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Abstract

MicroRNAs (miRNAs), found in blood and body fluids, have emerged as potential non-invasive biomarkers for disease and
injury. miRNAs are quantitatively evaluated using typical RNA analysis methods such as the quantitative reverse transcription
polymerase chain reaction, microarrays, and Northern blot, all of which require complex procedures and expensive reagents.
To utilize miRNAs as practical biomarkers, it will be helpful to develop simple and user-friendly sensors. In this study, a
paper-based miRNA sensor was developed by combining two methods: (1) target-recycled DNAzyme (Dz) amplification
and (2) graphene oxide-assisted Dz blotting on paper. The Dz spots on paper caused a miRNA-dependent color change in
presence of colorimetric reagents and facilitated the quantification of absolute amount of the target miRNA, irrespective of
the volume, with high reproducibility. This approach is technologically straightforward and enables quantification of as low

as 7.75 fmol miRNA using a portable smartphone.
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Introduction

MicroRNAs (miRNAs), a type of small non-coding RNAs,
are approximately 21-25 nucleotides in length and play
an important role in the post-transcriptional regulation of
gene expression [1-5]. For decades, many researchers have
reported that abnormal miRNA expression levels are related
to the occurrence and development of cancers [6, 7], viral
infections [8], and organ or tissue injury [9]. Interestingly,
miRNAs in serum and other body fluids also show distinc-
tive expression patterns in response to several serious dis-
eases, such as cancer and organ injury [10, 11]. This suggests
that miRNAs are potential non-invasive biomarkers. For
example, miRNA-122 (miR-122), one of the well-studied
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miRNA, is the most abundant and specific miRNA expressed
in the liver, constituting 70% of the total hepatic miRNA
pool [9]. When injured, hepatocytes release miR-122 into
the bloodstream, and its level strongly correlates with the
traditional serum markers ALT and AST [12]. Thus, miR-
122 is a promising indicator of liver function.

In general, miRNAs have been quantitatively evaluated
using RNA-based methods, such as the reverse transcrip-
tion polymerase chain reaction [13], microarrays [9], and
Northern blot [14], all of which require complicated proce-
dures and expensive reagents. To utilize miRNAs as non-
invasive biomarkers, it is necessary to develop simple and
user-friendly sensors. Recently, various technical and scien-
tific attempts have been made to adopt nanotechnology for
establishing facile and simple detection methods for next-
generation miRNA sensing [15, 16]. The large surface area
and unique properties of nanomaterials make them suitable
to be designed and operated at the molecular level, thereby
enhancing their sensing performances and broadening their
practical applicability. To date, several miRNA sensing
platforms have been reported based on diverse techniques,
such as optical [17, 18], surface plasmon resonance [19], and
electrochemical [20] approaches. Among them, colorimetric
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methods are considered the most suitable for personal diag-
nostics, owing to their simplicity and low cost [21, 22].

Graphene oxide (GO), an oxidized graphene sheet, is a
water-dispersible derivative that has been employed in elec-
tronics [23], environmental [24], energy storage [25], and
biomedical [26] applications. GO has a large surface area
and many unique properties, including superior mechani-
cal, electronic, and thermal properties [27]. GO possesses
sp> domains with oxygen-containing groups, as well as the
sp? domains of the original graphene structure [28]. It is
suitable for biomedical applications typically performed in
aqueous conditions. Significantly, GO preferentially adsorbs
single-stranded DNA (ssDNA) over double-stranded DNA
via pi—pi interactions and hydrogen bonding, enabling the
development of DNA probe-based biosensors [29]. Among
diverse carbon nanoallotropes that display the properties
mentioned above, GO offers the benefits of cost-effective
larger-scale production, and more efficient ssDNA binding
due to its lower curvature, thereby expanding the range of
its practical uses [30-32]. In our previous work, we utilized
GO as a net (designated as GONET) for capturing ssDNA
probes [33]. GONET effectively interacted with the ssDNA
probes, facilitating the enrichment of the DNA probes by
easily gathering micro-sized GONET complexes. Further-
more, we provided a proof of principle for its use in miRNA
sensing systems by spinning down and concentrating the
GONET complex in solution.

In this study, we established an advanced paper-based
sensor for miRNAs by combining GONET and the target-
recycled signal amplification strategy. This is the first study
to report a GO-based paper sensor for quantitative miRNA
sensing. This new amplification strategy provides a facile
method for accessing the results with naked eye. The ampli-
fied colorimetric signal in solution was easily transferred on
to a paper by GONET blotting, which could be quantified
using a smartphone.

