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Abstract

An electrochemiluminescence (ECL) based biosensor is described for determination of microRNAs in the A549 cell line. Firstly,
graphene oxide (GO) is dripped onto a glassy carbon electrode surface to form an interface to which one end of the capture probe (with
a stem-loop structure) can be anchored through 7t-interaction via dangling unpaired bases. The other end of the capture probe is directed
away from the GO surface to make it stand upright. Target microRNAs can open the hairpin structure to form a double-stranded DNA-
RNA structure. Two auxiliary probes, generating a hybridization chain reaction, are used to elongate the DNA duplex. Finally,
doxorubicin-modified cadmium telluride quantum dot nanoparticles (Dox-CdTe QD) are intercalated into the base pairs of the hybrid
duplexes to act as signalling molecules. The ECL signal of the Dox-CdTe QD increases proportionally with the concentration of
microRNAs, specifically for microRNA-21. The assay covers a wide linear range (1 fM to 0.1 nM), has a low detection limit for

microRNA-21 (1 fM), and is selective, reproducible, and stable.
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Introduction

Thousands of microRNAs have been identified that act as prom-
ising biomarkers for early screening, clinical staging, diagnosis,
and the prediction of human diseases [1, 2]. Therefore, re-
searchers have been devoted to microRNA detection sensitively.
However, the intrinsic properties of MicroRNAs, such as insta-
bility, short sequence lengths, low abundance, and sequence sim-
ilarity among family members [3], hinder progress in the devel-
opment of detection techniques. Northern blotting [4], real-time
PCR [5], and microarray analysis [6], the conventional methods
for MicroRNAs detection, suffer from low sensitivity, harsh
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experimental conditions, time-consuming procedures, and ex-
pensive equipment, which restrict their practical application.
Various signal readout methods for the detection of
microRNAs have been developed based on electrochemical
biosensors [7], fluorescence [8], and surface plasmon reso-
nance [9]. To enhance the sensitivity, improve the selectivity,
and lower the detection limit and cost, people are paying more
and more attention to the electrode surface modified materials
[10-13]. Therefore, various modified electrodes using nano-
materials and precious metals have emerged [14, 15], which
also provides more possibilities for fixing probes on the elec-
trode surface. Immobilization of the DNA probe is also a key
step for DNA sensor fabrication because it usually improves
the stability of the DNA and ensures successful hybridization
of the probe DNA with the target MicroRNAs. Furthermore,
the detection limits of biosensors can be greatly reduced by
increasing the extent of DNA immobilization and the control
over the molecular orientation of probe DNA. Therefore, de-
velopments in DNA biosensor fabrication have focused on
new support materials for effective immobilization of DNA,
and many new functional materials, such as polymers, ionic
liquids, and nanoparticles, have been exploited [16-18].
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Graphene oxide (GO), a single-atom-thick, 2-dimensional
carbon nanomaterial [19], has attracted great interest in the
biosensor field because of its favorable physical and chemical
properties [20]. GO can bind single-stranded DNA (ssDNA)
through the 7t-stacking interaction between the rings of the
nucleobases and the hexagonal cells of the graphene [21].
However, when a complementary strand is added, the
resulting dsDNA rapidly detaches from the GO surface be-
cause of its poor affinity to GO [22].

In this work, we desribe a sensitive biosensor for
microRNAs using GO as a base material. The GO binds to
hairpin DNA, one end of which is a single chain with six
cytosine bases, to achieve double-stranded partial standing.
The use of GO simplifies the immobilization process by ob-
viating the need for a linker, resulting in lower cost. In this
sensing system, two specially designed auxiliary hairpin DNA
probes (denoted H; and H,) are employed to induce hybridi-
zation chain reaction (HCR). Doxorubicin-combined quan-
tum-dot (Dox-QD) nanoconjugates, intercalated into the
dsDNA hybrids, are used as the signal detector. Doxorubicin
is an anthracycline that can be inserted into DNA base pairs
[23, 24]. And the quantum dots react readily with doxorubicin
to form a N-acetyl-L cysteine/cadmium telluride-quantum
dots/doxorubicin complex via electrostatic attraction between
the - NH;" moiety of doxorubicin and the - COO™ moiety of N
acetyl-L-cysteine/cadmium telluride quantum dots [25]. So, a
signal amplification label (doxorubicin-combined quantum-
dot nanoconjugates) can intercalate into the base pairs of the
hybrid duplex structures with its functional Dox groups and
act as ECL emitters. The sensor achieves better sensitivity and
selectivity than some previous methods of microRNA
detection.

