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Abstract

In this study, an electrochemical biosensor was developed for highly sensitive and
specific detection of target miRNA-155. The structure was formed by the
hybridization of a tetrahedral DNA nanostructure-based biomolecular probe
assembled on 3D nitrogen-doped reduced graphene oxide/ gold nanoparticles (3D
N-doped rGO/AuUNPS) electrode surface. Upon addition of target miRNA-155, the
gold and silver nanorod/ thionine/ complementary DNA (AuAgNR/Thi/F) was
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hybridized with the target, and used for signal amplification, catalyzing the reduction
of Thi as an electron mediator. Due to the signal amplification by the enhanced
immobilization of DNA on the surface of 3D N-doped rGO/AuNPs electrode and
AUAgNR/Thi, coupling the low background signal produced by blank solution,
electrochemical performance of the device was optimized to be proportional to
miRNA-155 concentration in the range of 1x10™to 1x10™ M with a detection limit
of 1x10™® M. In addition, direct detection in serum is demonstrated with high
specificity. Thus, this biosensor is potentially applicable for microRNA detection in

medical research and early clinical diagnosis.

Keywords: 3D N-doped rGO/AuNPs, MicroRNA, AuAgNR, Tetrahedral DNA,

Electrochemical biosensor

1. Introduction

MicroRNAs (miRNAs) are a group of small (approximately 22 nucleotides),
endogenous, and non-coding RNA molecules, which regulate the expression of target
genes [1]. Recently, accumulative evidence indicates that miRNAs are highly
correlated with cancer initiation, tumorigenesis and cell differentiation [2-4]. Thus,
miRNAs have been regarded as biomarkers and therapeutic targets in cancer diagnosis
and treatment. Analytical approaches based on optical methods have been developed
for detection of miRNAs, such as microarray and surface plasmon resonance [5, 6].
However, these methods are typically time-consuming, require precise
instrumentation and are less accurate, thus hindering their wide spread application in
clinic diagnosis. Sensor assays have drawn much attention for analysis due to their
high sensitivity, simplicity and short turn-around time [7-12]. For example, Turner’s
group developed a highly specific biotinylated DNA/LNA molecular beacon (MB)
probe conjugated with gold nanoparticles (AuNPs) to create an integrated, dual
function bio-label (biotin-MB-AuNPs) for both biorecognition, signal generation for
the simple and sensitive detection of miRNA-21[13]. Zhang’s group developed an
electrochemical immunosensor for tumor marker detection with a redox-catalysis

‘all-in-one” mechanism [14]. Liu’s group realized the electrochemical detection of
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miRNAs based on the signal amplification of AUNPs, enzymes and redox-cycling [15].
Zhang’s group used enzyme-free mismatched CHA for the first time and exhibited
excellent analytical performance towards miRNAs determination [16]. Most of
current electrochemical biosensors for miRNAs suffer from poor stability, and the
sensitivity needs to be further improved for early stage diagnosis.

A typical way to improving the sensitivity of electrochemical biosensor is to
engineer the electrode with large surface-volume ratio, together with improved
electrochemical activity. Recent development in electrochemically active 2D
materials paves the way for highly sensitive sensor electrodes. For example,
nitrogen-doped graphene with enhanced electrochemical activity is considered as an
ideal electrochemical material for energy applications such as electrocatalysis and
supercapacitors [17-20]. Unfortunately, directly applying nitrogen-doped grapheme to
biological sensing applications didn’t yield a superior performance, because the
material itself does not provide catalytic specificity to the particular
oxidation/reduction process. This problem can be resolved by introducing metal
nanoparticles to accelerate the electron transfer between the electrode surface and
modifiers, and further amplify the electrical response. In this way, AuAg bimetallic
NPs can facilitate redox processes because of their superior electrochemical properties
[21]. AuAgNRs were used to realize the signal amplification due to a localized
electric field enhancement in the core-shell structure, which can electrostatically
adsorbed onto the negatively charged surface of DNA.

Supramolecular chemistry started and developed as the chemistry of the entities
generated via intermolecular non-covalent interactions. It becames progressively the
chemistry of molecular information, involving the storage of information at the
molecular level [22, 23]. It has been widely used in sensing, catalysis and biology
because of their unusual properties. The chemosensing ensemble strategy uses a
supramolecular assembly with a competitive assay, in which it works in the same way
as that of antibody-based immunoassay. Similarly, the supramolecular ensemble in
such assays uses a receptor, designed for competitive complexation with a guest

species, together with an indicator to sense presence of the ions/neutral analyte.



