Chapter 8
Micro/Nano Electrochemical Sensors for Ion
Sensing

Jiawei Tu, Hao Wan, and Ping Wang

Abstract The developments in micro/nano electrochemical sensors have large
impact on ion sensing research. Significant advances in the fabrications of micro/
nano electrochemical sensors are being persistently made. Micro/nano electro-
chemical sensors play a very significant role in electrochemistry for ion sensing.
Compared to conventional electrochemical sensors, micro/nano sensors exhibit
nonlinear diffusion with higher sensitivity, higher current density, faster mass
transfer, and higher signal-to-noise ratio. Hence, micro/nano electrochemical sen-
sor is widely applied for various ion sensings. The theory of electrochemical
sensors for ion sensing, which contains potentiometric sensors, voltammetric sen-
sors, microelectrode array, and LAPS, is described in this chapter. Also a
self-designed integrated sensor with microelectrode array (MEA) and light-
addressable potentiometric sensor (LAPS) for heavy-metal ion and pH detection
is introduced, and its fabrication and the characterization of MEA and LAPS are
described. Electrochemical measurements have shown numerous advantages
for trace heavy-metal detection, including rapid analysis, good selectivity,
andsensitivity. Therefore, some applications in environment and food analysis
related to the electrochemical analysis of ion sensing are discussed in this chapter.

Keywords Ion sensing ¢ Microelectrode array (MEA) ¢ Light-addressable

potentiometric sensor (LAPS)

8.1 Introduction

Micro/nano electrochemical sensors have been applied in various fields, in which
ion sensing in water environment has received extensive concerns for researchers.
Among all these ions in water, heavy metals are especially concerned due to the
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properties of high toxicity, bioaccumulation, and nonbiodegradability. Extensive
heavy metals such as zinc, copper, cadmium, lead, mercury, and chromium can
result in severe hazards to the ecosystem and human health. For instance, excessive
intake of lead can lead to neurological, neurobehavioral, hematological, and renal
diseases, especially potentially harmful to neurodevelopment of infants and chil-
dren [1, 2]. Copper poisoning may cause hepatitis, liver cirrhosis, jaundice, and
hemolytic crisis [3, 4]. Mercury poisoning could lead to damage of the brain,
kidneys, and lungs, which resulted in the Minamata Bay tragedy in the 1950s.
Thus, heavy-metal ion sensing is of great significance and urgency for human and
the environment. Among all approaches for heavy-metal analysis such as atomic
absorption spectroscopy (AAS) and inductively coupled plasma mass spectroscopy
(ICP-MS), electrochemistry demonstrates its superior merits in terms of sensitivity,
detection of limit, and low cost. Besides, heavy-metal sensing is easily
implemented with simultaneous detection of several heavy-metal ions. Micro/
nano electrochemical sensors play a very significant role in electrochemistry for
ion sensing. Compared to conventional electrochemical sensors, micro/nano
sensors exhibit nonlinear diffusion with higher sensitivity, higher current density,
faster mass transfer, and higher signal-to-noise ratio. Hence, micro/nano electro-
chemical sensor is widely applied for various ion sensings.

8.2 Theory of Electrochemical Sensors for Ion Sensing

Based on different parameters measured in electrochemical analysis, electrochem-
ical sensors mainly embrace three different sensors, potentiometric sensor,
voltammetric sensor, and conductometric sensor. In this chapter, we mainly discuss
potentiometric sensor and voltammetric sensor.

8.2.1 Potentiometric Sensors

In potentiometry, a potential is measured between two electrodes under the condi-
tions of no current flow. The measured potential may then be used to determine the
analytical quantity of interest, generally the concentration of some component of
the solution. The potential that develops in the electrochemical cell is the result of
the free energy change that would occur if the chemical phenomena were to proceed
until the equilibrium condition has been satisfied.

The largest group among potentiometric sensors is represented by ion-selective
electrodes (ISEs), the oldest and most widely used among them being a
pH-sensitive glass electrode. Different approaches of potentiometric electronic
tongues and taste sensors have been demonstrated. They have in common that
they all measure the potential over a charged membrane. These membranes can be
of different materials, which provide enough selectivity to different classes of
chemical substances. Electronic tongues have, thus, been described based on an
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Fig. 8.1 ISEs and the
measuring system
(Reproduced with
permission from

[5]. Copyright 2015
Elsevier B.V.)

array of chalcogenide glass sensors, including conventional electrodes such as
chloride-, sodium- and potassium-selective sensors, combined with a pattern-
recognition routine. The photograph of ISEs’ array and the measuring system in
the group of Andrey Legin, St. Petersburg University (Russia), is shown in Fig. 8.1.
The chalcogenide sensors show cross sensitivity, which has been preferably used
for measurement of metal ions in river water, and suggested or environmental and
process-monitoring purposes. This type of electronic tongues has also been com-
bined with PVC membranes for testing of beverages.

Potentiometric ion and chemical sensors based on field-effect devices form
another group of transducers that can be easily miniaturized and are fabricated by
means of microelectronic technology. Among them the most studied are the ion-
sensitive field-effect transistors (ISFETs) with different ion-selective membranes
(often also called chemically sensitive field-effect transistors or Chem-FETs).
ISFETs with bare gate insulator (silicon oxide, silicon nitride, aluminum oxide,
etc.) show intrinsic pH sensitivity due to electrochemical equilibrium between the
protonated oxide surface and protons in the solution. To obtain sensitivity to other
ions, a polymeric membrane containing some ionophore may be deposited.

Light-addressable potentiometric sensor (LAPS) is a semiconductor-based
device with an electrolyte-insulator-semiconductor (EIS) structure, which is similar
to ISFET in function. A DC bias voltage is applied to LAPS, so that a depletion
layer appears at the insulator-semiconductor interface. When a modulated light
irradiates LAPS from the front or back side, an AC photocurrent inside the
depletion layer could be induced as a measured signal. The amplitude of the
photocurrent is sensitive to the surface potential and thus LAPS is able to detect
the potential variation caused by an electrochemical even. Therefore, in principle,
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Fig. 8.2 (a) Working principle of the LAPS. (b) Characteristic I-V curve of N-type LAPS
(Reproduced with permission from [6]. Copyright 2015 Science Press, Beijing and Springer
Science + Business Media Dordrecht)

any electrochemical reaction that results in the change of surface potential can be
detected by LAPS, including the ionic change and redox effect, shown in Fig. 8.2a.
By modifying the individual sensitive region with the polymer membrane or
chalcogenide glass membrane which contains specific receptor molecules, relevant
cations could be detected simultaneously. Most of the solid-state-based thin-film
sensors suffer from an insufficient selectivity. Compared to the inorganic mem-
brane, the organic one can overcome the problem with reasonable good selectivity.
The characteristic I-V curve of N-type LAPS is shown in Fig. 8.2b.

8.2.2 Voltammetric Sensors

Voltammetry, in which a current is measured at a fixed potential, is a very powerful
and often used technique in analytical chemistry. Depending on the potential
applied and type of working electrode, redox active compounds are either oxidized
or reduced at the working electrode, giving rise to a current. The sensitivity of
voltammetric methods is often very high. The selectivity is, however, in many cases
poor, since all compounds in a measured solution that are electrochemically active
below the applied potential will contribute to the measured current. Different ways
to surmount this is, e.g., to cover the working electrode with a gas permeable
membrane, only letting gases pass through, or to use pulse voltammetry.
Voltammetry appears to have several advantages; the technique has been exten-
sively used in analytical chemistry due to features such as its very high sensitivity,
versatility, simplicity, and robustness. Besides, voltammetry offers a widespread
number of different analytical possibilities, including cyclic, stripping, and pulse
voltammetry. Depending on the technique, various kinds or aspects of information
can be obtained from the measured solution. Normally, redox active species are
being measured at a fixed potential, but by using, e.g., pulse voltammetry, studies of
transient responses when Helmholtz layers are formed also give information
concerning diffusion coefficients of charged species. Further information is also
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Fig. 8.3 A developed voltammetric electronic tongue for water quality monitoring (Reproduced
with permission from [7]. Copyright 2013 by the authors; licensee MDPI, Basel, Switzerland)

obtainable by the use of different types of metals for the working electrodes.
Different metal electrodes can be used together with voltammetric measurements
to classify different liquids. Still, the voltammograms contain a large amount of
information, and to extract this information, multivariate calibration methods have
been shown to be rather efficient. A developed voltammetric electronic tongue for
water quality monitoring is shown in Fig. 8.3.

