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Abstract: The concept of liquid biopsy has emerged as a novel approach for cancer screening, which is
based on the analysis of circulating cancer biomarkers in body fluids. Among the various circulating
cancer biomarkers, including Food and Drug Administration (FDA)-approved circulating tumor cells
(CTC) and circulating tumor DNA (ctDNA), exosomes have attracted tremendous attention due to
their ability to diagnose cancer in its early stages with high efficiency. Recently, surface-enhanced
Raman spectroscopy (SERS) has been applied for the detection of cancer exosomes due to its high
sensitivity, specificity, and multiplexing capability. In this article, we review recent progress in the
development of SERS-based technologies for in vitro identification of circulating cancer exosomes.
The accent is made on the detection strategies and interpretation of the SERS data. The problems
of detecting cancer-derived exosomes from patient samples and future perspectives of SERS-based
diagnostics are also discussed.

Keywords: exosomes; label-free; immunolabeling; surface-enhanced Raman spectroscopy (SERS);
liquid biopsy; early cancer diagnosis

1. Introduction

The accurate detection and diagnosis of cancer in the very early stages of its progression is highly
important to increase the probability of achieving a successful treatment. Recently, liquid biopsy has
emerged as a minimally invasive approach that can potentially be used in medicine for early diagnosis
and monitoring of patient’s health. This approach is based on the reliable detection of tumor markers
circulating in biological fluids using various techniques. Recently, identification and quantification of
circulating tumor cells (CTC), circulating tumor DNA (ctDNA), and exosomes have attracted particular
attention for early cancer detection. CTC is one of FDA-approved liquid biopsy methods with relatively
high specificity that allows performing in vitro examination by cell culturing as well as phenotypic and
genotypic analysis. On the other hand, CTC’s complex heterogeneity, low abundance (1-10 cells/10 mL
of peripheral blood of cancer patients [1]), and difficulty to develop an enrichment technology in order
to achieve a high limit of detection (LOD) present a challenge for CTC to be a single, universal, and
reliable approach for cancer diagnostics in its early stages [2]. Quantification and analysis of ctDNA
present in cancer patient’s blood is another Food and Drug Administration (FDA)-approved liquid
biopsy method that can become a supplement to conventional biopsies due to its high sensitivity and
easy access to genomic information of the patient. Access to such information allows the selection of
the most appropriate treatment and to monitor its effectiveness in real-time. In addition, it was shown
that ctDNA levels often correlate with tumor burden [3]. However, ctDNA has a short half-life in blood
(~2 h) [4] and can interfere with cell-free DNA (cfDNA) that is not related to the tumor [5]. Similar to
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CTC, current FDA-approved ctDNA assays have low LOD at ~25 copies/mL [6] making its detection
and ability to obtain a detailed molecular profile a difficult task. Although detection of CTC and ctDNA
can become highly effective approaches for cancer diagnosis, the mentioned challenges impact the
feasibility of their implementation for diagnosis especially at the initial stage of cancer. In this respect,
analysis of exosomes circulating in the patient’s body may be an innovative and promising method
for the diagnosis of cancer and solving the most important problems of sensitivity, specificity, and
reliability of currently available diagnostic methods.

Exosomes are stable, membrane-bound nano-vesicles with a diameter of 20-150 nm [7,8] and
density ranging 1.15-1.19 g/mL [9], that are secreted into circulation by virtually all cell types including
epithelial cells, mesenchymal cells, lymphocytes, and cancer cells [10,11]. Exosomes are transported
into the extracellular space as a result of fusion of late multivesicular bodies (MVBs) with the plasma
membrane [12,13]. As a result, exosomes entering the extracellular space can be found in any body fluid,
including blood (reported concentration ranges 10’~10'? exosomes/mL of plasma or serum [14-18]),
urine, and saliva [19]. They contain cargo such as nucleic acids (including microRNAs and other
non-coding RNAs) and surface proteins inherited from the mother cell [20-24]. The amount and
type of such membrane proteins and nucleic acids contained in exosomes are now the main focus of
research and discussion [25], as exosomes play an important role in short- and long-range intercellular
communication [26-29]. However, delivery of a distinct type of cargo by tumor-derived exosomes to
a normal cell can induce changes and cause the recipient cell to become malignant, causing cancer
progression [30]. Finding tumor-derived exosomes in a patient’s sample can allow for diagnosis of
cancers in their earliest stage when symptoms are not yet present and dramatically increase the success
rate of treatment.

