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ARTICLE INFO ABSTRACT

Taking TdT-mediated hemin/G-quadruplex DNAzyme nanowires as NADH oxidase and HRP-mimicking
DNAzyme, a novel DNA-based electrochemical method has been developed for sensitive and selective assay
of alkaline phosphatase (AP) activity. The double-stranded DNA (dsDNA) probe consisted of thiol-functiona-
lized DNAL1 and 3’-phosphorylated DNA2, was immobilized on a gold nanoparticles (AuNPs) modified glassy
carbon (GC) electrode. In the presence of AP, 3’-phosphoryl end of DNA2 was dephosphorylated. Terminal
deoxynucletidyl transferase (TdT) catalyzed the sequential addition of deoxynucleotides (dTTPs) at 3’-OH end
of DNA2 to extend DNA2 with a poly-T sequence. Then, G-rich DNA3 strand hybridized with the poly-T
sequence of DNA2. Upon addition of hemin, the hemin/G-quadruplex DNAzyme was formed. In the presence of
NADH, the hemin/G-quadruplex DNAzyme oxidased NADH to NAD*, accompanied by the formation of H,O»
which was further catalyzed by hemin/G-quadruplex DNAzyme (served as a HRP-mimicking DNAzyme) with
the thionine (Thi) as electron transfer mediator, leading to the amplified electrochemical signal. Under
optimized conditions, the response peak current was linear with the concentration of AP in the range from
0.1 UL to 5UL™! with the detection limit of 0.03 U L. Also, the developed biosensor possessed good
selectivity, reproducibility and stability, and simple sensing structure, showing promising practical applications
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in AP activity assay.

1. Introduction

Alkaline phosphatase (AP) is an enzyme that catalyzes the depho-
sphorylation process on a variety of substrates including nucleic acids,
proteins, and small molecules (Coleman, 2003). As a common phos-
phatase in many organisms (Harris, 1990), AP is present in human
tissues such as bone, liver, kidney, intestines, and placenta (Millan,
2006). The normal range of alkaline phosphatase is 20 to 140 U L™!
(Sharma et al., 2014). The abnormal level of AP has been proved to be
associated with many diseases including breast and prostatic cancer,
liver dysfunction, bone disease, and diabetes (Chen et al., 2014;
Christenson, 1998; Ooi et al., 2007; Wolf, 1994). Thus, sensitive and
selective assay of AP activity is highly desirable.

Till now, various methods have been developed to evaluate the
activity of AP, such as colorimetry (Grates et al., 2003; Yang et al.,
2016), chemiluminescence (Jiang and Wang, 2012), fluorescence
(Chen et al., 2010; Freeman et al., 2010; Liu et al., 2009; Song et al.,
2014; Zheng et al., 2014), surface Raman scattering (Ingram et al.,
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2009; Ruan et al., 2006) and electrochemical methods (Hassan et al.,
2009; Ino et al., 2012; Zhang et al., 2015). However, some of the
aforementioned methods required complicated and expensive instru-
ments, which limits their applications in practical assay of AP activity.
Among these methods, electrochemical assay has drawn considerable
interest owing to its high sensitivity, good selectivity, low cost, and easy
portability (Bhimji et al., 2013; Limoges et al., 2008;). Although some
reported electrochemical methods have their own advantages in AP
activity assay, there are still some defects such as relatively weak
signals with low sensitivity, complex synthesis of AP substrates and
sophisticated process with multiple tool enzymes (Miao et al., 2011;
Zhang et al., 2015; Sean et al., 2015). Simple, sensitive and selective
electrochemical method for AP activity assay is still desired.

To improve the sensitivity of the DNA-based electrochemical
biosensors, many signal amplification strategies have been developed
(Wu et al., 2014). Among them, a DNA polymerase called terminal
deoxynucletidyl transferase (TdT) (Khan and Zharnikov, 2013) aroused
our attention since it was template independent and could catalyze the
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Scheme 1. Schematic illustration of DNA-based electrochemical biosensor for AP activity assay.

sequential addition of ANTPs at the 3’-OH group of an oligonucleotide
primer to produce non-specific sequence. Hu et al. employed TdT to
amplify the response signal in the target DNA detection (Hu et al.,
2015). On the other hand, DNAzymes have been widely used to
enhance the assay sensitivity of electrochemical biosensors (Liu et al.,
2013; Wu et al., 2015; Yuan et al., 2014a). One of the interesting
DNAzymes, hemin/G-quadruplex DNAzyme, has been reported to be
simultaneously served as an NADH oxidase and HRP-mimicking
DNAzyme (Golub et al., 2011). Yuan et al. reported sensitive detection
of mercury (II) based on the excellent catalytic activity of an autono-
mously assembled hemin/G-quadruplex DNAzyme nanowires (Yuan
et al., 2014Db).

