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ARTICLE INFO ABSTRACT

DNA technology based bio-responsive nanomaterials have been widely studied as promising tools for biomedical
applications. Gold nanoparticles (AuNPs) and graphene oxide (GO) sheets are representative zero- and two-
dimensional nanomaterials that have long been combined with DNA technology for point-of-care diagnostics.
Herein, a cascade amplification system based on duplex-specific nuclease (DSN)-assisted target recycling and
electrocatalytic water-splitting is demonstrated for the detection of microRNA. Target microRNAs can form DNA:
RNA heteroduplexes with DNA probes on the surface of AuNPs, which can be hydrolyzed by DSN. MicroRNAs
are preserved during the reaction and released into the suspension for the digestion of multiple DNA probes.
After the DSN-based reaction, AuNPs are collected and mixed with GO to form AuNP/GO nanocomposite on an
electrode for the following electrocatalytic amplification. The utilization of AuNP/GO nanocomposite offers
large surface area, exceptional affinity to water molecules, and facilitated mass diffusion for the water-splitting
reaction. For let-7b detection, the proposed biosensor achieved a limit detection of 1.5 fM in 80 min with a linear
detection range of approximately four orders of magnitude. Moreover, it has the capability of discriminating
non-target microRNAs containing even single-nucleotide mismatches, thus holding considerable potential for
clinical diagnostics.
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1. Introduction graphene oxide (GO) sheets have also been considered promising in

biomedical applications because of their extraordinary advantages in

Motivated by the requirements of point-of-care diagnostics, DNA
technology based bio-responsive nanomaterials have been widely stu-
died to bring novel properties to different systems of, e.g., biosensing
(Liang et al., 2014), imaging (Lee et al., 2014), drug delivery (Chou
et al.,, 2014; Li et al., 2014; Raeesi et al., 2016), and gene therapy
(Wang et al., 2018). Among the huge variety of DNA functionalized
nanomaterials, DNA modified gold nanoparticles (AuNPs) attract much
attention due to their flexible size and net charge, good biocompat-
ibility, specific recognition, predictable enzyme-based reaction, and
favorable optical, thermal, electrical and catalytic properties (Giljohann
et al., 2010; Rasheed and Sandhyarani, 2017). Induced by the trend of
bio-responsive nanomaterials, two-dimensional materials, e.g,

surface area, amphiphilicity, mechanical strength, and sensitivity to the
local environment changes (Pumera, 2011). Due to the unique prop-
erties introduced by AuNPs and GO sheets, many recent advances re-
veal that AuNP/GO nanocomposites open a new avenue of biosensing
applications, e.g., electrochemical sensing for metal ion and DNA (Hu
et al., 2011; Wang et al., 2016), surface plasmon resonance sensing for
microRNA (Ma et al., 2018), field-effect transistor sensing for protein
(Mao et al.,, 2010), and surface-enhanced Raman spectroscopy for
protein and microRNA (Wei et al., 2017).

MicroRNAs, a class of short endogenous noncoding RNA molecules
with approximately 19-23 nucleotides, are important biomarkers in the
biological processes including tumor initiation and metastasis (Hagen
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and Lai, 2008; Lu et al., 2005). Traditional methods for microRNA
detection cannot fully meet the demand because of microRNAs’ high
sequence homology, short sequence length, and low concentrations in
body fluids (Shen et al., 2015). To overcome these challenges, various
new strategies have been investigated (T. Tian et al., 2015), among
which duplex-specific nuclease (DSN)-assisted target recycling (Yin
et al.,, 2012) is highlighted due to its capability of isothermal signal
amplification and single-nucleotide mismatch discrimination
(Anisimova et al., 2008; Qiu et al., 2015). DSN can hydrolyze the DNA
strand in DNA: RNA heteroduplexes but preserves the RNA strand,
which means the RNA sequences can be released after the reaction and
trigger more DNA cleavage reactions. Compared with traditional
methods such as oligonucleotide microarrays, Northern blotting, and
quantitative reverse transcription polymerase chain reaction, the DSN-
based system is free of the complex design of probes or special instru-
ments. Therefore, DSN-assisted target recycling has been applied for
microRNA detection in combination with different sensing technolo-
gies, including colorimetric sensors (Wang et al., 2015), fluorescence-
based assays (Degliangeli et al., 2014), surface-enhanced Raman scat-
tering-based sensors (Ma et al., 2018), optomagetic readouts (Tian
et al., 2017, 2018) and electrochemical sensors (Castafieda et al., 2017;
Yang et al., 2014; Zhang et al., 2016). Among these different sensors,
electrochemical sensors have advantages with high sensitivity, easy
fabrication, and fast responsibility (Kelley et al., 2014), thus being the
most widely adopted sensing technology.

