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HIGHLIGHTS

GRAPHICAL ABSTRACT

e This biosensor overcomes the limi-
tations of the ELISA or sandwich-
type assays.

e The sensors work well when chal-

lenged with complex, contaminant-

ridden samples.

Stability of the “triplex-stem” DNA is

adjusted conveniently and efficiently

by Ag".

e The DNA switch architecture reduces
the cost and complexity of the
synthesis.

e The biosensor shows excellent re-
producibility by simple heating in
water bath.

Fabricating a reversible and regenerable electrochemical biosensor for quantitative detection of antibody
by using “triplex-stem” DNA molecular switch.
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A reversible and regenerable electrochemical biosensor is fabricated for quantitative detection of
antibody based on “triplex-stem” molecular switches. A hairpin-shaped oligonucleotide (hairpin DNA)
labeled with ferrocene (Fc) at the 3’-end is fixed on the gold electrode serving as a signal transduction
probe. Its hairpin structure leads Fc close to the surface of gold electrode and produces a strong current
signal (on-state). A single-strand oligonucleotide modified with two digoxin molecules on the two arm
segments (capture DNA) interact with hairpin DNA with the help of Ag* ions. The “triplex-stem” DNA
forms, which separates Fc from the electrode and reduces the electrochemical signal (off-state). Binding
of digoxin antibody to digoxin releases capture DNA from the hairpin DNA, creating an effective “off-on”
current signal switch. The stability of the “triplex-stem” structure of hairpin/capture DNA is critical to the
signal switch and the sensitivity of the method, which can be adjusted conveniently and efficiently by
changing Ag* concentrations. Based on the “off-on” current signal switch, this biosensor is used to detect
digoxin antibody sensitively in blood serum. The linear range is 1.0-500 pg with a correlation coefficient
of 0.996, and the detection limit is 0.4pg. Also, this biosensor shows excellent reversibility and
reproducibility, which are significant requirements for practical biosensor applications.

© 2014 Elsevier B.V. All rights reserved.

Abbreviations: Fc, ferrocene; UV, ultra violet; EIS, electrochemical impedance spectroscopy; DPV, differential pulse voltammetry; PBS, phosphate buffer solution; ELISA,
enzyme linked immunosorbent assay; RSD, relative standard derivation.
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1. Introduction

Antibody is an indicator of observation curative effect and
prognosis, inoculation effect of vaccine in some disease. Detection
antibody is significant for the diagnosis of many disease states,
including epidemiology diseases, autoimmune diseases, and
allergies [1]. The rapid, low-cost detection methods would exert
great impacts on human'’s health by taking more frequent testing,
narrowing the delay between diagnosis and treatment.

In reported papers, variety of analytical techniques has been
developed for detecting antibody in blood serum, saliva, and other
body fluids. Traditional methods include ELISA [2] and other
heterogeneous, sandwich-type assays [3,4]. Selected haptenic
groups are immobilized on a surface, followed by addition of a
sample potentially containing antibodies, which bind to the
hapten. The secondary antibody that specific for the analyte
antibody class (e.g., IgG) and labeled with a tag such as a
fluorescent molecule or an enzyme are prepared to detect these
immobilized antibodies. Requiring a secondary antibody increases
analytical and incubation steps and thus increases both the
analysis time and the risk of nonspecific binding, leading to false
positives.

To overcome the limitations of the ELISA method or sandwich-
type assays, some efforts have been made. Sambashiva groups
utilized the antibody-induced disruption of an intramolecular
interaction between TEM1 [3-lactamase and its inhibitor protein
BLIP to indirectly detect specific antibody [5]. Ober have developed
a sensor platform based on the antibody-catalyzed water oxidation
pathway that takes advantage of the intrinsic capacity of single
antibodies to catalyze the production of hydrogen peroxide from
water in the presence of singlet oxygen, which can be generated by
a photosensitizer [6]. Guo reengineered an epithelial cell adhesion
molecule (EpCAM) peptide into the C-terminal of nanopore as a
probe to specifically detect EpCAM antibody (Ab) in nanomolar
concentration at the single molecule level. The signal of EpCAM
antibody can be discriminated from the background events in the
presence of nonspecific antibody or serum [7]. Microscale
thermophoresis has been demonstrated to direct measurements
of antibody affinity and concentration in 50% serum by Braun
groups [8]. Pentacene-based organic thin-film transistors have
been used to create highly sensitive, real-time electronic sensors
for selective antibody detection [9].

