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Abstract

The volume of point of care (POC) testing continues to grow steadily due to the increased availability of easy-to-use
devices, thus making it possible to deliver less costly care closer to the patient site in a shorter time relative to the
central laboratory services. A novel class of molecules called microRNAs have recently gained attention in healthcare
management for their potential as biomarkers for human diseases. The increasing interest of miRNAs in clinical practice has
led to an unmet need for assays that can rapidly and accurately measure miRNAs at the POC. However, the most widely
used methods for analyzing miRNAs, including Northern blot-based platforms, in situ hybridization, reverse transcription
gPCR, microarray, and next-generation sequencing, are still far from being used as ideal POC diagnostic tools, due to
considerable time, expertize required for sample preparation, and in terms of miniaturizations making them suitable
platforms for centralized labs. In this review, we highlight various existing and upcoming technologies for miRNA
amplification and detection with a particular emphasis on the POC testing industries. The review summarizes different
miRNA targets and signals amplification-based assays, from conventional methods to alternative technologies, such
as isothermal amplification, paper-based, oligonucleotide-templated reaction, nanobead-based, electrochemical signaling-
based, and microfluidic chip-based strategies. Based on critical analysis of these technologies, the possibilities and
feasibilities for further development of POC testing for miRNA diagnostics are addressed and discussed.

Introduction

MicroRNAs (miRNAs) are evolutionary conserved, ~18-24
nucleotides long non-coding RNA, playing a significant role
in controlling human gene expression by post-transcriptional
gene regulation or silencing [1]. Further, aberrant expression
of a single miRNA can regulate the activity of multiple
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Fig. 1 Schematic demonstration
of POC diagnostics. (a)
Tlustration of the routine
laboratory diagnostics, (b) sites
for POC tests (adapted from ref.
[97]), and hierarchical feature

for an ideal POC test/device (c) Laboratory

diagnostics

TEST/ASSAY

During the past decades, point of care (POC) diagnostics
have become an integral part of the transformation of the
healthcare landscape. In routine laboratory diagnostics, tests
are usually performed in a laboratory setup, away from the
individual patient (Fig. 1a). POC testing is defined as “A
testing that is performed near or at the site of a patient with
quicker results leading to a possible change in the patient
care” [12]. The use of POC testing is becoming more and
more popular in clinical diagnosis due to its convenience,
timeliness, and potential to improve the outcome for the
patient. In this context, a POC test/device can be used in a
patient’s home, ambulatory care setup, acute care setup, and
clinical research centers along with low resource rural set-
tings (Fig. 1b). POC testing may reduce repeated hospital
visits and time to wait for results for the patient. It may also
help in immediate therapy decision and avoids follow-up
appointments to discuss results [13]. In an ideal way, POC
testing assay/device should be cheaper, faster, and smarter.
However, it can be classified differently to define how close
a POC test is to the ideal conditions (Fig. 1c). Up to date,
many of the POC assays have been commercially available
for detection or diagnosis of various clinical conditions.

SMALL SIZE
INSTRUMENT

b

Patient home Ambulatory care

Acute Clinical
care research
setting centers

Rural setting Development world

LARGE SIZE
INSTRUMENT

These assays mainly rely on biochemical reactions,
antigen—antibody interaction or nucleic acid hybridizations.
Some examples include blood glucose testing, blood gas,
and electrolytes analysis, pregnancy testing, infectious dis-
ease testing, etc.

Despite substantial advances in miRNA-related research,
diagnostic tests based on miRNAs are not yet implemented
in clinical routine. Thus, no standardized workflows have
been established for analysis of miRNAs for the benefit of
the patient. However, several promising miRNA-based
assays exist that might eventually lead to routine applica-
tions, such as the development of a POC non-sputum-based
test capable of detecting all forms of human tuberculosis
[5, 14, 15]. These miRNA-based tests will be able to
represent a significant improvement in turnaround time and
accuracy for use in lower tiers of the healthcare system. In
the cancer research area, miRNAs have perhaps gained the
most interest as powerful tools for diagnostics as well as
predicting the patient outcome [16-20]. The New York
State Department of Health Clinical Laboratory Evaluation
Program has approved a molecular test, based on Rosetta
Genomics’ miRNA technology, for clinical use [21, 22].
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-Low-throughput-Semi-quantitative analysis of miRNA expression [90]

-Able to monitor the cellular and sub-cellular distributions and to
determine the spatiotemporal expression profile of miRNAs

In situ hybridization (ISH) with
locked nucleic acid probes

-Cannot identify novel miRNAs -Medium-throughput with respect [29, 32, 36, 86,

to the number of samples that can be processed per day -Optimal
reaction conditions may differ considerably between miRNAs due

-High sensitivity and specificity -Suitable for measuring smaller

Reverse transcription gPCR (RT-

gPCR)

87]

miRNA panels-Can be used for absolute quantification-Easy to
incorporate into the workflow for laboratories that are used to

gPCR-Suitable for routine measurements in laboratory settings-Can to sequence-specific differences in primer annealing

be automated to a high degree

-Low sensitivity and specificity -Long turnaround time-Poor degree [41,86—88]