In our group, we mainly use voltammetric sensors for heavy-metal analysis,
specifically stripping voltammetry. The principle of stripping voltammetry includes
three steps: heavy-metal reduction, equilibrium, and reoxidation. First, heavy-metal
ions are reduced on the surface of working electrodes under a constant potential. In
this step, stirring is generally used to further enhance the mass transfer rate. The
equilibrium step ensures an equilibrium reaction in samples without stirring and
reduction. Then a positive scanning potential is applied on the working electrode in
order to reoxidate the heavy metal, and oxidation current is recorded in this step.
Thus, voltammograms are obtained and stripping peaks are linearly correlated with
concentrations of heavy metals, by which quantification of heavy metals in a
sample is implemented. Specific detection is implemented based on the character-
istic oxidation potential. In this deposition step, heavy-metal ions are reduced on a
very small working electrode, thus resulting in the enrichment of heavy metals. The
detection of limit is about 10~°~10 mol/L for trace heavy-metal analysis. And in
stripping voltammetry, several factors can affect the performance in heavy-metal
analysis:

1. Deposition potential. Deposition potential is generally optimized due to its
impact on the reduction rate. Besides, more positive deposition potential can
lead to unstable reduction reaction, affecting the reproducibility of stripping
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analysis. More negative deposition potential may lead to hydrogen evolution and
reduction of other heavy-metal ions, by which interferences may be introduced.

2. Deposition time. In a certain range of deposition time, the stripping current of
heavy metals is linearly correlated with deposition time. Longer deposition time
can lead to the saturation of the working electrode due to the small effective area
of working electrodes, which affects the linear detection range in heavy-metal
analysis. Short deposition time leads to a decrease of sensitivity and current
response in stripping analysis.

3. Scanning rate. Generally, the stripping peak current is linearly correlated with
the scanning rate, while faster scanning rate may introduce larger background
noise and charging current.

4. Stirring rate. The stirring rate is the essential factor to the reproducibility in
heavy-metal analysis and faster stirring rate can also result in higher current
response. In our study, differential pulse stripping voltammetry (DPSV) and
square wave stripping voltammetry (SWSV) are mainly utilized in our research,
which can effectively decrease the background current and increase the signal-
to-noise ratio.

8.2.3 Characterizations of Micro/Nano sensors

Well-designed micro/nano sensors usually have the following characteristics: large
mass transfer rate and current density, low time constant and IR voltage drop, low
charging current, and high signal-to-noise ratio. These characteristics can be
described by the corresponding radius diffusion which is dependent on the shape
of sensors. Furthermore, the characteristics of microelectrode array are quite more
complex than a single electrode.

8.2.3.1 Radius Diffusion

For conventional macroelectrodes, when the active concentration on the surface of
working electrode is 0, the relationship between current response and time could be
described using Cottrell equation:

1/2

i(f) = L?/IZJ : /2C (8.1)
et

Under this condition, the active substances on the surface of working electrodes

diffuse vertical to the surface due to the macro-size of working electrodes shown in

Fig. 8.4a. This phenomenon is called linear diffusion. When the size of working

electrodes decreases to the size of diffusion layer, mass transfer occurs according to
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a b

Fig. 8.4 Different shapes of working electrodes. (a) Linear diffusion, the active substances on the
surface of working electrodes diffuse vertical to the surface; (b) radius diffusion, the active
substances diffuse around the surface; (c¢) radius diffusion in recessed electrodes, the active
substances diffuse upon the surface similar to radius diffusion

the radius direction on the surface, called radius diffusion. In this situation, the
Cottrell equation is revised:

() = zFAD'’C | 4FADC
) =—"nan2 r

(8.2)

where the first item represents the current produced by linear diffusion and the
current decreases with the increasing of time. The second item represents the
current produced by radius diffusion, which is not related with time, shown in
Fig. 8.4b. In electrochemical analysis, the current produced by linear diffusion
decreases to 0 after reaction for a period of time. Then the total current is mainly
produced by radius diffusion and the current is called steady-state current, which is
not changed with time variation. The steady-state current is only related to the
radius of micro/nano electrodes. For instance, when using micro/nano disk elec-
trodes for electrochemical analysis, the steady-state current could be described in
the equation:

iq = 4zFDCr (8.3)

In some cases, recessed micro/nano electrodes are applied in electrochemical
analysis since an insulation layer is deposited on the working electrode region
shown in Fig. 8.4c. In this situation, the equation is revised in which L represents
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the depth of the recessed electrodes and r represents the radius of working
electrodes:

. 42FDCr
ij= ﬁ (8.4)

8.2.3.2 Large Mass Transfer Rate and Current Density

According to Eq. 8.4, the steady-state current is linearly correlated with the radius
of micro/nano electrodes. Since the size of micro/nano electrodes is usually micro-
scale or nanoscale, the produced current is very low between 10~ and 10~ '? A. The
current density is inversely proportional to the radius of the electrodes, which
means larger current density is produced with smaller size. Hence, very large
current density could be acquired with micro/nano electrodes compared to conven-
tional macroelectrodes.

The mass transfer rate on the surface of working electrodes can be expressed by
Eq. 8.5, where D represents the diffusion coefficient of different active substances
and 9 is the thickness of diffusion layer. Mass transfer rate represents the spread rate
of active substances in the diffusion. For macroelectrodes, the mass transfer rate
decreases with the increasing of time due to the linear diffusion as expressed in
Eq. 8.6. For micro/nano electrodes, the mass transfer rate is expressed in Eq. 8.7
with the radius diffusion on the surface of working electrodes. In these cases, the
mass transfer rate keeps steady and is not related with the time variation, only
dependent on the diffusion coefficient and radius of micro/nano electrodes. Com-
pared to macroelectrodes, micro/nano electrodes have large mass transfer rate,
which ensures the steady state in a very short time. Hence, instead of stirring and
rotating in macroelectrode application, micro/nano electrodes present extraordinary
performance in electrochemical analysis without any stirring:

D
M= (8.5)

D1/2
M= ‘Z) (8.7)

8.2.3.3 Low Time Constant and IR Voltage Drop

In electrochemical analysis, the charging current is produced in the electric double
layer on the surface of working electrodes during step-potential scanning. The
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relationship between the charging current and time is expressed in Eq. 8.1. As
shown in the equation, the charging current is exponential to the capacitance of
electric double layer and related with the resistance of the working cell. The time
constant is expressed as 7 = RCj, indicating that the charging current decays rapidly
with a small time constant. The capacitance of electric double layer is proportional
to the area of working electrodes. Hence, the time constant is very small due to the
microscale or nanoscale size of micro/nano electrodes, which means the charging
current could decrease to 0 in a very short time. For instance, in a micro-disk
electrode with radius of 2.5 pm, the charging current of electric double layer could
decrease to 1 % in only 12 ns.

In the electrochemical reaction, when the step of micro- and nanoelectrode
potential sweep, this will result in the charging current in the electric double
layer electrode surface. Charging current versus time is shown in Eq. 8.1. By the
above equation, the charging current exponentially changes with the electric
double-layer capacitor and is closely related to the internal resistance of the cell.
The time constant 7 =RCs, the smaller the time constant, the faster the charging
current decays. Since the electric double-layer capacitor Cs is directly proportional
to the electrode area, and the area of micro/nano electrode is very small, a very
small time constant, the charging current decays to near zero within a very short
time [8]. For example, the charging current of the electric double layer decays to
99 % need only 12 ns for a radius 2.5 pm micro-disk electrode. Therefore, the scan
rate can be very fast during step-potential scanning, without worrying about the
introduction of excessive charging current component because of the fast scan rate.
Compared to conventional large electrode, micro/nano electrodes are more suitable
for a variety of transient electrochemical analysis methods, such as differential
pulse stripping voltammetry and square wave stripping voltammetry. Micro/nano
electrodes also greatly reduce the time required for voltammetry in fast potential
sweep.

