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Carbon nanotube-polyamidoamine dendrimer hybrid-modified elec-
trodes for highly sensitive electrochemical detection of microRNA24

Fengye Li'*, Jing Peng'*, Qiong Zheng'*, Xiang Guo', Hao Tang"*, Shouzhuo Yao

'Key Laboratory of Chemical Biology and Traditional Chinese Medicine Research (Ministry of Education), College of
Chemistry and Chemical Engineering, Hunan Normal University, Changsha 410081, P.R. China.

*State Key Laboratory of Chemo/Biosensing and Chemometrics, Hunan University, Changsha 410082, P.R. China.

ABSTRACT: A simple and ultrasensitive microRNA (miRNA) electrochemical biosensor employing multi-walled carbon nano-
tube (MWCNT)-polyamidoamine (PAMAM) dendrimer and methylene blue (MB) redox indicator is reported in this work. The
assay utilizes a glass carbon (GC) electrode modified with MWCNT-PAMAM, on which the oligonucleotide capture probes are
immobilized. The electrochemical detection of miRNAs is completed by measuring the reduction signal change of MB before and
after the probe hybridization with target miRNA (miRNA24 is used as a model case). The MWCNT-PAMAM/GC electrode shows
greatly enhanced signal to MB reduction in contrast to bare GC electrode. The functionalization of MWCNT with PAMAM main-
tains the electrochemical property of MWCNT to MB reduction but minimizes the undesired adsorption of MB on the MWCNT
surface. The effect of experimental variables on the miRNA detection is investigated and optimized. A detection limit of 0.5 fM and
a linear peak current density-concentration relationship up to 100 nM are obtained following 60-min hybridization. The proposed

assay is successfully used to detect miRNA24 in total RNA sample extracted from HeLa cells.

The study on the microRNA (miRNA) biology has obtained
tremendous attentions in the past decade because more and
more evidence demonstrate that miRNA dysregulation could
lead to a large number of genetic diseases '*. The miRNA
expression profiles are associated with the pathogenesis of
most human malignancies and may serve as biomarkers for
cancer diagnosis, prognosis, and therapy *”. These provide
powerful impetus and a growing demand for scientific re-
searchers to establish an accurate and sensitive analytical
methodology for miRNA detection. Although the intrinsic
characteristics of miRNAs make their expression profiling
with sensitivity and specificity extremely challenging, several
well-established detection tools have been developed and re-
viewed in the literatures *'°. The reverse-transcription poly-
merase chain reaction (RT-PCR) and northern blot methods
are the most common used in early reports and the gold stand-
ard in determination of miRNAs ', Quantitative PCR tech-
nique using stem-loop primers and locked nucleic acid is also
becoming a popular way for miRNA detection due to its high
level of sensitivity and specificity *'*. To support the high-
throughput characterization of miRNA expression profiles,
microarray chips have been developed . By integration of
PCR for target amplification and the labeling of products, it
has demonstrated to improve the analytical performances and
cost-effectiveness of microarray chips. These conventional
technologies have intrinsic advantages along with some limita-
tions. In addition to the conventional methods, optical detec-
tion technologies including fluorescence '°, bioluminescence ',
surface-enhanced Roman spectroscopy '*'°, and surface plas-
mon resonance imaging ** have found their way into the realm
of miRNA expression profiling in recent years. These optical
technologies have demonstrated to address the shortcoming
associated with the conventional methods, for example, in-

creasing multiplexing capability, selectivity, and dynamic
range while decreasing sample size, cost, and turnaround time.

