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Abstract

Rapid and sensitive detection of biomarkers enables monitoring patients’ health status and can enhance the early diagnosis
of deadly diseases. In this work, we have developed a new colorimetric platform based on spherical nucleic acid (SNA) and
G-quadruplex DNAzymes for the identification of specific miRNAs. The simple hybridization between the target miRNA
and two capture probes (capture probe 1 located at AuNP surface and free capture probe 2) is the working principle of this
biosensor. The hybridization and duplex formation among probes and miRNAs led to a significant decrease in the intensity
of color change. A linear relationship between the decrease of colorimetric signal and the amount of target molecules was
witnessed from 1 to 100 nM for miRNA-155. Using this method, we were able to detect concentrations of miRNA-155 as
low as 0.7 nM. Furthermore, the proposed sensing platform can be utilized profitably to detect miRNA-155 in real human
serum samples. We further investigated the applicability of the proposed method in a microfluidic system which displayed

promising results.
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Introduction

As one of the leading causes of death, cancer horribly threat-
ens human health, and therefore, its diagnosis and therapy
have attracted growing attention in past years [1]. Biomark-
ers can be used to detect cancer disease in an early stage.
microRNAs, the noninvasive biomarkers, are small single-
stranded non-coding RNA and have different applications
in cellular events, diagnosis of diseases, and monitoring
treatment responses [2—4]. It has been shown that the aber-
rant expression of miRNA is related to all types of cancers
[5-9]. Therefore, highly sensitive detection of miRNA is a
great significance for the early diagnosis of cancer. Upregu-
lation of miRNA-155 has been involved in several human
malignancies, including B-cell lymphoma and lung and
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breast cancer [10]. miRNA-155 plays a role as an oncomir
and promotes tumor development while negatively inhibit-
ing tumor suppressor genes that control cell differentiation
or apoptosis [11]. As a result, miRNA-155 is considered a
potential diagnostic biomarker for certain diseases, includ-
ing cancer.

Besides commonly used detection methods like North-
ern blotting, in situ hybridization (ISH), and reverse tran-
scriptase polymerase chain reaction (RT-PCR), miRNA
detection remains unattained because miRNAs are very
short in length and present at low levels in a given sample
[12, 13].

With the emergence of nanotechnology, versatile nano-
platforms have been developed that allow highly sensitive
miRNA sensing [14-16].

Mirkin et al. introduced a method for preparing spherical
nucleic acid (SNA), nanoparticles with a thick and oriented
layer of nucleic acids covalently attached to their surfaces.
SNA has a brunch of applications in molecular diagnos-
tic, therapeutic, and material science due to its properties
like high thermal stability, resistance to nuclease degra-
dation, and minimal immune response [17]. It is worth
mentioning that these features derive from a dense nucleic
acid layer rather than cores [18]. The use of nucleic acid
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enzymes (DNAzyme) to produce a dense layer of nucleic
acid on nanoparticles leads to the construction of specific
SNAs serving as an ideal catalytic label. These SNAs that
fabricate with DNAzymes are SNA enzymes (SNAzyme)
[19]. Despite the different core structures (Au, Ag, Fe;0,,
semiconductor quantum dots, silica, polymers, and etc.),
the most widely studied SNA consists of gold nanoparticles
(AuNPs) [20-23]. Au NPs have become favorable candidates
for being core material because they can be functionalized
with different chemical reagents and easily synthesized over
various particle sizes [24]. SNAzymes that functionalized
with G-quadruplex DNAzymes were developed to detect
various miRNA in different diseases. The abovementioned
biosensors were based on chemiluminescence and electro-
chemiluminescence and showed excellent sensitivity [7, 18].
However, today’s researches have focused on developing
simple, low-cost, convenient methods like colorimetric that
can detect analyte with the naked eye [25, 26]. G4 DNA-
zymes that are well known for their excellent peroxidase
activity were used widely as a colorimetric signal transducer
[27]. Among the different chromogenic substrate for peroxi-
dase, 3,3',5,5"-tetramethylbenzidine (TMB)-H,0, system is
still preferential option [25, 28].

A G-quadruplex-based SNAzyme was constructed to
provide a fast and simple colorimetric method for miRNA
detection. The SNAzyme is employed as both target recog-
nition elements and catalytic nano labels for colorimetric
detection. Hybridization between target miRNA and its com-
plementary probes following the addition of target molecules
led to a decrease in colorimetric signal. The proposed sens-
ing strategy has successfully detected miRNA (miRNA-155)
in spiked human serum sample with high selectivity and
sensitivity. Moreover, the simple paper-based microfluidic
device was developed based on SNAzyme and represented
excellent results.