Water-splitting reactions are cost-effective and environmentally
friendly, which makes them decent signal generation reactions for
electrochemical biosensing. An electrocatalytic immunosensor was re-
ported by Zhang et al. based on Pt nanoparticle catalyzed water-split-
ting reaction, which obtained a detection limit of 1fg/mL prostate-
specific antigen (Zhang et al., 2010). Tian et al. reported a DNA de-
tection method using cobalt phosphide-based photocatalytic water-
splitting reactions that achieved a detection limit of 100 pM as well as
single-base mismatch discrimination (J.Q. Tian et al., 2015). Here, we
report a label-free electrochemical biosensor for microRNA detection,
which contains a homogeneous target recycling step and a water-
splitting measuring step. Triggered by the presence of target microRNA,
i.e., let-7b used in this study, the single-stranded DNA probes on the
surface of AuNPs are hydrolyzed by DSN, exposing the surface of
AuNPs. Thereafter recovered AuNPs are mixed with GO sheets to form
AuNP/GO nanocomposite on an indium tin oxide (ITO) electrode. The
AuNP/GO-modified electrodes are then utilized to catalyze the water-
splitting reaction as the measuring step, resulting in an electrocatalytic
signal that is proportional to the exposed area of AuNPs, allowing re-
liable and accurate quantification of microRNA.

2. Materials and methods
2.1. Chemicals and sequences

Graphene oxide (2 mg/mlL, dispersion in H>0), Gold(III) chloride
hydrate (~50% Au basis), sodium citrate dihydrate (=99%), thiol-PEG
(Mw = 2000), MgCl,, PBS buffer (1M, pH 7.4) and glycerol were
purchased from Sigma-Aldrich (St. Louis, USA). RNase inhibitor (20 U/
pL) and Tris-HCI (1 M, pH 8.0) buffer were purchased from Thermo
Fisher Scientific (Waltham, USA). DSN was purchased from Evrogen
(Moscow, Russia) and suspended in 25 mM Tris-HCl (pH 8.0) and 50%
glycerol. The reaction buffer for the DSN-assisted target recycling
(homogeneous target recycling step) was composed of 50 mM Tris-HCl
(pH 8.0) and 20 mM MgCl,. Sequences of microRNAs (let-7a, let-7b, let-
7c, let-7d and let-7e) and the DNA probe were synthesized by Biomers
(Ulm, Germany) and dissolved in 50 mM Tris-HCI (pH 8.0) for storage.
Table 1 shows all sequences of oligonucleotides used in this study.
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Table 1
Sequences of oligonucleotides used in this study.
Name® Sequence (5'—3")
let-7a uga ggu agu agg uug uau agu u
let-7b uga ggu agu agg uug ugu ggu u
let-7¢ uga ggu agu agg uug uau ggu u
let-7d aga ggu agu agg uug cau agu u
let-7e uga ggu agg agg uug uau agu u
probe AAC CAC ACA ACC TAC TAC CTC ATT T-C3-thiol

@ The DNA sequence is written in uppercase letters while RNAs are written in
lowercase letters. In let-7a, ¢, d and e, the bases that differ from those in let-7b
are bold and underlined.

2.2. Apparatus

All of the electrochemical measurements were performed in a three-
electrode configuration on CHI 760C electrochemical workstation (CH
Instruments, USA) at room temperature. Modified indium tin oxide
(ITO, 15Q), platinum wire and Ag/AgCl (3M KCl) were used as the
working, counter and reference electrodes, respectively.