Experimental methods and materials
Materials

DNA strands were purchased from Genotech (Daejeon,
Korea), and RNA strands were purchased from Bioneer
(Daejeon, Korea). GO, hemin, ABTS, and H,0, were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). What-
man™ Grade 2 qualitative filter paper was purchased
from GE Healthcare Life Sciences (Pittsburg, PA, USA).
Capillary glass tubes were purchased from WPI (Sara-
sota, FL, USA). Temperature was regulated using a ther-
mocycler (Bio-Rad, Hercules, CA, USA). Absorbance and
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fluorescence were measured using a Cytation 5 multimode
reader (Biotek, Winooski, VT, USA). Images were captured
using the built-in camera of an iPhone 8 smartphone, under
a controlled light source from a fixed distance.

miR-122 recycled amplification of Dz

To prepare the Dz/lock probe, 2.5 pL. of Dz strand (100 pM)
was mixed with an equal amount of lock strand in 50 pL of
1 X PBS. The mixture was annealed by heating to 90 °C for
5 min, followed by slow cooling at room temperature for 1 h.
For miRNA amplification, target (miR-122) was mixed with
1 pL of Dz/lock probe (5 pM) and 1 pL of fuel strand (5 pM)
in 100 pL of the 1 XDz buffer (20 mM Tris buffer (pH 7.2),
20 mM KCl, and 100 mM NaCl) for 30 min.

For developing the green color, the sensing solution was
mixed with 1 pL of hemin (400 nM), 5 pLL of ABTS (50 mg/
mL), and 1 pL of H,O, (25 mM). After 10-min incubation, the
absorbance was measured at 420 nm.

GONET-assisted sensor in solution

One hundred microliters of the sensing solution was mixed
with 2 pL of GO (1 mg/mL) and incubated for 10 min at
room temperature, after which the mixture was centrifuged
at 15,000 rpm for 30 min. After separating the supernatant,
the pellet was re-dispersed in 100 pL of the 1 x Dz buffer. For
developing the green color, each solution was mixed with 1 pL.
of hemin (400 nM), 5 pL of ABTS (50 mg/mL), and 1 pL of
H,0, (25 mM). After 10-min incubation, the absorbance was
measured at 420 nm.

GONET-assisted paper sensor

One hundred microliters of the sensing solution was mixed
with 2 pL. GO (1 mg/mL) and incubated for 10 min at room
temperature. Next, 15-pL. mixture was aspirated using a glass
capillary tube and applied to one side of the filter paper. Then,
a mixture containing 2 pL hemin (160 pM), 5 pL ABTS
(50 mg/mL), and 2 pL H,0, (12.5 mM) was applied on the
entire spot. The target-dependent green color developed within
2 min, the images were captured using the smartphone at the
highest possible resolution, and each color signal was quanti-
tated using ImagelJ software.

Statistical analysis

Each experiment was performed in triplicate and the data
are presented as mean + the standard error of the mean
(SEM). Differences were evaluated using Student’s #-tests. A
p-value <0.05 indicated a statistically significant result.



Microchim Acta (2022) 189: 35

Page3of8 35

Results and discussion

The paper-based miRNA sensor developed in this study
was based on a two-step process comprising the follow-
ing steps: (1) target-responsive DNAzyme (Dz) ampli-
fication and (2) GONET-assisted color development on
paper (Fig. 1). Guanine (G)-quadruplex Dz is a func-
tional DNA with stacked G-quartets that can bind hemin,
thereby showing peroxidase-mimicking activity [34]. The
G-rich Dz sequence offers several advantages over protein
enzymes, such as thermal stability and ease of modifica-
tion; thus, it has been widely employed to generate sig-
nals in colorimetric assays. In step 1, the Dz/lock duplex
probe, in which the quadruplex folding of Dz is blocked
by a lock strand, recognizes the target miRNA using the
toehold region (indicated in red in Fig. 1a). Target binding
initiates sequence-specific, toehold-mediated strand dis-
placement (TMSD) [35] among the three strands, resulting
in the formation of a new lock/miRNA duplex and free
Dz. At this moment, the new toehold of the lock/miRNA
(indicated in yellow in Fig. 1a) is recognized by the fuel
strand, followed by TMSD-based target displacement. The
free miRNA can participate in unlocking Dz again, thereby
repeatedly producing free Dz, which results in a G-quad-
ruplex structure with a long, single-stranded tail (Fig. 1a).
In step 2, upon adding GO to the solution obtained from
step 1, the amplified Dz strands are adsorbed onto the GO
surface, followed by the formation of micro-sized Dz/GO
composites [33]. Finally, the Dz/GO composite can be
easily accumulated onto an intended spot on the paper,
which amplifies Dz-catalyzed colorimetric reaction in

Fig.1 Schematic of paper
sensor strategy for microRNA a)

(miRNA) detection based on

the presence of colorimetric reagents, including hemin,
2,2-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
diammonium salt (ABTS), and hydrogen peroxide (H,0,)
(Fig. 1b).