Here in, taking TdT to introduce lots of hemin/G-quadruplex
DNAzymes, we developed a sensitive and selective DNA-based electro-
chemical biosensor for AP activity assay. As illustrated in Scheme 1, a
double-stranded DNA (dsDNA) probe was prepared by hybridizing the
thiol-functionalized DNA1 with the 3’-phosphorylated DNA2. Then,
the obtained dsDNA was immobilized on gold nanoparticles (AuNPs)-
modified glassy carbon (GC) electrode through a strong thiol-gold (Au-
S) bond between AuNPs and the thiol group of DNAI. In the presence
of AP, 3’-phosphoryl end of DNA2 was dephosphorylated. TdT
catalyzed the sequential addition of deoxynucleotides (dTTPs) at 3'-
OH end of DNA2 to extend DNA2 with a poly-T sequence. Then, G-rich
DNAS3 strand hybridized with the poly-T sequence. Upon addition of
hemin, hemin/G-quadruplex DNAzyme was formed. The hemin/G-
quadruplex DNAzyme oxidased NADH to NAD* with the concomitant
formation of H,O» which was further catalytically reduced by hemin/G-
quadruplex DNAzyme nanowires (served as a HRP-mimicking
DNAzyme) with thionine (Thi) as electron mediator, leading to the
enhanced electrochemical signal. The related mechanism is as follows
(Yuan et al., 2012):

Fe(II)+NADH — Fe(I[)+NAD-+H*
Fe(ID)+NAD-+H"+0,—NAD" +Fe(II[)-OOH

Fe(II)-OOH+H"—H,0,+Fe(III)

H,0,+Fe(I11)— Fe(ID+H,0+0,

Fe(ID)+ThiH—Fe(IIT)+ThiH* +2e

ThiH*+H"+2e—ThiH,

Thus, AP activity was sensitively and selectively evaluated. Also, the
proposed electrochemical biosensor showed low detection limit and
good reproducibility.

2. Experimental section
2.1. Materials and instruments

Shrimp alkaline phosphatase and Terminal transferase (TdT) were
obtained from New England Biolabs, Ltd (Beijing, China).
Deoxythymine triphosphate (dTTP) was purchased from Thermo
scientific (Shanghai, China). The sterile-filtered and heat-inactivated
normal human serum was purchased from Anyan Inc. (Shanghai,
China).

The oligonucleotides used in this work were HPLC-purified and
synthesized by Sangon Biotechnology Co. Ltd. (Shanghai, China). The
sequences of the oligonucleotides were listed as follows:

DNAL1, 5’-GTT CAT GCC GCC CAT GCT-SH-3’

DNAZ2, 5’-ATG GGC GGC ATG AAC-P-3’

DNA3, 5'-GGG TAG GGC GGG TTG GGC TTT AAA AAA AAA AAA
AAA-3'

6-Mercaptohexanol (MCH) and tris (2-carboxyethyl) phosphine
hydrochloride (TCEP) were purchased from Sigma-Aldrich. Tris-(hy-
droxymethyl)aminomethane (Tris) was purchased from Solarbio
Science & technology Co., Ltd. (Beijing, China). NaCl, KCl, KH;POy,
Na,HPO,4-12H,0, HAuCl4-4H,0, H»SO4 and EDTA were purchased
from Sinopharm Chemical Reagent Co., Ltd (China). Thi was pur-
chased from J&XK Scientific Ltd. (Beijing, China). Nicotinamide
adenine dinucleotide (NADH) was purchased from Genview (Gen-
view, scientific Inc., USA). Hemin was purchased from Shanghai Ryon
Biological Technology Co., Itd. (Shanghai, China). All chemicals were of
analytical grade. Aqueous solutions were prepared by ultrapure water
obtained from a Milli-Q water purification system (Millipore Corp.,
Bedford, MA).
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Fig. 1. (A) SEM image of AuNPs-modified GC electrode. (B) Electrochemical impedance spectra (Nyquist plots) (the solid line implies the fitting results) and (C) cyclic voltammograms
of the different electrodes in [Fe(CN)¢]*7* (5 mM)+ KCI (0.1 M) aqueous solution. The impedance spectra were recorded in the range of 0.1 Hz—100 kHz with AC amplitude of 5 mV'
and cyclic voltammetry experiments were performed at a scan rate of 100 mV s™*. (a) bare GC, (b) AuNPs/GC, (c) dsDNA/AuNPs/GC, (d) MCH/dsDNA/AuNPs/GC, (e) MCH/dsDNA/
AuNPs/GC incubated with AP and TdT+dTTPs, (f) (e) incubated with DNA3. Inset plots of figure B, equivalent circuit model for electrochemical impedance measurement system (the
lower right corner) and the Nyquist plots of the bare GC (a) and AuNPs/GC (b) electrodes (the upper right corner).

