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Abstract

:

The light-addressable potential sensor (LAPS) was invented in 1988 and has developed into a multi-functional platform for chemical and biological sensing in recent decades. Its surface can be flexibly divided into multiple regions or pixels through light addressability, and each of them can be sensed independently. By changing sensing materials and optical systems, the LAPS can measure different ions or molecules, and has been applied to the sensing of various chemical and biological molecules and cells. In this review, we firstly describe the basic principle of LAPS and the general configuration of a LAPS measurement system. Then, we outline the most recent applications of LAPS in chemical sensing, biosensing and cell monitoring. Finally, we enumerate and analyze the development trends of LAPS from the aspects of material and optical improvement, hoping to provide a research and application perspective for chemical sensing, biosensing and imaging technology.
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1. Introduction


The light-addressable potential sensor (LAPS) is an electrochemical sensing platform based on field-effect capacitor photocurrent measurement. It detects ions and molecules in an electrolyte in a spatially resolved manner. Since its invention in 1988, LAPS has been widely developed and applied for chemical and biomedical research [1]. LAPS is suitable for detecting the potential changes caused by the changes in ion concentrations. It can also be used for the measurement of local impedance (SPIM). It can be based on an electrolyte insulator semiconductor (EIS) or electrolyte semiconductor (ES) substrate. Compared with ion-selective field-effect transistors with interdigital electrodes for measuring conductivity, redox potential or impedance parameters, LAPS combines chemical sensors and optical addressability, and has great potential for electrochemical imaging and biological imaging.



LAPS combines the generation and measurement of photocurrent with the ion environment on the substrate surface. First, we discuss how this combination realizes the measurement and imaging of ion concentration, photocurrent and photovoltage. Further, we use modeling and simulation methods to help explain this process and try to theoretically explain the effects of light source, substrate thickness and doping concentration on the lateral resolution of LAPS. Then, we select and list the applications of LAPS in chemical sensing, biosensing and imaging, along with the improvements in materials and optical systems, in detail, in order to achieve better sensing and imaging process in the future. When facing different targets of interest, we always need different sensing and imaging strategies according to the actual needs. Figure 1 shows the main advantages of a light-addressable potentiometric sensor compared to other sensors for chemical sensing and biosensing. We illustrate these advantages in detail and discuss the disadvantages of LAPS as well, followed by the challenges faced by today’s research and possible solutions. We strongly believe that this review can clarify the current research directions and application methods for LAPS, and help readers use LAPS to develop practical high-resolution biological imaging methods and biosensors with high sensitivity, high selectivity and stability.




2. Measurement System of a LAPS


2.1. Principle and Setup


A complete LAPS system includes three basic units: a light source (such as LED or laser beam), a LAPS chip and an electronic circuit for reading photocurrent. For example, Figure 2a shows a typical setup of LAPS based on EIS structure, using culture medium as the electrolyte, SiO2/Si2N4 as the insulator, Si as the semiconductor, an LED light source and a constant potential circuit for measurement.



Most of the carriers are swept away from the surface when a bias voltage is applied to the metal electrode, resulting in a space charge region. When the modulated light is irradiated on the back of the LAPS through the optical probe, according to band gap theory, that is the internal photoelectric effect. During illumination, electron–hole pairs will be generated on the back surface of the silicon substrate. After the photon-induced carriers are generated, they will begin to diffuse immediately, and some of them will recombine in the path. Only the molecules reaching the space charge region can be bent and separated by the energy band, generating external photocurrent and affecting the spatial resolution. In the absence of light, the excess carriers in the space charge region are released and gradually recombined. Therefore, under modulated illumination, alternating photocurrent can be detected in an external circuit. This is the principle of the LAPS sensing process, and Figure 2b shows typical photocurrent–voltage curves of this process using a constant potential circuit applied to pH sensing.



LAPS devices are optically addressable, which means the signal from each local area (point) on the grid surface can be read by illuminating the area with a modulated light source. This characteristic makes LAPS not only useful for chemical sensing, but also suitable for chemical imaging and multi-sensor applications [1]. When the surface of a semiconductor is scanned by a focused laser beam (scanning setting) or a light source array (e.g., light emitting diode (LED)), the two-dimensional distribution of the change in surface potential caused by the local concentrations of some chemical or biological substances can be detected by measuring the photocurrent at each point.




2.2. Modeling of a LAPS


We know little about the characteristics of the LAPS, even if it has been used in the sensing and imaging of various ions and molecules. For example, it is generally believed that one of the biggest characteristics of a LAPS is its spatial resolution, but so far, the optical characteristics of LAPS devices have not been analyzed in detail. In addition, in an experiment, a LAPS device often cannot obtain a satisfactory spatial resolution and signal-to-noise ratio at the same time, so it is necessary to find a compromise between the two. To reasonably explain these problems, it is essential to establish a LAPS equivalent circuit model to analyze its photocurrent characteristics.



A. Poghossian et al. discussed the impedance effect and crosstalk of a non-illumination area on the measurement of the photocurrent and optical addressability of LAPS devices by designing an extended equivalent circuit model [3]. Photocurrent depends not only on the local interface potential in the illumination area, but also on the possible change in interface potential in the dark area; that is, the change in bypass impedance in the equivalent circuit produces crosstalk effect. In order to minimize the influence of non-illumination area, the experiment proves that when selecting the measuring circuit in the design of LAPS, the input resistance must be much lower than the impedance of the non-illumination area, so that most of the photocurrent flows into the measuring circuit to achieve the best measurement effect.



