ol

chemistry

Subscriber access provided by Stockholm University Library

An Electrogenerated Chemiluminescence Biosensor using a
tripod probe for the Highly Sensitive Detection of MicroRNA
Liping Lu, Jiaxing Wang, Wujian Miao, Xiayan Wang, and Guangsheng Guo

Anal. Chem., Just Accepted Manuscript « DOI: 10.1021/acs.analchem.8b04271 « Publication Date (Web): 19 Dec 2018

Downloaded from http://pubs.acs.org on December 20, 2018

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a service to the research community to expedite the dissemination
of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts appear in
full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been fully
peer reviewed, but should not be considered the official version of record. They are citable by the
Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered to authors. Therefore,
the “Just Accepted” Web site may not include all articles that will be published in the journal. After
a manuscript is technically edited and formatted, it will be removed from the “Just Accepted” Web
site and published as an ASAP article. Note that technical editing may introduce minor changes
to the manuscript text and/or graphics which could affect content, and all legal disclaimers and
ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors or
consequences arising from the use of information contained in these “Just Accepted” manuscripts.

N4 ACS Publications

is published by the American Chemical Society. 1155 Sixteenth Street N.W.,
Washington, DC 20036

Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course

of their duties.



Page 1 of 29 Analytical Chemistry

An Electrogenerated Chemiluminescence Biosensor using a tripod probe for

9 the Highly Sensitive Detection of MicroRNA

oNOYTULT D WN =

16 Liping Lut*, Jiaxing Wang?t, Wujian Miao**,

18 Xiayan Wang'!, Guangsheng Guo*
22 tCollege of Environmental and Energy Engineering, Beijing University of
24 Technology, Beijing 100124, China

26 *Department of Chemistry and Biochemistry, The University of Southern

28 Mississippi, Hattiesburg, MS 39406

*E-mail addresses: lipinglu@bjut.edu.cn ; wujian.miao@usm.edu

60 ACS Paragon Plus Environment



oNOYTULT D WN =

Analytical Chemistry

ABSTRACT

A novel probe for highly sensitive detection of microRNA, that enhanced the helix
accessibility and yielded good assembling without backfilling, was developed using a tripod
structure fabricated by triplex DNA. A layer of triplex DNA assembled on electrodeposited
reduced graphene oxide was used as the capture probe and a subsequent hybridization chain
reaction that promoted the efficient intercalation of the electrogenerated
chemiluminescence(ECL) emitter [Ru(bpy).(dppz)]** (bpy = 2,2-bipyridine, dppz =
dipyrido[3,2-a: 2',3'-c]phenazine) was used an analytical signal amplifier. The fabricated
biosensor was examined with an anodic ECL mode using tri-n-propyl amine as the coreactant.
The construction of the biosensor was systematically characterized with various techniques
including atomic force microscopy, gel electrophoresis, cyclic voltammetry, and electrochemical
impedance spectroscopy, and its performance was optimized under a variety of experimental
conditions especially the concentration of each reagent as well as its incubation time.

Under the optimal experimental conditions, the reported biosensor showed a very low limit of
detection of 0.10 fM (S/N = 3) and a wide linear dynamic range covering from 0.50 fM to 100
pM towards microRNA-155, with excellent specificity, stability, and reproducibility. Finally, the
biosensor was successfully applied to detect the amount of microRNA-155 extracted from the
colon cancer cell line DLD1, demonstrating its potential applications in sensitive detection of

biological samples in early diagnosis of diseases.