-Rather low-cost and high-throughput considering the number of

Microarray

samples that can be processed per day -Suitable for comparing the of automation-Not suitable for absolute quantification-Cannot

relative abundance of specific miRNAs between two states (e.g.,

‘diseased’ versus ‘non- diseased)

identify novel miRNAs

Next generation sequencing (NGS) -Widest range of applications -Very high sensitivity-High accuracy -Substantial computational support needed for data analysis-Cannot [50, 86, 87, 89]

be used for absolute quantification-Rather expensive and not
available everywhere-Not so suitable for high-throughput

laboratory settings yet

in distinguishing variants of miRNAs that are very similar in

sequence

When using this system to test a sample of a patient’s
tumor, the test classifies squamous-cell carcinoma of the
lung with a sensitivity of 96% and specificity of 90%.
Columbia University Medical Center developed and vali-
dated this assay. Food and Drug Administration (FDA) has
already approved a handful of miRNA-based tests aimed at
guiding therapeutic management. For instance, for the
classification of cancer of unknown primary origin, for lung
cancer type, for thyroid cancer stratification, and for breast
cancer metastasis [23, 24]. Although the results are pro-
mising and may be used to guide decisions regarding
treatment that leads to improved patient outcomes, this field
is still in the infant stage, and the adoption of these tests by
the clinical practice requires more clinical studies. Recent
reviews have also emphasized the role of circulating miR-
NAs as potential and emerging biomarkers for diagnosis of
human infectious diseases [5]. The increased amount of
studies on miRNAs as promising diagnostic biomarkers has
also been followed by a growing number of public data-
bases providing information on the relationships between
miRNA and diseases [25-27]. Thus, developing POC
assays and diagnostics tools for detection of known miRNA
holds a promising area of research in the coming decade. In
this review, we will summarize and discuss the existing
assays based on conventional methods for miRNA ampli-
fication and detection, and highlight upcoming technologies
with a particular emphasis on the POC testing industries.
Based on critical analysis of these technologies, the possi-
bilities and feasibilities for further development of POC
testing for miRNA diagnostics are addressed and discussed.

Conventional miRNA detection methods

Moving into the field of biomarkers and therapeutics,
miRNA is a rising star. The relatively new field of miRNA
has gained an accelerated growth regarding prognostic,
diagnostic, functional, and therapeutic bioanalysis. Existing
assays such as Northern blot (NB), in situ hybridization
(ISH), reverse transcription gPCR (RT-gPCR), microarray,
and next-generation sequencing (NGS) are, however, far
from the ideal POC diagnostic assays. The advantages and
disadvantages of these assays are summarized in Table 1.

Northern blotting

NB for miRNA analysis is a readily available technology
for molecular biology laboratories. To perform an NB
analysis, the RNA in a sample is size-separated through
denaturing gel electrophoresis, transferred and cross-linked
to a membrane and hybridized using a nucleic acid probe
complementary to the target RNA. NB technique can be
used to analyze the expression levels of individual miRNAs
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[28]. NB analysis has the advantage of simultaneously
detecting the mature miRNAs and miRNA precursors, but it
is expensive, very labor-intensive and time-consuming
approach which also requires radio-labeling. In addition,
NB is not typically used for quantitative analysis. It is
considered to be semi-quantitative and providing informa-
tion regarding relative RNA expression within a sample
or across samples [29, 30]. For detection, both radioactive
and non-radioactive probes can be used where labeling
strategies include end labeling as well as uniform probe
labeling [31, 32]. Due to its high sensitivity, radioactive
labeling with 2P is most commonly utilized. However,
the health hazard, safety measurements, and special training
associated with radiation use, as well as the short half-
life of the probe are a significant disadvantage. While
NB is widely used throughout the field, alternative techni-
ques, such as RT-qPCR, nuclease protection assays,
fluorescent in situ hybridization (FISH), and microarrays
have advantages over it. Mainly, these techniques are
considered to be more sensitive, and they also tend to
be less sensitive to RNA degradation. For example, RT-
gPCR, nuclease protection assays, and FISH allow
examination of multiple genes at once, and microarrays
are high-throughput. FISH does not require the isolation
of RNA. In addition, it provides information about
RNA localization within the cell or tissue. Even though
there are a number of disadvantages in NB, it is the only
method that provides information regarding both sequence
and length. For this reason, NB is still widely used for
RNA detection and to validate results obtained with other
methods.

In situ hybridization

ISH is a commonly used method to visualize expression and
localization of molecules within a cell, tissue, or embryo.
ISH techniques involve the use of labeled complementary
nucleic acid probes to detect single-stranded DNA or RNA
in tissue sections or fixed cells [33] and were used for
detection of miRNA for the first time in 2006 [34]. The
primary advantage of ISH in comparison to other miRNA
detection methods is its ability to monitor the cellular and
sub-cellular distributions, as well as to determine the spa-
tiotemporal expression profile of miRNAs. This can be
important to determine the spatiotemporal expression of
miRNAs in elucidating their biological role as well as their
pathologic involvement in numerous diseases. At present,
ISH is the only technique for miRNA profiling that pre-
serves RNA integrity and identifies the native locations of
miRNA in a single cell, inside tissues, or in cell compart-
ments [35]. RNA FISH is a cell-based technique for
detecting mRNA transcripts. Recent advances in various
methods for signal amplification and super-resolution

imaging have enabled the development of single molecule
RNA FISH (smRNA-FISH) techniques. Several approa-
ches, including branched DNA probes, tyramide signal
amplification, quantum dots (QDs), and padlock-rolling
circle amplification (RCA), have been used for signal
enhancement [36]. Although the low-throughput nature
remains a major limitation of this technique, the recent
development of directly labeled fluorescence probes has
allowed this method to detect multiple miRNAs per reaction
[37]. FISH technology has made significant progress with
the innovation of novel labeling methods and the intro-
duction of super-resolution imaging systems for fine map-
ping of intra-nuclear genomic structures and single cells
single molecule profiling of cytoplasmic RNA transcription.
Even with the introduction of genomic technologies, such
as microarray analysis and exome sequencing, the FISH
analysis still cannot be substituted in the field of genetic
diagnosis [38—40]. Micro-fluidic devices for miniaturized
and automatic FISH applications are currently under
development [41—43]. Further research on the identification
of more diseases specific probes and labeling methods will
give strength to validate these platforms in diagnostics FISH
POC settings.