Tatsuo et al. proposed a circuit model for reflux in LAPS, which is shown in Figure 3 [4]. They discussed the dependence of signal current on various parameters, such as contact area diameter, modulation frequency and solution-specific conductivity, and then calculated the series resistance of the circuit. It was found that due to the differences in reflux in calibration and measurement, the local change in analyte concentration in imaging may be underestimated. In addition, these equivalent circuit models were also used to study the impedance measurements and frequency characteristics of LAPS under different bias voltages. It was found that the input of data acquisition card can be maximized through a three-electrode configuration and a gain scaling network. A better operational amplifier with better noise performance and higher bandwidth can be used to improve the signal-to-noise ratio and bandwidth [5].




2.3. Device Simulation of a LAPS


Differently from establishing the equivalent circuit model, a simplified division simulation is proposed to simulate the carrier distribution and photocurrent response, which provides new insights into the amplitude mode and phase mode operation of LAPS. Similarly, the division simulation also focuses on the spatial resolution of LAPS, which can check various equipment parameters to effectively design and optimize LAPS structure and settings in order to improve performance. By calculating the temporal and spatial variation in electron and hole distribution in semiconductor layer with modulated illumination, the photocurrent response and spatial resolution are obtained. At the same time, the specific relationship between LAPS spatial resolution and substrate thickness, doping concentration and light intensity can be found. Firstly, higher spatial resolution can be obtained by the utilization of a thinner silicon substrate, which can be explained by considering the geometric effect in minority carrier diffusion. Secondly, the spatial resolution is dependent on the minority carrier diffusion length, and the doping concentration has an effect on the minority carrier diffusion length, which is why the doping concentration usually affects the spatial resolution of LAPS in experiments. Third, when the silicon substrate is thick, higher spatial resolution can be obtained using a light source with a longer wavelength and lower illumination intensity. Finally, the simulation results show that the incident angle of constant illumination will also affect the spatial resolution of LAPS, as Figure 4 shows. When combined illumination with large incident angle is used, the spatial resolution can be improved, because the optical carriers are limited near the depletion layer without enhancing the recombination near the back. At this stage, the simulation mainly considers the insulator semiconductor part of LAPS. In the future, it will be necessary to add the electrolyte insulator interface to the division simulation to consider its electrochemical effect [6,7,8].





3. LAPS for Chemical Sensing


3.1. Chemical Sensing and Application


LAPS chemical sensing has been reported for various metal ions by researchers, such as Yoshinobu et al. In the early stage, LAPS combined with a microfluidic system was applied to chemical sensing and imaging at the same time, which was used for the detection of heavy metal ions Pb2+, Cu2+, Cd2+ and Hg2+; and other metal ions, Li+, K+, CS+, Mg2+ and Ca2+ [9]. LAPS chemical sensing targets are usually heavy metals [10,11,12,13], pH [11,14,15,16,17,18], pH imaging [19,20,21,22,23,24], other metals and nonmetals [9,25,26,27,28,29,30,31]. In addition, microfluidics combined with LAPS have been used to monitor ion diffusion for a long time [30]. A LAPS-based method has also been proposed to measure corrosion, combined with biosensor corrosion of materials [18].



Food safety has always been one of the most important application fields of chemical sensors. When detecting video pollutants, SPR and optical biosensors are usually used to detect pesticides, pathogens, heavy metal ions and toxic substances. With the progress in microfluidic and optical technology, the demand for optical biosensors in food safety is increasing. LAPS has been applied to the detection of food safety in recent years, such as heavy metals in fish [12] and Cd content in rice [13]. Figure 5 shows great potential for food safety monitoring using a LAPS. More detailed information of LAPS’s application to chemical sensing is shown in Table 1.




3.2. Advanced Materials for Chemical Sensing and Imaging


LAPS chip materials will affect the spatial resolution [35,36,37,38,39,40,41,42,43,44,45], sensitivity [31,35,37,46,47,48,49,50], stability [51], manufacturing simplicity and costs [38,52,53,54], specific molecular binding ability [55,56,57,58,59], imaging speed [60], super hydrophilic analysis [61] and multi-component analysis ability [62] of LAPS. Therefore, people continue to improve the performances of LAPS devices with new substrate materials and doping methods. For example, Zhou et al. found that as a photocurrent imaging substrate without any modifications, In0.175Ga0.825N/GaN obtains greater photocurrent under a semiconductor laser, and clearer PMMA dots and photocurrent images of mesenchymal stem cells under a focused laser beam, as shown in Figure 6, giving it greater advantages compared with ITO and ZnO substrates [40].



The LAPS has shown high sensitivity, resolution and imaging speed with various ions and pH levels, since ion and pH measurement became the major application from the very invention of the LAPS. As Table 2 shows, a well designed chemical sensor with LAPS can not only achieve high sensitivity and a low signal-to-noise ratio, but also become a candidate for the development of a biosensor. As we mentioned above, LAPS has great potential for food safety detection, in which the boundary between chemical sensing and biosensing is getting blurred. Therefore, detection of heavy metals and bacteria is suggested to be combined together using LAPS as a platform in the future, but we will face more challenges on specificity, stability and standardization problems.