Keywords: ECL sensor, MicroRNA, Triplex DNA, HCR
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INTRODUCTION

A microRNA (miRNA) is a type of endogenously expressed single-stranded, non-protein
encoded RNA,! often with ~18-24 nucleotides that participate in the post-transcriptional
regulation of gene expression.”? Recent studies have shown that more than 30% of protein-coding
genes may become target genes for miRNAs, and 50% of miRNAs are highly expressed in fragile
sites in cancer-associated regions or gene expression.> Therefore, miRNAs have become
clinically important biomarkers of early cancer diagnosis and prognosis, and their sensitive and
selective analysis could certainly help us to understand some fundamental aspects of certain types
of tumors by e.g., conducting relevant clinical research and drug efficacy evaluation.*> A number
of approaches have been reported in the literature for detection and quantification of miRNAs,
which include methods based on biological nanopores,’? electrochemistry,’!? fluorescence,!!!3
and electrogenerated chemiluminescence (ECL).!#!7 ECL is a combination of electrochemistry
and photoluminescence, and offers unique advantages over its counterparts in quantitative
analysis,'® such as high sensitivity, wide detection range, good reproducibility, and low detection
limit, as demonstrated by a series of comparison studies.!?-?!

Although ECL based biosensors hold great promise in detecting trace amounts of target
species, fabrication of an ultrasensitive and robust biosensor with outstanding specificity towards
the target still remains challenging. These challenges include (a) effective attachment of the
target recognition element (probe) onto the electrode surface and its stability during the redox
cycling, (b) accessibility of the target to the probe as well as efficient redox reactions of the ECL
coreactant at the probe-target assembled electrode, (c) design and selection of the target specific
probe, (d) signal reporting element (e.g., ECL emitter) that directly correlates the analytical signal

to the target concentration, and (e) signal amplification mechanism. For example, to improve the
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recognition abilities of surface-confined probes, much effort has been devoted to control the
surface chemistry, conformation, and packing density of the probe molecules as well as the size
and geometry of the surface.?>?* By changing the probe attachment from the Au-S bonding to the
C-N covalent coupling, an electrochemically stable and highly reusable ECL sensor for sensitive
detection of cocaine was achieved.?* Additionally, several strategies have been employed to
enhance the signal intensities via, e.g., dramatically increasing the molar ratio of the ECL emitter
to the target without affecting the bioactivities of the probe and target,?3-?® or in situ catalytically
generating of the ECL coreactant.?’

The present study attempts to construct an ECL based miRNA biosensor that addresses
several of the aforementioned challenges. As will be described in details in the “Fabrication of
the biosensor for detecting miRNA” section under EXPERIMENTAL SECTION, the proposed
biosensor uses electrodeposited reduced graphene oxide on glassy carbon electrode
(ERGO/GCE) as a substrate for the attachment of the probe bearing a triple-stranded DNA
(tsDNA) nanostructure’®3! in which three identical single-stranded DNA (ssDNA) tails (i.e.,
AAAA AAAA-) are dangled at one end and a miRNA specific ssDNA sequence is at the other
end. The use of the ERGO provides not only a large active surface area for anchoring of the three
tails via relatively strong m-m stacking3?-3> but also an excellent conductive interface for ECL
coreactant redox reaction. Comparing with previously reported linear or stem-loop probe
structures,?® the present strategy employing triplex DNA nanostructured recognition probes on a
surface could effectively avoid probe tangles and potential steric hindrance effect towards the
subsequent reactions. In other words, the use of the triplex DNA platform may well improve the
accessibility of the probes, resulting in effective coupling of the target molecules and enhancing

