Microchimica Acta (2021) 188:173
https://doi.org/10.1007/500604-021-04824-y

ORIGINAL PAPER ;.)

Check for
updates

A sensitive and label-free electrochemical microRNA biosensor based
on Polyamidoamine Dendrimer functionalized Polypyrrole nanowires
hybrid

Dongwei Wang' - Jiasheng Wang'

Received: 14 August 2020 /Accepted: 6 April 2021
© The Author(s), under exclusive licence to Springer-Verlag GmbH Austria, part of Springer Nature 2021

Abstract

The potential of functionalized polypyrrole nanowires (PPyNWs) are demonstrated as a platform for lable-free miRNA detection
using electrochemical impedance spectroscopy (EIS). MicroRNAs (miRNAs) detection methods and sensors are mainly chal-
lenged by very low concentrations in physiological samples and high similarity among family members. Herein, a sensitive and
selective miRNA biosensor was constructed based on electrochemically synthesized PPyNWs, which were functionalized with
polyamidoamine dendrimer (PAMAM) by an electro-oxidation method. The prepared PPyNWs/PAMAM hybrid combines the
excellent electrical conductivity of conducting polymer PPyNWs with high surface to volume ratio of PAMAM. DNA probes
were immobilized onto the PPyNWs/PAMAM hybrid for the construction of the miRNA biosensor. Using the sensitive EIS
technique to monitor DNA/miRNA hybridization, the developed biosensor demonstrated excellent sensing performances, such
as wide linear range (10~'* M-10"* M) and low detection limit (0.34 x 10~'* M). Even more encouraging, the response sensitivity
of the biosensor was 3.12 times higher than that of the bulk PPy-modified sensor, which proved that the microstructure of the PPy

nanowires array can greatly improve the performance of the biosensor.
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Introduction

The study of microRNAs (miRNAs) has attracted more and
more attention in the life sciences because increasing evidence
has demonstrated that miRNAs play important role in the onset
and progression of most human malignancies [1]. Aberrant ex-
pressions of miRNAs (higher or lower concentrations) are highly
associated with various cancers. For instance, miRNA21 has
been found to be expressed at higher level in gastric cancer
patients’ blood serum; while miRNA155 are under-expressed
in the cancer stages of breast cancer [2—4]. Accordingly,
miRNA quantitative profiles represent an attractive biomarker
for early cancer diagnosis, assessing prognosis, and monitoring
therapeutic efficacy [5]. For the quantification of miRNAs, their
intrinsic characteristics, such as small size (19-23 nucleotides),
high sequence similarity and wide dynamic range (from aM to
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nM), bring major challenges to the most commonly used
methods [2, 6]. Biofouling of solid carriers, low throughput,
difficulty in amplification or miniaturization, time-consuming
and laborious preparation and separation procedures, and com-
plex and expensive analysis are all problems that limit the appli-
cation of clinical diagnosis [6]. In recent years, electrochemical
biosensors have attracted more attention because of their great
advantages such as low cost, portable instrumentation, conve-
nient operation, high sensitivity and good selectivity [7-9].
Nanomaterial and functionalized nanomaterial have been in-
troduced into biosensors to improve the sensitivity by speeding
up the electron transfer and increasing the electroactive surface
area of electrodes. Polypyrrole (PPy), as a promising one in the
conducting polymer family, is playing an important role in the
development of high-performance electrochemical biosensors
because of its good stability, ordinary preparation, benign con-
ductivity, excellent biocompatibility and versatility [10-12]. In
addition to such versatile and beneficial performances of
conducting PPy, the large surface area and highly aligned archi-
tecture of PPy nanowires array (PPyNWs) make them ideal for
the construction of nanoelectronic devices and sensors [13, 14].
For instance, well-ordered PPyNWs arrays on surfaces of carbon
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fibers have been prepared for pseudocapacitor electrodes with
high performance. The superior performance has been proved
mainly due to highly aligned nanoarchitecture arrays, which can
create a novel way to speed up Faradaic reactions for charge
storage and solve “dead volume” problems [15].
Functionalized PPy nanomaterials with high surface area, en-
hanced electron transfer ability and hydrophilic character have
been a promising platform for electrochemical biosesnors and
can be used for the detection of DNA, microRNA and autocrine
motility factor (phosphoglucose isomerase) [16-20].

