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MicroRNAs (miRNAs) are promising biomarkers especially for
early-stage cancer diagnostics, but the implementation of
miRNA-based diagnostic tests is still hindered by the limitations
of current analytical methods. The small size, low concentra-
tions in biofluids and high sequence homology of miRNAs are
challenges for assay development. Currently, most of the
sensitive detection methods rely on enzymatic amplification
steps, which complicate the analysis and can lead to biases in
quantitation. Therefore, there is an increasing need to develop
enzyme-free detection methods that are sensitive, specific and
user-friendly. In this study, a simple direct hybridization assay

for the DNA analogue of miR-20a was developed. The assay is
based on upconverting nanoparticle labels, which enable ultra-
sensitive detection, and hairpin structured probes, which
provide additional hybridization stability due to base stacking.
The limit of detection was 0.73 fM with plasma recoveries
between 76 % and 111 %, demonstrating that the assay could
be used for direct detection of miRNAs from complex sample
matrices without isolation of RNA. Due to the simplicity and the
excellent sensitivity for an amplification-free method, the assay
has a great potential for miRNA-based clinical applications.

Introduction

Micro-RNAs (miRNA) are short non-coding RNA molecules that
have an important role in the regulation of the gene expression
at the post-transcriptional level.[1] They are present in several
tissues and body fluids, including blood, urine, saliva and
cerebrospinal fluid.[2] A wide range of studies have demon-
strated correlation between miRNA expression levels and
various diseases, such as cancers, cardiovascular diseases and
infectious diseases, and there are numerous reviews about the
topic.[3] As miRNAs are involved in the development of diseases,
changes in their concentrations occur already at early disease
stage, making miRNAs promising biomarkers for early
diagnostics.[4] However, due to their small size, high sequence
homology and low concentrations in body fluids (atto-femto-
molar range in blood),[5] developing assays that are sensitive
enough to detect changes in specific miRNA concentrations
and still simple enough for routine diagnostics is challenging.

Conventional miRNA detection methods, including quanti-
tative reverse transcription polymerase chain reaction (RT-
qPCR), microarray, next generation sequencing and Northern
blotting, each have their limitations concerning routine diag-

nostic use.[6] Development of novel detection technologies is
accelerating, but the most sensitive strategies usually include
target amplification either by PCR or isothermal amplification.[7]

These methods are laborious and time-consuming and require
specialized laboratory facilities and careful purification of RNA
to remove enzyme inhibitors in the sample.[8] Both, purification
and amplification of miRNAs introduce sources of errors and
sequence-dependent biases to the workflow, generating a
serious obstacle for method standardization.[6a,9]

A wide range of target amplification-free methods for
miRNA detection have been developed, but the most sensitive
methods utilize enzyme cascade for signal amplification step.
Bruch et al. (2019) developed a CRISPR/Cas13a-powered electro-
chemical microfluidic biosensor for detection of miR-20a, which
was able to detect picomolar concentrations without target
amplification.[10] Sha et al. (2021) improved the sensitivity by
approximately 1000-fold by developing a cascade CRISPR/Cas
system for detection of miR-17.[11] However, due to the use of
enzymes, these assays are not suitable for direct detection of
miRNAs without RNA isolation from the sample. The sensitivities
of enzyme-free assays are typically at picomolar level.[12]

The short length of miRNAs is a significant challenge for the
design of probes and primers for their detection. The hybrid-
ization of short sequences can be stabilized by utilizing base
stacking, which refers to the interactions between adjacent
bases, and it stabilizes the probe hybridization at nick sites.[13]

The stacking effect contributes to the overall duplex stability
even more than the hydrogen bonds in the base pairing.[14]

Base stacking has been utilized in several applications to
stabilize hybridization of short sequences, including PCR,
biosensing and sequencing.[7f,11,12c,15] Qiu et al. (2015) employed
base stacking in Förster resonance energy transfer (FRET) based
quantum dot biosensor for miRNAs. The assay was based on an
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acceptor probe with an overhang that could only hybridize
with donor-DNA in the presence of target RNA, which stabilized
the hybridization by base stacking. The sensor was able to
detect three miRNAs in a simple mix-and-measure format with
a sensitivity of 2–10 nM.[16] The sensitivity was later improved by
more than 20-fold by using upconverting nanoparticles (UCNPs)
as donors instead of quantum dots.[12c]

