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Abstract  Exosomes, membrane-bound vesicles hav-

ing a diameter of 30-150nm, are secreted by most cell 

types, including tumor cells. These vesicles mediate 

intercellular communication by transferring bioactive 

molecules (including a variety of proteins and nucleic 

acids) from donor to recipient cells. Notably, tumor 

cells secrete more exosome into microenvironment than 

nontumoral cells. Tumor-derived exosomes are enri-

ched in molecular and genetic traits of tumor cells that 

facilitate cancer initiation, progression, and metastasis. 

Due to their abundance and stability, exosomes are one 

of the promising diagnostic and prognostic biomarkers 

for various cancers. Despite promising clinical poten-

tial, exosome-based diagnostics remains challenging 

because of the heterogeneity of exosome and difficu-

lties in the profiling of exosomal contents. Therefore, 

there is a necessity to develop the sensing platform for 

molecular fingerprinting of exosomes toward clinical 

application. In this critical review, we explore the em-

erging use of nanoplasmonic biosensors to detect ex-

osomal biomarkers and the application of this tech-

nology to the diagnosis and monitoring of cancer.  
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Introduction 

Cancer is the leading cause of death worldwide. Early 
diagnosis and personalized treatments are two of the 
most significant challenges in the fight against can-
cer1,2. However, traditional methods for cancer diag-
nosis are primarily based on tissue biopsies, but lim-
ited sampling availability and invasiveness present 
practical difficulties for patient management3. Cancer 
biomarkers play important role in cancer diagnosis and 
therapeutics. Even though cancer biomarkers provide 
accurate information on the staging and the mecha-
nisms underlying the cancer, there is a large gap be-
tween biomarker research and clinical usage due to 
various challenges, such as the low abundance and 
poor stability in biofluids4,5.  
Exosomes are nanometer-sized vesicles (30-150 nm 

in a diameter) that are actively secreted by cancer 
cells6. They are excreted into body fluids (such as 
blood, saliva, and urine) with high abundance and 
stability7. Exosomes play vital roles in tumorigenesis, 
cancer progression and metastasis by transferring bi-
oactive molecules between cancer cells and stromal 
cells in local and distant microenvironments8. Given 
their features, exosomes are ideal candidates for use 
as reliable biomarkers for non-invasive cancer diag-
nostics9. Numerous guidelines have been developed 
to provide a framework for exosome-based cancer 
diagnosis, however, there are substantial barriers to 
implementing advanced techniques in clinical fields. 
Therefore, analyzing exosomal biomarkers for the 
diagnosis and prognosis of cancer has attracted sig-
nificant attention. Most cancer states start with small 
changes in cellular processes that become amplified 
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the more prolonged cancer progresses without medi-
cal intervention. To improve exosome-based diagno-
stic efficiency, many techniques have been applied to 
measure the levels of exosomal biomarker such as 
enzyme-linked immunosorbent assay (ELISA)10, flow 
cytometry11 and nanoplasmonic biosensor12. Among 
these techniques, Surface-enhanced Raman scattering 
(SERS)-based nanoplasmonic biosensor is a highly 
sensitive and real-time analysis. This method is par-
ticularly attractive for exosome-based diagnostic, as it 
does not require tedious sample preparations and com-
plicated instrumentation but is also non-destructive 
and minimally invasive. This review aims to com-
prehensively describe state of the art in nanoplas-
monic sensing of exosomal biomarkers for cancer 
diagnosis and prognosis.  
 

