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Preface to ”Light-Addressing and Chemical Imaging

Technologies for Electrochemical Sensing”

Visualizing chemical components in a specimen is an essential technology in many branches of

science and practical applications. While optical methods based on indicators or fluorescent dyes

are widely used in biological and medical sciences, various electrochemical methods have also been

developed to meet specific requirements.

A major class of electrochemical imaging techniques employs a scanning electrode to access local

electrochemistry, as in the cases of scanning electrochemical microscopy (SECM) and electrochemical

scanning tunneling microscopy (EC-STM). Another class of electrochemical imaging techniques

relies on semiconductor devices with the capability of spatially-resolved sensing. Two types of

such sensing devices have been extensively studied and applied in various fields, i.e., arrayed

sensors and light-addressed sensors. An ion-sensitive field-effect transistor (ISFET) array and a

charge-coupled device (CCD) ion image sensor are examples of arrayed sensors. They take advantage

of semiconductor microfabrication technology to integrate a large number of sensing elements on a

single chip, each representing a pixel to form a chemical image. A light-addressable potentiometric

sensor (LAPS), on the other hand, has no pixel structure. A chemical image is obtained by

raster-scanning the sensor plate with a light beam, which can flexibly define the position and size of

a pixel. This light-addressing approach is further applied in other LAPS-inspired methods. Scanning

photo-induced impedance microscopy (SPIM) realized impedance mapping and light-addressable

electrodes/light-activated electrochemistry (LAE) realized local activation of Faradaic processes.

This book is a compilation of eight articles dealing with state-of-the-art technologies of

light-addressing/chemical imaging devices and their application to biology and materials science.

It offers graduate students, academic researchers, and industry professionals insight into different

up-to-date examples. If this book gives the readers the idea of what should come next, it is our

great pleasure.

Tatsuo Yoshinobu, Michael J. Schöning

Editors
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Abstract: In this review article, we are going to present an overview on possible applications of
light-addressable electrodes (LAE) as actuator/manipulation devices besides classical electrode
structures. For LAEs, the electrode material consists of a semiconductor. Illumination with a light
source with the appropiate wavelength leads to the generation of electron-hole pairs which can
be utilized for further photoelectrochemical reaction. Due to recent progress in light-projection
technologies, highly dynamic and flexible illumination patterns can be generated, opening new
possibilities for light-addressable electrodes. A short introduction on semiconductor–electrolyte
interfaces with light stimulation is given together with electrode-design approaches. Towards
applications, the stimulation of cells with different electrode materials and fabrication designs is
explained, followed by analyte-manipulation strategies and spatially resolved photoelectrochemical
deposition of different material types.

Keywords: light-addressable electrode; light-addressable cell stimulation and photoelectrochemistry;
photoelectrochemical deposition

1. Introduction

Charge transfer is the main task of working electrodes in electrochemistry, while they are in steady
interaction with an electrolyte [1–4]. The overall application field of biosensors [5–7] extends from
enzymatic biosensors [8–10] and impedimetric DNA sensors [11] to detection of action potentials of
neurons with microelectrode arrays [12]. Depending on the application, electrode sizes range from
macro- and micro- down to nanoelectrodes with adjustable geometries [13–15]. Regarding fabrication
methods, such as thick- and thin-film technologies, several process steps are necessary. For example, in
thin-film technologies, electrode design has to pass elaborated steps from photolitography to material
deposition. As materials, noble metals such as platinum, gold, or silver are the most common electrode
materials; however, it is also possible to use carbon [16,17], graphene [18–20], metal oxides [21–23], or
conductive polymers [24–26]. Despite of their wide application field and highly developed technology
standards, those electrodes are limited in their flexbility as they are usually tailored to a specific
task, and due to that, they need often highly sophisticated fabrication- and read-out procedures. If
a specific electrode design has to be integrated, for instance, in a lab-on-a-chip system, each single
development step might require changes due to the electrode design or location. This causes a time-
and resource-consuming redesign of the electrodes and the lab-on-a-chip system with an adjustment
of fabrication steps. In addition, the modification of other components can have an influence on the
electrode structure itself, such as the wiring of the connection.

Sensors 2020, 20, 1680; doi:10.3390/s20061680 www.mdpi.com/journal/sensors1
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Instead of using these classical electrode materials, semiconductors obtained attention as
alternative materials for electrochemistry from first studies by Gerischer [27] and for photoinduced
water splitting by Fujishima and Honda [28]. When a semiconductor is brought into contact with
an electrolyte, charge carriers will exchange between the semiconductor and electrolyte until an
equilibrium is reached. This is followed by a band alignment (between the valence band Eg and the
conduction band Ec) in the semiconductor, where a space-charge layer is formed at the interface. When
light with a suitable wavelength (photon energy > band gap energy) is absorbed by the semiconductor,
electron-hole pairs can be generated. Depending on the doping, the minority charge carriers, holes
(h+) for n-type semiconductors and electrons (e−) for p-type materials, will mainly contribute to the
charge transfer at the semiconductor–electrolyte interface, where redox reactions can occur:

Red + h+ → Ox (1)

Ox + e− → Red (2)

In Equation (1), a reducing agent (Red) is oxidized by releasing electrons, while in Equation (2),
an oxidizing agent (Ox) is reduced by gaining electrons. For example, for a n-type semiconductor, by
applying an anodic potential, electrons (majority charge carriers) will move to the bulk while the holes
(minority charge carriers) can perform oxidation reactions at the surface. Therefore, such a structure
is called a photoanode. Opposite reactions take place at a p-type semiconductor, a photocathode. A
detailed explanation of the related semiconductor physics is given in References [29,30]. The schematic
working principles of photoanodes and -cathodes are shown in Figure 1.

Figure 1. (a) n-type semiconductor as a photoanode in contact with a counter electrode (CE): At the
photoanode, substance A is oxidized by the photogenerated hole, while the electron is moved to the
counter electrode where it can reduce substance B. (b) p-type semiconductor as a photocathode in
contact with a counter electrode: At the photocathode, substance A is reduced by the photogenerated
electron, while the hole is moved to the counter electrode where it can oxidize substance B.

A more extensive theoretical introduction about light-addressable electrochemistry is given by
Vogel et al. [31]. Well-known examples are photoelectrochemical cells [32,33] and dye-sensitized
solar cells [34], to which a tremendous amount of reseach is dedicated. Nevertheless, also other
fields were established based on photoelectrochemistry: photoelectrochemical sensors [35–37], for
various applications, including DNA (deoxyribonucleic acid) [38], immuno [39], enzymatic [40], and
heavy metal sensing [41] are known in the literature. Mainly to trigger detection, those chips are fully
illuminated with a single light source and the possibility of addressing multiple analytes or areas of
the sensor is disregarded. The potential of obtaining spatially resolved information on the analyte
concentration was demonstrated with light-addressable potentiometric sensors [42–44]. In contrast to
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photoelectrochemical sensors, an insulating layer is deposited on top of the semiconductor to prevent
direct charge transfer at the semiconductor–electrolyte interface. Applying a d.c. (direct current)
potential, a space-charge region will be formed at the semiconductor–insulator interface. The width of
this space-charge layer will change according to the ion concentration at the sensor surface. Using an
intensity-modulated illumination, electron-hole pairs are continuously generated and separated in the
space-charge region. Hence, the resulting alternating photocurrent is proportial to the width of the
space-charge region and therefore to the ion concentration. By scanning the sensor with an appropiate
optical system, spatially resolved sensor images of the analyte concentration, so-called chemical
images, can be obtained. In chemical and biological systems, not only the detection of analytes or cells
is of importance. An additional changing of the local environment to trigger a chemical reaction or
manipulating a cell can also be significant. Especially, the localized dynamic triggering with a light
source in, e.g., a lab-on-a-chip system, can be beneficial in comparison to conventional electrodes,
where a sophisticated design and layout is necessary. One well-known technique which utilizes this
idea is optoelectronic tweezers [45–47]. They are based on dielectrophoretic techniques by applying
a.c. (alternating current) voltages between the photoconductive surface and a counter electrode, which
results in nonuniform electric fields at the illuminated areas. Particles in that area might interact due
to their dipoles with the electric field as dielectrophoretic forces acting on these particles. Hereby,
a controlled movement of molecules or even biological cells is possible. Our review will give a
closer look at three additional light-addressable electrode applications: (i) stimulation of cells, (ii)
addressable photoelectrochemistry and, (iii) photoelectrochemical deposition (Figure 2).

Figure 2. Overview of the presented topics in this review article: In contrast to well-known
electrodes made of noble metals, light-addressable electrodes with a semiconductor electrode material
can be addressed with a light source. Addressable photoelectrochemistry, cell stimulation, and
photoelectrochemical deposition are introduced as possible applications.

For a successfull implementation in an experimental setup, the photoelectrode design and the
optical system are the major contributors. In literature, different keywords are used for the electrode
description, e.g., “photoelectrochemical”, “light-induced”, “light-directed”, “optically directed”,
“photo-assisted”, etc. For simplicity, the actual working electrode will be called light-addressable
electrode (LAE) in this review. The design of those electrodes—see Figure 3—relies mainly on the
selected semiconductor. Depending on the application, the conduction and valence band energies
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have to fit to the reduction and oxidation potentials of the analyte, whereby the band gap also defines
the possible excitation wavelength. A detailed calculation of common band energies is given in
Reference [48]. Furthermore, a sufficient dark-to-photocurrent ratio and the charge-carrier diffusion
length of the semiconductor are essential to trigger a reaction only at the area of illumination. A
semiconductor can be directly electrically connected (Figure 3a) or deposited as a thin film on a
substrate material (Figure 3b). Often, transparent conductive oxide (TCO) glasses such as indium
tin oxide (ITO) [49], fluorine-doped tin oxide (FTO) [50], or aluminium-doped zinc oxide (AZO) [51]
are used as substrate materials as they allow rear-side illumination and easy electrical connection.
Since LAEs are mainly used with liquid environments, the semiconductor material should be stable
under the prevailing conditions. Especially the stability in alkaline or acid solutions has to be taken
into account as the degradation/corrosion of the material is possible [52]. A discussion about the
stability for a wide range of semiconducting materials which can be used as LAEs can be found
in Reference [53,54]. Nevertheless to improve the stability, e.g., for silicon or amorphous silicon, a
passivation layer can be applied (Figure 3c). The passivation layer has then to be thin enough for charge
tunneling; anisotropically conductive or redox groups are required. It is also possible to integrate
single noble-metal electrodes electrodes into the passivation layer to have a charge path to the analyte
(Figure 3d).

In addition to the electrode design, a proper illumination source is required for flexible addressing
of the LAE. In the beginning, single-focus laser spots were used for spatial illumination by mounting
them onto motorized stages [55], or dimensional excitation was done by photomasks [56]. A more
dynamic and flexible addressing can be achieved with Digital Micromirror Device (DMD) [57] or
Ferroelectric Liquid Crystal on Silicon (FLCoS) [58] technologies. By individual switching of single
pixels, both technologies (DMD and FLCoS) combine the flexibility of a scanning laser and the extensive
pattern illumination of a photomask. Nevertheless, a sufficient optical focussing has to be provided
to project small-scale patterns onto the electrode. In the next section, a more detailed look on the
electrode design, integration of optical systems, and example applications for the stimulation of cells
by the LAE will be given.

Figure 3. Different design possibilities for light-addressable electrodes: (a) Pure semiconductor
electrically contacted, (b) semiconductor film deposited on a transparent conductive oxide (TCO) glass
substrate for electrical connection, (c) deposited passivation layer for protecting the semiconductor
film against environmental conditions, and (d) integrated metal electrodes in the passivation layer (for
charge exchange) deposited on the semiconductor film.
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2. Stimulation of Cells

Multielectrode arrays (MEA) are well established for manipulating cells and for recording their
electrical potentials [12]. From first MEAs with 30 microelectrodes to record potentials from chicken
heart cells [59] to arrays based on CMOS (complementary metal-oxide-semiconductor) technology,
which have bidirectional functionality for recording and stimulation with 26,400 electrodes [60],
considerable research efforts were dedicated to those electrodes. The incentive for developing new
kinds of electrodes are the existing challenges. Wiring of single, fixed-positioned metal electrodes led
to a limited density of electrodes with the consequence that cells lying between electrodes, or barely
covering them, could only be monitored with a low signal-to-noise ratio. The high electrode density
and spatial resolution, together with the good signal-to-noise ratio of nowadays CMOS technology,
goes, however, along with very sophisticated fabrication and signal processing. The high costs for these
MEA chips, fabricated in small numbers, make them not attractive for many potential applications.
Especially, cell-culture-based applications, which need steril environments, prefer disposable systems.

Therefore, as an alternative to these technologies, light-addressable electrodes were introduced for
cell stimulation by Colicos et al. [61]. In this work, photoconductive stimulation of cultured neurons
was perfomed to image the green fluorescent protein (GFP) actin at individual synapses to show
synaptic plasticity. A p-doped silicon wafer was used as a photoconductive material with a platinum
counter electrode. For neuronal stimulation, square voltage pulses (4 V) were applied between both
electrodes, while the desired photoconductive pathway was continously illuminated with a small
spot (Ø = 80μm) from an upright microscope. This experimental setup was also applied to stimulate
rat hippocampal neurons in vitro. The direction of growth cones of axons was affected by triggered
astrocyte Ca2+ waves [62]. Furthermore, different postsynaptic proteins of rat hippocampal neurons
were studied at various photoconductive stimulation frequencies [63].

The technique was further improved by Campbell et al. [64]: A measurement chamber allowing
for integration within an inverted confocal microscope was applied and the influence of different silicon
substrates (polished p-doped silicon, porous oxidized p-doped silicon, and porous carbonized p-doped
silicon) was evaluated. Rat primary cortical neurons were cultivated on the different substrates and
stimulated; the Ca2+ response due to the stimulation was visualized with a Fluo-4 fluorescence dye.
For all three substrates, the fluorescence signal of the stimulated neurons followed the stimulation
frequency from the photoconductive material when pulsing the applied voltage under a constant
illumination. Figure 4 shows the fluorescence signal before and after selective stimulation of neuronal
cells. A single cell (marked with the crosshair) was stimulated by a laser spot, and the fluorescence
increase of the adjacent cells was observed. For polished silicon, only 20% of the cells in an area of
25μm away responded. For oxidized silicon, around 30% in a distance of 75μm and, for carbonized
silicon, 20% of the cells in a range of 200μm away from the stimulated area are activated. This work
demonstrates that, depending on the application (single-cell stimulation or stimulation of a group of
neurons), different photocondutive materials can be chosen.

Silicon as an photoconductive material, which tends to oxidize without special treatment under
environmental conditions, can be replaced by hydrogenated amorphous silicon (a-Si:H) to improve
the spatial resolution. It is possible to deposit amorphous silicon as thin layers on a substrate material,
which improves the spatial resolution due to limited lateral diffusion of the electron-hole pairs [65].
One challenge of a-Si:H is its unstable behavior in liquid environments, meaning that a passivation
layer is required. The first electrodes with a-Si:H photoconductive material were introduced by Bucher
et al. [66–68]. Hydrogenated amorphous silicon was deposited on a patterned (60 rows, 20μm wide,
10μm gap) indium tin-oxide (ITO) glass substrate, which was used for electrical connection. To
protect the photoconductive film, Ti–Au or TiN electrodes were patterned on each ITO lead. As a final
step, a SiOx:C insulating layer was fabricated between the single electrodes for surface passivation.
Without electrolyte, the Ti–Au electrodes showed a d.c. ohmic behavior in the range between −0.2 V to
0.2 V with a dark (without illumination) to bright (with illumination) resistance ratio of 107 and an
a.c. impedance ratio (dark/bright) of 5 · 106 for the TiN electrode. In both cases, illumination of the
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neighbouring electrode resulted in a decrease of the dark resistance (d.c.) resp. impedance (a.c.) of the
electrode under study due to light scattering. In electrolyte (physiological buffered solution), the a.c.
impedance ratio (dark/bright) of the TiN electrode decreased to 30–60. Nevertheless, it was possible to
record signals from cardiac myocytes cultivated on the electrodes’ surface when they were illuminated.

Figure 4. Fluo-4 calcium fluorescence images of rat primary cortical cells stimulated from the top-side
by light-addressable electrodes with different semiconductor materials: (A,B) polished silicon, (C,D)
porous oxidized silicon, and (E,F) porous carbonized silicon. On the left side of each group of four
images, the grayscale image (top) and related heatmap image (bottom) before stimulation with a laser
source is shown, while on the right side, the images of the stimulated neurons are depicted. The scale
bar indicates 50 μm. Adapted from Reference [64] under the CC BY licence.

The deposition and patterning of single electrodes in the previous design requires a sophisticated
fabrication method with sputtering, Ar-plasma-etching, plasma-enhanced chemical vapour deposition
(PECVD), and CF4-O2-plasma-etching. The electrode design was simplified by Suzurikawa et
al. by using an anisotropic passivation layer [69,70]. For electrical connection, a glass substrate
with transparent SnO2 was used with a thin a-Si:H (150 nm) photoconductor on top. To prevent
dissolving, low-conductive zinc-antimonate (ZnOSb2O5)-dispersed epoxy was deposited on the a-Si:H
by spin-coating and subsequent baking steps. The low water absorption of the epoxy resin prevented
the culture medium from dissolving the underlying a-Si:H layer. The sheet resistance of the film was
10 MΩ/sq., and it was stable for more than two weeks in cell-culture medium. Without illumination,
the charge density increased exponentially with increasing bias voltages (negative monophasic 1 ms
pulses, 0–9 V), while the charge density showed a linear increase for increasing voltages under
illumination. At 3 V, the best dark-to-bright charge ratio was achieved with a factor of 60. Neurons from
Wistar rat embryos were plated and cultivated on the electrodes, and the stimulation was evaluated
by fluorescence with Fluo-4 calcium images. For stimulation, negative voltage pulses (3 V, 1 ms)
were applied between the SnO2 layer and a counter electrode at a constant illumination (Ø = 200μm,
800 mW/cm2). An increase in the fluorescence signal around the illuminated area confirmed the
successful stimulation of the neurons. In further studies, a light intensity between 400 and 800 mW/cm2

was found to be sufficient for stimulation and it was possible to control stimulation pulses with a
frequency of at least 500 Hz. To activate neuronal cells, a minimum charge density of 10–20 μC/cm2 was
estimated, and for single-cell stimulation, the spatial resolution was found to be 10μm [71]. To improve
the electrode performance, the dependence of the photoconductor thickness (d = 50 nm, d = 150 nm
and d = 1000 nm) and two passivation layers, zinc-antimonate-dispersed epoxy (ZADE, d = 2μm,
10 MΩ/sq.) and poly(3,4-ethylenenedioxythiophene) (PEDT, d = 0.5μm, 4 kΩ/sq.), was analyzed. The
results indicate that the performance can be further improved by a thicker photoconductive layer and
by using a passivation layer which has almost the same resistivity as the photoconductive layer under
illumination [72].

In another approach, Suzurikawa et al. replaced the photoconductive a-Si:H passivation
sandwich structure by titanium dioxide [73]. TiO2 anatase nanoparticles were deposited on a
conductive fluorine-doped tin oxide (FTO) glass by spin-coating and subsequent sintering at different
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temperatures (350 ◦C, 500 ◦C and 500 ◦C with TiCl2 treatment). For photoelectrical characterization,
1 ms negative voltage pulses were applied from 0.2 to 2 V against a Pt electrode. Without illumination,
charge densities were lower than 3 μC/cm2, which is below the suggested threshold of 10–20 μC/cm2

for neuron stimulation. The best dark-to-bright ratio was achieved at 1.4 V with a factor of 29 (Figure
5a). Due to the mesoporous structure of the TiO2 film and enhanced surface hydrophilicity by
long-term illumination, the charge density without illumination was increased as the electrolyte
solution penetrated through the film and stayed eventually in direct contact with the FTO. Furthermore,
the charge density during illumination was increased with slow rising times, whereas by turning off
the illumination, slow charge density decays can be observed due to the low recombination rates of
photogenerated charge carriers. Nevertheless, the rising times and amplitudes of the charge density
with illumination can be improved with higher sintering temperatures and TiCl2 treatment. For
stimulation, neurons from Wistar rat embryos were cultivated and stimulation was evaluated by
Fluo-4 calcium images. Applying a 1 ms, −1.5 V voltage pulse leads to a charge density of 44 μC/cm2

for illumination and 10 μC/cm2 in dark regions. This was suitable for spatial resolved neuronal
stimulation as seen in the increased fluorescence signals (Figure 5b).

Figure 5. (a) Example of the charge density for a porous titanium dioxide light-addressable electrode
with different, applied voltages under and without illumination. (b) Ca2+ fluorescence image of
rear-side illuminated spatial stimulation of Wistar rat embryo neurons cultivated on titanium dioxide:
Neurons show fluorescence changes at the illuminated areas. Reprinted from Reference [73] Copyright
(2020), with permission from Elsevier.

In summary, the possibility to spatially address and trigger single cells by using light-addressable
electrodes was shown in this section. For choosing the best suited material, the stability in aqueous
environments, the dark-to-bright current ratio, and the spatial resolution have to be considered. If the
photoconductive material is not stable in aqueous conditions, a passivation layer can be added. This
in turn can influence the respective dark and photocurrents and can therefore improve or impair the
dark-to-bright current ratio, which is necessary to stimulate the cell. The choice of materials can also
have an influence on the spatial resolution, since the diffusion length of the generated electron-hole
pairs contribute to the addressed area and therefore directly influences the addressability.
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3. Addressable Photoelectrochemistry

The development of lab-on-a-chip microfluidics requires besides sensing [74,75] and flow-control
elements [76] also active manipulation structures. One possible parameter to control inside those
microfluidic systems is the pH value. Besides active measurements [77,78], different techniques, e.g.,
a.c. Faradaic reactions [79], field-enhanced water dissociation in microscale bipolar membranes [80,81],
or electrolysis at electrodes inside the channel [82,83] have been developed for active manipulation of
the pH value inside those microstructures. For water electrolysis, where not only gas, but also protons
and hydroxide ions are generated, the anodic (Equation (3)) and cathodic (Equation (4)) reactions can
be described as follows:

2 H2O → O2 + 4 H+ + 4 e− (3)

4 H2O + 4 e− → 2 H2 + 4 OH− (4)

Instead of using noble metal electrodes for electrolysis, which have to be arranged in predefined
locations, a more versatile method to control different pH values inside the analyzed system can be the
use of photoanodes or photocathodes made of semiconductor materials. Especially, in combination
with a sophisticated illumination system, a fast and spatially resolved pH changing system can
be introduced. This principle was used by Hafeman et al. in his work about photoelectophoretic
localization and transport (PELT) [84]. This technique enables the generation of electrical force-field
traps for charged molecules by illumination on photoconductive electrodes. In combination with this, a
three-dimensional positioning of amphoteric molecules by a surface pH gradient can be established. As
photoanode materials, titanium dioxide (d = 6μm) on transparent conductive ITO glass and germanium
(d = 360μm) photoanodes were used. Due to photoelectrolysis, the pH gradient can be controlled by
illumination intensity, duration, and position. As reported, amphoteric molecules (negatively charged
Bovine serum albumin) will be first attracted by the illuminated isoelectric zone. After charge exchange
and more acidic conditions, they will turn the direction away from the surface. Therefore, it is possible
to influence the vertical position of the molecule related to the surface in space by the pH gradient.

Suzurikawa et al. had a more detailed look at pH gradient generation on photoelectrodes [57].
In short, a-Si:H was deposited on a fluorine-doped SnO2 (FTO) glass with a tin antimonate
(ZnO/Sb2O5)-dispersed epoxy passivation layer. Changes of the pH value were imaged by
2’,7’-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein (BCECF). Voltage pulses of 400 ms from −4 V
to 5 V between the photoelectrode and a counter electrode were applied. No pH changes were found
for voltages between −2.5 V and 2.5 V. At −4 V, the pH change (ΔpH) was 0.65 and −0.45 at 5 V
(Figure 6a). Due to the PBS (phosphate buffered saline) buffer, chlorine evolution dominates the anode
reaction where protons are generated and the pH value becomes more acidic whereas hydroxide ions
are directly generated at the cathode. A DMD projector was integrated in the measurement setup to
generate flexible illumination patterns. Beside the pH value, also the width of the pH gradient changes
with the applied voltage (Figure 6b). It was found that the pH change increases with the illumination
width under same pulse durations and that the full width at half maximum (FWHM) of the ΔpH
gradient profile correlates with the ΔpH peak value. By applying cathodic and anodic pulses with
simultaneously defined illumination patterns, it was also possible to tune the pH gradient profiles due
to neutralization reactions of hydroxide ions and protons. Furthermore, by sequentially illuminating
two different areas for 400 ms, a wide-range pH gradient could be achieved when applying in the
first area a cathodic potential (−3 V, +ΔpH) and in the second area an anodic potential (4 V, −ΔpH)
(Figure 6c).

8



Sensors 2020, 20, 1680

Figure 6. (a) Fluorescence pH images for a-Si:H with a tin antimonate (ZnO/Sb2O5)-dispersed epoxy
passivation layer for different applied potentials with a constant rear-side illumination: For negative
applied potentials, the pH changes to more alkaline value, while for positive applied potentials, the
electrolyte becomes more acidic at the illuminated areas. (b) pH gradients for different potentials: With
higher positive or negative potentials, the gradient gets wider with an absolute higher pH change.
(c) Customized pH gradient by first applying a cathodic potential and illuminating the first area for
400 ms, where the pH gets more alkaline, followed by switching to anodic potentials for additional
400 ms together with the illumination of the seconds area. Reprinted from Reference [57] Copyright
(2020), with permission from Elsevier.

This experimental setup with a DMD projector as the illumination source was also used
with a glass/ITO/n-doped a-Si:H/undoped a-Si:H or glass/ITO/titanium dioxide phthalocyanine
(TiOPc) structure to manipulate the pH values by photoelectrolysis for spatial deposition of calcium
alginate [85,86] and chitosan [87,88]. For the a-Si:H structure, the pH change was monitored by a
pH-sensitive fluoerescence dye (BCECF) diluted in DI water and an applied current density of 4 Am−2.
After 30 s of illumination, sharp fluoerescence images can be observed with a pH value higher than
pH 6.3 while the non-illuminated areas remained at pH 5.5. After 120 s, the sharp fluoerescence image
got blurred due to diffusion [87].

In other works, based on titanium dioxide [89–91], a single electrode setup was used without
applied potential to photocatalytically change the pH value at illuminated regions. Water oxidation
and reduction is catalyzed by photogenerated charge carriers. Due to the n-type behaviour of TiO2,
protons are generated by oxidation while electrons are transported to non-illuminated areas, where
they recombine or get trapped by scavanging agents. To quantify the pH change, measurements by
scanning ion-selective electrode technique (SIET) were performed to locally scan the proton generation
on the electrode surface. With a nanotubular TiO2 film, under illumination in Na2SO4, a pH change
from pH 5.5 to pH 3.6 due to proton generation have been observed. The relaxation time of the pH
value is around 40 min, while the photocurrent relaxes in 1–3 min. In the z-direction, the pH change is
linearly in the range of 0–350μm, while there is a nonlinear change from 350 to 1000μm above the
electrode surface. As depicted in Figure 7a,b, two separated electrodes (short circuited) are arranged
in one chamber whereby only one electrode is illuminated. At the illuminated electrode, H+ ions
will be generated and the electrolyte gets more acidic, while at the non-illuminated electrode, the
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opposite reaction occurs (OH− ion generation) and the pH is more alkaline. The arrows indicate the
current density measured with the scanning vibrating electrode technique (SVET) (Figure 7b). The
pH and current distribution heatmaps at the electrode areas measured by SIET and SVET are shown
in Figure 7c. In the pH heatmap, the pH change at the illuminated electrode is concentrated in the
area of illumination, while at the non-illuminated electrode, the pH change is distributed over the
whole electrode, which is in coincidence with the current density heatmap [91]. In related work, a pH
change from pH 6 to pH 5.6, pH 4.5, and pH 4 after 5 s, 1 min, and 3 min was observed [90]. This pH
change can be used to modify the structural properties of pH-sensitive layer-by-layer (LbL) assembled
polymer films. For the LbL structure, a positively charged poly(acrylic acid) (PAA) and a negatively
charged pH-sensitive ABC triblock terpolymer, which self-assembles to core-shell-corona micelles,
were deposited on titanium dioxide. Due to the pH-sensitive poly(methacrylic acid) shell, locally
induced pH changes led to an increase of the thickness and a softer LbL structure.