The fourth generation poly(amidoamine) polymers
(PAMAM), one particular class of dendrimers, has been success-
fully used for the fabrication of (bio)sensors because of the
nanoscopic spherical structure and good biocompatibility [21].
PAMAM possesses abundant amine groups with high density in
the branched chains, which are easily functionalized by other
substances [22]. PAMAM dendrimers modified with
MWCNTSs have been successfully applied to fabricate an elec-
trochemical aptamer biosensor of human cellular prions PrPC.
These results have demonstrated that the used PAMAM can
improve high surface coverage of probe DNA and the dendrimer
modified biosensor can detect proteins PrPC in pM concentra-
tion level [23]. Electrochemical modification of PPy film by
amine oxidation of PAMAM has been prepared and has been
used for application of DNA biosensor [24]. Thus, integration of
PPy with PAMAM by the copolymerization or covalently at-
tachment can greatly add the number of functional biomolecules,
thus effectively improving the sensitivity of the assay [25].
However, the grafting of PAMAM dendrimer onto PPyNWs
has rarely been explored. The ultrasensitive and selective
miRNA detection in real biological samples remains a challenge.

In this work, based on the PPyNWs/PAMAM hybrid, a
reagentless electrochemical miRNA biosensor was developed.
MiRNA24 was used as model target in this work. PAMAM
has been electrodeposited onto un-functionalized PPyNWs sur-
face through electrochemical oxidation of PAMAM amine
groups. The covalent grafting method of PAMAM and
PPyNWs has many advantages, such as short time, simple op-
eration and no need to process the pyrrole monomer in advance
[24]. A huge amount of amine of PPyNWs/PAMAM allows the
immobilizations of large amounts of DNA probes.
Electrochemical impedance spectroscopy (EIS) technique was
adopted to monitor the sensing performance, and it was found
that the biosensor demonstrated satisfying biosensing perfor-
mance for the detection of miRNA.

Experimental
Reagents and apparatus

Pyrrole, N-hydroxysuccinimde (NHS), 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC), p-toluenesulfonate
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Sodium (TsONa), K4Fe(CN)g'H,0, K3Fe(CN)g, NaH,POy,
Na,HPO,4 12H,0 and KCI1 were purchased from Aladdin
Regent (Shanghai, China). PAMAM (G3) of third generation
was purchased from Weihai Chenyuan Molecular New
Material Co., Ltd. (Weihai, China). Human hemoglobin (Hb),
lysozyme (LZ), human serum albumin (HSA), DNA probes,
miRNA24, miRNA21 and the related mismatch miRNA24 were
obtained from Shanghai Shenggong co. LTD (Shanghai, China).
The synthetic 5'-carboxyl group terminated DNA capture probes
(C1), miRNA24 (T2), single-based mismatch miRNA24 (M1),
three-based mismatch miRNA24 (M2) and miRNA21 (M3) are
shown in Table S1.

Apparatus

A CHI660E Electrochemical Workstation (Shanghai CH
Instrument Co., China) was used to carry out all electrochem-
ical tests. A traditional three-electrode system was employed
with a modified glassy carbon electrode (GCE, 3.0 mm, the
working electrode), a platinum wire (the counter electrode)
and a saturated calomel electrode (SCE, the reference elec-
trode). JEOL JSM-7500F (Hitachi High Technology Co.,
Ltd., Japan) was employed to perform scanning electron mi-
croscope (SEM) experiments. Thermo-VG Scientific
ESCALAB 250 spectrometer was used to perform X-Ray
photoelectron spectroscopy (XPS) analysis.

Preparation of PAMAM/PPyNWs hybrid onto GCE

Before use, GCE was polished using alumina slurries and
pretreated in PBS according to the previous report [26]. Neat
PPyNWs onto the surface of GCE were successfully prepared
by an electrochemical polymerization method. The deposition
solution is 5 mL PBS (0.2 M, pH = 6.86) containing 0.15 M
pyrrole and 0.1 M TsONa. The constant potential of 0.75 V
for 10 min was used to prepare PPyNWs. GCE/PPyNWs was
obtained.

As a contrast, bulk PPy was also deposited by the same
electrochemical parameters. The electrochemical deposition
solution was 5 mL PBS (0.2 M, pH=6.86) containing
0.15 M pyrrole and 0.1 M LiClOy. This is the only difference
from the preparation of PPyNWs. GCE/PPy(bulk) was
obtained.