Biogenesis, Secretion and Molecular  

Contents of Exosome in Cancer 

Exosome biogenesis initiates as an endocytic path-
way at the plasma membrane13,14. This starts at an 
invagination of endosomal membranes, leading to the 

formation of an endosome. In this process, multivesi-
cular bodies (MVBs) fuse with the plasma membrane, 
culminating in the release of an exosome (Figure 1). 
Exosome formation is accompanied by the coordi-
nated efforts of protein networks as summarized in 

Table 1. In particular, many of these factors not only 
interact with directly exosomal cargo, but also indi-

cate that vesicle formation is a complex regulatory 
process that is tightly coupled with substrate seques-
tration for exosome secretion. 
During the biogenesis and before the secretion of 

exosomes, various molecular contents are loaded into 
the lumen of exosomes. Exosomes contain various 
biomolecules13,15. These exosomal contents are het-
erogenous depending on the origin of the cells, and 
pathological and physiological status16. For example, 

exosomal proteins consist of the characteristic proteins 
that belong to the biogenesis process and secretion17. 
In addition, exosomes carry genetic biomolecules such 
as mRNA, long noncoding RNA, microRNA(miRNA), 

 
Table 1. Function of protein network in exosome formation. 

Protein network  Function 

Rab GTPase proteins Control the endosomal trafficking

Endosomal sorting  

complexes required for 

transport (ESCRT) 

Regulate Intraluminal vesicles 

(ILVs) formation  

Tetraspanins Induce membrane curvatures en-

abling vesicle formation 

Various lipid-modifying 

enzyme 

Generate ceramides that promote 

vesicle formation  

 

 
 

Figure 1. Biogenesis of exosome. Exosomes are released by cells when intracellular endosomal organelles called multivesicular 
bodies (MVBs) merge with plasma membrane. 
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Figure 2. Functions of tumor-derived exosome in cancer. Tumor-derived exosomes carry genetic traits into the TME. Genetic 
components induce tumor progression and metastasis in exosomes. Exosomes permit (a) horizontal transfer of oncogenic traits from 
the primary tumor to recipient target cells located in distant organs. Furthermore, tumor-derived exosomes contribute to (b) tumor 
progression via enhanced (c) angiogenesis and (d) metastasis. 

 
and double-stranded RNA(DNA)18. Furthermore, li-
pids are an essential component of exosomes. They 

not only form the bilayer membrane structure but also 
participate in the homeostasis regulation of recipient 
cells to maintain their stable state19. Tumor derived 
exosomes can facilitate communication between tu-

mor and normal cells through the transport of tumor 
molecular signature20. Meanwhile, tumor cells secrete 
at least 10-fold more exosomes into microenvironment 
than normal cells. As a result, tumor derived exosomes 

change their microenvironment from a normal state 
to a tumor state, for example tumor growth, invasion, 
and drug resistance21. 
 

Functions of Exosome in Cancer 

Exosomes derived from cancer cells are involved in a 

variety of cellular functions and participate in patho-
logical as well as physiological events (Figure 2). Since 
exosomes can distribute throughout all body fluids, 
exosome transfer oncogenic traits within the tumor mi-
croenvironments (TME) to distant tissue sites. To re-

program their surroundings to the TME, cancer cells 
secrete numerous exosomes. In several studies, can-
cer cells were found to secrete significantly more ex-
osomes than normal cells22. The communication net-

work of exosome secretion in the TME is entirely 
tumor driven. It promotes tumor progression and me-

tastasis by silencing the antitumor immune response, 
altering the stroma cell response, and supporting new 
vessel growth to prompt the survival of tumor cells. 
For example, Peinado et al. demonstrated that exo-

somes derived from mouse melanoma cells can edu-
cate and transform the born marrow environment into 
a melanoma-promoting milieu23. 
In addition, tumor derived exosomes called on-

cosomes transfer various mRNA and miRNA, which 
contribute to tumorigenesis by translating into a func-
tional protein. They deliver oncogenic traits to recip-
ient cells, sustain autocrine signaling in tumor cells, 
and modify stroma cell function in the TME. There-

fore, exosomes derived from tumor play a crucial role 
in oncogenic transformation. As such, exosomes de-
rived from cancer cells are key regulators in cancer 
development24. 