Figure 7. (a) Two separated titanium dioxide electrodes (n-type semiconductor) in one measurement
chamber: Both electrodes are electrically shortened, while one electrode is illuminated from the top-side.
(b) Due to the n-type behaviour, protons (H+ ions) will be generated at the irradiated electrode, while
the opposite reaction (OH− ions) will occur at the non-illuminated electrode. The arrows indicate the
current density for the anodic (red) and cathodic (blue) reactions. (c) Current and pH maps of both
electrode regions: Positive photocurrent occurs only at the illuminated area, while at the non-irradiated
electrode, a negative current is present over the complete surface. The pH changes correlate with
the current map. Reprinted (adapted) with permission from Maltaneva et al. [91] Copyright (2020)
American Chemical Society.

Another principle for locally induced photoelectrochemistry by light was established by
Choudhury et al. who termed the technique “light-activated electrochemistry” [92]. It is based
on functionalization of redox-active species on oxide-free silicon surfaces to perform light-addressed
Faradaic electrochemistry on the electrode surface [93,94]. For the electrode preparation, monolayers
of 1,8-nonadiyne were assembled on pretreated n- and p-doped Si(100) wafers.

The different redox-active species, ferrocene (in form of azidomethylferrocene) on n-type Si and
anthraquinone (in form of 2-(azidomethyl)anthracene-9,10-dione) on p-type Si, were attached to the
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1,8-nonadiyne by a copper-catalyzed azide-alkyne cycloaddition reaction (CuAAc) (Figure 8a). This
work demonstrates the need to use low-doped silicon since for highly doped Si (< 0.007 Ωcm); the cyclic
voltammogram shows already without illumination a behaviour similiar to a metal electrode (Figure
8b, dashed black line). In contrast to low-doped Si, for cyclic voltammograms without illumination,
no redox peaks are observed for low-doped n- (8–12 Ωcm) and p-doped (1–10 Ωcm, Figure 8b, solid
black line) Si. In contrast, with illumination, the ferrocene-terminated n-type Si has an E1/2 (half-wave
potential) =−140 mV vs. VAg/AgCl and an E1/2 =−370 mV vs. VAg/AgCl for the p-type Si (Figure 8b,
solid red line) with anthraquinone. Additionally, alternating on- and off-switching (for 200 s each) of
the charge transfer at a constant applied potential (+ 0.2 V vs. VAg/AgCl) is performed without loosing
activity of the redox-species after 30 cycles [92].

Figure 8. (a) Schematic of the process steps for addition of redox-active species (anthraquinone) on
silicon. (b) Cycling voltammograms of highly doped p-type silicon(<0.007 Ωcm) without illumination
compared to low-doped p-type silicon (1–10 Ωcm) without illumination (solid black line) and with
rear-side illumination (solid red line). (c) Deposition of redox-active species with different widths
(15–300μm) to perform top-side laser line scans to determine the minimum spatial resolution by
comparison with the full width at half maximum (FWHM) of the photocurrent. Part (a) is reprinted
(adapted) with permission from Yang et al. [95] Copyright (2020) American Chemical Society. Part (b)
is adapted from Reference [92] under the CC BY licence. Part (c) is reprinted (adapted) with permission
from Yang et al. [96] Copyright (2020) American Chemical Society.

The effects of the pH value of the electrolyte and light intensity on anthraquinone deposited
on low-doped p-type Si (10–20 Ωcm) were further evaluated in Reference [95]. It was shown from
cyclic voltammograms that E1/2 for modified highly p-doped Si shifts with a slope of −58.5 mV pH−1

and therefore behaves similar to a conventional metal electrode (anthraquinone monolayer on gold
electrode; shift E1/2 =−59.2 mV pH−1), while for low-doped p-type Si , where illumination is needed
for charge carrier generation, a slope of −44.0 mV pH−1 was obtained. As there was only a small
change for the cathodic peak at different pH values, the anodic peak shifted by −83.1 mV pH−1.
Furthermore, under a constant alkaline pH value, the anodic peak potential shows no response to an
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increasing light intensity, whereas the cathodic peak shifts to more positive potentials. In addition, the
electron transfer rate constant for this low-doped p-type Si decreases for decreasing pH values and
increases with increasing light intensities.

To evaluate the spatial resolution, anthraquinone lines of different widths (15–300μm) were
deposited on the p-doped Si. When scanning across the deposited lines, the FWHM of the related
current fits to the structures down to 30μm (Figure 8c). Furthermore, the authors stated that a top-side
illumination is beneficial for the spatial resolution and additionally studied the effects of different
light intensities and applied potentials [96]. Finally, as silicon as bulk material is opaque, amorphous
silicon (a-Si) was deposited on ITO glass and the ferrocene was attached to 1,8-nonadiyne by the
previously described CuAAc click reaction. This transparent electrode configuration is suitable for
optical applications such as fluorescence imaging techniques with stimulation at the same time [97].

In conclusion, in this section, two principles for addressable photoelectrochemistry were presented.
To locally change the pH value, the control of photoelectrolysis for the generation of H+- and OH−

ions has to be taken into account. Therefore, the choice of the semiconductor material, illumination
time. and applied potential has to be regulated. In another approach, redox-active species ferrocene
and anthraquinone were attached to the surface of the semiconductor whereby spatially resoluted
Faradaic electrochemistry can be performed.

4. Photoelectrochemical Deposition

For certain applications, the deposition of additional materials (e.g., as co-catalyst or functional
layer) on semiconductor materials is desired. Besides classical electrodeposition [98,99], also
light-directed deposition can be used. Using photodeposition, no bias potential is applied, and
thus, the deposition depends on reductive or oxidative photo-induced processes with a sacrifical
electron donor/acceptor [100]. In contrast to this, photoelectrochemical deposition is accomplished
by applying an anodic or cathodic bias potential depending on the semiconductor type. Especially,
the direct patterning of these materials with advanced projection technologies makes them a serious
competitor to well-established technologies such as photolitographic patterning.

For metal deposition, metal ions from the solution are reduced by photogenerated electrons in the
conduction band upon illumination of the semiconductor, which is described by Equation (5):

Mn+ + ne−sur f → Msur f (5)

where Mn+ is a metal ion of charge n in solution, e− is a photogenerated electron, and Msur f is metal
atoms on the surface.

For example, gold, copper, and nickel were deposited on p-Si and p-GaAs using standard
plating solutions [101]. Photoplating currents range from 20 to 250 μA for cathodically applied
potentials (−1 to −2 V vs. VSCE) (SCE: saturated calomel electrode). As long as no overpotential
is applied, deposition only occurs during illumination. Gold was also used on three-dimensional
silicon microwires by applying −1.25 V vs. VAg/AgCl in 0.01 M HAuCl4 solution [102]. Anisotropic
Au deposition was demonstrated by using cylindrical microwires, whereby the gold position on
the microwires mainly depends on the illumination wavelength. Furthermore, using noncylindrical
microwires in combination with computer simulations (Finite Difference Time Domain Method), there
was a correlation between the plating position and the concentration of generated charge carriers in
the semiconductor.

For the reduction of metal ions to metals, normally p-type semiconductors are used, while for
metal oxides, a n-type semiconductor is necessary [103]. Nevertheless, Au, Cu, Pt, and Ag could be
deposited on n-type titanium dioxide in the presence of alcohols [104]. A TiO2 photoanode was biased
at 0.2 V vs. VSCE in 0.1 M Na2SO4, 2 mM metal salt (H2PtCl6, HAuCl4, AgNO3, or CuCl2) and 10 vol%
of different alcohols. As explained in Reference [104], the reaction is based on the “current doubling
effect”, where holes oxidize alcohols to radicals, which inject another electron in the conduction band
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(mostly trap states). Furthermore, they explained that those surface electron traps can then reduce the
metal ions.

The biggest benefit of photoelectrochemical deposition is the patterning of the desired material.
One factor affecting the resolution of the structured material is the charge-carrier diffusion length
within the semiconductor. Therefore, Pt, Au, and Ni–Mo were deposited on amorphous silicon,
which was passivated with a thin (d = 1–2 nm) SiOx passivation layer. As an optical system, a DMD
projector with a 2× objective lens was used. For Pt (1 mM Na2PtCl6 in 0.5 M Na2SO4), a cathodic
potential (−0.4 V vs. VAg/AgCl) was applied for 180 s. The Pt image has a minimal resolution of 100μm.
Additionally, Ni–Mo (130 mM Ni(SO3NH2), 50 mM H3BO3, and 2 mM NaMoO4 with pH adjusted to
pH 4.0) was patterned at potentials of −0.9 V for 10 s followed by a 5 s open circuit potential (+ 0.35 V)
to replenish the precursor ions [105]. Similiar to amorphous silicon, also hematite (α-Fe2O3) fullfills
the requirements for a high spatial resolution through a hole diffusion length of 1–2 nm [106]. Co–Pi
was deposited on hematite in different studies [106–108]. The oxidation of Co2+ to Co3+, triggered by
a photogenerated hole was done in a 0.5 mM Co(NO3)2, 0.1 M potassium phosphate buffer at pH 7.
Applying alternating voltage pulses of 0.4 V and 0 V (vs. VAg/AgCl) for 5 s in combination with a
DMD projector leads to Co–Pi structures with radii from 20 to 200μm, whereas for all structures, the
deviation of the accomplished pattern to the illuminated area is less then 1μm. As a last example,
cuprous oxide (Cu2O, 50 mM CuSO4, 0.5 M K2SO4, and a specific amount of KCl) was deposited
on amorphous silicon pasivated by a 1,8-nonadiyne layer. Pattern projection was performed by a
FLCoS micromirror device. It was shown that, by changing the applied bias only, particle patterns
with different cubicities can be achieved [58]. In further work, effects to change the deposited particle
shape, e.g., by variation of pixel density, chloride concentration and potential were studied. As a
result, by first illuminating one part of the final pattern with a defined pixel gradient followed by
illuminating the second part with a different Cl− concentration, areas with different Cu2O shapes can
be implemented (Figure 9a) [109].

Besides metals, also polymers such as polystyrene [110], polyaniline [111], or
polypyrrole [55,56,112–115] were sucessfully tested. Since polymerizations usually include
oxidation reactions, mostly n-type semiconductors are used. In the first studies by Okano et al.,
polypyrrole was deposited on titanium dioxide in a three-electrode cell using a 0.1 M monomer
solution of pyrrole in 0.1 M Na2SO4 with an applied potential 0.5 V vs. VSCE. Masking the electrode
leads to a minimum achievable line width of 45μm [114]. It should be noted that the achievable
resolution is limited by a nonsymmetrical polymerization of pyrrole [104] and that an enhanced charge
transfer leads to blurring of the pattern [114]. As patterning was mostly done with shadow masks or
movable lasers, it can also be spatially illuminated, e.g., by a DMD projector on a TiO2 LAE [116]. In a
recently performed experiment by our group, it was shown that, after ten potentiodynamic cycles
from − 0.2 to 1.2 V vs. VPt under illumination in 0.1 M pyrrole (0.1 M Na2SO4), the letters “TiO2” were
successfully patterned on the surface (Figure 9b). Subsequently, the influence of the applied potential
related to the contribution of electrochemical and photoelectrochemical polymerization [111,117] and
the control of polymer homogeneity and thickness by the wavelength [115] were further analyzed.
Additionally, the polymerization was performed on silicon [55], ZnO [113], and WO3 [111].

The light-induced pH change introduced in Section 3 can also be used for the deposition of
pH-sensitive materials. For calcium alginate gels, the decreased pH leads to a local release of calcium
ions (Ca2+) from CaCO3 with a subsequent cross-linking with alginate (from sodium alginate) to
form a calcium alginate gel. This gel can, for example, be used to entrap cells or enzymes [118].
On undoped amorphous silicon, calcium alginate structures with diameters down to 100μm can be
accomplished as depicted in Figure 10a [85]. It was found that the ratio between the illumination
patterns and actually achieved diameter (deposition ratio) varies with illumination time, alginate and
CaCO3 concentration, and the applied voltage. Furthermore, fibroblasts were added to the solution
and, under certain conditions, the cells had a viability of more than 90%. Deposition of calcium alginate
was also performed on TiOPc [86]. Different geometries were patterned, ranging from connected
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calcium alginate blocks and stacked layers to vessel-shaped structures by sequential illumination of
the electrode.

Figure 9. (a) Partial deposition of Cu2O by top-side illumination with a Ferroelectric Liquid Crystal
on Silicon (FLCoS) display under various conditions to influence the particles’ shape and cubicity.
(b) Snippet of the first potentiodynamic cycle with and without rear-side illumination during the
polymerization of pyrrole on TiO2. In the inset, the deposited “TiO2” letters on the surface is shown.
Part (a) is used with permission from Vogel et al. [109] Copyright (2020) Wiley.

In contrast to calcium alginate, the polysaccharide chitosan can form a hydrogel for a solution pH
above pH 6.3 at illuminated areas on an amorphous silicon photocathode [87,88]. Different shapes and
geometries with a minimum resolution of 40μm were implemented. Similar to alginate, increasing the
deposition time and the current density leads to an increase of the deposition ratio due to the OH−

ion diffusion. As shown in Figure 10b, multiple patterns were consecutively deposited with one part
of the hydrogels containing glucose oxidase, peroxidase, and amplex red as a fluorescence indicator
(circular shape) and the other part containing alcohol oxidase, peroxidase, and amplex red (quadratic
shape). By adding glucose or ethanol, the fluorescence intensity of the particular structure increases
proportianally to the concentration. Due to the different shapes, an optical readout of glucose and
ethanol sensing was possible.

Upon pH changes, the light-addressed binding control of (poly)-histidine-tagged (His-Tag)
proteins was also introduced [89]. A layer-by-layer composition of polystyrene sulfonate (PSS) and
nickel-nitrilotriacetic (NTA) for the His-Tag binding on titanium dioxide was described. Since only
the His-Tag is pH-sensitive, it can be locally adsorbed and released by pH changes triggered by
illumination.

For simultaneous DNA analysis, the defined positioning of DNA microarrays on the substrate
is crucial. Therefore, the spatial arrangement of DNA oligonucleotides by photoelectrophoretic
transport was done with a layer structure consisting of n-type silicon (amorphous silicon), Mn2O3

passivation, and agarose-streptavidin functional layer in L-histidine solution [119]. Upon illumination,
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biotinylated (for streptavidin binding) and fluorescence-marked DNA oligonucleotides were bound in
the illuminated areas. As for n-type silicon, the results were not reproducible; a better spatial deposition
was achieved with amorphous silicon. Additionally, successfull hybridization with target DNA strands
was also shown. In another approach, the electrode structure was modified and amorphous silicon
was deposited on ITO glass with structured platinum pads on top. To increase the surface area, an
additional porous glass layer was deposited [120]. Spatially resolved detritlyation of surface-bounded
4,4-dimethoxytrityl protecting groups by photoelectrochemically generated protons led to a subsequent
hybridization of oligonucleotides.

With the previously described semiconductor electrodes, it is possible to pattern a considerable
amount of materials summarized in Table 1. Depending on whether a reduction or oxidation is
neccesary for deposition, a n- or p-type semiconductor has to be chosen. Furthermore, to achieve a
defined pattern, the diffusion length of the semiconductor and the blurring of the deposited material
with time have to be taken into account.

Figure 10. (a) Deposition of calcium alginate gels by rear-side illumination of hydrogenated amorphous
silicon: In the top image, calcium alginate gels are deposited with different geometries and sizes. In the
bottom image, the gels are deposited sequentially with two different micropatterns. (b) Patterning of
chitosan with different geometries by rear-side illumination of an amorphous silicon photocathode: In
the circular structure, glucose oxidase, peroxidase, and amplex red is added, while in the quadraric
structure, alcohol oxidase is added instead of glucose oxidase. Adding ethanol or glucose increases the
fluorescence intensity of the particular structure. Part (a) is used with permission from Huang et al. [85]
Copyright (2020) AIP. Part (b) is adapted from Reference [87] under the CC BY licence.

Table 1. Summary of feasible materials which can be photoelectrochemically deposited on
semiconductor electrodes.

Type of Material Deposited Material Type of Semiconductor References

Metal (oxide)

Au p-Si [101,102]

Au p-GaAs [101,121]

Ag p-GaP [103]

Cu, Ni p-Si [101]

Cu, Ni p-GaAs [101]

Au, Cu, Pt, Ag TiO2 [104]

Pt, Au, Ni–Mo a:Si [105]

Co–Pi α-Fe2O3 [106–108]

Cu2O a:Si [105]
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Table 1. Cont.

Type of Material Deposited Material Type of Semiconductor References

Polymer

Polystyrene TiO2 [110]

Polyaniline WO3 [111]

Polyaniline TiO2 [111]

Polypyrrol TiO2 [56,111,112,114,115,122]

Polypyrrol n-Si [55,92]

Polypyrrol ZnO [113]

Others

Calcium alginate gels a:Si [110]

Calcium alginate gels TiOPc [85,86]

Chitosan a:Si [87,88]

Polyhistidine-tagged
proteins TiO2 [89]

DNA oligonucleotids n-Si [119]

DNA oligonucleotids a:Si [120]

5. Conclusions

This review gives an overview on various applications for light-addressable electrodes. The basic
principles of semiconductor electrochemistry were elucidated, and design strategies were explained
(Section 1). For biological applications, the stimulation of neuronal cells cultivated on different
semiconductor substrates was presented (Section 2). To address single cells, the material choice and
design of the electrode have an influence on the spatial addressability since, depending on these
factors, additional cells were stimulated outside the excited area. Area-selective photoelectrochemistry
by spatially changing the analyte pH value and designing pH gradients and the possibility of
light-activated electrochemistry have been depicted in Section 3. As a last topic, the possibility
of structuring metals, polymers, and macromolcules with modern illumination strategies is shown.
Due to the fact that the electrodes had mostly the same structure, the various applications in Section 4
can be addressed with the same setup. This opens the feasibility to combine different fields or to embed
similar technologies such as the optoelectronic tweezers with the stimulation of cells. To conclude this
review, with light-addressable electrodes, complex electrode structures, and a dynamic triggering of
reactions such as the previously introduced cell stimulation, pH manipulation or material deposition
can be achieved with a single electrode structure combined with an illumination system. This has the
benefit to be easily adaptable to new applications or changes in later experimental stages in contrast to
commonly used electrodes, where modifications are often followed by a redesign of the electrode.
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Abstract: A light-addressable potentiometric sensor (LAPS) is a semiconductor electrochemical
sensor based on the field-effect which detects the variation of the Nernst potential on the sensor
surface, and the measurement area is defined by illumination. Thanks to its light-addressability
feature, an LAPS-based chemical imaging sensor system can be developed, which can visualize
the two-dimensional distribution of chemical species on the sensor surface. This sensor system has
been used for the analysis of reactions and diffusions in various biochemical samples. In this review,
the LAPS system set-up, including the sensor construction, sensing and substrate materials, modulated
light and various measurement modes of the sensor systems are described. The recently developed
technologies and the affecting factors, especially regarding the spatial resolution and temporal
resolution are discussed and summarized, and the advantages and limitations of these technologies
are illustrated. Finally, the further applications of LAPS-based chemical imaging sensors are discussed,
where the combination with microfluidic devices is promising.

Keywords: LAPS; chemical imaging; spatial and temporal resolution; semiconductor; microfluidics

1. Introduction

The light-addressable potentiometric sensor (LAPS) [1–6] is a spatially resolved biochemical
sensor based on the field-effect with an electrolyte-insulator-semiconductor (EIS) structure [7–11],
in which the sensing surface of the insulating layer is in contact with the analyte solution. It shares
the same structure as ion-selective field-effect transistors (ISFETs) and EIS capacitive sensors. The ISFET
detects variation of the source–drain conductance, while the EIS capacitive sensor and LAPS detect
the variation of the capacitance of the depletion layer, and the thickness of which responds to
the potential of the sensing surface, thereby obtaining the analyte concentration. The characteristics
of these field-effect devices have been compared and summarized systematically [12–15]. LAPS is
developed from the combination of scanned light pulse technique (SLPT) method and EIS structures [6].
Figure 1a displays the schematic of a typical LAPS set-up. A standard set-up usually applies
a three-electrode system, including a reference electrode (RE) such as Ag/AgCl, a counter electrode
such as platinum wire, and a semiconductor substrate (silicon bulk) as a working electrode (WE).
An ohmic contact is formed on the back of the semiconductor substrate to connect with the WE.
The depletion layer forms at the semiconductor/insulator interface when a DC bias voltage is applied
between the electrolyte and the semiconductor. After illuminating a frequency-modulated light
at the top or bottom of the sensor, hole–electron pairs are generated. The n these photocarriers
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will be separated in the electric field and generate AC photocurrent, although some of them may
recombine. This AC photocurrent has the same frequency as the modulated light and can be detected
by the peripheral circuit.

LAPS sensors record local signals with spatial resolution because the photocurrent is generated only
in the illuminated area, thereby achieving chemical imaging with a scanning light spot. This feature can
not only measure local surface potential changes, but also the local impedance. The latter application
is termed scanning photo-induced impedance microscopy (SPIM) [16–18]. The photocurrent-voltage
(I–V) curves are shown in Figure 1b, LAPS detects the surface potential changes by recording the shift
in the depletion region of the I-V curve along the voltage axis (shift of curve A to B), while SPIM
measures the impedance changes by detecting the change of saturation current value in the inversion
region (shift of curve A to C).

Figure 1. (a) Schematic of a typical LAPS set-up; (b) I-V curves representing the potential shift (LAPS)
and impedance changes (SPIM).

Since the first report in 1988 by Hafeman et al. [1], LAPS has been developed widely for sensing
and imaging of (bio)chemical species [19–24] and living cells [25,26]. Such type of LAPS was initially
termed pH-imaging sensor, as it first achieved the visualization of pH distribution [27–33]. After that,
chemical imaging sensor was introduced to refer to the sensors that visualize the distribution of other
chemical species, such as the enzyme [34], microcapsules [35] and ion diffusion [36,37].

The LAPS chemical imaging sensor has the following features and advantages. In contrast to
the conventional electrode/sensor array, LAPS has no multi-pixel structure, and the pixel layout is
defined by the scanning light, so the imaging region can be flexibly adjusted according to demand.
Without the limitation of the pixel number, the image resolution is mainly determined by light spot
size and scanning step distance. Besides, no additional wires are required, regardless of the imaging
area and resolution which simplifies the structure of the circuit, and makes it durable for long-term use.
Finally, LAPS can be integrated easily with microfluidic devices due to the flatness and uniformity of
the sensing surface, which greatly increases the potential of LAPS for biomedical and micro liquid
detection applications.

In recent years, various aspects of LAPS applications, including chemical species detection
and surface modification have been comprehensively reviewed. Herein, we discuss and focus on
the most advanced technologies of high-resolution imaging in the spatial and temporal aspects
of LAPS-based chemical imaging sensor systems. The sensor system set-up, including the sensor
chip construction, materials for sensing layer and substrate, modulated light property and various
measurement modes are described and summarized. The prospects of future applications combined
with microfluidic devices are discussed.

2. Measurement System Set-Up

The LAPS system for chemical imaging consists of a LAPS chip, a modulated light source,
a mechanical device to move sensor plate or the position of the light spot to achieve the scanning.
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It also includes peripheral measurement circuit, electrochemical set-up like the three-electrode system,
and PC software. The commonly used set-ups are discussed separately below.

2.1. Sensor Construction and Sensing Materials

A typical LAPS chip has a sensing layer/insulator/semiconductor substrate structure.
The semiconductor is usually made of silicon bulk, covered with a thermally oxidized SiO2 layer.
In order to reduce the recombination of photocarriers and improve spatial resolution, the silicon
bulk can be replaced with thin silicon films (thinned silicon substrate [38–40], silicon on insulator
(SOI) [18], amorphous silicon (a-Si) [41–44] and silicon on sapphire (SOS) [45,46]) or other semiconductor
thin layers deposited on transparent substrates (GaAs [47], GaN [48], In-Ga-Zn oxide (IGZO) [49]
and indium tin oxide (ITO) [50]). The sensing material such as Si3N4 [1,28,38,39,51], Al2O3 [52–54],
Ta2O5 [51], HfO2 [55–57], NbOx [40,58,59], SnOx [60], self-assembled organic monolayer (SAM) [61,62]
and nanofibers [63,64] can be used for pH sensing. Other chemical species can be also detected by
modifying the sensing surface with appropriate materials. The deposition of chalcogenide glass
films [65–69] can detect metal ions such as Pb2+, Fe3+, Cd2+ and Cr6+. The detection of inorganic
salt ions (e.g., K+, Ca2+, Na+, Mg2+, Zn2+, Li+, NO3

−, CO3
2−, and SO4

2−) can be achieved by
depositing polymer membranes carrying ionophores such as PVC membranes [53,70–76], silicone
rubber membranes [77–81] and photocurable membranes [82]. Immobilization of enzymes [83–90],
antibodies [23,91,92] or DNA [93–96] on the sensing layer enables the detection of biomolecules
such as glucose, urea, penicillin G, antigens, immunoglobulins G (IgG) and target DNA, etc. The sensing
materials and target species have been systematically summarized [20–22].

2.2. Modulated Light

The modulated light illuminating the LAPS chip is usually sinusoidally modulated with a frequency
in the range of 50 Hz to 100 kHz [97–99]. It is necessary to use the modulated light with a photon energy
greater than the band gap. For silicon-based chips, visible or near-infrared light is commonly used.
In terms of spatial resolution, according to the Rayleigh criterion, the resolution can be improved by
reducing the light wavelength [45,61]. Regarding the illumination direction of the modulated light, there
are two kinds of settings: Frontside and backside illuminations [97,100,101]. The backside illumination
requires photocarriers to diffuse across the semiconductor substrate, which causes more recombination
of the carriers and weakening the photocurrent signal. The long lateral diffusion distance will also
reduce the spatial resolution. The frontside illumination directly generates photocarriers in depletion
layer, and it has the advantages of larger signal amplitude and higher spatial resolution. However,
the light needs to pass through the solution, specimen or cells, the scattering and absorption will disturb
the light uniformity [102]. The refore, the backside illumination is more practical and often applied.

2.3. Measurement Modes

LAPS is a kind of potentiometric sensor based on the field-effect, in which the sensing surface
potential responds to the analyte concentration. The specific adsorption of the sensitive layer to
the analyte changes the sensor surface potential. This sensing mechanism is essentially the same
as ISFET and has already been explained systematically [9,103–106]. When the surface potential changes
in response to the analyte concentration, the I-V curve also shifts accordingly. This change can be
quantified by measuring the horizontal shift of the inflection point (that is calculating the zero-crossing
point in the second derivative of the curve [3,28]). The n we can obtain the calibration curve between
the inflection point voltage and the analyte concentration to achieve the measurement purpose. In most
applications, we only need the changes of bias voltage at the inflection point. Acquiring the complete
I–V curves at all pixels is too time consuming, especially in imaging applications. In order to meet
different needs, the following measurement modes are usually used in different applications. The ir
pros and cons are summarized in Table 1.
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2.3.1. Constant-Voltage Mode

The method of obtaining the I-V curve of LAPS is to apply a scan bias voltage and then record
the change in photocurrent with voltage. If there is no need to get a complete curve, we can just
fix a constant bias and then measure the corresponding photocurrent. This constant-voltage mode
(also called constant-bias mode) is fast and suited for multi-pixel imaging, thus it is usually used in
the chemical imaging applications. As the surface potential of the sensor changes with the analyte
concentration, the obtained photocurrent can be converted into the bias voltage by assuming a linear
slope of the transition part of the I-V curve [27]. The voltage near the inflection point is usually chosen
as the fixed bias, where the linearity and sensitivity is relatively good [107]. The constant-voltage
mode has been used to obtain the pH image of Saccharomyces cerevisiae colonies [28] and to investigate
the spatial resolution of LAPS [101]. However, the photocurrent variation of the constant-voltage
mode is limited inside the transition part of the I–V curve. If the analyte concentration varies too large,
the photocurrent will be saturated. Other than that, the assumed slope may cause some potential
errors [107].