the signal amplification efficacy. This could be attributed to the following two possible reasons:
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First, the tripod structure is a highly rigid scaffold that accommodates DNA probes with well-
defined probe-probe spacing and orientation. Second, the high binding affinity between the
ssDNA tails and graphene but the poor affinity between triplex DNA and graphene, along with
the relatively strong repulsion of negatively charged tripod probes, leads the tripod structure to
stand up from the electrode surface. Given the fact that each of the three tails of the tripod has
eight “A” bases, and the distance of each base-pair of dSDNA is ~0.34 nm and the length per base
in ssDNA is ~0.68 nm,’” it can be estimated that the tripod is spaced around 2.7 to 5.4 nm. To
control DNA orientation as well as to provide sufficient space for target DNA hybridization,
binary and ternary mixed self-assembled monolayers have been previously employed.®® The
obtained tsDNA/ERGO/GCE electrode is then treated with the target miRNA, and the probe
ssDNA hybridizes with the complementary portion of miRNA. Signal amplification is
accomplished on the basis of the subsequent hybridization chain reactions (HCR)**4? with two
specifically designed hairpin DNA sequences, leading to the formation of an extended double
helical DNA chain linked to the remaining portion of the miRNA. The ECL emitter
[Ru(bpy)»(dppz)]*>* (bpy = 2,2'-bipyridine, dppz = dipyrido[3,2-a: 2',3’-c]phenazine, Figure S1) is
able to intercalate into the double-stranded DNA,* and produce ECL upon anodic potential
scanning in the presence of an ECL coreactant such as tri-n-propylamine (TPrA). Because only
[Ru(bpy),(dppz)]** bonded to duplex DNA can produce efficient fluorescence*'*> and ECL,*
and weak emissions are given from its free form or residuals on the electrode, non-specific ECL
emission causing high background signals is minimized. The above design principle was
examined with the target analyte miRNA-155 from both a standard and a real biological sample.
Unlike other miRNAs such as miRNA-21%1%-12.13.15 and miRNA-141,'6 quantification of miRNA-

155 has been seldom reported in the literature.
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EXPERIMENTAL SECTION

Preparation of reduced graphene oxide modified electrode (ERGO/GCE). Reduced GO
film was electrodeposited on GCE via cyclic voltammetry (CV).#+46 The GCE was first polished
with 0.05 pum alumina powder, followed by ultrasonication in ultrapure water and then anhydrous
ethanol before it was dried with a stream of N,. The cyclic voltammetric reduction was carried
out in 0.10 mg/mL GO suspension in 0.10 M PBS (pH 7.4) under magnetic stirring and N,
bubbling by cycling the electrode potential between -1.50 and 0.50 V vs Ag/AgCl for various
cycles at a scan rate of 50 mV/s. The resulting electrode was washed with copious amounts of
water and designated as ERGO/GCE. Upon electrodeposition, a grayish-dark layer was seen on
GCE, and the film obtained from seven CV cycles displayed the optimal performance on miRNA
sensing.

Synthesis of triple-stranded DNA (tsDNA).

To form a triplex DNA (tsDNA) structure, a double-stranded DNA (dsDNA) configuration
was first created.’! Briefly, 50 uL of 100 pM ssDNA-1 (Table S1) in 0.10 M PBS (pH 7.4) was
mixed with 50 pL of 100 uM ssDNA-2 in 0.10 M PBS (pH 7.4). The mixture solution was
subsequently incubated at 95 °C for 5 minutes using a polymerase chain reaction (PCR) machine
(BIO-RAD T100 Thermal Cycler) before the reaction solution was gradually cooled down at 2
°C/min to room temperature (RT), resulting in the DNA hybridization and dsDNA formation. To
the above solution, 100 pL of 50 uM ssDNA-3 in 0.10 M PBS (pH 7.4) and 200 pL of 10 mM
MgCl, (i.e., the final [Mg?'] = 5 mM) were added, and the mixture was allowed to react at 4 °C
for 12 h to form a stable triple-stranded DNA (See Figure S4 for optimization of [Mg>*]). The
resultant solution containing the desired tsDNA of ~12.5 uM was stored at -20 °C for later use.