 

Exosomes as Cancer Biomarker 

Tumor-derived exosomes containing molecular and 
genetic traits representative of the tumor cells are 
abundant in all body fluid types, including blood, urine 
and salvia. In particular, these exosomes can mediate 
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cell-cell communication through the horizontal trans-
fer of tumorigenic information to promote tumor pro-

gression and metastasis25,26. Furthermore, exosomal 
phospholipid membranes encapsulate biologically ac-
tive molecules and protect their contents against deg-
radation in the extracellular environment27. Due to 

their stability, exosomes represent a promising bio-
marker for early cancer diagnosis and disease moni-
toring28,29. Content analysis of the exosome can be 
robust and non-invasive for repeated tests. As tumor 
cells release a large abundance of exosomes, it af-

fords relatively unbiased readouts of the whole tumor 
burden and is less affected by intra-tumor genetic 
heterogeneity. Additionally, molecular profiling of 
tumor-derived exosomes has been demonstrated to 

correlate with tumor burden, prognosis, even as a 
treatment30, 31. Despite such promising clinical poten-
tial, the analysis of exosomal contents remains a cha-
llenging. Conventional biosensors for detecting exo-

somal biomarkers to diagnose early-stage tumor for-
mation or recurrence have severe limitations, including 
poor selectivity and low sensitivity. Many approaches 
reviewed previously have focused on addressing these 

challenges using nanoplasmonic platforms. 
 

Nanoplasmonic Approaches Toward  

Exosome Analysis for Clinical Diagnosis 

Exosomes attract considerable interest in the fields of 

diagnosis and prognosis due to the multitude of bio-
molecules present that contain information regarding 
derived parent cells. Although many traditional met-
hods are available for the molecular analysis of exo-

somes, most require bulk samples, which makes it 
challenging to differentiate small subpopulations de-
rived from specific cell types (e.g., cancer cells) within 
a large population derived from other cell types32. 

Optical biosensors that exploit for light absorption, 
fluorescence, Raman scattering, and refractive index 

are powerful analytical tools for the detection, quan-
tification, and analysis of biochemical interactions 
with fast detection, high sensitivity, and real-time 
monitoring without any time-consuming steps before 

the sample pretreatment steps33,34. Among other op-
tical biosensors, nanoplasmonic biosensors could be a 
representative tool for identifying subtle signal dif-
ferences based on strong electromagnetic (EM) field 
enhancement resulting from the localized surface 

plasmon resonance (LSPR) phenomenon of metallic 
nanostructures in this context35-40. In particular, we fo-
cused on SERS spectroscopy for the exosome analy-
sis for clinical applications. 

 

SERS based Nanoplasmonic Sensor 

SERS has emerged as a promising analytical tool for 
monitoring biological interactions due to its high sen-
sitivity, low background-to-noise ratio, and appropri-
ateness for application in various conditions41-43. 

Based on the LSPR, Raman signals from biomole-
cules are significantly increased due to metallic nano-
structures that bind analytes44-48 (Figure 3). When 
nano-sized metallic structures are excited by incident 

light, the electric field of the incoming light induces 
polarization of the free electrons, which is called 
LSPR49-55. This phenomenon results in EM field en-
hancement, which dramatically amplifies the signal 

observed from molecules bound to the surface of me-
tallic nanostructures56-60. LSPR is also highly sensitive 
to changes in the local dielectric environment, mean-
ing that even single molecular level sensitivity using 

SERS can be achieved as well as enhancement factors 
(EF) over ~1015. SERS also can provide a character-
istic fingerprint Raman peak, which is an abundant 

 

 

Figure 3. Schematic diagram illustrating SERS principle. 
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source of information for identifying the targets43,61,62. 

Because of these merits, many SERS techniques have 
been developed to analyze biological reactions concer-
ning disease pathogenesis in practice. Here, we intro-
duce several SERS techniques for detecting exosomes 

and exosomal biomarkers for cancer diagnosis and 
monitoring progression. 

