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Self-powered sensor for Hg2+ detection based on

Hollow-Channel Paper Analytical Devices

Lina Zhang,* Yanhu Wang,” Chao Ma,” Panpan Wang,” and Mei Yan*”

In this work, a novel and effective self-powered device was introduced into a microfluidic
paper-based analytical device (u-PAD) with hollow channels to transport fluids for mercury
ion (Hg?") detection. In this device, a mediator-less and compartment-less glucose/O,
biofuel cell (BFC) device served as the core component where using gold nanoparticles
(AuNPs) and platinum nanoparticles functionalized carbon nanotube (Pt/CNT) modified
paper electrode as the anodic and cathodic substrate, respectively. For constructing the self-
powered Hg?" sensor, an Hg”'-specific oligonucleotide capture aptamer was first
immobilized on AuNPs modified anode. In the presence of Hg?', a AuNPs@glucose
dehydrogenase (GDH) labeled signal aptamer was hybridized with the immobilized capture
probe through thymine (T)-Hg?>'-T interaction. Nicotinamide adenine dinucleotide
(NAD/NADH) was used as a cofactor in the proposed BFC device, and GDH in the anode
could catalyze oxidation of glucose used as fuel to generate gluconolactone, protons and
electrons. Meanwhile the Pt/CNT in the cathode showed the direct bioelectrocatalytic
toward oxygen reduction reaction (ORR). At optimal conditions, such self-powered sensor
could detect Hg®" at picomole level that provided a simple approach to fabricate low-cost
and portable power devices on small-size paper for point-of-care testing. In addition, this
self-powered sensor could be also used as a power tool for a wide range of potential

applications in biotechnology and medicine.

Introduction

Microfluidic paper-based analytical devices (u-PADs)
which are particularly well-adopted as a platform for the
development of simple and cost-effective molecular diagnostic
assays have been drawn increasing interest since Martinez and
co-workers pioneered this field from 2007."' To date, various
scientific and technical about analytical methods on p-PADs
has been demonstrated.? However, some limitations of the slow
fluids flow in paper channels were also distinct, such as time-
consuming and solvent evaporation which are not beneficial to
point-of-care testing. Recently, instead of cellulose network, p-
PADs with hollow channels for fluids transport have been
demonstrated.> Compared with cellulose networks, the hollow
channel p-PADs possessed the distinguished advantage of easy
fabrication, with no pump requirement and rapid fluid flow
facilitation appropriate for point-of-care testing.*

Environmental contamination with heavy metal ions has
created a pressing public health concerning in living systems

due to their severe effects on human health and the environment.

Consequently, heavy metal ions monitoring in aquatic
ecosystems has come to an important issue. As one of the heavy
metal ions, mercury ion (Hg?"), widely distributed in air, water,
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soil, and even food, which is not biodegradable and retained in
the ecosystem, is a potent neurotoxin as it can accumulate in the
vital organs and tissues binding with sulfur-containing proteins
and enzymes, making some important cell functions inactivated
that resulted in a variety of diseases.” Subsequently, sensitive
and on-site detection of Hg?" in aqueous media is crucial and
essential in environmental and food monitoring. Currently, the
common analytical methods for mental ions detection are based
on spectroscopic techniques such as atomic absorption,
emission, and mass spectroscopies.® However, such methods
are costly, labor-intensive and time-consuming, that are not
suitable for on-site analyses.

A self-powered sensor for point-of-care texting is
promising to be the most desirable prototype of future
monitoring or detecting systems for public health and
environmental protection.’” Portable power sources with small
size and light-weight design, have gained a great deal of
attention in recent years due to rapid increase of power-
consuming products.® As a new kind of green energy-
conversion technology, biofuel cells (BFCs) extract bio-energy
from biochemical reactions to produce electricity and exhibit
many advantages in moderate conditions such as mild media
and ambient temperatures.9 In this work, a self-powered sensor
for Hg?" detection based on BFCs was built up. To demonstrate
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the successful combination of BFC with the hollow channel p-
PADs, a novel three-dimensional microfluidic origami-based
BFC analytical device (3D-u-OBFCAD) was designed and
fabricated using wax as the paper hydrophobization and
insulation agent by a scalable and economical fabrication
method.