Fabrication of the biosensor for detecting miRNA. A schematic representation of the
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stepwise fabrication procedure for the proposed biosensor is shown in Scheme 1. A self-
assembled monolayer of tsDNA was first formed on the ERGO/GCE by casting of 5 pL of the
synthesized tsDNA on ERGO/GCE and allowing to incubate at RT for 40 min before it was
thoroughly rinsed with 5 mM PBS (pH 7.4) and water. During this process, adsorption of the
tsDNA onto the ERGO via n-n stacking interactions between the three dangled “AAAA AAAA-”
bases and the graphene layer is expected, because single-stranded DNA can be adsorbed on
reduced graphene oxide much stronger than double-stranded DNA 3235 As a result, the assembled
tsDNA is likely to stand up on the electrode surface and does not require backfilling. The probe
was like a tripod standing on the electrode surface. The resulting electrode is designated as
tsDNA/ERGO/GCE. Afterwards, 10 pL aliquots of 0.10% DEPC aqueous solutions containing
the target miRNA at various concentrations were placed on the modified electrode with
incubation at RT for 60 min before washed with 5 mM PBS and water. Hybridization between
the unbonded tail of ssDNA-3 and the complementary portion of miRNA-155 is expected to
occur. The obtained electrode was further reacted with 10 uL of H;-DNA and H,-DNA mixture
solution (5 uM each in 0.10 M PBS, pH 7.4) for 2 h to perform the effective hybridization chain
reaction (HCR).340 The newly formed double helical DNA chain was subsequently allowed to
react with 10 uLL of 30 uM Ru-dppz for 60 min, leading to robust binding of Ru-dppz complex to
the DNA helix chain.*! Note that all of the above incubation and hybridization reactions were
carried out within a moisture-saturated plexiglass box. Finally, before the ECL measurements,
which were conducted in 0.10 M TPrA-0.3 uM Ru-dppz-0.12 M PBS, the resulting

functionalized electrode was thoroughly rinsed with 5 mM PBS and water.

RESULTS AND DISCUSSION
Characterization of GO and tsDNA/GO. Figure 1 shows the AFM images of (A) GO on
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mica and (B) tsDNA on GO/mica, respectively. Clearly, GO nanosheets are well dispersed on
mica with a height of ~1.3 nm (Figure 1A and Inset 1), suggesting that GO used in this study is a
single layer.” The lateral size of GO nanosheets is estimated to be 100-200 nm. As shown in
Figure 1B, after the treatment of GO/mica with tsDNA, white spots, which is an indication of
tsDNA strongly adsorbed on the top of GO,*® are seen. It is also evident that tsDNA cannot stick
on mica (phyllosilicate) due to probably the lack of m-m interactions.!! The height of tsDNA is
estimated to be about 3~4 nm (Inset 2 of Figure 1), which is in good agreement with the length of
the designed triple-stranded DNA structure (12 base-pairs, 0.34 nm/base-pair). This effectively
proves that tsDNA vertically stands up on the top of GO. Thus, on ERGO/GCE, tsDNA should
be also adsorbed in the form of vertical standing. This is because the binding of the tripod DNA
on ERGO should be very similar to that on GO.

The feasibility of the miRNA detection strategy. The synthesis of tsDNA as well as the
hybridization chain reaction (HCR) after the target miRNA was attached to the tsDNA were
initially examined by polyacrylamide gel electrophoresis (PAGE). As shown in Figure 2A, the
band of dsDNA (lane 1) resulting from ssDNA-1 and ssDNA-2 is located between that of
ssDNA-3 (lane 2) and that of the tsDNA (lane 3), as the mobility (size) of the above three species
follows an order of ssDNA-3 < dsDNA < tsDNA. In other words, tsDNA migrated the slowest
(closest to the top of the panel) among the three. Under the present experimental conditions, no
separate bands corresponding to either dsSDNA or ssDNA-3 is seen in lane 3, confirming that
tsDNA was synthesized efficiently. Lane 4 shows the result of an HCR reaction in solution,
where equal moles (i.e., 5 uLx1.25 uM) of tsDNA and miRNA-155 were mixed with equal moles
(i.e., 10 uLx5 uM) of H;-DNA and H,-DNA were used. As expected, a group of complexes are

formed due to sequential HCR reactions, which reflects on a tailed band with slower mobility as
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compared with that of tsDNA. Bands shown in lanes 5 and 6 are produced from H;-DNA and H,-
DNA, respectively. The same number of bases and similar hairpin structure lead them to be
appeared in the same position.

