRef]

Martins Ramos, L.R.; Malkin, A.; Lyng, EM. Current Advances in the Application of Raman Spectroscopy for Molecular Diagnosis
of Cervical Cancer. BioMed Res. Int. 2015, 2015, 561242. [CrossRef]

Sumer, B.; Gao, J. Theranostics nanomedicine for cancer. Nanomedicine 2008, 3, 137-140. [CrossRef] [PubMed]

D’Angelo, M.; Castelli, V.; Benedetti, E.; Antonosante, A.; Catanesi, M.; Dominguez-Benot, R ; Pitari, G.; Ippoliti, R.; Cimini, A.
Theranostic Nanomedicine for Malignant Gliomas. Front. Bioeng. Biotechnol. 2019, 7, 325. [CrossRef]

Alshehri, S.; Imam, S.S.; Rizwanullah, M.; Akhter, S.; Mahdi, W.; Kazi, M.; Ahmad, J. Progress of Cancer Nanotechnology as
Diagnostics, Therapeutics, and Theranostics Nanomedicine: Preclinical Promise and Translational Challenges. Pharmaceutics
2021, 13, 24. [CrossRef]

Vines, ].B.; Yoon, J.; Ryu, N.; Lim, D.; Par, H. Gold Nanoparticles for Photothermal Cancer Therapy. Front. Chem. 2019, 7, 167.
[CrossRef]

Navyatha, B.; Nara, S. Gold nanostructures as cancer theranostic probe: Promises and hurdles. Nanomedicine 2019, 14, 766-796.
[CrossRef] [PubMed]

Pettersen Hessvik, N.; Llorente, A. Current knowledge on exosome biogenesis and release. Cell. Mol. Life Sci. 2018, 75, 193-208.
[CrossRef]

Xu, R.; Rai, A.; Chen, M.; Suwakulsiri, W.; Greening, D.W.; Simpson, R.J. Extracellular vesicles in cancer—implications for future
improvements in cancer care. Nat. Rev. Clin. Oncol. 2018, 15, 617-638. [CrossRef]

Krafft, C.; Wilhelm, K.; Eremin, A.; Nestel, S.; von Bubnoff, N.; Schultze-Seemann, W.; Popp, J.; Nazarenko, I. A specific spectral
signature of serum and plasma-derived extracellular vesicles for cancer screening. Nanomed. Nanomed.-Nanotechnol. 2017, 13,
835-841. [CrossRef]

Becker, A.; Thakur, B.K.; Weiss, ].M.; Kim, H.S.; Peinado, H.; Lyden, D. Extracellular vesicles in cancer: Cell-to-cell mediators of
metastasis. Cancer Cell 2016, 30, 836-848. [CrossRef]


http://doi.org/10.1016/j.ijpharm.2021.120438
http://doi.org/10.1016/j.apsusc.2020.146809
http://doi.org/10.3389/fbioe.2020.570490
http://doi.org/10.2147/IJN.S258060
http://doi.org/10.2217/nnm.13.108
http://doi.org/10.1007/s10555-018-9770-9
http://doi.org/10.3389/fphar.2021.630167
http://doi.org/10.1007/s11426-017-9088-x
http://doi.org/10.7150/thno.53031
http://www.ncbi.nlm.nih.gov/pubmed/33408795
http://doi.org/10.1016/j.nano.2020.102352
http://doi.org/10.1016/j.nano.2021.102404
http://doi.org/10.1002/smll.202101711
http://www.ncbi.nlm.nih.gov/pubmed/34302422
http://doi.org/10.1007/BF03052651
https://www.nobelprize.org/prizes/physics/1930/summary/
http://doi.org/10.1080/14737159.2018.1439739
http://www.ncbi.nlm.nih.gov/pubmed/29431541
http://doi.org/10.3390/cryst10010038
http://doi.org/10.1366/0003702944029848
http://doi.org/10.1155/2015/561242
http://doi.org/10.2217/17435889.3.2.137
http://www.ncbi.nlm.nih.gov/pubmed/18373419
http://doi.org/10.3389/fbioe.2019.00325
http://doi.org/10.3390/pharmaceutics13010024
http://doi.org/10.3389/fchem.2019.00167
http://doi.org/10.2217/nnm-2018-0170
http://www.ncbi.nlm.nih.gov/pubmed/30794100
http://doi.org/10.1007/s00018-017-2595-9
http://doi.org/10.1038/s41571-018-0036-9
http://doi.org/10.1016/j.nano.2016.11.016
http://doi.org/10.1016/j.ccell.2016.10.009

Int. J. Mol. Sci. 2021, 22, 13141 20 of 21

68.

69.

70.