DNA-metal base pairs have currently received
considerable interest because of their potential applications in
sensing and molecular nanoarchitectures.'® In order to achieve
high sensitivity, selectivity and simplicity detection toward
Hg*", the novel approach for Hg?" detection based on DNA—
metal coordination chemistry'' becomes gradually attractive.
Hg*" is found to specifically interact with the thymine—thymine
(T-T) mismatch in DNA duplexes to form T-Hg?*-T complex, ">
Herein, a mediator-less and compartment-less glucose/O, BFC
was introduced into the hollow channels p-PADs to implement
self-powered, sensitive, and low-cost Hg®" detection based on
the regulation of the BFC performance caused by Hg** and T
base in aptamer forming T-Hg?*-T pairs for the first time.

In the 3D-pu-OBFCAD, the anode was used as the substrate
for capture aptamer immobilization as well as the platform for
subsequent detection. A novel porous Au-paper anodic
electrode (PAE), fabricated through the growth of the Au NPs
layer on the surfaces of cellulose fibers in PAE, was used for
element recognition as well as conductivity enhancement. The
effective electrical communication of redox enzymes with
electrodes could produce high current outputs even at low
concentration of the substrates, improving the sensitivity of the
proposed 3D-pu-OBFCAD. Such enhanced sensitivity was also
obtained by using {S2-AuNPs-GDH} bioconjugates, which
featured signal aptamer (S2) and glucose dehydrogenase (GDH)
labels linked to AuNPs for signal amplification. By such
manner, not only the merits of high surface reactivity, good
electroconductibility, and excellent biocompatibility was
possessed,® but also the catalytic performance of GDH towards
nicotinamide adenine dinucleotide (NAD'/NADH) used as the
cofactor was enhanced in this 3D-p-OBFCAD.

In cathode, design of highly active catalysts for oxygen
reduction reaction (ORR) in BFC is one of the great challenges
in the field of electrochemical energy conversion.'"* The slow
rate of oxygen reduction reaction (ORR) causes a large over-
potential."”> Therefore, development of highly active cathode
electrocatalysts is essential. Currently, platinum (Pt) is one of
the most effective electrocatalyst in BFC due to its sufficient
reactivity and in bonding hydrogen and oxygen intermediates
and effective catalysis in electrode reactions to form the final
products.'® To achieve high activity towards ORR, a uniform
dispersion and control over the particle size of PtNPs is
significant.'” In this work, a simple synthetic route was reported
to create Pt-covered carbon nanotubes (CNT/Pt) as promising
nanostructured catalysts for ORR in BFC. The obtained
CNT/Pt-paper cathodic electrode (PCE) not only exhibited
excellent electrical conductivity favorable for catalyst toward
O, reduction, but also avoided the instability or the deactivation
of enzyme.

In this work, we described a self-powered sensor integrated
with hollow channel based p-PADs that was simple to fabricate, do
not require a pump for operation, and that enable rapid fluid flow for
the detection of metal ion based on oligonucleotide recognition with
a mediator-less and compartment-less glucose/O, biofuel cell as the
core component. AuNPs and CNT/Pt were employed to modify the
anode and cathode which exhibited improved electric conductivity,
electrochemical capability, and compatibility of the BFC device.
Under optimal conditions, the proposed self-powered sensor showed
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wide detection range and low detection limit which demonstrated
good sensitivity of the fabricated 3D-u-OBFCAD. Additionally, the
self-powered sensor also exhibited good stability and reproducibility,
promising the practical application of real samples. The results
demonstrated that the developed 3D-u-OBFCAD supplied a
convenient, low-cost, and sensitive method for metal ion
determination. Moreover, this strategy offers a step toward the goal
of conducting quantitative point-of-care assays without using
auxiliary instruments or electronics.