Experimental
Materials and reagents

N-Acetyl-L-cysteine (NAC), N-(3-dimethylaminopropyl)-N"-
ethylcarbodiimide hydrochloride (EDC), and bovine serum al-
bumin (BSA) were purchased from Sigma-Aldrich Chemical
Co. (St. Louis, USA, https://www.sigmaaldrich.com). Sodium
tellurite (Na,TeO3) and doxorubicin (Dox) were from Aladdin
industrial corporation (Shanghai, China, http://www.aladdin-e.
Com). NaBH4, NazHPO4'12H20, NaH2P04'2H20, Cdclz,
C,HsOH, NaOH, and K,S,0Og were received from Tian Jin
Fu Chen Chemical Reagents Factory (Tianjin, China, http://
www.tjfch.com). GO (0.5 mg mL™!) was purchased from
Nanjing Xian Feng Nano Co. (Nanjing, China, https://www.
xfnano.com). All the chemicals used were of analytical grade
and all solutions were prepared with ultrapure water obtained
from a Milli-Q water purification system (Millipore Corp.,
Bedford, MA, http://www.millipore.com).
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Synthetic DNA was ordered from Sangon Biological Co.,
Ltd. (Shanghai, China, https://www.sangon.com).
MicroRNAs, diethylpyrocarbonate (DEPC), and Dulbecco’s
Modified Eagle Medium (DMEM) were ordered from Gene
Pharma (Shanghai, China, http://www.genepharma.com). A
5 mM solution of phosphate-buffered saline (PBS, pH 7.4)
was used as the DNA immobilization buffer and washing buff-
er. RNAs were dissolved in DEPC. All experiments involving
microRNAs were carried out without RNase. All centrifuge
tubes, test tubes and beakers were sterile and enzyme-free.
The sequences of the oligonucleotides are listed in Table 1.

Apparatus

Electrochemical measurements were performed on a CHI
660D electrochemistry workstation (CH Instruments Inc.,
Shanghai, China, http://www.chinstr.com). A conventional
three-electrode configuration was used, with a modified
glassy carbon electrode (GCE, 3 mm in diameter), a Ag/
AgCl (3 M KCI) reference electrode, and a platinum wire
counter electrode. The ECL emission was monitored by an
MPI-A electrochemiluminescence analyzer (Xi’an Remax
Electronic Science & Technology Co. Ltd., Xi’an, China,
http://remax.testmart.cn) in 0.1 M PBS (saline; pH 7.4)
containing 0.1 M KCI and 0.1 M K,S,0¢ with the voltage
of the photomultiplier tube (PMT) at 600 V. A magnetic stirrer
was obtained from Jintan Hongyuan Instrument Factory,
China. A KQ218 ultrasonic cleaner was obtained from
Kunshan Ultrasonic Instrument Co., Ltd., China. http://
www.ks-csyq.com. Centrifugation was performed using a
Centrifuge 5424 from Eppendorf Ltd., Germany. https://
www.eppendorf.com.

Pretreatment of the probes

Three species of DNA hairpin probes, which were rationally
designed according to the DNAMAN (Highly integrated mo-
lecular biology comprehensive application software, https://
www.lynnon.com/dnaman.html), are listed in Table 1.
Before use, the hairpin probes were incubated at 95 °C for
5 min and then slowly cooled to room temperature
(2 °C min ') in 1 x PBS buffer to ensure the probes were
perfectly folded into a hairpin structure.

Assembly of the DNA biosensor for detecting
microRNA-21

A schematic representation of the stepwise fabrication proce-
dure for the proposed biosensor is shown in Scheme 1. At the
beginning of assembly, the GCE was polished with 0.05 um
alumina powder on a microcloth pad and rinsed thoroughly
with ultrapure water. Then the polished electrode was washed
successively with ultrapure water, anhydrous ethanol, and
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Table 1 Oligonucleotide

sequences used in this study Capture DNA

microRNA-21

H,;-DNA (H))

H,-DNA (H,)

Single-base mismatch microRNA
Three-base mismatch micoRNA
microRNA-205

5'-CCCCCCTCAACATCAGTCTGATAAGCTAGAGATGTTAT-3'
5'-UAGCUUAUCAGACUGAUGUUGA —3'

