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Abstract

The light-addressable potentiometric sensor (LAPS) represents a versatile platform for
chemical and biosensing. Thanks to the light-addressability, the flat sensor surface of a
LAPS can be flexibly divided into areas or pixels, each functioning as an independent
sensor that can be modified with various sensing materials for measuring different ions
or molecules. Since it first appeared in the late 1980s, it has been applied to various
cells and biological samples, driven by technological developments. In this short review,
the principles of a LAPS and its variants are briefly described focusing on recent trends

and applications to cells and biosensing.
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Highlights
* LAPS enables spatially resolved detection of ions or molecules
* It has a high flexibility of setup to be applied to cells and biological samples
* For LAPS, various biosensing principles can be adopted to detect biomolecules
* Applications are analysis of cellular metabolism, neural activity, DNA
hybridization



1. Introduction

A light-addressable potentiometric sensor (LAPS) [1-3] is a semiconductor-based
sensing platform for measuring ions and molecules in a spatially-resolved manner. It has
a layer structure identical to that of the gate region of an ion-sensitive field-effect
transistor (ISFET) [4], in which the Nernst potential on the gate surface controls the
charge carriers in the semiconductor device. Thanks to this structural similarity, many of
the technologies developed for ISFETs are transferable to a LAPS. In addition, the
light-addressability of a LAPS makes it possible to use a light beam to define arbitrary
shapes and sizes of measured areas at particular positions on the sensor surface. It is
therefore natural that researchers focused, even in the earliest publications [1,5], on the
application of LAPS for studying the metabolic activity of cells. Within the last two
decades their usage found extension for analytical purposes such as recording of
different types of bacteria, yeast and other cells, detection of DNA, heavy metal ions
and proteins. In this short review, the principle of a LAPS and its applications to cells

and biosensing in recent years will be summarized.

2. Principles and operation modes

2.1. Setup of a LAPS

Figure 1a shows a typical setup for LAPS measurement. The sensor plate consists of a
semiconductor substrate covered with an insulating layer on top and an ohmic contact
on the rear surface. The surface of the insulating layer is in contact with the analyte
solution to be measured, and a Nernstian potential ¢, which is dependent on the
activity of the analyte, is built up at the electrolyte — insulator interface. This electrolyte
— insulator — semiconductor (EIS) system is externally biased, so that a depletion layer
is formed at the insulator — semiconductor interface. Usually, the sensor plate is
virtually grounded via a transimpedance amplifier (TTA), which operates as an ammeter,
and a DC (direct current) voltage Vi;,s is applied to the reference electrode (RE), or in
other words, the sensor plate is biased to —V,;,s with respect to the RE. Here, the
effective voltage applied to the EIS system is the sum of V), and ¢, and the depletion
layer grows as the EIS system is more reverse-biased until inversion occurs. The
variation of the thickness of the depletion layer is detected in the form of an alternating
current (AC) signal, which is generated by illumination and correlated with the activity

of the target analyte.

2.2. Generation of signals

Figure 1b shows energy band diagrams illustrating the generation of the AC current



signal by modulated illumination. When the light is turned on, electron — hole pairs are
generated inside the semiconductor and diffuse toward the depletion layer. Electrons
and holes are separated by the electric field inside the depletion layer, resulting in a
transient current. When the light is turned off, excess holes inside the depletion layer are
removed by recombination, resulting in a transient current in the reverse direction [2,3].

The repeated generation of alternating currents by modulated illumination can be
represented by an AC current source Ipho, in the circuit model of a LAPS shown in
Figure 1c. The AC current I,po, is divided between the capacitance of the depletion
layer C4 and the capacitance of the insulating layer C; in the illuminated area, and the
AC current that flows through the latter is externally measured as a LAPS signal I. The
series impedance Z includes the impedance of the solution, the resistance of the
semiconductor, the contact resistance, and the input impedance of the TIA. A part of the
signal current is lost by capacitive coupling between the solution and the semiconductor
substrate, which is represented as a return current that flows through the admittance Y
of the non-illuminated area. If both Z and Y are negligibly small, the AC current
signal I is given by a simple formula (see eq. 1),
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which varies as illustrated in Figure 1d left, reflecting the variation of Cy as a function
Of Vbias'

2.3. Measurement modes

Figure 1d left shows the variation of I as a function of V5. As the EIS system is
more reverse-biased, Cy becomes smaller and I becomes larger. When ¢ changes in
response to the activity of the analyte (the figure shows the case of HT ions as an
example), the current — voltage curve shifts along the voltage axis. In the amplitude
mode of LAPS operation, this shift is correlated with the activity of the analyte. It
should be noted that the method is intrinsically potentiometric since no DC current
flows through the insulator [2,3].

