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Abstract

Since the discovery of circulating tumor cells in 1869, technological advances in the study of biomarkers
from liquid biopsy have made it possible to diagnose disease in a less invasive way. Although blood-based
liquid biopsy has been used extensively for the detection of solid tumors and immune diseases, the
potential of urine-based liquid biopsy has not been fully explored. Advancements in technologies for the
harvesting and analysis of biomarkers are providing new opportunities for the characterization of other
disease types. Liquid biopsy markers such as exfoliated bladder cancer cells, cell-free DNA (cfDNA), and
exosomes have the potential to change the nature of disease management and care, as they allow a
cost-effective and convenient mode of patient monitoring throughout treatment. In this review, we
addressed the advancement of research in the field of disease detection for the key liquid biopsy markers
such as cancer cells, cfDNA, and exosomes, with an emphasis on urine-based liquid biopsy. First, we
highlighted key technologies that were widely available and used extensively for clinical urine sample
analysis. Next, we presented recent technological developments in cell and genetic research, with
implications for the detection of other types of diseases, besides cancer. We then concluded with some
discussions on these areas, emphasizing the role of microfluidics and artificial intelligence in advancing
point-of-care applications. We believe that the benefits of urine biopsy provide diagnostic development
potential, which will pave opportunities for new ways to guide treatment selections and facilitate
precision disease therapies.

Key words: Liquid biopsy, exfoliated bladder cancer cells, cell-free DNA, extracellular vesicles, disease
monitoring

Introduction

Liquid biopsy is a promising alternative to tissue
biopsy in disease diagnosis and monitoring. The types
of liquid biopsy samples include blood, urine, and
saliva. As compared to tissue biopsy, liquid biopsy
not only provides a minimal or non-invasive method
for disease diagnostics and evaluation but also gives
information on real-time monitoring of disease
progression and therapeutic response [1]. Tissue
biopsy is an invasive, conditional approach (surgery
depends on the health condition of patients) and is
non-ideal for the long-term monitoring of patients. As
compared to the standards of evaluation, such as
radiologic evaluation and tissue biopsy, the liquid
biopsy also has advantages in terms of compatibility

for real-time detection and minimal disease detection
[2]. For example, radiologic evaluation methods
cannot detect low counts of heterogeneous tumor
cells, leading to reduced detection sensitivity, which
affects early-stage disease detection.

In recent decades, the detection and
characterization of such components from urine has
generated much interest among the scientific and
clinical communities. Methodologies associated with
the isolation and characterization of wurinal
components are manifold and can be categorized as
genomic profiling, protein profiling, and microfluidic
techniques. The specificity and sensitivity of these
technologies are of paramount importance, as most of
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the techniques require small amounts of concentrated
samples for analysis [3]. Microfluidic systems provide
numerous benefits such as ease of operations, quick
processing time, low volume sample intake, high
sensitivity, and high capability of integrating
functional module integration [4]. The reproduction
of large-scale processes remains a challenge in this
field [5, 6].

Here, we discuss the advancement of research to
utilise urinary components as possible markers for
disease diagnosis and monitoring, including
exfoliated bladder cancer cells (EBCCs), exosomes,
and cell-free DNA (cfDNA). First, we focused on key
diagnostic technologies widely available to the public
or for use in clinical settings. Then, we shift our focus
to recent technological development on cell, exosome,
and cfDNA research with different disease
applications. Finally, we conclude by highlighting the
role of microfluidics and artificial intelligence in
advancing point-of-care (POC) applications with
some potential perspectives on the research of these
biomarkers.

Components of urine biopsy

Urine contains several types of cells, including
epithelial cells, kidney-derived cells, white blood cells
(WBC), red blood cells (RBC), and urothelial cells, as
well as genetic material, proteins, peptides, and
inorganic compounds. Each biomarker presents with
its advantages and disadvantages, and the selection of
biomarkers may depend on the type of technology
available (Table 1). Studies have found that the
cfDNA released by cells into the systemic circulation
can also be filtered by the kidneys and transmitted in
urine [7, 8]. Therefore, scientists and clinicians are
keen to utilize urine biopsies for the potential
detection of diseases, including colorectal cancer (CC)

Table 1. List of common urinary biomarkers

[3], bladder cancer (BC) [9], chronic kidney disease
[10], prostate cancer (PC) [11], cystic fibrosis [12], and
chronic obstructive pulmonary disease [13].

In a urine biopsy, samples from patients are
collected and analyzed to generate disease
information, assist diagnosis, provide treatment
direction, assess prognosis, or predict disease
recurrence in real-time. Urine samples can be
separated into supernatant and precipitate fractions to
identify these biomarkers. For example, EBCCs,
immune cells, RBC, and debris may contain tumor-
derived signals for the detection and characterization
of cancer [14].

EBCCs

EBCCs are cells shed from a tumor and are
found in urine. The enrichment of EBCCs can increase
the sensitivity of BC detection [15]. Because nucleic
acids are isolated from EBCCs, genetic analysis, and
fluorescence in-situ hybridization (FISH) methods are
used to improve the accuracy of BC detection and to
determine the stage of BC [16].

EBCCs in urine samples can be enriched in
various ways, and the collection efficiency varies with
each approach. Size-based filtration is the use of
membranes to capture EBCC from clinical urine
samples. It was first reported in 1979 [17], and later
studies have shown that filtration can improve the
detection sensitivity of early and relapsed BC (87% in
filtered samples and 80% in non-filtered samples) [15].
Antibody-based methods have been proven to be
highly selective (99%) and sensitive (100%) [18].

There are still many challenges to resolve before
EBCC detection can be used in clinics. In future
technological advances, other issues related to
processing systems must still be addressed, such as
concentrated cell viability and EBCC morphology.

Type Biomarker Disease(s) Advantages Disadvantages Refs.
Cells RBCs Varied, e.g., Glomerular Defined morphology; High phenotypic heterogeneity; Low [52]
membrane damage Complements downstream and varied abundance
Neutrophils Varied, e.g., Prostatitis, urethritis analysis [101]
Other WBCs, e.g.,
monocytes, histiocytes
Clue cells Infection by the bacterium [101]
Transitional epithelial cells ~ Malignancy or viral infection [101]
Renal tubular epithelial cells Necrosis of renal tubules [101]
cfDNA Varied (e.g., EGFR, KRAS) Varied Ease of access; Short half-life; Low abundance; [145-149]
(e.g., myocardial infarction) Complementary to Low specificity
molecular characterization
Exosome NA Varied, e.g., peripartum Stability; Large range of No specific method of detection; [150-155]
cardiomyopathy biomarkers Size overlap with other EVs
Others, e.g., Urine crystals Varied, e.g., Inherited cystinuria ~ Low cost and rapid Sensitive to patient dietary habits [101]
minerals Urine casts Varied, e.g., Chronic renal disease [101]

Abbreviations: RBCs = Red blood cells; WBCs = White blood cells. NA = Not applicable; cfDNA = cell free DNA; EV = extracellular vesicles.
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cfDNA

cfDNA can be released from healthy or diseased
cells during processes that disrupt a tumor or during
cell apoptosis and necrosis. Most cfDNA fragments
contain 100-200 base pairs. Since phagocytes will
remove cellular debris and necrotic cells under
normal physiological conditions, the content of
cfDNA is very low in the absence of disease [19]. In
the presence of disease, digestion is incomplete, DNA
removal is low, and the size of DNA fragments is
random (even greater than 10,000 base pairs).
Therefore, the amount of cfDNA in the patient is high.
Mutations in ¢fDNA provide vital information for
diagnosis and prognosis.

cfDNA can be a useful biomarker extracted from
a urine biopsy. Studies have shown that DNA
molecules can penetrate the human kidney barrier
after being injected into the blood and can be detected
from urine samples [7]. cfDNA can be detected from
urine samples by ultracentrifugation procedures or
using size-based selection methods to isolate total
DNA by molecular weight-based fractionation [20].
However, the extraction process of cfDNA presents
some challenges. For example, high cfDNA fragments
may evade capture, resulting in the loss or reduction
of target DNA molecules. In this case, the low
abundance of cfDNA can be compensated by
processing a large number of samples.