PAMAM dendrimers were grafted onto the surface of
PPyNWs (or bulk PPy) through covalent bonding through
electrochemical oxidation of amine groups of PAMAM. The
mechanism of this reaction is that PAMAM react with poly-
pyrrole membrane by electro-oxidation of the end amines to
form free radicals [24]. Electrochemical deposition process
was performed in a solution containing 0.05 M PAMAM
and 0.1 M LiClO, by cyclic voltammetry (the potential: 0.0
~1.1 V; 3 cycles; scan rate: 0.10 V s_l). GCE/PPyNWs/
PAMAM and GCE/PPy(bulk)/PAMAM were obtained. All
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modified electrodes were rinsed three times with PBS and
double distilled water respectively.

Preparation of the miRNA biosensor

The preparation procedure of the miRNA biosensor based on
PPyNWs/PAMAM is shown in Scheme 1. GCE/PPyNWs/
PAMAM was incubated in 1.0 puM C1 solution containing
0.4 M EDC, 0.1 M NHS at room temperature for 1.0 h, to
allow C1 covalently fixed to PAMAM of the modified elec-
trode [18]. The obtained sensor was recorded as GCE/
PPyNWs/PAMAM/CI1. The hybridization reaction was then
performed by immersing GCE/PPyNWs/PAMAM/C1 into
PBS (0.2 M, pH 7.4) containing T2 for 1.0 h at room temper-
ature. Thus the obtained electrode was defined as GCE/
PPyNWs/PAMAM/C1/T2.

Electrochemical impedance spectroscopy (EIS) method
was used to record the hybridization reaction between C1
and T2. EIS measurements were performed with current po-
tential of 0.20 V, frequency range of 0.1 ~ 100 KHz, the ap-
plied sine wave of 5 mV. All EIS tests were carried out in PBS
(0.2 M, pH 7.4) including 0.1 M KCl and 5.0 mM [F e(CN)s]?
/4~ The EIS value of GCE/PPyNWs/PAMAM/C1 was
regarded as the background (Ry). After incubation in different
concentration of T2 for 30 min, EIS values were recorded and
compared. To test the selectivity of the biosensor, M1, M2 and
M3 were used as controls.

Scheme 1 Schematic diagram of
the construction process of GCE/
PPyNWs/PAMAM/DNA/RNA.
(a) bare GCE, (b) GCE/PPyNWs,
(c) GCE/PPYNWs/PAMAM, (d)
GCE/PPyNWs/PAMAM/DNA,
(e) GCE/PPyNWs/PAMAM/
DNA/RNA, (f) EIS plot of
electrodes (d) and (e).
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Results and discussion
Choice of materials

Conducting polymers (polythiophene, polypyrrole and
polyaniline) provide the merits such as cheap and adjustable con-
ductivity. N-substituted PPys have been electrocopolymerized.
However, the resulting PPys possessed low conductivity possibly
due to a lack of ring planarity in the polymer structure [27].
PPyNWs can be easily prepared without template. Previous sci-
entific studies have proved that ordered PPyNWs can significant-
ly facilitate the mass transport and electron transfer, thus improv-
ing sensor performance [19, 20]. For this reason, PPyNWs was
selected in this work to fabricate electrochemical electrodes.

Morphologies of PPy nanowires

Well-ordered PPyNWs array was developed by an electro-
chemical polymerization of pyrrole on the surface of GCE at
the constant potential of 0.75 V for 10 min, using TsONa as
the soft template. Figure 1 exhibits the morphologies of the
PPyNWs array at different magnification. Ordered PPyNWs
were vertically aligned on GCE surface (the diameter: 100—
400 nm), forming a hierarchical microstructure by conducting
polymer nanowire arrays. The larger magnification SEM of
PPyNWs shows that the top of the nanowires become thinner
and thinner, like cones. The formation mechanism of
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Fig. 1 SEM images of PPyNWs on the surface of GCE at different magnifications

PPyNWs has been reported in the literature [15, 28], which is
briefly summarized as the following steps. Pyrrole monomer
and TsONa anions gathered and accumulated on the carbon
surface, which can act as nucleation sites. The TsONa anions
doped PPy oligomers ensured that the PPY grew into a linear
shape because of the predominant polymerization at the nuclei
tips under the highest electric field. The upward-growing
PPyNWs provide convenient ion diffusion paths and fast elec-
tron transport channels, which is very important for the high
conductivity and sensitivity of electrochemical sensors.