2.3.2. Constant-Current Mode

Different from the constant-voltage mode, the constant-current mode chooses a constant current
and then recording the change of the applied bias voltage, which requires a feedback loop adjusting
the bias to maintain the photocurrent value in constant [4,107]. The results of this mode are more accurate
because the recorded bias voltage change directly reflects the change of the analyte concentration,
and does not need to be converted by the assumed slope, thereby avoiding some potential errors.
In addition, there is no limit to the detection range, which allows the constant-current mode to measure
larger analyte concentration variation. One constant current value can be set for all pixels of the ideal
imaging sensor. However, general cases usually require two scans [21] since the chemical imaging
sensor is not spatially uniform. The first scan records the initial photocurrent values of all pixels,
and the second scan reproduces the photocurrent at each pixel. In this mode, an additional time
is required until the sensor capacitance is charged when the bias voltage is updated. The refore,
the constant-current mode is more time consuming [38] and it is often used in analyte sensing
applications rather than chemical imaging.

2.3.3. Potential-Tracking Mode

In order to improve the accuracy of the results without sacrificing measurement time,
Miyamoto et al. [27] proposed a new data acquisition method, namely the potential-tracking
mode. In this mode, dozens of bias voltages are selected and the corresponding photocurrent
values are recorded at each pixel. The n the entire I-V curve can be reconstructed by curve-fitting.
Compared to measuring the complete I-V curve at each pixel, this mode can also obtain the shift
of the entire I-V curve with shorter measurement time. Contrast with the constant-voltage mode,
the proposed potential-tracking mode is able to measure a larger variation of analyte concentration,
and the shift of I-V curve can more accurately reflect the variation of the analyte concentration.
However, the potential-tracking mode also requires additional charging time to accommodate the new
bias voltage, and requires an additional step of curve-fitting during the data processing.

2.3.4. Phase Mode

For LAPS, the semiconductor substrate absorbs photon energy to generate hole-electron pairs,
thereby the amplitude of sensor signal will be significantly affected by fluctuations in light intensity
and the defects of semiconductor substrate [33,108]. In order to achieve accurate measurement,
the phase-mode [109] was proposed to eliminate these effects. This mode detects the phase variation of
the photocurrent, instead of the amplitude as in the common measurement mode. The AC photocurrent
and the modulation signal are simultaneously recorded and then the phase difference between them are
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calculated. The phase-voltage curve shifts along the voltage axis in response to the analyte concentration
variation, similar to the conventional I-V curve. The phase-mode is much less sensitive to the loss of
photocarriers (caused by light intensity fluctuation and semiconductor defects), which contributes
to the improvement of chemical image uniformity. During chemical imaging, the phase variations
are recorded under a constant bias voltage. Errors may be also caused by the assumed slope during
the phase-voltage conversion.

2.3.5. Pulse-Driven Mode

The pulse-driven mode [110] utilizes a pulse-modulated light to generate the photocurrent rather
than a conventional continuously modulated light. The photocurrent is mainly generated by two parts:
photocarriers generated in the depletion layer and the diffused photocarriers. The utilization of a short
light pulse with a high intensity can effectively eliminate the influence of the diffused photocarriers,
and the shorter integration time of light pulse contributes to the improvements of spatial resolution
(by a factor of 6 or more) and the contrast of line scan (by a factor of 3 or more), but it also results in
a lower signal-to-noise ratio (SNR). In the pulse-driven mode, the photocurrent signal is acquired
using a charge amplifier based on a high-speed operational amplifier rather than a trans-impedance
amplifier to follow the fast change resulting from a light pulse. The measurement in pulse-driven
mode takes more time than continuous modulation modes, because it needs extra time intervals to
release the carrier distribution within the semiconductor between single pulses.

Table 1. Pros and cons of LAPS measurement modes.

Measurement Modes Pros Cons Reference

Constant-Voltage Mode Rapid Measurement;
Suitable for Multi-Pixel Imaging

Small Detection Range;
Potential Conversion Rrrors [28,101]

Constant-Current Mode Unlimited Detection Range;
Accurate Measurement

Necessary Feedback Loop;
Long Measurement Time [4,107]

Potential-Tracking Mode
Entire I-V Curves;

Unlimited Detection Range;
Relatively Accurate

Additional Curve-Fitting;
Necessary Charging Time [27]

Phase Mode Good Robustness;
Good Imaging Uniformity

Necessary Simultaneous Record of
Photocurrent and Modulation Signal;

Potential Conversion Errors
[109]

Pulse-Driven Mode High Spatial Resolution;
High Contrast of Line Scan

Low SNR;
Long Measurement Time [110]

3. Spatial Resolution

Spatial resolution is one of the most important features of a chemical imaging LAPS; it has been
defined as the smallest size of the pattern or structure that can be resolved by LAPS [111]. Photoresist
patterns are deposited onto the insulator and then the resolution can be determined as the distance
for achieving a photocurrent drop when scanning from an area without photoresist to another area
with photoresist, by calculating the full width at half-maximum (FWHM) of the first derivative of
photocurrent response across the edge of photoresist pattern [45,61]. A metal gate has also been used
to determine the spatial resolution by measuring the photocurrent decay outside the gate area [17,41].

As a LAPS chip has no isolation between neighboring pixels, the spatial resolution is mainly
determined by the lateral diffusion of minority photocarriers out of the illuminated area in
the semiconductor layer [19,97,112]. Improving the spatial resolution can be carried out in two
aspects: semiconductor substrate and modulated light property.

3.1. Semiconductor Substrate

The oretical calculations showed that the resolution is determined by the lateral diffusion
length of photocarriers in the semiconductor substrate [99,100,102]. In single crystalline silicon
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substrate, the diffusion length can be hundreds of micrometers. High doping concentration will
increase the recombination of photocarriers and reduce the diffusion length, obtaining a higher spatial
resolution [100,101,113]. However, more recombination of photocarriers also reduces the photocurrent
signal, resulting in a loss of sensitivity.

Another approach to improving the spatial resolution is using the semiconductor material with
a shorter diffusion length, such as GaAs [47], GaN [48] and amorphous silicon (a-Si) [41–44]. The shorter
diffusion length also means more loss of photocarriers, resulting in a smaller photocurrent signal [97],
which requires the semiconductor substrate must be thin. A diffusion length of 3.1 μm was measured
using an 8 μm epilayer of GaAs [47], and a resolution of a thin film a-Si deposited on a transparent
glass substrate is in the submicron range [41] with a diffusion length of 120 nm [114].

The simplest and most effective method to improve the spatial resolution is reducing the thickness
of the semiconductor substrate [29,31,97,101,111,112]. With a thicker substrate, the photocarriers
will travel a longer distance to arrive the depletion layer, causing a larger lateral diffusion length
and a decreased resolution. Nakao et al. thinned the silicon substrate from 300 to 100 μm and further
to 20 μm, achieved spatial resolutions of 500, 200 and 10 μm [31]. However, a silicon substrate thinner
than 100 μm is fragile, and cannot provide a good mechanical support for practical applications.
This problem can be solved by using the device with a thin semiconductor layer such as silicon on
insulator (SOI) or silicon on sapphire (SOS). The use of SOI with a 7μm thick device layer obtained
an effective photocarriers diffusion length of about 13 μm and the diffusion length of SOS with 1 μm
thick silicon layer was 570 nm [17]. Photocarriers are generated only in the light spot area, not the entire
semiconductor layer, resulting in the elimination of the effects caused by stray light and reflections
at edges. A resolution of 5 μm was obtained with another SOS device with 0.5 μm thick silicon
layer [111].

A transparent substrate such as sapphire can provide good mechanical support for a thin
semiconductor layer, and the excellent light transmittance can achieve high spatial resolution in the case
of backside illumination. Since it is difficult to grow a conventional thermal oxide layer on SOS [20],
the insulating layer can be replaced with a good anodic oxide [45] or a self-assembled monolayer [61].
Currently, the best spatial resolution of LAPS/scanning photo-induced impedance microscopy (SPIM)
with backside illumination is 0.8 μm, achieved using a SOS substrate with a 0.5μm thick silicon layer
and an anodic oxide [45]. An SU-8 pattern was fabricated on the insulator and the photocurrent image
is shown in Figure 2a. Modulated lights with different wavelengths of 405, 633, 1064 and 1250 nm
were used and obtained the spatial resolutions of 1.5, 2.2, 3.0 and 0.8 μm respectively. The normalized
photocurrents curves scanning across the edge of the photoresist at these wavelengths are displayed in
Figure 2b.

 
Figure 2. (a) Photocurrent image of the SU-8 pattern; (b) Normalized photocurrent curves scanning
across the edge of the photoresist at different wavelengths. Reprinted (adapted) with permission from
Chen et al. [45] Copyright (2019) Elsevier.
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Although SOS has many advantages, the high cost limited its widespread application. In recent
years, indium tin oxide (ITO) coated glass has been chosen as a new substrate for LAPS and SPIM
as a bioelectronic taste sensor for bitter [115] or a high resolution imaging sensor [50] due to the features of
low cost, robustness, stability and easy to be modified. The LAPS with ITO coated glass as the substrate
has electrolyte–semiconductor (ES) structure without an insulator. The schematic of the LAPS
set-up is shown in Figure 3a. The wavelength of the modulated light illuminated from back side is
405 nm. The verification of UV-vis spectrum and impedance spectrum proved that the excitation
light wavelength is in the UV part and the blocking nature of the ITO-solution interface in the dark.
Different from the conventional structure, the LAPS with ITO coated glass has no insulating layer,
and the measured photocurrent signal is generated from the redox currents, which is affected by
the pH dependent kinetics in the anodic oxidation process. The average pH sensitivity of this ITO
coated glass LAPS is about 70 mV/pH, higher than the Nernstian theoretical value of 59 mV/pH.
Although high sensitivity is good for sensors, this super Nernstian sensitivity is usually caused by
multiple potential changes, and the selectivity of the ITO coated glass sensor has not been verified.
Poly (methyl methacrylate) (PMMA) dots on the ITO surface wasre used to characterize the lateral
resolution. Figure 3b shows the photocurrent image of the dot pattern. Due to the high impedance
of PMMA, the photocurrent in polymer dot area decreased to nearly zero. To determine the lateral
resolution, a line scanning across the edge of the dot was carried out at a step of 1 μm. The normalized
photocurrent-position curve is shown in Figure 3c. The full width at half-maximum (FWHM) of the first
derivative of photocurrent response across the edge is usually used to indicate the lateral resolution.
As shown in Figure 3d, the FWHM (lateral resolution) is about 2.3 μm, close to the 1.5 μm resolution
of the SOS at the wavelength of 405 nm. This indicates that the ITO coated glass can be a low-cost
alternative material for SOS for high resolution imaging.

Figure 3. (a) Schematic of the LAPS set-up with ITO coated glass; (b) The LAPS image of the PMMA dot;
(c) Normalized photocurrent-position curve scanning across the edge of PMMA dot; (d) the first
derivative of (B) with the FWHM of 2.3 μm. Reprinted (adapted) with permission from Zhang et al. [50]
Copyright (2019) American Chemical Society.

Recently, the LAPS with ITO coated glass substrate has been developed into a novel
photoelectrochemical imaging system (PEIS) for single live cells imaging [116]. The mapping of
surface charge of the cell bottom can be obtained with the set-up shown in Figure 4a, the photocurrents
in this structure features the redox currents. The photocurrent image of MG63 human osteosarcoma
cells by PEIS is shown in Figure 4b, while the optical image by CMOS camera is shown in Figure 4c,
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indicates a great correlation with the former. The photocurrent in the cell area was smaller, this
may be caused by the negative charge of the cell surface. In addition, the process of cell lysis can
be also monitored with PEIS. Human mesenchymal stem cells (hMSC) and 0.04% v/v TX-100 (0.68
mM) in Dulbecco’s Phosphate Buffered Saline (DPBS) was used for cell membrane permeabilization
and cell lysis. Initially, the PEIS image (Figure 4d) and optical image (Figure 4e) without TX-100 shows
a clear photocurrent distribution and the intact profile of cell membrane. 30 min after the TX-100
addition (Figure 4f,g), the cell has lost its intact form, the increased photocurrent in the cell area
indicating the progressive solubilization of cell membrane. And after 200 min, the cell profile
disappeared in the PEIS image (Figure 4h), indicating that the cell membrane has completely broken
down. This is consistent with the optical image (Figure 4i) where only the residues of the cell remained.
LAPS has already achieved the visualization of the defects recovery process in a cultured cell layer [25],
now with the help of the abovementioned PEIS, the visualization extent of the metabolism and lysis
can be accurate to the single cell level, which expands the application prospects of LAPS imaging.

 
Figure 4. (a) Schematic of the PEIS set-up with ITO coated glass; (b) photocurrent image by PEIS and (c)
optical image by camera of MG63 human osteosarcoma cells; (d) PEIS image and (e) optical image of
hMSC before TX-100 addition; (f) PEIS image and (g) optical image after 30 min incubation with 0.04%
TX-100 in DPBS; (h) PEIS image and (i) optical image after 200 min incubation with 0.04% TX-100 in
DPBS. Reprinted from Wu et al. [116].

3.2. Property of Modulated Light

In addition to the choice of semiconductor substrate, the modulated light property also affects
the spatial resolution. Reducing the light spot size is a direct way to increase the spatial resolution.
Nakao et al. [28] focused the modulated light spot to 1 μm size for the first time and obtained the pH
distribution image of the Saccharomyces cerevisiae colonies. In previous reports, the effect of the light
wavelength on the resolution has been investigated [31,45,61,100,113].

The use of infrared light can improve the spatial resolution. For the bulk silicon substrates with
backside illumination, the light with long wavelength can reach deeper into the silicon and photocarriers
will be generated nearer to the depletion layer. 10 μm test patterns can be resolved with an infrared
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light (the wavelength is 830 nm) illuminating a 20 μm silicon substrate [31], in which the penetration
depth is 13 μm.

To improve spatial resolution, an auxiliary illumination of constant light can be added around
the modulated light [117–120]. As shown in Figure 5a, a ring-shaped constant illumination increases
the photocarriers concentration, and the enhanced recombination will block the lateral diffusion
of photocarriers induced by the modulated light. The effect was predicted by simulation [117],
and the experiment [119] verified a resolution improvement from 92 μm without to 68 μm with
the ring-shaped constant illumination by bundled fiber-optics (Figure 5b). Simulations [118] suggest
that the resolution would be limited due to the enhanced recombination, causing a decrease of
the photocurrent amplitude. And the spread of light after exiting the end of fiber-optics will blur
the shapes of both the modulated light spot and the ring-shaped constant illumination. In order
to further improve the resolution, the hybrid illumination system based on a binocular tube can be
used instead of the bundled fiber-optics [120]. The binocular tube optics set-up is shown in Figure 5c
and it can resolve a 100 μm pattern while the bundled fiber-optics cannot, indicating that the spatial
resolution has been further improved.

Figure 5. (a) Schematic of the LAPS with hybrid illumination; (b) Assembly of the ring-shaped bundled
fiber-optics; (c) Schematic of the hybrid illumination set-up based on binocular tube optics. Reprinted
(adapted) with permission from Miyamoto et al. [120] Copyright (2019) Elsevier.

The use of pulse-driven light [110] can also improve the spatial resolution, which has been discussed
in Section 2.3.5 of this article. For the thin silicon substrates such as SOS [45,61], the penetration depth
of the light is less important. The effect of wavelength on spatial resolution is mainly determined by
the Rayleigh criterion: r = 0.61λ/NA , where r is the resolution, λ is the wavelength and NA
is the numerical aperture of the microscope objective. In the wavelength range of 405 nm to
1064 nm, the spatial resolution increases as the wavelength decreases. The best resolution is 1.5 μm
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at the wavelength of 405 nm. Further improvement of the resolution to 0.8 μm can be achieved based on
the two-photon effect with a 1250 nm light. In this case, the photon energy of the modulated light was
smaller than the energy bandgap of silicon, the photocarriers were generated under the two-photon
effect only near the focused spot close to the depletion layer [17]. All the technical information about
spatial resolution mentioned above is summarized in Table 2.

Table 2. Technical information about improving the spatial resolution of LAPS.

Methods Notes Sensor Construction Modulated Light Parameters 1 Spatial
Resolution

Reference

Semiconductor
Substrate
Properties

High Doping
Concentration Simulation Results 50 nm SiO2/50 nm

Si3N4/200 μm Si

Backside Illumination;
λ = 800 nm, f = 5 kHz, P = 6

W/cm2, S = 20 μm
<30 μm [100]

Short Diffusion
Length Materials

Semiconductor
Material: GaAs

8 μm Pt/100 nm
Anodic Oxide/8 μm

Epilayer of GaAs

Frontside Illumination;
λ = 780 nm, f = 10 kHz,

P = 0.18 mW, S = 2.6 μm
3.1 μm [47]

Semiconductor
Material:

Amorphous Si

20~150 nm Metal
Gate/50 nm
Si3N4/30 nm

SiO2/0.3~1.5 μm
a-Si/Glass/500 nm

Al/700 ZnO

Frontside Illumination;
λ = 430 nm, P = 1 mW,

S = 1.03 μm
<1 μm [41]

Thinned
Semiconductor

Substrate
Infrared Light

100 nm
Au/Photoresist
Pattern/100 nm

Si3N4/50 nm
SiO2/20 μm Si

Backside Illumination;
λ = 830 nm, f = 1~10 kHz,

S = ~1 μm
<10 μm [31]

Transparent Substrate
with Thin

Semiconductor Layer

Silicon on
Sapphire

Photoresist
Pattern/6.7 nm

Anodic Oxide/0.5 μm
Si/500 μm

Sapphire/20 nm
Cr/80 nm Au

Backside Illumination;
λ = 405 nm, f = 1 kHz,

P = 1 mW
(Single Photon Effect)

1.5 μm [45,61]

ITO Coated Glass;
No Insulator

PMMA dot/~140 nm
ITO/500 μm Glass

Backside Illumination;
λ = 405 nm, f = 10 Hz,

S = ~1 μm
2.3 μm [50,116]

Modulated Light
Properties

Small Light Spot Size Spot Size
at Micron Level

100 nm Si3N4/50 nm
SiO2/300 μm Si/AuSb

Backside Illumination;
λ = 633 nm, f = 1~10 kHz,

P = 10 mW, S = ~1 μm
<500 μm [28]

Infrared Light Thin Silicon
Substrate

100 nm
Au/Photoresist
Pattern/100 nm

Si3N4/50 nm
SiO2/20 μm Si

Backside Illumination;
λ = 830 nm, f = 1~10 kHz,

S = ~1 μm
< 10 μm [31]

Auxiliary
Illumination

Ring-Shaped
Constant Light

50 nm Si3N4/50 nm
SiO2/200 μm Si/Au

Backside Illumination;
λ = 832 nm, Modulated,

P = 0.002 mW;
λ = 832 nm, Constant,

P = 0.1 mW

<68 μm [119,120]

Pulse-Driven
Modulated Light Charge Amplifier 40 nm Si3N4/40 nm

SiO2/200 μm Si/Au

Backside Illumination;
λ = 905 nm, t = 2 μs,

P = 85 mW, S = ~1.1 μm
110 μm [110]

Two-Photon Effect Silicon on
Sapphire

Photoresist
Pattern/6.7 nm

Anodic Oxide/0.5 μm
Si/500 μm

Sapphire/20 nm
Cr/80 nm Au

Backside Illumination;
λ = 405 nm, f = 1 kHz,

P = 1 mW
(Two-Photon Effect)

0.8 μm [45,61]

1 λ: Wavelength; f: Frequency; P: Power; t: Integration time; S: Light spot size.

4. Temporal Resolution

A typical way of LAPS imaging is to use a single beam scan to readout the photocurrent values of
each pixel one by one. The image acquisition time is given by multiplying the measurement time of
each pixel by the number of pixels. In a typical set-up, the measurement time per pixel is millisecond
level, and the acquisition time for one image is on the order of minutes at a resolution of 128 ×
128 pixels, for example. In addition, the scanning speed of the mechanical stage also greatly limits
the temporal resolution. The minute-level time consuming is acceptable for monitoring some slow
processes, such as metal corrosion [121] and cell growth [25,30], but difficult for the fast processes
such as chemical reactions and ion diffusion. The refore, it is necessary to reduce the measurement time.
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4.1. Single Modulated Light Without Mechanical Movement

An analog micromirror based on micro-electro-mechanical systems (MEMS) has been used to
replace the traditional mechanical stage [122–124]. The schematic of this set-up is shown in Figure 6a,
the light spot can be moved and located precisely on the back of the sensor plate according to
user requirements by PC software control. This set-up was able to acquire a chemical image with
the resolution of 500 × 400 pixels within 40 s, and can also record the spatiotemporal change in pH
distribution in KCl solution and buffer solution with a rate of 16 frames per second (fps) and a resolution
of 10 × 8 pixels per frame. However, in this way, the angle of light illumination at each pixel is
different, resulting in different spot sizes on the back of the sensor plate, which affects the uniformity
of the image.

Figure 6. (a) Schematic of the LAPS imaging system based on analog micromirror. Reprinted from;
(b) Schematic of the LAPS imaging system based on the DLP, the light is modulated by the fast switching
mirrors and the position and size of the light spot can be adjusted as required. Reprinted (adapted)
with permission from Das et al. [124] and Wagner et al. [125] Copyright (2019) Elsevier.

In order to completely avoid the effects of mechanical motion (including the rotation of
the micromirror), digital micromirror device (DMD) based on the digital light processing (DLP)
technology was implemented as the scanning light source for LAPS [125,126]. The system set-up is
shown in Figure 6b. The modulated light is generated by the fast switching DMD, the size and shape
of light spot can be easily defined according requirements without any modification of hardware.
This set-up has 480 × 320 micromirrors, resulting in a maximum resolution of 153,600. The authors
investigated a method that uses a big size spot to perform a low-resolution scan of the entire sensor
surface (just a few seconds) firstly. After determining the region of interest (ROI), a small-sized spot is
used to scan the local region with a high-resolution. This method is expected to combine the advantages
of fast imaging and high-resolution scanning.

In addition, some commercial products suggest illuminating different spots on the LAPS sensor
plate, such as a projector based on DLP [42] or liquid crystal [127], an OLED display [125,128].
All the devices are capable of addressing a large number of pixels without mechanical movements,
and can customize the measurement areas freely. However, the OLED displays and projectors are
designed for video applications, which require low refresh rates (typically 25 fps), so the modulation
frequencies in these set-ups are lower than 1 kHz, resulting in a relatively long sampling time,
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limiting the future applications of fast imaging. Werner et al. developed a new driving method
for OLED-LAPS [129], enabled to define the modulation frequencies between 1 kHz and 16 kHz.
The increased frequency modulation light speeds up the measurement and reduces the acquisition
time of image by a factor of 40 compared with ordinary OLED display [128].

4.2. Multi-Frequency Modulation Light Source Array

Another method for improving the temporal resolution is the utilization of light source array,
illuminating multi pixels simultaneously with different modulated frequencies. The fast Fourier
transform (FFT) algorithm is used to separate and reconstruct the signal for each frequency from
the mixed signal. In order to successfully separate each signal in the frequency domain, it is worth
noting that the step of modulation frequency must be larger than or equal to the inverse of the sampling
time [21,130,131], and the highest frequency is required to be less than twice the lowest frequency
to avoid the harmonic interference [19,131]. Zhang et al. proposed this method for the first time in
2001 [132], the LAPS sensor plate was illuminated simultaneously by 3 light spots at different pixels with
the frequencies of 3.6, 3.8 and 4.0 kHz. Later, this method similar to the frequency-division multiplexing
(FDM) has been applied for rapid imaging system and multi-sensor with multiple light sources.
A light source array consists of 4 × 4 LED for multi-sensor was employed [68], and demonstrated
the possibility of recording cell metabolism and ion detection simultaneously at multiple spots on
one chip. Hu et al. [69] reported three parallel measurements using line-array focused laser for heavy
metal detection. Miyamoto et al. [130] proposed a combination of light source array and the traditional
mechanical scanning. A linear array of 16 LEDs with an interval of 3.6 mm was used at different
frequencies, the scan speed of this linear LED array was 12.5 mm/s and obtain a image at a resolution
of 16 pixels × 128 lines within 6.4 s. In this method, increasing the density of the LED array allows
for more measurement spots, and higher resolution can be obtained at the same sampling time.
Wagner et al. [133] applied a high-density multi-point LAPS based on a miniaturized vertical-cavity
surface-emitting laser (VCSEL) array. It consisted of 12 VCSEL diodes with a pitch of 250 μm on
a 3 mm single substrate, and the modulation frequencies of each diode were generated by the FPGA in
the range of 3 kHz to 4.1 kHz, with a step of 100 Hz. This set-up could operate measurement spots
simultaneously and reduce the overall measurement time.

For LAPS imaging applications, the high modulation frequency requires a lower sampling time,
which contributes to the improvement of image speed. In the backside illumination LAPS, the highest
modulation frequency is limited by the low-pass filtering characteristics of photocarriers diffusion
across the semiconductor substrate [97]. The available modulation frequency can be therefore extended
by using frontside illumination or a thinner semiconductor substrate, which can achieve a higher
imaging rate. A front-side-illuminated LAPS with two-dimensional LED array was proposed [134].
With the sampling frequency of 400 kHz, the visualization of pH distribution could be recorded
at the rate of 70 fps. After that, a high-speed chemical imaging system [131] based on 64 illumination
spots guided by optical fibers was developed for dynamic pH measurement inside a microfluidic
channel on the LAPS chip surface. Figure 7a shows the schematic of the LAPS with microfluidic
channel, the light source array is above the LAPS and performs a liner scan. The photo of 64 light
beams guided with optical fibers are shown in Figure 7b, the modulation frequencies are in the range
of 6.4 kHz to 12.7 kHz with the step of 100 Hz. In the application of pH distribution visualization,
the optical fibers were bundled in a layout of 8 × 8 with an interval of 1.5 mm, and an imaging area of
12 × 12 mm2 was acquired. The sampling frequency, the sampling number, and the sampling time
were 400 kHz, 4000, and 10 ms respectively, which achieved a high-speed imaging at 100 fps. 10 mM
NaOH and 10 mM HCl was respectively injected into the phosphate buffered saline (PBS), the frames
of the spatiotemporal change in pH distribution are shown in Figure 7c,d, the changes in photocurrent
correspond to the changes in pH. A temporary change in pH and subsequent recovery can be clearly
observed. All the technical information about temporal resolution mentioned above is summarized in
Table 3.
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Figure 7. (a) Schematic of the LAPS with microfluidic channel set-up; (b) The 64 light beams guided by
the optical fibers above the LAPS surface; (c) Injection of 10 mM NaOH and (d) 10 mM HCl into PBS
solution. Reprinted (adapted) with permission from Miyamoto et al. [131] Copyright (2019) Elsevier.

Table 3. Technical information about improving the temporal resolution of LAPS.