UCNPs have attracted wide interest as reporters in bio-
analytical assays due to their exceptional detectability. They can
convert low-energy excitation into higher-energy emission
upon sequential absorption of multiple photons, thus enabling
complete spectral elimination of autofluorescence
background.[17] Even though the quantum yield of UCNPs is
typically low, the total absence of autofluorescence at emission
wavelengths enables the detection of trace amounts of
UCNPs.[18] Therefore, UCNPs have a great potential to signifi-
cantly improve the sensitivity of bioanalytical assays.[12c,19] Tsang
et al. (2016) applied UCNPs in an amplification free assay to
detect Ebola virus oligonucleotides. The assay was capable of
detecting femtomolar concentrations, which was comparable to
the sensitivity of typical RT-qPCR methods.[20] Mendez-Gonzalez
et al. (2018) developed an upconversion based heterogenous
hybridization assay for detection of miR-195 on streptavidin
coated microtiter plates. They utilized target sequence depend-
ent photoligation to form covalent UCNP-biotin conjugates in a
presence of miR-195, allowing for efficient elimination of
nonspecific binding by stringent washing. The assay had a limit
of detection (LoD) of 21 fM.[21] In addition to the exceptional
detection sensitivity, UCNPs also allow for simultaneous
detection of multiple analytes by either spatial or spectral
multiplexing,[22] which is beneficial in miRNA-based diagnostic
applications.

In this article, we present a simple heterogenous hybrid-
ization assay for detection of subfemtomolar concentrations of
miR-20a DNA analogue by using UCNPs as reporters. The
sensitivity of the assay was improved by exploiting DNA
stacking obtained by hairpin-structured capture and tracer
probes. The assay was compared with a similar assay utilizing
linear probes. The developed assay is enzyme-free and there-
fore suitable for detection of miRNAs directly from complex
sample matrices without RNA purification. It is also compatible
with conventional microtiter plate assay protocols and can be
easily adapted for the detection of other miRNAs.

Results and Discussion

The Effect of Probe Structure and NaCl Concentration to
Probe Hybridization

The DNA sequences used in this work are presented in Table 1.
Synthetic DNA oligonucleotide corresponding to miRNA se-
quence miR-20a was used as a model target. Poly(acrylic acid)
coated NaYF4 : Yb3 +, Er3 + UCNPs covalently functionalized with
either linear or hairpin-structured DNA tracer probes were used
as labels in the heterogeneous hybridization assays. The assays
were carried out by first mixing the calibrators or samples with

UCNP labels diluted into assay buffer, using 80 : 20 volume ratio
if not otherwise stated. After 2 h 45 min incubation, the
hybridization reaction mixtures were pipetted to streptavidin
microtiter wells coated with either linear or hairpin-structured
biotin modified DNA capture probes and incubated for 1 h. The
wells were washed and the upconversion luminescence (UCL)
signals at 540 nm were measured from the bottoms of the dry
wells upon 980 nm laser excitation.

The assay employing hairpin-structured DNA probes was
compared with a similar assay employing linear DNA probes.
The hybridization of both of the probes in both assays is
illustrated in Figure 1. The effect of probe structure to the
hybridization efficiency and sensitivity were studied by perform-
ing both assays in NaCl concentrations from 0.15 M to 0.84 M.
The hybridization reactions contained 40 % proportion of 5 pM
calibrator and 60 % of UCNPs diluted into assay buffer
supplemented with NaCl and KF, resulting in 0.15, 0.32, 0.5, 0.67
and 0.84 M NaCl and 1 mM KF in the final reaction mixture. With
hairpin-structured probes, the UCL signals were higher than
with linear probes in all NaCl concentrations, suggesting that
the base stacking caused by the hairpin structure significantly
stabilizes the hybridization (Figure 2A). The difference of the
probe types in hybridization efficiency decreased when the
NaCl concentration was increased, as the increasing ionic
strength stabilizes the hybridization. However, the analyte-
dependent UCL remained approximately twice as high with

Table 1. Oligonucleotide sequences and modifications.