The isolated cfDNA can be amplified and
detected Dby established methods, including
polymerase chain reaction (PCR), real-time
polymerase chain reaction (qPCR), digital polymerase
chain reaction (dPCR), and next gene sequencing
(NGS). However, the frequency of detecting cfDNA
mutations in urine often depends on the detection
method and the source of the sample. Recent studies
have shown that the concentration of cfDNA in urine
is even higher than that in blood. For example, Yosuke
et al. conducted gene detection tests on wurine
supernatants, urine precipitate, and blood samples
from patients with BC, cystitis, and benign tumors
[21]. Half of the somatic mutations present in tumors
were detected in urine samples (53% in urine
supernatant and 48% in urine precipitate), while 2%
were detected in the blood plasma. The diagnostic
sensitivity of cancer-associated genes was 67% in
urine supernatants, 78% in urine precipitate in non-
invasive cancers, and in contrast to invasive cancer,
86% in wurine supernatant and 71% in urine
precipitate, respectively. This may be due to the
presence of inflammatory cells in the urine, which
reduces the purity of the target cells and reduces the
detection rate of mutations because many normal
alleles are contaminated in the urine sediment.

Another factor will be the inherent differences
between individuals, the extent to which tumor cells
undergo apoptosis and necrosis, resulting in the
shedding of tumor-derived DNA. Overall, the results
demonstrate that urine-based urothelial BC detection
is more sensitive than cytology.

The use of cfDNA as a diagnostic biomarker can
also be extended to non-urological cancers such
as non-small cell lung cancer (NSCLC) and CC [22].
For example, T790 M resistance mutations and
EGFR-activated mutations in patients are closely
related to the presence of advanced NSCLC and can
help assess drug resistance and patient relapse rates
[23]. CC-related hypermethylated vimentin gene and
mutated K-ras sequences have also been found in
urine [24, 25]. Interestingly, cfDNA also serves as a
potential biomarker for non-cancer-related diseases,
as Epstein-Barr virus (EBV) DNA may be derived
from urine samples and has been used as a biomarker
for patients with infectious mononucleosis [26]. EBV
DNA has also been shown to be a non-specific
biomarker for nasopharyngeal carcinoma [27]. Also,
in some cases, prolonged EBV activity may cause
chronic active EBV disease and be a biomarker for
lymphoma.

Extracellular vesicles (EVs)

EVs are lipid bilayer particles released from cells,
with diameters ranging from 30 nm to 5000 nm. The
main components of EVs can be divided into
exosomes, microvesicles, and apoptotic bodies [28].
Despite extensive research, the size range of EVs has
not been clearly defined. Among them, exosomes are
endocytic EVs with a size between 30 and 100 nm,
while microvesicles derive from the plasma
membrane and range between 50 nm to 1000 nm
[29-31]. Apoptotic bodies that originate from the
membrane of apoptotic cells may range from 500 nm
to 5000 nm [32].

EVs can be found in various types of liquid
biopsy, such as blood [33], urine [29], saliva [34],
breast milk [35], and cerebrospinal fluid [36]. EVs
contain complex nucleic acids. Exosomes and
microvesicles contain other molecules such as
cytoplasmic proteins, membrane proteins, and RNA.
Similarly, exosomes can transport or transfer proteins
and nucleic acids to mediate cell communication [37].
RNA related to EVs, such as microRNA (miRNA) and
mRNA, can be transcribed and translated into DNA
and protein, respectively, to affect downstream
pathways. Among them, miRNAs secreted from EVs
can exist in a stable state in body fluids, including
urine, and play a key role in intercellular
communication [38]. As such, there has been a strong
awareness of the potential of EVs as biomarkers in
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clinical practice. For example, some miRNA levels are
significantly higher in early urothelial carcinoma and
can be used as biomarkers for cancer detection [39].

Methods to isolate and detect EVs from urine can
be very complex. At present, ultracentrifugation is the
most convenient and economical method for EVs
detection. However, ultracentrifugation can damage
EVs and lead to relatively low yields and recovery
rates [40]. Differential centrifugation is the "gold
standard" for purification of EVs, but it is time-
consuming [41]. Therefore, other methods, such as
immunoaffinity [42] and microfluidic filtration
systems [43], have been preferred as alternative
methods or used in parallel with centrifugation
methods.

EVs have huge potential in cancer detection
applications. One of these cancer-related genes
detected in urinary EVs is SLC2A1. Other genes, such
as GPRC5A and KRT17, are overexpressed in stage
pT1 and advanced BC [44]. These results provide the
potential for EVs as biomarkers for detecting non-
muscle invasive bladder cancer and muscle-invasive
bladder cancer. However, because the sample size is
unevenly distributed and relatively small, the study
still needs further evaluation of patients with pT2 and
high-grade BC. EVs can also be used as a platform for
diagnosing PC. By detecting EV-derived gene
TMPRSS2-ERG, the overall diagnostic sensitivity of
PC was 81%, and the specificity was 80%. Non-
invasive detection of urinary EVs enables disease
detection for patients without the need for diagnostic
transrectal ultrasound [45].

Interestingly, miRNAs associated with EVs can
also be biomarkers for diseases other than cancer.
miRNAs from EVs can be used for the detection of
acute myocardial infarction [46, 47], chronic hepatitis
B [48], and their correlation with the presence of liver
toxicity has been demonstrated in rat models [49].
Despite the obvious advantages of using EVs for
disease detection, the small sample size and difficulty
of separation are still the limiting factors for
widespread use [50, 51]. Lack of existing technology
for isolating EVs also hinder disease detection at an
early stage.

Current technologies for urine-based
biomarkers

Urine biopsy has been termed as "liquid gold," as
these samples are widely utilized as a rapid and
non-invasive source for the molecular detection and
surveillance of urological cancers. Routine urine
analysis for disease diagnosis relies on reagent strips
and microscopic examination of clinical wurine
samples. The presence or elevation of certain
biomarkers, such as RBC, WBC, proteins, glucose, and

ketones, may indicate the presence of pathological
conditions [52]. Histochemical tests cannot fully
confirm the occurrence of the disease, so additional
tests are needed to supplement these findings. Still,
these examinations provide a rapid, simple, and
relatively low-cost method for diagnosis and
screening [53].

In the following sections, we focus on current
and upcoming technologies available for biomarker
detection through urine biopsy and discuss their
advantages and disadvantages for clinical utility
(Table 2).