Methods Notes
Sensor

Construction
Modulated Light

Parameters 1 Temporal Resolution 2 Reference

Single Modulated
Light Without

Mechanical
Movement

Analog
Gimbal-Less

Two-Axis
Micromirror

Light Spot Movement
by Angular Rotation

10 nm Si3N4/3 nm
SiO2/500 μm Si

Backside Illumination;
λ = 658 nm,

f = 5~20 kHz,
S = 300 μm

R = 500 × 400 pixels, S1 = 14.5 ×
10.5 mm2, S2 = 300 μm, t = 40 s;

R = 10 × 8 pixels, S1 = 2.8 ×
5 mm2, S2 = 300 μm, FPS = 16

[123,124]

DLP-Based Digital
Micromirror

Device (DMD)

480 × 320 Micromirror
Array;

Modulation by Digital
Switch

Si3N4/SiO2/Si/Au Backside Illumination;
f = 713 Hz, S = 4.3 μm

S1 = 20.8 × 15.6 mm2, S2 = 2.6
× 2.6 mm2, t = 2 s;

S1 = 5 × 5 mm2, S2 = 0.87 ×
0.87 mm2, t = 5 s;

S1 = 1 × 1 mm2, S2 = 0.13 ×
0.13 mm2, t = 60 s

[125,126]

DLP-Based
Projector \

20 nm HfO2/1 μm
a-Si/10 nm
Mo/70 nm
ITO/Glass

Backside Illumination;
f = 30 Hz, S = 72 μm ×

72 μm

R = 160 ×25 pixels, S1 = 2.88 ×
1.8 mm2, S2 = 155× 155 μm2,

t = 800 s;
R = 98 × 22 pixels, S1 = 1.764 ×
1.188 mm2, S2 = 106× 106 μm2,

t = 431.2 s;

[42]

OLED Display High Modulation
Frequency Si3N4/SiO2/Si/Al

Backside Illumination;
f = 1.74 kHz, S = 200

× 200 μm

R = 96 × 64 pixels, S1 = 20.1 ×
13.2 mm2, S2 = 0.4 × 0.2 mm2,

t = 150 s
[129]

Multi-Frequency
Modulation Light

Source Array (FDM)

High-Density
VCSEL Array

12 VCSEL Diodes
with a Pitch of 250 μm Ta2O5/SiO2/Si

Backside Illumination;
λ = 850 nm, f = 3 kHz

~ 4.1 kHz,
Step = 100 Hz,

S = 500 μm

R = 12 × 22 pixels, S1 = 3 ×
10 mm2, S2 = 0.5 mm × 3 mm,

t = 3.6 s
[133]

Two-Dimensional
LED Array

7 × 5 LED Array;
Illumination Line

by Line

100 nm
Si3N4/50 nm

SiO2/200 μm Si

Frontside
Illumination;

λ = 660 nm, f = 6 ~
10 kHz, Step = 1 kHz,

S = 2 mm

R = 7 × 5 pixels, S1 = 17 ×
12 mm2, S2 = 2 mm × 12 mm,

FPS = 70
[134]

Optical Fiber
Array with

Microfluidic
Channel

64 Light Beams;
Flexible Measurement

Layout
PDMS/Si3N4/SiO2/Si

Frontside
Illumination;

λ = 600 ~ 625 nm,
f = 6.4 ~ 12.7 kHz,

Step = 100 Hz,
S = 500 μm

R = 8 × 8 pixels, S1 = 12 ×
12 mm2, S2 = 0.5 mm × 0.5 mm,

FPS = 100
[131]

1 λ: Wavelength; f: Frequency; S: Light spot size. 2 R: Image resolution; S1: Image area; S2: Measurement spot size;
t: Imaging time; FPS: Frames per second.

5. Integration with Microfluidic Devices

For some biomedical applications with small sample volumes, integrating the sensors with
microfluidic devices is a promising strategy. The LAPS-based imaging sensor is a well-suited
sensor for the combination with microfluidic devices [37,131,135] as the following advantages:
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Firstly, the LAPS chip surface is flat and uniform, which facilitates its fit with microfluidic
channels [136] and microchambers [137] of any shape. The commonly used materials for the sensor
chip (silicon oxynitride) and microfluidic channel devices (polydimethylsiloxane (PDMS)) can be easily
bonded together by plasma treatment. Secondly, due to the addressability of LAPS, any position within
the microfluidic channel is measurable [138], which contributes to the assays based on chemical imaging.
Thirdly, thanks to the good breathability, biocompatibility and light transmission of PDMS materials,
LAPS integrated with microfluidics can be used for biomedical measurements [139] and optical images
can also be obtained under a microscope.

LAPS-based chemical imaging sensor can simultaneously analyze the chemical reaction
and diffusion of the analyte in a microfluidic channel. Miyamoto et al. [138] proposed a plug-based
microfluidic system combined with LAPS. The structure of the integrated system is shown in Figure 8a.
The analyte solution was injected into the channel as a plug form with the volume of microliters.
Because of the light-addressability, the plug could be monitored at any position and pneumatically
controlled. Figure 8b shows the microfluidic channel design to generate plugs. The analyte solution in
the sample chamber was divided into a series of plugs by the injected air and then passed through
the sensing area.

 

Figure 8. (a) Schematic of the microfluidic devices combined with LAPS; (b) Microfluidic channel
design for plugs generation on LAPS chip. Reprinted from; Chemical images of the laminar flows in
the Y-shaped channel under the injection rates from (c) 5.0 mL/h to (h) 0.1 mL/h. Reprinted (adapted)
with permission from Miyamoto et al. [138] and Miyamoto et al. [37] Copyright (2019) Elsevier.

The LAPS-based chemical imaging sensor has also been applied to investigate the concentration
profile of ion diffusion in a microfluidic channel [37]. A Y-shaped microfluidic channel was fabricated
on the LAPS chip surface, with the thickness and the width of 160 μm and 2 mm. 0.1 M NaCl
and 0.1 M HCl were injected respectively into the left and the right branches of the Y-shaped channel,
and the chemical image of laminar flows were obtained under the injection rates from 5 mL/h to 0.1 mL/h,
as shown in Figure 8c–h. A boundary of the two streams can be clearly seen in Figure 8c because
the contacting time is too short and there is no significant change of the pH distribution. As the flow
rate decreasing, more ions diffusion across the interface of the two laminar flows can be observed,
from which the diffusion coefficient can be calculated. Since the diffusion coefficient depends on
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the molecular weight of chemical species, this assay can be used as a mass spectrometric measurement
of an unknown molecule.

6. Conclusions

Since LAPS was first proposed in 1988, it has been widely developed for biomedical and chemical
studies. LAPS are suitable for detecting potential changes induced by changes in ion concentrations,
and can also be applied for the measurement of local impedance (SPIM). The flat and uniform surface
of LAPS chip facilitates the deposition of sensitive materials and the immobilization of specific
identification elements, detections for metal and inorganic salt ions, biomolecules such as enzyme,
antibody, glucose and DNA, etc. have been achieved so far.

The performance of LAPS chemical imaging has also enhanced over the past two decades.
For high spatial resolution imaging, the LAPS substrate materials including thinned silicon, amorphous
silicon (a-Si), and ultra-thin semiconductor layers on transparent substrates have been investigated.
The effect of the modulated light property on spatial resolution has also been studied. The best spatial
resolution reported to date is 0.8μm obtained with a SOS device based on the two-photon effect.
Based on the photoelectrochemical imaging system (PEIS) with ITO-LAPS, the visualization extent
of the metabolism and lysis can be accurate to the single cell level, which expands the application
prospects of LAPS imaging.

The use of a FDM-based multi-light source array is an effective method for high-speed imaging.
Parallel measurement of multiple pixels allows signals of tens of thousands of pixels to be read
out in one second. This high temporal resolution is able to measure the processes of fast chemical
reactions such as ion diffusion. A variety of measurement modes were designed to meet different
needs, and image calibration algorithms were developed to correct the non-uniformities of sensor chip.

For further application of LAPS, in addition to improving the sensor performance,
the miniaturization multi-functionalization of the detection system is also important. It is a promising
prospect that setting multiple measurement sites on the sensor surface and integrating with
the microfluidic device to establish a “lab-on-a-chip”. On one hand, the volume of sample in microliter
grade can reduce costs; on the other hand, it enables rapid and multi-parameter detection under
controllable dynamic conditions with the emergence of novel designed microfluidic devices [140].
The integrated sensor system will be able to be applied in biomedical applications for a variety
of purposes.
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Abstract: A semiconductor array pH image sensor consisting of four separated blocks was fabricated
using charged coupled device (CCD) and complementary metal oxide semiconductor (CMOS)
technologies. The sensing surface of one of the four blocks was Si3N4 and this block responded to H+.
The surfaces of the other three blocks were respectively covered with cation sensitive membranes,
which were separately printed with plasticized poly (vinyl chloride) solutions including Na+, K+,
and Ca2+ ionophores by using an ink-jet printing method. In addition, each block of the image sensor
with 128 × 128 pixels could have a calibration curve generated in each independent measurement
condition. The present sensor could measure the concentration image of four kinds of ions (H+, K+,
Na +, Ca2+) simultaneously at 8.3 frames per second (fps) in separated regions on a chip.

Keywords: CCD ion sensor; multi-ion image; CMOS technology; ink-jet printing; bioactive cations

1. Introduction

Semiconductor ion sensors are suitable for visualizing local chemical species, because of the
capabilities of miniaturization and integration of the sensing area. Many miniaturized sensing
pixels based on ISFET were two-dimensionally lined up neatly as an array-imaging sensor [1–5],
and a semiconductor-sensing device was two-dimensionally divided into many sensing areas by an
addressable light such as LAPS [6–10]. Although almost 50 years has passed since the introduction of
the ISFET by Bergveld in 1970 [11], there are still many challenges to be overcome beyond ISFETOLOGY
including the REFET subject, in which he summarized the device and readout circuity reported in
2010 [12]. In particular, the array image sensor requires a dense, reliable and scalable ISFET array that
enables massive parallelism and high throughput [13]. Recently, several array image sensors were
reported including 32 × 32 (1k) pixels and 9.3 frame/s (fps) image sensor [14]; 512 × 576 (300k) and
375 fps image sensor [15]; 3600 × 3600 (13M) and 26 fps image sensor [16]. The number of pixels and
fps is increasing, and the spatial resolution is also improving. However, a high operation stability
of the array image sensor is required. Therefore, it is important for a reliable array image sensor to
demonstrate the image consisting of whole pixels, which indicates the total quality of achievement of
the image sensor.

We had developed a different type of semiconductor array pH sensor (liner 8 pixels) based on
charged coupled device (CCD) and complementary metal oxide semiconductor (CMOS) technologies
in 1999 [17], as an aim at developing the image sensor. According to the plan to finely visualize local
chemical species, the CCD pH sensor has steadily progressed to two-dimensional pH image sensors;
from the initial stage of 10 × 10 (100) pixels and 30 fps [18]; 32 × 32 (1k) and 5 fps pixels [19]; 128 ×
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128 and 50 fps (16k) pixels [20]; to 1320 × 976 and 27.5 (1.5M) pixels [21]. The size of sensing pixels
became small, and the spatial resolution increased; 100 × 100 μm2 [18], 23.55 × 23.55 μm2 [19], 12.1
× 12.1 μm2 [20], 3.75 × 3.75 μm2 [21], respectively. Each image that consisted of whole pixels was
demonstrated by an investigation of the sensor response to pH change.

The CCD pH image sensor can also convert into several CCD ion image sensors using the surface
coating of ion sensitive membranes. The image sensors monitored local concentrations of metal ions
such as K+ [22], and biogenic amines [23]. The K+ image sensor was applied to a tissue stimulation
response of a cultured hippocampal slice stimulated by glutamate [22]. The biogenic amine image
sensor was applied to mast cells stimulation response of mast cells by compound 48/80 [23]. On the
other hand, living cells have several ion pumps and ion channels for H+, Na+, K+, Ca2+, Cl−, and so
on, to maintain the homeostasis. Therefore, a minute investigation of cell dynamics is required to
simultaneously monitor these concentration changes. As the previous studies, we fabricated the CCD
multi-ion image sensor for Na+-K+ [24], K+-Ca2+ [25]. The K+-Ca2+ image sensor was applied to the
Ca2+ release of cultured PC12 cells stimulated by acetylcholine [25]. The multi-ion image sensor was
superior to monitor their concentration changes simultaneously for only one experiment.

The multi-image sensors were successfully demonstrated, however, further developments were
required; increments of numbers of ions measured simultaneously, clear distinction and refinement of
separated sensing regions. For instance, multi-ion-vision equipment that displays a high-resolution
image of many ions simultaneously such as a color television is one of the ultimate goals. In this paper,
we fabricated a new CCD multi-ion image sensor with four divided regions of 128 × 128 pixels array
in order to accomplish the measurement of several ions simultaneously and the clearly separated
sensing regions on the chip. Each region of the new image sensor can individually configure the Vref.
Thus, the sensor can monitor four-ion concentration changes simultaneously. The establishment of
the simultaneous monitoring technique for four ions is important in the developing process in order
to develop the future multi-ion-vision equipment. The CCD multi-ion image sensor was fabricated
from a newly designed CCD pH image sensor with four divided regions of 128 × 128 sensing pixels.
Thereafter, three regions were prepared with Na+, K+, and Ca2+ sensitive membranes. These sensitive
membranes were constructed by an ink-jet printing method. The present sensor could simultaneously
determine the changes of pH, Na+, K+, and Ca2+ concentrations in an intracellular concentration region.

2. Fabrication Process and Readout Procedure

2.1. Pixel Design and Sensor Chip

The sensor system using CMOS technology based on the previous block diagram of 128 × 128
sensor [14] was designed and fabricated. The main circuit design and pixel structure were the same.
The present ion image sensor has four times more pixels than the 128 × 128 pixels sensor. Here, the
basic sensing principle was briefly mentioned using Figure 1 with the cross-sectional view of a sensing
pixel. The key is to be able to measure the surface membrane potential between the aqueous solution
and the membrane or the Si3N4 film in Figure 1. Hydrogen ions adsorb and desorb onto the Si3N4,
and affect the surface membrane potential in the sensing area. On the other hand, when Si3N4 was
covered with a plasticized polyvinyl chloride (PVC) membrane including a cation selective ionophore,
the cations adsorb and desorb onto the membrane, and change the surface membrane potential. Thus,
their surface membranes depend on the concentration of the sensitive cations. The sensor chip has
four terminals to process the charge. The input control gate (ICG) and transfer gate (TG) electrodes are
used to control the potential level as the gating. The input diode (ID) and floating diffusion (FD) are
pn junctions that supply the charge and detect the quantity of charge, respectively. With a decreasing
ID potential, the charge exceeds over ICG, and is filled at the charge sensor area corresponding to the
membrane potential, as shown in Figure 1a. With an increasing ID potential, the charge is spilled and
holds, as shown in Figure 1b. With an increasing TG, the charge is transferred into FD, as shown in
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Figure 1c. The charge process can be repeated, and the charge is accumulated without noise. Therefore,
the sensitivity is increasing, which is an excellent advantage for the CCD sensor.

The structure of the sensor chip and the wiring on the package board is shown in Figure 2. In
order to hold a compact size and use previous equipment, the sensor chip is divided into four blocks
and each block has a timing generator, shift register, horizontal and vertical scanner, respectively. Each
terminal with the same name except for CE is electrically connected on a package board.

Figure 1. Cross-sectional view of a sensing pixel and measurement principle to focus on charges.
(a) Charge supply into the depth of potential; (b) holding of charges corresponding to the depth;
(c) transferring of charges to measure.

 

Figure 2. Block design for the present multi-ion sensor.
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The switching time of each CE terminal is due to the order, as shown in Figure 3. The block whose
CE terminal becomes high is activated. The measurement conditions data of each block are saved into
Shift resister when CE terminal changes to be high.

Figure 3. Serial timing chart for the operation of four blocks.

The whole photographs of a sensor chip and its extended image were shown in Figure 4. The 4 ×
16K array CCD ion image sensor possessed 65,536 sensing pixels in a two-dimensional 4 × 128 × 128
array, as shown in Figure 4A. The dimensions of the pixel and the sensor area were 37.3 × 37.3 μm2,
9.549 × 9.549 mm2, respectively. The interval of blocks was 20 μm. The chip size was 12.2 × 12.2 mm2.
The frame speed was constant at 8.3 fps. The sensing area of a pixel was in a hollow of ~ 3 μm depth
and its size was 13.5 μm × 24.5 μm, as shown in Figure 4B.

Figure 4. (A) A picture of the 256 × 256 array charged couple device (CCD)-type image sensor; (B) a
micrograph of the sensor pixels.

2.2. Reagents

Bis[(12-crown-4)-methyl]-2-dodecyl-2-methylmalonate (bis(12-crown-4)), 2-Nitrophenyloctyl
ether (NPOE), sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (NaTFPB) were purchased
from Dojindo Lab., Inc. (Kumamoto, Japan). Polyvinylchloride (MW = 80,000) (PVC), 10,19-Bis
[(octadecylcarbamoyl)methoxyacetyl]-1,4,7,13,16-pentaoxa-10,19-diazacycloheneicosane (K23E1),
valinomycin, 1,3,5,7,9,11,13,15-oct(propylmethacryl)pentacyclo[9.5.1.13,9.15,15.17,13]octasiloxane
(POSS), and tris(hydroxymethyl)aminomethane (Tris) were purchased from Sigma-Aldrich, Inc.
(St. Louis, MO, USA). Potassium tetrakis(4-chlorophenyl)borate (K-TCPB) was purchased from Tokyo
Chemical Industry (Tokyo, Japan). Dioctyl sebacate (DOS), n-dioctyl phthalate (DOP), tetrahydrofuran
(THF), cyclohexanone (CHN), cyclohexane, and other reagents were purchased from Wako Pure
Chemical Industries, Ltd. (Osaka, Japan). Water deionized by a Milli-Q system was used in all the
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experiments. Metal ion solutions were prepared daily by dilution from a 1 M stock solution of each
metal chloride.

2.3. Ink-Jet Device and the Printing Conditions

An ink-jet apparatus (IJK-200T, Microjet, Shiojiri, Japan) was set up in a large glove box. The
nozzle diameter (IJHB-300) was 300 μm. The apparatus was a piezoelectric dot ink-jet printer, and
can place the printing solution at the desired point on a chip. The state of the produced drops was
monitored using a strobe light camera. The proper adjustment of two voltage pulses on the operating
piezoelectric device formed one drop. The pulse conditions were adjusted daily; 80.0–85.0 V as the
pulse voltages, 5.0–10.0 μS as the 1st pulse range, 3.0–10.0 μS as the interval pulse range, 3.0–10.0 μS
as the 2nd pulse range. One drop of the cocktail solution covered about 36 (6 × 6) sensing pixels.
The rate of line printing and the interval of the pitch decided in each ion sensitive membranes. The
waiting time before the recoating was 10 s. After printing, the membrane was dried for 24 h at room
temperature. Since the ink-jet apparatus had only a single injection head, when a multi-ion membrane
was prepared, each solution was separately printed.

2.4. Procedure of the Preparation of Each Sensitive Membrane

In order to increase the adhesion of the plasticized PVC membrane on the chip, the ink-jet printing
areas were pretreated with sodium hydroxide solution. A 0.1 mM sodium hydroxide solution laid on
the ink-jet printing area for more than 30 min, and washed with pure water, and the sensor was dried
in a clean glove box at room temperature. After the pretreatment, each membrane was formed by the
ink-jet method. For the Na+ sensitive printing solution, PVC 44.0 mg, POSS 30.0 mg, DOP 22.0 mg, Bis
(12-crown-4) 2.7 mg, TFPB 1.3 mg were dissolved in a solvent mixture of 5 mL of THF and 5 mL of
CHN (THF-CHN solution). The mixed printing solution was dropped into the Na+ sensing area with
a number of overcoats of 20 times. At this time, the pitch of the drop was set to 100 μm. For the K+

sensitive printing solution, PVC 30.0 mg, POSS 30.0 mg, DOS 36.0 mg, valinomycin 2.7 mg, K-TCPB
1.3 mg were dissolved in THF-CHN solution of 10 mL. The mixed printing solution was dropped
into the K+ sensing area with a number of overcoats of 20 times, and the pitch of the drop was set to
80 μm. For the Ca2+ sensitive printing solution, PVC 30.0 mg, POSS 11.2 mg, NPOE 55.2 mg, K23E1
3.0 mg, TFPB 1.3 mg were dissolved in THF-CHN solution of 10 mL. The mixed printing solution was
dropped into the Ca2+ sensing area with the number of overcoats of 40 times, and the pitch of the drop
was set to 80 μm.

2.5. Measurement of Ion Concentration

The electrochemical cell consisted of a LF-1/2 leak-less Ag/AgCl reference electrode sample
solution/plasticized PVC membrane/semiconductor sensor. The potential slopes of sodium ion brock,
potassium ion block, and calcium ion block were evaluated from three different concentrations of
each ion solutions: 0.1 mol/L (M) Tris-buffered (pH 7.4) solutions with concentrations of 200, 20, and
2 mM sodium ions. 0.1 mol/L (M) Tris-buffered (pH 7.4) solutions with concentrations of 40, 4, and
0.4 mM potassium ions. 0.1 mol/L (M) Tris-buffered (pH 7.4) solutions with concentrations of 18, 1.8,
and 0.18 mM sodium ions. These solutions with the calibration were corresponding to the range of
extra-cellular concentration [26]. All signals of the sensing pixels were recorded as a video after each
pixel arrayed on the chip was calibrated with the above three solutions.

3. Results and Discussion

3.1. Evaluation of Potential Response to Each Cation

The potential response of each block to the corresponding cation was shown in Figure 5a–d. To
measure the hydrogen ion sensitivity of the sensor, ordinal buffered pH standard solutions (pH 4,
pH 7, and pH 9) were used. The numbers of the right upper block to pH sensing pixels was 16,384.
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The potential slope showed a distribution with an ideal high kurtosis. The maximum of the frequency
distribution of the pH sensitivity was 46 mV/pH (48 mV/pH to pH 4–7, 43 mV/pH to pH 7–9).
Although the slope is inferior to Nernstian response, most of the slopes indicated were highly
sensitive. The other three blocks were treated with the ink-jet printing. The left upper block of
the chip was printed with the sodium ion membrane, and the left under block with the calcium ion
membrane, the right under block with the potassium ion membrane. The potential slope of sodium ion
block is high and the maximum distribution was 61 [mV/decade] (63 mV/decade to 0.4 mM–4 mM,
60 mV/decade to 4 mM–40 mM) that were almost Nernstian response, as shown in Figure 5b. The
frequency distribution has a high kurtosis with a deviation to high value. The potential slope of the
potassium ion block is lower than that of the sodium ion block, as shown in Figure 5c. The maximum
distribution potential slope was 52 [mV/decade] (53 mV/decade to 2 mM–20 mM, 51 mV/decade
to pH 20 mM–200 mM), and has a wide normal distribution. Although many potential responses
did not achieve Nernstian slope, the sensitivity was higher than the pH block. The potential slope
of calcium ion block is lower than the other cation, as shown in Figure 5d. The lower sensitivity
was due to the ion valence of +2. The maximum distribution potential slope was 29.0 [mV/decade]
(26 mV/decade to 0.18 mM–1.8 mM, 32 mV/decade to 1.8 mM–18 mM) that was Nernstian slope. The
frequency distribution has a high kurtosis and a slight distribution with a small deviation to high
value. These potential slopes were not ideal, however, the response was close to Nernstian response or
sufficient response.

  
(a) (b) 

 
(c) (d) 

Figure 5. Histograms of potential slopes to (a) pH for the rigth upper block; (b) sodium ion for the left
upper block; (c) potassium ion for the right under block; (d) calcium ion for the left under block.

3.2. Dynamic Response

Snapshots of the multi-ion image sensor are shown in Figure 6. When 400 μL of the 200 mM
sodium ion solution was added into 400 μL of 2 mM sodium ion solution by a 1000 μL pipette, the
color of the left upper block immediately changed from blue to red (Figure 6a). The left upper block
responded to the concentration change of sodium ions, but no change appeared in the other block,
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except for slight areas at the upper edge of calcium ion block and the right edge of potassium ion
block. When the sodium membrane was prepared by the ink-jet method, it seemed that the sodium
membrane painting solution was leaked to these areas. When 400 μL of the 0.18 mM calcium ion
solution was added into 400 μL of 18 mM calcium ion solution by a 1000 μL pipette, the color of the left
under block immediately changed from blue to red (Figure 6b). The left under block responded to the
concentration change of calcium ions, but no change appeared in the other block. When 400 μL of the
0.4 mM potassium ion solution was added into 400 μL of 40 mM potassium ion solution by a 1000 μL
pipette, the color of the right under block immediately changed from blue to red (Figure 6c). The right
under block responded to the concentration change of potassium ions, but no change appeared in the
other block, except for the sodium ion block. The sodium ion block had a slightly potential response to
calcium ion concentration. All the concentration changes were completed in three s. For all additions
of the pipette, the pH region of the upper right did not show a concentration change. This is very
effective to selectively detect ion behaviors based on cell functions without considering pH variation.

(a) 

(b) 

(c) 

Figure 6. Snapshots of CCD multi-ion image sensor with 128 × 128 pixels array. (a) 200 mM sodium
ion solution (100 μL) was injected into a 400 μL of sample solution including 2 mM sodium ion solution
by a pipette; (b) 40 mM potassium ion solution (100 μL) was injected into a 400 μL of sample solution
including 0.4 mM potassium ion solution by a pipette; (c) 18 mM calcium ion solution (100 μL) was
injected into a 400 μL of sample solution including 0.18 mM calcium ion solution by a pipette.
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In order to demonstrate the visualization of the mixture solution, a phosphate buffer solution of
100 μL (pH 6.86, 0.025 M di-hydrogen potassium phosphate +0.025 M hydrogen di-sodium phosphate)
was added to a borate buffer solution of 400 μL (pH 9.18, 0.01 M borate solution of half-neutralization
by NaOH), as shown in Figure 7. The color of the Na+ region gradually changed because of increasing
Na+ concertation from 0.005 M to 0.01 M. The color of the H+ quickly changed because of pH 9 to
about 7. The color of part of the K+ region changed because of increasing K+ concentration to 0.005 M.
Unfortunately, the preparation of K+ membrane of this chip was insufficient. Since the two solutions
did not contain Ca2+, no color change was observed in the Ca2+ region. The change of these colors was
reasonable so that the simultaneous visualization by the change of three ions was demonstrated.

Figure 7. Visual image changes for the instant addition of a phosphate buffer solution (pH 7) to a
borate buffer solution (pH 9). This sensor chip is different from the sensor chip shown in Figure 6.

4. Conclusions

We fabricated a CCD ion multi-image sensor that has a sodium ion region, a potassium ion region,
a calcium ion region, and a hydrogen ion region. Each region except for the hydrogen ion region was
respectively covered with the cation sensitive membrane, which was formed on the chip by an ink-jet
method. Each sensitive block sufficiently responded to the corresponding cation. In addition, we were
able to observe a dynamic change of ion concentration as an animation. These results showed that this
sensor didn’t have any problem as the structure of the multi-ion sensor essentially. This type of sensor
will be one of the useful tools for biochemical application. The subjects of increments of numbers of
ions measured simultaneously, and the distinction of separated sensing regions was accomplished.
The concentration of the measurable cations is relatively high at the biological environment. Therefore,
the sensitivity, which is the ability to identify the difference between large concentrations, rather than
the detection limit is required. The present sensor can demonstrate the difference of the Ca2+ release
of cultured PC12 cells stimulated by acetylcholine at least, because of the same basic design as the
Ca2+-K+ sensor [25]. Moreover, the increment of accumulation measurable cycles by a function which
was furnished in the present sensor system can further reduce the noise and improve the sensitivity to
be able to distinct the concentration of less than 0.01 of pH, or –log [M] [27]. Except for milli-sec order
study such as neural cells, sec order change of cells and tissue can be visualized. However, our CCD
sensors are still in the developing stage for the future multi-ion-vision equipment, four blocks were
large on the present sensor. Furthermore, refinement of sensing regions is required. Therefore, we are
now planning to develop the multi-ion sensor which has small (<30 μm) and numerous ion sensing
regions which are uniformly placed in the whole chip. On the other hand, improvement of the frame
rate of the imaging is also required. The present sensor system has only one single analog to digital
converter (ADC), so the frame rate is reduced by increasing the numbers of sensing pixels. Therefore,
we will be able to improve the frame rate by increasing with the number of ADC.
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Abstract: AC photoelectrochemical imaging at electrolyte–semiconductor interfaces provides spatially
resolved information such as surface potentials, ion concentrations and electrical impedance. In this
work, thin films of InGaN/GaN were used successfully for AC photoelectrochemical imaging,
and experimentally shown to generate a considerable photocurrent under illumination with a 405 nm
modulated diode laser at comparatively high frequencies and low applied DC potentials, making this
a promising substrate for bioimaging applications. Linear sweep voltammetry showed negligible
dark currents. The imaging capabilities of the sensor substrate were demonstrated with a model
system and showed a lateral resolution of 7 microns.