5'- TGTTATGGAAATAACATCTC -3'

5'- TTCCATAACAGAGATGTTAT —3'
5'-UAGCUUAUCGGACUGAUGUUGA —3'
5-UUGCUUAUCGGACUGAUCUUGA —3'
5'-UCCUUCAUUCCACCGGAGUCUGU -3

ultrapure water in an ultrasonic bath. After the electrode was
dried by nitrogen blowing, 5 uL of graphene oxide
(0.1 mg mL ") was dripped onto the electrode surface and
dried at room temperature (labeled GO/GCE). After washing
the electrode surface with ultrapure water, 5 uL buffer con-
taining 12 pM capture probes was dripped onto the electrode
surface, which was then kept for 60 min at 37 °C (labeled
DNA/GO/GCE). The electrode was then thoroughly rinsed
with 5 mM PBS (saline) and ultrapure water, and incubated
in 1 mg mL™" BSA solution for 45 min to avert nonspecific
DNA adsorption on the GO surface. After thorough rinsing,
5 uL aliquots of solutions containing the target microRNA at
various concentrations were placed on the modified electrode
to incubate for 60 min. Then the electrode was rinsed and
dried. Finally, 10 puL of a freshly prepared buffer containing
1 uM auxiliary probe H; and 1 uM auxiliary probe H, was
dripped onto the surface of the electrode, and incubated for
120 min at 37 °C to self-assemble into DNA concatamers.
After that, a 5 uL droplet of Dox-QD nanoconjugates (see
ESM) was cast onto the modified electrode and incubated
for 8 h. These steps were carried out in a wet box.

Finally, after washing with 5 mM PBS (saline), the
resulting functionalized electrode was placed in detection
buffer (0.1 M PBS containing 0.1 M K,S,0g, pH 7.4) for
ECL measurement. The measurements were performed with
potential scanning from 0 to —1.5 V (versus Ag/AgCl) at the
scan rate of 0.1 V s ! with the voltage of the PMT at 600 V.

Cell culture and total RNA extraction

All appliances were pretreated with 0.01% DEPC solution, and
the solutions used throughout the experiments were prepared
with DEPC-treated water. The human cancerous cell lines
(A549) were cultured in DMEM containing 4.5 g L™ of p-glu-
cose and supplemented with 10% fetal bovine serum at 37 °C
with 5% CO,.

Total microRNA samples were extracted from each cell line
using Trizol Reagent (Invitrogen Biotechnology Co., Ltd.) ac-
cording to the manufacturer’s protocol. Briefly, the appropriate
amount of Trizol Reagent was added to the cell pellet for cell
disruption, followed by incubation at room temperature for
5 min. Subsequently, the microRNA extraction was precipitated
by 2-propanol. Finally, the extracted microRNA solution was
diluted by DEPC and stored at —20 °C for further use.

Results and discussion

Feasibility and electrochemical characterization
of sensor

The signal amplification capability of our sensor was con-
firmed by comparing the analytical signal intensity of with
or without apply HCR method when target RNA was incubat-
ed. As shown in Fig. 1a, curve b indicates the signal intensity

Scheme 1 Schematic
representation of the stepwise
ECL biosensor fabrication
process

Dox-CdTe QDs /

Capture DNA BSA  MicroRNA-21  H1 H2
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Fig. 1 a ECL intensity curves incubated with Dox-QD of (a) DNA/GO/
GCE, (b) RNA-DNA/GO/GCE, (¢) H1-H2/RNA-RNA/GO/GCE. ECL
curves were recorded in PBS containing 0.1 M K,S,0g from 0 to 1.5 V. b
Electrochemical impedance spectra of the electrode at different stages of
modification in the presence of 0.1 M KCI containing a
5 mM K,[Fe(CNg)/K;3[Fe(CNg)] mixture: (a) bare GCE, (b) GO/GCE, (c)
DNA/GO/GCE, (d) RNA/DNA/GO/GCE, (e) H;-Ho/ RNA/DNA/GO/GCE.
¢ The PAGE images for DNA and HCR product: lane 1, capture DNA; lane
2, H|-DNA; lane 3, H;-DNA; lane 4, the HCR product with the target
microRNA (capture DNA, microRNA-21, H; and H,); lane 5, the reaction
without the target microRNA (capture DNA, H; and H,)