For physical biomarkers

Histochemical examinations

Urine cytology is non-invasive and remains a
gold standard in the diagnosis of BC in clinical
settings. However, the challenge with cytology is that
it has low sensitivity for low-grade tumors (48-68%)
[564] and is operator-dependent. There is a potential
for false-positive results, which warrants further
examinations. = Therefore, cytology is often
complemented by other tests in parallel. Counting
urinary particles is another important part of a routine
urinalysis, providing a non-invasive and inexpensive
clinical significance [55]. Urine microscopic
examination is to identify and quantify the insoluble
substances present in the urine under the microscope.
Their presence at a high level may indicate a
pathological status (Table 1).

Biochemistry examinations are not definitive
tests. In the diagnosis of complex diseases and their
symptoms, such as cancer, other screens are required
to complement these findings. These tests include
imageological examination and aspiration biopsy. The
interpretation of results together with complementary
tests are of great importance since many symptoms
presented in cancer can be observed in other
pathological events, such as inflammation. For
example, an elevation of protein levels or the presence
of protein crystals in the urine is detected via a urine
dipstick assessment or urinalysis together with
complete blood count (see Section 3.41). These results
can determine the presence of urinary tract stones
(nodular stones) or inflammatory diseases (such as
leukocytosis). A pH change in urine may suggest the
presence of other inflammatory conditions such as
urinary tract bacterial infection or nephritis
(inflammation of the kidneys) [56]. The efficacy of
histochemical examinations is also limited to
advanced or metastatic cancers, as these events are
not observed in the early stages of the disease. This
limitation is usually due to the use of non-specific
biomarkers in histochemical examinations, and the
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appearance of these biomarkers usually only occurs in
advanced stages of the disease.

Size-based cell detection

Molecular analysis of biomarkers present in
urine provides a powerful tool for disease diagnosis,
but the isolation of biomarkers is challenging due to
the highly heterogeneous composition of urine [57].
Membrane-based filtration is one of the label-free
methods for separating biomarkers based on their size
and deformability. Membrane filters consist of many
well-defined pores, where particles smaller than the
pores can pass through them and particles larger than
the pores are captured on the membrane [58]. Some
studies have reported the use of membrane filters to
isolate urine biomarkers such as EV and BC cells [59,
60]. However, whether at the micron or nanoscale, the
filtration technology is often hindered by technical
issues such as biofouling, low throughput, need of
skilled handling and may damage rare cells in the
process [61].

Antigen-based cell detection
Another example is the ImmunoCyt/uCyt+

assay. Exfoliated urothelial cells are one of the
biomarkers for detecting BC. ImmunoCyt is an
immunocytochemical assay that uses three types of
fluorescent antibodies to identify antigens specific to
EBCCs [62]. One of these antibodies (19A211) targets
the high molecular weight form of glycosylated
carcinoembryonic antigens, while the other two
antibodies (LDQ10 and M344) target glycosylated
epitopes [63]. These red and green fluorescences were
read using a fluorescence microscope, and if red or
green was observed in at least one cell, the sample
was considered positive. Compared with traditional
cytology tests (44.5% sensitivity and 96% specificity),
ImmunoCyt test shows higher sensitivity (80%) but
lower specificity (70%) [62].

For protein-based biomarkers

An abnormal elevation of specific proteins in a
patient's urine sample can be used in disease
diagnosis. We discuss the types of single-protein
marker assays or multi-protein biomarker assays
commonly used in the following sections.

Table 2. Current and upcoming technologies for the analysis of liquid biopsies

Technology Sensitivity Specificity Advantage Disadvantage Ref
Physical - based
Filtration EBCC: 87% ND Label-free, ease of operations ~ Low throughout, possible damage of [58]

Antigen-based cell capture EBCC: 80-100% EBCC: 70-99%
Protein-based
LFA SP: 74%;

NMP22: 52-59%

SP: 97.2%; NMP22: 87-89%

Genetics-based

FISH 72-87% 91.8%

PCR FGFR: 11.6% CD44: 83%
CD44:91%

NGSs FGFR: 60%; UroSEEK: 93-99.5%;

UroSEEK: 75-83%;
CAPP-Seq: 77.5-91%

CAPP-Seq: 96-100%

Chemical-based

Dipstick Urinalysis ND ND
Cell-based

Sandwich ELISA LAM: 14-51% LAM: 94-97%
(protein or lipid)

Microfluidic assays

Inertial focusing 93.3+4.8% ND

3D traps ND ND
DLD ND ND
Integrated devices BC: 81.3% BC:90%
Fluorescence-based assays

LPPs-based sensor miRNA-21: >97.33% ND
Catalytic gold nanocluster ND ND

cells
Targeted capture High cost, loss of target cells with [18, 62]
low antigen levels
Rapid (< 15 min), ease of Require precise antibody [64, 66]
operations, POC preparation, sensitivity limited by
sample volume
Ease of operations, validated =~ Operator-dependent [77-79]
procedures
Economical, ease of operations, Limited dynamic range, [86, 95]
validated procedures Moderate rate of false positives
High throughput, High cost, [99, 100]

Parallel detection

Low cost, rapid, ease of
operations, POC

Does not require purification of

sample

Label-free, high throughput
Low LOD: 10 exosomes per pul

Low LOD: 10 exosomes per pul
POC

High signal-to-noise ratio, low
LOD
POC, ease of operations, rapid

Digital background interference

Confirmatory test required, potential [53, 101]
false outcomes

Requires antibody optimization due [105]
to cross reaction

Require sample concentration [115]
Complicated fabrication of [117]
nanopatterns, time-consuming

Intricate fabrication patterns [123]
Cost, complex handling [43]
Challenge in selecting suitable [132]
aptamer sequence

Not tested in humans [133, 134]

Abbreviations: 3D = Three dimensional; DLD = Deterministic lateral displacement; LPP = Long persistent phosphors; LOD = Limit of detection; POC = Point of care; SP =
Streptococcus pneumoniae; LAM = Lipoarabinomannan; LFA = Lateral Flow Assays. PCR = Polymerase chain reaction; NGS = Next-generation sequencing; FISH =
Fluorescence in-situ hybridization; BC = Bladder cancer; SP = Streptococcus pneumoniae; ND = not determined; EBCC = exfoliated bladder cancer cells.
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Lateral flow assays (LFA) for single antigens

LFA, also known as immunochromatographic
tests, uses antibodies to immobilize flowing targets
quickly, but are not as sensitive as conventional
methods [64, 65]. In the following sections, we discuss
key applications of LFA using urine biopsy samples,
namely the detection of BC and Streptococcus
pneumonia (SP) infection.

Nuclear matrix protein 22 (NMP22)

NMP22 is overexpressed in BC cells and can be
detected in EBCCs from urine. Bladderchek can aid in
the diagnosis of bladder tumors by examining
abnormal levels of NMP22 in the urine. It is a POC
certified by the Food and Drug Administration (FDA).
During the test, an untreated urine sample will be
added to the device, and NMP22 in urine samples will
react with colloidal gold-conjugated monoclonal
reporter antibodies and form immune complexes.
Monoclonal antibodies in the test zone will capture
the resulting immune complexes. If the NMP22
protein content in the urine is high enough
(concentrations above 10U / ml), a visible line will
form. If the control line is present in the device, the
result is considered positive [66].