Experimental section
Materials and reagents

Tris or tris (hydroxymethyl) aminomethane, hemin, Tris
(2-carboxyethyl) phosphine hydrochloride (TCEP), chloro-
auric acid (HAuCl,), trisodium citrate dehydrate, sodium
chloride (NaCl), potassium chloride (KCl), ethylenediami-
netetraacetic acid (EDTA), 3,3",5,5'-tetramethylbenzidine
(TMB), and other chemicals were purchased from Sigma-
Aldrich Chemical Co. and used without further purification.
All oligonucleotide probes were synthesized from Shanghai
Generay Biotech Co., Ltd. The probe sequences are listed
in Table S1. Buffers and other solutions were prepared in
ultrapure water.
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Instrumentation

TEM analysis of bare AuNPs and functionalized AuNPs
(SNAzyme) was implemented with TEM Philips EM 208S.
Zeta potential was carried out on the Zetasizer Nano series
(Malvern-UK). UV—-Vis Spectrometer Lambda 25 (Perkin-
Elmer) was used for colorimetric detection. The color inten-
sity of paper-based assay was quantified using Image J.

Gold nanoparticle synthesis

For this synthesis, two aqueous solutions are prepared,
50 mL of chloroauric acid (1 mM) and 10 mL of trisodium
citrate (38.8 mM). Chloroauric acid was heated to boiling
under vigorous stirring, and then, trisodium citrate was
added rapidly to the boiled-chloroauric acid solution, and
continued to boil for 10 min. The solution color shows a
transient color change (pale yellow to deep red) during the
last minutes of synthesis [26, 29]. The AuNP solution was
stored in the refrigerator at 4 °C for further application.
The AuNP size based on the TEM image was about 16 nm.
According to the Beer-Lambert law, using the absorption
coefficient at 520 nm, the concentration of AuNPs was cal-
culated to be about 5 nM.

Preparation of SNAzyme

Generally, AuNPs are functionalized through the salting age
method, freezing directed method, and pH altering method
[30, 31]. For the slating age method, initially, thiol-modi-
fied capture probel (100 pM, 6 pl) and thiolated G4 DNA
probe (100 pM, 12 pl) were treated with freshly prepared
TCEP (10 mM) for 1 h to cleave the disulfide bond. Already
prepared AuNPs (1 mL) were transferred to NaOH treated
glass vial, and then, the activated thiol-modified probes were
added to it with gentle shaking by hand. Overnight incuba-
tion at room temperature was applied to facilitate the reac-
tion. Furthermore, 5 pl of NaCl was added stepwise man-
ner until the final NaCl concentration of 0.3 M and kept in
RT for at least another day before use. Finally, the prepared
SNAs were washed three times with TE buffer (20 min at
10,000 rpm, Eppendorf Mini spin) to remove free DNA and
were redispersed in 400 pl TE buffer and stored at 4 °C for
further colorimetric detection.

Detection of miRNA-155 using SNAzyme

The procedure of colorimetric detection of miRNA con-
sists of three steps. In the beginning, SNAs (8 nM) were
incubated with hemin (80 nM) for 45 min in reaction buffer
(Tris—HCI1 100 mM, KCI1 150 mM). Before adding target
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Fig.1 Comparison of peroxidase-like activity of free a AuNPs
(5 nM), b SNAzyme (5 nM), ¢ hemin (80 nM), d functionalized
AuNPs (5 nM) and in Tris buffer (100 mM, KCI 150 mM) with final
volume about 200 pl

miRNA, SNAs were able to fold into the quadruplex struc-
ture and produce SNAzyme in complex with hemin. Then,
the different concentration of target miRNA was added to the

Capture probel
VWA Target
AAAA Capture probe2 @  Hemin
I G-rich probe ‘

Scheme 1 Tllustration of present method for colorimetric detection of
miRNA-155 based on G-quadruplex SNAzymes: a functionalization
of as-prepared AuNPs with two DNA probes (Grich DNA and cap-

reaction buffer and incubated for 10 min. Moreover, capture
probe 2 (50 nM) was added to the sample and targets were
completely recognized. Lastly, TMB (5 pl, 100 mM) and
H,0, (5 pl, 1 M) were added to the solution for colorimetric
measurement.

Result and discussion

Principle of miRNA-155 detection based
on SNAzyme

As shown in scheme 1, we utilized G4 DNAzyme as cata-
lytic labels to fabricate spherical nucleic acid enzyme with
high peroxidase-like activity for miRNA-155 detection.
To achieve this aim, first, we synthesized a spherical gold
nanoparticles. Then, two DNA probes, including capture
probe 1 and G-rich sequence (with a molar ratio of 1:2),
were attached to already synthesized AuNPs via Au-S
chemistry to create a DNA layer on the AuNPs surface. The
resultant functionalized AuNPs in the optimal buffer con-
dition (Tris—HCI 100 mM, KCI 150 mM pH 7) and pres-
ence of K™ and hemin turn into SNAzyme. Afterward, a
certain concentration of miRNA was added to the detecting

g

VWANAAAA

With target
e

IWithout target
R

Gold nanoparticle

ture probe 1). b Formation of SNAzyme in the presence of K*and
hemin. ¢ Addition of target and naked eye detection
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Fig.2 a UV-Vis spectra
for bare AuNPs (blue line),
functionalized AuNPs (yellow

Bare Au nanoparticle
Sphericalnucleucacid (SNA)

—— Sphericalnucleucacidenzyme (SN Azyme)

line), SNAzyme (red line).