Electrochemical assays offer highly attractive perspectives
for miniaturized, smaller, faster, and cheaper devices, which
are desirable for point-of care and make them great potential
in miRNA determination. Various strategies based on different
electrochemical transducing methods have been employed for
miRNA analysis. The used electrochemical transducing meth-
ods include amperometry, voltammetry, conductometry, im-
pedimetry, and potentiometry " As representatives, the isoni-
azid-capped OsO, nanoparticles ', streptavidin-coated para-
magnetic beads **, and graphene-dendritic gold nanostructures
* have been utilized to construct amperometric miRNA bio-
sensors with excellent analytical performances. Voltammetry
has also been proved to be another useful electrochemical
transducing method for miRNA detection **. The silver
nanoclusters > and Nafion-thionin-Pd nanoparticle hybrids *°
with excellent metal mimic enzyme property for catalyzing
H,0, reduction show enhancement of the current response of
the voltammetric miRNA biosensors. The biotinylated miR-
NAs, which can bind to the extravidin labeled alkaline phos-
phatase *” or streptavidin-ferrocene-capped gold nanoparticles
conjugates >, have been utilized to complete sensitive miRNA
detection. Other unique approaches, for example, a three-mode
voltammetric miRNA sensor, utilizing hybridization, p19 pro-
tein binding, and protein displacement, have been reported .
This p19 protein displacement-based sensor can be theoretical-
ly employed for detection of any type of miRNAs by using
one kind of thiolated capture probe and as low as 5 aM of tar-
get miRNA can be identified with high selectivity and speci-
ficity. The RNA-binding p19 protein was also used as a selec-
tive bio-recognition element to develop a magnetobiosensor
being able to detect 0.4 fM of miRNA21 in 2 h in total RNA
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extracted from cancer cells and human breast-tumor speci-
mens without PCR amplification and sample pre-processing.
Moreover, the multiplexed chip shows highly sensitivity for
miRNA detection, allowing directly analysis of nanograms of
total RNA within 30 min >’

The voltammetric miRNA biosensors described above allow
rapid, sensitive, and highly specific miRNA determination.
However, it usually involves chemical/biological labeling,
enzymatic reactions, or expensive and special probes, which
make the electrochemical assays relatively complicated. Sim-
pler and cheaper voltammetric miRNA biosensors with high
sensitivity and good selectivity are highly desirable for uses at
point-of-care. The electrochemical DNA biosensors have been
intensively investigated and successfully used in the past dec-
ades. Moreover, most present methods for miRNA detection
are relied on the hybridization between a target miRNA and a
complementary DNA probe to produce a double-stranded hel-
ical molecule. Therefore, the principles for electrochemical
DNA detection should be applicable for electrochemical
miRNA assays. Electrochemical redox indictors, being capa-
ble of binding with different affinity to single stranded (ss) and
double stranded (ds) DNA, are continuing to be of particular
interest for electrochemical analysis of DNA sequences be-
cause the use of hybridization indicators allows the develop-
ment of simple and cost-effective biosensor platform. The
phenothiazine dye Methylene Blue (MB) is possibly one of the
most popular redox indicators. The different affinity of MB for
ss and dsDNA nucleic acid sequences and selectivity of MB
electrochemistry to mismatches in the hybrids allow the appli-
cation of MB as an excellent redox indicator in a variety of
electrochemical DNA assays >~ .

- Drop-coating EDC+NHS

Probe/
GC MWCNT-PAMAM/GC MWCNT-PAMAMIGC

*

MWCNT-PAMAM

——
Hybridization

Probe DNA miRNA-24 miRNA24/MB/Probe/ MB/Probe/
MWCNT-PAMAM/GC MWCNT-PAMAM/GC

Figure 1. Schemes demonstrating the principle of miRNA24 elec-
trochemical biosensor based on the MWCNT-PAMAM hybrids.

Recently, dual signal amplification strategy based on the
catalyzed hairpin assembly reaction and hybridization chain
reaction was introduced to develop an electrochemical miRNA
biosensor using MB as indicator *°. Besides hybridization sig-
nal amplification, in itself, the capture probe DNA immobili-
zation and the electrochemical property of the electrode for
MB signal transducing should be key points for fabrication of
electrochemical miRNA biosensors with high performances.
In this work, the multi-walled carbon nanotube (MWCNT)-
polyamidoamine (PAMAM) dendrimer hybrids were proposed