Reverse transcription qPCR

RT-qPCR is a gold standard approach to quantify circulat-
ing miRNAs [44], for which there are some protocols and
commercial assays such as miRCURY LNA qPCR from
Exiqon, TagMan assays from Applied Biosystems/Fisher
Thermo Scientific, and two-tailed RT-qPCR miRNA assays
from TATAA Biocenter. The principle of these RT-qPCR
methods focuses on two steps: cDNA synthesis using RT
followed by detection of amplified products using a con-
ventional qPCR with either intercalating dye or TagMan
probe. Non-common sequence features are used for the
enrichment and amplification due to the short length of
target miRNAs. Additionally, the mature miRNA sequence
is present in both pre-miRNAs and pri-miRNAs. Therefore,
the design of miRNA primers in both steps is critical to
obtain the specificity and sensitivity of RT-qPCR assays for
detection of mature miRNAs. In the step of cDNA synth-
esis, target-miRNAs could be reverse transcribed by using
universal [45—47] or specific RT primers [48-51] for highly
accurate miRNA quantification. To utilize universal primers
for RT, all 3’-end of miRNAs are first tailed to possess a
common sequence, such as poly(A or U) by using poly(A or
U) polymerase at its 3’-end as the pre-treatment step, and
then reverse transcribed by a universal primer [45-47]. In
this case, the RT primer is designed an oligo (dT or dA)
sequence at 3’-end and a universal primer-binding sequence
at 5’-end that is used to amplify the target sequence cDNA
in the qPCR step. To reduce the pre-treatment step above,
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the target miRNAs could be reverse transcribed directly into
cDNA by using specific primers, such as stem-loop RT
primers [48], linear RT primers [49], DNA pincer probe
[50], and two-tailed RT primer [51]. By designing a specific
probe, this method can specifically quantify mature miR-
NAs from their precursors, and discriminate miRNA
homologs from the same miRNA family. Recently,
Androvic et al. have developed a novel method based on
two-tailed RT primer for highly accurate miRNA quantifi-
cation, namely two-tailed RT-qPCR [51]. In this method,
the stem-loop RT primers are designed to have two
hemiprobes at both 3’-end and 5’-end that precisely hybri-
dize to two different parts of the miRNA. The method
demonstrates a dynamic range of seven logs, high sensi-
tivity with a detection limit of 10 targeted miRNA mole-
cules. The method can discriminate between similar
miRNAs, and ability to quantify iso-miRNAs [51].

In an alternative approach, Li et al. developed an RT-free
gPCR based on enzymatic ligation of DNA stem-loop pri-
mers for miRNA detection, in which a pair of stem-loop
primers is designed to hybridize with the target miRNA
[52]. The resulting joint DNA is then used as a template for
the PCR amplification. This method is a simple, accurate,
and inexpensive qPCR for miRNAs detection. However,
the method is limited by low ligation efficiency and low
sensitivity [52] compared to RT-qPCR assays [53].

It is known that RT-qPCR is a powerful tool to identify
miRNAs. However, this technique is time-consuming,
complicated, and requires sophisticated, large, and expen-
sive thermal cycling equipment for amplification and
quantification and is not suitable to apply for POC testing.
Developing a portable, easy-to-use miRNA amplification
detection system with sufficient selectivity and sensitivity
for POC diagnostics is not a simple task. A portable PCR
system requires temperature cycling, which is a major bat-
tery drainer. Moving towards POC, isothermal miRNA
amplification may serve as a promising technique, which we
will discuss in the next section. Another challenging is
micro-fluidics. Transportation of the PCR reaction from the
PCR chamber into the microarray plate in a portable device
requires the timely managing of a few microliters over a few
millimeters. Dispensing the rinsing solutions and all
reagents in a timely fashion complicates the design further.
Finally, the problem of the detection system, which requires
highly sensitive charge-coupled device (CCD) cameras that
are big-sized, expensive, requiring cooling, and sophisti-
cated electronics. Another possibility is the use of photo-
diode arrays [54]. Photodiodes are small, very sensitive,
and simple to operate photodetectors capable of trans-
forming light into either current or voltage. Taking collec-
tive measurements on the challenges, RT-qPCR could be
a significant technology for the miRNA POC testings
shortly.

SPRINGER NATURE

Microarrays

Microarray-based methods are widely used for gene
expression analysis studies and were among the first tech-
nologies to be utilized for parallel analysis of a vast number
of miRNAs. Microarrays rely on nucleic acid hybridization
between target molecules and their corresponding com-
plementary probes. Several technical variants of the
approach have been developed independently in the past
few years, including the probe design, immobilization
chemistry, sample labeling, and microarray chip signal-
detection methods [55, 56]. The strength of microarray-
based approaches is their ability to quantify large numbers
of miRNAs simultaneously in a single experiment. Micro-
arrays are often chosen for identification and validation of
novel miRNA signatures and are still one of the most
widely used as high-throughput methods for detecting
miRNA levels [57]. Measurement of differential expression
of various miRNAs is crucial to determine the physiological
and pathophysiological status of cellular microenvironment.
In this context, GeneChip miRNA Array (Thermo Fisher
Scientific) is one of the well-known platforms for studying
and deciphering the role of miRNAs. This array has com-
prehensive coverage designed to interrogate all mature
miRNA sequences in miRBase Release-20, while only
requiring a low sample input of 130 ng total RNA. The
high-resolution automated GeneChip Scanner 3000 7G has
significantly improved the miRNA applications. It fits easily
into a benchtop environment. Its solid-state laser eliminates
the need for an external laser power supply or a special
cooling system under the bench. Target preparation on the
Nimbus instrument helps minimize run-to-run variability
and the labor burden associated with complicated manual
pipetting. Despise all the facts; this platform is limited to a
centralized lab or research lab as much more miniaturization
is required to move these platforms to POC settings.