2.3. Preparation and modification of AuNPs

AuNPs were prepared using a citrate reduction method and func-
tionalized by thiol-probes using a pH-assistant method (Zhang et al.,
2012). Briefly, citrate-HCl buffer (100 mM, pH 3) was added into the
AuNPs and thiol-probe solution in several steps. The ratio of AuNP:
probe was 1:2000. Single-stranded DNA probes self-assembled on the
AuNPs surface stably by sulfur-gold interactions (Bhatt et al., 2011).
Thereafter, thiol-PEG (3 mg/mL) was added to the suspension to block
the uncapped surface of AuNPs. After that, Probe-AuNPs were collected
by 3 times of centrifugation (13,000 r/min for 10 min, Hitachi Koki Co.,
Japan) purified by washing. Prepared probe-AuNPs were suspended in
50 mM Tris-HCI (pH 8.0) buffer solution for storage at 4 °C.

2.4. DSN-assisted target recycling

For the DSN-assisted target recycling, 5 uL of probe-AuNPs (6 mg/
mL), 2.5 uL. of RNase inhibitor (20 U/uL), 1 pL of DSN (1 U/uL), and
91.5 uL of sample (containing analyte) were mixed and incubated at
50°C for 1h to perform DSN-assisted target recycling. After the in-
cubation, AuNPs were collected by twice of centrifugation (6500 r/min
for 5 min) purified by washing. The collected AuNPs were resuspended
in 95 pL of deionized water and sonicated with 5 uL of GO (2 mg/mL)
for 2min. The concentrations of AuNPs and GO in the catalyst sus-
pension were 0.3 and 0.1 mg/mL, respectively.

2.5. Electrocatalytic detection

For the electrocatalytic amplification-based measuring step, 5 pL of
the catalyst suspension (containing AuNPs and GO) was pipetted to the
surface of ITO (1 cm X 0.5cm) and dried at 60 °C for 1 min. The elec-
trocatalytic activity of the AuNP/GO nanocomposite for water-splitting
was characterized by amperometric i-t-tests at —1V vs Ag/AgCl (3M
KC)) in an electrolyte of PBS (1 M, pH 7.4) for 300 s. All measurements
were performed 3 times independently and the standard errors were
plotted as error bars.

2.6. DLS and SEM characterization

The hydrodynamic sizes of AuNPs and probe-AuNPs were char-
acterized by dynamic light scattering (DLS). DLS measurements were
performed in Zetasizer Nano ZSP (Malvern Panalytical, Malvin, UK)
with a He-Ne 633 nm laser (Max 10 mW). The morphology and na-
nostructure of the AuNP/GO were obtained by field emission scanning
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AuNP/GO nanoco/mposite

Fig. 1. Schematic illustration of (a) the working principle of AuNP surface
exposure based on DSN-assisted target recycling, and (b) the three-electrode
configuration for the electrocatalytic detection using AuNP/GO-modified elec-
trodes.

electron microscopy (Merlin FE-SEM, Zeiss, Germany) at 15kV, using
an in-lens secondary electron detector.

3. Results and discussion
3.1. Detection principle

The AuNP/GO nanocomposite-based biosensing strategy is com-
posed of two amplification steps, i.e., DSN-assisted target recycling for
exposing AuNP surface and AuNP-based electrocatalytic amplification
for signal generation. AuNPs used in this biosensing platform were
functionalized with single-stranded DNA probes, which have the com-
plementary sequence to the target RNA. Through the Au-S based con-
jugation, DNA probes form a DNA layer that covers the entire surface of
the AuNPs, thus reducing the area of H,O adsorption sites in the fol-
lowing electrocatalytic reaction. In the step of DSN-based AuNP surface
recovery (schematically illustrated in Fig. 1a), target microRNAs hy-
bridize with the DNA probes on the surface of AuNPs, forming DNA:
RNA heteroduplexes that can be hydrolyzed by DSN. The DNA com-
ponents in the heteroduplexes were hydrolyzed, exposing the surface of
AuNPs. MicroRNAs were preserved during the DSN-based reaction and
thereafter released into the suspension to trigger the hydrolysis of
multiple DNA probes, concomitantly exposing more surface areas of
AuNPs.