An important aspect of high performance electrochemical biosensors for nucleic
acids, relies on careful design of the nucleic acid binding probe, considering the
difficulty of controlling the probe orientation and density on the electrode surface.
Although single stranded DNA and hairpin DNA have been reported as capture probes,
nonspecific interactions, steric hindrance and entanglement between the probes,
have negative effects on the selectivity and reproducibility [24, 25]. Herein, we firstly
reported an ultrasensitive electrochemical detection of miRNA-155, by coupling the
signal amplification strategy of 3D N-doped rGO/AuUNPs electrode and
AUuAgNR/Thi/F as a recognition element. The characteristics consisted in this assay
protocol mainly including (1) the N-doped rGO was selected as the combination of
Au because of its relatively higher abundance and lower cost, and 3D N-doped
rGO/AuUNPs also has high electronic conductivity, which could accelerate response
time and widen linear range; (2) The thiolated DNA tetrahedral nanostructures
binding to the AuNPs surface provides a solution-like environment, increases
biomolecule target accessibility and reduces the surface crowding effect, hence,
greatly enhancing the electrochemical miRNA biosensor’s sensitivity and stability; (3)
AUAgNR are chosen as the supporting materials for DNA and Thi to enhance the
electrochemical signals. We applied this biosensor scheme for the detection of
miRNA-155. The combination of the above advantages resulted in high sensitivity,

excellent selectivity and good stability for the detection of the target miRNA.
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Scheme 1 Schematic diagram for the electrochemical detection of mMiIRNA-155

2. Materials and methods

2.1 Chemicals and reagents

Sodium borohydride (NaBH,) and silver nitrate (AgNO3) were purchased from
Sigma Aldrich (USA). Hydrogen tetrachloroaurate (I11) trihydrate (HAuCl,-3H,0),
graphene oxide (GO), DL-aspartic acid, thionine (Thi), cetyltrimethyl ammonium
bromide (CTAB) and ascorbic acid (AA) were purchased from J & K Chemical
Technology (Beijing, China). Uric acid was purchased from Sigma Aldrich (St. Louis,
MO). Potassium ferricyanide (Ks[Fe(CN)g]), potassium ferrocyanide (K4[Fe(CN)g])
and potassium chloride (KCI) were purchased from Linfeng Chemical Reagent Co.,
Ltd (Shanghai, China). The buffers and solutions involved in this research were made
as follows: DNA immobilization buffer (300 mM NaCl, 25 mM tris-acetate, pH 8.0)
and the supporting electrolyte phosphate buffer saline (PBS, 0.1 M). DNA and
miRNAs sequences were synthesized by Sangon Biological Engineering Technology
Co. Ltd. (Shanghai, China) and the detail oligonucleotide sequences are listed in Table
1. Other reagents were of analytical grade and used without further purification.

Double distilled water was used throughout the experiments.
Table 1 Synthetic sequences used in the experiments

Name Sequence (5’-3%)




ATGATACCGCCGAGAAGAGCACATCGTTCGACATTACAAAGTCTGAAT

A CCTTACA T ,ATCACGA
HS- C-CATAACCTGGGAGCGTAGATAATGTCGAACGATGTGACAGTTG
° ACGGACCACTAT
HS- Ce-CTTCTCGGCGGTATCATCTAAGGGTGCATCACAGCAAAATAGT
¢ GGTCCGTCAACT
HS- C-TACGCTCCCAGGTTATGTTTGCTGTGATGCACCCTTCGTGTAAG
b GATTCAGACTT
E UUAAUGCUAAUCGUGAUAGGGG
F HS-TTAGCATTAATTTT
G AGUUGUAGUCAGACUAUUCGAU
H TACACCTTTTAGAGTACGTCA
I

GGGGAUAGUGGUAAUCGUAAUU
E(miRNA-155), F(complementary), G(miRNA-21),H(non-complementary)

I(single-base mismatched microRNA sequence)