of without apply HCR method, while curve ¢ corresponds to
the signal intensity of the proposed HCR assay which is con-
structed with two hairpin DNA. In addition, curve a is the
background signal when the target RNA is not present. As
expected, curve ¢ exhibits a considerable increase in ECL
intensity compared with curve b, suggesting the noticeable
signal amplification effect of our HCR-based protocol. This
is because a single target DNA hybridizes with only one single
capture probe to form a partial dsDNA, which limits the total
signal gain from the intercalated Dox-QD and thus shows
poor sensitivity. In contrast, a long dSDNA polymer structure
is formed in the HCR assay and enables numerous Dox-QD to
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be intercalated into the DNA, resulting in ECL intensity en-
hanced obviously.

The surface features of the modified electrodes were exam-
ined using electrochemical impedance spectroscopy (EIS).
The EIS spectra of the modified GCE electrode were mea-
sured at each modification step, and the results are illustrated
as a Nyquist plot in Fig. 1b. This plot takes the shape of a
semicircle in the high-frequency region but a straight line in
the low-frequency region, demonstrating that the electrolysis
process was controlled by electron transfer at high frequency
and by diffusion at low frequency [26]. The EIS measure-
ments were performed in 0.1 M KCI containing
5 mM Ky[Fe(CNg))/K;[Fe(CNg)]. Fig. 1b shows the EIS re-
sults at the different steps of electrode modification. In these
impedance spectra, an increase in the semicircle diameter in-
dicates an increase in the electron transfer resistance (R.;) at
the interface [27]. It can be seen that the bare electrode exhib-
ited only a tiny semicircle domain, which implies fast electron
transfer. When GO was self-assembled onto the electrode, R,
increased compared with the bare electrode. This indicates
that GO effectively blocked the underlying electron transfer
of the supporting electrode substrate, likely because of its
large basal and low edge-plane content and the repulsive in-
teraction of [Fe(CNg)]> 7 with negatively charged of GO [28,
29]. When the capture probe was self-assembled onto the
modified electrode, the impedance increased further. This is
attributed to the negative charges on the phosphate backbone
of the self-assembled capture probe DNA, which electrostati-
cally repelled the Fe(CN)s* >~ anions. The value of Ry further
increased upon the incubation of BSA and the target
microRNA on the electrode. After the formation of a long
DNA chain promoted by the auxiliary probes, R., was further
dramatically enlarged. The results of EIS confirmed the
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Table 2  Analytical performance comparison of the described strategy with the selected previously published methods for microRNA detection

Materials or Reagent Methods Linear range Detection limit ~ Reference
Multi-walled carbon nanotubes/Methylene blue DpPV 01pMto0.5nM 843 M [30]
Thiolated probe-functionalized gold nanorods/GO/Oracet blue DPV 2 fM to 8 pM 0.6 tM [31]
Nafion-carbon nanotubes /Polyvinylpyrrolidone/ AuNP ECL 40 M to 1 pM 20 fM [32]
AuNP/Boron doped graphene quantum dots ECL 100 ftM to 10 nM 100 fM [33]
DNA polymerase/Poly(thymine) strand/CuNPs Fluorescence 70 fM to 700 nM  0.27 fM [34]
Poly T- CuNPs/Duplex-specific nuclease/Terminal deoxynucleotidyl transferase ~ Fluorescence 20 pM to 1 nM 20 pM [35]
GO/Dox-QD/H; and H, auxiliary probes ECL 1 fM to 0.1 nM 1M This work

successful capture of the target microRNA-21 and the forma-
tion of long DNA concatamers. Beside, polyacrylamide gel
electrophoresis (PAGE) image proved microRNA’s ability to
open this hair-pin DNA construct and was shown in Fig. lc.
The mobility of a charged species in electrophoresis depends
on its charge and molecular weight. The results showed lane 4
lagged behind lane 5, which indicated microRNA opened the
hair-pin DNA and initiate the hybridization chain reaction.
Lane 5 has no microRNA, which only appeared bands of
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Fig. 3 a The ECL stability of the proposed biosensor incubated with 0.1
pM microRNA-21 using continuous cyclic potential scanning for 10 cy-
cles. b Comparison of ECL responses to blank solution (0 M target
microRNA-21), 107" M microRNA-205, single-base mismatch-
microRNA, three base mismatch-microRNA, and 1072 M target
microRNA-21

probe, H; and H,. It further proved that hair-pin DNA can
not be opened if microRNA did not exit. These results were
strong evidence that the HCR reaction and the electrode were
fabricated as expected.