The measurement was done in
reaction buffer (Tris 100 mM,
KC1 150 mM). b DLS analysis
of zeta potential of bare AuNPs
(red column) and spherical
nucleic acid (blue column)
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system and incubated for 5 min. Subsequently, capture probe
2 (50 nM) was added to the reaction buffer to capture the
target miRNA completely. With the addition of TMB H,0,
as a peroxidase substrate to the reaction buffer, a weak the
colorimetric response has been detected (compared to col-
orimetric response of the detecting system without a target).
Also, the peroxidase catalytic activity of as-prepared SNA-
zymes was examined toward free hemin, bare AuNPs, and
spherical nucleic acid under the same optimal condition.
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SNAzymes showed strong catalytic activity, as was to be
expected (Fig. 1).

Mirkin et al. had reported that attached probes on nano-
particle surfaces show a higher binding constant to their
same complementary sequence compared to free strands.
On the other hand, an increase in the length of the recogni-
tion sequence leads to a decrease in binding strength [32].
So herein, we design a new colorimetric system for miRNA
detection using two shorter recognition probes, DNA

b
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Fig.3 TEM images and histogram of a bare AuNPs, b SNAzyme
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functionalized capture probe one, and free capture probe 2.
Therefore, our designed strategy has demonstrated strong
and selective detection for miRNA sensing.

Characterization of SNAzyme

UV-VIS spectroscopy, TEM images, and DLS measure-
ments provide us with detailed features of synthesized SNA-
zyme. Based on UV-visible data, the presence of a threshold
around 260 nm for coated AuNPs compared to bare AuNps
shows successful conjugation of DNA on the AuNP surface
(Fig. 2a). The other method to examine the validity of SNA-
zyme formation is DLS data. The zeta potential results of
bare AuNPs and functionalized AuNPs are shown in Fig. 2b.
The functionalized AuNPs show more negative value due to
the presence of aptamers than bare AuNPs. Moreover, TEM
images have shown an increase in particle size after being
coated with DNA, while there is no change in morphology
(Fig. 3a, b).
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Fig.4 a UV-Vis absorption spectra of SNAzyme in Tris—HCI buffer
with different concentration of miRNA-155 (1 nM, 5 nM, 25 nM,
50 nM, 75 nM, 100 nM). b Calibration curve of miRNA-155 detec-
tion

Table 1 Comparison of present method with previous optical strate-
gies

Method Linear range LOD Reference
Fluorescence 1.02-144 nM 0.18 nM [5]
Fluorescence 0.1-70 nM 50 pM [6]
Fluorescence 10-2000 nM 4.2+nM [7]
Colorimetric 100aM-100 fM 16.7 fM [8]
Colorimetric 0-100 nM 16.7 fM [9]
Colorimetric 1-100 nM 0.7 nM This work

Optimization of effective parameters

There are several factors that can improve biosensor perfor-
mance. The molar ratio between the G4 DNA probe and cap-
ture probe 1, the free complimentary probe concentration,
and hemin concentration were investigated in this study. To
optimize the ratio between capture probel and G4 DNA
probe, different molar ratios were studied in terms of cata-
Iytic activity (Fig. S1). According to the results selected, the
molar ratio of 2:1 (G4 DNA probe/capture probe 1) showed
higher catalytic activity for the next steps.

In order to achieve the optimal concentration of free com-
plementary probe (capture probe 2) in the reaction buffer,
different concentrations of probes were examined to find out
the best biosensor response. As shown in Fig. S2, 50-nm
capture probe 2 exerts an apparent signal-off effect.