4. LAPS for Biosensing


4.1. Biosensing and Imaging


A biosensor using LAPS uses enzymes [19,38,64], antigens or antibodies [65,66,67], DNA [68,69,70,71], cells [72,73,74,75,76], sensitive materials [77,78,79,80] or biological initiators [81] to detect specific biochemical molecules of interest, which greatly expands the detection range of LAPS and generally provides good specificity, as shown in Table 3. In addition, the rapid detection of LAPS can overcome the disadvantage of poor binding stability between the LAPS chip and biomolecules or cells to a certain extent.




4.2. Cell Monitoring


A LAPS has the ability to characterize the chemical processes of cells cultured on the LAPS’s surface, which is a unique advantage of LAPS among electrochemical sensors. As a result, people can use LAPS for monitoring and imaging of cell metabolism. The target cells monitored in recent studies were rat renal cells [87,88,89], cardiac myocytes [90,91], human breast cancer cells [2], mouse embryonic fibroblasts [92], Escherichia coli [65,93,94,95,96], HeLa cell lines [97], Chinese hamster oval (CHO) cells [25,96,98,99], adrenal chromaffin cells [100], C3 cells [99], Corynebacterium glutamicum [93,94], Lactobacillus brevis [93,94,101], MDA MB231 and MDA-MB-435MDR [102] and hepatoma HepG2 cells [103]. Stimulated cells have also been reportedly monitored by LAPS [84,85,104,105]. On this basis, LAPS cell monitoring was further applied to in vivo pH probes [106], deep brain recordings [107] and detection of cells [108,109,110,111].



LAPS can realize more effective monitoring of cell activities, especially high-speed monitoring of cell metabolites, cell responses to different targets and the extracellular environment in a label free sensing process, which can hardly be achieved by other optical imaging or chemical sensing methods. However, the biosensing processes, especially cell monitoring, are limited mainly because of the low biocompatibility of LAPS chips and the difficulty of raising photocurrent and spatial resolution with materials and optical methods. The imaging times are too long to get more detailed information of cell activities as well, according to Table 4. Therefore, for the development of biosensors using LAPS, we should continually focus on achieving higher photocurrent, spatial resolution and scanning speed, and better stability and biocompatibility. More aspects of cell interaction with LAPS chips and electrolyte and optical systems should be considered in the development of biosensors using LAPS.





5. Optical System Improvements for LAPS


Higher lateral resolution, sensitivity, stability, measurement and imaging speed are the main improvements achieved by improving the optical system of a LAPS. These improvements include light sources [64], optical devices, optical control systems, etc. For example, Zhou et al. proposed a new high-spatio-temporal resolution photoelectrochemical imaging system (PEIS) which uses an analog micromirror to obtain a diffraction-limited laser spot to scan the sensor’s surface (see Figure 7a). The multifunctional system is based on an electrolyte insulator semiconductor (EIS). This structure achieves very fast LAPS measurements and high-speed AC/DC photoelectrochemical imaging based on its electrolyte semiconductor (ES) structure, along with high lateral resolution. The use of PEIS makes the details of cell viability clearer than with a typical fluorescence microscope. In addition, EIS can image multiple cells simultaneously and continuously, and monitor the concentrations of ions and metabolites at the same time, as shown in Figure 7b, which provides electrochemical information that other electrochemical imaging devices do not [115]. Miyamoto et al. used mixed illumination composed of a modulated beam and annular constant illumination to suppress the transverse diffusion of optical carriers through enhanced recombination [116]. The spatial resolution of the chemical imaging sensor has been improved and can distinguish chemical images of 100 μm. More detailed information of overall progress by improving optical system for LAPS is shown in Table 5.




6. Conclusions


LAPS has great application prospects in chemical and biomedical sensing and imaging, but many new problems have emerged. There are many problems and challenges to be solved for emerging chemical materials: the affinity and stability of biomaterials combined with LAPS chips, and physical simulation and optical system construction. Both chemical sensors and biosensors based on LAPS are facing the challenge of difficulties improving sensitivity, selectivity and detection limits in time and space, including photocurrent, special resolution and speed of imaging. The difference is that chemical sensors care more about sensitivity, whereas specificity, stability and biocompatibility are highly valued in the development of biosensors. In the future, the abiotic parts of a LAPS could be considered as a whole system in the device simulation process, combining the electrolyte insulator interface with the insulator semiconductor part of a LAPS and optical system during sensor developing and data processing. It is predictable that the developments in electrodes and optical systems will provide higher photocurrents and imaging speeds for LAPS. Integrating the field-effect charge sensing process in LAPS with microfluidic technologies could further improve the sensitivity and accuracy. Moreover, more strategies for interface functionalization of biomacromolecule and cell culturing should be used to take more advantage of the light addressability in biosensing process. At the same time, miniaturization and performance improvements are being carried out, which may allow more applications in biomedicines.
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Figure 1. Main advantages of the light-addressable potentiometric sensor. 
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Figure 2. (a) A typical setup of a light-addressable potentiometric sensor for acid detection; (b) typical photocurrent–voltage curves for a LAPS sensor under different pHs, under constant current detection mode and constant voltage detection mode measuring parameters [2]. 
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Figure 3. (a) A simple circuit model of the return current; (b) the path of the return current is represented by admittance Υ; (c) a circuit model of the non-illuminated region [4]. 
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Figure 4. Distribution of minority carriers near the space charge region. The white lines show the border of the space charge region [6]. 