Due to the stability and associativity of DNA, the electrochemi-
cal DNA biosensor was widely used to detect specific DNA [10-13]
and RNA sequences [14-16], proteins [17,18], molecules [19], cells
[20,21], inorganic ions [22]. Because all of the sensing components
in the electrochemical DNA platform are covalently attached to the
electrode, the approach requires neither exogenous reagents nor
labeling of the target [23]. In addition, because their signaling is
linked to specific, binding-induced changes in the dynamics of the
probe DNA (rather than changes in adsorbed mass, charge, etc.),
these sensors work well when challenged with complex,
contaminant-ridden samples such as blood serum, soil extracts,
and food stuffs [24].

Here, we designed an electrochemical DNA biosensor by taking
advantage of the occurrence of two antigen-binding sites on each
antibody [25] and “triplex-stem” DNA molecular switch [26]. The
hairpin DNA brings Fc close to the surface of gold electrode and
produces a strong electrochemical signal via the formation of a
stem-loop structure (on-state). Capture DNA can trigger the DNA
molecular switch by forming “triplex-stem” structure with hairpin
DNA in the presence of Ag*. As a result, the hairpin DNA was open,
causing the decreased electrochemical current (off-state). The
combination of digoxin with digoxin antibody releases capture
DNA, as a result, the triplex-stem structures are destroyed and the
hairpin DNA restores its “duplex-stem” cyclic structure, creating an

effective “off-on” current signal switch. Based on the “off-on”
current signal switch, this biosensor is used to detect digoxin
antibody sensitively in blood serum. Compared to the reported
switch architecture that require the synthesis of a tetra-modified
DNA strand containing two antigens and the anchor moiety and
redox label (or the fluorophore and quencher in the case of the
optical switch), this DNA switch architecture reduces the cost and
complexity of the synthesis by labeling only two antigens on the
capture DNA. Compared to similar reported literature [27] where
the moderate stability of the “triplex-stem” DNA, which is very
critical for the signal switch and the sensitivity of the method, was
adjusted by changing the number of the base in the “triplex-stem”,
it is very convenient and efficient in this method by adjusting the
Ag" concentration. Also, this biosensor shows excellent reversibil-
ity and reproducibility, which are significant requirements for
practical biosensor applications.

2. Experimental
2.1. Reagents

The digoxin antibody, hairpin DNA  (SH-GCATA-
TAGGGTGGGTTTTTTCTATAAT-Fc (5'-3’), the matched bases are
underlined) and capture DNA (CCC/iDigdT/
CCCTTTTTITTITTITTTITTITCCC/iDigdT/CCC(5’-3')) were synthe-
sized by Shanghai Sangon Biotechnology Co., Ltd. (Shanghai,
China). The primitive digoxin antibody sample is stored in —20°C.
The primitive DNA sample was centrifuged at 5000 rpm for 5 min
and then dissolved with 10 mM pH 7.4 PBS. Then the solution was
deposited at 0-4°C for storage.

2.2. Apparatus

The electrochemical experiments were performed with a model
CHI 830C electrochemical workstation (Shanghai Chenhua Equip-
ments, China). The three-electrode system was consisted of a KCl
saturated calomel electrode as the reference, a platinum electrode
as the counter electrode, and a gold electrode (2 mm diameter) as
the working electrode. The instrument used to heat the sample was
DF-101S heat-gathering magnetic heating stirrer (Gongyi Kerui
Instrument Co., Ltd.).

