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Electrochemical sensors and biosensors have recently found
extensive applications in diverse industries. Nowadays, many
analytical instruments used in environmental, food, pharma-
ceutical, or clinical laboratories and also most of the com-
mercial point-of-care devices work using chemical sensors
or biosensors, as a whole or a basic part. Glucose biosensors
used widely in glucometers and pH electrodes are the im-
portant and known examples of the electrochemical sensors.
Day by day, the numbers of sensors or biosensors coming
from the bench of research laboratories to the shelf of the
commercial markets are increasing. Due to the high demand
of the world market and human interest for having a device
to check the concentration of species in different samples,
simple and fast, in recent years, a hard competition on design
and construct of new sensors and biosensors has occurred
among the researchers.

Because of such an importance and to show various ap-
plications of this kind of devices, the topic of this special
issue was devoted to electrochemical sensors and biosensors.
Electrochemical sensors and biosensors can offer advantages
of low detection limits, a wide linear response range, and
good stability and reproducibility.

An electrochemical sensor is a device that transforms
electrochemical information into an analytically useful sig-
nal. Electrochemical sensors usually composed of two basic
components, a chemical (molecular) recognition system
which is the most important part of a sensor and a phys-
icochemical transducer which is a device that converts the
chemical response into a signal that can be detected by mod-
ern electrical instrumentations. These two parts form a
working (or sensing) electrode. A reference electrode and
sometimes a counter electrode are also used in electrical

measurements. Biosensors are chemical sensors in which the
recognition system utilizes a biochemical mechanism.

Transduction of a biological or chemical signal into an
electrical signal can be done by amperometry, voltammetry,
potentiometry, or conductometry.

Next generation of sensor or biosensors will require con-
siderable improvements in sensitivity, selectivity, and accu-
racy to meet the future needs in diversity of fields. Today,
application of different nanoparticles in construction of sen-
sors and biosensors as a modifier causes to approach to this
purpose. The nanoparticles have different effects on response
of the sensor or biosensor besides improving their thermal,
electrical, and mechanical properties.

The papers selected for this special issue represent differ-
ent kind of electrochemical sensing, different sensing mate-
rials, and also various nanoparticles used in determination
various species. Although the papers are not an exhaustive
representation of all area of electrochemical sensing or bio-
sensing, the papers can give the readers an idea how to make
a sensor or biosensor for different applications using elec-
trochemical methods.

This special issue contains 15 papers, where 8 papers
reported new design biosensors for different biological mole-
cules. In one of them recent advances in electrochemical
aptamer-based biosensors have been discussed.

Most of the papers have used nanoparticles in construc-
tion of their sensors or biosensors.

Three of sensors have applied voltammetric method for
transduction of the sensor signal, and three ones have report-
ed new designed potentiometric sensors.

One paper has used a chemically modified electrochemi-
luminescence sensor for determination of atropine sulfate in
capillary electrophoresis system.
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Novel carbonate-selective potentiometric sensors based on 5,10,15-tris(4-aminophenyl)-20-phenyl porphyrinates of Cu(II) and
Co(II) have been developed. Ionophore functioning mechanism and possible source of carbonate sensitivity have been evolved.
Potentiometric properties of Co(II)- and Cu(II)TATPP-based sensors were compared with common carbonate-ISEs containing
trifluoroacetophenone derivatives. The analytical utility of newly developed sensors has been demonstrated by measuring the
bicarbonate content in human blood plasma.

1. Introduction

An accurate detection of hydrophilic anions, carbonate in
particular, in physiological fluids, seawater, industrial, and
environmental samples is still a big challenge. Ion-selective
potentiometric sensors represent a useful approach to this
task [1]. After pioneering work of Herman and Rech-
nitz in 1974 [2], several studies on trifluoroacetophenone
(TFAP) derivatives as ionophores for carbonate-selective
solvent polymeric membrane sensors development have
been reported [3–6]. The effect of acceptor substituents
incorporation in para- [7, 8] and meta- [9, 10] positions
of phenyl ring of TFAP, as far as the influence of lipophilic
cationic sites addition [3, 11, 12] on selectivity properties
of such sensors have been studied. Various constructive
and strategic modifications such as incorporation of TFAP
ionophore in photocurable polyurethane [13] and cellulose
acetate membranes [14] have been applied in order to
diminish the influence of lipophilic anions on carbonate ion
response. The other types of ionophores are such as tweezer-
type derivatives of cholic acid [15], urea-functionalized

calix[4], arenes [11], and hydrogen bonding diamide recep-
tors [16] and metallocorroles [17]. Unfortunately, many
of reported membranes were still exhibiting much higher
selectivity for several lipophilic anions, like salicylate, over
carbonate, which is a serious drawback for their application,
for example, in clinical analysis (e.g., human serum) [8, 12].

In this contribution we report a development of
novel carbonate-selective potentiometric sensors based
on 5,10,15-tris(4-aminophenyl)-20-phenyl porphyrinates of
Co(II) and Cu(II) (Co(II)TATPP and Cu(II)TATPP cor-
respondingly). PVC solvent polymeric membranes doped
with Co(II)TATPP alone and containing lipophilic cationic
additive (TDACl), and films of poly-Co(II)TATPP and poly-
Cu(II)TATPP electropolymerized on Pt working electrodes
(WE) from various organic solvents (acetonitrile, dimethyl-
formamide, pyridine) have been studied with the aim
to evolve the origin of sensitivity towards carbonate ion.
Potentiometric properties of Co(II)- and Cu(II)TATPP-
containing sensors were compared with those based on
TFAP (carbonate ionophore I, ETH-6010, and carbon-
ate ionophore IV), Scheme 1. The analytical utility of
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Scheme 1: Molecular structures of studied ionophores: (a) 5,10,15-tris(4-aminophenyl)-20-phenyl porphyrinate of Cu(II) and Co(II), (b)
heptyl-4-trifluoroacetylbenzoate (carbonate ionophore I), and (c) 4-butyl-α,α,α-trifluroacetophenone (carbonate ionophore IV).

newly developed electrodes has been demonstrated by mea-
suring the bicarbonate content in human blood plasma.

2. Experimental

2.1. Reagents. Poly(vinyl chloride) (PVC) high molecu-
lar weight; plasticizer bis(2-ethylhexyl) sebacate (DOS),
heptyl-4-trifluoroacetylbenzoate (Carbonate Ionophore I),
4-butyl-α,α,α-trifluroacetophenone (Carbonate Ionophore
IV), tetradodecyl ammonium chloride (TDACL), potassium
tetra-p-chlorophenylborate (TpClPBK), tetrabutylammo-
nium perchlorate (TBAClO4), 2-amino-2-(hydroxymethyl)-
1,3-propanediol (TRIS), tetrahydrofuran (THF), acetoni-
trile (ACN), dimethylformamide (DMF), pyridine, and
aniline were purchased from Sigma-Aldrich. 5,10,15-tris(4-
aminophenyl)-20-phenyl porphyrinates of Cu(II) and Co(II)
were synthesized according to the literature methods [6–
19] and fully characterized by NMR and UV-visible spec-
troscopy. All other chemicals were of analytical grade and
were used without further purification. All solutions were
prepared by using distilled water.

2.2. Sensors’ Preparation and Evaluation. PVC membranes
were prepared according to a common procedure. Mem-
brane of 100 mg weight contained 1.5–3.5 wt% of ionophore
and/or 1–6 wt% of lipophilic additive distributed in
PVC/DOS (1 : 2) polymeric matrix, Table 1. Membrane
components were dissolved in 1 mL of THF with addition
of 7 wt% of pyridine to membranes III, IV in order to
improve an ionophore solubility. Membrane cocktails were
then cast out on flat GC electrode surface (3 mm in diameter)
previously buffed with alumina slurries, cleaned in ultrasonic
bath, rinsed with methanol, and dried on air. THF was
allowed to evaporate overnight. Porphyrin electropolymers
(EP) were deposited by means of cyclic voltammetry on Pt
WE (3 mm surface diameter) from 1.0 mM/L Co(II)TATPP
or Cu(II)TATPP and 0.1 M/L TBAClO4 solutions in (a)

Table 1: Membrane compositions and deposition details.

Ionophore, wt% Additive, wt% Film/solvent

I.a-d Co(II)TATPP — EP/(a-d)a

II Cu(II)TATPP — EP/(d)
III Co(II)TATPP, 1.5% TDACl, 1% PVC/DOS
IV Co(II)TATPP, 1.5% — PVC/DOS
V Carb.Ion I, 2.7% TDACl, 2% PVC/DOS
VI Carb.Ion IV, 3.5% TDACl, 2% PVC/DOS
VII — TDACl, 6% PVC/DOS
VII PANI — EPb

a
See experimental section for details.

bDeposition from 0.5 M/L aniline solution in 1 M/L H2SO4.

acetonitrile, (b) DMF, (c) pyridine, and (d) DMF: 0.5 M
aniline in 1 M/L H2SO4 = 1 : 1. Solutions were deoxygenated
by bubbling N2 for 10 min before the experiment. The
potential of WE was cycled in the range from −0.2 to 0.8–
1.4 V versus SCE with a scan rate of 50 mV/sec by AMEL
7050 potentiostat (AMEL, Italy). Pt 0.5 mm wire was used
as counterelectrode.

Freshly prepared EP and solvent polymeric membrane
sensors were soaked in 0.1 M/L NaHCO3 at least for 24 hours
before first measurement. The potentiometric responses of
sensors have been studied in solutions of several salts in
a range 10−7–10−1 M/L. The known volumes of standard
salts solutions were added to 0.1 M Tris-H2SO4 buffer pH
8.6 or distilled water (with simultaneous pH control).
Three replica electrodes were studied with each membrane
formulation. Sensor potentials were measured versus double-
junction SCE reference electrode (AMEL, Italy) and recorded
using high-impedance 8-channel potentiometer LiquiLab
(Ecosens, Italy). Selectivity coefficients were calculated by the
separate solution method (SSM) using EMF values measured
in 0.01 M salt solutions and theoretical slope values [1].

2.3. Optical Measurements. UV-visible spectroscopic data
were acquired with a Cary-50 Scan spectrophotometer.
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The quartz and methacrylate cells 45 × 10 × 10 mm with
a path length of 10 mm were used. 15 μL of the same mem-
brane cocktails as used in the potentiometric measurements
were deposited on glass slides (20 × 6 × 1 mm). After THF
evaporation, a thin polymer film was left adhered to the glass
slide. Absorption spectra of dry polymer films and those
exposures for 10 min period in aqueous solutions of several
salts of varied concentration were registered. In order to
evaluate the absorption spectra of Co(II)- and Cu(II)TATPP
electropolymers, they were electrochemically deposited over
transparent the 15 × 7 × 1 mm indium tin oxide-modified
glass slides (ITO, Aldrich) with a nominal resistance of 30–
60Ω/cm2.

2.4. Plasma Measurements. Arterial blood samples were
taken from 5 male subjects (3 healthy persons and 2
with respiratory acidosis, samples A, C). Blood plasma was
isolated by centrifugation of fresh samples and following
removal of suspended blood cells. Samples were analyzed
few hours after collection. At least tree replicas were per-
formed for each plasma sample during the same day. If
not analyzed immediately, samples were stored at −20◦C.
Standard addition method was applied to detect bicarbonate
ion content in samples [20]. For this 50 μL of plasma, sample
has been dissolved in 50 mL of 1 mM/L NaCl (E1), and two
consecutive 150 μL injections (E2, E3) of 0.01 M NaHCO3

were performed. The concentrations of CO3
2− and HCO3

−

ions were then evaluated on the base of R = ΔE3/ΔE2
ratio, solution pH, and dissociation constants of carbonic
acid (pK1 = 6.4, pK2 = 10.3). For comparison, the amount
bicarbonate in plasma samples was analyzed with GEM
Premier 3000 blood analyzer (Instrumentation Laboratory,
USA).

Sensor array was composed of 5 carbonate-selective
electrodes and pH glass electrode. Prior to measurements
in real plasma samples, array was calibrated in 25 model
solutions mimicking human plasma composition. Each
solution contained 4 salts; the salt concentration was similar
to those in plasma and varied in the following range: 70–
100 mM/L NaCl, 20–60 mM/L NaHCO3, 1–8 mM/L Na3PO4,
1 mM/L NaSal; solutions pH was fixed in a range 7.2–7.4 by
addition of 0.1 M/L HCl.

2.5. Data Analysis. Partial Least Square regression (PLS)
method was applied to train multisensory array in artificial
solutions mimicking human blood plasma samples and to
correlate bicarbonate content determined commercial blood
analyzer with multisensory array response. The autoscaling
procedure was applied to the data. Since the number of
measurements composing the dataset was not big enough to
divide the dataset in a training and test set, a leave-one-out
validation was applied. The Unscrambler v.9.1 (2004, CAMO
PROSESS AS, Norway) was used for data treatment.

3. Results and Discussion

3.1. Electropolymerized Films of Co(II)- and Cu(II)TATPP.
Porphyrin electropolymers based on polyaniline (PANI) are

well studied. The electropolymerisation of mono-, bis-, tris-
and tetra-2- or 4-aminophenyl substituted porphyrinates of
various metals on Pt or GC WE has been previously reported
by several authors [21–24]. Bettelheim et al. have found
that the electropolymerisation of aminophenyl-substituted
porphyrins occurs oxidatively via the meso-aniline rings in
a head-to-tail fashion, the same way as aniline itself. The
resulting material is in practice a polyaniline chain with
bridged porphyrin units. Anion-selective electrodes, based
on such a films, were reported to possess selectivity different
from the Hofmeister selectivity series [25, 26]. Moreover, an
inherent advantage of these electrodes is their stability and a
prolonged lifetime due to the retention of the ionophore in
the polymer film.

In the present study we have focused on the development
and investigation of the potentiometric behavior of sensors
based on Co(II)- and Cu(II)-tris-4-aminophenyl porphyri-
nates due to their known sensitivity towards hydrophilic
anions [27]. First, an optimization of electropolymerisation
conditions for deposition of poly-Co(II)TATPP films from
four various solvents (see Section 2 for details) has been
performed. No film formation on the Pt WE surface has
occurred from acetonitrile, insulating yellow-colored poly-
Co(II)TATPP films have formed from DMF and pyridine,
while a conductive film growth has been detected from
DMF/aniline solution (membrane I.d), Figure 1. In the latter
case, a dominating PANI film formation process was accom-
panied by a partial Co(II)TATPP embedding in PANI film
during the first 5 cycles. The cyclic voltammograms after first,
fifth, and tenth potential scan during the electrodeposition of
membrane I.d in the range from −0.2 to 1.5 V are shown in
Figure 2. The oxidative wave at about 0.2 V may be attributed
to the PANI emeraldine form formation; with growth of scan
number this wave shifts to the more positive potential and
covers the reversible peak at about 0.4 V corresponding to
the reversible Co(II)/Co(III) one-electron redox process. The
sharp anodic peaks at 0.65, 0.85, and 1.35 V evident during
the first five scans are typical for oxidation of both aryl-
substituted porphyrins and aniline [23]. A high capacitive
background anodic current which appears in the range
0.3–1.1 V is probably caused by an incorporation to the
PANI film either free SO4

2− ions or negatively charged
Co(II)TATPP/SO4

2− complexes [28].
The incorporation of Co-TATPP in PANI backbone

formed on the ITO glass electrodes was confirmed by the
presence of Soret’s band (λ = 454 nm), a typical signa-
ture of porphyrin aromatic ring, on UV-visible absorption
spectra of membrane I.d, Figure 3. The broadening of
Soret’s band indicates a multilayer film formation, while the
bathochromic shift of the peak maximum in polymeric film
in the comparison to the fresh monomer solution in CH2Cl2
may be attributed to the axial coordination of porphyrin
aminophenyl fragments (which in part remain nonoxidized
during the electropolymerisation) on the central Co ions of
the neighboring porphyrin units.

Potentiometric responses of poly-Co(II)TATPP elec-
tropolymerized membranes I.b–I.d deposited from DMF,
pyridine, and DMF/aniline towards several anions have
been studied. Membranes I.b and I.c did not show any
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Figure 1: Cyclic voltammograms of PANI-Co(II)TATPP film
electrodeposition on Pt WE from (a) acetonitrile; (b) DMF; (c)
DMF: 0.5/L M aniline in 1 M/L H2SO4 = 1 : 1. The working and
counterelectrodes were platinum, and the scan rate was 0.1 V/s. On
figure X corresponds to incorporation of Co(II)TATPP in film; Y
indicates the decrease of current and insulating film formation.

significant response to all the tested anions probably due
to the prevalence of insulating EP formation. Selectivity
patterns significantly different from the Hofmeister series
were detected for membrane I.d, as far for membrane
II based on Cu(II)TATPP-doped PANI film, Figure 4. For
both membranes, the highest response with a slope close
to theoretical Nernstian was found towards CO3

2− ions
(27 and 28 mV/dec correspondingly). Strong interference
influence of I− and SCN− ions (slopes of 56 and 59 mV/dec
correspondingly) was also detected. Membrane VII (PANI)
did not show any specific response to all studied anions
and was strongly influenced by solution pH. In fact, the pH
sensitivity of PANI films is well known, and several sensors
for pH detection based on polyaniline have been previously
reported [30, 31].

A high sensitivity of membranes I.d and II towards
NaHCO3 concentration change could be explained either
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Figure 2: The details of PANI-Co(II)TATPP membrane I.d elec-
tropolymerisation from DMF/aniline solution. Peaks indicated as X
show an incorporation of Co(II)TATPP in PANI film during first 5
cycles.
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Figure 3: UV-visible absorption spectra of PANI-Co(II)TATPP
electropolymer (membrane I.d) deposited on ITO glass slide. The
spectra of Co(II)TATPP in CH2Cl2 and bare ITO glass are given for
comparison.

by PH influence on Co(II)TATPP- and Cu(II)TATPP-doped
PANI films or by selective complexation of bicarbon-
ate/carbonate ions by metalloporphyrins. In fact, the growth
of NaHCO3 concentration increase the solution pH, and;
hence, the correct determination of various forms of CO2

(i.e., CO2, H2CO3, HCO3
−, CO3

2−) existing in analyzed
sample requires either simultaneous pH control or the
application of an appropriate buffer background [14].
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Figure 4: Potentiometric dynamic response of EP films towards
several anions: (a) membrane I .d based on Co(II)TATPP and (b)
membrane II based on Co(II)TATPP.

The pH response of membranes I.b–I.d, II, and VIII has
been, hence, studied by stepwise addition of 1 M/L NaOH
to the universal buffer (11.4 mM/L boric acid, 6.17 mM/L
citric acid, 10 mM/L NaH2PO4, pH 2.75) and achieving
the final solution pH 10. A relatively little effect of pH
on electrodes with membranes I.b–I.d and II have been
detected in a pH range from 6 to 10 (−9.1, −2.9, and
−14.0 mV/pH correspondingly), while PANI membrane
VIII has shown a significant pH response in the all
examined range with a slope −41.2 mV/decade (data not
shown). It can hence be assumed that Co(II)- and Cu(II)-
5,10,15-tris(4-aminophenyl)-20-phenyl porphyrinates may
selectively coordinate carbonate ions and are promising
candidates as ionophores for carbonate-selective sensor
development.

3.2. Potentiometric and Optical Study of Co(II)TATPP
Ionophore Functioning Mechanism. In order to evolve the
source of high sensitivity towards carbonate as far as

elucidating the ionophore functioning mechanism, potentio-
metric and optical properties of solvent polymeric PVC/DOS
membranes III and IV doped with Co(II)TATPP (see Table 1)
have been studied and compared with membranes V and VI
based on commercially available TFAP derivatives (carbonate
ionophores I and IV) and membrane VII based on anion
exchanger TDACl. During the sensors’ preparation, we
have faced the problem of a low Co(II)TATPP solubility
in THF-dissolved PVC membrane cocktails. Such a low
solubility can be attributed to the partial monomer self-
aggregation occurring via axial coordination of porphyrin
phenylamine substituents on the metallic centers of neigh-
boring molecules. An addition of 7 wt% of pyridine to
the membrane cocktail resulted in aggregate breakage and
improved the ionophore solubility due to the prevalent
axial coordination of pyridine. Membrane IV doped with
1.5 wt% of Co(II)TATPP ionophore without any lipophilic
additive showed a partial anionic response towards several
anions, while an addition of 1 wt% of anionic TpClPB−

sites (data not shown) resulted in a cationic response
with slopes 40–45 mV/decade towards all studied aqueous
salt solutions. Such a behavior indicates the neutral car-
rier functioning mechanism of Co(II)TATPP ionophore.
As well known, to stabilize potentiometric properties of
neutral carrier-based membrane, an addition of cationic
lipophilic sites is often required [1]. Moreover, basing on
the amount of incorporated cationic sites, an assumption
on possible stoichiometry of forming ionophore/primary ion
complexes can be made [4]. It has been found that the ratio
Co(II)TATPP/TDACl = 1.5 in membrane III gives the best
performance and selectivity towards carbonate ions close to
selectivity of TFAP-derivative-based membranes, Figure 5. A
potentiometric response towards CO3

2−-ions with a slope
of 30.3 mV/decade close to a theoretical Nernstian has been
found for membrane III in a range 3× 10−6–10−3 M/L at the
distilled water background and 28.7 mV/decade in a range
3 × 10−5–10−1 M for 0.1 M/L Tris-H2SO4 buffer pH 8.6.
The fact of higher carbonate selectivity of EP membrane I.d
should be noticed and will be discussed later.

The formation both of 1 : 1 and 2 : 1 adducts between
metalloporphyrin and CO3

2− ions in membrane phase may
be supposed. UV-visible spectroscopy of thin films of mem-
brane III deposited on glass slides and measured dry and in
solutions of NaHCO3 in 10−6–10−2 M/L concentration range
showed that three concurrent processes occur in a membrane
phase, Figure 6. First, the decrease of absorbance intensity at
444 nm and the growth of 420 nm absorbance peak indicate
a partial substitution of pyridine initially coordinated on
metal center [32] by primary anion (red shifted 444 nm peak)
followed then by the liberation of Co(II)TATPP monomers
in membrane phase (formation of 420 nm peak) and finally
by formation of hydroxide-/or carbonate ion-bridged dimers
(appearance and growth of blue shifted 367 nm peak)
[33]. The comparison of selectivity patterns observed by
the optical transduction in solutions of NaHCO3, NaCl,
NaNO3, and NaSCN and those obtained potentiometrically
showed the high ability of carbonate ions to shift the dimer-
monomeric equilibrium within the membrane phase. Thus,
it has been found that carbonate ions in higher degree than
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Table 2: Results of developed sensors application for bicarbonate detection in plasma∗.

HCO3
− content, mM/L

Co(II)TATPP
Carbonate ionophore I, membrane VI Blood analyzer

Membrane I.d Membrane III

A 48.4± 3.7 52.4± 4.2 48.3± 2.2 51.4

B 31.9± 2.3 — 29.7± 1.7 31.8

C — — 42.1± 1.5 42.8

D — 20.8± 2.2 — 21.2

E 30.7± 4.6 25.2± 4.4 30.3± 2.2 28.9
∗

Data reprinted from [29] with the author’s permission.

other studied anions are responsible for a fast breakage
of Co(II)TATPP-pyridine complexes and following partial
formation of ionophore dimers in membrane phase.

On the contrary to PVC/DOS solvent polymeric mem-
branes, no ionophore dimerization occurs in electropoly-
merized membrane I.d due to the rigid fixation of
Co(II)TATPP inside PANI matrix. The only process that
takes place in EP film is an axial coordination of target
primary ion on metal center of porphyrin ionophore. This
fact may explain the higher carbonate selectivity of EP
membranes I.d and II over the solvent polymeric PVC
membrane III.

3.3. An Application of Developed Co(II)- and Cu(II)TATPP-
Based Sensors for Human Plasma Analysis. Due to the fact of
elevated CO3

2− selectivity, an attempt to apply Co(II)TATPP-
based sensors with membranes I.d and III for detection
of carbonate ions and following evaluation of HCO3

−

content in human blood plasma have been performed.
The results of the bicarbonate content determination in
5 human plasma samples are given in Table 2. A good
correlation between bicarbonate content evaluated with
Co(II)TATPP-based membranes I.d and III, TFAP derivative-
based membrane VI, and commercial blood analyzer has
been achieved.

The effectiveness of single sensor application for bicar-
bonate content analysis in human plasma has been compared
to the multisensory approach. For this purpose sensor array
composed of 5 carbonate-selective sensors with membranes
I.d, II, III, VI, and VIII, and pH electrode has been
utilized. Before application in plasma, array was calibrated
in artificial solutions mimicking human plasma composition
(see Section 2 for details). The potential of each sensor was
measured in every calibration solution at least in 3 replicates,
so the final dataset was composed of 6∗25∗3 = 450 readings.
A good PLS correlation between the array response and real
amount of HCO3

− ions detected with blood analyzer (slopes
of Scal = 0.949 and Sval = 0.941 and correlation coefficients
Rcal = 0.974 and Rval = 0.969 for calibration and full cross-
validation correspondingly) was received, while no influence
of salicylate and phosphates presence on sensors response
was detected, Figure 7.

From PLS1 model the concentration of HCO3
− was then

evaluated as 50.2±1.5 mM/L and 30.2±1.1 mM/L for plasma
samples A and E correspondingly. Hence, the application of
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Figure 7: The results of PLS model calibration and validation
in multicomponent solutions mimicking plasma for bicarbonate,
hydrophosphate, and salicylate ion content detection.

sensor array has permitted to decrease the relative error of
HCO3

− content evaluation in human plasma in comparison
to the single ISEs.

4. Conclusions

Newly developed sensors prepared by formation of elec-
tropolymerized PANI film doped with 5,10,15-tris(4-
aminophenyl)-20-phenyl porphyrinates of Co(II) and Cu(II)
have showed a high capability to detect CO3

2− and HCO3
−

ion content and were effective for physiological sample
analysis. An inherent advantage of these electrodes is a
prolonged lifetime due to the retention of ionophore in the
polymeric film and a possibility of an easy miniaturization,
which is fundamental when the small sample volume is
available or in vivo measurements are required.
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The construction and characteristic performance of PVC membrane electrode responsive to sodium dodecylsulfate (SDS) are
described in this paper. The electrode is based on hexadecyl trimethyl ammonium bromide-Sodium dodecylsulfate (CTA DS )
ion pair as ionophore in PVC membrane, which displays a Nernstian slope of 58 0.9 mV/decade in a 5.0 10 6 to 2.5 10 3 mol
L 1 concentration range and a limit of detection of 2.9 10 6 mol L 1. The electrode can be used for 3 months without showing
significant changes in the value of slope or working range. Also the electrode has wide pH range of application and short response
time. The electrode shows a selective response to SDS and a poor response to common inorganic anions. The selective sequence
found was SDS HCO3 CH3COO Cl I NO3 Br F CO3

2 C6H5O7
3 C2O4

2 SO4
2

C4H4O6
2 SO3

2 PO4
3 . The potentiometric selectivity coefficients determined are indicating that common anions would

not interfere in the SDS determination. The electrode has been utilized as an end point indicator electrode for potentiometric
titration involving hyamine as titrant.

1. Introduction

Anionic surfactants are widely used in the industrial and
domestic field, for example, in washing agents, household
detergents, and personal care products. Traditional analysis
methods of anionic surfactant concentration require tedious
procedures (such as liquid and gas chromatography), or
the use of large amounts of undesired solvents (such as
chloroform in the spectrophotometric “Methylene Blue”
method) [1–4]. An alternative to these methods is the use
of electrodes (such as ion-selective electrodes [5–10] or
ion-selective field-effect transistors [11–15]). Potentiometric
methods using ion-selective electrodes have found wide
applications in diverse fields of analysis for being of low cost,
sensitive, and applicable over a wide range of experimental
conditions [16].

Surfactant titrations are based on so-called antagonist
reaction, where an ionic surfactant reacts with an oppositely
charged ion forming a water insoluble salt (ion pair) [17–20];
when the oppositely charged ion surfactants react with each

other at equal mol, the potential of the electrode has greatly
changed; then the end point can be detected by the electrode.

The use of surfactant selective electrodes for the poten-
tiometric determination of anionic surfactants concentra-
tion has been described in several papers. The surfactant
selective electrode based on single-walled carbon nanotubes
constructed by Najafi et al. [21] was used to determine the
concentration of CTA and DS . Juan Soto and coworkers
[1, 22] constructed an ion-selective electrode for anionic
surfactants using a new aza-oxa-cycloalkane and cyclam
derivative as active ionophore in PVC membrane.

The present work investigates the feasibility of the
preparation of stable, long life, high selectivity, and fast
response anionic surfactant ion-selective electrode. The PVC
membrane electrode is based on hexadecyl trimethyl ammo-
nium bromide-sodium dodecylsulfate (CTA DS ) ion pair
as ionophore and di-n-octyl-phthalate (DOP) as plasticizer.
The sensitivity and stability offered by this electrode config-
uration are high enough to allow accurate determination of
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low levels of anionic surfactant by direct potentiometry and
potentiometric titration.

2. Experimental

2.1. Reagents. Sodium dodecylsulfate (SDS), hexadecyl tri-
methyl ammonium bromide (CTAB), hyamine and poly
(vinyl chloride) of high molecular weight were from Aldrich
(analytical grade). Di-n-octyl-phthalate (DOP) and tetrahy-
drofuran (THF) are both from Tianjin kermel Chemical
Reagent Company. All other reagents used for the prepara-
tion of electrode were of analytical grade. Distilled water was
used for the preparation of the solutions and for the cleaning
of all glassware and apparatus in the experiments.

2.2. Apparatus. The potentiometric measurements were per-
formed with a pHs 3C pH/mV meter and a saturated calomel
electrode (SCE) was used as external reference electrode. pHs

3C pH/mV meter and saturated calomel electrode were pur-
chased from Shanghai Precision and Scientific Instrument
Co., Ltd. The indicating electrode was self-made anionic
surfactant selective electrode. Potentiometric titrations were
conducted with the help of an automatic burette and a titro-
processor (Beijing Xianquweifeng Technology Development
Company) using a 25.0 0.1 C water-thermostated vessel
and an automatic burette.

2.3. Preparation of Electrode. The surfactant ion-selective
electrode was made according to the classical method
described in the literature [23] and the preparation could be
formulated as follows.

2.3.1. Preparation of the Ion Pair. The ion pair CTA DS was
prepared by pouring together equimolar amounts of sodium
dodecyl sulfate (SDS) and hexadecyl trimethyl ammonium
bromide (CTAB) in hot aqueous solution. The ion pair
CTA DS is formed as a white precipitate, which was filtered
off, washed with distilled water, and recrystallized twice from
hot acetone.

2.3.2. Preparation of the Membrane. The best membranes,
obtained with PVC : DOP 2 : 3, contained 10 3 mol
CTA DS ion pair per kilogram of PVC and DOP mixture.
PVC, DOP, and CTA DS ion pair were dissolved in
tetrahydrofuran, poured on a flat-bottomed glass dish.
Tetrahydrofuran evaporated from the solution at room
temperature for 48 h, and then the requisite membrane was
obtained.

2.3.3. Construction of the Electrode. A disk of 1.0 cm in di-
ameter was cut from the obtained membrane and attached to
the end of a PVC tube using the solution of PVC dissolved in
tetrahydrofuran (THF) as adhesive. The Ag/AgCl electrode
was used as inner reference electrode. 1.0 10 3 mol L 1

SDS and 1.0 10 3 mol L 1 KCl mixture solution was used
as inner solution. Respectively, to fabricate an electrode, the
electrode was preconditioned in 10 3 mol L 1 SDS solution
for 24 h.

2.4. Theory. A rapid and reliable potentiometric analysis
method with surfactant ion-selective electrode has been
developed for the determination of surfactants; surfactant
concentration and potential comply with Nernstian equation
written as

E E 2.303
RT

zF
logaDS , (1)

where E stands for the equilibrium electrode potential, E is
the standard electrode formal potential, R is the gas constant,
T is the temperature, z is the transfer electron number of
electrode reaction, F is the Faradays constant, and aDS is
the activity of the SDS solution. Therefore, the surfactant
concentration can be acquired from the potentiometry
measured using surfactant ion-selective electrode.

2.5. Emf Measurements and Titration Procedure. The external
reference electrode was a saturated calomel electrode and
self-made electrode was used for all EMF measurements.
Potentiometric measurements were carried out by using
the following cell assembly: external reference electrode,
Saturated KCl solution, sample solution, PVC membrane,
inner solution, and Ag/AgCl. All potential measurements
were carried out on a pHs 3C pH/mV meter. Potentiometric
selectivity coefficients were determined according to the
fixed interference method using 2.5 10 2 mol L 1 solution
of interfering ion. Calibration curves were constructed by
plotting the potential, E, versus the logarithm of the sodium
dodecyl sulfate (SDS) concentration.

The electrode has been calibrated with standard solutions
of SDS in the range of 1.0 10 7 to 5.0 10 2 mol L 1.
The volume of tested solution used for titration was 25.0 mL.
The titrant dosage rate was 0.1 mL s 1. The concentration of
titrant hyamine was 4.043 10 3 mol L 1. All the measure-
ments and titration were performed at 25.0 0.1 C.

3. Results and Discussion

3.1. Influence of Membrane Composition. The ion pair
CTA DS was synthesized and tested as ionophore in PVC
membrane. As it has been reported, the response of ion-
selective electrodes in terms of selectivity and sensitivity
depends not only on the ionophore but also on the final
composition of the membrane ingredients. Therefore, in
a first step several compositions of the membrane ingre-
dients ionophore, plasticizer, and PVC were tested. All
the membranes prepared were studied against SDS. The
three electrodes (1–3) prepared with different membrane
compositions were shown in Table 1. The membrane of
electrodes 1, 2, and 3 had a similar composition, and the
only difference was the content of ion pair. A comparison
of the response characteristics of electrodes 1–3 against SDS
is shown in Figure 1 and Table 1. It can be found that
Electrode 2 with the composition (wt%) of DOP (60%),
PVC (33%), and ion pair (2%) showed a better performance
than electrodes 1 and 3. On one hand it had the lowest
detection limit and the best linear correlation coefficient,
on the other hand the slope value is the nearest to theory
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Table 1: Response characteristics of the anionic surfactant-selective electrode based on PVC membrane to SDS with different composition.

Membranea Slope (mV/decade) Linear range (mol L 1) Detection limit (mol L 1) Correlation coefficient (r)

1 50.7 1.2 7.5 10 6 to 2.5 10 3 4.6 10 6 0.9972 0.0004

2 58.0 0.9 5.0 10 6 to 2.5 10 3 2.9 10 6 0.9987 0.0003

3 65.5 2.4 7.5 10 6 to 2.5 10 3 5.9 10 6 0.9935 0.0007
a
Ingredients of membrane (wt%): (1) DOP (60%), PVC (34%), ion pair (1%), (2) DOP (60%), PVC (33%), ion pair (2%), (3) DOP (60%), PVC (32%), ion

pair (3%).
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Figure 1: Potential response of the surfactant-selective electrode
with different composition to SDS. Ingredients (wt%): : DOP
(60%), PVC (34%), ion pair (1%), : DOP (60%), PVC (33%), ion
pair (2%), : DOP (60%), PVC (32%), ion pair (3%).
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Figure 2: Response time of anionic surfactant selective electrode for
step changes in different concentration of SDS solution.

value 59.2 mV/decade. So we chose the composition as the
ingredients of electrode membrane for the following studies.

3.2. Response Behavior of the Electrode. Electromotive force
of the membrane electrode 2 assembly dipped in the
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Figure 3: Effect of pH on the potentials of anionic surfactant
selective electrode in 1 10 4 and 1 10 3 mol L 1 SDS solution.
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Figure 4: Plot of the slope of anionic surfactant selective electrode
in the presence of SDS versus time (days).

solution of anionic surfactant SDS investigated was given
by Nernstian equation. The response characteristics of
anion surfactant selective electrode in solutions of sodium
dodecylsulfate (SDS) were shown in Figure 1 (curve 2).
Statistical evaluation of the electrode characteristics was
given in Table 1 (membrane 2). The slope value and cor-
relation coefficients were calculated from the linear region
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Figure 6: Potentiometric titration curve of 25.0 mL tested SDS
solution with 4.043 10 3 mol L 1 hyamine as titrant in water,
using the electrode as an indicator electrode.

of the calibration graph of the measurements using linear
regression analysis.

Detection limit is defined as the concentration of SDS
corresponding to the intersection of the extrapolated linear
segments of the calibration graph [24] which was 2.9
10 6 mol L 1. The electrode investigated showed Nernstian
response ( 58.0 0.9 mV/decade) between 5.0 10 6 and
2.5 10 3 mol L 1 for SDS. It can be seen that the electrode
exhibits linear response for SDS.

3.3. Response Time. The static response time of the electrode
was measured after successive immersion of the electrode in a
series of SDS solutions, from 1.0 10 5 to 1.0 10 3 mol L 1.
The response time of electrode was evaluated by measuring
the time required to achieve a steady-state potential [25, 26].
As shown in Figure 2, a response time of 40 s was found as
the time required for the electrode to reach a potential within

1 mV of the final equilibrium. The standard deviation of the

Table 2: The life time study of the anionic surfactant selective
electrode.

Period Slope Linear range Detection limit

(weeks) (mV/decade) (mol L 1) (mol L 1)

1 58.0 5.0 10 6 to 2.5 10 3 2.9 10 6

2 58.2 4.6 10 6 to 2.5 10 3 2.9 10 6

3 58.4 4.7 10 6 to 2.5 10 3 3.0 10 6

4 58.1 5.2 10 6 to 2.5 10 3 3.0 10 6

5 58.3 5.5 10 6 to 2.7 10 3 3.4 10 6

6 57.9 5.9 10 6 to 1.9 10 3 2.2 10 6

7 58.4 6.4 10 6 to 2.2 10 3 3.9 10 6

8 58.6 5.4 10 6 to 1.8 10 3 2.6 10 6

9 57.8 7.1 10 6 to 1.5 10 3 4.9 10 6

10 58.0 6.7 10 6 to 2.8 10 3 3.5 10 6

11 57.6 8.1 10 6 to 2.4 10 3 4.3 10 6

12 57.4 7.8 10 6 to 3.1 10 3 4.1 10 6

13 57.2 8.2 10 6 to 3.4 10 3 5.0 10 6

14 54.6 9.1 10 6 to 3.5 10 3 6.1 10 6

15 52.1 1.1 10 5 to 2.9 10 3 7.6 10 6

16 41.6 2.4 10 5 to 3.1 10 3 1.6 10 5

response time calculated from four measurements was 5 s;
the response time of the electrode was 40 5 s.

3.4. Effect of pH. The influence of pH on the potential
response of the electrode was studied at a fixed concentration
of SDS of 1 10 4 mol L 1 and 1 10 3 mol L 1 over the
pH range of 2–12. CTA DS ion pair mainly response to
DS . DS can combine with H at low pH, and then DSH
formed. At low pH [H ] [DS ], the concentration of DS
was decreased in the solution which is probably related to
the increasing of DSH concentration. The pH values higher
than 10 also affected the potential response of electrode.
Potential increases most likely due to a membrane response
to the OH anion, that is because in such medium OH ions
compete with DS ions. So out of the pH range 4 and 10,
the potential was not the same as in the pH range 4–10. As
illustrated in Figure 3, potentials remained constant between
pH 4–10, which was chosen as the pH range for the studies
[1].

3.5. Life Time of the Electrode. The electrode characteristics
obtained at various time intervals were illustrated in Table 2
and Figure 4. The electrode exhibited good reproducibility in
slope, linear concentration range, and detection limit for 13
weeks, but slight drifts in its slope and detection limit were
observed after 14 weeks. The life time of the electrode was
more than 3 months [1].

3.6. Determination of Potentiometric Selectivity Coefficients.
We carried several studies with the electrode in relation to its
response in the presence of SDS. As can be seen in Figure 5,
the electrode displayed a remarkable selective response to
SDS and a very poor change of the potential in the presence
of the anions F , Cl , Br , I , NO3 , SO4

2 , PO4
3 ,
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Table 3: Potentiometric selective coefficients for anionic surfactant selective electrode.
Interfering ion k

pot
DS , X (log) Interfering ion k

pot
DS , X (log)

F 4.34 SO3
2 5.02

Cl 3.94 CO3
2 4.55

Br 4.27 HCO3 3.46

I 4.22 CH3COO 3.55

NO3 4.26 C2O4
2 4.85

SO4
2 4.89 (C4H4O6

2 )a 4.97

PO4
3 5.13 (C6H5O7

3 )b 4.59
a
tartrate, bcitrate.

Table 4: Results of determining the concentration of SDS by potentiometric titration using anionic surfactant selective electrode compared
with the two-phase titration in sample solutions.

Number VSDS (mL)
Potentiometric titration Two-phase titration

VHyamine (mL) cSDS (mol L 1) VHyamine (mL) cSDS (mol L 1)

1 25.0 2.53 4.09 10 4 2.51 4.06 10 4

2 25.0 2.54 4.11 10 4 2.52 4.08 10 4

3 25.0 2.54 4.11 10 4 2.53 4.09 10 4

Average 25.0 2.54 4.11 10 4 2.52 4.08 10 4

RSD (%)a 1.41 1.58
a
Relative standard deviation of potentiometric titration and two-phase titration method for triplicate measurements.

Table 5: Comparison of the results obtained by the potentiometric
and two-phase titration of commercial detergents.

Sample SDS (wt%)

Potentiometric titration Two-phase titration

1a 14.37 14.23

2a 14.34 14.20

3a 14.39 14.26

RSD (%)b 2.05 2.45
a
Number 1, 2, 3: washing liquid (SDS, glycerine, sodium chloride,

diethanolamid, and additives).
bRelative standard deviation of potentiometric method for triplicate mea-
surements.

SO3
2 , CO3

2 , HCO3 , CH3COO , C2O4
2 , C4H4O6

2 , and
C6H5O7

3 . As it can be seen that the electrode displays
negligible response to these anions when compared with that
found for SDS.

In order to quantify the selective behavior found for
the electrode towards SDS, we have carried out studies to
determine potentiometric selectivity coefficients. Selectivity
is one of the most important characteristics of electrodes
that gives an idea of the preference of the electrode for
the primary ion with respect to potentially interfering
species and display the ability to distinguish this ion from a
complex mixture. The potentiometric selectivity coefficients
(kpot

DS , X ) of the electrode were calculated by means of the
fixed interference method considering SDS as the principal
anion and using concentration of 2.5 10 2 mol L 1 for
interfering anions. kpot

DS , X was calculated with the following
equation [27]

K
pot
i j

aDS

aX
zDS zX

, (2)

where aDS is the activity of the primary ion of DS , aX is the
activity of the corresponding interfering ion, and zDS and
zX are the corresponding charge of the primary ion and the
interfering ion, respectively. The calculated potentiometric
selectivity coefficients were listed in Table 3. The selectivity
sequence for the electrode was SDS HCO3 CH3COO
Cl I NO3 Br F CO3

2 C6H5O7
3

C2O4
2 SO4

2 C4H4O6
2 SO3

2 PO4
3 . As can

be seen in Table 3, the logarithm of the potentiometric
selectivity coefficients determined for the electrode are
generally lower than 3.0 indicating that most of the anions
would not significantly disturb the determination of SDS in
real samples.

3.7. Analytical Applications. Our investigations showed that
the electrode can not only be used for direct determination
of SDS, but also was found useful as a sensor in titration of
SDS with precipitating reagent (hyamine). As an example, it
was applied in the titration of an SDS solution with hyamine.
The amount of SDS in solution can be accurately determined
by the electrode. In order to determine the concentration of
SDS in model solutions, the electrode has been used for the
determination of SDS in water by potentiometric titration
in conjunction with SCE (saturated calomel electrode) as
reference electrode and the results have been compared with
those obtained using the reference standard technique the
two-phase titration [28]. A typical sigmoid shape titration
curve obtained from the titration of SDS was shown in
Figure 6. The titration volume was estimated at the inflection
point of the titration curve. As shown in Table 4, the results
recorded by potentiometric titration are in good accordance
with those given by the two-phase titration. Relative standard
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Table 6: Comparison table with previously similar reported works.

Ionophore Slope (mV/decade) Linear range (mol L 1) Detection limit (mol L 1) pH range

New cyclic aza-oxa-cycloalkanea 57.7 0.2 3.3 10 6 to 6.7 10 3 2.9 10 6 4.5–8

Cyclam derivative b 60.0 0.9 7.9 10 6 to 2.0 10 3 4.0 10 6 5–8.5

Single walled carbon nanotubesc 59.5 9.0 10 5 to 5.0 10 3 5.2 10 6 Without mention

CTA DS ion pair d 58.0 0.9 5.0 10 6 to 2.5 10 3 2.9 10 6 4–10
a
Reference [22], bReference [1], cReference [21], dTextual content.

deviation of potentiometric titration and two-phase titration
method for triplicate measurements are less than 1.6%.