To date, numerous methods have been developed to isolate, detect, and characterize exosome-like
vesicles. The most common protocol that is considered to be a gold standard for isolation of exosomes
is differential centrifugation, which includes three main steps: low speed centrifugation during
a short time period; high speed centrifugation with extended time period to remove cell debris
and microvesicles; and ultra-high speed centrifugation, or ultracentrifugation (UC), at forces of
100,000 g or greater to precipitate exosomes [31,32]. An additional centrifugation step, using sucrose
or iodixanol to form a density gradient, can be coupled with differential centrifugation to further
purify the sample from contaminants [33]. Size-exclusion chromatography [34], immuno-affinity
capture [35], filtration [36,37], polymer-based precipitation [38], field-flow fractionation [39], and
different combinations of these methods [36,40] have been introduced in recent years to reduce the
cost and time needed for exosome isolation and achieve high yield and purity of exosome samples.
Microfluidic technology is yet another new and effective technique for the non-invasive separation of
exosome-like vesicles preserving the structure and composition of intact exosomes [41,42] with the
ability to process and characterize exosomes by using immunolabeled entities simultaneously [43-45].
At present, the enzyme-linked immunosorbent assay (ELISA) is the gold standard for exosome
quantification using their membrane proteins, such as CD63, CD9, and CD81 [46—-48]. Although ELISA
provides rapid analysis of exosomal membrane proteins with relatively low cost, it is difficult to
capture all subpopulations of exosomes containing the protein of interest and perform fast analysis of
multiple samples.

To enhance efficiency in the quantification and multiplex detection of exosomes, optical methods
have been developed. While nanoparticle tracking analysis (NTA) [49,50], dynamic light scattering
(DLS) [51], and flow cytometry (FC) [52,53] can be used to obtain the size distributions and
concentrations of exosomes in the fluid samples, fluorescence microscopy is used for in vitro imaging
and tracking of exosomes labeled by specific fluorophores [54,55]. Surface plasmon resonance (SPR)
provides quantitative information about exosomes attached to the surface of the SPR sensor with an
exosome specific antibody [56,57].

One of the most powerful approaches to detect biomolecules with high sensitivity, specificity, and
multiplexing capability is surface-enhanced Raman scattering (SERS) [58-60]. SERS is also widely used
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to interrogate conformational changes in molecules under various external conditions [61-63]. Itis a
non-invasive method, which operates in a small volume and is suitable for real-time measurements
with minimum sample preparation [64-66]. SERS is based on strong amplification of Raman scattering
intensity from molecules adsorbed on noble metal (Ag, Au) nanostructures or located in the vicinity
of the nanostructure surface [67-69]. Specifically, huge SERS enhancement (more than 10°-10*!) can
be achieved when molecules are located within an interparticle junction (“plasmonic hot spot”) or
around sharp tips [70-72]. There are two generally accepted mechanisms that contribute to SERS
enhancement: (i) The electromagnetic mechanism, when local electromagnetic field is increased due
to the resonance with the surface plasmons [73]; (ii) and chemical enhancement, which attributes to
the charge transfer between a metal nanoparticle and molecule [74]. In addition, a molecule can be
stimulated to an excited state by surface plasmons, this mechanism is assigned to molecular resonance
or surface-enhanced resonance Raman scattering (SERRS) [75]. In order to obtain extremely high
SERS enhancement, tremendous efforts for fabricating different metallic nanostructures to generate
the intense electromagnetic field have been made [76-79], which results in highly effective and
reproducible SERS sensors [80-83]. Biomolecules can be detected by using the SERS method in a
label-free manner—directly interacting with SERS substrates, which results in a fingerprint SERS
spectrum unique to the biomolecule [68,84]. Alternatively, antibody/aptamer-coated SERS substrates
or SERS tags can be used to capture biomolecules from complex biofluids such as blood and serum
with high specificity. The SERS signals are then generated by a Raman reporter encapsulated in the
SERS tags or the spectral shifts are monitored as a result of the structural deformation of the bond in the
event of antibody—antigen binding [85-87]. These strategies have been implemented for the detection
of relevant biomolecules like proteins, DNA, RNA, and cancer markers, as well as macromolecular
structures such as bacterial cells and viruses [88-93]. In this respect, SERS is becoming increasingly
popular for the detection and analysis of exosome-like vesicles using the above-mentioned approaches.
In this review, we summarize the latest achievements and ongoing research in the identification
and analysis of exosome-like vesicles using the SERS method. We introduce different types of SERS
substrates used for the detection of exosomes, which in most cases determine the detection efficiency
and interpretation of SERS data. In addition, we discuss the methodology for detection of exosomes
and interpretation of SERS results in terms of sensitivity, specificity, and performance.