to construct a simple, label-free, and sensitive electrochemical
miRNA biosensor using MB as indicator (Figure 1). The elec-
trochemical detection of miRNAs is based on the MB reduc-
tion consequent to the hybridization between the target miR-
NA and the complementary DNA capture probe. The reduc-
tion of MB before and after hybrid formation generates volt-
ammetric signal change, which is measured by differential
pulse voltammetry (DPV). The unique chemical and physical
properties of MWCNTSs have paved the way to new and im-
proved sensing devices, in general, and electrochemical bio-
sensors, in particular **>’. MWCNTSs have excellent electro-
chemical property for MB electrochemistry, already described
for studying the dsDNA-MB interaction ***. On the other
hand, PAMAM dendrimers are a unique class of high
branched polymeric macromolecules, which possess numerous
peripheral groups. For example, the number of peripheral
amine groups of each PAMAM (generation 4.0) molecule
reaches 64, being very suitable for immobilization of capture
probe *. The use of MWCNT-PAMAM hybrids may enhance
the immobilization of capture DNA and the sensitivity of MB
measurements, resulting in improved analytical performance
for electrochemical detection of miRNAs. Moreover, in con-
trast to the existing miRNA detection schemes, which exploit
labeled DNA sequences, enzyme reactions, or special probe
DNA, the application of MB indicator removes the cumber-
some and relatively expensive steps of chemical/biological
labeling or enzyme reactions. This will simplify the analysis
and reduce its price, making the proposed miRNA biosensor
attractive. As a model case, we used the miRNA24, which
plays important roles in cell proliferation *** and cancer cell
differentiation *. The proposed MWCNT-PAMAM-based
biosensor exhibits good analytical properties (high sensitivity,
low detection limit, good selectivity, reproducibility, and re-
generation property) for miRNA24 detection.

EXPERIMENTAL SECTION

Chemicals and Instruments. The used MWCNTs and
chemicals were listed in Supporting Information. The synthet-
ic 5’-carboxyl group terminated DNA capture probe, miR-
NAZ24, central single base-mismatched miRNA24, and miR-
NA29 were obtained from Invitrogen Corporation (Life Tech-
nologies, Shanghai). The base sequences of the DNA capture
probe and miRNAs are as follows:

DNA probe 5-HOOC-C TGT TCC TGC TGA ACT GAG
CCA-3

miRNA24 5'-UGG CUC AGU UCA GCA GGA ACA G-3'

Central single base-mismatched miRNA24 5-UGG CUC
AGU UGA GCA GGA ACA G-3'

miRNA29 5'-UAG CAC CAU CUG AAA UCG GUU A-3'

The total RNA sample was extracted from cultured human
cervical cancer (HeLa) cells by TRIZOL reagents (Invitrogen
Corporation, Life Technologies, Shanghai) according to the
manufacturer’s recommended protocol. The quality of total
RNA was routinely assessed by gel electrophoresis (1% gelose,
80 V, 20 min) and BioPhotometer plus (Eppendorf). The 5S
rRNA, 18S rRNA, and 28S rRNA bands were all clear in elec-
trophoresis picture (Figure S1, Supporting Information) and
the ODy4p/OD,g¢ was larger than 1.8 (the results not shown),
indicating that high quality and intact RNA was extracted
from the samples *. The total RNA concentration was meas-
ured by UV-vis spectrophotometry. HeLa cells were obtained
from Cancer Research Institute of Xiangya Medical College.
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UltraPure™ diethyl pyrocarbonate (DEPC)-treated water was
purchased from Invitrogen Corporation (Life Technologies,
Shanghai) and was used for miRNA24 determination and the
preparation of total RNA sample solution (1.2 ug pL™). Phos-
phate buffered saline (PBS, 0.1 M, pH 7.38) solutions were
used in the experiments. Sodium citrate for preparation of
saline-sodium citrate (SSC) solutions, sodium dodecyl sulfate

(SDS), and all other reagents were of analytical grade or better.

Milli-Q ultrapure water (> 18 MQ cm, Milli-pore Co., Ltd.)
and fresh prepared solutions were used throughout.

The instruments for electrochemical measurements were
presented in Supporting Information. The experiments were
performed at room temperature. The electrochemical meas-
urements were repeated at least three times. The means of the
measurements were presented with the standard deviations
(SD).

Preparation of MWCNT-PAMAM modified GC elec-
trode and capture probe immobilization. The received
MWCNTs were chemically oxidized by the mixed acids (con-
centrate H,SO,+HNO;, v/v 3:1) for 24 h to prepare the car-
boxylated MWCNTs. The details are according to the previous
work . The MWCNT aqueous suspension (1.0 mg mL™") was
prepared for future use (hereafter, unless otherwise specified,
the MWCNTSs were referred to the carboxylated MWCNTS).
The details for preparation of the MWCNT-PAMAM hybrids
% the MWCNTs/glass carbon (GC, 3 mm diameter) and
MWCNT-PAMAM/GC clectrodes, and the immobilization of
capture probes on the MWCNT-PAMAM/GC electrode were
presented in Supporting Information.

