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Abstract

Non-coding RNAs (ncRNAS) participate in regulation of gene expression, and are highly relevant
to pathological development. They are found to be stably present in diverse body fluids, including
those in the circulatory system, which can be sampled non-invasively for clinical tests. Thus,
circulating ncRNAs have great potential to be disease biomarkers. However, tremendous efforts
are desired to discover and utilize ncRNAs as biomarkers in clinical diagnosis, calling for
technological advancement in analysis of circulating ncRNAs in biospecimens. Hence, this review
summarizes the recent developments in this area, highlighting the works devoted to cancer
diagnosis and prognosis. Three main directions are focused: 1) Extraction and purification of
ncRNAs from body fluids; 2) Quantification of the purified circulating ncRNAs; and 3)
Microfluidic platforms for integration of both steps to enable point-of-care diagnostics. These
technologies have laid a solid foundation to move forward the applications of circulating ncRNAs
in disease diagnosis and cure.
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1. Introduction

Cancer has unquestionably been a great health challenge to the entire society due to its
destructive effects and very poor survival rates [1]. Early detection is one of the key factors
to improve cancer survival; and prompt monitoring of cancer progression and response to
therapy are also imperative to achieve promising therapeutic outcomes [2]. The conventional
approaches in cancer diagnosis and prognasis rely on biopsy procedures to collect tissues
and analyze the pathological signals displayed by the samples. However, biopsy is invasive
to patients, and some tumors are not easily accessible, not to mention the long and complex
protocols needed to analyze the solid tissues [3]. Hence, patients will be greatly benefited if
tumors can be located at an early stage with minimal invasion and monitored in a timely
manner during disease progression and treatment. Such benefits are likely obtained by the
promising approach termed liquid biopsy.

Liquid biopsy collects biofluids, including blood, urine, saliva, breast milk, cerebrospinal,
synovial, serous and amniotic fluids, which are relatively easy to be sampled compared to
solid tissues in a cost-effective and non-invasive manner [4]. These biofluids have been
proven to contain promising markers for cancer diagnosis, prognosis and treatment
supervision, such as circulating tumor cells (CTC), extracellular vesicles (EVs), proteins,
and cell-free nucleic acids (cfDNA, miRNA, long non-coding RNA) (Figure 1) [5-8]. In
addition, biofluids could carry molecules related to cancer metastasis, one of the major
causes tied to cancer-related deaths and its progression, which could be secreted by tumor
cells to help with cancer dissemination and vascular invasion; and participate in
extravasation into a secondary site, to finally induce metastatic colonization [9, 10].
Identification of such molecules by liquid biopsy could help recognize the potential of
metastasis for applications of early intervention.

Among all molecules identified by liquid biopsy, non-coding RNAs, including microRNAS,
PIWI-interacting RNAs, small nucleolar RNAs, long non-coding RNAs, etc., have attracted
tremendous attention. Although with limited or no protein-coding potential, non-coding
RNAs (ncRNAs) are transcribed from an overwhelming majority of the mammalian genome.
ncRNAs that can be found in biofluids such as plasma and urine are defined as circulating
ncRNAs, which are processed by parent cells, released into the extracellular space and then
circulated into biofluids (Figure 2) [11-13]. Despite the ubiquitous presence of
ribonucleases (RNases) in circulation, circulating ncRNAs display remarkable resistance to
degradation and are present at consistent concentrations with sufficient integrity. Several
models for robust stability and biogenesis have been proposed. Attachment to RNA-binding
proteins or high-density lipoproteins and encapsulation within EVs are considered three
important ways that safeguard ncRNAs from degradation [14-16].

ncRNAs are of crucial functional importance and contribute to the development of various
human disorders and diseases, including cancers [17, 18]. For example, two ncRNA
categories have been widely studied for their functions in cancer diagnosis and prognosis:
long non-coding RNAs (IncRNA) and microRNAs (miRNA) have greatly inspired scientific
interest in cancer research. INCRNAs are RNA transcripts of 200 nucleotides or greater in
length and play fundamental roles in all levels of gene expression, including epigenetic,
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transcriptional and post-transcriptional regulation [19-21]. Analogous to protein-coding
oncogenes, various INCRNAs are differentially expressed in various types of cancer and can
activate cellular pathways that lead to tumorigenesis, tumor progression, and metastasis, if
their expression is dysregulated. The dysregulation can be observed not only at the
intracellular/tissue levels but also at the levels in extracellular body fluids. The potential
usage of IncRNAs as circulating biomarkers for cancer diagnosis, prognosis and therapy
have recently been demonstrated [11, 22-25].

miRNAs are a class of endogenous, non-coding, single-stranded, small RNAs (< 200 nt) of
19-25 nucleotides. Different from IncRNAs, miRNAs regulate gene expression just at the
post-transcriptional level by guiding the RNA-induced silencing complex to the miRNA
target sites in the 3’ untranslated region of mMRNA, which leads to mRNA degradation or
translation inhibition [26]. Increasing evidence has been found about their key roles in
controlling a variety of biological processes, such as cell cycle and differentiation,
development and metabolism [27-30]. The abnormal expression profiles of miRNAs are
highly associated with human disease progression, including cancer [31-34]. There are
research findings that suggest uptake of circulating miRNAs could lead to modulation of cell
proliferation/apoptosis, angiogenesis, tumor cell invasion and cell-cell communication,
indicating tight association with various pathological conditions [35-38].

Both their biological functions and stable presence in body fluids make circulating ncRNAs
promising biomarkers for early diagnosis, prognosis, and prediction of cancer [39-47]. In
recent years, rapid technological advances have been obtained in biofluid sampling and
ncRNA profiling. These advancements have led to the discovery of more ncRNA-based
markers, facilitating understanding of their functions in cancer development and progression
[48-50]. Still, to eventually improve cancer diagnosis and thus patient survival rates,
significant technological advancements are needed to overcome the challenges in analysis of
circulating ncRNAs. These challenges are mainly stemmed from the diverse forms of body
fluids and the highly diluted concentrations of ncRNAs in the fluids. For clinical
applications, the detection methods of ncRNAs should also provide high sensitivity,
accuracy and precision; and be rapid and deployable under typical clinical settings with low
sample consumption. Herein, this work reviews recent advancements in isolation and
detection of circulating ncRNAs (mainly IncRNAs and miRNAs) present in body fluids; and
highlight the developments of point-of-care diagnostics based on ncRNAs. By illuminating
the current state-of-the-art technologies available in the field, we hope to identify the
emerging needs to promote further development and utilization of circulating RNAs as
disease markers.

2. Extraction and purification of circulating ncRNAs from biological

samples

The first barrier to overcome in utilizing circulating ncRNAs as biomarkers is their direct
sampling from body fluids, which are sophisticated in nature and inundated with large
numbers of biomolecules and cells. What further exacerbates this issue is the fact that
circulating ncRNAs tend to be encapsulated in EVs, or attached to lipids and proteins [51].
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Therefore, prior to analysis, an extraction step is usually required to release the ncRNAs
from their carriers and remove the impurities, so that the detection assays can be carried out
with reduced interferences, enhanced performance, and improved reproducibility. This step
is also needed to collect adequate amounts of ncRNAs for downstream profiling, which
would require a large sample volume to afford an appreciable yield, making this matter even
more complicated.

To date, several strategies to extract and purify circulating ncRNAs have been formulated to
overcome the aforementioned challenges. In this section, we review the common approaches
of liquid-liquid extraction (LLE) and solid phase extraction (SPE) employed for extraction
of circulating ncRNAS, and the recent progress in development of new materials to address
the challenges in the field. Both matured (i.e. methods using commercial kits) and
contemporary extraction methods (i.e. those reported by individual research labs) are
included. Each technique has its advantages and disadvantages that need to be weighed in
consideration. In the end, the favored sample preparation method depends largely on the
amount of precious sample on hand, the achievable recovery desired, and the project budget.

2.1 Liquid-liquid extractions (LLE)

Liquid-liquid extractions (LLE) have been widely employed to isolate RNAs, because the
procedure of LLE is straightforward, it does not require sophisticated equipment to perform,
operates at low expense with low technical demand, and a large number of solvents can be
selected. Moreover, the solvents employed can disrupt the structures of ncRNA carriers like
EVs and lipoproteins for recovery of total ncRNAs. By far, two main categories of solvents
have been employed for extraction of nucleic acids: organic solvents and ionic liquids.

2.1.1 LLE with conventional organic solvents—Organic LLE relies on phase
separation to achieve RNA isolation from a dirty sample matrix. The chosen solvents should
simultaneously separate and release nucleic acids from hydrophobic cellular content by
virtue of polarity. The most well-known solvent system is the mixture of phenol-chloroform.
Chloroform is immiscible with water, and the phenol-chloroform phase is easily separated
from the aqueous phase. The negatively charged backbone of nucleic acids partitions them
into the aqueous phase, while hydrophobic contaminants, such as proteins and lipids,
partition into the organic phase. Phenol and chloroform can respectively denature proteins
and dissolve lipids, liberating any protein- or lipid-bound nucleic acids into the aqueous
phase [52, 53]. The DNAs and RNAs can be further sorted by adjusting the pH — both DNASs
and RNAs will remain in the aqueous layer under neutral conditions, but DNAs will
partition into the organic layer at acidic pH (4-6) [52, 54-56], allowing collection of the
total RNAs from the aqueous layer by alcohol precipitation.

To improve the consistency in nucleic acid extraction, the commercialized version of phenol-
chloroform extraction [57], called the TRIzol reagent [58] has been developed. In addition to
phenol and chloroform, TRIzol contains guanidinium thiocyanate, a common chaotropic
agent, to further increase the denaturing strength on the more tightly protein-bound and EV-
encapsulated RNAs [52]. It is one of the most common approaches taken by research groups
to obtain circulating ncRNAs for genomic profiling. For example, Kim et a/. [59] isolated
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miR-16 and miR-223 from healthy human plasma and quantified their recoveries by gPCR.
It was found that their recovery depended on the sample matrix and anticoagulant used. In
the case of plasma, post-treatment with NaF/KOx further increased the recovery of miR-16,
but did not work well for miR-223, the recovery of which was 500 times lower and much
less reproducible.

Sourvinou and colleagues [60] tested the recovery of the endogenous miR-16, miR-21, and
the spiked ceFmiR-39 from the plasma samples taken from healthy individuals and
carcinoma patients. They compared the recovery obtained by TRIzol LS Reagent and several
commercial extraction kits that combine the advantages of organic and solid-phase
extractions; and found that the tested kits gave higher percentage yields and reproducibility
than a standard LLE protocol with TRIzol LS Reagent. It was also noted in their work that
the method of blood collection and storage temperatures were critical factors to RNA
recovery.