CD spectra and UV melting experiment were measured at room
temperature on a Chirascan™-plus circular dichroism spectrome-
ter (Applied Photophysics Ltd., England).

2.3. Procedures

2.3.1. Immobilization of hairpin DNA on gold electrode

Gold electrodes (99.99% polycrystalline, 2 mm diameter, CH
Instrument Inc.) were treated with piranha solution (H,0,/H,SO4
1:3 in volume), polished on microcloth (Buehler) with 0.3 wm
gamma alumina suspension (CH Instrument Inc.) for 2 min, and
again rinsed with ultrapure water and ethanol followed by drying
under mild nitrogen flow. The pretreated gold electrode was
immersed in 10 mM pH 7.4 PBS containing 1 wM hairpin DNA and
1M Nac(l for 16 h at room temperature. Then, the SH— modified
hairpin DNA was assembled on the electrode by Au—S bonds.
Adsorbed DNA was removed by rinsing the electrode. Finally, the
modified electrode was dried under a stream of nitrogen.

2.3.2. Formation of “triplex-stem” DNA on the electrode

The modified electrode was then placed in 10mM pH 7.4
phosphate buffer containing 200mM NaNOs;, 2.5mM
C4HsO4Mg-4H,0, 10 wuM AgNO3 and 1.0 wM capture DNA for 2h
at room temperature. Then the electrode was washed three times
with phosphate buffer solution and blow-dried with nitrogen.

Please cite this article in press as: W. Wei, et al., Fabricating a reversible and regenerable electrochemical biosensor for quantitative detection of
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Then, the “triplex-stem” DNA formed due to the interaction
between the hairpin DNA and capture DNA.

2.3.3. Electrochemical detection of digoxin antibody

The above modified gold electrode was immersed in the digoxin
antibody diluents for 45min incubation. The electrochemical
measurements were performed in 10 mM pH 7.4 PBS containing
01M KClO, at room temperature. The DPV curves were
background-subtracted using ORIGIN 8.5 (Microcal Software,
Northampton, MA) through extrapolation to the baseline in the
regions far from the peaks. The electrochemical impedance
spectroscopy (EIS) experiments were measured in 5mM Fe
(CN)g>~/4~ solution containing 0.1 M KCI with the frequency range
from 1Hz to 10 kHz. The used hairpin DNA modified electrode is
heated to 70°C in water bath to remove unreleased capture DNA
for next detection.

3. Results and discussion
3.1. Scheme of the DNA electrochemical biosensor

The design of this approach is illustrated in Scheme 1. Hairpin
DNA labeled with ferrocene (Fc) at its 3’-end and —SH at its 5'-end
is fixed on the gold electrode by Au—S bonds. Its hairpin structure
put Fc close to the gold electrode. As a result, strong current by DPV
method was obtained (curve a, Fig. 1). Single-strand oligonucleo-
tide that modified with two digoxin molecules on its two arm
segments are designed as capture DNA. One arm segment of the
capture DNA with six cytosine bases hybridizes with G bases in the
hairpin DNA. At pH 74, “triplex-stem” structure formed in the
presence of Ag* due to the structure of CG.CAg". In this state, Fc was
physically separated from the electrode surface, resulting in
sharply reduced electrochemical signal (curve b, Fig. 1). Upon two
antigen-binding sites binding to each digoxin antibody, capture
DNA is released from the hairpin DNA. As a result, “triplex-stem”
structures are destroyed and the hairpin DNA restores its
“duplex-stem” cyclic structure. Fc was brought into proximity to
the gold electrode surface again, recovering its current (curve c,
Fig. 1). The recovery efficiency of the current is dependent on the
concentration of digoxin antibody.