2. The Label-Free Approach

The label-free approach is one of major strategies for the detection of biomolecules using the
SERS method. Since in the label-free approach a molecule of interest directly interacts with a SERS
sensor, the SERS signal comes from the reporter molecule. This provides reliable spectral information
about the molecular structure of the analyte without uncertainties due to the labeling of the sensors
used in indirect strategy. Using the label-free approach makes it possible to identify the analyte in a
complex mixture without a separation step or functionalization of a sensor. In this section, the latest
achievements in the identification and analysis of exosome-like vesicles using non-functionalized SERS
substrates are discussed. For the convenience of the readers, we have summarized these in Table 1.

Stremersch et al. showed a novel approach to identifying single exosome-like vesicles (ELVs)
derived from red blood cells (RBC) and B16F10 melanoma cancer cells using the SERS method.
The diagnostic approach is based on the electrostatic adsorption of cationic gold nanoparticles (AuNP)
onto the anionic surface of ELVs, resulting in AuNP coating around ELVs. To obtain a colloidally stable
suspension of AuNP coated ELVs, the optimal AuNP numbers were determined to be 600 AuNP per
B16F10 vesicle and 1200 AuNP per RBC vesicle, respectively. SERS spectra of individual ELVs with a
high density of AuNP were then acquired along with performing spectral analyses of the obtained
Raman spectra by applying two statistical models. Furthermore, the authors were able to discriminate
between AuNP coated B16F10 cancerous and RBC-derived ELVs upon mixture at two different ratios,
which simulates the in vivo situation. The method appears promising for detecting cancerous ELVs in
complex mixtures containing different types of vesicles simultaneously. Although there were some
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variations in the SERS spectra of individual ELVs, the developed approach is very simple and can be
integrated with standard methods, for example, microfluidics enabling automated and rapid SERS
diagnostics [94].

The label-free analysis of exosomes derived from the SKOV3 cell line was performed using
SERS-active 3D nanobowls by trapping the exosomes into multiple and individual SERS-active 3D
nanobowls [95]. Nanobowl-based SERS substrates, illustrated in Figure 1a, provide more reproducible
SERS intensities when compared to the nanoparticle-based approaches due to a more uniform
“hot-spots” density. Very few exosomes can be trapped into a single nanobowl, which enables
the analysis of few particles. As the exosomes stay inside the nanobowls and are intact due to a
solution inside the bowls, the SERS signals were exclusively originated from the solution kit used
to isolate the exosome. The enhancement is greatest within 5 nm from the nanobowl surface, which
corresponds to the lipid membrane thickness and thus allows SERS signals only from the exosome
surface. The changes in SERS spectra were observed due to the release of exosomal contents on the bowl
surface as a result of exosome damage during drying of the samples. Principal component analysis
(PCA) of time-dependent SERS measurements and SERS spectra obtained from ultracentrifugation
purified exosomes confirmed the interaction of exosome cargo with the bowl surface.

The biochemical composition of normal and lung cancer exosomes was examined by utilizing a
hot-spot originating between well-aligned gold nanorods (AuNR) and silver nanocubes (AgNC) as
demonstrated in Figure 1b [96]. The optimized SERS substrates have shown the possibility of detecting
the exosomes at concentrations 10*~10° times lower than the normal blood amount. The peaks of
proteins, nucleic acids, and lipids were dominated in the SERS spectra of normal lung exosomes,
whereas the contributions from proteins were observed in the SERS spectra of lung cancer exosomes.
The spectral differences were also found between the exosomes derived from fibroblast and epithelium
cell lines. The time-dependent measurements revealed intense SERS signals from cancer-derived
exosomes to that of the SERS signals of exosomes from the normal cell line.
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Figure 1. Surface-enhanced Raman spectroscopy (SERS) substrates fabrication: (a) A nanobowl-like
substrate; Reproduced with permission from [95], The Royal Society of Chemistry, 2015; (b) a bimetallic
substrate designed as an AuNR array surface with self-assembled AgNC. Reproduced with permission
from [96], Elsevier, 2017.

The effective discrimination between exosomes derived from healthy and colorectal cancer cell
lines was achieved by utilizing super-hydrophobic silicon micropillars coated with silver nanograins,
as shown in Figure 2 [97]. The exosomes were concentrated in the SERS active area due to the reduced
friction coefficient, which results in the greatest signal enhancement of Raman exosome signatures
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compared to other areas on the SERS substrate. The spectral analysis exhibited differences in the
biochemical composition of healthy and tumor exosomes. It was found that the exosomes derived
from the CCD841-CoN cell line showed higher SERS intensity peaks related to vibrations of lipids,
whereas the peaks assigned to proteins and ribonucleic acid bases were dominated in the SERS spectra
of exosomes purified from the HCT116 cell line.
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Figure 2. A super-hydrophobic substrate: (a) A scanning electron microscope (SEM) picture of the
substrate made as a periodic hexagonal pattern of cylindrical micropillars; (b) a SEM picture of the
single silicon pillar with randomly distributed silver nanograins; (c) a drop put on the implemented
super-hydrophobic surface. Reproduced with permission from [97], Elsevier, 2012.