 

SERS Detection of Exosome and Exosomal 

Biomarkers 

Several exosome analyses using SERS studies have 
been recently reported. Shin et al. analyzed specific 

surface protein compositions of exosomes to diagnose/ 
prognose cancer35. In this study, Raman bands of ex-
osomes from nonsmall cell lung cancer cells were co-
rrelated well with their several protein markers (CD9, 
CD81, EpCAM, and EGFR), indicating these results 

will contribute studies on exosomal surface protein 
markers for diagnosis of cancer. To effectively detect 
the target biomarker, many researchers focused on de-

veloping SERS substrates, which enhance the signal 

to noise ratio of the Raman spectra of single mole-
cules. Sivashanmugan et al. fabricated the bimetallic 
nanoplasmonic gap-mode SERS substrate to investi-
gate exosomes63 (Figure 4a). Ag nanocubes (AgNCs) 

on an Au nanorods (AuNRs) formed a robust plas-
monic cavity effect on the hot-ring (HR) diameter of 
the AuNR surface. The optimized bimetallic nanopl-
asmonic gap-mode SERS substrates have shown that 

the exosomes can be detected at concentrations 104- 
105 times lower than normal blood samples. In addi-
tion, they succeed in distinguishing the SERS spec-
trum pattern from lung cancer-derived exosomes by 

comparing lung cancer (PC-9, H1975, and HCC827) 
and normal (NL-20, BEAS-2B, and L929) cell lines. 
In addition, the sample requirements of this method 
are 100-1000 times less than those of Western blot 
analysis, making it suitable for clinical applications, 

primarily through liquid biopsy. To diagnose and cla-
ssify lung cancer, Park et al. combined SERS and 
principal component analysis (PCA)64 (Figure 4b). 
Since PCA can maximize the covariance of the SERS  

 

 
Figure 4. (a) Schematic diagram of fabricating bimetallic gap-mode substrates (AgNCs on AuNR).  AgNCs were self-assembled 
on an AuNR surface, producing high-density HR area using 1,2-ethanedithiol63. Images reproduced with permission from [63]. (b) 
Schematic diagram of lung cancer diagnosis through SERS classification of exosome using PCA64. Images reproduced with per-
mission from [64]. 
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Figure 5. Schematic diagram of exosomal miRNA detection using head-flocked nanopillar SERS substrates. LNA capture probes 
were immobilized on the head-flocked nanopillar SERS substrate followed by capturing target miRNAs. Subsequently, Cy3-LNA 
detection probes were also bound to the target miRNAs. Hybridization of perfectly matched LNA capture probes-target miR-
NAs-LNA detection probes generated strong Cy3 Raman signal by hot spot inside of head-flocked nanopillar structures65. Images 
reproduced with permission from [65]. 

 

spectral data, it could convert coordinate space to 
classify exosomes. In this study, exosomes from two 

lung cancer cell lines (H1299 and H522) and one 
normal (alveolar) cell line were distinguished through 
PCA by 95.3% sensitivity and 97.3% specificity. The 
PCA results were induced by 11 different points in 
SERS spectra from lung cancer cell-derived exos-

omes. Notably, this method could detect exosomes at 
a low concentration of 109 particles/mL, which is a 
100-fold lower concentration than ELISA. Also, sho-
rter experimental time was necessary since this met-

hod was label-free, meaning it did not require a spe-
cific sample preparation step 
For our previous study, we applied head flocked 

gold nanopillars SERS substrates to detect three ex-

osomal miRNAs (miR-21, miR-222, and miR-200c) 
for the accurate diagnosis of breast cancer65 (Figure 
5). Due to the capillary force under exposure to the 
solvent, the adjacent nanopillars flocked, resulting in 

the formation of multiple hotspots. Additionally, 
locked nucleic acid (LNA) was applied to the SERS 
sensor, increasing the detection limit of 1 aM. In this 
system, expression levels of exosomal miRNAs re-
leased from three different subtypes of breast cancer 

cell lines were analyzed. Each subtype has a different 
miRNA expression pattern, and the sensing results were 
consistent with qRT-PCR, which means the sensor 
can be a new platform to classify molecular subtypes 

of breast cancer. 
 