More recently, colorectal cancer biomarkers were investigated by Dong et a/. [61] to help
unlock their diagnostic value. Particularly, they extracted total RNAs from several types of
circulating extracellular cargo, including apoptotic bodies, microvesicles, and exosomes, in
both healthy and patient sera using TRIzol and examined the differential expression of
interesting INcRNAs and mRNAs by gPCR. They reported was that, of the RNA carriers
studied, exosomes were the most abundant source of all measured IncRNAs.

2.1.2 LLE with ionic liquids—Ionic liquids (ILs) are an emerging solvent system used
to improve LLE of nucleic acids while also being less toxic than most organic solvents [62].
ILs are organic molten salts with melting points of 100 °C or less. They have versatile
physical properties, including tunable viscosity, thermal and chemical stability, and near all-
purpose solvation power [62]. The physical properties of ILs can also be altered based on the
identity of the cation and anion [63]. The anion generally characterizes the melting point of
the solvent system, and both cation and anion determine the miscibility in aqueous systems
[64]. More importantly, the selected cation is the essential driving force in nucleic acid
extractions since it electrostatically interacts with the negatively charged phosphate
backbone. Further optimization of the cation structure can lead to an IL of high extraction
efficiency and specific for ssDNA [65].

Anderson and his research group have been pioneering applications of ILs in nucleic acid
extraction. They initially investigated the factors that enable optimal IL performance in LLE
(Figure 3A) [62]. They synthesized and tested six ILs, holding the organic anion constant
while changing the identity of the cation. The DNA solution and prepared IL were
essentially mixed together and a metathesis reagent was added to induce phase separation. It
was found that extending the alkyl chain length of the cation and adding hydroxyl handles
enhanced the recovery, with extraction efficiencies higher than 97%, even in mock biological
samples spiked with albumin and metal ions. More importantly, this preconcentration
method is also rapid in demanding only 5 minutes of extraction under favorable conditions.

In order to reduce liquid handling, this group continued to test nucleic acid extraction with
magnetic ILs (MIL) for nucleic acid extraction (Figure 3B) [66]. The magnetic property
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stems from the ferric-centered complex anions, and allows direct user control of material
transfer with an external magnet. Their initial attempt has showed that the MIL approach is
capable of recovering PCR-amplifiable plasmid DNA from processed cell lysates with no
apparent wash steps required. Recently, the group has developed a new series of MILs
focused around the trihexyl(tetradecyl)phosphonium cation, [Pg,6.6,147], With different
metal-ligand anions. One Ni-centered MIL, [Pg,6.6.141[Ni(hfacac)3”], was found to be
gPCR-friendly and can be used directly in the amplification mixture without inhibiting the
reaction [65]. The extraction itself requires only 0.3-6 uL of MIL (compared to 20 L in
earlier stages of MIL development) and 10 minutes of sample binding to achieve an
amplification efficiency of 91.1%. The other metal centers of the anion component studied
were Co, Mn, and Dy, and each required additives, such as EDTA, b, Mg2*, or extra SYBR
Green 1, to be suitable for gPCR use.

In general, the downside of conventional LLE methods is that they require a rather large
sample volume input, ranging anywhere from 0.2 to 1 mL, in order to provide enough
detectable analyte. The toxicity of organic solvents may also compromise the quality of
extracted products. Moreover, LLE can be very tedious and irreproducible, and is generally
coupled with commercial kits to maximize the yield. IL-based extractions partially amend
these problems and have proven to be much more functional in their use. However, most of
the IL systems reviewed have yet to be demonstrated on RNA extraction from body fluids
like serum and plasma. As ILs await successful application on circulating ncRNAs, they
have thus far paved the groundwork for tougher challenges and are currently regarded as a
developing trend in this field.

2.2 Solid phase-based extractions (SPE)

Compared to LLE, solid phase extraction (SPE) provides several advantages like the
simplified procedure, reduced labor, and decreased sample and solvent consumption. In this
type of extraction, nucleic acids are concentrated onto a solid phase, typically a silica
support, by using a binding buffer that provides the optimal pH and salt conditions for silica-
analyte interaction. Under an acidic pH [67], nucleic acids will bind tightly to silica through
proton or salt bridges; and an alkaline pH [68] will release them because of electrostatic
repulsion of the ionized silanol groups and the phosphate backbone. Water can also be the
elution solvent because it contains no salt to bridge the nucleic acid-silica binding. This sort
of sorption/desorption mechanism is the most established mode of action for many spin
column-based extraction kits. After nucleic acid adsorption, the column can be rinsed with a
wash buffer to remove the impurities in samples. Because of their good performance and
easy handling, many commercial kits have been developed based on SPE, while progress
continues to be made in research labs for improved performance.

2.2.1 Commercial SPE kits—Commercialized kits are thoroughly optimized products
that boast a level of guaranteed quality and safe sample preparation, and make nucleic acid
isolation common practice for many labs. Most kits utilize spin columns packed with
sorbent, typically silica powder or glass beads, to purify nucleic acids.
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The quality of extracted products and recovery of commercial kits, like the miRNeasy® and
the mMiIRCURY ™ Kkit, were tested by many groups. El-Khoury et al. [69] focused on how
influential the isolation method and volume input were in recovering several select miRNAs:
miR-106a, miR-222, miR-16 and miR-223. In both human plasma and circulating exosomes,
the miRNeasy® kit recovered consistently more than miRCURY ™ across all tested
miRNAs. In particular, miRNeasy® recovered significantly better (P < 0.001) than
miRCURY ™ with the input plasma volume between 50-200 LL, but experienced some
column saturation when tending towards 200 pL.

miRNeasy® was also employed by Rubio ef a/. [70] to extract RNAs from the plasma
samples of recent postpartum mothers. An average of 81.14 ng/mL total RNAs were
recovered from 3 mL of plasma, which was 50 times less than the amount found in 1 mL of
processed breast milk with the same kit and protocol. Various RNA subclasses, like miRNA,
SnoRNA, snRNA, IncRNA, and piRNA were found in the total recovered plasma RNAs, and
potential biomarkers indicative of postpartum diseases may be found from all these different
groups of RNAs.

Extraction of RNA from blood, a more complicated matrix than plasma, using various
commercial kits was compared by Héantzsch et al. [71]. The purpose of the work was to
examine both mRNA and miRNA signatures of acute myocardial infarction patients enrolled
in the small scale LIFE study. Blood collection was performed via either PAXgene® Blood
RNA Tubes or Tempus™ Blood RNA Tubes, with the former processing lasting for 2 hours
at room temperature and the latter in 30 minutes on ice.

Extraction processing was compared among several manual (the Norgen Preserved Blood
RNA Purification Kit 1) or semi-automatic kits (QIAsymphony® PAXgene® Blood RNA
Kit, or MagMAX™ for Stabilized Blood Tubes RNA Isolation Kit). While the PAXgene®
and Norgen Kits are spin column-based extractions, the MagMAX™ Kkit’s working principle
is through magnetic separation. The total assay time ranges from 2.5 to 3.5 hours for 24
samples.

Taken together, the combination of time, blood collection and assay processing has a
profound effect on the RNA yield. For example, total RNA yields were found to be 30%
higher, on average, using Tempus™ Blood RNA Tubes than PAXgene® Blood RNA Tubes
for blood collection [71]. It was also reported that blood collection with the PAXgene®
tubes in conjunction with the Norgen 11 Kit for extraction resulted in higher mMRNA
recoveries but lower for miRNA. Intriguingly, the study found no significant differences
between manual and semi-automated processing, although the obvious advantage of semi-
automation is the elimination of sample bias and reduced bench labor.

The Maxwell® RSC miRNA Tissue Kit from Promega is another semi-automated kit that
isolates nucleic acids through proprietary buffers and paramagnetic particles. Despite its
name, the kit can interestingly be employed to extract ncRNAs from biofluids. Mensah and
Borzi [72] established a consistent protocol using this kit to collect, extract and quantify
total plasma RNAs from smokers of 50-75 years old. Specific miRNA markers for lung
cancer were detected using homemade qPCR microfluidic cards.
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Overall, the work of these authors demonstrated that the recovery and quality of circulating
RNA extracted from biofluids can still vary depending on the kit used. These innate
variances could be attributed to difference in extraction materials and buffer composition
which are proprietary information not available to users, and also to personal adjustments or
modifications to the recommended protocol. The degree to which these kits differ can
apparently have very consequential impacts on RNA recovery and quality, eventually
affecting the results of profiling circulating ncRNAs.

2.2.2 lonic liquid-based solid-phase microextraction (SPME)—In the
consideration of minimizing sample consumption and streamlining the work flow from RNA
extraction to gPCR analysis, solid-phase microextraction (SPME) using the polymeric ILs
(PIL) as the coating of a polyacrylate sorbent fiber has been explored by the Anderson group
[73, 74]. In principle, the binding mechanism is still based off backbone-cation attractions,
except that the cations here are immobilized on the fiber substrate, which provides a
concentrated locale for nucleic acid recruitment (Figure 3C). To increase specific recovery
of mRNA, the surface of the fiber was modified with dT,q to allow mRNA docking through
the poly-A tail [73]. Desorption via ion-exchange was easily induced by immersion in 500
mM to 1 M NaCl for 30 minutes. The extracted RNA was suitable for downstream RT-gPCR
analysis, showing amplification efficiencies of 100% or higher [74].

The PIL-coated fibers offer some very attractive features: they are portable, renewable, and
can be chemically restored by immersion in 2 M NacCl for 20 minutes. It was demonstrated
that such fibers were capable of handling extractions in crude cell lysates and mock food
samples containing FeCls and CaCl,. It would be of great interest to see if further
development and optimization can lead to direct sampling of circulating ncRNAs followed
by RT-gPCR quantification. Still, the ultralow concentration of the circulating ncRNAs
could present a big challenge in extracting a quantifiable amount by this SPME method and
in how trace amounts of metal ions and the IL matrix would affect the stability of short
NcRNAs, like miRNAs.

2.3 Nanomaterial-assisted extractions

Despite of the wide usage of commercial SPE Kits, new materials need to be developed to
further improve extraction recovery, reduce sample consumption, and shorten sample
processing. Such developments are extremely important in order to meet the challenges
faced by analysis of circulating ncRNAs: low concentrations and highly complex matrices of
biofluids. Nanomaterials, because of their ultra-high surface area-to-volume ratios that
greatly increase adsorption efficiency, have been widely explored for their utility in
extraction of nucleic acids [75]. Their unique physiochemical properties could also be
important factors for enhancement of nucleic acid recovery. For example, transition metal-
based nanomaterials have repeatedly been demonstrated to bind prodigiously to both DNA
and RNA species with high affinity under favorable conditions created by pH or salt
concentrations [76]. The metals exposed on the surface of such nanomaterials could
coordinate with the phosphate backbone; or attract nucleic acids via electrostatic interaction
[77]. Additionally, with proper selection of the buffer conditions, nanomaterials allow
controllable release of bound ligands [78], and even permit discrimination of dsDNA from
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ssDNA [79]. These outstanding characteristics render nanomaterials highly valuable for
extraction of low abundance ncRNAs from biofluids.