71.
72.
73.
74.
75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Zhao, H.; Achreja, A.; Iessi, E.; Logozzi, M.; Mizzoni, D.; Di Raimo, R.; Nagrath, D.; Fais, S. The key role of extracellular vesicles
in the metastatic process. Biochim. Biophys. Acta 2018, 1869, 64-77. [CrossRef]

Enciso-Martinez, A ; van der pol, E.; Lenferink, A.T.M.; Terstappen, L. W.M.M.; van Leeuwen, T.G.; Otto, C. Synchronised Rayleigh
and Raman scattering for the characterization if single optically trapped extracellular vesicles. Nanomed. Nanotechnol. Biol. Med.
2020, 24, 102109. [CrossRef] [PubMed]

Enciso-Martinez, A.; Van Der Pol, E.; Hau, C.M.; Nieuwland, R.; Van Leeuwen, T.G.; Terstappen, L. W.M.M; Otto, C. Label-free
identification and chemical characterisation of single extracellular vesicles and lipoproteins by synchronous Rayleigh and Raman
scattering. J. Extracell. Vesicles 2020, 9, 1730134. [CrossRef]

Zhang, Y.; Hong, H.; Cai, W. Imaging with Raman spectroscopy. Curr. Pharm. Biotechnol. 2010, 11, 654—661. [CrossRef]

Lee, E. Raman Imaging: Techniques and Applications; Springer: Berlin, Germany, 2012; pp. 1-37.

Bravo, B.; Ciani, L.; D’Acunto, M. Raman Spectroscopy and Cancer Diagnosis. Proceedings 2019, 27, 15. [CrossRef]

D’Acunto, M.; Gaeta, R.; Capanna, R.; Franchi, A. Contribution of Raman Spectroscopy to Diagnosis and Grading of Chondrogenic
Tumors. Sci. Rep. 2020, 10, 2155. [CrossRef] [PubMed]

Oseledchyk, A.; Andreou, C.; Wall, M.A.; Kircher, M.F. Folate-Targeted Surface-Enhanced Resonance Raman Scattering Nanoprobe
Ratiometry for Detection of Microscopic Ovarian Cancer. ACS Nano. 2017, 11, 1488-1497. [CrossRef] [PubMed]

Huang, R.; Harmsen, S.; Samii, ].M.; Karabeber, H.; Pitter, K.L.; Holland, E.C.; Kircher, M.F. High Precision Imaging of
Microscopic Spread of Glioblastoma with a Targeted Ultrasensitive SERRS Molecular Imaging Probe. Theranostics 2016, 6,
1075-1084. [CrossRef] [PubMed]

Nicolson, F.; Andreiuk, B.; Andreou, C.; Hsu, H.; Rudder, S.; Kircher, M.F. Non-invasive In Vivo Imaging of Cancer Using
Surface-Enhanced Spatially Offset Raman Spectroscopy (SESORS). Theranostics 2019, 9, 5899-5913. [CrossRef]

Stepula, E.; Wang, X,; Srivastav, S.; Kénig, M.; Levermann, J.; Kasimir-Bauer, S.; Schliicker, S. 6-color/1-target immuno-SERS
microscopy on the same single cancer cell. ACS Appl. Mater. Interfaces 2020, 12, 32321-32327. [CrossRef]

Stepula, E.; Konig, M.; Wang, X.; Levermann, J.; Schimming, T.; Kasimir-Bauer, S.; Schilling, B.; Schliicker, S. Localisation of
PD-L1 on single cancer cells by iSERS microscopy with Au/Au core/satellite nanoparticles. J. Biophotonics 2020, 13, €201960034.
[CrossRef] [PubMed]

Fleischmann, M.; Hendra, P.J.; McQuillan, A.J. Raman spectra of pyridine adsorbed at a silver electrode. Chem. Phys. Lett. 1974,
26, 163-166. [CrossRef]

Schliicker, S. Surface-Enhanced Raman Spectroscopy: Concepts and Chemical Applications. Angew. Chem. Int. Ed. 2014, 53,
4756-4795. [CrossRef]

Pérez-Jiménez, A.L; Lyu, D.; Lu, Z,; Liu, G.; Ren, B. Surface-enhanced Raman spectroscopy: Benefits, trade-offs and future
developments. Chem. Sci. 2020, 11, 4563. [CrossRef] [PubMed]

Pilot, R.; Signorini, R.; Durante, C.; Orian, L.; Bhamidipati, M.; Fabris, L. A Review on Surface-Enhanced Raman Scattering.
Biosensors 2019, 9, 57. [CrossRef] [PubMed]

Chakraborty, A.; Ghosh, A.; Barui, A. Advances in surface-enhanced Raman spectroscopy for cancer diagnosis and staging.
J. Raman Spectrosc. 2020, 51, 7-36. [CrossRef]