Current/pA

-0.2
Potential/V

0.0

-7

6}

4}

Current/pA

3}

=9 1 1 I L
20 40 60 80

AP reaction time/min

100

0.2

-12

-11F

.10}

9}

Current/pA

2.0

0.5 1.0 1.5
dsDNA concentration/pM

0.0

Current/pA

_2 1 1 1 1
20 40 60 80

TdT reaction time/min

100

Fig. 2. (A) DPV responses in the absence of AP (a), TdT+dTTPs (b), AP and TdT+dTTPs (c), in the presence of both 3 U L™!AP and 0.5 U uL™" TdT+10 mM dTTPs without hemin (d)
and with 0.15 mM hemin (e) in 0.1 M PBS (pH 7.0) containing 3 mM NADH. DPV response peak currents depend on the concentration of dsDNA probes (both of the reaction times of
AP and TdT, 60 min) (B), reaction times of AP (AP concentration, 3 U L™!; dsDNA concentration, 1.0 uM; reaction time of TdT, 60 min) (C) and TdT (TdT concentration, 0.5 U pL‘l;
dsDNA concentration, 1.0 pM; reaction time of AP, 80 min) (D) in 0.1 M PBS (pH 7.0) containing 3 mM NADH.

The morphology of the electrode was characterized by scanning
electron microscopy (SEM, JSM-6700, JEOL Ltd. Japan). All electro-
chemical measurements, including cyclic voltammetry (CV) and differ-
ential pulse voltammetry (DPV), were carried out on a CHI 660A
Electrochemical Workstation (Chenhua Instrument Company of
Shanghai, China). Electrochemical impedance spectroscopy (EIS)
results were obtained on Zahner Electrochemical Workstation
(Im6ex, Zahner-Elektrik Gmbh & Co. KG, Germany). A conventional
three—electrode system was used with a glassy carbon (GC) electrode
(3 mm) as the working electrode, a platinum wire as the counter
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electrode and a saturated calomel electrode (SCE) as the reference
electrode. All potentials in this paper were referred to SCE.

2.2. Preparation of the electrochemical biosensor

Before use, the GC electrode was polished carefully to a mirror-like
surface with 0.5 and 0.05 pm alumina slurries, followed by ultrasoni-
cation in ultra pure water and ethanol. The electrode was further
treated by electrochemical oxidation and reduction in 0.5 M H>SO4
aqueous solution by potential cycling in the potential range from -0.2
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Fig. 3. (A) DPV responses of the developed method to different concentration of AP (from a to m): 0, 0.1, 1, 1.5, 2, 2.5, 3, 4, 5, 10, 50, 100 and 500 U L™ in 0.1 M PBS (pH 7.0)

containing 3 mM NADH. (B) Dependence of I on AP concentration.

Table 1
Comparison of the different methods for AP detection.

Methods Detection limit (U L™) References

Colorimetry 0.83 Yang et al. (2016)

Chemiluminescence 2 Jiang and Wang (2012)

Fluorescence 40 Song et al. (2016)
0.15 Song et al. (2014)
100 Zheng et al. (2014)

Surface Raman scattering 30 Ruan et al. (2006)

Electrochemistry 100 Miao et al., (2011)
0.1 Zhang et al. (2015)
0.4 Sean et al. (2015)
0.03 This work

to 1.2 V with a scan rate of 100 mV s™%. The purpose of this kind of
treatment for GC electrode surface is to improve the hydrophilicity of
the electrode surface, which is beneficial to the deposition of AuNPs on
the GC electrode surface. Then, the GC electrode was washed with
copious amounts of ultra pure water and dried under nitrogen gas.
After that, the pretreated electrode was immersed in a 24.3 mM
chloroauric acid solution and kept at the potential of -0.2V for
1 min to electrodeposit AuNPs (Hou et al., 2016; Liu et al., 2016; Xu
et al., 2015;) The obtained electrode was rinsed with ultrapure water,
allowed to dry with nitrogen gas, and denoted as AuNPs/GC.