2.3.1 lIron oxide nanoparticles—Iron oxide nanoparticles are among the most
commonly explored nanomaterials for biomolecule enrichment, including nucleic acids,
because of their magnetic properties, easy preparation, and wide availability. The iron oxide
nanoparticles used in nucleic acid extraction are typically formed by coating an iron core
surrounded with a silica shell, which could be used directly for nucleic acid binding, or be
modified to facilitate extraction via other mechanisms. For instance, Xu et a/. functionalized
their magnetic nanoparticles with carboxylic acids, which can form protein coronas through
simple adsorption and aggregate in biofluids (Figure 4A) [80]. The aggregation enabled
quick enrichment of circulating protein-bound miRNA and exosomes, both of which can be
readily isolated and quantified. Our lab has also employed silica magnetic particles for on-
chip extraction and amplification of small RNAs [81]. In our case, the silica magnetic
particles served as a solid support for direct nucleic acid binding, after which they were
magnetically maneuvered through a series of wells on a homemade chip containing wash
buffers, eluate, and RT-PCR amplification mix.

2.3.2 Titania nanofibers—Titanium is another transition metal that has previously
shown great potential in isolating phosphorylated proteins and nucleic acids. Zhang et al.
[82] demonstrated that TiO, nanoparticles could tightly bind to DNA under very acidic
conditions (pH 2). This is a result of titania’s pK, being ~ 4.2. At pH 2, the metal surface is
positively charged and can interact electrostatically with the negative phosphate backbone.

Fibers, however, possess a long morphology that endows a larger surface area than particles
for nucleic acid adsorption (Figure 4B). Our lab developed the TiO, nanofibers [83], which
were fabricated by electrospinning [84], for the extraction of miRNAs from biological
samples, like serum and cell lysates. miRNAs are more challenging to extract than long
mRNAs and INcRNAs due to their short lengths. Using a judiciously constructed binding
buffer comprised mainly of guanidine and a series of ethanol-water washing steps, the
nanofibers outperformed the PureLink™ commercial column extraction kit, recovering 100-
folds more endogenous miRNA (miR-21 and miR-191) from MDA-MB-231 breast cancer
cells. As a result of high recovery, sample consumption can be reduced.

2.3.3 Other nanomaterials with potential for RNA extraction—There are many
other nanomaterials as well that have been discovered with untapped potential for nucleic
acid extraction. In many cases, researchers so far have mostly used these nanomaterials for
signal enhancement or as a tool for detection. For instance, graphene [85-87], Au
nanoparticles [87], carbon nanotubes [87, 88], MoS, nanosheets [89], ZnO nanowires [90],
and Cu-TCPP metal-organic framework nanosheets [91] all have been shown to exhibit
strong binding affinities to nucleic acids. However, none of them have been used directly in
extraction applications, but instead have played roles as signal quenchers or substrates for
surface modifications. Cobalt oxyhydroxide (CoOOH) nanoflake [79] is one example of the
nanomaterial that has not yet been exploited for circulating miRNA recovery but has shown
high affinity for ssDNAs. Perhaps this property could be further explored and unlocked to
enrich shorter sSRNA species that are biologically interesting.
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2.4 EV isolation to obtain EV-enclosed ncRNAs

More and more works have revealed that a good portion of circulating ncRNAS is
encapsulated in diverse sub-types of EVs, including exosomes, microvesicles, apoptotic
bodies, and oncosomes that shield them from RNase degradation [92-94]. The protection is
also considered improving sample quality because the ncRNA contents would be less
affected by handling and storage conditions. Thus, another direction in extraction and
purification of circulating ncRNASs is to isolate the EVs and obtain the EV-enclosed ncRNA
fraction.

Conventional strategies to isolate EVs from biological fluids are by targeting their
differences in physical properties, such as size, density, and surface hydrophobicity, or by
molecular signatures (Table 1). Among the aforementioned techniques, density gradient,
centrifugation, and ultracentrifugation are considered gold standards [95-97], but they are
tedious with low yield. To speed up EV isolation, commercial Kits [98] that rely on polymers
to aggregate and precipitate lipid structures have been developed to simplify the process and
improve the throughput. However, non-EV lipid impurities could co-precipitate and interfere
with downstream analyses. The polymer-based methods also introduce polymer impurities
that may compromise the structural integrity of the EV and further impact ncRNAs analyses
as well.

Size-based separation technologies, like ultrafiltration, size exclusion chromatography and
flow field flow fractionation [99-104] can separate EVs from proteins and lipids; but they
still suffer from low sample throughput and labour-intensive processing. Recently, a
filtration-based EV isolation platform, ExoTIC (exosome total isolation chip), was
developed by Demirci and his co-workers [105] via the layer-by-layer assembly of a
polycarbonate track-etched nanoporous filter membrane, a poly(ether sulfone) (PES) layer,
and a cellulose pad. This platform rapidly isolates EVs within the size range of 30-200 nm
with high simplicity and flushes out small biomolecules, such as free nucleic acids, proteins,
lipids, and other tissue/cell debris in biological samples prior to EV enrichment.

Although convenient and inclusive to all EVs, physical separation does not provide
selectivity over EV sub-groups which may contain ncRNAs more relevant to disease
development and progression. Particular EV sub-groups could be obtained through immuno-
precipitation targeting specific surface markers by antibodies, aptamers, or protein receptors.
With more and more knowledge gained on EV biogenesis, EV subgroups, like exosomes and
microvesicles, can be obtained by targeting their corresponding surface proteins with
satisfactory yield, purity, and integrity [106]. A brief summary and comparison of these
conventional EV isolation methods can be found in Table 1.

With regard to analysis of the EV-encapsulated RNAs, EVs isolated by centrifugation-based
approaches could be contaminated by the non-EV nucleic acids which could be adsorbed
onto the EVs and co-precipitated [107]. Filtration- or column-based isolation may lead to
loss of EVs due to irreversible attachment to the membrane or columns or damaged while
passing through the separation device [108-109]. These flaws would induce fatal errors in
quantification of the enclosed ncRNASs. EV characterization and cargo quantification should
be conducted before analysis of the EV-encapsulated ncRNAs to assess EV integrity,
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recovery, and purity. In particular, protein-to-particle, protein-to-lipid, and RNA-to-particle
ratios should be evaluated when comparing the ncRNA contents among EV samples, as
suggested by the Minimal Information for Studies of Extracellular Vesicles 2018
(MISEV2018) summarized by the International Society of EV [110].

Still, for analysis of circulating ncRNAs enclosed in EVs, there are significant needs for
more efficient EV isolation followed by more stream-lined ncRNA extraction and
quantification. Several microchip platforms thus have been developed for such a purpose.
Some of them provide the possibility of direct EV inspection on the chip after isolation
using microscopic techniques; and others are able to release the captured EVs for off-chip
analysis of the EV cargos including ncRNAs. These novel microchip nanoplatforms are
discussed in the following sections.

2.4.1 Acoustofluidics for exosome isolation—An acoustofluidic chip has been
employed by Wu et a/. [111] to extract and enrich exosomes in many major biological fluids.
The operating principle underlying the innovation utilizes acoustofluidics, which is a
combination of surface acoustic wave (SAW) and microfluidics. By using interdigital
transducers, the platform employs two modules of separation: 1) a lower frequency scan on
whole blood to segregate components greater than 1 um in diameter (RBCs, WBCs, PLTSs),
and 2) a higher frequency scan on the resulting plasma to further remove submicron particles
(microvesicles and apoptotic bodies). The chip is constructed in such a way that the first
SAW module directs larger cells into a separate channel; then the second module diverts the
exosomes away into a streamline different from the remaining particulates (Figure 5).
Overall, the mechanism is superior to differential centrifugation techniques in affording
intact biologically preserved exosomes.

This integrated platform satisfies several of the needs for a useful POCT device. Being partly
microfluidic-based, it offers automation, minimal operator training and handling, and
concomitant reproducibility. Results can be obtained rapidly within 25 minutes with
excellent yield (82%) and purity (98%). The chip is patterned by photolithography and
molded from PDMS, both of which are inexpensive and accessible fabrication methods.
More importantly, the design can accommodate direct processing of biological fluids, which
is a key feature sought in any decent sample preparation protocol.

The AcouSort Laboratory in Lund, Sweden, developed the AcouTrap 2.1, a fully automated
research table top platform designed specifically for acoustic seed particle trapping. It was
successfully applied by Ku and coauthors [112] to isolate EVs directly from human urine
and plasma (Figure 6). In comparison to ultracentrifugation, the AcouTrap had a predilection
for enriching vesicles closer to the size range of exosomes (93-100 nm) in both urine and
plasma. However, acoustic trapping performed worse than ultracentrifugation in urine
enrichment. It was also found that acoustic trapping preserved the morphology of the
enriched exosomes and eluded the co-precipitation of Tamm Horsfall fibers that tend to
manifest from UC-treated urine.

The group also extracted the corresponding total exRNA using mirVvana Paris RNA and
Protein isolation kit and analyzed the miR-16, miR-21, and miR-24 content via RT-qPCR.
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Since they observed comparable levels between UC and acoustic trapping for each miRNA,
it can be said that the two enrichment methods are complementary and divulge similar
information on ncRNAs. However, the AcouTrap clearly wields winning advantages over
UC, including rapid assay time, smaller volume consumption, high throughput yields, and
very robust performance. These qualities are ideal for diagnostic applications and, with
further development, the AcouTrap may very well find itself in POC settings soon.

2.4.2 Patterned surface for EV trapping—Microfluidic chips with patterned surface
have also been developed to trap EVs. Reategui and co-authors [113] constructed a
microfluidic chip patterned with herringbone grooves (EVHB-Chip) to improve chaotic
mixing, and applied it to isolate tumor-derived EVs (exosomes, microvesicles and
oncosomes) from glioblastoma multiforme patients (Figure 7). They novelized the design by
adding a nanostructured thermo-active gelatin substrate raised with PEG spacers and
streptavidin-coated nanoparticles that maximized EV capture by tumor-specific antibodies
on the channel surface. Controlled release of the isolated EVs is triggered by dissolving the
gelatin at 37 °C. The device can process 100 pL to 5 mL of filtered plasma or serum in 3
hours and isolate EVs, which are washed from cell-free DNA, lysed, and profiled for RNA
via Qiagen miRNeasy Mini Kit and RNA sequencing. Compared to ultracentrifugation and
bead-based separation, this technology afforded 10-fold higher mRNA yield from EVs.