2.2 Characterization

The particle size and morphology of the resulting products were studied by
transmission electron microscopy (TEM) (Tecnai G2 F20 S-Twin, FEI, USA) and
scanning electron microscopy (SEM) (Quanta 400 FEG, FEI, USA) with Apollo 40
SDD X-ray Energy Dispersive Spectrometer (EDS). Fourier transform infrared
(FT-IR) spectroscopic measurements (Vector 22, Bruker) using KBr pressed disks was
used. Ultraviolet visible spectroscopy (UV-is) was recorded on an Agilent UV-is
spectrophotometer. The powder X-ray diffraction (XRD) characterization was
performed using X-ray diffraction (Bruker, D8 Focus, Karlsruhe, Germany) with Cu
K radiation at room temperature. The electrochemical performance of the samples
was characterized in a three-electrode test system by using a CHI 660 electrochemical
workstation (Chenhua, Shanghai).
2.3 Preparation of 3D N-doped rGO/AuNPs and AUAgNR/Thi/F

The purchased GO was used as raw material for the synthesis of 3D N-doped

rGO [26].0.15 g of amino acid was dissolved in 30 mL of 2 mg mL™ aqueous GO



solution (the mass ratio of amino acid to GO was 2.5:1). The mixture was
magnetically stirred for 10 minutes, then transferred to a teflon-lined autoclave and
subjected to hydrothermal treatment for 3 h at 160 °C. After that, the autoclave was
naturally cooled to room temperature and the as-prepared 3D N-doped rGO was
removed from the autoclave and immersed in deionized water for seven days,
deionized water was renewed once a day to remove any unreacted reagent. The 3D
N-doped rGO was freeze-dried under vacuum for further characterization. The final
electrode was prepared by electrodeposition at -1.5 V ~ 0.6 V (50 mV/s) for 10 cycles
in a mixture of 15 mL 3D N-doped rGO with 1.0 mM HAuCI, in pH 7 PBS.
2.4 Synthesis of AUAgNR/Thi/F

AUNRs were prepared according to the seed-mediated growth method optimized
by Nikoobakht and El-Sayed [27]. Briefly, a seed solution was prepared by mixing of
5 mL of HAuCl, (0.5 mM), 5 mL of CTAB (0.1 M) and 0.6 mL of freshly prepared 10
mM ice-cold sodium borohydride (NaBH,), then stirred till the solution color
changing from yellow to brown. The synthesis of AUNRS was then initiated by mixing
0.25 mL of 4 mM AgNOs, 5 mL of 1.0 mM HAuCI, and 5 mL of 0.1 M CTAB
solution. Then, 0.06 mL of 0.1 M AA was added to reduce the gold ions. With
continuously stirring, 12 mL of the seed solution was added and the solution was aged
for 20 h to ensure full growth of AuNRs. Finally, AuNRs were centrifuged and
washed for 3 times. In order to form AuAg alloyed nanorods, a quantity of 0.4 mL
AuUNRs solution was redispersed in 4 mL of 1 wt % PVP aqueous solution. Then, 0.5
mL of 1.0 mM AgNO; and 0.1 mL of 0.1 M ascorbic acid were added with gently
mixing. At this stage, Ag(l) was not reduced due to the relatively low pH of the
solution. The reaction was started by injecting 0.4 mL of 0.1 M NaOH solution,
followed by quickly mixing for two minutes to obtain the AUAgNRs. The obtained
product was added into Thi and F mixing solution for strirring 12 h.
2.5 Fabrication of the miRNA biosensor

Tetrahedral DNA probe was prepared following the literature report [28]. 3D
N-doped rGO/AUNPs was incubated in 6 uM tetrahedral DNA probes for 12 h at 37

°C in a homo-thermal water bath chamber. Different concentrations of miRNA-155



were added to the solution and kept at 37°C for 1 h. Finally, 10 pL of AUAgNR/Thi/F
dispersion was drop-wise added to the surface of the 3D N-doped rGO/AuNPs/
tetrahedral DNA electrode and dried at 37 °C for 2 h. The final electrodes were

washed with PBS for three times before use.

3. Results and discussion

3.1 Characterization of nanomaterials

Apart from excellent biocompatibility, 3D structure is a good candidate for
fabricating biosensors, because its large surface area can increase significantly
detection signals. Here, a 3D N-doped rGO/AuNPs electrode was prepared through
electro-controlled co-reduction method. To our knowledge, there are no previous
reports on the preparation of 3D N-doped rGO/AuNPs film by this technique. 3D
N-doped rGO and AuNPs were simultaneously electro-deposited at a potential of -1.5
V ~ 0.6 V. The SEM images show that GO (Fig. 1A) and 3D N-doped rGO prepared
by adding DL-aspartic acid (Fig. 1B). By adding DL-aspartic acid, GO was reduced to
form a stacked layers rGO matrix. And uniform AuNPs were visible in the 3D
N-doped rGO samples.