Figure 4. Distribution of minority carriers near the space charge region. The white lines show the border of the space charge region [6].



[image: Chemosensors 10 00156 g004]







[image: Chemosensors 10 00156 g005 550] 





Figure 5. (a,b) A rapid method for the tracing of Cd (II), Pb (II), Cu (II) and Hg (II) in fish tissues [12]. 
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Figure 6. (a) AC photocurrent images of a PMMA dot on InGaN measured at 0.6V; (b) AC photocurrent image of a mesenchymal stem cell on InGaN surface [40]. 
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Figure 7. (a) Schematic of the photoelectrochemical imaging setup with an analog micro-mirror-based fast beam steering was achieved with 4f design lens relay system. (b) Photocurrent changes under cells during exposure to a TX-100 concentration smaller than the critical micelle concentration. Including time-lapse photocurrent images of B50 cells exposed to 0.01% TX-100 in S-HEPES buffer, time-dependent photocurrent traces for individual cells and photocurrent X-axis line scan analysis [115]. 
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Table 1. Categories, targets, technology, detection limits or ranges, noise and measurement times of articles on LAPS chemical sensing and imaging published in recent years.
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	Category
	Target
	Technology
	Sensitivity
	Detection Limit or Range
	Noise
	Measurement Time
	Ref.





	Chemical Sensing
	Ions and molecules
	LAPS with pulsed laser deposition (PLD)
	58 mV/pK,

59 mV/pLi,

57 mV/pCs,

27 mV/pCa and

26 mV/pMg
	10−6–10−1 mol/L
	-
	-
	[9]



	
	pH
	LAPS with a HfO2 layer
	30.1 mV/pH
	pH 2–12
	-
	-
	[14]



	
	
	LAPS with Gallium nitride (GaN) film
	52.29 mV/pH
	pH 2–12
	-
	-
	[15]



	
	Heavy metals
	LAPS with PVC membrane
	28.7–29.3 mV/dec
	10−5–10−1 mol/L
	0.5 mV
	2–4 s
	[10]



	
	Four taste molecules
	LAPS with surface imprinted TiO2 membranes
	40 ppm/V
	2–300 ppm
	-
	-
	[25]



	
	Ions (pH and heavy metal)
	LAPS with a miniaturized multi-sensor chip based on nano-band electrode array (NEA)
	0.510 mA/ppb(lead), 0.678 mA/ppb(copper) and f 56.49 mV/pH
	20–100 ppb
	2 mV
	120 s
	[11]



	
	
	LAPS with Microelectrode array (MEA) on the same wafer
	36.3 nA/ppb(zinc), 11.2 nA/ppb(lead) and 4.6 nA/ppb(copper) and 52.1 mV/pH
	-
	4 mV
	-
	[32]



	
	
	
	-
	10−7–10−2 mol/L (Zn2+ and Pb2+)
	-
	15 s
	[33]



	
	pH and pNa
	LAPS with a HfO2 layer
	33.9 mV/pNa
	-
	-
	-
	[16]



	
	
	
	31.8 mV/pNa
	-
	-
	-
	[17]



	
	NH4+
	LAPS with functionalized ALD-HfO2 film
	37.28 mV/pNH4
	-
	-
	-
	[26]



	
	
	LAPS with ALD-HfO2 films with post RTA and CF4 plasma treatment
	37 mV/pNH4
	-
	-
	-
	[27]



	
	K+ and Cl−
	LAPS with ceramic samarium oxide (Sm2O3)-sensing membrane
	39.21 mV/pK and 36.17 mV/pCl
	10−3.5–100 M
	-
	-
	[28]



	
	1,5-anhydroglucitol (1,5-AG)
	LAPS with gold nanoparticles enhancing enzymatic silver deposition
	2.1 mV per gland 1, 5-AG concentration (μg/mL)
	40–225 μg/mL
	SNR = 3
	-
	[29]



	
	Cd(II), Pb(II), Cu(II), Hg(II) in fish tissues
	LAPS
	-
	0.1–1000 mg/L
	-
	10 s
	[12]



	
	cadmium (Cd) in rice
	LAPS with reduced graphene oxide (RGO)
	27.9 mV per decade
	0.002 mg/L
	0.23 mV
	10 s
	[13]



	
	pH of Crevice Corrosion
	LAPS
	-
	12 μm
	-
	145 s
	[18]



	Chemical Imaging
	Multi-ion
	LAPS with stripe patterns of membranes on the surface
	58 mV/pK,

59 mV/pLi,

57 mV/pCs,

27 mV/pCa and 26 mV/pMg
	-
	-
	-
	[9]



	
	pH
	LAPS with a commercially available projector
	-
	pH 5–10
	-
	15 Hz (22 × 22 µm2)
	[19]



	
	
	Phase-mode LAPS
	55.7 mV/pH,
	pH 4–10
	-
	-
	[20]