3.2. Optimal conditions for the formation of “triplex-stem” DNA

The stability of the “triplex-stem” DNA was strongly influenced
by pH, Ag" concentration and temperature. At acidic conditions,
the C bases in another segment of capture DNA are protonated at
their N3 positions (pK,=4.5) and interact with G bases in the
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Scheme 1. Scheme of the detection of digoxin antibody by using “triplex-stem”
DNA molecular switch.
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Fig. 1. DPV responses of the biosensor. The gold electrode was modified with (a)
hairpin DNA; (b) hairpin/capture DNA in the presence of Ag"; (c) the presence of
digoxin antibody in the (b); (d) hairpin/capture DNA in the absence of Ag".

hairpin DNA that have already interacted with C bases in capture
DNA by Hoogsteen hydrogen bonds to form triplex conformation
“CG.C™ (Fig. 2A). However, at pH 7.4 these unpaired C bases are
deprotonated. As a result, “CG.C™ triplex conformations are not
stable. The hairpin DNA is still “on” state and the current (curve d,
Fig. 1) are strong as that for the free hairpin DNA (curve a, Fig.1). In
the presence of Ag®, an “triplex-stem” structures forms due to the
specific bridge of C—Ag*"—C (Fig. 2B) [26]. In this situation, the
hairpin DNA are “off” state and the current are decreased sharply
(curve b, Fig. 1).

Thus, the stability of the “triplex-stem” structure is dependent
strongly on the concentrations of Ag*. Fig. 3a shows the effect of
the concentration of Ag* on the decreased currents in the presence
of various concentrations of Ag* (I;) compared to that without Ag*
(Io). The decreased ratio of currents ((Ip — I1)lp) increases with its
increasing concentration and reaches a plateau at 10 uM Ag”,
reflecting that the stablest “triplex-stem” structure forms in the
presence of 10 WM Ag®. After incubation the gold electrode that
modified with “triplex-stem” DNA with digoxin antibody for
45 min, the electrochemical signal recovered apparently and the
signal ratio ((I; — I;)lp) increased with the increasing Ag" from 0 to
10 wM. Further increased Ag" led to decreased signal recovery
(Fig. 3b) because too stable “triplex-stem” DNA formed and in this
case, more digoxin antibody needed to separate capture DNA from
hairpin DNA, which is disadvantage to the sensitivity of the
method. Compared to similar reported literature where the
moderate stability of the triplex-stem DNA was adjusted by
changing the number of the base in the “triplex-stem” [27], this
method is very convenient and efficient by adjusting the Ag"
concentration. Thus, 10 WM Ag" are optimum conditions for the
stability and sensitivity of the method.

Temperature is another important factor for the stability of
these triplex structures. As shown in Fig. 4A, the current
decrease efficiency increased when the hybridization tempera-
ture increased from 4°C to 25°C and decreased with further
increased temperature (curve a), which indicated that these
“triplex-stem” structure are stablest at 25 °C. This is coincidence
well with the UV melting experimental results (Fig. 4B). Melting
experiments showed that the “triplex-stem” DNA experienced
two melting procedures with the increasing temperature and
they are stable at 25°C. The two melting procedures correspond
to triplex-duplex (t-d) transitions (at 40°C) and duplex-coil
(d-c) transitions (at 62.5°C), respectively [28]. After incubation
with digoxin antibody, the current recovery efficiency increased
from 4°C to 25°C and tended to reduce with further heating to
55°C (curve b, Fig. 4A). High current decrease efficiency
induced by capture DNA and recovery efficiency induced by
digoxin antibody are advantage to increase the detection
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Fig. 2. Mechanism of the formation of “triplex-stem” DNA structure based on pH and Ag*. (A) At acidic conditions by hoogsteen hydrogen bonds. (B) At pH 7.4, with the help of
Ag".
120 30 spectra of free hairpin DNA (a) and capture DNA (b) (Fig. 5B), which
proves the formation of “triplex-stem” DNA [29]. The melting
100 curves in Fig. 5C showed the change of the CD spectra of
25 “triplex-stem” DNA with the increase of temperature. From 20 °C to
- o 90°C, the ellipticity at 200 nm decrease gradually and the negative
=, 804 [0 = peak at 260nm and the positive peak at 285nm shift to short
'-;'3 Y wavelength gradually companied with slight change of their
604 ellipticity, which indicate that their “triplex-stem” structure
15 changes with the increase of temperature.
40+
. . . —110 3.4. EIS measurements
(i} 5 10 15 20
Cag+/Copna The EIS experiments are used to prove each treatment for the