FT-IR spectra was employed to identify the functional groups and investigate the
reduction process. As shown in curve a of Fig. 2, other than characteristic sp’
hybridized carbon skeleton vibration at 1562 cm™[29], the peak at 1714 cm™ can be
assigned to a strong C=0 stretch [30] and C—OH stretch can be found at 1114 cm™
indicating oxygen containing groups, such as hydroxyl, epoxy and carboxyl groups.
After treatment with DL-aspartic acid (curve b), the peak at 1714 cm™ for C=0
stretch is vanished, the new peaks such as the C—N stretching vibration band at 1406
cm™ and the typical C=N stretching vibration band at 1315 cm™ appears, which are
correspond to the characteristic bands of N-doping [31]. Compared with GO and 3D
N-doped rGO, some group adsorption peaks of GO were changed, implying that 3D
N-doped rGO was formed.

To obtain the further crystallographic information of the 3D N-doped rGO, X-ray

powder diffraction (XRD) spectra was conducted. XRD measurement for the GO and



3D N-doped rGO are shown in Fig. 2B. For the sample of GO, the strong diffraction
peak at 20=10.2" can be indexed as the GO (002) peak. The introduced
oxygen-containing functional groups on graphite sheet layer and the interlayer of
hydrone result in d=0.866 nm which is larger than graphite of d=0.334 nm. After
hydrothermal reaction, the (002) peak of GO shifted to 20=13.4", indicating that the
graphite lattice structure has been restored to a certain extent. With N-doped, the (002)
peak of 3D N-doped rGO was observed at 20=27.1°[32]. The EDS analysis further
proof the existence of N element, indicating that the atomic ratio of 3D N-doped
rGO/AuNPs (Fig. 2B) and revealing the successful synthesis of 3D N-doped
rGO/AuUNPSs under proposed conditions.

Highly sensitive bio-assays have been usually found using labeled detection, and
the label is frequently an enzyme which can generate an electroactive species in the
presence of substrate. Although such approaches provide high sensitivity, the
deterioration of enzyme activity over time can be problematic. Alternatively, metal
nanoparticles or redox mediators can provide labels of greater stability. Here,
AUAgNR were used as ideal carriers to attach Thi redox molecules through the Ag-S
stacking adsorption between them. Fig. 3 A and B show the TEM images of the
original AUNR and AuAgNR. The contrast difference surround AuAgNR indicated
shell formation after Ag™ reduction due to surface rearrangement and developing
crystal defects. This is also verified by UV-Vis obsorption. UV-Vis absorption spectra
were used to examine how the silver coating affects the surface plasmon resonance of
the AuNRs. As the longitudinal surface plasmon mode of AuNRs peaked at 525 and
675 nm blue shift, the result was similar with the result of literature [33-35].The
blue-shift can arise from two effects. First, the dielectric function of silver is different
from gold, therefore the effective dielectric function varies for silver coating, and
second, a homogeneous layer coating of a rod lowers the overall aspect ratio. FTIR
experiments were carried out to further demonstrate the formation of AUAgNR/Thi/F
bioconjugates (Fig. 3D). In the spectrum of AuAgNR/Thi/F (curve c), the
characteristic bands for Thi (1495 cm™) and F (1660 cm™ and 1225 cm™) appear, but

AuUNR (curve a) and AuAgNR (curve b) are no obvious peaks, indicating successful



assembly of the Thi and DNA on the nanoprobes [36]. Fig. 3E illustrated the XRD
patterns of the AuAgNR and AuAgNR/Thi/F, respectively. For AUAgNR (red line)
and AuAgNR/Thi/F (black line), four additional peaks at 38.4, 44.5, 65.1, and 78
were also observed, which were resulted from the (111), (200), (220) and (311) planes
of Au (JCPDS card No. 04-0784) and Ag (JCPDS card No. 04-0783)[37]. Meanwhile,
AUAgNR/Thi/F also exhibited a similar XRD pattern to that of AUAgNR, indicating
the loading of Thi and F onto AuAgNR didn’t impact the crystalline integrity of
AUAgNR.
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Fig. 3 SEM images of AuNR (A), AuAgNR (B), UV-Vis absorption spectra of AuNR (a),
AUAgNR (b) (C), FTIR spectra of AuNR(a), AUAgNR(b), AUAgNR/Thi/F(c) (D) , XRD pattern
of AUAGNR (red line) and AUAgNR/Thi/F (black line). The region of 20 is from 35 to 80°(E)