	
	
	LAPS with digital micromirror device (DMD)
	-
	-
	-
	150 ms (500 × 500-pixel image)
	[21]



	
	
	FDM-LAPS(frequency division multiplex)
	-
	pH 4–10
	-
	6.4 s (16 pixels × 128 lines)
	[22]



	
	
	constant-phase-mode operation of the LAPS with EIS
	52.7 mV/pH
	pH 4–10
	-
	-
	[23]



	
	Ion diffusion
	LAPS
	52.4 mV/pH
	pH 4–10
	-
	24 ms per pixel (128 × 128 pixel image)
	[30]



	
	Ion and pH
	LAPS with Hybrid Fiber-Optic Illumination
	-
	68 μm spatial resolution
	-
	-
	[24]



	
	Imaging the impedance of an organic monolayer
	LAPS and SPIM
	−65 mV potential shift
	-
	5 mV
	15 min (500 × 500 μm2; 5 μm step size)
	[34]
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Table 2. Targets, main improvements, technology, detection limits or ranges, noise and measurement times of articles on the improvements in LAPS chip materials published in recent years.
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	Target
	Main Improvement
	Technology
	Sensitivity
	Detection Limit or Range
	Noise
	Measurement Time
	Ref.





	pH
	High photocurrent and pH sensitivity
	LAPS with thin Si substrate and surface roughness
	55.23 mV/pH
	pH 2–12
	-
	-
	[35]



	
	High photovoltage and pH sensitivity
	LAPS with thin Si substrate and niobium oxide (NbOx)
	60.3 mV/pH
	pH 2–10
	-
	-
	[31]



	
	
	thin-Si LAPS
	45.4 mV/pH
	pH 2–12
	-
	-
	[37]



	
	High-sensitivity imaging and sensing
	LAPS using silicon on sapphire (SOS) functionalized with self-assembled organic monolayers
	-
	49 nA
	-
	0.01 V/s
	[46]



	
	Improvement on photocurrent and spatial resolution
	LAPS with P-I-N amorphous silicon (a-Si) on ITO/glass
	40 mV/pH
	pH 2–10
	-
	-
	[39]



	
	Increases of calculated pH sensitivity and linearity
	LAPS with a niobium oxide (NbOx) layer
	60 mV/pH
	pH 3–10
	0.3 mV
	−3 mV/h
	[47]



	
	pH sensing membrane
	LAPS with fluorographene sensing membrane
	56.8 mV/pH
	pH 2–12
	-
	2.6 mV/h
	[48]



	
	
	LAPS with In–Ga–Zn oxide (IGZO) layer
	61.8 mV/pH
	pH 2–12
	-
	-
	[49]



	
	Low cost and robust
	LAPS and SPIM using ITO-Coated glass as the Substrate Material
	70 mV/pH
	2.3 μm resolution
	-
	-
	[54]



	
	Increase AC photocurrent with enhanced image resolution
	LAPS with ZnO Nanorods as the Sensor Substrate
	53 mV/pH
	45.7 nA photocurrent
	0.1 nA
	6 h stability
	[41]



	
	Higher photovoltage
	LAPS with niobium oxide (NbOx)/P-I-N amorphous silicon (a-Si) on ITO/glass structure
	40 mV/pH
	pH 2–10
	-
	-
	[42]



	
	Higher photocurrent and high speed imaging
	LAPS with Inductively coupled plasma reactive-ion etching (ICP-RIE) (Si substrate)
	55.8 mV/pH
	pH 2–12
	-
	-
	[60]



	
	Higher photovoltage
	LAPS with In-Ga-Zn oxide (IGZO) semiconductor layer
	66 mV/pH
	pH 2–12
	-
	-
	[43]



	
	pH sensing evaluation
	LAPS with SnOx as a photosensitive semiconductor
	1.29 μA and 57.6 mV/pH
	pH 4–10
	-
	-
	[50]



	
	Low cost and high performance
	LAPS with well-ordered polystyrene (PS) colloidal monolayer
	53.47 mV/pH
	pH 4–10
	-
	-
	[63]



	
	High spatial resolution, high speed imaging and high signal-to-noise ratio
	LAPS with anisotropic etching process based on tetramethylammonium hydroxide (TMAH)
	-
	20 μm spatial resolution
	-
	10 Hz–120 kHz
	[44]



	
	High photocurrent and immunity to room light inference
	LAPS with Indium Gallium Zinc Oxide (IGZO) on Indium Tin Oxide (ITO) glass (IGZO LAPS)
	58.9 mV/pH
	pH 2–12, 50 μm pattern recognition s
	-
	-
	[45]



	
	Superhydrophilic
	LAPS with Plasma Treatment
	59.6 mV/pH
	pH 6–10
	4 mV hysteresis
	117 h
	[61]



	Neurons (from rat embryos)
	Compatibility and easy to fabricate
	LAPS using TiO2 as a photo-conductor
	10 µC/cm2/V
	-
	-
	5 min
	[52]



	photocurrent
	No need to apply DC bias voltage and for gas detection
	LAPS with silicon p–n junction from solar cell
	-
	-
	-
	103 cm/s
	[53]



	
	Immobilizing enzymes
	LAPS with quantum dots as switchable layer
	-
	913 nA
	-
	-
	[55]