2.4.3 Dielectrophoretic separation of EVs—Ibsen and colleagues [114] fabricated
an alternating current electrokinetic (ACE) microarray chip on an impetus to recover
glioblastoma-derived EVs. Controlled by platinum microelectrodes, the emitted alternating
current produces dielectrophoretic forces: a high-field region surrounds the border of the
microelectrodes and attract nanoparticles while a low-field region exists between the
microelectrodes that draw in larger scale particles (Figure 8). Gentle conditions are ensured
by coating the microelectrodes with a porous hydrogel to prevent plasma redox and
electrolytic degradation of the EVs. Collected EVs could either be detected directly on-chip
via immunostaining or eluted by reversal of the dielectrophoretic forces and verified by
TEM. The ACE chip provides several advantages compared to conventional methods,
including low sample consumption of 30-50 L, rapid assay time, simple workflow,
tolerance for raw samples. However, while the authors intended the ACE chip for
wholesome exosome isolation, they did not formally report a quantitative yield or recovery.
Like other platforms, the ACE chip is also limited in EV resolution and cannot segregate
exosomes from other EVs.

2.4.4 EV isolation with nanomaterials fabricated on chips—Chen and co-authors
[115] recently discovered a method to fabricate a ZnO nanowire chip that is capable of both
detecting and isolating intact exosomes from serum and plasma. The fabrication method
allows ZnO nanowires to be directly embedded within the PDMS matrix. The ZnO surface
was moderately functionalized with a series of organic coupling steps to introduce
streptavidin, which was joined to biotinylated anti-CD63 for EV immobilization. EV release
was controlled by flushing in citric acid buffer due to the nanowires being pH sensitive
(Figure 9). The clear advantage of the ZnO nanowire chip is compliance with raw samples.
This not only preserves the integrity of the exosomes, but also simplifies the assay’s
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workflow. The morphology and large surface area of the nanowires also provide a size-
exclusion effect to further improve the EV capture efficiency. The EVs isolated by the ZnO
nanowire chip can be recovered and destroyed for downstream total ncRNA analysis.

Very recently, Zeng’s group reported a 3D-nanopatterned microfluidic chip for isolation of
circulating EVs [116]. Microfluidically engineered colloidal self-assembly (CSA) was
utilized in multiscale integration by designed self-assembly (MINDS), with flow
manipulation and molecular recognition handled by a functional microelement herringbone
(HB) mixer (Figure 10). Compared with current microfluidic methods, this novel
microfluidic design addressed the fundamental limitations of mass transfer, surface reaction
and boundary effects. Consequently, the nano-HB chip not only shows extremely high
sensitivity for detection of EVs spiked into samples (LOD is 10 exosomes/mL), but also
realizes quantitative determination and surface protein biomarker (CD24) profiling of the
low-abundant circulating exosome in plasma collected from ovarian cancer patients and
healthy controls.

3. Characterization, detection and quantification of circulating non-coding

RNA

Upon purification from biofluids, the circulating RNAs are to be characterized and
quantified for marker discovery and detection. The main focus in this step is to improve
detection specificity and sensitivity. To date, microarrays and next-generation sequencing
(NGS) are the most advanced technologies applied for studying circulating RNAs in the
high-throughput manner. Microarrays offer the remarkable advantages of comprehensive
coverage, adaptable to microfluidic devices, and ability to be customized towards different
RNA categories. In contrast, NGS offers the advantages of extreme sensitivity and high
throughput, and more importantly, it does not require knowledge of target RNAs. However,
both suffer from high cost, and NGS is highly sophisticated in its implementation. They are
mostly accessible in core laboratories and their availability to general clinical or biochemical
labs is very limited. Consequently, simpler techniques that permit rapid amplification of the
signals from target nucleic acids have been developed. There are two main approaches to
realize sensitive and selective detection of circulating RNAs: amplifying the nucleic acid
sequences, or amplifying the signal without generating more strands.

3.1 Nucleic acid amplification

In terms of whether DNA/RNA enzymes are employed, nucleic acid amplification can be
classified into two categories: enzyme-assisted or enzyme-free amplification. Among the
enzyme-assisted amplification, polymerase chain reaction (PCR) is the most popular owing
to its high sensitivity, simplicity, and cost-effectiveness. To further improve amplification
simplicity, sensor systems that do not rely on temperature cycling have also been actively
developed, such as rolling circle amplification, duplex-specific nuclease signal
amplification, and so on. Moreover, enzyme-free amplification strategies, like hybridization
chain reaction and self-assembled DNA cascades, have also been developed and applied for
detection of circulating RNAs.
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3.1.1 Polymerase chain reaction (PCR)—PCR remains the gold standard for nucleic
acid identification and quantification because of its matured protocols and high sensitivity. It
employs a heat-stable polymerase to amplify a specific region of a nucleic acid strand. After
three reaction steps (denaturing, annealing and extension) controlled by varied temperatures,
thousands to millions of copies of a particular sequence can be generated. During the past
years, abundant PCR-based strategies for measuring and quantifying circulating IncRNA had
been developed by researchers [117-123]. For example, Arita et al. analyzed the levels of
IncRNA H19, the HOX antisense intergenic RNA, in the plasma of gastric cancer patients
and healthy controls through reverse transcription polymerase chain reaction (RT-PCR)
assay [117]. Tests results clearly indicate that the concentration of Inc-RNA H19 was much
higher in patients, showing the potential as a cancer marker.

In 2016, by using quantitative reverse transcription polymerase chain reactions (QRT-PCR),
Huang et al. reported that the expression level of INcRNA MALAT1 in serum samples
collected from patients with non-small cell lung cancer (NSCLC) was different from that in
healthy controls [118]. The authors have proved that, the customized PCR method not only
has high sensitivity and specificity, but also has satisfactory discriminative accuracy for the
diagnosis of NSCLC. Another circulating IncRNA biomarker for NSCLC was reported by
Shi et al. who employed qRT-PCR to detect significantly higher expression level of AFAP1-
AS1 in cancer patients [119]. Both works discovered the circulating InNcRNAs with
promising potential in clinical diagnosis of NSCLC.

Circulating miRNA as cancer markers were also discovered in works employing PCR,
prompted by their high resistance to endogenous RNase and excellent stability in blood
samples [124-129]. Abnormal levels of circulating miR-141 in serum were found to be able
to distinguish prostate cancer patients from healthy controls by Mitchell and co-workers,
with the purified miR-141 amplified by RT-gPCR [124]. Their results established a very
useful and practical approach for liquid biopsy-based detection of human prostate cancer. In
2014, Lu et al. developed a universal and time-saving RT-gPCR strategy for measurement of
circulating miRNA in plasma with high sensitivity, high efficiency and low cost [125]. In
this method, a random pre-adenylated DNA oligonucleotide was first adopted to ligate
miRNAs with the T4 RNA ligase, and then bound to a universal tailing primer for reverse
transcription with a reverse transcriptase. Finally, the traditional real-time gPCR was
conducted to quantify the amount of miRNAs. To verify the practicability of this system,
circulating miRNAs from lung cancer patients was tested. It showed that this ligation-based
method may be a convenient tool for identifying tissue-specific and disease-specific
circulating miRNA biomarkers.

Determination of circulating exosome-enclosed RNA (namely exosomal RNA) species were
reported as well in numerous works with the assistance of PCR amplification technology
during the past few years [130-143]. For instance, Isin et a/. purified circulating exosome in
urine samples from prostate cancer (PCa) and benign prostatic hyperplasia (BPH) patients,
and quantified the exosomal INcRNASs by real-time PCR, revealing the significant difference
in the exosomal IncRNA-p21 level between these patients [130]. Similarly, after the isolation
of exosomes in the plasma collected from PCa, BPH patients and healthy donors, Wang and
his co-worker investigated the expression levels of two tumor-derived exosomal INCRNAS
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SAP30L-AS1 and SChLAP1 by using RT-gPCR [131]. The level of IncRNA SAP30L-AS1
were found to be upregulated in BPH, while that of IncRNA SChLAP1 was significantly
higher in PCa than that in BPH and healthy donors. Both work testify that exosomal
IncRNAs could act as potential biomarkers in clinical diagnosis to distinguish cancer
patients from healthy controls, and even predict the malignant states.

Potential exosomal miRNA markers have also been reported. Zhao et al. evaluated the levels
of miR-21, miR-133a, and miR-181b obtained from the serum of colon cancer patients using
RT-PCR [143], and reported a higher level of exosomal miR-21 in colon cancer patients than
that in normal individuals. Besides, the levels of exosomal miR-574-3p, miR-141-5p, and
miR-21-5p in urine samples from prostate cancer patients were found to be significantly
upregulated that those in the samples from healthy donors by Samsonov and his co-workers
using RT-gPCR [142].

3.1.2 Other enzyme-assisted nucleic acid amplification—Although powerful,
PCR requires temperature cycling and instruments with sophisticated thermal sensors need
to be employed. Thus, tremendous research efforts have been devoted to develop isothermal
amplification strategies that amplify nucleic acids at a single temperature and permit usage
of much simpler and cheaper heating instruments for easy implementation in the ill-
equipped labs. As an additional benefit, isothermal amplification has been reported to be less
hindered by analytes found in whole blood that would otherwise interfere with PCR [144,
145].

As a highly efficient isothermal amplification process, rolling circle amplification (RCA)
can produce thousands of tandem repeats using a polymerase with strand-displacement
capability, a circle template and a primer. In 2013, Zhang and his co-workers proposed a
simple, highly sensitive and selective RCA method, so called hairpin probe (HP)-based
RCA, for detection of lung cancer-related circulating miR-486-5p [146]. In this study, a
stable hairpin probe which integrated the recognition parts for the target miRNA and the
RCA primer was designed. Its binding to the cancer biomarker of miR-486-5p exposed the
blocked primer which would then hybridize with the circular template and triggered RCA
(Figure 11A). As a result, quantitative analysis of miR-486-5p with a detection limit as low
as 10 fM was realized with SYBR Green |l staining. Furthermore, this method was applied
to accurately discriminate the difference in the expression level of miR-486-5p in the serum
samples that collected from lung cancer patients and healthy individuals.

Similarly, based on the excellent selectivity of the p19 RNA binding protein towards double-
stranded RNAs, direct and simple detection of the circulating miR-21 in human serum was
realized by Yang’s group [147]. A specially designed Janus probe recognized the target
miR-21, causing its enrichment by the magnetic beads modified with the p19 protein.
Following RCA, the enriched miR-21 was detected by SYBR Green I. This strategy showed
very high sensitivity and specificity in detecting the target miRNA in clinical samples.
Additionally, combining solid-phase RCA and chronocoulometry, Yao et al. prepared a
novel microchip to detect miR-143 in human blood, achieving a detection limit of 1 pM
[148].
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Duplex-specific nuclease signal amplification (DSNSA) is another isothermal amplification
approach that employs the duplex-specific nuclease (DSN), an enzyme selectively cleaving
DNA in DNA-RNA hybrids while showing little activity towards sSDNA or RNA-RNA
duplexes. The DSN assisted target recycling amplification was coupled with
electrochemistry by Fu et a/. to build a sensor for miRNA detection (Figure 11B) [149].
Owing to the high efficiency of the DSN-based target-recycling, this electrochemical
biosensor showed high sensitivity with a limit of detection reaching 0.1 pM. Its
immobilization-free feature also simplified the assay. The effectiveness of this method in
clinical applications was demonstrated by discriminating the expression differences of the
lung cancer biomarker of miR-10b between lung cancer patients and healthy controls.

