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Abstract. As colorectal cancer (CRC) is one of the forms
of cancer with the highest prevalence globally and with a
high mortality, screening and early detection remains a
major issue. Colonoscopy is still the gold standard for
detecting premalignant lesions, but it is burdened by some
complications. For instance, it is laborious, with some diffi-
culties of acceptance for some patients, and is ultimately an
imperfect standard, given that some premalignant lesions or
incipient malignancies can be missed by colonoscopic evalu-
ation. In this context, new non-invasive approaches such as
surface-enhanced Raman spectroscopy (SERS) based liquid
biopsy have gained ground in recent years, showing prom-
ising results in oncological pathology diagnosis. These new
methods have enabled the detection of subtle molecular profile
alterations prior to any macroscopic morphological changes,
thus providing a useful tool for early CRC detection. In the
present review, we provide a summary of published studies
applying SERS in CRC detection, along with our personal
experience in using SERS in the diagnosis of different onco-
logical pathologies, including CRC.
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1. Introduction

Colorectal cancer (CRC) is one of the most common types
of cancer, ranking third in terms of prevalence among other
primary sites, accounting for 11% of all cancer diagnoses
and ranking second in cancer-related mortality (1). Its high
prevalence has prompted large population scale screening
programs, aiming at identifying patients with incipient forms
of CRC in which curative therapeutic interventions are effec-
tive. For the moment, screening for CRC is recommended in
asymptomatic adults aged 45-75 years. Patients with a high
risk for developing CRC benefit from a specific screening
protocol (family history of CRC, inflammatory bowel disease,
known or suspected high risk genetic profiles). The standard
target population for CRC screening consists in average risk
patients, with none of the aforementioned characteristics (2).
Screening in CRC is essential, as it detects the pre-cancerous
structures that can develop in the colon, namely adeno-
matous polyps, but also early cancers. The gold standard
for screening in CRC is colonoscopy, which was shown to
decrease incidence by 64% [95% confidence interval (CI) 50
to 74%] and mortality by 66% (CI 38-81%) in a meta-analysis
of observational studies (3).

On the contrary, performing colonoscopy brings with it an
important economic burden on healthcare systems, but also
discomfort for patients and sometimes complications such
as bleeding or perforation. Another drawback that comes
frequently in the attention of gastroenterologists is that some
premalignant lesions can be missed by standard endoscopy. For
instance, in a study including 463 patients with 1294 neoplastic
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polyps being analyzed, the overall miss rate for adenomas was
24.1% (312/1294), while the miss rate for advance adenomas
dropped to 1.2% (15/1294). No carcinomas were missed
(0/1294). The higher missed rates were, as expected, for flat
and small polyps (4).

Early detection of CRC is the main contributor to improving
overall survival rates in this population, while saving costs for
the medical system. Reliable (sensitive, specific and repeat-
able), cost-effective and rapid point-of-care methods based on
liquid biopsy have the potential to greatly improve the early
detection of any solid malignant tumor and it would highly
reform the therapeutic approach. Consequently, patients could
be dichotomized according to their screening results: a posi-
tive result should prompt further investigation, while negative
results would be spared from further unnecessary and expen-
sive tests. Liquid biopsy refers to the detection of molecular
and cytological changes associated with cancer onset and
early progression in biofluids such as blood, urine or saliva,
thus bypassing the need for a tissue sample from the tumor.
Liquid biopsy is usually performed using genomic, proteomic
or metabolomics techniques (5). Raman spectroscopy was
proven as a non-destructive and highly accurate cancer
diagnostic tool (6-8), applied also for CRC detection (9).
Surface-enhanced Raman spectroscopy (SERS) is a new
emerging approach, which is sensitive for performing liquid
biopsy and which gained a significant amount of interest due
to its versatility (10-14).

In the present study, we provide a literature overview
regarding SERS-based approaches in the detection of CRC
and, also, our SERS results regarding the diagnosis of different
types of oncological pathologies, including CRC.