Electrochemical measurements. The clectrochemical be-
havior of MB at the MWCNT-PAMAM/GC electrode was
investigated by DPV in PBS solutions containing MB (1.0

mM) and the details were presented in Supporting Information.

For the miRNA24 hybridization and electrochemical detec-
tion, the probe/MWCNT-PAMAM/GC electrode prepared was
dipped into 5 mL of PBS solutions containing 60 uM MB for
10 min, followed by rinse with PBS and DEPC water three
times. The hybridization reaction was completed by dipping
the MB/probe/MWCNT-PAMAM/GC electrode into 100 pL
of DEPC water containing different concentration of miR-
NA24 for 1 h at room temperature. After successive washing
with 1x SSC, 0.1% SDS, and DEPC water in turn for 2 min,
the MB electrochemical reduction signal of the miR-
NA24/MB/probe/MWCNT-PAMAM/GC  electrode  was
measured by DPV in blank PBS over the potential range of 0.1
to -0.6 V. The DPV parameters are as follows: potential in-
crement, 4 mV; amplitude, 50 mV; pulse period, 0.2 s. The
MB reduction signal of the MB/probe/MWCNT-PAMAM/GC
electrode was also measured as the background. The proce-
dures are the same as the miRNA24/MB/probe/MWCNT-
PAMAM/GC electrode. To test the specificity of the assay, the
synthetic oligonucleotides of miRNA29 and the central single
base-mismatched miRNA24 were used as control. Moreover,
the analytical applicability of the prepared probe/MWCNT-
PAMAM/GC electrode in complex sample was evaluated us-
ing total RNA sample that extracted from HeLa cells. Briefly,
the prepared MB/probe/MWCNT-PAMAM/GC electrode was
immersed into 100 pL of DEPC water (99 puL) and total RNA
sample solution (1 pL, 1.2 pg pL™") mixture. After hybridiza-
tion for 1 h at room temperature and successive washing with
1x SSC, 0.1% SDS, and DEPC water in turn for 2 min, the
MB electrochemical reduction signal of the resulting electrode

Analytical Chemistry

was measured by DPV in blank PBS. The concentration of
miRNA24 in total RNA sample solution was calculated ac-
cording to the calibration curve. For comparison, the miR-
NA24 in total RNA sample solution was also determined by
quantitative PCR technique by ABI Prism"® 7500 Sequence
Detection System. The SYBR-Green qPCR Super Mix for the
determination was obtained from Invitrogen Corporation, Life
Technologies (Shanghai).

RESULTS AND DISCUSSION

Electrochemical behavior of MB at the MWCNT-
PAMAM/GC electrode
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Figure 2. DPV curves of the GC (A, black line), MWCNT-
PAMAM/GC (A, red dash-dotted line), and MWCNTs/GC (B,
black line) electrodes in PBS (pH 7.38) solutions containing MB.
(C) DPV curves of the MWCNTs/GC (gray dash-dotted line) and
MWCNT-PAMAM/GC (red line) electrodes in blank PBS; before
DPV scanning, the electrodes were immersed into PBS solutions
containing MB for 10 min, and then rinsed with PBS three times.
The concentration of MB is 1.0 mM and the loading masses of
MWCNTs and MWCNT-PAMAM hybrids are all 35.36 pg cm™.

The electrochemical property of the MWCNT-PAMAM/GC
electrode for MB electrochemical reduction was investigated
to confirm the feasibility of the MWCNT-PAMAM-based
electrochemical biosensor for miRNA24 detection. The DPV
curves of MB at the GC and MWCNT-PAMAM/GC elec-
trodes (Figure 2A) demonstrate that well-defined electro-
reduction peaks for MB appear at about -0.240 V, being ac-
cordant with other works *>*'. The cathodic peak current den-
Sity (pea) of MB at the bare GC electrode is about 0.78 mA
cm” (Figure 2A, black line). The signal obtained with bare GC
electrode is attributed to the adsorption of phenothiazine com-
pounds on electrode surface . The electro-reduction peak
potential of MB at the MWCNT-PAMAM/GC electrode is the
same with that at the GC electrode, but the i« of MB electro-
reduction reaches 2.17 mA cm™ (Figure 2A, red dash-dotted

line), being about 2.8 times as large as that at the GC electrode.