For the determination of SDS in commercial detergents,
15–30 mg sample was dissolved in 2 mL methanol and
diluted to 100 mL with water and 20 mL portion applied to
the determination of SDS in samples by the electrode. The
results of the potentiometric titration using the electrode
were compared with those obtained using the two-phase
titration. As shown in Table 5, the results recorded by the
potentiometric titration are in good accordance with those
given by two-phase titration.

4. Conclusion

Comparison with previously similar reported works was
shown in Table 6. It can be found that the response slope
to SDS of those electrodes was similar. The membrane
containing new cyclic aza-oxa-cycloalkane as ionophore had
the widest linear range and the lowest detection limit.
The membrane containing CTA DS ion pair as ionophore
had the widest pH usage range and also had the lowest
detection limit. An anionic surfactant selective electrode
based on CTA DS ion pair as an active ionophore provided
advantages of easy preparation, simplicity, fast, and clean
method of analysis of anion surfactant. This electrode
displayed a Nernstian slope of 58.0 0.9 mV/decade over
the 5.0 10 6 to 2.5 10 3 mol L 1 concentration range
and shows a limit of detection of 2.9 10 6 mol L 1. The
electrode can be applied in a pH range of 4–10. Response
time is 40 5 s in average and can be used more than 3
months without showing significant changes in the value of
slope. The electrode showed a clear anionic response to SDS.
The selective sequence found for the electrode was SDS
HCO3 CH3COO Cl I NO3 Br F
CO3

2 C6H5O7
3 C2O4

2 SO4
2 C4H4O6

2

SO3
2 PO4

3 . Furthermore, the potentiometric selectivity
coefficients determined were relatively low, indicating that
common anions would not interfere in the SDS determina-
tion. Also it can be used for the determination of SDS in
water samples by titration procedures.
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[10] J. Sànchez and M. Del Valle, “A new potentiometric photocur-
able membrane selective to anionic surfactants,” Electroanaly-
sis, vol. 13, no. 6, pp. 471–476, 2001.

[11] R. K. Mahajan and A. Shaheen, “Effect of various additives on
the performance of a newly developed PVC based potentio-
metric sensor for anionic surfactants,” Journal of Colloid and
Interface Science, vol. 326, no. 1, pp. 191–195, 2008.

[12] L. Campanella, M. Battilotti, A. Borraccino, C. Colapicchioni,
M. Tomassetti, and G. Visco, “A new ISFET device repsonsive
to anionic detergents,” Sensors and Actuators B, vol. 19, no. 1–
3, pp. 321–328, 1994.
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A novel hybrid matrix of zinc oxide-methylene blue (ZnO-MB) has been successfully developed for biosensing application.
The introduction of methylene blue into the ZnO thin film leads to reduction in the charge transfer resistance and suggests an
increase in the electron transfer capacity of the composite. Glucose oxidase (GOx) was chosen as the model enzyme and effectively
immobilized on the surface of hybrid ZnO-MB nanocomposite matrix. Electrochemical measurements were employed to study
biosensing response of the GOx/ZnO-MB/ITO bioelectrode as a function of glucose concentration. The low oxidation potential
(−0.23 V) of the hybrid bioelectrode, in a mediatorless electrolyte, makes it resistant against interference from other bio-molecules.
The low value of Michaelis-Menten constant (2.65 mM) indicates that immobilized GOx retains its enzymatic activity significantly
on the surface of nanocomposite hybrid matrix that results in an enhanced affinity towards its substrate (glucose). The ZnO-MB
nanocomposite hybrid matrix, exhibiting enhanced sensing response (0.2 μAmM−1cm−2) with long shelf-life (>10 weeks), has
potential for the realization of an integrated biosensing device.

1. Introduction

Though the last decade has witnessed a fast growth in the
research, development, and marketing of biosensors still no
clear unanimity has been made in favor of specific biomatrix
[1–7]. The modern day’s biosensors combine the natural
sensitivity and specificity of complimentary bio-molecules
with the advantages of microelectronics, through a suitable
biomatrix, for realization of lab-on-chip device [1]. Zinc
oxide (ZnO), a wide band-gap semiconductor, is recently
grabbing attention of the scientific community for its appli-
cation in the field of biosensors due to its novel properties
like high isoelectric point (IEP) and biocompatibility. Owing
to its high IEP the surface of ZnO matrix can adsorb the
biocatalysts having low IEP (∼4.2 for glucose oxidase) via
electrostatic interaction. The possibility of growing large-
area thin films of ZnO nanostructures on variety of materials
at a relatively low cost led to a good progress in development
of ZnO-based biosensor [8–12]. Recently, we have confirmed
that ZnO provides direct charge transfer to immobilized

enzymes and they retain their bio-activity on its surface [10].
However, due to the absence of a redox couple in ZnO,
the amperometric biosensors have to depend on detecting
the oxidation of H2O2 produced during the reactions. It is
important to note that the oxidation potential of H2O2 is
high enough to cause interference in the electrical signal,
from other bio-molecules present in blood serum and
thereby hinder the miniaturization of biosensor. Moreover,
the ZnO-based sensors require an electron transfer reagent
(mediator) in the electrolyte. Therefore, a novel biomatrix
is essentially required for lab-on-chip device that can be
utilized for effective detection of bio-molecules.

The excellent redox properties of methylene blue (MB),
a cationic dye, and its low formal potential (E◦ = 0.08–
−0.25 V in solution with pH 2–8) is good enough a
reason for its exploitation, as a mediator, in biosensors.
Therefore the synthesis of a hybrid matrix exploiting the
excellent properties of ZnO along with the redox species
may lead to development of an interference-free biosensor.
Few biosensors have been developed, where biomolecules are
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immobilized along with the mediators, on the surface of the
matrix [13–15]. However, due to the low molecular weight
and good solubility in water the mediators have a tendency
to leach out and thereby destabilizing the bio-electrode
[16]. This could be overcome by a composite matrix having
the mediator embedded in it. In the present study, we
have developed a nanocomposite biomatrix of ZnO with
methylene blue (ZnO-MB) and successfully demonstrated
the interference-free and effective glucose sensing. The low
value of Michaelis Menten Constant (K

app
m ) and a fairly

interferenceless system has indicated the importance of the
prepared matrix in the field of amperometric biosensors.

2. Experimental

2.1. Materials. GOx (200 U/mg), horseradish peroxidase
(HRP, 200 U/mg), o-dianisidine, and glucose were pur-
chased from Sigma-Aldrich. Sodium phosphate monobasic
anhydrous and sodium phosphate dibasic dihydrate were
obtained from Sisco chemical, India. Lithium hydroxide
monohydrate and zinc acetate monohydrate were procured
from Thomas Baker, India. MB was acquired from Merck &
Co. Inc. All chemicals were used without further purification.
Deionized water was used in the preparation of aqueous
solutions.

2.2. Preparation of Solutions. Phosphate buffer saline (PBS)
50 mM of pH 7.0 (0.9% NaCl) solution was prepared by
adjusting the proportion of monobasic sodium phosphate
solution and dibasic sodium phosphate solution and then
adding 0.9% NaCl to the solution. GOx (1 mg/mL) solution
and HRP solution (1 mg/mL) were freshly prepared in PBS
buffer of pH 7.0. Different concentrations of glucose solution
and solution of o-dianisidine (1%) were freshly prepared in
deionized water.

2.3. Preparation of ZnO-MB Film and Immobilization of GOx.
The ZnO nanoparticles were first prepared by a wet chemical
route, as reported by Yadav et al. [17]. The obtained ZnO
nanoparticles are redispersed in ethanol. To obtain ZnO-
MB sol, 0.1 mL of the MB solution (10 mg/mL in ethanol)
is added to 1 mL of redispersed ZnO sol. The ZnO-MB/ITO
electrodes were prepared by spin-coating on ITO-coated
glass plates with the ZnO-MB sol.

Immobilization of GOx onto the ZnO-MB matrix was
achieved via electrostatic interaction of positively charged
ZnO and negatively charged GOx enzyme at 7.0 pH. For GOx
immobilization, 30 μL of the freshly prepared GOx solution
was dropped on the surface of ZnO-MB composite thin film
and was kept at 4◦C overnight followed by extensive washing
with buffer to remove any unbound GOx. The bioelectrodes
were dried under dry nitrogen flow and kept at 4◦C when not
in use.

2.4. Measurement and Apparatus. The ZnO-MB/ITO elec-
trode was characterized by UV-visible, fourier transform
infrared (FTIR), and electrochemical impedance spec-
troscopy techniques. FTIR studies were further carried out
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Figure 1: UV-visible spectrum of the ZnO-MB matrix.

on the GOx/ZnO-MB/ITO bio-electrode to confirm the
immobilization of GOx enzyme. The sensing response stud-
ies of the bio-electrode were carried out using cyclic voltame-
try (CV) techniques. The apparent enzyme activity was
studied by enzymatic photometric assay. CV measurements
were carried out on a Potentiostat/Galvanostat (Gamry
Instruments Inc.) using a three-electrode cell configuration
with Ag/AgCl electrode as a reference electrode and platinum
foil as a counter electrode in 10 mL of phosphate buffer
saline (PBS) solution (50 mM, pH 7.0, 0.9% NaCl). Electro-
chemical impedance spectroscopy (EIS) studies were made
in PBS solution (pH 7.0) containing 5 mM Fe(CN)6

3−/4−.
The apparent enzyme activity of bioelectrode was studied
using UV-visible spectrophotometer (Perkin Elmer lambda
35). For the photometric assay bioelectrode was dipped in
the 3 mL PBS solution containing 20 μL of dye (o-dianisidine,
1% in H2O), 50 μL of HRP and 100 μL of substrate (glucose).
After 1 minute of incubation of bio-electrode the absorbance
corresponding to the oxidation of o-dianisidine was noted at
500 nm for monitoring the enzyme kinetics.

3. Results and Discussion

3.1. UV-Visible Studies. ZnO-MB film was deposited on a
fused quartz slide for optical characterization. UV-Visible
spectra (Figure 1) confirms the deposition of a thin film
having high transmission (>80%) in the visible region.
The band gap estimated from the fundamental absorption
edge (using Tauc plot) was found to be 3.61 eV. The
estimated value of the bandgap is much higher than the
corresponding value (∼3.3 eV) reported for bulk ZnO [18]
and may be attributed to the quantum confinement effect
which comes into the picture due to the small size of the
synthesized ZnO nanoparticles (∼4 nm). It is important to
point out that two small dips in the transmittance spectra
are seen at 610 nm and 660 nm and are attributed to the
presence of methylene blue in the prepared composite matrix
[16].
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Figure 2: TEM image of the ZnO-MB nanoparticles.
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Figure 3: Impedance spectra of the pure ZnO and composite ZnO-
MB thin films.

3.2. TEM Analysis of the ZnO-MB Sol. The transmission
electron microscope (TEM) image (Figure 2) of the ZnO-
MB nanoparticles shows the synthesis of spherical shape
and monodispersed nanoparticles with average size of about
4 nm. MB can be seen congregated on the ZnO nanoparticles.

3.3. Electrochemical Impedance Studies. Electrochemical im-
pedance spectroscopy (EIS) study was carried out, on
both ZnO-MB thin film and ZnO thin film, to have an
insight into the effect of methylene blue on the charge
transfer behavior of ZnO in nanocomposite biomatrix.
Figure 3 shows the impedance spectra of ZnO/ITO/glass
and ZnO-MB/ITO/glass electrodes. The impedance plots are
semicircular in shape for both the electrodes. The diameter
of the semicircle was found to reduce with incorporation
of MB in the ZnO matrix. The plot can be modeled by
an equivalent electrical circuit consisting of a resistance
(RS) in series with parallel combination of a capacitance
(Cp) and a resistance (RCT) [19]. The value of RCT for
ZnO/ITO electrode was found to be 30.6 kΩ which decreased
to 12.1 kΩ for the composite ZnO-MB/ITO electrode. The

reduction in the value of RCT clearly indicates that the
presence of mediator (MB) in the ZnO matrix plays an
important role in increasing the charge transfer capacity of
the ZnO biomatrix.

3.4. FTIR Studies. The FTIR studies on the ZnO-MB film
(Figure 4(a)) confirm the formation of a hybrid composite
matrix. In Figure 4(a) the absorption peak observed at
452 cm−1 corresponds to the E2 mode of wurtzite ZnO
[20]. The appearance of absorption bands at 1574 cm−1,
1413 cm−1, and 1340 cm−1 are due to the presence of MB
in matrix [16]. The presence of modes corresponding to
both the ZnO and MB, in the FTIR spectra, clearly shows
that the MB has formed a composite with ZnO without
disturbing its lattice structure. FTIR of the GOx/ZnO-
MB bio-electrode (Figure 4(b)) shows additional absorption
mode corresponding to the characteristic band of protein at
1655 cm−1, assigned to amide II, confirming the immobiliza-
tion of GOx on the surface of composite (ZnO-MB) matrix
[21].

3.5. CV Studies. Cyclic voltammograms of the ZnO-MB
electrode at different scan rates (0.01 V/s to 0.08 V/s)
are shown in Figure 5(a). A well-defined redox peak was
obtained in reagentless phosphate buffer saline (PBS) solu-
tion using ZnO-MB/ITO electrode. The oxidation peak is
seen at −0.23 V and can be attributed to the oxidation of MB
in the nanocomposite biomatrix. However the peak is slightly
shifted to negative potential as compared to the oxidation
potential of MB (−0.20 V) suggesting good catalytic behavior
of the system [9]. The CVs remained essentially unchanged
on consecutive scanning thereby ruling out the possibility of
any leaching effect of mediator (MB) from the composite
(ZnO-MB) matrix as reported previously by other workers
[16]. The anodic (Ip

a) and the cathodic (Ip
c) peak current

are found to vary linearly with potential scan rate (inset
of Figure 5(a)) indicating improved electrocatalytic behavior
of the prepared system and demonstrating that the hybrid
composite matrix is suitable for biosensing applications.

Immobilization of GOx enzyme onto the ZnO-MB/ITO
electrode resulted in the decrease of oxidation current in
CV (inset of Figure 5(b)) and is attributed to the effective
binding of GOx, which is a protein having macromolecular
structure of nonconducting nature. Brown-Anson model (1)
has been used to calculate the value of surface concentration
of redox species for ZnO-MB/ITO and GOx/ZnO-MB/ITO
electrodes

Ip = n2F2I∗Av
4RT

. (1)

Ip is the peak current, n is the number of electrons trans-
ferred, F is the faraday constant, I∗ is the surface concentra-
tion, A is the surface area of the electrode, v is the scan rate,
R is the gas constant, and T is the absolute temperature [22].
The surface concentration of redox species in the GOx/ZnO-
MB/ITO bio-electrode (3.46× 10−11 mol/cm2) was found to
be higher than the corresponding value obtained for ZnO-
MB/ITO electrode (2.93 × 10−11 mol/cm2). An increment
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current with potential scan rate) (b) CV of GOx/ZnO-MB/ITO bio-electrode with different glucose concentration (Inset shows CV of ZnO-
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in the number of redox species indicates the activation of
the redox centers present in the enzyme being immobilized
on the composite hybrid matrix. The oxidation current was
found to increase continuously, in the CV, with an increase
in the glucose concentration (Figure 5(b)). The GOx oxidizes
the glucose in the solution and in the process it gets reduced.
The reduced GOx donates the excess electron to the ZnO-
MB nanocomposite matrix to reduce the redox species. The
MB reoxidizes by transferring the electron to the external

circuit due to efficient electron transfer and good redox
property of prepared nanocomposite biomatrix (Scheme 1).
The increase in current with increasing concentration of
glucose is attributed to the increase in the number of released
electrons during oxidation of glucose.

Figure 6(a) shows the variation of the current measured
for the GOx/ZnO-MB/ITO bio-electrode at a fixed potential
of −0.23 V as a function of glucose concentration. The
observed linear response upto 16.67 mM indicates that
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Scheme 1: The electron transfer process of the matrix.

the prepared bio-electrode can be efficiently used for glucose
sensing. The sensitivity estimated from the linearity curve
is found to be 0.2 μAmM−1cm−2. The results of triplicate
sets indicated by error bars reveal the reproducibility of
measurements within ±2% and show the higher reliability
of prepared bio-electrode based on ZnO-MB nanocomposite
matrix for glucose detection.

3.6. Estimation of Michaelis-Menten Kinetic Parameters
(K

app
m ). Hanes plot, that is, a graph between (substrate

concentration) and (substrate concentration/current), has

been employed to estimate the Michaelis-Menten kinetic
parameter (K

app
m ) of enzymatic reaction [3]. The value of

K
app
m is found to be 2.65 mM for the GOx immobilized on

the nanocomposite matrix. The low K
app
m value, as compared

to free GOx (27 mM), indicates that the immobilized GOx
attains favourable conformation for enzymatic reaction on
the ZnO-MB/ITO nanocomposite biomatrix that result in
enhanced affinity of GOx towards glucose.

3.7. Interference Study. Upon addition of similar concentra-
tion of interferants such as cholesterol, ascorbic acid, and
uric acid with glucose (8.33 mM) in PBS, the value of the
currents at the peak potential varies insignificantly within
the error limits only as is shown in the bar graph (inset
of Figure 6(a)). The low working potential of the prepared
hybrid biomatrix prevents the effect of interferants on the
sensing response characteristics and thereby result in an
interference-free biosensor.

3.8. Photometric Assay. The photometric assay was carried
out to estimate the apparent enzyme activity (Figure 6(b))
and has been calculated using the equation aenz

app (Units
cm−2) = AV/εts, where aenz

app is the apparent enzyme activity,
A is the difference in absorbance before and after incubation,
V is the total volume (3.17 cm3), ε is the millimolar
extinction coefficient (7.5 for o-dianisidine at 500 nm), t is
the reaction time (min), and s is the surface area (cm2) of
the electrode [3]. The estimated value of apparent enzyme
activity of the prepared hybrid biomatrix was about 1.65 ×
10−2 U cm−2. The photometric assay was further used to
carry out the shelf life studies, at regular interval for 10 weeks
with 8.33 mM glucose concentration (data not shown). The
study indicates that the prepared bioelectrode retain more
than 80% of activity even after 10 weeks.
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4. Conclusion

The present study shows that the ZnO thin film matrix
incorporated with methylene blue is a promising nanocom-
posite hybrid matrix for biosensor application. The ZnO
nanoparticles offer a suitable microenvironment for enzyme
immobilization and enhanced electron transfer between the
enzyme’s active site and the electrode. Due to low oxidation
potential (−0.23 V), the hybrid composite matrix is prac-
tically immune from interferants in the biological system.
Glucose oxidase enzyme has been successfully immobilized
on the ZnO-MB nanocomposite films deposited onto ITO
coated glass. The CV studies of the prepared bioelectrode
(GOx/MB-ZnO/ITO) shows linearity up to 16.67 mM indi-
cating the potential of nanocomposite biomatrix for realiza-
tion of a interference-free biosensor. The GOx immobilized
on the ZnO-MB/ITO electrode displays excellent catalytic
property towards glucose which is confirmed by the relatively
low value of Michaelis-Menten constant (2.65 mM). The
shelf life of the prepared bioelectrode is more than 10
weeks suggesting that the hybrid composite matrix provides
an attractive option for fabrication of a stable lab-on-chip
biosensing device.
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Label-free biosensors for studying cell biology have finally come of age. Recent developments have advanced the biosensors from
low throughput and high maintenance research tools to high throughput and low maintenance screening platforms. In parallel,
the biosensors have evolved from an analytical tool solely for molecular interaction analysis to powerful platforms for studying cell
biology at the whole cell level. This paper presents historical development, detection principles, and applications in cell biology of
label-free biosensors. Future perspectives are also discussed.

1. Introduction

The cell is the functional basic unit of life. The ability of
examining living cells is crucial to cell biology. In the past
several decades, advances in molecular biology have made it
a routine laboratory practice to manipulate a cellular target
in living cells. Gene expression can be used to increase the
amount of a specific protein in cells, while interference RNA
can be used to suppress or eliminate a specific protein, and
mutagenesis to alter the structure and functions of a par-
ticular protein, so that the functional consequences of the
target protein can be studied [1, 2]. In parallel, analytical
techniques have also been advanced to meet the increasing
demands in characterizing molecules in living cells with
high temporal and spatial resolutions, as well as with high
throughput [3, 4]. Although these molecular assays only
measure independent molecules one at a time, they have
made it possible to identify various activators, effectors, en-
zymes, and substrates for many important cellular processes
including signaling [5]. Thus, these assays have been dom-
inating cell biology studies nowadays. However, since sig-
naling proteins mostly operate through a large and complex
network to direct the propagation of signals within a cell
and ultimately to determine how the cell responds to envi-
ronmental cues [6, 7], there are increasing demands in tech-
nologies that not only allow one to investigate cellular re-
sponses at the whole cell and cell systems level, but also
enable mechanistic delineation. Label-free biosensors fulfill

these needs by measuring integrated and phenotypic re-
sponses of whole cells with high temporal resolutions [8, 9].
Further, these biosensors enable noninvasive and highly sen-
sitive measurements of many different cellular responses,
ranging from cell adhesion to cell barrier functions, signal-
ing, infection, migration, proliferation and death, and differ-
entiation (Figure 1), part of which are topics of this paper.

2. Label-Free Biosensors

Label-free biosensors generally use a transducer to convert a
stimulus-induced cellular response into a quantifiable signal
(i.e., biosensor signal) [9]. Depending on the nature of trans-
ducers, label-free biosensors used for whole cell sensing are
mostly divided into optical- and electric-based (Figure 2).
It is worth noting that there are many other types of bio-
sensors currently under development. These include atomic
force microscopy for measuring biomechanics of cells [10,
11], Raman imaging for measuring the production and
organization of unsaturated fatty molecules in cells [12, 13],
and whispering-gallery-mode biosensors [14] and resonant
mirrors [15] for biosensing. Since these biosensors have
limited throughput for whole cell sensing at the present time,
they are excluded in this paper.

Optical biosensors include surface plasmon resonance
(SPR) and resonant waveguide grating (RWG), both of which
use a surface bound evanescent wave to characterize alter-
ations in local refractive index at the sensor surface. SPR
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Figure 1: Label-free biosensor and its uses for cell biology. (a) Cell adhesion to a surface; (b) cell barrier functions and regulation; (c) cell-
to-cell communication via direct interactions or chemical communication; (d) cell signaling via the receptor activation by an agonist; (e)
viral infection; and (f) cell migration.

employs light excited surface plasmon polaritons (SPPs) to
detect the adsorption of biomolecules onto a metallic sur-
face (typically gold or silver) [16] (Figure 2(a)). The SPP is
a surface-bound electromagnetic wave arising from the in-
teraction of light with mobile surface chargers in a metal
[17, 18]. The waves propagate along the interface between
materials with negative and positive permittivities (e.g., the
metal/dielectric interface), leading to an electromagnetic
field that is primarily present in and decays evanescently
into the dielectric medium due to increased damping in the
metal [19]. Biacore (now GE Healthcare) first introduced a
SPR instrument for biomolecular interaction analysis to the
market in 1990 [20]. Because of its ability to measure the
binding affinity and kinetics of an interaction, SPR is often
referred to affinity-based biosensors. Recently SPR imaging
has become a reality [21], and localized SPR also has
started gaining attractions [22]. However, SPR is still limited
to low throughput in processing different samples today.
Commercial products include SPR series from GE Health-
care and SPR imager from GWC instruments and others
(Figure 2(a)).

RWG uses a leaky mode nanograting waveguide structure
to couple light into the waveguide thin film via diffraction,

so an evanescent wave is generated (Figure 2(b)). RWG is
also named grating coupler, or photonic crystal biosensor.
Resonant anomalies in periodic structures were first report-
ed in 1902 [23, 24]. Only until 1980s, a surface bound and
waveguide guided mode resonance was achieved using grat-
ing couplers and used for chemical sensing by Teifenthaler
and Lukosz [25, 26]. Similar to SPR, RWG also employs an
evanescent wave for detection, and thus, was initially devel-
oped for biomolecular interaction analysis [27, 28]. In recent
years, large-scale fabrication, together with new biosensor
and instrument designs as well as advanced assay protocols,
has made RWG system the first commercial platform for
high throughput biochemical and cell-based assays [9, 29–
38]. Commercial products include Epic system from Corning
Inc., EnSpire multimodal reader containing Epic technology
from PerkinElmer, and BIND system from SRU BioSystems
(Figure 2(b)).

Electric biosensors use a low electrolyte impedance in-
terface to detect the impedance of a cell layer under electric
fields generated with sinusoidal voltages [38, 39]. Under
the electric fields the cellular plasma membrane acts as an
insulating barrier directing the current to flow between or
beneath the cells, leading to extracellular and transcellular
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Figure 2: Principles and commercial instruments of three distinct types of label-free biosensors. (a) Surface plasmon resonance, which
uses light excited surface plasmon polaritons to sense whole cells. Biacore SPR T200 and GWC SPRImagerII are two examples of commercial
products. (b) Resonant waveguide grating, which uses leaky mode nanograting waveguide structure to generate an evanescent wave to sensor
whole cell responses. Epic, EnSpire, and BIND are three commercially available products. (c) Electric biosensor, which uses a low electrolyte
impedance interface to sense whole cell responses. ECIS, xCELLigence, and CellKey are three commercial products.

currents, respectively (Figure 2(c)). The extracellular current
is mostly due to the intercellular conduction, while the tran-
scellular current is a result of the control of cell-membrane
capacitance. The extracellular current can be separated from
the transcellular current using sophisticated algorithms and
is more robust than the transcellular current. ECIS (Electric
cell-substrate impedance sensing) instruments from Applied
BioPhysics were the first commercial impedance systems for
cell-based assays [40, 41]. Newer systems use sophisticated
algorithms to record and process impedance signals, leading
to improved signal to noise ratios [42]. Commercial products
include ECIS systems from Applied BioPhysics, xCELLigence
(Real Time Cell Electric Sensing; RT-CES) from Roche/Acea
Biosciences and Cellkey (Cellular Dielectric Spectroscopy;
CDS) from Molecular Devices (Figure 2(c)).

The first generation biosensor systems can only measure
a few samples at a time. SPR was limited up to 4 individual
channels for parallel measurements and also required micro-
fluidics for sample delivery. The first ECIS system measured
the impedance of living cells cultured on small electrodes
up to 16-well plate [41]. The current generation systems
are targeting moderate to high throughput screening (HTS),
which requires highly reproducible data collection and

straightforward data analysis. The user experience is the top
priority of these products; thus, innovative instrument de-
signs, assay protocols, and data analysis software have made
these systems low maintenance screening platforms [9, 32].

The current biosensor systems differ greatly in measure-
ments. For optical biosensors, the cellular responses are often
referred to dynamic mass redistribution (DMR) [8, 9]. This
is because the local refractive index is mostly proportional
to the mass density at the sensor surface; thus, a change in
local refractive index (i.e., the detected signal) reflects the
redistribution of cellular matter within the sensing volume of
the biosensor. Due to the relatively short penetration depth
(∼200 nm) of the evanescent waves, both SPR and RWG
measure the DMR originated from the bottom portion of
cells. However, for electric biosensors, the cellular responses
are often referred to impedance signal, which is sensitive to
ionic movement and cell morphological changes [9, 41].

The current biosensor systems differ greatly in instru-
ment configurations. All biosensor systems are standalone
readers, except for EnSpire which is a benchtop multimodal
microtiter plate reader containing Epic label-free technology
in addition to label technologies. All biosensor systems are
benchtop instruments targeting low to moderate screening
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markets, except for Epic system which is specifically designed
for HTS laboratories. Although there are somewhat dif-
ferences in spatial and temporal resolutions, all biosensor
systems provide an averaged response of a population of
cells. It is worth noting that due to relatively low volume in
manufacturing as well as being in early phase of development
and adoption of these technologies, all label-free biosensors
are considered to be moderate or high in cost.

3. Cell Adhesion

Cell adhesion refers to the binding of a cell to a surface,
extracellular matrix (ECM) or another cell. Almost all of
the early works related to label-free whole cell sensing are
centered on cell adhesion (Figure 1(a)). This is no surprise
partly because cell adhesion often leads to great alterations of
local environment at the sensor surface, and partly because
cell adhesion is important to the survival and functions of
tissue cells.

In a landmark paper of the ECIS, Giaever and Keese [40]
investigated the behavior of two fibroblast cell lines on gold
electrodes under an alternating electric field at 4000 Hz.
Results showed that the adhesion and spreading of these
cells had a marked effect on the impedance of the biosensor
system. Further, the impedance after cell adhesion fluctuated
with time and was sensitive to the presence of an actin
inhibitor, cytochalasin B. Later, they found that electric bio-
sensor can detect cell micromotions down to the nanometer
level [43]. Thus, they concluded that electronic biosensor is
a morphological biosensor for living cells [41].

The ECM onto which cells are harbored is part of en-
vironmental cues for regulating the dynamic behaviors of
cells. Focal adhesion complex and podosome are commonly
formed during the adhesion of cells to a surface and ECM.
The focal adhesion complex is a specific attachment site
where the cell attaches to the underlying ECM or to cell-
surface molecules on neighboring cells via the interaction
with integrin receptors in the plasma membrane. The pod-
osome is a cell-matrix adhesion complex that functions in
the cell adhesion events associated with cell motility and
cell spreading. Label-free biosensors have been used to in-
vestigate the adhesion and spreading of distinct types of cells
on various surfaces including distinct ECM proteins [44–48]
and self-assembled monolayers (SAMs) presenting ligands
for integrins [49, 50].

Cell adhesion mechanisms are dependent on the types of
cells and ECM. Wegener et al. [45] applied the ECIS to study
the adhesion and spreading of Madin Darby Canine kidney
(MDCK) epithelial cells and found that distinct mechanisms
regulate the cell adhesion on different ECM coatings-cell ad-
hesion on laminin was primarily mediated by the binding
of a glycolipid, Forssman antigen, while cell adhesion on
fibronectin was mostly due to the interaction with integrin
receptors. Luong et al. [48] found that the adhesion of a
human rhabdomyosarcoma cell line RDX2C2 to collagen-
or laminin-coated gold electrodes increased in the cells
transfected with α2β1 integrin. However, on fibronectin the
cell adhesion appears to be optimal; the expression of α2β1
integrin had little impact on the cell adhesion degree, but

the deletion of its α2 cytoplasmic domain resulted in marked
decrease in cell adhesion. This α2β1 mutant was believed to
lead to dysregulated recruitment to focal adhesion complexes
that mediate the binding of the cells to fibronectin.

Since ECM proteins are macromolecules with multiple
binding sites for cell surface integrins, it is highly possible
that multiple mechanisms are involved in cell adhesion proc-
ess. Thus, SAMs presenting a specific integrin binding motif
would be advantageous to study cell adhesion. Roberts et al.
[49] applied SPR to study the adhesion of bovine capillary
endothelial cells on SAMs of alkanethiolates on gold. The
SAMs obtained contain a mixture of arginine-glycine-aspar-
tate (RGD) and oligo(ethylene glycol) moieties. RGD is a
tripeptide that promotes cell adhesion by binding to cell sur-
face integrin receptors, and oligo(ethylene glycol) moieties
resist nonbiospecific adsorption of cells. The attachment and
subsequent soluble GRGDSP-induced detachment of cells
suggest that RGD alone is sufficient for adhesion and survival
of the cells over 24 h.

Cell adhesion to substrates is an active and dynamic proc-
ess. Characteristics of cell adhesion can be studied in details
using label-free biosensors because they allow noninvasive
and real-time quantitation of entire cell adhesion process
[51–53]. In the first paper describing the use of RWG
biosensor for studying cell adhesion, Ramsden et al. found
that cell adhesion follows a biphasic process: an initial pas-
sive sedimentation followed by active spreading [51]. Using
infrared SPR (IR-SPR) which provides an extended pene-
tration depth, Yashunsky et al. found that MDCK epithelial
cells underwent a multiphase cell adhesion and proliferation
process, starting from initial contact with the substrate to
cell spreading, to formation of intercellular contacts, to cell
clustering, and finally to the formation of a continuous cell
monolayer [52].

An important feature of cell adhesion is the cell-substrate
separation distance. Lo et al. applied the ECIS to measure
changes in averaged cell-substrate separation in response to
an upward magnetic force [53]. The magnetic force was con-
trolled by the position and the number of permanent mag-
nets, applying an average 320 or 560 pN per cell after colla-
gen-coated ferric oxide beads attached to integrin receptors
in the dorsal surfaces of osteoblast-like ROS 17/2.8 cells. The
average distance between the basal cell surface and substrate
was found to be sensitive to temperature; the distance was
estimated to be about 84, 45, and 38 nm at temperatures of
4◦, 22◦, and 37◦C, respectively. The cell-substrate distance
was also sensitive to external magnetic force; an increased
force led to an increased separation distance; and at 22◦C
the force-induced changes were 11 and 21 nm for 320 and
560 pN, respectively. The authors further estimated that the
spring constant of individual adhesion bonds is from about
10−3 to 10−1 pN nm−1.

The ability of cells to recognize, interact, and respond
to environmental signals, including ECM components, is
central to many biological processes including inflammation
and organogenesis. Thus, it is no surprise to see that various
effectors influencing cell adhesion and spreading process
have been extensively investigated using label-free biosen-
sors. These effectors include biosensor surface chemistry
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[44–51], temperature [53], biosensor surface roughness [54],
cell numbers [55], cell types [56], and expression of specific
proteins such as integrins [48], cyclooxygenase and lipoxyge-
nase [57], and small molecules that modulate cellular targets
important to cell adhesion [8, 58]. Using high throughput
RWG we examined the ability of small molecules to modulate
cell adhesion process. Using human skin cancerous cell line
A431 as a model, RWG measurements showed that vin-
cristine, a plant alkaloid that inhibits microtubule assembly
by binding to tubulin proteins, significantly reduced the
cell adhesion degree and the kinetics of cell spreading. This
study opens possibility for HT screening of cell adhesion-
modulating small molecules.

The adhesion of cells to the ECM is a complex and
dynamic process involving biological signaling processes.
The cell surface integrins often bind to ligands in the ECM
substratum and transduce signals through their intracellular
domains, thus regulating diverse functions of cells. Label-
free biosensors may offer insights about the cell signaling
during the cell adhesion process. Using a reverse waveguide
configuration that allows multidepth sensing, Horvath et al.
showed that the adhesion of fibroblast cells results in inho-
mogeneity in refractive index within the distinct layers of
the cells perpendicular to the biosensor surface [58], possibly
due to the consequence of cell signaling during the adhesion
process.

Interactions with the ECM shape the signaling and func-
tions of many types of cells and receptors. Further, distinct
ECM coatings have been used in a wide array of substrates for
characterizing receptor biology, and for assaying and screen-
ing drug molecules. Thus, elucidating the impacts of surface
chemistry on receptor biology and ligand pharmacology is
important to improve the quality of screening assays and hits
identified. Recently, we applied RWG to systematically study
the influence of distinct ECM coatings on the signaling of
endogenous purinergic P2Y receptors in human embryonic
kidney HEK293 cells [59]. Purinergic 2Y (P2Y) receptors are
a family of G protein-coupled receptors (GPCRs) whose nat-
ural agonists are nucleotides including ATP, ADP, UTP, UDP,
and UDP-glucose. The label-free receptor assays showed that
the potency and efficacy of P2Y agonists were sensitive to
ECM coatings. Compared to those on the tissue culture treat-
ed surfaces, fibronectin coating increased the potency of all
agonists, while gelatin had little impact. Further, fibronectin,
collagen IV and gelatin all generally increased the biosensor
signal amplitudes of all P2Y agonists.

4. Cell Barrier Functions

Label-free biosensors have found applications in character-
izing cell barrier functions including blood-brain barrier
(BBB) and epithelial cell barriers (Figure 1(b)). The BBB is
the regulated interface between peripheral circulation and
central nervous system (CNS) [60]. Endothelial cells line
cerebral microvessels and form the BBB. The BBB controls
the exchange of molecules between blood and CNS, thus
maintaining the homeostasis of the brain microenvironment
that is crucial to neuronal signaling. The BBB works together

with astrocytes, pericytes, neurons, and the ECM to form
a neurovascular unit that is essential for the health and
function of the CNS. Further, the BBB often limits in vivo
efficacy of many drug candidate molecules that are designed
to target diseases associated with the CNS such as malignant
primary or metastatic brain tumors [61].

A hallmark of the BBB is its intrinsic and high electrical
resistance because the BBB consists of capillary endothelial
cells that are connected together with continuous tight
junctions [62]. The permeability of the BBB is tightly reg-
ulated via a vital and complex process involving intracellular
signaling and rearrangement of tight junction proteins.
Upon stimulation with exogenous signals and substances,
the BBB undergoes remodeling, leading to a change in
transendothelial permeability. Thus, measuring the perme-
ability of the BBB can offer insights about its integrity and
regulation mechanisms. To date, transepithelial electrical re-
sistance (TEER or TER) is the most popular technique to
measure the functions of the BBB in vitro [63]. Electric bi-
osensors are also suited to measure the functions of in vitro
endothelia cell model systems, due to their sensitivity to ionic
movement and ability to separate extracellular resistance
from transcellular resistance [9, 39].

Thrombin is a potent stimulus for endothelium-depend-
ent vasodilatation and is a natural agonist to thrombin recep-
tor (protease-activated receptor-1; PAR1). Thrombin cleaves
the amino terminus of the PAR1 to unmask a tethered ligand,
which, in turn, binds intramolecularly to and activates the
receptor. Thrombin was found to cause the formation of
the intercellular gap, leading to decrease in impendence via
a protein kinase C inhibitor-sensitive manner when both
bovine pulmonary microvessel endothelial cells and bovine
pulmonary artery endothelial cells were tested with the ECIS
[64].

PAR1 is known to mediate signaling via multiple path-
ways. Thus, it is possible that multiple pathways govern the
thrombin-induced permeability of endothelia cells [65–67].
McLaughlin et al. compared the functional consequences of
the PAR1 activation induced by thrombin and PAR activating
peptides [65]. Results showed that the potency (EC50:
0.1 nM) for thrombin to cause the increased endothelial
monolayer permeability obtained using the ECIS was higher
than that to cause mobilization of intracellular calcium
(EC50: 1.7 nM). However, the opposite order of activation
was observed for the agonist peptides (SFLLRN-CONH2

or TFLLRNKPDK). Further, only PAR1 activation affected
barrier function, which is mostly via Gα12/13-mediated signal-
ing, instead of Gαq-mediated signaling. However, for human
umbilical vein endothelial cells (HUVECs), Wang et al. [66]
found that Ca2+/calmodulin-dependent protein kinase II
(CaMKII) is a mediator of thrombin-stimulated increases
in permeability of the cell monolayer. CaMKIIδ6 isoform is
the predominant CaMKII isoform expressed in the HUVEC.
Thrombin potently and maximally increased CaMKIIδ6
activation, which, in turn, activates RhoA. siRNA targeting
endogenous CaMKIIδ suppressed expression of the kinase
by >80% and significantly inhibited 2.5 nM thrombin-
induced increases in monolayer permeability assessed by the
ECIS. Further, Rho kinase inhibition strongly suppressed
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thrombin-induced HUVEC hyperpermeability, but inhibit-
ing ERK1/2 activation had no effect. Interestingly, the relative
contribution of the CaMKIIδ6/RhoA pathway(s) diminished
with increasing thrombin doses, indicating recruitment of
alternative signaling pathways that regulate the endothelial
barrier dysfunction.

The measurement of cell barrier functions with the ECIS
is complicated by the presence of multiple types of resistance
including cell-cell, cell-matrix, and transcellular resistances
[68–70]. Generally, cell-to-cell gaps mainly affect the total
resistance value, while cell-to-substrate gaps mainly affect
total capacitance value. Effectors that modulate the compo-
nents of resistance of endothelial cells include cell types and
confluency [68, 71], endogenous and exogenous extracellular
matrices [71], the presence of exogenous molecules [68,
72, 73], and the substrate [74, 75]. For confluent cultured
HUVEC cells, an ECIS measurement suggests that histamine
led to a rapid decrease in transendothelial resistance mostly
via decreases in cell-cell resistance, and the restoration of
resistance was initiated by first increase in cell-matrix re-
sistance, followed by increase in cell-cell resistance [66].
However, histamine led to increased resistance in subcon-
fluent HUVECs in which there was limited or no cell-cell
contact. Together, these results suggest that it is possible to
deconvolute the molecular mechanisms that regulate the cell
barrier functions.

For investigating cell barrier functions, distinct biosen-
sors can offer complementary insights how cell barrier func-
tions are regulated. Because of the short penetration depth
or sensing volume, optical biosensors can directly resolve
cell-matrix interactions, but cannot directly resolve cell-cell
interactions. In contrast, electrical biosensors provide an
aggregated measurement that integrates cell-cell and cell-
matrix interactions, which can be separated using mathemat-
ical modeling [69, 70].

5. Cell-to-Cell Communication

Label-free biosensors are flexible in assay conditions and
formats [9]. Together with real-time kinetics, label-free bi-
osensors offer an alternative means to study cell communi-
cation (Figure 1(c)). Cell-to-cell communication is essential
for multicellular organisms. Cells that are connected through
gap junctions can communicate rapidly with each other by
passing electrical current or through the diffusion of small
second messengers such as cyclic AMP and inositol 1-, 4-,
5-trisphosphate (InsP3). Sriram et al. [76] used the ECIS to
study the effect of ovarian cancer cells on the permeability
of a confluent pleural mesothelial cell (PMC) monolayer.
Results showed that ovarian cancer cells adhered to the PMC
monolayer, which, in turn, induced a localized dysfunction
of the PMC barrier.

In the case of chemical communication, one cell upon
activation releases a stimulus, which diffuses to a target cell
that has receptors for the stimulus. The binding of the stimu-
lus activates the receptor, leading to cell signaling in the target
cells. Treeratanapiboon et al. [77] applied the ECIS to study
the effect of membrane-associated malarin antigen-activated

human peripheral blood mononuclear cells (PBMCs) on
the integrity of porcine brain capillary endothelial cells
(PBCEC). Results showed that the antigens obtained from
lysed Plasmodium falciparum schizont-infected erythrocytes
caused the PBMC to secrete tumor necrosis factor alpha,
which, in turn, led to the breakdown of the endothelia
PBCEC monolayer, possibly via disruption of tight junction
complexes.

The human immune system enables the destruction of
dangerous microbes with great precision via specific tar-
geting of immune cells to sites of infection. Central to the
defense mechanism is the interaction of cells with adhesion
molecules involved in migration and invasion. Kataoka et al.
[78] used the ECIS to study the interaction of monocytes
with endothelial cells. By combining AFM with the ECIS,
they found that the interaction of monocytic THP-1 cells
with the interlukin-1β-stimulated HUVEC monolayer
caused a decrease in adhesion to the substrate and an increase
in deformability of the endothelial cells. A recent RT-CES
study showed that adhesion of human monoblastic cell line
U937 cells to endothelial cells was sensitive the presence of
lipopolysaccharide [79].

Critical to human immune defense mechanisms is the
effector-cell-mediated killing of target cells [80]. For exam-
ple, natural killer (NK) cell-mediated cytotoxicity requires
cell-to-cell contact, which is mediated by the pairwise recog-
nition between multiple receptors present on the surfaces
of effector and target cells. The NK cells are considered the
major cytotoxic effector cells for innate immunity that can
recognize and kill malignantly transformed and infected
cells. Glamann and Hansen [81] utilized real-time cell elec-
trical sensing (RT-CES) to detect the interactions between
natural killer (NK) cells in suspension and adherent breast
cancer cells MCF7 cultured on the electrode biosensor sur-
face. Results showed that NK cells caused apoptosis of MCF7
cells, depending on the NK cell-to-target cell ratio.

6. Cell Signaling

Cell signaling is a tightly regulated process to direct the
information flow and ultimately control cellular responses
once the cell receives exogenous signals (Figure 1(d)). Sig-
naling by membrane receptors begins with the activation of
receptors, followed by generation of intracellular messengers.
These messengers then engage various effectors to activate
diverse cellular responses including microfilament remodel-
ing, protein trafficking, and alterations in cell adhesion and
gene expression. Molecular assays have led to identification
of many protein components of various signaling pathways,
and high-resolution imaging have resolved many cellular
events downstream the activation of a receptor. However,
the use of label-free biosensors for studying cell signaling
was sparse in the literature before 2004 [64]. Since 2004,
two important developments had made label-free a versatile
technology for cell signaling study. First, high throughput
label-free systems became a reality [29, 42, 82–87], so it
became possible to study receptor signaling in native cells
without any labels at an unprecedented scale. Second, it



International Journal of Electrochemistry 7

was finally realized that a biosensor signal arising from the
activation of a receptor is an integrated response that faith-
fully reflects the signaling pathways downstream the receptor
activation [8, 83, 85, 86]. This led to subsequent adoption
of chemical biology for pathway deconvolution of receptor
signaling [85, 86]. These developments have turned label-
free a morphological biosensor into a systems cell biology
biosensor [9, 29].

