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Abstract

Liquid biopsy is a non-invasive diagnostic method that utilizes the detection and analysis of biomarkers in bodily fluids for
the diagnosis and prognosis of various diseases. Exosomal microRNAs (miRNAs), which are remarkably stable because
of the protection by extracellular vesicles (EVs), in liquid biopsy have gained considerable attention as they can regulate
gene expression and serve as crucial biomarkers for the presence and progression of different types of cancer. Especially,
urinary exosomal miRNAs have shown promising results as biomarkers for cancer from the urogenital system, such as blad-
der, renal tubular, and prostate. However, there are still significant challenges hindering the clinical utilization of urinary
exosomal miRNA biomarkers, including improper sample handling, and data bias. Therefore, the detection procedure of
urinary exosomal miRNAs needs to be standardized and thoroughly reviewed to ensure accurate and reliable clinical results.
In this review, we have explored various detection procedures for urinary exosomal miRNAs, which have great potential as

biomarkers for cancer diagnostics and prognostics.
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1 Introduction

Liquid biopsy is a non-invasive diagnostic method that
involves detecting and analyzing biomarkers, such as cir-
culating tumor cells and DNA, in bodily fluids, like blood
or urine, to diagnose a disease and determine its progno-
sis [1-4]. The use of non-invasive biomarkers is crucial
for cancer diagnosis because it reduces the need for inva-
sive diagnostic procedures, such as biopsies, which can be
uncomfortable and carry risks of complications. Moreover,
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liquid biopsy allows for the analysis of tumor cells shed
from multiple tumor sites, providing a more comprehensive
and representative sampling of the heterogeneity of cancer
compared to a single biopsy site. Additionally, non-invasive
biomarkers enable frequent monitoring of cancer treatment
effectiveness, with high accessibility for diagnosis and prog-
nosis, enabling early detection of cancers and facilitating
adjustment of treatment plans as required, thus providing
personalized care to patients. Because of the benefits, liquid
biopsies have been studied for decades in relation to vari-
ous types of cancer [5-9] However, one of the challenges in
liquid biopsy for cancer is finding reliable and non-invasive
biomarkers that can indicate the presence and characteristics
of cancer.

Extracellular vesicles (EVs) are small lipid bilayer mem-
brane-bound nanoparticles that are secreted by various cells
in varying sizes from 30 to 400 nm. EVs can be found in sys-
temic circulation and bodily fluids and are involved in cell-
to-cell communication [10-15]. As the effective transmit
channel of information between cells, the contents of EVs
accurately represent the intracellular composition of the cell
where it originated from, including RNAs, DNAs, lipids,
and proteins, which is inherent yet comprehensive informa-
tion. These components make EVs a promising source of
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biomarkers, such as proteins and RNAs, for the diagnosis
and prognosis of various diseases, including cancer (Fig. 1)
[16-20].

Recent studies have suggested that exosomal miRNAs
(miRNAs) are important biomarkers for the presence and
progression of different types of cancer such as breast cancer,
lung cancer, colorectal cancer, and prostate cancer [21-24].
miRNA is a small, single-stranded, noncoding RNA mol-
ecule that regulates gene expression at the post-transcription
level by hybridizing to complementary sequences of target
messenger RNA (mRNA) to inhibit translation. As such,
miRNAs are involved in various biological processes such
as cell differentiation, proliferation, cell suicide, and metabo-
lism [25-28] In addition, since exosomal miRNAs, which
are protected by exosomes, are remarkably stable in not only
biological fluids, such as urine, but also harsh conditions,
including the presence of enzymes, boiling, long-term stor-
age at — 80 °C, and multiple freeze—thaw cycles [29-32].

Urine presents itself as an appealing source of extracel-
lular vesicles (EVs) due to its advantageous properties as a
biological fluid. EVs in urine originate from the urogenital
system, including the renal tubular, bladder, and prostate.
These specific origins of EVs can reflect the physiologi-
cal and pathological conditions of these tissues and organs
more precisely [33, 34] Also, unlike other bodily fluids such
as blood or saliva, urine can be collected easily and with-
out discomfort or any risk to the patient. This non-invasive
nature of urine collection also reduces the cost of sample
collection and processing. In addition, urine is usually
sterile, which minimizes the risk of contamination during
sample collection and handling [35]. Abundance is another
advantage of urine that is produced daily in large volumes,
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providing enough EVs for analysis. The use of urine as an
EV source for detecting exosomal miRNAs has the potential
to improve patient outcomes through early diagnosis and
personalized treatment strategies.

