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a b s t r a c t
In this paper, we represent a label-free biosensor based on immobilization of serum antibodies for rapid
detection of viral antigens. Human serum containing speciﬁc antibodies against Japanese encephalitis
virus (JEV) was immobilized on a silanized surface of an interdigitated sensor via protein A/glutaraldehyde
for electrical detection of JEV antigens. The effective immobilization of serum antibodies on the sensor
surface was veriﬁed by Fourier transform infrared spectrometry and ﬂuorescence microscopy. The signal of the biosensor obtained by the differential voltage converted from the change into non-Faradic
impedance resulting from the speciﬁc binding of JEV antigens on the surface of the sensor. The detection
analyzed indicates that the detection range of this biosensor is 1–10 g/ml JEV antigens, with a detection
limit of 0.75 g/ml and that stable signals are measured in about 20 min. This study presents a useful
biosensor with a high selectivity for rapid and simple detection of JEV antigens, and it also proposes the
biosensor as a future diagnostic tool for rapid and direct detection of viral antigens in clinical samples for
preliminary pathogenic screenings in the case of possible outbreaks.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction
Recent years have witnessed an increasing number of emerging and re-emerging infectious diseases caused by viruses such
as SARS-Cov, inﬂuenza A/H5 N1 , inﬂuenza A/H1 N1 , Dengue virus,
HIV, and new encephalitis viruses; they are likely to break out
into highly infectious diseases endangering public health, and to
lead to increased numbers of persons infected in a short period of
time [1,2]. Most individuals presenting similar symptoms of certain
infectious diseases should normally be isolated or sent to hospitals even though the diagnosis of not all of them leads to the
same positive results. Consequently, hospitals can become overloaded, and many patients could receive inappropriate treatments
and/or become co-infected. Therefore, early diagnostic tests and
preliminary pathogenic screening are crucial for the control and
prevention of these diseases as well as for the treatments of patients
in outbreaks [3]. Several conventional laboratory diagnostic methods have been applied to conﬁrm the identity of the pathogen such
as serology (immunoﬂuorescence techniques, neutralization tests

∗ Corresponding author at: National Institute of Hygiene and Epidemiology
(NIHE), 1 Yersin Street, Hanoi, Viet Nam. Tel.: +84 4 39 71 54 34;
fax: +84 4 38 21 08 53; mobile: +84 9 78 96 06 58.
E-mail address: huytq@nihe.org.vn (T.Q. Huy).
0039-9140/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.talanta.2011.09.012

and enzyme-linked immunosorbent assay (ELISA), etc.), indirect or
direct examination (inoculation, animal tests, electron microscopy,
antigen detection, molecular techniques (PCR), etc.) [4]. However,
these diagnostic techniques require a pre-treated sample, biological products, standard biosafe laboratories and time-consuming
analyses to yield a reliable answer. In recent decades, biosensors/biochips have been envisaged to compensate and complement
conventional diagnostic methods due to their easy operation
and transport; they require no reagent and provide results in
a few minutes [5–7]. There are two main kinds of biosensors
for pathogen detection, based on the hybridization of oligonucleotides (DNA sensors or oligonucleotide-based biosensors) [8,9],
and on the speciﬁc reaction of antibody–antigen (immunosensors or antibody-based biosensors) [10]. Oligonucleotide-based
biosensors are ultrasensitive diagnostic devices which can use
the simple impedance measurements [11] or scanning electrochemical microscopy [12,13] for oligonucleotide hybridization and
mismatch detection. However, their limitations in virus detection
result from the design of probe molecules, and the complexity of extraction and denaturation of viral DNA or RNA [14].
Antibody-based biosensors have become more useful, and most
of the biosensors developed are designed based on electrochemical, optical or micro-gravimetric detection [15–18]. Among them,
biosensors based on electrical/electrochemical detection have the
advantage of being highly sensitive, rapid, inexpensive and highly