SERS Tags-based Detection of Exosome 

and Exosomal Biomarkers 

Instead of utilizing SERS substrates, other studies 

utilized SERS tags for signal enhancement to analyze 
exosomes. Zong et al. used SERS nanotags having 

core-shell structure, with gold core-silver shell nano-
rods (Au@AgNRs) and magnetic nanobeads with 
two different antibodies specific for two proteins on 
exosomes, respectively66. In this SERS-based method 
for protein measurement, the SERS signal was 3.8 

times higher for SKBR3 breast cancer cell-derived 
exosomes than MRC5 normal fibroblasts-derived ex-
osomes with exosomal CD63 and HER2 as the bi-
omarkers. These results demonstrated its potential for 

breast cancer diagnosis. Wang et al. also used mag-
netic beads and AuNPs decorated with specific ap-
tamers to identify several exosome types simultane-
ously67 (Figure 6a). Three types of Raman reporters 

(DTNB, MMC, and 2NAT) were utilized to form 
different SERS tags providing unique SERS signals. 
Each AuNP functionalized with different Raman re-
porters had different aptamers (DTNB Raman re-

porter for HER2 aptamer, MMC for CEA aptamer, 
and 2NAT for PSMA aptamer). These SERS tags al-
lowed detection of several cancerous exosomes sim-
ultaneously without spectral overlapping. When tar-
get exosomes were captured, they formed an apta- 

immunocomplex, decreasing SERS intensity in the 
supernatant. This approach was successfully tested 
for the detection in real blood samples, indicating that 
the SERS-based method is a promising tool for mul-

tiple cancer screening systems. In another study, a 
new analysis strategy was proposed by combining 
duplex-specific nuclease (DSN) and ARANPs (Au@ 
R6G@AgAu nanoparticles), which have internal na-

nogap to generate stable SERS signals to enhance the 
Raman signal for detecting miR-2168 (Figure 6b). Spe-
cifically, ARANPs have internal nanogap for creating  
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Figure 6. (a) Schematic diagram of SERS-based multiplex detection of exosomes. Three types of probe were utilized to detect dif-
ferent target exosomes. Decreased Raman signal of specific probes from supernatant means the corresponding target exosome was 
detected successfully67. Images reproduced with permission from [67]. (b) Schematic diagram of ARANPs synthesis and 
SERS-based exosomal miRNAs detection strategy. DSN cleaved the DNA/miRNA duplex under existence of target miRNAs, re-
leasing ARANPs. Released ARANPs made stronger Raman signals according to the number of target miRNAs68. Images repro-
duced with permission from [68]. (c) Schematic diagram of fabricating Fe3O4@Ag-SERS tags and DSN-assisted miRNAs detection 
process using SERS. Cleaving DNA/miRNAs duplex by DSN caused streptavidin-SERS tag release, inducing Raman intensity 
quenching69. Images reproduced with permission from [69]. 

 

hot spots to provide stable and reproducible Raman 
signals. When the target exosomal miRNAs were cap-
tured, DSN could cleave the DNA/miRNA duplex, 
releasing SERS tags. In the meantime, the target ex-

osomal miRNAs remained intact and were involved 
in the next cycling amplification step. After the cycling 
step, concentrated SERS tags made strong SERS. As 
a result, a combination of ARANPs and DSN gave 
this platform a detection limit of 5 fM. Importantly, 

miR-21 extracted from the blood samples of patients 
with recurrent non-small-lung cell cancer was detec-
table in a small sample volume (5.0µL), which imp-
lies that this system could be a powerful potential tool 

for point-of-care testing. Another study used DSN to 
develop SERS biosensors for pancreatic cancer diag-
nosis69 (Figure 6c). As a SERS tag, Au@Ag@DTNB 
was synthesized for one- step detection of miRNAs. 