In addition to electrochemical biosensor, colorimetric assays utilizing DSN for detection of
miRNA in human serum was developed as well. In 2013, Shen et al. demonstrated a simple
and label-free strategy by exploiting the AUNP networks and DSN [150]. The AuNP
networks, which was designed to bind to the target miRNA complementarily, was fabricated
with the help of a bifunctional DNA capture probe (CP) with the (T)1g and (CH»)e spacer at
each end. Generation of AUNP networks from crosslinking of the two types of AuUNPs can
be conveniently achieved by the well-known 1-ethyl-3-(3-dimethylpropyl)-carboiimide
chemistry. When DSN was present, the CP within the miRNA-CP duplex was specifically
digested, releasing the miRNA. The intact miRNA was then constantly hybridized with
another CP to trigger its digestion by DSN. As a result, free AUNPs were generated from the
AUNP networks and quantification of target miRNA was realized by monitoring the change
of absorbance at A =530 nm. A limit of detection of 0.1 fM was achieved; and circulating
miRNAs in blood was successfully analyzed. Likewise, Guo et a/. reported another
colorimetric method for detection of circulating microRNAs [151]. In this work, the DNA
probe 1 (P1) and probe 2 (P2) modified AuNPs were employed and the amount of dimers
was decreased with the increase of target miRNA concentration. The obvious color change
from blue to red can be easily discerned even with the naked eyes. Serum samples collected
from cancer patients and healthy donors were measured by the proposed method, and
showed significantly different colors.

Besides the enzyme-assisted methods mentioned above, the Wang group developed a
detection system for assaying miRNA in human serum by utilizing isothermal strand
displacement amplification (SDA) coupled with exonuclease I1l-aided cyclic enzymatic
amplification (CEA) [152]. As illustrated in Figure 11C, the target miR-21 in complex
biological samples initiates SDA and generates a good number of substrates to bind to the
pyrene conjugated strands and trigger CEA. CEA results in cleavage of pyrene from the
DNA and generates strong fluorescence signal based on the host-guest interaction between
B-CDP and pyrene.

3.1.3 Enzyme-free nucleic acid amplification—All of the aforementioned enzyme-
assisted isothermal amplification methods exhibit great potential in clinical diagnosis using
circulating RNAs. Their success can be attributed to their high simplicity, high amplification
efficiency, and low limits of detection. Further simplification of such strategies focuses on
the complete removal of biological enzymes to reduce the cost and complexity of the assay.
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Enzyme removal can also avoid problems of enzyme denaturation induced under non-
optimal transportation or storage conditions.

Hybridization chain reaction (HCR) is one of the most popular enzyme-free isothermal
amplification strategy widely employed in diverse bioassays [153]. In this approach, two
metastable DNA hairpins coexist in solution and will assemble into a long dsDNA-like
nicked duplex triggered by an initiator that binds to one of the hairpins. In 2015, Zheng et al.
applied HCR for detection of miR-21 in human serum (Figure 12A) [154]. In their strategy,
when the target circulating miRNA was present, the sealed initiator on the surface of silica
microbeads (SiMBs) was exposed and further triggered HCR to generate long self-
assembled and thiol-contained DNA polymer. Subsequently, multiple AgNPs were
conjugated to the DNA polymer, which can be dissolved into numerous silver ions (Ag™).
Ag™ can control the gaps between neighboring 4-aminobenzenethiol (4-ABT) modified gold
nanoparticles (AUNP@4-ABT) to form a “‘hot-spot’” and surface-enhanced Raman
spectroscopy (SERS) signal were greatly improved. Therefore, quadratic cascade
amplification was achieved and this biosensing platform allows a limit of detection of
miR-21 down to 0.3 fM. In addition, it can recognize the expression level differences of
miR-21 in the serum samples collected from healthy donors and patients with different
stages of chronic lymphocytic leukemia (CLL). Similarly, by using HCR and AuNPs, Rana
and co-workers enabled multiplexed detection of circulating oncomiRNAS with the detection
signal observable with the naked eyes [155]. In this method, HCR took place on the surface
of AuNP only when the specific miRNA marker was present. Long HCR hybridization
products prevented the AuNPs from ion-induced aggregation. Even without the assistance of
any analytical equipment, the limit of detection of the proposed biosensor was as low as 20
fM, much more sensitive than those reported previously.

HCR has also been coupled with DNAzyme to further amplify the detection signal. [156] Li
et al. rationally designed three hairpin DNA probes, which included HO, H1 and H2 with the
split Mg2*-dependent DNAzyme sequences at their 5” and 3 ends, so that miR-21 can open
the initially enclosed initiator in the stem region of HO to allow continuous hybridization of
H1 and H2 and thus generation of the long DNA duplex nanostructure consisting of
numerous adjacent DNAzyme units (Figure 12B). Once hybridized with their specific
single-stranded DNA substrate modified with quencher and fluorophore, the ribonucleobase
(rA) within the substrate was cleaved in the presence of Mg2* ions to release the fluorophore
from the quencher, resulting in bright fluorescence signal to realize ultrasensitive detection
of tumor-specific exosomal miRNAs in the serum samples from cancer patients.

Self-assembled DNA cascades, another enzyme-free signal amplification method, was also
exploited to design various sensing platforms for circulating RNAs. Unlike HCR, linear
auxiliary probel (AP1) and auxiliary probe2 (AP2) participate in the formation of duplex
assemblies upon initiation, which subsequently is labeled by upconversional nanoparticles to
produce a photoluminescent biosensor (Figure 12C) [157]. This sensing platform was found
to provide extremely high sensitivity for miRNA quantification in biological samples,
offering a very simple and convenient tool for early cancer diagnosis.

Trends Analyt Chem. Author manuscript; available in PMC 2020 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang et al. Page 18

3.2 Nanomaterials-based signal amplification

Signal enhancement can also be achieved without generating more strands but relying on
nanomaterials with unique chemical or optical properties. With a large number of
nanomaterials being developed for biomolecular detection, our review only focuses on those
applied for detection of circulating RNASs in biospecimens that are published in the past 5
years. In these applications, nanomaterials are typically employed to enhance
electrochemical signals or to quench fluorophores for them to be turned back on by the
target strands.

Gold nanoparticles (AuNPs) are one of the most common nanomaterials employed in
sensors for biomolecules because of their unique electrochemical and optical properties. For
instance, a nanogenosensor based on cysteamine-capped gold nanoparticles (Cys-AuNPs)
for electrochemical detection of miR-25, a marker for lung cancer, was proposed by Zare et
al. [158]. In this sensor, a single stranded DNA (ssDNA) probe was firstly covalently
immobilized on the surface of a Cys-AuNPs/glassy carbon electrode (GCE), establishing the
sensing surface for analysis of the target miRNA (Figure 13A). Once the probe was
hybridized with the lung cancer-specific miR-25, an electrochemical signal was generated
and the concentration of miR-25 was quantified by electrochemical impedance spectroscopy
(EIS). Experimental results showed that this nanogenosensor had high sensitivity, with an
LOD of 2.5 x 10”13 M, and good selectivity towards the target miRNA. Later, it was
successfully applied for detection of miR-25 expression in human plasma without requiring
any sample extraction and/or amplification.

The optical property of AuUNPs was taken advantage by Duan et a/. to develop a spherical Au
nanoflare probe, formed by modifying the bare AuNP with a DNA duplex (Figure 13B)
[159]. The DNA duplex was composed of the sulfhydryl-labeled antisense oligonucleotide
sequence of the target, miR-1246, i.e. the capture DNA, and a shorter complementary single-
strand DNA consisting of a Cy5 fluorophore (the reporter DNA). Because of fluorescence
resonance energy transfer (FRET), the fluorescence of Cy5 was efficiently quenched by the
AUNPs, which would be recovered once the reporter DNA is displaced by miR-1246.
Interestingly, the authors found that Au nanoflares were able to directly enter exosomes
extracted from breast cancer cells with simple incubation without any transfection agents. It
is thus possible to eliminate the time-consuming step of exosome isolation from the plasma
samples. Moreover, differentiation of breast cancer patients from healthy controls with high
sensitivity and specificity was realized, proving its potential as a cancer diagnosis tool.

Graphene is a two-dimension nanomaterial that also possesses excellent physical and
chemical properties; and thus its applications in detection of circulating ncRNAs have been
exploited as well. By using graphene oxide, Yigit ef al. designed a nanoplatform which
enables simultaneous detection of the exogenous oncomiRs: miR-21 and miR-141, from
different kinds of human body fluids including blood, urine and saliva (Figure 13C) [160].
miR-141 is an oncomiR which is substantially elevated in advanced prostate cancer, but its
expression level is normal in the early cancer development stage. On contrary, miR-21 is
overexpressed in the early stage of prostate cancer but not in the advanced stage. In this
strategy, two DNA probes respectively labelled with the fluorophores of FAM and Cy5 were
tightly adsorbed on the surface of graphene oxide through r-r stacking and the fluorescence
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was dramatically quenched. When two miRNA targets were introduced, the formation of the
DNA/miRNA hybrid structure led to desorption of the two probes, recovering the
fluorescence. The content and ratio of the miR-21 and miR-141 in different samples were
successfully determined and the status of the disease was easily distinguished with the
assistance of the nanoplatform. It provides a non- or minimally invasive approach for
evaluating early, advanced, metastatic, or nonmetastatic stages of prostate cancer.

Interestingly, Au NPs and graphene can be combined and form excellent sensors for
detection of circulating RNAs. For instance, a label-free colorimetric sensor based on the
graphene/Au-NP hybrids was established to detect miR-21. Instead of taking advantage of
the outstanding quenching performance of graphene, this work exploited the intrinsic
peroxidase-like activity of the graphene/Au NP hybrid [161]. The ssPNA-21 probe was
strongly adsorbed to the surface of the graphene/Au NP hybrid via r-r stacking between the
ssPNA and the graphene. The adsorption almost completely inhibited the peroxidase-like
activity of the hybrid, leading to no color change when the colorimetric peroxidase substrate
was added. Upon the addition of miR-21, hybridization between the PNA probe (ssPNA-21)
and miR-21 released the ssPNA from the graphene/Au NP hybrid, restoring its catalytic
activity. The LOD of this sensor was determined to be 3.2 nM with a linear range spanning
from 10 to 980 nM. It was also successfully applied to detect miR-21 in human serum.