Name Sequence (5’–3’)[a] Modification

Probes

hairpin capture TAT AAG CAC TTT AGG
AGA CGT CCA TA* GTA
GGA CGT CTC C

*= biotin dT

linear capture TAT AAG CAC TTT AGG
AGA CGT CCA TAT

3’-biotin-TEG

hairpin tracer CTC GTG ACC GTA G*T
ACC GGT CAC GAG CTA
CCT GCA C

*= amino C6 dT

linear tracer TTA CCG GTC ACG
AGC TAC CTG CAC

5’-aminolink-C6

Targets

DNA-miR-20a TAA AGT GCT TAT AGT
GCA GGT AG

none

DNA-miR-20b
(non-
complementary,
2 mismatches)

CAA AGT GCT CAT AGT
GCA GGT AG

none

1 mismatch TAA AGT GCT TAT ATT
GCA GGT AG

none

3 mismatches CAA AGT GCT CAT ATT
GCA GGT AG

none

long CT TAA AGT GCT TAT
AGT GCA GGT AGA G

none

short A AGT GCT TAT AGT
GCA GGT

none

[a] Underlined parts are mismatches. [*] Stands for internal modifications.
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hairpin-structured probes compared to the linear probes. Even
at 0.15 M NaCl, the UCL with hairpin-structured probes was
almost as high as the maximum UCL with the linear probes.
Interestingly, the UCNPs conjugated with linear tracer probes
had 2–16 times higher nonspecific binding than the UCNPs
conjugated with hairpin-structured probes (Figure 2B). Increas-
ing the NaCl concentration in the hybridization reaction
decreased the nonspecific binding, which is most likely due to
the prevention of electrostatic interactions between the UCNP
conjugates and the capture surface.

The hybridization stability of the linear and hairpin-
structured probes was also evaluated in solution by melting
curve analysis, and the hairpin-structured probes showed
stronger hybridization with the target DNA than linear probes
(Figure S2).

Assay Performance

Each calibrator of the standard curve was analyzed in three
replicates, except for the blank calibrator in eight replicates. The
standard curves for the hybridization assays with hairpin-
structured and linear capture and tracer probes are presented
in Figure 3. Logistic regression of Origin 2016 was used for
fitting the standard curves. The NaCl concentration in hybrid-
ization reactions was 0.6 M. The limit of detection (LoD) of the
assay was determined according to the IUPAC guidelines as
concentration corresponding to the signal response equivalent
to 3× standard deviation of the zero calibrator. The LoD was
0.73 fM for hairpin-structured probes and 13 fM for linear

probes, corresponding to approximately 52 000 and 960 000
copies of DNA-miR-20a in the reaction volume per well,
respectively. The sensitivity of the assay utilizing hairpin-
structured probes was excellent for an assay without any target
or signal amplification. Cui et al. (2021) developed an electro-
chemical assay for miR-21 based on CRISPR/Cas13a with a LoD
of 2.6 fM. The assay had excellent recoveries when the target
was spiked into 10-fold diluted serum.[23] However, if the sample
needs to be diluted 10-fold to prevent matrix-related interfer-
ences, the miRNA concentration in the actual serum sample
would need to be 10 times higher to be detectable, which was
not taken into account in the LoD. Špringer et al. (2021)
achieved a sensitivity of 350 aM, which is approximately 2 times
lower than ours, with a surface plasmon resonance-based
nanoparticle release assay for miR-125b, but they used ten
times larger sample volume, and thus, the lowest detectable
amount of molecules was actually higher.[24]

The analyte-dependent specific signals were about 30 %
higher with hairpin-structured probes compared to the corre-
sponding linear probes. The difference in the sensitivities
achieved with hairpin-structured and linear probes was mostly
caused by the approximately 10-fold difference in nonspecific
binding of the UCNP conjugates. Nonspecific binding was
further studied by cross-testing all combinations of the hairpin-
structured and linear capture and tracer probes. The low
nonspecific binding was associated with the UCNPs conjugated
with hairpin-structured DNA probes, whereas the type of the
capture probes had neglectable effect on the nonspecific
binding (Figure S6).