Before the hybridization with DNA2, the DNA1 was firstly dissolved
in 10 mM Tris-HCI buffer solution (containing 1 M NaCl, 1 mM EDTA,
1 mM TCEP, pH 7.0) and incubated in the dark for 1h to reduce
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Fig. 4. (A) Selectivity of the developed biosensor for AP (a), BSA (b), Lysozyme (c), and

disulfide bunds. After that, DNA1 (50 uL, 2 uM) and DNA2 (50 pL,
2 uM) were mixed, incubated at 95 °C for 5 min and cooled down to
room temperature to obtain the dsDNA probe. The dsDNA/AuNPs/GC
electrode was prepared by dropping 10 uL dsDNA solution onto the
AuNPs/GC electrode surface for 16 h. The above electrode was further
immersed into 10 mM Tris-HCI buffer with 1 mM MCH for 1 h to block
the uncovered AuNPs/GC electrode surface and labeled as MCH/
dsDNA/AuNPs/GC electrode. Each immobilization step was monitored
by the electrochemical impedance measurements which were per-
formed in 0.1 M KCI aqueous solution with 5 mM [Fe(CN)¢1>7* as
the probe in the frequency range from 0.1 to 100 kHz with 5 mV as the
amplitude at a potential of 0.22 V (vs. SCE).

2.3. Electrochemical measurements

The MCH/dsDNA/AuNPs/GC electrode was incubated in
1xCutSmart buffer containing varies concentrations of AP at 37 °C
for 80 min. After rinsed with Tris-HCl buffer, the electrode was
incubated with 1xTdT reaction buffer containing 0.5U pL~! TdT and
10 mM dTTP at 37 °C for 60 min to get the DNA2 extended. Then, the
DNA3 was placed on the above electrode for 60 min to achieve the
hybridization between DNA3 and poly-T sequence of DNA2, yielding
DNA3/MCH/dsDNA/AuNPs/GC electrode. Subsequently, the elec-
trode was immersed in 0.15mM hemin for 60 min to form the
hemin/G-quadruplex complex and then incubated with 0.25 mM Thi
for 60 min. Finally, the electrochemical performance of the above
electrode was investigated by DPV in 0.1 M PBS (pH 7.0) containing
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normal human serum samples (b, d, f). The concentration of AP, 1.5 U L™ (a, b); 3.0 U L' (c, d); 5.0UL™ (e, D).
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3 mM NADH in the potential range from -0.6 to 0.1 V with amplitude
0.05 V, pulse width 0.05 s, and sample width 0.0167 s.

3. Results and discussion
3.1. Characterization of the developed biosensor

Fig. 1A shows the SEM image of the AuNPs/GC electrode. It is
noted that there are lots of AuNPs on the GC electrode, which is
beneficial to the immobilization of DNA probes.

On the other hand, it is well-known that electrochemical impedance
spectroscopy (EIS) is widely used to study the interface properties of
the modified electrodes (Bardea et al., 1999). The preparation of the
biosensor was characterized by EIS and the corresponding results are
shown in Fig. 1B. The impedance spectra were modeled with the
Randles's equivalent circuit approach (as shown in the inset of Fig. 1B)
(Radi et al., 2005), and the fitting values of all parameters are shown in
Fig. S1 and Table S1 (see Supplementary material section). Among all
parameters, the interfacial charge-transfer resistance (R) is the most
directive and sensitive parameter that responds to the changes of the
electrode interface (Cao et al., 2012; Li et al., 2005; Xu et al., 2005). As
shown in Fig. 1B, the bare GC electrode shows a small semicircle
domain (R=125 Q, curve a, Fig. 1B). After the electrodeposition of
AuNPs on the GC electrode, a smaller Ry, (79 Q, curve b, Fig. 1B) is
observed, indicating that AuNPs accelerate the interfacial electron
transfer between the [Fe(CN)4]>/* redox probe and the GC electrode
surface. Subsequent self-assembly of dsDNA on the AuNPs/GC elec-
trode leads to the increase of Ry value obviously (3172 Q, curve c,
Fig. 1B). The main reasons should be the effective repulsion between
the negatively charged dsDNA and [Fe(CN)¢]>7# and steric hinerance
effect. From curve d in Fig. 1A, it is noted that the surface blocking with
MCH induces a further increase of R.; value (4084 ). After incubation
with AP and TdT + dTTPs, the R value increases to 5815 Q (curve e,
Fig. 1B) due to the addition of poly-T sequence to 3’-OH termini of
DNA2. When the electrode is further incubated with DNA3, the R
value increases to 6836 Q (curve f, Fig. 1B), implying the successful
hybridization between DNA3 and the poly-T sequence of DNA2, and
the formation of the DNA3/MCH/dsDNA/AuNPs/GC electrode.