To summarize the above, urinary exosomal miRNAs
have shown promise as potential biomarkers for cancer
diagnosis and prognosis. As a result, they have been exten-
sively studied in the diagnosis and prognosis of various
types of cancer, including bladder, prostate, and renal cell
cancers. Studies have shown that specific urinary exosomal
miRNAs have altered expression levels in cancer patients
compared to healthy individuals, indicating their poten-
tial use as diagnostic and prognostic biomarkers [36]. For
instance, in bladder cancer, several studies have reported
urinary exosomal miRNAs as a diagnostic and prognos-
tic biomarker. Dozens of miRNAs, including miR-4295,
miR-93-5p, miR-96-5p, miR-21-5p, and miR-155-5p were
found to be significantly upregulated in urinary exoso-
mal miRNAs, while dozens of other miRNAs, including
miR-99a, and miR-125b were found to be down-regulated
[36—40] Similarly, in prostate cancer patients, expression
level of dozens of urinary exosomal miRNAs, including
upregulation of miR-451a, miR-486, and miR-6090 and
downregulation of miR-375 and miR-3665 have been iden-
tified as potential diagnostic biomarkers [41, 42] Addition-
ally, researchers have found that upregulation of urinary
exosomal miR-26a-5p, miR-532-5p, and miR-99b-3p can
distinguish between biochemical recurrence (BCR) and
non-BCR cases, demonstrating their utility for prognosis
of prostate cancer [43]. In renal cell carcinoma, upregula-
tion of miR-21-5p, and miR-30b-5p [44], and downregu-
lation of urinary exosomal miR-30c-5p has been reported

Extracellular vesicles (EVs)

miRNAs

Fig. 1 Biogenesis of extracellular vesicles. Microvesicles and exosomes, have different biogenesis processes but are referred to as EVs
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as a potential biomarker for diagnosis and prognosis, as it
inhibits progression by targeting the depletion of HSPAS,
which is reversing the promoting effect of the growth of
clear cell renal cell carcinoma [45] It is important to note
that most studies utilizing urinary exosomal miRNAs as
cancer biomarkers have focused on bladder, prostate, and
renal cells. This is because EVs in urine are primarily
derived from the urogenital system, making urinary exo-
somal miRNAs more specific for detecting cancers of the
urogenital system such as bladder, prostate, and renal cell
cancers (Table 1) [46].

In summary, urinary exosomal miRNAs have shown
great potential as non-invasive biomarkers for cancer
diagnostics and prognostics. However, it is crucial to thor-
oughly review and standardize the detection procedure of
urinary exosomal miRNAs to ensure accurate and reliable
results for clinical use. In this review, we delve into the
various detection procedure for urinary exosomal miR-
NAs, which show great potential as biomarkers for cancer
diagnostics and prognostics.

2 Extraction of Exosomal miRNAs
from Urine

The extraction of exosomal miRNAs from urine is a criti-
cal step in the development of a reliable and non-invasive
diagnostic and prognostic tool for cancer. The extraction of
exosomal miRNAs from urine samples requires three steps:
urine sample collection, isolation of EVs from urine, and
extraction of miRNAs from EVs. Each step can affect the
quality and quantity of exosomal miRNAs, affecting their
detection and analysis, so the proper method should be care-
fully chosen (Fig. 2).