272

T.Q. Huy et al. / Talanta 86 (2011) 271–277

amenable to micro-fabrication, and it is also easy to measure
the changes in electrical/electrochemical properties resulting from
biochemical reactions on the surface of the sensor [19,20]. For
pathogen detection, biosensors based on micro-electrode ﬁngers
maximize the impedance change at the surface of the microelectrode array, and not throughout the test sample [21]. This
allows for the biosensor to detect pathogen in solution with minimal effects of other components in the sample. Furthermore,
micro-electrodes also have great advantages over conventional
electrodes for analytical measurements due to the high signal-tonoise ratio, the use of small volumes, low resistance and rapid
attainment of steady state; thus micro-electrode-based sensors
have received great attention in impedimetric immunosensing and
biosensing [22]. However, most of biosensors normally use puriﬁed
or labeled antibodies to detect viral antigens [23–25]. In outbreaks,
it is not easy to dispose of speciﬁc antibodies (puriﬁed antibodies)
against these pathogens, especially against unknown pathogens
within a short period of time, and screened human serum becomes
an effective choice to develop serum antibody-based biosensors for
preliminary pathogen screening.
In this paper, a label-free biosensor has been developed
based on the immobilization of serum antibodies and non-Faradic
impedance for rapid detection of Japanese encephalitis virus (JEV)
antigens. The use of interdigitated sensors designed with two
separate micro-electrode regions of the working and reference
electrodes was convenient for electrical measurements, and the
change in impedance caused by the binding of viral antigens to the
sensor surface resulting in the difference of the voltage between
these two electrodes. Furthermore, protein A was also used as an
effective intermediate linker in order to bind and orient serum
antibodies on the sensor surface for optimal detection.
2. Materials and methods
2.1. Reagents and electrochemical sensors
Human serum containing antibodies against JEV (tested for
non-cross reactivity with other ﬂaviviruses and Hepatitis B virus),
inactivated JEV (JEV antigens), Dengue virus (Dengue antigens),
and healthy mouse serum were provided by the Laboratory
of Arboviruses, National Institute of Hygiene and Epidemiology
(NIHE) of Vietnam. These biological products were stored at −20 ◦ C
before use.
Fluorescein isothiocyanate (FITC)-conjugated mouse antihuman IgG antibodies (FITC-Ab), bovine serum albumin (BSA),
3-aminopropyl-triethoxy-silane (APTES), glutaraldehyde (GA) and
protein A (PrA) were purchased from Sigma, USA. All other chemicals were of analytical grade.
The interdigitated sensors were designed and fabricated at the
Hanoi University of Science and Technology (HUST). The ﬁngers of
interdigitated electrodes were 10 m wide and their gap size was
10 m, by sputtering 10 nm Ti and 200 nm Pt on a 100 nm thermally
thick silicon dioxide (SiO2 ) layer grown on top of a silicon wafer
(Fig. 1). The electrochemical characteristics of this sensor have been
investigated and applied in several studies [14,26].
2.2. Immobilization of serum antibodies on the sensor surface
Sensors were immersed in a 1 M KOH/MeOH solution for 30 min
for surface cleaning and adequate functioning. They were then
rinsed in de-ionized (DI) water and nitrogen-dried. The silanization process was conducted in 5% APTES/MeOH for 1 h to create
functional amino groups (–NH2 ). A small drop of acetic acid was
added during the silanization to orient the amino groups outward
of the interdigitated surface. Sensors were then washed three times