Vo-Dinh, T.; Liu, Y.; Fales, A.M.; Ngo, H.; Wang, H.; Register, ] K.; Yuan, H.; Norton, S.J.; Griffin, G.D. SERS Nanosensors and
nanoreporters: Golden Opportunities in Biomedical Applications. WIREs Nanomed. Nanobiotechnol. 2015, 7, 17-33. [CrossRef]
Maiti, K K.; Samanta, A.; Venfrell, M.; Soh, K.; Olivo, M.; Chang, Y. Multiplex cancer cell detection by SERS nanotags with cyanine
and triphenylmethine Raman reporters. Chem. Commun. 2011, 47, 3514-3516. [CrossRef]

Karunakaran, V.; Saritha, V.N.; Joseph, M.M.; Nair, ].B.; Saranya, G.; Raghu, K.G.; Sujathan, K.; Kumar, K.S.; Maiti, K.K. Diagnostic
spectro-cytology revealing differential recognition of cervical cancer lesions by label-free surface enhanced Raman fingerprints
and chemometrics. Nanomed. Nanomed.-Nanotechnol. 2020, 29, 102276. [CrossRef]

Blanco-Formoso, M.; Alvarez-Puebla, R.A. Cancer Diagnosis through SERS and Other Related Techniques. Int. . Mol. Sci. 2020,
21, 2253. [CrossRef]

Guerrini, L.; Pazos-Perez, N.; Garcia-Rico, E.; Alvarez-Puebla, R. Cancer characterization and diagnosis with SERS-encoded
particles. Cancer Nano 2017, 8, 5. [CrossRef]

Shin, H.; Seo, D.; Choi, Y. Extracellular Vesicle Identification Using Label-Free Surface-Enhanced Raman Spectroscopy: Detection
and Signal Analysis Strategies. Molecules 2020, 25, 5209. [CrossRef]

Guerrini, L.; Garcia-Rico, E.; O’Loghlen, A.; Giannini, V.; Alvarez-Puebla, R.A. Surface-Enhanced Raman Scattering (SERS)
Spectroscopy for Sensing and Characterization of Exosomes in Cancer Diagnosis. Cancers 2021, 13, 2179. [CrossRef]

Osei, E.B.; Paniushkina, L.; Wilhelm, K.; Popp, J.; Nazarenko, I.; Krafft, C. Surface-Enhanced Raman Spectroscopy to Characterize
Different Fractions of Extracellular Vesicles from Control and Prostate Cancer Patients. Biomedicines 2021, 9, 580. [CrossRef]
[PubMed]

Li, J.; Wang, J.; Grewal, Y.S.; Howard, C.B.; Raftery, L.].; Mahler, S.; Wang, Y.; Trau, M. Multiplexed SERS Detection of Soluble
Cancer Protein Biomarkers with Gold-Silver Alloy Nanoboxes and Nanoyeast Single-Chain Variable Fragments. Anal. Chem.
2018, 90, 10377-10384. [CrossRef] [PubMed]

Dey, S.; Trau, M.; Koo, K.M. Surface-enahnced Raman spectroscopy for cancer immunotherapy applications: Opportunitues,
challenges, and current progress in nanomaterial strategies. Nanomaterials 2020, 10, 1145. [CrossRef]


http://doi.org/10.1016/j.bbcan.2017.11.005
http://doi.org/10.1016/j.nano.2019.102109
http://www.ncbi.nlm.nih.gov/pubmed/31669420
http://doi.org/10.1080/20013078.2020.1730134
http://doi.org/10.2174/138920110792246483
http://doi.org/10.3390/proceedings2019027015
http://doi.org/10.1038/s41598-020-58848-0
http://www.ncbi.nlm.nih.gov/pubmed/32034187
http://doi.org/10.1021/acsnano.6b06796
http://www.ncbi.nlm.nih.gov/pubmed/27992724
http://doi.org/10.7150/thno.13842
http://www.ncbi.nlm.nih.gov/pubmed/27279902
http://doi.org/10.7150/thno.36321
http://doi.org/10.1021/acsami.0c07269
http://doi.org/10.1002/jbio.201960034
http://www.ncbi.nlm.nih.gov/pubmed/31605507
http://doi.org/10.1016/0009-2614(74)85388-1
http://doi.org/10.1002/anie.201205748
http://doi.org/10.1039/D0SC00809E
http://www.ncbi.nlm.nih.gov/pubmed/34122914
http://doi.org/10.3390/bios9020057
http://www.ncbi.nlm.nih.gov/pubmed/30999661
http://doi.org/10.1002/jrs.5726
http://doi.org/10.1002/wnan.1283
http://doi.org/10.1039/c0cc05265e
http://doi.org/10.1016/j.nano.2020.102276
http://doi.org/10.3390/ijms21062253
http://doi.org/10.1186/s12645-017-0031-3
http://doi.org/10.3390/molecules25215209
http://doi.org/10.3390/cancers13092179
http://doi.org/10.3390/biomedicines9050580
http://www.ncbi.nlm.nih.gov/pubmed/34065470
http://doi.org/10.1021/acs.analchem.8b02216
http://www.ncbi.nlm.nih.gov/pubmed/30085658
http://doi.org/10.3390/nano10061145

Int. J. Mol. Sci. 2021, 22, 13141 21 of 21

95.