2.1 Urine Sample Collection

Midstream urine samples were collected using a non-inva-
sive and convenient method. Participants were instructed to
begin urinating, then collect the midstream urine after a few
seconds. The samples were then pre-treated by centrifuga-
tion to eliminate the debris. The resulting supernatants were

Table 1 Summary of urinary

. . Cancer type
exosomal miRNAs as potential

Upregulated miRNAs Downregulated miRNAs

biomarkers for cancer diagnosis Bladder cancer

Prostate cancer
Renal cell carcinoma

miR-4295, miR-93-5p, miR-96-5p, miR- miR-99a, miR-125b

21-5p, miR-155-5p
miR-451a, miR-486, miR-6090
miR-21-5p, miR-30b-5p

miR-375, miR-3665
miR-30c-5p

Urine sample collection

EVs in urine

Extraction of

Isolation of EVs exosomal miRNAs
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Fig.2 The process for extraction of urinary exosomal miRNAs. Diagnosis and prognosis utilizing urinary exosomal miRNAs involve the collec-
tion of urine samples, isolation of EVs, and extraction of exosomal miRNAs
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transferred to sterile cryovials and stored at — 80 °C until
further analysis [47, 48].

2.2 Isolation of EVs from Urine

Several methods have been developed for EV isolation,
including ultracentrifugation (UC), size exclusion chroma-
tography (SEC), immunoaffinity capture, precipitation, and
aqueous two-phase system (ATPS). Each of these EV isola-
tion methods has its own advantages and disadvantages, and
the choice of method depends on the accessibility and the
desired level of purity and yield. It is important to carefully
evaluate and compare different methods before selecting the
most appropriate one for the study (Table 2).

UC is a widely used method for EV isolation and has been
considered as a golden standard for EV purification, which
involves multiple centrifugation steps at progressively higher
speeds to pellet EVs. It can isolate pure EVs, however, it
is time-consuming, and requires expensive equipment and
technical expertise. Additionally, it can damage EVs during
the centrifugation process, leading to a loss of functional
EVs [49, 50].

SEC is another popular method for EV isolation, which
separates EVs based on their size, shape, and density by
passing the sample through a column of porous beads. It can
also isolate pure EVs with good yield, and it is less likely
to damage EVs than UC, however, it requires specialized,
expensive, and disposable equipment. The inability to con-
trol the enrichment of EVs is also one of the limitations of
the SEC [51-53] Some studies have attempted to address the
issue of concentration by combining EV concentration such
as ultrafiltration [54, 55] or super absorbent polymer [56].

Immunoaffinity is a method that uses EV-affinity materi-
als such as antibodies to capture EVs based on specific sur-
face markers. It can yield highly pure EVs that are specific

to a particular antigen of interest. However, it is expensive
and requires technical expertise. Also, the choice of antibod-
ies affects the yield and purity of the isolated EVs [57, 58].

Precipitation is a relatively simple, fast, and cost-effective
method for EV isolation that involves the addition of a pre-
cipitating agent such as polyethylene glycol (PEG) to the
urine sample. It can isolate EVs with high yields. However,
the precipitating agent can also co-precipitate other non-EV
components, resulting in impure samples [59, 60].

ATPS is an alternative method for EV isolation that uti-
lizes two phases of aqueous solutions with different poly-
mers to separate EVs from other components in urine. It can
isolate EVs with a high yield but requires careful optimiza-
tion of the ATPS conditions, and residual polymers often
hinder further downstream works [61, 62].

2.3 Extraction of miRNAs from EVs

To extract miRNAs from EVs, the first step is to lyse the
EVs to release their contents. This can be achieved using
various lysis buffers, such as TRIzol, NP-40, and Triton-X,
which contain a detergent that effectively breaks down the
lipid bilayer of the EVs. The choice of lysis buffer should
be optimized to minimize RNA degradation and ensure high
yield and purity [63-65].

Once the EVs are lysed, the miRNAs can be extracted
from the lysate using column-based purification or phe-
nol—chloroform extraction. Both methods are based on the
principle of differential solubility of miRNAs in differ-
ent solvents. In column-based purification, the lysate is
applied to a column that selectively separates miRNAs
from other biomolecules. The miRNAs can then be eluted
from the column. This method uses a chaotropic salt solu-
tion to bind miRNAs to a silica membrane while washing
away other biomolecules [66, 67]. In phenol—chloroform