ig drop is due to the pressure drop in the internal resistance of the cell caused by
the current flowing through, so that the voltage actually applied to the working
electrode is different from the expected value. Since the current real-time changes
in the process of electrochemical reaction, the working electrode voltage varies
with time and greatly affects the accuracy of electrochemical analysis. The intro-
duction of a three-electrode system is to solve the problem of ig drop by using the
reference electrode to provide a constant potential for the working electrode. For
micro/nano electrodes, the current strength is typically 107°-10"'% A, so ig drop is
very small. For conventional electrodes, the ig drop is generally up to 5-10 mV.
The ig drop of the micro/nano electrodes is typically several pV or less and is
negligible for electrochemical analysis. Therefore, we could use two-electrode
system when using a micro/nano electrode as the working electrode. It also sim-
plifies instrument configuration and maintenance procedures without the reference
electrode. In addition, the microelectrodes can be applied in the electrochemical
analysis of a high-impedance state media.
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8.2.3.4 Low Charging Current, High Signal-to-Noise Ratio

The charging current is shown in Eq. 8.1. The time constant of micro/nano electrodes
is small, so the charging current is small. The current in the electrochemical reaction
is composed of Faraday current and charging current. Faraday current will decay with
1", and the charging current will decay exponentially with time. So the ratio of the
Faraday current and charging current is very large in the step scan. In the case study
of micro-disk electrode, Faraday current is independent of time under steady-state
conditions. In a single-sweep voltammetry, the SNR of the electrode is:

I 4zFDC
i, aCgrv

n (8.8)

By the above equation, the SNR of the electrode increases with the decreasing
radius. For conventional electrodes, according to the Randles-Sevcik equation, the
SNR is:

FD\ /% zFC
z ) z (8.9)

—oa46(22) =
1 (RT VI2C,

The radio of micro/nano electrode’s SNR and conventional electrode’s SNR is:

1, (DRT)'?

Mo 0.11147r(zFv)'/? (8:10)

For an example of radius 5 pm disk microelectrode, when the scan rate is 20 mV/s,
¢ =20. That means micro/nano electrode’s SNR is 20 times the conventional
electrode’s SNR under the same conditions. Micro/nano electrodes have a very
high SNR [8]; it helps to reduce the detection limit and can be used for qualitative
and quantitative analysis of trace substances.

8.2.3.5 Microelectrode Array Characteristics

Single micro/nano electrode’s current response strength is very small. The direct
detection of the detection circuit has a very high demand. Thus, microelectrode
array which is composed of a plurality of micro/nano electrodes is used in actual
electrochemical analysis. Microelectrode array has the characteristic of a single
electrode, but also has the following features:

1. Current additivity. In microelectrode array, micro/nano electrodes are connected
in parallel; when there is no interaction between the electrodes, the total current
is the sum of a plurality of micro/nano electrodes.

2. ig drop and the time constant do not change. In microelectrode array, the total
current is the sum of a plurality of micro/nano electrodes. Current increases n
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Fig. 8.5 Diffusion characteristics of microelectrode array under different circumstances
(Reproduced with permission from [10]. Copyright 2005 Elsevier B.V.)

times, and the resistance is reduced to one n-th. Therefore, ix drop remains
unchanged. Similarly, the total capacitor increases n times because of electrodes
are parallel. So the time constant RCs is also unchanged.

3. The shielding effect. Diffusion layer appeared on each micro/nano electrode
surface because of substance diffusion. When the pitch of micro/nano electrodes
is too close, it will lead to a diffusion layer between the electrode overlap. The
response current of the electrode decreases, resulting in shielding effect.

How to avoid the shielding effect of the microelectrode array is an important
research to study the characteristics of microelectrode array. The shielding effect is
related to the size of micro/nano electrodes, electrode spacing, and diffusion layer
thickness. Figure 8.5 shows the diffusion characteristics of microelectrode array
under different circumstances [9]. In picture 1, diffusion layer thickness is much
smaller than the size of the electrodes so that the linear diffusion appeared on the
electrode surface; when the size of the electrode is reduced to the diffusion layer
thickness in picture 2, nonlinear diffusion appeared on the electrode surface with
the characteristics of low time constant and high SNR. No overlap between the
diffusion layer since the distance between the electrodes is far. The distance
between electrodes is too close in picture 3, resulting in the shielding effect because
of diffusion layer overlap. The distance between electrodes is close but far less than
the thickness of the diffusion layer in picture 4, and the diffusion layer has heavily
overlap, resulting in linear diffusion instead of nonlinear diffusion. Thus, in the
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design of micro/nano electrode array, we should ensure that the small size of the
electrodes and the distance between electrodes are sufficiently large that a single
micro/nano electrode has nonlinear dispersion characteristics.

8.3 Electrochemical Ion Sensors and Measurement

In this part, we introduce a self-designed integrated sensor with microelectrode
array (MEA) and LAPS for heavy-metal ion and pH detection. Au-MEA was
utilized for quantitative determination of zinc, lead, and copper, while hydrogen
sensitive LAPS was deployed for pH detection in the meanwhile. Due to the
significant influence of pH variation to heavy-metal detection, pH value provided
by LAPS can be used as the guidance in heavy-metal analysis and further data
calibration can be introduced to enhance the accuracy of sensors for heavy-metal
quantification.

8.3.1 Fabrication of the Hybrid Sensor

The detailed process for the hybrid chemical sensor fabrication is shown in Fig. 8.6.
A 430 pm N-type single crystal silicon wafer was used as the substrate. After RCA
clean, LAPS sensing area on the back was etched to 100 pm thick for the enhance-
ment of light permeability, while the rest was protected by photoresist. Thus, the
induced alternating photocurrent by illuminating with a modulated light from the
back would increase accordingly. Thermal oxidation was employed afterward to
form a 50 nm SiO, layer in dry oxygen. A 100 nm SizN4 layer was deposited by
plasma enhanced chemical vapor deposition (PECVD) upon the SiO, layer. The
notch, the 100 pum thick area of wafer, and the layers of SiO, and SizN,4 formed a
preliminary structure of LAPS.

A 500 nm SiO; layer was deposited by PECVD to eliminate adverse effects on
LAPS during the fabrication of MEA and form the insulation between the silicon
and MEA. The metal layer was composed of gold and titanium, by which the Ti
layer enhanced the adhesion between Au and the substrate. The sensing area of
MEA was retained with photoresist while the rest areas were etched. An additional
800 nm SizN, layer was deposited for the insulation of signal conducting, while the
Si3Ny layer upon the sensing sites of MEA was etched by photolithographic masks.
An aluminum layer was evaporated for Ohmic contact by thermal evaporation. The
fabrication of hybrid sensor array was accomplished and utilized for further elec-
trochemical analysis.

The structure of the hybrid sensor fabricated is shown in Fig. 8.7. Section 1 in
Fig. 8.7a represents the LAPS sensing areas for pH detection. The sensing area of
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Fig. 8.6 The detailed process for the hybrid chemical sensor fabrication (Reproduced with
permission from [11]. Copyright 2013 Elsevier B.V.)

each LAPS was 3.5 x 3.5 mm, while the modulated light (LED) was fixed in the
notch behind each sensing surface to engender photocurrent. Two different MEA
patterns were fabricated on the sensor in which one was micro-disk electrode array
(MEAs 2-5) with the same gold substrate in Fig. 8.7c and the other was consisted of
individual disk microelectrodes (MEAs 6-7) in Fig. 8.7d. MEAs 2-3 have a
diameter of 50 pm and 30 pm, respectively, while 4 x 4 microelectrodes with
interelectrode spacing of 200 pm were fabricated on individual sensing area. By
contrast, MEAs 4-5 were consisted of 5 x 5 microelectrodes. MEAs 6-7 were in
the same parameters with MEAs 2-3 except for the different patterns. Thus,
characterizations of microelectrodes with different sizes, numbers, and patterns
can be investigated. The circumambient gold electrodes (Sect. 8) of MEA and
LAPS were deployed as the counter electrode. The packaged hybrid sensor is
shown in Fig. 8.7b for practical electrochemical analysis.

The scheme of the hybrid sensor is shown in Fig. 8.8. MEA, LAPS, and counter
electrode (CE) are integrated on the sensor, and signals are acquired through
corresponding bonding pads by signal acquisition module. External reference
electrode (RE) immersed in saturated KCl was used, thus constituting a three-
electrode system with the working electrode and CE on the sensor. Light source
for LAPS was placed at the back of etched LAPS sensing area with light
modulation.
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Fig. 8.7 The structure of the hybrid sensor (Reproduced with permission from [11]. Copyright
2013 Elsevier B.V.)