Keywords: photoelectrochemistry; InGaN/GaN epilayer; cell imaging; light-activated electrochemistry;
light-addressable potentiometric sensor

1. Introduction

Over the past three decades since first being proposed by Hafeman et al. in 1988 [1], photocurrent
imaging with light-addressable potentiometric sensors (LAPS) has received increasing attention
for chemical and biological applications such as the detection of ions [2], redox potentials [3],
enzymatic reactions [4] and cellular activities [5–7]. By scanning a designated area of an
electrolyte–insulator–semiconductor (EIS) structure with a modulated light beam, spatiotemporal AC
photocurrent images with the two-dimensional distribution of analytes are produced [8,9].

To enhance the spatial resolution and photocurrent response, a wide range of semiconductor
substrates have been investigated. Silicon on insulator (SOI) [10,11], ultrathin silicon on sapphire
(SOS) [12] and semiconductor materials such as amorphous silicon, GaAs [13], GaN [14], TiO2 [15]
and In-Ga-Zn oxide [16] have been studied. SOS substrates exhibited a high resolution of 1.5 μm with
a focused 405 nm laser beam and a resolution of 0.8 μm using a two-photon effect with a 1250 nm
femtosecond laser [12]. SOS functionalized with self-assembled monolayers (SAMs) as an insulator has
been used for imaging of chemical patterns [17–19], microcapsules [20], and yeast cells [21]. Modifying
silicon with SAMs terminated with redox active species allowed the imaging of photo-induced redox
currents [22].

Recently, ITO-coated glass without any insulator was proposed as a low-cost and robust substrate
for photoelectrochemical imaging [23,24]. In the absence of an insulator, the AC photocurrent is
largely determined by the anodic oxidation of hydroxide making ITO-LAPS highly sensitive to pH
(70 mV/pH). Photocurrent imaging with ITO-LAPS showed a good lateral resolution of 2.3 μm [23]
and was confirmed to be sensitive to the surface charge of living cells [24]. ZnO nanorods were used
as a substrate for AC photocurrent imaging to monitor the degradation of a thin poly (ester amide)
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film with the enzyme α-chymotrypsin, also showing great potential in biosensing and bioimaging
applications [25]. However, a relatively high applied bias (1.5 V) was required to achieve sufficiently
high photocurrents with ITO and ZnO nanorods for two-dimensional imaging, which could possibly
interfere with cellular metabolism. Moreover, due to low charge carrier mobility, both ITO and ZnO
suffered a dramatic decrease in photocurrent with increasing modulation frequency, resulting in a
low working frequency of 10 Hz for imaging. This could consequently limit their application for
high-speed imaging, which is required for the investigation of cellular responses.

In this work, InGaN/GaN on sapphire was investigated as a new substrate for AC photoelectrochemical
imaging, aiming to solve the above-mentioned problems. InGaN is a semiconductor alloy with a
direct band gap that can be tuned from the near-infrared (0.6 eV, InN) to the ultraviolet (3.4 eV, GaN)
by adjusting the indium concentration. It has been used widely in developing LEDs [26,27] and
photovoltaic devices [28] owing to its strong light emission and absorption and a wide range of
band gaps. InGaN has also gained significant attention in photoelectrochemistry. With band edges
straddling oxygen and hydrogen redox overpotentials, p-type GaN/InGaN nanowires have been
investigated in water splitting [29], having the advantages of high carrier mobility, good chemical
stability and band gap tunability. GaN/InGaN nanowires have also been shown to exhibit excellent
optochemical and electrochemical sensor performance, achieving the detection of pH [30], oxidizing
gases (O2, NO2 and O3) [31] through photoluminescence, and electrochemical detection of nicotinamide
adenine dinucleotide (NADH) [32]. In this work, it will be shown that epitaxial layers of InGaN are
suitable for photoelectrochemical imaging with good lateral resolution and have great potential in
bioimaging applications.

2. Experimental Section

2.1. Materials

The InGaN/GaN structure was grown on a two-side polished (0001) sapphire substrate in a Thomas
Swan 6 × 2” metalorganic vapor-phase epitaxy reactor using trimethyl gallium (TMG), trimethyl
indium (TMI), silane (SiH4) and ammonia (NH3) as precursors, while purified hydrogen and nitrogen
were used as the carrier gases. A 40-nm-thick low-temperature (580 ◦C) GaN nucleation layer was
followed by a 100-nm-thick n-type GaN layer deposited at 1060 ◦C in a hydrogen atmosphere at a
constant pressure of 100 Torr. The carrier gas was then switched to nitrogen, the pressure ramped at
300 Torr and the temperature to 770 ◦C for the growth of the 100-nm-thick n-type InGaN epilayer.

All wet chemicals were purchased from Sigma-Aldrich (Gillingham, UK). All solutions in this
work were prepared using ultrapure water (18.2 MΩ cm) from a Milli-Q water purification system
(Millipore, Burlington, MA, USA).

2.2. Preparation and Characterization of Sensor Chip

The InGaN/GaN structure was cut into 5 mm × 5 mm pieces. These were ultrasonically cleaned
with acetone, isopropanol and ultrapure water each for 15 min and blow dried with nitrogen.
The InGaN/GaN samples were kept at room temperature before use. The morphology of InGaN/GaN
was examined using a scanning electron microscope (SEM, FEI Inspect F, Thermo Fisher Scientific,
Hillsboro, OR, USA). Ultraviolet–visible (UV-vis) spectra were obtained using a UV-Vis spectrometer
(Lamda 950, PerkinElmer, Seer Green, UK).

2.3. Linear Sweep Voltammetry (LSV)

LSV of InGaN/GaN was carried out in Dulbecco’s Phosphate Buffered Saline (DPBS) solution
(pH 7.4) using an Autolab PGSTAT30/FRA2 electrochemical workstation (Windsor Scientific Ltd.,
Slough, UK). A platinum electrode and an Ag/AgCl (3 M KCl) electrode were the counter electrode
and reference electrode, respectively. The scan rate was 10 mV/s. A diode laser (λ = 405 nm, max 50
mW), chopped in 10 s intervals was used as the light source while recording the LSV curves.
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2.4. Cell Culture

Before seeding cells, InGaN substrates were sterilized with 70% ethanol and rinsed thoroughly
with sterilized DPBS solution and blown dry. MG-63 human osteosarcoma cells were cultivated in
Dulbecco’s Modified Eagle’s Medium (DMEM, Cat No D6429) supplemented with 10% Fetal Bovine
Serum (FBS, Cat No F9665) and 1% penicillin-streptomycin (Cat No P4333) in an air jacketed incubator
with 5% CO2 at 37 ◦C with the medium changed every two days. At 70–80% confluence, cells were
trypsinized by using Trypsin-EDTA (Cat No T3924), and resuspended in 10% FBS-supplemented
DMEM, seeded onto the InGaN surface at a concentration of 2.5 × 104 cells/mL and incubated at 37 ◦C
with 5% CO2 for 24 h.

The cell viability was tested using a fluorescence live/dead assay (Thermo Fisher Scientific,
Hillsboro, OR, USA, cat. no.: L3224). MG-63 cells were seeded onto two pieces of InGaN (5 mm × 5 mm)
assembled in the photoelectrochemical imaging chamber at a concentration of 9.4 × 105 cells/mL and
incubated at 37 ◦C with 5% CO2 for 24 h. One InGaN chip was subjected to a raster scan in DPBS while
another stayed under ambient conditions for the same time. Then, 0.5 mL of 2 μM calcein AM, 4 μM
Ethidium homodimer-1 and 8.12 μM of Hoechst 33342 was used to detect the viability of the cells with
and without AC photoelectrochemical imaging. Three different areas in each sample were checked
using a fluorescence microscope (Leica DMI4000B Epifluorescence, Leica Microsystems Ltd., Milton
Keynes, UK), and cell photos were then processed by Image J software for counting cells.

2.5. AC Photocurrent Imaging

Figure 1 depicts the LAPS set-up used in this work. A diode laser LD1539 (Laser 2000, Huntingdon,
UK, λ = 405 nm, max 50 mW) intensity modulated at 1 kHz was used as the light source. The sample
chamber was mounted onto an M-VP-25XL XYZ positioning system with a 50 nm motion sensitivity
on all axes (Newport, UK). AC photocurrents were measured with an EG&G 7260 lock-in amplifier
with a platinum electrode and an Ag/AgCl (3 M KCl) electrode acting as the counter and reference
electrodes, respectively. DPBS (pH 7.4) was used as the electrolyte. Optical images of the sensor surface
were obtained with a CMOS camera by illuminating the chip surface with white light from the front
side. A drop of poly(methyl methacrylate) (PMMA) was deposited on the InGaN surface and dried
overnight to obtain a model system for measuring the resolution.

Figure 1. Schematic of the LAPS setup with a 405 nm diode laser to generate photo-induced charge
carriers, a lock-in amplifier to measure AC photocurrent, and an X-Y-Z stage to move the electrochemical
cell with respect to the laser beam for imaging.
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3. Results and Discussion

3.1. Characterization of InGaN/GaN Epilayers on Sapphire

The SEM analysis of the InGaN/GaN structure is presented in Figure 2. The SEM top view in
Figure 2a shows the InGaN surface with a high density of pits ((2.26 ± 0.08) × 1010 pits/cm2) ranging
between 20 nm and 50 nm in diameter, as some of the pits have merged. These “V-pits” are well
known in InGaN growth and consist of an inverted hexagonal pyramid emanating from a threading
dislocation formed at the sapphire/GaN interface. The pits open up during InGaN growth, which
takes place at relatively low temperatures [33]. The total thickness of the InGaN/GaN epilayer was
about 216.5 ± 6.6 nm, as shown in Figure 2b. Four-probe electrical measurements using soldered
indium contacts showed a resistivity of 0.02 Ω·cm due to the n-type conductivity of the epilayers.
A photoluminescence (PL) spectral map (Accent RPM2000, exc = 266 nm) of the 2-inch wafer showed a
strong emission band centered at 448 ± 2 nm indicating an average indium fraction of ca. 17.5% [34].

Figure 3 shows the UV-Vis absorption spectrum of InGaN/GaN. From the inset Tauc-plot [35,36],
a direct band gap of 2.77 ± 0.03 eV was determined, indicating that the charge carriers in InGaN/GaN
are excited at wavelengths ≤ 448 nm, which is in good correspondence with the PL mapping result.

The DC photocurrent response of the InGaN/GaN sample was characterized with LSV. As shown
in Figure 4, significant photocurrents were observed at anodic potentials ≥ 0 V. The dark current was
negligible compared to the photocurrent. As with ITO substrates, the photocurrent can be ascribed to
the oxidation of hydroxide ions in the solution. In contrast to ITO, the InGaN layers show a much
lower onset potential of the photocurrent.

 
Figure 2. SEM images of InGaN/GaN: (a) top view and (b) cross-sectional view.

Figure 3. UV-Vis spectrum of InGaN and inset Tauc-plot.
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Figure 4. LSV curves of InGaN in the dark and with chopped illumination.

Figure 5a shows the dependence of the AC photocurrent on the modulation frequency measured
at 1.0 V with a focused laser beam. From 10 Hz to 3 kHz, the photocurrent did not change significantly
with the frequency, and then it decreased at higher frequencies. Significant photocurrents were obtained
up to modulation frequencies of 10 kHz. The photocurrent became negligible at frequencies greater
that 20 kHz. In contrast, the AC photocurrent measured with ITO and ZnO previously decreased
continuously, with increasing modulation frequency above 10 Hz for ITO [23] and above 30 Hz
for ZnO [25], becoming negligible at 7 kHz for ITO and 4 kHz for ZnO. This can be attributed to
the significantly higher hole mobilities in InGaN [37] compared to those in ITO [38] and ZnO [39],
as low-mobility minority charge carriers will not contribute to the AC photocurrent at high frequencies.
In this work, 1 kHz was chosen as the modulation frequency since it could offer high quality images
while also demonstrating the potential for high-speed imaging.

Figure 5. (a) Frequency dependence of the AC photocurrent and the background dark current measured
at 1.0 V; (b) Characteristic I−V curve of InGaN/GaN measured in pH 7.4 DPBS at 1 kHz with a focused
laser beam at 18% maximum intensity.

Figure 5b shows the characteristic AC photocurrent−voltage (I−V) curve of InGaN/GaN in the
voltage range -0.6 V to 1.0 V in pH 7.4 DPBS under the illumination of a focused laser beam (modulation
frequency was 1 kHz). It shows that the photocurrent increased with the applied bias, to a value
of 12 nA at 1.0 V. Even at 0 V, a photocurrent of 8.5 nA was observed. The low onset potential of
InGaN/GaN is in accordance with its low flat band potential [40,41], indicating that the electrode can
become depleted by applying a low bias, facilitating the separation of photo-induced charge carriers.
Therefore, it provides the possibility for measurements at zero applied bias.
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3.2. Photoelectrochemical Imaging Using InGaN

Figure 6a,b shows the photocurrent images of a PMMA dot on the InGaN surface with a modulation
frequency of 1 kHz using a focused laser beam at a bias of 0.6 V and 0 V (vs. Ag/AgCl), respectively.
The polymer dots were clearly observed in the photocurrent images, with decreased photocurrent
values compared to a blank surface area owing to the high impedance of the PMMA dot. The image
in Figure 6a shows a significant gradient of the photocurrent across the uncoated area exposed to
electrolyte. This can be attributed to the sample not being mounted perfectly perpendicular to the
incoming laser beam resulting in a change of the focused laser spot size across the sample. Where
applications require imaging over a large area, a tilt module for straightening the sample would have
to be integrated into the experimental setup. However, for imaging over small distances, this effect
becomes negligible, as will become clear in the next section. The images in Figure 6b and, less obviously,
in Figure 6a display a periodic pattern in the photocurrent distribution. It is assumed that this is caused
by a striation effect in the InGaN/GaN substrate similar to the one previously observed in silicon [42].
It is worth noting that the ability to image at 0 V will broaden the application of this technique in
biological systems, and also possesses an advantage from an energy perspective. To measure the lateral
resolution, a photocurrent line scan across the edge of the polymer film was recorded with a focused
laser beam and 1 μm step size (Figure 6c). The lateral resolution is derived from the full width at half
maximum (FWHM) value of the first derivative of the line [43] (Figure 6d), which is 7 μm for InGaN.
This result could be due to a weak adhesion between PMMA and the InGaN surface, thus not giving a
steep edge of the polymer, or light scattering within the structure. The diffusion length of minority
charge carriers in InGaN should not affect the resolution, as it is less than 200 nm and decreases with
increasing indium content [44]. Hence, InGaN is promising for the production of photocurrent images
with a higher resolution.

Figure 6. AC photocurrent images of a PMMA dot on InGaN measured at 0.6 V (a) and 0 V (b); X axis
line scan across the polymer edge (indicated by the red arrow in (a)) at 0.6 V (c) and its corresponding
first derivative plot (d).
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3.3. Cell Imaging on InGaN

Figure 7a shows a photocurrent image of an MG-63 cell seeded on the InGaN surface obtained at
a bias of 1.05 V, with a light modulation frequency of 1 kHz. The cell profile is clearly observed, as the
photocurrent is smaller in the cell attachment area than on the blank surface. Both the photocurrent
image and the corresponding optical image (Figure 7b) show good correlation. Apart from the cell
in the center of the image (outline superimposed in blue in Figure 7a), another three cells are visible
towards the edges (outlines superimposed in red in Figure 7a). As the latter cells are rounded, it can be
assumed that they are not attached to the sensor surface and do therefore not cause a significant change
in the local photocurrent. The photocurrent under a cell attached to the semiconductor surface is
affected by the narrow gap (> 10 nm) formed between the cell membrane and the surface, as described
previously for cells cultured on ITO [24]. The photocurrent is caused by the oxidation of hydroxide.
Transport of hydroxide to the surface is hindered by diffusion into the narrow electrolyte gap between
cell and surface, thereby reducing the photocurrent under the cell. The negative surface charge of the
cell causes an additional reduction in the transport of hydroxide ions to the surface. Hence, a correlation
between the photocurrent and the cell surface charge was found [24].

Figure 7. (a) AC photocurrent image of a mesenchymal stem cell on InGaN surface (cell shapes from
(b) superimposed in blue for an attached cell and red for non-attached cells); and (b) its corresponding
optical image.

3.4. Cell Viability

To check the invasiveness of InGaN-based AC photocurrent imaging, cell viability for cells with
and without AC photocurrent raster scan were tested (Figure 8). Calcein AM can permeate through
intact cell membranes and react with the intracellular enzyme esterase, giving an intensely green
fluorescence in live cells (excitation/emission 495 nm/515 nm). Ethidium homodimer-1 only passes
through disrupted membranes, emitting intense red fluorescence in dead cells upon binding to nucleic
acids (excitation/emission 495 nm/635 nm). Hoechst stain is a cell-permeant nuclear counterstain that
emits blue fluorescence when bound to dsDNA (excitation/emission 350 nm/461 nm) to determine cell
numbers. Results show that 98.92% ± 0.15% MG-63 cells on the surface were viable after a photocurrent
raster scan compared to 98.97% ± 0.11% on a control sample, indicating that this imaging technique
has no negative effect on the cells.
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Figure 8. (a,b,c) Fluorescence microscope images of MG-63 cells taken after photocurrent imaging,
living cells with intact membranes appeared green, dead cells with collapsed membrane appeared
red, and the nuclei of the cells appeared blue. (d,e,f) Images of MG-63 cells that were not subjected
to imaging.

4. Conclusions

An In0.175Ga0.825N/GaN structure on sapphire was investigated as a substrate for photocurrent
imaging without any modification. It showed a considerable photocurrent under illumination with a
405 nm diode laser. Clear photocurrent images of a PMMA dot were obtained with a focused laser
beam at 1 kHz modulation frequency, indicating a unique advantage over ITO and ZnO studied
previously. In addition, photocurrent imaging at a low bias (0 V) was demonstrated and photocurrent
imaging of a cell was achieved, showing a great potential of InGaN for applications in bioimaging
and biosensing.
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Abstract: A light-addressable potentiometric sensor (LAPS) is a chemical sensor with a field-effect
structure based on semiconductor. Its response to the analyte concentration is read out in the form
of a photocurrent generated by illuminating the semiconductor with a modulated light beam. As
stated in its name, a LAPS is capable of spatially resolved measurement using a scanning light beam.
Recently, it has been pointed out that a part of the signal current is lost by the return current due
to capacitive coupling between the solution and the semiconductor, which may seriously affect the
sensor performance such as the signal-to-noise ratio, the spatial resolution, and the sensitivity. In
this study, a circuit model for the return current is proposed to study its dependence on various
parameters such as the diameter of contact area, the modulation frequency, the specific conductivity
of the solution, and the series resistance of the circuit. It is suggested that minimization of the
series resistance of the circuit is of utmost importance in order to avoid the influence of the return
current. The results of calculation based on this model are compared with experimental results, and
its applicability and limitation are discussed.

Keywords: light-addressable potentiometric sensor; LAPS; chemical imaging sensor; field-effect
sensor

1. Introduction

A light-addressable potentiometric sensor (LAPS) [1–3] is a semiconductor-based chemical sensor,
which has a field-effect structure shown in Figure 1a. A dc voltage is applied to induce a depletion
layer, the thickness of which varies due to the field effect in response to the analyte concentration on the
sensing surface. A photocurrent generated by illuminating the semiconductor is measured to detect
the variation of the capacitance of the depletion layer and to determine the analyte concentration. A
spatially resolved measurement is possible by using a scanning light beam, which is the basis of the
chemical imaging sensor [3,4] and the scanning photo-induced impedance microscopy [5].

Sensors 2019, 19, 4566; doi:10.3390/s19204566 www.mdpi.com/journal/sensors65
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(a) (b) 

Figure 1. (a) Schematic of a LAPS. A bias voltage is applied to the field-effect structure so that a
depletion layer is formed. The thickness of the depletion layer varies with the analyte concentration.
The semiconductor substrate is illuminated with a modulated light beam, and the ac photocurrent
signal Isig is measured and correlated to the analyte concentration. (b) A circuit model of a LAPS. The
internal current I0 is divided by the capacitance of the depletion layer Cd and that of the insulating
layer Ci connected to the input resistance of the circuit Rs.

In theoretical analysis of a LAPS, a simple circuit model, shown in Figure 1b, has been
conventionally employed [6–8]. In this model, separation of electrons and holes by the electric
field inside the depletion layer is represented by an internal ac current source I0, which is divided by
the capacitance of the depletion layer Cd and that of the insulating layer Ci connected to the series
resistance of the circuit Rs. Here, Rs consists of the resistance of the solution between the illuminated
point and the reference electrode, the resistance of the reference electrode (in case the counter electrode
is not used), the input resistance of the ammeter, and the contact resistance on the back surface of the
semiconductor substrate. When the thickness of the depletion layer changes in response to the analyte
concentration of the solution in contact with the sensing surface, variation of Cd results in variation of
the signal current Isig. This circuit model was further combined with the carrier diffusion model [8–13]
to describe the operation of the chemical imaging sensor, taking account of lateral diffusion and
recombination of minority carriers inside the semiconductor substrate.

Although these models were successful in describing important features of the chemical imaging
sensor including its spatial resolution and frequency characteristics, Poghossian et al. [14] pointed
out the influence of capacitive coupling between the solution and the semiconductor substrate in the
non-illuminated region, which was not included in existing models. Figure 2 shows the simplest
model, in which a part of the ac current returns to the semiconductor substrate through Ci

′ and Cd
′

without contributing to the signal current Isig. It should be noted that this effect applies only to an ac
current. In light-activated electrochemistry (LAE) [15], which has a similar setup to that of LAPS but
uses dc faradaic current, the high impedance of the non-illuminated region separates the solution and
the substrate. Figure 2 gives only an intuition that the capacitive coupling increases with the area of
the non-illuminated region and the frequency of the ac current. It can be easily speculated that a loss of
the signal current due to the return current may have a large impact on the signal-to-noise ratio, the
spatial resolution, and the sensitivity. To be able to understand the dependence of the return current on
various parameters and to evaluate its impact on the sensor performance, the model shown in Figure 2
is far too simple.
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Figure 2. A simple circuit model of the return current. Due to the capacitive coupling of the solution
and the semiconductor substrate, a part of the ac photocurrent returns to the semiconductor substrate
through the capacitance of the insulating layer and that of the depletion layer in the non-illuminated
region without contributing to the signal current Isig.

In this study, a new circuit model is proposed, in which the path of the return current is described
as a transmission line. The model is used to calculate the influence of the return current on Isig
and its dependence on parameters such as the frequency, the size of the non-illuminated region, the
conductivity of the solution, and the series resistance of the circuit. Applicability and limitation of the
model are discussed by comparing the results obtained by calculation and measurement.

2. Model

Figure 3a shows the top view of the model, in which a circular region on the sensing surface
with a radius R is in contact with the solution and a circular region with a radius r0 at the center is
illuminated. The rest of the contact area (r0 < r < R) is non-illuminated. The resistance of the solution
in an infinitesimal volume between the inner and outer walls of a hollow cylinder with a radius r and a
thickness dr shown in the upper part of Figure 3b is given by:

dr
2πrhσ

, (1)

where h is the height of the solution and σ is the specific conductivity of the solution. The combined
capacitance of the insulating layer and the depletion layer in an infinitesimal area between r and r + dr
shown in the lower part of Figure 3b is given by

2πrcdr, (2)

where c is the combined capacitance per unit area. When the capacitance of the insulating layer per unit
area ci and that of the depletion layer cd are connected in series, the combined capacitance is given by

c =
1

1
ci
+ 1

cd

. (3)
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(a) (b) 

Figure 3. (a) Top view of the sensing surface in contact with the solution. A part of the photocurrent
generated inside the illuminated region (r < r0) returns to the semiconductor substrate through the
non-illuminated region (r0 < r < R) by capacitive coupling. (b) The resistance of the solution between
the inner and outer walls of a hollow cylinder and the combined capacitance of the insulating layer and
the depletion layer under the sensing surface in a ring shape are considered.

The admittance of the non-illuminated region Y is represented as a ladder network shown in
Figure 4a, which is essentially a finite-length transmission line with an open end. Unlike a conventional
transmission line, however, the resistance and the capacitance per unit length are not constant but
dependent on r as described by (1) and (2), respectively. The telegraph equations of the transmission
line are

I′(r) = − jω2πrcV(r), (4a)

V′(r) = − 1
2πrhσ

I(r), (4b)

where I(r) and V(r) are complex numbers representing the phasors of the ac current and the ac voltage
with an angular frequency ω (= 2π f ) at position r and j is the imaginary unit. From Equations (4a)
and (4b) we obtain a second-order ordinary differential equation,

I′′ (r) =
1
r

I′(r) + jkI(r), (5)

where
k =
ωc
hσ

. (6)

By solving Equation (5) under initial conditions at r = R, we can obtain final values I(r0) and
I′(r0). Then, we also obtain V(r0) from Equation (4a), and the input admittance Y in Figure 4b is
given by

Y =
I(r0)

V(r0)
. (7)

Once Y is obtained, the signal current Isig can be calculated as follows.

Isig = I0 × 1(
1 + Cd0

Ci0

)
(1 + RsY) + jωCd0Rs

. (8)
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(a) 

 
(b) 

Figure 4. (a) A circuit model of the non-illuminated region. The resistance of the solution in an
infinitesimal volume and the capacitance in an infinitesimal area shown in Figure 3b are connected in
a ladder network in the range of r0 < r < R. By solving the telegraph equations of the transmission
line under the initial conditions at r = R, the final values at r = r0 are obtained, from which the input
admittance Y is obtained. (b) A circuit model, in which the path of the return current is represented by
admittance Y.

Here, Ci0 is the capacitance of the insulating layer inside the illuminated region and Cd0 is that of
the depletion layer, which are given by

Ci0 = πr0
2ci, (9)

Cd0 = πr0
2cd. (10)

The initial conditions at r = R are given as follows. Since the current does not flow out of the
contact area,

I(R) = 0. (11)

The value of I′(R), or equivalently the value of V(R), can be arbitrarily given, as we are interested
only in the ratio of I(r) and V(r). For simplicity, we choose it to be

I′(R) = −1. (12)
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For ease of calculation, the second-order ordinary differential equation of a complex-valued
function (5) can be converted into a set of first-order ordinary differential equations of four real-valued
functions by defining

y1(r) = Re I(r), (13a)

y2(r) = Im I(r), (13b)

y3(r) = y1
′(r), (13c)

y4(r) = y2
′(r). (13d)

Then, our problem is to solve a set of differential equations

y1
′(r) = y3(r), (14a)

y2
′(r) = y4(r), (14b)

y3
′(r) = 1

r
y3(r) − ky2(r), (14c)

y4
′(r) = 1

r
y4(r) + ky1(r), (14d)

under the initial conditions
y1(R) = 0, (15a)

y2(R) = 0, (15b)

y3(R) = −1, (15c)

y4(R) = 0. (15d)

Finally, we obtain the values y1(r0), y2(r0), y3(r0), and y4(r0), which give

I(r0) = y1(r0) + jy2(r0), (16a)

V(r0) =
1

ω2πr0c
{−y4(r0) + jy3(r0)

}
. (16b)

In the following sections, calculations were done by a Runge–Kutta solver ode45 of MATLAB®

(MathWorks). Parameters listed in Table 1 were used so that the results of calculation can be compared
with those experimentally obtained.

Table 1. Parameters used in calculation unless otherwise specified.

Parameter Symbol Value Unit

Capacitance of the insulating layer per unit area ci 4.49× 10−4 F/m2

Capacitance of the depletion layer per unit area cd 2.42× 10−4 F/m2

Specific conductivity of the solution σ 2 mS/cm
Series resistance of the circuit Rs 1800 Ω

Radius of the illuminated region r0 0.5 mm

3. Dependence on R and f

First of all, the dependence of the admittance Y on the radius of the non-illuminated region R and
the frequency f was calculated as summarized in Figure 5.
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Figure 5. Dependence of (a) the magnitude and (b) the argument of the input admittance of the
non-illuminated region Y, and (c) the ratio of the signal current Isig to the internal current I0 on the
radius of the non-illuminated region R at different modulation frequencies of the light beam f .