The modification of GC electrode with the MWCNT-
PAMAM hybrids facilitates larger surface coverage, providing
enhanced adsorption of MB, and consequently offers larger
ipeak Of MB electro-reduction. The greatly improved MB reduc-
tion signal by using the MWCNT-PAMAM hybrids should
promote the analytical performances for miRNA24 detection.

To investigate the effect of PAMAM functionalization on
the electrochemical property of the MWCNT-PAMAM/GC
electrode for MB electro-reduction, the MWCNTSs/GC elec-
trode was prepared and characterized. The MB exhibits a
broad reduction peak at the MWCNTs/GC electrode from
about 0.2 to -0.7 V. The reduction peak potential at the
MWCNTSs/GC is about -0.25 V and the iy, is about 1.79 mA
em™ (Figure 2B), suggesting that the tethering of PAMAM
dendrimer molecules onto the surface of MWCNTs doesn’t
degrade the electrochemical property of the MWOCNT-
PAMAM/GC electrode for MB electron-transfer. More im-
portantly, it seems that the PAMAM functionalization mini-
mizes the undesired adsorption of MB on the MWCNT sur-
face. The MWCNTs/GC and MWCNT-PAMAM/GC elec-
trodes were first immersed into PBS solutions containing 1.0
mM MB for 10 min, followed by rinse with PBS three times,
and then measured in blank PBS by DPV (Figure 2C). Large
signal, corresponding to the MB reduction, was still observed
at the MWCNTSs/GC electrode (Figure 2C, gray dash-dotted
line), demonstrating that lots of MB remained on the
MWCNTs/GC surface after rinse with PBS. But for the
MWCNT-PAMAM/GC electrode, the MB reduction ipe, was
only about 25 pA cm™ (Figure 2C, red line). This may suggest
that the interaction of MB with MWCNT-PAMAM hybrids is
weaker than that with MWCNTSs, and most of the adsorbed
MB can be rinsed out from the MWCNT-PAMAM/GC elec-
trode surface. It is known that the adsorption of MB onto
MWCNTSs is very stable and will be a spontaneous process **
via m-stacking interaction between MB and MWCNTs “*°. In
addition, MB is cationic dye and will exist as positively
charged ions in aqueous solution *. The carboxylated
MWCNTs used in this work are negatively charged in the

studied pH. Therefore, the electrostatic attraction also benefits
for MB adsorption by the MWCNTs. However, the functional-
ization of PAMAM dendrimers onto MWCNTs may increase
the steric hindrance for MB adsorption. Moreover, the primary
amine groups of MWCNT-PAMAM hybrids will be positively
charged in physiological pH, resulting in electrostatic repul-
sion between the PAMAM and MB. These factors may be
attributed to the decrease of MB adsorption stability. In our
work, miRNA24 detection was completed by measuring the
reduction ., change of MB indicator before and after hybrid-
ization. The PAMAM dendrimer-modification will not only
introduce tremendous amine groups for DNA probe immobili-
zation but also decrease the adsorption stability of MB, which
should be favorable to minimize the undesired adsorption of
MB on the MWCNT-PAMAM/GC electrode. Therefore, the
use of MWCNT-PAMAM/GC electrode will enhance the sen-
sitivity and accuracy of miRNA determination.

DPV  characterization of the probe/MWCNT-
PAMAM/GC electrode before and after hybridization us-
ing MB as an indicator