Under the presence of target miRNAs, DSN can sever 
the double-stranded DNA/ miRNA duplex, releasing 
SERS tags from Fe3O4@Ag. Releasing SERS tags 

causes SERS intensity quenching, indicating that 
target miRNAs were effectively detected. In this sys-
tem, single-base recognition with a detection limit of 
1 aM is achieved by Au@Ag@ DTNB SERS tag in 

one step. 
Li et al. developed polydopamine-modified immu-

nocapture substrates and an ultrathin polydopamine- 
encapsulated antibody-reporter-Ag(shell)-Au(core) mu-
ltilayer (PEARL) SERS nanotag to detect pancreatic 

cancer-derived exosomes70 (Figure 4c). By using spe-
cific antibodies, chip-exosome-PEARL tag sandwich 
structure was formed under the presence of target ex-
osomes, and Raman intensity at 1072 cm-1 was mea-

sured for quantitative analysis. Furthermore, this stra-
tegy could distinguish metastasized tumors from me-
tastasis-free tumors, and P1-2 stages from P3 stage 
tumors in an ultrasmall volume (2µl) of clinical pan-

creatic serum samples, which could be achieved thro-
ugh histopathological test. 
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Figure 7. Schematic diagram of PDA chip-exosome-PEARL SERS tag assay. Target exosomes were captured on the PDA im-
munocapture substrate followed by PEARL SERS tag binding70. Images reproduced with permission from [70]. 

 

Conclusion and Future Perspectives 

To date, although conventional biopsies play a cru-
cial role in cancer diagnosis, these methods are inva-
sive and associated with infection complications. Fur-
thermore, intratumor heterogeneity poses a challenge 

as they provide false-negative results due to sampling 
bias. Therefore, exosome-based liquid biopsy is grow-
ing in popularity because it is non-invasive, easy to 
use, and involves real-time monitoring of patient sta-

tus. In this review, we have provided an overview of 
exosomes as a non-invasive cancer biomarker, as well 
as the recent developments nanoplasmonic biosensors 
as exosome-based cancer diagnostic tools. SERS based 
sensing techniques show ultrahigh sensitivity (fM ~ 

aM level) and are capable of detecting exosomes at 
low volumes. These SERS based exosome diagnostics 
are facilitated by well-established SERS substrates 
that serve as SERS hotspots with significant SERS 

EFs. Therefore, it is apparent that SERS-based plas-
monic biosensors for exosome analysis are a pro-
spective alternative to traditional techniques, such as 
Radioimmunoassay (RIA) or ELISA. 

Despite recent success in SERS-based exosome di-
agnostics, there are still some drawbacks to real world 
application. First, most of the current studies have 
only focused on increasing detection specificity and 
sensitivity. However, the effective detection of exo-

somal cancer biomarkers is not just a single target 
detection issue. Relative concentration variants of the 
target with other proteins should be monitored as 
well as the absolute concentration of the target. Sec-

ond, integrated devices that satisfy clinical demands 
that overcome the gap between the clinical and mar-

ket needs have not been fully developed yet. For clini-
cal use, novel technologies that can construe multiple 

or an ensemble of signals are needed. In addition, a 
commercialized and integrated plasmonic biosensor 
platform is required. Intensive SERS studies and in-
tegrated platform research will assist in solving these 

problems in the near future. For example, the integra-
tion of microfluidic systems and the SERS technique 
will be a more powerful cancer diagnostic technology 
through separating and analyzing exosomes in bio-
fluids in one chip. Furthermore, to decrease the size 

and cost of the Raman spectrometers, the develop-
ment of ultrahigh sensitive, user-friendly, ubiquitous, 
and low-cost SERS platforms for clinical applications 
can be achieved. 
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