3.3 Amplification-free techniques

To simplify the detection scheme, elegant work that does not rely on nucleic acid
amplification nor nanoparticles for signal enhancement has been developed for analysis of
circulating RNAs. Peptide nucleic acids (PNAs) are engineered uncharged NDA or RNA
analogues that can hybridize to complementary nucleic acids with high affinity and high
selectivity. Ladame et a/. developed a PNA-based fluorogenic biosensor for detection of
circulating miRNAs with minimal sample processing in blood [162]. As illustrated in Figure
13D, two non- or weakly fluorescent molecules respectively labelling two PNA probes were
brought to the close vicinity by the target miRNA, which triggered the reaction between
these two molecules and produced a fluorescent molecule. Compared to the gold standard of
RT-gPCR, this versatile design provides the advantages of simple, low-cost, isothermal, and
highly specific. It also has the potential to be incorporated in portable devices for public
screening.

With the help of an anthraquinone compound, Oracet Blue (OB), Manesh et a/. proposed an
electrochemical biosensor for miRNA quantification [163]. In this sensor, a thiol modified
ssDNA probe was immobilized on the surface of the Au electrode and hybridized with the
target mMiRNA. OB intercalated with the hybridized duplex and generated electrochemical
signals in the presence of the target miRNA. The sensor could discriminate between the
target miRNA, the single-base mismatch, and the non-complementary strand. The sensor
was applied to detect miR-155 in human serum; and demonstrated a wide sensing range
from 50 pM to 15 nM and an LOD of 13.5 pM.
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4. Integration for Point-of-care (POC) testing of circulating ncRNAs

Sensitive and selective nucleic acid signal amplification methods permit detection of
circulating ncRNAs at trace levels; and the advanced extraction techniques reduce
interferences from sample matrices. Combination of both on POC devices broadens the
biomedical applications of circulating ncRNAs outside of laboratory or clinical settings, and
enables reliable analysis to take place near or at the patient’s location. The field of POC
diagnostics mainly focuses on developing and miniaturizing laboratory-based procedures
into user-friendly platforms that are portable, simple, and disposable [164-166]. Ideally, true
integration would offer direct sampling on a breadth of unprocessed clinical samples,
including blood, plasma, serum, sweat, urine, and saliva. This would be an improvement to
laboratory procedures that require very pure samples to attain high sensitivity, specificity
and accuracy in diagnosis. The amount of sample needed from the end-user is also an
important consideration. A platform that can manage an accurate readout while demanding
very little input [167] is a boon to quantifying low-abundance biomarkers in complex
matrices, such as circulating miRNAs in serum [168-170].

Still, it is an ongoing challenge to integrate all these beneficial elements into a singular,
convenient and foolproof platform. Innovating how sample preparation, amplification and
detection are handled and tying them into a simple device that is easy enough to use with
minimal instruction are the present motivations [171-174]. In this section, several platforms
recently developed for POC applications are discussed, with some of them focusing to detect
circulating RNAs for disease diagnosis, and the others being integrated platforms that enable
both sample processing and /n situ ncRNA analysis.

4.1 Commercial point-of-care testing technology

Several POC testing devices have been on the market that simplify ncRNA detection. For
example, Gene-Z [175-176] is a POC device that is based on loop-mediated isothermal
amplification (LAMP) and fluorescence detection. It has been applied to detect several
miRNAs (miR-92, miR-141) from mouse blood, plasma, and even sputum with good
specificity [175]. The platform itself is a disposable microfluidic chip containing wells
where the reaction mixture is injected. Gene-Z houses the chip, automates the analysis and is
operated by an iPod touch that receives and emails data to a local PC.

Digital PCR (dPCR) is a variant of real-time qPCR that offers absolute quantification of
nucleic acids. By splitting the prepared sample into many small reaction volumes, the
amplification is accomplished through numerous parallel reactions that collectively result in
higher reproducibility than traditional gPCR. Moreover, the number of targets managed per
reaction in dPCR can be very few and concentrated in an extremely small volume, leading to
higher sensitivity in detecting small-fold changes. This is genuinely fitting for profiling
miRNA dysregulation in cancers [177-179] and exosomal miRNA signatures in other
diseases [180-182]. The QuantStudio™ 3D Digital PCR System marketed by ThermoFisher
Scientific has been an invaluable asset in detecting ncRNAs of serum/plasma [183-186] and
exosome origin [187-189]. At the heart of the device is a chip housing 20,000 60 um-wide
wells that can each hold 14.5 uL of volume. Detection is endpoint-based and can utilize
several channels for FAM™/SYBR Green, VIC™, and ROX™. As a dependable resource,
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this platform is relatively cheap, portable, high throughput and rapid as one sample takes
only 30 seconds of assay time.

POC platforms that integrate ncRNA extraction and analysis have been commercialized as
well. One good example is GeneXpert, retailed by Cepheid Inc. [190-193]. This diagnostic
system boasts a single-use disposable cartridge that consolidates direct sampling of raw
specimen, RT-PCR, and fluorescence detection of RNA in plasma samples. The GeneXpert
instrument automatically coordinates these assay steps and culminates them into printable
test results. In terms of the analytical specifications, GeneXpert can reach ultrasensitivity
(4.0 IU/mL) and calls for an assay time of 105 minutes, but requires 1-3 mL of sample
volume.

Another platform that integrates nucleic acid extraction, purification, and reverse
transcription is called the BioFire FilmArray BioThreat-E [194, 195]. It is currently used to
detect a panel of viral RNA in blood, but it should be useful for analysis circulating
ncRNAs. The elegance of the platform lies in its simplicity for automating the entire assay
and accepting whole blood rather than serum, so minimal personnel training is needed for
sample preparation. Setup takes about 2 minutes, in which the raw patient sample is
assembled in a special pouch containing manufacture reagents [194] and placed in the
FilmArray machine. The blisters of the pouch act as reaction chambers that house nucleic
acid extraction, purification, and reverse transcription, respectively. The resulting RT
products are transferred to a PCR array for amplification and detection, which is analyzed
and engendered as a straightforward readout via the FilmArray Software.

4.2 Microfluidic platforms for ncRNA detection

Many microfluidic platforms that have been developed in research laboratories and not yet
brought to the market are only for on-chip ncRNA detection when loaded with purified
samples. Although they suffer from necessitating a separate sample preparation step, which
complicates the workflow to get urgent results, they provide the capability to profile multiple
ncRNAs simultaneously.

For example, an isothermal microarray platform was developed by Roy et al. [196] for
miRNA detection in both cardiac tissue and plasma. Because these samples contain
relatively complex matrices with thousands of proteins [197-200], to prevent nonspecific
surface adsorption, the authors covalently capped the glass surface with PEG to 1) minimize
background and 2) enhance target capture on surface (Figure 14A). Target capture
immobilized AuNPs on the surface, which were quantified via imaging. The counts of
AUNPs were then converted to miRNA quantity. The assay was tested by adding 20 pL
unprocessed human serum spiked with miR-208b, which has been found to be upregulated
and can serve as a biomarker for damaged cardiac muscle cells [197, 198], and results were
obtained in 4 hours to afford a detection limit of 10 fM. Roy et a/. [196] also demonstrated
successful duplex detection using Cy3-labeled miR-208b and FAM-labeled miR-335.
Selectivity was challenged using different members of the let-7 family and showed good
discrimination.
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Another novel isothermal detection platform was recently reported by Liao and colleagues
[201] involving morpholino-modified nanochannels. Structurally, phosphorodiamidate
morpholino oligos (PMO) have a neutral backbone, where the — OH groups are replaced
with -NH, groups [202]. This confers greater aqueous solubility, flexibility, stability and
specificity [202-205] and makes PMOs excellent probes for miRNA detection. Furthermore,
PMOs also stabilize their RNA targets upon binding by blocking other biomolecules via
steric hindrance [206]. The platform support is a 12 um thick PET membrane. Conical
nanochannels were chemically etched onto the surface with dimensions measuring about 1.1
pum in diameter for the large opening and 51 nm in diameter for the small hole. After
etching, the nanochannels were functionalized with PMOs and incubated with the
appropriate miRNA target spiked in serum. Since the PMOs are neutral, detection was
carried out by ion current measurements which reflect the change in surface charge density
upon MiRNA binding (Figure 14B). In serum, the platform showed good response in the
dynamic range of 100 aM to 1 nM when tested with let-7b, with the limit of detection
being10 fM. Specificity was evaluated in 0.5* PBS, however, and showed good
distinguishability among let-7b, let-7c and miR-21. As a potential POC device, this platform
also demonstrated reusability after several assays. Although this strategy is sound, it suffers
from long incubation periods that last over 12 hours for surface modification and 4 hours for
target capture. This would not be practical in acute care settings that demand high
throughput results. Additionally, many groups outside a laboratory may not have access to
the tools or technology needed to fabricate the platform features, thus limiting its use in
clinical diagnosis.

Integrated system for on-chip sample processing and ncRNA detection

Several microfluidic systems have been reported with the capability of providing the
detection results with input of raw, unprocessed samples, taking advantage of the nice
features of microfluidics in miniaturization, portability, ease of fabrication and small volume
consumption.

4.3.1 Integrated platform for ncRNA isolation and detection—One excellent
example of the integrated systems is the centrifugal microfluidic platforms that have been
studied extensively to further decrease the sample volume requirement and limit of detection
in the past decades [207, 208]. Such systems have recently been sought to detect miRNA
like miR-134, which is a brain-derived biomarker detectable in plasma and is indicative of
several brain illnesses [209-212], by McArdle and her colleagues [213]. They designed a
unique microfluidic disc, termed Theranostic One-Step RNA Detector (TORNADO), that
was assembled from 4 layers of poly(methyl acrylate) and 5 layers of pressure sensitive
adhesive. These discs were etched with ten chambers that served as sites for miR-134
capture, reagent storage, or waste disposal (Figure 14C). Together, the discs arranged a valve
network connected by pneumatic channels that allow the flow of one liquid in one chamber
to trigger the flow of the next liquid reservoir from another chamber. Centrifugal
microfluidic flow was controlled and directed by a computer motor to allow release of the
chamber contents at will and at a predetermined rate. Detection of miR-134 was directly
conducted on either unprocessed plasma or cerebrospinal fluid in a sandwich hybridization
assay. Successful target capture left an exposed overhang region of miR-134 to hybridize
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with a secondary probe tagged (also by thiol interaction) with electrocatalytic 50-70 nm
platinum nanoparticles. When H,0, was added, electrocatalytic reduction of H,O, occurred
on the PtNP’s and the current difference was measured by an external potentiostat. A linear
range between 1 pM to 1 uM and an LOD of 1 pM were achieved for detection of miR-134
with excellent sensitivity to discriminate between strands with one-base difference in
sequence.