Figure 5a shows the magnitude of Y calculated with the model described in the previous section.
As expected, the magnitude of Y becomes larger at higher frequencies, meaning that more current
returns from the solution to the semiconductor substrate through their capacitive coupling. Moreover,
the magnitude of Y becomes larger as R increases and the contact area becomes larger. However, the
admittance of a finite-length transmission line does not always increase monotonously with its length.
In fact, curves for the frequency of 3 kHz and higher have maxima.

In Figure 5b, the argument of Y is plotted as a function of R. When the contact area is small, the
transmission line is mostly capacitive, and it becomes more resistive as R increases. This behavior
is qualitatively understood as follows. When R increases, more portion of the return current flows
through the capacitance at locations further from the center, in other words, after going through a larger
lateral resistance of the solution on the way. At higher frequencies, this transition of the argument of Y
occurs at smaller distance R.

Figure 5c shows the magnitude of Isig/I0 as a function of R at different frequencies. As R increases,
the admittance of the non-illuminated region Y becomes larger and the signal current decreases due to
the increase of the return current. In the present case, where calculation was done with parameters
listed in Table 1, the signal current decreased down to about 14% of the value at R = r0, where the
non-illuminated region does not exist.
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4. Dependence on σ and Rs

In Figure 6a, the dependence of the signal current Isig on the radius of the non-illuminated region
R is plotted for different values of the specific conductivity of the solution σ. Here, the series resistance
of the circuit Rs and the frequency f were kept constant at 1800 Ω and 1 kHz, respectively. When
the solution is less conductive, the effect of the return current is relatively smaller, because the lateral
resistance will limit the distance from the center, within which the capacitive coupling contributes
to the return current. It should be noted, however, that a smaller conductivity of the solution also
implies a higher resistance of the solution between the illuminated point and the reference electrode,
which increases Rs. As a whole, therefore, less conductivity will not necessarily reduce the effect of the
return current.
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Figure 6. The magnitude of Isig calculated for different values of (a) the specific conductivity of the
solution σ and (b) the resistance of the circuit Rs.

In Figure 6b, calculation was done for different values of Rs, while keeping σ and f at 2 mS/cm
and 1 kHz, respectively. It clearly shows that reduction of Rs is of utmost importance in removing the
effect of the return current. To reduce Rs, a three-electrode system with a counter electrode should
be used to bypass the resistance of the reference electrode. The electronic circuit to collect the ac
photocurrent signal, typically a transimpedance amplifier based on operational amplifiers, should be
carefully designed to minimize its input impedance. The ohmic contact on the back surface of the
semiconductor substrate must be carefully formed to minimize the contact resistance.

In some applications, a planer counter electrode can be placed in parallel to the sensing surface,
so that the vertical distance from the illuminated point to the counter electrode is always small and
constant even when the position of the light beam is moved for scanning. In case of measurement inside
a microfluidic device, a metallic wire can be inserted along the microchannel as a counter electrode.
In these cases, the counter electrode helps, on one hand, to reduce Rs, but it also shortcuts the lateral
resistance of the solution and delivers the return current to locations far from the illuminated point
and may increase the return current.

5. Impact on the Sensitivity

In chemical imaging based on a LAPS, a focused light beam scans the semiconductor substrate,
and the signal current is recorded at each pixel. The signal current is then converted into the analyte
concentration using a calibration curve acquired prior to the measurement. For a small change, a linear
approximation is used to convert a variation of the signal current into that of the potential, which is
then linearly correlated to the logarithm of the activity of the analyte using the Nernst equation.

Under the existence of a return current, however, this conversion may be systematically affected
due to the following reason. During the calibration step, the entire sensing surface is uniformly in
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contact with known concentrations of analyte solutions. In such a case, the thickness of the depletion
layer varies equally both in the illuminated region and in the non-illuminated region, and Isig varies
under the global change of cd. During the measurement step, however, cd may change only locally, and
the return current may be different from that in the calibration step.

To illuminate the difference, calculation was carried out in two different situations. First, Isig
was calculated while changing cd both in the illuminated region and in the non-illuminated region,
which corresponds to the situation of the calibration step. Second, Isig was calculated while changing
cd only in the illuminated region with cd in the non-illuminated region unchanged. Figure 7a shows,
for different values of R, the variation of Isig as a function of Δcd/cd in the range of 0 to 1. It is clearly
observed that the variation of Isig for a local change of cd is smaller than that for a global change of cd.
In other words, a local change of the analyte concentration in imaging will be underestimated due to
the difference of the return current during calibration and measurement.
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Figure 7. (a) Variation of Isig as a function of Δcd/cd for a global change of cd (solid lines) and for a local
change of cd (dotted lines). The values of σ, Rs, and f were 2 mS/cm, 1800 Ω, and 300 Hz, respectively.
(b) The local sensitivity factor calculated for different values of R and f . The values of σ and Rs were 2
mS/cm and 1800 Ω, respectively.

The ratio of the slope (calculated in the range between Δcd/cd = 0 and 1) for a local change
of cd in Figure 7a and that for a global change of cd was defined as a local sensitivity factor, which
indicates the degree of underestimation. Figure 7b shows the local sensitivity factor as a function of
R at different frequencies. This result shows that a local change can be underestimated, depending
on the combination of R and f , by a factor even smaller than 0.6 in the calculated case, where Rs

was 1800 Ω. When Rs was reduced to 18 Ω, the local sensitivity factor calculated within the same
range of conditions as in Figure 7b was always larger than 0.96 (data not shown), meaning that the
underestimation was less than 4%. This result again shows the importance of reducing Rs in removing
the effect of the return current in a LAPS.

6. Comparison with Experiments

A series of experiments were carried out to observe the dependence of Isig on R and f in a
real situation. A large-area LAPS plate was prepared by depositing 50 nm SiO2 and 50 nm Si3N4

successively on the entire surface of a 6-inch n-type Si wafer with a thickness of 200 μm and a resistivity
of 1–10 Ωcm. An ohmic contact was evaporated on the perimeter of the back surface. To define
different sizes of contact areas between the solution and the sensing surface, various sizes of cylindrical
liquid containers to accommodate the solution were prepared by a 3D printer and attached to the
sensing surface via O-rings with inner diameters 21.0, 40.5, 60.5, 82.5, and 102.5 mm. The solution
used in this experiment was 0.1 wt% NaCl solution with a specific conductivity σ = 2.0 mS/cm and the
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height was h = 10 mm. A Ag/AgCl reference electrode (RE-1B, BAS Inc.) was dipped into the solution
at the center.

The capacitance of the insulating layer per unit area ci and the series resistance of the circuit Rs

were determined by the following method. A coil with an inductance 100 mH was inserted in the
circuit and the sensor was biased at Vbias = +1.0 V, where the depletion layer disappears. For each size
of the contact area, the ac current in response to the application of a small ac voltage was recorded
to find the resonance peak while scanning the frequency. The capacitance was calculated from the
peak position, and the series resistance was calculated from the peak height. Then, the value of ci
was determined to be 4.49× 10−4 F/m2 by linear regression of the capacitance versus the contact area,
and the average value of Rs was 1.8× 103 Ω. The measured value of ci was close to 4.54× 10−4 F/m2,
a theoretical value for a double layer comprising 50 nm SiO2 and 50 nm Si3N4. The capacitance of
the depletion layer per unit area cd at Vbias = −2.0 V was determined to be 2.42× 10−4 F/m2 by linear
regression of the measured capacitance versus the contact area. The measured value of cd was close
to 2.28× 10−4 F/m2, a theoretical value for n-type Si with a donor concentration ND = 4× 1015 cm−3

under strong inversion at 300 K.
A LAPS signal was collected at Vbias = −2.0 V by illuminating the center of the back surface with

a modulated light beam from a red LED. The radius of illumination was restricted to 0.5 mm by an
aperture. Figure 8 shows the magnitude of the ac current signal for different values of R and f . Here,
it should be noted that the vertical axis of Figure 8 is not normalized, while the magnitude of Isig in
Figure 5c is normalized to I0, which depends on the frequency but cannot be directly measured in
experiments. The similar dependence of curves on R and f in Figures 5c and 8 proves that the loss of the
current signal is qualitatively reproduced by calculating the return current using the proposed model.
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Figure 8. Experimentally obtained values of the magnitude of the ac current signal Isig at different
values of the radius of the contact area R and the frequency f . The measurement was done in a 0.1 wt%
NaCl solution with a specific conductivity of 2.0 mS/cm.

A closer look at concavity of curves reveals that there is a discrepancy of frequencies by a factor
of 2 to 3 between curves of corresponding shapes in Figures 5c and 8. A possible reason of this
discrepancy is the different waveforms of the ac photocurrent in calculation and experiments. While
the calculation assumes an internal current source I0 producing a sinusoidal waveform with a single
frequency, the light beam used in an experiment is turned on and off at a certain frequency, which
produces sinusoidal waveforms only at higher frequencies. When the frequency is relatively low, a
transient current flows only for a short period after the light beam is turned on or off. The resulting
waveform is distorted and contains higher frequency components [13], for which the susceptance
becomes larger, and the return current will be larger than calculated.

The waveform of a LAPS current signal can be reproduced by a device simulation, which takes
account of the dynamics of minority carriers inside the semiconductor layer [13]. For more precise
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estimation of the return current, therefore, combination of a circuit model and device simulation should
be considered.

7. Conclusions

In this study, a circuit model for the return current in a LAPS was proposed, where the conductivity
of the solution and the capacitive coupling between the solution and the semiconductor substrate
in the non-illuminated region were formulated as a transmission line. The telegraph equation was
numerically solved to find the input admittance of the non-illuminated region, and the dependence of
the signal current on various parameters such as the diameter of contact area, the modulation frequency,
the specific conductivity of the solution, and the series resistance of the circuit was investigated. It was
found that a local change of the analyte concentration in imaging may be underestimated because of
the difference of the return current in calibration and in measurement. The dependence of the LAPS
signal current on the contact area and the frequency was also observed in experiments, which was
compared with the calculated results.
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Abstract: Crevice corrosion is a type of local corrosion which occurs when a metal surface is confined
in a narrow gap on the order of 10 μm filled with a solution. Because of the inaccessible geometry,
experimental methods to analyze the inner space of the crevice have been limited. In this study,
a light-addressable potentiometric sensor (LAPS) was employed to estimate the potential distribution
inside the crevice owing to the IR drop by the anodic current flowing out of the structure. Before
crevice corrosion, the I–V curve of the LAPS showed a potential shift, depending on the distance from
the perimeter. The shift reflected the potential distribution due to the IR drop by the anodic current
flowing out of the crevice. After crevice corrosion, the corrosion current increased exponentially, and a
local pH change was detected where the corrosion was initiated. A simple model of the IR drop was
used to calculate the crevice gap, which was 12 μm—a value close to the previously reported values.
Thus, the simultaneous measurement of the I–V curves obtained using a LAPS during potentiostatic
electrolysis could be applied as a new method for estimating the potential distribution in the crevice.

Keywords: light-addressable potentiometric sensor; LAPS; crevice corrosion; potential distribution;
crevice gap

1. Introduction

Stainless steel is a highly corrosion-resistant alloy; however, it corrodes under certain circumstances.
Crevice corrosion [1–6] is a type of localized corrosion of stainless steel which occurs in the presence of
chlorides, where the surface is confined in a narrow gap on the order of 10 μm. It occurs and develops
in accordance with the following steps [1,4–6]: (1) consumption of the dissolved oxygen in the crevice,
(2) formation of a differential ventilation battery, (3) increase in chloride ion concentration, and (4)
lowering of pH owing to a hydrolysis reaction of eluted metal ions. Crevice corrosion depends strongly
on the geometry, which affects the transport of ions inside and outside of the crevice.

The crevice corrosion resistance of stainless steel is usually evaluated by determining the critical
crevice temperature (CCT) in an immersion test (in accordance with ASTM G48 Method F) [7],
measuring the crevice corrosion repassivation potential [8], or conducting an electrochemical corrosion
test [9–12] using a potentiostatic test. In electrochemical corrosion tests, an IR drop occurs due to the
direct current flowing from the inside of the crevice to the outside. This IR drop becomes larger when
the crevice gap is smaller, and when the conductivity of the solution in the crevice is lower. The IR drop
results in a potential distribution and therefore a non-uniform biasing condition inside the crevice,
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depending on the distance from the perimeter. For the potential distribution inside a crevice during a
potentiostatic test, a study based on numerical simulation has been reported [13]. However, there have
been few experimental studies in which the potential distribution was measured.

In this study, we employed a light-addressable potentiometric sensor (LAPS) [14] to measure the
potential distribution inside a crevice. The LAPS is a semiconductor-based chemical sensor in which a
light beam generates a photocurrent signal depending on the local potential of the sensor surface at the
illuminated position. By using a pH-sensitive Si3N4 surface and a scanning light beam, a LAPS can
measure the pH distribution of the solution in contact with the sensor surface [15,16]. A LAPS was
also applied to the visualization of pH distribution during crevice corrosion [17–19] in a metal/sensor
crevice structure formed by mounting a metal specimen directly on the sensor surface. We propose
to use the same setup to measure the potential distribution rather than the pH distribution inside a
crevice and to estimate the crevice gap, where the IR drop is superimposed on the bias voltage applied
to the LAPS.

2. Experimental Methods

2.1. Measurement Setup

Figure 1 shows the configuration of the equipment used for potentiostatic test and the I–V curve
measurement with the LAPS. The sensor plate was fabricated by depositing the SiO2 and Si3N4 films
on an n-type Si substrate, as described in a previous study [16]. A laser beam with a wavelength of
830 nm modulated at a frequency of 2500 Hz illuminated the rear surface of the sensor plate to generate
an alternating photocurrent signal (hereinafter expressed as Ip). As the LAPS surface was insulated,
only the alternating current flowed through the LAPS sensor plate. Most of the direct current (Icorr)
returned to the counter electrode (CE).

Figure 1. Setup for simultaneously performing the potentiostatic test and light-addressable
potentiometric sensor (LAPS) measurement. RE, WE, and CE indicate the reference electrode,
working electrode, and counter electrode, respectively. In this experiment, an Ag/AgCl(3M NaCl)

electrode, a SUS304 specimen, and a platinum wire were used as the RE, WE, and CE, respectively.
The potentiostat was used to apply a controlled potential to the specimen and to monitor the corrosion
current Icorr. The points of illumination a, b, and c correspond to the surface locations shown in the
top-right image of Figure 2.

A cylindrical bar made of SUS304 (0.068% carbon, 1.84% manganese, 0.029% phosphorus,
0.027% sulfur, 8.11% nickel, and 18.65% chromium) with a diameter of 12 mm and a height of

78



Sensors 2020, 20, 2873

50 mm was used as the specimen. This was mounted on the sensor surface to form a metal/sensor
crevice structure.

The specimen was subjected in advance to ultrasonic cleaning in acetone and passivated in
30% HNO3 solution at 50 ◦C. Two different solutions prepared by diluting artificial seawater (ASW)
were used as test solutions. Table 1 lists the specific conductivity and pH of each solution. Here, 5 mL
of test solution was poured into the measurement cell, the bottom of which was the sensor surface.
To remove the oxide film on the surface of the specimen, the crevice-forming plane of the specimen was
polished with #1000 wet sandpaper immediately prior to the experiment. Polishing was completed
when the surface did not repel water. The finished surface was mirror-like, which guaranteed fair
reproducibility of the corrosion experiment. A large difference in roughness would affect the corrosion
due to differences in the surface area and the crevice gap.

Table 1. Specific conductivity and pH of each test solution.

Parameter 1/100 Artificial Seawater 1/10 Artificial Seawater

Specific conductivity (Sm−1) 0.074 0.63
pH 6.35 7.21

2.2. Crevice Corrosion Test

After the specimen was mounted on the sensor surface, the spontaneous potential of SUS304
was monitored. When the potential value became −200 ± 10 mV, the potentiostatic test and I–V
curve measurement were started simultaneously. The potentiostatic test was performed at 150 mV vs.
Ag/AgCl(3M NaCl) (hereinafter expressed by the millivolt value only), and a platinum electrode was
used as the CE.

2.3. I–V Curve Measurement

During the potentiostatic test, the alternating photocurrent signal Ip of LAPS was repeatedly
measured according to the following scheme: first, the bias voltage applied to the LAPS was set at
−1400 mV, and the laser beam was moved along the diameter of the SUS304 piece. During this scan,
Ip was recorded as a function of the position on the diameter with a constant spacing of 400 μm.
The same diameter was repeatedly scanned while changing the bias voltage from −1400 to −1000 mV
with an interval of 50 mV, and from −1000 to 0 mV with an interval of 20 mV. After completing these
scans, the values of Ip measured at the same position were gathered to construct an I–V curve in the
range of −1400 to 0 mV, and the bias voltage corresponding to the inflection point of this I–V curve
was calculated as an indicator of the potential change at that position. This scan was repeated every
145 s throughout the potentiostatic test.

3. Results and Discussion

3.1. Shift of I–V Curves Obtained by the LAPS during Crevice Corrosion

The results of a corrosion test in 1/100 ASW are shown in Figure 2. The temporal change of the
corrosion current and the I–V curves at different positions are presented together with an optical
photograph of the corroded surface after the corrosion test. Point a is located within the corroded area;
point b is the center of the specimen, and point c is near the right edge of the specimen. Timestamps of
145, 1162, 20,026, 30,031, and 40,036 s are indicated on the curve of the corrosion current, and the I–V
curves acquired at these points of time are shown below.

The temporal change of the corrosion current shows that the incubation time of crevice corrosion
(tINCU) [12] was approximately 1162 s, after which the corrosion current increased exponentially with
time. At point a, the I–V curve moved rightward (i.e., towards higher bias voltages) after the start of
the potentiostatic test until tINCU. Then, the I–V curve moved leftward with the progress of corrosion.
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At point b, the rightward shift until tINCU was larger than that of point a, and the leftward shift after
tINCU was smaller than that of point a. At point c, the rightward shift was similar to that of point a,
and the leftward shift after the tINCU was smaller. For interpretation of these results, the shift of the
I–V curve was quantitatively analyzed as shown in the following sections.

Figure 2. (Top left) The temporal change of the corrosion current during the potentiostatic test of a
SUS304 specimen at E = 150 mV in 1/100 ASW. (Top right) Optical photograph of the corroded surface
after 48,132 s of the corrosion test. (Bottom) I–V curves measured at different points a, b, and c.

3.2. Analysis of the Shift of I–V Curves

To analyze the shift of the I–V curves during the potentiostatic test, the inflection point near the
middle of the transition region of each I–V curve (hereinafter expressed as Vinf) was calculated. Figure 3
shows the results for the corrosion in 1/100 ASW. The temporal change of the spatial distribution
of Vinf is shown separately in Figure 3a,b, for the early stage before tINCU and the later stage after
tINCU, respectively.

Figure 3. The temporal change of the spatial distribution of the inflection points of I–V curves (Vinf)
in the course of the potentiostatic test at E = 150 mV in 1/100 ASW. (a) The early stage before the
occurrence of crevice corrosion; (b) The later stage after the occurrence of crevice corrosion.
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In Figure 3a, the spatial distribution of Vinf has a valley shape. Vinf decreases as the measurement
point goes further from the edge of the specimen and reaches a minimum at approximately the
center of the specimen. With increasing time during the potentiostatic test, this valley becomes
shallower until the occurrence of corrosion at tINCU. The effective bias applied to the EIS
(electrolyte–insulator–semiconductor) structure of a LAPS is the total of the externally applied
bias (Vb), the change of the Nernst potential sensitive to pH, and the IR drop owing to the DC current
flowing out of the crevice. As the pH remains the same, the shift of the I–V curve is a direct measure of
the IR drop. The pH change remains negligible at the early stage before tINCU; therefore, the spatial
distribution of Vinf should be attributed to the potential distribution owing to the IR drop. As the
corrosion current decreased until tINCU, the IR drop became smaller, and the valley became shallower.

Here, we consider the potential distribution V(r) owing to the IR drop in the crevice. Using
the potential outside the crevice as a reference, the V(r) was 0 at the edge of the specimen. When
the specimen was anodically polarized, a direct current flowed out of the crevice, and V(r) became
higher inside the crevice. In a LAPS measurement, a bias voltage Vb is defined as the potential of the
Ag/AgCl(3M NaCl) reference electrode with respect to the potential of the sensor substrate. Under the
potential distribution in the crevice, the effective bias applied to the local position on the sensor surface
was Vb + V(r), which explains the spatial distribution of the inflection potential of Vinf shown in
Figure 3a. The higher the potential V(r), the larger the leftward shift of the I–V curve obtained by the
LAPS. Simultaneously, when a constant potential of E = 150 mV with respect to the reference electrode
was applied to the specimen, the effective polarization at the local position on the SUS304 surface was
decreased to 150 mV – V(r).

After crevice corrosion at tINCU, the inflection potential Vinf decreased, as shown in Figure 3b,
suggesting acidification of the solution in the crevice by the reaction:

Mn+ + nH2O→M(OH)n + nH+ (1)

where Mn+ denotes eluted metal ions. Near the left edge of the specimen, where the SUS304 surface
was corroded, the Vinf sharply decreased after 39,166 s.

3.3. Estimation of the Potential Distribution inside the Crevice

Based on the discussion above, the potential distribution inside the crevice V(r) was equal to the
leftward shift of the I–V curve, provided that the pH change is negligible. The distribution of the Vinf

at t = 145 s was considered directly after the start of the potentiostatic test. We redefined the position r
with respect to the center of the specimen; r = 0 is the center, and r = ± R is the edge of the specimen.
If we take the potential at the edge as a reference, V(r) is given by:

V(r) = Vinf(R) −Vinf(r) (2)

Figure 4 shows the potential distribution V(r) immediately after the start of the potentiostatic test
in 1/100 ASW and 1/10 ASW. The specific conductivities of these solutions were 0.074 and 0.63 Sm−1,
respectively. In both cases, the potential became higher with increased distance from the edge.
The smaller IR drop for 1/10 ASW was consistent with its higher conductivity. The reason for the
asymmetry of the curve, especially near the right edge, is unknown; it could be due to a slight tilt of
the specimen or convection of the solution.

Figure 4 shows that the value of the V(r) at the center was 149 mV and 60 mV for 1/100 ASW
and 1/10 ASW, respectively. When the specimen was biased at E = +150 mV vs. Ag/AgCl(3M NaCl)

reference electrode, the effective polarization voltage at the center of the specimen was estimated to be
+1 and +90 mV, respectively. Considering that the spontaneous potential of SUS304 at the start of the
potentiostatic test was approximately −200 mV, polarization at +1 and +90 mV was still in the anodic
region. Therefore, the entire surface of SUS304 in the crevice was anodically polarized.
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Figure 4. The calculated potential distribution inside the crevice immediately after the start of the
potentiostatic test at E = 150 mV in 1/100 ASW and 1/10 ASW.

3.4. Estimation of the Crevice Gap

In the crevice corrosion experiment, the SUS304 specimen was placed directly on the sensor
surface by its own weight, and the crevice gap remained unknown as it was determined by the
surface roughness. Here, we estimated the crevice gap using a simple model, based on the potential
distribution obtained in the previous section and the externally measurable total current.

We assumed a uniform crevice gap h and considered a hollow cylinder in the crevice with radius
r, thickness dr, and height h, as shown in Figure 5. When the specific conductivity of the solution in the
crevice is σ, the resistance between the inner and outer walls of the cylinder filled by the solution is
expressed as:

dr
2πrhσ

(3)

Figure 5. The model used for estimation of the crevice gap.

We define I(r) as the current flowing outward from the outer wall of this hollow cylinder. The IR
drop between r and r + dr is given by:

dV = − dr
2πrhσ

·I(r). (4)
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We also define j(r) as the density of the current flowing out of the crevice-forming plane of the
specimen into the crevice. The infinitesimal current (dI) flowing into the hollow cylinder is then
given by:

dI = j(r)·2πrdr. (5)

Combining Equations (4) and (5), we obtain:

j(r) =
1

2πr
·dI
dr

= −hσ
[

d2V
dr2 +

1
r

dV
dr

]
. (6)

By fitting the experimentally obtained V(r) with a parabola,

V(r) = A− Br2, (7)

we can determine the fitting parameters A and B, which will give:

d2V
dr2 +

1
r

dV
dr

= −4B. (8)

Therefore, an approximation of V(r) with a parabola implies that the current density in Equation (6)
is independent of r, and is given by:

j = 4Bhσ. (9)

The polarization current Itotal (passive current) flowing into the crevice is then given by:

Itotal = 4BhσπR2, (10)

which can be used to determine the value of h. We applied this analysis to the experimentally obtained
potential distribution V(r) directly after the start of the potentiostatic test in 1/100 ASW, which is
shown in Figure 4. Fitting this curve with a parabola as shown in Figure 6, the values of A and B were
determined to be 0.147 V and 4140 Vm−2, respectively. As shown in the top-left image of Figure 2,
the corrosion current measured at 145 s was 4.6 μA, which included the current flowing into the
crevice (Itotal) and the current flowing out of the side wall of the specimen contacting the solution.
Considering the ratio of the surface areas at the bottom and on the side wall of the specimen, where
SUS304 contacted the solution, Itotal was estimated to be 1.7 μA. Using these values as well as R = 6 mm
and σ = 0.074 Sm−1 in Equation (10), the crevice gap h was estimated to be 12 μm. This value is similar
to the previously reported values of 6 to 12 μm obtained by measuring the weight of ethanol filling the
crevice gap between an SUS304 surface and a quartz glass rod [11].

Figure 6. The fitting of the experimentally obtained potential distribution V(r) with a parabola.
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4. Conclusions

In this study, a LAPS was employed to analyze the potential distribution inside a narrow gap
during crevice corrosion of SUS304. A potentiostatic test and I–V curve measurement by a LAPS were
simultaneously performed. The setup included an SUS304 specimen placed directly on the LAPS
surface with a narrow gap filled with ASW. Before the crevice corrosion at tINCU, the plot of the inflection
point of the I–V curve showed a valley shape across the crevice, reflecting the potential distribution
due to the IR drop by the anodic current flowing out of the crevice. After tINCU, the corrosion current
increased exponentially, and a local change of the inflection point due to the lowering pH was observed
at the position where the surface was corroded. A simple model of the IR drop was proposed to
describe the potential distribution before tINCU, which was used to estimate the crevice gap by fitting
the experimental data. The estimated gap of 12 μm was similar to the previously reported values
obtained by measuring the weight of the liquid filling the gap.
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Abstract: Monitoring the cellular metabolism of bacteria in (bio)fermentation processes is crucial
to control and steer them, and to prevent undesired disturbances linked to metabolically inactive
microorganisms. In this context, cell-based biosensors can play an important role to improve the quality
and increase the yield of such processes. This work describes the simultaneous analysis of the metabolic
behavior of three different types of bacteria by means of a differential light-addressable potentiometric
sensor (LAPS) set-up. The study includes Lactobacillus brevis, Corynebacterium glutamicum, and
Escherichia coli, which are often applied in fermentation processes in bioreactors. Differential
measurements were carried out to compensate undesirable influences such as sensor signal drift,
and pH value variation during the measurements. Furthermore, calibration curves of the cellular
metabolism were established as a function of the glucose concentration or cell number variation with
all three model microorganisms. In this context, simultaneous (bio)sensing with the multi-organism
LAPS-based set-up can open new possibilities for a cost-effective, rapid detection of the extracellular
acidification of bacteria on a single sensor chip. It can be applied to evaluate the metabolic response of
bacteria populations in a (bio)fermentation process, for instance, in the biogas fermentation process.