Next-generation sequencing

Sequence-based methods for miRNA profiling determine
the nucleotide sequence of miRNAs and involve RNA
isolation, ligation of linkers to the 3’ and 5’-ends, RT, and
PCR amplification. Traditionally, sequence-based methods
were time-consuming and expensive methods for miRNA
detection [58]. Since 2007, NGS instruments that can pro-
cess millions of sequence reads in parallel in a few days
have driven the discovery of most miRNAs [59]. In com-
parison with other high-throughput methods, such as
microarray, the NGS technologies do not suffer from pro-
blems like background noise and cross-hybridization. The
NGS also offers other significant advantages such as the
possibility to generate comprehensive and definitive ana-
lyses of all miRNAs in samples, including those derived
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from sera and plasma [60]. The techniques do not require
knowledge of target miRNAs or specific probes or primers,
and it can, therefore, detect both known and unknown
miRNAs. NGS is the best platform for miRNA discovery
since unambiguous libraries of miRNAs are generated from
humans and other organisms [61, 62]. However, the tech-
nique has some limitations: (1) NGS is still too expensive
for routine laboratory work and (2) the technique requires
computational infrastructure for data analysis and inter-
pretation. It is therefore not yet suitable for POC testing.
Companies within the space of personalized health care are
designing instruments to target specific needs across the
clinical diagnostic spectrum. Therefore, they are adding
NGS capabilities to their portfolio. As long as the genomic
era interfaces with personalized medicine, NGS uptake will
continue. Several NGS companies, such as Genapsys,
Gnubio (acquired by Biorad), and Genia (acquired by
Roche), have innovative technologies in the pipeline with a
focus on iPad/chip-sized devices using semiconductor
technology providing results with a short turnaround time.
Such tests will find their place clinics, and hence NGS will
soon be offered in clinical settings. Further POC mode of
sequencing will provide simplified handling, enable fast
accurate results, reduce sample volumes/reagent and pro-
duce minimal waste without the need of expertize.

miRNA amplification and detection methods
for POC diagnostics

Each of the assays described in the previous section has its
own individual limitations (Table 1). Although NB is easy
to perform, it is laborious and time-consuming. Further-
more, it requires radio-labeling, which can introduce sig-
nificant contamination and has low detection efficiency.
RT-qPCR and microarrays have good detection limits, but
the requirement of equipment, such as thermocycler and a
scanner, is not affordable by small and medium scale clin-
ics, thus limiting their use. The development of methods
with highly efficient and low-cost are needed due to the
limitations mentioned in the current existing assays. Keep-
ing in view the fact of limitations, the concept called lab-on-
a-chip (LOC) may become the dominant miRNA POC
testing technology in the future. The development of LOC,
sometimes referred to microchip, is on the way to grow
from the microelectronics industry through techniques of
miniaturization and micro-fabrication. Such devices have
been defined as ones that perform analysis at microscopic
scales, i.e., 1-500 um and incorporate microfilters, micro-
channels, microarrays, micropumps, microvalves, and
bioelectronics chips [63]. Thus, these core technologies may
play a pivotal role in the foundation of POC testing of
miRNA. In addition, more attention is currently paid to

alternative amplification and detection technologies at the
POC industries (Table 2). A common theme of these newly
developed methods is a combination of a multi-step-signal
amplification with some sensitive signal output unit to
achieve excellent detection efficiency for on-site or near-site
POC miRNA diagnostics.

Isothermal amplification-based assays

Isothermal amplification has emerged as a robust method
for quantification of nucleic acids and has already proven
its utility for developing highly specific and sensitive
miRNA assays. Compared to RT-qPCR, isothermal
amplification can be performed without precise control of
temperature cycling and is well fitted for detecting short
RNA or DNA. Isothermal amplification can rapidly and
efficiently amplify the target nucleic acids or the signal of
a recognition event at constant temperature under simple
conditions. A large family of isothermal amplification
techniques has successively been developed, such as
RCA, exponential amplification reaction (EXPAR),
hybridization chain reaction (HCR), catalytic hairpin
assembly (CHA), strand-displacement amplification
(SDA), duplex-specific nuclease signal amplification
(DSNSA), and loop-mediated isothermal amplification
(LAMP). These methods mainly rely on enzyme-based
replication, digestion, or enzyme-free strand displacement
processes.

Jia et al. presented a typical example of the isothermal
amplification of miRNAs, where the target-miRNA was
designed to be the trigger of the isothermal amplification
[64]. The template was designed to contain two identical
segments: (1) complementary to the target-miRNA and (2)
adjacent to the nicking site, with one segment upstream and
one segment downstream. With this design, not only
extension and cleavage occur at the nicking site, but the
released sequence could also serve repeatedly as the trigger.
By this way, the target-miRNA is exponentially amplified.
Using a fluorescence dye—-SYBR Green I, detection could
occur in real-time (Fig. 2a). To further simplify the detec-
tion system, the authors [65] developed another detection
based on the LAMP amplification [66], which only con-
tained one single enzyme—the Bst DNA polymerase.
Along with its DNA polymerase activity, the Bst enzyme
also displays RNA polymerase (using a DNA template) and
strand displacement activities. The loop-stem-like extension
products could be detected using SYBR Green 1. With
repetitive strand extension and displacement, the stem-loop
DNA products are further amplified. Here, the target
miRNA also contributed to triggering the amplification
process. In this method, the design of the templates and
primers are complicated, and one set of probes is suitable
for use with only one target. These factors increase the
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probe onto the glass surface, and

microchannels convey the sample to the

immobilized probes initiating the miRNA
hybridization resulting in the amplified

signal by laminar flow-assisted dendritic

amplification.