6.1. G Protein-Coupled Receptors. GPCRs are the largest gene
families in the human genome and are the leading molecular
target class against which the drugs are designed. GPCRs
transmit an enormous number and variety of exogenous
signals including light, odorants, neurotransmitters, hor-
mones, and proteases. These exogenous ligands bind to a re-
ceptor, and induce a conformational change in the receptor
that is then transmitted through the membrane to activate
the heterotrimeric GTP-binding proteins (G proteins). The
G proteins function as the transducers to relay information
to different signaling pathways such as the cyclic AMP and
InsP3/diacylglycerol signaling pathways. Since 2005, label-
free cellular assays have attracted much attention in molecu-
lar delineation of receptor biology and ligand pharmacology
for many GPCRs [8, 42, 59, 62, 65, 85–120]. Many GPCRs
in distinct cell backgrounds have been examined using label-
free cellular assays (Tables 1 and 2). These receptors are either
endogenously expressed in native cells including primary
cells, or stably or transitly expressed in various cell lines.

Label-free profiling of endogenous receptors in native
cells had led to discover “signatures” of distinct classes of
GPCRs, depending on the G protein with which the receptor
is coupled [9, 42, 86, 88, 92]. Although it holds great prom-
ise in a given cell background and for receptors which lead
to a single G protein-mediated pathway, the concept of “sig-
nature” quickly yielded to “phenotypic response” or “systems
cell biology readout” [9, 29, 99, 115, 121]. This is because
label-free signals often reflect the cellular background-de-
pendent and receptor-specific complexity in receptor signal-
ing.

Label-free characterization of many GPCRs in various
cell backgrounds has led to discovery of novel pathways
downstream a receptor [9, 86, 96, 101, 105, 115], and also led
to high-resolution classification of distinct ligands acting on
a specific receptor [9, 65, 96, 100, 101, 108, 109, 119, 120].
These receptors include bradykinin B2 receptor, protease
activated receptor-1 (PAR1) and -2 (PAR2), lysophosphatidic
acid (LPA) receptors, histamine H1 receptor, adenosine A2B
receptor, β2-adrenergic receptor, purinergic P2Y receptors
P2Y1, P2Y2, P2Y4, and P2Y11, sphingosine-1 phosphate
(S1P) receptors, vasoactive intestinal peptide (VIP) receptor
VPAC1, vasopressin V1a receptor, serotonin 5HT1A recep-
tor, dopamine D1, D2, D3, and D5 receptors, muscarinic
M1, M2, M3, and M4 receptors, cannabinoid CB1 and CB2
receptors,, pituitary adenylate cyclase-activating polypeptide
receptor (PACAP1), chemokine CXCR2 receptor, free fatty
acid receptor-1, 2 and 3 (GPR40, GPR43, and GPR41, respec-
tively), metabotropic glutamate receptor 1 (mGluR1) and 7
(mGluR7), prostaglandin EP2 and EP4 receptors, GPR55,
chemoattractant receptor-homologous molecule expressed

on Th2 cells (CRTH2), corticotropin releasing hormone re-
ceptor 1 (CRF), melanocortin receptor-4 (MC4R), mu and
delta opioid receptors, and GPR35.

6.2. Receptor Tyrosine Kinases. Receptor tyrosine kinases
(RTKs) are a family of cell surface growth factor receptors
with an intrinsic, ligand-regulated tyrosine-kinase activity.
Epidermal growth factor receptor (EGFR) is one of the most
well-studied RTKs. EGFR is a single membrane-spanning
protein with an N-terminal extracellular ligand-binding do-
main and a C-terminal region that has a kinase domain and
numerous tyrosine docking sites participating signaling. EGF
binds to the receptor and stimulates its intrinsic protein-
tyrosine kinase activity, initiating signal transduction that
principally involves multiple pathways, including MAPK,
STAT, and the PLCγ pathways. RWG was the first label-free
biosensor used to characterize and deconvolute the pathways
of EGFR in native A431 cells [39, 83, 85]. This study was
based on chemical intervention of the EGF-induced DMR
signal to map out the pathways downstream the EGFR ac-
tivation (Figure 3). This study had led to a hypothesis that
label-free signals arising from the activation of a receptor
is an integrative readout of systems cell biology. Follow-up
studies of EGFR signaling with different label-free technolo-
gies [122–127] confirmed such a hypothesis.

6.3. Ion Channels. Ion channels control the electrical proper-
ties of neurons and other excitable cells by selectively allow-
ing ions to flow through the plasma membrane. These recep-
tors transduce the information into channel opening, leading
to marked amplification of the signal via conducting large
amounts of charge. Such an amplification makes these recep-
tors effective transducers of sensory information. Ion chan-
nels are often modified by signaling proteins and molecules
to regulate neuronal excitability and other cell functions.
Label-free cellular assays hold promise to follow in real-time
the pathways downstream the open and close of ion channels.
Such an ability overcomes the poor resolution of traditional
assays to examine the interaction between channels and
regulatory proteins in living cells. Using DMR assays enabled
by RWG biosensor, Fleming and Kaczmarek found that the
activation of endogenous Gq-coupled receptors in HEK-293
cells was significantly modified by the presence of a sodium-
activated potassium channel, Slack-B [110]. Recently, Pänke
et al. also showed that electric biosensor is also feasible to
characterize transient receptor potential (TRP) ion channels
including TRP1 [128]. TRP channels are nonselective ion
channels permeable to cations including Na+, Ca2+, and
Mg2+. The TRP channels are involved in many Ca2+-medi-
ated cell functions and implicated in inflammation.

6.4. Immunoreceptors. Immunoglobulin E (IgE) is one of im-
munoglobulins produced by the immune system, and the
one most associated with allergies. Allergic individuals ex-
posed to minute quantities of allergen often experience
an immediate response, which is due to the permanent
sensitization of mucosal mast cells by allergen-specific IgE
antibodies bound to their high-affinity receptor (FcεRI). The
IgE-mediated mast cell activation includes two important
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Table 1: Receptors, cell lines, and technologies and key points of the studies related to the use of label-free cellular assays for GPCRs.

Receptors Cells Biosensors Key findings Ref

PAR2
Bradykinin B2

A431 DMR Biosensor signal is originated from DMR [8]

Adenosine A2B

A431 DMR

Similarity analysis segregates ligands into
clusters

[38]
Bradykinin B2
β2-adrenergic
EP4 DMR signatures of distinct classes of GPCRs [92]
H1
LPA receptors
P2Y1

Integrative roles of adenylyl cyclases in GPCRs [93]PAR1
PAR2
S1P receptors
VPAC1

P2Y1/2/11 HEK293 DMR ECM coatings impact receptor signaling [59]

LPA receptors
Porcine brain endothelial
cells

ECIS LPA increases tight junction permeability [62]

PAR1 Primary endothelial cells ECIS
Thrombin promotes the formation of
intercellular gaps

[64]

PAR1 HMEC-1 ECIS Functional selectivity of PAR1 agonists [65]

Bradykinin B2 A431 DMR Systems cell biology of B2 receptor [86]

PAR1 A431 DMR HTS compatibility test [87]

Endogenous receptors

HeLa
U-937
U2OS
TE671

CDS Receptor panning
[88]
[89]

LPA receptors
S1P receptors

Rabit corneal epithelial cell
Rabit corneal endothelial cells

ECIS
The role of Gi signaling in cell monolayer
permeability

[90]

Histamine H1 CHO-H1

RT-CES
Impedance signals were correlated with
morphological changes [91]

Vasopressin V1a 1321-N1-V1a

5-HT1A CHO-5HT1A

D1 CHO-D1

PAR1
PAR2

A431 DMR Receptor cross-desensitization [94]

Dopamine D2S CHO-D2S
CDS Ligand pharmacology characterization [95]

Muscarinic M4 CHO-M4

Dopamine D5 CHO-D5

CDS
Ligand-directed functional selectivity
GPCR pleiotropic signaling

[96]

Muscarinic M1 CHO-M1

Melanocortin MC4
CHO-MC4

HEK-MC4

Cannabinoid CB1 CHO-CB1

Cannabinoid CB2 CHO-CB2

Histamine H1
β2-AR

A431 DMR Duplexed receptor assays for HT screening [97]

events: cell sensitization resulting from IgE binding to the
FcεRI receptor and cell activation triggered by allergen-
mediated oligomerization of membrane-bound IgE. Abassi
et al. used the RT-CES to characterize IgE-mediated activa-
tion of RBL-2H3 mast and found that the impedance results
were correlated with morphological dynamics and mediator
release [129].

Hide and his colleagues reported a series of papers re-
lated to the use of SPR for characterizing the activation of

RBL-2H3 mast cell and found that SPR detects the down-
stream events of active PKCβ in antigen-stimulated mast
cells [130–133]. The RBL-2H3 mast cells overexpressing
dominant-negative spleen tyrosine kinase or src-like adaptor
protein led to a suppressed SPR signal arising from the mast
cell activation. Likewise, expression of dominant-negative
linker for activation of T cells and Grb2-related adaptor
protein led to almost complete suppression of the antigen-
induced SPR signal. Overexpression of protein kinase C



International Journal of Electrochemistry 9

Table 2: Receptors, cell lines, and technologies and key points of the studies related to the use of label-free cellular assays for GPCRs.

Receptors Cells Biosensor Key findings Ref

Dopamine D3
Muscarinic M1

CHO-D3
CHO-M1

DMR Ligand pharmacology characterization [98]

β2-AR A431 DMR
Systems cell biology of the β2AR [99]

Ligand-directed functional selectivity [100]

Ligand-directed desensitization [101]

PACAP1 TM3 RT-CES
PACAP agonists suppress the proliferation of immature
mouse Leydig cell line TM3

[102]

CXCR2 NIH-3T3-CXCR2 ECIS The role of CXCR2 in cell transformation [103]

Muscarinic M2 CHO-M2 DMR Novel dualsteric M2 agonists
[104]

[105]

Muscarinic M1 CHO-M1 DMR HT screening identified novel M1 ligands [106]

GPR40/FFA1 1321N1-GPR40
HEK-GPR43
HEK-GPR41
HEK-GPR40

DMR Discovery of potent and selective agonists for FFA receptors
[107]

GPR41/FFA3 [108]

GPR43/FFA2 [109]

Endogenous
muscarinic receptor

HEK-293 DMR GPCR activation modulates Slack ion channel activity [110]

Cannabinoid CB2 CHO-CB2
RT- CES Ligand pharmacology characterization [111]

mGluR1 CHO-mGluR1

Prostaglandin EP2
C6G-EP2
HCT15-EP2

DMR Compound nanoparticles act as allosteric potentiators [112]

mGluR7 HEK-mGluR7 DMR Negative allosteric modulators [113]

GPR55 HEK-GPR55 DMR GPR55 pleiotropic signaling [114]

Muscarinic M2 CHO-M2

DMR
Pathway deconvolution
GPCR pleiotropic signaling
Novel pathways for M3

[115]

β2-AR CHO-β2AR

Muscarinic M3 CHO-M3

GPR55 HEK-GPR55

CRTH2 HEK-CRTH2

EP2/3 HEK-EP2/3

GPR40 HEK-GPR40

EP receptors HaCaT

EP receptors Keratinocytes

Muscarinic M1 CHO-M1
CDS
BIND
DMR

Label-free reader comparison [116]
Muscarinic M2 CHO-M2

CRF CHO-CRF

MC4R CHO-MC4R

CRTH2 HEK-CRTH2 DMR Novel function of CRTH2 C-terminal [117]

Mu opioid CHO-MOR

DMR Pathway deconvolution [118]
Cannabinoid CB1 CHO-CB1

Cannabinoid CB2 CHO-CB2

Delta opioid CHO-DOR

PAR1 A549 DMR Ligand-directed functional selectivity on receptor trafficking [119]

GPR35 HT29 DMR Discovery of tyrphostins as GPR35 agonists [120]

(PKCs), apart from PKCβ, showed a reduced SPR signal in
response to antigen stimulation, while knockdown PKCβ
with interference RNA suppressed the antigen-induced sig-
nal. These results indicate that the activation of multiple
kinases in the PKC pathway is determinative in the antigen-
induced SPR signal of mast cells.

7. Viral Infection

Viral infections provoke an immune response that normally
leads to elimination of the infecting virus. However, certain
viruses including those causing AIDS evade human immune
responses and result in chronic infections. Cytopathic effect
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Figure 3: The DMR signal arising from epidermal growth factor (EGF) activated EGFR in native A431 cells is a systems cell biology readout
of the EGFR. (a) Schematic drawing of EGFR signaling. (b, c, d) The sensitivity of the EGF DMR signal to different modulators, the two
EGFR tyrosine kinase inhibitors AG1478 and BML-265 (b), the MEK1/2 inhibitor U0126 (c) and the PKC kinase inhibitor rottlerin (d). The
control is the EGF response of cells pretreated with the assay vehicle only. In all experiments, EGF was at 32 nM, whereas the rest compounds
used to pretreat the cells were at 10 μM.

(CPE) due to virus infection in cell culture has been used
as in vitro model systems to study viral infection and screen
molecules that inhibit the viral infection. However, the CPE
has long been difficult to quantify. The ability to work with
native cells makes label-free an attractive means to real-time-
monitor the viral infection process (Figure 1(e)). The ECIS
has been explored to monitor the progression of CPE due to
influenza A virus infection [134]. Recently, Owens et al. used
the DMR assays to monitor the infection process of HeLa
cells with two different human rhinovirus strains, HRV14
and HRV16 [135]. Results showed that both virus strains
triggered a virus titer-dependent DMR signal, which is cor-
related with multiple phases of viral infection, starting from
early signaling mediated by viral entry to viral replication,
and finally cell apoptosis. This study also showed that it is
possible to screen inhibitors that modulate distinct processes
of viral infection. Jia et al. also showed that DMR assays with
Epic system enabled high throughput screening of inhibitors
that block the cytopathic effect induced by influenza virus
(A/Udorn/72, H3N2) [136].

Cocaine is a suspected cofactor in human-immunode-
ficiency-virus- (HIV-) associated dementia. However, it is
unknown how cocaine influences HIV infection. Fiala et al.
used the ECIS to study the mechanism by which cocaine
increases HIV-1 invasion through brain microvascular endo-
thelial cells (BMVECs) [137]. Results showed that cocaine
treatment of BMVECs disrupts intercellular junctions and
induces cell ruffling, and also alters the location patterns
of virus once entered the cells. This study suggests that the
toxicity of cocaine for the blood-brain barrier may lead to
increased virus neuroinvasion and neurovascular complica-
tions of cocaine abuse.

Recombinant viral vectors are widely used in genetic
manipulation of living cells. However, the impact of these
vectors on cell biology is largely unknown. Using the ECIS,
Müller et al. found that adenoviral transfection vector (Ad5-
derivate) dose dependently caused the apoptosis of porcine
ileal epithelial cell line IPI-2I [138]. This study suggests that
label-free is an attractive alterative to determine minimal
nontoxic doses for viral vector-based transfection study.



International Journal of Electrochemistry 11

8. Label-Free versus Label-Based
Cellular Assays

The quest to discover the full complement of cell signal-
ing components has made label-based cellular assays the
mainstream technology in cell biology. Label technologies
can provide high spatial resolutions to resolve the location,
trafficking, and organization of single signaling molecules
within a specific pathway. Multicolor molecular assays can
further investigate the interactions among distinct signaling
molecules and the functional consequences of the invention
of a cellular target with a molecule. However, the molecular
assays often give rise to low temporal resolution, are weak in
resolving cell-surface biology, and provide a linear measure
of cell signaling.

Label-free cellular assays are complementary to label-
based technologies. First, in contrast to label technologies
which are biased towards a single pathway and/or a single
molecule, label-free offers integrated and systems cell biology
readouts of cell signaling. This allows one to study the inte-
gration of cell signaling in native cells, to map out signaling
pathways downstream receptor activation with wide pathway
coverage, and to greatly differentiate the on-target pharma-
cology of drug molecules acting on a single target receptor
[139]. Second, in comparison with the relatively poor
dynamic resolution of label technologies, label-free provides
a real-time kinetic measurement of cell signaling with high
temporal resolutions and high sensitivity. This allows one to
track the entire process of diverse cell signaling and cellular
processes in native cells. Third, in contrast to label technolo-
gies that often require modifications or even destruction of
live cells, label-free is noninvasive without the need of any
cellular manipulations. This allows one to design distinct
assay formats, as well as to integrate label-free with other
technologies, so different aspects of receptor signaling and
drug pharmacology can be studied. For example, adoption of
microfluidics enables one to control the duration of receptor
activation, so that comparison of label-free signals under sus-
tained stimulation conditions with those under pulse stimu-
lation conditions can differentiate the routes of signal prop-
agation after receptor activation, as well as the long acting
agonism or antagonism of drug molecules [9, 101, 119,
140, 141]. However, unlike label technologies, label-free lacks
intracellular spatial resolution to resolve many important cel-
lular processes, including the location and organization of
signaling molecules, intracellular trafficking, metabolism,
and cytoskeletal remodeling. Thus, it is important to know
what the hypotheses is being tested so the appropriate
technologies can be used.

9. Conclusion Remarks

Advances in label-free biosensors, particularly high through-
put screening platforms and adoption of chemical biology
tools in label-free cellular assays, have made them indis-
pensable platforms in cell biology studies. Today, label-free
biosensors have found applications in a wide array of cel-
lular processes ranging from cell adhesion to cell barrier
functions, receptor signaling, and viral infection. The ever

increasing use of label-free cellular assays for studying
various targets including GPCRs, RTKs, ion channels, and
immunoreceptors have been witnessed in the increased num-
bers of published literature in recent years. Novel insights
about the integration of cell signaling, the complexity of
receptor signaling pathways, and the modes of action of drug
molecules have been obtained. New generation label-free
currently under development will have better spatial resolu-
tions, so that cell signaling can be studied at the single cell
level [142–145]. Development of novel methodologies for
data analysis [9, 38, 146] will further advance label-free to
become a de facto technology in cell biology.

References

[1] B. R. Stockwell, “Chemical genetics: ligand-based discovery
of gene function,” Nature Reviews Genetics, vol. 1, no. 2, pp.
116–125, 2000.

[2] G. J. Hannon, “RNA interference,” Nature, vol. 418, no. 6894,
pp. 244–251, 2002.

[3] J. Inglese, R. L. Johnson, A. Simeonov et al., “High-through-
put screening assays for the identification of chemical
probes,” Nature Chemical Biology, vol. 3, no. 8, pp. 466–479,
2007.

[4] T. P. Kenakin, “Cellular assays as portals to seven-transmem-
brane receptor-based drug discovery,” Nature Reviews Drug
Discovery, vol. 8, no. 8, pp. 617–626, 2009.

[5] K. Oda, Y. Matsuoka, A. Funahashi, and H. Kitano, “A
comprehensive pathway map of epidermal growth factor
receptor signaling,” Molecular Systems Biology, vol. 1, article
2005.0010, 2005.

[6] J. D. Jordan, E. M. Landau, and R. Iyengar, “Signaling net-
works: the origins of cellular multitasking,” Cell, vol. 103, no.
2, pp. 193–200, 2000.

[7] B. N. Kholodenko, “Four-dimensional organization of pro-
tein kinase signaling cascades: the roles of diffusion, endocy-
tosis and molecular motors,” Journal of Experimental Biology,
vol. 206, no. 12, pp. 2073–2082, 2003.

[8] Y. Fang, A. M. Ferrie, N. H. Fontaine, J. Mauro, and J.
Balakrishnan, “Resonant waveguide grating biosensor for liv-
ing cell sensing,” Biophysical Journal, vol. 91, no. 5, pp. 1925–
1940, 2006.

[9] Y. Fang, “Label-free receptor assays,” Drug Discovery Today
Technologies, vol. 7, no. 1, pp. e5–e11, 2010.

[10] E. A-Hassan, W. F. Heinz, M. D. Antonik et al., “Rela-
tive microelastic mapping of living cells by atomic force
microscopy,” Biophysical Journal, vol. 74, no. 3, pp. 1564–
1578, 1998.

[11] A. Ehrlicher and J. H. Hartwig, “Cell mechanics: contracting
to stiffness,” Nature Materials, vol. 10, no. 1, pp. 12–13, 2011.

[12] J. X. Cheng and X. S. Xie, “Coherent anti-Stokes Raman
scattering microscopy: instrumentation, theory, and applica-
tions,” Journal of Physical Chemistry B, vol. 108, no. 3, pp.
827–840, 2004.

[13] M. C. Wang, W. Min, C. W. Freudiger, G. Ruvkun, and X.
S. Xie, “RNAi screening for fat regulatory genes with SRS
microscopy,” Nature Methods, vol. 8, no. 2, pp. 135–138,
2011.

[14] F. Vollmer and S. Arnold, “Whispering-gallery-mode bio-
sensing: label-free detection down to single molecules,” Na-
ture Methods, vol. 5, no. 7, pp. 591–596, 2008.



12 International Journal of Electrochemistry

[15] M. Zourob, S. Elwary, X. Fan, S. Mohr, and N. J. Goddard,
“Label-free detection with the resonant mirror biosensor,”
Methods in Molecular Biology, vol. 503, pp. 89–138, 2009.

[16] B. Liedberg, C. Nylander, and I. Lundstrom, “Biosensing with
surface plasmon resonance—how it all started,” Biosensors
and Bioelectronics, vol. 10, no. 8, pp. 1–9, 1995.

[17] R. H. Ritchie, “Plasma losses by fast electrons in thin films,”
Physical Review, vol. 106, no. 5, pp. 874–881, 1957.

[18] A. Otto, “Excitation of nonradiative surface plasma waves in
silver by the method of frustrated total reflection,” Zeitschrift
für Physik A Hadrons and Nuclei, vol. 216, no. 4, pp. 398–410,
1968.

[19] H. N. Daghestani and B. W. Day, “Theory and applications
of surface plasmon resonance, resonant mirror, resonant
waveguide grating, and dual polarization interferometry
biosensors,” Sensors, vol. 10, no. 11, pp. 9630–9646, 2010.

[20] R. L. Rich and D. G. Myszka, “Advances in surface plasmon
resonance biosensor analysis,” Current Opinion in Biotechnol-
ogy, vol. 11, no. 1, pp. 54–61, 2000.

[21] C. E. Jordan, A. G. Frutos, A. J. Thiel, and R. M. Corn, “Sur-
face plasmon resonance imaging measurements of DNA hy-
bridization adsorption and streptavidin/DNA multilayer for-
mation at chemically modified gold surfaces,” Analytical
Chemistry, vol. 69, no. 24, pp. 4939–4947, 1997.
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land, and F. Höök, “Localised surface plasmon resonance
sensing of lipid-membrane-mediated biorecognition events,”
Journal of the American Chemical Society, vol. 127, no. 14, pp.
5043–5048, 2005.

[23] R. W. Wood, “Remarkable spectrum from a diffraction
grating,” Philosophical Magazine, vol. 4, no. 40, pp. 396–402,
1902.

[24] A. Hessel and A. A. Oliner, “A new theory of Wood’s anom-
alies on optical gratings,” Applied Optics, vol. 4, no. 10, pp.
1275–1297, 1965.

[25] K. Tiefenthaler and W. Lukosz, “Grating couplers as inte-
grated optical humidity and gas sensors,” Thin Solid Films,
vol. 126, no. 3-4, pp. 205–211, 1985.

[26] K. Teifenthaler and W. Lukosz, “Sensitivity of grating cou-
plers as integrated-optical chemical sensors,” Journal of the
Optics Society of America, vol. 6, no. 2, pp. 209–220, 1989.

[27] B. Cunningham, P. Li, B. Lin, and J. Pepper, “Colorimetric
resonant reflection as a direct biochemical assay technique,”
Sensors and Actuators B, vol. 81, no. 2-3, pp. 316–328, 2002.

[28] M. Wu, B. Coblitz, S. Shikano et al., “Phospho-specific
recognition by 14-3-3 proteins and antibodies monitored by
a high throughput label-free optical biosensor,” FEBS Letters,
vol. 580, no. 24, pp. 5681–5689, 2006.

[29] Y. Fang, “Label-free cell-based assays with optical biosensors
in drug discovery,” Assay and Drug Development Technologies,
vol. 4, no. 5, pp. 583–595, 2006.

[30] M. A. Cooper, “Optical biosensors: where next and how
soon?” Drug Discovery Today, vol. 11, no. 23-24, pp. 1061–
1067, 2006.

[31] R. L. Rich and D. G. Myszka, “Survey of the year 2005 com-
mercial optical biosensor literature,” Journal of Molecular
Recognition, vol. 19, no. 6, pp. 478–534, 2006.

[32] Y. Fang, “Non-invasive optical biosensor for probing cell sig-
naling,” Sensors, vol. 7, no. 10, pp. 2316–2329, 2007.

[33] A. K. Shiau, M. E. Massari, and C. C. Ozbal, “Back to
basics: label-free technologies for small molecule screening,”
Combinatorial Chemistry and High Throughput Screening,
vol. 11, no. 3, pp. 231–237, 2008.

[34] P. H. Lee, “Label-free optical biosensor: a tool for G protein-
coupled receptors pharmacology profiling and inverse ago-
nists identification,” Journal of Receptors and Signal Transduc-
tion, vol. 29, no. 3-4, pp. 146–153, 2009.

[35] J. J. Ramsden and R. Horvath, “Optical biosensors for cell
adhesion,” Journal of Receptors and Signal Transduction, vol.
29, no. 3-4, pp. 211–223, 2009.

[36] M. A. Cooper, “Signal transduction profiling using label-free
biosensors,” Journal of Receptors and Signal Transduction, vol.
29, no. 3-4, pp. 224–233, 2009.

[37] M. Rocheville and J. C. Jerman, “7TM pharmacology mea-
sured by label-free: a holistic approach to cell signalling,”
Current Opinion in Pharmacology, vol. 9, no. 5, pp. 643–649,
2009.

[38] Y. Fang, “Probing cancer signaling with resonant waveguide
grating biosensors,” Expert Opinion on Drug Discovery, vol. 5,
no. 12, pp. 1237–1248, 2010.

[39] R. McGuinness, “Impedance-based cellular assay technolo-
gies: recent advances, future promise,” Current Opinion in
Pharmacology, vol. 7, no. 5, pp. 535–540, 2007.

[40] I. Giaever and C. R. Keese, “Monitoring fibroblast behavior in
tissue culture with an applied electric field,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 81, no. 12, pp. 3761–3764, 1984.

[41] I. Giaever and C. R. Keese, “A morphological biosensor for
mammalian cells,” Nature, vol. 366, no. 6455, pp. 591–592,
1993.

[42] G. J. Ciambrone, V. F. Liu, D. C. Lin, R. P. McGuinness, G. K.
Leung, and S. Pitchford, “Cellular dielectric spectroscopy: a
powerful new approach to label-free cellular analysis,” Jour-
nal of Biomolecular Screening, vol. 9, no. 6, pp. 467–480, 2004.

[43] I. Giaever and C. R. Keese, “Micromotion of mammalian cells
measured electrically,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 88, no. 17, pp.
7896–7900, 1991.

[44] M. Kowolenko, C. R. Keese, D. A. Lawrence, and I. Giaever,
“Measurement of macrophage adherence and spreading with
weak electric fields,” Journal of Immunological Methods, vol.
127, no. 1, pp. 71–77, 1990.

[45] J. Wegener, C. R. Keese, and I. Giaever, “Electric cell-
substrate impedance sensing (ECIS) as a noninvasive means
to monitor the kinetics of cell spreading to artificial surfaces,”
Experimental Cell Research, vol. 259, no. 1, pp. 158–166, 2000.

[46] C. Xiao, B. Lachance, G. Sunahara, and J. H. T. Luong, “An
in-depth analysis of electric cell-substrate impedance sensing
to study the attachment and spreading of mammalian cells,”
Analytical Chemistry, vol. 74, no. 6, pp. 1333–1339, 2002.

[47] Y. Chen, J. Zhang, Y. Wang et al., “Real-time monitoring ap-
proach: assessment of effects of antibodies on the adhesion of
NCI-H460 cancer cells to the extracellular matrix,” Biosensors
and Bioelectronics, vol. 23, no. 9, pp. 1390–1396, 2008.

[48] J. H. T. Luong, C. Xiao, B. Lachance et al., “Extended applica-
tions of electric cell-substrate impedance sensing for assess-
ment of the structure-function of α2β1 integrin,” Analytica
Chimica Acta, vol. 501, no. 1, pp. 61–69, 2004.

[49] C. Roberts, C. S. Chen, M. Mrksich, V. Martichonok, D. E.
Ingber, and G. M. Whitesides, “Using mixed self-assembled
monolayers presenting RGD and (EG)3OH groups to charac-
terize long-term attachment of bovine capillary endothelial
cells to surfaces,” Journal of the American Chemical Society,
vol. 120, no. 26, pp. 6548–6555, 1998.

[50] C. H. Chang, J. D. Liao, J. J. J. Chen, M. S. Ju, and C. C. K.
Lin, “Cell adhesion and related phenomena on the surface-
modified Au-deposited nerve microelectrode examined by



International Journal of Electrochemistry 13

total impedance measurement and cell detachment tests,”
Nanotechnology, vol. 17, no. 10, pp. 2449–2457, 2006.

[51] J. J. Ramsden, S. Y. Li, J. E. Prenosil, and E. Heinzle, “Kinetics
of adhesion and spreading of animal cells,” Biotechnology and
Bioengineering, vol. 43, no. 10, pp. 939–945, 1994.

[52] V. Yashunsky, V. Lirtsman, M. Golosovsky, D. Davidov,
and B. Aroeti, “Real-time monitoring of epithelial cell-cell
and cell-substrate interactions by infrared surface plasmon
spectroscopy,” Biophysical Journal, vol. 99, no. 12, pp. 4028–
4036, 2010.

[53] C. M. Lo, M. Glogauer, M. Rossi, and J. Ferrier, “Cell-
substrate separation: effect of applied force and temperature,”
European Biophysics Journal, vol. 27, no. 1, pp. 9–17, 1998.
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A Ru(bpy)3
2+-based electrochemiluminescence (ECL) detection coupled with capillary electrophoresis (CE) was developed for the

determination of atropine sulfate on the basis of an Eu-PB modified platinum electrode as the working electrode. The analyte was
injected to separation capillary of 50 cm length (25 μm i.d., 360 μm o.d.) by electrokinetic injection for 10 s at 10 kV. Parameters
related to the separation and detection were discussed and optimized. It was proved that 10 mM phosphate buffer at pH 8.0 could
achieve the most favorable resolution, and the high sensitivity of detection was obtained by using the detection potential at 1.15 V
and 5 mM Ru(bpy)3

2+ in 80 mM phosphate buffer at pH 8.0 in the detection reservoir. Under the optimized conditions, the ECL
peak area was in proportion to atropine sulfate concentration in the range from 0.08 to 20 μg · mL−1 with a detection limit of
50 ng · mL−1 (3σ). The relative standard derivations of migration time and peak area were 0.81 and 3.19%, respectively. The
developed method was successfully applied to determine the levels of atropine sulfate in urine samples of patients with recoveries
between 90.9 and 98.6%.

1. Introduction

Atropine ((±)-hyoscyamine) is an active tropine alkaloid
from solanaceous plants (as one of a traditional Chinese
crude herb), and its chemical structure is shown in Figure 1.
Atropine sulfate has been utilized clinically for many years
as anticholinergic agent in premedication of anesthesia.
However, a high dosage of atropine sulfate can stimulate the
central nerve system and disrupt the human renal function
leading to toxic reaction [1]. Therefore, it is necessary to
establish sensitive and effective methods for the quantitation
of atropine sulfate in the field of clinical medicine.

Up to date, different chromatographic methods includ-
ing liquid chromatography (LC) [2], high-performance liq-
uid chromatography (HPLC) [3, 4], thin-layer chromatogra-
phy (TLC) [5], and gas chromatography (GC) [6] have been
reported for the analysis of atropine. However, a drawback
of chromatography appears to be time consuming due to

necessary extraction, concentration, and/or derivatization
prior to the analysis. In addition, a bulk acoustic wave sensor
has recently been fabricated and utilized for the determi-
nation of atropine sulfate in serum and urine [7]. Of the
applied field of spectroscopic analysis, the atomic absorption
method (AAS) [8], chemiluminescence method (CL) [9],
and the electrochemiluminescence method (ECL) [10] have
also been developed for atropine detection. However, these
methods often encounter poor selectivity in the assay of
complicated samples when coupled with no other separated
techniques.

Capillary electrophoresis (CE) represents an interesting
alternative as a powerful separation tool and has been
applied for atropine analysis already. However, the present
CE methods for atropine are usually coupled with UV-V
detector, resulting in the restricted detection limits [11].
In recent years, the marriage of CE to Ru(bpy)3

2+-based
ECL detection has proved to be a promising and efficient
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Figure 1: Structure of atropine.

analytical technique in the field of biochemical analysis with
high sensitivity and excellent separation efficiency [12–15].
However, the utilization of a bare metal platinum electrode
in CE-ECL detection can deteriorate stability and sensitivity
because of the poisoning effect of complicated matrices in
real biological fluids [10].

In recent years, chemical modified electrodes have been
widely used for the detection of trace amounts of real
biological fluids since the poisoning effect of complex
matrixes on the bare platinum electrode could deteriorate the
stability and sensitivity [16]. Especially, Prussian Blue (PB),
its analogue and related composite film modified electrodes
have received more attention in wide range of electrochem-
istry because of inherent stability, highly reversible nature
of the electrode reactions, ease of preparation, and low
cost [17]. Unfortunately, the application of a PB analogue
modified electrode with rare earth ions in CE-ECL systems
has not been reported by other workers although some
modified electrodes have also been used as solid-state ECL
detectors in CE-ECL detection [16, 18]. It was proved in
our previous works [19, 20] that only europium (III)-doped
Prussian blue analogue film (Eu-PB) modified platinum
microelectrode had good catalytic activity to the electro-
chemiluminescence of Ru(bpy)3

2+-based system. Given this,
a platinum electrode modified by Eu-PB is prepared and
applied as a working electrode and a Ru(bpy)3

2+-based CE-
ECL method is developed for the direct determination of
atropine sulfate in urine samples of patients in this paper.
By this alternative, a wider linear range and significantly
improved sensitivity for atropine sulfate has been obtained
since the possible electrode fouling can be avoided.

2. Experimental

2.1. Reagents and Chemicals. Atropine sulfate was from
Sigma (St. Louis, MO, USA) and freshly prepared by
serial dilution with doubly deionized water just before use.
Tris (2,2′-bipyridyl) ruthenium (II) chloride hexahydrate
(98%) was from Aldrich (Milwaukee, Wis, USA). Sodium
phosphate (pH 8.0, G. R.) was used as the buffer solu-
tion. All chemicals and reagents were of analytical grade
except specific statements. Doubly deionized water was used
throughout, and all solutions were filtered through a 0.22 μm
pore-size membrane before use.

2.2. Apparatus. MPI-A multiparameter chemiluminescence
capillary electrophoresis analysis system with self-compiled
CE-ECL software (Xi’an Remax Electronic and Technological
Co., China) was employed. Uncoated fused silica capillary
(50 cm × 25 μm i.d.) was obtained from Yongnian Opti-
cal Fiber Factory (Hebei, China). The end-column ECL
detection was installed with a three-electrode configuration,
which was made up of a Eu-PB modified platinum disk (Φ
= 0.5 mm) as a working electrode, an Ag/AgCl filled with
saturated KCl as a reference electrode and a platinum wire
as an auxiliary electrode.

A CHI832 electrochemical analyzer (Shanghai Chenhua
Apparatus Corporation, China) was used for both modi-
fication of the working electrode and measurement of the
differential pulse voltammograms (D.P.V.s).

2.3. Procedure. The schematic diagram of the CE-ECL detec-
tion system was the same as reported in the previous work
[19]. A solution of 5 mM Ru(bpy)3

2+ in 80 mM phosphate
buffer (pH 8.0) was directly injected into the reaction
reservoir. Running buffer solution was 10 mM phosphate
buffer (pH 8.0). Samples were injected in an electrokinetic
mode at 10 kV for 10 s. The separation voltage was 17 kV.
The photomultiplier tube (PMT) was biased at −850 V.
The capillary-to-working electrode distance was adjusted to
about 150 μm. Fresh Ru(bpy)3

2+ was replaced every 3 h in
order to obtain good reproducibility. Capillary was rinsed
with the running buffer between two sample injections until
the baseline was stable. The sample concentrations were
quantified by ECL peak area.

2.4. Preparation of Eu-PB Modified Platinum Electrode.
The modified composite film was prepared on a smooth
and cleaning surface of a platinum electrode. A solu-
tion of 10.0 mL FeCl3, 10.0 mL K3Fe(CN)6, 6.5 mL HCl,
5.0 mL EuCl3, and 5.0 mL potassium hydrogen phthalate
(all concentration were 0.01 M) was directly added into
the electrochemical cell. The Eu-PB film was gradually
electrodeposited when cell potential was cyclically scanned
from 0 to 1.3 V at a rate of 20 mV/s for twenty segments
round (versus SCE reference electrode).

2.5. The Urine Sample Preparation. Fresh urine samples of
patients were obtained from Lanzhou University Second
Hospital and collected from two male patients after 3 h and
8 h when 0.5 mg atropine sulfate were injected, respectively.
The urine samples were centrifugated at 2000 rpm for
10 min. Then the top layer was separated and diluted 20-
fold with deionized water, followed by passing through a
0.22 μm membrane and being directly injected into the CE-
ECL system and analyzed.

3. Results and Discussions

3.1. Effect of the Eu-PB Modified Platinum Working Electrode

3.1.1. Effect on Electrooxidation Characterization of
Ru(bpy)3

2+. The electrooxidation characterization of
Ru(bpy)3

2+ was tested before and after modification of
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Figure 2: Differential pulse voltammograms of Ru(bpy)3
2+ in

phosphate buffer (pH 8.0): (a) at bare Pt electrode; (b) at Eu-PB
modified Pt electrode. Amplitude: 0.05 V; pulse width: 0.05 s; pulse
period: 0.2 s. Concentrations: Ru(bpy)3

2+, 5 mM; phosphate buffer,
80 mM.

working electrode by differential pulse voltammetry. As
shown in Figure 2, the peak current from the electro-
oxidation of Ru(bpy)3

2+ was enhanced significantly at the
modified electrode, and the oxidation peak of Ru(bpy)3

2+

was observed at ca. 1.05 V (versus Ag/AgCl), with slight
negative shift ca. 20 mV with respect to that obtained on
the unmodified electrode. Consequently, ECL efficiency of
Ru(bpy)3

2+ could be improved due to catalytic oxidation of
Ru(bpy)3

2+ and therefore more production of excited state
of Ru(bpy)3

2+ in the prepared electrode.

3.1.2. Effect on the ECL Response of Atropine. Luminescence
response of atropine was investigated in the prepared
electrode as illustrated in Figure 3. It was found that the ratio
of the change of ECL signal versus the change of atropine
sulfate concentration (ΔI/ΔC) was significantly increased
by using the Eu-PB modified platinum electrode as ECL
sensor, indicating that the change of ECL signal was more
sensitive to the change of atropine sulfate concentration.
Consequently, the slope of calibration curve would be
enhanced. In addition, it was also indicated in Figure 3 that
the linear range would be broadened when the Pt electrode
was modified. Thus, the prepared electrode would benefit
from the improved sensitivity and linearity for atropine
sulfate.

3.1.3. Antipoisoning Effect of the Modified Electrode. In order
to investigate the Antipoisoning effect of the modified elec-
trode, atropine sulfate in real urine samples of patients were
determined by the CE-ECL method using a platinum elec-
trode and the prepared electrode as ECL sensor, respectively.
It was found that the use of unmodified electrode led to peak
broadening and a considerably unstable measurement due to
poisoning effect of electrode, and therefore was unfit for the
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Figure 3: Luminescence response of atropine sulfate at bare Pt elec-
trode and at Eu-PB modified electrode: separation capillary: 25 μm,
i.d., 45 cm length; sample injection: 10 s at 10 kV; separation voltage:
17 kV; running buffer: 10 mM sodium phosphate, concentration in
detection cell: 80 mM, all at pH 8.0.

assay of real urine samples. While it was found that uric acid,
other matrices, and atropine metabolites in urine samples
had little interference to the detection by use of the prepared
electrode, and consequently the enhanced ECL signal, lower
noise, better peak shape, and improved reproducibility were
obtained. It was proved as well that the prepared electrode
was stable enough for repetitive use in the detection system
over one month with no need for electrode replacement. In
a word, the modified electrode shows advantage of excellent
Antipoisoning effect for real urine samples.

3.2. Conditions Optimization

3.2.1. Effect of Ru(bpy)3
2+ Concentration. Concentration of

Ru(bpy)3
2+ had great effect on the ECL signal. The results

showed that the ECL intensity increased markedly with
increasing Ru(bpy)3

2+ concentration from 0.2 to 5.0 mM
due to the acceleration of reaction rate. In this work,
5 mM Ru(bpy)3

2+ in 80 mM phosphate buffer was adopted
due to concerned oversensitivity and economy in use of
reagent.

3.2.2. Effect of Running Buffer. Determination of atropine
was studied in different buffer systems including phosphate,
acetate, Tris-HCl, citric acid-sodium citrate, and borate
buffers. Finally, phosphate was chosen in terms of the stable
baseline, lower noise, shorter analysis time, and better peak
shape.

Further, pH effect of phosphate on the detection was
investigated in a wide pH range of 4.5–10.0 at intervals of
0.5 pH units. As indicated in Figure 4, the ECL intensity
increased with increase in pH value in the pH range 4.5–
7.5 and reached a plateau at pH 7.5–8.5, above which it
decreased a little. The possible reason was considered as
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Figure 4: pH effect of running buffer on ECL intensity: other
conditions, the same as in Figure 3.

the competitive reaction between Ru(bpy)3
2+ and OH− ions

produced at high pH value [21]. So pH 8.0 was selected for
all the following work.

With fixed pH value at 8.0, the concentration of running
buffer was changed from 5 to 20 mM. It was found that work-
ing at high buffer concentration allowed improved sensitivity
and resolution. However, high buffer concentration would
induce excessive heating caused by Joule effect, resulting in
an unstable measurement. Hence, 10 mM phosphate at pH
8.0 was used as the running buffer.

3.2.3. Effect of Detection Potential. The ECL intensity
depends on the efficiency of electroproduced Ru(bpy)3

3+ and
substantially depends on the oxidation potential applied to
the electrode. As seen in Figure 5, the increased production
of Ru(bpy)3

3+ with a rise of potential resulted in an increased
response and the highest value was obtained at 1.15 V.
Above which, the response slightly diminished, implying that
the efficiency of electroproduced Ru(bpy)3

3+ decreased as
competitive reactions involving the buffer dominate. Thus,
the optimal potential was 1.15 V.

3.2.4. Effect of Separation Voltage. Separation voltage simul-
taneously impacted on the ECL intensity and migration
time. More analyte arrived in the diffusion layer of working
electrode within a given time with the increasing separation
voltage, leading to higher ECL signal. Also, increasing
separation voltage shortened the migration time because of
the increase of EOF. However, the inability of the system to
remove excess Joule heat generated at high voltages resulted
in peak broadening and a decrease in reproducibility. Finally,
the best choice for separation voltage was 17 kV.

3.2.5. Effect of Injection Voltage and Injection Time. The
effects of injection voltage and injection time were studied
as well. The results demonstrated that it was difficult to
obtain a favorable ECL intensity though a high column
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Figure 5: Effect of detection potential on ECL intensity: other
conditions, the same as in Figure 3.

efficiency could be achieved when the injection time was
shortened and the injection voltage was diminished. Also,
the reproducibility became worse when an excessive sample
volume was introduced. Finally, the injection parameters of
10 s at 10 kV were recommended.

3.3. Calibration and Detection. Under the optimum condi-
tions, the calibration graph of atropine sulfate concentration
versus ECL peak area was linear in the range from 0.08 to
20 μg·mL−1, which was wider than that obtained at a bare
platinum electrode [22]. The regression equation could be
expressed as: ΔS = 566.26 + 2256.75C/μg mL−1 with a
correlation coefficient of 0.9994 (n = 8). The detection limit,
defined as three times the S.D. for the reagent blank signal,
was 50 ng·mL−1.

The precision of the proposed method was determined
by reduplicate injections (n = 6) of 5.0 μg·mL−1 atropine
sulfate standard solution. The relative standard deviations
(R.S.D.) of migration time and ECL peak area were 0.81 and
3.19%, respectively.

3.4. Applications. In order to examine the application for
clinic analysis, the levels of atropine sulfate in real urine
samples of two patients were determined by the proposed
method. The electropherogram in Figure 6 showed that
uric acid, other matrices, and atropine metabolites in urine
samples had little interference to the detection by use of the
prepared electrode. As seen in Figure 6, the peak at 267 s was
identified to be from atropine sulfate by spiking the standards
to the sample solution. The quantitative recovery was 98.6%
(n = 5), and about 22.4% atropine sulfate was excreted
from urine with unchanged form. In the measurement
process, another peak at 375 s was always detected, which was
estimated to be from a normal metabolite in human urine.
Similarly, another urinary sample was analyzed as well and
the recovery of 90.9% (n = 5) was obtained. The results were
listed in Table 1.
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Figure 6: Electropherograms of (a) the diluted urinary sample of a healthy male; (b) the diluted urinary sample of a male patient; (c) the
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Figure 3.