Table 2 Overview of different uc

. . . SEC Immunoaffinity ~ Precipitation ATPS

techniques used for isolating

extracellular vesicles (EVs) Mechanism of EV isolation ~ Size, density ~ Size, shape  Antibody for EV  Surface charge  Solubility

from urine surface marker
Yield ++ +++ + +++ +++
Purity ++ + + +++ + +
Enrichment +++ + + + +++ ++
Time +++ + +++ ++ +
Cost + ++ +++ + +
Complexity ++ + + + + +++
Specialized equipment Yes No No No No

This table includes the following parameters: Yield, representing the number of isolated EVs; Purity, rep-
resenting the level of low impurities present in the isolated EVs; Enrichment, representing the concentra-
tion ability of EVs; Time, representing the required time for the process; Cost, representing the financial
resources required for the process; Complexity, representing the difficulty in following the process; Spe-
cialized equipment, representing the necessity of expensive and specialized apparatus

+ (low);+ + (intermediate); 4+ + + (high)
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extraction, the lysate is mixed with phenol-chloroform,
which separates the miRNAs into the aqueous phase
while removing contaminants such as DNAs, proteins,
and lipids. The separated miRNAs are then further puri-
fied suitable for downstream applications. This method
uses an organic solvent to separate miRNAs into the aque-
ous phase while precipitating other biomolecules into the
organic phase [68, 69].

3 The Detection Method of Urinary
Exosomal miRNAs

Various methods have been used for the detection of uri-
nary exosomal miRNAs, including microarray, quantita-
tive real-time PCR (qPCR), and next-generation sequenc-
ing (NGS). Each of these methods has advantages and
limitations that should be considered when selecting the

appropriate protocol for a particular study (Fig. 3 and
Table 3).

3.1 Microarray

Microarray technology has been used widely for urinary
exosomal miRNA analysis for the past decades. To perform
miRNA analysis using microarrays, extracted miRNAs are
first labeled with a fluorescent dye and then hybridized into
the immobilized, complementary probes. The fluorescent
signals are then detected and analyzed to determine the rela-
tive abundance of each miRNA in the sample [70, 71] One
of the main advantages of microarray technology is that it
allows for the simultaneous analysis of hundreds or thou-
sands of miRNAs in a single experiment. So, microarray for
miRNA analysis can be designed not only to target specific
sets of miRNAs, such as those involved in particular cancer
but to be more comprehensive, for example, targeting all
known miRNAs. It can also profile relative miRNA expres-
sion among multiple samples regardless of the different
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Fig.3 Schematics of the detection methods of urinary exosomal miR-
NAs. a Schematic draw of microarray. Fluorescent-labeled targets
are detected by immobilized, complementary probes. Images repro-
duced with permission from [71]. b Schematic draw of RT-qPCR.
To reverse-transcript short miRNAs, polyuridylation could be used.
Images reproduced with permission from [85]. ¢ Schematic draw of
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reverse transcription for RNA sequencing. The double ligation of the
adapter can be used to reverse-transcript short miRNAs for sequenc-
ing. Images reproduced with permission from [94]. d Schematic draw
of molecular beacon-based fluorescence imaging for detecting exoso-
mal miRNAs. Images reproduced with permission from [107]
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Table 3 Comparison of different detection methods for urinary exosomal miRNAs

Method Advantage Limitation

Microarray High-throughput profiling of miRNA expression across diverse Low sensitivity and reproducibility, inability for quantification
samples and conditions of miRNAs

RT-qPCR Accurate and reliable quantification of miRNAs Limited multiplexing capability, amplification bias, and primer

or enzyme dependency

RNA-seq Accurate and reliable quantification of whole miRNA transcrip- High cost, sequencing bias, and the need for sufficient high-
tome without prior sequence knowledge quality RNAs

SERS High sensitivity and specificity with molecular structural infor- Expensive equipment and substrate fabrication
mation of the analyte

Fluorescence Fast, cheap, and unbiased analysis Limited multiplexing capability

origins of miRNA or disease states in a single experi-
ment [72]. However, microarrays have several limitations,
including limited dynamic range, high background noise,
and potential cross-hybridization between closely related
miRNAs. These disadvantages lead to requiring a relatively
large sample amount for analysis, which is a major draw-
back for urinary exosomal miRNAs where sample volumes
are inherently low. Furthermore, the results obtained from
microarrays are relative, meaning that the obtained data are
expressed as fold-change values in differential groups (e.g.,
healthy vs cancer), and the absolute quantification is virtu-
ally limited [73, 74] Notwithstanding the aforementioned
constraints, microarrays continue to be employed in diverse
investigations aimed at scrutinizing urinary exosomal miR-
NAs. The primary rationale behind this lies in the ease of
employment, the accessibility of equipment, the specialized
skill set required, and the capacity to measure a vast array
of miRNAs per assay. As a result of these elements, micro-
arrays remain a viable alternative for screening purposes
across a broad spectrum of research and potential biomarker
candidates [75-77].