The electrochemical detection of miRNA24 was performed
by DPV transduction of the hybridization between the immo-
bilized capture probe and the target miRNA24 using MB as an
indicator. The i, of MB at the probe/MWCNT-PAMAM/GC
electrode is used as background and the change of MB signal
(Aipeq) after hybridization thus shows the target miRNA24.
The DPV technique provides lower detection limits than the
ones obtained by square wave voltammetry and potentiometric
stripping analysis °'. Figure 3 shows the typical DPV curves of
the MB/probe/MWCNT-PAMAM/GC electrode before (red
line) and after (blue dash-dotted line) hybridization with miR-
NA24. The MB/probe/MWCNT-PAMAM/GC and miR-
NA24/MB/probe/ MWCNT-PAMAM/GC electrodes show
well-defined signals at about -0.235 V, which is corresponding
to the electro-reduction of MB. The reduction .., of MB after
miRNA24 hybridization significantly decreases in contrast to
that of the MB/probe/MWCNT-PAMAM/GC electrode and
the Aije, reaches about 254 pA cem? Tt is widely known that
MB intercalates with DNA. Two possible mechanism of inter-
action have been established, by electrostatic interaction with
negatively charged backbone phosphate groups or by interac-
tion between guanine bases. MB shows a higher affinity for
ssDNA rather than dsDNA, being confirmed by spectroscopy
study 2, Yang et al > have reported the evidence of direct in-
teraction of MB with guanine bases. Erdem et al **>* have
suggested the MB interacts with guanine bases specifically
and the hybridization limits the interaction between guanine
and MB ** >, and therefore, a lower MB reduction current is
observed upon DNA hybridization. The decrease of MB re-
duction signal after hybridization may be due to the different
affinity of MB for the ssDNA capture probe and capture
DNA-miRNA24 hybrids. To confirm this assumption from
electrochemistry, the probe/MWCNT-PAMAM/GC electrode
was first hybridized with the target miRNA24. The obtained
miRNA24/probe/MWCNT-PAMAM/GC electrode was then
immersed into PBS solutions containing MB (20 pM) for 10
min, and after rinsed with PBS three times, the resulting
MB/miRNA24/probe/MWCNT-PAMAM/GC electrode was
measured in blank PBS. The reduction iy of MB is almost
the same with that of the MB/probe/MWCNT-PAMAM/GC
electrode (Figure S2, Supporting Information). If the interac-
tion between guanine base and MB was not limited after for-
mation of the probe DNA-miRNA24 hybrids, the MB signal at
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the MB/miRNA24/probe/MWCNT-PAMAM/GC electrode
should be larger than that before hybridization (Figure S2,
black line, Supporting Information). The positively charged
MB would electrostatically interact with the negatively
charged backbone phosphates of probe DNA-miRNA24 hy-
brid. It is obviously that the probe DNA-miRNA24 hybrid has
more phosphate groups for MB binding, which should pro-
mote the MB signal. The results of Figure S2 (Supporting
Information) confirm the proposed assumption from the view
of electrochemistry. In addition, the control experiments were
also performed to confirm the decrease of MB reduction Zye,
after hybridization was not because of the rinse steps (Figure
S3, Supporting Information). Anyway, based on the above
results, it is feasible to detect miRNA24 by the proposed
MWCNT-PAMAM-based electrochemical biosensor using
MB as redox indicator.

100 F
MB/probe/ MWCNT-PAMAM/GC
- miRNA24/MB/probe/MWCNT-PAMAM/GC
0 -
9
£ -100 |
(5]
— 200 -
-300
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-0.6 -0.4 -0.2 0.0 0.2
E / V vs.SCE

Figure 3. Typical DPV curves of the MB/probe/MWCNT-
PAMAM/GC electrodes before (red line) and after (blue dash-
dotted line) miRNA24 hybridization. The loading mass of
MWCNT-PAMAM is 35.36 pg cm’; the added volume of the
probe solution (1 uM) and the reaction time are 10 puL and 2 h; the
MB concentration is 60 uM and the MB adsorption time is 10
min; the concentration of miRNA24 is 0.1 uM and the hybridiza-
tion time is 1 h.

Optimization of the conditions for miRNA24 electro-
chemical detection
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MB electro-reduction at the MB/probe/MWCNT-PAMAM/GC
electrodes. The loading mass of MWCNT-PAMAM in B and C is
35.36 pg cm’?; the added volume of the probe solution (1 pM) is 5
pL and the reaction time is 1 h; the MB concentration is 20 uM
(A) and 60 pM (C); the MB adsorption time in A and B is 10 min.
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Figure 5. Effects of the reaction time for probe immobilization (A)
and the added volume of probe solution (B) on the 7, of MB
electro-reduction at the MB/probe/MWCNT-PAMAM/GC elec-
trodes. (C) Dependence of the A, on the miRNA24 hybridiza-
tion time. The loading mass of MWCNT-PAMAM is 35.36 ug
cm’; the added volume of the probe solution (1 M) is 5 pL (A)
and 10 pL (C); the reaction time for probe immobilization in B
and C is 2 h; the MB concentration is 60 uM and the MB adsorp-
tion time is 10 min; the concentration of miRNA24 is 0.1 uM.