The overall sensitivity and specificity for
bladderchek were 56% (52-59%) and 88% (87-89%),
respectively. However, the LFA demonstrates low
sensitivity in detecting low-grade cancer. When
comparing bladderchek with cytology, the sensitivity
of bladderchek was slightly higher, while the
specificity was slightly lower than cytology [66, 67].
For example, in 1300 patients, the sensitivity and
specificity of bladderchek were 55.7% and 85.7%,
respectively, while the sensitivity and specificity of
cytology were 158% and 99.2%. Although
NMP22-based Bakerchek is inexpensive and portable,
the low predictive accuracy due to false positives
limits its use as the gold standard for BC diagnosis,
especially in low-grade cancers. Thus, bladderchek
can only be used as an additional measure in
combination with other tests to detect BC.

Bladder Tumor Antigen (BTA)

BTA has been proven to be an effective
biomarker for BC testing. BTA stat ™ and BTA
TRAK™ are two commercial methods based on BTA
that can detect an antigen called complement factor
H-related protein in urine samples [68]. The difference
between the two assays is that BTA stat is a
cartridge-form enzyme immunoassay that can
qualitatively identify the target protein, while BTA
TRAK is a sandwich-type immunoassay that exists in
a 96-well format and can qualify the amount of target
protein in urine samples.

BTA stat detects antigens in urine samples to
form antigen-binding complexes, which can also be
represented by visible lines in the test zone. In
contrast, the presence of antigens and the reliability of
results are demonstrated by control lines. After the
captured monoclonal antibody specifically binds to
the complement factor H-related protein and
completes the enzymatic reaction between the
alkaline phosphatase-reported monoclonal antibody
and the binding complex, the absorbance needs to be
measured. When the abnormal range is higher than 14
U/ml, the absorbance will indicate the concentration
of the antigen [69, 70]. A comparative study of BTA
stat and BTA TRAK shows that when detecting BC,
the overall sensitivity of BTA TRAK is slightly higher
than that of BTA stat (77.5% to 65.3%). In comparison,
the overall specificity of BTA TRAK is 62.5% and
71.8%, respectively [69]. Although both methods
show low sensitivity in detecting low-grade tumors or
low-stage cancers, it should be emphasized that in this
study, BTA TRAK performed better than BTA stat.

Due to the small sample size and the lack of
significant results from current research, it is
theoretically difficult to determine their overall
efficacy in this application. Reports suggest that both
BTA stat and BTA TRAK show better sensitivity in
cytology [70, 71], especially in low-grade or low-stage
tumors. Low specificity is the main disadvantage of
BTA-based tests. Besides, as complement factor H
protein is a serum factor, the presence of hematuria
can lead to false-positive results [72]. Similar to
Bladdechek, both BTA stat and BTA TRAK cannot be
regarded as a definitive screen for BC detection and
must be used in combination with cystoscopy.

SP antigen

SP infection can lead to morbidity, with high
mortality rates particularly observed in developing
countries [73, 74]. Early detection of SP through rapid
pneumococcal urinary antigen tests is crucial to allow
faster administration of antibiotic treatment [64]. The
BinaxNOW urine-based test for S. pneumoniae
(BinaxNOW-SP) is a commercially available kit that
can rapidly detect the presence of SP antigen, namely
pneumococcal C-polysaccharide, present in the urine
of SP-infected patients (Figure 1A) [64, 65]. When SP
(target) is present, the conjugated rabbit anti-SP will
bind to SP, forming a conjugated complex, which
flows to the sample line, allowing the immobilized
primary antibodies to bind the conjugated complex.
As the sample keeps flowing, the excess conjugated
rabbit anti-SP antibodies will be captured by the
secondary antibodies on the control line. A positive
result will be marked by color changes on the sample
and control lines due to the immobilized conjugated
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gold particles. In contrast, the negative result is
indicated by color change only on the control line [65].
Studies on LFA, such as the BinaxNOW-SP, have
reported moderate sensitivity rates (74%) but high
specificity rates (97.2%) [64]. One of the key
advantages of LFA is the time required, as the test can
be completed within 15 min. Such tests are more rapid
than conventional cultural methods that require at
least 24 hours of incubation. Hence they are preferred
over the conventional cultural methods, which are
almost as specific (98.6%) but less sensitive (59.4%)
than LFA [64].

Multiplex protein biomarker panels

LFAs for the detection of single antigens in urine
biopsy lack the specificity of cytology. Still, multiplex
protein biomarker panels can improve such
drawbacks by combining abnormally elevated
biomarkers in cancer patients. According to a study of
125 patients, ten biomarkers (IL§, MMP9, MMP10,
SERPINA1, VEGFA, ANG, CA9, APOE, SERPINEL],
and SDC1) were detected from urine samples on one
multiplexed assay, and its overall sensitivity and
specificity for BC detection are 79% and 88%,
respectively [75]. Other biomarkers such as Coronin-
1A, apolipoprotein A4, semenogelin-2, gamma
synuclein, and DJ-1 / Park? were also overexpressed
in patients with transitional bladder carcinoma.
ELISA (sensitivity: 79.2%, specificity: 100%) and
Western blot (93.9%, specificity: 96.7%) confirmed that
the biomarker panel demonstrates high sensitivity
and specificity even in low-grade (Ta/T1) BC, as
compared to LFA assays [76].

For genetic biomarkers

FISH

FISH can allow the detection of abnormal gene

A Sample flow direction
[

L 4/

sample pad £/ Control line Absorbent
o/ sampie pad  L2f &
_/Conjugate pad / Sample line

expression in cells based on the hybridization process
between fluorescently labeled DNA probes and the
DNA target sequence. Commercial kits to identity
chromosomes CEP3, CEP7, CEP17, also the 9P21 (P16)
LSI are available for research (UroVysion, Abbott
Molecular, Inc., Des Plaines, IL). The FDA approved
them in 2001 for clinical use with patient-derived
EBCCs in the urine.

Studies demonstrated the high detection
sensitivity of the UroVysion FISH assay (84.2%) in
patients with wurothelial cancers. This detection
method was also highly specific (91.8%) in patients
with cancers who have underlying genitourinary
disorders [77]. Compared with cystoscopy (67%),
FISH analysis is also more sensitive in detecting BC
(87%) [78]. For all other types of urothelial carcinoma,
according to the Meta-analysis study, the sensitivity
of FISH was around 72% [79]. Such high sensitivity
and selectivity rates suggested that FISH could aid in
the diagnosis of BC for patients presenting with
equivocal cytology. However, recent studies have
shown that a larger sample size is needed to derive
the sensitivity and specificity of UroVysion [80], and
more research should be performed to refine the
results.

Furthermore, the presence of some of these
chromosomal and morphologic changes was not
clearly understood. For the 9p21 chromosome, a
positive result is considered when > 12 cells show no
9p21 signal [77]. However, the presence of tetraploid
in the FISH analysis may reflect normal cell division
or proliferative response of the bladder epithelium to
inflammatory ~damage rather than cancerous
processes. These challenges hinder the clinical utility
of FISH analysis as the ultimate tool for disease
detection.