[81]

30 min

Not reported Blood samples

Not reported

miRNA-21

A fully integrated fluorescence reader into
a microfluidic device for successful

screening and detection of breast cancer by
blood test using miRNA beacon probe,
which was designed to include multiple

miRNA to detect multiple miRNA levels.

complexity and cost, especially when considering the
application of this method in POC diagnostics (Fig. 2b).
RCA is a site-anchored isothermal nucleic-acid signal
amplification. The reaction is based on the rolling circle
replication mechanism. It was first applied to detect miRNA
by Jonstrup and co-workers [67]. Subsequently, an
improved design, called branched rolling-circle amplifica-
tion (BRCA) (Fig. 2c) was developed [68]. This method is
well-established and widely used for the specific and sen-
sitive detection of short nucleotide sequences, and several
subsequent improvements are made on its basis [69].
However, through this method, a single nucleotide mis-
match at the middle position could easily be distinguished,
but a terminal mismatch would lead to poor discrimination.

Lateral flow assay (LFA)-based systems

LFA-based POC devices are one of the most favorable
approaches used for detection of target molecules of interest
[70, 71]. The method provides a visual response usually
based on the immune-chromatographic concept. LFA
technology possesses many advantages due to its low
operational cost, simple instrumentation, rapidity, and one
step analysis, user-friendly format, high specificity and
sensitivity, fewer interferences due to chromatographic
separation, and portability [70, 71]. Additionally, the LFA
paper-based devices use capillary force enabling usage
without any external power. The white background of the
paper also allows colorimetric and fluorescent-based
detection. Furthermore, different types of labels, including
gold, silver, and selenium nanoparticles (NPs), QDs, up-
converting phosphors, fluorescent, and luminescent mate-
rials are utilized as visualizing markers for developing
LFAs with improved sensitivity of detection. The size of all
these diagnostic substances is adjustable for optical prop-
erties to develop specific LFA-based detection systems [71].
Recently, several lateral flow strip biosensors have been
developed to detect many different targets, such as DNAs,
mRNAs, proteins, biological agents, and chemical con-
taminants [70, 71]. Nevertheless, there are very few reports
on the use of lateral flow strip biosensors for miRNA ana-
lysis. Fig. 3a represents generalized strategies to detect
miRNAs using the LFA.

Hou et al. developed DNA-gold nanoparticle
(DNA-GNP)-based lateral flow nucleic acid biosensor for
visual detection of miRNA-21 [72]. They have used
sandwich-type hybridization reactions among GNP-labeled
DNA probe, miRNA-21 and biotin-modified DNA probes
on the lateral flow device (Fig. 3b). The accumulation of
GNPs on the test line of the biosensor enables the visual
detection of miRNA-21. To avoid non-specific signals, a
mung-bean nuclease, which catalyzes the degradation of the
capture probe in miRNA negative samples, was used if
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Fig. 2 Approaches based on Isothermal amplification. a Schematic
representation of the exponential amplification reaction using let-7a
miRNA as the amplification template. P indicates a phosphate group
(adapted from ref. [64]). b Illustration of the LAMP reaction initiated

there is no tested miRNA in the samples. Gao et al. also
reported an enzyme-amplified lateral flow biosensor based
on an enzyme-based dual-labeled nanoprobe for visual
detection of miRNA-224 [73]. In this method, the GNPs
surface was functionalized with detection probe and
horseradish peroxidase (HRP). The capture DNA probes
were immobilized on the test zone of the lateral flow bio-
sensor. In miRNA positive samples, the enzyme-based
dual-labeled nanoprobes are captured by forming the
“sandwich structure” in the test zone of the lateral flow
biosensor, enabling visual detection of miRNA-224
(Fig. 3c) by TMB/H,0, enzymatic substrate reaction in
the test zone [73]. Recently, Feng et al. have developed a

) phi29 DNA polymerase

>

by the target miRNA let-7a. Reproduced with permission from ref.
[65]. ¢ Tlustration of the target-primed branched rolling circle ampli-
fication reaction. Reproduced with permission from ref. [68]

pH-responsive miRNA amplification method to amplify and
quantify miRNA-21 in cancer cells just by using a pH test
paper [74]. The operation is easy, and no other costly
instrument is involved, making the method very attractive.
The developed assay exploits the properties of highly effi-
cient isothermal amplification of miRNA based on RCA
technique. Large amounts of H' are produced as a bypro-
duct of the amplification inducing significant changes in
pH, which can be monitored directly using a pH test paper
or pH-sensitive indicators (Fig. 3d). The degree of color
changes depends on the amount of miRNA, making it
possible for quantitative analysis. The results agreed well
with that of RT-qPCR analysis.
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Fig. 3 Approaches based on
Lateral flow assay. a
Generalized strategies to detect
miRNAs using the lateral flow
assay (LFA). b Schematic
description of miRNA detection
using lateral flow nucleic acid
strips with gold nanoparticles
(adapted from ref. [72]).