In order to further verify the stepwise modification process, the
electrodes were also characterized by CV and the corresponding results
are shown in Fig. 1C. The values of peak currents and peak potentials of
different CV curves are shown in Table S2 (see Supplementary material
section). As shown in Fig. 1C and Table S2, compared with the bare GC
electrode (curve a, Fig. 1C), the peak currents of the AuNPs/GC
electrode (curve b, Fig. 1C) increase and the corresponding potential
difference decreases. This implies that AuNPs can enhance the
electron-transfer properties of the electrode and the reversibility of
the redox process of [Fe(CN)(1>/+ probe increases. After the self-
assembly of dsDNA, the peak currents decrease correspondingly (curve
¢, Fig. 1C). When the surface of the dsDNA/AuNPs/GC electrode is
blocked by MCH, further decreased redox peak currents (curve d,
Fig. 1C) are obtained. After the incubation of MCH/dsDNA/AuNPs/GC
electrode with AP and TdT + dTTPs, the peak currents of the electrode
decrease again, due to the addition of poly-T sequence to the 3’-OH
termini of DNA2 (curve e, Fig. 1C). When DNA3 hybridizes with the
poly-T sequence of DNA2, the peak currents of the electrode further
decrease (curve f, Fig. 1C). Also, the potential difference increases from
curve b to curve f, implying that the reversibility of the redox process of
[Fe(CN)6]>7/* probe decreases. These results are in accordance with
that observed in EIS investigation (Fig. 1B) and demonstrate that the
electrochemical biosensor has been fabricated successfully according to
Scheme 1.

3.2. Feasibility of the developed biosensor

To investigate the feasibility of the proposed biosensor for AP
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activity assay, DPV experiments were carried out and the correspond-
ing results are shown in Fig. 2A. In the absence of AP (curve a, Fig. 2A)
or TdT+dTTPs (curve b, Fig. 2A) only and AP and TdT+dTTPs both
(curve ¢, Fig. 2A), no obvious DPV peak currents are obtained due to
the lack of dephosphorylation reaction or the sequence extension. With
the addition of both AP and TdT+dTTPs (curves d and e, Fig. 2A),
significant DPV peak currents are observed. As is shown, the peak
current of curve e (with hemin) is much larger than that of curve d
(without hemin). It suggests the excellent catalytic effects of the hemin/
G-quadruplex DNAzyme nanowires. The above results clearly indicate
that the developed biosensor could be adopted for AP activity assay.

3.3. Optimization of experimental conditions

The surface concentration of the immobilized dsDNA probes, the
reaction time of AP and the reaction time of TdT-mediated extension
were optimized. Fig. 2B indicates the highest response peak current is
reached when the concentration of dsDNA probes is 1 pM. With the
further increase of the dsDNA concentration, the DPV response peak
current decreases. The possible reason may be that the higher dsDNA
probe density on the electrode surface will negatively influence the
catalytic efficiency of AP and TdT because of the steric hinerance effect
of dsDNA. Therefore, the optimal concentration of dsDNA is chosen as
1 uM. On the other hand, as shown in Fig. 2C, the DPV response peak
current increases with the increase of the AP reaction time. After the
AP reaction time is more than 80 min, the DPV response peak current
does not change obviously. Similarly, for TdT-mediated extension
reaction, DPV response peak current reaches a maximum value at
about 60 min and then no obvious change is observed (Fig. 2D). Thus,
in the subsequent experiments, 80 and 60 min are selected as the
optimal reaction time for AP and TdT, respectively.