3.2 Characterization of the biosensor fabrication process

The mechanism of this microRNA sensing method is illustrated. Generally,
tetrahedral DNA is formed by four single stranded DNA. The four single stranded
DNA (tetrahedron A, B, C, D) are engineered to form the six edges of the tetrahedral
nanostructure. Three thiol vertices of the tetrahedron facilitate the modification of the
tetrahedral DNA on the 3D N-doped rGO/AuNPs electrode surface, which reinforces
the molecular recognition efficiency. In the presence of microRNA, AuAgNR/Thi/F
was connected with tetrahedral DNA on the 3D N-doped rGO/AuNPs electrode. Fig.4
shows the successful formation of tetrahedral DNA probes was confirmed by
polyacrylamide gel electrophoresis (PAGE). The bioactivity and amount of
immobilized oligonucleotide can be significantly affected by the surface properties of
the transducer.

The maodification process of the 3D N-doped rGO/AuNPs film surface was
characterized by CV of the 3D N-doped rGO/AuNPs, tetrahedral DNA, miRNA-155
and AuAgNR/Thi/F modified electrodes (Fig. 5A), as a result of sequential reduction
of peak currents and the increase of peak-to-peak separation due to the binding of the
DNA component. Fig. 5B shows the Nyquist plots of impedance spectra at different
electrode surfaces in 0.1 M KCI solution containing 5 mM Fe(CN)s>'*. To obtain
more information from EIS results, the working electrode was modeled by the
equivalent circuit, which was used to fit the EIS data. The change in the diameter of
the semicircle reflected the change in the interfacial charge-transfer resistance (Rc). In
addition to R, the equivalent circuit contains R that is the electrolyte solution
resistance, the Warburg impedance Z,, and the constant phase element related to
double layer capacitance Cgq. For the 3D N-doped rGO/AuNPs film (curve a), the
value of R was 700 Q, which indicated that the electrons on the surface of the
electrode transport rapidly. After the immobilization of tetrahedral DNA, the value of

Ret increased to 2498 Q, attributing to the fact that negative charges of the DNA



phosphate backbone prevent redox of Fe(CN)s*'*

approaching the electrode surface.
When miRNA-155 (curve c¢) was modified on 3D N-doped rGO/AuUNPs, the R
values increased dramatically to 3298 Q. The combination of AUAgNR/Thi/F did not
cause obvious change in the R value (curve d, 3330 Q), owing to the good
conductivity of AuAgNR. These EIS results were in good agreement with the CVs
results.

As shown in Fig. 6A, the sensor incubating with tetrahedral DNA showed a clear
increase in the electrochemical signal compared to the sensor incubating without
tetrahedral DNA, because tetrahedral DNA could connect the miRNA-155 for the
combination of AuAgNR/Thi/F. Additionally, the electrochemical signal increased
when the DNA sensor was incubated with AuAgNR/Thi/F compared to the
AUAgNR/Thi and AuAgNR/F (Fig. 6B), owing to the fact that F can connect the
miRNA-155 for amplifying the signal and the reduction of Thi. This interesting
phenomenon indicated that the DNA sensor was incubated with AUAgNR/Thi/F have
the most efficient catalytic ability, the probable reason was that the cooperative ability
of Thi and F. The comparison of the all results demonstrates that our proposed
electrochemical DNA sensor could significantly improves the detection sensitivity.
Electrode surface modification is characterized by LSV. As depicted in Fig. 6C, no
obvious peak appears (curve a). DNA tetrahedron modified electrode (curve b) and
microRNA (curve c) cannot exhibit a significant current peak unless the incubation
with AuAgNR/ F (curve d) demonstrating the fact that microRNA can effectively
capture AUAgNR/F on the electrode surface.