with DI water, nitrogen-dried, and annealed thermally at 120 ◦ C
for 6–8 min to completely remove excess water molecules from
the surface. The silanized sensors were kept in a dry box at room
temperature until used.
The silanized sensor was dipped in 5% glutaraldehyde for 30 min
and washed in DI water three times. Next, 5 l of PrA solution [1 mg
PrA/ml phosphate-buffered saline (PBS; pH 7.0)] was deposited on
the surface and incubated for 30 min, then washed in PBS (pH 7.0)
followed by incubation in 1 mg/ml serum containing antibodies
against JEV for 1 h. The unsaturated and non-speciﬁc binding sites
on the surface were blocked with 2% BSA in PBS for 30 min, washed
with PBS, and air-dried. All steps of immobilization were performed
at room temperature.
2.3. Fourier transform infrared spectrometry
Fourier transform infrared (FTIR) spectroscopy (Nicolet 6700
FTIR machine, Thermo, USA) was used to characterize the presence
of speciﬁc chemical groups as well as the effective binding of proteins (serum antibodies, protein A) on the silanized interdigitated
surface before and after the immobilization of serum antibodies
and washing steps. To conduct these measurements, FTIR spectra
were obtained in the range of 1800–1300 cm−1 for protein analyses, with 200 scans and 2 cm−1 of resolution. The techniques used
to record FTIR absorption spectra of the antibodies on the silanized
interdigitated surface were performed following the procedures of
Sibai [27].
2.4. Fluorescence microscopy
The density and binding efﬁciency of serum antibodies immobilized on the silanized surface were investigated by ﬂuorescence
microscopy (Eclipse 90i, Nikon, Japan). These experiments were
carried out on microscope slides with the same protocol as
for serum antibody immobilization as applied to the interdigitated biosensor. In this method, FITC-Ab was used to verify the
effective binding of human IgG antibodies immobilized on the
PrA/GA/silanized surface. The reference test was also conducted
using BSA instead of serum antibodies.
2.5. Impedance spectroscopy of the serum antibody-based
interdigitated sensor
The serum antibody-based interdigitated sensor was immersed
into a cell ﬁlled with PBS with the absence of JEV antigens. A potential of 100 mV was applied across the electrodes and measurement
of impedance change was performed using an IM6ex impedance
analyzer (Germany) with the frequency range from 1 Hz to 1 MHz.
Bode (impedance versus frequency) diagram was recorded.
2.6. Detection of JEV antigens
Electrical measurements were performed at room temperature
by immersing the biosensor into a cell ﬁlled with PBS, then adding
deﬁned concentrations of viral antigens. A potential of 100 mV
with ﬁve ﬁxed frequencies of 100 Hz, 1 kHz, 10 kHz, 100 kHz and
1 MHz was applied to electrodes using an RS830 Lock-in ampliﬁer
(Stanford Research Systems, USA) to determine the best conditions
for measurements. The change in impedance caused by the speciﬁc interaction between the JEV antigens and serum antibodies on
the sensor surface was measured by the difference of the voltage
drop across two 1 k resistors, between working electrodes and
reference electrodes using channels A and B of the Lock-in ampliﬁer and processed by a computer [26]. The non-speciﬁc reactions
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Fig. 1. Diagram of an interdigitated sensor with working electrodes (WEs) and reference electrodes (REs) (a), a zoom of electrode ﬁnger (b), and a real fabricated electrode
area (c).

were tested using a closely related viral antigen—Dengue virus and
mouse serum under the same conditions as for JEV antigens.

3. Results and discussion
3.1. Characterization of serum antibody immobilization
After immobilizing serum antibodies on the silanized interdigitated surface and after the washing steps, Fourier transform
infrared spectroscopy was used to characterize the presence of
speciﬁc chemical groups as well as the efﬁcient binding of these
antibodies on the sensor surface. Fig. 2 shows the FTIR absorption spectra of proteins (serum antibodies and protein A) in the
range of 1800–1300 cm−1 . Previous studies reported that the protein repeat units gave rise to good characteristic infrared absorption
bands namely, amide A, amide B, and amides I–VII. Among these
absorption bands, those of amides I and II are the most prominent vibrational bands of the protein backbone [28–30]. Fig. 2b
shows the highly characteristic peaks of proteins obtained by the
serum/PrA/GA/silanized surface corresponding to the peak around
1640 cm−1 of the amide I band with C O stretching frequency,
and the peak around 1550 cm−1 of the amide II band with C–N
stretching and N–H bending. The peak of the C O vibration mode is
also found at 1420 cm−1 obtained on samples after serum antibody
immobilization, but not on the interdigitated surface treated with
APTES only (Fig. 2a) [27].
To verify good binding of serum antibodies on the interdigitated
surface, FITC-Ab was dropped and incubated on the slides immobilized with BSA and serum antibodies/PrA during 30 min. After