The electrocatalytic amplification step is performed in a three-
electrode configuration using AuNP/GO nanocomposite-functionalized
electrode for water-splitting (Fig. 1b). The three-dimensional (3D)
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networks of AuNP/GO nanocomposite significantly increases the
number of AuNPs connected to the electrode as compared to a flat
substrate, thus increasing the surface area of AuNPs exposed to the
electrolyte. AuNPs as the main reactive sites play an important role in
the electrocatalytic amplification step for the current signal generation.
With various exposed AuNP surface areas, the AuNP/GO-modified
electrodes show different catalytic reactivity. In the reaction path of
hydrogen evolution reaction, water molecules accept electrons to form
OH", along with the formation of H,q (hydrogen adsorption) inter-
mediate on AuNPs (Bockris and Potter, 1952). The H,q intermediates
recombine to form H, on the AuNP/GO-modified electrode
(Subbaraman et al., 2012). The intensity of hydrogen generation can be
reflected by the recorded current. A larger exposed surface area of
AuNPs results in more active sites for hydrogen generation, thus
markedly improving the corresponding current signal. Additionally, the
porous GO structure provides efficient mass transfer pathways. Ac-
cording to the extended definition of amplification, both the above-
mentioned steps (i.e., one single let-7b can be cycled to trigger multiple
cutting reactions, and the area of AuNP surface recovered by one single
cutting reaction catalyzes multiple H;O molecules) are amplifications
(Blaedel and Boguslaski, 1978). Therefore, the proposed biosensing
strategy can be regarded as a cascade amplification strategy.

3.2. Feasibility test

Nanostructures of AuNPs, GO sheets and the hybrid structures such
as AuNP/GO multilayers with gold nanoparticles inserting between GO
sheets were confirmed by SEM. AuNPs used in this study are well dis-
persed before mixing with GO (Fig. 2a). The cross-sectional morphology
of the AuNP/GO nanocomposite is shown in Fig. 2b. AuNPs are dis-
persed and cladded between GO sheets, thus forming a 3D framework
on the ITO electrode. Four different kinds of ITO-based electrodes, i.e.,
the naked electrode, the GO-modified electrode, the AuNP-modified
electrode, and the AuNP/GO-modified electrode, were prepared and
investigated as the cathodic electrode for the electrocatalytic reaction.
The i-t curves of these electrodes can be seen in Fig. 2c. The AuNP/GO-
modified electrode presented a current that decreased as a function of
reaction time but transformed into a faradic steady-state after ca. 180s.
Therefore, we chose the current at 200 s to represent the performance of
the electrode in the following study. As expected, the AuNP/GO-mod-
ified electrode manifested the highest current (red curve in the plot).
The AuNP-electrode provided the second highest output signal (blue
curve in the plot) due to the catalytic activity of Au. The GO-modified
electrode obtained a current signal slightly higher than that obtained by
the naked ITO electrode (cf. black and yellow curves in the plot), which
was caused by the large surface area and good H,O affinity of GO

- ITO + AuNP ]
- ITO + AuNP + GO

ITO ]

ITO + GO 1

Current (nA)

120 180 240
Time (s)

300

Fig. 2. Representative SEM images of (a) individual AuNPs dispersed on the SiO,/Si substrate (insert shows the size distribution of AuNPs), and (b) the cross-section
of AuNP/GO nanocomposite. Red arrows indicate the edge of the AuNP/GO nanocomposite thin film cross-section. (¢) The i-t curves of water-splitting reactions using

the naked ITO electrode and ITO electrodes functionalized with different materials.
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Fig. 3. (a) DLS measurement for hydrodynamic radius distribution of AuNPs
and probe-AuNPs. (b) The i-t curves of water-splitting reactions using
AuNP,,,eqa/GO-modified, AuNPope/GO-modified, and AuNP;ecoverea/GO-mod-
ified electrodes, respectively.

sheets. Besides the large surface area, the 3D nanostructure of AuNP/
GO nanocomposite also facilitates the mass diffusion (Wei et al., 2013),
resulting in another positive contribution to the performance of AuNP/
GO-modified electrodes.