Table 1: The determination of atropine sulfate in patient urines
(n = 5).

Sample
Found

(mg·mL−1)

R.S.D.
(%) for

peak area

Added
(mg·mL−1)

Recovered
(mg·mL−1)

Recovery
(%)

1 0.112 1.52 0.100 0.0986 98.6

2 0.0782 2.19 0.100 0.0909 90.9

Conditions were the same as Table 1. Sample 1 was from the patient who
was operated for the polyp excision after ca. 3 h when atropine sulfate was
injected; sample 2 was from the patient who was operated for uremia after
ca. 8 h when atropine sulfate was injected.

4. Conclusion

This paper described a Ru(bpy)3
2+-based ECL method

coupling to CE technique for the determination of atropine
sulfate. An Eu-PB modified platinum electrode was prepared
and used as ECL sensor to replace the traditional bare
Pt electrode since the adsorption and direct oxidation of
electroactive species in real urine samples of patients on
the surface of working electrode could be avoided as much
as possible. Consequently, the stability and reproducibility
in signals, the linear range, and the ratio of ECL sig-
nal to atropine sulfate concentration were all significantly
improved. To sum up, the proposed method showed an
excellent performance with respect to selectivity, sensitivity,
linearity, and stability, and further it holds great promise for
the determination of tropane alkaloids in body fluids.
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To identify materials suitable as membrane supports for ion channel biosensors, six filter materials of varying hydrophobicity,
tortuosity, and thickness were examined for their ability to support bilayer lipid membranes as determined by electrical impedance
spectroscopy. Bilayers supported by hydrophobic materials (PTFE, polycarbonate, nylon, and silanised silver) had optimal
resistance (14–19 GΩ) and capacitance (0.8–1.6 μF) values whereas those with low hydrophobicity did not form BLMs (PVDF)
or were short-lived (unsilanised silver). The ability of ion channels to function in BLMs was assessed using a method recently
reported to improve the efficiency of proteoliposome incorporation into PTFE-supported bilayers. Voltage-gated sodium channel
activation by veratridine and inhibition by saxitoxin showed activity for PTFE, nylon, and silanised silver, but not polycarbonate.
Bilayers on thicker, more tortuous, and hydrophobic materials produced higher current levels. Bilayers that self-assembled on
PTFE filters were the longest lived and produced the most channel activity using this method.

1. Introduction

A biological bilayer lipid membrane (BLM) is approximately
four nanometres thick consisting of two adjacent monolayer
sheets, each composed of molecules with hydrophilic head-
groups exposed to water and acyl chains buried into the
hydrophobic membrane interior. Integral membrane pro-
teins such as receptors and/or ion channels are responsible
for a range of cellular functions that include recognition
of pathogens, intracellular signalling, energy transduction,
development of energy gradients, and the transport of nutri-
ents and metabolites. Many membrane proteins therefore
have potential for use as the sensing entity in biosensors. Two
major barriers to the development of biosensors using ion
channels are the fragility of biological membranes and their
analogues, and the functional requirement of membrane
proteins of having solution on both sides of the membrane.
Methods that provide enhanced mechanical strength while
retaining sensitive electrochemical properties of BLM are
being sought to overcome these limitations.

BLM stability can be improved by reducing the area
(typically 100–300 μm in diameter). Some researchers have

addressed this by putting holes in a support structure to
create many small BLMs. For example, in films of amorphous
Teflon, where it was found that reducing the pore diameter
to under 40 μm increased BLM stability [1]. Multiple BLMs
increase the total BLM area which is important for efficient
incorporation of membrane proteins. This has also been
achieved by forming a BLM over a polymer matrix in
which micro-BLMs are thought to form. Demonstration
of BLM formation is determined from either a sufficient
membrane capacitance or from functional reconstitution
of membrane-spanning peptides or proteins that require
the BLM to be 4-5 nm thick. Polymers of varying porosity
and morphology have been found to provide support for
BLMs, for example, commercially available filters of poly-
tetrafluoroethylene (PTFE/Teflon, 5 and 10 μm pore diame-
ter), polycarbonate (0.4–8 μm pore diameters), polyethylene
(PETE), and poly(L-lactic acid) (PLLA) [2–4]. Polycarbonate
filters have also been utilised as a support for mixed
hybrid BLMs formed over 1 μm pore diameters rendered
hydrophobic by a gold coating and octadecanethiol [5] in
which a glutamate-gated chloride channel was functional
[6]. Nylon microfiltration membranes in combination with
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S-layers (crystalline bacterial cell surface layers) produced
stable BLMs and functional pore-forming peptide activity
[7]. Suspended BLMs supported on highly porous alumina
and porous silicon (up to 1 μm pore diameter) coated with
gold and rendered hydrophobic [3, 8] provided a functional
environment for OmpF, a bacterial outer membrane protein
[9]. BLM formation, determined from capacitance measure-
ments, has also been shown to occur on hydrophobically
silanised silicon nitride surface with 200 nm diameter pores
[10].

We recently showed that the pore-forming peptide,
gramicidin, and voltage-gated sodium ion channels are
functional in BLMs formed on PTFE filters (5 μm pore
diameter) [11]. By hydrating the PTFE filter with ionic
solution and ion channel proteoliposomes prior to BLM
formation, functional reconstitution was enhanced com-
pared with addition of proteoliposomes to the bulk solution.
Since this is a convenient means for efficient liposome-BLM
fusion, we wanted to know whether other filter materials
are suitable BLM supports and if preloading with liposomes
enhances incorporation. In this study we examined the
physical properties of commercially available membrane
filters of polycarbonate, PTFE, nylon, silanised or unsilanised
silver, and PVDF, and related this to their ability to support
BLMs. The filters were hydrated and BLMs monitored for
their stability and longevity by measuring their resistance and
capacitance over several hours. The ability of ion channels
to function in these BLMs was assessed in filters preloaded
with voltage-gated sodium ion channel proteoliposomes.
This allowed us to identify which porous materials are able
to support BLMs in which ion channels can function, and
are therefore of use in biosensor applications.

2. Materials and Methods

2.1. Filter Properties. Contact angles were determined from
a photograph of a 2 μL water droplet placed on a filter [12].
Bubble point (values used were as specified by manufactur-
ers) was used as a measure of the resistance to the flow of
fluids through pores of filter materials [13]. The bubble point
value is determined by observing when bubbles first begin to
emerge on the permeate side or downstream side of a fully
wetted membrane filter when pressurized with a gas on the
feed (upstream) side of the membrane filter.

2.2. BLM-Support Assembly. Porous supports were con-
structed by heat-pressing a 3 mm diameter disc filter over a
1 mm diameter hole in a polystyrene semi-microcuvette (LP
Italiana SPA, cat. no. LPI112117), as detailed in our recent
publication using a Teflon filter [11]. The same system was
assembled in conjunction with six different filter materials
with 5 μm average pore diameters: polycarbonate (Osmonics
Inc., cat. no. K50SH58050), polytetrafluoroethylene (PTFE,
Teflon; Millipore, cat. no. LSWP01300), nylon (Osmonics
Inc., cat. no. R50SH04700), polyvinylidene fluoride (Dura-
pore PVDF; Millipore, cat. no. SVLP01300), and silanised
and unsilanised metal silver (Sterlitech, cat. no. AG47SP6).
Silanised samples of porous silver material were prepared
by treating with dimethyldichlorosilane (BDH) at 170◦C

for 2 hours. The filter-cuvette assembly was hydrated with
ionic solution and ion channel proteoliposomes by vacuum
infiltration at −75 kPa for 2 hours, as previously described
[11].

2.3. Bilayer Formation. The BLM-forming solution con-
tained 5% (w/w) phosphatidylcholine (PC), extracted from
egg yolk [14], and 2% (w/w) cholesterol (Ajax Finechem,
Australia) dissolved in n-octane (Sigma Chemical Co., St
Louis, MO, USA), centrifuged at 10,000 rpm for 1 minute
and the supernatant collected. 10–20 μL was “painted” onto
the outer surface of the filter (cis chamber) whereupon a
BLM self-assembled.

2.4. Electrical Impedance Spectroscopy. Electrical impedance
spectra were obtained using a three-electrode system com-
prising a platinum counter electrode (cis), a Ag/AgCl wire
as a reference electrode (cis), and a Ag/AgCl measuring
electrode (trans). Electrical impedance spectra (EIS) were
obtained using PCI14/300 Potentiostat and FAS2 Femto-
stat manufactured by Gamry Instruments operating under
Gamry Framework, Echem Analyst, and EIS300 analysis
software (Gamry Instruments, Warminster, PA, USA). Abso-
lute values of the impedance [Z](f) and the phase angle
ψ(f) between voltage and current were recorded within a
frequency range of 105–10−2 Hz optimising for speed with
nine data points per decade equally spaced on a logarithmic
scale. Data were obtained at zero offset potential applying a
10 mV sinusoidal AC voltage. A nonlinear least square fitting
programme was used to fit an equivalent circuit model to the
experimental data.

2.5. Ion Channels. Human voltage-gated sodium channel
(VGSC) protein was produced using the insect-baculovirus
expression system and the preparation enriched for the
VGSC, and incorporated into liposomes as previously
described [15]. The VGSC proteoliposomes were preloaded
into the filter using vacuum infiltration, as detailed previ-
ously [11]. Both chambers contained 300 mM NaCl, 10 mM
HEPES, pH 7.4. Water was purified by a Millipore Milli-Q
system (Molsheim, France). Sodium channels were activated
using 100 μM veratridine (VTD; Sigma) and inhibited
using 200 nM tetrodotoxin (TTX; Alomone Labs, Jerusalem
Israel). All electrophysiology experiments were carried out at
room temperature. Voltage-clamp recordings of ion channel
activity were made at a holding potential of −80 mV, 0 and
+80 mV over a period of 15 minutes. A 15-minute control
recording was taken prior to addition of the VGSC activator
veratridine. Recording and reference Ag/AgCl electrodes
connected the cell to the amplifier to record ionic currents.
VGSC activity was recorded using HEKA EPC7 or EPC9
amplifiers with Pulse v.8.53 and PulseTools v8.8 (HEKA,
Lambrecht/Pfalz Germany) and Bruxton Acquire 5.0.1 data
acquisition software and analysed using TAC v.4.2.0.

3. Results and Discussion

The suitability of each material as a support for a biosensor
BLM was determined as the ability to form BLM on
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Figure 1: (a) Electron micrographs showing surfaces and structures of various porous materials (magnification ×2000). (b) Faradaic
impedance spectra are presented in the form of Nyquist plots showing real (Zre) versus imaginary (Zim) components of BLMs formed
on different porous support materials. Electrical circuit models for support (c) and supported BLM (d).

Table 1: Properties of filter materials as porous supports.

Filter material Thickness (μm)a Contact angle (degrees) Bubble pointab BLM formed % (n) Longevityc min.(n) Na+ currente % (n)

PTFE 140 141 0.70 100 (15) 101 ± 7 (22)d 40 (10)

Nylon 65–125 135 0.21 71 (14) 18 ± 3 (9) 38 (8)

Silanised Ag 50 109 n/a 92 (12) 38 ± 5 (12) 13 (8)

Unsilanised Ag 50 60 0.14 30 (10) < 5 (3) —

Polycarbonate 10 70–90a 0.08 100 (13) 29 ± 5 (14) 0 (8)

PVDF 125 n/a n/a 0 (10) — —
a
Data from manufacturer in methods. bAlcohol bubble point (kg.cm−2). cMean ± S.E.M. dPTFE monitored for up to 2 h, 73% lasted > 2 h. eNumber

of experiments that gave Na+ current increases in supported BLMs preloaded with VGSC liposomes after activation by veratridine and were inhibited by
saxitoxin. n/a, data not available.

their surface and for the preloaded ion channel protein to
reconstitute into the BLM and function.

3.1. Properties of Filter Supports. Polycarbonate filters consist
of a uniform series of holes on a smooth surface. The pores
approximate straight cylindrical holes from one surface to

the other. In contrast, apertures of PTFE, nylon, silver, and
PVDF filters, are irregular in shape and size (Figure 1(a)).
There is no uniform orientation of pores in these filter
materials, particularly for nylon and silver, and matrix void
spaces vary in their degree of complexity or tortuousity.
The thickness of filter materials also varies from 10 μm for
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Figure 2: (a) Current recordings from a single experiment are shown for a PTFE filter preloaded with voltage-gated sodium channel (VGSC)
liposomes. A BLM was formed on the PTFE filter and the control current level shown after 15 min at +80 mV. The current level is shown
15 min after addition of 100 μM veratridine (VTD) to both sides of the BLM, then 15 min after addition of 100 nM tetrodotoxin (TTX). (b)
Corresponding histograms show the current amplitude distribution over the period of the recording.

Table 2: Resistances and capacitances of BLMs on porous supports.

Parameters PTFE Nylon Polycarbonate Silanised Ag

RBLM (GΩ) 15.1 ± 1.6 18.9 ± 5.8 17.2 ± 3.3 13.8 ± 2.3

CBLM (μF) 1.6 ± 0.1 1.1 ± 0.2 0.8 ± 0.1 0.9 ± 0.1

CStray (nF) 37.6 ± 0.3 38.5 ± 0.8 36.2 ± 0.4 36.5 ± 0.4

N 40 8 12 12

Values determined from fit of equivalent model circuit to the data. Data are mean ± S.E.M.
RBLM: membrane resistance, CBLM: capacitance of the BLM, CStray: stray capacitance.
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polycarbonate to 140 μm for PTFE (Table 1). It is reasonable
to assume that for higher degrees of tortuosity, resistance of
fluid flow through the filters is also higher. Silanisation did
not change the appearance and structure of silver metal filters
(Figure 1(a)).

Contact angles determined from a water droplet were
used as a relative measure of hydrophobicity [12] (Table 1).
Hydrophobic materials would not allow the bath solution
to permeate through the filter. It was therefore necessary
to apply a negative pressure to remove all air trapped
inside the filter before solution would fill the void space.
As expected the hydrophobic materials had higher contact
angles than hydrophilic materials. PTFE and nylon had the
highest contact angles indicating that they are the most
hydrophobic materials tested while unsilanised porous silver
gave the lowest contact angle and is therefore the least
hydrophobic. Silanisation resulted in a higher contact angle
for the porous silver indicating an increased degree of
hydrophobicity. The contact angle for the polycarbonate and
PVDF filters could not be measured because a droplet could
not be formed due to water permeation but was obtained
from the manufacturer where possible.

Bubble point is a measure of the resistance to the
flow of fluids through the filters caused by their thickness
and the tortuosity of the void space [13] (Other factors
such as uniformity, surface activity, and surface tension can
affect bubble point). A high bubble point indicates a high
resistance. PTFE and nylon have similar contact angles but
the bubble point for the nylon filters was 70% lower than
for PTFE filters (Table 1). Polycarbonate was the thinnest
material tested and it had the lowest bubble point. The
bubble point of the silanised silver filters was not determined
but it would be similar to that of the unsilanised silver
material because they have the same pore geometry.

3.2. Bilayer Lipid Membrane Formation. To ascertain wheth-
er BLMs were formed on microporous supports, we mon-
itored the electrical properties expected for BLM coverage.
Electrical impedance spectroscopy (EIS) provides compre-
hensive information about the electrical processes of a
system under investigation. EIS are generally represented in
an equivalent electrical circuit model consisting of parallel
and serial elements such as resistance, capacitance, constant
phase element, and different types of Warburg elements.
The usefulness of EIS to provide quantitative evidence
for the presence of BLMs have been demonstrated by
many researchers including supported BLMs on PTFE [11],
platinum [16], and porous alumina [8]. An electrical circuit
model was constructed to fit data obtained from EIS of BLMs
on various porous supports (Figures 1(b)–1(d), Table 2).
Resistance RΩ in serial combination represents the resistance
of the solution between the working and reference electrodes.
The resistance of support is Rsup while Wsup represents
any diffusion of ion across the support. A BLM is in
series with the support and comprises a resistor RBLM and
capacitor CBLM in parallel. The equivalent circuit is extended
to take into account capacitance Cs representing the stray
capacitance of the measuring cuvette.

A total area of all micro BLMs assumedly formed over
void space inside the support structure should be taken into
account when calculating capacitances of BLMs. Apart from
polycarbonate filter, other porous filters have an ill-defined
structure, therefore this measure is unknown. Furthermore,
when lipid is applied to a microporous filter, it will ideally
form a single BLM, but could also form a series of BLMs in
each pore, or a lipid-solvent plug, or a combination of these
[4]. Values determined from curve fits for filter supports
of PTFE, nylon, polycarbonate, and silanised silver were
within ranges for BLM supports reported by other authors
for capacitance [7, 17–21] and resistance [8, 19, 21–24].

BLMs self-assembled on most filters except for PVDF and
were short lived on silanised silver filters. The data show
that the most hydrophobic material (PTFE) produced the
most stable BLMs and that they could not be supported
by hydrophilic materials such as PVDF and unsilanised
silver. Silanisation of silver filter appears to have rendered
the surface hydrophobic for lipid interaction (Table 1). The
shorter longevity of BLMs in those with lower hydrophobic-
ity, this suggests that strong hydrophobicity of materials is an
important factor for the self-assembly of BLMs.

3.3. Voltage-Gated Sodium Channel Activity. To determine
whether filter materials besides PTFE could be preloaded
with proteoliposomes and ion channels reconstituted into
the BLM, their function was assessed in filters that formed
robust BLMs, that is nylon, silanised silver, and polycar-
bonate, and compared with PTFE. Current responses of
filters preloaded with voltage-gated sodium ion channel
proteoliposomes were monitored before and after addition
of the VGSC-activator veratridine, followed by addition of
the VGSC-specific inhibitor tetrodotoxin.

Current responses were measured at a holding potential
of −80 mV, 0, and +80 mV over a period of 15 minutes,
and was averaged over a one minute recording. The current
responses increased from 0 pA (control) to 15–50 pA (after
addition of veratridine) over 10–15 min, reversed at 0 mV
and were inhibited by tetrodotoxin (Figure 2). The number
of filters which responded in this way for a given material
were determined (Table 1). The results showed that when
VGSC proteoliposomes are preloade into the filter matrices
they are able to incorporate into the corresponding BLM
in some materials but not others. Nylon and silanised silver
filters showed sodium current responses but polycarbonate
did not. The 5.6-fold higher BLM longevity for PTFE
compared to nylon suggests that PTFE would be the filter
material of choice for measuring ion channel activity. The
success rate of sodium channel activity in BLMs was lower
when formed over thinner and less hydrophobic filter
supports (i.e., silanised silver) than on PTFE (Table 1).
Materials with low contact angle and low bubble point
showed low or no ion channel currents. Thicker supports
also produced higher current responses. Polycarbonate was
the thinnest filter tested and had the lowest bubble point,
suggesting low hydrophobicity which would be consistent
with a poor ability to retain proteoliposomes. We did
find, however that proteoliposomes added to bath solution
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after BLMs been formed on polycarbonate produced some
sodium currents (data not shown), indicating that while they
cannot retain preloaded proteoliposomes, these filters can
provide a suitable BLM environment for ion channels. This
is consistent with the use of polycarbonate filters to support
mixed hybrid BLMs that provide a functional environment
for glutamate-gated chloride ion channels [6].

4. Conclusions

The findings in this study showed that bilayer lipid
membranes were most stable when supported by highly
hydrophobic materials. Filter supports with greater tortu-
osity and thickness produced the most ion channel activity
when preloaded with proteoliposomes. PTFE was the most
versatile filter material of those tested in that it supported
long-lived BLMs, and ion channel function when preloaded
with ion channel protein. Understanding factors that con-
tribute to BLM stability will help in selection of materials
and improved design for customised biosensor systems using
membrane proteins.
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We present a new biosensor for hydrogen peroxide (H2O2) detection. The biosensor was based on the immobilization of
horseradish peroxidase (HRP) enzyme on layered double hydroxides- (LDH-) modified gold surface. The hydrotalcite LDH
(Mg2Al) was prepared by coprecipitation in constant pH and in ambient temperature. The immobilization of the peroxidase on
layered hybrid materials was realized via electrostatic adsorption autoassembly process. The detection of hydrogen peroxide was
successfully observed in PBS buffer with cyclic voltammetry and the chronoamperometry techniques. A limit detection of 9 μM of
H2O2 was obtained with a good reproducibility. We investigate the sensitivity of our developed biosensor for H2O2 detection in
raw milk.

1. Introduction

Horseradish peroxidase (HRP) is a glycoprotein with four
lysine residues for conjugation to a labeled molecule. It
produces a colored, fluorimetric, or luminescent derivative of
the labeled molecule when incubated with a proper substrate,
allowing it to be detected and quantified. Horseradish
peroxidase was often used in conjugates to determine the
presence of a molecular target and was also commonly used
in techniques such as ELISA and Immunohistochemistry.
Horseradish peroxidase is ideal in many respects for these
applications because it is smaller, more stable, and less expen-
sive than other popular alternatives such as alkaline phos-
phatase. Conductor’s polymers and magnetic nanoparticles
were used in the fabrication of various types of HRP-based
biosensors [1, 2]. To stabilize the immobilized enzyme in the
matrix of film, glutaraldehyde (GA) is usually employed as
a bifunctional agent to cross-link enzyme molecules [3–6],
but the cross-linking efficiency under standard conditions
is not always satisfactory [6, 7], which results in the lower
sensitivity and poor stability of the resulting biosensor. It
was established that cationic clays and especially anionic ones

or layered double hydroxides were considered as a new class
of materials with a high trapping potential of molecules
of different sizes and that they form hybrid materials.
Indeed, these materials present very attractive advantages
such as a low cost of purification or synthesis and their
biocompatibility. Furthermore, the bi-dimensional structure
of LDHs with the general formula: [M2+

1−X M3+
X (OH)2]

x+ ·
[Ax/q]q−·nH2O [8, 9] present additional advantages relatively
to cationic clays. LDHs can be synthesized using the same
protocol, and the obtained materials have a large range of
physicochemical properties. A wide varieties of LDHs can
be achieved by changing the anionic ion A (CO3

2−, SO4
2−,

HPO4
2−, NO3

−, F−, Cl−, Br−, and I−) or the metallic
divalent (M2+ : Mg, Zn, Ni, Co, Pd, etc.) or trivalent ions
(M3+ : Al, Cr, Fe, V, etc.). This type of material presents high
anionic-exchanging capacities by changing the divalent and
trivalent ion ratio (x = [M2+]/[M3+]) and adjusting the
interlayer anions [Ax/q]q− to intercalate different molecules
[3–10]. Therefore, this kind of materials can be considered
very attractive for new hybrid biomaterials development and
for functionalized surfaces for ionic and biologic detection
[10–12]. It has been previously shown that immobilization
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Figure 1: (a) Cyclic voltammetry measurement in PBS buffer of bare gold electrode and gold electrode with LDH, respectively. (b) Nyquist
diagram (Zi versus Zr) of impedance measurement corresponding to the gold electrode without and with LDH layer. (c) Atomic force
microscopy photo of gold surface treated with LDH. It shows a homogenous surface with roughness below 1 nm.

of urease in LDH is of high interest for the fabrication of
biosensors [12]. The panel of applications of these materials
is very large; they can be used for monitoring food process,
diagnosis and medical monitoring, or for therapeutic and
pharmaceutical applications such as the encapsulation of
active molecules for drugs [13–15] or radioactive substances.

In this work, we present a new biosensor for hydro-
gen peroxide (H2O2) detection based on layered double
hydroxides (LDH) layer. The biosensor was based on the
immobilization of horseradish peroxidase (HRP) enzyme on
LDH-modified gold surface. The hydrotalcite LDH (Mg2Al)
was prepared by coprecipitation in constant pH and in
ambient temperature. The immobilization of the peroxidase
in layered hybrid materials was realized via electrostatic
adsorption autoassembly process. The detection of hydrogen
peroxide was successfully observed in PBS buffer with cyclic
voltammetry and the chronoamperometry techniques.

2. Experimental Setup

2.1. Reagents and Apparatus. The hybrid biomembranes
Enzyme/LDH were prepared in two steps: the LDH synthesis,

followed by the peroxidase immobilization. We synthesized
hydrotalcite LDH by coprecipitation method at constant pH
and temperature. The ratio volume of solutions of MgCl3
and AlCl3 0.1 M was fixed at 2 in order to obtain a final LDH
of Mg2AlCO3. Mg2AlCO3 LDH was prepared according to
the process described by Baccar et al. [16]. We added drop to
drop and under vortex agitation the solution of AlCl3 and the
MgCl2. The pH reaction of coprecipitation was fixed at pH 8
by adding a basic solution of NaOH (NaOH 2 M + Na2CO3

0.125 M). The final solution obtained was washed with milli-
Q water and filtered to eliminate the ions chlorides, then
dried at 100◦C in dark during 12 hours, and finally crushed.

2.2. Gold Cleaning and Functionalization. The gold elec-
trodes (1 cm × 1 cm) were fabricated at the National Center
of Microelectronics of Barcelona (Spain). Evaporated gold
(∼300 nm thickness) was deposited on silicon, using a
titanium under layer (∼30 nm thickness) as substrate. Before
modification, the gold electrodes were cleaned in acetone
solution for 20 min with ultrasonic bath. After that, they
were dried under a nitrogen flow and then dipped for 10 min
into “piranha solution” 7 : 3 (v/v) 96%H2SO4/30%H2O2.
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Figure 2: (a) Cyclic voltammogram of gold electrode functionalized with LDH before and after HRP immobilization. (b) Nyquist diagram
(Zi versus Zr) of impedance measurement corresponding to the gold-electrode with LDH before and after HRP immobilization.

Finally, the gold substrates were rinsed 2 to 3 times with
ultrapure water and immediately immersed in an ethanol
solution. After cleaning, the gold electrodes were immedi-
ately placed on an electrochemical cell. For DHL deposition
on gold electrodes, a drop (approximately 10 μL by cm2)
of dispersed LDH (Mg2Al 2.5 mg/mL) in deionised water
(milli-Q) was deposited and coated by spin coating at less
than 1000 rms/min during 10 s and about 4000 rms/min
during 30 s. After that, a drop (approximately 10 μL by
1 cm2) of HRP (equal to 0.250–0.330 Units) dispersed in
milli-Q water was deposited in surface and dried at 4◦C
overnight. Finally, the nonbounded enzymes were eliminated
by washing samples with a solution of 20 mM PBS. After
testing, the samples were stored in a solution of 20 mM PBS,
pH 7.4 at 4◦C.

2.3. Cyclic Voltammetry and Chronoamperometry. Cyclic
voltammetry and chronoamperometry measurement were
performed at room temperature in a conventional voltam-
metric cell with a three-electrode configuration using Auto-
lab impedance analyzer (Eco Chemie, The Netherland). The
gold electrode (0.16 cm2) was used as working electrode
and platinum (1 cm2) and Ag/AgCl electrodes were used
as counter and reference electrodes, respectively. All cyclic
voltammetry measurements were carried out with scan rate
of 75 mV/s in PBS at pH 7 and in Faraday cage. More details
can be found in [17].

2.4. Atomic Force Microscopy and Impedance Spectroscopy.
Atomic Force microscopy was performed using a Dimen-
sion 3100 (Veeco) Atomic Force Microscope operating in
tapping mode. The impedance analysis was performed with
the Autolab 302 N impedance analyzer (Eco Chemie, The
Netherland) in the frequency range 0.05 Hz–100 kHz, using

a modulation voltage of 10 mV. More details on electrochem-
ical impedance spectroscopy can be found in [18–20].

3. Results and Discussions

3.1. Gold Electrode Functionalization. Cyclic voltammetry is
an electrochemical technique which can be used to study
the kinetic of redox reactions of materials, their insulating
and conducting properties. Cyclic voltammograms of the
gold electrode (Figure 1(a)) show a reversible wave which
is the typical behavior of gold surface in PBS buffer. After
modification of the gold surface with the LDH membrane,
the current increases due to the high conductivity properties
of the LDH layer and anion exchange (Figure 1(a)). Typical
Nyquist plots for gold electrode and gold electrode with
LDH layer from 50 mHz to 100 KHz at 0.2 V potential
(versus Calomel electrode) in PBS were shown in Figure 1(b).
Impedance spectra were interpreted through equivalent
circuits representing the different processes involved in the
description of the system with discrete electric elements [20,
21]. The semicircle diameter of impedance spectra represents
the charge transfer resistance, Rct. This resistance controls
the electron transfer kinetics of the ions at the electrode
interface. Figure 1(c) shows the atomic force microscopy
image of gold surface treated with LDH in tapping mode. It
shows a homogenous surface with roughness less than 1 nm.
The same observation was observed with scanning electron
microscopy (SEM) in [22].

3.2. HRP Immobilization. Figure 2(a) shows the cyclic volta-
mmogram of gold electrode functionalized with LDH layer
before and after HRP immobilization. We observe a decrease
of the current for positive potential after HRP immobi-
lization. The peak at 350 mV corresponds to the oxidation
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Figure 3: (a) Cyclic voltammogram of gold electrode functionalized with HRP before and after the injection of different H2O2 concentration.
(b) The chronoamperometry curve of functionalized gold electrode with HRP at a fixed potential of 350 mV after H2O2 injections. (c)
Current variation (current after H2O2 injection) of the developed biosensor after different injection of H2O2 concentration at 350 mV
obtained from Figure 3(a) in PBS buffer and raw milk. Linear regression was observed between 0 and 200 μM.

potential of HRP. Figure 2(b) shows the Nyquist diagram
of impedance measurement at fixed potential (0.2 V) for
gold electrode with LDH and with HRP enzyme. The
increase of the charge transfer resistance is due to the success
immobilization of the HRP enzyme. This result confirms the
result obtained with cyclic voltammetry.

3.3. Biosensors Applications. Figure 3(a) shows the cyclic
voltammogram of the gold electrode functionalized with
HRP enzyme before and after injection of H2O2. Upon the
addition of the hydrogen peroxide to the electrochemical cell,

the oxidation peak (at 350 mV) appears, showing a typical
electron transfer between the H2O2 and the HRP molecule:

H2O2 + HRPred −→ HRPox + H2O,

HRPox + 2e− −→ HRPred.
(1)

The chronoamperometry can be used to explore the current
response of the biosensor in presence of the hydrogen
peroxide. Figure 3(b) shows the chronoamperometry curve
of functionalized electrode with HRP at a fixed potential of
350 mV after H2O2 injections. The current increases with
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increasing H2O2 concentration which agrees with result
shown in Figure 3(a). The addition of the hydrogen peroxide
to the buffer solution increases the steady state current.
Figure 3(c) shows the calibration curves of the biosensor
exposed to different concentration of hydrogen peroxide
obtained from Figure 3(a) (at a potential of 350 mV). The
curves were represented by a linear regression (between 0
to 200 μM), and a best sensitivity was obtained. A limit
detection of 9 μM of H2O2 was obtained with a good
reproducibility for the developed biosensor. Moreover, we
investigate the sensitivity of our developed biosensor for
H2O2 detection in raw milk. Figure 3(c) shows the cali-
bration curve obtained in raw milk after H2O2 injection.
It shows a lower sensitivity due to coexisting electroactive
species such as casein (and other proteins) in raw milk.

4. Conclusion

In this work, we present new biosensors for the detection of
hydrogen peroxide (H2O2) with LDH functionalized layer.
The biosensor was developed by the immobilization of
horseradish peroxidase (HRP) enzyme on LDH-modified
gold electrode. The deposition of LDH layer and HRP
enzyme was verified with cyclic voltammetry and impedance
spectroscopy. The detection of hydrogen peroxide was
successfully observed in PBS using the cyclic voltammetry
and the chronoamperometry techniques. A limit detection
of 9 μM of H2O2 was obtained with a good reproducibility.
We investigate the sensitivity of our developed biosensor for
H2O2 detection in raw milk.
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This paper reviews the advancements of a wide range of electrochemical aptamer-based biosensors, electrochemical aptasensors,
for target analytes monitoring. Methods for immobilizing aptamers onto an electrode surface are discussed. Aptasensors are
presented according to their detection strategies. Many of these are simply electrochemical, aptamer-based equivalents of
traditional immunochemical approaches, sandwich and competition assays employing electroactive signaling moieties. Others,
exploiting the unusual physical properties of aptamers, are signal-on (positive readout signal) and signal-off (negative readout
signal) aptasensors based on target binding-induced conformational change of aptamers. Aptamer label-free devices are also
discussed.

1. Introduction

Biosensors are devices detecting the presence of a target by
using a particular recognition element and then monitoring
the mass, optical, electronic, or magnetic signal changes,
which are induced by the interaction of the recognition
element and the analyte of interest. Molecular recognition is
consequently the key for the sensor performance. The rec-
ognition elements were initially isolated naturally from liv-
ing systems; now, they are available by synthesis in the lab,
including receptors, enzymes, antibodies, nucleic acids, mo-
lecular imprints and lectins. The mostly used recognition
components for clinic diagnostics and genomics/proteomics
studies are antibodies and nucleic acids based on affinity
assays owing to their special high sensitivity and selectivity
in the affinity to target molecules. Antibodies are produced
by immune system when it responds to antigens (i.e., toxins,
chemicals, drugs, and virus particles, spores, bacterial toxins,
and other foreign substrates). Antibodies were generated
by animal immunization, and now, cell clone technology
can produce poly/monoclonal antibodies in large quantities.
The antibodies still encounter the challenges of pH and
temperature sensitivity, short shelf life, easily degradation,
and consequently, its repeatable usage is also a problem.

Aptamers, first reported in 1990, are attracting interest
in the areas of therapeutics and diagnostics [1–3]. Aptamers
are specific oligonucleic acid sequences (ca. 30 to 100 nu-
cleotides), which recognize specific ligands and bind to var-
ious target molecules ranging from small ions to large pro-
teins with high affinity and specificity. The term aptamer
derives from aptus that means to fit. The RNA or DNA
aptamers molecules are selected in vitro (selection evolution
of ligands by exponential enrichment, SELEX process) from
vast populations of random sequences. Aptamers are often
called synthetic antibodies and can mimic antibodies in a
number of applications. The selected aptamers bind their
targets with affinities and specificities that can be comparable
to those of antibodies. Aptamers present some advantages
compared to antibodies, especially accurate and reproducible
chemical production. Moreover, Aptamer offering chemical
stability under a wide range of buffer conditions, resistant
to harsh treatments without losing its bioactivity, and the
thermal denaturation is reversible for aptamer. While it is
important to remain proteins in a moisturized environment
to maintain their bioactivity, and the physical or chemical
denaturation is irreversible for antibodies. Aptamer has a
wide range of molecular and therapeutic targets, including
amino acids, any class of proteins (enzymes, membrane
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proteins, viral proteins, cytokines and growth factors, and
immunoglobulins), drugs, metal ions, other small bio-/or-
ganic/inorganic small molecules, and even whole cells. How-
ever, antibody is only employed for immunogenic com-
pounds. Aptamers are small in size, cost effective, offering
remarkable flexibility and convenience in designing their
special structure. Moreover, combinatorial chemical synthe-
sis offers a wide variety of methods for aptamer sequence
modifications such as the terminal tagging chemical groups.

Biosensors based on aptamers as biorecognition elements
have been coined aptasensors. The aptamers were initially
used as therapeutic agents. For example, aptamer that selec-
tively binds thrombin, a multifunctional serine protease that
plays an important role in procoagulant and anticoagulant
functions, was developed with the purpose of application
as an anticoagulant [4]. Only recently, the aptamers have
been used as recognition elements in biosensing. The first
aptasensor was reported in 1996, with an optical biosensor
based on fluorescently labeled aptamers [5]. To date, the
best investigated aptamers are those for thrombin. The first
electrochemical aptasensor with an amperometric sandwich-
based biosensor based on glucose dehydrogenase-labeled
signaling aptamers was described in 2004 [6]. The field of
research is progressing so rapidly that new achievements
have appeared, especially those focused on electrochemical
methods of detection. Electrochemical devices have received
considerable recent attention in connection to the transduc-
tion of aptamer interactions. Electrochemical transduction
presents considerable advantages over optical, piezoelectric
or thermal detection. The electrochemical detection offer
high sensitivity and selectivity, compatibility with novel mi-
crofabrication technologies, inherent miniaturization, low
cost, disposability, minimal simple-to-operate, robust, power
requirements, and independence of sample turbidity. This
paper examines electrochemical aptasensor discussing sur-
face immobilization techniques and different detection
schemes used to detect target analytes.

2. Immobilization of Aptamers

The crucial step in electrochemical aptasensors development
is the immobilization of aptamers to an electrode surface,
and it is important to develop strategies for reliable immo-
bilization of aptamers so that they retain their biophysical
characteristics and binding abilities, as well as for mini-
mizing nonspecific binding/adsorption events. In principle
these strategies are similar to those applied previously for
the immobilization of single- or double-stranded DNA in
genosensors or DNA biosensors for detection of DNA dam-
age [7].

The methods of immobilization based on physical ad-
sorption of DNA by means of electrostatic interactions are in
general not suitable due to low stability caused by aptamers
desorption from the surface. The common pathways for
immobilizing a stable, flexible and repeatable aptamer layer
surface are chemical covalent attachment, via avidin-to-bi-
otin conjugation [8], and self-assembling the thiolated ap-
tamer onto gold substrate using a thiol-alkane linked to the

aptamer sequence [7]. streptavidin-polymer-coated indium-
tin oxide electrode for immobilizing a DNA aptamer against
lysozyme have been also designed.

Mixed two-component alkanethiol self assembly mono-
layers of recognition and shielding components, similar to
those used in DNA hybridization sensors, are extremely
attractive for achieving the desired balance between high
loading, minimal nonspecific interactions, and preferred/
accessible orientation. Such mixed coassembly monolayers
have been widely used in DNA hybridization sensors and are
being employed for the design of electrochemical aptasensors
[9, 10]. Aptamers can be attached to the solid support at ei-
ther the 5′-end or the 3′ end; both positions have been re-
ported as being used for aptasensor development. However,
there are very few studies looking at the effect of the two types
of end attachment. Recent work suggests that it depends on
the particular aptamer [11] although for biological targeting,
it may be that the 3′ end is more suitable, since the 3′ end is
the primary target for exonucleases, and thus, its coupling to
the solid support would simultaneously confer resistance to
nucleases.

It is also highly advantageous to explore the possibility
of immobilization of aptamers onto novel materials, espe-
cially through the covalent linking approaches onto gold
films/particles, silicates and silicon oxide surfaces, quantum
dots, carbon fabricated nanotubes, and carbohydrates or
dendrimers [12]. The advantage of dendrimers is their high
stability and relatively large surface in comparison with flat
electrode [13, 14]. An aptasensor based on a polyamido-
amine dendrimer modified gold electrode was developed for
the determination of thrombin. Amino-terminated polyami-
doamine dendrimer was firstly covalently attached to the
cysteine functionalized gold electrode through glutaralde-
hyde coupling. Subsequently, the dendrimer was activated
with glutaraldehyde, and amino-modified thrombin aptamer
probe was immobilized onto the activated dendrimer mono-
layer film. Poly(amidoamine) dendrimers were also used for
aptamer immobilization [14], using glutaraldehyde for
crosslinking of avidin to a dendrimer surface then immobi-
lization of biotinylated aptamers.

Multiwalled carbon nanotubes (MWCNTs) were used
as modifiers of screen-printed carbon electrotransducers
(SPCEs) to immobilize 5′ amino linked aptamer sequence
showed improved characteristics compared to the bare
SPCEs [15].

The nanotubes were pretreated with carbodiimidazole-
activated Tween 20 and 3-end of thrombin aptamer was
modified by groups, which allowed covalent binding of
thrombin aptamer [16] for detection of thrombin. single-
walled carbon nanotubes SWCNTs allowed covalent attach-
ment of the amino aptamers at the surface of field effect
transistor [17] for effective detection of IgE. A Nafion-
multiwalled carbon nanotubes coated electrode modified
with electrochemical probe of methylene blue was designed
[18], and gold-platinum alloy nanoparticles Au-PtNPs were
electrodeposited onto the electrode surface for the immo-
bilization of aptamer. For pathogen detection, an aptamer
attached to an electrode coated with SWCNTs interacts
selectively with bacteria [19] resulting highly accurate and



International Journal of Electrochemistry 3

reproducible electrochemical response at ultralow bacteria
concentrations.

The effect of aptamer structure and immobilization plat-
form on the efficiency of thrombin characteristics was inves-
tigated with aptasensors based on glassy carbon electrodes
covered with multiwalled carbon nanotubes (MWNTs) [20].
Aptamers with one or two binding sequences GGTTG-
GTGTGGTTGG specific for thrombin and poly(dA) and
poly(dT) tags able to form dimeric products (aptabodies)
were used to establish significance of steric and electrostatic
factors in aptasensor performance. The electropolymeriza-
tion of methylene blue onto MWNTs significantly improved
electrochemical characteristics and sensitivity of thrombin
detection against bare MWNTs. Amine-modified capture
thrombin-binding aptamer probe (12-mer) was covalently
conjugated to the MWCNTs-modified glassy carbon elec-
trode (GCE) [21]. The target aptamer probe (21-mer) con-
tains TBA (15-mer) labeled with ferrocene (Fc), which is
designed to hybridize with capture probe and specifically
recognize thrombin, is immobilized on the electrode surface
by hybridization reaction.

Aptasensing layer-by-layer (LBL) strategy was developed
for protein detection using self-assembled multilayers with
ferrocene-appended poly(ethyleneimine) (Fc-PEI), carbon
nanotubes (CNTs), and aptamer [22]. The Fc-PEI, CNTs,
and DNA aptamer are LBL assembled on the electrode sur-
face via electrostatic interaction. The single-walled carbon
nanotube (SWNT) network-based biosensor using aptamers
as a protein recognition site have been successfully demon-
strated [23]. Aluminum was first patterned on the substrate
with CVD-grown oxide. Then, gold was electrolessly plated
on the Al electrodes and SWNTs were dip-coated on the
substrate. Finally, aptamers were attached on the surface of
SWNTs and were used as a recognition site for human serum
albumin.

The biocatalytic growth of high-density gold agglomer-
ates on a gold electrode surface to form a carrier for ap-
tamer probe immobilization was described [24]. The ap-
proach provides a simple strategy to promote the seed-
mediated deposition of Au from AuCl4 onto surface-attached
Au nanoparticles (AuNPs) in the presence of reductive co-
enzyme and surfactant. This nanostructured platform is
effective and prospective toward the aptamer probe immo-
bilization.

3. Electrochemical Aptasensors
Detection Schemes

The electrochemical aptasensors can be divided into three
broad classes depending on the assay format and the method
of detection. These detection schemes will be reviewed. The
first class of electrochemical aptasensors is sandwich-
and competition-type assays. The electrochemical sandwich
assays are reminiscent of the exceedingly well-established
ELISA (enzyme-linked immunosorbent assay) approach, in
which an electrode-bound aptamer is used to bring a com-
plex composed of the target and some redox-active species to

the electrode. Another commonly employed immunochem-
ical approach is the competition or displacement assay in
which unlabeled target molecules compete with exogenously
added, redox-labeled target molecules for a limited number
of binding sites on the sensing electrode. The second class
of electrochemical aptasensors are based on detecting targets
adsorbed to an aptamer-modified electrode surface using
electrochemical impedance spectroscopy. The third class of
electrochemical aptasensor involves the use of electrochem-
istry to monitor binding-specific conformational changes in
an electrode-bound aptamer. This class of electrochemical
aptasensors, for which no antibody-based analogue has been
reported, appears to offer particular promise with regard to
rapid, reagentless detection under realistically complex, real-
time conditions. The approach is relatively insensitive to
nonspecific binding of interferants and allows using them in
complex sample matrices. Nevertheless, these systems
present a limited application, whereas target binding-in-
duced strand displacement appears as a more generalizable
procedure. Sandwich structure strategy offers the advantages
of high sensitivity and simple operation for biosensor fab-
rication when compared to the strategy by using only one
recognition element to capture and label the target mol-
ecules. In a sandwich structured aptasensor, the target should
have two or more recognition elements including aptamer,
one is utilized as capturing element to be immobilized on
electrode surface and catch target molecules, and the other
one serves as probing element to marker the target with
electroactive molecules or nanoparticles.

3.1. Sandwich or Competition (Displacement-) Type Elec-
trochemical Detection. Sandwich or competition (displace-
ment-) type electrochemical detection approaches have
adapted by several groups. An electrochemical assay based on
the aptamer and the signal of amplification of nanoparticles
(NPs) was constructed for the determination of thrombin
[25]. Aptamers immobilized on the electrode and AuNPs
could be assembled with the target protein to form a sand-
wich structure. Differential pulse voltammetry was employed
to detect the CdS NPs loaded on the surface of the Au NPs
through the linker DNA, which was related to the concen-
tration of the target protein. The assay took advantage of the
amplification ability of Au nanoparticles carrying multiplex
CdS NPs and the specific affinity of aptamers. Thrombin
was detected in real samples with high sensitivity and good
selectivity.