® O 5
TAM HPR LAM

LAM-specific {:}

polyclonal antibody B o
LAM-specific ” %0 ¢ 9 @
antibody | | ‘ [

Figure 1. Lateral flow assays for the detection of biomarkers associated with multiple disease types. (A) The rabbit anti-SP antibodies (primary antibodies) of a
lateral flow assay were immobilized on the sample line (orange), and the goat anti-rabbit antibodies (secondary antibodies) were immobilized on the control line (green). Rabbit
anti-SP antibodies conjugated with colloidal gold particles were fixed by fibrous support (yellow), but they were mobilized when fluid was introduced from the sample pad [65].
(B) An ELISA assay. (1) The urinary sample was added to the substrate coated with LAM-specific antibodies. (2) Mobilized particles were removed by washing with PBS (3)
Horseradish peroxidase (HRP) -conjugated LAM-specific rabbit polyclonal antibodies were applied to the substrate, followed by the removal of all mobilized particles with PBS.
(4) Tetramethylbenzidine (TMB) was added to the substrate. (5) The enzymatic reaction between TMB and HPR produced a colorimetric signal.
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Oligo-conjugated magnetic particles (MPs)

The messenger RNA of the known prostate
cancer antigen 3 (PCA3) gene is used as a biomarker
for detecting PC in urine samples. Early diagnosis of
PC is based on the detection of prostate-specific
antigen (PSA) in serum, but the PSA test lacks
specificity [81]. Therefore, PCA3 dominates the
detection of PC. Progensa PCA3 is a commercially
available kit that has the potential to detect PC in a
non-invasive manner [82].

The process is divided into three parts: target
messenger DNA capture, transcription-mediated
amplification (TMA ™), and amplification of target
RNA by amplicon detection [83]. Specific
oligonucleotides are hybridized to the target in whole
urine and captured on MPs. After magnetic
separation and washing procedures are completed,
the purified RNA is amplified by TMA. TMA uses
target exons 3 and 4 as primers. Moloney murine
leukemia virus reverse transcriptase and T7 RNA
polymerase was wused for amplification. The
luminescence produced by the hybridization probe
was quantified using a luminometer, and the results
were obtained. Progensa PCA3 test has moderate
sensitivity and specificity of 69% and 79% with urine
samples, which is much higher than the PSA serum
test (specificity: 28%) [83]. Compared with standard
gene amplification methods, the advantages of using
oligonucleotide-conjugated MPs for detection include
quantitative analysis and ease of handling, and the
use of whole urine can reduce the need for
pretreatment of urine samples [83].

PCR analysis

PCR-based methods can detect mutant DNA and
RNA genes in wurine samples to diagnose
corresponding diseases, such as BC [84] and PC [85].
Conventional PCR, qPCR, and hot-start PCR use
DNA as templates for replication, while RT-PCR and
RT-qPCR use RNA to transcribe complementary DNA
(cDNA) for use as a template. When mRNA, long
noncoding RNA, and small RNAs are involved,
reverse transcription will be carried out in a similar
way to transcribe cDNA using DNA-dependent DNA
polymerase. PCR has been used for many different
types of biomarkers detected in urine. For example,
the detection of CD44 gene abnormality (biomarker
reflecting cancer malignancy) through PCR-based
technology can achieve high sensitivity of 91% and a
specificity of 83% [86]. PCR-based methods can also
detect telomerase mutations in urine, such as the
somatic telomerase reverse transcriptase (TERT)
promoter mutations (biomarkers associated with
cancer recurrence), with an overall sensitivity of

80.5% and specificity 89.8% [87]. Currently, with the
development of high-throughput sequencing
methods, traditional PCR-based methods have lost
their dominance. However, it is still a convenient and
economical method compared to next-generation
technology. In the recent decade, advances in the area
of molecular techniques have led to the development
of modified techniques, such as dPCR [88]. In this
process, target DNA molecules are diluted to a single-
molecule level and distributed averagely in an
individual compartment before PCR amplification.
After amplification, dPCR can detect each
compartment with a mutation sequence according to
the fluorescent signal. It is more sensitive than qPCR
because it can focus on single nuclei molecules.
However, the precision of dPCR depends on the false-
positive rate, the ratio between mutant and non-
mutated sequence, and the analyzed compartment
numbers [89].

Droplet digital polymerase chain reaction
(ddPCR) is an improved form of PCR technology
based on the principle of dPCR. It can also be used to
detect cancer of the urinary system [90]. In ddPCR, the
targets DNAs are compartmentalized within
independent water droplets due to the surface tension
and shear force between the oil and aqueous phase.
The countless aqueous droplets (~20,000) are collected
for amplification. Subsequently, fluorescent signals
from each droplet will be detected [91]. ddPCR can
accurately determine the nuclei acids components and
can achieve sensitivity to the point of detecting one
allele frequency detection from 100,000 molecules
[92].

BEAMing is another modified dPCR based
method and can detect low cfDNA mutations of up to
0.01-0.02% [93]. During the process of BEAMing,
biotinylated oligos are first bound to streptavidin-
coated magnetic beads. The primer-bound beads are
then mixed with template DNA and an oil and
detergent mix to create microemulsions. The process
of separating single DNA works similarly as
compared to ddPCR. Following which, DNA
amplification will commerce, and the bead-bound
oligonucleotides serve as primers during the reaction.
Once the beads are released from the emulsion and
purified using a magnet, the fluorescently labeled
antibodies will label the hybridization probes for flow
cytometry detection [94].

NGS

NGS is a high-throughput method for the
detection of DNA and RNA mutations. As compared
to Sanger sequencing, NGS can detect multiple
samples and simultaneously provide large amounts of
genetic variation information. This facilitates the

http://lwww.thno.org



Theranostics 2020, Vol. 10, Issue 17

7880

parallel detection and analysis of multiple genes. In
studies involving the detection of fibroblast growth
factor receptor 3 (FGFR3) mutations from urine
samples of cancer patients, NGS was proven to be
much more sensitive than PCR-based methods for
detection [95].

The first NGS platform was commercially
available in the year 2005 (454 GenomeSequencer FLX
instrument, Roche Applied Science) [96]. The
operating principle of GenomeSequencer is based on
pyrophosphate  detection. Recent technological
advances improved the accuracy of detection
(99.997%) by increasing throughput to 700 Mb with a
higher read length of around 700 base pairs (bp). At
present, the company "Illumina" has also developed
sequencing platforms for RNA sequencing
(RNA-seq).

There are two other typical approaches for NGS
platform, one is based on sequencing by ligation, and
the other is based on ion semiconductor sequencing.
ABL SOLIiD system invented by Applied Biosystems
is based on the former method. Because different
fluorescent colors label each base, the error is reduced
during the sequencing process. The life technologies
newly developed ligand-based 5500x] W System can
even detect low-frequency variants in disease
research with accuracy up to 99.99% and can conduct
reliable RNA-seq.

However, NGS has been limited in terms of
usage in a larger population, as the reagents used in
the pyrosequencing process can be quite costly. Other
limitations of NGS are mainly focused on the
interference background signal, error rate of
amplification, and the potential incomplete chemical
reaction during amplification.