96.

97.

98.

99.

100.

101.

102.

103.

Koo, K.M.; Wang, J.; Richards, R.S.; Farrell, A.; Yaxley, ] W.; Samaratunga, H.; Teloken, P.E.; Roberts, M.].; Coughlin, G.D.; Lavin,
M.F;; et al. Design and Clinical Verification of Surface-Enhanced Raman Spectroscopy Diagnostic Technology for Individual
Cancer Risk Prediction. ACS Nano 2018, 12, 8362-8371. [CrossRef]

Tomlins, S.A.; Day, ].R.; Lonigro, R.J.; Hovelson, D.H.; Siddiqui, J.; Kunju, L.P; Dunn, R.L.; Meyer, S.; Hodge, P.; Groskopf, J.; et al.
Urine TMPRSS2: ERG Plus PCA3 for Individualized Prostate Cancer Risk Assessment. Eur. Urol. 2016, 70, 45-53. [CrossRef]
Wang, Z.; Li, W.; Gong, Z.; Sun, P.; Zhoua, T.; Cao, X. Detection of IL-8 in human serum using surface-enhanced Raman scattering
coupled with highly-branched gold nanoparticles and gold nanocages. New J. Chemn. 2019, 43, 1733-1742. [CrossRef]

Du, Z.; Qi, Y;; He, J.; Zhong, D.; Zhou, M. Recent advances in applications of nanoparticles in SERS in vivo imaging. WIREs
Nanomed. Nanobiotechnol. 2021, 13, e1672. [CrossRef] [PubMed]

Harmsen, S.; Huang, R.; Wall, M.A.; Karabeber, H.; Samii, ].M.; Spaliviero, M.; White, ].R.; Monette, S.; O’Connor, R.; Pitter,
K.L.; et al. Surface-Enhanced Resonance Raman Scattering Nanostars for High Precision Cancer Imaging. Sci. Transl. Med. 2015,
7,271ra7. [CrossRef]

Harmsen, S.; Wall, M.A.; Huang, R.; Kircher, M.F. Cancer imaging using Surface-Enhanced Resonance Raman Scattering (SERRS)
nanoparticles. Nat. Protoc. 2017, 12, 1400-1414. [CrossRef] [PubMed]

Stone, N.; Kerssens, M.; Looyd, G.R.; Faulds, K.; Graham, D.; Matousek, P. Surface enhanced spatially offset Raman spectroscopic
(SESORS) imaging—the next dimension. Chem. Sci. 2011, 2, 776-780. [CrossRef]

Schliicker, S.; Kiistner, B.; Punge, A.; Bonfig, R.; Marx, A.; Strobel, P. Inmuno-Raman microspectroscopy: In situ detection of
antigens in tissue specimens by surface-enhanced Raman scattering. J. Raman Spectrosc. 2006, 37, 719-721. [CrossRef]

Wang, X.; Walkenfort, B.; Kénig, M.; Konig, L.; Kasimir-Bauer, S.; Schlticker, S. Fast and reproducible iSERS microscopy of single
HER2-positive breast cancer cells using gold nanostars as SERS nanotags. Faraday Discuss. 2017, 205, 377. [CrossRef] [PubMed]


http://doi.org/10.1021/acsnano.8b03698
http://doi.org/10.1016/j.eururo.2015.04.039
http://doi.org/10.1039/C8NJ05353G
http://doi.org/10.1002/wnan.1672
http://www.ncbi.nlm.nih.gov/pubmed/33073511
http://doi.org/10.1126/scitranslmed.3010633
http://doi.org/10.1038/nprot.2017.031
http://www.ncbi.nlm.nih.gov/pubmed/28686581
http://doi.org/10.1039/c0sc00570c
http://doi.org/10.1002/jrs.1534
http://doi.org/10.1039/C7FD00135E
http://www.ncbi.nlm.nih.gov/pubmed/28902197

	Introduction 
	Spontaneous Raman Scattering 
	Cancer Nanotheranostics 
	Monitoring of Anticancer Nanomedicine Therapeutics 
	Extracellular Vesicles (EVs) in Cancer Detection 
	Raman Imaging 

	Surface-Enhanced Raman Scattering (SERS) 
	SERS Nanoprobes for Cancer Diagnosis 
	Label-Free SERS 
	Encoded SERS 
	SERS Characterization of EVs 
	Multiplexing 
	SERS Immunoassay and Immunotherapy 

	SERS Bioimaging 

	Conclusions 
	References