A sandwich structure detection model by using antibody
as the capturing element, aptamer as the detecting element,
and methylene blue as the electroactive marker intercalating
into the aptamer bases was introduced [26]. An immobi-
lization interface consisting of nanogold-chitosan composite
film was used to improve the conductivity and performance
characteristics of the electrode. The capturing antibody was
linked to the glassy carbon electrodes modified with com-
posite film via a linker of glutaraldehyde. Au nanoparticles as
the electroactive labels tagged at probing aptamer was used
to measure thrombin on a screen-printed carbon electrode
using differential pulse voltammetry signal. The signal
was further amplified by hybridizing the aptamer with its
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Figure 1: Sandwich assay: the immobilized aptamer captures
thrombin and aptamer labeled with pyrroquinoline quinone glu-
cose dehydrogenase ((PQQ)GDH) generates electrical current upon
glucose addition.

complementary DNA, which was also labeled with gold
nanoparticles [21]. Consequently, more gold nanoparticles
were attached to each target protein, and thus, the signal was
significantly enhanced.

A sandwich-type aptasensing system was constructed of
two different aptamers which recognize different positions of
thrombin (Figure 1) [6, 27]. One aptamer was immobilized
onto the gold electrode for capturing thrombin onto the
electrode and the other was used for detection. The aptamer
for detection was labeled with pyrroquinoline quinone glu-
cose dehydrogenase ((PQQ)GDH), and the electrical cur-
rent, generated from glucose addition after the formation
of the complex of thrombin, gold immobilized aptamer,
and the (PQQ)GDH-labeled aptamer on the electrode, was
measured. The increase of the electric current generated by
(PQQ)GDH was observed in dependent manner of the con-
centration of thrombin.

A method utilized antibodies immobilized on the elec-
trode surface to capture the protein target, the platelet-de-
rived growth factor B-chain (PDGF-BB) as a model target,
and the surface-captured protein was then sandwiched by an
aptamer-primer complex was adapted for the detection of
the amplified copies via enzymatic silver deposition then
allowed enormous sensitivity enhancement in the assay of
target protein [28].

A sensitive electrochemical aptasensor was successfully
fabricated for the detection of adenosine triphosphate (ATP)
by combining three-dimensionally ordered macroporous
(3DOM) gold film and quantum dots (QDs) [29]. 5′-Thi-
olated ATP-binding aptamer (ABA) was first assembled onto
the 3DOM gold film. Then, 5′-biotinated complementary
strand (BCS) was immobilized via hybridization reaction to
form the DNA/DNA duplex. The tertiary structure of the
aptamer was stabilized in the presence of target ATP, the
duplex can be denatured to liberate BCS. The reaction was
monitored by electrochemical stripping analysis of dissolved
QDs which were bound to the residual BCS through biotin-
streptavidin system. The unique interconnected structure in
3DOM gold film along with the built-in preconcentration
remarkably improved the sensitivity.

An ultrasensitive and highly specific electrochemical
aptasensor for thrombin based on amplification of aptamer-
gold nanoparticles-horseradish peroxidase (aptamer-
AuNPs-HRP) conjugates was successfully developed [30].

In this electrochemical protocol, aptamer1 (Apt1) was im-
mobilized on core/shell Fe3O4/Au magnetic nanoparticles
(AuMNPs) and served as capture probe. Aptamer2 (Apt2)
was dual labeled with AuNPs and HRP and used as detection
probe. Remarkable signal amplification was realized by tak-
ing the advantage of AuNPs and catalytic reactions of HRP.
The presence of proteins, such as human serum albumin,
lysozyme, fibrinogen, and IgG did not show significant
interference with the assay for thrombin.

An ultrasensitive aptasensor for the electronic monitor-
ing of proteins through a dual amplified strategy was pre-
sented [31]. The target protein thrombin is sandwiched be-
tween an electrode surface confined aptamer and an aptam-
er-enzyme-carbon nanotube bioconjugate. The analytical
signal amplification is achieved by coupling the signal ampli-
fication nature of multiple enzymes with the biocatalytic
signal enhancement of redox recycling. This approach could
be an attractive alternative to other common PCR-based sig-
nal amplification in ultralow level of protein detection.

A sandwich format of magnetic nanoparticle/throm-
bin/gold nanoparticle and thiocyanuric acid was presented
for detection of thrombin [32]. An aptamer I was immobi-
lized on the magnetic nanoparticles, aptamer II was labeled
with gold nanoparticles. The magnetic nanoparticle was used
for separation and collection, and gold nanoparticle offered
excellent electrochemical signal transduction. The significant
signal amplification was further implemented by forming
network-like thiocyanuric acid/gold nanoparticles. The pres-
ence of other proteins such as BSA and lysozyme did not
affect the detection of thrombin.

Electrochemical aptasensing of three configurations for
thrombin detection was reported [33]. In the most straight-
forward configuration, the thrombin interaction with an
aptamer selective for thrombin was detected electrochem-
ically by the quantification of p-nitroaniline produced by
the thrombin’s enzymatic reaction [33]. Thrombin was al-
so detected using an enzyme labeled sandwich format.
Peroxidase-labeled thrombin was incubated with the ap-
tamer and the interaction was measured electrochemically by
detection of a diffusional mediator generated in a peroxidase
catalyzed reaction (Figure 2). In a third strategy also employ-
ing an enzyme label, thrombin was immobilized on the
sensor surface and incubated with a biotin labeled aptamer.
The sensor was subsequently incubated with streptavidin-
HRP (horseradish peroxidase), which bound to the biotin on
the aptamer. The aptamer was again quantified by the elec-
trochemical detection of a peroxidase catalyzed reaction.
This strategy was applicable to competitive assays for detec-
tion of unlabeled thrombin.

Polsky and coworkers used platinum nanocrystals on the
secondary aptamer as electrocatalysts to reduce hydrogen
peroxide and transfer electrons directly from the electrode
[34]. Using this approach, they report thrombin detection
at 1 nM, which is more than 25-fold below the aptamer
solution-phase dissociation constant.

A nanoporous gold- (NPG-) based electrochemical ap-
tasensor for thrombin detection was developed [35]. The
substrate electrode NPG was in situ fabricated by a facile
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Figure 2: Competition (or displacement) assays: target molecules
in a sample displace labeled-target molecules previously bound to
the sensor surface.

one-step square wave potential pulse treatment. The elec-
trochemical aptasensor was fabricated using a layer-by-layer
assembling strategy. The sandwich structure was formed via
thrombin connecting the aptamer-modified NPG and the
aptamer-modified Au nanoparticles (AuNPs). The AuNPs
was modified with two kinds of single-strand DNA (ssDNA).
One was aptamer of thrombin, but the other was not, reduc-
ing the cross-reaction between thrombin and its aptamer on
the same AuNP. The electrochemical signal produced by the
[Ru(NH3)6]+3 bound to ssDNA via electrostatic interaction
was measured by chronocoulometry [36]. This NPG-based
aptasensor also exhibited excellent sensitivity, due to the
amplification effects of both NPG and AuNPs.

The advantages of aptamer, nanomaterial, and antibody
to design an electrochemical sandwich immunoassay for the
ultrasensitive detection of human immunoglobulin E (IgE)
was combined by using methylene blue (MB) as electro-
chemical indicator [36]. The sandwich structure was fab-
ricated by using goat antihuman IgE as capturing probe.
Aptamer-Au nanoparticles (NPs) conjugates were used both
as a sandwich amplification element as well as an accumu-
lation reagent of MB. Once the aptamer-Au NPs conjugates
specifically bind to electrode surface, MB molecules were
accumulated on its surface by the specific interaction of MB
with G base of aptamer-Au NPs conjugates. Therefore, with
the increase of human IgE concentration, more aptamer-Au-
NPs conjugates were bound, and thus, more MB molecules
were accumulated. This sensing system showed excellent
specificity for the detection of human IgE against other
proteins: BSA, human IgA, and human IgM.

An electrochemical detection based on enzymatic sil-
ver deposition has been proposed to detect thrombin
[37]. The target protein, thrombin, was first captured by
thrombin-binding thiolated aptamer self-assembled mono-
layers (SAMs) on the gold electrode surface and then sand-
wiched with another biotinylated thrombin-binding aptamer
for the association of alkaline phosphatase (Av-ALP). The
attached Av-ALP enzymatically converted the nonelectroac-
tive substrate p-aminophenyl phosphate (p-APP) to p-ami-
nophenol (p-AP) which could reduce silver ions in solution
leading to deposition of the metal onto the electrode surface.
Linear sweep voltammetry was used to detect the amount

of deposited silver which reflected the amount of the target
protein captured into the sandwich configuration.

A multifunctional electrochemical strategy based on a
dual-aptamer for the detection of adenosine and thrombin in
one-pot was developed, based on biobarcode amplification
assay [38, 39]. The capture DNA aptamer I was immobilized
on the Au electrode. The functional Au nanoparticles (DNA-
AuNPs) were loaded with barcode-binding DNA and aptam-
er II. Through the specific recognition for thrombin, a sand-
wich format of Au/aptamerI/thrombin/DNA-AuNPs was
fabricated. After hybridization with the PbSNPs-labeled
barcode DNA, the assembled sensor was obtained. The con-
centration of thrombin was monitored based on the con-
centration of lead ions dissolved through differential pulse
anodic stripping voltammetry.

A disposable electrochemical assay involving mag-
netic particles and carbon-based screen-printed electrodes
(SPCEs) was developed for the detection of C-reactive pro-
tein (CRP) [40]. The assay was based on a sandwich format in
which a RNA aptamer was coupled to a monoclonal antibody
and alkaline phosphatase (AP) was used as enzymatic label.
After the sandwich assay, the modified magnetic beads were
captured by a magnet on the surface of a graphite working
electrode and the electrochemical detection was thus
achieved through the addition of the AP substrate (α-naph-
thyl-phosphate) and α-naphthol produced during the enzy-
matic reaction was detected using differential pulse voltam-
metry. The assay was applied to the analysis of CRP free
serum and serum samples.

A sensitively amplified electrochemical aptasensor was
designed for adenosine triphosphate (ATP) detection [41].
In the sensing process, duplexes consisting of partly comple-
mentary strand (PCS1), ATP aptamer (ABA), and another
partly complementary strand (PCS2) were immobilized onto
Au electrode through the 5′-HS on the PCS1. Meanwhile,
PCS2 was grafted with the Au nanoparticles (AuNPs) to
amplify the detection signals. In the absence of ATP, probe
methylene blue (MB) bound to the DNA duplexes and also
bound to guanine bases specifically to produce a strong dif-
ferential pulse voltammetry signal. In the presence of ATP,
the ABA-PCS2 or ABA-PCS1 part duplexes might be de-
stroyed, which decreased the amount of MB on the electrode
and led to obviously decreased DPV signal. Therefore, such
PCS1-ABA-PCS2/AuNPs sensing system could provide a
promising signal-amplified model for aptamer-based small-
molecules detection.

The self-assembly of labeled aptamer subunits in the pre-
sence of their substrates provides a method for the fluores-
cence or electrochemical detection of the substrate [42]. For
electrochemical detection of cocaine, the thiolated aptamer
subunit is assembled on an Au electrode. The methylene
blue-labeled subunit binds to the surface-confined fragment
in the presence of cocaine. The amperometric response of the
system allows the detection of cocaine.

An aptamer-based sandwich assay with electrochemical
detection for thrombin analysis was proposed using Au na-
noparticles [43]. The primary aptamer was immobilized on
the surface of a screen-printed carbon electrode (SPCE) and
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the secondary aptamer was immobilized on Au nanoparti-
cles. The electrochemical reduction current response of Au
nanoparticles was monitored for the quantitative detection
of thrombin. The effect of interfering proteins such as bovine
serum albumin (BSA) was investigated. Control experiments
also involved the use of an aptamer that has a binding affinity
to immunoglobulin E (IgE).

An electrochemical method for the detection of throm-
bin based on a gold-nanoparticles sensing platform and us-
age of stripping voltammetry technique was developed [44].
The aptamer was immobilized on a screen-printed electrode
modified with gold-nanoparticles by avidin-biotin technol-
ogy. The oxidation of gold surface resulted in gold oxide
formation upon polarization served as a basis for analytical
response. The cathodic peak area was found proportional to
thrombin quantity specifically adsorbed onto electrode sur-
face. Binding of thrombin to an aptamer has also been de-
tected using the ferricyanide/ferrocyanide redox couple as
electrochemical indicator.

The Au nanoparticles-doped conducting polymer na-
norods electrodes (AuNPs/CPNEs) were prepared by coating
Au nanorods (AuNRs) with a conducting polymer layer
[45]. The AuNRs were prepared through an electroless dep-
osition method using the polycarbonate membrane as a
template. The AuNPs/CPNEs combining catalytic activity of
ferrocene to ascorbic acid were used for the fabrication of
an ultrasensitive aptamer sensor for thrombin detection.
Sandwiched immunoassay for r-human thrombin with NH2-
functionalized-thrombin-binding aptamer (Apt) immobi-
lized on AuNPs/3D-CPNEs was studied through the elec-
trocatalytic oxidation of ascorbic acid by the ferrocene moi-
ety that was bound with an antithrombin antibody and at-
tached with the Apt/3D-CPNEs probe through target bind-
ing. The selectivity and the stability of the proposed throm-
bin aptamer sensor were excellent, and it was tested in a
real human serum sample for the detection of spiked con-
centrations of thrombin.

A simple electrochemical approach for the detection of
thrombin, using aptamer-gold nanoparticles-modified elec-
trodes was presented [46]. 1,6-Hexanedithiol was used as the
medium to link Au nanoparticles to a bare gold electrode.
Anti-thrombin aptamers were immobilized on the gold na-
noparticles surfaces by self-assembly. The use of gold na-
noparticles results in significant signal enhancement for
subsequent detection. The total amount of aptamer probes
immobilized on the gold nanoparticle surface is six-fold
higher than that on the bare electrode, leading to increased
sensitivity of the aptasensor.

The electrochemical thrombin detection system was de-
veloped using two different aptamers recognizing different
parts of the protein in sandwich manner [47]. Aptamer 1-
thrombin-ap2 glucose dehydrogenase complex was formed
in the presence of thrombin, and a response current of the
enzyme label was obtained.

An ultrasensitive label-free bioelectrochemical method
for rapid determination of thrombin has been developed by
directly detecting the redox activity of adenine (A) nucle-
obases of anti-thrombin aptamer using a pyrolytic graphite
electrode [48]. The bioelectrochemical protocol involves a

sandwich format Thrombin, captured by immobilized anti-
thrombin antibody on microtiter plates, and was detected
by anti-thrombin aptamer-Au nanoparticle biobarcodes. The
adenine nucleobases were released by acid or nuclease from
Au nanoparticles bound on microtiter plates. Differential
pulse voltammetry was employed to investigate the electro-
chemical behaviors of the purine nucleobases based on the
well-defined adenine signal. There was substantial amplifi-
cation and thrombin can be detected at a very low level
of detection as the nanoparticle carries a large number of
aptamers per thrombin binding event. This method has been
used to detect thrombin in complex matrix such as fetal calf
serum with minimum background interference.

A method for the determination of platelet-derived
growth factor BB (PDGF-BB) was developed using an elec-
trochemical immunosensor with an aptamer-primed, long-
strand circular detection probe [49]. Rabbit antihuman
PDGF-B polyclonal antibody was immobilized on the elec-
trode to serve as the capture antibody. The detection probe
was synthesized via polymerase extension along a single-
stranded circular plasmid DNA template with a primer
headed by the anti-PDGF-B aptamer. In the presence of the
analyte, the aptamer-primed circular probe was captured on
the electrode via the formation of an antibody/PDGF-
BB/aptamer sandwiched complex. The electroactivity indica-
tor methylene blue was adsorbed on the electrode surface via
the analyte-sandwiched complex with long-strand circular
DNA, thus yielding a strong oxidation peak current of meth-
ylene blue in square wave voltammetric signal for the quan-
tification of PDGF-BB. This strategy allowed electrochemical
detection with enormous signal amplification arising from
the long-strand localized circular probe.

Immense effort has been placed on the realization of
immunoassays exploiting displacement of redox-labeled tar-
get molecules, due to the ease of use and applicability to
immunochromatographic strips and immunosensors. Most
of the efforts reported to date focus on the use of a redox-
labeled target molecules target that is displaceable by the
unlabeled target molecules toward which the antibody has
higher affinity. Limited success has been achieved due to
difficulty in obtaining redox-labeled target molecules targets
to which the antibody has enough affinity to bind while at
the same time having lower levels of affinity in comparison
to the unlabeled target molecules to facilitate displacement.
Aptamers, in contrast to antibodies, require the formation
of a three-dimensional structure for target binding and can,
thus, be anticipated to have a much higher affinity for bind-
ing its target rather than a modified form of the target (e.g.,
redox-labeled target). This phenomenon can be exploited
for the development of a displacement assay, using enzyme-
labeled target as a displaceable molecule.

In the first, Baldrich et al. measured thrombin at concen-
trations down to 5 nM via competition between horseradish
peroxidase (HRP) modified thrombin and unlabeled target
molecules in the sample [50].

The coupling of aptamers with the coding and amplifica-
tion features of inorganic nanocrystals offer a highly sensitive
and selective simultaneous bioelectronic detection of several
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Figure 3: Impedimetric aptasensor: the binding of a target to the
aptamer reduces the electron transfer (et) of a small redox mediator
diffusing to the electrode surface and the increase the interfacial
resistance, which provides a means of measuring the concentration
of bound target via impedance spectroscopy.

protein targets [51]. This is accomplished in a single-step dis-
placement assay in connection to a self-assembled monolayer
of several thiolated aptamers conjugated to proteins carrying
different inorganic nanocrystals. Electrochemical stripping
detection of the nondisplaced nanocrystal tracers results in
a remarkably low detection limit, that is, significantly lower
than those of existing aptamer biosensors. The new device
offers great promise for measuring a large panel of disease
markers present at ultralow levels during early stages of the
disease progress.

A modified RNA-aptasensor for the detection of small
molecules in biological samples was presented [52]. A com-
petitive displacement assay was applied to the detection of
aminoglycoside neomycin B in whole milk using a fully 2′-
O-methylated RNA aptamer with faradaic impedance spec-
troscopic detection. Neomycin B in solution displaces the
aptamer from its complex with the SAM-immobilized neo-
mycin B. The reusable aptasensor is capable of discriminating
neomycin B from paromomycin, which differs from it in the
substitution of a single amine group with a hydroxyl one. The
modified endonuclease-resistant RNA aptamer maintains
the exquisite selectivity of the natural aptamer and allows the
examination of biological samples of high protein content.

3.2. Label-Free Impedance Spectroscopy Detection. The ad-
vantages and the limitations of using label-free detection
strategies have been highlighted [53]. An impedimetric ap-
tasensor using a mixed self-assembled monolayer com-
posed of thiol-modified thrombin binding aptamer and 2-
mercaptoethanol on a gold electrode is reported for throm-
bin detection [54]. The changes of interfacial features of the
electrode were probed in the presence of the reversible re-
dox couple, Fe(CN)3−/4−

6 , using impedance measurements.
The electrode surface was partially blocked due to the self-
assembly of aptamer or the formation of the aptamer-
thrombin complex, resulting in an increase of the interfa-
cial electron-transfer resistance detected by electrochemical
impedance spectroscopy or cyclic voltammetry (Figure 3).

An electrochemical impedance spectroscopy method ap-
tamer-based array consisting of single-stranded DNA con-
taining a hairpin loop, was reported for detection of Human
IgE. [55]. The binding of aptamers immobilized on gold elec-
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Figure 4: Electrochemical aptasensor based on the binding-in-
duced folding of aptamers. In the absence of thrombin, the aptamer
is largely unfolded, allowing for frequent collisions between the
terminal redox moiety and the electrode. Upon target binding, the
aptamer folds, enhancing electron transfer and producing a signal-
on aptasensor.

trodes leads to impedance changes associated with target
protein binding events. A hybrid modified layer containing
aptamers and cysteamine was fabricated on the photolitho-
graphic gold surface through molecular self-assembly, to
increase the binding efficiency for proteins. Human IgE
could be specifically captured by the aptamer and stand well
above the self-assembled monolayer (SlAM) surface. The
impedance spectroscopy detection provided higher sensitiv-
ity and better selectivity for aptamer-modified electrodes.

An aptamer-based biosensing assay for label-free throm-
bin detection and quantification by measuring the change
in electrochemical impedance upon thrombin-aptamer com-
plex formation was demonstrated [56]. A self-assembly of the
DNA aptamer on a microfabricated thin film gold electrode,
followed by the recognition of the protein binding event via
monitoring the interfacial electron transfer resistance with
electrochemical impedance spectroscopy.

A bifunctional derivative of the thrombin-binding apta-
mer with a redox-active ferrocene (Fc) moiety and a thiol
group at the termini of the aptamer strand was synthesized
[57]. The ferrocene-labeled aptamer thiol was self-assembled
through S-Au bonding on a polycrystalline gold electrode
surface. The aptamer-modified electrode was characterized
electrochemically by cyclic voltammetry, differential pulse
voltammetry, and electrochemical impedance spectroscopy.
The modified electrode showed a voltammetric signal due to
a one-step redox reaction of the surface-confined ferrocenyl
moiety of the aptamer immobilized on the electrode surface.
The impedance measurement, in agreement with the differ-
ential pulse voltammetry, showed decreased faradaic resis-
tances in the same sequence. The “signal-on” upon throm-
bin association could be attributed to a change in confor-
mation from random coil-like configuration on the probe-
modified film to the quadruplex structure. The Fc oxidation
signal increased in the thrombin concentration (Figure 4).
The molecular beacon aptasensor was amenable to full
regeneration and could be regenerated 25 times with no loss
in electrochemical signal upon subsequent thrombin bind-
ing.

Different model systems, such as thrombin-antithrombin
antibody, and Rev-peptide—anti-Rev aptamer were pre-
sented. In order to improve the signal-to-noise ratio, the use
of reference sensors has been explored. The interaction of
prostate specific antigen (PSA) to an anti-PSA antibody was
shown to demonstrate the detection at concentrations as low
as 10 nM.
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An aptamer immobilization method based on electrically
addressed fabrication has been developed for the prepara-
tion of aptamer-modified arrayed electrodes, by which the
human IgE aptamer was oriented and immobilized on the
gold electrode surface [58]. The optimization of the experi-
mental conditions including the applied potential, time, and
scan rate of potential was investigated. The method was
successfully used to immobilize the aptamer onto the desired
electrodes, pixel by pixel, based on the electrically addressed
approach. Compared to the control electrodes, the resulting
aptamer-modified electrodes showed their specific recogni-
tion for human IgE. The method owns several advantages
such as rapid and simple immobilization as well as its
automatic addressed capability by the electric approach.

A label-free electrochemical impedance aptasensing pro-
tocol utilizes the affinity interaction between the thrombin
and the self-assembled DNA aptamer on gold electrode [59].
The specific interaction increases the electrode interfacial
electronic transfer resistance. The resistance signal is then
amplified by using guanidine hydrochloride to denature the
captured thrombin for increasing the hydrated radius of the
thrombin, consequently blocking the electron transfer from
solution to electrode.

A label free, reagentless aptasensor for adenosine was
developed on an ISFET device. The separation of an aptamer/
nucleic acid duplex by adenosine led to the aptamer/ad-
enosine complex that altered the gate potential of the ISFET
[60]. The immobilization of the aptamer/nucleic acid duplex
on an Au-electrode and the separation of the duplex by ad-
enosine monophosphate (AMP) enabled the electrochemical
detection of adenosine by faradaic impedance spectroscopy.
The separation of the aptamer/nucleic acid duplex by adeno-
sine and the formation of the aptamer/adenosine complex
resulted in a decrease in the interfacial electron-transfer re-
sistance in the presence of [Fe(CN)6]3−/4− as redox active
substrate.

An electrochemical biosensor utilizing pyrolyzed carbon
as a working electrode for the aptamer-based thrombin de-
tection was presented [61]. Electron transfer resistance chan-
ges due to thrombin binding onto the carbon surface mod-
ified with thrombin aptamer were measured using electro-
chemical impedance spectroscopy techniques.

A biosensor applying aptamer as probe and nonfaradic
electrochemical impedance spectroscopy as the detection
method for neuroinflammatory cytokines has been devel-
oped [62]. Platelet-derived growth factor BB (PDGF-BB),
one of the important cytokines involved in neural inflam-
mation has been selected as a detection target. Binding of
PDGF to its aptamer immobilized on the silicon electrode
surface leads to a decrease in capacitance measured by non-
faradic electrochemical impedance spectroscopy. The online
measurement result exhibited negligible response for non-
specific adsorption but significant signal changes for the
specific target. The biosensor design was promising for in
vivo monitoring, as the nonfaradic strategy did not require
any reagent to be loaded when performing the test, together
with the ability of online measurements.

An impedance-sensor with two different geometries have
been compared for the detection of Rev peptides with a mo-

lecular weight of 2.4 kDa [63]. Planar, two-dimensional in-
terdigitated capacitor (IDC) sensors as well as three-dimen-
sional nanogap sensors have been used. The specific inter-
action of the Rev peptide to an immobilized RNA anti-Rev
aptamer (9.2 kDa) was detected for peptide concentrations in
the range of 100 nM−2 μM. For the IDC sensor, only peptide
concentrations above 500 nM gave detectable signals. For the
nanogap sensor, the binding process was clearly visible for all
concentrations applied. The higher sensitivity of the nanogap
compared to the IDC is ascribed to the improved surface-to-
volume ratio. [64]

A label-free aptasensor of mixed self-assembled mono-
layers (SAMs) composed of a thiol-modified PDGF binding
aptamer and 6-mercaptohexanol (MCH) on a gold electrode
[65] for platelet-derived growth factor (PDGF) protein was
reported [65]. The SAMs were characterized by cyclic vol-
tammetry (CV), electrochemical impedance spectroscopy
(EIS), and differential pulse voltammetry (DPV) before and
after binding of the protein using [Fe(CN)6]3−/4−, a redox
marker ion as an indicator for the formation of a protein-
aptamer complex. The electron transfer resistance). Ret was
used to monitor the binding of the target protein. The results
showed that without any modification to the aptamer, the
target protein can be recognized effectively at the PDGF-
binding aptamer SAMs at the electrode surface. Control
experiments using nonbinding oligonucleotides assembled at
the electrode surfaces showed that there was no formation of
an aptamer-protein complex. The DPV signal at the aptamer
functionalized electrode showed a linearly decreased marker
ion peak current in presence of target protein. Thus, label-
free detection of PDGF protein at an aptamer modified elec-
trode has been demonstrated.

A bifunctional aptamer that includes two aptamer units
for cocaine and adenosine 5′-monophosphate (AMP) was
blocked by a nucleic acid to form a hybrid structure with
two duplex regions [66]. The displacement of the aptamer
by any of the substrates alters the interfacial electron trans-
fer resistance at the electrode surface, thus providing an elec-
tronic signal for the sensing process.

Label-free electrical detection of a panel of peptide
aptamers that recognise specific protein partners of the
cyclin-dependent kinase (CDK) family interactions has been
achieved by direct measurement of variations at open cir-
cuit potential (OCP) using an accurate differential voltage
measurement [67]. Different peptide aptamers immobilized
on gold electrodes were used for the detection of human
CDK2 and CDK4. The interaction of the peptide aptamers
with CDK proteins was successfully detected by direct OCP
measurements. Variations in charge transfer resistance and in
protein/double-layer capacitance were investigated by means
of electrochemical impedance spectroscopy with charged re-
dox markers in solution. The electrical detection of protein
interactions could be achieved by direct measurement of
OCP variations using suitable differential voltage instrumen-
tation.

An electrochemical impedance biosensor utilizing pyro-
lyzed carbon film for aptamer-based thrombin detection was
presented [68]. Thrombin aptamer was grafted onto the
pyrolyzed carbon surface using carbodiimide-mediated
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chemistry, followed by Triton-X 100 and BSA treatment to
reduce nonspecific binding of thrombin. Electron-transfer
resistance changes due to thrombin binding onto the carbon
surface were measured, using electrochemical impedance
spectroscopy. Pyrolyzed carbon can provide a new approach
for miniaturization, integration, and low-cost fabrication in
electrochemical biosensors.

GNPs electrodeposited on GCE used as a platform for
the immobilization of the thiolated aptamer can improve
the sensitivity of an EIS biosensor for the determination
of thrombin [69]. In the measurement of thrombin, the
change in interfacial electron transfer resistance of the bio-
sensor using a redox couple of [Fe(CN)6]3−/4− as the probe
was monitored. The association and dissociation constants of
three different immobilized aptamers binding with thrombin
were measured and the difference of the dissociation con-
stants obtained was discussed.

Electrochemical protein biosensors using aptamers probe
doped in polypyrrole and subsequent electrochemical im-
pedance spectroscopy have been successfully developed [70,
71]. Two targets, platelet-derived growth factor and im-
munoglobulin E, have been also tested [70]. A sensitive and
real-time biosensor for inflammatory cytokine detection has
been successfully measured in both offline ElS characteriza-
tion and real-time impedance monitoring [71].

An aptamer-based sensor development, utilizing a model
system of human alpha thrombin interacting with a thiolated
DNA aptamer, immobilized on gold electrodes [72]. EIS
measurements took place in the presence of iron ferrocy-
anides.

A simple and highly sensitive electrochemical impedance
spectroscopy (EIS) biosensor based on nano-MnO2 as a plat-
form for the immobilization of the aptamer was developed
for the determination of adenosine [73]. In the measurement
of adenosine, the change in interfacial electron transfer
resistance (Ret) of the biosensor using a redox couple of
[Fe(CN)6]3/4 as the probe was monitored. The sensor was
shown to exhibit high sensitivity, desirable selectivity and
good stability.

An impedimetric electrochemical biosensor was devel-
oped for the label-free and selective detection of leukemia
cells based on aptamer-modified gold electrode using elec-
trochemical impedance spectroscopy (EIS) technique [74].
The thiol-terminated aptamer selected for acute leukemia
cells was self-assembled onto the gold electrode surface as
recognition probe, which was characterized by cyclic voltam-
metry (CV) and EIS using Fe(CN)3−/4−

6 as a redox probe. The
electron-transfer resistance Ret of [Fe(CN)6]3−/4− on the sen-
sor surface increased substantially upon incubation of ap-
tamer-modified electrode in cell solution. The work provided
a simple, convenient, low-cost, and label-free method for
early leukemia diagnosis.

A label-free and sensitive faradic impedance spectroscopy
(FIS) aptasensor based on target-induced aptamer displace-
ment was developed for the determination of lysozyme [75].
The aptasensor was fabricated by self-assembling the par-
tial complementary single-strand DNA (pcDNA)-lysozyme
binding aptamer (LBA) duplex on the surface of a gold elec-

trode. The introduction of target lysozyme induced the dis-
placement of the LBA from the pcDNA-LBA duplex on the
electrode into the solution, decreasing the electron transfer
resistance of the aptasensor. The fabricated aptasensor shows
a high sensitivity, good selectivity, and satisfactory regener-
ation. This work demonstrates that a high sensitivity of the
fabricated aptasensor can be obtained using a relatively short
pcDNA.

Faradaic impedance spectroscopy and ion-sensitive field-
effect transistor (ISFET) were applied to sense aptamer-
substrate complexes [76]. The methods utilized anticocaine
aptamer fragments that self-assembled, in the presence of
cocaine, to a supramolecular aptamer fragments/cocaine
complex on the electrode surface or ISFET gate. One of the
aptamer fragments is assembled on a Au electrode or the
ISFET gate. The second thiolated aptamer fragment is used to
modify Au NPs that are used as amplifying labels for the two
detection schemes. The impedimetric and ISFET methods
enabled the analysis of cocaine.

A protein assay method based on a DNA array was de-
veloped in which human immunoglobulin E (hIgE) and its
DNA aptamer were used as an analytical model [77]. The
target protein hIgE was captured by the aptamer in homoge-
neous solution and then the resulting hIgE-aptamer complex
was hybridized onto probes self-assembled on the DNA
array. The charge transfer resistance (Rct) of electrodes before
and after hybridization were measured by electrochemical
impedance spectroscopy (EIS). To test the selectivity of the
method, four different probes with one-to-three mismatched
bases were immobilized on respective electrodes. The results
showed that the complex could be hybridized and detected
out on the electrodes modified with the fully complementary
sequences. In addition, the DNA array could be employed
to analyze multiple samples selectively with the matched
aptamer.

A reusable label-free electrochemical nucleic acid apta-
sensor for the determination of cocaine by the immobili-
zation of thiolated self-assembled DNA sequences on a gold
nanoparticles-modified electrode was constructed [78].
When cocaine was complexed specifically to the aptamer, the
configuration of the nucleic acid aptamer switched to a
locked structure and the interface of the biosensor changed,
resulting in a variation of the corresponding peak current
of an electrochemical probe ([Fe(CN)6]3−/4 as monitored by
cyclic voltammetry and electrochemical impedance spectro-
scopy (EIS).

A sensitive aptamer-based electrochemical biosensor to
detect human immunoglobulin E (IgE) was designed [79]. 5′

Biotin labeled 45 mer DNA aptamer sequence was immobi-
lized onto streptavidin coated graphite surfaces. Interaction
between human IgE and DNA aptamer was monitored by
electrochemical impedance spectrometry.

A multispecific electrochemical array with eight indi-
vidually addressable gold working electrodes for rapid bio-
sensing of 2.7 kb-long target Yersinia pestis DNA and for pro-
tein sensing of ricin toxin chain A (RTA) in the presence of
redox agent were designed [80]. The array allowed to in-
corporate multiple negative controls in the course of a single
binding experiment as well as to perform parallel identical
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experiments to improve reliability of detection. Eight indi-
vidual EIS measurements were completed in 15 min. The
array is disposable, economical, and easy to use.

A dual RNA/peptide aptamer probe for simultaneous
detection of PSMA (+) and PSMA (−) prostate cancer cells
using electrochemical impedance spectroscopy was reported
[81]. This approach can be applied as a general tool for early
diagnosis of prostate cancer.

Aptamer-based capacitive label-free biosensors for mon-
itoring aptamer-protein recognition events, based on charge
distribution under the applied frequency by nonfaradaic im-
pedance spectroscopy (NFIS) was reported [82, 83]. The
biosensors based on gold interdigitated (GID) capacitor ar-
rays functionalized with synthetic RNA aptamers. The RNA
aptamers served as biorecognition elements for C-reactive
protein (CRP). The signal is generated as a result of the
change in relative capacitance occurring as a result of the
formation of an RNA-CRP complex on GID capacitors. The
RNA-protein complex on GID capacitors could be extended
to the development of electrical biosensor systems for the
early diagnosis.

Two modified aptamers, a partially (ATA) and a fully O-
methylated aptamer (FATA), were proposed as recognition
elements for the detection of tobramycin at therapeutic range
in human serum [84]. A displacement assay was developed
using faradaic electrochemical impedance spectroscopy (F-
EIS) as a detection technique. The affinity constant, KDb,
for both aptamers was estimated, and the selectivity towards
other aminoglycosides was also tested.

Lysozyme has been detected selectively in a mixture con-
taining a large excess of six proteins and amino acids (both
electroactive and nonelectroactive) by combining aptamer-
coated magnetic beads and chronopotentiometric stripping
measurements of the captured protein (in connection to
the intrinsic electroactivity of the protein) [85]. The protein
measurement by adsorptive chronopotentiometric based on
scanning the guanine bases of the guanine-rich secondary
aptamer. When involving PCR reaction to amplify these
guanine bases, fM level of detection limit has been obtained.
The approach has also been employed for electrochemically
investigating amino acid amides by using guanine-rich DNA
aptamer as the electroactive marker.

The effect of aptamer structure and immobilization plat-
form on the efficiency of thrombin binding and its detection
using electrochemical impedance spectroscopy (EIS) charac-
teristics was investigated with aptasensors based on glassy
carbon electrodes covered with multiwalled carbon nan-
otubes (MWNTs) [86]. Aptamers with one or two binding
sequences GGTTGGTGTGGTTGG specific for thrombin
and poly(dA) and poly(dT) tags able to form dimeric
products (aptabodies) were used to establish significance of
steric and electrostatic factors in aptasensor performance.
The electropolymerization of methylene blue onto MWNTs
significantly improved electrochemical characteristics and
sensitivity of thrombin detection against bare MWNTs.

The biosensors based on DNA aptamers immobilized by
electrostatic adsorption onto electropolymerized methylene
Green imprinted with DNA have been developed and ex-
amined for thrombin detection using electrochemical im-

pedance spectroscopy and potentiometry [87]. The addition
of DNA at the electropolymerization stage followed by acidic
treatment of the coating significantly improved the efficiency
of electrostatic adsorption of the DNA aptamer and provided
sensitive detection of thrombin.

An amperometric aptasensor based on DNA aptamers
immobilized by avidin-biotin method or by electrostatic ad-
sorption onto multiwalled carbon nanotube layer contained
methylene blue have been developed and examined for
thrombin detection in buffer and in spiked blood serum [88].
The presence of MB increases the binding capacity of the
surface layer and enhances the range of thrombin concen-
trations to be determined.

An artificial receptor formed by hybridization of two
DNA aptamers for human thrombin (aptabody) was re-
ported [89]. The aptasensor based on multiwalled carbon
nanotubes allowed to detect thrombin with detection limit,
3 times better in comparison with conventional aptamer.

A potentiometric detection of DNA-protein interactions
has been proposed [90]. The polymeric phenothiazine dyes,
methylene blue and methylene green, were electrochemically
deposited onto the glassy carbon electrode and covered with
double stranded DNA (dsDNA) as a target for antibodies
(DNA sensor) or DNA aptamer specific to human α-throm-
bin. The developed potentiometric biosensors can be used
for preliminary diagnostics of autoimmune diseases and
thrombin detection with sensitivity comparable to tradi-
tional methods.

Electrochemical indicator methylene blue and differen-
tial pulse voltammetry allowed to determine charge transfer
from electrode surface to the thrombin bounded on a DNA
aptamer with high selectivity in comparison with nonspecific
binding caused by human IgG or human serum albumin
[91]. The method of detection thrombin-aptamer interac-
tion based on measurement the charge consumption from
the electrode covered by DNA aptamers to an electrochem-
ical indicator methylene blue (MB), which is bounded to a
thrombin.

An electrochemical sensor to detect interferon (IFN)-γ,
a selective marker for tuberculosis pleurisy, using its RNA
or DNA 5′-thiol-modified aptamer probe immobilized on
the gold electrode [92]. Interaction between IFN-γ and
the aptamer was recorded using electrochemical impedance
spectroscopy. IFN-γ was detected in fetal bovine serum, a
mimicked biological system, which has similar components
to pleural fluid.

A multifunctional reusable label-free electrochemical
biosensor based on an integrated aptamer for parallel de-
tection of adenosine triphosphate (ATP) and α-thrombin,
by using electrochemical impedance spectroscopy (EIS) and
cyclic voltammetry (CV), was reported [93]. Au electrode as
the sensing surface was modified with a part DNA duplex
which contained a 5′-thiolated partly complementary strand
(PCS) and a mixed aptamer (MBA). The unimolecular MBA
contained small-molecule ATP-binding aptamer (ABA) and
also protein α-thrombin binding aptamer (TBA). Thus,
the aptasensor could be used for detection of ATP and
α-thrombin. The aptasensor held several advantages such
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as label-free detection, high sensitivity, regeneration, mul-
tifunctional recognition, and sensing ability such as the
simultaneous detection for multianalysis.

A sandwich system of aptamer/thrombin/aptamer-func-
tionalized Au nanoparticles (Apt-AuNPs) was fabricated as
the sensing platform [94]. The change of the interfacial fea-
ture of the electrode was characterized by electrochemical
impedance analysis with the redox probe [Fe(CN)6]3−/4−.
The three-level cascaded impedimetric signal amplification
was developed: Apt-AuNPs as the first-level signal enhancer,
the steric-hindrance between the enlarged Apt-AuNPs as the
second-level signal amplification, the electrostatic-repulsion
between sodium dodecylsulfate (SDS) stabilized Apt-AuNPs,
and the redox probe [Fe(CN)6]3−/4− as the third-level signal
amplification. The aptasensor based on the enlargement of
negatively charged Apt-AuNPs showed an increased response
of the electron-transfer resistance to the increase of thrombin
concentration.

A sandwich sensing platform was fabricated, in which the
thiolated aptamers are firstly immobilized on a gold substrate
to capture the thrombin molecules, and then, the aptamer
functionalized Au nanoparticles (AuNPs) are used to amplify
the impedimetric signals [95]. Such designed aptamer/
thrombin/AuNPs sensing system could not only improve the
detection sensitivity compared to the reported impedimetric
aptasensors but also provide a promising signal amplified
model for aptamer-based protein detection.

A label-free electrochemical aptasensor based on direct
immobilization of the redox probes on an electrode surface
was reported [96]. The gold electrode coated Nafion was
firstly modified with redox probe-thionine (Thi) through ion
exchange adsorption. Then, negatively charged nano-Au and
positively charged Thi were layer-by-layer (LBL) self-as-
sembled onto the modified electrode surface, which formed
multilayer films for improving the amount of redox probes
and immobilizing thiolated thrombin aptamers (TBA). In
the presence of target thrombin (TB), the TBA on the
multilayer film could catch the TB onto the electrode surface,
which resulted in a barrier for electrontransfer, leading to
decrease of the current. The method avoided the cubosome
redox probe labeling process, increased the amount of redox
probe, and reduced the distance between the redox probe and
electrode surface.

A label-free electrochemical impedimetric aptasensor
based on an anti-lysozyme-aptamer as a molecular recogni-
tion element, was developed for the detection of lysozyme
[97]. Improvement in sensitivity was achieved by utilizing
gold nanoparticles (AuNPs), which were electrodeposited
onto the surface of a gold electrode, as a platform for im-
mobilization of the aptamer. To quantify the amount of
lysozyme, changes in the interfacial electron transfer resis-
tance (Ret) of the aptasensor were monitored using the redox
couple of an [Fe(CN)6]3−/4− probe. The aptasensor also
showed good selectivity for lysozyme without being affected
by the presence of other proteins.

A reusable aptamer-based impedimetric biosensor using
Amino-terminated IgE aptamers were covalently attached
to carboxyl-modified a a nanocrystalline diamond (NCD)
film using carbodiimide chemistry for detection of human

immunoglobulin E (IgE) [98]. The formation of aptamer-IgE
complexes caused a significant change in the capacitance of
the double-layer, in good correspondence with the IgE con-
centration. The NCD-based aptasensor was demonstrated to
be highly selective even in the presence of a large excess of
IgG.

3.3. Aptasensors Exploiting Conformational Changes in
Aptamers. A classic biosensor directly transduces ligand-tar-
get binding events into a measurable physical readout. More
recently, researchers have proposed novel biosensing strate-
gies that couple ligand-induced structural switching of bio-
molecules with advanced electronic transducers [99]. This
approach has proven to be a highly general platform for the
development of new biosensors. In this account, a series of
electrochemical nucleic acid sensors that use target-re-
sponsive DNA structures, employing surface-confined DNA
structures with appropriate redox labels, which can monitor
target-induced structural switching of DNA or aptamer-
specific small molecule probes by measuring electrochem-
ical currents that are directly associated with the distance
between the redox label and the electrode surface.

An electrochemical biosensor for single-step detection
of a homodimer protein PDGF-BB based on proximity-de-
pendent surface hybridization assay was built up [99]. The
strategy relied on simultaneous recognition of a target
molecule by a pair of affinity probes, which was a prerequisite
for efficiently promoting the ferrocene-labeled tail sequences
of the proximate affinity probe pair to hybridize together
with surface-tethered oligonucleotide, thus triggering the
redox current of ferrocene at the electrode. The strategy, as
a universal methodology for developing high-performance
biosensors, was demonstrated using an aptamer probe to a
homodimer protein PDGF-BB, and the aptasensor showed
intrinsic high sensitivity, excellent resistance to nonspecific
interferences, and ready reusability.

An ultrasensitive, reagentless, target label-free electro-
chemical aptasensor for thrombin detection was constructed
[100]. The aptasensor was based on a chronoamperometric
beacon system for biomolecular recognition. The ferrocene-
labeled aptamer adopts a 3D conformational change when
interacted with thrombin. Thus, the ferrocene label was
approached to the microperoxise-11 (MP-11) attached on
the electrode surface. The thrombin-aptamer interaction was
detected via a microperoxidase mediated electron transfer
between the ferrocene and the surface.

An electrochemical DNA aptamer-based biosensor for
detection of interferon (IFN)-γ was described [101]. A DNA
hairpin containing IFN-γ-binding aptamer was thiolated,
conjugated with methylene blue (MB) redox tag, and im-
mobilized on a gold electrode by self-assembly. Binding of
IFN-γ caused the aptamer hairpin to unfold, pushing MB re-
dox molecules away from the electrode and decreasing
electron-transfer efficiency. The change in redox current was
quantified using square wave voltammetry (SWV) and was
found to be highly sensitive to IFN-γ concentration. The
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aptasensor was specific to IFN-γ in the presence of overabun-
dant serum proteins. The aptasensor could be regenerated by
disrupting aptamer-IFN-γ complex in urea buffer and reused
multiple times.