The thiol-modified single-stranded DNA probe, which contains a
sequence complementary to the target RNA, was utilized for the AuNP
functionalization. After conjugation of DNA probes, the hydrodynamic
radius of AuNPs increased to ca. 10 nm (cf. DLS results in Fig. 3a),
corresponding to the length of the probe. However, due to the DNA
probe conjugation, the size distribution of probe-AuNPs was larger than
that of naked AuNPs, implying a less monodisperse colloidal system.
The output catalytic current obtained by the AuNP,,,./GO-modified
electrode was much smaller than the current obtained by the
AuNP,,,1.a/GO-modified electrode (cf. black and red curves in Fig. 3b),
demonstrating the formation of the DNA probe layer on the surface of
AuNP. In the presence of target microRNA, DSN-assisted target re-
cycling reaction hydrolyzes the DNA probe layer, thus recovering the
surface of AuNPs for catalyzing the cathodic water splitting reaction.
Therefore, the AUNP,ccoverea/GO-modified electrode offered a higher
catalytic current than that provided by the AuNPqpe/GO-modified
electrode (cf. blue and black curves in Fig. 3b). We observed that the
catalytic current could not be totally recovered to the level of using
AuNP,,,1.a/GO-modified electrode, which was caused by the utilization
of thiol-PEG and the residual of DNA probes after the hydrolyzation
reaction. In addition to the surface exposure, rupture of the DNA probe
layer directly increased the electrons tunneling probability between
AuNPs and GO scaffold, which also contributes to the increase of
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Fig. 4. Dose-response curve for let-7b quantification. The red dash line and the
black solid line indicate the cut-off value and linear detection range, respec-
tively. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

catalytic current. Contributions of surface exposure and tunneling
probability increase were not distinguished in the current work but will
be investigated in future studies.

3.3. Quantification of microRNA

To demonstrate the quantitative relationship between the con-
centration of target microRNA and the water-splitting reaction current,
serial concentrations of target microRNA (let-7b) were measured by the
proposed cascade amplification system. Target concentrations ranging
from 0.1 fM to 100 pM were reacted with the probe-AuNPs and DSN at
50 °C. After DSN-assisted target recycling, AuNPs were collected to
prepare the AuNP/GO-modified electrode for the following electro-
catalytic amplification step. The catalytic current increase
(AI = Iumple — Iblank, Where Iyjaqi is the average current signal of blank
control samples) recorded at 200 s was chosen as the output signal for
the dose-response curve (Fig. 4). The dose-response curve shows a
monotonous current increase with the increase of target concentration.
A linear correlation between current and logarithm concentration is
obtained at the range of 1 fM —10 pM. The limit of detection (LOD),
calculated based on the 30 criterion, is 1.5 fM of let-7b. Compared to
most of the DSN-based microRNA detection systems that employ one
single amplification step (i.e., DSN-assisted target recycling) (Castafieda
et al., 2017; Tran et al., 2013; Yang et al., 2014; Zhang et al., 2016), the
proposed AuNP/GO-based biosensor is more sensitive due to the design
of cascade amplification (i.e., DSN-assisted target recycling followed by
an electrocatalytic amplification). However, many other cascade am-
plification-based microRNA detection systems have achieved much
lower LODs of, e.g., 6.8 (Bo et al., 2018), 8 (Zhang et al., 2014), 11
(Yuan et al., 2018) and 25.1aM (Yu et al., 2018), implying higher ef-
ficiencies of their cascade amplification designs. We hold the opinion
that the 1.5 fM LOD is sufficient for most of the current studies of mi-
croRNA. The concentration of microRNA differs in different body fluid.
The concentration of total let-7 in plasma is about 100 fM (Williams
et al., 2013). Another study reported that the let-7b concentrations of
the urine samples from kidney cancer patients ranged from 1.835 fM to
6.160 fM (Fedorko et al., 2017). Additionally, current microRNA de-
tections are usually performed for cell extracts, in which microRNAs are
much more concentrated and pure (much fewer matrix effects). For
comparison, the detection limits of commercialized fluorescence-based
microRNA assays (Qubit and Quant-iT microRNA assays, Thermo
Fisher, USA) are at the sub-nano to nanomolar level.