Figure 1d middle shows the scanning photo-induced impedance microscopy
(SPIM) mode operation, in which the variation of Z is detected [6-8]. This mode can
be applied, for example, to monitor the change of the impedance of an object such as a
cell, a cell layer, or a tissue directly cultured on the sensor surface.

Figure 1d right shows the principle of the phase-mode LAPS, in which the phase
rather than the amplitude of the AC current signal [ is measured to detect the variation

of the angle of impedance inside the semiconductor. This mode is advantageous in



certain situations where the amplitude may fluctuate [3].

2.4. Light-addressability

Light-addressability is a unique feature of a LAPS, which allows a light beam to address
a particular position of interest on the sensor surface to be investigated. It allows
definition of a plurality of measurement sites that function as a set of independent
sensors [1]. These sensors can be designed to investigate either a single species in a
plurality of samples in isolated multi-wells or a plurality of species in a single sample,
with individual measurement sites modified with different sensing materials in the latter
case. Furthermore, a LAPS can serve also as a platform of chemical imaging by
addressing a two-dimensional array of measurement sites, each corresponding to a pixel

in a chemical image [9,10].

2.5. Related technologies

New technologies related to a LAPS have been developed to enhance its performance
and broaden its field of application. As for the sensor materials, various insulators and
semiconductors have been tested, including HfO films for sensing NH4* [11], silicon
on sapphire functionalized with self-assembled organic monolayers for high sensitivity
[12], ZnO nanorods for increased AC photocurrent and high resolution [13], InGaN for
increased AC photocurrent [14] and indium gallium zinc oxide (IGZO) to avoid
interference of the ambient light [15,16]. To achieve higher spatial resolutions, new
methods for excitation of charge carriers have been also proposed. The use of the
two-photon effect achieved a submicrometer resolution of 0.8 pm [8], and recently, the
use of an electron beam instead of a light beam was proposed [17].

While the photocurrent in a LAPS is a signal to read out the change of the potential
at the illuminated position on the surface, it can also play a role to deliver a faradaic
current for an electrochemical reaction taking place at the illuminated position on the
surface. Such techniques have been applied for stimulating neurons [18-21], ion sensing
[22], detection of DNA hybridization [23,24] and mapping of cell surface charges [25].
They are termed as light-addressable electrode (LAE) [21,26], light-activated
electrochemistry [22-24,27] or photoelectrochemical imaging [14,25], depending on
their purposes.

A different approach of chemical imaging from that based on a LAPS is to utilize
an array of discrete sensors: CMOS ion image sensors [28-30] and ISFET arrays [31,32]
are advantageous for acquisition of chemical images with a large number of pixels at a
high frame rate. In contrast to a device with hard-wired pixels, the pixel layout in a

LAPS can be flexibly arranged at the time of use. Especially, when it comes to in vivo



measurement of cells, flexible addressing is an advantage as the position of a cell is

generally unknown before their culturing.

3. LAPS for cell monitoring

Since its invention, analysis of cells has been considered as one of the main targets of a
LAPS [1,33,34]. A LAPS can measure the acidification rate as an indicator of the
metabolic activity of cells. Such a system is called a microphysiometer and was put into
the market as a Cytosensor® [5,35]. Quantification of the metabolic activity is useful in
pharmaceutical sciences, for example, to test the effect of a certain drug on cells or a
cell culture, immobilized on the LAPS chip, in a drug screening process. The target cells
of recent studies include various bacteria such as Escherichia coli [36-39],
Corynebacterium glutamicum [38-40] and Lactobacillus brevis [38,39], breast cancer
cells [41,42], hepatoma cells [43,44], Chinese hamster ovary cells [45] and
macrophages [46]. For example, Figure 2a compares the acidification rates resulting
from metabolism of three different bacteria [38]. In these studies, the
light-addressability allowed integration of multiple measurement sites on a single sensor
plate [38-40]. Combination of the LAPS with a microfluidic system enables both
continuous drug delivery and exchange of nutrient solution [41,43,44]; in addition,
integration of an on-chip cryopreservation system for enhanced cell recovery on the
sensor chip was realized by electrospun nanofibers for fast thawing [45].