Experimental

Materials and methods

Glucose  dehydrogenase (GDH) from  Thermoplasma
acidophilum  (E.C.1.1.147, 183 Umg'), NAD'/NADH,
ethanolamine, tetrachloroauric acid (HAuCly-4H,0), chloroplatinic
acid (H,PtCls-6H,0) and poly(dimethyldiallylammonium chloride)
(PDDA) (20%, w/w in water, molecular weight = 200000—350000)
were purchased from Sigma. Carbon nanotubes (CNTs) were
purchased from Shenzhen Nanotech. Port. Co. Ltd. (Shenzhen,
China) without further purification. Glucose was obtained from
Beijing Chemical Reagent Company (Beijing, China). Whatman
chromatography paper # 1 (pure cellulose paper) was purchased
from GE Healthcare World-wide (Pudong Shanghai, China). The
DNA oligonucleotide sequences shown below were purchased from
Shanghai Linc-Bio Science Co. LTD (Shanghai, China).

Capture aptamer (S1): 5’-NH,-(CH2)6-CAGTTTGGAC-3’

Signal aptamer (S2): 5’-NH,-GTCCTTTCTG-3’

Ultrapure water obtained from a Millipore water purification
system (=18 MU, Milli-Q, Millipore) was used in all assays and
solutions. Potassium ferricyanide, NaBH,, and sodium citrate were
products from Shanghai Chemical Reagent Co. All other reagents
were of analytical grade and used as received.

Design and fabrication of the 3D-u-OBFCAD

The 3D-p-OBFCAD was comprised of four layers of patterned
square papers with the same size (15.0 mmx15.0 mm), named as
anodic tab (the green area), hollow channel tab (the blue area), wax
channel tab (the red area) and cathodic tab (the purple area). Wax
was used as the paper hydrophobization and insulation agent to
construct hydrophobic barrier on paper. The microfluidic origami
electronic device consisted of three unprinted line defined as folding
line due to the difference of flexibility between the printed and
unprinted area after baking. Then the wax-printed paper sheet was
baked at 130 ‘C for 150 s to let the printed wax melt and penetrate
through the paper to form the hydrophobic patterns. According to
previous work, the light yellow channel was designed as half
hydrophilic after baking.** After cooling to room temperature, the
disk-like carbon electrodes (4.0 mm in diameter) were screen-printed
onto the hydrophilic zone on anodic tab and cathodic tab,
respectively (Scheme 1).

Screen printing

HE

Scheme 1 Schematic representatlon of this 3D-p-OBFCAD. (A)
Wax patterns of this 3D-u-OBFCAD: (1) the anodic tab; (2)
hydrophilic zone for screen-printed arbon electrode; (3) inlet; 4
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hollow channel; (5) hollow channel tab; (6) 60% wax channel

tab; (7) hollow reservoir; (8) 60% wax channel; (9) cathodic tab;

(10) hydrophilic zone for screen-printed arbon electrode; (B)
the reverse side of 3D-u-OBFCAD; (C) pictures of the 3D-p-
OBFCAD after the screen-printing of carbon electrodes: (11)
PCE; (12) PAE; (D) picture of this 3D-u-OBFCAD; (E) picture
of the folded 3D-pu-OBFCAD and the conductive connector; (F)
the folded 3D-p-OBFCAD was clamped by a home-made
device folder.

The screen-printed carbon electrode together with its corresponding
hydrophilic zone was denoted as “paper anodic/cathodic electrode
(PAE/PCE)”’. At last, the hollow channels and reservoirs were cut
using, respectively, a razor blade and a 4 mm inner-diameter punch.

Synthesis of PtNPs and CNT/Pt

For the preparation of PtNPs, 4 mL H,PtCly (5%) was added to
340 mL ultrapure water and heated to 80 “C under stirring, followed
by adding 60 mL sodium hydrogen citrate (1%) for another 1h. After
that, | mL methanol was added and kept reflux for an additional 30
min, and then the solution changed color from pale-yellow to brown.
After cooling, the synthesized PtNPs was centrifuged and dispersed
in ultrapure water for further use.

