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A versatile label-free, stable, low-cost and simple electrochemical
biosensing platform has been developed based on a phosphomolybdic
acid anion probe by jointly taking advantages of its native electro-
negativity, electrochemical activity and chemisorption with graphene
oxide.

Nowadays, electrochemical sensing platforms developed for the
analysis of biomolecules are attracting increasing interest."?
Considering the practical application, recent studies of electro-
chemical biosensors have focused on new designs to lower the
cost, increase the stability, speed up the test, and simplify the
operation processes, and so forth.?

Polyoxometalates (POMs) are a kind of typical early-transition-
metal-oxygen-anion cluster with an almost unmatched range of
properties and applications.* For example, POMs are often applied
in the layer-by-layer assembly process by making use of electrostatic
interactions due to their native electronegativity.” Besides, POMs
have attracted more and more attention in the field of electro-
chemistry because of their unique electrochemical activities,
among which is their reversible multi-electron redox behavior for
energy storage applications.® Also, the strong chemisorption
between carbon materials and POMs has been used to construct
POM-carbon composites.” It would not be an exaggeration to say
that POMs are a combination of lots of advantages. However, most
of the researchers have used only one of its properties. Therefore, it
would be reasonable to expect a combination of its gathered
advantages.

Many existing electrochemical assays for DNA and proteins
employ some groups to label biomolecules like complementary
DNA strands and antibodies, which is inevitably accompanied
by long processing times, increased operational difficulty and
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an increase in expense.® Given this, in recent years, several
groups have reported label-free methods for detecting their
targets by applying complex designs (e.g., hand-in-hand DNA
nanostructures®®), introducing new synthetic materials (e.g.,
functionalized carbon nanotubes®”) or using special techniques
(e.g., impedance spectroscopy’). However, most of these
reported design concepts and synthetic materials always have
a pretty complex process. Moreover, the reproducibility and
reliability of impedance spectroscopy measurements are still
open to discussion. Based on this, it can be speculated that the
electrochemical activity of POMs could make themselves appropriate
electrochemical signal probes. We had two considerations: first, we
anticipated that electronegative POMs would repel the same charged
DNA. Second, based on the different capacities of interaction of
single- and double-stranded DNA with graphene oxide (GO),"
the vacancy on the interface of GO generated by double-stranded
DNA release might form a stable complex with POMs on account
of its strong chemisorption on carbon materials. Herein, phos-
phomolybdic acid (H;PMo0,,0,4,) was chosen as a typical repre-
sentative among POMs. Using a disease-related gene sequence
(mitochondrial DNA related to maternally inherited diabetes)
and the thrombin as models, a versatile label-free, stable, low-cost
and simple electrochemical biosensing platform was designed
for bioanalysis by jointly employing three natural characteristics
of [PM04,0,4,]>~ (PMoy,), including its electronegativity, electro-
chemical activity and chemisorption with GO, for the first time.

The basic principle of the PMo;,-based electrochemical
biosensor is shown in Scheme 1. GO was initially immobilized
on a chitosan modified glassy carbon electrode (GCE/chitosan)
via amide bonds generated by its carboxylic groups and amino
groups of chitosan (see ESI, T Fig. S1)."" Through n-n* stacking
interactions between the conjugated interface of GO and DNA
bases,"® the capture DNA (single-stranded DNA or aptamer) was
successfully immobilized on the GO surface. As the negatively
charged capture DNA covered the surface of GO, the strong
negatively charged PMo;, could not get access to the electrode
surface owing to steric hindrance and charge repulsion.
After binding with the target DNA or protein, the resulting
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Scheme 1 Schematic representation of the label-free electrochemical
biosensing platform for DNA and protein analysis based on PMo,.

double-stranded DNA or aptamer-protein complexes are
released from the conjugated interface of GO, thus leaving some
space for PMo;, to anchor. Owing to the chemisorption between
GO and POM,’® PMo,, could steadily attach to the GO surface.
Finally, by taking advantage of the electrochemical activity of the
adherent PMog, (ref. 12) and the positive correlation between the
concentration of the target and the PMo,,, the content of the
detection target can be easily analysed.