To obtain optimal conditions for miRNA24 detection, the
effects of MWCNT-PAMAM loading mass, MB concentration
and adsorption time, reaction time for probe immobilization,
adding volume of probe solution, and hybridization time on
the iy of the MB/probe/MWCNT-PAMAM/GC and miR-
NA24/MB/probe/MWCNT-PAMAM/GC  electrodes were
investigated in detail. The MB/probe/MWCNT-PAMAM/GC
electrode shows the largest i, at 35.36 pg cm” of MWCNT-
PAMAM loading (Figure 4A). Further increase of MWCNT-
PAMAM loading mass doesn’t improve the i, of MB. Too
much loading of the MWCNT-PAMAM hybrids will lead to
aggregation among the hybrids, and thus the active sites (pri-
mary amine groups on the MWCNT-PAMAM surface) for
capture probe immobilization will maintain at a maximum
value. The MB concentration has significant effect on the 7,
of the MB/probe/MWCNT-PAMAM/GC electrodes (Figure
4B). The #q at 60 pM MB reaches 196 pA cm”, being about
6 times larger than that at 10 uM MB. In given MB adsorption
time (10 min, for example), the increase of MB concentration
will facilitate the dynamic interaction of MB with the probe

DNA, resulting in the increase of electrochemical response of
the MB/probe/MWCNT-PAMAM/GC electrode. When the
MB concentration is larger than 60 pM, the MB adsorption
reaches saturation, and hence the MB/probe/MWCNT-
PAMAM/GC electrode shows maximum response at 60 pM
MB. At fixed MB concentration (60 pM), MB exhibits satura-
tion adsorption at the probe/MWCNT-PAMAM/GC electrode
in 10 min (Figure 4C). Figure 5A and B shows the effects of
reaction time for carboxylated probe DNA activation and the
added volume of probe solution. The MB/probe/MWCNT-
PAMAMY/GC electrode has the largest i,.,c when the activation
time is 2 h and 10 pL of probe solution (1 pM) is added onto
the MWCNT-PAMAM/GC electrode. In addition, the effect of
hybridization time was also evaluated (Figure 5C). The A,
before and after miRNA24 hybridization increases with the
increase of hybridization time (10-60 min) and 60 min of hy-
bridization produces the largest Aipc,. In the following exper-
iments, the miRNA24 detections were all performed under the
optimal conditions.

Analytical  properties of the probe/MWCNT-
PAMAM/GC electrode for miRNA24 detection
250 F
miRNA24
o 200 T
|§ L
< 150} miRNA24
= mismatch
- T
3 100
< miRNA29
50 }
0
I II I

Figure 6. Responses of the MB/probe/MWCNT-PAMAM/GC
electrodes to three kinds of miRNAs. The concentrations of the
miRNAs are all 0.1 uM.

The central single base-mismatched miRNA-24 and miR-
NA29 were used as control to test the selectivity of the assay.
Figure 6 shows the responses of the MB/probe/MWCNT-
PAMAMY/GC electrodes to different miRNAs. The Aipe (31
pA cm?”) obtained from the hybridization with 0.1 uM of
miRNA29 (Figure 6 III) is very little in contrast to that (189
pA cm’) from the miRNA24 (Figure 6, I), suggesting that the
assay has good selectivity. Theoretically, the used probe DNA
would not hybridize with a non-complementary sequence, and
hence the MB signal should not decrease after interaction with
miRNA29. However, the nonspecific adsorption of miRNA29
on the MB/probe/MWCNT-PAMAM/GC electrode surface
cannot be completely eliminated, although it is effectively
suppressed by washing steps using SSC and SDS **. The little
Al in the presence of miRNA29 should be caused by lim-
ited interactions between MB and miRNA29. The Aij after
hybridization with the central single base-mismatched miR-
NA24 (Figure 6, II) is about 60% of that after hybridization
with miRNA24 (Figure 6, I), suggesting the assay can some-
what discriminate the central single base-mismatch of miR-
NA24. The mismatched single base is centrally located in the
used sequence and half of the sequence could hybridize with
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the probe DNA, resulting in relatively large Aij., response.
This result is accordant with that reported in other work *. In
general, there is very little probability that the miRNA24 and
its central single base-mismatched sequence are simultaneous-
ly present. The proposed assay will detect miRNA24 from
complex sample with good specificity.