The detail preparation of CNT/Pt was described as below. CNT
was first carboxylate activated. Then 0.5 mg/mL of the carboxylated
CNTs was dispersed into a 0.20 % PDDA aqueous solution
containing 0.5 M NaCl by 30 min sonication to give a homogeneous
black suspension. Residual PDDA polymer was removed by high-
speed centrifugation, and the complex was thrice washed with
ultrapure water to obtain PDDA-functionalized CNT. Then, the
PDDA-functionalized CNT (0.75 mg) were dispersed in 9.0 mL of
as-prepared colloidal PtNPs and stirred for 20 min. After
centrifugation, CNT/Pt composites were obtained, which were
further washed with water and redispersed in deionized water prior
to use.

Preparation of AuNPs and {S2-AuNPs-GDH} bioconjugate

The AuNPs (13 nm) were synthesized by the reduction of gold
ions with sodium citrate.'® In the preparations, all the glassware was
cleaned in aquaregia (HCI/HNOs=3:1), rinsed with ultrapure water
three time, and oven-dried prior to use. HAuCl, (100 mL, 0.01 %)
was heated to boiling under vigorous stirring, and trisodium citrate
(1.5 mL, 1 %) was added with stirring. The solution turned blue
within 25 s and the final color change to red/violet occurred 70 s
later. Heating to boiling was continued for an additional 10 min, the
heating source was removed, and the colloid was stirred for another
15 min. The solution was allowed to cool to room temperature. The
obtained AuNPs were stored at 4 ‘C prior to use.

To obtain the {S2-AuNPs-GDH} bioconjugates, 1.0 mL
concentrated AuNPs mixed with GDH (10 mg-mL™', 100 pL) by
sonication for 10 min. After washing with PBS (pH 7.0) and
centrifugal separated, the GDH functionalized AuNPs (AuNPs-
GDH) were obtained. The formed AuNPs-GDH composites were
immediately redispersed into 500 pL 20 pM S2  solution
respectively. The obtained mixture was incubated at room
temperature with gentle mixing for 2 h. The solution was centrifuged
for 15 min at 15 000 rpm, and the supernatant was removed.
Followed by washing with PBS (0.01 M, pH 7.0) for further
purification and separated as above. The resulting {S2-AuNPs-
GDH} bioconjugates were redispersed in PBS, and were stored at 4
°C prior to use.

Fabrication of the self-powered Hg>* sensor

This journal is © The Royal Society of Chemistry 2012
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As shown in Scheme 2, the porous Au-PAE was fabricated
through growth of an AuNPs layer on the surfaces of cellulose fibers
in the hydrophilic zone of PAE to enhance the conductivity and
enlarge the effective surface area of bare PAE according to our
previous work." The CNT/Pt modified PCE (CNT/Pt-PCE) was
obtained through assembling prepared CNT/Pt onto the surfaces of
interwoven cellulose fibers in hydrophilic zone of PCE. Briefly, 10
pL prepared CNT/Pt solution was dropped into the bare hydrophilic
zone in the cathodic tab and kept it for 10 min. The positively
charged CNT/Pt could be tightly connect to the negative charged
hydroxyl on the surface of fibers. After the dropping step, the
hydrophilic zone was rinsed thoroughly according to the method
demonstrated in our previous work.”” After drying at room
temperature, the CNT/Pt-PCE was obtained.