To distinguish non-small cell lung cancer (NSCLC) and healthy cell lines, Park et al. combined a
label-free SERS approach and statistical pattern analysis, conducting the whole SERS spectra analysis
by PCA instead of taking into account only the positions and intensities of peaks. For SERS signals
they used spherical gold nanoparticles. Extracting meaningful patterns from obtained Raman spectra
and analyzing first and second principal components (PCA1 and PCA respectively) the authors
demonstrated a good distinction between exosomes from lung cancer cells (H522 and H1299) and
normal alveolar cells, as shown in Figure 3. However, when applied to blood samples of real patients,
this approach did not show a clear separation of the two diseased and two healthy patients. This finding
suggests that a real blood sample contains lots of exosomes of different origins and only few exosomes
are from cancer cells, so the classification is not clear, but the tendency can be seen, thus it is a subject
for future studies [98].
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Figure 3. Exosome classification by principal component analysis (PCA): (a) Principal component
scatter plot; (b) highlighting points related to different exosome types. Reproduced with permission
from [98], American Chemical Society, 2017.
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A similar approach based on PCA was used to investigate the origin of the peaks of
NSCLC-derived exosomes and several exosomal surface protein markers using gold aggregated
clusters on a glass substrate [99]. To reveal differences between normal and cancerous exosomes
(derived from PC9 and H1299 cells), the 26 peaks were evaluated based on the first principal component
loading data. The obtained peaks were selected as unique Raman bands. Also, ratiometric analysis
revealed that 13 out of 20 Raman bands are well correlated with cancerous exosomes ration, therefore
they were assigned as unique Raman bands of NSCLC exosomes. To investigate a correlation between
the Raman bands of CD9, CD81, EGFR, and EpCAM protein markers and unique Raman bands of
NSCLC exosomes, an antibody-coated SERS substrate was used before and after the conjugation of
antigens. Proteins CD9 and CD81 are common on the surfaces of all exosomes, while EGFR and
EpCAM are diagnostic and prognostic markers for NSCLC exosomes. The PC1 loading data and the
calculation of Euclidian distance revealed that only the EFGP marker showed high similarity with
the unique Raman bands of NSCLC exosomes, while the other protein markers had poor similarity.
These results were strongly correlated with immunoblotting data.

Combining SERS with multivariate analysis, the Raman spectral signatures of single exosomes
derived from different biological sources were measured on a SERS substrate made of a gold periodic
pyramid nanostructure with a graphene monolayer on the top (Figure 4) [100]. The SERS spectra of the
exosomes isolated by two different methods were studied. It was found that SERS peaks of individual
exosomes isolated by ultracentrifugation/filtration can be observed in the SERS spectra, whereas the
peaks of the exosomes derived by a commercially available isolation kit, ExoQuick, were absent. For a
test on the detection of specificity, exosomes from fetal bovine serum, human serum, and two human
lung cancer cell lines were taken. All samples were distinct in their spectral characteristics, mostly by
the relative peak intensities.

Graphene

Au nanopyramids Si/S102

Figure 4. A hybrid substrate made of a gold periodic pyramid nanostructure covered with a single-layer
of graphene. Reproduced with permission from [100], American Chemical Society, 2019.

A structured polycarbonate substrate from regular recordable disks (CD-R and DVD-R) coated
with silver was used as a cost-effective platform for label-free SERS exosome analysis [101].
The substrate fabrication process is shown in Figure 5. The Raman fingerprints of hemoglobin and
exosomes and the impact of the silver thickness, the polycarbonate nanostructure, and the excitation
wavelength on Raman enhancement were investigated. The results demonstrated the feasibility of the
proposed approach for the analysis of complex biomolecular targets. Another potential application is
a Raman scanner based on optical disk drives.
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Figure 5. (a—c) Disk-based SERS-active substrate fabrication; (d) sample analysis. Reproduced with
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permission from [101], Elsevier, 2017.