3.4. Assay performance

The performance of proposed biosensor was investigated by DPV
with various concentration of AP under the optimal experimental
conditions. It is noted that DPV peak current increases with the
increase of AP concentration (Fig. 3A). The dependence of the peak
current (I) on the AP concentration is shown in Fig. 3B. It is noted that
the value of I is linear with the concentration of AP in the range from
0.1 U L™ to 5 U L™ ! with the detection limit of 0.03 U L™ (30), and the
linear regression equation is I=—1.35295 C-1.79771 (R?=0.98795). To
our best knowledge, the obtained detection limit (0.03 U L™!) is much
lower than those obtained by some reported methods (Table 1). The
low detection limit may bring benefit to a low sampling quantity, which
has great advantages in clinical assay.

3.5. Selectivity, reproducibility and stability of the biosensor

It is well-known that all phosphatases from different families, such
as AP, PTEN (phosphatase and tensin homolog deleted on chromo-
some ten), PTP1B (proteintyrosine phosphatase-1B) and PP2A (pro-
tein phosphatase 2A), are able to dephosphorylate the phosphoryl into
hydroxyl. Therefore, control experiments were performed for some
non-phosphatase interfering proteins, such as BSA, Lysozyme and
pepsin, to evaluate the selectivity of the proposed biosensor in a
complex system. The concentrations of the interfering proteins are
much higher than that of AP. As shown in Fig. 4A and Fig. S2A (see
Supplementary material section), the response signals caused by BSA,
Lysozyme and pepsin are very small, while the AP gives obvious change
of the electrochemical signal. Therefore, the developed biosensor
exhibits good performance for discriminating AP against other inter-
fering proteins.

The reproducibility and stability of the proposed biosensor were
also investigated. Five different electrodes were used to detect AP
(2.5 UL™Y) and the relative standard deviation is 4.9%. Furthermore,
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the response peak current of the developed biosensor has no significant
change after 15-d storage at 4 °C. These results demonstrate that the
proposed biosensor exhibits satisfactory reproducibility and stability.

3.6. AP assay in biological fluids

The developed biosensor was utilized to detect AP in the sterile-
filtered and heat-inactivated normal human serum samples without
active AP to further evaluate its practical application in complex
system. AP solutions with different concentrations (1.5 UL™,
3UL™, 5UL™") were added in 10-fold diluted human serum sample
solutions diluted with 20 mM PBS. Figs. 4B and S2B (see
Supplementary material section) reveal that the DPV response peak
currents to AP spiked in normal human serum samples are almost
same with that to AP spiked in 1xCutSmart buffer, implying that the
proposed method may become a promising approach for AP activity
assay in real biological fluids.

4. Conclusion

Based on the excellent electrocatalytic recycling signal amplification
properties of TdT-mediated hemin/G-quadruplex DNAzyme nano-
wires, a novel DNA-based electrochemical biosensor has been devel-
oped for sensitive and selective assay of AP activity. The dsDNA probe
consisted of thiol-functionalized DNA1 and 3’-phosphorylated DNA2,
is immobilized on the AuNPs-modified GC electrode. In the presence of
AP, 3’-phosphoryl end of DNA2 is dephosphorylated. Then, TdT
catalyzes the sequential addition of deoxynucleotides (dTTPs) at 3’-
OH end of DNA2 to extend DNA2 with a poly-T sequence. After the
hybridization between G-rich DNAS3 strand and the poly-T sequence of
DNAZ2, and the addition of hemin, the hemin/G-quadruplex DNAzyme
nanowires form and serve as a catalyst to oxidize NADH to NAD" with
the concomitant formation of H,O». With the Thi as electron mediator,
the hemin/G-quadruplex DNAzyme nanowires act as HRP-mimicking
DNAzyme to further catalytically reduce H,0,, leading to the enhanced
electrochemical response signal. Based on the developed biosensor, AP
can be detected sensitively and selectively with a linear range from
0.1 UL to 5 UL and a detection limit of 0.03 U L™!. The detection
limit is much lower than that obtained by most of the reported
methods. The developed method also shows good applicability in AP
activity assay in human serum samples, and excellent reproducibility
and stability. Other biosensors could also be designed using the similar
principles to detect a wide spectrum of analytes (such as protein, DNA
and RNA). The strategy developed in this paper has great potential for
the development of ultrasensitive biosensing platform for early diag-
nosis.
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Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.bi0s.2016.09.069.
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