Another modality of assay is the one that relies on the potential change as a result
of specific binding on the surface of a LAPS: Monoclonal antibodies [47] and aptamers
[48] immobilized on a LAPS surface were employed as probes to capture and detect
circulating tumor cells. Aptamers were also selected as bioreceptors to detect adenosine
triphosphate (ATP) released by taste receptor cells [49,50]. Yet another approach is
recording of extracellular potentials, which was reported for olfactory sensory neurons
[51] and taste receptor cells [50] cultured on a LAPS surface. Figure 2b shows a
schematic of such dual measurement of ATP release and extracellular potential of taste
receptor cells [50].

The light-addressability also serves as a basis of cell imaging by using a scanning
light beam. For example, a multilayer of yeast Saccharomyces cerevisiae was visualized
by an inert LAPS without pH sensitivity [52], where the contrast was based on the
surface negative charge and the local impedance of the cells. The surface charge of a
single live cell was visualized under physiological conditions by a photoelectrochemical
imaging system (PEIS) [25] using a setup similar to that of a LAPS but having an

indium tin oxide (ITO) -coated glass substrate. Figure 2¢ depicts a further example, in



which an AC photocurrent image of a human osteosarcoma cell obtained with a LAPS
structure of InGalN/GaN on sapphire is compared with its optical image [14].

In vivo analysis of the brain is another potential application of a LAPS. Figure 2d
shows the concept of the multiplexed pH probe [53,54], which consists of a
millimeter-sized LAPS attached at the tip of an optical fiber bundle. The probe can be
implanted chronically into the brain (hippocampal formation of rats) for a spatially
resolved measurement of local pH fluctuations, studying physiological and

pathophysiological conditions.

4. Biosensing and application to biological samples

A LAPS and related technologies have also been employed as platforms of biosensing
and they have been applied to different biological samples [55]. Biocatalysis and
selective binding are the typical biosensing principles. In the former type, protons or
other chemical species produced during enzymatic reaction are often detected. Figure 3a
shows an example of glucose sensing with glucose oxidase; the sensor was further on
adopted to real biological samples, like blood and urine [56]. Monitoring of systematic
enzymatic degradation of a polymer film shown in Figure 3b is another example [13]. In
the latter type, the probe molecules immobilized on the sensor surface capture target
species in the specimen, or vice versa, and the change of the surface potential is
detected.

Because of the potential importance in biomedical applications, detection of DNA
and DNA-related processes are often the targets of LAPS-based biosensors; various
combinations of probe and target species have been reported. For example, a positively
charged polyelectrolyte layer of PAH (poly(allylamine hydrochloride)) on the sensor
surface was used for electrostatic coupling and detection of double-stranded DNA
(dsDNA) molecules, which are negatively charged [57]. Figure 3¢ demonstrates the
quantification of single-stranded DNA (ssDNA) of E. coli O157:H7 cells based on the
potential change by hybridization with complimentary ssDNA probes immobilized on
the sensor surface [58]. Immunosensing is another strategy of biosensing. DNA
methylation was quantified by measuring the potential change due to binding of
5-methylcytosine (S5mC) sites of ssDNA and 5mC-antibody [59], where the target
ssDNA was anchored on the sensor surface and the antibody was captured. Nucleic
acids can also serve as sensing elements such as aptamers [60,61] and DNAzymes [60].
Figure 3d shows the quantification of Alpha-fetoprotein (AFP) by potential change due
to the binding of AFP to aptamers anchored to gold nanoparticles on the sensor surface
[61].



LAPS-based sensing systems are also applied to food analysis. Detection of E. coli
in orange juice [37] and heavy metal ions in fish [62] and rice [63] are examples of such

systems, which would be of practical use in ensuring the safety of foods.