Kerr et al. implemented Raman and SERS spectroscopy to study the compositional differences
between exosomes derived from ovarian carcinoma cells, cultivated at normal (21%) and reduced
(1%) oxygen conditions [102]. Using a trained multivariate algorithm based on PCA and DFA the
authors showed biomolecular differences between exosomes derived from normoxic and hypoxic
tumor cells. The Raman spectra of parent ovarian cells showed a biomolecular composition similar
to that of their corresponding exosomes. Distinct peak differences are demonstrated in Figure 6.
Sensitivity and specificity of 100% were achieved by applying multivariate statistical algorithms to
Raman microspectrometry, whereas poorer results were obtained when using the SERS method due to
damage of the samples caused by the laser.
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Figure 6. Mean spectra from normoxic and hypoxic exosomes. Reproduced with permission from [102].

It is worth noting that in all cited articles of this section the authors performing the SERS analysis
of cancer-derived exosomes demonstrated exosome spectra only for specific types of cell lines, without
extension to all exosomes. Therefore, it is particularly difficult to determine common exosome peaks
from SERS spectra. The difference between exosomal cargo was provided either by statistical analysis
of a spectrum data set or by recognizing specific peaks of tumor-derived exosomes, which don’t
overlap with the peaks of exosomes derived from healthy cell lines. Thus, examination of the general
and specific unique peaks of exosomes derived from different types of both cancerous and healthy
cells is an urgent need for reliable and efficient SERS diagnosis.
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3. Immunolabeling Approach

Although the label-free SERS detection approach represents the simplest method for the
identification of biomolecules, there are limitations that can reduce its efficiency, especially when
measuring molecules in a complex medium such as blood or serum. In particular, the probability for
direct contact between the target molecule and the SERS substrate can be reduced due to absorption of
other molecules in the sample. In addition, data analysis can be complicated due to contributions of
SERS signals in the SERS spectrum from co-adsorbed molecules. In this respect, the indirect detection
approach using antibody-coated SERS substrates and SERS tags increases the degree of specificity and
provides specifically strong SERS output signals (Table 2). In this section we review immunolabeling
SERS assays that have recently been applied for extraction and identification of exosomes.

A sandwich-type immunocomplex containing /based on antibody-labeled magnetic beads and
AuNR has been shown to be an effective approach for the detection of tumor-derived exosomes [103].
Two types of antibodies, anti-CD63 and anti-HER2, were used to recognize two corresponding proteins
on the surface of exosomes. The sandwich-type immunocomplex was formed by mixing of AuNR,
targeted exosomes, and magnetic beads, as shown in Figure 7. The immunocomplex was then
precipitated by a magnet and SERS signals detected in the pellet using 5,5’-Dithiobis(2-nitrobenzoic
acid)-labeled AuNR. By using this approach, the authors examined the exosomes derived from human
breast cancer cells (SKBR3) and compared them to exosomes isolated from normal human embryonic
lung fibroblasts (MRC5). The authors tested the different number of exosomes and found that the
proposed approach provides a limit of detection of approximately 1200 exosomes. In addition, the
presented method is relatively fast with an operation period/analysis time of 2 h and can be used
without the purification of exosomes—for example, by using the cell culture media.
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Figure 7. A scheme of the sandwich-type immunocomplex approach: (a) Magnetic nanobead
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fabrication; (b) SERS nanoprobe fabrication; (c) sandwich-type structure forming. Reproduced with
permission from [103], The Royal Society of Chemistry, 2016.

The selective targeting of exosomes derived from ovarian cancer SKOV3 cells by using an 331
integrin-specific peptide conjugated to silver nanoparticles (AgNP) for SERS-based detection and
analysis was demonstrated by Chan’s group [104]. The peculiarity of this approach is demonstrated in
Figure 8. The LXY30 peptide binds first to the x331 integrin on the SKOV3 exosomes followed by the
addition of AgNP enabling formation of the exosome—-Ag complex via thiol binding. The successful
binding of the exosomes to AgNP was verified by the appearance of several distinct SERS peaks
that can be assigned to SKOV3 exosomes. The absence of these peaks in the SERS spectra for
AgNP-LXY30-Jurkat-derived exosomes confirmed the efficiency/specificity of the proposed method.
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Figure 8. Selective exosome binding to metallic nanoparticles and SERS detection. Reproduced with
permission from [104], John Wiley and Sons, Inc. Copyright © 2000 by John Wiley Sons, Inc, 2017.