Figure 1. Schematic illustration of the hybridization assay using A) linear and B) hairpin structured probes.
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In the standard curves (Figure 3), the difference in specific
signals between the probe types was smaller than in the
comparison of the hybridization efficiency in varying NaCl
concentration (Figure 2A). The results are not directly compara-
ble, because in the standard curves, the proportion of the
sample of the total reaction volume was 80 %, whereas in the
comparison of varying NaCl concentration, the sample propor-

tion was only 40 %. The calibrators were prepared in 50 mM
Tris� HCl, pH 7.75, 7.5 % BSA, and it is possible that the high
protein concentration has a different effect on the signal levels
achieved with hairpin-structured and linear probes.

Recovery Testing

In order to demonstrate the feasibility of the assay for direct
detection of analyte in complex biological samples, plasma
recoveries were determined. The plasma recovery percentages
from 0.05, 0.5, 5 and 50 pM DNA-miR-20a spiked into EDTA
plasma pool were 111 %, 93 %, 89 % and 76 %, respectively.
EDTA plasma was chosen as a sample matrix, because EDTA
inhibits nuclease activity, which is especially critical when
working with RNA targets. However, UCNP conjugates have a
tendency to form aggregates in complex biological matrices
decreasing their reactivity with the analyte, which can lead to
lower signal response in biological matrices.[25] Juntunen et al.
(2016) demonstrated in lateral flow immunoassay, that UCNP-
antibody conjugates were more likely to aggregate in EDTA
plasma than other blood matrices.[25b] However, our results
imply that major aggregation does not happen to UCNP–DNA
conjugates in our assay conditions, as the standard deviations
between the three replicates of spiked plasma samples were
between 1–8 % (data not shown). It is possible, that the
recoveries could be improved by increasing the concentration
of UCNP conjugates in the hybridization reactions. While there
is still room for improvement, the results indicate that the assay

Figure 2. The effect of NaCl concentration on A) hybridization efficiency with
5 pM calibrator and B) nonspecific binding of UCNP conjugates using hairpin
structured (black, squares) and corresponding linear (red, circles) capture
and tracer probes. The sample proportion of the total reaction volume was
40 %, and concentrations of capture probes and UCNP conjugates were kept
constant in both assays. The error bars represent the standard deviation of
three replicates.

Figure 3. Standard curves using hairpin structured (black, squares) and
corresponding linear (red, triangles), capture and tracer probes and 80 %
sample proportion of the total reaction volume. Dashed lines show the limits
of detection (LoD), which were 0.73 fM for hairpin structured probes and
13 fM for linear probes and the error bars represent the standard deviation
of three replicates of the calibrators.
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can be used for sensitive detection of miRNA directly from
plasma without isolation of RNA.

Cross–Reactivity

The ability of the assay to discriminate between DNA sequences
corresponding to two highly homologous miRNAs was demon-
strated by analyzing calibrators containing various combina-
tions of DNA-miR-20a and DNA-miR-20b. The assay had 5 %
cross–reactivity with DNA-miR-20b (Figure 4a). DNA-miR-20b
has only two mismatched bases compared to DNA-miR-20a,
which are both located at the sequence that is complementary
to the capture probe. One of the mismatches is at the 5’ end of
the target, which is right next to the nick between the target
and the capture probe. Therefore, the mismatch should affect
on the stabilization of the nick by base stacking. The other
mismatch is three bases from the nick between the capture and
tracer probes.