Keywords: light-addressable potentiometric sensor (LAPS); Lactobacillus brevis; Escherichia coli;
Corynebacterium glutamicum; cellular metabolism; differential cell-based measurement; multi-analyte
analysis; extracellular acidification

1. Introduction

Food digestion within the gastrointestinal tract is a good example for biofermentation processes
in our daily life, in which many different types of microorganisms can be involved. Without microbes,
large and complex food molecules cannot be broken down into required nutrients for the human
body [1]. In the food-research sector, complex microbial interactions have been studied to enhance, for
instance, the aroma profile and flavor in soy sauce during the fermentation process [2]. As another
example, microorganisms play a major role in coffee fermentation by degrading the mucilage to
alcohols, acids, and enzymes [3]. In agricultural biogas plants, various types of bacteria contribute to
the conversion of biomass (e.g., maize silage) into a usable energy source (e.g., methane gas) [4]. In all
applications of bioreactor technology, the on-line monitoring of the metabolic activity of microorganisms
should be seriously considered to avoid undesired, time-consuming, and cost-intensive interventions,
which can reduce the yield at the end of the production chain. Related fields of application include: cell
health monitoring in bioreactors [5], continuous non-invasive monitoring of cell growth in disposable

Sensors 2019, 19, 4692; doi:10.3390/s19214692 www.mdpi.com/journal/sensors87



Sensors 2019, 19, 4692

bioreactors [6], on-line near-infrared bioreactor monitoring of cell density [7], online monitoring
of cell concentration in high-cell density Escherichia coli cultivations [8], sensing metabolites for
monitoring the tissue-engineered cellularity in perfusion bioreactors [9], and micro-biosensors for
fed-batch fermentation with integrated online monitoring [10]. In all of those examples, analytical
sensors are the enabling element for rapid, sensitive, and cost-effective detection of various parameters
(e.g., health, growth, and density of cells in bioreactors). In this context, light-addressable potentiometric
sensors (LAPS) can be applied as suitable tools for monitoring the extracellular acidification of cells.
A LAPS is a field-effect-based chemical sensor with the ability to monitor concentration changes
of biochemical/biological species in a spatially resolved way [11–13]. It belongs to the family of
electrolyte/insulator/semiconductor (EIS)-based capacitive sensors [14]. By addressing defined regions
of interest on a sensor chip with modulated light beams such as laser-diode modules, two-dimensional
(2D) chemical images of concentration distributions can be recorded [15–18]. In comparison to other 2D
potentiometric chemical imaging sensors applying e.g., arrays of ion-sensitive field-effect transistors
(ISFETs) [19] or charge-coupled devices (CCDs) [20], LAPS require no sensor patterns to record chemical
images: The LAPS surface does not require pattering, wiring or passivation, which allows bacteria
to come directly into contact with the pH-sensitive transducer layer to determine the extracellular
acidification. Furthermore, on its planar sensor surface, multi-chamber structures can be attached to
perform differential measurements with distinct cell suspensions [21]. The principle of differential
measurements allows elimination of unwanted external influences such as sensor signal drift and pH
value variations of the measurement solution during experiments [22]. Beside the chemical imaging
technique visualizing the pH distribution on the sensor surface, there are a variety of further LAPS
sensing techniques such as the scanned light-pulse technique (SLPT) in studies of interface properties
(e.g., flat-band voltage) [15], or scanning photo-induced impedance microscopy (SPIM) analyzing
impedance changes e.g., in PAH/PSS polyelectrolyte microcapsules labeled with Au nanoparticles [23].
The equivalent circuit diagram for designing the LAPS set-up consists of three key parts (illumination
area, non-illumination area, and an external circuit), which are described in details in [15]. The
sensor fabrication steps are described in Section 2.1. Explanations about LAPS operation modes
(e.g., constant-bias, constant-current, potential-tracking, and phase-mode) can be found in [24].

A few examples of on-going research for LAPS-based biosensing are the determination of the
extracellular acidification of Escherichia coli [25–27], and differential imaging of the metabolism of
bacteria and eukaryotic cells [28]. In this regard, quantitative differential monitoring of the metabolic
activity of Corynebacterium glutamicum [29], and image detection of yeast Saccharomyces cerevisiae [30]
have been recently discussed. Correspondingly, dual functional extracellular recording for better
signal transduction [31], and monitoring secretion of adrenal chromaffin cells by local extracellular
acidification [32] are further applications.

In this work and for the first time, the extracellular acidification of three model microorganisms,
namely Escherichia coli (E. coli) K12, Corynebacterium glutamicum (C. glutamicum) ATCC13032, and
Lactobacillus brevis (L. brevis) ATCC 14869 is assessed simultaneously by means of a four-chamber
differential LAPS set-up by varying the cell number and/or glucose concentration. These model
microorganisms were selected, as acid-forming, facultative anaerobe, easy-to-cultivate, and commonly
used bacteria in laboratory and industrial applications [25,33,34]. Both E. coli and C. glutamicum
have been studied in separate LAPS experiments recently [27,29], however, the cellular metabolism
of L. brevis has not been analyzed by LAPS so far. In a first experimental step, the extracellular
acidification of L. brevis cells has been evaluated: calibration curves were established, which render the
potential-change rate as a function of glucose concentration and cell number. Data were compared
with results of already in literature discussed microorganisms such as E. coli and C. glutamicum.
Finally, a novel parallelized measurement procedure is introduced, which allows sequentially and
simultaneously performed LAPS measurements with all three types of bacteria.

The motivation is briefly explained as follows: In terms of the specific metabolic characteristic
of each model microorganism, distinguishable sensor signal responses with LAPS can be obtained.
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This way, different signal patterns of studied bacteria can be saved in a database. Later on, such
data can be applied as references to evaluate the cellular metabolism of bacteria populations in a
fermentation process (e.g., in biogas processes). Here, the mutual metabolic influence of cells in
the fermenter broth on the metabolization of model microorganisms can be studied. Hence, signal
variations after ‘interactions’ between bacteria can be detected. This approach can contribute to a better
understanding of the fermentation process and help to avoid bacteria-related process crashes in a
bioreactor. In addition, the multi-analyte differential measurement on a single LAPS chip underlines the
possibility of combinatorial analysis with different cell types in parallel enabling a fast data collection
utilizing a capacitive field-effect biosensor.

2. Materials and Methods

2.1. Sensor Fabrication and Measurement Set-Up

The LAPS chip consists of an Al/p-Si/SiO2/Ta2O5 field-effect structure: Starting with a p-doped
silicon wafer (<100>, 5–10 Ωcm, thickness: 540 μm), 30 nm SiO2 were grown by a thermal dry oxidation
step (O2, 40 min at 1000 ◦C), followed by deposition of the Ta2O5 layer (electron-beam evaporation
(0.5 nm/s, at 6 × 10−6 mbar) of 30 nm Ta and subsequent oxidation (45 min at 520 ◦C) to 60 nm Ta2O5).
The ohmic rear-side contact of 300 nm Al on Si was also prepared by electron-beam evaporation.
Subsequently, the silicon wafer was diced into single LAPS chips of 20 × 20 mm2 size, and a part of the
rear-side contact was removed by wet-chemical etching (5% hydrofluoric acid) defining a window for
the rear-side illumination. The sensor fabrication steps are described in detail in the references [35–38].
The LAPS chip was mounted in a home-made measurement cell and the set-up is schematically
illustrated in Figure 1.

Figure 1. Schematic illustration of the four-chamber differential LAPS measurement set-up, consisting
of an Ag/AgCl reference electrode, a PP-ABS four-legged salt bridge chamber (total height 40 mm, leg
height 20 mm, Ølegs 4 mm, container area = 15 × 15 mm2) combined with four Vycor glass frits (Øfrit

3.2 mm, height 4 mm) filled with 1 mL KCl solution (3 M), a PP-ABS-based four-chamber structure
(sensing area per chamber ≈ 7 × 7 mm2, height 20 mm), a chip holder (Ø 40 mm, height 10 mm) made
of PEEK, a LAPS chip with Al/p-Si/SiO2/Ta2O5 layers, and a light source based on an array containing
16 infrared laser-diode modules (4 per chamber, Ø 3.3 mm, length 7 mm). Chambers 1, 2, and 3 are
used as active sensor side with cells. Chamber 4 serves as a reference chamber without cells. The active
rear-side illumination area is 15 × 15 mm2. Iphoto: photocurrent, Vbias: bias voltage, LDMs: laser-diode
modules, AC: alternating current.

The measurement cell consists of a 3D-printed photopolymer-based (polypropylene-
acrylonitrile-butadiene-styrene, PP-ABS) four-chamber structure combined with a four-legged salt
bridge chamber (filled with 1 mL of 3 M KCl solution) and a polymer-based (polyether ether ketone,
PEEK) chip holder, housing the LAPS chip as working electrode and a commercial Ag/AgCl (Metrohm
GmbH) reference electrode. More information related to the design, size, and performance of all
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constructed polymer structures can be found in previous publications [19,27,28]. The four-chamber
structure enables to study different cell types simultaneously. In the following experiment, three
chambers (1–3) serve as active sensor site with various cell suspensions, while the fourth chamber
was used as a reference chamber without cells. This way, pH- and temperature fluctuations as well
as a signal drift of the sensor can be compensated. To read out the LAPS sensor signal, a DC (direct
current) bias voltage (Vbias) is applied between the Ag/AgCl reference electrode and the rear-side
contact. The illumination unit is based on an array of 16 small-sized, fixed-focus, and tunable infrared
laser-diode modules (LDMs, λ = 785 nm, Roithner Lasertechnik GmbH, Vienna, Austria, serial number
APCD-780-07-C3). A simultaneous modulation with different frequencies (frequency divider with a
constant value of 160, main clock: 160 MHz, sampling frequency: 1 MHz) was carried out through a
field-programmable gate array (FPGA)-based microcontroller, see details in [39]; the illuminated and
non-illuminated sensor areas can be modeled with equivalent circuit diagrams as discussed in [40].

The bias voltage Vbias allows to induce the formation of a space-charge region within the p-doped
silicon at the insulator/semiconductor interface [41]. Here, the charge carriers, i.e., electron-hole pairs
induced by the light source, are separated in the electrical field, resulting in a photocurrent, Iphoto.
This photocurrent depends on the surface potential of the LAPS chip. Due to the direct contact of
the pH-sensitive Ta2O5 transducer layer with the microorganisms in the analyte (chambers 1, 2, and
3), changes in their metabolic activity (extracellular acidification) will consequently lead to changes
in the surface potential through a variation of the H+-ion activity of the LAPS surface [21]. Besides
of current–voltage (I–V) measurements, the LAPS chips were electrochemically characterized by
capacitance–voltage- (C–V), impedance spectroscopy-, leakage-current-, and constant-capacitance
(ConCap) measurements utilizing an electrochemical spectrum analyzer (Zahner-Elektrik GmbH).
The sensitivity of the transducer structure (54 mV/pH) was determined as described in [27]. Further
information about the electrochemical characterization of the LAPS chips and the FPGA-based set-up
can be also found in [42–45].

2.2. Sample Preparation and Microorganism Cultivation

For the preparation of glucose solutions and cell suspensions, diluted phosphate-buffered saline
(PBS) was used as stock solution: Here, 0.2 g of KCl, 8 g of NaCl, 1.15 g of Na2HPO4, and 0.2 g of
KH2PO4 were dissolved in 1 L distilled water. The buffer solution was further diluted with distilled
water, so that a total buffer capacity of 0.2 mM was obtained. A low-buffer capacity is required to
observe the extracellular acidification of cells on the LAPS. To determine the buffer capacity, a titration
method was used with hydrochloric acid (HCl, 1 M). The buffer was autoclaved at 121 ◦C for 2 h.
Subsequently, the pH value was adjusted at pH 7.4 using NaOH/HCl (1 M) solution. Different glucose
concentrations (1.67, 2.5, 3.33, and 5 mM) were prepared after a serial dilution of the stock glucose
solution (10 mM) utilizing the diluted PBS. The procedure to cultivate Gram-negative, rod-shaped E. coli
K12 bacteria (24 × 109 CFU/mL cells) is described in [21,27]. Gram-positive, rod-shaped C. glutamicum
ATCC13032 bacteria were cultivated on a Corynebacterium agar consisting of 10 g of casein peptone,
5 g of yeast extract, 5 g of glucose, 5 g of NaCl, 15 g of agar, in 1 L distilled water. First, cells were
incubated at 30 ◦C by 141 rpm for about 6 h. Optical density measurements (Fisher Scientific, GE
Healthcare UltraspecTM 2100 pro) were used to determine the cell growth density (λ = 578 nm) in all
cell suspensions. The overnight cultivation was performed in an incubator around 12 h at 30 ◦C. This
way, 24 × 109 CFU/mL cells were harvested after two washing steps with the diluted PBS solution.
After the centrifugation step, the cell pellet was resuspended in the buffer solution (pH 7.4, 0.2 mM).

For the cultivation of Gram-positive, heterofermentive, rod-shaped L. brevis ATCC 14869 bacteria,
MRS- (De Man, Rogosa and Sharpe) selective culture medium was applied. The MRS agar contains
10 g of casein, 10 g of meat extract, 5 g of yeast extract, 20 g of glucose, 1 g of TWEEN 80, 2 g of K2HPO4,
5 g of Na-acetate, 0.2 g MgSO4 × 7 H2O, 0.05 g of MNSO4 ×H2O, and 1 L of distilled water. The pH
value was adjusted to pH 6.2. Cells were incubated at 30 ◦C by for about 48 h. Further steps are similar
to the cultivation of C. glutamicum cells, as mentioned above to obtain 24 × 109 CFU/mL cells.
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With all cultivated microorganisms, five different cell numbers (0.3 × 109, 0.6 × 109, 1.2 × 109,
2.4 × 109, 4.8 × 109 cells in 200 μL suspension) were applied for the four-chamber differential
LAPS measurements by a 1:2 dilution series with PBS solution to study their metabolic behavior.
The as-prepared cell suspensions were used on the same day, in which LAPS measurements were
performed. Freshly cultured suspensions were necessary for each measurement day to guarantee the
reproducibility of the experiments. All final pH values of the cell suspensions were adjusted to 7.4
before starting with the cell-based differential LAPS measurements and controlled by a conventional
pH-glass electrode (type: DGi115-SC, Mettler Toledo, Zurich, Switzerland).

3. Results and Discussion

3.1. Monitoring the Cellular Metabolism of L. Brevis Bacteria

The analysis of the metabolic activity of E. coli and C. glutamicum has been recently reported
in [27,29]. This section describes the determination of cellular metabolism of L. brevis cell suspensions
utilizing the four-chamber differential LAPS set-up. Three different cell numbers (1.2 × 109, 2.4 × 109,
4.8 × 109 cells) were chosen to monitor the acidification behavior. In the first measurement (Figure 2,
at 1.67 mM), all chambers were loaded with 100 μL glucose (end resulting concentration: 1.67 mM,
pH 7.4). The sensor chip was first conditioned with the glucose solution for 10 min, then 200 μL of cell
suspension (pH 7.4) were added into chambers 1, 2, and 3 and 200 μL of the diluted PBS solution in the
reference chamber 4 (see set-up in Figure 1). Thus, a total suspension volume per chamber of 300 μL
was used. For each chamber, four light spots in the area of interest were selected to read-out the sensor
signal. After that, the mean values of the recorded potential change values per chamber were plotted
(see diagram I). This measurement procedure was repeated for three further glucose concentrations
(2.5, 3.33, and 5 mM) shown in the diagrams II, III, and IV.

Figure 2. Four-chamber differential LAPS measurement with varying cell number of L. brevis (1.2 × 109,
2.4 × 109, 4.8 × 109 cells in 200 μL cell suspension) and varying glucose concentration (1.67, 2.5, 3.33,
5 mM). Potential changes of four successive independent measurements with an ascending series of
glucose concentrations. Blue line: reference sensor signal without cells; black, red, and green lines:
active sensor sites with cells. Four laser-diode modules (LDMs) were considered for each chamber
(each curve corresponds to calculated mean values).
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Figure 2 depicts the mean values of the potential changes vs. time in four independent successive
measurements performed with increasing both the glucose concentration and the cell number. After
each independent measurement of 40 min (first, the sensor chip was conditioned for 10 min without
cells; then, the respective cell concentration was added), the sensor chip was washed with the diluted
PBS solution (pH 7.4, 0.2 mM) and the next glucose concentration (e.g., 2.5 mM) was pipetted into the
sensor chambers. Four output signals from four chambers are marked in different colors: in the first
measurement at 1.67 mM glucose (diagram I), the blue line indicates the reference signal in the absence
of cells in chamber 4. The black line refers to the cell suspension with the lowest cell number of 1.2 × 109

cells, which results in a potential drop of about 50 mV. The signal from the chamber with 2.4 × 109 cells
is shown in red and indicates a potential change of approximately 77 mV. The highest signal change
of approximately 103 mV with 4.8 × 109 cells in chamber 3 is plotted in green, which corresponds to
a pH value of ca. 5.5 on the sensor surface when considering a pH sensitivity of 54 mV/pH of the
LAPS chip without cell suspensions [27]. In the measurement with the highest glucose concentration
of 5 mM, the highest potential drop of approximately 194 mV was observed again in chamber 3 (green
line) with 4.8 × 109 cells, which corresponds to a pH shift at the LAPS surface of ΔpH ≈ 3.8. Further
potential change values of 131 mV and 164 mV were achieved for cell numbers 1.2 × 109 and 2.4 × 109

cells in chamber 1 and chamber 2, respectively. For all measurements, the metabolic response of the
acid-forming L. brevis bacteria induces potential changes after adding cells, which leads to an increase
of H+-ion activity on the transducer surface. The extracellular acidification due to the metabolic
activity causes a shift to the negative Vbias axis and a respective potential drop. The experiments have
shown that by increasing the cell number and/or the glucose concentration in each measurement,
higher potential change values can be achieved, as a result of metabolically active microorganisms
and comparable to results obtained with E. coli and C. glutamicum, respectively [27,29]. From Figure 2,
differential signals can be evaluated by subtracting the signal values of chambers with cells from the
reference chamber without cells. The slope of the decreasing differential signals can be calculated in a
particular time period (here, within the first 6 min after adding cells, i.e., from minute 10 to 16). These
values describe the potential change rates (PCR) given in mV/min and can be computed through a
linear regression method. Figure 3 represents the corresponding 3D plot of the calculated PCR values
for different cell numbers (1.2 × 109, 2.4 × 109, and 4.8 × 109 cells) and glucose concentrations (1.67, 2.5,
3.33, and 5 mM). For the detailed values, see Table S1 in supplementary information of this article.

 

Figure 3. 3D plot of mean values and standard deviations (three repetitions) of the potential change
rates for four successive independent measurements with different glucose concentrations (1.67, 2.5,
3.33, 5 mM) when varying the cell numbers (1.2 × 109, 2.4 × 109, 4.8 × 109 cells) in 200 μL of L. brevis cell
suspension. Data are calculated from Figure 2. Mean values and standard deviations of PCR values
were obtained from three independent measurement repetitions within the first 6 min after adding
cells. For each chamber, four laser-diode modules (LDMs) were used. The mean value of signals per
chamber was considered for further evaluations.
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By increasing the cell number and/or glucose concentration, the extracellular acidification and the
PCR values increase. For the lowest cell number of 1.2 × 109 cells at 1.67 mM glucose, the lowest PCR
value of 1.76 ± 0.05 mV/min was calculated. At the highest applied glucose concentration of 5 mM
and the highest cell number of 4.8 × 109 cells, the highest LAPS signal response of 7.20 ± 0.05 mV/min
was recorded.

3.2. Determination of Calibration Curves for L. brevis, C. Glutamicum, and E. Coli

In this section, the PCR values of three microorganisms, namely L. brevis, C. glutamicum, and E. coli,
are compared with each other by means of calibration curves as a function of glucose concentration or
cell number. Different types of bacteria induce different independent LAPS signal responses due to their
diverse acidification behavior on the sensor surface. With the knowledge of their signal characteristics
(calibration curves), these model microorganisms might be used to analyze metabolic responses of
microorganism populations within a (bio)fermentation broth (e.g., from a biogas reactor). It can be
studied, whether/how cells in the fermentation broth from different process stages will influence the
extracellular acidification of studied model bacteria: calibration matrices can be defined that later-on
can be correlated with different scenarios of the biogas process. In this way, an external feedback control
of the biogas operation might be envisaged. In our experiments, two approaches were separately
considered: First, glucose concentrations were varied at a constant cell number (4.8 × 109 cells) to
find a correlation between the sensor signal and the glucose uptake. Second, calibration curves were
defined by varying the particular cell number at a constant glucose concentration (1.67 mM). For the
determination of the PCR values of the cellular metabolism of E. coli and C. glutamicum, the same
procedure was performed with the differential LAPS set-up, as described in Section 3.1 and shown in
Figure 2. Figure 4 depicts the corresponding calibration curves with the PCR mean values for variations
of the glucose concentration between 0.042 mM and 5 mM for the three studied microorganisms
at a constant cell number of 4.8 × 109 cells. For the detailed values, see Table S2 in supplementary
information of this article.

 
Figure 4. Correlations between the LAPS signal response and the glucose concentration. Mean values
and standard deviations of PCR values of E. coli (black), C. glutamicum (red), and L. brevis (green) are
depicted for different glucose concentrations (0.042, 0.085, 0.17, 0.20, 0.33, 0.40, 0.50, 0.68, 0.83, 1.20, 1.67,
2.50, 3.33, and 5 mM) at a constant cell number of 4.8 × 109 cells. Three independent measurements
were performed within the first 6 min after adding cells to calculate the mean PCR values. The blue
arrow in the diagram indicates a particular glucose concentration (1.67 mM), which was exemplarily
chosen to compare calibration curves of metabolic responses of the three microorganisms by cell number
variations, see also Figure 5.
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Figure 5. Correlation between the LAPS signal response and the cell number. The mean values and
standard deviations of PCR values of E. coli (black), C. glutamicum (red), and L. brevis (green) are
depicted for different cell numbers (0.3 × 109, 0.6 × 109, 1.2 × 109, 2.4 × 109, 4.8 × 109 cells) at a constant
glucose concentration of 1.67 mM. Three independent measurement repetitions were performed.

In Figure 4, the extracellular acidification of E. coli and C. glutamicum increases after increasing the
glucose concentration, comparable with the results in [27,29]. For E. coli and C. glutamicum bacteria,
the lowest detectable signal change was found for 0.042 mM glucose and for L. brevis it was 0.5 mM
both at a constant cell number of 4.8 × 109 cells. In experiments with E. coli bacteria, the PCR values
increased from 0.13 ± 0.07 mV/min to 6.40 ± 0.10 mV/min upon increasing glucose concentrations
from 0.042 mM to 5.0 mM. The PCR values of C. glutamicum bacteria increased from 0.20 ± 0.08
mV/min to 5.60 ± 0.15 mV/min after raising glucose concentrations, respectively (similar to glucose
concentrations for E. coli in Figure 4). However, the first detectable PCR value 0.04 ± 0.01 mV/min for L.
brevis cells could be obtained at a glucose concentration of 0.50 mM. For lower glucose concentrations
(e.g., from 0.042 to 0.4 mM), no detectable signal changes could be monitored. It seems to be that L.
brevis bacteria require more glucose to be able to form enough H+-ions on the LAPS surface (shifted
green curve in Figure 4). That is supported by the requirement of a higher amount of glucose (20
g/L) during the cultivation phase compared to E. coli (1 g/L) and C. glutamicum (5 g/L). The glucose
concentrations of the respective culture mediums (see also Section 2.2) are given in protocols of the
DSMZ (German Collection of Microorganisms and Cell Culture GmbH). Nevertheless, the highest
PCR values of 6.50 ± 0.05 mV/min at 3.33 mM and 7.20 ± 0.06 mV/min at 5.0 mM were found with L.
brevis bacteria. The plotted calibration curves in Figure 4 follow a kinetic behavior for a capacitive
field-effect biosensor, which is exemplary discussed for E. coli in [46], similar like the Michaelis–Menten
kinetics known for enzymatic reactions. Each calibration curve shows a saturation-like behavior with
maximum PCR values (e.g., 7.20 ± 0.06 mV/min for L. brevis cells at 5.0 mM glucose), where no higher
signal changes were detected when glucose concentration is increased further. In this context, two
points might be taken into consideration: 1) after the acidification phase with higher cell numbers, the
measured medium on the sensor surface will get more acidic. Due to a change of the physiological
conditions in the acidic environment on the sensor surface, the activity of some cells in close proximity
to the sensor surface might get blocked. Hence, a detection limit to higher PCR values can be caused;
2) in the measurement chambers (1–3), higher cell numbers in suspensions might inhibit the diffusion
of more glucose molecules to the underlying cells on the pH-sensitive transducer layer.

In the next step, one glucose concentration (1.67 mM, blue arrow in Figure 4) was selected and
all microorganisms were compared in terms of varying cell numbers (0.3 × 109, 0.6 × 109, 1.2 × 109,
2.4 × 109, and 4.8 × 109 cells). Here, five independent successive differential measurements were
performed with the four-chamber LAPS set-up. Figure 5 shows the corresponding calibration curves
with PCR values of L. brevis, C. glutamicum, and E. coli bacteria.

94



Sensors 2019, 19, 4692

By increasing the cell number, the total metabolic response of the cells in the suspension increases.
As explained for the calibration curves in Figure 4, a saturated-like behavior was observed, too. The
highest PCR value of 5.60 ± 0.15 mV/min was obtained with E. coli cells at 4.8 × 109 cells. The lowest
PCR value of 0.33 ± 0.04 mV/min was calculated for L. brevis at 0.3 × 109 cells. For the detailed values,
see Table S3 in supplementary information of this article. The results from Section 3.2 show that for
three different microorganisms, calibration matrices as function of glucose concentration or cell number
can be defined. The obtained results are in good agreement with the results with single cell types on
LAPS, which are reported in [27] for E. coli K12, in [29] for C. glutamicum, and in Section 3.1 for L. brevis.

3.3. Simultaneous Measurements with L. Brevis, C. Glutamicum, and E. Coli Bacteria

The extracellular acidification of L. brevis, C. glutamicum, and E. coli bacteria was determined
simultaneously by means of the differential LAPS set-up. Here, the cell suspensions were parallelly
prepared and then loaded into the chambers 1, 2, and 3. The fourth reference chamber was used
again without cells. First, the four-chamber sensor arrangement was conditioned with 100 μL of the
glucose concentration for 10 min. After this conditioning phase, 200 μL of respective cell numbers
were added. In the first chamber E. coli, in the second chamber C. glutamicum, and in the third chamber
L. brevis cell suspensions were pipetted. Three measurement repetitions were carried out to verify the
reproducibility of all measurements.

For monitoring of the extracellular acidification, five independent, successive measurements
(Nr. I–V) were performed (40 min each) by keeping the glucose concentration (1.67 mM) constant and
varying the cell number (0.3 × 109, 0.6 × 109, 1.2 × 109, 2.4 × 109, 4.8 × 109 cells). Figure 6 depicts the
LAPS signal responses before and after adding cells. After adding cells (10 min after starting each
measurement, see diagrams, Nr. I–V), the sensor signal dropped due to an increase of the H+-ion
activity at the sensor surface.

Figure 6. Four-chamber differential LAPS measurement with varying cell numbers of L. brevis,
C. glutamicum, and E. coli (0.3 × 109, 0.6 × 109, 1.2 × 109, 2.4 × 109, 4.8 × 109 cells in 200 μL cell
suspension) at a constant glucose concentration of 1.67 mM. The potential changes of five successive
independent measurements (Nr. I–V) with an increasing number of cells are plotted. Blue line: reference
sensor signal without cells; black (E. coli), red (C. glutamicum), and green (L. brevis) lines are active
sensor areas with cells. Four laser-diode modules (LDMs) were considered for each chamber (each
curve corresponds to the calculated mean values).
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The signal changes are indicated with different colors (E. coli in black, C. glutamicum in red, L. brevis
in green, and the reference signal in blue). In all set of measurements with different cell numbers,
E. coli bacteria have shown the highest potential changes, followed by C. glutamicum and L. brevis cells.
For instance, in the first set of measurements (I) and at the lowest cell number of 0.3 × 109 cells, a
potential change of ≈ 30 mV (ΔpH ≈ 0.6) was observed with E. coli cells, following by C. glutamicum
(≈ 17 mV, ΔpH ≈ 0.32), and L. brevis (≈ 13 mV, ΔpH ≈ 0.24); the values were calculated as described in
Section 3.1. Correspondingly, in the last set of measurements (V) at the highest cell number of 4.8 × 109

cells, a potential change of ≈ 104 mV (ΔpH ≈ 1.93) was recorded with E. coli, ≈ 80 mV (ΔpH ≈ 1.5) with
C. glutamicum, and ≈ 60 mV (ΔpH ≈ 1.11) for L. brevis cells. It was observed that by increasing the cell
number, the extracellular acidification of bacteria was increased, as expected in agreement with the
measurements where the acidification behavior of the cells was examined separately (see Sections 3.1
and 3.2). In the presence of higher cell numbers, more acids will be produced, which results in an
increase of potential change values.