Highly sensitive detection of tumor-derived exosomes using the immunocomplex between
SERS-active gold nanostars (AulNS) and magnetic beads was reported in a prior study [105]. SERS
nanoprobes comprising of 4-mercaptobenzoic acid (4-MBA) as a Raman reporter were functionalized
with two cholesterol-modified DNA single strands to form the complex between cholesterol moieties
and the exosomal membrane (Figure 9). At the same time, biotin-labeled anti-CD9 was immobilized
onto the surfaces of streptavidin-linked magnetic beads for specific capture of CD9-binding exosomes.
In the presence of the exosomes, the immunocomplex between magnetic beads, tumor-derived
exosomes, and SERS nanoprobes was formed providing strong SERS signals whereas in the absence of
the exosomes just poor SERS signals were acquired. The exosomes isolated from liver cancer HepG2
cells were successfully detected with a sensitivity of 27 particles per puL and analysis time of 50 min.
The potential of the immunocomplex for detection of clinical samples was also demonstrated.
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Figure 9. Mechanisms of (a) AuNS@4-MBA@Au SERS nanoprobe fabrication; (b) exosome detection.
Reproduced with permission from [105], The Royal Society of Chemistry, 2018.

Wang et al. developed a SERS method for the identification of several sorts of exosomes
simultaneously using magnetic beads as a captured substrate and gold nanoparticles decorated
with specific aptamers as a SERS probe (Figure 10). SERS probes were also comprised of three types
of Raman reporters providing spectral separation of the SERS signals. HER2 aptamers bind to the
HER? protein, which is a biomarker for SKBR3 breast cancer cells, in the same way PSMA and CEA
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aptamers recognize LNCaP prostate and T84 colorectal cancer cells, respectively. Gold nanoparticles
functionalized with DTNB Raman reporter (strong peak at 1326 cm ') and HER?2 aptamer, 2NAT
Raman reporter (one of strong peaks at 1378 cm~!) and PSMA aptamer, and MMC Raman reporter
(strong peak at 1170 cm~!) and CEA aptamer allowed simultaneous observation of several sorts of
cancerous exosomes in the assay spectrum without spectroscopic overlapping. Upon forming of
apta-immunocomplex between magnetic beads, exosomes, and SERS probes, a magnet is applied to
collect the pellet followed by SERS measurements of the supernatant. The limit of detection (LOD) of
three types of exosomes was found to be 32 SKBR3, 73 T84, and 203 LNCaP exosomes per microliter,
respectively. The addition of one exosome sort to the mixture of SERS probes and magnetic beads
decreased the SERS intensity of the corresponding probe. The same trend was observed upon the
addition of two or three types of exosomes to the mixture. This approach was successfully tested for
detection of exosomes derived from blood samples of three patients suffering from/diagnosed with
breast, colorectal, and prostate cancers [106].

0-0-6-
MB MB@SiO, MB@SiO,@Au Cap!uri'ng“Suvbs"ales
_ .\ . ::Q»:::t.? ? %:5' Aptamer
AuNP@a;tamer P'ro‘b.e ’ :‘:::)ar:er

ProbeA

ProbeB

ProbeC

{ ExosomeA

.

Figure 10. A scheme of multiple exosome detectionReproduced with permission from [106], The Royal
Society of Chemistry, 2018.

Kwizera et al. used a 3D-printed array template and AuNR to implement a simple, cheap, highly
efficient, and miniaturized array device. It captures exosomes in a target-specific manner on the
antibody array template situated on standard glass microscopy slides coated with silver. Figure 11a
demonstrates the measurement sequence: First, the antibody array preparation; then, labeling the
captured exosomes by AuNR; and finally, exosome detection. SERS nanotags represent AuNR with
the QSY21 Raman reporter incorporated in the cetyltrimethylammonium bromide (CTAB) bilayer.
AuNRs attach to exosome lipid membranes due to their opposite charges. Their interaction with the
exosome lipid membrane is illustrated in Figure 11b,c. Protein profiling (CD9, CD44, CD 63, EGFR,
CD81, EpCAM, HER?, IGF1R) of cancerous and non-cancerous exosomes (derived from breast cancer
MM231, MM468, SKBR3, and normal MCF12A cells) demonstrated that exosomes from different cell
lines are related to different surface marker profiles. Proteins CD9, CD63, CD81 are present in all
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considered cell lines. Within breast cancer patients” serum assays, CD44 was not able to distinguish
probes from cancer patients and controls, while EpCAM and HER?2 succeeded in this task. Thus,
the device provides a quantitative detection of the target proteins and this process has no significant
nonspecific interference. The productivity is 80 purified samples per 2 h. The developed method is
meant for initially isolated exosomes, but in future it is proposed to allow direct exosome detection in
plasma [107].