A signal on electrochemical sensing strategy for the
simultaneous detection of adenosine and thrombin is devel-
oped based on switching structures of aptamers [102]. An
Au electrode as the sensing surface is modified with two
kinds of thiolated capture probes complementary to the
linker DNA that contains either an adenosine aptamer or
thrombin aptamer. The capture probes hybridize with their
corresponding linker DNA, which has prehybridized with the
reporter DNA loaded onto the gold nanoparticles (AuNPs).
The AuNP contained two kinds of biobarcode DNA: one
is complementary to the linker DNA (reporter), whereas
the other is not (signal) and is tagged with different metal
sulfide nanoparticles. The aptamer parts bind with their
targets and fold to form the complex structures. As a result,
the biobarcoded AuNPs are released into solution. The
metal sulfide nanoparticles are measured by anodic stripping
voltammetry.

A signal-on, reagentless target-responsive electrochem-
ical aptamer switch (TREAS) for the development of ap-
tamer-based biosensors for adenosine triphosphate ATP
detection was designed [103]. The aptamer oligonucleotide
dually labeled with thiol and ferrocene groups is hybridized
with its complementary strand, and the thiolated duplex is
self-assembled on a gold electrode. This duplex is responsive
to the target ATP, which liberates the complementary strand
and forms the aptamer-target complex. The electroactive fer-
rocene moiety, which is distal to the electrode surface in the
absence of ATP, is moved to the proximal position during the
binding-induced structural transition. This binding turns
on the electron transfer and leads to measurable electro-
chemical signals for quantification of ATP.

A sensitive, label-free electrochemical aptasensor for ad-
enosine triphosphate (ATP) has been developed based on
gold nanoparticles (AuNPs) amplification [104]. The apta-
sensor was fabricated as a tertiary hybrid DNA-AuNPs
system, which involved the anchored DNA (ADNA) immo-
bilized on gold electrode, reporter DNA (RDNA) tethered
with AuNPs and target-responsive DNA (TRDNA) linking
ADNA and RDNA. Electrochemical signal is derived from
chronocoulometric interrogation of [Ru(NH3)6]3+ (RuHex)
that quantitatively binds to surface-confined DNA via elec-
trostatic interaction. The introduction of ATP triggers the
structure switching of the TRDNA to form aptamer-ATP
complex, which results in the dissociation of the RDNA
capped AuNPs (RDNA-AuNPs) and release of abundant
RuHex molecules trapped by RDNA-AuNPs. The incorpo-
ration of AuNPs in this strategy significantly enhances the
sensitivity of ATP assay.

An electrochemical sensing strategy for highly sensitive
detection of small molecules was developed based on switch-
ing structures of aptamers from DNA/DNA duplex to DNA/
target complex [105]. A gold electrode was first modified
with gold nanoparticles (AuNPs), and thiolated capture
probe was immobilized onto the electrode via sulfur-gold

affinity. Then, a sandwich-type strategy was employed, which
involved a linker DNA containing antiadenosine aptamer
sequence and reporter DNA loaded on AuNPs. In the pres-
ence of adenosine, the aptamer part bound with adenosine
and folded to the complex structure. As a result, the reporter
probes together with AuNPs were released into solution and
reduced a decrease in peak current. The sensor exhibited
excellent selectivity against other nucleosides and could be
used to detect adenosine from real human serum samples.

A label-free electrochemical aptasensor introducing a
probe immobilization technique by the use of a layer-by-layer
(LBL) self-assembled multilayer with ferrocene-appended
poly(ethyleneimine) (Fc-PEI) on an indium tin oxide (ITO)
array electrode for detection of cocaine was first constructed
[106]. The Fc-PEI and gold nanoparticles (AuNPs) were
LBL assembled on the electrode surface via electrostatic
interaction. Then, cocaine aptamer fragments, SH-C2, were
covalently labeled onto the outermost AuNP layer. When
the target cocaine and cocaine aptamer C1 were present
simultaneously, the SH-C2 layer hybridized partly with C1 to
bind the cocaine, which led to a decreased differential pulse
voltammetry (DPV) signal of Fc-PEI. The sensor was specific
to cocaine in complex biologic fluids such as human plasma
and human saliva.

A strategy based on the utilization of the aptamer-
complementary DNA (cDNA) oligonucleotides as the probes
for electrochemical sensing was described [107]. The
sequences at both ends of the cDNA are tailor-made to be
complementary, and both the ferrocene redox moiety and
thiol group are labeled onto the cDNA. The labeled cDNA
are hybridized with their respective aptamers (i.e., ATP-
and thrombin-binding aptamers) to form double-stranded
DNA (ds-DNA) and the electrochemical aptasensors are
prepared by self-assembling the labeled ds-DNA onto Au
electrodes. Upon target binding, the aptamers confined onto
electrode surface dissociate from their respective cDNA
oligonucleotides into the solution and the single-stranded
cDNA could, thus, tend to form a hairpin structure through
the hybridization of the complementary sequences at both its
ends. Such a conformational change of the cDNA resulting
from the target binding-induced dissociation of the aptamers
essentially leads to the change in the voltammetric signal of
the redox moiety labeled onto the cDNA and thus constitutes
the mechanism for the electrochemical aptasensors for
specific target sensing.

A reusable electrochemical aptasensor for highly sensitive
detection of adenosine had been developed using sensing
interface of self-assembling the part DNA duplex hybridized
by 5′-thiolated part complementary strand (TPCS) and
3′-ferrocene(Fc)-labeled adenosine-binding aptamer strand
(FABA) through S-Au bonding on a gold electrode surface
[108]. When the modified electrode was incubated in the
adenosine solutions, the aptamer made structure switching
to bind adenosine. As a result, Fc-labeled adenosine-binding
aptamer strand was taken off from the sensing interface,
resulting in a decrease of the redox current. The aptasensor
was characterized electrochemically by cyclic voltammetry
and electrochemical impedance spectroscopy.
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4. Conclusion

Aptasensors appear as promising devices based on aptamers
that are very small in size compared to other biorecognition
molecules like antibodies or enzymes. Nonspecific adsorp-
tion phenomena are usually less pronounced on nucleic acid-
derivatized surfaces as compared to protein derivatized ones.
Generally, regeneration of aptamer derivatized surfaces is
quite easy to perform. Aptamers can undergo multiple de-
naturation/regeneration cycles, whereas antibodies suffer
from permanent degradation. DNA aptamers are suitable for
designing reusable aptasensors, whereas RNA aptamers allow
single shot measurements. The major limitation is due to
RNA aptamer degradation by ribonucleases. This can be
overcome by chemical modification of RNA aptamers or use
of enantiomeric aptamers known as spiegelmers.

Currently, the SELEX is a highly automated procedure
and only few days are necessary for development of aptamers
for certain ligands. This is much shorter in comparison with
the selection of antibodies, where usually several months are
required. Due to effectivity of the SELEX, the library of ap-
tamers against various ligands has become wider. On the
other hand, the primary procedure does not result in all cases
in aptamers with desired affinity. Therefore, optimization of
aptamer structure is required. This optimization is per-
formed through biased library generation. As a result, it is
possible to select aptamers with sensitivity to small modifica-
tion of the ligand. Aptamers can even distinguish the chirality
of molecules and their secondary structure. In principle,
there is no restriction in the type of target for which the ap-
tamer can be selected.

Several problems related to the practical application of
aptamers are still under study, for example, how the im-
mobilization of aptamers to the supported films and their
microenvironment will affect the aptamer structure and ap-
tamer-ligand interactions. The aptamers configuration is
sensitive to the salt composition; therefore, liquid composi-
tion may affect the aptasensor properties [109]. Problems are
connected with the application of aptamers in the complex
biological systems. Several proteins may interact with DNA
aptamers nonspecifically. They could bind to the sugar-
phosphate backbone of DNA, and thus mask the specific
binding of analyte. The presence of nucleic acid in the bi-
ological liquids may cause hybridization with aptamers,
and thus affect the aptamers conformation and maintaining
the proper binding site. It should be also mentioned that
currently only approx. 250 aptamers are available, while the
number of various antibodies is much larger. The continuous
growth of immune test is also due to lack of aptamer-based
kits at the market. Thus, despite the advantages of aptamers
over antibodies, further effort is required for wide spreading
aptamers-based technology in practical applications. Given
the rapid pace of advances in this field, the development of
miniaturized, easy-to-use electrochemical aptasensor diag-
nostic systems for large-scale clinical testing seems a realistic
goal.

Future direction will probably see growth of electro-
chemical microchips and nanochips. The development of
microarrays based on DNA aptamers used as receptors can

be seen as a logical continuation of the DNA-chip technology
development although the principle of target recognition is
not based on hybridization but is analogous to the immuno-
chemical assay. In the near future, aptamer microarrays
are expected to play a dominant role in proteomics, thus
extending the use of aptamer-based microarrays.
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recognition elements for label-free analytical devices,”
TrAC—Trends in Analytical Chemistry, vol. 27, no. 5, pp. 437–
446, 2008.

[54] A. E. Radi, J. L. A. Sánchez, E. Baldrich, and C. K. O’Sullivan,
“Reusable impedimetric aptasensor,” Analytical Chemistry,
vol. 77, no. 19, pp. 6320–6323, 2005.

[55] D. Xu, D. Xu, X. Yu, Z. Liu, W. He, and Z. Ma, “Label-free
electrochemical detection for aptamer-based array elec-
trodes,” Analytical Chemistry, vol. 77, no. 16, pp. 5107–5113,
2005.

[56] H. Cai, T. M. H. Lee, and I. M. Hsing, “Label-free protein
recognition using an aptamer-based impedance measure-
ment assay,” Sensors and Actuators B, vol. 114, no. 1, pp. 433–
437, 2006.

[57] A. E. Radi, J. L. Acero Sánchez, E. Baldrich, and C. K.
O’Sullivan, “Reagentless, reusable, ultrasensitive electro-
chemical molecular beacon aptasensor,” Journal of the Amer-
ican Chemical Society, vol. 128, no. 1, pp. 117–124, 2006.

[58] D. Xu, H. Han, W. He, Z. Liu, D. Xu, and X. Liu, “Electrically
addressed fabrication of aptamer-based array electrodes,”
Electroanalysis, vol. 18, no. 18, pp. 1815–1820, 2006.

[59] Y. Xu, L. Yang, X. Ye, P. He, and Y. Fang, “An aptamer-based
protein biosensor by detecting the amplified impedance
signal,” Electroanalysis, vol. 18, no. 15, pp. 1449–1456, 2006.

[60] M. Zayats, Y. Huang, R. Gill, C. A. Ma, and I. Willner,
“Label-free and reagentless aptamer-based sensors for small
molecules,” Journal of the American Chemical Society, vol.
128, no. 42, pp. 13666–13667, 2006.

[61] J. A. Lee, S. Hwang, K.-C. Lee et al., Pyrolyzed Carbon
Biosenosor for Aptamer-Protein Interactions Using Electro-
chemical Impedance Spectroscopy, 2007.

[62] W. Liao and X. T. Cui, “Reagentless aptamer based im-
pedance biosensor for monitoring a neuro-inflammatory cy-

tokine PDGF,” Biosensors and Bioelectronics, vol. 23, no. 2, pp.
218–224, 2007.
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Iron(II)-(1,10-phenanthroline) complex imprinted membrane was prepared by ionic imprinting technology. In the first step,
Fe(II) established a coordination linkage with 1,10-phenanthroline and functional monomer 2-vinylpyridine (2-VP). Next, the
complex was copolymerized with ethylene glycol dimethacrylate (EGDMA) as a crosslinker in the presence of benzoyl peroxide
(BPO) as an initiator. Potentiometric chemical sensors were designed by dispersing the iron(II)-imprinted polymer particles in
2-nitrophenyloctyl ether (o-NPOE) plasticizer and then embedded in poly vinyl chloride (PVC) matrix. The sensors showed a
Nernstian response for [Fe(phen)3]2+ with limit of detection 3.15 ng mL−1 and a Nernstian slope of 35.7 mV per decade.

1. Introduction

Heavy metals constitute an important class of pollutants that
degrade the environment due to their persistent nature and
their industrial importance. Among these, iron is one of the
most common metals in nature. Infiltration from rainwater
in soils and underlying geologic formations dissolves iron,
transporting it into groundwater. Large quantities of iron are
also disposed in the environment as a result of anthropogenic
activities. Iron and its compounds have widespread indus-
trial applications, from constructional material for drinking-
water pipes, to food colours, coagulants in water treatment,
pigments in paints and plastics. In tap water, dissolved
ferrous iron gives a disagreeable taste. An appropriate knowl-
edge of iron levels in both environmental waters and water
for human consumption is very desirable. The relevancy of
this subject has conducted to numerous reported methods
using UV/Vis spectrophotometry [1–12], chemilumines-
cence [13–17], atomic absorption spectroscopy [18–22],
and voltammetry [23, 24]. The design and development of
portable devices such as sensors rather than laboratory-based
instruments in monitoring iron at trace levels in real samples
is still of considerable interest.

Imprinted materials in sensors have attracted consider-
able attention during the past few years [25–27]. Molec-
ular imprinting mimics natural receptors with regard to
their molecular/ionic recognition. Most investigations of
molecular imprinting polymers have been carried out using
polymerization in the presence of the template in order
to incorporate specific template sites into the polymer.
The development of synthetic membranes with molecular
imprinting functionality is an important approach for future
functional separation or purification materials [28].

Ionic imprinting is a process, in which a functional
monomer is allowed to self-assemble around templated ions
and subsequently is crosslinked as required. The selectivity
of a specific target ion is obtained by providing the polymers
with cavities, in which complexing ligands are arranged to
match charge, coordination number, coordination geometry
and size of that target ion. This process creates the ionic
recognition site, which is a specific location for the target
ion chemical functionality and spatial arrangement. Recent
developments in molecular imprinting have been reviewed
[29]. The high selectivity of ion-imprinted polymers (IIPs)
arises from the memory effect of the polymer to the im-
printed ions for example, from the specificity of interaction
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of ligand with the metal ions, the coordination geometry
and coordination number of metal ions; the charge of the
metal ions and to a large extent on the size of them [30].
In recent years, a lot of IIPs have been prepared for Pd2+

[31], Ni2+ [32, 33], Fe3+ [34], Cd2+ [35, 36], Zn2+ [37], Cu2+

[38], Dy [39], UO2+
2 [40–42], Ca2+ [43], Er3+ [44], Th4+ [45],

Hg2+[46], and Gd3+ [47, 48].

The integration of IIP materials in electrochemical sen-
sors yields selective, sensitive, simple, and rapid analytical
methods. Electrochemical transducers monitor the activity
of a chemical species in a given matrix and rely on interac-
tions between analyte and receptor. Host-guest interactions
are coupled to a signal transduction mechanism that yields
the useful information about the species involved. The bind-
ing between the analyte and receptor can be effectively mon-
itored and measured by such electrochemical techniques.

In this study, an ion-imprinting polymer was introduced
for selective extraction of iron complex from aqueous solu-
tion. In synthesis processes, 1,10-phenanthroline, 2-vinyl-
pyridine (2-VP), ethyleneglycol dimethacrylate (EGDMA),
and benzoyl peroxide (BPO) were used as Fe(II) complexing
agent, monomer, crosslinker and initiator, respectively. The
synthesized polymer was dispersed in 2-nitrophenyloctyl
ether (NPOE) and embedded in polyvinylchloride (PVC)
matrix, for the monitoring of traces of iron.

2. Experimental

2.1. Apparatus. All potential measurements between ref-
erence and indicator electrodes were measured by means
of a Crison μpH 2002 decimilivoltammeter (±0.1 mV sen-
sitivity). An Orion, 90-00-29, double-junction electrode
was used as reference. The analytical output signal was
transferred to a commutation point reconnected to one of
six ways out, each with an electrical antenna connector
for adaptation to electrode device. The selective electrodes
had no internal reference solution and an epoxy-graphite
matrix as conductive solid contact. All measurements were
carried out with the electrochemical cell graphite contact
|Fe selective membrane| test solution || Na2SO4 salt bridge
|| Ag/AgCl (3M KCl). The pH values were measured by a
Crison CWL/S7 combined glass electrode connected to a
decimilivoltammeter Crison, pH meter, GLP 22. All potential
measurements were carried out under constant stirring, by
a Crison micro ST 2038. Infrared spectra were collected in
a Nicolet 6700 FTIR spectrometer. Atomic absorption spec-
trometric measurements of Fe(II) were made with Perkin-
Elmer spectrometer (AAnalyst 200) using the recommended
optimum conditions [49].

2.2. Reagents and Solutions. All chemicals were of analytical
grade and deionized water (conductivity <0.1 μS cm−1)
was employed throughout. 1,10 phenanthroline (phen), o-
nitrophenyloctyl ether (o-NPOE), Bis(2-ethylhexyl)sebacate
(BEHS) dibutyl phthalate (DBP), cyclodextrin (Fe◦Cyc),
tetrakis(4-chlorophenyl) borate, sodium tetraphenyl borate
(TPB−), PVC of high molecular weight, 4-vinyl pyridine
(4-VP), and ethyleneglycoldimethacrylate (EGDMA) were

purchased from Fluka. Tetrahydrofuran (THF), acetic acid,
citric acid, benzoyl peroxide (BPO), and ammonium iron
sulfate were obtained from Riedel-deHaën. The evaluation
of the effect of pH and other interfering species required
sodium hydroxide, hydrochloride acid, cadmium sulphate,
potassium sulphate, sodium chloride (all purchased from
Merck), nickel chloride, manganese sulfate, magnesium
chloride (all from Chemika), barium chloride (Sigma), silver
nitrate, and copper sulfate (from Riedel-deHaën).

A solution of 0.1 mol L−1 of 1,10-phenanthroline was
prepared in 10% ethanol. A 0.1 mol L−1 stock solution of
Fe2+ was prepared by dissolving 4.0 g of iron(II) ammonium
sulfate in 3 mL of 0.5 mol L−1 H2SO4, diluted with water in
100 mL calibration flask. A 10−2 mol L−1 stock solution of
tris-(1,10-phenanthroline) iron(I1) (ferroin) was prepared
by mixing 10 mL of standard 10−1 mol L−1 iron(II) ammo-
nium sulphate, 30 mL of 10−1 mol L−1 l,l0-phenanthroline
and 10 mL acetate buffer (pH 4.7). The mixture was
transferred into an l00 mL volumetric flask and made up to
the mark with water. Standard ferroin solutions (10−3–10−8,
mol L−1) were prepared by accurate dilution.

Solutions of the diverse ions used in the interfer-
ence study were 0.01 mol L−1 in buffer. Hydroxylamine
hydrochloride solution (10% w/v) was prepared by dissolv-
ing the reagent in water. Acetate buffer solutions of pH 3.5–
6.6 were freshly prepared by mixing the appropriate amounts
of 1 mol L−1 acetic acid and 1 mol L−1 sodium acetate
solutions. All these solutions were stored in polyethylene
containers.

2.3. Preparation of Ion Exchanger Sensor. It was carried out
by mixing 50 mL of a 1.0× 10−2 mol L−1 Fe(II) solution
with 50 mL of a 1.0× 10−2 mol L−1 sodium TPB solution or
tetrakis(4-chlorophenyl)borate. Resulting solid was isolated
by filtration, thoroughly washing with water, and kept in a
dark flask inside a desiccator in order to prevent alterations
caused by light and humidity.

2.4. Preparation of Metal Complex Imprinted Polymers. In
a typical preparation of Fe2+ imprinted polymer (IIP), 1.0
mmo1 1,10-phenanthroline, and 1.0 mmo1 (NH4)2FeSO4·
6H2O were weighed, placed into a 18 mm glass test tube and
dissolved in 3 mL ethanol. To it 2.0 mmol 4-VP, 20 mmol
EGDMA, and 70 mg BPO were added. The polymerization
mixture were purged with nitrogen gas for 10 min, sealed,
and then heated in a water bath at 60◦C for 1 h. The
resultant bulk polymer was ground and sieved, collected,
and washed with ethanol/acetic acid (5 : 1) (V/V) overnight
to remove the template. The reference polymer (NIP) was
similarly prepared but without (NH4)2FeSO4·6H2O and
1,10-phenanthroline during the polymerization.

2.5. Constructions and Calibrations of Iron Membrane with
Imprinted Material. The sensing membranes were prepared
by mixing 200 mg of PVC powder and 7.0 mg of MIP
and 2.0 mg of potassium tetrakis[2-chlorophenyl]borate [ISE
I], 6.7 mg of MIP only [ISE II], 7.0 mg of NIP, and
2.0 mg of potassium tetrakis[2-chlorophenyl]borate [ISE
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III], 7.0 mg of NIP and 2.0 mg of potassium tetrakis[2-
chlorophenyl]borate [ISE IV], and 2.0 mg of potassium
tetrakis[2-chlorophenyl]borate [ISE V], with 400 mg of
plasticizer o, NPOE and 200 mg of PVC. The mixture was
stirred until the PVC was well moistened and dispersed in
3.0 mL THF. These membranes were placed in conductive
supports of conventional or tubular shapes. Membranes were
allowed to dry for 24 h and placed in a 1× 10−3 mol L−1

[Fe(phen)3]2+ solution. The electrodes were stored in these
conditions when not in use.

All potentiometric measurements were carried out at
room temperature. The emf of each electrode was measured
in buffer. Different concentrations were obtained by transfer-
ring different aliquots of 1.0× 10−3 mol L−1 of [Fe(phen)3]2+

ions aqueous solutions to 100 mL beaker containing 50.0 mL
of 10−2 mol L−1 acetate buffer of pH 4.7. Potential readings
were recorded after stabilization to ±0.2 mV, and emf was
plotted as a function of logarithm iron(II) concentration.
Calibration graphs were used for subsequent determination
of unknown iron(II) concentrations (see Table 1).

2.6. Constructions and Calibrations of Iron Membrane with
Ion Exchange Material. Sensor solutions were prepared by
dissolving an appropriate amount of sensor in about 62%
BEHS or DBP. These were added of 32% of PVC formerly
dissolved in 2 mL of THF. Composition of the resulting
membranes is presented in Table 1. After application in the
conventional support, each membrane was let dry for 24 h.

All electrodes were placed in a convenient support over
a magnetic stirrer and immersed in 50.00 mL of IS or
buffer solution. Suitable increments of a 2.00× 10−2 mol L−1

Fe(II) standard solution were added to provide a series
of Fe(II) concentrations ranging 4.10× 10−6 mol L−1 to
3.33× 10−3 mol L−1. The potential readings of the stirred
Fe(II) solutions were measured at room temperature and
recorded after stabilization to ±0.1 mV. A calibration plot
was constructed connecting logarithm concentration with
electromotive force.

3. Results and Discussion

Positioning of metal ions to match the arrangement of
ligands on a substrate molecule through preorganization
of the substrate with a metal-complexing monomer and
its subsequent crosslinking polymerisation is an attractive
means to prepare synthetic receptor materials. Furthermore,
the strength and specificity of metal-ligand coordination may
be enhanced by choosing the suitable functional groups for
the IIP.

Despite the potential advantages offered by metal-co-
ordination interaction, relatively few efforts have been taken
to use this binding mode to design molecularly imprinted
polymers. In this work, a noncovalent molecular imprinting
method [50, 51] was used to synthesize a synthetic host for
ferroin.

3.1. FTIR Spectra. Figure 1 presents the FTIR spectra of (a)
IIP, (b) NIP, (c) FeSO4, and (d) 1,10-phenanthroline. It can
be seen that the shape and position of most peaks in (a)
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Figure 1: FTIR spectra of IIP (a), NIP (b), FeSO4, and 1,10-
phenanthroline (d). (Scan from 2000 to 800 cm−1, with background
correction, and room temperature/humidity control).

and (b) spectra are similar. This was as expected, because
both polymers have the same chemical functions. The slight
difference between these was related to some ferroin complex
sequestered within the imprinted matrix. This is confirmed
by (d) spectra; the peak at 853.5 cm−1 should correspond
to absorption band of C–H stretching vibration for H
atoms adjacent in the pyridine ring in 1,10-phenanthroline
compound. The characteristic ring frequencies in 1,10-
phenanthrene were shown at approximately 1502 cm−1 the
second appearing as a triplet with the centre component at
1585 cm−1 and the third band shifting to 1423 cm−1. The
1423 cm−1 band was most sensitive in this respect, but the
other two showed a slightly discernable shift of the order of
10 to 25 cm−1.

3.2. Binding Studies. Adsorption isotherms yield important
information concerning binding energies, modes of binding,
and site distributions in the interaction of small molecules
with adsorbent surfaces. In the liquid phase applications of
imprinted materials, a molecule in solution interacts with
binding sites in a solid adsorbent. The adsorption isotherms
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Figure 2: Binding isotherm (a) and Scatchard plot (b) for the Ferroin-imprinted (MI) or nonimprinted (NI) polymer. Q = Ferroin bound
to 50.0 mg of the corresponding polymer; temperature = 25◦C; volume= 4.00 mL; binding time: 12 h.

are then simply plots of the equilibrium concentrations of
bound ligand (adsorbate) versus the concentration of free
ligand. The isotherms can be fitted using various models.
The most simple is the Langmuir type adsorption isotherm,
where the adsorbent is assumed to contain only one type
of site; adsorbate-adsorbate interactions are assumed not to
occur, and the system is assumed ideal.

In order to investigate the binding performance of IIP,
the equilibrium binding experiments were carried out by
varying the concentrations [Fe(phen)3]2+ complex from
0.2 mmol L−1 to 2 mmol L−1 in the presence of a fixed
amount (50 mg ) of IIP and the obtained data were plotted
with the Scatchard analysis [52] to estimate the binding
parameters of IIP

Q

C
= (Qmax −Q)

Kd
, (1)

where Qmax is the maximum apparent binding capacity
and Kd the equilibrium dissociation constant. As shown in
Figure 2(a), the Scatchard plot is not linear, indicating that
the binding sites in either IIP or NIP are heterogeneous in
respect to the affinity for [Fe(phen)3]2+. Clearly, within the
plot, there are two distinct sections and two straight lines can
be obtained from the linear regression. This indicates that
the binding sites in the IIP and NIP could be classified into
two distinct groups with specific binding properties (Kd)l
and (Qmax)l of higher affinity binding sites can be calculated
to be 152.4 μmol L−1 and 24.5 μmol g−1 dry polymer for IIP
and NIP, respectively, from the slope and the intercept of the
Scatchard plot (Figure 2(b)). Similarly, (Kd)2 and (Qmax)2
of lower affinity binding sites were 3251.2 μmol L−1 and
129.1 μmol g−1, respectively.

3.3. ISEs Analytical Features

3.3.1. Imprinting Polymer. The dissolution of MIP within
the selective membrane may conduct to alterations at the

configuration of the imprinted shape. When the template
is not extracted from the imprinted polymer, this change in
configuration may be attenuated. Results obtained pointed
out that template extraction was important, providing
decreased limit of detection and higher sensitivity. These
results suggest that configuration changes from MIP
dissolution were not significant, even for NIP sensors.
The synthesized IIP were incorporated into the PVC
membrane and were tested as sensing materials in the
proposed potentiometric sensor. The potential response
obtained with the sensors prepared with [Fe(phen)3]2+ IIP
membrane and blank membrane is given in Figure 3. As seen
from the figure, the sensors exhibit linear potentiometric
response to [Fe(phen)3]2+ ions with lower limit of linear
range 1.81× 10−6 and 2.31× 10−6, 1.78× 10−7 mol L−1, and
detection limits of 4.45, 6.89, and 17.7 ng mL−1, for ISE’s [II],
[IV], and [V], respectively. All sensors exhibit near-Nernstian
slopes of 29.6±0.9 (r2 = 0.9979), 26.3±0.7 and 24.0±1.4 mV
decade−1, respectively. Addition of anionic additive
potassium tetrakis[2-chlorophenyl]borate to either MIP [ISE
I] or NIP [ISE III]-based membrane resulted in a Nernestian
pattern with a slope 35.7 ± 1.2 (r2 = 0.9979) and 27.6 ± 1.5
(r2 = 0.9998) mV decade−1, lower limit of linear range of
1.78×10−7 and 2.0×10−7 mol L−1, and lower detection limit
of 3.15 and 5.12 ng mL−1, respectively. The composition and
potentiometric response characteristics of the membrane
sensors incorporating MIP and NIP as selective ion recog-
nitions and with/without tetrakis[2-chlorophenyl]borate as
anionic additive are shown in Table 1.

3.3.2. Ion Exchanger Sensor. Six membrane compositions
were prepared by varying electroactive materials and solvent
plasticizers (Table 1). Complexes of iron with phenanthro-
line, cyclodextrin, or tetrakis(4-chlorophenyl)borate served
as ionophores and BEHS or DPB were used as plasticizers.
All membranes were of plasticized PVC with 31-32 wt%
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Figure 3: Calibration curve in acetate buffer at pH 4.7 for different
sensors.

PVC, 61–63 wt% plasticizing solvent and 3%-4% of anionic
additive and 3 wt% of electroactive material.

Electrodes showed supra-Nernstian responses in buffer
(Table 1). Slopes ranged 33.3 to 38.6 mV decade−1 and
linear behavior was mainly observed from 3.0 × 10−5 up
to 3.3 × 10−3 mol L−1. Sensors of Fe◦Cyc or Fe◦PClPB were
greatly dependent on the plasticizing solvent, showing better
responses for DBP.

3.4. Effect of PH. The influence of pH on the potentiometric
response of the proposed sensors was examined over a pH
range of 3–10 for [Fe(phen)3]2+ standard solutions of 1.0 ×
10−5 mol L−1. The pH of the solution was adjusted with
either hydrochloric acid and/or sodium hydroxide solutions.
The pH plot shows that the variation of solution pH over
the range 3–6 has no significant effect on the potentiometric
response for all membrane based sensors.

For the ion exchange membranes the potential versus
pH profiles show that the electrodes do not respond to pH
changes in the ranges 2.5–6 for sensors IX and XI and pH 4–
12.5 for sensors VI, VII, VIII, and X. Only sensors IX and
XI showed the effect of the severe precipitation of metals
taking place in the alkaline range. All other sensors showed
no effect from pH within this range. This is most evidently
an abnormal behaviour for which no logical explanation may
be found.

Because the solubility and ionisation of Fe(II) were both
promoted by acidic solutions, studies under constant pH
were carried out in the acidic range.

Evaluation of main operating features for all electrodes
under constant pH was carried out in several buffer solutions
prepared with different pHs within 2 and 6. Results showed

that electrodes provided slopes ranging 67.0 to 202.2 mV
decade-1 in citric acid pH 2.5, 33.3 to 40.6 mV decade-
1 in citric acid pH 4, and 29.4 to 137.7 mV decade-1 in
citric acid pH 6, over a wide concentration range. Best
general analytical features for all electrodes were achieved
with citrate buffer of pH 4.

3.5. Response Time. The dynamic response times of the
sensors were examined by recording the potential readings at
time intervals of 10 s over 2 min. The time required to reach
95% of equilibrium was ∼20 s for electrodes [I, III, and V]
with a recovery time∼30 and∼30 s for electrodes [II and IV]
with a recovery time ∼50 s. These results indicate that both
sensors are amenable for use with automated systems.

3.6. Selectivity Studies. The selectivity of the chemical sensor
is one of the most important potentiometric features. One
component of the selective membrane exerting great influ-
ence upon this property is the electroactive material, as the
mechanism of selectivity is mainly based on stereospecificity
and electrostatic environment. It is dependent on how much
fitting is present between locations of the lipophilicity sites
in the two competing species in the bathing solution side
and those present in the sensor [53]. The performance of the
ferroin sensor in the presence of some cations was assessed by
measuring the selectivity coefficient values log KPOT

Fe2+,Jz+ using
the separate solutions method [54]. The results obtained
showed no effect for high concentrations (>1000-fold excess)
of many common cations such as NH+

4 , Na+, K+, Ba2+,
Ca2+, and Mg2+. These cations do not form complexes
with 1,l0-phenanthroline reagent. Metal ions known to form
insoluble metal phenanthroline chelates or metal halides
(e.g., Pb2+, Hg2+, and Ag+) did not interfere. Metals which
form water soluble charged complexes with phenanthroline
such as Zn2+, Cu2+, Ni2+, and Cd2+ interfered seriously
but interferences caused by these cations were completely
circumvented by using suitable masking agents. The response
behavior of the MIP and NIP membrane-based sensors
towards these complexed cations were presented in Figure 4.

3.7. Analytical Application. In order to access the applica-
bility of the iron selective electrodes, the potentiometric
method was applied for the determination of iron in different
materials of various natures by formation of ferroin followed
by monitoring with the IIP-ferroin sensor. Iron contents
(0.05–0.30 mg L−1) of different tap water collected from
the laboratory taps and were added of buffer prior to
analysis in order to ensure similar background as that of
standard solutions were determined. The samples spiked
with various standard iron concentrations display results
agreed fairly well within ±1.5% with those obtained with
the standard spectrophotometric method. Determination of
Fe2+ in the presence of large quantities of Fe3+ has received
considerable attention in corrosion and environmental stud-
ies. Several reports confirmed that the spectrophotometric
ferroin method for determining Fe2+ in the presence of excess
Fe3+ is not reliable and the recovery of Fe2+ is always high
[55].
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Table 2: Potentiometric determination of iron in some pharmaceutical formulation samples using the proposed ferroin sensors.

Trade name Nominal iron (mg/tablet)
Iron recovery (%)∗

IIP sensor
Standard method

Static Hydrodynamic

Centrum 14 95± 0.5 93± 1.1 98± 0.1

(Wyeth, Portugal) 90 98± 0.1 96± 0.4 99± 0.3

Table 3: Analytical features of the present method reported in the literature.

Technique/method Principle of the method
Detection

limit
(mg/L)

Linear
range

(mg/L)

Repeatability
(%)

Application Sample preparation Ref.

UV/Vis

Iron complex with
1-nitroso-2-naphhtol
(446 nm)

1.7 × 10
−3

1.7×10−3–
0.12

2.57
Industrial waste

water
(SPE) [2]

Catalytic
spectrophotometric flow
injection (514 nm)

20× 10−3 Up to
2× 10−6

Real water
samples

Filtered water samples
were acidified to 0.1

M hydrochloric acid)
[3]

Adaptation of the
ferrozine method
(560 nm)

5850
1755 to
23400

2 In situ analysis No [7]

Reaction betwen
hydroquinone and
chromate in acidic
media (350 nm)

0.05 — — — No [8]

Chemiluminescence
Neutralisation reaction 0.56 2.8–560 —

Fresh water
samples

Reduction of iron(III)
with

[13]

— 5.85× 10−5 14625 to
87750

—
Fresh water

samples
Hydroxylammonium

chloride
[14]

HPLC
Photometric detection
(550 nm)

0.2 × 10−3 10× 10−3

to 10
— Spiked tap water No [55]

Potentiometry/ISE

Chiral
2,6-bis-(carboxamide
methyl ester)pyridine
derivative sensor, PVC
membrane

0.25–56.0 —
Drug

formulations
— [56]

IIP sensor in a PVC
selective membrane

4.45 0.014 2.4
Pharmaceutical

formulation
samples

No
This

method

In the present work, mixtures of Fe2+ and Fe3+ covering
the concentration ratios of 1 : 1 to 1 : 50 (Fe2+ : Fe3+) were
prepared and treated with l, l0-phenanthroline at pH 4.7.
After a reaction time of 1 min, EDTA was added to mask Fe3+,
and [Fe(phen)3]2+ was potentiometrically measured with the
ferroin sensor. In a second run, the total iron [Fe2+ and Fe3+]
was assessed by a prior reduction with hydroxylamine and
formation and measurement of ferroin. Results with average
recoveries of 98.4% (S.D.= 1.5%) and 95.7% (S.D.= 1.4%)
were obtained (n = 4) for iron(II) and iron(III), respectively.

The proposed sensor was also used to determine iron in
pharmaceutical preparations both in batch and in flow con-
ditions. The results obtained with some polyvitamin/mineral
tablets and capsules showed an average recovery of 95.5% of
the nominal value and a mean standard deviation of ±0.9%

(Table 2). These results were checked and confirmed by an
independent method from the pharmacopoeia. The results
obtained showed a close agreement between the data of the
spectrophotometry and ferroin sensor, thus confirming the
accuracy of the proposed method.

4. Conclusions

Proposed Fe potentiometric detectors are simple, of low
cost, and easy to manipulate. The electrodes based on
dispersion of mimic receptor for ferroin in PVC matrix and
plasticized in o-NPOE might be useful detectors for anal-
ysis of environmental waters. They display high selectivity
and wide dynamic response range. In general, the overall
procedure is precise, accurate, and inexpensive regarding
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Figure 4: The response behavior of the proposed sensors towards
different metal ion complexes.

reagent consumption and equipment involved, especially
compared to other methods previously reported (Table 3).
Considering its routine application, a main advantage arises
from composition and quantity of emitted effluents, with
small concern in terms of environmental issues. Aside from

dilution with buffer, no sample pretreatment or separation
steps are required.
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A very sensitive electrochemical sensor constructed of a glassy carbon electrode modified with a layer-by-layer MWCNT/doped-
overoxidized polypyrrole (oppy/MWCNT /GCE) was used for the determination of acetaminophen (AC) in the presence of codeine
and ascorbic acid (AA). In comparison to the bare glassy carbon electrode, a considerable shift in the peak potential together
with an increase in the peak current was observed for AC on the surface of oppy/MWCNT/GCE, which can be related to the
enlarged microscopic surface area of the electrode. The effect of the experimental conditions on the electrode response, such as
types of counter ion, pyrrole and counter ion concentration, potential and number of cycles in the polymerization procedure,
amount of MWCNT, and the pH, were investigated. Under the optimized conditions, the calibration curve was obtained over
two concentration ranges of 2 × 10−7–6 × 10−6 M and 4 × 10−5–1 × 10−4 M of AC with a linear correlation coefficient (R2) of
0.9959 and 0.9947, respectively. The estimated detection limit (3σ) for AC was obtained as 5× 10−8 M. The developed method was
successfully applied to analyze the pharmaceutical preparations of AC, and a recovery of 95% with a relative standard deviation of
0.98% was obtained for AC.

1. Introduction

The remarkable application potential of conducting poly-
mers (CP) in chemical and biological sensors is one of the
main reasons for the intensive investigation and development
of the studies on these materials [1]. In the case of polypyr-
role (ppy), useful features considered include its capacity to
form adhesive coatings at different substrates, the possibility
of growing it in aqueous media, easiness for chemical substi-
tution to modify its properties, high porosity that enables fast
kinetics of ion exchange with the surrounding medium, high
electronic conductivity, high chemical stability, thickness
controllability, ease of electrochemical polymerization, and
good reversibility between its conducting and insulating
states. These characteristics make ppy suitable in various
electrochemical determinations including voltammetric and

potentiometric [2], amperometric [3], and impedimetric
[4, 5] techniques for the determination of various molecular
species.

Polypyrrole in its oxidized form is a positively charged
conducting polymer. Upon the overoxidation process, it
loses its conductivity and charge and instead, its porosity
would be improved. Characterization of these films revealed
that overoxidation results in addition of carbonyl and
carboxyle groups to the structure of the conducting polymer.
These groups attract cationic species and reciprocally reject
negatively charged ones, for example, ascorbate anions [6].

Carbon nanotubes (CNT) are considered as a novel form
of carbon materials in two past decades [7]. In the recent
years, carbon nanotubes (CNTs) have also been incorporated
into the electrochemical sensors. While they have many
properties of the other types of carbon, they offer unique
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advantages including enhanced electronic properties, a large
edge/basal plane ratio, and facile kinetics of the electrode
processes. Therefore, in comparison to the traditional carbon
electrodes, CNT-based sensors generally have higher sensi-
tivities, lower limits of detection, and faster electron transfer
kinetics [8].

Composites of intrinsically conducting polymer (ICP)
are materials that utilize conjugated polymers with at least
one secondary component that can be inorganic/organic
materials or biologically active species. The goal is to produce
a new composite material with distinct properties that were
not observed in the individual components. This may
include either new or improved chemical properties that can
be exploited for chemical or biological sensing. Addition
of carbon nanotubes as secondary component drastically
influences the electrical and thermal conductivity of ICPs
[9]. Sensor modification by this method is performed in
two ways: layer by layer [10] and electropolymerization in a
mixture of monomer and CNT [11, 12]. These modifications
have concentrated on improving the electrical conductivity,
mechanical strength, or electrochemical capacitance of the
polymer. These polymer/CNT modified electrodes have been
used successfully in electrochemical sensing applications
[13, 14].

Acetaminophen (paracetamol, N-acetyl-p-aminophenol,
AC) is an extensively used antipyretic analgesic drug and a
suitable alternative for patients who are sensitive to aspirin
[15]. Generally, AC does not exhibit any harmful side
effects, but hypersensitivity or overdoses are known to cause
severe liver and kidney damages, and adverse effects include
rashes, blood dyscrasias, and pancreatitis [16, 17]. Therefore,
acetaminophen quantity control in pharmaceutical formula-
tion is vital since, as mentioned above, overdosage could be
dangerous.

AC as an analgesics drug is often used in the presence of
other drugs like; aspirin, cetirizine, tramadol, and codeine.
So acetaminophen determination could be affected by the
second ingredient in pharmaceutical formulation. Devel-
opment of a method that could determine acetaminophen
in pharmaceutical and clinical preparations without any
interference from the other ingredient is of great importance.
Since the electrochemical detection of AC has advantages
including low cost, fast response, simple instrumentations,
high sensitivity, and facile miniaturization, this kind of
method has attracted a lot of attentions. Various elec-
trodes such as poly(taurine)/MWCNT/GCE [18], nano-
TiO2/polymer/GCE [19], polypyrrole modified glassy car-
bon electrode [20], multiwall carbon nanotube (MWCNT)
modified basal plane pyrolytic graphite electrode [21],
single-walled carbon nanotube-film coated electrodes [22],
polyaniline/MWCNT composite modified electrodes [23],
carbon film resistor electrodes [24], gold nanoparticle modi-
fied carbon paste electrode [25], and thionine-immobilized
multiwalled carbon nanotube modified carbon paste elec-
trode [26] have been used for the voltammetric detection of
AC.

In the present work, an oppy-MWCNT modified elec-
trode has been fabricated by a new counter ion, hydro-
quinone sulfonic acid (HQSA). Cyclic voltammetry was

used to investigate the electrocatalytic oxidation of AC
at oppy-MWCNT modified electrode. The results show a
considerable increase in the corresponding peak current
(up to 6-times) together with a decrease in the peak
potential (∼110 mV). Differential pulse voltammetry (DPV)
was successfully used for the AC determinations in the
presence of AA and codeine. Effects of pyrrole and counter
ion concentration, potential, and number of cycles for
polymerization, volume of the casted MWCNT suspension,
and pH value of the test solution on the current response
of the modified electrode toward AC were investigated and
optimized. The prepared electrochemical sensor showed
some remarkable advantages, for example, low detection
limit, excellent reproducibility, and relatively wide linear
dynamic range.

2. Experimental

2.1. Chemicals. Multi-wall carbon nanotubes (MWCNT,
purity > 95%) with outer diameter less than 10 nm and
tubes length of 5–15 μm were prepared from Nanostructured
& Amorphous Materials (USA). Acetaminophen (AC) and
ascorbic acid (AA) were from Merck. Codeine was taken
kindly from Kharazmi drug Company. Hydroquinone sul-
fonic acid (HQSA) was purchased from Fluka and used
as counter ion, in the electropolymerization procedure.
Pyrrole and dimethylformamide (DMF) were purchased
from Merck. Stock solutions of AC were freshly prepared as
required in 0.1 M of appropriate buffer solutions. In these
experiments, 0.1 M acetate was used for preparation of pHs
4 and 5, and 0.1 M phosphate for pHs 3, 6, and 7. Aqueous
solutions were prepared using doubled distilled water, which
is prepared over the alkaline dilute permanganate solution.
All solutions were deaerated by purging with nitrogen gas
(99.999%) prior to each experiment. During the experi-
ments, nitrogen gas was passed over the surface of the test
solutions in order to avoid entrance of oxygen into the
solution.

2.2. Apparatus. All electrochemical measurements were per-
formed with a Metrohm Computrace Voltammetric Analyzer
(model 757 VA) instrument. An electrochemical cell with a
three-electrode configuration was used with a glassy carbon
electrode (3 mm diameter, Princeton Applied Research,
unmodified and/or modified) as working electrode. Counter
and reference electrodes were a pt wire and saturated
Ag/AgCl electrode, respectively.

A digital pH/mV/Ion meter (Metrohm, 827 pH lab)
was utilized for preparation of the buffer solutions, which
were used as supporting electrolyte in the voltammetric
experiments.