To further confirm the feasibility of the signal amplification strategy for target miRNA
detection, ECL signals from different electrode surface configurations were recorded (Figure 2B).
Curve a is the background ECL signal obtained from a tsDNA/ERGO/GCE, Curve b is the ECL
response from the electrode of target miRNA/tsDNA/RRGO/GCE, and Curve ¢ corresponds to
the ECL signal of the proposed miRNA probe involving the use of the HCR strategy. A
substantial increase in ECL intensity of ~3.4 times is achieved with the HCR reaction (Curve ¢ vs
Curve b), conforming our present HCR-based protocol indeed can amplify the ECL signal
significantly. This is because one single target miRNA can only hybridize with one single capture
probe of ssDNA-3 to form a 12-base pair long dsDNA, which limits the total number of Ru-dppz
species intercalated into the double helix. In contrast, a much longer dsDNA hybrid structure can
be formed via the designed HCR reaction, which enables many more Ru-dppz molecules to be
intercalated into the dsSDNA grooves with high affinity,*! resulting in the amplification of ECL
signal. Note that although electrodes with intercalated Ru-dppz could also generate ECL with the
electrolyte containing anodic ECL coreactant TPrA, the addition of trace amounts of Ru-dppz
(0.30 uM) to the electrolyte can considerably enhance the total ECL signal and provide a much
better signal to noise ratio, due to probably the stabilization of the intercalated Ru-dppz with the
Ru-dppz dissolved in solution. Additionally, the background ECL resulting from the nonspecific
adsorption of Ru-dppz on thoroughly washed bare and DNA modified electrodes became well
controlled. This approach was validated by our previous studies* and used in the electrochemical

investigation of methylene blue at DNA modified electrode.>®
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Electrochemical characterizations of the biosensor. Cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) were performed to further explore the feasibility
of the HCR-based biosensor. Figure 3A shows cyclic voltammograms (CVs) of [Fe(CN)g]> 74
from electrodes prepared at different stages of the biosensor. CVs at the bare GCE (Figure 3A(a))
and the ERGO/GCE (Figure 3A(b)) display nearly the same well-defined reversible responses
with slightly larger peak currents and a smaller peak potential separation from the latter,
suggesting that the electrochemically reduced graphene oxide film has good conductivity and a
bit increased surface area (more evidence is given by EIS data shown below). These properties
could make the ERGO film to be a sensitive promoter for electrochemical sensing.’! The
attachment of tsDNA (Figure 3A(c)), target miRNA/tsDNA (Figure 3A(d)), and H;-DNA/H,-
DNA/miRNA/tsDNA (Figure 3A(f)) to the ERGO/GCE dramatically decreases the CV currents
and increases the peak separation potentials, which can be readily explained using the
electrostatic expelling effect between the negatively charged redox couple [Fe(CN)g]*7# and the
negatively charged DNA or RNA backbones. As the negative charge density of the electrode
surface increases from tsDNA, to miRNA/dsDNA, to H;-DNA/H,-DNA/miRNA/tsDNA, their
CV currents gradually decrease as expected. Note that the above changes in CV behavior should
not be contributed to the changes in surface electrical resistance as a result of DNA or RNA
hybridizations.>?

The above CV observations are well consistent with the EIS data (Nyquist plots) illustrated
in Figure 3B. All electrodes show a similar solution resistance that can be estimated from the
Nyquist plot origin to the first intercept with the x-axis,>3>* because the same redox media were
used. However, the electron-transfer resistance (R), which can be estimated from the diameter of

the semi-circle in the Nyquist plot, varies with the electrode surface configuration. Upon the

10
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electrodeposition of ERGO onto the GCE, a decrease in R, is observed (plot a vs plot b in Figure
3B, Inset), suggesting ERGO can promote the electron-transfer process. With the attachment of
tsDNA to ERGO/GCE (Figure 3B(c)) and subsequent hybridization of target miRNA (Figure
3B(d)) and then the HCR reaction (Figure 3B(e)), the R, value increases step-by-step, due to the
repulsive electrostatic effect as discussed earlier. Both CVs and EIS spectra undoubtedly confirm
the successful assembly of stepwise fabrication of the miRNA biosensor.