The 3D-u-OBFCAD was constructed by immobilizing the S1
into the porous Au-PAE through the interaction between amino of
S1 and Au, and incubated at room temperature for 150 s.
Subsequently, unbounded S1 was washed out with PBS containing
0.05 v/v Tween-20. And 10 pL ethanolamine (1 M) was added and
incubated for 150 s at room temperature to quench the remaining
active groups. After washing with PBS containing 0.05 v/v Tween-
20. At the same time, the {S2-AuNPs-GDH} bioconjugates was
added to the conjugated area beforehand that was beneficial to
develop an integrated device. Then the obtained 3D-u-OBFCAD
was stored at 4 ‘C before use.

grmvth of
% _’
Au Iayur

bare bioanode

B © % GDH

CNT/Pt
i)

[~

dababadad S2

J},‘
¥
4

AuNPs

bare biocathode

NAD* glucose
/ i N o~
GDH
\ / \H' ) H

NADH  glycolactone O2

HaC

Bioanode Biocathode

Scheme 2 Schematic diagram of the fabrication of the anode (A)
and the cathode (B) in 3D-p-OBFCAD; working mechanism of
the proposed 3D-u-OBFCAD (C).

Assay procedures of this 3D-u-OBFCAD

The detailed procedure of Hg*" detection on the proposed 3D-
u-OBFCAD is described below. 20 pL {S2-AuNPs-GDH} solutions
with different concentration of Hg®* was added to the modified Au-
PAE and incubated for 150 s, followed by washing with washing
buffer. After that, this 3D-u-OBFCAD was immediately folded as
indicated in Scheme 1E and was sequentially clamped by a home-
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made device folder to ensure contact closely (Scheme 1F). Finally,
50 uL 0.1M PBS (pH 7.0) containing 10 mM NAD'/NADH and 30
mM glucose was added into to the inlet of the 3D-u-OBFCAD, and
the solution could be transported to Au-PAE and CNT/Pt-PCE
within 1 second to initiate the reaction. The output current was
recorded by the electrochemical workstation (Shanghai CH
Instruments Co., China), and the concentration of Hg” could be
quantified by the current intensity.

Results and discussion

Characterization of PtNPs, CNT, CNT/Pt, AuNPs and AuNPs-
GDH

The dispersion status of PtNPs can be found from the
transmission electron microscopy (TEM), as shown in Fig. 1A, the
TEM characterization suggests that the size of the PtNPs had a
uniform spherical shape and was narrowly distributed with diameters
in the range of 5-6 nm. A direct evidence for the attachment of
PtNPs to the CNTs surface is given by the scanning electron
microscopy (SEM) tests. Compared with the bare CNT (Fig. 1B), it
is observed that the SEM imaging in Fig. 1C showed that the CNTs
were fully covered by PtNPs. Meanwhile the energy dispersive
spectrometer (EDS) shown in Fig. 1D also demonstrated the
successfully preparation of CNT/Pt. The dispersion status of AuNPs
solution can be found from the TEM image in Fig. 1E, and the size
was about 13.0 nm. The obtained AuNPs-GDH hybrid architecture
was confirmed by UV—vis absorption spectrum as shown in Fig. 1F.
The as-prepared citrate-stabilized colloidal AuNPs (curve a)
appeared a strong characteristic absorption peak at 524 nm which
was induced by surface plasmon resonance. The absorbance of the
bare AuNPs decreased with the formation of GDH-conjugated
AuNPs (curve b).

Absorbance/ a.u.

50 |l m
= Wan cleng o/ om

1 (A) TEM 1mage of PtNPs (B) SEM image of CNT; (C) SEM
image of CNT/Pt; (D) EDS of CNT/Pt (E) TEM image of AuNPs;
(F) UV-vis absorption spectrum of bare AuNPs (a), GDH-
conjugated AuNPs(b), AuNPs dilution with pure water (with the
same volume as GDH solution) (c).