the washing steps, these slides were investigated by ﬂuorescence
microscopy. Fig. 3 shows that a density of green ﬂuorescent spots
could be observed clearly on the slide surfaces immobilized with
serum antibodies/PrA (Fig. 3b) in comparison with blank color of
the surface treated with BSA instead of serum antibodies (Fig. 3a).
This proved that a large number of serum antibodies could remain
and orient well on the sensor surface. In fact, IgG molecules are the
main immunoglobulins, constituting 75% of the total immunoglobulins in human serum [31]; they are also major factors responsible
for the detection of antigens in immunosensor applications. In these
experiments, PrA was used to immobilize serum antibodies on the
silanized surface. PrA can bind with high afﬁnity to immunoglobulins, especially to the Fc region of human IgG1 and IgG2, binds
with moderate afﬁnity to human IgM, IgA and IgE, but not react
with human IgG3, IgD or other proteins in human serum. This
binding of PrA to immunoglobulin molecules does not inﬂuence
their binding sites of the antigen [32]. Moreover, PrA is also often
immobilized onto a solid support and used as reliable method for
purifying total IgG from crude protein mixtures. This agrees with
previous publications reporting that PrA is the best choice for selection and orientation of IgG antibodies with the antigen binding sites
outwards from the surface [33–36], and leading to the possibility that antibodies used to capture viral antigens will be increased
signiﬁcantly on the sensor surface.
3.2. The equivalent circuit of the serum antibody-based
interdigitated sensor
The surface of interdigitated sensor was functionalized by APTES
and protein A, serum antibodies were then immobilized to form a

274

T.Q. Huy et al. / Talanta 86 (2011) 271–277

Fig. 2. Characteristic FTIR absorption spectrum of interdigitated surfaces before (a) and after the immobilization of serum antibodies with the peaks of proteins, around
1640 cm−1 of amide I and 1550 cm−1 of amide II (b).

biological transducer. When the biosensor was immersed into the
solution for measurements, viral antigens become bound to the
serum antibodies attached to the sensor surface. This resulted in
the change in impedance measured across the electrodes. Fig. 4a
describes a simple modiﬁed equivalent circuit for viral antigens
bound to the sensor surface immobilized with serum antibodies,
where the interfacial resistance of the biomolecules complex on
the sensor surface (Rcs ) and two identical double layer capacitances
(Cdl ) of the two sets of electrodes are connected to the solution
resistance (Rsol ) in series, and the dielectric capacitance of the solution (Cdi ) [21,37–39]. This circuit model was also interpreted with
two parallel branches of the dielectric capacitance and impedance.
Fig. 4b shows the impedance spectrum of the serum antibodybased interdigitated sensor in the frequency range from 1 Hz to
1 MHz, with the ﬁtting curve to the equivalent circuit. The ﬁtting
curve matched the measured data, validating the equivalent circuit.
In this ﬁgure, the impedance decreased linearly with the increasing frequency in the range from 1 Hz to around 1.5 kHz, and became
independent of the frequency in the range from 1.5 kHz to 1 MHz.
At low frequencies (<1.5 kHz) the current does not ﬂow through
the solution and the binding of viral antigens to serum antibodies immobilized on the sensor surface add different impedance
elements to the change in total impedance. When frequency is sufﬁciently high (>1 MHz) the dielectric capacitance of the solution
dominates the total impedance, and the contribution of double

layer capacitances and solution resistance to total impedance is
minimal [21]. According to Yang et al. [39], when the frequency
is not sufﬁciently high (<1 MHz), the current cannot pass through
the dielectric capacitor. So, the parallel dielectric capacitance is
inactive, and just acts as an open circuit. Only the double layer
capacitance and solution resistance in series need to be taken into
account for the total impedance, and the role of dielectric capacitance (Cdi ) is ignored. Otherwise, Fang et al. [38] reported that the
current could ﬂow across the biomolecule layer immobilized on the
sensor surface from this electrode to another at low frequencies. In
this work, the dielectric capacitance branch was not studied.
3.3. Detection of JEV antigens
First, the solution of JEV antigens was checked for the presence
of virus particles. By using ultracentrifugation and transmission
electron microscopy, JEV particles with spherical shapes and about
45 nm in diameter were detected in the sample (Fig. 5b). The
biosensors were then immersed in different concentrations of JEV
antigens diluted in PBS for measurements. Fig. 5a shows the differential impedances changed by the reaction of serum antibodies
and various concentrations of JEV antigens on the sensor surface
at a frequency of 1 kHz after 20 min of incubation. These data
were calculated from the differential voltage in the output signals between the working and reference electrodes, using channels

Fig. 3. Fluorescence images of FITC-Abs on microscope slides immobilized with BSA (a) and serum antibodies (b).
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Fig. 4. (a) The equivalent electric circuit of the interdigitated electrodes based
on immobilization of serum antibodies, where Cdl , Rsol , Rcs , and Cdi represent the
double layer capacitance, the solution resistance, the interfacial resistance of the
biomolecules complex on the surface between two electrodes, and the dielectric
capacitance, respectively and (b) an impedance spectrum (Bode plot) for the serum
antibody-based interdigitated sensor with the ﬁtting curve in the frequency range
from 1 Hz to 1 MHz.