TORNADO can be theoretically tailored for any miRNA of interest. The assay itself is also
relatively quick: the total turnaround time was approximately 1 hour and 45 minutes,
including all hybridization and handling steps. The computer controls the centrifugal spin
frequency to properly dispense and manage the liquid contents from one chamber to the next
without a pump, cutting back on personnel handling and thereby increasing reproducibility.
However, integration can be pressed further to include automated plasma isolation and an
internal detection unit for current measurements. The need for the platform to be capable of
multiplexing is also a very important consideration since insightful correlations can often be
drawn among several disease biomarkers.

In 2019, the Microfluidic Exponential Rolling Circle Amplification (MERCA) platform was
developed by Zeng and his co-workers [214]. This system integrates and streamlines solid-
phase miRNA isolation, miRNA-adapter ligation, and dual-phase exponential rolling circle
amplification (eRCA) assays all in one analytical workflow. In their design, the three-layer
device integrates seven parallel units and each unit combines a three-valve pump and several
pneumatically addressable assay chambers. Flow channels were fabricated, assembled with a
thick PDMS slab, and patterned with a pneumatic control circuit to open the assay chambers
for flow-through miRNA capture and close the chambers during isothermal amplification
and fluorescence detection. Then, a glass slide patterned with miRNA capture probe was
bound to the PDMS assembly. Target miRNAs present in raw cell lysate and cell-derived
exosomes were captured, amplified by eRCA, and detected by SYBR Green, proving the
high value of such a platform in improving circulating ncRNA analysis in biological and
clinical applications.

4.3.2 Integrated system for EV isolation and ncRNA detection—While
microchip-based EV isolation has been reviewed in the early section, this part of the
discussion focuses on those that integrate EV isolation, lysis and detection of EV-enclosed
RNAs. Taller and cohorts [215] demonstrated that this type of accommodation is possible
through two separate chip devices. Their lysis platform is SAW-driven while their exRNA
detection platform uses an ion-exchange nanomembrane sensor infused with complementary
oligos (Figure 16). The dual-chip assay performs both tasks in about 1.5 hours using a
minimum of 100 pL raw cell medium. It was also shown to have 2 pM sensitivity and a
dynamic linear region spanning from pM to nM. This detection limit is toward the higher
end of circulating ncRNA concentrations.

Hu, Kwak and co-authors [216] developed an /n situ method for detecting RNAs stored in
EVs, thus eliminating the obligation to first release the encapsulated contents and preserving
the exosomes. Their strategy relies on the coalescence of negatively charged EVs and
cationic lipoplex nanoparticles (CLNSs), which are immobilized onto a Neutravidin-coated
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gold surface biochip and enclose molecular beacons (MBs) that are complementary to the
target RNA (Figure 17A). They designed the MB with a toehold domain that, upon
hybridization with the target, facilitates stem separation. MBs with this toehold overhang
were termed Oh-MBs and exhibited remarkable stability over extended periods of time and
at elevated temperatures. Strategic placement of the dye and quencher pair at the end of the
stem provided low background and appropriate signal for total internal reflection
fluorescence (TIRF) microscopy, which has excellent sensitivity for single molecules < 300
nm from the glass-liquid interface. This method is sensitive down to 40 amol, has a linear
range spanning 2.42—77.3 fmol, and is able to discriminate point mutations, owing to the
structural stability of the Oh-MBs against nonspecific sequences. The CLN-Oh-MB biochip
is also capable of detection of multiple strands of EV RNA, while preserving the structural
integrity of EVs. But it is nontrivial to use TIRF to perform single vesicle counting.
Suitability in a low-resource setting is a hurdle that many specialized platforms find difficult
to surmount.

An integrated platform that streamlines three modules of EV extraction, miRNA recovery
and detection was developed by Cheng ef a/. to target exosomal miR-21 and miR-126, which
are respectively upregulated and downregulated in heart disease [217]. The chip was
designed to perform extraction, recovery and detection in a linear concatenate (Figure 17B).
The EV extraction module accomplished vesicular capture through magnetic beads cross-
linked to antibodies. An external magnet anchored the beads while micropumps were used to
wash away unwanted materials. The EVs was destructed by lysis buffer to release exosomal
miRNAs. In the miRNA recovery module, the exosomal miRNAs were treated with fresh
magnetic beads conjugated to capture probes. While the magnetic beads are anchored, the
annealed exosomal miRNAs are washed, eluted and transported to the detection module,
where they hybridize to complementary probes immobilized on the Au-coated field-effect
transistor (FET) sensor surface. The limit of detection of this system towards the target
miRNAs was reported to be 1 fM, appropriate for physiological detection in patient samples.
Still, fabrication of the chip is nontrivial, requiring an assembly of four layers with
meticulous channeling. On-chip EV capture efficiency was 54.3%, and to offset this loss and
provide enough analyte, 2-5 mL of plasma were required for sufficient detection signal,
which was quite large sample demand. The total assay time of 5 hours is relatively longer
than other systems reviewed above.

5. Conclusion and future perspectives

Cancer has become one of the most devastating epidemics that mankind has faced with few
satisfying remedies. In cancer diagnosis and therapy, early detection of cancer is most
conducive to cancer survival. Compared to traditional tissue biopsy in clinical diagnosis of
cancer, liquid biopsy is a non-invasive and inexpensive alternative to collecting and profiling
cancer biomarkers. More importantly, acquiring liquid biopsies is much more tolerated by
patients than obtaining solid tumor tissues. An important class of cancer biomarkers found
in biofluids is circulating ncRNAs, which play key roles in cancer genesis and progression
and show great promise in cancer theranostics.
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Up until now, salient achievements and accomplishments in the study of circulating ncRNAs
have already been established that encourage further progress in this field. Hence, in this
review, some prominent research works focusing on analysis of circulating ncRNAs have
been systemically discussed, covering various aspects of the analysis. ncRNA extraction and
purification from various biological samples were first summarized, including liquid-liquid,
solid phase-based and nanomaterial-assisted extractions. Characterization, detection and
quantification of circulating ncRNAs via nucleic acid amplification technologies and
nanomaterial-based signal enhancement were discussed next. Finally, point-of-care testing
technologies that integrated sample preparation and detection into a fully unified system for
circulating ncRNAs analysis were presented.

For analysis of circulating ncRNAs, information of their carriers cannot be omitted which
may enhance their efficacy as the potential biomarkers. In addition, ncRNA carriers like EVs
and lipoproteins are different in their physiological properties, which could influence
ncRNA recovery during purification. As found by Lasser [218] and Murillo et al. [219],
RNA isolation Kits can exert bias towards certain carrier types. However, our understanding
on carrier-bound RNAs remains limited due to technical difficulties in carrier differentiation
and isolation. The most focused carrier group is EVs, but all cells secrete EVs. Therefore,
recent developments on EV isolation followed by ncRNA analysis were included in this
review as well. While the current focus is mainly on isolation of total EVs, future studies
should be devoted more towards specific EV subsets. For example, the ncRNAs enclosed in
the EV subsets secreted from specific cell groups, such as those belonging to distant organs
and those undergoing unique pathological development, will be highly beneficial markers
because the nature of their specific cell of origin can provide more information to guide
accurate disease diagnosis and proper treatment. Isolation of EV subsets then requires more
knowledge about the properties of such EVs, like their specific surface proteins, and
typically relies on immuno-precipitation, the capability of which in targeting multiple
markers simultaneously remains to be greatly improved.

Another challenge in studying ncRNAs is their implementation in bioinformatics, such as
the two RNA-seq pipelines, exceRpt and Atlas. Such pipelines are essential for mapping the
infrastructure of extracellular RNA communication within humans and facilitate exchange of
metadata among users. However, the quality of RNA-seq data heavily depends on RNA
isolation, which is bottlenecked by contamination issues. exceRpt and Atlas combat this by
aligning and filtering RNA-seq reads with known potential contaminants, although this data
treatment cannot cover more ground than preventative measures during sample preparation.
Thus, a strong emphasis should be placed on accurately fractionating biofluids into carrier
subtypes in order to progress forward with our knowledge of extracellular RNA
communication and utilization of exRNA as clinical biomarkers.

Significant technical improvements and continuous evolution of our repertoire and
knowledge are crucial in the perennial battle against cancer. We hope that this review can
help deepen readers’ insight on the diagnostic potential of circulating ncRNAs, facilitate the
discovery of new circulating ncRNA biomarkers, improve their applications in the
biomedical field, and incentivize the development of circulating ncRNA-based technologies
for diagnosis and treatment of cancer and other diseases in the near future.
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Highlights:

. Circulating non-coding RNAs are promising biomarkers for disease
diagnosis.

. These RNAs need to be extracted and enriched from the complex biofluid.

. Trace amounts of non-coding RNAs prepared are detected via signal
amplification.

. Microfluidic devices enables integrated, point-of-care analysis of non-coding
RNAs.
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Figure 1.
Circulating biomarkers in patients with cancer. Reprinted with permission from Ref. 8.

Copyright 2018, The Authors.
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Figure 2.
(A) Schematic diagram of biogenesis of circulating InNcRNAs. Reprinted with permission

from Ref. 11. Copyright 2016, The Authors. (B) Schematic diagram of biogenesis of
circulating miRNAs. Reprinted with permission from Ref. 12. Copyright 2014, Wiley.
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Figure 3.

(A?) Assay schematic of /n situ dispersive liquid-liquid microextraction using an ionic liquid
(IL). Reprinted with permission from Ref. 62. Copyright 2013, Elsevier B.V. (B) Magnetic
ionic liquid (MIL) extraction of DNA. The MIL is recovered using a magnetic rod (B = 0.66
T). Reprinted with permission from Ref. 66. Copyright 2015, American Chemical Society.
(C) Nlustration of solid-phase microextraction (SPME) for RNA purification. Polyacrylate
sorbent fibers are either coated with ionic liquid or cross-linked to dT oligos to enhance
MRNA capture. The extraction was evaluated by reverse transcription quantitative
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polymerase chain reaction (RT-gPCR). Reprinted with permission from Ref. 73. Copyright
2017, American Chemical Society.
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Figure 4.
(A) Graphic depicting carboxylated magnetic nanoparticles adsorbing proteins from urine or

cell culture medium and forming protein corona upon aggregation. Reprinted with
permission from Ref. 80. Copyright 2018, American Chemical Society. (B) Transmission
electron microscopy (TEM) image of TiO, nanofibers before and after calcination.
Calcination caused TiO, nanofibers to appear rougher and more brittle than non-calcinated
ones. Scale bars represent 500 nm. Reprinted with permission from Ref. 83. Copyright 2018,
Springer-Verlag GmbH.
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Figure 5.
Overall schematic for acoustofluidic enrichment of exosomes. (A) RBCs, WBCs, and PLTs

are depleted from whole blood through Unit 1 to provide cell-free plasma in downstream
analysis. The filtrate containing total extracellular vesicles is further filtered through Unit 2,
where exosomes are segregated from ABs and MVs. (B) Optical image of fully integrated
acoustofluidic chip. (C) Size-based separation occurs in each module due to the lateral
deflection induced by a taSSAW field. The periodic distribution of pressure nodes and
antinodes generates an acoustic radiation force to push large particles toward node planes.
Abbreviations: RBC = red blood cell, WBC = white blood cell, PLT = platelet, AB =
apoptotic body, MV = microvesicle, taSSAW = tilted-angle standing SAW. Reprinted with
permission from Ref. 111. Copyright 2017, National Academy of Sciences.
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Figure 6.