Electrochemical characterization of the anode and cathode

Electrochemical Impedance Spectroscopy (EIS) was used for
the characterization of the fabrication of the anode and cathode. As
shown in Fig. 2, the bare Au-PAE showed a relatively small
electron-transfer resistance, R,, (curve a). After the anchoring of S1 a
much larger R,, (curve b) was obtained. Similarly, after the addition
of ethanolamine and {S2-AuNPs-GDH} bioconjugates in presence
of Hg*" could all resist the electron-transfer kinetics of the redox
probe at the Au-PAE interface, resulting in the increased impedance
of the Au-PAE (curve ¢ and d), which confirmed the immobilization
of these substances. For the cathode, after CNT/Pt was formed on
the cellulose fiber surface in hydrophilic zone, a much smaller R,,
was observed (curve e). The reason may be that the CNT/Pt
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immobilized on the cellulose fiber surfaces played an important role
similar to a conducting wire, which provided a fast electron transfer
path to the paper electrode.
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Fig. 2 (A) EIS of the anode or cathode under different condition in
10.0 mM [Fe(CN)sJ*"™* solution containing 0.5 M KCI. a) Au-PAE,
b) S1 modified Au-PAE, c) after the addition of ethanolamine, d)
after the conjunction of {SZ-AuNPs—GDH} in the presence of metal
ions; e) CNT/Pt-PCE.

Electrochemical performance of the prepared porous Au-PAE
and CNT/Pt-PCE

To evaluate the performance of anode, electrochemical
measurements of the anode in a three-electrode cell was
conducted using platinum foil as counter electrode and
Ag/AgCl (saturated KCl) as reference electrode in phosphate
buffer solution (PBS) (pH = 7.0) containing 10 mM
NAD/NADH with or without 30 mM glucose. After the
sandwiched aptamer reaction containing 100 nM Hg>', upon the
potential scanning from -0.6 to 0.4 V, a corresponding anodic
wave appeared at a low potential of -0.19 V (vs Ag/AgCl)
accompanied by the oxidation of glucose as shown in Fig. 3A.
Such performance was essentially identical with that for the
NADH oxidation.?' Fig. 3B showed the polarization curves of
the as-prepared Au-PAE in 0.10 M PBS (pH 7.0) containing 30
mM glucose. Catalytic electrooxidation of glucose was
observed at -0.2 V (vs Ag/AgCl), and the polarization current
reached plateau of 570 nAcm? at -0.05 V (vs Ag/AgCl). Such
prominent electrochemical catalytic property of the prepared
Au-PAE toward glucose suggested that such electrode well-
suited as anode for BFC.

Fig. 3C shows cyclic voltammograms (CV) of the
CNT/Pt-PCE samples in N,-saturated and O,-saturated 0.5 M
H,SO, at a scan rate of 50 mV-s. The CV curve (Fig. 3C,
curve a) in Nj-saturated H,SO, (0.5 M) presented two redox
peaks at around 0.35 V, which was attributed to the
formation/reduction of Pt oxide and/or surface oxides on the
carbon matrix.>> While under O,-saturated H,SO, electrolyte,
the curve at a voltage of over 0.55 V almost overlapped with
that obtained with N,-saturated electrolyte. But the current
density at the voltage smaller than 0.55 V was significantly
enhanced (Fig. 3C, curve b), indicating higher ORR activity of
CNT/Pt-PCE. In Fig. 3D the ORR polarization curves of the
porous Pt-PCE started at 0.9 V. The direct electron
communication was beneficial for cathode development with a
high potential output because of a low overpotential involved in

This journal is © The Royal Society of Chemistry 2012
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O, reduction. And such results suggested that the CNT/Pt could
be used as cathode catalyst in BFC for oxygen reduction.
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Fig. 3 (A) CV of the modified anode in 0.10 M PBS (pH 7.0)
containing 0 mM (a) and 30 mM glucose (b) and 10 mM
NAD'/NADH; (B) polarization curves of the modified anode in
0.10 M PBS (pH 7.0) containing 10 mM NAD'/NADH in the
presence of 30 mM glucose; (C) CVs of the cathode in air-
saturated (a) and N,-saturated (b) 0.5 M H,SO4 (D)
polarization curves of the cathode in air-saturated 0.5 M H,SO,.