2. Methods and samples

Raman spectroscopy and SERS-basic principles. Raman
spectroscopy is in principle a vibrational spectroscopic
method, in which molecular structural information is gained
by analyzing the inelastic scattering of photons (15,16).
However, the technique suffers from low sensitivity, as only
one in approximately 10 million photons is scattered inelasti-
cally, carrying thus Raman information. In 1974, a significant
development was reported by Fleischman and Hendra: when
pyridine molecules were adsorbed onto an electrochemically
roughened silver electrode, a million-fold enhancement of the
weak Raman signal was observed, exponentially increasing
sensitivity when compared to the prior method (free molecules
in a liquid environment) (17). The phenomenon, which came
to be known as SERS, demonstrated a huge potential for
analytical applications in various fields, including biomedi-
cine (18-22). The Raman scattering amplification by plasmonic
nanoparticles is explained in the literature by two distinct
effects, the so called SERS electromagnetic theory (23) and
the chemical effect (24).

The main advantages of SERS lay in the molecular
specificity of Raman scattering and the high sensitivity of the
method-comparable to that of fluorescence emission (20). Even
SERS-based single molecule detection has successfully passed
the sensitivity test (25). Furthermore, in case of biological
samples with a strong auto fluorescence signal, which often
hinders the recording of normal Raman spectra, the molecular

adsorption to metal particles quenches the fluorescence emis-
sion, so that the SERS signal is not perturbed (26).

Despite SERS being a sensitive label-free highly molecular
specific detection technique, the obtaining of the SERS
signal is limited to molecules which adsorb to the metal
nano-surfaces, so named molecules with surface-seeking
groups, which ensure their adsorption onto the enhancing
substrate (21). However, this disadvantage can be exploited
in complex matrices such as blood serum or urine for selec-
tive analyte detection from complex matrices. Thus, albumin
could be detected selectively in urine samples (27), or in case
of SERS liquid biopsy for cancer detection, purine metabolites
such as uric acid, xanthine or hypoxanthine have been shown
to adsorb preferentially to silver or gold nanoparticle surfaces
in blood serum or urine (10-14).

Recent fundamental studies indicate that the SERS spectra
of cationic and anionic analytes are switched on in a specific
manner by the type of adsorbed ion (adion) (28-30), the role
of adions such as Ag*, Ca’*, Mg**, CI', Br, I, being explained
in the frame of the proposed adion-specific adsorption
model (28). Thus, the SERS spectra of uric acid, xanthine and
hypoxanthine purine metabolites are enhanced after activa-
tion of silver nanoparticles with cationic analytes such as Ca®*
or Mg?* (11,12), whereas albumin and DNA detection require
the activation of silver nanoparticles with I and CI', respec-
tively (27,31).

Blood, plasma and serum samples. Peripheral blood samples
are appropriate for liquid biopsy, as these can be obtained
rapidly and non-invasively and the procedure can be repeated
whenever needed during the diagnosis or follow-up. Blood is
an essential biofluid which is comprised of a two-part mixture.
The cellular part represents usually ~40-50% of the total blood
volume and contains red blood cells, white blood cells and
platelets. On the other hand, plasma consists mainly of water
(>90%) and carries a large amount of proteins, mineral salts
and organic compounds. Among them, there are thousands
of metabolites, with an increasing number being identified
at a rapid pace (so far exceeding 4600 identified metabo-
lites) (32). Regarding plasma proteins, albumin is the most
abundant, followed by coagulation factors, globulins involved
in the immune system, enzymes, hormones and other specific
proteins (32).

Because of the presence of cells, whole blood is not suitable
for SERS analysis (33,34). Therefore, only few reports deal
with SERS analysis on whole blood, most studies targeting
serum or plasma (35-38), serum being the part of plasma
without coagulation factors (fibrinogens). SERS spectra of
whole blood samples are dominated by resonant Raman bands
of hemoglobin (39). However, the resonant Raman hemo-
globin bands may be avoided by shifting the excitation laser
wavelength from the blue-green region to the near infrared,
at 785 nm (33).