¢ Schematic diagram of the
hybridization reaction between
the miRNA-capture probe-
detector followed by enzyme-
mediated signal enhancement of
the lateral flow strip (adapted
from ref. [73]). d The principle
of the pH-responsive NRCA-
based colorimetric assay for
detection of miRNA followed by
the equation of the reaction
catalyzed by Bst DNA
polymerase. The color changes
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Oligonucleotide-templated reaction

Oligonucleotide templated reactions (OTRs) are very
dynamic and have been successfully applied to a broad
range of chemistries. The OTRs concept relies upon
sequence-specific Watson—Crick base-pairing to bring
together two reactive moieties or probe-heads, each attached
to the end of an oligonucleotide. Because of their intrinsic
specificity and high programmability, OTRs have found
valuable applications in controlled organic synthesis, DNA-
encoded chemistry for nucleic acid sensing, both in vitro
and in vivo. For sensing applications, OTRs have been
engineered whereby only the nucleic acid target of interest
acts as a template to catalyze, which can be monitored
optically. Metcalf et al. have recently reported a novel
sensing strategy based on OTRs [75] where only the
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miRNA of interest serves as a matrix to catalyze an
otherwise highly unfavorable fluorogenic reaction between
chemically engineered peptide nucleic acid (PNA) hybri-
dization probes (Fig. 4a) [76]. This method enables the
quantitative detection of endogenous concentrations of cir-
culating miRNA biomarkers, such as miR-375, miR-141,
and miR-132, in blood samples and do not require any
amplification step [76]. The process is isothermal and
highly cost-effective.

Nanobead-based systems

Several innovative approaches based on the unique prop-
erties of nanostructured materials and devices have
appeared in the scientific literature to support the wide-
spread adoption of miRNA [77]. Typically, nanobead-based
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Fig. 4 Approaches based on oligonucleotide-templated reaction and
nanobead. a Complementary Watson—Crick base-pairing between the
RNA target and two engineered PNA probes catalyzes
oligonucleotide-templated reaction where a fluorogenic Michael
addition reaction and unleashes the quenched fluorescence of a cou-
marin derivative. Adapted with permission from ref. [76]. b DSN is a
highly stable, nonspecific endonuclease, which possesses a strong
preference for double-stranded DNA and DNA in DNA—RNA het-
eroduplexes. The substrate specificity of this enzyme is ideal for the

miRNA detection systems exploit the physiochemical
properties of nanostructure materials, which induce trans-
duction mechanisms after hybridization of target miRNA
with the capture probe coupled nanobeads leading to
quantifiable signals. In this context, several nano-particulate
materials have excellent optical properties making them
ideally suited for the development of sensing strategies.
Some NPs are bright and stable fluorescence emitters, e.g.,
silver nanoclusters (AgNCs) and QDs, and can be used
either directly or in fluorescence resonance energy transfer
strategies. Other NPs, such as GNPs and carbonaceous NPs,
can be used as efficient fluorescence quenchers in fluores-
cence recovery approaches.

Degliangeli et al. reported a real-time fluorescence
recovery strategy for miRNA quantification based on the

Ve
/7 * Cy3-DNA fragment
/7

e /"%;\ﬁ“

\
DNA >
probes >
k

released

Read out

development of miRNA sensing strategies. Since target-miRNA
remains intact during this process, under conditions of effective
enzymatic activity, target-recycling amplification leads to significant
signal enhancement. Adapted with permission from ref. [77].
¢ Schematic illustration of miRNA capturing using magnetic nano-
particles where mix RNAt sample with Cy-3-DNA modified
Fe;0,@Ag NPs concentrate samples by a magnet and add DSN for
incubation after wash away the Cy-3-DNA fragments and read out
Raman signal (adapted from ref. [79])

enzymatic processing of DNA probes immobilized on
PEGylated GNPs [78]. The fluorescence of FAM-labeled
DNA probes is initially quenched via nanomaterial surface
energy transfer by the proximity to the gold surface. Upon
hybridization with target miRNA, DNA:miRNA hetero-
duplexes are formed and become a substrate for the enzyme
duplex-specific nuclease (DSN), which selectively cleaves
the DNA strand leaving the miRNA untouched, resulting in
target recycling amplification. The DNA-probe hydrolysis
results in fluorescence recovery due to the release of the
fluorophores in solution (Fig. 4b). Pang et al. also proposed
DNA functionalized Fe;O,@Ag core—shell magnetic NPs
for miRNA capture and DSN signal amplification to be
detected via surface-enhanced Raman spectroscopy (SERS)
[79]. The detection occurs in a separate step following
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magnetic separation of the DSN-treated Fe;0,@Ag. The
presence of target-miRNA produces an attenuation of the
SERS signal (Fig. 4c¢).

Electrochemical-based systems

Electrochemical methodologies for miRNA detection have
been developed to substitute classical methods [80]. Typi-
cally, an electrochemical genosensor-based hybridization
[81] is established from two main components: (1) an
electrode tethered short, single-stranded DNA/RNA probe,
which can specifically hybridize with the target sequences,
and (2) an electroactive hybridization indicator that trans-
lates the hybridization signal into the measurable current
(amperometry, voltammetry) or charge accumulation
(potentiometry) (Fig. 5a). For the first generation of miRNA
electrochemical sensor, Gao and Yang developed a system
(Fig. 5b) in which the oligonucleotide capture probes on the
surface of indium tin oxide electrodes hybridize to target
miRNA specifically [82]. After forming a DNA/miRNA
duplex through hybridization, isoniazid-capped OsO, NPs
are introduced to form a chemical ligation between tag
miRNA and OsO, NPs. Consequently, this electrocatalytic
system generates a measurable current that enables detec-
tion of miRNA at the femtomolar level. Following this
principle, some modified miRNA electrochemical sensors
have been developed for the specificity and sensitivity of a
wide range of miRNA detection [80].