Optimization of analytical conditions

The following parameters were optimized: (a) reaction time; (b)
concentration of capture DNA; (c) optimal concentrations of H1
and H2. Respective data and Figures are given in the Electronic
Supporting Material. The following experimental conditions
were found to give best results: (a) Optimal reaction time: 8 h;
(b) Optimal concentration of capture DNA: 12 uM; (c) Optimal
concentrations of H1 and H2: 1 uM.(Fig.S2).

ECL detection of target microRNA-21

On the basis of the optimized experimental conditions, the
quantitative performance of the proposed sensor with Dox-
QD as indicators for microRNA analysis was examined by
incubating the biosensor with different target microRNA-21
concentrations and recording the corresponding ECL re-
sponses. Fig. 2 shows the relationship between the ECL in-
tensity and the concentrations of microRNA-21. It is clear that
increasing concentrations of the target microRNA-21 resulted
in an increase of the ECL signals. A linear relationship

4.5k -

3.0k |

ECL Intensity / a.u.

1.5k |

a b c

Fig.4 ECL detection results of microRNA-21 in cell lysate samples from
a human cancer cell line (A549) at different numbers: (a) 107 cells, (b)
5% 107 cells, (c) 10° cells
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between the ECL signals and the concentrations of
microRNA-21 was obtained in the range from 1 fM to
0.1 nM, with a detection limit of 1 fM. The linear relationship
can be represented as y=921.58 x + 16,294.19, with a corre-
lation coefficient of R* =0.995, where y is the ECL intensity
and x is the concentration of microRNA-21. The obtained
detection limit is relatively low, enabling highly sensitive de-
tection across a wide concentration range. Hence, the biosen-
sor shows promise for use in highly sensitive bioassays in
clinical detection. And the analytical performance of this sens-
ing system was compared with other electrochemical biosens-
ing strategy for microRNA detection (Table 2).

Stability and selectivity of the ECL biosensor

The ECL stability of the proposed biosensor was explored by
continuous cyclic potential scanning for 10 cycles at a
microRNA-21 concentration of 0.1 pM. As is exhibited in
Fig. 3a, the ECL intensity showed no obvious changes during
cycling. This indicates the considerable stability of the newly
developed biosensor. We attribute this favorable property to
two causes. Firstly, the GO provided a good matrix for the
loading of the DNA-RNA hybrids, thus increasing their ac-
cessibility to the probe. Secondly, the Dox-QD were more
stable and highly active, leading to a remarkably amplified
ECL signal output.

To investigate the specificity of the proposed method, three
DNA sequences similar to the microRNA-21 target were se-
lected as potentially interfering assay models, including one
completely non-complementary microRNA (microRNA-205)
and two base-mismatched RNA sequences. As revealed in
Fig. 3b, the ECL intensity corresponding to the competing
microRNA (microRNA-205) was essentially no different
from that of the blank control experiment. The ECL responses
in the presence of single-base mismatch microRNA and three-
base mismatch microRNA showed only a slight increase com-
pared with the blank test. Only the perfectly complementary
microRNA-21 caused a substantial increase in signal intensity.
These results indicated that the biosensor displayed good se-
lectivity for the determination of microRNA-21.

Analysis of cell lysate samples

On the basis of the above results, we further investigated the
feasibility of this sensor for real samples by analyzing the
microRNA-21 expression levels in the total small RNAs extract-
ed from a human cancerous cell line, A549. As shown in Fig. 4,
the ECL intensity responses of the biosensor to the lysate from
the A549 cells indicated that microRNA-21 was overexpressed
in those cells. More importantly, there is a certain correlation that
the ECL intensity increased as the number of A549 cells in-
creased. This confirms the feasibility of the biosensor for the
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analysis of real samples, indicating that our proposed strategy
has great potential for early diagnosis of cancers.

Conclusion

A novel electrocheminuminescent DNA biosensor is
described using GO as an immobilization substrate. The in-
troduction of GO in the construction of the biosensor achieved
the effective loading of hairpin DNA, while the hairpin DNA
does not need special modification. Not only did the use of
HCR prove an effective strategy for amplifying the detection
signal, leading to a low detection limit of microRNA-21, but
the proposed biosensor also exhibited good selectivity in the
A549 cell line detection.
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