Optimization of experimental conditions. A number of factors that could affect the
analytical performance of the miRNA biosensor were systematically examined, which include (a)
the concentration of tsDNA on ERGO/GCE (Figure 4A) and its incubation time (Figure 4B), (b)
concentrations of H;-DNA and H,-DNA used in the HCR (Figure 4C) and the HCR reaction time
(Figure 4D), and (c) concentration of ECL emitter Ru-dppz (Figure 4E) and its incubation time
(Figure 4F) in preparing of the ECL responsive RNA probe. Of course, when one parameter was
investigated, the optimum conditions for others were used as described in the EXPERIMENTAL
SECTION. The above three sets of data demonstrate a very similar trend, which is, with the
increase of tested species concentration or the incubation (reaction) time of respective species,
the ECL signal almost linearly increases until it levels off. The ultimate goal of these experiments
is to find out under what conditions the fabricated biosensor could maximize the amounts of the
ECL emitter Ru-dppz intercalated into the double helix of ssDNA-3/RNA as well as H;-
DNA/H,-DNA chain, because the intercalated [Ru-dppz] is expected to be proportional to the
target miRNA concentration as well as the ECL intensity.

On the basis of the above studies, the following optimal conditions were chosen for the
fabrication of the RNA biosensor: Cipna = 7 UM with an incubation time of 40 min, Cy,.pna =

Ci-ona = 5 M with a HCR reaction time of 2 h, and Cry.gpp, = 30 uM with an incubation time of

11
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60 min.

Analytical performance of the miRNA biosensor. Figure 5SA shows the ECL responses
under the CV scans of the RNA biosensor pre-treated with different concentrations of miRNA-
155 (Crna), in which sensitive and yet distinguishable from the blank ECL signals are detected at
Crna > 0.50 fM. With the increase of Cgrna, a steady increase in ECL response is observed.
Figure 5B(a) shows the correlation between the ECL peak intensity and logCrna Over a wide
dynamic range of 0.50 fM to 1.0 uM, with a nonlinear curve fitting equation of y = 9101 -
763.5x10gCrna - 74.68% (logCrna)® (R? = 0.998, y = ECL peak intensity). Such a nonlinear
calibration curve, in principle, could still be used for quantifying of unknown target miRNA-155-
containing samples. A classical linear correlation is obtained within the lower Crna range of 0.50
fM to 100 pM (Figure 5B(b)), with a linear least squares fitting equation of y = 21566.3 +
1179.5x1ogCrua (R? = 0.992). The relative standard deviation (RSD) of the above set of data
ranging from 0.8% to 8.3%, which is reflected on the relatively small error bars in Figure 5B, is
an indication that the present RNA biosensor has good reproducibility. The limit of detection
(LOD) is estimated to be 0.1 fM on the basis of LOD = 3c/m (at 99.7% confidence level), where
o is the standard deviation of the response at low concentrations (or blank) and m is the slope of
the calibration curve.’>¢ The deviation of the ECL intensity from the linearity at higher Crna
(i.e., 1.0 nM to 1.0 uM, Figure 5B(a)) is probably due to the fact that formation of high density of
the tsDNA/RNA duplex on the electrode surface sterically hinders the subsequent HCR reactions
and thus limits the amounts of Ru-dppz complex intercalation.

Table S2 lists the comparison of eight different RNA biosensors using various detection
methods and signal amplification or recognition strategies. High performance of the present RNA

biosensor targeting miRNA-155 is evidently demonstrated with a relatively low LOD as well as a

12
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wide linear dynamic range.