8.3.2 Characterization of MEA

Gold MEA was characterized primarily by cyclic voltammetry to assure electro-
chemical behavior in SV analysis. Activation procedure was conducted in 0.5 M
H,SO,4 with cyclic voltammetry and the sweep rate was 0.1 V/s. No significant
difference was observed in different MEAs and typical cyclic voltammogram was
obtained after about 20 times sweep and is shown in Fig. 8.9. Three repetitive cyclic
voltammograms present good stability, and well-defined redox reaction of
Au-MEA is observed in which oxidation potential (A) and reduction potential
(B) are around 1.3 V and 1.0 V.

Subsequent to the activation and cleaning, cyclic voltammetry with different
sweep rates (SR) was deployed in 2 mM K;[Fe(CN)¢] using 0.1 M KCl as the
supporting electrolyte. Comparison experiments were conducted between MEAs
2-3 and MEAs 4-5, indicating no significant difference except for the amplitude of
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Fig. 8.8 The scheme of the hybrid sensor. MEA, LAPS, and counter electrode (CE) are integrated
on the sensor, and signals are acquired through corresponding bonding pads by signal acquisition
module (Reproduced with permission from [11]. Copyright 2013 Elsevier B.V.)
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steady-state current. The difference is attributed to the different numbers of micro-
electrodes in the array. Therefore, for simplicity, electrochemical behavior of MEA
2 and 3 in Fig. 8.7a was mainly discussed. The cyclic voltammograms of MEA 2 are
shown in Fig. 8.10a. Under the condition of low sweep rates, sigmoidal
voltammograms were recorded due to the microsize electrode dimensions, and no
diffusion overlap occurred in hemispheric diffusion, which is in contrast to
macroelectrodes. With the increase of sweep rate, legible peak-shaped
voltammogram (SR 0.1 V/s) arose which is in consistent with findings by
A. Berduque and coworkers [12]. This is attributed to the decrease of diffusion
layer as the increase of sweep rate and monodimensional diffusion became
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predominant similar to macroelectrodes. Peak-shaped voltammograms in MEA
3 with different sweep rates were observed (shown in Fig. 8.10b). This is due to
the overlap of diffusion layer with insufficient interelectrode spacing even in high
sweep rate. MEA 3 presented a monodimensional diffusion predominantly in
analysis of cyclic voltammetry. In summary, characterizations of MEA are affected
by the ratio of interelectrode spacing to the size of microelectrode to a great extent.
Concerning time costs and maintaining characterizations of microelectrode, MEA
2 was used in further analysis of stripping voltammetry, and the sweep rate was set
to 0.05 V/s.

Considering the significant influence of pH variation to the stripping of heavy
metal, the impact of different pH on stripping current of heavy metals was discussed
to optimize the working condition and utilized for further calibration. Plots of peak
current versus pH are shown in Fig. 8.11. As clearly evident, the highest peak
current was achieved in the pH range of 4-5, indicating the optimum performance
of Au-MEA under solutions with different acidity. When pH was 2, the stripping
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Fig. 8.12 Standard calibration curves of zinc, lead, and copper in 0.5 M KCI with pH 4 acetate
buffer (Reproduced with permission from [11]. Copyright 2013 Elsevier B.V.)

peak currents of Zn, Pb, and Cu were relatively low due to the effect of hydrogen
reduction. Notably, the peak current of Zn suffered from severe interference
attributed to its negative oxidation potential, which approached the reduction
potential of hydrogen. The process of hydrogen reduction was dominant on the
sensing surface of Au-MEA compared to the oxidation of zinc, thus suppressing the
oxidation. The peak current of heavy metal decreased in the pH range of 5-7 and
the plausible explanation is the prevailing effect of hydrolysis of heavy metals.
Allowing for the stripping currents of Zn, Pb, and Cu with the varying of pH, a pH
4 acetate buffer was applied for further electrochemical analysis.

The standard calibration curves of zinc, lead, and copper were obtained in 0.5 M
KC1 with pH 4 acetate buffer shown in Fig. 8.12. The deposition potential was
—1.35 V and the deposition time was 120 s. The characteristic stripping potentials
of zinc, lead, and copper are around —1.1, —0.56, and —0.28 V, respectively. With
linear regression, calibration equations for heavy metals were achieved in Fig. 8.12
(inset). The correlation coefficient of zinc is 0.9811 and the sensitivity is 36.3 nA/
ppb which is satisfactory for quantitative analysis. The correlation coefficients of
lead and copper are 0.9558 and 0.9841, presenting a good linear relationship in the
scope of selected concentrations. The sensitivity of lead and copper is 11.2 nA/ppb
and 4.6 nA/ppb. The calibration equations acquired by standard curve method
(SCM) can be used for quantitative detection of samples and further comparison
between different calibration methods.
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8.3.3 Characterization of LAPS

LAPS on the hybrid sensor was microfabricated for pH detection. The light
frequency and light intensity of illuminating light were optimized concerning
their vital impacts on the induced photocurrent. The light frequency of 4000 Hz
was adopted with best performance and the light intensity was set under the voltage
of 1.4 V. In the pH range of 3-8, plots of the photocurrent versus potential were
acquired for the calibration of standard curve shown in Fig. 8.13a after normaliza-
tion. Well-defined drift was observed in the linear working region under solutions
with different acidity, suggesting good sensitivity for pH detection. The saturation
region and cut-off region were in good coincidence, facilitating the identification of
the sensitive point. The sensitive points were located by seeking the inflection point
of the I-V curve, and the corresponding potential was recognized as the character-
istic value under different pH. The calibration plot of the potential versus pH is
shown in Fig. 8.13b. The correlation coefficient between the potential and pH is
0.9986, demonstrating a good linear correlation for pH detection. The sensitivity of
LAPS for pH is 52.1 mV/pH, which is in accordance with the Nernst equation for
monovalent ion. LAPS presents good sensitivity and performance for pH detection
and the typical standard curve is acquired for pH analysis in the samples. To
validate the consistency of LAPS, the four sensing areas were all tested for pH
detection, and the sensitivity are 50.9 mV/pH, 53.7 mV/pH, and 49.2 mV/pH,
respectively. The maximum relative deviation of the sensitivity is less than 5 %,
indicating good consistency for pH detection.

The stability and reproducibility of LAPS were evaluated in view of the require-
ments for practical application. Five repetitive tests were conducted in a sample
(pH 7) to validate the behavior of the sensor and the plot is shown in Fig. 8.14a. I-V
curves are overlapped in the working region, and slight fluctuations are observed in
the saturation region, which is possibly due to the variation of the total ion
concentration after each adjustment of pH. The characteristic potential is extracted
of which the relative standard deviation (RSD) is 1.45 % in Fig. 8.12 (inset) and
good repeatability of plots is presented overall. Subsequently, long-term stability of
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Fig. 8.13 (a) The plots of the photocurrent versus potential. (b) The calibration plot of potential
versus pH [11] (Reproduced with permission from [11]. Copyright 2013 Elsevier B.V.)
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Fig. 8.14 (a) The plot of five repetitive tests. (b) The deviation of potential versus time
(Reproduced with permission from [11]. Copyright 2013 Elsevier B.V.)

LAPS was investigated in a period of 2 h shown in Fig. 8.14b. The deviation of
potential in a continuous detection of 2 h is less than 4 mV, while single detection is
accomplished in merely 5 min that satisfies practical measurement. LAPS demon-
strates good stability and reproducibility for pH detection.

8.4 Application in the Environment and Food Analysis

8.4.1 Heavy-Metal Detection

Electrochemical measurements have shown numerous advantages for trace heavy-
metal detection, including rapid analysis, good selectivity, and sensitivity. There-
fore, some works related to the electrochemical analysis of ion sensing are
discussed in this section [5].

8.4.1.1 Chemically and Biochemically Modified Electrodes

Modified electrodes for electroanalytical determination of heavy metals using
stripping voltammetry are commonly employed and present many advantages
over the nonmodified electrodes, such as the enhancement of the sensibility and
selectivity of the technique. A wide range of modifications have been reported in
the literature with the aim of electrochemical detection of heavy metals, ranging
from synthetic metal ionophores to biological receptors such as DNA or proteins.

a-Cyclodextrin or p-cyclodextrin-modified carbon paste electrodes have been
used to determine Pb®* by means of anodic stripping voltammetry [13, 14]. Both
modified electrodes display good resolution of the lead oxidation peak. The analysis
of the results indicates that the carbon paste electrodes modified with
B-cyclodextrin exhibit a better analytical response than the ones modified with a-
cyclodextrin. Detection limits of 6.30x 10~/ M and 7.14 x 1077 M of Pb>",
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Fig. 8.15 Typical SEM images: (a) the bunch-like Bi composed of Bi nanowires, (b) the
as-synthesized 3,30,5,50-tetramethylbenzidine (TMB)-based nanofibers (NFs), (¢) Au-PtNPs/NF
inorganic-organic hybrid nanocomposite on a glassy carbon electrode (GCE), (d) stripping
voltammograms of increasing mercury concentrations (Reproduced with permission from
[5]. Copyright 2011 American Chemical Society)

respectively, are obtained. The principal factors involved in guesthost complex
formation are covalent bonds formed between metal ions and deprotonated ~O-
groups of cyclodextrins.