Cross–reactivity was also studied by testing calibrators
containing 5 pM of DNA oligonucleotides with small variations
to the sequence of the complementary target. The variations
included 1, 2 (miR-20b) and 3 mismatches, 2 base overhangs at
both ends of the target sequence and a sequence that is
2 bases shorter at both ends compared to DNA-miR-20a. Of
these variations, the sequence with 2 base overhangs had
highest cross–reactivity, 34 % of the signal of the complemen-
tary target. Since this sequence contains the complete
sequence of the complementary target, the 66 % loss in signal
is caused by the steric hindrance and loss of stabilization effect
of the base stacking due to the overhangs. The sequence with
only one mismatch resulted in 11 % cross–reactivity, and the
rest of the variations in 0–5 % cross–reactivity. Cross–reactivity
could probably be decreased by further optimization of the
assay conditions, for example by decreasing the ionic strength
of the assay buffer.

Conclusions

An amplification-free method for ultrasensitive detection of
short nucleic acid targets was developed. The sensitivity is
based on highly detectable UCNP labels and the use of hairpin
structured probes, which increase the hybridization stability of
the probes and the short target DNA via base stacking. The
developed assay demonstrates the great potential of UCNPs for
ultra-sensitive detection of biomarkers directly from complex
sample materials. The assay is highly promising for miRNA-
based diagnostic applications, because it is simple to perform
and compatible with conventional microtiter plate-based assay
protocols. The concentration of miR-20a in blood has been
reported to be at picomolar level, which is more than 3 orders
of magnitude higher than the LoD of our assay.[26] By changing
the probe sequences, the assay could also be easily modified
for detection of other miRNA targets. The technique is also
suitable for simultaneous detection of multiple miRNAs by
spatial and spectral multiplexing, like the serological array-in-

well developed by Kale et al. (2016).[22b] The assay development
and performance testing were done by using synthetic DNA
oligonucleotide corresponding to the sequence of miR-20a as

Figure 4. Cross–reactivity of the assay with highly homologous sequences.
A) Calibrators containing various combinations of complementary (DNA-miR-
20a) and non-complementary (DNA-miR-20b) target were analyzed with the
assay using hairpin structured probes. The heights of the bars represent the
UCL signals in calibrators containing 0, 0.5 and 5 pM of DNA-miR-20a mixed
with 0, 0.5 and 5 pM of DNA-miR-20b. B) Calibrators containing 5 pM of DNA
with small variations to the target sequence were analyzed with the assay
using hairpin structured probes. “Long” means a sequence with 2 base
overhangs at both ends and “short” means sequence that is two bases
shorter at both ends compared to the complementary target DNA-miR-20a.
The exact sequences are presented in Table 1. The error bars show the
standard deviation of three replicate measurements.
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target. No actual miRNA detection was tested, but since thermal
stability of hybridization between DNA-DNA duplexes has been
reported to be close to that of DNA-RNA heteroduplexes, similar
assay performance can be expected for detection of miRNA.[27]

Experimental Section

Synthesis and Surface Modification of UCNP-DNA Conjugates

NaYF4 : Yb3 +, Er3+ UCNPs (17 % Yb3 +, 3 % Er3+) were synthesized in
organic oils as described previously.[28] The size of the oleic acid-
capped UCNPs was measured with transmission electron micro-
scopy (TEM) imaging, which is described in Supporting Information
(SI). The UCNPs were coated with poly(acrylic acid) (PAA, MW 2000,
Sigma–Aldrich, Saint Louis, Missouri, USA) as described
previously[19a] and conjugated with amino modified tracer probes
using carbodiimide crosslinking. Before conjugation, the probes
were dissolved in conjugation buffer (20 mM 2-(N-morpholino)
ethanesulfonic acid (MES), pH 6.5) in a concentration of 0.167 mM,
heated to 95 °C for 5 min to denature any possible dimers, and let
cool at room temperature. PAA-coated UCNPs were transferred to
conjugation buffer by centrifugation at 20 237 g for 10 min and
sonicated with a VialTweeter sonicator (10 cycles, 0.5 s with 100 %
amplitude, Hielscher Ultrasonics GmBH, Teltow, Germany). The
conjugation was done in 250 μL of conjugation buffer containing
20 mM N-(3-dimethylaminooropyl)-N’-ethylcarbodiimide (EDC, Sig-
ma–Aldrich), 30 mM N-hydroxysulfosuccinimide (sulfo-NHS, TCI
Chemicals, Tokyo, Japan) and 20 nmol of tracer probes per 2.5 mg
UCNPs. The reaction was incubated for 2.5 h under slow rotation,
after which, the surface of the UCNPs was blocked by adding
50 mM 2-amino-N,N-dimethylacetamide (ADMA) and slowly rotat-
ing the tube for 30 min. The conjugates were washed by
centrifugation (20 237 g, 10 min) four times with 10 mM Tris-HCl
(pH 8.5) containing 0.1 % (w/v) Tween 20. In the first two washes,
the conjugate suspension was heated to 95 °C for 5 min before
centrifugation to denature possible probe dimers. Finally, the UCNP
conjugates were suspended into 250 μL of storage buffer (5 mM
Tris-HCl, pH 8.5, 0.2 % Tween-85, 50 μM EDTA, 0.05 % NaN3) and
stored at +4 °C.