Optimization of experimetal conditions

For paper-based point-of-care testing, the analytical cost,
sensitivity and time efficiency is very important. The optimization
procedures were performed at room temperature and consistent to
the assay procedures. The effects on this 3D-u-OBFCAD were
investigated as follows. The incubation time was an important
parameter to the improvement of assay efficiency, therefore to obtain
the optimization reaction time, the effects of incubation time on the
hybridization reaction was investigated as shown in Fig. 4A. The
incubation time of the 3D-p-OBFCAD to Hg®" detection reached a
maximum current intensity at 150 s, indicating the maximum
formation of the sandwich aptamer reaction. Thus, an incubation
time of 150 s was selected in the further study. In this work, the
glucose was used as the fuel oxidized by GDH, and the
concentration of glucose could influence the current intensity. Thus,
the generated current was optimized by changing the concentration
of glucose. As shown in Fig. 4B, when the concentration of glucose
was lower than 30 mM, the current increased with increasing
glucose concentration; when the concentration of glucose was higher
than 30 mM, the current intensity did not increase obviously.
Therefore, 30 mM glucose was used in this work.

JlnAe
j [nAem™]
j [nAc

O e T O e o
Fig. 4 (A) The effect of incubation time on current intensity at 100
nM Hg** (a) and 100 nM Ag" (b); (B) Effect of glucose
concentration on current intensity; (C) Effect of pH value on current

intensity.

To achieve an optimal current signal, the pH value of the
substrate solution was the important factor to the current
intensity of this 3D-u-OBFCAD. The current intensity was
measured from 5.0 to 9.0 containing 100 nM Hg”", and the

This journal is © The Royal Society of Chemistry 2012
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maximum was observed at pH 7.0 (shown in Fig. 4C). The
reason was that the high acidic or alkaline surroundings would
damage the DNA molecule.”® Since the optimal pH value for
the biological systems was 7.0, the detection of this 3D-p-
OBFCAD was performed in pH 7.0 PBS containing 10 mM
NADH/NAD" and 30 mM glucose.

Analytical performance

The working mechanism of the resulting mediator-less and
compartment-less glucose/air biofuel cell for the detection of Hg?"
can be depicted as follows. Glucose is oxidized at anode to produce
gluconolactone in the presence of GDH, and the NAD', NADH
oxidation product, is reduced into NADH. Meanwhile, the
regeneration process of NAD" is also smoothly completed after the
produced NADH release a proton and two electrons. In cathode
compartment, a proton-assisted electron transfer process has
happened, molecular oxygen accepts four electrons and, assisted by
protons; it is reduced to water which is friendly to the environment.
The mechanism of the prepared 3D-pu-OBFCAD was proposed to be

described as follows:
D+

GDH NA
glucose — gluconolactone + NADH
NADH — NAD*(regeneration) + H* + 2e~

0, + 4e” +4H* Et) 2H,0

Furthermore, the current response generated from such 3D-p-
OBFCAD was directly related to the amount of the immobilized
{S2-AuNPs-GDH} bioconjugates, reflecting the concentration of
mental ions. For instance, a greater amount of Hg?" captured in the
Au-PAE led to a higher yield of electrons and therefore a higher
current response (Fig. SA). Under the optimum conditions, as shown
in Fig. 5B, the current intensity increased linearly with the
logarithmic concentration of Hg”* (0.1 nM — 5uM) with the
calibration curve /=12.79+12.76lgcHg*" (cHg*/nM) (R=0.9965).
And the detection limit for Hg*" was 56 pM at a signal-to-noise ratio
of 3. The result demonstrated the proposed method was satisfactory
for the ultrasensitive determination of Hg*". Furthermore, power
curve of the assembled glucose/O, BFC device was investigated.
Using Hg®" as a model, the open-circuit voltage of the proposed 3D-
pu-OBFCAD was 0.85 V and the maximum power density was 146.7
uwW-cm 2 in the presence of 100 nM Hg?" (shown in Fig. 5C).
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Fig. 5 (A) Current response of the 3D-u-OBFCAD _in the
presence of 0, 10 nM, 100 nM and 500 nM Hg*'; (B)
logarithmic calibration curves for Hg?" (ten measurements for
each point); (C) dependence of the power density on the cell
voltage in 0.10 M air saturated PBS (pH 7.0) containing 10 mM
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NAD'/NADH and 30 mM glucose; (D) Selectivity of this 3D-
u-OBFCAD to Hg*".