2.3. Preparation of the Modified Electrode. Besides the fact
that conducting polymers exhibit interesting properties, the
rate of their interconversion is usually slow, because of the
slow transport of counter ions into the polymer layer to
maintain the charge balance. It is found that nanotubular
structures are good candidates for realizing rapid switching
between redox states. For this purpose, the appropriate
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amount of pure MWCNT was functionalized under concen-
trated nitric acid treatment process for 24 hours in order to
obtain more edge sites and better dispersion of nanotubes
[27, 28]. After functionalization procedure, 1 mg of the
functionalized MWCNT (CNT-COOH) was dispersed in
1 mL of DMF solvent under ultrasonic agitation for 1 h prior
to use. Then a 15 μL of the dispersed CNTs was taken with a
microsyringe, and after casting on the electrode surface, the
electrode was heated in oven at 50◦c for 15 min. The elec-
trode was then kept in room temperature for 1 hour (named
MWCNT/GC electrode). The electrodeposition of the ppy
film on the surface of GC electrode precoated with CNT
was carried out from an aqueous solution containing 0.02 M
HQSA and 0.02 M pyrrole by potential cycling between 0.0 V
and +0.75 V (versus Ag/AgCl) at scan rates of 50 mVs−1 for a
total of five scans (Figure 1). Since the counter ion (HQSA)
appears as an electroactive species, as seen in Figure 1, the
corresponding redox peak currents are increased by pro-
gressing the electropolymerization procedure. The increase
in the redox peak current via polymerization reveals more
surface active area for the polymer-modified electrode. These
advantages for HQSA make it as an interesting counter ion
that affects various properties of the prepared conducting
polymer in its applications as an electrochemical sensor.
After the electropolymerization procedure, the electrode was
overoxidized by potential cycling between −0.2 V to 1.3 V
(versus Ag/AgCl) at scan rate of 100 mVs−1 for a total of thirty
scans in buffer solution of pH 7.0. This electrode recognized
as oppy/MWCNT/GCE in the following parts. On the other
hand, in comparison to ppy films on the bare GC electrode
formed under similar conditions, the polymer films on CNT
were notably less brittle and more adhesive to the electrode
surface.

3. Results and Discussion

3.1. AFM Studies on the Electrode Surface. It has been
reported that the overoxidation process on ppy films caused
the increase of the porosity of the polymer film and created
negative sites via carboxylate groups formed in its structure
[6]. In order to prove the effect of the overoxidation on the
porosity of the ppy film, the AFM images were obtained
for MWCNT/GCEs, coated with ppy and over oxidized
ppy. As can be seen in Figure 2, the overoxidation creates
some grooves and pores in polymer film, leading to increase
of the microscopic area of the electrode and facilitating
the interlayer diffusion of the analyte species. Therefore,
it can be predicted that by using this modified electrode,
higher sensitivities in the electrochemical responses can be
obtained.

3.2. Cyclic Voltammetric Studies. The electrochemical behav-
ior of AC was investigated by the means of cyclic voltam-
metry (CV) technique on the surface of different electrodes
including bare glassy carbon electrode (GC), glassy carbon
electrode coated with CNT (MWCNT/GC), and layer-by-
layer modified electrode (oppy/MWCNT/GCE), respectively.
As can be seen in Figure 3, the electrooxidation of AC is very
weak and totally irreversible on the surface of bare GC. On
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Figure 1: Consecutive cyclic voltammograms of (a) 0.02 M pyrrole
and 0.02 M HQSA during electropolymerization process and (b)
0.02 M HQSA.

the other hand, on the surface of the nanotube-modified
electrode (MWCNT/GCE), the peak current is remarkably
increased from about 11 μA to 68 μA (up to 6-times)
associated with a significant negative shift in the anodic peak
potential (∼110 mV). The investigations showed that the
anodic peak current for AC oxidation on the surface of the
oppy/MWCNT/GCE is about 1.5-times greater than that at
glassy carbon electrode coated with only a film of nanotube
(MWCNT/GCE). It means that the electropolymerization,
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Figure 2: AFM image of (a) ppy/MWCNT/GCE and (b) oppy/
MWCNT/GCE.

and consequently overoxidation process, increased the active
surface area of the electrode. On the other hand, by
application of the oppy/MWCNT modified electrode the
kinetics of the electron transfer for the electro-oxidation
of AC is considerably improved (Figure 3). The catalytic
activity of the modifier film caused a considerable decrease
in the activation overpotential, increasing the sharpness of
the waves and reversibility of the electrode process. It is
obvious that the roughness characteristic of the electrode
surface has a significant effect on the diffusion mechanism
into the porous modifier film. The results of investigations
showed that the overoxidized polymer on MWCNT/GCE has
a more porous structure in relation to ordinary polymer on
the surface of the MWCNT coated electrode. This improved
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Figure 3: Cyclic voltammograms of various electrodes; bare GCE
(—), CNT-GCE (· · · ), and oppy/MWCNT/GCE (- - -). (a) 0.1 mM
AC and (b) buffer solution. Potential sweep rate was 100 mV s−1 and
supporting electrolyte was 0.1 M phosphate buffer solution of pH
7.0.

porosity enhances the diffusion of the analyte species via
interlayer diffusion through the modifier thin film [6, 29–
32]. A synergetic effect of the porosity of the overoxidized
polymer/nanotube and great edge sites in the structure of
functionalized MWCNT, which enhanced the catalytic effect
of nanotube [29–32], resulted in very sharp and reversible
voltammetric responses of AC.
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3.3. Effects of pH and Potential Sweep Rate. In order to
achieve the optimum pH for the anodic oxidation of
AC on the surface of oppy/MWCNT/GCE, the electro-
chemical behavior was investigated in various pHs of the
buffered solutions (pH = 3.0–7.0). From the results of cyclic
voltammetric investigations (data not shown) the modified
electrode shows electrochemical responses with very good
sensitivity and repeatability in physiological conditions of
pH 7.0. Since the more appropriate condition for analysis in
biological samples is pH 7.0, all experiments were performed
in phosphate buffer solutions of this pH as supporting
electrolyte. On the other hand, the negative shift in anodic
peak potential (Ep,a) with pH can be described by the
following equation:

Ep,a = + 0.8164 − 0.057pH

(
V versus

Ag
AgCl

)
. (1)

An experimental slope of −57 mV/pH was obtained
in these experiments that is close to the theoretical slope
(−59 mV/pH) for a classical Nernstian two-electron, two-
proton process. The difference between theoretical and
experimental slopes can be related to the quasireversible
mechanism.

The effect of potential sweep rate was also investigated
in a solution containing AC with pH 7.0. Obviously, the
oxidation process is controlled by adsorption as deduced
from the linear dependence of the anodic peak current (Ip,a)
on the potential scan rate (υ) over a wide range of potential
scan rates (from 5 to 400 mV s−1, data not shown).

3.4. Effect of the Thickness of Film Modifier. In order to
investigate the effect of film thickness on the electrochemical
responses toward AC, the parameters influencing the film
thickness including monomer and counter ion concentra-
tion, number of cycles during the electropolymerization,
and the volume of CNT suspension were investigated.
The optimum results (maximum peak currents for AC)
were obtained using following conditions: 15 μL of CNT
suspension, polymerization solution containing 0.02 M of
pyrrole and 0.02 M HSQA, and 7 consecutive cycles of
potential in the range of 0.00 to 0.75 V. The results showed
that the type of counter ion has a very important role in
the stability and conductivity of the polymer. In this regard,
the electrochemical responses of the modified electrode
incorporating HSQA were compared with the electrode
containing Cl− as an inorganic counter ion (Figure 4). The
response for polymer doped with HQSA is 2.5-times larger
than polymer doped with KCl. High stability of HQSA on
the surface of the electrode can be related to its aromatic
structure and effective π-π interactions with polymer. It
can be predicted that HQSA as an aromatic anion with 1
negative charge produced a polymer with better conductivity.
It was found that the electrochemical responses of AC on the
surface of oppy/MWCNT/GCE are decreased as the thickness
of the film increased. On the other hand, by increasing the
thickness of the polymer film, the capacitive background
current is increased, which caused higher detection limit in
voltammetric measurements. From these observations, it can
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Figure 4: Cyclic voltammograms of 0.1 mM AC on the surface of
oppy/MWCNT/GCE in pH = 7 various polymerization counter
ion; KCl (dotted line), and HQSA (solid line).

be concluded that the polymer layer with high thickness,
which was formed on the surface of the CNT-coated GC
electrode, makes the electrode surface passive and caused
to some extent weakening the voltammetric responses. Our
investigations with GCE coated with various amounts of
CNT (μL of suspension casted on the electrode surface)
showed that the maximum sensitivity for the response
toward AC can be obtained with 15 μL of CNT suspension. A
higher volume of suspension is caused to some inappropriate
mechanical properties and decreased the adherence of the
CNT film on the GCE surface. Therefore, a polymer-coated
electrode with the above-mentioned optimum condition
for the electropolymerization was chosen as the modified
electrode in all voltammetric studies.

3.5. Voltammetric Response toward Ascorbic Acid. In the
electrochemical investigations of AC in clinical preparations,
presence of some potentially interfering compounds, espe-
cially ascorbic acid (AA), is considered as a significant prob-
lem in the accuracy of the determinations. This compound
generally shows overlapping signals on the surface of most
chemically modified electrodes, which limit the analytical
applicability of the sensors.

In order to investigate the effect of AA on the response
of the modified electrode, the cyclic voltammograms were
recorded at various electrodes in buffer solutions of pH
7.0. As can be seen in Figure 5, a totally irreversible
voltammetric response is resulted on the surface of bare
GCE with a peak potential of 312 mV. On the surface of
GCE coated with MWCNT, this peak is shifted to slightly
less anodic potentials and the corresponding peak current
is considerably increased. Based on this evident, AA must
be considered as a serious interference in the determination
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Figure 5: Cyclic voltammograms of 1 mM AA in phosphate buffer
solution of pH 7.0 on the surface of various electrodes; bare
GCE (solid line), CNT-GCE (dotted line), and oppy/MWCNT/GCE
(dashed line). Potential sweep rate was 100 mV s−1.

of AC using these electrodes. On the other hand, on
the surface of the oppy/MWCNT/GCE the voltammetric
response of AA completely disappeared. Such a behavior
was previously reported on the surface of the GCE coated
with ppy doped with multivalent organic anions such as
congo-red in determination of dopamine [33] and tiron in
determination of uric acid [9] in solutions with pH ≥ 5.0.
It is clear that AA with a pKa of 4.17 can exist mainly
as anionic form in the experimental conditions (pH 7.0)
and therefore, has repulsive interaction with the anionic
sites of the film-modified electrode. On the other hand,
the presence of the carboxyl groups in the structure of
the overoxidized polymer film, in addition to the presence
of the HQSA anion, creates highly negative charge density
that exclude anionic analyte species, like AA [6]. The
induced charge discrimination by the modifier film makes
the electrode suitable for simultaneous determination of AC
in the presence of high concentrations of AA.

3.6. Analytical Characterization. Under the optimized con-
ditions, the DPV of various concentrations of AC were
recorded in buffered solutions of pH 7.0 using an optimized
accumulation time of 120 s (Figure 6). The calibration curve
of the anodic peak current for solutions containing different
amounts of AC is constructed and two linear ranges of 2 ×
10−7–6 × 10−6 M and 4 × 10−5–1 × 10−4 M are obtained
with correlation coefficients (R2) of 0.9959 and 0.9947 and
slopes of 22.01 μA/μM and 0.7257 μA/μM, respectively. The
reason for changing the slope is creation of a monolayer of
accumulated AC at the surface of modified electrode, so for
more accumulation on the surface of this new surface the
slope of electrode will change. In these measurements, based
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Figure 6: Differential pulse voltammograms of 0.1 M phosphate
buffer solution containing various concentrations of AC (down to
up); (a) 0.2, 0.4, 0.5, 0.6, 0.8, 1, 2, 4, 5, and 6 and (b) 40, 50, 60, 80,
and 100 μM AC. Pulse amplitude was 50 mV. Accumulation time
was 120 s.

upon linear extrapolation of the first range of the calibration
curve [34], a theoretical detection limit (S/N = 3) of 5 ×
10−8 M is resulted for the voltammetric determination of AC.

AC, as an analgesics drug, often used in the presence of
other drugs like, aspirin, cetirzine, tramadol, and codeine.
Results of the present work showed that none of these
pharmaceuticals interfere with AC signal on the surface of the
prepared modified electrode (Figure 7). In this work cyclic
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Figure 7: Cyclic voltammograms of (a) 0.1 mM of several drugs: tramadol, cetirzine, aspirin, codeine, and AC on the surface of
oppy/MWCNT/GCE, (b) mixture solution containing 1 mM of AA, AC, and codeine on the surface of bare GCE (solid line), CNT-GCE
(dotted line), and oppy/MWCNT/GCE (dashed line). Supporting electrolyte was phosphate buffer solution of pH 7.0 and potential sweep
rate was 100 mV s−1.

voltammograms of AC in the presence of codeine and AA
are compared on the surface of three different electrodes:
bare GCE, CNT-GCE, and oppy/MWCNT/GCE. As can be
seen in Figure 7(b), remarkable enhancements in the peak
current and reversibility of AC is resulted on the surface
of the modified electrode. Also, a complete resolution of
its peak from codeine signal and masking the effect of
AA response is obtained by applying the oppy/MWCNT
modified electrode. The results represent the applicability
of the prepared modified electrode for AC determinations
with good accuracy in the presence of other common
pharmaceuticals.

The DPV of various concentrations of AC in the presence
of a constant amount of codeine (1× 10−4 M) are recorded in
buffered solutions of pH 7.0 in the optimized accumulation
time (120 s, Figure 8(a)). The calibration curve of the
anodic peak current versus the concentration of AC (in
the presence of a constant amount of codeine) showed a
linear behavior in the range of 2 × 10−7to 5 × 10−6 M
with a correlation coefficient (R2) of 0.994 and a slope of
5.1458 μA/μM. Since AC and codeine both adsorb on the
surface of the electrode, the competition for the adsorption
caused to decrease the response sensitivity toward AC.
The investigations showed that the sensitivity of electrode
response toward AC decreased with a factor of 5 in the
presence of codeine. However, the determination method
still has a good detection limit about 6 × 10−8 M that

makes the modified electrode a very good sensor for AC
determinations in the pharmaceutical preparations.

Standard addition is performed by spiking various
concentrations of AC in the range of 0.2 to 3 μM to a fixed
amount tablet sample. The calibration curve is obtained by
plotting the peak current versus the spiked concentrations of
AC. The resulted plot is compared with the plot obtained by
addition of same concentrations of AC and constant amount
of codeine to the buffer solution (Figure 8(b)). The results
represent a very good accuracy for the determination of AC
using the modified electrode. It means that the tablet matrix
would not interfere in the voltammetric determination of
AC. The results of the determinations in the presence
of codeine (in the concentration range used in medical
applications) represent a good recovery more than 95% for
AC.

One of the remarkable advantages of the presented
method is its low detection limit, which is obtained as
0.05 μM for AC. The prepared electrode showed highly
sensitive responses toward AC in solutions with a pH near
to physiological conditions (pH 7). Moreover, the prepared
modified electrode showed very stable responses leading to a
very good reproducibility that makes it a very sensitive and
selective tool in determination of trace amounts of AC in
pharmaceutical preparations. In this regard, Figure 9 shows
the replicates DPVs during a day (a) and repetitive DPV
measurements during 4 days (b) for 0.5 μM AC.
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Figure 8: (a) Differential pulse voltammograms of 0.1 M phosphate
buffer solution containing various concentrations of AC (down
to up); 0.2, 0.5, 0.8, 1, 2, 3, 5 μM AC in the presence of 1 ×
10−4 M codeine. (b) Linear calibration curve of the anodic peak
current versus AC concentration added to (•) 0.1 M phosphate
buffer solution of pH 7.0 and constant amount of codeine, (◦) AC
tablet solution buffered in same pH.

Comparison with the analytical characteristics of the
previous reports for AC determinations showed that the
prepared modified electrode in the present work has a good
detection limit with a relatively wide linear dynamic range.
In the other hand, most of the sensors have been used for the
determination of AC alone. However, the prepared modified
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Figure 9: Four repetitive DPVs of 0.5 μM AC on the surface of
oppy/MWCNT/GCE during (a) one day and (b) four days. Potential
sweep rate was 100 mV s−1 and supporting electrolyte was 0.1 M
phosphate buffer solution of pH 7.0.

electrode in this work can be successfully applied for the
determination of AC in the presence of codeine with a low
detection limit. Also, our investigations showed that other
analgesics such as cetirizine, tramadol, and aspirin did not
interfere in the voltammetric determinations of AC using the
prepared modified electrode (Table 1).
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Table 1: Voltammetric response characteristics of the oppy/MWCNT/GCE toward AC in comparison to other reported electrodes.

Electrode Linear range (μM) Detection limit (μM) In the presence of other analytes reference

Gold nanoparticle modified CPE 0.6–500 0.3 Alone [25]

Nanopolypyrrole modified GCE 0.3–1.6 0.25 Alone [20]

Poly(taurine)/MWCNT/GCE 1–100 0.5 Alone [18]

Nano-TiO2/polymer/GCE 12–120 2 Dopamine [19]

MWCNT/basal plane PGE 0.01–2 and 2–20 0.01 Alone [21]

Carbon film resistor 0.8–500 0.1 Alone [24]

SWCNT/dicetyl phosphate film /GCE 0.1–20 0.04 Alone [22]

PANI-MWCNT composite/GCE 1–100 and 250–2000 0.25 Alone [23]

Hematoxylin biosensor 12–59 and 59–262 NR Noradrenaline [26]

Thionine MWCNT 0.1–100 0.05 AA and Izoniazid [27]

oppy/MWCNT/GCE 0.1–100 0.05 AA and codeine This work

4. Conclusions

In this study, we have first introduced a new kind of counter
ion for pyrrole polymerization that its redox behavior
can show the surface enhancement during polymerization
process. In the other hand, we present a good sensor with
high sensitivity and quality for AC determination in the
presence of codeine and ascorbic acid. This sensor shows an
electrocatalytic behavior which leads to a significant increase
in the peak current (11 to 68 μA) and a great decrease in
the peak potential (∼110 mV). All these observations, as
well as other properties, such as excellent reproducibility,
low detection limit, and charge repulsion toward AA on
overoxidized polypyrrole film, make the modified electrode
very useful in construction of a simple device for the
determination of AC in pharmaceutical preparations.
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We describe an approach for E. coli bacteria detection using an electrochemical immunosensor. The immunosensor was based on
functionalized magnetic nanoparticles immobilized onto bare gold electrode. Cyclic voltammetry and impedance spectroscopy
was performed before and after magnetic nanoparticles deposition. The magnetic nanoparticles functionalized with anti-E. coli
polyclonal antibody were used for bacteria detection. Lytic T4-phage was used to confirm the success recognition of bacteria
with the developed immunosensor. The specificity of the immunosensor was tested against Enterococcus faecium bacteria. A limit
detection of 103 CFU/mL E. coli bacteria was obtained with a good reproducibility.

1. Introduction

One of the principal characteristics of E. coli bacteria was
their genotypes diversity responsible for diseases. These E.
coli genotypes called pathotypes lead too much dangerous
pathology which affects human and animal species. Cur-
rently, we can identify six intestinal pathotypes and two
extraintestinal pathotypes agreed by the scientific commu-
nity [1–3]. Among them, we can cite enterotoxigenic E.
coli (ETEc) which is frequently an agent of human and
animal diarrhea; 600 million cases of human diarrhea and
800.000 worldwide deaths principally in children under the
age of five years [4] were attributed to (ETEC) infections.
The EPEC infection leads to aqueous diarrhea with some
associated pathologic manifestation as vomiting, fever, and
dehydration [5–7]. The enteroaggregative E. coli (EAEc)
pathology was described as watery diarrhea with the presence
of abdominal spasms but no fever. It shows no invasion
of blood vessels, but it is marked by persistent rashes and
chronic watery diarrhea. Small outbreaks have been recorded
both in industrialized countries than in developing countries
[8–12].

Toward these inflectional menaces, food contamination
is controlled by rigorous legislations [13], and foodborne

safety was presented as preventive solution allowing avoid-
ing E. coli diseases. This is why bacterial detection and
recognition are principal aims of the health strategies.
Conventional methods for E. coli detection were based on
bacterial culture and colony counting [14], this way requires
24 h to yield results and can require up to 7 days for other
bacterial strains [15, 16]. However, biosensors are currently
imposed as powerful analytical tools which yield together
sensitivity, specificity, and real-time detection. Several suc-
cessful biosensors for microbial agent were developed [17–
22], among them are impedimetric biosensors [23, 24].
Magnetic nanoparticles were widely used in the biosensors
conceptions [25]. They carry the advantage of increasing
the ratio surface/volume, and also it is easy to immobilize
to any electrode surface by applying a magnetic field. In
previous works, authors were interested in exploiting the
high specific interaction between bacteriophages and their
target bacteria using various transducers [26]. Lytic phage
can be used as a specific bioreceptor allowing bacterial
recognition, where the phage-bacteria detection generates
dual impedimetric behavior. The first one is corresponding
to bacteria immobilization and shows impedance increase,
and the second behavior is awarded to bacterial lysis which
shows impedance decrease [27]. In this work, we used
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T4 phages as free bioreceptor allowing E. coli bacteria
detection as a second tool for our biosensing strategy.
Functionalized magnetic nanoparticles immobilized onto a
bare gold electrode were used as an immunosensor. Cyclic
voltammetry and impedance spectroscopy was performed
before and after magnetic nanoparticles deposition. T4-
phage was used to confirm the success recognition of bacteria
with the developed immunosensor. The specificity of the
immunosensor was tested against nonspecific Enterococcus
faecium bacteria.

2. Experimental Setup

2.1. Reagents and Apparatus. The used antibody is goat
polyclonal IgG anti-E. coli (ab13627) purchased from Abcam
(UK). A phosphate buffer solution (PBS) of 5 μg mL−1

of antibody with pH = 7.2 was prepared. The magnetic
beads used are supplied by Sigma Aldrich (France). They
are composed of iron oxide particles coated with a poly-
mer and grafted by COOH groups, and their diameter
is about 200 nm. All other materials, including 1-ethyl-3-
(3-(dimethylamino)-propyl) carbodiimide (EDC) (Aldrich)
and N-hydroxy succinimide (NHS) (Aldrich), were used as
supplied.

The buffer solution used was phosphate-buffered saline
(PBS) containing 140 mM NaCl, 2.7 mM KCl, 0.1 Mm
Na2HPO4, and 1.8 mM KH2PO4, at pH 7.2. This solution
was added by a redox couple [Fe(CN)6]−4/−3 (5 mM)
(ox/red) and used for cyclic voltammetry and impedance
spectroscopy. All reagents were of analytical grade, and
ultrapure water (resistance ≥ 18.2 MΩ·cm−1) produced by
a Millipore Milli-Q system was used.

2.2. Bacterial Culture. E. coli cells were grown in LB broth
or on LB agar plates, and Enterococcus faecium cells were
grown in BHI broth or on BHI agar plates. High titer of
bacteria suspension was prepared as follows: liquid culture
mediums were inoculated by 100 μL of preculture solution
and cultivated at 37◦C for 8–10 h. Centrifuge the cells at
6200 rpm for 5 min, wash the cells twice, and resuspend
the cells in sterile PBS. Determine the viable cells and
bacterial concentration with spread-plate technique. The
optical density OD of the bacterial culture has been measured
for the determination of bacterial growth stationary phase.

2.3. Phage Culture. The E. coli K12 liquid culture mediums
were inoculated at exponential phase with 500 μL of phage-
T4 solution and were incubated at 37◦C in a rotary shaker
(200 rpm) for three hours. Chloroform was added to final
concentration of 10% and kept at 4◦C for 20 min before
centrifugation at 4◦C (19000 g). Double-layer plates of each
phage dilutions were prepared to give confluent lysis of the
indicator strain E. coli K12. This allows us to determine the
phage concentration in PFU.

2.4. Gold Cleaning. Gold substrates were provided by the
Neuchatel Institute (Switzerland). They were fabricated
using standard silicon technologies. (100)-oriented, P-type
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Figure 1: Cyclic voltammograms of (a) bare gold electrode; (b) bare
gold electrode/magnetic beads. In presence of a 5 mM redox, probe
K3[Fe(CN)6]/K4[Fe(CN)6] versus SCE.

(3–5Ω·cm) silicon wafers were thermally oxidized to grow
an 800 nm-thick field oxide. Then, a 30 nm thick titanium
layer and a 300 nm-thick gold top layer were deposited
by evaporation under vacuum. Before modification, the
gold electrodes were cleaned in acetone solution for 20 min
with ultrasonic bath. After that, they were dried under a
nitrogen flow and then dipped for 10 min into “piranha
solution” 7 : 3 (v/v) 96% H2SO4/30% H2O2. Finally, the gold
substrates were rinsed 2 to 3 times with ultrapure water and
immediately immersed in an ethanol solution and finally
dried under nitrogen flow.

2.5. Magnetic Nanoparticles Functionalization. The stock
solution of carboxylic magnetic nanoparticles was diluted in
ultrapure water. A volume of 40 μL of the diluted solution
of nanoparticles was injected onto a cleaned gold electrode
already positioned in an electrochemical cell. A magnetic
field of 300 mT was applied during all the measurements
using a cylindrical magnet. The magnetic nanoparticles
layer was formed on the gold surface. The immobilized
nanoparticles were treated with 0.4 Mm EDC-0.1 mM NHS
for 1 h to convert the terminal carboxylic groups to an active
NHS ester. The polyclonal antibodies solution (5 μg mL−1)
was dropped on the gold surface for 1 h at room temperature.
Modified electrode was finally treated by BSA solution (1%)
to block the nonspecific sites.

2.6. Cyclic Voltammetry. The deposition of magnetic na-
noparticles onto gold electrode was checked with cyclic
voltammetry. Measurements were recorded in PBS solution
with redox couple ([Fe(CN)6]−4/−3), using a scanning poten-
tial sweep from −700 mV to 700 mV with a scan rate of
100 mV/s.
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Figure 2: Impedance spectra of (a) bare gold electrode; (b) bare
gold electrode functionalized with magnetic nanoparticles.

2.7. Electrochemical Impedance Spectroscopy. Conventional
electrochemical cell with a three-electrode configuration was
used to measure impedance spectroscopy. Modified gold
electrode was considered as working electrode (0.11 cm2), a
platinum electrode (0.54 cm2) as the counterelectrode, and a
saturated calomel electrode (SCE) as the reference electrode.
The impedance spectra were recorded in a frequency range
from 50 mHz to 100 kHz, and apparatus used in all elec-
trochemical measurements is an Autolab 302N impedance
analyser (Ecochemie, The Netherlands) equipped with the
NOVA1.4 acquisition software.

3. Results and Discussions

3.1. Characterization of Magnetic Nanoparticles Layer

3.1.1. Cyclic Voltammetry. Figure 1 shows the cyclic voltam-
metry measurement of bare gold surface before and after
magnetic nanoparticles immobilization. A reversible voltam-
mogram corresponding to a bare cleaned gold electrode
can be observed. The two observed peaks correspond to
the oxydoreduction potential of the used redox couple
[Fe(CN)6]−4/−3. The success immobilization of magnetic
nanoparticles was confirmed with the increase of the current.
This indicates that the resistance decreases due to the
presence of the magnetic beads covering the electrode.

3.1.2. Electrochemical Impedance Spectroscopy. Figure 2
shows the electrochemical impedance spectra of gold bare
electrode before and after the deposition of magnetic nano-
particles layer at 0 V. The obtained spectra can be modelized
with an electric model shown in a previous work [19]. The
diameter of semicircle corresponds to the charge transfer
resistance of the electrode/electrolyte interface. The decrease
of the charge transfer resistance is due to the conductivity
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Figure 3: Impedance spectra of (a) bare gold electrode/magnetic
beads/polyclonal Ab anti-E. coli; (b) 103 CFU/mL; (c) 104 CFU/mL;
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Figure 4: Calibration curve: the variation of the absolute value of
|(LogZ − LogZ0)/LogZ0| versus bacteria concentration (CFU/mL)
at 233 mHz. The specific detection was with E. coli and nonspecific
detection with Enterococcus faecium bacteria.

increase at the gold-electrolyte interface after magnetic
nano-particles immobilization.

3.2. Bacteria Immunodetection. The immunodetection of
E. coli bacteria was performed in an electrochemical cell
containing sterile PBS. Different volumes corresponding to
different bacterial concentrations in CFU/mL were injected.
Figure 3 shows the impedance spectra obtained after dif-
ferent bacteria concentrations injection (between 103 and
108 CFU/mL). The decrease of the charge transfer resistance
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Figure 5: Variation of the absolute value of |(LogZ −
LogZ0)/LogZ0| after phage injection versus time at a fixed
frequency of 233 mHz. E. coli bacteria concentration is 107 CFU/
mL.

is due to the specific bacteria recognition. The resistance
decreases gradually as the bacteria concentration increases.
This decrease is different from the previous results obtained
without magnetic nanoparticles [27] where we have an
impedance increase. A saturation behavior was reached at a
concentration of 107 CFU/mL.

A calibration curve was obtained by calculating the
absolute value of (LogZ−LogZ0)/LogZ0 at a fixed frequency
(233 mHz), where Z is the value of the impedance after
bacteria binding to antibody, Z0 is the value of impedance
only with the antibody. Figure 4 shows a linear increase of
the absolute value of the impedance and a beginning of
saturation for higher bacteria concentrations. The detection
limit of 103 CFU/mL was obtained with a good reproducibil-
ity. The negative test was performed by injecting several
concentrations of Enterococcus faecium bacteria. The absence
of any significant change confirms the specificity of the
developed immunosensor.

3.3. T4-Phage Injection. We used lytic phage (T4-phage) as
second recognition to confirm the previous signal gener-
ated by the immunosensor. For this purpose, we inject a
concentration (107 CFU/mL) of T4 phage onto the func-
tionalized gold electrode after E. coli recognition. A 50 μL
of T4 phage solution was introduced into electrochemical
cell where immunosensor was already saturated with the
bacteria (107 CFU/mL). As it is shown in Figure 5, a stable
impedimetric behavior was recorded, while after 15 min, a
strong decrease of the absolute value of the impedance was
observed. This kinetic behavior is typical for phage-bacteria
interaction [27] and confirms the immunosensing results.

4. Conclusion

In this work, we describe an approach for E. coli bacteria
detection using immunosensor based on functionalized

magnetic nanoparticles immobilized onto a bare gold elec-
trode. Cyclic voltammetry and impedance spectroscopy was
performed before and after magnetic nanoparticles de-
position. The magnetic nanoparticles functionalized with
polyclonal antibody were used for E. coli detection. T4-
phage was used to confirm the success recognition of
bacteria by the developed immunosensor. The specificity of
the immunosensor was tested against Enterococcus faecium
bacteria. A limit detection of 10+03 CFU/mL was obtained
with a good reproducibility. For future work, interdigitated
microelectrodes arrays integrated in microfluidic cell will be
used to perform limit detection and sensitivity.
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We present a comparison between two biosensors for hydrogen peroxide (H2O2) detection. The first biosensor was developed
by the immobilization of Horseradish Peroxidase (HRP) enzyme on thiol-modified gold electrode. The second biosensor was
developed by the immobilization of cysteamine functionalizing palladium nanoparticles on modified gold surface. The amino
groups can be activated with glutaraldehyde for horseradish peroxidase immobilization. The detection of hydrogen peroxide was
successfully observed in PBS for both biosensors using the cyclic voltammetry and the chronoamperometry techniques. The results
show that the limit detection depends on the large surface-to-volume ratio attained with palladium nanoparticles. The second
biosensor presents a better detection limit of 7.5 μM in comparison with the first one which is equal to 75 μM.

1. Introduction

The scope of H2O2 is very broad in our days, it affects
many areas like chemistry [1], food industries [2], clini-
cal applications, and environmental chemistry [3]. Many
determinations methods of hydrogen peroxide have been
developed using titrimetry [4, 5], spectrophotometry [4, 6],
chemiluminescence [4, 7], and electrochemical [2, 4, 8–10].
The first three techniques reveal inaccuracy and are complex
and expensive [10]. Besides, the electrochemical methods are
very selective, sensitive, and illustrate low detection limits for
hydrogen peroxide [2, 8, 11].

Between numerous enzymes, horseradish peroxidase
(HRP) has commonly been chosen to detect H2O2 due to
the easy availability in high purity and low cost [12–14].
Nanoparticles have received considerable attention in these
last years. Nanoparticles can bring many advantages when
they are immobilized on an electrode surface. They have
a large surface-to-volume ratio which contributes to the
probability of electrocatalytic activity [9, 15, 16]. Palladium
nanoparticles with small size (1 nm) were used due to
their higher electron conductivity. In this present work,
two biosensors were developed for hydrogen peroxide

detection. The first biosensor was developed by the immo-
bilization of Horseradish Peroxidase (HRP) enzyme on thiol
modified gold electrode. The second biosensor was devel-
oped by the immobilization of cysteamine functionalizing
palladium nanoparticles on modified gold surface. The
detection of hydrogen peroxide was successfully observed in
PBS for both biosensors using the cyclic voltammetry and
the chronoamperometry techniques. The results show that
the limit detection depends on the large surface-to-volume
ratio attained with small palladium nanoparticles.

2. Experimental Setup

2.1. Reagents. All chemicals were commercially available
and used as received. The Palladium acetate was purchased
from Strem Chemicals (USA). Horseradish peroxidase, n-
dodecyl sulfide, 16-mercaptohexadecanoic acid (MHDA)
90%, cystaminedihydrochloride, 1-ethyl-3-(3-(dimethylam-
ino)-propyl) carbodiimide (EDC), and N-hydroxy succin-
imide (NHS) were purchased from Sigma Aldrich (USA).
The buffer solution used for all experiments was phosphate
buffered saline (PBS) containing 140 mM NaCl, 2.7 mM
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Figure 1: (a) Cyclic voltammogram of gold electrode and gold electrode with thiol acid. (b) Cyclic voltammogram of gold electrode with
palladium nanoparticles and gold electrode with palladium nanoparticles with HRP.

KCl, 0.1 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.0, and the
redox couple Fe(CN)6

3−/Fe(CN)6
4− at 5 mM concentration.

All reagents were of analytical grade and ultrapure water
(resistance, 18.2 MΩ·cm−1) produced by a Millipore Milli-
Q system was used throughout.

2.2. Instrumentation. Cyclic voltammetry and chronoampe-
rometry measurement were performed at room temperature
in a conventional voltammetric cell with a three elec-
trode configuration using Autolab impedance analyzer (Eco-
chemie, The Netherlands). The gold electrode (0.16 cm2) was
used as working electrode, platinum (1 cm2) and Ag/AgCl
electrodes were used as counter and reference electrodes,
respectively. All the electrochemical measurement were car-
ried out in PBS at pH 7.0 with 5 mM Fe(CN)6

3−/Fe(CN)6
4−

and in Faraday cage.

2.3. Sensors Development. For the first biosensor, the gold
electrode was immersed in an ethanol solution containing
1 mM of MHDA for 12 hours at room temperature. The
treated electrode was then immersed in a solution of EDC
(0.4 mM) and NHS (0.1 mM) for 1 h. A drop of HRP solution
with a concentration of 100 μg/mL was deposited on the
treated electrode for 1 hour. Then, a drop of a 1% BSA
solution was added on the substrate for 30 min to block the
free spaces between the enzyme and the SAM.

For the second biosensor, gold electrode was immersed
in 1 mM of MHDA solution for 12 h, then activated
with EDC and NHS for 1 h. After that, the electrode was
immersed in a solution of Pd nanoparticles (1 nm size)
functionalized previously with cysteamine dihydrochloride
for 12 hours. The amine-thiol groups can be activated by
immersing the substrate in PBS solution containing 5%
(v/v) glutaraldehyde (GA) for 2 h. After rinsing with PBS,
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Figure 2: Cyclic voltammogram of gold electrode with palladium
nanoparticles functionalized with HRP with 1,5 mM H2O2.

a solution of HRP (100 μg/mL) was added onto the surface
for 1 hour to achieve the base reaction between the aldehyde
group and the amino group of the enzyme. Then, a drop of
a 1% BSA solution was added on the substrate for 1 hour to
block the unspecific sites.

3. Results and Discussions

The synthesis and morphological characterization of Pd
nanoparticles have been discussed elsewhere [17]. Cyclic
voltammetry is a convenient methodology for studying
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Figure 3: (a) Chronoamperometry curve of gold electrode with thiol acid and with Pd NPs and with HRP. (b) Calibration curve of gold
electrode with thiol acid and Pd NPs and HRP (squares) and gold electrode with thiol acid and HRP and BSA (triangles) with different
concentrations of H2O2.

the kinetics of an oxidation reduction reaction and the
electrical properties of material in electrolyte interface.
Figure 1(a) shows a typical cyclic voltammogram of the
bare gold electrode, where a two peaks correspond to the
ferrocyanide redox couples. After thiol deposition, the two
current peaks disappeared showing the high insulating
properties of the thiol monolayer. After the palladium
nanoparticles deposition, the current decreases gradually
due to the insulating properties of cysteamine covering
the nanoparticles. The same behavior was obtained after
HRP immobilization (Figure 1(b)). Figure 2 shows a cyclic
voltammogram of the gold electrode functionalized with
palladium nanoparticles and with HRP molecule before
and after injection of H2O2 (1.5 mM). Upon the addition
of the hydrogen peroxide to the electrochemical cell, the
reduction peak (at −200 mV) appears, showing a typical
electron transfer between the H2O2 and the HRP molecule
[14]:

H2O2 + HRPred −→ HRPox + H2O

HRPox + 2e− −→ HRPred

(1)

The chronoamperometry can be used to explore the current
response of the biosensor in presence of the hydrogen
peroxide. Figure 3(a) shows the chronoamperometry curve
of functionalized electrode with palladium nanoparticles
with HRP at a fixed potential −200 mV after H2O2

injections. The current increases with increasing H2O2

concentration. Figure 3(b) shows the current time curves
of the two biosensors exposed to different concentration of
hydrogen peroxide. The addition of the hydrogen peroxide
to the buffer solution increases the steady state current.
The curves were represented by a linear regression and a best

sensitivity was obtained with palladium nanoparticles. A
limit detection of 75 μM and 7.5 μM H2O2 was obtained
with a good reproductibility for the first and the second
biosensors, respectively. This difference in sensitivity and
limit detection were due to the large surface to volume
ratio given by the palladium nanoparticles. Moreover, the
small size of nanoparticles (1 nm) increases the electron
confinement in palladium which induces a higher electric
conductivity, thus, an easier electron exchange.

4. Conclusion

In this paper, we present a comparison between two new
biosensors for the detection of hydrogen peroxide (H2O2).
The first biosensor was developed by the immobilization of
Horseradish Peroxidase (HRP) enzyme on thiol modified
gold electrode. The second biosensor was developed by
the immobilization of cysteamine functionalizing palladium
nanoparticles on modified gold surface. The amino-groups
can be activated with glutaraldehyde for horseradish perox-
idase immobilization. The detection of hydrogen peroxide
was successfully observed in PBS for both biosensors using
the cyclic voltammetry and the chronoamperometry tech-
niques. The results show that the biosensor response depends
on the conductivity and the large surface-to-volume ratio
attained with palladium nanoparticles.
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A sensitive electrochemical DNA biosensor was prepared based on mercaptoacetic acid (MAA)/gold nanoparticles (AuNPs)
modified electrode. Probe DNA (NH2-DNA) was covalently linked to the carboxyl group of MAA in the presence of 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC) and N-hydroxyl-succinimide (NHS). Scanning electron microscopy
(SEM) and electrochemical impedance spectra (EIS) were used to investigate the film assembly process. The DNA hybridization
events were monitored by differential pulse voltammetry (DPV), and adriamycin was used as the electrochemical indicator. Also
the factors influencing the performance of the DNA hybridization were investigated in detail. Under the optimal conditions, the
signal was linearly changed with target DNA concentration increased from 5.0 × 10−13 to 1.0 × 10−9 M and had a detection limit
of 1.7 × 10−13 M (signal/noise ratio of 3). In addition, the DNA biosensor showed good reproducibility and stability during DNA
assay.

1. Introduction

Nowadays, specific sequences DNA detection has become
a most important research field due to its application in
disease diagnosis, drug screening, epidemic prevention, and
environmental protection [1–3]. Many methods have been
used for DNA detection including optics [4, 5], piezoelec-
tricity [6], surface plasmon resonance spectroscopy [7], and
electrochemistry [8–11]. Among them, it should be noted
that electrochemical DNA sensor is a promising candidate
because of its simple, rapid, inexpensive, high sensitivity and
selectivity.

AuNPs are well-known low-dimensional functional
materials with large surface-to-volume ratios and biocom-
patibility with biosystem. So it is often used for DNA
biosensor material. Zhang et al. [12] and Zhang et al. [13, 14]
have fabricated some AuNPs-based electrochemical DNA
sensors. Wang and his coworkers have invented a DNA

biosensor based on amplified voltammetric detection of
DNA hybridization via oxidation of ferrocene caps on gold
nanoparticle/streptavidin conjugates [15]. Abouzar and his
coworkers have developed a label-free electrical detection
of DNA hybridization functionalized with AuNPs [16]. Our
groups have fabricated several DNA biosensor based on
AuNPs amplification [17–19]. Castañeda et al. have a review
on electrochemical sensing of DNA using AuNPs [20].

In the present paper, we fabricate an electrochemical
DNA biosensor for detection of E. coli sequence with
the amplification of gold nanoparticles. AuNPs were firstly
electrodeposited on the surface of the gold electrode. And the
modified AuNPs were used to increase the electrode surface
area for more binding amount of MAA so as to enhance
the immobilization amount of probe DNA. DPV was used
to monitor DNA hybridization event by measurement of the
intercalated adriamycin. This DNA biosensor shows a higher
sensitivity and selectivity.
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2. Experiment

2.1. Materials. Adriamycin, MAA, sodium dodecyl sulfate
(SDS), EDC, and NHS were purchased from Alfa Aesar
(Tianjing, China). HAuCl4·4H2O was obtained from Shang-
hai Chemical Reagent Co., Ltd. Sodium hydroxide and
Phosphate were obtained from Nanjing Chemical Reagent
(Nanjing, China). Various oligonucleotides were purchased
from Shanghai Sangon Bioengineering Technology & Ser-
vices Co., Ltd. (Shanghai, China). And their sequences are
as follows.

Probe Sequence. 5′-NH2-GAG CGG CGC AAC ATT TCA
GGT CGA-3′.

Complementary Sequence. 5′-TCG ACC TGA AAT GTT
GCG CCG CTC-3′.

Noncomplementary Sequence. 5′-AGC TGG ACT TTA CAA
CGC GGC GAG-3′.

Single-Base Mismatched Sequence. 5′-TCG ACC TGA AAC
GTT GCG CCG CTC-3′.

Stock solutions of oligonucleotides were prepared with
0.01 M phosphate buffer solution (PBS, pH 7.40) and stored
in a freezer. The following buffer solutions were used:
hybridization buffer solution (0.1 M NaCl + 0.01 M PBS,
pH 7.40) and electrochemical test solution (0.01 M PBS,
pH 7.40). All chemicals were of analytical grade and used
without further purification. All solutions were prepared
with twice-quartz-distilled water.

2.2. Apparatus. All electrochemical measurements such
as electrochemical impedance spectroscopy (EIS), cyclic
voltammetry (CV), and DPV were performed on a CHI 660A
electrochemical workstation (Shanghai Chenhua Instru-
ments Co., China). The three-electrode system was used
in the experiment with bare gold electrode or modified
electrode as working electrode, a saturated calomel electrode
(SCE) as reference electrode and platinum wire as counter
electrode. EIS was performed in 0.1 M KCl solution con-
taining 5.0 mM K4Fe(CN)6/K3Fe(CN)6 (pH 7.40) with the
frequency range between 0.1 and 100 kHz at the formal
potential of 0.115 V. CV and DPV were carried out in a
10 mL electrochemical cell with 5 mL solutions, from which
oxygen was removed by purging with high-purity nitrogen
for 20 min, and a blanket of nitrogen was maintained over
the solution during the measurements. The morphology of
AuNPs was obtained by scanning electron microscopy (SEM)
using a JEOLJSM-6700F microscope (Hitachi, Japan).

2.3. Preparation of ssDNA/MAA/AuNPs Modified Electrode.
Prior to modification, the bare gold electrode was firstly
polished to a mirror-like surface with gamma alumina
suspensions (1.0 μm, 0.25 μm and 0.05 μm, resp.). Then it
was rinsed with twice-quartz-distilled water and cleaned
ultrasonically sequentially in water and 95% ethanol for
3 min. Finally, the electrode was electrochemically cleaned
between −0.3 and +1.55 V in 0.5 M H2SO4 until a stable CV
was obtained.

AuNPs electrochemical deposition was performed in 2.0
× 10−3 M HAuCl4/0.2 M KNO3 solution and electrodeposi-
tion time is 50 s at −250 mV (versus SCE). The electrode was
denoted as AuNPs/Au. Then the AuNPs/Au electrode was
immersed into a 10.0 mM MAA for 4 h to form MAA film
through Au–S bond. The obtained electrode was denoted as
MAA/AuNPs/Au.