3. Tumor biomarkers from body fluids targeted with SERS

Traditional biopsies suffer from intrinsic limitations related to
precision and their invasive nature. They are not appropriate
for early diagnosis, and often bring information concerning
only a limited region of the tumor, especially in tumors
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with increased heterogeneity (40). Liquid biopsy can surpass
these limitations of traditional biopsies by noninvasive rapid
analysis of specific tumor biomarkers detected in circulating
or excreted fluids. Thus, SERS-based liquid biopsy focuses
on tumor-derived biomarkers such as circulating tumor
cells (CTC), nucleic acids, proteins and exosomes.

Circulating tumor cells (CTC). An important challenge in the
detection of CTCs is their low concentration, ranging from
isolated molecules up to less than a thousand per ml of whole
blood, compared to billions of other cells. Recent advances
have led to the development of more sensitive microfluidic
devices, able to isolate tumor cells in a highly efficient
manner (41).

There are multiple approaches to SERS detection. Direct
detection implies the direct adsorbtion of the species of
interest to an active surface, whereas indirect detection
requires the use of SERS-active labels, in a similar fashion
to the use of fluorophores. An indirect SERS detection
approach for CTC was reported by Pallaoro et al by using
a platform that combines microfluidics with SERS (42). A
mixture of prostate cells (both tumor and non-tumor) was
incubated with spectral SERS rich tags, based on silver
nanostructures labeled with a Raman-active small reporter
molecule paired with an affinity biomolecule. The method
was highly sensitive, reliably identifying passing tumor cells
(among a significantly higher proportion of non-tumor cells),
based on the specific Raman signatures. SERS spectroscopy
was typically combined with different other techniques for
the identification and measurement of multiplexed CTCs for
the tumor tissue imagery and for fluorescence immunolabel-
ling approaches (43,44).

The CELLSEARCH System (Janssen Diagnostics) is the
first and, as of now, the only FDA-approved device designed for
colorectal, breast and prostate cancer automated CTC detec-
tion. This system selects the presumptive CTC using modified
magnetic beads (using anti-epithelial cell adhesion mole-
cule-EpCAM antibodies) (45-47). Other teams have designed
dual-function magnetic-SERS nanoparticles. First, the iron
oxide particles were coated with gold, then anti-EpCAM
or anti-human epidermal growth factor receptor-2 (HER?2)
antibodies were added (48). These nanoparticles increase the
sensitivity up to a few cells per ml and allow for on-line CTC
magnetic separation and cell detection even in whole blood
specimens.

The highly integrated magnetic-SERS nanoparticle cock-
tail allowed on-line magnetic separation and SERS detection
of CTCs in whole blood, with a detection sensitivity down to
1-2 cells/ml (48).

In order to fight the cost and excessive labor in binding
antibodies, single-stranded oligonucleotides bound to different
targets (called aptamers) were developed, which provide similar
functions as antibodies. For example, a DNA KDED?2a-3
aptamer binding DLD-1 cells (a colorectal adenocarcinoma
cell line) was used for the magnetic labeling of nanoparticles
and SERS tags. The sensitivity of the method was 73% from
buffer and 55% from whole blood samples (49). Individual
cell multidimensional phenotyping of CTC might become
a key contributor to future research in the field, providing
diagnostic insights, as well as a therapeutic role by identifying

potential targets, resistance pathways and prognostic assess-
ment. Diversely, global analysis of the whole group of CTC
generates a phenotypic signature which allows for treatment
monitoring and might guide the therapeutic strategy (50).

In CRC, the SERS detection of CTCs was demonstrated in
the case of 430 patients with metastatic disease. CTC detec-
tion was performed before treatment and during therapy, with
the aim of demonstrating the prognostic utility of CTCs. The
method used for the detection of CTCs was molecular immu-
nomagnetic separation from patient's blood products before
the commencement and during therapy. The results showed
that unfavorable CTC before treatment was associated with a
lower progression-free survival (51). Another study proved the
detection of CTCs through a combination of magnetic capture
and multiplex detection by using targeted magnetic nanopar-
ticles and SERS probes (52).