Characterization of PPyNWs/PAMAM

XPS technique were used to verify the successful preparation of
PPyNWs/PAMAM nanocomposition. As shown in Fig. 2A and
Table S2, C1s,N 1, S2pand O 1 s peaks were observed,
showing the formation of TsONa doped PPyNWs. After the
covalent bonding of PAMAM onto PPyNWs, C 1 s, N 1 s,
and S 2p peaks decreased apparently and O 1 s peak increased
obviously, together with the new appearance of C1 2p and Li 1 s
peaks, indicating the successful immobilization of PAMAM
dendrimers. Fig. S1 shows XPS spectra of carbon (Al, B1)
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and nitrogen (A2, B2) regions of PPyNWs and PPyNWs/
PAMAM. Electrochemical functionalization of PPyNWs with
PAMAM resulted into great changes in spectrum of both re-
gions. It has been reported that aliphatic amines can be attached
onto the surface of glassy carbon electrode, metal surfaces and
CNTs through electrochemical patterning [29-31]. The reaction
mechanism is that free radical cation has strong reactivity and
can be connected with nucleophilic groups such as aromatic
rings, leading to the breaking of double bond C=C and the for-
mation of C-N bond [31, 32]. In this study, PPyNWs were func-
tionalized with PAMAM by amine electrochemical oxidation.
The electro-oxidation method used in this work has the advan-
tage of short reaction time and does not require further chemical
modification of pyrrole monomer before polymerization.

The static water contact angles of bare GCE, GCE/
PPyNWs, GCE/PPyNWs/PAMAM and GCE/PPyNWs/
PAMAM/DNA surfaces were measured. As shown in Fig.
S2 and Table S2, the contact angle of bare GCE, GCE/
PPyNWs and GCE/PPyNWs/PAMAM and GCE/PPyNWs/
PAMAM/DNA were 72.2°, 115.4°, 32.4° and 21.9°, respec-
tively. GCE/PPyNWs/PAMAM/DNA surface shows good
hydrophilicity [33].
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Fig. 2 XPS of PPyNWs (A) and PPyNWs/PAMAM (B). High resolutio

Chronocoulometry was used to estimate the electroactive
surface areas of bare GCE, bulk PPy and PPyNWs modified
electrodes. According to the Cottrell equation [34],

Q) = (2nFAD1/27T71/2C) t/2 4 Qa1 + Qags

The parameters in the formula are explained as follows: n is
the electron number of reaction; Q is the value of the reduction
charge; A is the active surface area, C is the concentration, and D
is the diffusion coefficient. Figure 3A showed the
chronocoulometric plots of three different electrodes. From
Fig. 3B, the electoactive surface area of GCE/PPyNWs (curve
c, 1.517 sz) was estimated, which was 46.0 and 3.13 times
larger than that of the bare GCE (curve a, 0.03298 cm2) and
the bulk GCE/PPy (curve b, 0.4844 cm?), respectively. The ex-
perimental results proved that GCE/PPyNWs can provide larger
eletroactive surface areas, which is beneficial for the establish-
ment of high-performance sensing platform. In addition, we have
completed the experiment of nitrogen adsorption. The BET sur-
face area of the bulk-PPy and PPyNWs are 35.530 m* g ' and
117.717 m? gfl, respectively (Table S3 and Table S4).
Therefore, the experimental results of nitrogen adsorption and
electrochemical experiments are basically consistent.

Electrochemical stability of the prepared PPyNWs and
PPyNWs/PAMAM composites was investigated by CV.

Binding Energy Binding Energy

n XPS of single element S 2p (C), Li (D), and CI (E)

Figure 3C shows that the covered area of the CV curve and
oxide peak current of the redox probe ([Fe(CN)G]3 47y at the
PPyNWs and PPyNWs/PAMAM remain unchanged over a
long time (after 50 cycles). The experimental results showed
that both PPyNWs and PPyNWs/PAMAM nonocomposites
had ultrahigh stability as the substrate of sensor.