After the MAA/AuNPs/Au modified electrode was
immersed in a mixture of 5.0 mM EDC and 8.0 mM NHS
(pH 7.40) for 45 min, 8 μL of 1.0 × 10−5 M probe DNA
was dropped on the surface of MAA/AuNPs/Au and kept
it for 12 h at the room temperature. Finally, the probe
modified electrode was immersed into 0.1% SDS solution for
10 min to remove the unbound probe DNA. Thus the probe
DNA modified electrode was prepared, and it was denoted
ssDNA/MAA/AuNPs/Au.

2.4. Hybridization and Electrochemical Detection. The hy-
bridization experiment was carried out by immersing the
probe modified electrode into hybridization buffer solution
containing different concentrations of target DNA for 25
min at 37◦C. The hybridized electrode was then rinsed with
PBS containing 0.1% SDS to remove the unhybridized target
DNA. After that, it was incubated in 1.0× 10−6 M adriamycin
for 20 min, followed by rinsing with water and 0.01 M PBS
for three times to remove physically absorbed adriamycin.

The DNA hybridization was assessed with the DPV peak
current of intercalated adriamycin in pH 7.0 PBS, and the
concentration of complementary DNA was quantified by
peak current of adriamycin (ΔI), which was subtracted
from the reduction peak current generated at the ssDNA/
MAA/AuNPs modified electrode (ΔI = Ids-DNA − Iss-DNA).
DPV parameters were as follows: potential range: −0.45∼
−0.80 V; amplitude: 0.05 V; pulse width: 0.05 s; sample
width: 0.0167 s; pulse period: 0.2 s; quiet time: 2 s. The
schematic diagram of the DNA biosensor fabrication and
electrochemical detection is illustrated in Scheme 1.

3. Results and Discussion

3.1. Electrochemical Impedance Spectroscopy at Different
Modified Electrode. Impedance spectroscopy is an effective
method for probing the surface features of the modified
electrode. In EIS, the semicircle part at higher frequencies
corresponds to the electron transfer limited process or the
electron transfer resistance (Ret). The linear sect at lower fre-
quencies shows a controlled diffusion process. Figure 1 com-
pares the Nyquist plots of 5.0 mM K4Fe(CN)6/K3Fe(CN)6

at the different modified electrodes. When AuNPs were
electrodeposited on the surface of the gold electrode (curve
b), the Ret was decreased in contrast to the bare gold electrode
(curve a). The results could be rationalized by improved
electron transfer kinetics of redox probe on AuNPs modified
electrode. The assembly of MAA monolayer on electrode
surface induced a larger Ret (curve c) as compared with that
of AuNPs electrode due to the electrostatic repulsion between
the negative MAA and K4Fe(CN)6/K3Fe(CN)6. When the
MAA/AuNPs/Au surface was activated with EDC and NHS,
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Figure 1: Nyquist plots obtained at different modified electrode.
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ed MAA/AuNPs, (e) ss-DNA/MAA/AuNPs, and (f) ds-DNA/MAA/
AuNPs modified electrodes. The supporting electrolyte was 0.1 M
KCl solution containing 5.0 mM K4Fe(CN)6/K3Fe(CN)6.

the Ret was evidently decreased because the content of car-
boxyl group was decreased (curve d). When the probe DNA
was covalently immobilized on the electrode surface, the
Ret is obviously increased because of the strong electrostatic
repulsion between the K4Fe(CN)6/K3Fe(CN)6 molecules and
the negative-charged phosphate skeletons of DNA (curve
e). After hybridization of the probe DNA with 1.0 ×
10−10 M complementary ssDNA, Ret was obviously increased
(curve f). Therefore, this impedance change indicated that
modification and DNA hybridization successfully occurred
on the electrode surface.

3.2. Optimization of DNA Assay Conditions. It is reported
that the morphology, magnitude, and distribution of AuNPs

could be controlled through controlling deposition time
or HAuCl4 concentrations [21]. In order to obtain an
optimization for DNA immobilization and hybridization,
in this work, magnitude and distribution of AuNPs was
performed by changing deposition time and keeping HAuCl4
concentrations a constant. Two different methods (SEM,
DPV) were used to investigate the optimization of Au
deposition time, respectively.

Figure 2(A) shows SEM images of AuNPs at different
periods of deposition time. It can be observed that morphol-
ogy and distribution of AuNPs was depended on deposition
time. When deposition time was 50 s, AuNPs are about 10 nm
and have the same size (b), when the deposition time reached
110 s, a large number of gold clusters were found and lead to
a very rough surface (c). Therefore, 50 s was the suitable for
AuNPs preparation from the views of uniform size, higher
density, and good shape.

The characteristic of AuNPs at different deposition time
was investigated by DPV using adriamycin as electroactive
indicator. Figure 2(B) shows the plot of the peak currents
of adriamycin dependence of deposition time. It could be
observed that peak current increased as deposition time from
0 to 50 s, and the peak current decreased slightly when the
deposition time exceeded 50 s. So 50 s was selected as the
optimal deposition time.

The amount of probe DNA immobilization on the
electrode surface is an important factor because the amount
of probe DNA directly influences the sensitivity of a DNA
biosensor [22]. Figure 3(a) shows the peak current of
adriamycin before and after hybridization dependence of
probe DNA amount. From Figure 3(a), we can observe the
peak current of adriamycin gradually increased with the
amount of probe DNA from 3 to 8 μL, and a slight decrease
when the amount of probe DNA is over 8 μL. Thus, 8 μL
probe DNA was selected in our experiments.

The accumulation time of electrochemical indicator is
another factor for sensitivity of DNA biosensor. Figure 3(b)
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Figure 2: (A) SEM images of AuNPs at various deposition time. (a) 0, (b) 50 s, (c) 110 s, Deposition potential is −250 mV (versus SCE). (B)
DPV responses of adriamycin dependence of deposition time. Electrochemical deposition was performed in 3.0 mM HAuCl4 at various times
(t = 0, 8, 16, 24, 32, 40, 48, 56, and 64 s). DPV measurement was performed in 0.01 M PBS (pH 7.40) containing 1.0 × 10−6 M adriamycin.
DPV parameters were as follows: potential range: −0.45∼−0.80 V; amplitude: 0.05 V; pulse width: 0.05 s; sample width: 0.0167 s; pulse
period: 0.2 s; quiet time: 2 s.

shows the reduction peak currents of adriamycin dependence
of the accumulation time. It could be seen that the peak cur-
rent increased significantly with the increasing accumulation
time from 5 to 20 min. When the accumulation time is higher
than 20 min, the peak current of adriamycin keeps constant
relatively. Therefore, 20 min was selected as the optimum
accumulation time.

Figure 3(c) shows the peak current of adriamycin depen-
dence of the hybridization time. From Figure 3(c), it could
be seen that the reduction peak currents of adriamycin
increased significantly as the hybridization time increased
from 5 to 25 min and keep constant after 25 min. This indi-
cated that the hybridization reaction was completed after
25 min. From a view of the sensitivity and assay time, 25 min
was generally used for hybridization time.

3.3. Amplification of AuNPs. Could the application of the
gold nanoparticles enhance the immobilization capacity of
probe DNA and amplify signal of DNA hybridization? In this
paper, we fabricated two different sensors: one is a sensor

containing AuNPs, and another containing no AuNPs. The
electrochemical investigation was performed as experiment
Section 2.4, and the results were shown in Figure 4. It could
be observed that the sensor containing AuNPs has a large
signal (Figure 4(A): 10.16 × 10−7 A) compared with the
sensor containing no AuNPs (Figure 4(B): 2.29 × 10−7 A).
These results suggested that the immobilization capacity of
probe DNA and hybridization signal improved greatly in the
presence of AuNPs.

3.4. Selectivity of the DNA Biosensor. Differentiation of single
mismatches is of significant interest for a variety of impor-
tant applications. In this paper, the selectivity of the DNA
biosensor was also evaluated by using single-base mismatch,
no complementary and complementary DNA sequences.
As is shown in Figure 5, it could be observed that the
response of single-base mismatch sequence has a significant
difference with that of complementary sequence. These
results indicated that this DNA biosensor can distinguish
single-base mismatch DNA sequence.
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Figure 3: (a) Peak current of adriamycin (ΔI) dependence of amounts of probe DNA. The concentration of complementary target DNA is
1.0 × 10−10 M; DPV parameters were the same as in Figure 2(B). (b) Effect of accumulation time on the DPV signals of adriamycin. The
concentration of adriamycin is 1.0 × 10−6 M; DPV parameters were the same as in Figure 2(B). (c) DPV signals of adriamycin dependence
on DNA hybridization time. The concentration of adriamycin is 1.0 × 10−6 M; the concentration of complementary target DNA is 1.0 ×
10−10 M. DPV parameters were the same as in Figure 2(B).

3.5. Analytical Performance. Under the optimal conditions,
the analytical performance of the DNA biosensor was
investigated using the immobilized probe DNA to hybridize
with the different concentrations of the complementary
sequence. Figure 6 shows the DPVs records of intercalated
adriamycin at various complementary oligonucleotides con-
centrations. It could be observed that the peak currents of
adriamycin increased with increasing the concentration of
complementary DNA, and the peak currents difference (ΔI)
was linear with the logarithmic value of the concentration
of the complementary DNA in the range from 5.0 × 10−13

to 1.0 × 10−9 M. The regression equation was ΔI (10−7 A)
= 3.5518 logCDNA + 45.3301 (unit of C is M), and the

regression coefficient (R) of the linear curve was 0.9979. The
detection limit is 1.7 × 10−13 M (S/N = 3). Compared with
reported sensors [23–25], this DNA biosensor showed higher
sensitivity.

3.6. Reproducibility, Reusability, and Stability of the DNA
Biosensor. The reproducibility of biosensor is a very impor-
tant factor for their application. Four DNA sensors were
fabricated independently under the same conditions and
used to detect 1.0 × 10−10 M complementary DNA. And
the reduction peak currents of adriamycin were 1.217 ×
10−6 A, 1.258 × 10−6 A, 1.259 × 10−6 A, and 1.227 × 10−6 A,
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Figure 4: (A) DPV responses obtained for ss-DNA/MAA/AuNPs/Au (a), hybridized with 1.0 × 10−10 M complementary DNA (b). (B)
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Figure 5: The histograms of the peak current difference (ΔI) of
adriamycin versus different DNA sequences (1.0 × 10−10 M): (A)
noncomplementary sequence, (B) single-base mismatch sequence,
(C) complementary sequence. Inset: DPV responses of adriamycin
recorded at probe modified electrode (a) and after hybridization
with 1.0× 10−10 M noncomplementary sequence (b); 1.0× 10−10 M
single-base mismatch sequence (c); 1.0 × 10−10 M complementary
sequence (d). Accumulation time of adriamycin: 20 min; Hybridiza-
tion time: 25 min. DPV parameters were the same as in Figure 2(B).

respectively. The average value was 1.2402× 10−6 A, and the
relative standard deviation (RSD) was 2.15%.

The reusability of the DNA biosensor was investigated
by immersing hybridized electrodes in hot water (80◦C) for
5–10 min to make ds-DNA into ss-DNA via thermal denat-
uration. The renew sensor was used to test 1.0 × 10−10 M
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Figure 6: DPV response of the intercalated adriamycin recorded
for the probe DNA modified electrode that hybridized with various
concentrations of complementary DNA: (a) 0 M; (b) 5.0× 10−13 M;
(c) 1.0 × 10−12 M; (d) 5.0 × 10−12 M; (e) 1.0 × 10−11 M; (f)
1.0 × 10−10 M; (g) 1.0 × 10−9 M. Inset: Peak current (ΔI) of
the intercalated adriamycin versus logarithm of concentration of
complementary DNA. Error bars show the standard deviations
of measurements taken from three independent experiments.
Accumulation time of adriamycin: 20 min; hybridization time:
25 min. The DPV parameters were the same as in Figure 2(B).

complementary DNA and found that the fifth regenerated
sensor has 84.7% response of the initial sensor (initial: 1.24
× 10−6 A, final: 1.05 × 10−6 A). This result indicated the
proposed DNA biosensor had a good reusability.
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The stability of the biosensor was also examined. The
DNA sensor was stored in a freezer at 4◦C for two weeks, and
no apparent change about the peak current of adriamycin
was observed.

4. Conclusions

A simple and sensitive electrochemical DNA biosensor based
on ss-DNA/MAA/AuNPs modified electrode was fabricated.
AuNPs could enhance the immobilization capacity of probe
DNA and amplify electrochemical signal. This DNA biosen-
sor exhibited excellent selectivity and stability.
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A new voltammetric sensor based on an aryl amide type podand, 1,8-bis(o-amidophenoxy)-3,6-dioxaoctane, (AAP) modified
glassy carbon electrode, was described for the determination of trace level of mercury (II) ion by cyclic voltammetry (CV) and
differential pulse voltammetry (DPV). A well-defined anodic peak corresponding to the oxidation of mercury on proposed
electrode was obtained at 0.2 V versus Ag/AgCl reference electrode. The effect of experimental parameters on differential
voltammetric peak currents was investigated in acetate buffer solution of pH 7.0 containing 1× 10−1 mol L−1 NaCl. Mercury (II)
ion was preconcentrated at the modified electrode by forming complex with AAP under proper conditions and then reduced on
the surface of the electrode. Interferences of Cu2+, Pb2+, Fe3+, Cd2+, and Zn2+ ions were also studied at two different concentration
ratios with respect to mercury (II) ions. The modified electrode was applied to the determination of mercury (II) ions in seawater
sample.

1. Introduction

Podands, which are the member of the crown-ether family,
have an importance in supramolecular chemistry because
of their applications in ion sensing and also have high
productivity and selectivity in forming complexes with
alkali, alkaline earth metal, and transition metal ions [1–3].
Podands could allow conformational changing in structure
for the binding of a guest molecule because they have
more flexibility than their crown-ether analogues [4]. Since
podand-type ligands have ability to form of spheroidal
cavities and strong binding sites, they have attracted
considerable interest in recent years. Amide-type podands
have an importance for producing the complexes possessing
high fluorescent properties [5].

Determination of mercury is an important issue because
of high toxicity, reactivity, and excessive mobility of mercury
in environment. In addition, mercury has crucial risk to
human health [6]. Therefore, there is a necessity of improv-
ing fast, sensitive, and selective analytical techniques for
analysis of mercury. Current instrumental analysis methods,
such as UV spectrophotometry [7], X-ray fluorescence [8],

atomic fluorescence spectrometry (AFS) [9], cold vapor
atomic fluorescence spectrometry [10], atomic absorption
spectrometry (AAS) [11], cold vapor atomic absorption
spectrometry [12], and inductively coupled plasma mass
spectrometry [13], have been extensively employed for
trace determination of mercury (II) ion in the laboratory
conditions. Since they are expensive, time-consuming and
complicated for in situ measuring, they are not suitable
for point-of-use applications. Alternatively, electrochemical
techniques could be used for the mercury determination,
because these techniques are easier and cheaper than the
instrumental analysis methods mentioned above.

Chemically modified electrodes (CMEs) have attracted
great attention in the past decades since they improve
the sensitivity and selectivity of electrochemical analysis
methods [14]. Description and fabrication of CMEs
have been mentioned in an IUPAC report [15]. CMEs have
various advantages, such as low cost, short analysis time, high
sensitivity and selectivity in electroanalytical determinations
of different compounds [16]. They are also used in different
applications, for example, corrosion protection, selective
electroorganic synthesis, solar energy conversion and
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storage, molecular electronics, and electrochromic display
devices [17]. Modification of the electrode surfaces with
appropriate modifiers enhances the selectivity and sensitivity
of electroanalytical methods. There are several ways to mod-
ify the working electrode surface, for example, electrochemi-
cal, chemical, or physical methods. Stripping electrochemical
technique is an alternative method for mercury determina-
tion due to its versatility, sensitivity, and low cost [17]. A
number of articles have been published for the analysis of
mercury (II) ion by CMEs [18–23]. The limit of detection
(LOD) was argued in the literature for the determination of
mercury (II) ion by CMEs which were approximately in the
range of 10−9 M as same as our current work. Furthermore,
there has been no study in the literature for the determi-
nation of mercury (II) ion with AAP-modified electrode
yet.

In the present study, the aryl amide type podand, AAP,
was synthesized according to our previous work [24]. AAP
modified glassy carbon electrode (AAP/GCE) was prepared,
and differential pulse anodic stripping voltammetry was
used for analytical response of mercury (II) ions. The effect
of analytical parameters such as pH, deposition potential,
deposition time, and the amount of AAP as modifying
agent were investigated. Interference effects of other metallic
ions that might also form complexes with Cl− ion and
the repeatability of the method were investigated, and also,
detection mechanism was proposed. The accuracy of method
was tested in the artificial seawater samples. AAP is a hopeful
modifying agent in sensor application for determination of
mercury (II) ion in mixture of aqueous solution compared
with the other crown-ether molecules since it can be easily
synthesized and also modified on electrode surface.

2. Experimental

2.1. Synthesis of AAP. Into a flask (50 mL) salicylamide (2.74 g,
20 mmoL), Na2CO3 (2.36 g, 22 mmoL), DMF (20 mL), and
1,8-dichloro-3,6-dioxaoctane (1.87 g, 10 mmoL) were added
and heated at 80–85◦C for 72 h. Then, the mixture of reaction
was poured into water (200 mL). The filtered residue was
washed with water and dried at 75◦C. The crude product
was dissolved in CH2Cl2 and chromatographed on silica gel
(50 g) with CH2Cl2/acetone: 3/2 (v/v). 3.31 g, 85% yield,
colorless leafs. Structure of synthesized AAP is shown in
Scheme 1.

2.2. Reagents and Materials. All chemicals used in these
experiments were of the highest purity (used without further
purification) and were obtained from Merck, Fluka, and
Riedel de Haen Chemical Companies. Salicylamide (Alfa
Aesar), 1,8-dichloro-3,6-dioxaoctane and DMF (Fluka), sil-
ica gel 40–63 u 60 A (Fluorochem), Hg (CH3COO)2 (Merck).
All solutions were prepared by using ultrapure water from
Millipore MilliQ System (sensitivity equal to 18 MΩ). A stock
solution of 1 × 10−2 M AAP was prepared in ethyl alcohol.
Buffer solutions were prepared by adjustment of pH with
HCl or KOH. All electrochemical experiments were carried
out in a conventional three-electrode system under the room
temperature (25 ± 1◦C).

C=O

NH2 NH2

O=C

O O O O

Scheme 1: The structure of the 1, 8-bis (o-amidophenoxy)-3, 6-
dioxaoctane.

2.3. Instrumentation. All electrochemical measurements
were carried out on Autolab PGSTAT 30 (Eco Chemie)
potentiostat/galvanostat. A classical three-electrode cell con-
sists of Ag/AgCl (3 M KCl) reference electrode, a platinum
wire counter electrode (BAS MW 1032), and a glassy carbon
working electrode (the diameter of working electrode is
3 mm, BAS MF-2012). Instrumental parameters were as
follows: pulse amplitude 50 mV, pulse width 50 ms, potential
step 4 mV pulse period 0.2 s, and scan rate 50 mV s−1.
Solutions were deoxygenated for 10 minutes with high-
grade nitrogen, and an inert atmosphere was obtained over
the solutions during analysis. The solutions were adjusted
using a pH meter (WTW Inolab pH 720). An ultrasonic
bath was used for preparing the homogeneous solutions
(Bandelin Sonorex RK 100H). Spin coating of the glassy
carbon electrode was performed by using IKEA RW 20
rotator.

2.4. Preparation of the AAP Modified Glassy Carbon Electrode
(AAP/GCE). Before the modification, surface of the glassy
carbon electrode (GCE) was polished to gain a mirror-like
appearance with 1.0, 0.3, and 0.05 μm of aluminum oxide
slurry, respectively. After the polishing, GCE was sonicated
twice in ethyl alcohol and ultrapure water for 5 min each.
After that, electrochemical pretreatment was performed by
the potential step which was applied at +0.8 V for 5 minutes
and −1.4 V for 1 minute in 1 × 10−1 moL L−1 H2SO4

solution, respectively. Then, modification of the surface of
the electrode with AAP was performed by spin coating
employing a rotator with a speed of 300 rpm. Two drops of
10 μL of 5.0 × 10−3 moL L−1 AAP dissolved in ethyl alcohol
were dropped on the spinning electrode and then dried in
room temperature.

2.5. Analytical Procedure. The procedure of preconcentra-
tion and voltammetric determination of mercury (II) ion
on AAP modified electrode includes the following steps:
(1) modifying the GC electrode with AAP, (2) dipping of
the modified electrode in aqueous solution of mercury (II)
at open circuit, (3) electrochemical reduction of mercury
(II) ions to metallic mercury at −0.8 V for 12 min by
stirring in an acetate buffer solution of pH 7.0 containing
0.1 moL L−1 NaCl, and (4) voltammetric determination of
mercury (II) ions by DPV from −0.1 V to 0.4 V in the
same solution. The modified electrode was reused by holding
the potential +0.8 V for 3 min. to remove any previous
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deposits for repeated determinations. AAP-modified glassy
carbon electrode was tested in a new buffer solution without
mercury (II) ions, before each experiment.

3. Results and Discussion

3.1. Voltammetric Behavior of Mercury (II) on AAP-Modified
GCE. The capability of AAP/GCE for preconcentration and
determination of mercury (II) was investigated. Figure 1
shows the CVs at AAP-modified GCE in the absence and
presence of mercury (II) after preconcentration.

As can be seen in Figure 1, a well-defined anodic peak (Ip)
was obtained at 0.2 V (solid line) due to the electrochemical
oxidation of mercury (0) to mercury (II), and mercury (0)
was produced by the electrochemical reduction of captured
mercury (II) at the deposition step under negative potentials.
Furthermore, no mercury peak was observed in the absence
of mercury (II) as a control experiment (dashed line).

These experimental results showed that mercury (II) ions
from the solution can form strong HgCl2−

4 complex with Cl−

ions. Then HgCl2−4 complex is deposited on the modified
electrode surface and reduced to Hg0 following Hg0 being
oxidized to Hg2+ ion. Therefore, the possible electrochemical
reaction mechanism can be illustrated as follows.

Deposition:

(
HgCl4

2−)
solution

+
(

AAP
GCE

)
surface

−→
(

HgCl4
2− − AAP

GCE

)
surface

.

(1)

Reduction:

(
HgCl4

2−− AAP
GCE

)
surface

+ 2e−

−→
(

Hg0− AAP
GCE

)
surface

+4Cl−.

(2)

Oxidation:

(
Hg0− AAP

GCE

)
surface

−→ (
Hg2+)

solution +
(

AAP
GCE

)
surface

+2e−.

(3)

3.2. Optimization of Measurement Condition. In order to
obtain optimum experimental conditions for mercury (II)
determination, several parameters were investigated such as
type and pH of the buffer solution, AAP concentration on
electrode surface, deposition potential, and deposition time.

The effect of supporting electrolytes was investigated in
acetate, phosphate, and B-R buffer solutions, respectively.
The results indicated that voltammetric peaks were observed
in all electrolyte solutions, but the electrochemical response
of mercury (II) ion in 0.1 moL L−1 HAc + 0.1 moL L−1
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Figure 1: Cyclic voltammograms of blank solution (solid line)
and 5 × 10−7 moL L−1 of Hg2+ at AAP modified GC electrode
(dashed line). Electrolyte: 0.1 mol L−1 HAc + 0.1 mol L−1 NaCl (pH
7.0) solution. Deposition time (td): 12 min.; deposition potential
(Ed): −0.8 V; scan rate (v): 50 mV/s. GC electrode modified with
0.125 μmoL AAP.
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Figure 2: Effects of deposition potential on DPV peak currents for
5 × 10−7 moL of Hg2+ at AAP modified GC electrode. Electrolyte:
0.1 mol L−1HAc + 0.1 mol L−1NaCl (pH 7.0) solution. GC electrode
modified with 0.063 μmol AAP, td: 10 min

NaCl solution gave the best shaped and largest peak current
among these solutions. Therefore, this supporting electrolyte
was used in following experiments. The effect of pH on
the anodic stripping peak currents of mercury (II) ion on
the modified electrode was studied by differential pulse
voltammetry, and the graph of the peak currents against
pH was plotted (data was not shown). AAP modified
glassy carbon electrode showed the stable activity over the
range of pH 3.0–12.0, and the best peak height and shape
were obtained at pH 7.0. This pH-dependent behavior of
mercury (II) ion can be explained by the fact that different
protonation ability of AAP affects the formation constant of
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Figure 3: Effects of deposition time on DPV peak currents for 5
× 10−7 mol L−1 Hg2+ at AAP modified GCE. Ed: −0.8 V. The other
conditions are the same as in Figure 2.

the complex between mercury (II) ions and AAP at different
pH.

Deposition potential (Ed) is an important parameter that
affects the sensitivity of detection. AAP-modified GCE was
kept at the potentials varying between −0.5 V and −1.0 V
for 10 min. in a solution of 5 × 10−7 moL L−1 mercury (II),
and DPV was performed. The change in DPV peak currents
depending on the deposition potentials is shown in Figure 2.
As can be seen in Figure 2, the peak current increases with
the deposition potentials reaching a plateau at about −0.8 V,
therefore, this potential was selected as optimal deposition
potential.

The effect of deposition time (td) for mercury (II)
determination is shown in Figure 3. The peak current
increased with increasing deposition time. The longer the
deposition time, the higher the sensitivity obtained in strip-
ping voltammetry, but with narrow detection range results.
In this detection system, deposition saturation was reached
for 5 × 10−7 moL L−1 Hg2+ by the preconcentration of 30
minutes as shown in Figure 3. Considering the detection
limit and linear range, deposition time of 12 minutes was
chosen in this study.

The concentration of AAP on the electrode surface affects
the deposition capacity of mercury (II) ion and changes the
oxidation current (Figure 4). As can be seen in Figure 4,
the initial peak current increased up to 0.125 μmoL of AAP
since the reactive areas involved in the complexation reaction
between mercury and AAP increase with AAP concentration.
At the higher concentration of 0.125 μmoL of AAP, the
electron transfer between the mercury and electrode was
blocked resulting in decrease of current. Therefore, the
concentration of 0.125 μmoL was selected as the optimum
AAP concentration.

3.3. Interference of Foreign Metal Ions. Under optimized
experimental conditions mentioned above, the possible
interferences of other metal ions like Cd2+, Pb2+, Fe3+,
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Figure 4: Effects of electrode surface concentration of AAP on
DPV peak currents for 5 × 10−7 mol L−1Hg2+ at modified electrode.
Electrolyte: 0.1 mol L−1HAc + 0.1 mol L−1NaCl (pH 7.0) solution.
Ed: −0.8 V, td: 12 min.
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Figure 5: DPVs of 1 μmol L−1 Hg2+ in the presence of 10 μmol L−1

each of Cd2+, Pb2+, Cu2+, Fe3+, Zn2+ ions at AAP-modified GCE.
The other conditions are those in Figure 4. Inset figure: DPVs of the
same electrolyte on bare GCE.

and Cu2+ for the determination of 1 μmoL L−1 μHg2+ were
examined with AAP-modified electrode (Figure 5). The
effect of the inference was tested in two compositions of the
solution containing 1 and 10 μmoL L−1 of metal ions. The
same experiment was also carried out with unmodified glassy
carbon electrode (Figure 5, inset).

As can be seen in Figure 5, the peak current belonging
to Cd2+ decreased but the peak current of mercury (II) was
twofold increased and shifted to more negative potential on
modified electrode. On the other hand, Fe3+ and Cu2+ exhibit
very small peak currents comparing to that of mercury (II).
Pb2+ ion does not affect the mercury (II) peak current since
the peak potential of Pb2+ is more negative than that of the
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Figure 6: Calibration plot of logIp versus log [Hg2+]. Inset figure:
DPVs of different concentrations of Hg2+ (a) 1.0 × 10−9, (b) 1.0 ×
10−8, (c) 1.0 × 10−7, (d) 1.0 × 10−6 mol L−1. The other conditions
are same as in Figure 4.

Table 1: The effect of interference of some metal ions on
mercury determination under optimized experimental conditions
at AAP/GCE. Solution contains 1 μmoL L-1 Hg2+ and interferences
are (a) 1 μmoL L-1 and (b) 10 μmoL L-1.

cation Ip(Hg2+) μA Recovery % Ip(Hg2+) μA Recovery %

Hg2+ 49 100 49 100

Fe3+ 57a 116 66b 135

Zn2+ 47a 96 46b 94

Pb2+ 48a 99 48b 99

Cu2+ 54a 110 64b 130

Cd2+ 46a 94 45b 92

Table 2: Determination of Hg2+ in artificial seawater samples by
DPV at AAP/GCE.

Added
Hg2+(10−7 M)

Found
Hg2+(10−7 M)
(n = 6)

Recovery, %
RSD, %
(n = 6)

5.0 4.93 ± 0.11 98.6 2.23

8.0 7.92 ± 0.15 99.0 1.89

10.0 9.91 ± 0.14 99.1 1.41

mercury (II). The interference effects of some metal ions are
given in Table 1.

3.4. Calibration Plot, Limit of Detection, and Validation of
Method. Under the optimum conditions described above,
the reproducibility of the proposed method was evaluated
with the solution of 1 × 10−7 mol L−1mercury (II) for six
repetitive measurements. The relative standard deviation
(RSD) was 1.84% which presented the good reproducibil-
ity of the proposed modified electrode. Linearity of the
calibration curve was also investigated in the mercury
(II) concentration ranges from 1 × 10−9 mol L−1 to 1 ×
10−5 mol L−1 (Figure 6, inset).

The calibration plot (Figure 6 ) shows a good linear
behavior with correlation coefficient (R2) of 0.9997, and the
resulting equation is log I(A) = 2−0.5954 + 0.6556 log C
(mol L−1). The limit of detection is 4 × 10−9 mol L−1 (S/N =
3). These values verified the sensitivity of the proposed
method for the determination of mercury (II). AAP/GCE can
be stored about 4 weeks, and the decrease in response was
2.54%, indicating the good stability of electrode. When the
proposed electrode was compared with the other macrocyclic
kinds of modified electrodes for mercury (II) determination,
it can be seen that the detection limits of them were in the
range of 1.0 × 10−8 and 1.0 × 10−7 mol L−1 [22, 25–28].
Consequently, AAP modified electrode could be a promising
voltammetric sensor for trace analysis of mercury (II) ion.

3.5. Analytical Applications. The accuracy of the proposed
method was tested in artificial seawater sample by spiking
known concentrations of mercury (II) ion. Artificial seawater
was prepared according to the literature [29]. Determination
of mercury (II) concentration was performed by the calibra-
tion curve method. The experimental parameters were the
same as described above, and the results are summarized in
Table 2.

4. Conclusion

A new kind of chemically modified electrode has been
developed for highly selective and sensitive determination of
mercury (II) by forming complex with AAP. It was shown
that AAP-coated glassy carbon electrode could be used for
determination of mercury (II) ion from aqueous solutions
since the sensitivity is greatly improved. The immersion of
electrode into the solution containing Cl−ion increased the
deposition of mercury (II) ion on the electrode surface due
to formation of HgCl2−4 complex. The results also show
that AAP-modified electrode has a good reproducibility,
wide linear range, high selectivity, and low detection limit.
It can be a very good alternative to expensive analytical
techniques such as atomic absorption spectrometry and ICP-
MS. The preparation and application of proposed modified
electrode are simpler and also cheaper than those of the other
electrodes modified with more complex and more expensive
modifying agents.
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Graphene-modified electrode was prepared through electrochemically reducing graphene oxide on the surface of a glassy carbon
electrode in PBS solution. The as-prepared electrode owns higher stability and stronger catalytic activity towards the oxidation of
nitric oxide (NO). At the electrode, an oxidation peak of NO can be observed at about 1.05 V (versus Ag/AgCl), and the electrode
reaction of NO is controlled by diffusion process. Under the optimum conditions, the peak currents are dependent linearly on
NO concentrations in the range from 7.2 × 10−7 to 7.84 × 10−5 M with a limit of detection of 2.0 × 10−7 M. The response time
of the as-prepared electrode to NO is less than 3 s, and the sensitivity is about 299.1μA/mM, revealing that the electrode can be
used as an excellent sensor for the determination of NO. With further modification of Nafion, the determination is free from the
interference of nitrite and some other biological substances. This investigation provides an alternate way for the determination of
NO.

1. Introduction

Graphene, as a “rising star” of carbon material, has attracted
a lot of interest from both the theoretical and experi-
mental scientific communities since it was discovered and
successfully isolated from bulk graphite just a few years
ago. Graphene is a one-atom-thick planar sheet of sp2-
bonded carbon atoms arranged in a honey comb crystal
lattice, the difference of whose structure from graphite’s is
shown in Figure 1 [1, 2]. Graphene can be wrapped up into
zero-dimensional fullerenes, rolled into one-dimensional
nanotubes, or stacked into three-dimensional graphite [3].
Hence, the two-dimensional carbon material, graphene, is
considered as a building block for graphitic materials of
all other dimensionalities [4]. Furthermore, owing to its
extraordinary fast electron transportation, high surface area,
unique graphitized basal plane structure, and low manu-
facturing cost, numerous novel applications of graphene
nanosheets have been investigated, including graphene-
based field-effect transistors [5, 6], batteries [7], and superca-
pacitors [8]. Particularly, because of its excellent conductivity
(1.43 × 104 S·m−1) [9] and high electrocatalytic activities,

graphene-based electrochemical sensors and biosensors have
recently received increasing attention in the field of elec-
trochemistry [10, 11], such as direct electrochemistry of
enzymes [12–14] and small biomolecules detection [15–17].

Nitric oxide as an important biological messenger and
effective molecule [18] plays an important physiological
role in the in vivo physiological and pathological process
of broad participation [19]. NO is known to be one of
the signaling functions existed in the central and peripheral
nervous system and in vascular endothelium, while the result
of the mussy level of NO will be devastating, wich may lead to
inflammatory and degenerative diseases, immune response,
septic shock, and Parkinson’s and Alzheimer’s diseases [20–
22]. Due to the importance of NO in biology, it is important
to develop the methods for detecting NO. One of the most
promising methods of NO monitoring is electrochemical
detection using different modified electrodes. A variety of
modified electrodes have been developed in recent years [23–
25].

In this paper, the graphene oxide (GO) on glassy carbon
electrode surface was electrochemically reduced to form
grapheme-modified electrode, noted as ERG electrode. The



2 International Journal of Electrochemistry

(a)

(b)

Figure 1: The structure of sp2 carbon materials: graphene (a) and
graphite (b).

properties of the modified electrode and its electrocatalytic
oxidation of NO in aqueous solution were investigated in
detail.

2. Experimental

2.1. Instruments and Reagents. Electrochemical experiments
were performed with CHI 660A electrochemical analyzer
(CHI, USA) with a conventional three-electrode system. The
working electrode was an ERG electrode. A saturated calomel
electrode (SCE) and a platinum electrode were used as the
reference and the auxiliary electrode, respectively. Water used
in all experiments was double distilled with a quartz appa-
ratus. S-4800 scanning electron microscopy (Hitachi, Japan)
was used for the characterization of graphene. High-purity
nitrogen gas was used for deaeration in all electrochemical
experiments.

Graphene oxide was synthesized from graphite according
to Hummers’ method [26]. Graphite was purchased from
Shanghai Chemical Reagent Co. Nafion was purchased from
Sigma. Saturated NO solutions were prepared as the previous
literature. In detail, the double-distilled water was bubbled
with high-purity nitrogen for 30 minutes to remove oxygen,
and then the water was bubbled with pure NO gas for 30
minutes to prepare an NO-saturated solution. Aliquots of
this saturated solution were used to prepare serial solutions
of known NO concentration, using a value of 1.8 × 10−3 M
as its saturation concentration at room temperature.

2.2. The Preparation of ERG Electrode. ERG electrode was
prepared through electrochemically reducing graphene oxide
on the surface of GC electrode. The detail process can
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Figure 2: CVs of electrochemical reduction of graphene oxide on
GC electrode in 10 mM PBS (pH 5.0) with a scan rate of 50 mV/s
for (a) the first circle and (b) the fourth circle.

be described as follows. The synthesized graphene oxide
was dispersed in water to create a 0.125 mg/mL aqueous
solution. The bare glassy carbon electrode was polished
with 0.3 μm alumina slurry, then thoroughly rinsed with
double-distilled water, and sonicated in ethanol, acetone,
and water (each for 5 minutes), respectively. A volume of
10 μL of graphene oxide aqueous solution was dropped on
the GC electrode surface, and the electrode was dried in
ambient air at room temperature to form a graphene oxide-
modified electrode, noted as GO/GC electrode. The obtained
electrode was dipped into 10 mM, pH 5.0 phosphate buffer
solution, and five cyclic potential scans were performed in
the potential range of 0.0 ∼−1.5 V. In this process, the
cyclic voltammograms (CVs) were recorded, and the typical
CVs were shown in Figure 2. In the first cyclic, a broad
cathodic current peak at −1.2 V with a starting potential
of −0.8 V (Figure 2(a)) was observed, which corresponded
to the reduction of C-O bond in graphene oxide [27].
After four cycles, the cathodic peak at −1.2 V disappeared
(Figure 2(b)), suggesting that the electrochemical reduction
was fulfilled and the graphene-modified electrode was
obtained, noted as ERG/GC electrode.

3. Results and Discussion

3.1. Electrochemical Characterization of ERG Electrode. The
redox couple of [Fe(CN)6]3−/4− is close to an ideal quasire-
versible system and it was usually used to characterize the
property of modified electrode. Figure 3 shows the CVs
obtained by a bare GC electrode, GO/GC, electrode, and ERG
electrode in 5 mM [Fe(CN)6]3−/4− solution containing 0.1 M
KCl. As shown in line a of Figure 3, a couple of well-defined
redox peaks are observed for the bare GC electrode, which
corresponds to the quasireversible one-electron redox behav-
ior of ferricyanide ion. In contrast, for GO/GC electrode,
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Figure 3: Typical CVs of different electrode in 1 mM K3Fe(CN)6

solution containing 0.1 M KCl. (a) Bare GC electrode, (b) GO/GC
electrode, and (c) ERG/GC electrode.
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Figure 4: The Nyquist plots of different electrode recorded in
the presence of 5 mM Fe(CN)6

3−/ 4− (1 : 1) by applying an AC
impedance with 5 mV amplitude in a frequency range from 0.1 Hz
to 100 kHz under open-circuit potential conditions. (a) GO/GC
electrode, (b) ERG/GC electrode, and (c) bare GC electrode.

cathodic and anodic peak currents dramatically decrease
compared with that of bare GC electrode, as shown in line
b of Figure 3. The reason may be that graphene oxide has low
conductivity as a result of the existence of C–O bond, and the
negative charge interface of graphene oxide largely blocked
interfacial charge transfer between ferricyanide ion and
electrode. Once the graphene oxide on the electrode surface
was electrochemically reduced into graphene, thus formed
an ERG/GC electrode, an obvious increase of both cathodic
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Figure 5: CVs of different NO concentrations at ERG/GC electrode
in 0.1 M, pH 7.0 phosphate buffer solution. From a to d, the
concentration of NO is 0, 7.2, 21.6, and 36.0 μM, respectively. Inset:
CVs of 28.8 μM NO at bare GC electrode (a) and ERG/GC electrode
(b) in the same condition.
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Figure 6: Amperometric response of ERG/GC electrode to NO.
Conditions: a 1.05 V constant potential modulated with 50 mV
pulse in the time intervals of 0.5 s, successive additions of NO to
0.1 M, pH 7.0 phosphate buffer solution.

and anodic peak currents is observed as in line c of Figure 3,
indicating that the high electroactive graphene interface was
formed. Compared with the bare GCE, increased redox peak
currents are observed on ERG/GCE mainly due to the high
conductivity of graphene.

Electrochemical impedance spectroscopy (EIS) can pro-
vide the information on the impedance changes of the
electrode surface during the modification progress. Figure 4
reveals the typical EIS of different electrodes. As can be seen,
when graphene oxide is modified onto the GC electrode
surface, the semicircle dramatically augments as compared
to the bare GC electrode, suggesting that the graphene
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Figure 7: Amperometric response of the modified electrode after (a) and before (b) coated with Nafion to NO and interferences, NO2
− and

AA.

oxide acts as a low conductive layer which makes the
interfacial charge transfer difficult and the surface negative
charges of the graphene oxide repel the access of ferri-
cyanide and ferrocyanide ions to the electrode surface for
electron communication as well. After the graphene oxide
is electrochemically reduced on the electrode, the semicircle
decreases distinctively, indicating that graphene film has
higher electrical conductivity, and it can obviously accelerate
electron transfer between the probe Fe(CN)6

3−/4− and the
electrode surface.

3.2. Electrooxidation Behavior and Amperometric Response of
NO on the ERG/GC Electrode. The CVs of nitric oxide at the
modified electrode in the oxygen-free 0.1 mol/L phosphate
buffer solution (pH 7.0) was demonstrated in Figure 5. With
the addition of NO into the solution, an obvious anodic peak
was observed at about 1.05 V (versus Ag/AgCl), and the peak
currents are dependent linearly on the NO concentration.
Compared to bare GC electrode, the anodic peak current
corresponding to the oxidation of NO increased significantly
at modified electrode, as shown in the inset of Figure 5. These
suggest that the ERG can act as a modifier to realize the
electrochemical oxidation of NO. The anodic peak current
is proportional linearly to the square root of scan rates in the
range from 0.2 to 0.16 Vs−1 with a correlation coefficient of
0.9996, while the peak potential slightly shifted to positive
direction. The results suggested that the oxidation of NO was
undergoing a diffusion-controlled process in low scan rates.

Figure 6 demonstrates a typical current-time curve of
ERG/GC electrode-applied potential of +1.0 V for successive
additions of NO to pH 7.0 phosphate buffer solution. With
the addition of NO, the steady-state currents can be reached
less than 2 s and keep stable, suggesting a fast response
time and high stability. The linear relationship between the

catalytic current and the concentration is shown in the
inset of Figure 6. As can be seen, the linear range is from
7.20 × 10−7 to 7.84 × 10−5 M with a correlation coefficient
of 0.9986. The limit of detection is 2.0 × 10−7 M at a signal-
to-noise ratio of 3 with a sensitivity of −299.1 μA/mM.
We also summarized some other carbon-related materials
NO sensors in Table 1 with respect to the linear range and
the detection limit. It can be seen that the performance of
the developed sensor is comparable to most of NO sensors
in literature in one or more categories. Meanwhile, the
proposed sensor is simpler in preparation.

In order to eliminate anion interferences like NO2
−,

Nafion was selected and modified on the surface of ERG/GC
electrode. Nafion, a good cation exchanger, is widely used
as a modifier to modify electrodes in electrochemistry. The
negatively charged Nafion has a high degree of permeability
for nitric oxide. But it prevents the diffusion of anions like
NO2

− to the modified electrode surface [30]. In this work,
10 μL of a 0.5% (w/v) Nafion solution in ethanol was cast
on the prepared electrode surface to form a Nafion/ERG/GC
electrode. The Nafion film can prevent anion interferences
like NO2

− and ascorbic acid from responding at the elec-
trode. Five times relative to NO concentration of anion
interferences did not disturb the detection of NO. As shown
in Figure 7, amperometric response of the electrode after
and before coated with Nafion to interferences, NO2

− and
AA, was compared. In the presence of Nafion, no response
to NO2

− and AA can be observed, as shown in Figure 7(a).
Under the same conditions, in the absence of Nafion, the
response of the electrode to NO2

− and AA is obvious, as
in Figure 7(b). So, Nafion obviously improves the selectivity
of the electrode over other interfering anions. On the other
hand, the electrode can be used for long time. Even after six
weeks, the response signal of electrode can keep unchanged.
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Table 1: Summary of some other carbon-related materials NO sensors.

No. Electrode Linear range Detection limit Reference

1 Hemoglobin adsorbed on the gold
colloids-modified carbon paste electrode

9.0× 10−7 to 3.0× 10−4 M 1.0× 10−7 M [25]

2 Hemoglobin/montmorillonite/polyvinyl
alcohol at a pyrolytic graphite electrode

1.0× 10−6 to 2.5× 10−4 M 5.0× 10−7 M [28]

3
Multiwall carbon nanotubes
film-modified carbon fiber
ultramicroelectrode

2.0× 10−7 to 8.6× 10−5 M 2× 10−8 M [29]

4 Electrochemically reduced
grapheme-modified electrode

7.2× 10−7 to 7.8× 10−5 M 2.0× 10−7 M This work

4. Conclusion

In summary, we have prepared a grapheme-modified elec-
trode through electrochemical reducing of graphene oxide
on the glassy carbon electrode in this work. The graphene
electrode gave a significant activity towards the electrochem-
ical oxidation of nitric oxide. Interference effects of NO2

−

and some other biological substances are virtually eliminated
because of the Nafion film. The prepared electrode shows fast
response to NO and high sensitivity and stability and can
be applied to the determination of nitric oxide. The prepa-
ration of graphene electrode through direct electrochemical
reducing of graphene oxide on the substrate electrode surface
can provide a new way to construct electrochemical sensing
platform based on graphene.
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