Array

. = 4

Glass slide

Antibody Exosome

printing m , XXX XY binding
_ J Lol & —
|

Antibody array

SERS Intensity (a u)

2 e Raman
’ Gl b § :
L, o, Labeling i + detection g =
e > I i\
_ 0333 600 900 1200 1500 1800
Labeled exosome Fiaman Sk femct)

(b) ses bt bttt bt bttt (C)

_ 2@ Seog
.. Lipid membrane..
( 14
e®®®%%%s,

SERS’AUNR

Figure 11. A miniaturized antibody array-based device for exosome analysis in a target-specific manner:
(a) A schematic design of the Raman exosome assay using a 3D-printed array template. AuNR binding
to the exosome’s lipid membrane: (b) Side view; (c) top view. Reproduced with permission from [107],
Ivyspring International Publisher Pty Ltd. Licensed under CC BY-NC 4.0., 2018.

A high-sensitivity approach for early diagnosis, classification, and metastasis monitoring of
pancreatic cancer was developed by Li et al. [108] by using a sandwich structure formed by a
polydopamine (PDA)-modified immunocapture substrate, exosomes, and polydopamine-encapsulated
antibody-reporter-Ag(shell)-Au(core) multilayer (PEARL) nanotags, as illustrated in Figure 12. Due to
a self-polymerizing porous hydrophilic PDA layer, specific antibodies are simultaneously encapsulated
and captured by the surface. PDA encapsulation provides higher antibody capture efficiency and
exosome detection sensitivity compared with other antibody capture methods. A PEARL tag consists
of AuNP as a core, a silver shell, 4-aminobenzenethiol (pATP) as a Raman reporter, BSA, PDA, and
antibodies. The intensity of the pATP Raman peak at 1072 cm ! was chosen as a quantitative signal,
because it is one of the strongest peaks in immunoassays’ SERS spectra and is not influenced by any
impure surrounding peaks. An optimal low PDA layer thickness in PEARL provides stability and
high Raman intensity of the nanotag. Comparing the intensities of anti-CD9, anti-CD63, anti-GPC1,
and anti-MIF groups for exosomes derived from cancerous and healthy pancreatic cells revealed
that anti-MIF and anti-GPC1 platforms can distinguish between them. The developed immunoassay
provides an extra-low detection limit of one exosome in a 2 uL. sample. Validation of the immunosensor
in diluted clinical serum samples from pancreatic cancer patients proved its capability to discriminate
between cancer patients and healthy controls as well as between different cancer stages (the latter can
be provided merely by anti-MIF).
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Figure 12. A scheme of the “chip—exosome-PEARL tag” sandwich-structured sensor. Reproduced with
permission from [108], The Royal Society of Chemistry, 2018.

A microfluidic biochip, which is potentially appropriate for exosome analysis, was implemented
by Xiong et al. [89]. They used SERS for a rapid parallel analysis of several cancer protein biomarkers
in a microfluidic chip based on magnetic nanochains (Magchains), and cellular and subcellular analysis
is considered among its potential applications. The bioconjugated Magchains are driven by an external
magnetic field and act as both nanoscale stir bars for rapid liquid mixing and capturing agents for
bioseparation. The developed magnetic nanochain integrated microfluidic biochip (MiChip) has
a simple planar design shown in Figure 13a,b, also it can be easily transformed to a multichannel
array for a multiple parallel analysis (Figure 13c). The Magchains are made as superparamagnetic
Fe304 nanoparticles coated with polydopamine that is self-polymerized under weak basic conditions,
providing strong adhesion and forming nanochains, which are then antibody(Ab-I)-functionalized
(Figure 13d). The Raman nanotags are AuNR with different Raman reporter molecules, coated with
thiolated PEG for surface passivation and functionalized by detection antibodies (Ab-II). The assay
process is the following: A mixture of Magchains and SERS probes is injected via the first inlet while a
liquid specimen is injected via the second one. Then, they are both transferred and confined in the
mixing chamber by two pneumatic valves and their mixing is operated by a spinning magnetic field
generated by electromagnetic coils. Hereby sandwich-type immunocomplexes are formed between
Magchains, targets of interest, and SERS probes. Finally, valve 2 opens, and the Magchains are
magnetically driven to the detection chamber, where Raman spectroscopic detection is provided.
By this route, the authors simultaneously detected cancer protein biomarkers for prostate, colorectal,
and hepatocellular cancers—prostate-specific antigen (PSA), carcinoembryonic antigen (CEA), and
a-fetoprotein (AFP). They also examined clinical serum samples and successfully distinguished
patients with these types of cancer.

(a) MiChip platform , (d)
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Figure 13. A magnetic nanochain integrated microfluidic biochip: (a) A design of the platform; (b) a
top view for a single channel platform; and (c) a multichannel array; (d) structures of a magnetic
nanochain, a SERS probe, and detection algorithm. Reproduced with permission from [89], Licensed
under CC BY-NC 4.0, 2018.