Fig. 3. The effect of Ag* concentration on the (a) current decrease efficiency when
capture DNA hybridized with hairpin DNA; (b) current recovery efficiency when
digoxin antibody was incubated with “triplex-stem” DNA. Conditions: 10 mM PBS
(pH 7.4, 200 mM NaNOs, 2.5 mM C4Hs04Mg-4H,0), DPV, pulse amplitude, 50 mV;
pulse period, 0.2s. Room temperature.

sensitivity. Thus, all the experiments are operated at room
temperature (25°C).

3.3. Characterization of the formation of “triplex-stem” DNA

In order to prove the formation of “triplex-stem” DNA, CD
spectra of hairpin DNA, capture DNA and their mixture in the
presence of (Fig. 5A) and absence of Ag* (Fig. 5B) were recorded. In
the absence of Ag®, compared with the spectra of hairpin DNA (a)
and capture DNA (b), no new characteristic peak appeared in the
spectra of their mixture (c) except that their ellipticity increased,
which indicated that no new structure formed (Fig. 5A). While in
the presence of Ag*, a new characteristic peak around 285 nm
appeared in the spectra of their mixture (c) compared with the
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b Lo
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Temperature (°C)

electrode (Fig. 5). The equivalent circuit R(Q(RW)) is chosen to fit
the EIS data (shown as an inset in Fig. 6). The components in the
equivalent circuit include the solution resistance Rs, the
charge-transfer resistance Rct constant phase element Q related
to double-layer capacitance and Warburg impedance W [30]. The
bare gold electrode behaves as an ideal conductor and the
impedance spectrum give a linear plot (a). The resistance is about
1300 cm~2 obtained by computer fitting of the experimental
spectrum using the equivalent circuit. After modified with
SH— labeled hairpin DNA, Faraday impedance of the gold
electrode increases to 3352 cm~2 (b) because the negative
charge on the capture DNA 2 make electron transfer of ferricya-
nide/ferrocyanide probes become difficult due to the electrostatic
repulsion. Digoxin antigen is fitted on the electrode surface when
capture DNA hybridized with hairpin DNA, as a result, the
resistance increase to 8539 cm™2 because of the insulating
property of the protein layer (c). After the incubation of gold
electrode with digoxin antibody, the resistance decrease to
7154 Q) cm~2, which proved that specific binding of antibody
and antigen destroyed the “triplex-stem” conformation, releasing
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Fig. 4. (A) The effect of temperature on (a) current decrease efficiency induced by the hybridization of capture DNA with hairpin DNA; (b) current recovery efficiency when
digoxin antibody was incubated with “triplex-stem” DNA. (B) The UV melting curves of the “triplex-stem” DNA at 260 nm. The data were collected at a heating rate of

5°Cmin~' and the range is 20-90°C. Conditions are as the same as that in Fig. 3.
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Fig.5. CD spectra of hairpin DNA, capture DNA and hairpin/capture DNA in the presence of (A) and absence of (B) Ag*, and the CD melting curves of the “triplex-stem” DNA (C).

the capture DNA and recovering the “duplex-stem” cyclic structure
of hairpin DNA. These EIS data provide useful information to
support the surface change of the electrode during the
modification and the detection process.