To confirm the target-recycled amplification based on
TMSD, we compared the miRNA sensing performance with
and without the fuel strands in a buffer solution containing
colorimetric reagents. Additionally, miR-122 was chosen as
the representative miRNA biomarker. The probes and fuel
strands were prepared as detailed in Table S1. The toehold
region on the lock strand was 7 nt long, which was sufficient
for initiating TMSD [35]. As shown in Fig. 2, the basic assay
without the fuel strands and the amplified assay with the
fuel strands exhibited target-dependent color development.
In the basic assay using a 50-nM duplex probe, the absorb-
ance at 420 nm steadily increased up to 50 nM miRNA.
The limit of detection (LOD) was evaluated to be 7.59 nM,
according to the equation LOD =3.3(SD/S), where SD is
the standard deviation and S is the slope of the calibration
curve. This value was similar to that obtained in a previous
study [33]. By contrast, in the presence of the fuel strands,
the colorimetric signal was highly amplified compared to
that obtained using the basic method, which demonstrated
a significantly lower LOD (0.2 nM). The amplified color
changes were discernible to the naked eye, whereas those
resulting from the basic method were not (Fig. 2b). The
TMSD-mediated amplification was re-confirmed by per-
forming polyacrylamide gel analysis (Fig. S1). Our results
showed that in the presence of fuel strands, miRNA con-
sumed the Dz/lock probe at a higher rate than in the absence
of the fuel strands and produced a lock/fuel duplex. These
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Fig.2 Signal-amplified
colorimetric assay for miRNA a) 08
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results indicated that the well-designed fuel strands induce
target-recycled Dz amplification, strengthen ABTS oxida-
tion reaction, and shift the valid detectable range, thereby
enabling color change discernible to the naked eye.

Prior to GONET application, we optimized the amount
of GO using a fluorescein-labeled Dz strand (FAM-Dz)

460
Wavelength (nm)

440 460 480

Wavelength (nm)
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(Fig. 3a). We used 5-nM miRNA as the representative tar-
get concentration to establish sufficient difference between
the basic and amplified assays. The interaction of GO with
FAM-Dz in the sensing solution induced fluorescence
quenching via fluorescence resonance energy transfer,
which implies that Dz was captured by GO [36]. A sensing

Fig.3 (a) Relative fluorescence
intensities of FAM-labeled Dz/ a) 12 _ ) 25000
Lock (5 pmol) incubated with mmmm Total mixture
0.5 pmol miRNA and 5 pmol 1.0 1 === Supernatant 20000 -
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mixtures or supernatant with < 0.8 A
various amounts of GO. (b) - +£ 15000 {
Fluorescence spectra of the = 06 1 =
total sensing mixtures with O O ]
or 2 pg GO. Data is presented o iz 10000 4
as the mean + SEM of triplicate x 0.4 1
samples (n=3)
02 J 5000 1
0.0 - 0 : : : : ;
00 05 10 15 20 25 520 540 560 580 600
GO (ug) Wavelength (nm)
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solution containing miR-122, FAM-Dz/lock probe, and the
fuel strand was mixed with various amounts of GO. The
fluorescence intensity of FAM-Dz gradually decreased
with increasing GO and was quenched by up to 95% in
presence of 2 ug GO (Fig. 3b). Moreover, when GO com-
posites were separated by centrifugation, the fluorescence
of the supernatant was similar to that of the total mixture.
These data indicate that fluorescence quenching occurred
by the actual adsorption of FAM-Dz onto GO, and the
interaction was strong enough to separate the Dz strands
from the solution. Therefore, we used 2 pg GO to collect
the amplified Dz in the GONET application.

Based on these results, we applied the GONET strat-
egy for signal-amplified miRNA sensing. In the case of
the solution, the Dz/GO composite, separated by spinning
down, showed dramatic increase in absorbance at 420 nm
in the presence of the fuel strand, even with low levels of
miRNA that could not be detected using the basic assay
(Fig. 4a and Fig. S2). The supernatants, irrespective of the
presence of fuel strands, exhibited insignificant increase in
absorbance at 420 nm upon miRNA addition. These results
indicate that GONET can successfully collect activated Dz
and enrich the target-responsive signal in the amplified
condition. Next, we applied the amplified GONET to the
paper. Instead of spinning down in solution, the Dz/GO
composite was directly spotted onto the paper using capil-
lary glass tubes, generating a pale brown circle of ~2 mm
diameter. In presence of colorimetric reagents, the ampli-
fied GONET assay led to color development visible to
the naked eye, whereas the basic GONET assay did not
(Fig. 4b). The color changes were quantitatively evaluated
using the smartphone camera and ImageJ software. The
relative values were calculated using the negative (GO
only) and positive (pre-adsorbed Dz/GO) control groups
(Fig. 4c). These paper-based results were consistent with
the solution-based results of GONET, thereby suggesting

Fig.4 (a) Comparison of

that GONET enables the transfer of the amplified miRNA-
responsive signal from solution to paper.