UroSEEK is an example of next-generation
sequencing for urine samples. UroSEEK is a massively
parallel sequencing-based assay consisting of three
components [97]. The first part of UroSEEK is called
UroSeqS, which can detect ten mutant genes (FGFR3,
TP53, CDKN2A, ERBB2, HRAS, KRAS, PIK3CA, MET,
VHL, and MLL) in urothelial tumors. On the other
hand, TERTSeqS can detect urethral epithelial cell
activation mutant TERT, while FatSeqS can detect
aneuploidy. UroSEEKs' overall sensitivity is 83%,
which is still much higher than standard cytology for
early BC detection. UroSEEK is also very specific
(93%), highlighting its potential in early BC detection.
Similarly, in the diagnosis of low-grade tumors,
UroSEEK detected 67% of low-grade tumors. Still,
none of them were detected by cytology, indicating
that UroSEEK dominates early BC and low-stage BC
detection. The specificity obtained when using
UroSEEK to test 188 healthy individuals was 99.5%.
UroSEEK has a moderate sensitivity of 75% when

applied to the surgically treated population, which
means UroSEEK has potential in relapse BC detection
[98].

Another example is Capp-Seq, which is a
high-throughput sequencing method for BC detection
and monitoring, using CfDNA from urine samples.
cfDNA can be extracted by a Q resin-based method
[99, 100], followed by mixing with the Q-sepharose
resin slurry and discarded after centrifugation. In the
early BC test cohort (<pT2), the sensitivity of the
CAPP-Seq test mutations (TERT and PLEKHS1) was
83%, which was much higher than the results of
cytology (14% sensitivity). CAPP-Seq also achieved a
high specificity of 97% (33/34). The sensitivity to the
pTa result was 77.5%. The effectiveness of CAPP-Seq
in monitoring BC recurrence was also tested. In the
mutation detection cohort, CAPP-Seq achieved 84%
high sensitivity and 96% specificity. If mutations in
the tissue were detected in the cohort in advance, the
sensitivity was 91%, and the specificity was 100%,
indicating that CAPP-Seq is highly accurate when
used to detect recurrence of BC.

For chemical-based biomarkers

Dipstick Urinalysis

For chemical-based biomarkers, dipstick
urinalysis provides a simple, rapid, and inexpensive
approach for screening. Still, since false positives and
false negatives may occur other tests are required to
confirm the results [53, 101]. Dipstick urinalysis has
been widely available commercially for clinical and
POC applications [102]. The working component
involves an absorbent pad infused with chemicals that
will react with specific urinary constituents such as
ketone, protein, and glucose. The reactions lead to
color changes that can signify abnormalities in the
levels of these constituents [101]. For example, the
presence of bilirubin or nitrite in the urine produces a
pink (azo dye) in the test strip, indicating liver disease
or bacterial infection [53, 103]. Ketones in the urine
can form a purple color on the test strip, which may
suggest the presence of type 1 diabetes [53]. Similarly,
the blue color formed in the test strip may indicate
renal insufficiency due to the detection of albumin
[101]. The time required to observe the colorimetric
intensity will be compared with the color code table
specified by the manufacturer.

For lipid biomarkers

ELISA

Tuberculosis (TB) is the leading cause of death
worldwide, with 10 million new cases reported each
year [104]. Chest radiology and sputum smear
microscopy are the most widely used diagnostic
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methods for cases in developing countries, accounting
for more than 90% of all TB cases worldwide.
However, these diagnostic techniques are often
unreliable or unavailable in areas with limited
resources, so there is a need to develop a rapid, easy-
to-use, and biomarker-based detection method [105].
Lipoarabinomannan (LAM) is the only TB
biomarker listed by WHO and can be detected in the
urine of TB-infected patients. To detect the presence of
LAM in the urine, "Clearview TB ELISA" is the
commercially available protocol based on the
sandwich ELISA (Figure 1B) [106]. The presence of
LAM in the sample will yield immobilized
horseradish peroxidase (HRP) conjugated
LAM-specific rabbit polyclonal antibodies, thereby
generating a colorimetric signal. The presence of other
underlying diseases can affect the sensitivity of the
assay. ELISA can achieve high specificity (97%), albeit
the overall sensitivity is low (14%). In patients
co-infected with TB and human immunodeficiency
virus (HIV), the specificity and sensitivity of the test
become different due to elevated levels of LAM found
in the urine of immunosuppressed patients. Among
HIV-positive patients, the sensitivity of ELISA is
higher (51%), but the specificity is lower (94 %) [105].

Upcoming technological advancements to
facilitate biomarker detection in urine

Traditional approaches to isolate biomarkers for
analysis include precipitation, filtration, and
centrifugation, and these methods are often subjected
to inherent drawbacks such as membrane clogging,
low throughput, and lack of automation [61].
Precipitation is one of the most common approaches
for particle isolation and is based on the solubility of
various substances in different solvents. Generally,
the substance with lower solubility will be
precipitated [107]. The resultant solid-liquid fractions
can then be separated by physical methods such as
filtration or centrifugation [108]. Filtration is the use of
membrane with well-defined pores (membrane filter)
or arrays with well-defined gap sizes (micro-array
filter). Particles larger than the pore size are retained
[109]. Centrifugation is the application of centrifugal
force generated by a rotor to separate substances with
different densities, and particles with higher densities
will sink relatively faster.

With the advancement of technology, new
methods are now actively screened to allow better
retrieval of biomarkers to enhance the sensitivity and
specificity of disease detection.

In the following sections, we detail the
incorporation of technological trends, such as
microfluidics and affinity binding assays that could
facilitate the enrichment of biomarkers for detection.

Microfluidics

Microfluidics is the manipulation of small
amounts of fluids in microscale channels. It can be
classified as an active system or a passive system.
Examples of active systems include acoustophoresis,
magnetophoresis, and dielectrophoresis, while
examples of passive systems include fluid dynamics,
gravity separation, and inertial microfluidics. Briefly,
acoustophoresis is a label-free method which applies
ultrasonic fields on the microchannel where particles
are focused either on the pressure node or the anti-
node, due to the size dependence of acoustic forces
[110]. Contrary to acoustophoresis, magnetophoresis
is a label-based approach of which specific targets
labelled by antibody-coated magnetic beads will be
immobilized or concentrated on designed outlets
under the external magnetic field to achieve the
isolation of specific labelled targets [111].
Dielectrophoresis is the use of non-uniform electric
fields, such that polarizable particles with permanent
or induced dipole within a microchannel will
experience a net force, leading to particle separation
[109]. Systems based on the principles of gravitational
separation allow particles with different sizes to be
separated as they experienced different accelerations
rates perpendicular to the direction of the
microchannel flow [112].

Due to the benefits of a microscale dimension,
such as a larger surface-area-to-volume ratio, many
physical phenomena such as laminar flow, Dean flow,
inertial focusing, and rapid diffusion, are more
apparent. They can be used for a wide variety of
applications [113]. These advancements revealed new
opportunities in the area of POC applications as well
as improved the feasibility of disease monitoring due
to the relatively low fabrication cost.

Inertial microfluidics

When Reynolds number is in the range of 1-100,
the inertial effect becomes significant [109]. The
inertial lift effect is the balance between shear-
gradient and wall-induced forces, allowing particles
to focus within a narrow path in a straight channel. If
a curvilinear channel is used, secondary inertial forces
such as counter-rotating vortices are formed by
centrifugal forces [114]. Because inertial focusing
effects depend on size, particles of different sizes
flowing through the channels would be focused at
different positions [61].