3.5. Assay performance of the electrochemical biosensor

3.5.1. Calibration curve for the detection of digoxin antibody

The DPV responses of the sensor to various concentrations of
digoxin antibody are shown in Fig. 7. Dynamically increased peak
currents are observed in the presence of increasing concentration
of digoxin antiboy from 1.0pgmL~! to 100 ugmL~L A linear
response versus the logarithm of digoxin antibody concentration is
obtained in the range of 1.0-500pgmL~!, with a correlation
coefficient of 0.996 (inset in Fig. 7). The detection limit is
0.4pgmL~! (5.8fM) obtained in terms of three times deviation

4000

A Rs

0 3000 6000 9000
ZreQ)

12000

Fig. 6. EIS of (a) bare; (b) hairpin DNA modified; (c) capture/hairpin DNA modified
electrode; (d) incubation of (c) with digoxin antibody. Conditions: 10 mM pH 7.4 PBS
containing 5mM Fe(CN) 6°~/4~; frequency range, 1-10 kHz; ac amplitude, 10 mV.

of blank sample, which is far lower than reported detection limit of
0.3nM [24].

3.5.2. Selectivity of the biosensor

100 ng mL~! of anti-Goat, anti-CEA, anti-TNF, anti-IgG, and anti-
HCG were used to investigate the selectivity of the biosensor
(Fig. 8). The current recovery efficiency for anti-TNF was about 15%
of that for 1.0 ngmL~! digoxin antibody. For all other antibody the
signal ratio was lower than 10%. This result indicated that the
biosensor was able to discriminate digoxin antibody from other
types of antibody with high specificity.

3.5.3. Detection of digoxin antibody in blood serum
Digoxin antibody in blood serum has been detected by this
method. Three various concentrations (1.0 ng, 250 pg, and 10 pg) of

401
15
_30{ 4 Lo
<
> 1° t
o 204 o
> -12 -11 -10 -9
o []
s ;
T f
[ ]
01— :

12 11 10 -9 -8 -7
LogC (mg/mL)
Fig. 7. The recovery efficiency of current of the DNA biosensor at various

concentrations of digoxin antibody from 1.0pgmL~' to 100ngmL. Inset:
calibration curve for digoxin antibody.
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Fig. 8. Specificity of the biosensor for detection of digoxin antibody. Conditions:
100 ng mL~! of each control type of antibody and 1.0 ng mL~" of digoxin antibody.

Table 1

Detection of digoxin antibody in blank blood serum samples.
Sample Added Found Recovery (%) RSD (%, n=9)
1 1.0ng 1ng 100 3.75
2 1.0ng 0.95ng 95
3 1.0ng 0.93ng 93
4 250 pg 263 pg 105 6.8
5 250 pg 229pg 91.6
6 250 pg 245pg 98
7 10 pg 10.2 pg 102 133
8 10pg 9.77pg 97.7
9 10pg 10.5pg 105

digoxin antibody were added in blank blood serum. Recovery test
results are shown in Table 1. Data showed that recoveries for the
spiked samples ranged from 91.6% to 105% and relative standard
derivation (RSD) was from 3.75% to 13.3%, which indicates that the
method possess high accuracy and good repeativity.

4. Conclusion

Areversible and regenerable DNA biosensor was constructed by
fixing Fc labeled oligonucleotide on the gold electrode as a signal
transduction probe. A “triplex-stem” structure formed due to the
interaction between the hairpin DNA and the capture DNA, whose
stability can be adjusted conveniently and efficiently by adjusting
the concentration of Ag®. Digoxin antibody can combine with
digoxin molecules that labeled on the capture DNA and release it
from the hairpin DNA. As a result, the “duplex-stem” cyclic
structure of the hairpin DNA restored and the current changed
from an “off-state” to an “on-state”. Based on this “off-on” current
signal switch, this biosensor is used to detect digoxin antibody
sensitively in blood serum. The linear range is 1.0-500 pg with a
correlation coefficient of 0.996, and the detection limit is 0.4 pg.
The biosensor shows excellent stability and sensitivity, which are
significant requirements for practical biosensor applications.
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