Although the modified carbon paste electrodes are still being used for sensing
purposes, due to their mode of preparation, these devices usually lack reproduc-
ibility between batches, and their use is time consuming. While this is not a big
problem for in-lab research, it would be a considerable burden in mass production
systems.

Because of their exceptional selectivity and sensibility, biomodified electrodes
involving DNA, proteins, and antibodies have emerged as a new type of electro-
chemical sensing strategy for heavy-metal ions. Sensors based on proteins with
distinct binding sites for heavy-metal ions are being developed and characterized. A
capacitive signal transducer is used to measure the conformational change follow-
ing heavy-metal binding (Fig. 8.15b). The proteins can be immobilized in different
ways on a self-assembled thiol layer on a gold electrode placed as the working
electrode in a potentiostatic arrangement in a flow analysis system. Metal ions can
be detected down to femtomolar concentration using the biosensor described by
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Bontidean et al. [15]. Figure 8.15a shows a developed electrochemical sensor based
on cooperative coordination with Hg>* by a pair of short poly-T oligonucleotides
that induce conformational switching of the ferrocene-tagged probes from a single-
strand to a duplex-like structure, modulating the electron-transfer efficiency
[16]. This strategy exploits the cooperation of proximate poly-T oligonucleotides
in coordination with Hg>". Ferrocene (Fc)-tagged poly-T oligonucleotides are
immobilized on the electrode surface via self-assembly of the terminal thiol moiety.
In the presence of Hg?*, a pair of poly-T oligonucleotides can cooperatively
coordinate with Hg?*, which triggers a conformational reorganization of the poly-
T oligonucleotides from flexible single strands to relatively rigid duplex-like
complexes, thus drawing the Fc tags away from the electrode with a substantial
decrease of the redox current. Figure 8.15b1 shows typical differential pulse
voltammetry (DPV) curves of the sensor in response to Hg?* ions of varying
concentrations, while Fig. 8.15b2 is a plot of DPV peak currents versus Hg>*
concentrations. A similar design was proposed for Pb>* detection using methylene
blue as electrochemical label [17].

Other approaches related with biochemically modified electrodes involve
enzyme-based biosensors, such as oxidase, dehydrogenase, and urease, which
detect metal ions by relying on their inhibition of enzymatic reactions [18—
20]. The enzyme glucose oxidase has been recently used by Willner
et al. (Fig. 8.15¢c). The system is based on the use of a DNA scaffold for the
amplified detection of Hg>" using an electrically contacted relay/enzyme structure
as a transducing element [21]. The detection limit for Hg?* corresponds to
100 £ 10 pM. This great sensitivity originates from the amplification path provided
by the biocatalytic system. Although the system has high sensitivity, working with
enzymes requires narrow operation parameters (e.g., of pH, temperature, ionic
strength) and long incubation times. In this context, the application of the
enzyme-based system in real samples might be difficult or even impossible if the
sample is under extreme conditions. Point-of-care devices are being developed
nowadays to provide low-cost analytical systems useful for environmental moni-
toring of heavy metals. In this context, paper-based systems are highly novel and
important [22, 23].

8.4.1.2 Metal Nanoparticle-Modified Electrodes

MNP-modified electrodes may serve as random arrays of microelectrodes. They
show distinct advantages over the conventional macroelectrodes, such as increased
mass transport, decreased influence of the solution resistance, low detection limit,
and better signal-to-noise ratio.

Bismuth and antimony nanoparticles have been proven to be highly sensitive and
reliable for trace analysis of heavy metals in conjunction with anodic stripping
voltammetry. The attractive and unique behavior of bismuth and antimony
nanomodified electrodes is attributed to the formation of multicomponents alloys,
as well as the enhanced sensibility coming from the combination of the great
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properties of the nanostructured material [24-27]. A new self-organized morphol-
ogy of Bi (called bunch-like bismuth, see Fig. 8.15a) grown in a bare electrode has
been recently described by Zhang et al. and exhibits a good performance for
detection of heavy-metal ions [28].

In a parallel way, AuNPs-based electrodes have been proven to be a promising
approach for heavy-metal detection [29-31]. Recently, bimetallic NPs have been
extensively investigated due to their extraordinary properties, such as good con-
ductivity, and better catalytic activities than their monometallic counterparts. Gong
et al. have just reported the use of a bimetallic Au-PtNPs inorganic-organic hybrid
nanocomposite-modified glassy carbon electrode for Hg?* ion determination
[32]. Bimetallic Au-PtNPs are homogenously distributed in the interlaced nanofiber
(NF) matrix (see Fig. 8.15b, c), building a 3D porous network. Such 3D porous
nanostructured composite film greatly facilitates electron-transfer processes and the
sensing behavior for Hg?* detection, leading to a remarkably improved sensitivity
and selectivity. The calibration plot is linear up to 10 ppb, and the detection limit of
0.008 ppb (8 ppt) is obtained with the calculation based on a signal-to-noise ratio
equal to 3 (see Fig. 8.15d).

In the same field, Dominguez et al. reported a novel method for the anodic
stripping voltammetry determination of Sb>* using AgNPs-modified screen-printed
electrodes [33]. The detection limit for Sb>* using the silver and gold modified
electrode was 6.79 x 10~ '° M for an accumulation time of 200 s.

8.4.1.3 Nanomaterials Combined with Synthetic Receptor-Modified
Electrodes

The use of nanomaterials combined with the specific complexing ability of the
receptors results in an improved electrochemical sensing platform toward heavy
metals with high sensitivity and excellent selectivity for stripping analysis. Pan
et al. reported a nanosized hydroxyapatite/ionophore-modified glassy carbon elec-
trode for the determination of lead [34]. The nanostructurated material provides a
unique three-dimensional network structure and particular multiadsorbing sites,
while the specific complexing ability of the ionophore for lead enhances the
sensibility and selectivity of the electrochemical platform for this metal [35]. The
electrode has a linear range of response from 5.0 nM to 0.8 pM with a 10 min
accumulation time at open-circuit potential. The sensitivity and detection limit of
the proposed sensor are 13 pA/pM and 1.0 nM, respectively. Interferences from
other heavy-metal ions such as Cd**, Cu®*, and Hg** ions associated with lead
analysis can be effectively diminished.

A similar work presented by Huang et al. for trace detection of mercury ions
combining the use of 2-mercaptobenzothiazole adapters in a SiO, 3D gold micro/
nano pore array has been recently reported showing an excellent linear range
(0.05-10 nM) and a good repeatability (relative standard deviation of 2.10 %) [36].
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8.4.1.4 Nanobiomodified Electrodes