A and B of the Lock-in ampliﬁer, and processed by a computer
via the RS-232 interface. At low frequencies (100 Hz and 1 kHz),
the differential impedance of the serum antibody-based biosensor started decreasing linearly at 1 g/ml JEV antigens, recognizing
clearly with increase in concentration from 10 g/ml to 50 g/ml,
and saturated quickly with higher concentrations of JEV antibodies. It could be that the concentration of 1 g/ml JEV antigens
started binding to immobilized serum antibodies, and provide the
physical effect on the sensor surface leading to the change in
impedance of the biosensor, and that the binding probability of
JEV antigens–serum antibodies became more rapid on the sensor

Fig. 5. The differential impedance of the biosensor developed obtained by immersing in different concentrations of JEV antigens at 100 mV and 1 kHz (a). JEV particles
with spherical shapes and about 45 nm in diameter (arrow-heads) were found in the
sample using transmission electron microscopy after ultracentrifugation (b). Error
bars calculated from the mean (n = 5).
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surface with higher concentrations of JEV antigens. On the other
hand, at high frequencies (10 kHz, 100 kHz and 1 MHz), little change
in signal corresponding to the concentration of JEV antigens was
detected (data not shown). After immersion of the serum antibodybased biosensor into the analysis solution, viral antigens become
bound to the serum antibodies on the working electrodes region
and form a complex of viral antigens/antibody/protein A/GA/APTES
on both the electrodes surface (double capacitance layer) and the
space between electrodes (interfacial resistance), resulting in the
impedance change across the Pt electrodes. This change correlates with the concentration of viral antigens found in the analysis
solution. This complex could result in increase in the interfacial
capacitance and decrease in the interfacial resistance [38]. Moreover, at high frequencies the number of viral antigens binding to
the sensor surface that would be minimized due to the relaxation
of small dipole molecules, as well as by the double layer capacitance
at the interface that would be minimized. At lower frequencies
the current does not ﬂow through the dielectric capacitance and
the large complex of biomolecules on the sensor surface would
add different impedance elements to total impedance. Whereas
viral antigens could not bind speciﬁcally to the reference electrodes
region due to the absence of serum antibodies immobilized. Consequently, the electrical measurements were easily obtained by the
differential signal caused by the speciﬁc binding of viral antigens
on the working electrode region in comparison to the non-speciﬁc
bindings on the reference electrodes region. Hence, the designed
conﬁguration of this sensor is expected to minimize the inﬂuence of
interfering molecules and non-speciﬁc adsorption for rapid detection of the pathogens in different types of sample such as blood,
cerebrospinal ﬂuid, and nasopharyngeal washes, even without the
use of toxic redox probes such as [Fe(CN)6 ]4−/3− [39,40].
Fig. 6 presents the group of differential voltages resulting from
the change in impedance responses of the serum antibody-based
biosensor corresponding to deﬁned concentrations of viral antigens. These signals were measured at 100 mV, 1 kHz, and various
concentrations of JEV antigens; Dengue antigens, and healthy
mouse serum served as possible interfering molecules for the sensitivity and selectivity of the biosensor developed. While there was
a minor change and quick saturation in the tests with the mouse
serum diluted by 50 times (Fig. 6a; SM ), a signiﬁcant difference in
the voltage of the biosensor was seen that increased with increasing
JEV antigen concentrations (Fig. 5a; J10 , J20 , J30 , and J50 ). This indicates that the increase in the differential voltages is due to sufﬁcient
concentration of JEV antigens bound on the working electrodes
in comparison with reference electrodes. Moreover, most of these
tests demonstrated that the time of response required to detect JEV
antigens was 5 min and was stabilized in 20 min. In other attempts,
the biosensor was tested for its capacity to detect lower concentrations (less than 10 g/ml) of JEV antigens. The results showed that
this biosensor can detect JEV antigens, even at 1 g/ml. The limit
of detection (LOD) was 0.75 g/ml estimated from the standard
deviation of the measurement signals for the blank [41]. However,
at this concentration, the signal obtained is not sufﬁciently high
over the signal comes from interfering molecules of Dengue antigens (Fig. 6b). To overcome this drawback, the sensing surface of
the sensor will need to be improved by reducing interdigitated
micro-electrodes [42] or by using suitable materials for the signal ampliﬁcation [43,44]. The detailed ﬁtting results for Fig. 6b are
shown in complementary data (Table 1A).
In fact, this study reported the development of serum antibodybased biosensor applied for rapid detection of infectious pathogens
in blood samples, and the experimental data showed that the inﬂuence of serum proteins was minimal (Fig. 6a; SM ). However, the
serum antibodies should be selected and screened carefully to avoid
cross-reactivities with potential pathogens in the samples tested
during the measurement.
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Fig. 6. The differential voltages of the serum antibody-based biosensor corresponding to concentrations of analytes: mouse serum diluted by 50 times (SM ); JEV antigens:
10 g/ml (J10 ), 20 g/ml (J20 ), 30 g/ml (J30 ) and 50 g/ml (J50 ) (a). Fitting lines for the relationship between the differential voltage change and the concentration of viral
antigens (b). Error bars calculated from the mean (n = 5).