5. Conclusions

The simple structure and the flexible layout / integration of various measurements on a
single sensor plate are the main advantages of a LAPS. Virtually any process that affects
the potential on the sensor surface can be target of a LAPS-based measurement.
Monitoring of the metabolic activity of cells, recording of neural activities,
measurement of specific biomolecules and detection of DNA hybridization with
LAPS-based measurement systems have been reported (see Table 1) as well as
non-biological applications in the fields of electrochemistry and materials science.
Obviously, a good design of chemistry used for immobilization and specific binding of
probe and target molecules is of essential importance to achieve a highly sensitive and
selective measurement, together with the improvement of the sensor plate, measurement
electronics and data processing. Imaging is one of the directions, into which future
efforts should be directed to explore the further possibilities of LAPS-based analysis
systems. Integration with microfluidics is another direction, which is indispensable for
handling micro-volume samples in biomedical and pharmaceutical applications. Yet
another possibility of a LAPS is that it can be combined with other light-addressing
technologies such as LAE for stimulating, for example, the target cell to be measured by
a LAPS. The next decade will see more sophisticated applications of LAPS-based

systems for cells and biological samples, also emphasizing on single-cell recording.
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Figure Captions

Figure 1. a) Typical setup of a LAPS. RE: reference electrode, CE: counter electrode,
¢: potential difference at the electrolyte — insulator interface. b) Energy band diagrams
explaining the generation of the transient currents in a LAPS after the light is turned on
(left) and off (right). The electron — hole pairs generated by photoexcitation diffuse due
to the concentration gradient toward the depletion layer, where they are separated by the
internal field. ¢) Circuit model of a LAPS. It AC current source representing the
transient currents generated in the depletion layer, I: LAPS signal current measured in
the external circuit, C;, C;': capacitances of the insulator in the illuminated and
non-illuminated areas, C4, Cy': capacitances of the depletion layer in the illuminated
and non-illuminated areas, Z: series resistance of the measurement circuit, Zj tera:
impedance of the solution in the lateral direction, Y: admittance representing the
capacitive coupling of the solution and the semiconductor in the non-illuminated area.
d) Current — voltage characteristics in the amplitude-mode LAPS (left) and SPIM
(middle) and phase — voltage characteristics in the phase-mode LAPS (right).

Figure 2. a) Acidification rates related to the metabolism of three different kinds of
bacteria (E. coli, C. glutanicum, L. brevis) in 1.67 mM glucose plotted as a function of
cell numbers, simultaneously monitored on the same LAPS chip; reproduced from Ref.
[38], open access publication under CC BY license. b) LAPS mechanism for
extracellular recording of potential changes of cell membrane from taste receptor cells
under bitter stimulation; reproduced from Ref. [50] with permission from Elsevier. ¢)
AC photocurrent image of a mesenchymal stem cell on an InGaN surface (left) an
optical image (right). In the color map, blue / red correspond to attached / non-attached
cells; adapted from Ref. [14], open access publication under CC BY license. d)
Photograph of miniature, all-in-one pH LAPS with its illustration of longitudinal
sectional image (left) and example of real-time, in vivo multiplexed pH imaging (right)
after 54 s toe-pinch stimulation of a rat (middle); adapted from Ref. [54] with

permission from Elsevier.

Figure 3. a) Dynamic LAPS measurement for various glucose concentrations;
reproduced from Ref. [56] with permission from Elsevier. b) Polymer degradation over
time by the enzyme a-chymotrypsin utilizing ZnO nanorods for LAPS imaging;
reproduced from Ref. [13] with permission from ACS publications. c¢) Shift of

photocurrent-voltage curves of a LAPS with / without ZNO nanorods towards

17



single-stranded DNA in the nM concentration range; adpated from Ref. [58], open
access publication under CC BY license. d) Calibration curve of a LAPS-based
aptasensor for different AFP concentration; adapted from Ref. [61] with permission

from Elsevier.
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Table 1. Characteristics of LAPS for cell monitoring and biochemical sensing with

category, target and technology (selected examples).

Category Target Technology Reference

E. coli (in orange juice) LAPS (w. pH-sensitive hydrogel nanofiber) [37]
Corynebacterium glutamicum, Lactobacillus brevis, LAPS [38]
E. coli LAPS (w. paper fermentation broth) [39]
quantification of  Corynebacterium glutamicum LAPS [40]
cell metabolism LAPS (w. microfluidics) [41]
(acidification) breast cancer cell LAPS (w. pH-sensitive hydrogel nanofiber) [42]

hepatoma HepG2 LAPS (w. microfluidics) [43,44]
Chinese hamster ovary cell LAPS (w. microfluidics and cryopreservation) [45]
macrophage LAPS (w. magnetic beads loaded with endotoxin) [46]
cell detection and LAPS (w. antibody on carboxylated graphene oxide) [47]
monitoring  quantification of  circulating tumor cell LAPS (w. aptamer anchored on porous graphene (48]

specific cell oxide)