Electrochemical biosensors based on modifications with DNA and nanomaterials
have received increasing attention, mainly for mercury detection [37, 38]. During
the past decade, oligonucleotide-functionalized gold nanoparticles have been
employed as amplifying tags for novel biosensing protocols due to their unique
properties. Recently, Kong et al. have reported a highly selective electrochemical
biosensor based on the strong and specific interaction of Hg>* ions by two DNA
thymine bases and the use of AuNP-functionalized reporter DNA to achieve signal
amplification (see Fig. 8.16a) [39]. The electrochemical mercury biosensor is
composed of three elements: a 50-thiol-modified oligonucleotide containing six
T-bases for Hg** binding as a capture probe (DNA 1), an appropriate oligonucle-
otide linker (DNA 2) with the 30-terminal partially complementary with the capture
probe sequence except six T-T mismatches, and finally a DNA 3 functionalized
with AuNPs, which could specifically hybridize with the partial linker sequence
close to the 50-terminal. When the sensing platform is incubated with solutions
containing mercury and the DNA linker, the capture probe can hybridize with the
linker via specific T-Hg-T interaction, and the AuNP-functionalized reporter DNA
subsequently hybridizes with the linker. In the absence of mercury, the linker does
not hybridize with the capture probe, because the melting temperature is lower than
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Fig. 8.16 (a) A description of the electrochemical Hg2+ sensing strategy based on the signal
amplification of AuNP-functionalized reporter DNA. (b) DPV responses of the sensor after the
addition of different concentrations of Hg2+ ions. (¢) Calibration curves of peak current as a
function of Hg>" concentration. Inset: the linearity of the relative peak current with respect to the
Hg2+ concentration over the concentration range 1-100 nM (Reproduced with permission from
[5]. Copyright 2011 American Chemical Society)
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the incubating temperature due to the T-T mismatches. Figure 8.16b shows DPV
responses of the sensor after the addition of different concentrations of Hg** ions
0, 0.5, 1, 5, 10, 20, 50, 75, 100, 200, 500, 1000, and 2000 nM). Moreover,
Fig. 8.16¢c shows the calibration curves of peak current as a function of Hg**
concentration and the linearity of the relative peak current with respect to the Hg**
concentration over the concentration range 1-100 nM. The described electrochemical
sensor can achieve a detection limit of 0.5 nM, which makes the detector favorable
for Hg?* ion assays in practical samples, such as tap or river water with very low Hg**
concentrations. Even though the system presents low detection limits, issues related
with the reusability (by immersing the electrode into 1 M NaOH at 50 C) would
represent a drawback for long-term and in-field applications.

8.4.2 Mpycotoxin Determination
8.4.2.1 Biosensors as Diagnostic Tools

A biosensor is defined as a bioanalytical device incorporating a molecular recog-
nition element associated or integrated with a physicochemical transducer [40].
To date there are five types of transducers used in biosensor devices, and these
include electrochemical, optical, mass-sensitive, calorimetric, and magnetic trans-
ducers. The official IUPAC definition states “A biosensor is a self-contained
integrated device, which is capable of providing specific quantitative or semiquan-
titative analytical information using a biological recognition element (biochemical
receptor) which is retained in direct spatial contact with a transduction element”
[41]. Figure 8.17 shows the concept of constructing a biosensor device where a
biorecognition material is selected and then immobilized on the chosen sensor
platform surface. The assay is then developed and optimized, and this is then
combined with the instrument which will produce the digital signal. The use of
these devices allows the capability of analyzing food and feed samples on-site such
as on the farm or at the food factory [42]. That is because biosensors have the
advantages over traditional methods of being, simple, rapid, cost-effective, and
portable devices that are sensitive and specific for the target analyte, e.g., the
mycotoxin. These devices can also be designed to be disposable for single use
and reusable for several analyses or for continuous monitoring. A range of bio-
sensors have now been developed and reported in the literature for mycotoxin
analysis, some of which have the capability of multi-array mycotoxin diagnosis
(multiplexing capabilities). The sample preparation can usually be incorporated as
part of the sensor procedure system. Some of the extraction and cleanup procedures
may be similar to the procedures used for HPLC or GC analysis especially if the
samples are of solid food nature. Some sensors have been developed to be applied
directly for liquid samples without the need for extraction of the sample. To date
sensors can be designed to handle the sample through the inclusion of a microfluidic
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Fig. 8.17 Biosensor construction: a biorecognition material is selected and immobilized on the
chosen sensor platform surface, then the assay is developed and optimized and this is then
combined with the instrument which will produce the digital signal (Reproduced with permission
from [43]. Copyright 2009 Elsevier Ltd.)

system or membrane separation system as part of their design for extracted food
sample handling.

8.4.2.2 Micro/Nano electrode Arrays

Nanotechnology has the potential to improve food quality and safety significantly
through the use of advanced micro- and nanosensors and tracking systems. Nano-
technology is research at the interface between chemistry, biology, material sci-
ence, physics, and engineering where ultraprecision engineering can be combined
with nanostructured materials and molecular manipulation to produce novel
devices. The National Nanotechnology Initiative (NNI) defines nanotechnology
as “Research and technology development at the atomic, molecular or macromo-
lecular scale leading to the controlled creation and use of structures, devices and
systems with a length scale of 1-100 nanometers (nM)” [44]. Interest in nanotech-
nology relies on the new properties that materials exhibit when reduced to the
nanometer scale compared to the bulk materials. Lab-on-a-chip devices are exam-
ples of micro/nano technology systems approaches which can be used for the
analysis of food contaminants such as mycotoxins for on-site analysis. These
devices can be cost-effective and highly beneficial for the food industry in ensuring
high safety and quality of the food and also for risk assessment and management.
The use of nanomaterials and structures such as semiconductors and conducting
polymer nanowires and nanoparticles (carbon nanotubes, silica nanoparticles,
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Fig. 8.18 Examples of nanoparticles used in sensor developments: they are quantum dots, carbon
nanotubes, gold nanoparticles, and dendrimer

dendrimers, noble metal nanoparticles, gold nanoshells, superparamagnetic
nanoparticles, quantum dots, polymeric nanoparticles) for biosensor applications
is expanding rapidly. Figure 8.18 shows examples of some nanoparticles used for
sensor applications. To date many comprehensive review articles have been
published in this area [45-48].

The development of micro/nano sensor devices for toxins analysis is increasing
due to their extremely attractive characteristics for this application. In principle
these devices are miniature transducers fabricated using conventional thin and thick
film technology. Their novel electron transport properties make them highly sensi-
tive for low-level detection [49, 50]. The multiplex analysis capability is also very
attractive for multi-biomarker analysis. Micro/nano electrodes can be classified as
small electrodes in which at least one dimension is in the pm or nm range,
respectively. These can also be fabricated using different materials such as plati-
num, gold, iridium, and carbon on silicon wafers. Microelectrode arrays (MEA)
have been fabricated to produce miniaturized electrochemical sensors [12, 51]. Dif-
ferent shapes and sizes of these electrodes have been fabricated using standard
deposition, etching, lithography, and photolithography techniques, including
micro-disk electrodes [52], microband electrodes [53], interdigitated electrodes,
and three-dimensional MEA [54]. The devices can be based on macro-type of
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transducers such as receptor spots on glass slide or can be easily fabricated using
screen-printing technology with multi-working electrode array. In order to develop
practical devices for commercial developments, problems of binding between
heterogeneous antigens and antibodies used in the sensor assays and also the high
background signals need to be eliminated and controlled. Multi-toxin detection
(e.g. mycotoxins) in foods can be conducted using single micro/nano electrode
array chip with high sensitivity and rapid analysis time. The use of micro/nano
arrays for analysis applications in foods can produce highly sensitive sensors.

Multi-mycotoxin detection has also been reported in the literature using different
sensor platforms combined with multi-ELISA assays. Therefore, multi-toxins can
be detected on a single microelectrode array chip with multi-array working elec-
trode, where different antibody is immobilized to detect a specific mycotoxin.
Micro/nano electrode arrays have unique properties which include small capacitive
charging current and faster diffusion of electro-active species which will result in an
improved response time and greater sensitivity [12]. The use of lab-on-a-chip is
expanding in all areas of analysis due to the advantages of using small samples to
analyze several markers/toxins, i.e., offer high-throughput analysis [55]. These
types of devices will be attractive for mycotoxin analysis since several toxins
may exist in the same food or feed sample. Examples are the electrochemical
assay developed by Piermarini et al. [56], using a 96 well screen-printed microplate
to detect aflatoxin B1 in corn samples. Detection was carried out using alkaline
phosphatase as the label enzyme with the array used to detect the toxins in several
samples simultaneously. Other examples of multi-mycotoxin analysis sensors
include those reported by Ngundi et al. [57, 58], using a fluorescence-labeled
antibody with a sensor arrays to detect ochratoxin A and deoxynivalenol. Also
Gaag et al. [59] developed an SPR biosensor array to monitor aflatoxin B1 and
deoxynivalenol. However, no real samples were analyzed using this sensor. Ligler
et al. [60] reported on the use of biosensor consisting of a patterned array of capture
antibody immobilized on planar waveguide. A fluorescent assay is then performed
and the spots are captured using a CCD camera. Several authors reported the use of
competitive immunofluorescent assays on a biosensor array for the simultaneous
detection of several mycotoxins such as aflatoxin B1, fumonisin, ochratoxin A, and
deoxynivalenol [60, 61]. Recently, Bayer Technology Services GmbH has devel-
oped a mycotoxin biochip platform based on planar waveguide technology, which
is able to analyze multiple mycotoxins based on fluorescently labeled antibodies
and consists of a reader and a lab-on a-chip cartridge.