In 2014, Pringarrén et al. reported another version of
miRNA electrochemical biosensor platform, namely the
amperometric magnetosensor [83], enabling the detection of
a synthetic target-miRNA (miRNA-21) at 0.4 fmol in raw
samples without any amplification, preconcentration, and
purification for diagnosis of various human cancers. In this
system, the RNA-binding viral protein pl9 immobilized-
chitin magnetic bead was utilized as the biorecognition
receptor for capturing target miRNAs/anti-miRNA duplex
selectively. Particularly, a biotinylated antimiRNA-21 probe
was introduced to hybridize to the miRNA-21 target spe-
cifically. The resulting miRNA-21/biotinylated antiRNA-21
duplex was then labeled with streptavidin protein con-
jugated to HRP for measurement of the catalytic current in
the presence of H,O, and hydroquinone (HQ) at a dis-
posable screen-printed carbon electrode (SPCE) (Fig. 5c).
Instead of viral protein pl9, the specific antibody-
functionalized magnetic bead was used as the bioreceptor
for surface-confined DNA/RNA duplexes to develop a
second generation of amperometric magnetosensor for
detection of target miRNAs in clinical samples with a
detection limit of 60 amol [84]. Similar to the first version, a
biotinylated DNA probe was precisely and -efficiently
hybridized to the target-miRNAs in solution. The formation
of DNA/miRNA duplex was then captured by a specific
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DNA-RNA antibody/protein G-functionalized magnetic
beads and detected amperometric on the SPCE in the pre-
sent of H,O,/HQ (Fig. 5c¢).

Zhou et al. also reported a simple electrochemical bio-
sensor for miRNA detection based on hybridization pro-
tection against nuclease S1 digestion [85] (Fig. 5d) [86].
The principle of this method is based on the change of the
electrochemical response in the absence or present of spe-
cific hybridization process between the target-miRNA to
DNA probe on GNPs/Au surface of the electrode when
using nuclease S1 and redox probe of Fe(CN)¢> . It is
known that electrochemical methods have demonstrated a
variety of advantages, such as specificity, sensitivity, sim-
plicity, portability, as well as a low cost which makes these
methods suited for POC diagnostics [87]. By using these
approaches, miRNA can be directly detected in the clinical
samples without any amplification.

Microfluidic chip-based

In the last two decades, LOC technology was the main era
for microfabrication researchers and the LOC technology
drew significant interest from the industries for its biome-
dical applications. The major advantages of LOC platforms
are cost-effectiveness, short processing time, and multi-
plexed detection of the biological sample. These qualities of
LOC attract researchers to develop advanced technologies
and bring these technologies out of laboratory bench-top to
the pocket of end users as POC system. It is also important
to mention that micro-total analysis systems (MicroTAS)
and micro-electro-mechanical systems (MEMS) play an
equally important role in the development of POC system
by providing a miniaturized electronic readout for such
devices [88, 89]. In the development of POC system for
miRNA detection, Arata et al. were first to develop a power-
free microfluidic device for detection of miRNA from a
small sample volume (Fig. 6a) [90]. The device is driven by
energy that is stored in degassed poly-di-methyl-siloxane
(PDMS) in advance, eliminating the need for external
power sources for fluid pumping. In addition, using an
approach called laminar flow-assisted dendritic amplifica-
tion (LFDA), the signal amplification is achieved onto the
microfluidic device [91]. The miRNA is detected by sand-
wich hybridization technique, where a miRNA capture
probe is immobilized onto the glass surface, and micro-
channels convey the sample to the immobilized probes. The
miRNA hybridization takes place, and the signal is ampli-
fied by LFDA (Fig. 6b). Together with the advantages of
self-reliance, this device might contribute substantially to
the future development of miRNA POC diagnostics. Zhang
et al. demonstrated a hand-powered electricity-free cen-
trifugal microfluidic platform with sample multiplexing
capability using molecular label detection to identify
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Fig. 5 Electrochemical-based
approaches. a A schematic
illustration of an electrochemical
sensor for miRNA detection.

b Representation of miRNA
assay using electrocatalytic
nanoparticles tags. Reproduced
with permission from ref. [82]
copyright 2006, Amerian
Chemical Society. (c, left)
Schematic demonstration of the
p19-based amperometric
magnetosensor designed for the
determination of miR-21.
Reproduced with permission
from ref. [83] copyright 2014
WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim. (¢, right)
Illustration of the antibody-
functionalized magnetic bead-
based amperometric
magnetosensor designed for the
determination of miRNAs.
Reproduced with permission
from ref. [84] Copyright 2016,
American Chemical Society.