Selectivity, stability, and reproducibility of the RNA biosensor. As structurally similar
RNAs, such as miRNA-21, miRNA-141 and miRNA-205, are often found to coexist in analytical
samples, selective detection of a specific miRNA has become a great challenge.’’>® Figure 6A
shows the selectivity studies of our RNA biosensor by comparing the ECL peak values towards
(a) blank, (b) miRNA-21 (10 pM), (¢) miRNA-141 (10 pM), (d) miRNA-205 (10 pM), (e)
miRNA-155 (1.0 pM), and (f) the mixture of (b)-(e), respectively. Each of the three tested
potential interfering RNA sequences of miRNA-155 gives an ECL response similar to that of the
blank. In contrast, the ECL intensity of the biosensor with only 1.0 pM target miRNA-155
displays a sharp increase (Figure 6A(e) vs 6A(a)-(d)). Furthermore, for a sample that contains the
above three interfering agents (each at 10 pM) mixed with the target miRNA-155 (1.0 pM only),
the detected ECL signal shows a value close to that of the miRNA-155 alone (Figure 6A(e) vs
(f)). This set of comparison study undoubtedly demonstrates the high specificity of the proposed
biosensor towards miRNA-155.

The stability study of the biosensor was conducted with 10 fM miRNA-155 under the
optimal experimental conditions. As shown in Figure 6B, stable ECL signals are observed during
a period of continuous 15 CV cycles between 0 and 1.40 V vs Ag/AgCl, with an RSD of 1.11%.
Besides, three miRNA-155 biosensing electrodes were prepared in parallel using 1.0 pM target,
and their ECL signals had an RSD of 4.51%. These data suggest that the present RNA biosensor
holds significant stability and reproducibility.

Application of the proposed biosensor in detecting of RNA from cancer cells. The
practical applicability of the designed biosensor was tested by detecting miRNA-155 in

biological cell lysates of the colon cancer cell line DLDI. Figure 7 shows the ECL signals

13
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associated with the number of the cells used for extracting miRNA-155, in which the increase in
ECL intensity is proportional to the increase in cell numbers. Previous studies have shown that
the elevated level of miRNA-155 could suggest the overexpression of miRNA-155 in DLDI
cells.%3%4 Therefore, the good feasibility in real sample analysis confirms that our proposed RNA
biosensor holds great potentials in specifically and sensitively detecting miRNA-155 in

biological samples, which is vital in many cases including early diagnosis of cancers.

CONCLUSIONS

Taking advantages of the tripod structure, we employed the triple-stranded DNA as the
RNA capture probe so as to increase the reactivity and accessibility of RNA and HCR reactions
after the tsDNA was assembled on the electrodeposited reduced graphene oxide on GCE. ECL
signal amplification strategy was based on the miRNA-155 specific HCR reaction that could
significantly increase the length of the double helix DNA structure, allowing more Ru-dppz
species to be intercalated into the double-stranded DNAs, hence generating efficient ECL
responses. The present biosensor demonstrated a very low LOD of 0.10 fM and a wide linear
dynamic range covering from 0.50 fM to 100 pM towards miRNA-155, with excellent specificity,
stability, and reproducibility. Potential applications of the biosensor could include sensitive
detection of biological samples in early stages of diseases, as demonstrated in detecting miRNA-
155 in colon cancer cells.
Supporting Information:
The Supporting Information is available free of charge on the ACS Publications website at DOI:
XXX
Experimental section (Chemicals and Materials; Apparatus; Cell culture and total miRNA
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Scheme 1. Schematic representation of the stepwise ECL biosensor fabrication.
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Figures and Captions

um

nm

Figure 1. AFM images of (A) GO nanosheets and (B) tsDNA/GO on mica. The section profiles
of the GO nanosheets and tsDNA/GO/mica along the dashed lines are shown in Insets 1 and 2,

respectively.