Since DTT (dithiothreitol) can trigger AuNP aggregation, we
avoided its use in our method. However, DTT was always added into
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Fig. 5. Specificity test using five different let-7 microRNAs. Five members of the
let-7 family, i.e., let-7a, let-7b, let-7c, let-7d and let-7e, were measured by the
proposed biosensor at a concentration of 100 fM.

the reaction buffer to maintain DSN activity in previous DSN-based
biosensors, which means the efficiency of our DSN may be lower than
expected. To investigate the influence of DTT, we performed DSN re-
actions with and without DTT protection and compared the reaction
efficiency by gel electrophoresis. Analysis of the polyacrylamide gel
electrophoresis indicated that all DNA: RNA heteroduplex were hy-
drolyzed in both reactions, implying that 1 U of DSN was sufficient for
the proposed method without DTT (data not shown). Although the
usage of DTT has been avoided in this study, AuNP aggregation was still
observed, which lowered the efficiency of the proposed cascade am-
plification strategy. It was reported that Mg?* could lead to AuNP
aggregation (Pamies et al., 2014), which was controlled by the utili-
zation of thiol-PEG in this study but still influenced the homogeneity of
the AuNP/GO nanocomposites. Moreover, surface recovered AuNPs
easily absorb biomacromolecules, thus limiting their robustness against
matrix effects. These limitations as well as the optimization of the
homogeneity of the electrode surfaces will be the topic of our future
studies.

Repeatability of AuNP/GO nanocomposite-coated ITO electrodes is
vital for the proposed biosensor. Currently, for simplicity, we chose a
drop-drying method to coat nanocomposites onto ITO, which was not
optimal. To increase the homogeneity of functionalized ITO electrodes,
spin coating will be a good option for electrode preparation. In the spin
coating strategy, nanocomposites can be rotated at a selected speed to
spread the coating material by a suitable centrifugal force, which is
beneficial to choose a similar weight of AuNP/GO nanocomposite for a
uniform film. Moreover, since the catalytic reaction mainly occurs on
the surfaces, it is possible to adjust the thickness of the film by viscosity
and concentration of the solution to improve the electrocatalytic per-
formance of the proposed biosensor.

3.4. Specificity test

Due to the high sequence homology among microRNAs of the same
family, a specificity test is challenging in microRNA analysis (Baker,
2010; Shen et al., 2015). To demonstrate the specificity of the proposed
biosensor, five members of the let-7 family, i.e., let-7a, let-7b, let-7c, let-
7d and let-7e, were measured. Sequences of these let-7 microRNAs are
shown in Table 1, in which we can see that let-7c has single-nucleotide
mismatch compared with the target, let-7b; while let-7a, let-7d, let-7e
has double- or several-nucleotides mismatches. All the microRNAs were
detected at a concentration of 100 fM (Fig. 5). For the DSN-assisted
target recycling, a perfect matched DNA: RNA heteroduplex sequence of
at least 15 base pairs are needed to trigger the hydrolysis (Qiu et al.,
2015), therefore let-7a and let-7c showed nonspecific signals because of
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their 16-bp-long perfect match with the DNA probe (designed for let-
7b). For the detection of 100 fM of let-7a and let-7c, nonspecific signals
were observed which was equal in magnitude to the signal of 0.8 fM
and 4.8 fM of let-7b, respectively, demonstrating a high specificity of
the proposed biosensor that can discriminate even single-nucleotide
mismatches. Moreover, we observed that let-7d and let-7e showed
signals lower than the signal of blank control samples, which was
caused by the formation of a stable (i.e., cannot be hydrolyzed by DSN)
DNA: RNA heteroduplex layer on the surface of AuNPs. Compared with
the single-stranded DNA probe layer, the stable DNA: RNA hetero-
duplex layer further lowered the tunneling probability at the interface
between the AuNP and the GO in the AuNP/GO nanocomposite,
therefore performing output currents lower than the signal of blank
control samples.

4. Conclusion

In summary, a cascade amplification strategy based on DSN-assisted
target recycling and an electrocatalytic reaction were demonstrated for
microRNA detection. DSN-assisted target recycling was utilized to
rupture the single-stranded DNA probes on the surface of AuNPs, re-
covering the surface for the following water-splitting reaction. The
utilization of AuNP/GO nanocomposite offered large surface area, ef-
ficient water affinity, good conductivity and facilitated mass diffusion
for the electrocatalytic reaction. An LOD of 1.5 fM of let-7b was
achieved in a total assay time of 80 min with a linear detection range of
approximately four orders of magnitude. The proposed biosensor was
also demonstrated to discriminate non-target microRNAs containing
even single-nucleotide mismatches.
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