To support the blotting of GONET onto paper, we evalu-
ated the paper-based miRNA sensing by adjusting the dilu-
tion factors and volume with a fixed miRNA amount. We
prepared a series of miRNA sensing solutions of increasing
volumes and decreasing concentrations that all contained
37.5 fmol of miR-122. When each solution was mixed with
GO and blotted onto the paper, similar pale brown spots
were observed at the intended position on the paper. With
the common colorimetric reagent treatment applied, the
spots turned light or dark green depending on the absence
or presence of miR-122 (Fig. 5a). Upon digitizing each sig-
nal using ImageJ software, statistically significant signals
were obtained in four sets of miRNA sensing solutions in the
presence of miRNA (p <0.01) (Fig. 5b). Moreover, similar
color intensities were obtained regardless of the volume and
concentration. This finding was confirmed by further analy-
sis using a broad range of solutions of various concentra-
tions and volumes that contained different miRNA varieties
(Fig. S3). These data indicate that the GONET on paper
can maintain the collected yield of Dz even with increased
volumes and lower concentrations; thus, the colorimetric
signal on paper originates from the absolute quantity of the
target miRNA rather than the concentration.

Finally, we quantified miRNA using our GONET paper
sensor. The sensing solution was prepared in 15 puL of 1 XDz
buffered solution containing the Dz/lock probe, a fuel strand,
and miR-122 ranging from O to 150 fmol. The color steadily
changed from pale brown to green, which was easily digi-
tized using the smartphone camera and ImageJ (Fig. 6 and
Fig. S4). Based on the data set, the LOD was 7.75 fmol, as
determined using the equation LOD =3.3(SD/S). This value
was converted to 0.52 nM under the corresponding experi-
mental conditions, which could be lowered when the sample
volume was greater than 15 pL. This sensing performance
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was comparable to that of previous GO-based colorimetric
sensors (Table S2). Therefore, the amplified GONET paper
sensor can quantify sub-nanomolar amounts of miRNA
without the need for sophisticated instruments.

CONCLUSIONS

In this study, a sensitive, colorimetry-based paper sensor
was developed for detecting miRNAs. This sensor utilized
miRNA-recycled amplification and GONET-based paper
blotting to achieve its superior performance. The target
recycling exhibited significantly higher sensitivity with a
38-fold improvement in the LOD. The GONET, as a blot-
ting agent, transferred the amplified miRNA-responsive
signal from solution to paper, which was sufficient to be
quantified using a smartphone, and showed high reproduc-
ibility. The amplified GONET paper sensor relies on the
determination of the absolute amount of target miRNA
rather than its concentration. This permits experimental
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flexibility in the parameters of the present sensor, such
as variable detection-spot size and adjustable sample vol-
ume, according to the sample condition or sensing pur-
pose. This system is versatile and can be broadly applied
to other genes and proteins simply by changing the target
binding sequence, as well as other measuring techniques
based on signal generator elements other than peroxidase
mimicking Dz. This amplified GONET sensor is techno-
logically straightforward and satisfies the requirements
of point of care testing, including simplicity, low cost,
and ease of use. This is the first step toward GO applica-
tion in the form of a paper-based sensor for quantitative
miRNA sensing; however, several limitations remained to
be overcome for real-world application. The sensing speci-
ficity and sensitivity of this system may be influenced by
co-existing biomolecules in biological samples. To solve
this limitation, we plan to introduce chemically modified
GO and artificial probes in our future studies. We antici-
pate that this novel strategy will be a valuable resource for
miRNA-based disease diagnosis and applied research in
nano-biotechnology.
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Supplementary information

The Supporting Information is available online.

Sequences of probes and miRNA (Table S1); PAGE anal-
ysis of TMSD-assisted target recycling (Fig. S1); absorbance
spectra in the absence and presence of fuel strand in miRNA
sensing solution (Fig. S2); colorimetric appearance of the
paper-based sensor (Figs. S3 and S4); GO-based colorimet-
ric sensors for nucleic acid detection (Table S2).

Abbreviations ABTS: 2,2-Azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid) diammonium salt; Dz: DNAzyme; FAM-Dz: Fluorescein-labeled
Dz strand; FRET: Fluorescence resonance energy transfer; G: Guanine;
GO: Graphene oxide; LOD: Limit of detection; miR-122: MiRNA-
122; miRNA: MicroRNA; S: Slope; SEM: Standard error of the mean;
SD: Standard deviation; ssDNA: Single-stranded DNA; Sup: Superna-
tant; TMSD: Toehold-mediated strand displacement

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00604-021-05140-1.
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