22

ACS Paragon Plus Environment

Page 22 of 29



Page 23 of 29 Analytical Chemistry

12.5k

u 0

5 10.0k |-

oNOYTULT D WN =

7.5k -

10 T
HCR
12 reaction

ECL intensity / a

0.6 Oé 1b 1& 1h
E/ VI vs Ag/AgCl

Figure 2. (A) Agarose gel electrophoresis demonstration of tsDNA and hybridization chain
26 reaction (HCR): lane 1, hybrid of ssDNA-1 and ssDNA-2; lane 2, ssDNA-3; lane 3, tsDNA
28 originated from ssDNA-1, 2, and 3; lane 4, hybrids of HCR reaction in solution, where equal
30 moles (i.e., 5 uLx1.25 pM) of tsDNA and miRNA-155 were mixed with equal moles (i.e., 10
33 uLx5 uM) of H;-DNA and H,-DNA with the HCR reaction for 3 h; lane 5, H;-DNA; lane 6, H,-
35 DNA. (B) ECL-potential profiles obtained from electrodes of tsDNA/ERGO/GCE, (b) target
37 microRNA-155/tsDNA/ERGO/GCE, and (c) H;-DNA/H,-DNA/miRNA/tsDNA/ERGO/GCE.
40 All of the three electrodes were pre-incubated with excess amounts of Ru-dppz. The ECL
42 experiments were conducted in 0.10 M TPrA-0.30 uM Ru-dppz-0.12 M PBS (pH 7.5) at a scan

44 rate of 50 mV/s.
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Figure 3. (A) CVs and (B) EIS spectra (Nyquist plots) of (a) GCE, (b) ERGO/GCE, (c)
tsDNA/ERGO/GCE, (d) miRNA-155/tsDNA/ERGO/GCE, and (e) H;-DNA/H,-DNA/miRNA-
155/tsDNA/ERGO/GCE. Experiments were conducted in 5.0 mM Kj3Fe(CN)g-5.0 mM
K4Fe(CN)g mixture containing 0.10 M KCI electrolyte at (A) 50 mV/s and (B) the formal redox

potential, 0.20 V vs Ag/AgCl, of the KsFe(CN)s/K4Fe(CN)g system.
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Figure 4. Dependence of ECL intensity of the miRNA biosensor on (A) tsDNA concentration
and (B) its incubation time, (C) H;-DNA/H,-DNA concentrations and (D) the HCR reaction time,
and (E) Ru-dppz concentration used in DNA incubation and (F) its incubation time. ECL
experiments were conducted in 0.10 M TPrA-0.30 uM Ru-dppz-0.12 M PBS (pH 7.5) at a scan
rate of 50 mV/s.
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Figure 5. (A) ECL intensity vs potential profiles of the RNA biosensor in the presence of

different concentrations of miRNA-155: (a) 0.5 tM, (b) 1.0 M, (¢) 10.0 M, (d) 100.0 M, (e) 1.0

pM, (H)10 pM, and (g) 100 pM. (B) The relationship between ECL peak intensity and miRNA

concentration over a range of (a) 0.5 fM to 1.0 uM, and (b) 0.5 fM to 100 pM with linear

regression. ECL experiments were carried out in 0.10 M TPA containing 0.12 M PBS (pH 7.5)

and 0.30 uM Ru-dppz at a scan rate of 50 mV/s. The error bars represent the standard deviation

of three repeated measurements.
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Figure 6. (A) Specificity of the miRNA biosensor: (a) blank, (b) miRNA-21 (10 pM), (c)

miRNA-141 (10 pM), (d) miRNA-205 (10 pM), (¢) miRNA-155 (1.0 pM), (f) mixture of

miRNA-155 (1.0 pM), miRNA-21 (10 pM), miRNA-205 (10 pM), and miRNA-155 (10 pM). (B)

Stability of the miRNA biosensor with consecutive cyclic potential scans for 15 cycles under

optimal experimental conditions.
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Figure 7. Detection of miRNA-155 from colon cancer line DLD1 lysates.
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