Electrochemical characterization of miRNA biosensor

CV and EIS techniques were used to monitor the stepwise
preparation of the miRNA biosensor using [Fe(CN)(,]m* as
a redox probe (Fig. 4). As shown in Fig. 4A, after PPyNWs
modified the electrode surface, the CV curve shows an signif-
icant increase in the redox currents of the Fe(III)/Fe(Il) due to
larger specific surface area of conducting PPyNWs.
Dendrimers PAMAM as functional groups can be covalently
linked to onto PPy film by an electrochemical patterning ap-
proach through amine oxidation as Miodek et al. reported
previously [24]. The PAMAM/PPyNWs film supply a large
amount of amine groups on the surface for further immobili-
zation of the DNA probes. After PAMAM was were connect-
ed to PPy nanowires, the redox peak current of CV decreased
significantly (curve c), which indirectly proved the successful
preparation of PAMAM/PPyNWs. Subsequently, after the
DNA probes and miRNA targets were successively
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immobilized on the electrode, continuous significant decrease
of CV currents was observed (curve d and e). This is because
the negatively charged phosphate skeletons of both single
stranded DNA probes and double stranded DNA/RNA will
severely repel the negatively charged [Fe(CN)s]* "+~ probe.
Nyquist impedance diagram consists of a semicircle por-
tion at high frequencies (corresponding to charge transfer) and
a linear portion at lower frequencies (corresponding to diffu-
sion limiting process) [35]. When the standard Randles equiv-
alent circuit is fitted (inset in Fig. 4), the semicircle diameter is
equal to the charge transfer resistance (Rct) of the modified
electrode [36]. Figure 4B shows the step-by-step fabrication
procedure of the biosensor monitored by EIS. Formation of
the PPyNWs arrays caused a large decrease of the charge-
transfer resistance (Rct) from 280 to 90 €2, proving an elec-
tron transfer enhancement by the conducting PPyNWs arrays.

Fig. 4 (A) CV and (B) EIS tests
in presence of the mixed solution
of 0.1 M KCl and 5 mM

[F e(CN)(,]3/ “+~ after each step of
the biosensor formation (a) bare
GCE, (b) GCE/PPYNWs (c)
GCE/PPyNWs/PAMAM (d)
GCE/PPyNWs/PAMAM/DNA
(e) GCE/PPyNWs/PAMAM/
DNA/RNA. Inset: the EIS
equivalent circuit
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During the modification of PPyNWs arrays by PAMAM, the
conductivity of PPyNWs layer was destroyed by the coupling
reaction between PPy and PAMAM, and the Rcr increased
steadily to 110 2. The addition of DNA probes and miRNA
targets resulted in an increase in Rer to 210 € and 535 €,
which was due to electrostatic repulsion. The results of EIS
experiments are consistent with CV results, which further con-
firmed the successful fabrication of the biosensor.

The condition optimization

To obtain optimal experimental conditions for miRNA detec-
tion, the effects of PAMAM loading mass, the concentration
of DNA probe, the immobilization time for DNA probes and
the DNA/miRNA hybridization time were investigated in de-
tail. The results are as follows. PAMAMG dendrimers were
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immobilized onto the PPyNWs using cyclic voltammetry by
scanning the potential from 0.0 tol.1 V during 3 cycles with
the scan rate of 0.10 V s~ '. The concentration of DNA probes
and the immobilization time were selected as 10 ® M and 1 h,
respectively. 1.0 h was chosen for the DNA/miRNA hybridi-
zation time. The detailed analysis of the experimental results is
shown in the supporting materials (Fig. S3).

The sensing performance of the biosensors

EIS technique was used to detect DNA sequences because it
can better study the characteristics of electrode surface and
better consider the performance of the genosensor [37]. The
electrochemical responses of two different biosensors (nano-
wires GCE/PPyNWs/PAMAM/DNA and bulk GCE/PPy/
PAMAM/DNA) toward different concentrations of
miRNA24 were studied in details. As shown in Fig. 5(A and

Fig. 6 (A) Responses of the a 29
biosensor to 1.0 ng mL ™' of LZ,
HSA, Hb and 107> M of M1, 2.0
M2, M3 and T2, respectively. (B)
Long-time stability of the % 15
biosensor response for seven days E
stored in PBS (0.2 M, pH 7.4) S 40
o 104
<
0.5
0.0

LZ HSA Hb Ml

O), the Ry, changes (AR /R.y) of the two different modified
biosensors decreased gradually with the increasing of
miRNA24 concentrations, which demonstrated the formation
of double stranded DNA/miRNA complexes. For GCE/
PPyNWs/PAMAM/DNA, the R, changes is linearly propor-
tional to the logarithmic value of miRNA concentrations with
a regression equation of AR /Rqo=1.01 1gC +14.73 (R*=