Recent studies have employed inertial
microfluidics to specifically separate EBCCs from
bladder wash urine [115]. Such techniques were
previously optimized for the detection of circulating
tumor cells (CTCs) from blood-based liquid biopsy
[116]. After a pre-processing step to remove larger
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impurities such as squamous epithelial cells (30-60
um) via filtration, the microfluidic device
concentrated and processed the samples at a rapid
rate of 1.7 ml/min to separate the target EBCCs (11-15
um). The device could be multiplexed to potentially
complete the enrichment of a 50 ml sample under 10
min. The device demonstrated high sensitivity (93.3 +
4.8%), and the cells collected remained viable.

Three dimensional (3D) traps for capture

Complex 3D microfluidic chips have been
designed for the detection of cancer cells and
exosomes. In recent studies, the integration of
functional trace elements is achieved through
colloidal self-assembly, which is called multi-scale
integration through design self-assembly [117]. As the
structure of the chip provided a large surface area for
interaction, near-surface hydrodynamic resistance
was decreased [118, 119]. Studies with spiked
standards suggested that the nano-HB chip
demonstrated a detection limit of 10 exosomes per pl.
Subsequent clinical screens were able to detect
markers for ovarian cancer, such as circulating
exosomal CD24 (100 fg ml™'), EpCAM (10 fg ml™), and
FRa (10 fg ml1), using only a small amount of plasma
(2 pl). Studies specifically on the use of urine-based
biopsy have also been reported, although more
studies were focused on the detection of common
analytes such as glucose, dopamine, and epinephrine
[120]. Although such microfluidic technologies can
achieve low detection limits, the fabrication of
patterns is complicated and expensive [117, 121].

Deterministic lateral displacement (DLD) devices

Microfluidic devices based on the principles of
DLD have been developed for the separation of CTCs,
blood cells, parasites, and bacteria [122-124]. In a
recent study, to expand the range of applications, the
technology was manufactured at the nanoscale and
used to sort exosomes. In this technique, parameters
such as the row-to-row shift, §, pillar pitch, A, pillar
gap size, post-gap (G), and maximum displacement
angle, Omax (0<0<Omax) determined the flow of particles
downstream (Figure 2A). Displaced particles moved
towards the collection wall along the length of the
array. For a given G, ranging from 25 nm to 235 nm,
particles with various Dp performed different 6,
allowing the sorting of particles with sizes from 20 nm
to 110 nm. Comparable displacement distribution was
displayed with the detection of exosomes from 10 pL
human wurine [123]. Despite the sensitivity of
detection, DLD has not been widely used in clinical
applications, due to the intricate fabrication patterns
required.

Nanowire-based microfluidics

Nanowire electrodes or sensor arrays have been
designed for the detection of biomarkers from serum
for cancer detection [125]. Recent studies suggested
that ZnO nanowire-based methodology can be used
to collect urinary EVs, with an estimated collection
efficiency of 99% (Figure 2B) [126] and miRNA
encapsulated in EVs will be extracted for further
analysis. Urine was injected into the device through
the inlet, and the anchored nanowires collected EVs
from the wurine sample based on electrostatic
interactions between positively charged nanowires
and negatively charged wurinary EVs. Detection
efficiency was > 99%, demonstrating superior
sensitivity as compared to standards of EV isolation,
such as centrifugation.

Integrated POC systems

A  microfluidic system that combines the
isolation, characterization, and quantification steps
into a single platform is essential to POC applications
[127]. In recent studies, an integrated microfluidic
device was used to carry out isolation, enrichment
and quantification of urinary cells and EVs from BC
patients simultaneously, through a double-filtration
approach (pore size of 200 nm and 30 nm) [43]. The
captured urinary EVs were analysed in situ by on-chip
ELISA. The colours generated from the ELISA assay
could be captured by an application on the phone,
providing a relative quantification of EV
concentration based on colour intensity. The double-
filtration device reported a high sensitivity of 81.3%
and specificity of 90%, based on a cohort of BC
patients and healthy controls. Relatively large sample
volumes (8 ml) could be handled under continuous
flow, subject to the potential biofouling of membrane
pores. Another study combined microfiltration and
microchip enzyme-linked immunosorbent assay
(ELISA) methods to collect EBCCs for BC detection.
The device reported a sensitivity of 77.1% and a
specificity of 90% [128]. Overall, even though some of
these microfluidic-based techniques can achieve high
separation efficiency, certain parameters such as the
use of external fields may lead to low throughput. For
example, an increase in flow rate will decrease the
time for the biosensor to recognize its targets [113].
The fabrication of some microfluidic devices may also
require higher costs due to the complex geometries
required [61, 129].

Fluorescence-based Analysis

Fluorescence detection is one of the most
powerful approaches for biochemical detection. For
example, it has been integrated with Western blot and
ELISA to detect specific binding between antibody
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and receptors [130]. However, for the detection of
complex samples such as urine, other components
will also emit fluorescence when the fluorescent label
is excited, resulting in high background noise.
Recently, long persistent phosphors (LPPs) had been
successfully applied to fluorescent biosensors to
achieve a higher signal-to-noise ratio. As compared to
conventional phosphors, long persistent (or
afterglow) phosphors can emit visible, near-infrared,
or UV light for a much longer duration after the
cessation of the light excitation [131]. Here, we discuss
some of the successful examples of utilizing LPPs for
biomarker detection in the following section.

LPPs combined with photonic crystal substrate

An optical sensor using photonic crystals as a
substrate was developed to detect BC-related
miRNA-21 in urine [132]. Briefly, the long persistent
phosphors' nanoparticles (LPPNs) were added to
single-stranded DNAs (cDNAs) that are fully
complementary to miRNA-21, followed by the partial

hybridization with back-hole-quencher-label DNAs
(BHQ-DNAsS). The fluorescence was quenched due to
the FRET between LPPNs and BHQ dyes. When the
miRNA-21 (target) was presented, BHQ-DNAs would
be detached from cDNAs because of the higher
binding affinity of miRNA-21 compared to BHQ-
DNAs. Therefore, the fluorescence of LPPNs was
restored as the removal of BHQ-DNAs. After the
excitation is stopped, the fluorescence of LPPNs can
be retained, and the autofluorescence emitted by
other biomolecules will quickly decay, thereby
reducing the background noise. Besides, since the
photonic crystal substrate can reflect light with a peak
wavelength near LPPN 535 nm, the light emitted by
LPPNs will not be transmitted to the photonic crystal
substrate, so the emitted light is maximized, thereby
improving detection sensitivity (Figure 3A). In this
study, a detection limit of 26.3 fM was reported, and
at least 97.33% of the known miRNA-21 concentration
can be recovered.
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Figure 2. Microfluidics to facilitate the detection of biomarkers from a urine-based liquid biopsy. (A) In a DLD device, particles move either in a transverse mode
(orange) or bumping mode (green), as shown. The diameter of particles and nominal critical diameter is characterized as Dp and Dc, respectively. When Dp < Dc, particles follow
the laminar flow in a zigzag mode (6 = 0, orange), while for Dp 2 Dc, particles follow a bumping mode (8 = Bmax, green). (B) In the nanowire-anchored microfluidic device,
untreated urine samples are injected into the inlet of the device, the EVs in urine samples were captured by anchored ZnO nanowires based on electrostatic interactions. At the
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Figure 3. Assays based on the fluorescence-based analysis. (A) In an optical sensor using long persistent phosphors (LPPs) and photonic crystals as a substrate, signal
enhancement via photonic crystals substrate minimizes transmitted light, resulting in the enhancement of reflected luminescent signal. The light emitted by the LPPN penetrates
the substrate (blue) without photonic crystals but cannot penetrate the substrate in the presence of photonic crystals (grey). (B) In a procedure based on the use of
renal-clearable catalytic gold nanoclusters, tumor-associated proteases cleave the peptide linker between the gold nanoparticle complex and neutral avidin. The presence of
AuNC:s is tested by adding hydrogen peroxide and 3,3',5,5’-tetramethylbenzidine (TMB) to the urine as AuNCs catalyse the reaction between hydrogen peroxide and TMB. The
blue colour produced indicates the presence of AuNCs found in urine (cancer presence).
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LPP semiconducting nano-polycomplex sensor