Both SERS and magnetic nanoparticles are targeting the
folate receptor. This receptor is typically overexpressed in
cancer cells and absent in most non-cancer cells. The discrimi-
nation was based on the fact that targeted cells presented an
increased signal due to the magnetic accumulation of CTCs.
As a consequence, the increasing of SERS signal was corre-
lated with the detection of CTCs (52).

Cancer biomarkers: circulating tumor molecular signature,
from nucleic acids to proteins and exosomes. Cancer
biomarkers proved to be extremely valuable for the diagnosis,
prognosis and follow-up in oncology (53,54). These molecules
are released from the dead neoplastic cells in the bloodstream,
becoming easily accessible to different detection methods.
One of the most specific tumor markers is circulating tumor
DNA (ctDNA), as it provides an exact insight with regards to
tumor genotype.

Another type of genetic target for liquid biopsy is
microRNA (miRNA). miRNA typically consists of a sequence
of up to 25 nucleotides in a single strand of RNA. These
particles are involved in gene regulation. Altered miRNA
expression has been proven to be related to oncogenesis and
disease progression (55). In comparison, miRNAs have a
longer life in bloodstream and higher stability than ctDNA.

Nucleic acids can be detected by SERS (56,57) even if there
is a major limitation related to small amounts of cell-free DNA
requiring high quality isolation and amplification methods.
Recently, the detection of nucleic acids through SERS has
been associated with polymerase chain reaction (PCR) for a
better detection of ctDNA mutations (58,59) by direct SERS.
The approach consists of the following sequences. First, the
desired analyte is identified based on a unique vibrational
spectrum which is acquired upon its adhesion to the plas-
monic surface. Noise reduction is obtained by minimizing the
adsorbtion of other molecules and thus cancelling any signal
overlap, by using spermine-coated silver colloids (AgSp) as
a plasmonic substrate. In this manner intense and reproduc-
ible SERS spectra are generated even at low concentrations
of nucleic acid. When analyzed, the spectra generated by the
colloidal suspensions represent an authentic expression of the
nucleic acid conformations (56).

This method proved to have a very high diagnostic poten-
tial even in the detection of clinically important punctual
mutations in big oncogene fragments of K-ras. Consequently, it
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was successfully implemented in human assays, providing an
efficient risk assessment tool for patients with prostate cancer,
with a high sensitivity and specificity (60).

Recently, we have shown the correlation between DNA
methylation pattern and SERS spectra, shedding light on a
potential new method for cancer diagnosis (31,61). It is well
known that cancer DNA has a tendency towards hypometh-
ylation. When DNA was extracted from an acute myeloid
leukemia (AML) cell line, we found a decreased intensity of
the 1005 cm™ band of 5-methylcytosine compared to normal
DNA, determined by the hypomethylation of the AML
cells (31). This finding was then further tested on peripheral
blood genomic DNA samples, yielding a high discriminative
accuracy (82%).

Expression of proteins is another useful method to detect
cancer. The distribution of protein level provides information
about the early diagnosis and prognosis (62). SERS analysis
can also be applied for the detection of proteins, as for other
biomarkers in cancer (44). Compared to the classic SERS
approach, a new SERS hybrid detection method was devel-
oped for protein quantification, taking into account the high
dimensions of these molecules (63,64). Using this method,
some elements from the surface of the molecules can be
recognized by an active part of SERS that binds firmly the
plasmonic surface and acts as an efficient transducer of signal
by producing an intense vibrational signature.

The study of exosomes has gathered momentum in the
recent years. The exosomes are extracellular vesicles with
nanosized dimensions (20-150 nm) acting as intercellular
signaling messengers. While analyzing their compositions,
information regarding the cells and the microenvironment
can be obtained (65). There are some advantages coming with
the discovery of these exosomes, as they are found in a large
amount in body fluids, they are more stable in circulation, easy
to separate, handle and describe (65). As science is gaining
a lot of information in the domain of tumor genesis and
diagnosis using exosomes, research focused on the detection
of exosomes using SERS approaches were described for the
detection of CTCs and other tumor biomarkers (66-68).