We have developed an electrochemical microarray with 35 arrays and which was
used for the detection of aflatoxin M1 [62] (Fig. 8.19). Each array consisted of
35 microsquare electrodes with 20 x 20 pm dimensions and edge-to-edge spacing
of 200 pm (an electrode width to spacing ratio of 10). These dimensions and
spacings were chosen to avoid overlapping diffusion layers between neighboring
electrodes in the array. The whole microarray was used to immobilize the antibody
for aflatoxin M1 analysis with very sensitive detection limit achieved (8 ng L-1 in
milk) using amperometry as the detection system. This has now been also used for
aflatoxin B1 and fumonisin detection (unpublished data). The use of microarrays
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Fig. 8.19 A three-electrode chips with a working electrode area (35 electrodes in the array), a
counter electrode, and a reference electrode area (Reproduced with permission from [62]. Copy-
right 2009 American Chemical Society)

for mycotoxin analysis is still progressing, and as shown above it can produce very
highly sensitive sensors for mycotoxin analysis.

8.4.3 Application of the LAPS

The LAPS was first proposed by Hafeman in 1988 as a semiconductor device for
biochemical systems [63, 64]. In the following 20 years, LAPS was widely studied
in biological analysis and commonly used as an ISFET [65]. Different LAPS
systems are designed to obtain better sensitivity, stability, and compatibility for
bioassays. The cytosensor microphysiometer for extracellular acidification and the
threshold unit for immunoassays have been commercialized by Molecular Devices
Corp. (Sunnyvale, CA) [64]. The potentiometric alternating biosensor system has
also been commercialized by Technobiochip (Marciana, Livorno, Italy) [66]. These
systems have been used widely in various areas, including cellular physiology,
toxicology, and pharmacology.
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8.4.3.1 Typical LAPS

An LAPS is typically structured as a conventional electrolyte-insulator-semicon-
ductor (EIS) sensor (Fig. 8.20a) [65], and the LAPS surface is chemically deposited
with silicon oxynitride as an insulating layer, which can also be silicon oxide and
silicon nitride. The insulating layer separates the silicon chip from the solution. The
sensor surface forms silamine and silanol groups under hydration. The solution pH
can affect the surface potential by changing the proportion of silamine and silanol
groups. In the high-pH condition, the LAPS surface has a strong negative charge. In
the low-pH condition, the LAPS surface has a weak charge. An electric field is
generated in the LAPS when a DC voltage is applied on the sensor chip. A
photocurrent is produced by a pulsing infrared light from a light-emitting diode
(LED) at the backside of the chip. The photocurrent amplitude depends on the sum
of the surface potential and applied potential, and the former depends on the
solution pH of the insulating layer [67] (Fig. 8.20b). In the conventional detection
mode, a DC voltage is used to keep the LAPS photocurrent constant, and the
voltage changes correspond to the pH changes (60 mV/pH unit). Therefore, bio-
logical events could induce corresponding fluctuations in the photocurrent output
by modifying the electrochemical parameters of the interface.

In the biological application, the LAPS commonly monitors the cellular metab-
olism, especially energy metabolism. The heterotrophic cells obtain various
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Fig. 8.20 Illustration of a LAPS as a microphysiometer: (a, b) principle and structure of the LAPS
(Reproduced with permission from [65]. Copyright 2000 Elsevier S.A.) (c¢) proton release in
cellular metabolism (Reproduced with permission from [67]. Copyright 2011 Elsevier B.V.)
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nutrients, produce the energy, and release the wastes for growth. The carbon
source (e.g., sugars, amino acids, and fatty acids) mainly produces metabolic
energy. The schematic overview of the cellular metabolic process is presented in
Fig. 8.20c. In the natural aerobic condition, cells convert glucose into CO,. In the
anaerobic condition, cells convert glucose into lactic acid. The acidic products
(e.g., H+, CO,, and lactic acid) generated by cellular energy metabolism induce a
pH drop in the extracellular microenvironment, which can be detected by a
microphysiometer.3go On the basis of this principle, a large amount of experiments
have been carried out to monitor the extracellular acidification rate (ECAR), which
is the most significant parameter indicating the state of cellular metabolism. Many
biochemical factors, such as receptor-ligand reactions, will affect the ECAR of the
cells, and the effects of these factors can be measured via a microphysiometer.
Additionally, a microphysiometer can analyze and evaluate pharmaceutical effects
on ECAR, such as antitumor drugs for chemotherapy [68, 69].

In constructing cell-based biosensors for extracellular microenvironment mon-
itoring, the LAPS is preferred over the ISFET because of its compatibility with
MEMS fabrication, less critical and easier encapsulation, and incorporation into
microvolume measuring chambers for bioassays. Also, when cells are cultured on a
silicon surface, extracellular action potential coupled to the sensor surface can also
generate corresponding spikes in the photocurrent output [70]. Electrophysiological
study with the LAPS can overcome the geometric restrictions of MEAs and FETs.

8.4.3.2 Microphysiometers Based on the LAPS

The LAPS is sensitive to pH variation in the electrolyte solution. By encapsulating
the LAPS and cells in a microvolume chamber, the microphysiometer is used to
indicate the ECAR (Fig. 8.21) [71]. In the microphysiometer, cells are cultured in
the microvolume chamber, which is formed by a multiporous polycarbonate mem-
brane and an O-ring spacer. The microvolume chamber is tightly fixed on the LAPS
chip, and H+ can diffuse adequately in the small volume, so the ECAR can be
directly measured by the LAPS. A modulated infrared LED (light-emitting diode)
illuminates the backside of the LAPS, and thus, the LAPS will generate a photo-
current with the same frequency. All of the experimental data are transmitted into a
computer by the detection and analysis instrument. The culture medium is injected
into the flow chamber by the peristaltic pump, the degasser, and finally the injection
valve. The ECAR can be continually measured by refreshing the culture medium
cycle.

The basic function of the microphysiometer is to study the metabolic activities
responsive to agents. The metabolic activity responses of different cells to many
different agents have been successfully monitored [72, 73]. For example, for
fibroblast cells, 2-deoxy-D-glucose reduces the acidification rate from —90 to
—40 pV/s, which is directly induced by the decrease of lactic acid. Also, fluoride
acts as a metabolic inhibitor which binds to the enolase and affects pyruvate
formation, which subsequently decreases the ECAR significantly.
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Fig. 8.21 Microphysiometer for extracellular acidification based on the LAPS: (a) schematic of
the cytosensor microphysiometer, (b) ECAR measured by the flow-on/flow-off cycle of the
microphysiometer (Reproduced with permission from [71]. Copyright 1999 John Wiley & Sons,
Inc.)
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Changes in the ECAR typically ranged from 110 to 200 % of the basal ECAR in
the receptor activations [74]. Pharmacology assays with microphysiometers can
measure the functional consequence of extracellular acidification by drugs binding
to molecules. Additionally, microphysiometers can measure the ECAR induced by
many receptors (e.g., CAMP and mitogenesis). Cells maintain homeostasis by
releasing H+, so the overall cellular metabolism can be reflected by the ECAR.
Applications have been proposed in studies including pharmacology-related sig-
naling mechanisms [75], functional characterizations of ligand-receptor binding
[76, 77], and identification of specific and functional orphan receptors
[78, 79]. Many activations of protein tyrosine kinases have been investigated
using the effects of pharmacological factors and receptors, such as epidermal
growth factor (EGF) receptor tyrosine kinase [75, 76], epidermal growth factor
[80], insulin-like growth factor-1 (IGF-1) [81], ligand-gated ion channels [82],
leptin receptor [83], T-cell receptor [84], G-protein-coupled receptors of angioten-
sin II receptor, type 1 (AT1) receptor [85, 86], and bradykinin receptor B2 [87].