Since hemin shows peroxidase activity, it works as a
potential factor in background signal production. To reduce
the amount of noise, hemin concentration also needs to be
optimized. A series of hemin concentrations was examined,
and among them, the concentration 80 nM was considered
as the optimal concentration for further step (Fig. S3).
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miRNA- 158 two mismatch miRNA-21 mix of all
target

Fig.5 Histogram of SNAzyme absorbance in the presence of target
miRNA and the two other counterparts and mixture of all sequence
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Table 2 Determination of miRNA-155 in human serum sample with
suggested methodology

Serum sample Added (nM) Founded (nM) Recovery (%)
12 12.27 102.25
25 24.2 96.8

3 50 51.5 103

The performance of colorimetric platform
for miRNA-155 detection

Sensitivity of experiment

To test the response of the sensing platform toward miRNA,
the colorimetric signal with increasing concentration of
miRNA under optimal condition were recorded. Colorimet-
ric response decreased with increase in the presence of the
target. Steric hindrance resulting from hybridization between
DNA capture probel and target miRNA reduces G-quad-
ruplex access to peroxidase substrate and subsequently
decreases the color change. On the other hand, the duplex
between capture probes and miRNA competes with the quad-
ruplex structure for binding to hemin. Due to these reasons,
a decrease in color intensity (around 450 absorbance peak)
in the presence of miRNA was observed (Fig. 4a). There
is a linear relationship between colorimetric absorbance
and the concentration of miRNA ranging from 1 to 100 nM
(R*=0.9792) (Fig. 4b). The method provides a low detection
limit of 0.7 nM (based on 3.3 o/S). The intercept, slope, and
correlation coefficient of miRNA as determined in this work
were calculated at about 0.1191 +0.0281, 0.01 +0.002, and
0.9792 +0.1342 (n=5). According to Table 1, the analytical
performance of our proposed sensing strategy was compa-
rable with fluorescence methodologies. Furthermore, there
is no need for complicated experimental steps (target ampli-
fication, separation, and washing) in our work compared to

Fig.6 a Three differ-

ent paper-based detection

zone loading with (1) 3 pl

of bare AuNPs+2 pl TMB
(100 mM)+2 pl of H,0, 1 M.
(2) 3 pl of hemin+2 pl TMB
(100 mM) +2 pl of H,0, 1 M.
(3) 3 pl of SNAzyme+2 pl
TMB (100 mM)+2 ul of H,0,
1 M. b The linear relationship
between different miRNA-155
concentration and gray intensity
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the other colorimetric methods. Compared to reported litera-
ture for miRNA detection, our colorimetric SNAzyme-based
method shows a favorable sensitivity.

Selectivity

The selectivity of the biosensor was investigated for miRNA-
155 toward two mismatched targets, miRNA-21, and mix-
tures of all sequences under the optimal conditions. As
shown in Fig. 5, the experiment revealed that all these RNA
counterparts have a negligible reduced effect on colorimetric
absorbance compared to miRNA-155, so this simple and
efficient colorimetric system can be considered a selective
method for miRNA-155 detection.

miRNA detection in spiked sample

To evaluate the applicability of the assay, various concentra-
tions of miRNA-155 were spiked in diluted human serum
(1:100 ratio). The pre-treatment includes thawing the frozen
plasma to reach the room temperature and diluted the plasma
with phosphate buffer before spike. As shown in Table 2,
recoveries are from 96.8 to 103%. The result indicates good
accuracy for miRNA detection in a real biological sample.

Paper-based assay

The paper-based microfluidic device is an ideal candidate
for developing point-of-care diagnostic tests [33]. To evalu-
ate the operation of the proposed biosensor in microfluidic
devices, the initial stages of the simple paper test were also
performed and showed successful results. The Whatman
filter No.1 was applied for the paper-based tests, and PVC
sheets were employed to avoid leakage from the spot zone.
To examine the catalytic activity of the sensor, 3 pil of SNA-
zyme, hemin, and AuNPs was loaded to different spot zones
and let it dry for a few minutes. After that, 3 pl of TMB and
H,0, was added to each spot zone, and a short time later, the

120
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g
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color change was observed (Fig. 6a). The taken photos from
the zone were quantified with Image J for precise measure-
ment. Moreover, the performance of the biosensor toward
different concentrations of target miRNA-155 was tested.
Based on the result, the gray intensity gradually increased
with increasing miRNA-155 concentration, and the calibra-
tion curve exhibited the linear relationship between gray
intensities and miRNA concentration (0.1 pM, 1 pM, 5 pM,
10 pM, 20 pM) (Fig. 6b).

Conclusion

In summary, a novel and sensitive colorimetric strategy has
been developed based on SNAzyme for miRNA detection.
The strategy relies on a decrease in color intensity resulting
from duplex formation between capture probes and miRNA.
G-quadruplex DNAzymes were used as Nano labels to produce
a colorimetric response. Briefly, target miRNA was detected by
hybridization between two capture probes including capture
probel located on the AuNPs’ surface and free capture probe
2. This leads to a decrease in peroxidase-like activity of DNA-
zyme and colorimetric response. Via this method, the linear
response range from 1 to 100 nM was reported. To investigate
the further application of the proposed method, a simple paper
test was also done, and good results were achieved. Utilizing
amplification techniques coupled with this detection system
may develop more sensitive the colorimetric biosensors. The
performance of colorimetric assay was also demonstrated on a
paper-based microfluidic device.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00604-022-05455-7.
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