adenosine triphosphate (ATP) from taste receptor cell LAPS (w. ATP-sensitive aptamer) [49]

monitoring of -
membrane potential change of and ATP release from .
cell response to LAPS (w. ATP-sensitive aptamer) [50]
taste receptor cell

stimuli -
extracellular potential of olfactory sensory neuron LAPS [51]
Saccharomyces cerevisiae LAPS [52]
human osteosarcoma cell, rat neuroblastoma cell PEIS (photoelectrochemical imaging system) [25]
human osteosarcoma cell AC photoelectrochemical imaging [14]
brain (mouse, rat) LAPS (w. optical fiber bundle) [53,54]
enzyme-based  glucose in blood, urine enzyme LAPS (w. optical fiber) [56]
biosensor enzymatic degradation of polymer LAPS (w. ZnO nanorod) [13]
LAPS (w. positively charged PAH layer for
dsDNA ¢ P Y g Y [57]
electrostatic coupling)
LAPS (w. complimentary ssDNA for hybridization
X i ssDNA of E. coli O157:H7 cell [58]
biosensing on ZnO nanorod)

affinity-based
. X . LAPS (w. target ssDNA anchored on sensor and
biosensor DNA methylation (5mC sites of ssDNA) i [59]
SmC-antibody added)

functional nucleic acid (FNA)-LAPS (w. DNAzyme

Pb>", Ag" N 60
€ for Pb*", aptamer for Ag") (60}
Alpha-fetoprotein LAPS (w. aptamer) [61]
Cd*, Pb*, Cu*", Hg*" in fish LAPS (w. ionophore) [62]

application to food analysis P N N
Cd*" inrice LAPS (w. ionophore on reduced graphene oxide) [63]
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Figure 1. a) Typical setup of a LAPS. RE: reference electrode, CE: counter electrode,
¢: potential difference at the electrolyte — insulator interface. b) Energy band diagrams
explaining the generation of the transient currents in a LAPS after the light is turned on
(left) and off (right). The electron — hole pairs generated by photoexcitation diffuse due
to the concentration gradient toward the depletion layer, where they are separated by the
internal field. ¢) Circuit model of a LAPS. I, AC current source representing the
transient currents generated in the depletion layer, I: LAPS signal current measured in
the external circuit, C;, C;: capacitances of the insulator in the illuminated and
non-illuminated areas, C4, Cy': capacitances of the depletion layer in the illuminated
and non-illuminated areas, Z: series resistance of the measurement circuit, Zj epa:
impedance of the solution in the lateral direction, Y: admittance representing the
capacitive coupling of the solution and the semiconductor in the non-illuminated area.
d) Current — voltage characteristics in the amplitude-mode LAPS (left) and SPIM
(middle) and phase — voltage characteristics in the phase-mode LAPS (right).
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Figure 2. a) Acidification rates related to the metabolism of three different kinds of
bacteria (E. coli, C. glutanicum, L. brevis) in 1.67 mM glucose plotted as a function of
cell numbers, simultaneously monitored on the same LAPS chip; reproduced from Ref.
[38], open access publication under CC BY license. b) LAPS mechanism for
extracellular recording of potential changes of cell membrane from taste receptor cells
under bitter stimulation; reproduced from Ref. [50] with permission from Elsevier. c)
AC photocurrent image of a mesenchymal stem cell on an InGaN surface (left) an
optical image (right). In the color map, blue / red correspond to attached / non-attached
cells; adapted from Ref. [14], open access publication under CC BY license. d)
Photograph of miniature, all-in-one pH LAPS with its illustration of longitudinal
sectional image (left) and example of real-time, in vivo multiplexed pH imaging (right)
after 54 s toe-pinch stimulation of a rat (middle); adapted from Ref. [54] with

permission from Elsevier.
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Figure 3. a) Dynamic LAPS measurement for various glucose concentrations;
reproduced from Ref. [56] with permission from Elsevier. b) Polymer degradation over
time by the enzyme a-chymotrypsin utilizing ZnO nanorods for LAPS imaging;
reproduced from Ref. [13] with permission from ACS publications. c) Shift of
photocurrent-voltage curves of a LAPS with / without ZNO nanorods towards
single-stranded DNA in the nM concentration range; adpated from Ref. [58], open
access publication under CC BY license. d) Calibration curve of a LAPS-based
aptasensor for different AFP concentration; adapted from Ref. [61] with permission

from Elsevier.
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