	DNA
	Resist nonspecific adsorption to the DNA-modified interface on Si(100) devices
	LAPS and light-addressable amperometric sensors based on organic-monolayer-protected Si(100)
	-
	1.0 × 10−11–1.0 × 10−6 M DNA
	4.5%STD
	-
	[57]



	No specific target
	AC photoelectrochemical imaging
	LAPS with InGaN/GaN thin films
	-
	10 nm narrow gap
	-
	-
	[40]



	
	Flexibility and resolution of the image
	LAPS with mini-projector and miniaturized amorphous-silicon
	-
	72 μm × 72 μm spot size
	SNR = 10.72
	-
	[38]



	
	Impedance of functionalized microcapsules
	LAPS with microcapsules modified with gold nanoparticles
	-
	20 μm × 25 μm spot size
	-
	-
	[59]



	
	Repair thermally grown oxide layers
	LAPS and SPIM
	-
	1.31 nA/cm2
	-
	-
	[56]



	
	Characterization
	LAPS with chemically patterned non-oxide SOS substrate
	−50 mV voltage shift
	-
	-
	-
	[58]



	
	Keep the electrode stable longer
	LAPS with Perhydropolysilazane-Derived Silica Treated by O2 Plasma (passivation)
	-
	-
	-
	100 h stability
	[51]
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Table 3. Categories, targets, technology, sensitivities, detection limits or ranges, noise and measurement times of articles on LAPS biosensing and imaging published in recent years.
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	Category
	Target
	Technology
	Sensitivity
	Detection Limit or Range
	Noise
	Measurement Time
	Ref.





	Enzyme-based biosensor
	Urease
	LAPS with an enzyme reactor in a fluidic channel
	-
	0.3 × 10−3–10−1 mol/L
	-
	12.5 μL/min
	[82]



	
	Glucose oxidase
	LAPS with on-board light driver and transimpedance amplifier
	101.1 mV/dec
	0.01–100 mM
	-
	10 s
	[83]



	Affinity-based biosensor
	Short chain single strand DNA (ssDNA)
	GO-LAPS (Graphene oxide (GO) based LAPS)
	-
	1 pM–10 nM
	-
	50 mV/s
	[69]



	
	
	LAPS
	-
	100 mV
	-
	-
	[70]



	
	
	LAPS with different ssDNA chains
	0.514 mV/lg[ppb]
	0.01–100 ppb
	3.9%STD
	-
	[71]



	
	DNA sequences related to HBV, HCV, HIV
	LAPECS
	0.29 μA/logC(nM)
	0.7 pM
	0.7 μA
	-
	[72]



	
	Functional Nucleic Acids
	FNA-LAPS
	2.86 (Pb2+) and 1.53 (Ag+) mV/lg(ppb)
	0.01 ppb
	-
	30 min
	[80]



	
	Antigens and antibodies of AFP CEA CA19-9 Ferritin
	LAPS with chip initiated by L-Dopa
	0.39 ± 0.07 pA per ng/mL, 0.22 ± 0.04 pA per ng/mL, 0.18 ± 0.07 pA per U/mL and 0.12 ± 0.02 pA per 10 ng/mL for AFP, CEA, CA19-9 and Ferritin
	20 ng/mL(AFP)
	-
	-
	[67]



	
	Human immunoglobulin G (hIgG)
	LAPS with goat anti-human immunoglobulin G antibody
	ΔV(V) = 0.00714 ChIgG(μg/mL)–0.0147
	0.15 μg/mL
	SNR = 3
	-
	[68]



	
	Mouse IgG detecting rabbit anti-mouse IgG
	LAPS
	65 7 μV/p[IgG]
	0.01 μg/mL
	-
	-
	[66]



	
	5-methylcytosine (5mC)
	LAPS with DNA Methylation Sensing Interface
	-
	10 pM–100 nM
	-
	-
	[78]



	
	Alpha-fetoprotein (AFP)
	LAPS with gold nanoparticles (Au NPs)
	2.5892 mV/μg/mL
	92.0 ng/mL
	2.76%RSD
	-
	[81]



	
	Circulating-tumor-cell (CTC)
	LAPS with porous-graphene-oxide (PGO) enhanced aptamer specific CTC sensing interface
	ΔVout/Vout,0 = −7.63, −9.85, −6.67%/lg[spiked cells] for A549, HeLa and MDAMB231
	5–5000 spiked cells
	-
	30 min
	[79]



	Cell-based biosensor
	Heavy metal
	MLAPS with stripping voltammetry
	-
	280 μg/L Fe(III), 26 μg/L Cr(VI)
	-
	0.02 V/s
	[73]



	
	Tastants mixture
	LAPS
	-
	10–30 μV
	-
	-
	[84]



	
	Nutrient concentration
	LAPS
	(89.0 ± 1.5) mV per decade glucose
	0.5 mM glucose
	-
	-
	[74]



	
	Odorants or neurotransmitters
	LAPS
	-
	1 μM acetic acid
	-
	-
	[75]



	
	
	
	-
	25 μV
	-
	-
	[76]



	
	
	
	-
	45 μV
	-
	60 s
	[77]