3.2 Reverse Transcription-Quantitative Polymerase
Chain Reaction (RT-qPCR)

RT-gPCR is one of the most widely used detecting meth-
ods for the detection and quantification of urinary exosomal
miRNAs in cancer diagnosis. It is a sensitive and specific
method, allowing the quantification of miRNAs. It also can
be used with various types of samples [78, 79]. To perform
RT-qPCR, miRNA samples are first reverse transcribed
into cDNA, which can then be used as a template for PCR
amplification, and then cDNA amplification and quanti-
fication were performed by the procedure of qPCR. It is
important to note that the target miRNAs and cDNAs have
short sequences (~ 22 bases), which makes it challenging to
amplify them with universal PCR primers (18-24 bases),
and the miRNAs must be extended. To overcome the chal-
lenges, there are different methods to overcome by extending
the target miRNAs, such as the use of specific stem-loop

RT-primers [80-82] and polyuridylation or polyadenylation
of miRNAs [83-85] The target miRNAs can be extended
with the explicit RT-primers that is complementary to the
miRNA sequence at 3’ ends, but extension forming a step-
loop structure at 5° ends. The target miRNAs also can be
extended by polyadenylation or ligation of an adapter. These
prior research efforts have enabled very sensitive and spe-
cific miRNA quantification analysis data. However, these
methods also introduce limitations, such as limiting the
number of measurable miRNAs per experiment, amplifica-
tion biases, and additional primer design steps or enzymatic
steps. Unlike the miRNA-specific RT step, the further qPCR
step is performed similarly to a standard gPCR [86, 87]. In
conclusion, RT-qPCR is a powerful tool for miRNA analy-
sis in cancer diagnosis when the target miRNAs of interest
are established, and the number is small. Despite the men-
tioned disadvantages above, it is a highly sensitive and spe-
cific method that can absolutely quantify miRNAs in clinical
samples for cancer diagnosis and prognosis.

3.3 RNA Sequencing (RNA-seq)

RNA sequencing (RNA-seq) is high-throughput analyzing
technique that can be used to identify and quantify RNA
molecules in a biological sample, including urinary exoso-
mal miRNAs for cancer diagnosis [88, 89] There are several
methods for sequencing RNAs, including Sanger, and Illu-
mina sequencing. Sanger sequencing, also known as chain-
termination sequencing, is a classic technique for sequenc-
ing RNA. It involves synthesizing a complementary strand
of DNA, and in vivo cloning and amplification. Amplified
cDNAs are analyzed by adding different fluorescent-labeled
dideoxynucleotides (ddNTPs) that terminate the chain at
random positions and reading out using fluorescent detec-
tion the mixture of different-sized cDNA fragments, which
can be separated by size on a gel. The cDNA fragments
that differ in length can be separated by capillary electro-
phoresis and identified through different fluorescence [90].
While Sanger sequencing is highly accurate and was the first
sequencing technique to be widely used, it is not commonly
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used for RNA-seq of late because of low throughput and
high cost. The cost per base is higher than with next-gener-
ation sequencing (NGS), and Sanger sequencing is typically
only used for small sequencing projects or for confirming the
accuracy of NGS data [91, 92].