0.996) in the range of 10°'* M to 10~® M. A limit of detection
(LOD) of 0.34 x 10 '* M is obtained with the sensitivity of
14.30 ss cm 2. For GCE/PPy/PAMAM/DNA, a linear regres-
sion equation of AR.¢/R¢=0.324 1gC +4.366 (R>=0.996)
was obtained in the linear range of 1002 Mto 107° M, with
the limit of detection of 0.37 x 10> M and sensitivity of 4.58
ss cm 2. Notably, the sensitivity of the PPyNWs-modified
biosensor was more than three times than that of the bulk
PPy-modified biosensor, owing to the conducting nanowire
microstructure. The sensing performances of these biosensors

b .
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Table 1 Comparison of two methods for miRNA24 detection in human serum (4%, V/V)

Samples miRNA measured by PCR RSD (%) miRNA measured by RSD (%)
instrument (Roche 48,011) (nM) the biosensor (nM)
35.6 4.12 37.7 5.01

2 342 4.02 394 4.67

3 38.6 5.23 40.1 431

were compared with that of other miRNA biosensors, as
shown in Table S6. It is worth noting that the prepared bio-
sensor showed superior sensing performances, such as wide
linear range, high sensitivity and low LOD. This high perfor-
mance may be due to the following reasons: (1) PPyNWs can
provide excellent conductivity and the high electroactive sur-
face area. (2) PAMAM/PPyNWs allows loading a large
amount of DNA probes. The hydrophilic PAMAM/PPyNWs
supply an ideal micro-environment for the DNA probes to
show strong specific binding affinity toward miRNA24.
These results demonstrated the potential of functionalized
PPyNWs as platform for miRNA detection.

Selectivity, reproducibility and long-time stability of
the biosensor

Selectivity is an important factor for practical application of
the biosensor. To evaluate the specificity of the biosensor to
miRNA24, the tests was performed with the selected biomol-
ecules, such as LZ (pI =11.0-11.2), HSA (pI =4.7-4.90), Hb
(pI =7.07), single-based mismatch miRNA24 (M1), three-
based mismatch miRNA24 (M2) and miRNA21 (M3).
Figure 6 showed that the prepared biosensor showed the larg-
est response toward miRNA24 and the negligible responses
toward LZ, HAS, Hb, M1, M2 and M3 even at the high con-
centration. The results proved the excellent selectivity of the
biosensor to miRNA24.

To test the reproducibility of the biosensor, miRNA24 at
1072 M were detected by six electrodes. The relative standard
deviation (RSD) was 5.1%. The same biosensor was repeated
six times for the same concentration of miRNA24 (10~ ' M),
and the RSD was calculated to be 3.7%. Moreover, long-term
stability of the biosensor was also tested by continuously re-
cording the biosensor signal responses for seven days.
Figure 6B showed that the biosensor kept 95% of its first
day signal after seven days. The results showed good stability
of the PPyNWs/PAMAM hybrid-based biosensor.

The miRNA detection in human serum samples

To investigate GCE/PPy/PAMAM/DNA for clinical detec-
tion, three human serum samples (4%, V/V) have been tested

@ Springer

in parallel using both PCR and the new prepared biosensor.
These samples were detected with fluorescence quantitative
PCR instrument (Roche 48,011) and then analyzed with the
biosensor. As shown in Table 1, these results of the biosensor
and PCR are very close.

Conclusions

PPyNWs/PAMAM composite with nanowires morphology,
outstanding stability and good conductivity was successfully
prepared by an electrochemical patterning. Firstly, PPyNWs
was electrodeposited onto the electrode surface by template free
and show excellent electrical stability and good conductivity.
Then the modification of PPyNWs with PAMAM onto the
conducting polymer nanowires can be achieved by electrochem-
ical oxidation of the amine groups of PAMAM. GCE/PPyNWs/
PAMAM has a higher active specific surface area than GCE/
PPY, which allows more DNA probes to be attached to the
modified electrodes, so GCE/PPyNWs/PAMAM has better
sensing performance. There are some limitations in this work.
For example, the antifouling performance of the modified elec-
trodes has not been discussed. It is also expected that the func-
tionalized conducting polymer nanowires can supply a substrate
for the preparation of other electrochemical biosensors.
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