	
	HCl
	LAPS in both time domain and frequency domain
	-
	pH 2–7.5
	SNR = 3
	-
	[85]



	Bio-initiator-based biosensor
	L-DOPA for protein binding and immunoassay
	LAPS with the surface bio-initiated by L-DOPA
	5.68 nA/p[Ag]
	0.001–4 μg/mL IgG
	-
	-
	[82]



	
	Polyion-based enzymatic membrane for acetylcholine (ACh)
	LAPS and CCD
	56.5 mV/pH for LAPS and 20.5 mV/pH for CCD-type sensor
	1 μM–1 M ACh
	-
	200 ms/frame
	[86]
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Table 4. Categories, targets, technology, sensitivities, detection limits or ranges, noise and measurement times of articles on LAPS cell monitoring published in recent years.
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	Category
	Target
	Technology
	Sensitivity
	Detection Limit or Range
	Noise (mV)
	Measurement Time
	Ref.





	Cell metabolism
	Rat renal cells
	LAPS with heavy doping and thick oxide layer
	56.99 mV/pH
	64% ECAR (extracellular acidification rate)
	5 nA
	-
	[87]



	
	
	LAPS with an electrolyte-insulator-semiconductor (EIS)
	41.6 mV/pH
	-
	-
	-
	[88]



	
	
	LAPS with electrical cell-substrate impedance sensor (ECIS)
	57.7 mV/pH
	24% ECAR
	-
	2.5 h
	[89]



	
	
	LAPS with EIS (impedance measurement)
	7.87 ± 1.90% (RMS ± standard deviation)
	-
	-
	30 min
	[37]



	
	Cardiac myocytes
	LAPS
	53.9 mV/pH
	-
	0.25 mV
	90 ms (extracellular potential)
	[90]



	
	
	LAPS and ECIS
	1 nA
	-
	-
	1.0 × 10−4 s (time resolution)
	[91]



	
	
	Four-channel LAPS
	-
	20–40 µV
	-
	30 to 250 times per min (beating frequencies)
	[104]



	
	Human breast cancer cells MCF-7
	LAPS with constant voltage detection mode
	1104 nA/pH
	80% ECAR
	1 nA
	-
	[2]



	
	Mouse embryonic fibroblast 3T6 cells
	LAPS and cellular impedance sensor(LAPCIS)
	-
	0.16 CI (in cell index), 9.3% ECAR
	-
	24–48 h
	[92]



	
	Escherichia coli (E. coli)
	LAPS with polyacrylamide gel
	5.0 × 104 H+ s−1 per cell
	-
	0.06 mV
	36–48 min
	[112]



	
	Chinese hamster ovary (CHO) cells
	LAPS
	52.8 mV/pH
	0.24 mV/min
	-
	10 min
	[99]



	
	
	LAPS with polymer (PP-ABS) multi-chamber structure
	-
	2.9 mV/min
	-
	-
	[98]



	
	
	LAPS with multi-chamber structures
	54 mV/pH
	2.78 mV/min
	-
	-
	[96]



	
	
	LAPS with microfluidic unit
	56 mV/pH
	0.79 mM/pH (buffer capacity)
	-
	5 h
	[25]



	
	Adrenal chromaffin cells
	LAPS
	-
	15% ECAR
	20 dB (SNR)
	10 min
	[100]



	
	C3 cells
	LAPS
	-
	17–299 mM (glucose concentration)
	-
	30 min
	[99]



	
	Escherichia coli, Corynebacterium glutamicum, and Lactobacillus brevis
	Differential LAPS
	54 mV/pH
	1.7–400 mM (glucose concentration)
	0.02 mV
	30 min
	[113]



	
	
	
	0.5 mV/min
	1.67 mM (glucose concentration)
	0.02 mV
	40 min
	[94]



	
	HeLa cell lines
	LAPS and ECIS
	52.88 mV/pH
	20% ECAR
	-
	24 h
	[97]



	
	Cancer cells (MDA MB231 and MDA-MB-435MDR)
	LAPS with pH sensitive hydrogel nanofibers (NF-LAPS)
	74 mV/pH
	-
	5 nA
	90 min
	[102]



	
	Hepatoma HepG2 cells
	LAPS with Microfluidic chip system
	335.5 nA/pH
	17.88 mpH/min
	-
	17 min
	[103]



	
	Corynebacterium glutamicum (C. glutamicum ATCC13032)
	LAPS with multi-chamber structures
	54 mV/pH
	0.22 mV/min
	0.03 mV
	2 nm/s
	[101]



	
	Escherichia coli K12 (E. coli K12)
	LAPS with with multi-chamber structure
	54 mV/pH
	0.55 mV/min
	-
	60 min
	[95]



	
	
	
	-
	1.97 mV/min
	0.05 mV
	20 min
	[96]



	
	Taste receptor cells (from Sprague–Dawley rat)
	LAPS in both time domain and frequency domain
	-
	-
	10 dB (SNR)
	49.65 ± 1.92 ms (extracellular potential)
	[85]



	
	Rat taste bud cells
	LAPS
	-
	10–30 µV
	-
	-
	[114]



	
	
	LAPS and platinum electrodes
	-
	0.8% (signal change)
	-
	30 min
	[105]