The morphologies of chitosan, chitosan/GO, chitosan/GO/ DNA1/
PMo;, and chitosan/GO/DNA1/DNA2/ PMoy, films (Fig. S2, ESIY)
were characterized by scanning electron microscopy (SEM). The
surface of chitosan/GO showed that the slightly wrinkled GO covered
the uneven chitosan like a soft gauze (Fig. S2B, ESIT), while the
surface of chitosan/GO/DNA1/DNA2/PMo,, (Fig. S2D, ESIY)
became more inhomogeneous and rough, which might be due
to immobilization of DNA1 and PMo,,. In order to verify the
verdict, energy dispersive spectroscopy (EDS) analysis was performed
(insets in Fig. S2, ESIt). The presence of Mo atoms and the
decreasing ratios of C/O atoms (insets in Fig. S2D, ESIt) indicated
that a small amount of PMo,, had been adsorbed on the surface of
chitosan-GO.

The stepwise assembly process of the biosensing interface
was investigated by electrochemical impedance spectroscopy
(EIS). EIS is being increasingly used to monitor the DNA
immobilization and hybridization process because of its ability
to probe the properties of the interfacial electron transfer.'?
The Nyquist plots of GCE/chitosan (a), GCE/chitosan/GO (b),
GCE/chitosan/GO/capture single-stranded DNA (DNA1) (c), and
GCE/chitosan/GO/DNA1/target DNA (DNA2) (d) using [Fe(CN)s > "~
as the indicator are shown in Fig. 1A. The diameter of the semicircle
was equal to the charge-transfer resistance (R.). The impedance
spectra showed a lowest R, value (70 Q) for the bare GCE/
chitosan electrode (Fig. 1A, curve a). The R value presented by
curve b (133 Q) increased with GO coating. The results demon-
strated that the low electrical conductivity of GO blocked the
electron transfer of [Fe(CN)sJ> "*~.** Then curve c presented a larger
R, value (279 Q) compared with curve b, suggesting efficient
immobilization of DNA1 on the GCE/chitosan/GO surface. Com-
pared with curve ¢, when DNA2 was added on the surface of the
GCE/chitosan/GO/DNAL electrode, the binding between DNA1 and
target DNA2 altered the conformation of DNA1 and disturbed the
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Fig. 1 (A) Nyquist diagrams of (a) GCE/chitosan, (b) GCE/chitosan/GO,
(c) GCE/chitosan/GO/DNAL and (d) GCE/chitosan/GO/DNA1/DNA2 in
10 mM [Fe(CN)gl* /4~ solution containing 0.1 M KCL. (B) Cyclic voltammo-
grams (CVs) obtained at (a) GCE/chitosan/GO/PMoy,, (b) GCE/chitosan/
GO/DNA1/PMos,, (c) GCE/chitosan/GO/DNA1/DNA2/PMos, electrodes in
0.5 M H,SOy, solution containing 0.1 M NaCl.

interaction between DNA1 and GO.'** The DNA duplex formed was
released from the surface of GO and washed away from the
electrode. Therefore, a significant decrease of the R, value (212 Q)
was observed (curve d). These changes in the EIS indicated the
efficient immobilization and hybridization of DNA on the surface of
GO and confirmed the successful fabrication of the biosensing
interface.

The cyclic voltammograms (CVs) of GCE/chitosan/GO/PMo,
(see ESI,t Fig. S3) were recorded to investigate the interaction
between GO and POM. The CVs of GCE/chitosan/GO/PMo,,
showed three reversible pairs of redox peaks at different scan rates
(v) (Fig. S3A, ESIt). The peak currents for three pairs of redox peaks
increased linearly with different v from 10 to 100 mV s '
(Fig. S3B, ESIY), indicating a surface-controlled redox process.
This phenomenon confirmed the existing chemisorption between
GO and POM. 50 mV s ' was selected as the scan rate for
subsequent tests in view of the noise. The current of peak III was
so small that peaks I and II were chosen as the research object in
CVs and square wave pulse voltammetric (SWV) analysis.

To further confirm the mutual electrostatic repulsion of PMo;,
towards DNA1, CVs were scanned. As shown in Fig. 1B, two pairs of
well-defined peaks were observed for the GCE/chitosan/GO/PMoy,
electrode (curve a), which were ascribed to the redox process of
PMo,,.° The addition of 1 M DNA1 on the GCE/chitosan/GO
surface followed by PMo;, incubation resulted in the disappearance
of the redox peaks (curve b). This is due to the fact that negative
charges on the phosphate backbone of the immobilized DNA1 can
form the DNA probe film, which introduced steric hindrance and
repelled the negatively charged redox probe.’'> Therefore the
adhesion of PMo;, on GO was greatly reduced due to the steric
hindrance and electrostatic repulsion. After hybridization with
DNA2, the electrode surface was incubated with PMo,,, and the
redox peaks were recovered (curve c), suggesting that the resulting
double-stranded DNA was released from the conjugated interface of
GO, leaving some space for PMo;, to anchor.