Additionally, the long-term storage stability of the proposed
3D-u-OBFCAD was investigated. The proposed 3D-u-OBFCAD
stored at 4°C for 30 days showed that the current intensity for the
detection of 100 nM Hg®" was 97.3% of the initial response. The
average decrease in the value of the current intensity was less than
6.5% that of the freshly prepared 3D-pu-OBFCAD, when the
resulting 3D-u-OBFCAD were stored for 1 month. Consequently,
the proposed 3D-u-OBFCAD system possessed perfect stability for
practical applications.

The reproducibility of this 3D-u-OBFCAD was investigated by
using the variation coefficients (CVs) of intra- and inter-assays. The
intra-assay precision of the analytical method was evaluated by
analyzing three concentration levels, five times per run. The CVs of
the intra-assay were 4.6, 5.3 and 4.9% for 5, 10, and 50 nM Hg2+,
respectively. When using different batches of 3D-u-OBFCAD, the
CVs were investigated under the same conditions, and the results
were 7.3, 7.6 and 6.9%. Thus, the precision and reproducibility of
the 3D-u-OBFCAD were acceptable.

In terms of the specificity, various competing metal ions
were conducted for sensor performance observation, such as
Zn2+, C02+, Mn2+, Mg2+, Cazﬂ Fe2+, Ni2+, Cu2+, Cd*" and Ba*' at
100 nM for Hg** (shown in Fig. 5D). Among various metal ions
studied, Hg*" performed the highest signal response against
other metal ions, evidencing the high specificity and excellent
selectivity of developed 3D-p-OBFCAD for Hg?' detection
against other metal ions. Such good performance was due to the
highly specific interaction of the T-Hg?'-T coordination
chemistry.

The feasibility of the method for Hg*" detection using this 3D-
u-OBFCAD was evaluated in water samples from the Yellow River,
a realistically complex sample containing a variety of interferences.
And the results are summarized in Table 1. The good recovery (97.0-
103.0% for Hg*") which indicated that the proposed system allowed
the accurate quantification of Hg®" in real samples without any
interference from other potentially coexisting metal ions.

Table 1 Application of Hg*" in real samples.

Sample Added Founded +S.D. RSD Recovery
(nM) (nM) (%) (%)
1 5 5.03+0.13 2.31 100.6
2 10 9.97+0.15 1.96 99.7
3 50 51.46+0.43 2.30 102.9
4 100 97.63+0.57 1.84 97.63
5 500 506.51+2.34 2.16 101.3

*Average of eleven measurements.

Conclusions

In this work, a user-friendly, low-cost, integrated and self-
powered sensor for Hg?" detection was presented based on the
regulation of the BFC performance on hollow channel p-PADs.
The capture aptamer were immobilized onto the porous Au-
PAE as recognition elements. And the prepared CNT/Pt-PCE
exhibited excellent electrocatalyst toward O, with the
instability or the deactivation of enzyme avoided. Possessing

6 | J. Name., 2012, 00, 1-3

the advantages of convenient, highly sensitive and cost-
effective, such method was highly promising potential to be
applied for sample separation and determination in public
health and environmental monitoring through utilization of
different recognition elements, such as molecularly imprinted
polymers, antibody, and nucleic acid. Furthermore, such work
also showed its great prospect in the logic gate operation which
offers a step toward the goal of conducting quantitative point-
of-care assays without using auxiliary instruments or
electronics, and provides a new approach for self-powered
nanotechnology that harvests electricity from the environment
for wide applications such as implantable biomedical devices,
wireless sensors, and even portable electronics.
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