AB ABC ABCD

JiJ U

Fig.4 Gel electrophoretic analysis of the formation of tetrahedral DNA probes
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3.3 Optimization of the experimental parameters towards biosensor

To improve the performance of the biosensor, experimental conditions were
optimized, including the reaction time of AuAgNR/Thi/F with miRNA-155, the
hybridization temperature, the incubation time of miRNA-155, the effect of
AUAgNR/Thi/F loading and the solution pH.
3.3.1 The reaction time of AUAgNR/Thi/F with miRNA-155

Since the mMIRNA-155 detection was mainly based on monitoring the
electrochemical signal change of Thi oxidation peak, before and after the specific
binding of AuAgNR/Thi/F with miRNA-155, the undesired adsorption of
AUAgNR/Thi/F on the electrode surface could increase background noise to affect the
sensitivity. Therefore, to obtain an optimized adsorption condition, the interaction

time between AUAgNR/Thi/F and miRNA-155 was investigated in the range of 10 to



60 min with the addition of 10® M miRNA-155. As showed in Fig. 7A, the current
response increased with prolonged interaction time, and tended to level off after 30
min, indicating a saturated binding of AUAgNR/Thi/F with miRNA-155.
3.3.2 The effect of temperature

Temperature is an important factor that can affect the hybridization dynamics of
DNA. The interaction temperature of 3D N-doped rGO/AuUNPs with tetrahedral DNA
was investigated in the range of 20 to 50 ‘C with the addition of 10® M miRNA-155.
As shown in Fig. 7B, the signal response reached a maximum at 37 °C, and then
began to drop after that. Therefore, in our experiment, 37 ‘C was chosen as the
optimal temperature in consideration of the bioactivity of tetrahedral DNA.
3.3.3 The incubation time of miRNA-155

The incubation time of miRNA-155 could directly affect the reaction with
tetrahedral DNA. Fig. 7C shows the effect of different incubation times on the current
of the biosensor. The signal output increased gradually along with increasing in
incubation time, reaching a plateau after 2.0 h. Longer incubation time did not further
improve the response of the biosensor. Therefore, 2.0 h was chosen as the reaction of
the AUAgNR/Thi/F.
3.3.4 The effect of AUAgNR/Thi/F loading

The amount of AuAgNR/Thi/F loading can affect the response current of this
kind of the biosensor. Fig. 7D showed the response curves of the modified biosensor
with different AUAgNR/Thi/F loading. With the increase of the loading, the response
current increased gradually. The response of the modified electrode reached a plateau
after adding 10 uL of the AUAgNR/Thi/F to the system.
3.3.5 The effect of pH

The pH of substrate solution might influence the catalyze activity of biosensor.
The pH dependence of the amperometric response to 10° M miRNA-155 was
investigated over the pH values from 5.0 to 9.0 in the substrate PBS. As shown in Fig.
7E, the maximum amperometric response was achieved at pH 7.0. Thus, PBS at pH

7.0 was chosen for subsequent experiments.
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3.4 Analytical performance of biosensor

The hybridization of miIRNA-155 to tetrahedral DNA could lead to bind the F and
tetrahedral DNA, the AUAgNR/Thi/F part could bind on the 3D N-doped rGO/AuNPs
electrode, receiving the faradaic current response of Thi. This target induced new
strands hybridization strategy was expected to give a much larger signal change
magnitude than the target-induced - conformational change, in which the
electrochemical events were usually recorded based on the distance alteration between
the redox species and the electrode surface. Under optimal conditions, the dynamic
range of the developed MIRNA-155 sensor was evaluated using AuAgNR/Thi/F
adduct as reporter probe and the 3D N-doped rGO/AuUNPs electrode as the sensing
substrate. As shown in Fig. 8A, the DPV peak current increased with the increase of
target miIRNA-155 concentration. The response curve of the proposed biosensor for
miRNA-155 showed a linear relationship between the reduction peak currents and the
log of the analyte concentrations with a large dynamic range between 1x10™ and
1x10™ M, and a limit of detection of 1x10™? M. The deduced regression equation was
1,=33.4+2.8log (Cmirna), With the relative coefficient of 0.992. Such a high sensitivity
was attributed to the signal amplification of the 3D N-doped rGO/AuUNPs substrate as
well as the assembled numerous Thi molecules for DPV response and the reducing

background signal by the “signal-on” mode. Table 2 compared the analytical



properties of the composite 3D N-doped rGO/AuNPs/tetrahedral DNA with other
electrochemical biosensors in the literature. As comparison, our result exhibits a wider
linear range and a lower LOD. Such a low LOD means that this detection strategy
may have potential application in the human serum samples. This ultrasensitive
detection of miRNA-155 may be attributed to 3D N-doped rGO/AuNPs and the
AUAgNR adduct that can load more capture F and tetrahedral DNA molecules. In
addition, 3D N-doped rGO/AuNPs film and AuAgNR may serve as conducting

tunnels or wires to improve the conductivity of the sensing system.
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Fig. 8 (A) Typical DPV curves of the developed sensor in with different concentrations of
miRNA-155 (0, 10™, 107, 10°, 10®, 107, 10, 10°, 10 and 10 M) (B) The linear relationship
between the DPV peak current change and the logarithm of the concentrations of miRNA-155