d Schematic illustration of the
detection strategy for microRNA
assay based on hybridization
protection against nuclease S1
digestion (adapted from ref.
[861)
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bacterial pathogen with a detection limit of 2 x 10% cells/uL
[92]. This device is inspired by the top spinning technology
and can be used as a POC device in remote areas. In this
device, all the steps from nucleic acid purification, target
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microfluidic disc. The manipulation and mixing of reagents
are done by a centrifugal mixing of the pre-loaded reagents.
LAMP reaction is used with a low-temperature range from
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Fig. 6 Microfluidic chip-based approaches. a The power-free micro-
fluidic device in which PDMS absorbs air in the outlet chamber thus
being a self-stand pumping device. Probe DNA is immobilized onto
the glass surface, and microchannels convey the sample to the probe
and miRNA hybridization and detection takes place. b An enlarged
view of a laminar flow in the microchannel. The laminar flow conveys
F-SA and B-anti-SA. Sandwich hybridization and dendritic amplifi-
cation take place at the intersection between the probe DNA-patterned
surface and the interface of the laminar flow. F-SA FITC-labeled
streptavidin, B-anti-SA biotinylated anti-streptavidin. Reproduced
with permission from refs. [90, 91]
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30 to 60 °C through portable pocket warmer-based heating,
and a small UV flashlight is used for fluorescence signals
visualization. The authors presented the successful detection
of P. aeruginosa, S. typhimurium, and S. iniae, as well as
the absence of V. parahaemolyticus, V. vulnificus, and V.
alginolyticus in artificial urine samples. However, a clinical
evaluation of this POC system is not yet performed. It is
important to optimize and evaluate the performance of the
system and compare with gold standard technologies. Salim
et al. took a further step in this direction by using a miRNA-
based microfluidic POC system. This device is fully inte-
grated with fluorescence reader. Using this system with
specially designed of miRNA beacon probes, it is possible
to screen and to detect miRNA-21 in the blood samples of
breast cancer patient within 30 min [93]. The molecular
beacon probes were designed to include multiple miRNAs
so that multiple miRNA levels in the sample can be detected
in a single test to enhance true positive and true negative
while eliminating the possibility of other diseases. Using
this POC device to test 51 blood samples in which 30 were
from healthy, and 21 were from breast cancer patients,
miRNA-21 was chosen as the biomarker since it showed
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four-fold overexpression in the serum of breast cancer
patients [93]. The performance of this system was validated
against the RT-qPCR. The study revealed that the use of
this test could help to depict the stage of cancer, which
would be useful for clinician deciding a therapeutic regime.
It is very crucial to address the present state of the POC
system for clinical diagnosis. Ferndndez-Carballo et al.
were first to report a quantitative and continuous-flow RT-
PCR-based microfluidic platform for detection of RNA-
based virus [94]. This disposable system is suitable for
industrial mass production. This developed POC system
was used to test and to evaluate against a conventional PCR
using a commercial kit to detect Ebola virus. The results of
this study showed that the POC system was able to perform
faster RT-qPCR with the same analytical sensitivity and
efficiency. The amplification and sensitivity are purely
depending on the PCR master mixture used, but this system
shows fairly high sensitivity in short turnaround time of
30-50 min. This system opens up the possibility of its
application for detection of other RNA viruses, such as Zika
virus or Chikungunya virus, for remote settings with low
medical infrastructure and outbreak control.

Summary and future outlooks

Over the last decade, the involvement of miRNAs in reg-
ulating gene expression has been studied and demonstrated
in many diseases [1, 6, 7]. With the advancement of micro-
nano fabrication technologies and life science, the devel-
opment of POC systems for detection of miRNA as diag-
nostic and prognostic markers have attracted attention from
researchers, clinicians, and industries. The POC diagnostics
is a growing field to achieve early diagnostics and better
patient outcome [13, 95]. Despite the fast-growing area of
POC testing platforms related to antigen—antibody and
DNA-based, the development of POC for miRNA detection
is still at the very early stage and needs further development
and progress. The current strategies for miRNA quantifi-
cation detection like RT-qPCR, microarray, NGS, NB, and
ISH have some limitations to adapt to POC diagnostics.
Thus, alternative amplification and novel detection tech-
nologies are desirable and on their way to achieve the goals
to fit the criteria for POC testing.

The miRNA amplification strategies using the isothermal
amplifications are crucial in the development of POC sys-
tems and can provide better sensitivity than other existing
nucleic acid-based POC systems [64, 65]. However, the
small size of miRNAs is a significant obstacle to design
primers and probes for development of isothermal amplifi-
cation technologies, such as RCA or LAMP-based ampli-
fication. When designing the RCA system, the specificity
of the method is one of the most critical factors since
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template-dependent ligation could lead to non-specific
amplification. Thus, optimization of different conditions
and careful selection of ligase are required. Similarly in
LAMP technology, designing the multiplexing strategies
and internal amplification control are challenging. In addi-
tion, to develop more sensitive isothermal detection tech-
nologies for POC, a miniaturized fluorescent reader is
required, and such requirement does indeed imply great
technological challenges. Development of portable optical
detection system in combination with precise thermal con-
trol and innovative isothermal amplification may lead to a
new innovative generation of miRNA POC systems for
near-site and low resource setting laboratories.

Paper-based POC testing method for the detection of
miRNAs holds excellent potential for diagnostics [72, 73],
since it is a simple, fast, selective, and sensitive approach
for detection of miRNA without any complex sample
treatment and expensive instrument. Interestingly, the target
miRNA could easily be detected by observing the change of
the color and can be quantified by a simple “strip reader”
instrument. Further, the signals could easily be enhanced by
the use of fluorescent/GNP or enzyme coupled NP. The pH
indicator-based miRNA detection could serve as an ideal
on-site POC assay for miRNA diagnostics [74]. However,
further studies to include the mismatched detection in
miRNA and to improve the capability for multiplexing on
the lateral flow strips are required.

Recently, nanotechnology has shown the potential to
provide advanced materials and surfaces to address various
analytical problems related to miRNA diagnostics. The
nanobead-based miRNA detection system can be performed
in solutions and thus overcome the design of the lateral
flow strip. However, the development of multiplex detection
is still a challenge. For futuristic miRNA POC diagnostics,
electrochemical signaling-based assay [80, 96] could be
integrated with the nanotechnology. Lastly, but more critical,
miniaturization of miRNA diagnostics assays/device on a
small chip using the micro-fluidics could help to develop
a comprehensive miRNA POC diagnostics [90, 91].

Despite the many advancements in technologies for
miRNA detection, we need to stress a few critical points
about POC miRNA diagnostics. The small size and a very
minute fraction of target-miRNA in biological samples pose
an urgent need for the development of a better miRNA
extraction system, an innovative miRNA amplification
strategy, and signal enhancement approach in minimal time.
Additionally, miRNA sequences may differ in just one to
few nucleotides. Thus, the precise design of molecular
discrimination is needed. Numerous designs and strategies
for miRNA detection have been developed, but they are still
at an infant stage for usage in a clinical setting, and further
developments are needed to integrate these techniques into
POC diagnostics. The in situ detection of multiple miRNAs

directly in the biological samples, such as blood, plasma,
serum, etc., may serve as an ideal miRNA diagnostic assay
and can be integrated into a POC platform to realize fully
integrated POC for clinical diagnosis industries in the
near future.
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