Under the optimized conditions (1 pM DNA1, 2 h of DNA
hybridization time, 50 min of PMo,, incubation time and 50 pM
PMo,,) (see ESLT Fig. S4), the SWV peak currents increased with
the increasing concentrations of DNA2 (Fig. 2A). As shown in the
inset graph of Fig. 2A, the I, for the reduction peak II of PMo,, (In)
was proportional to the logarithm of the DNA2 concentration from
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Fig. 2 Typical SWV curves of the electrochemical assay using PMoy, as a
probe with increasing concentrations of (A) DNA2 and (C) thrombin. Inset:
calibration curves. (B) Specificity of the gene sensor investigated with
(@) 0 pM DNA2, (b) 100 pM DNAZ2, (c) 100 pM random sequence (DNA3),
(d) 100 pM single-base mismatched target sequence (DNA4) and
(e) 100 pM mutant type target sequence (DNAS5). (D) Selectivity analysis
of the protein sensor tested in (a) blank solution, (b) 1 nM thrombin, (c) 1 uM
BSA, (d) 1 uM Hb, (e) 1 uM HSA and (f) 1 nM thrombin with 1uM BSA, 1 uM Hb
and 1 uM HSA.

0.5 pM to 10 nM. The detection limit for DNA2 was 0.2 pM,
which was obtained by using the slope of the linear part of the
curve and dividing by 3¢ (10 negative controls processed with
PMo;, and in the absence of target DNA). The linear range and
detection limit were better than those obtained using other
modified electrodes and methods (see ESIL Table S1). GCE/
chitosan/GO/DNA1 was hybridized with different DNA
sequences to test the selectivity and usability of the biosensor
for DNA analysis. The |I,;;| was used to estimate the efficiency
of DNA hybridization. As shown in Fig. 2B, DNA2 showed higher
|In| compared with random sequences (Fig. 2B, column c),
a single-base mismatched sequence (Fig. 2B, column d) and a
mutant sequence (Fig. 2B, column e). The results clearly
demonstrated that the prepared DNA biosensor had a good
selectivity for the detection of target DNA sequence, and the
discrimination ability for noncomplementary DNA was better
than that for single-base mismatch and mutant sequences. The
resulting PMo,-based DNA sensor was also scanned in 0.5 M
H,SO, containing 0.1 M NaCl solution from 0.05 to 0.4 V at
50 mV s~ for 20 cycles (Fig. S5, ESIT). The peak currents were
stable, suggesting good stability of the biosensor. We also
investigated the stability in the absence of chitosan (see ESI, T
Fig. S6), the current decreased sharply during the electrochemical
test, indicating the important role of chitosan.

In the meantime, the platform was used for the detection of
proteins (human thrombin as a model) to test its generality. An
equal amount of the human thrombin aptamer was used to
replace DNA1. Fig. 2C shows SWV curves at different thrombin
concentrations. In the inset graph of Fig. 2C, the |I,;| was
proportional to the logarithm of the thrombin concentration
from 10 pM to 25 nM. The detection limit for thrombin was
5.8 pM, which was obtained by using the slope of the linear part
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of the curve and dividing by 3¢ (10 negative controls processed
with PMo,, and in the absence of thrombin). The linear range
and detection limit were better than those observed of other
modified electrodes and methods (see ESL Table S2). Meanwhile,
bovine serum albumin (BSA), hemoglobin (Hb) and human serum
albumin (HSA) were selected to study the specificity. A significant
current response was observed for thrombin (see Fig. 2D(b)), while
little change in I,y was observed for 1 uM BSA, Hb and HSA. The
good selectivity for thrombin is attributed to the high specificity of
the aptamer. Comparing with thrombin alone, the current
increased by only 15% in the mixed sample (see Fig. 2D(f)). The
experiment verified the good selectivity of the biosensor for throm-
bin detection. Furthermore, the results obtained from real serum
sample measurements validated the feasibility of the proposed
electrochemical biosensing strategy (see ESL 1 Table S3).

In summary, a versatile label-free, stable, low-cost and
simple electrochemical biosensing platform for the detection
of DNA and proteins was developed by jointly taking advantages
of electronegativity and electrochemical activity of PMo,,, and
its chemisorption with GO. Using a disease-related gene
sequence (mitochondrial DNA related to maternally inherited
diabetes) and the thrombin as models, the platform was
applied to the analysis of DNA and proteins. DNA assay and
quantitative determination of thrombin in human blood was
realized and satisfactory results were achieved. The novel POM
based electrochemical biosensing platform would have a promising
prospect in clinical diagnosis.
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