In contrast to sanger, new sequence technologies which
are classified as next-generation sequencing (NGS) rapidly
replaced the traditional sequencing method with higher
throughput and lower costs. [llumina sequencing is the most
common method for sequencing RNAs representing NGS. It
dramatically decreased the time and cost of the sequencing
by in vivo adaptor ligation, immobilization by hybridization,
and polony array with repeated bridge amplification [93]. It
involves the conversion of RNA to cDNA following double
ligations of adapters to the 3* and 5° ends of the target miR-
NAs [94]. The resulting library is then PCR-amplified and
then sequenced using Illumina’s sequencing-by-synthesis
technology, which reads the DNA fragments in parallel
using fluorescently labeled nucleotides [95]. This method
ensures highly accurate and has a high throughput. How-
ever, during the ligation-based cDNA library preparation,
the unwanted side products, such as adaptor dimers could
introduce sequencing bias [96, 97]. To reduce the bias, the
double ligation of the adapters with random nucleotides at
the end or the single 3’ ligation followed by the circulation
for cDNA synthesis could be employed [98, 99].

In summary, RNA-seq represents an effective analytical
tool for assessing urinary exosomal miRNAs, as it enables
a thorough and quantitative evaluation of the entire miRNA
transcriptome in each sample, offering a more precise and
sensitive cancer diagnosis. Moreover, it permits the quantifi-
cation of multiple miRNAs in a single experimental setting,
allowing for high-throughput analysis and the sequencing
of millions of miRNAs in a solitary assay. Additionally,
RNA-seq has the capacity to detect novel miRNAs with-
out prior knowledge of their nucleotide sequence. However,
it is important to note that RNA-seq does have limitations
that need to be considered. Firstly, it requires substantial
computational resources and bioinformatics expertise, which
is costly. Secondly, it requires a relatively large amount of
high-quality RNAs for successful analysis. Additionally,
there is a potential for sequencing bias, particularly during
the cDNA library preparation [100]. Despite these limita-
tions, RNA-seq remains an advanced technology for study-
ing urinary exosomal miRNAs, with the potential to contrib-
ute significantly to disease diagnosis and prognosis.

3.4 Other Methods

In addition to the existing miRNA detection technologies
discussed earlier, there have been various approaches to ana-
lyze urinary exosomal miRNAs, including surface-enhanced
Raman scattering (SERS), and fluorescence-based methods.

9\ Springer <KBCS

SERS method: SERS works by enhanced specific finger-
print peaks of absorbed on the surface of metal nanostruc-
tures. When laser is on a metal surface, the electromagnetic
field around the metal is enhanced, leading to a dramatic
increase in the Raman scattering signal from molecules
adsorbed onto the metal surface. This enhancement signal
allows for the detection of low concentrations of target exo-
somal miRNAs which were hybridized with the probes on
a metallic surface [101, 102] SERS offers highly sensitive,
specific analysis results, and can also provide information on
the molecular structure of the analyte. However, the equip-
ment and substrate fabrication for SERS is costly [103].

Fluorescence-based method: Fluorescence imaging works
by selective visualization in the presence of target exosomal
miRNAs. DNA probes, complementary to target miRNAs,
which are anchored on various types of materials, includ-
ing hydrogel [41, 104, 105] or molecular beacon [106, 107]
could be used to selectively fluorescence-visualize the tar-
get miRNAs using hybridization. This method offers some
advantages such as shorter analysis time, lower cost, and
the absence of sequence bias. However, it is challenging to
analyze a large number of miRNA targets simultaneously
through a fluorescence-based method.

4 Perspective and Conclusion

As the urinary exosomal miRNAs are increasingly recog-
nized as ideal biomarkers for early cancer diagnosis, progno-
sis prediction and clinical decision support, with numerous
studies demonstrating their potential in cancer management,
the well-established measurement of urinary exosomal miR-
NAs will play an important role in cancer management.
However, there are still significant challenges hindering the
clinical utilization of miRNA biomarkers, including inad-
equate experimental design, improper sample handling, high
cost, and bias during data collection and analysis. Many of
these problems stem from the lack of standardization. To
address these issues, global efforts are underway to stand-
ardize procedures for the use of exosomal miRNA biomark-
ers in cancer diagnosis and prognosis. Moving forward, an
improved understanding of the role of exosomal miRNAs in
cancer development and progression is expected to lead to
the discovery of new pathways for cancer treatment. Further-
more, with the anticipated advancements in technology and
increased standardization, more accurate and reliable cancer
diagnosis and prognosis will become possible.
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