Appl. Sci. 2019, 9, 1135 13 of 21

Although the immunolabeling strategy for exosome detection using the SERS method has
demonstrated high specificity to particular markers that are present on cancer-derived exosomes
and more stable signal output in case of SERS nanotags, it still suffers from some shortcomings.
For example, this approach is laborious, time-consuming, and relatively expensive. In addition,
it usually requires tedious pretreatment and washing procedures. One of the possible solutions of
these limitations can be: (i) The use of magnetic beads to reduce washing steps and the enrichment of
the targets by an external magnetic field; (ii) more application-specific and robust capture ligands, for
instance aptamer-based receptors.

4. Conclusions

In this work we reviewed the latest results when applying the SERS method for isolation,
identification, and analysis of exosome-like vesicles. The literature search has shown that these SERS
analysis methods can be divided into two: label-free and immunolabeling approaches. While both
strategies suffer from some limitations such as spectral overlapping, complex data analysis in the
label-free approach, and the difficulties of sensor functionalization with receptor molecules for
immunolabeling assay, they were successfully applied for in vitro SERS identification of exosomes
isolated from the corresponding cell lines or blood samples from patients. In particular, the label-free
SERS regime along with a trained multivariate analysis has shown potential in discriminating between
the exosomes isolated from healthy and cancerous cell lines. The possibility to collect the biochemical
composition of intact exosomes is another valuable advantage of label-free SERS detection. At the
same time, the immunolabeling approach has demonstrated higher specificity in detecting exosomes
compared to data obtained in the label-free regime. In addition, antibody functionalized SERS nanotags
demonstrated multiplexing capabilities, which are extremely important to probe exosomes in complex
media without a purification step or in a sample with different populations of exosomes.

However, despite recent success in the identification of exosome-like vesicles by the SERS method,
several problems need to be solved to enable highly effective and rapid detection of tumor-derived
exosomes in real patient samples. One of the most difficult problems in exosome detection in clinical
applications is to specifically detect tumor-derived exosomes in the samples containing exosomes that
are isolated from normal cells. The heterogeneity of disease-specific exosomes and exosomal cargo that
eventually influence the accuracy of the SERS analysis is another considerable challenge. The possible
solutions to overcome the biological and technical challenges can be: (i) The right selection of the
established exosomal markers; (ii) measuring a sufficiently large population of exosomes to differentiate
between common exosomal peaks and specific ones; (iii) the development of normative exosomal
pools of healthy heterogeneous populations of exosomes; (iv) controlling the spatial localization of
SERS sensors on the exosome samples to obtain enhancements from components of interest.

The combination of optical and spectroscopic components, and novel assay design into an
integrated system for selective isolation of various exosome subpopulations in heterogeneous
samples can substantially enhance the potential of the SERS method for use in practical applications.
The integrated optofluidic chip designed for multiwavelength fluorescence and Raman spectroscopy
is a good example to be used in the analysis of liquid samples [109]. An important step towards the
fabrication of an on-chip SERS platform combining the sensing area, filters, and spectrometer on a
single chip was demonstrated in prior research [110]. Furthermore, the reduction of both the size and
cost of the Raman spectrometers will enable the development of ultrasensitive, user-friendly, and
low-cost miniature integrated systems for on-site SERS diagnosis.
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Table 1. Surface-enhanced Raman spectroscopy (SERS) performance in detecting exosomes using label-free approaches.
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Table 2. SERS performance in detecting exosomes by applying immunolabeling approaches.
E c . Cells—S ¢ the E d ¢ SERS Measurement Conditions
xosome Concentration ells—Sources ot the Exosomes an o e . Type of SER: ; IR
(Volume) Cancer Type Cells Origin Purification LOD Substrate Integration Laser Power Excitation Ref.
Time Wavelength
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MRCS5 (normal human embryonic lung Precipitation Kit
fibroblasts)
10 ug solution SKOV3 (ovarian adenocarcinoma) Cell culture UucC N/A AgNP 10s 42 yW 633 nm [104]
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7 P P -
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LNCaP (prostate adenocarcinoma P ' P/
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MDA-MB-231
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6.2 x 107 p/mL, (15 pL) SKBR3 (mammary gland /breast Real blood uC p/m AuNR 1s 50 mW 785 nm [107]
. . (300 particles)
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metastasis epithelial cells)
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PANC-01 (pancreatic epithelioid
. UC (for cell .
2_ 10
5.4 x 10°-2.7 x 10" p/mL carcinoma) Cell culture cultures) filtration 1 particle per 2 uL AuNP 15 (8 mW) 8 mW 785 nm [108]
Human serum

(2 uL)

HPDE6-C7 (normal human pancreatic
duct epithelial cells)

(for serum)
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