When the signaling pathways are coupled, the receptor activation-induced
cellular responses can be studied with the ECAR. For example, dimethyl amiloride
(DMA) was used to study Na*/H" exchanger activities in cells growing at different
cell densities [88]. Exposing cells at low density (10* cells/mL) to dust induced an
initial release of acid not involving the exchanger, followed by a sustained
DMA-sensitive Na/H* exchanger activation. In cells near high density (10°
cells/mL), the Na*/H* exchanger was not activated during exposure, resulting in
amodest increase in the ECAR. Exposing cells at high density resulted in a biphasic
ECAR pattern, and an initial increase in proton release was followed by an
inhibition of the ECAR below baseline. Polar amino acids are important in the
proton flux activity of Na*/H* exchangers [89]. A large number of G-protein- and
non-G-protein-coupled hormone and neuropeptide receptors which activate the
signal transduction mechanisms have been investigated [90]. Signal pathways of
gp130 family cytokines (interleukin-6 (IL-6), oncostatin M) and IL-1 were probed
by the ECAR of HepG2 cells [91]. Extracellular acidification measurement is a kind
of in vitro bioassay, and H+ is used as an indicator of overall cellular metabolism.
Initial studies of irritancy testing using human keratinocytes grown on coverslips
tested half-log serial dilutions of eight irritants previously characterized as having
in vivo ocular irritancy ranging from mild to severe [92]. Ocular and skin irritancy
testing materials represent the range of effects commonly encountered in cleaning
products [93, 94]. Other cell sources, including hepatic cells and cancer cell lines
[91, 95], were treated with various toxins and drugs to evaluate their effects. The
microphysiometer is a useful platform to monitor metabolic disturbance by mea-
suring the recovery of the extracellular microenvironment.

Further improvements of the microphysiometer system were proposed for mon-
itoring several parameters in the extracellular microenvironment related to ATP
usage and metabolic processes. A multianalyte microphysiometer has been pro-
posed to simultaneously measure the acidification rate, glucose consumption,
oxygen uptake, and lactate production in the extracellular environment by modify-
ing the cytosensor microphysiometer system to study the cellular metabolism more
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comprehensively [72, 73]. Another attempt to use a multiparameter
microphysiometer was made using poly(vinyl chloride)-based ion-sensitive
membranes on the LAPS surface for extracellular monitoring of ions such as K*,
Na®, Ca?*, and Cl— [96, 97]. These multianalyte and multiparameter detections
can provide more biological information about cellular responses to achieve
better evaluation of drug effects. Especially, if modified with a porous structure,
the LAPS could display highly enhanced performance attributed to morphological
changes in the sensing units [98].

8.4.3.3 Cell-Semiconductor Hybrid for Electrophysiological Detection

In the above section, the microphysiometer is introduced to monitor metabolism in
a cell population. However, it is far from the ability of cell-semiconductor hybrid
systems to detect ion channels or potentials of cells. The LAPS surface is totally flat
without any special structures, so the cells can easily culture and freely attach to the
LAPS. Recently, the LAPS was used to study excitable cells by monitoring
extracellular potentials [99, 100]. In principle, the modulated infrared laser is
focused by the microscope to illuminate the position of the target cell. The inflow
or outflow of cellular ionic currents (e.g., Na*, K*, and Ca2+) will induce fluctuation
of the LAPS response signals.

The LAPS consists of an EIS structure (Fig. 8.22a, b) [101]. The insulator (SiO,
layer) is suitable for the attachment of cells without the addition of special struc-
tures. Therefore, the ionic current induced by the extracellular potential will couple
with the LAPS surface, and the corresponding photocurrent change can be detected
by the LAPS. This simple model of the cell-sensor interface is shown in Fig. 8.22c.
The LAPS has the light-addressable function, and the laser can scan at arbitrary
positions on the LAPS surface. On the basis of the working principle, the extracel-
lular potential of the cell can be detected when the focused laser illuminates the
sensitive region of a cell [101]. Thus, a membrane potential change can cause

-

Fig. 8.22 Extracellular potential monitored with the LAPS: (a) schematic of the cell-based
biosensor and LAPS detection system, (b) cell-sensor interface with the EIS structure, (c)
simplified model of the cell-LAPS biosensor (Reproduced with permission from [101]. Copyright
1999 2006 Elsevier B.V.)
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corresponding turbulence in the LAPS output. In recent research, cell-LAPS hybrid
biosensors have been proposed as superior instruments for extracellular recording
of potential signals [70, 99, 102, 103]. Most recordings were performed with
excitable cells, such as ardiomyocytes and neurons.

As discussed in this review, the FET array and MEA are at present the two main
types of cell-semiconductor hybrid biosensor systems for extracellular detection.
However, the MEA and FET are typically restricted by their surface structure
because only a few electrodes are fabricated. Thus, a small effective detection
region can be used to monitor the cellular state. Moreover, microelectronic fabri-
cation restricts the distance of the electrodes on the MEA and FET [104], which
ranges from 50 to 200 pm [100]. Consequently, the spatial resolution of the sensor
is restricted significantly, and it will hamper the development of the biosensors.
However, the LAPS is different from the MEA and FET due to its special working
mode. The surface potential of the LAPS can be monitored and detected by a
scanning focused laser beam. The illuminated site will generate a photocurrent
signal which reflects the surface potential. Taking this characteristic into consider-
ation, the spatial resolution will be much improved. Therefore, an arbitrary site on
the LAPS can sense the cellular state, so all of the cells cultured on the LAPS can be
studied.

The majority of related studies are focused on self-exciting cells such as neurons
and cardiomyocytes [105]. Stem cells and tissues are also used as new sources for
LAPS biosensors [67, 106, 107]. Liu et al. have cultured the mouse embryoid
bodies on the LAPS and induced them to differentiate into cardiomyocytes and
neurons in vitro (Fig. 8.23a) [67]. Typical signals of cardiomyocytes recorded are
shown in Fig. 8.23b. The spikes can be sorted and analyzed by several parameters
shown in Fig. 8.23c. Differences in these parameters can reflect cellular responses
to drugs in a way similar to that of MEA- and FET-based biosensors. Electrophys-
iological responses are monitored using amiodarone, noradrenaline, sparfloxacin,
and levofloxacin as cardiotoxic drugs.

An obvious disadvantage of the LAPS is its single-channel output, which makes
it difficult to record extracellular potentials of multisite cells simultaneously. The
LAPS with submicrometer electrodes has been reported with a light-addressable
function [108]. This novel design concept will even benefit MEA systems to solve
the problem of lower spatial resolution. Moreover, the functions and performance
of the LAPS can be enhanced by modifying specific bioactive units and other
materials, such as biological enzymes and ion-selective membranes, to detect
many physiological parameters of cells simultaneously.

Alongside parallel detection, another promising field is using the LAPS as a
virtual electrode to stimulate excitable cells. The extracellular potential is deter-
mined by the membrane potential and ionic current. One group has developed the
LAPS biosensor technology by recording the extracellular stimulations of discrete
neurons [109]. The complicated spatiotemporal patterns of cell networks can be
investigated by scanning the desired sites on the LAPS. Therefore, information at
any site will be monitored continually. Compared to the site-restricted MEA, the
LAPS can serve as a useful biosensor to carry out the spatiotemporal analysis.
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Fig. 8.23 Embryonic stem cells differentiated into cardiomyocytes and extracellular potentials
detected by the LAPS: (a) mouse embryoid bodies differentiated into cardiomyocytes on the
LAPS, (b) typical signals recorded, (c) automatic spike sorting (Reproduced with permission from
[67]. Copyright 2011 Elsevier B.V.)

Additionally, visualized research on cells and tissues may be improved by the
technology. The bioelectronics and bioelectrochemical imaging will facilitate the
study of cell networks with the development of spatiotemporal pattern studies.

The cell-silicon junction plays a significant role in the combination of neuronal
dynamics and electronics. The integration of excitable cells and sensors will be
used to exploit a new approach for both eliciting and recording neuronal networks
on the same chip simultaneously. The neuronal networks can be formed on the
sensors, and the signaling pathway of the neuronal networks can also be modeled
and computed in further investigations.

8.5 Summary

The developments in micro/nano electrochemical sensors have large impact on ion
sensing research. Significant advances in the fabrications of micro/nano electro-
chemical sensors are being persistently made. In this chapter, we briefly described
the theory of electrochemical sensors for ion sensing, which contain potentiometric
sensors, voltammetric sensors, and microelectrode array. A detailed analysis of
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these sensors has been carried out on the latest research advancement made in the
development of ion sensing-based sensors/biosensors. The characteristics of these
sensors are also described in detail.

As more and more nanomaterials were discovered and used, micro/nano
electrochemical sensors have become a new detection technology. It has broad
application prospect in the field of environment and food analysis. The application
of LAPS, heavy-metal detection, and mycotoxin determination has been described
in detail in this chapter.
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