Mechanistic scheme of acoustic trapping for extracellular vesicle isolation. (a) Seeding
particles are introduced into the fluidic channel and (b) are packed together by the acoustic
standing wave generated by the ultrasonic transducer. Excess seeding particles are washed
away. (c) Total extracellular vesicles (EV’s) are introduced into the fluidic channel and are
trapped by the seed cluster via secondary acoustic forces and particle-particle interactions.
(d) After cleaning, the seed cluster-EV aggregate is released upon terminating the acoustic
wave. (e) Photograph of the automated trapping device, AcouTrap. Reprinted with
permission from Ref. 112. Copyright 2018, American Chemical Society.
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Figure 7.
EVHB-Chip design. a) Image of the operating COC EVHB-Chip. Pressure-driven flow-

pumped serum or plasma through an inlet at ImL/h. Waste serum or plasma is collected in a
single outlet (scale bar 1 cm). On the right, an SEM micrograph of the 3D herringbone
features of the microfluidic device (scale bar 100 um). b) Serum or plasma from healthy
donors with spiked-in fluorescent EVs (in red and green) was run through the microfluidic
device coated with tumor-specific antibodies to capture tumor EVs. Abbreviations: EV =
extracellular vesicle, HB = herringbone. Reprinted with permission from Ref. 113.
Copyright 2018, The Authors.

Trends Analyt Chem. Author manuscript; available in PMC 2020 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Wang et al. Page 43

Cross-Sectional View Top View
Porous DEP Hig.h-Field
Hydrogel Layer ‘/l Region
N -+ y.
Silicon
Dioxide
Layer
Silicon Base Layer Platinum Electrode
Silicon DEP High-  Platinum
Dioxide Field Region Electrode
Layer
Figure 8.

Schematic of the microelectrode array chip showing the cross-sectional and top views of a
single electrode. Over 1000 electrodes can be in a single device. The DEP high-field regions
where particles are collected are shown within the dotted lines. The darker color of the
silicon dioxide layer and electrode in the top view represents the overlying transparent
porous hydrogel layer. DEP stands for dielectrophoretic. Reprinted with permission from
Ref. 114. Copyright 2017, American Chemical Society.
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Figure 9.
Schematic representation of the capture, detection, and release of exosomes by the ZnO-chip

device. Prior to the aforementioned stages, ZnO nanowires are grown on a 3D porous PDMS
scaffold and cross-linked to capture and detection antibodies. Reprinted with permission
from Ref. 115. Copyright 2018, Elsevier B.V.
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Figure 10.
(A) Schematic of the MINDS strategy that improves biosensing by 3D nanostructuring of

microfluidic elements, such as the herringbone mixer. The conventional, solid-HB mixer
creates microvortices to promote mass transfer of targets. A particle will experience
hydrodynamic resistance near a solid surface that reduces direct surface contact. In a 3D
nano-HB chip, fluid near the surface can be drained through the porous structure (red dashed
lines) to increase the probability of particle-surface collisions. (B) Workflow for fabricating
a 3D nano-HB chip by MINDS. Reprinted with permission from Ref. 116. Copyright 2019,
Springer Nature.
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Figure 11.
(A) Schematic illustration of circulating miR-486-5p detection based on the hairpin probe-

assisted rolling circle amplification (RCA). Reprinted with permission from Ref. 146.
Copyright 2013, American Chemical Society. (B) Schematic diagram of the designed
electrochemical biosensing strategy for specific miRNA detection with DSN-based target
recycling amplification. Reprinted with permission from Ref. 149. Copyright 2016, The
Royal Society of Chemistry. (C). Schematic of the enzyme-assisted multiple amplification
technology based on SDA (strand displacement amplification) and CEA (cyclic enzymatic
amplification). Reprinted with permission from Ref. 152. Copyright 2015, The Royal
Society of Chemistry.
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Figure 12.
(A) Schematic illustration of enzyme-free quadratic amplification for detecting circulating

miRNA based on hybridization chain reaction (HCR) and Ag*-mediated cascade SERS
signal amplification. Ref. 154. Copyright 2015, The Royal Society of Chemistry. (B)
Schematic of enzyme-free amplified detection of circulating exosomal miRNA with the
assistance of the target-initiated HCR and DNAzyme. Ref. 156. Copyright 2018, The Royal
Society of Chemistry. (C) Design scheme of photoluminescent biosensor for circulating
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microRNA detection based on self-assembled DNA cascades. Ref. 157. Copyright 2015,
The Royal Society of Chemistry.
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Figure 13.
(A) Schematic illustration of the fabrication of electrochemical nanogenosensor for the

detection of circulating miR-25 with the assistance of cysteamine-capped gold nanoparticles
(Cys-AuNPs). Reprinted with permission from Ref. 158. Copyright 2017, The Royal Society
of Chemistry. (B) Schematic presentation of the biosensing mechanism for detecting
miR-1246 in circulating exosomes collected from human plasma based on Au nanoflare-
based probe. Ref. 159. Copyright 2018, American Chemical Society. (C) Schematic
representation of fluorophore labeled probes/nanographene oxide (nGO) assembly for
detecting of multiple target circulating miRNAs. Reprinted with permission from Ref. 160.
Copyright 2014, American Chemical Society. (D). Principle of general biosensing method
for probing circulating microRNA biomarkers based on oligonucleotide-templated reaction
(OTR). Ref. 162. Copyright 2016, American Chemical Society.
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Figure 14.
(A) Cartoon illustration of a custom microarray fabricated from a glass slide substrate that is

functionalized with carboxyl-PEG. Al: Hairpin CP’s cross-linked to glass surface and
awaiting target. A2: Target-induced stem separation of hairpin CP leaving SP sequence
exposed. A3: Hybridization of AuNP-conjugated SP to exposed SP sequence marking target
in nucleic acid duplex for DIC microscopy. Abbreviations: CP = capture probe, SP =
signaling probe, AuNP = gold nanoparticle, DIC = differential interference contrast.
Reprinted with permission from Ref. 196. Copyright 2016, Elsevier B.V. (B) Schematic
illustration delineating morpholino nanochannel functionalization with PMOs and miRNA
sensing. The blue spheres represent negative charges along the miRNA phosphate backbone.
PMO stands for phosphorodiamidate morpholino oligos. Reprinted with permission from
Ref. 201. Copyright 2017, American Chemical Society. (C) Overview of TORNADO
platform. C1: Detailed view of TORNADO disc assembly. The grey layers are PMMA, the
green layers are PSA. Abbreviations: PMMA = poly(methyl methacrylate) and PSA =
pressure sensitive adhesive. C2: Image of fully assembled disc with integrated electrodes
(cropped to view one section). Chambers labeled (i)-(x) are preloaded with assay reagents.
C3: Hybridization of miRNA strands on surface of working electrode inside chamber (v).
Reprinted with permission from Ref. 213. Copyright 2017, The Authors.
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Figure 15.

Schematic illustration of the MERCA principle for miRNA detection. The on-chip chamber
is patterned with probes to capture target miRNAs. An adapter hybridizes with the miRNA
and is ligated with the capture probe by T4 DNA ligase. Reprinted with permission from
Ref. 214. Copyright 2019, Elsevier B.V
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(a) Schematic of surface acoustic wave (SAW) device (side view) and SAW-induced lysing
of exosomes to release RNA for detection. SAWSs generated at the transducer refract into the
liquid bulk, inducing fluid motion, and electromechanical coupling also generates a
complimentary electric wave at the surface of the substrate. (b) Schematic of ion-exchange
nanomembrane sensor consisting of two reservoirs separated by the membrane. RNA in the
sensing reservoir hybridize to complimentary oligos immobilized on the surface of the
membrane. The inset shows the ion transport through the device to generate current and the
right image is a characteristic current-voltage curve illustrating the under-limiting, limiting,
and over-limiting regimes. Reprinted with permission from Ref. 215. Copyright 2015, The

Royal Society of Chemistry.
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Figure 17.

(A) Principle of CLN-Oh-MB biochip. Al: lllustration of CLN-TIRF technology. A2:
Schematic illustration of Oh-MB for hybridization and signal gain with target RNA in CLN-
EV complex. A3: Structure comparison of Co-MB, Ohe-MB and Ohi-MB. Abbreviations:
Co-MB = conventional molecular beacon, Ohe-MB = overhang molecular beacon with
external dye, Ohi-MB = overhang molecular beacon with internal dye. Reprinted with
permission from Ref. 216. Copyright 2018, Elsevier Ltd. (B) Overview of integrated chip for
detection of diseased exosomal miR-21 and miR-126. B1: A schematic illustration of the
integrated microfluidic chip for detecting miRNA biomarkers for cardiovascular disease. B2:
Exposed view of the integrated microfluidic chip. B3: A photograph of the integrated
microfluidic chip. The chip was comprised of four layers: an air control layer, a liquid
channel layer, a double-sided tape layer, and an epoxy substrate equipped with an FET
detection sensor. FET stands for field-effect transistor. Reprinted with permission from Ref.
217. Copyright 2018, The Royal Society of Chemistry.
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Table 1.

Comparison of commonly used exosomes isolation methods.
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Property to be

targeted Method EVyield  Purity Advantages Disadvantages Ref.
Compatible with large . P
. . . sample volumes; possible Time consuming; high
Ultracentrifugation Medium Low p equipment cost; inducing 95, 96
for parallel processing of exosome damage
Density multiple samples g
: - Capable of removing lipids
Density Gradient . . . . .
Centrifugation Medium High and separating EV's by Technically demanding 97
density
s Low recovery, causing
Ultrafiltration Low High Capi?,:fcfefsrferg]r%\/ggsb'g exosome damage and 99
P deformation
Size ;
Capable of removing small o
. . ; . . Large dilution of the
Size Exclusion : ] proteins and lipids without : 100,
Medium  Medium p . collected EVs that require
Chromatography causing EV aggregation; fast re-concentration 101
speed
Surface Polymer-based High Low Easy to use, high sample Co-precipitation of non- 08
hydrophobicity precipitation 9 capacity exosomal contaminants
. S : Low sample throughput;
Immunological . . Rapid, high purity and : ; )
Surface markers separation Medium High efficiency high re?r?celr;tsg:\?:t, non 106
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