Hybridization Assay

Assay buffer, wash buffer and streptavidin coated 96-well microtiter
plates (KaiSA–Lockwell White) were purchased from Uniogen
(Turku, Finland). The optimization of UCNP concentration and
incubation time are described in detail in the SI. Calibrators were
prepared by diluting target DNA oligonucleotides into 50 mM Tris,
pH 7.75, 150 mM NaCl, 7.5 % (w/v) bovine serum albumin (Bioreba,
Reinach, Switzerland). UCNP conjugates were diluted to a final
concentration of 5 μg/mL into hybridization buffer (assay buffer
supplemented with 2.25 M NaCl and 5 mM KF) and bath sonicated
for 3 min just before starting the assay. Calibrators or samples were
mixed with diluted UCNP conjugates using 80 : 20 volume ratio and
the hybridization reactions were incubated at room temperature
under 1200 rpm orbital shaking for 2 h 45 min.

Capture probes with biotin modification were diluted to a final
concentration of 50 nM into assay buffer supplemented with 5 %
EtOH. The dilution was heated to 80 °C under 1 000 rpm shaking for
5 min to denature probe dimers and let cool at room temperature.
Streptavidin coated microtiter plate was prewashed and 25 μL of
capture probe solution was added to each well. After 30 min
incubation, the wells were washed once and 150 μL of pre-
incubated hybridization reaction mixture was added to each well.

The plate was incubated under slow shaking for 60 min and
washed four times with wash buffer supplemented with 0.3 M NaCl,
0.1 % (w/v) Tween 20 and 1 mM KF. The UCL signals at 540 nm
were measured from the bottoms of the dry wells by using
modified Plate Chameleon fluorometer (Hidex Oy, Turku, Finland)
equipped with a 980 nm laser.[29] A 3×3 point raster was measured
from each well, and the average of the 9 points was calculated.

Plasma Pool

The plasma recoveries were determined by spiking DNA-miR-20a
into EDTA plasma pool. No ethical approval was sought as no
individual samples were analyzed and the obtained plasma pool
was only for the purpose of blank matrix to be spiked with
synthetic DNA oligonucleotides to examine the analyte recovery.
Blood for the plasma pool was collected from 10 apparently healthy
volunteers with informed consent in compliance with the declara-
tion of Helsinki. Blood was collected in EDTA vacuum tubes
(Vacuette 9 mL, Greiner Bio-One, Kremsmünster, Austria), the
samples were anonymized and plasma was separated by centrifu-
gation according to the manufacturer’s instructions. Plasma
samples were pooled and the pool aliquots were spiked with 0,
0.05, 0.5, 5 and 50 pM DNA-miR-20a to be analyzed with the
hybridization assay.

Supporting Information

Measurement of the size of the oleic acid-capped UCNPs,
melting analysis of the probe hybridization, optimization of the
hybridization assay and crosswise testing of nonspecific binding
with all probe combinations (PDF).
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Micro-RNAs are promising biomarkers,
but better analytical methods are
needed to enable their use in diag-
nostics. This article reports a simple
hybridization assay for detection of
micro-RNAs based on upconverting
nanoparticle labels and stabilization
of probe hybridization by DNA
stacking, which is obtained by using
hairpin structured probes.
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