In addition to miRNA, LPP is also successfully
applied for urinary exosome detection to achieve low
background noise. A research team has developed an
afterglow semiconductor polymer nanocomposite
(ASPNC), which is synthesized by electrostatic
attraction between afterglow semiconductor polymer
nanoparticles (LPP probes) and aptamers labelled
with quenchers [130]. The fluorescent signal of
ASPNC was quenched because of the close distance
between aptamers' quenchers and the
nanocomplexes. Due to the high binding affinity of
knockout aptamers, they will interact with specific
targets on exosomes (CD36, EpCAM, HER2, and
MUC1), thereby increasing quenching in the presence
of targeted exosomes (HelLa exosomes). The
fluorescent signal would be turned on due to the
increase in the distance between aptamers' quenchers
and nanoparticles. The fluorescent signal remained
due to its afterglow nature, and thus the signal could
be detected after excitation, thereby minimizing the
background noise generated by impurities. In the
detection of exosomes in cell cultural medium, their
experiment demonstrated the decrease in the limit of
detection (LOD) nearly two orders of magnitudes
compared to conventional fluorescent detections
previously. Although the aptamer sequences of
ASPNC can be easily altered to achieve high flexibility
for different targets, the selection of accurate
sequences is challenging [130, 132].

Renal clearable catalytic gold nanocluster

The biodistribution of proteins within the human
body depends on the hydrodynamic diameters of
proteins. For renal filtration, the diameter of proteins
smaller than 5 nm will be excreted by urine rapidly,
while the proteins with larger than 15 nm will be
prevented by renal filtration [133]. By capitalizing on
these differences, a simplistic but innovative
technology for cancer detection with urine-based
liquid biopsy was designed [134]. In this study, the
team designed a complex made of neutravidin
peptide-linked with ultra-small gold nanoclusters
(AuNCs). The peptide linker could be cut by a
protease named matrix metalloproteinases (MMPs),
which is a biomarker released by some types of
tumors such as colon cancer (Figure 3B). In the
presence of MMP, AuNCs less than 5 nm will be
released from the urine within one hour. However, in
the absence of tumors, large AuNCs complexes
(approximately 11 nm) cannot be transferred to the
kidney system within an hour. As a proof of concept,
the complexes were injected into mice with and
without tumors, respectively. Within an hour, the

blue color in urine produced by cancer-bearing mice
could be observed, while no color change was
observed in wurine produced by healthy mice.
Similarly, the complex and AuNCs not found within
four weeks after injection indicate that the body has
cleared it. Hence there were no reports of toxicity.
Although this study demonstrated great potential for
cancer detection, more research is needed due to the
involvement of complicated physiological conditions
in humans [134].

Discussion

Future involvement of microfluidics for disease
detection

Cell separation methods based on conventional
antibodies can achieve high specificity and sensitivity.
Nonetheless, they are still limited by the high cost of
antibodies and the possible damage to the target
during the labeling process [114, 135]. Due to these
factors, many label-free microfluidic methods have
been developed in the past decade, such as pinched
flow fractionation, DLD, hydrodynamic filtration, and
inertial microfluidics [109, 114]. Among them, inertial
microfluidics is one of the most promising techniques
for cell-based detection, and several applications in
disease detection have already been demonstrated
[136-138]. However, for the detection of nanoscale
biomarkers such as EVs, RNA, and DNA, other
principles such as nanofabricated microfluidic devices
or fluorescence-based analysis may be more
applicable [139].

The role of artificial intelligence in POC
applications

Clinical outcomes obtained by observations are
subject to personal perception, which may lead to
biased or inaccurate assessments [140]. In the modern
age, many people are equipped with portable digital
technology such as smartphones that come
high-resolution cameras, processors, and scanners.
These components have been used for POC urine
diagnosis to avoid colorimetric misinterpretation,
thereby increasing sensitivity and specificity [140,
141]. However, the lack of colorimetric consistency
between different mobile phone models remains a key
challenge to be solved [142, 143]. Using external
accessories of smartphones for detection to unify
standards may be one of the solutions to this problem
[143]. However, at this point, a limited number of
phone models can support these applications, and the
external accessories also come with additional costs
[144]. Despite these limitations, artificial intelligence
through portable digital technology is expected to
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play an important role in the future development of
POC tests for urine-based liquid biopsies.

Abbreviations

Table A: List of Abbreviations

EBCCs Exfoliated bladder cancer cells
cfDNA Cell-free DNA

EVs Extracellular vesicles

WBC White blood cells

RBC Red blood cells

CcC Colorectal cancer

BC Bladder cancer

PC Prostate cancer

FISH Fluorescence in-situ hybridization
ELISA Enzyme-linked immunosorbent assay
PCR Polymerase chain reaction

qPCR Real-time polymerase chain reaction
dPCR Digital polymerase chain reaction

NGSs Next gene sequencing

FGFR3 Fibroblast growth factor receptor 3

NSCLC Non-small cell lung cancer

EBV Epstein-Barr virus

miRNA MicroRNA

LFA Lateral flow assays

SP Streptococcus pneumonia

NMP22 Nuclear matrix protein 22

POC Point-of-care

FDA Food and Drug Administration

BTA Bladder Tumor Antigen

BinaxNOW-SP BinaxXNOW urine-based test for S. pneumoniae

MPs Magnetic particles

PCA3 Prostate cancer antigen 3

PSA Prostate-specific antigen

TERT Telomerase reverse transcriptase

cDNA Complementary DNA

ddPCR Droplet digital polymerase chain reaction

RNA-seq RNA sequencing

TB Tuberculosis

LAM Lipoarabinomannan

HIV Human immunodeficiency virus

CTCs Circulating tumor cells

3D Three dimensional

DLD Deterministic lateral displacement

LPPs Long persistent phosphors

LPPNs Long persistent phosphors' nanoparticles

cDNAs Single-stranded DNAs

BHQ-DNAs Back-hole-quencher-label DNAs

ASPNC Afterglow semiconductor polymer
nanocomposite

AuNCs Gold nanoclusters

MMPs Matrix metalloproteinases

LOD Limit of detection
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