By the simultaneous evaluation with three different microorganisms on a single LAPS chip a kind
of ‘signal pattern’ of the metabolic behavior of cells can be obtained. This way, it is possible to study
them under absolute identical boundary conditions, which enables to have comparable results in real
time. Furthermore, the measurement time can be reduced, which is advisable for time-critical cell-based
measurements. Here, metabolic responses of three microorganisms were successfully evaluated within
40 min, whereas by sequential measuring in Section 3.1, 40 min was required for each model organism.

The resulting PCR values from Figure 6 were calculated and plotted as calibration curve in
Figure 7, which follows a similar behavior, as it was explained for Figures 4 and 5.

 
Figure 7. Correlation between the LAPS signal response and the cell number at a fixed glucose
concentration of 1.67 mM. Mean values and standard deviations of PCR values of E. coli (black),
C. glutamicum (red), and L. brevis (green) are depicted for different cell numbers (0.3 × 109, 0.6 × 109,
1.2 × 109, 2.4 × 109, 4.8 × 109 cells in 200 μL cell suspension). Three independent measurements were
performed, and within the first 6 min after adding cells, the mean PCR values were calculated.

The highest PCR value of 5.20 ± 0.04 mV/min was calculated for E. coli bacteria for with
4.8 × 109 cells at 1.67 mM glucose. Respectively, the highest PCR values of 4.10 ± 0.06 mV/min
(C. glutamicum), and 3.30 ± 0.05 mV/min (L. brevis) were obtained. The lowest detected PCR values
were found at the lowest cell number (0.3 × 109 cells) and 1.67 mM glucose: 0.85 ± 0.02 mV/min (E. coli),
0.62 ± 0.03 mV/min (C. glutamicum), and 0.51 ± 0.05 mV/min (L. brevis). For the detailed values, see
Table S4 in supplementary information of this article.

In order to validate whether different microorganisms in simultaneously performed measurements
might mutually influence the signal characteristics of each other (cross-talk between four chambers),
PCR values between the two experiments (sequential/simultaneous) for E. coli, C. glutamicum, and
L. brevis are compared in Table 1; |Sequential PCR|, |Simultaneous PCR| and the difference between the
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two experiments |Δ PCR| are listed. Starting with a cell number of 0.3 × 109 cells up to 4.8 × 109 cells,
signal value differences (|Δ PCR|) were studied: on the one hand, for most cell numbers, independent of
the cell type, a good correlation was found with |Δ PCR| ≤ 0.46 mV/min, representing usual variations
in preparation of cell suspensions and cultivation process. Such slight deviations in cell numbers
will influence the metabolic response and consequently, the extracellular acidification, and finally
the sensor output signal. On the other hand, the highest variation was obtained for C. glutamicum
at 4.8 × 109 cells (0.8 mV/min) and at 1.2 × 109 cells (0.5 mV/min). A possible explanation for this
discrepancy might be differences in surviving cell numbers after manual preparation of cell suspensions
(in diluted PBS solution) after the cultivation process. Through automatization of the cultivation steps
and parallelization of the sample preparation process, PCR value variations between measurements
can be further minimized in future experiments. In addition, measurements have also shown that
both experimental procedures (sequential/simultaneous measurement) are in good accordance with
published data for E. coli and C. glutamicum bacteria [27,29].

Table 1. Comparison of mean values and standard deviations of the potential change rate values
obtained from sequential measurements (Figure 5) and simultaneous measurements (Figure 7) after
adding cells for E. coli, C. glutamicum, and L. brevis. The glucose concentration of 1.67 mM was kept
constant and the cell number was varied from 0.3 × 109 up to 4.8 × 109 cells. |Δ PCR| describes the
signal difference between both experiments.

Cells
In 200 μL

Type Of
Bacteria

|Sequential PCR|
(mV/min)

|Simultaneous PCR|
(mV/min)

|Δ PCR|
(mV/min)

E. Coli 0.84 ± 0.13 0.85 ± 0.02 0.01
0.3 × 109 C. Glutamicum 0.49 ± 0.05 0.62 ± 0.03 0.13

L. Brevis 0.33 ± 0.04 0.51 ± 0.05 0.18

E. Coli 1.90 ± 0.12 2.30 ± 0.03 0.40
0.6 × 109 C. Glutamicum 1.02 ± 0.04 1.30 ± 0.04 0.28

L. Brevis 0.78 ± 0.06 1.24 ± 0.06 0.46

E. Coli 3.10 ± 0.11 3.20 ± 0.03 0.10
1.2 × 109 C. Glutamicum 2.10 ± 0.04 2.60 ± 0.04 0.50

L. Brevis 1.76 ± 0.05 2.20 ± 0.05 0.44

E. Coli 4.50 ± 0.10 4.70 ± 0.06 0.20
2.4 × 109 C. Glutamicum 3.10 ± 0.22 3.40 ± 0.07 0.30

L. Brevis 2.40 ± 0.06 2.80 ± 0.04 0.40

E. Coli 5.60 ± 0.15 5.20 ± 0.04 0.40
4.8 × 109 C. Glutamicum 4.90 ± 0.04 4.10 ± 0.06 0.80

L. Brevis 3.70 ± 0.02 3.30 ± 0.05 0.40

4. Conclusions

This article comprises two essential achievements in terms of LAPS-based biosensors: i) for the
first time, a cell-based LAPS set-up was utilized to determine the extracellular acidification of L. brevis
bacteria by varying the two parameters of glucose concentration and cell number. It was observed
that by increasing the cell number and/or glucose concentration, the extracellular acidification of
L. brevis cells increases as expected, due to an increase of H+-ion activity on the sensor surface after the
acidification phase. The overall sensor characteristic is comparable to data published for E. coli and
C. glutamicum, however, the absolute values of its metabolic response differ, depending on the cell type.
ii) For the first time, simultaneous measurements were carried out with three different microorganisms
(E. coli, C. glutamicum, L. brevis) on the same LAPS chip. Hence, a ‘signal pattern’ of the extracellular
acidification of cells was defined. There was no mutual influence on the signal characteristic for each
type of bacteria. Moreover, a good correlation was found between the sequentially and simultaneously
performed LAPS investigations.
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In future studies, the differential LAPS set-up with model microorganisms can be applied to
analyze the metabolic behavior of microorganism populations in (bio)fermentation broths (e.g., in a
biogas fermentation broth). With the knowledge about their cellular metabolism obtained by LAPS, the
sensor signal patterns with respective calibration curves can be defined. Subsequently, the metabolic
‘interaction’ between the fermentation broth and the particular model microorganisms can be evaluated:
It can be examined, whether and how cells in the fermentation broth will influence the extracellular
acidification of the analyzed model microorganisms. The related signal variations can be monitored
at different process stages of a bioreactor, which might allow a better and faster control in case of
process disturbances.

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-8220/19/21/4692/s1,
Table S1, Table S2, Table S3, Table S4.
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Abstract: The detection of bacterial deoxyribonucleic acid (DNA) is of great significance in the
quality control of food and water. In this study, a light-addressable potentiometric sensor (LAPS)
deposited with highly oriented ZnO nanorod arrays (NRAs) was used for the label-free detection
of single-stranded bacterial DNA (ssDNA). A functional, sensitive surface for the detection of
Escherichia coli (E. coli) O157:H7 DNA was prepared by the covalent immobilization of the specific
probe single-stranded DNA (ssDNA) on the LAPS surface. The functional surface was exposed to
solutions containing the target E. coli ssDNA molecules, which allowed for the hybridization of the
target ssDNA with the probe ssDNA. The surface charge changes induced by the hybridization of the
probe ssDNA with the target E. coli ssDNA were monitored using LAPS measurements in a label-free
manner. The results indicate that distinct signal changes can be registered and recorded to detect
the target E. coli ssDNA. The lower detection limit of the target ssDNA corresponded to 1.0 × 102

colony forming units (CFUs)/mL of E. coli O157:H7 cells. All the results demonstrate that this DNA
biosensor, based on the electrostatic detection of ssDNA, provides a novel approach for the sensitive
and effective detection of bacterial DNA, which has promising prospects and potential applications
in the quality control of food and water.

Keywords: DNA biosensor; ZnO nanorod arrays; LAPS; label-free detection; E. coli

1. Introduction

The detection of bacterial deoxyribonucleic acid (DNA) would have broad technological
implications in areas ranging from biomedicine and the food industry, to environmental control [1–4].
For instance, the detection of Escherichia coli (E. coli) DNA is of great significance to the quality control of
food and water. E. coli O157:H7 is one of the most dangerous foodborne pathogens, occurring in a variety
of foods and water; it is able to cause hemorrhagic colitis, and leads to various symptoms, such as bloody
diarrhea [5–8]. It is highly desirable to develop novel approaches for the detection of bacterial DNA
in a label-free and cost-effective manner. For this reason, DNA biosensors have attracted increasing
attention for their potential use in the label-free detection of bacterial DNA molecules. The cutting edge
of the development of DNA biosensors is currently based on labelling strategies, that enable signal
transductions and enhance the sensors’ sensitivity [9–12]. However, these approaches, while promising,
suffer from inherent limitations that severely restrict their applicability. Firstly, labelling strategies
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require some sort of label, which increases the time and cost of DNA detection. Secondly, the labelling
process can complicate the DNA-device fabrication and the DNA detection process. Furthermore,
the setup of labeling approaches often requires expensive and huge instruments that limit their practical
applications, especially in-field applications.

Recent progress in pushing the limits mentioned above by using label-free strategies has proven
to be an alternative emerging approach for DNA detection [13,14]. The fast development of micro-
and nanofabricated devices has opened up an exciting realm for the development of a new generation
of label-free DNA biosensors. For instance, the label-free detection of E. coli O157:H7 DNA has been
reported using piezoelectric sensors and electrochemical biosensors [5,15–17]. More recently, field-effect
devices (FEDs) have offered a promising direct electrical readout for label-free DNA detection [18–21].
DNA-FEDs detect the intrinsic molecular charges of DNA molecules. These devices are unrelated to any
labelling for signal transduction. They have shown tremendous promise for label-free DNA detection
in a much faster, more efficient manner. The basic mechanism is based on the electrical detection of
surface-charge changes caused by the hybridization of probe single-stranded DNA (ssDNA) molecules
(immobilized on the sensor’s surface) with complementary target ssDNA molecules on the gate surface
of the FEDs. As a result, the vast majority of DNA-FEDs are developed for the detection of ssDNA
molecules. In this context, little is known about using FEDs for the direct label-free detection of
bacterial ssDNA, which is a common and challenging task in many applications, such as the quality
control of food and water [22,23].

The light-addressable potentiometric sensor (LAPS) is a type of FEDs. It has a light-addressable
gate surface and is suitable for use as a transducer for the label-free electrical detection of DNA
molecules based on their intrinsic molecular charges [21,24]. ZnO nanorods have shown promising
potential in many applications, including sensors, due to their properties of having a direct wide
bandgap, large exciton binding energy, and a high aspect ratio [25]. ZnO nanorods have the advantage
of being highly oriented, well-structured, and being easy to prepare on substrate surfaces [26–28].
In addition, ZnO NRAs allow the loading of more functional sensing molecules due to their enlarged
special surface area, which could potentially improve the sensing capability of the biosensors. Hence, it
is essential to explore the feasibility of LAPS using ZnO NRA deposits for the direct label-free detection
of bacterial DNA.

Inspired by this idea, a LAPS with ZnO NRA deposits, which is a typical FED with flexible gate
electrodes, was used for the direct label-free electrostatic detection of negatively charged bacterial
ssDNA molecules using their intrinsic molecular charges for the first time. The probe ssDNA molecules
were covalently attached onto the LAPS surface via the silanization process. ZnO NRAs deposited on
the LAPS surface could enlarge the surface area necessary for the probe ssDNA immobilization and
provide three-dimensional (3D) sites for the probe ssDNA molecules to hybridize more effectively with
the target ssDNA. The hybridization of the probe ssDNA with the target E. coli O157:H7 ssDNA was
measured by recording the shifts in the LAPS photocurrent–voltage (I–V) curves. It is worth noting
that the LAPS chips deposited with ZnO NRAs and bacterial ssDNA sequences used in this study only
demonstrate the technical feasibility of this novel approach for direct bacterial ssDNA sensing.

2. Materials and Methods

2.1. Fabrication and Functionalization of LAPS Chip

A LAPS chip was fabricated using a p-doped silicon wafer with a thickness of 400 μm (<100>,
1–10 Ωcm). A 30 nm SiO2 layer was developed on the surface of the silicon wafer through thermal
oxidation. To create an Ohmic contact and light illumination, a 300 nm Al layer patterned with a
window was fabricated on the rear side of the silicon wafer after etching the rear side of the SiO2 layer.
The hydrothermal method was employed to prepare a layer of ZnO NRAs on the surface of the LAPS
chip as previous reported [26]. Briefly, a thin layer of ZnO film was deposited on the surface of the
LAPS chip via reactive magnetron sputtering, which was used as the seeding layer. The hydrothermal
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deposition was performed in a solution with equal volumes of Zn(NO3)2 and methenamine at the
same concentration of 0.02 M in a sealed beaker. The surface on which the ZnO NRAs were expected to
grow was put downward at 95 ◦C for 2 h. Then, the LAPS chip was thoroughly rinsed with deionized
water, and blown dry with N2 for structure characterization and further sensing experiments.

The sequence of the probe ssDNA was designed specifically for the E. coli O157:H7 eaeA gene,
which is a 30-base oligonucleotide (5’-AACGC CGATA CCATT ACTTA TACCG CGACG-3’). The
sequences of the fully mismatched ssDNA were 5’-GCAGC GCCAT ATTCA TTACC ATAGC CGCAA-3’,
which contains a fully mismatched base sequence to the probe ssDNA. Both the probe ssDNA and the
fully mismatched ssDNA were synthesized by the Takara Biotechnology Company, Limited. To avoid
any influence caused by solution changes on the measurement, 10 mM of phosphate-buffered saline
(PBS) (pH 7.5) was used as the measurement solution for all the measurements and preparation of
the probe ssDNA solutions. Next, 5′-end amino-modified probe ssDNA molecules were covalently
immobilized on the LAPS surface via the silanization process. Briefly, the LAPS surface, deposited with
ZnO NRAs, was treated with 0.1% (v/v) 3-aminopropyltriethoxysilane (APTES) in toluene with 1 h of
incubation at room temperature (RT). Then, the LAPS surface was rinsed with the solvent and blown
dry using N2, then heated for 2 h at 120 ◦C to solidify the attachment. The introduced amine residues
reacted with the added glutaraldehyde overnight at room temperature. The introduced aldehyde
residues reacted with the amine residues on the end of the probe ssDNA at RT for 12 h. Finally, a 1%
bovine serum albumin (BSA) was added to block any unreacted aldehyde residues and any other
non-specific binding sites on the ZnO NRAs. The sensor was rinsed with PBS and stored at 4 ◦C for
further experiments.

2.2. Preparation of Target E. coli O157:H7 ssDNA

The target ssDNA with part of the base sequence complementary to the probe ssDNA was
prepared from the E. coli O157:H7 eaeA gene using an asymmetric polymerase chain reaction (PCR).
First, the E. coli O157:H7 were cultured in a nutrient broth at 37◦C for 12 h, then it was killed using a
100 ◦C water bath for 15 min. Then, the E. coli O157:H7 was serially diluted to the desired concentrations
with PBS by the surface plating-count method. The E. coli O157:H7 genomic DNA was extracted using
an E.N.Z.A Bacterial DNA Kit (Beijing Solarbio Science & Technology Co. Ltd, China) following the
product’s instructions and used as the DNA template for the asymmetric PCR in order to achieve
the target E. coli O157:H7 ssDNA for label-free DNA detection, based on the hybridization of the
target ssDNA with the probe ssDNA. The forward and reverse primers specific to the E. coli O157:H7
eaeA gene were 5’-GGCGG ATAAG ACTTC GGCTA-3’ and 5’-CGTTT TGGCA CTATT TGCCC-3’,
respectively. For asymmetric PCR, the concentration of reverse primers was set to be 50 times higher
than that of the forward primers. As a result, the forward primers played the role of a “limiting primer”
(i.e., the target E. coli O157:H7 eaeA gene ssDNA will be generated by the reverse primer after the
limiting forward primer was consumed). The asymmetric PCR reaction was carried out using a Bio-Rad
Thermal Cycler (Bio-Rad Laboratories, Inc., Hercules, CA, USA) under the following conditions: 95 ◦C
for 5 min preincubation, followed by 38 cycles of 30 sec denaturation at 95 ◦C, 30 sec of annealing
at 55 ◦C, a 45 sec extension at 72 ◦C, and a 10 sec final extension. The product of the asymmetric
PCR was a short ssDNA fragment (151 bases) of the E. coli O157:H7 eaeA gene, which contained the
complementary base sequence to the probe ssDNA, thus allowing for the hybridization of the probe
ssDNA and the target ssDNA on the LAPS surface for the detection of E. coli O157:H7 ssDNA.

2.3. LAPS Measurement Setup and Target ssDNA Detection

Figure 1 is a schematic diagram of the LAPS measurement setup used in this study, which is
similar to those in our previous reports [29]. The light source was an He–Ne semiconductor laser
(Coherent Co., Santa Clara, CA, USA) with a wavelength of 543.5 nm and a diameter of 1 mm for
illuminating the local area on the LAPS chip. A potentiostat (EG & G Princeton Applied Research,
M273A, USA) was used to provide bias voltage; this was applied to the LAPS chip for the generation of
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photocurrent during illumination. A lock-in amplifier (model SR830 DSP, Stanford Research Systems)
was utilized to amplify the photocurrent of the LAPS chip. A National Instruments data-acquisition
card (DAQmx PCI-6259, National Instruments, TX, USA) was employed to record and collect the
amplified photocurrent. Home-made LabVIEW software was used to control the whole measurement
setup. All measurements were carried out at RT. The whole setup was shielded with a Faraday box to
exclude ambient light and to minimize the influences of environmental factors on the measurements.

The LAPS surface charges changed after the probe ssDNA hybridized with the target ssDNA on
its surface, which can be detected by recording the shifts of the LAPS photocurrent–voltage curves
(I–V curves). First, the measurement solution (10 mM PBS, pH 7.5) was added to the detection
chamber to record the I–V curves from the LAPS chip functionalized with the probe ssDNA. Then, the
measurement solution in the detection chamber was removed and incubated with a solution containing
the target E. coli O157:H7 ssDNA for 1 h at RT. Then, the measurement solution was used to wash the
detection chamber, to remove any ssDNA molecules that did not hybridize with the probe ssDNA
on the LAPS surface. Finally, the I–V curves were recorded from the LAPS surface after the DNA
hybridization. The charge changes induced by the target ssDNA hybridization with the probe ssDNA
on the LAPS surface can be indicated by a comparison of the I–V curves recorded from the LAPS before
and after the target ssDNA hybridization. The shifts of the I–V curves were calculated and used as an
indicator of the target ssDNA hybridization that occurred on the LAPS surface functionalized with the
probe ssDNA.

Figure 1. Schematic diagram of the light-addressable potentiometric sensor (LAPS) measurement setup.

3. Results and Discussion

3.1. Probe ssDNA Immobilization on the LAPS Surface

The surface of the LAPS chip used in this study was deposited with a layer of ZnO NRAs,
which allowed us to load more probe ssDNA molecules due to their enlarged special surface area.
A silanization process was performed to treat the LAPS surface and covalently immobilize the probe
ssDNA on the sensor surface. A scanning electron microscope (SEM) was employed to characterize
the ZnO NRAs deposited on the LAPS surface before and after silanization. Figure 2a shows the SEM
image of the ZnO NRAs deposited on the LAPS surface before silanization. It can be observed that the
orientation of the ZnO NRAs on the LAPS surface is highly ordered. The diameters of the ZnO NRAs
are close to 50 nm, and their lengths and the space between the rods are about 500 nm and 100 nm,
respectively. This geometry provided an ideal surface for the loading of more probe ssDNA. Figure 2b
shows the SEM images of ZnO NRAs after silanization. It reveals that, with the treatment of 5% APTES,
the attachment of APTES residues is apparent on the surface of the nanorods, thus providing sites
for the further crosslink of the probe ssDNA using glutaraldehyde as bridges. Furthermore, after
the silanization with APTES, the nanorods retained the same morphology, through which the probe
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ssDNA molecules could diffuse into and subsequently immobilize on the surface of the nanorods
through a condensation reaction.

Figure 2. SEM images of ZnO nanorod arrays (NRAs) deposited on the LAPS surface (a) before and
(b) after silanization with 3-aminopropyltriethoxysilane (APTES).

For the detection of the target E. coli O157:H7 ssDNA, it was necessary to functionalize the
LAPS surface with the probe ssDNA, which contained a specific complementary base sequence to
the target ssDNA. BSA blocking is also desirable to avoid the non-specific adsorption of molecules
on the sensor surface. The LAPS surface modifications mentioned above can lead to shifts in the
LAPS I–V curves. It is due to the surface charge changes originated from the attachment of charged
molecules on the LAPS surface. Figure 3a clearly shows that both the probe ssDNA immobilization
and the BSA blocking-induced shifts of the LAPS I–V curves to the positive direction of bias voltage.
This is mainly due to the adsorption of the negatively charged probe ssDNA and BSA molecules on
to the LAPS surface. In addition, the optimal concentration of probe ssDNA was found to be 5 μM,
as indicated by the highest shifts of the LAPS I–V curves. This reflects that the probe ssDNA molecules
are immobilized on the LAPS surface with greater efficiency. As compared to the LAPS chip without
the ZnO NRAs, significant higher shifts of the LAPS I–V curves can be induced by probe ssDNA
immobilization (Figure 2b). This proves our hypothesis that the LAPS chip with ZnO NRAs is able to
load more probe ssDNA. This could improve the capability of the sensing target ssDNA, especially in
increasing the sensor dynamic range. On the other hand, with regard to the shifts of LAPS I–V curves
induced by BSA blocking, no obvious difference was found between the LAPS chips with and without
ZnO NRAs (Figure 2b). All the results demonstrated that, compared to the LAPS chip without ZnO
NRAs, the LAPS chip with ZnO NRAs was able to load more probe ssDNA molecules, and this could
potentially enhance the detection of the target ssDNA.

Figure 3. (a) I–V curves recorded from LAPS chip with ZnO NRAs after silanization, probe ssDNA
immobilization, and bovine serum albumin (BSA) blocking. (b) Shifts of I–V curves induced by probe
ssDNA immobilization and BSA blocking on the surface of LAPS chips with and without ZnO NRAs.
All the data are represented by the mean ± standard error of the mean (SEM). ** p < 0.01, Student’s
t-test. The mean and SEM of three experiments are shown.
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3.2. Dectection of Target E. coli O157:H7 ssDNA

After the probe ssDNA immobilization and BSA blocking, the prepared DNA biosensor was
utilized for the detection of the target ssDNA amplified using an asymmetric PCR from different
concentrations of E. coli O157:H7, ranging from 10 CFU/mL to 105 CFU/mL. Asymmetric PCR makes
the PCR product become ssDNA, which makes it possible to hybridize it with the probe ssDNA,
thus allowing it to be detected directly by the DNA biosensor. Moreover, the DNA concentrations of
asymmetric PCR products are proportional to the concentrations of E. coli O157:H7. The proportional
constant between the concentrations of target DNA molecules and E. coli O157:H7 was estimated to be
2.75 × 1011 according to the thermal cycles used in the protocol of asymmetric PCR. Therefore, the
target ssDNA concentrations corresponding to 10 CFU/mL and 105 CFU/mL E. coli O157:H7 were
estimated to be 4.57 nM and 45.7 μM, respectively. The measurement results indicate that asymmetric
PCR products lead to the shifting of LAPS I–V curves to the more positive direction of bias voltage
(Figure 4a). This is mainly attributed to the hybridization of the target ssDNA molecules with the
probe ssDNA immobilized on the LAPS surface, which introduces more negative charges to the sensor
surface, due to the molecules’ intrinsic negative charges. In addition, more shifts of the LAPS I–V
curves were observed to the positive direction of bias voltage when the asymmetric PCR products
from higher concentrations of E. coli O157:H7 were applied for measurement. The shift of the LAPS
I–V curves caused by the asymmetric PCR products from concentrations lower than 100 CFU/mL of
E. coli O157:H7 were negligible, which indicates that the detection limit of this DNA biosensor for the
detection of E. coli O157:H7 was as low as 100 CFU/mL.

The LAPS chip without ZnO NRAs was functionalized with the probe ssDNA and employed as a
comparison to show the influences of ZnO NRAs on the performance of this DNA biosensor. As shown
by the comparison in Figure 4b, it is obvious that the LAPS chip with ZnO NRAs showed a higher
detection capability for E. coli O157:H7, as indicated by the higher slope of responsive linear curves.
The detection limit of the LAPS chip without ZnO NRAs is 500 CFU/mL of E. coli O157:H7. This is
probably because more probe ssDNA was attached to the LAPS chip with ZnO NRAs compared to the
LAPS chip without ZnO NRAs. In addition, ZnO NRAs could provide 3D sites for the probe ssDNA
molecules to hybridize with the target ssDNA more effectively. On the other hand, fully mismatched
ssDNA alone was applied to test the specificity of this DNA biosensor. The results show that the fully
mismatched ssDNA only induced negligible shifts in the LAPS I–V curves. This demonstrated a good
specificity for the detection of target ssDNA amplified from the E. coli O157:H7.

However, since this DNA biosensor can only respond to target ssDNA, it is necessary to amplify
the target ssDNA from E. coli O157:H7 using asymmetric PCR, which makes it impossible for this
biosensor to detect E. coli O157:H7 directly from real samples. In further work, we will focus on the
integration of sample preparation and treatment unit in this DNA biosensor, which could allow for the
direct detection of real samples of E. coli O157:H7.
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Figure 4. (a) Shifts of I–V curves recorded from the LAPS chip with ZnO NRAs in response to
asymmetric polymerase chain reaction (PCR) products from different concentrations of E. coli O157:H7.
(b) Statistical results of potential shifts of I–V curves recorded from LAPS chips with and without ZnO
NRAs, induced by target ssDNA amplified from different concentrations of E. coli O157:H7. All the
data are represented by the mean ± standard error of the mean (SEM). The mean and SEM of six
experiments are shown.

4. Conclusions

In this study, we have demonstrated that, with ZnO NRAs deposited on the surface of a LAPS, the
hybridization of the target ssDNA amplified from E. coli O157:H7—with the probe ssDNA immobilized
on the ZnO NRAs—can be detected by the shift of the I–V curve on the LAPS readout. Compared to
the LAPS chip without ZnO NRAs, the sensing capability of DNA biosensors using a LAPS chip with
ZnO NRAs improved significantly, as indicated by the higher responsive signals and lower detection
limit. This improvement is mainly attributed to the dimensional and sensing properties of ZnO NRAs.
In the near future, we will focus on the direct detection of ssDNA without amplification by integrating
functional units to this DNA biosensor, which has great potential for the development of portable
instruments toward the in-field detection of bacteria. With its ability to detect the hybridization of
DNA molecules and its light-addressable characteristics, LAPS is a potential candidate for a new kind
of label-free addressable DNA microarray and DNA chip, which has the advantages of saving time
and decreasing the cost of potential applications in many fields, such as biomedicine, food and water
quality control, and individualized medicine.
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