Table 2 Comparison between the current method and other reported sensors for the detection of

mMiRNA-155
Strategy Linear range Detection limit Refs.
(M) (PM)

Graphene/gold nanoparticle  1x10%~9.8x107 3200 [38]

Rolling circle amplification ~ 1x10™~4x10™" 10 [39]

3D DNA origami 1x10%~1x10® 10 [40]

enzymatic amplification ~ 2x10™'~1x10° 9 [41]
Tetrahedral DNA 1x10"%~1x10™ 1 This work

3.5 Selectivity and reproducibility of the biosensor
Selectivity is a critical criterion to evaluate a successful biosensor in target

detection. In order to test the selectivity of the prepared biosensor for miRNA-155



detection, several possible interferences, such as miRNA-21, non-complementary
sequence, single-base mismatched sequence and uric acid were investigated. As
shown in Fig. 9, miRNA-155 showed the highest peak current among the several
possible interferences studied and the fabricated biosensor showed negligible
responses towards other analytes even at significantly high concentrations,
demonstrating an excellent selectivity toward its target miRNA-155. To test the
reproducibility, we fabricated five sensors and tested independently at the target
concentration of 10 nM. The resulted relative standard deviation (RSD) was as low as
5.65 %. Additionally, the same biosensor was used to detect the same target
mIRNA-155 repetitively for five times, and the RSD was 1.21 %. These results

suggested an encouraging reproducibility of the prepared miRNA-155 biosensors.
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Fig. 9 The selectivity of the sensor hybridized to different miRNA sequences: E (a), G (b), H (c), |
(d) and uric acid (e). The concentration of miRNA-155 was 10 nM and the concentration of the
others was 500 nM, respectively

3.6 Serum sample analysis

With the rapid economic development in China, cancer has increasingly become
an important health risk factor for people and the workers engaged in the miRNAs
testing job. To investigate the practical application of this strategy in real sample
analysis, we performed the miRNAs testing in serum samples. The testing samples
were prepared by using the standard addition method by adding 0.1, 1, 10, 100 and

1000 nM of miRNA-155 to serum samples. As shown in Table 3, a good recovery in



the range of 94-105 % was observed, indicating that the proposed sensing platform
can be potentially applied to monitor miRNA-155 in complex biological samples.

Table 3 Detection of miRNA-155 in serum samples with the proposed biosensor (n=5)

Sample (nM) Added Found (nM) Recovery (%)
1 0.1 0.105 105

2 1 0.94 94

3 10 9.55 95.5

4 100 103 103

5 1000 998 99.8

4. Conclusion

We have demonstrated a new strategy for electrochemical detection of
miRNA-155. The main advantages of the present biosensor contributed to two aspects.
First, the fabricated 3D N-doped rGO/AuNPs film offers excellent electronic
conductivity, large specific surface area for loading more tetrahedral DNA
nanostructures-based biomolecular probe, which are remarkably better than those of
present graphene composite materials. The thiolated DNA tetrahedral nanostructures
binding to the AuNPs surface increases biomolecule target accessibility, and reduces
the surface crowding effect. Second, compared with the reported electrostatic
adsorption of Thi onto the capture DNA-functionalized electrode surface, the
AUAgNR could only be immobilized on the electrode surface in the presence of
miRNA-155, which decreased the blank signal significantly. Moreover, the method
provides advantageous sensitivity, repeatability and stability comparing with present
MiRNA-155 sensors. These excellent properties can enable the real application in
human serum sample, pave the way to liquid biopsies for early detection of cancer

and relative diseases.
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1. 3D nitrogen-doped reduced graphene oxide/ gold nanoparticles (3D N-doped
rGO/AuNPs) composite film was used as sensing platform.

2. Tetrahedral DNA nanostructures-based biosensor was developed with the
detection limit of 1nM.

3. Gold and silver nanorod/ thionine/ complementary DNA (AuAgNR/Thi/F) was
used for both miRNA-155 recognition and signal amplification.

4. The DNA biosensor could be utilized in real serum sample analysis.