	Detection of cells
	Mammary adenocarcinoma cell (MDAMB231)
	Phage-LAPS
	-
	10–60 µV
	-
	-
	[108]



	
	Escherichia coli Detection in Orange Juice
	Portable nanofiber LAPS (NF-LAPS)
	0.149 per CFU/mL
	102–106 CFU/mL
	-
	60 min
	[109]



	
	E. coli
	NF-LAPS
	74 mV/pH
	20 CFU/ml
	0.003 mV
	60 min
	[110]



	
	CTC
	LAPS with anti-EpCAM on carboxylated graphene oxide (GO-COOH)
	-
	5–1281 CTCs/ml
	-
	-
	[111]



	pH probe in vivo
	Hippocampal formation of rats
	LAPS with a multimodal fiber fabricated by the convergence thermal drawing
	57.5 mV/pH
	250 μm (spatial resolution)
	2.2 mV
	30 Hz (temporal resolution), 14 pixels simultaneously
	[106]



	Deep brain recordings
	Mouse hippocampus
	LAPS
	50 mV/pH
	5 ± 1.5 Ω/cm
	0.8 dB/cm
	200 Hz
	[107]
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Table 5. Targets, main improvements, technology, detection limits or ranges, noise and measurement times of articles on the improvement of LAPS optical systems published in recent years.
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	Target
	Main Improvement
	Technology
	Sensitivity
	Detection Limit or Range
	Noise
	Measurement Time
	Ref.





	pH
	Resolution of the image
	LAPS with an OLED display
	53.7 mV/pH
	pH 4–10
	-
	1536 s (1.6 mm × 1.6 mm, spot size of 200 µm)
	[101]



	
	High-speed chemical imaging
	LAPS by frequency division multiplex (FDM)
	0.26/pH (normalized photocurrent)
	pH 4–10
	-
	70 frames per second
	[104]



	
	Suppress lateral diffusion of photocarriers
	LAPS with ring-shaped constant illumination
	-
	100 µm spatial resolution
	-
	-
	[116]



	
	Lateral resolution enhancement
	pulse-driven LAPS
	53.5 mV/pH
	pH 5–10
	0.2 mV
	1.5 ms per spot (spot size of 100 µm)
	[117]



	
	Higher spatial resolution
	LAPS with a novel photoexcitation method
	-
	82.32 µm spatial resolution
	-
	-
	[118]



	
	High measurement resolution and miniaturisation, reduces measurement time
	LAPS with an OLED display (new developed driving method)
	58 mV/pH
	pH 5–9
	-
	25 ms per spot (spot size of 200 µm)
	[119]



	
	Eliminate measurement error caused by fluctuation, distortion and noise of light source output
	LAPS with a SLED
	54.8 mV/pH
	pH 5–9
	7 mV
	50 s
	[120]



	
	Increasing the measurement spot density
	LAPS using VCSEL array and FPGA (field-programmable gate array) control)
	59.9 mV/pH
	pH 4–9
	-
	14 ms per spot
	[121]



	
	High-speed measurement and flexibility of addressing
	LAPS using an analog micromirror (back side)
	50.4 mV/pH
	pH 2–12
	-
	40 s (14.5 × 10.5 mm2, 16 fps)
	[122]



	
	Easy, flexible, and miniaturized light source
	LAPS with LCD projector
	53 mV/pH
	pH 1.9–9.14
	0.27 mV
	20 Hz (spot size of 180 μm)
	[123]



	
	Better linearity and accuracy
	LAPS with a superluminescence LED (SLED)
	52.5 mV/pH
	pH 3–11
	7 mV
	150 Hz
	[124]



	
	Reduces the size of the set-up and increases the stability and speed of the measurement
	LAPS based on the digital light processing (DLP)
	-
	pH 7
	-
	0.39 ms per spot (step width of 43 μm, spot size of 130 μm)
	[125]



	
	Simultaneous stimulation of several areas
	Multi spot LAPS with FPGA based controller and integrated signal correction mode
	57 mV/pH
	pH 7–9
	3 mV
	200 ms
	[126]



	
	Large chemical images
	LAPS with digital mirror device (DMD)
	-
	-
	-
	11 ms per spot (spot size of 130 μm)
	[127]



	
	Increase the number of measurement spots, shorten time and improve accuracy
	LAPS with FPGA
	54.6 mV/pH
	pH 4–9
	1.4 mV
	-
	[128]



	
	High resolution and sensitivity
	LAPS and SPIM using SOS substrates with a thin anodically grown oxide illuminating the back of the semiconductor substrate
	-
	0.8 µm resolution
	0.1 µm
	-
	[129]



	
	Improving signal-to-noise ratio (SNR)
	LAPS with optical focusing
	-
	pH 4–9
	-
	-
	[130]



	Escherichia coli (E. coli) K12
	Reduce scattering effects
	Multi-Chamber LAPS with FPGA-Controlled Laser-Diode Modules
	54 mV/pH
	0.3 × 109–4.8 × 109 cells
	0.15 mV
	5.60 mV/min (4.8 × 109 cells)
	[131]



	B50 rat neuroblastoma cells
	High speed, lateral resolution and photocurrent stability
	LAPS with analog micromirror and α-Fe2O3 (hematite) thin films
	23 mV/pH
	-
	-
	8 fps
	[115]
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