Table 1
Brief summary of results reported on several biosensors for the detection of viral antigens.
Techniques of detection

Probe

Analyte

Limit of detection

Detection time

Ref.

Piezoelectric
Piezoelectric

SARS-Cov
Dengue virus

[45]
[46]

Not given
2h
Not given

[47]
[40]
[48]

Surface plasmon resonance

Speciﬁc HA proteins

0.6–4 g/ml
1.727 g/ml (protein E)
0.74 g/ml (protein NS1)
5 g/ml
103 EID50 /ml
About 100 times more
sensitive than ELISA
0.5–10 g/ml

2 min
Not given

Impedance spectroscopy
Impedance spectroscopy
Amperometric

Horse polyclonal antibody
Monoclonal antibodies speciﬁc
to proteins E and NS1
Speciﬁc H7 N1 antibodies
Polyclonal HA antibody
HBs antibody

Not given

[49]

Square wave voltammetry
Non-Faradic impedance

Ferrocene-labeled lipoic acid
Screened human serum
antibody

50 pg/ml
0.75 g/ml

20 s
20 min

[20]
This study

A/H7 N1 Inﬂuenza virus
A/H5 N1 Inﬂuenza virus
HBsAg
A/H1 N1 , A/H3 N2 , B Inﬂuenza
virus
RT-speciﬁc peptide
JEV antigens

EID50 : 50% egg infective dose.

For comparison, recent results reported on several biosensors for the detection of viral antigens have been referred (see
Table 1). These biosensors were developed using some transducers with different techniques of detection, and speciﬁc antiviral
antibodies (puriﬁed antibodies) as probes. Although most of them
showed impressive limits of detection of viral antigens, but the time
required for the detection was not mostly given or discussed. It is
indeed not easy to dispose of these puriﬁed antibodies, especially
against unknown pathogens within a short period of time when an
outbreak arises. So, the serum antibody-based biosensor revealed
the convenience, the quick response to yield a result, the ease of
operation, and the potential application in rapid and direct detection of viral antigens in clinical samples for preliminary pathogenic
screenings in the case of possible outbreaks.

rapid and direct detection of viral antigens as well as for preliminary
pathogenic screenings in viral disease outbreaks.
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4. Conclusion

Appendix A. Supplementary data

We have successfully developed a label-free biosensor based
on immobilizing serum antibodies and non-Faradic impedance
for rapid detection of JEV antigens. The change in impedance
caused by the speciﬁc binding on working electrodes compared
to the non-speciﬁc reaction on reference electrodes resulted in the
difference of the voltage between these two electrodes. The measurements were performed without using toxic redox probes, and
were obtained by the differential voltage in the output. The analysis
showed that the detection range of this biosensor was 1–10 g/ml
JEV antigens, with a detection limit of 0.75 g/ml and the detection time only about 20 min. As developed serum antibody-based
biosensor revealed the convenience, the quick response to yield
a result, high selectivity, and a promising and powerful device for

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.talanta.2011.09.012.
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