SERS-based biofluid biopsy in CRC. The SERS detection
of different oncologic biomarkers from biological liquids
gained great interest in the last few years. In one study,
the SERS intensity of many dominant vibrational bands of
serum samples obtained from patients with CRC appeared
increased, by comparison with the SERS serum spectra
obtained from a healthy group (38). In another study,
authors synthesized maghemite nanoparticles precoated
with dimercaptosuccinic acid, which were used for targeting
cells expressing characteristic carcinoembryonic antigen
(CEA) of CRC (69). SERS was used to track the surface of
nanosized maghemite particles from the beginning of the
precoating up to the attachment of the anti-CEA fraction.
Furthermore, when compared to control lines, the asso-
ciation with anti-CEA significantly increased the number of
cells with maghemite nanoparticle internalization, as shown
by transmission electron microscopy studies. The conclu-
sion was that SERS can detect anti-CEA, being a potential
theranostic tool for tumors which express it, micrometastasis,
and cancer-circulating cells (69).

In the same field of tumor biomarker detection, another
study has shown the feasibility of a SERS-based platform for
quantitative analysis of CEA. The nanoparticles were prepared
using anti-CEA-functionalized 4-mercaptobenzoic acid on a
gold/silver core. Subsequently, CEA solutions at different
known concentrations were analyzed in order to calibrate the
platform. The method was further validated against the results
obtained via electrochemical luminescence. The SERS-based
model had a high sensitivity and specificity (70).

In a recent study, discrimination of CRC was achieved
by using SERS with Ag hydrosol as substrate, coupled with
principal component analysis-linear discriminant analysis
(PCA-LDA). In order to differentiate between normal cells
and those belonging to rectal cancer, SERS was applied with
good results. In rectal cancer cells, there was a decrease in
collagen (71) probably consequently to an increase in metal-
loproteinase activity. In another study using polarized SERS
on Ag colloid substrate for the diagnosis of colorectal cancer
from patient sera, authors reported a high diagnostic accuracy
of SERS (91.6%) (72).

Significant differences also arose when exosomes isolated
from healthy cells were compared to CRC cells while using
super-hydrophobic surfaces with nano-photonic surfaces for
manipulation. Tumor exosomes had a higher RNA concentra-
tion and lower lipid vibration peaks (73).

In line with other studies, our research team showed
great interest for the detection of cancer using SERS
approaches (13). In a comprehensive study performed on
breast, colorectal, lung, ovarian and oral cancer, an overall
accuracy of 94% was achieved, based on SERS in conjunction
with PCA-LDA. Regarding the CRC group, the sensitivity
of cancer detection using SERS on patient sera was 83.3%,
with a specificity of 64.1% and a positive predictive value
of 86.6%. The best results were obtained on patient samples
with ovarian cancer-sensitivity of 96% and specificity of
93%.

Recently, our team published the results of a study
performed with the aim of proving the diagnostic accuracy
of SERS-based liquid biopsy in patients with gastric and
colon cancer using a portable Raman device (11). There
were significant differences in the SERS spectra between
the cancer and control groups, especially with regards to
carotenoids and purine metabolites (xanthine, hypoxanthine
and uric acid). The cancer and control group were correctly
discriminated with an accuracy of 76% based solely on their
SERS profile. However, the accuracy was increased up to
83% by adding C-reactive protein, neutrophil and platelet
counts and hemoglobin levels in the equation. A particular
approach was the effort to translate our work in a clinical
setting, using a portable Raman device, which is smaller and
easier to accommodate in any laboratory setting, allowing for
a cost and time efficient diagnosis (11).

4. Conclusions

SERS represents a promising tool for diagnosing, screening
and following-up CRC patients. The key feature of the SERS
method is the potential for very early detection, which might
lead to a substantial improvement in the ultimate outcome:
overall survival. Not least, there should be consequential gains
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with regards to quality of life and cost-efficiency, which can
only increase along with further validation and calibration
of the method. Of course, important caveats still remain, and
questions regarding the discriminative powers and clinical
application of SERS remain, as of now, with no definite answer.
However, the first steps towards the introduction of portable
Raman instruments in the clinical environment have already
been made and the theoretical advantages have already been
highlighted.
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