The  reproducibility of the MB/probe/MWCNT-
PAMAM/GC electrode was also evaluated. Samples (0.1 uM)
were detected by four MB/probe/MWCNT-PAMAM/GC elec-
trodes prepared under the same conditions, giving a relative
standard deviation (RSD) of 6.8%. This reveals that the miR-
NA24 biosensor has satisfied reproducibility. In addition, the
proposed miRNA?24 biosensor has good regeneration property
and can be used for miRNA24 detection at least four times
(Figure S4, Supporting Information). Moreover, the prepared
MWCNT-PAMAM/GC and probe/MWCNT-PAMAM/GC
electrodes show relatively good storage stability in seven days
(Figure S5, Supporting Information).

220

200

180 | R=0.9959 2

160

-2

140
R=0.9909

-Ai peak / uA cm

120

100 |

-14 -12 -10 -8 -6

l0gC‘miRNA24

Figure 7. The calibration curve of the prepared MWCNT-
PAMAM-based biosensor for miRNA24 detection.

Figure 7 shows the relationship between the Aij., and the
logarithm of miRNA24 concentration (10gCpirna24). The Aipey
- logCrirnas curve exhibits two linear ranges with different
slopes in the studied concentration range. From 10 fM to 1 nM,
the increase of Aij., with the increase of miRNA24 concentra-
tion is not so significant. But the A, exhibits obvious in-
crease with further increase of miRNA24 concentration (1 -
100 nM) and a flat value is observed when 1 uM of the target
is used. The Ai,, shows different tendency with the increase
of miRNA24 concentration, which is probably due to the hy-
bridization efficiency between the probe DNA and the target *°.
The regression equations in the ranges of 10 fM to 1 nM and
1-100 nM can be obtained and expressed as
Al =186.1+5.910gC irnazs and Aie=376.3+27. 110gCryirnaza-
The two linear curves have the slopes of 5.9 and 27.1 pA cm™
decade™ (the sensitivity of the miRNA24 biosensor) and the
correlation coefficients are 0.9909 and 0.9959. A detection
limit of 0.5 fM for the target miRNA can be estimated using
36 ** (where o is the standard deviation of the blank solution),
which is lower than that of the existing works using various
voltammetric sensing platform including inosine-substituted
capture probes >*, Pd nanoparticles as enhancer and linker *°,
enzyme amplified biosensing >, MWCNTs/GC *°, and is com-
parable with those reported previously using other protocols
with signal amplification for various miRNA voltammetric

Analytical Chemistry

detection *>***7_ The detection limits and linear range of sev-

eral voltammetric biosensors for different miRNA detection
are listed in Table S1 (Supporting Information). The analytical
applicability of the proposed miRNA24 biosensor was evalu-
ated by determination miRNA24 in the total RNA sample. The
concentration of miRNA24 in the total RNA sample solution
(extracted from HeLa cells) was found to be 0.0103 pM (n=3,
RSD=6.9%), which was comparable with that (0.0110 puM,
n=3, RSD=13.9%) obtained from the quantitative PCR detec-
tion. The results demonstrate that the proposed MWCNT-
PAMAM-based voltammetric biosensor using MB as indicator
has good potential for complex miRNA sample detection.
Considering the complexity and sequence homology of miR-
NA family members, however, further detail studies, including
determination of different target miRNAs in total RNA sam-
ples extracted from various types of cancer cells, are needed
for the practical application of the proposed assay in miRNA
analysis.

CONCLUSIONS

It is demonstrated that the MWCNT-PAMAM hybrids and
MB redox indicator can be used to develop a simple and sensi-
tive electrochemical miRNA biosensor. Under optimal condi-
tions, the prepared probe/MWCNT-PAMAM/GC electrode
has good sensitivity, low detection limit, good specificity,
regeneration property, and storage stability for miRNA24 de-
termination. In contrast to other miRNA detection protocols,
the MWCNT-PAMAM-based biosensor is directly based on
the signal change of MB redox indicator, which remove the
cumbersome and relatively expensive steps of chemi-
cal/biological labeling or enzyme reactions and hence, simpli-
fy the analysis and reduce its price. The proposed MWCNT-
PAMAM biosensor may find wide applications in the routine
detection of miRNAs by a simple way.
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