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a b s t r a c t

Chemical sensor arrays can obtain more comprehensive analyte information through high-dimensional

data. It is of great significance in the analysis of multi-component complex samples. This review summa-

rizes the development and status of chemical sensor arrays. We focused on the design of chemical sensor

arrays based on various sensing materials. In addition, several pattern recognition methods in chemomet-

rics are introduced. And applications of chemical sensor arrays in food monitoring, medical diagnosis, and

environmental monitoring are illustrated. Based on the analysis of the limitations of current sensor array

technology, the direction of the array is also predicted. This review aims to help the broad readership

understand the research state of chemical sensor arrays and their development prospects.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

The sensor is an information acquisition and processing device

that can convert specific input information into readable output

signals according to certain rules [1,2]. The sensor is mainly com-

posed of the receptor (sensing element) and the transducer [3].

The receptor is the sensing material used to accept the stimulus

from the analyte. The transducer is a signal conversion system that

converts input signals from the receptor into a measurable signal.

From the perspective of analyte type, sensors can be divided into

physical sensors and chemical sensors. Physical sensors can sense

physical information such as light, sound, temperature, and pres-

sure. Chemical sensors are used to obtain chemical information

(substance composition, concentration, and identity). This review

mainly discusses the chemical sensor.

With the development of sensing technology, chemical sensors

have adopted a variety of analytical strategies to track the sub-

tle changes in the interaction of the analyte with the sensing ele-

ments. According to the different signal transduction mechanisms,

chemical sensors can be divided into electrochemical, mass, and

optical sensors [4]. At present, chemical sensors have been used in

environmental analysis [5,6], medical detection [7,8], food safety

[9,10], and other fields. The preparation of chemical sensors with

excellent performance has been an important task. A sensor with

good performance requires excellent sensitivity, selectivity, stabil-

ity, and reversibility. However, it is difficult for a single sensor to
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have all the functions at once. For example, the more sensitive a

sensor is, the less inherently stable it usually is. And when there is

interference, the accuracy of detection results is difficult to evalu-

ate. Therefore, there are many limitations to using a single signal

characteristic of a single sensor to analyze an analyte.

Sensor arrays are called “electronic noses” or “electronic

tongues”. Humans can recognize substances through the cross-

reactivity of different receptor cells in the olfactory or taste organs

with different molecules [11,12]. Similarly, several different sen-

sors form a sensor array, which also has the characteristic of cross-

reactivity [3]. Namely, each sensing element has different degrees

of response to the different analytes (usually a series of molecules

with similar structure or chemical properties) in the system. Dif-

ferent sensing elements also have different degrees of response to

the same analyte. These cross-reactive sensing elements avoid their

specificity to a single target [13]. Compared with conventional sen-

sors, sensor arrays can not only identify single targets but also dis-

tinguish multi-component mixed samples. Therefore, array sensing

is of great significance for the analysis of complex systems and

multi-component samples. The cross-reaction of chemical sensor

arrays leads to the generation of multi-dimensional signals. It is

necessary to analyze multi-dimensional data or data patterns with

appropriate pattern recognition methods [14,15].

This review primarily summarizes the sensing materials for ar-

ray design and shows their applications in food monitoring, medi-

cal diagnosis, and environmental monitoring. We also discuss sev-

eral important pattern recognition methods for processing high-

dimensional data. Finally, based on the analysis of the limitations

of current array technology, the direction of development of sensor

arrays is predicted. We hope that this review will guide the further
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development of chemical sensor arrays and promote their practical

applications in sensing.

2. Types of sensing materials

The core of a chemical sensor array is the design of the sensing

elements. Sensing elements should provide a differential response

to analytes and good signal transduction performance. Therefore,

the synthesis and modification of sensing materials become the

key steps in array design. At present, many functional and highly

active sensing materials are used in array design. Among them,

metal-organic frameworks, graphene, quantum dots, rare earth up-

conversion luminescent materials, molecularly imprinted polymers,

and precious metal nanomaterials with good stability and surface

modification have received much attention in this field.

2.1. Metal–organic frameworks

Metal–organic frameworks (MOFs) are new crystalline porous

materials composed of organic connectors and metal centers

[16,17]. The three main parts of MOFs are topological structures,

inorganic metal centers, and organic ligands. The permanent poros-

ity of MOF provides a large specific surface area and potential ac-

tive sites for target sensing (such as coordinated unsaturated open

metal sites and terminated functional groups) [18].

The low mechanical strength, poor stability, and single function

of single MOF materials limit their application. Therefore, compos-

ite MOFs prepared by combining carbon materials, nanoparticles,

and organic molecules have been widely studied [19,20]. MOF-

based composites also show significant strengths and potential in

chemical sensing. By modifying electrode surfaces with catalyti-

cally active MOF-based composites, the sensitivity, selectivity, and

interference resistance of electrochemical sensors can be improved

[21]. Wang et al. [22] combined Cu-MOFs with polyvinylpyrroli-

done (PVP) by a one-pot solvothermal method to obtain three-

dimensional (3D) nitrogen-doped large-medium-microporous car-

bon composites (N/Cu-HPC). The introduction of PVP gives N/Cu-

HPC excellent hydrophilicity to prevent clustering. The higher elec-

tronegative nitrogen species significantly improve electrocatalytic

performance. The large-medium-microporous structure improves

the binding and charge transmission between the neonicotinoid

molecules and the active site. Interestingly, Zhou et al. [23] fab-

ricated an Mn-PCN-222/ITO electrode by liquid deposition of Mn-

PCN-222 (manganese metalloporphyrin) film on conductive indium

tin oxide (ITO) glass using a fast and simple modular assembly

method. The metal porphyrin unit as the catalytic center and the

porous Mn-PCN-222 structure can be efficiently combined. The

sensor has the advantages of a high density at the active site, a

large specific surface area, and a sensitive response. It has also

demonstrated multifunctional voltammetry sensing for a variety

of analytes (nitroaromatic hydrocarbons, phenolic resins, quinone-

hydroquinone, heavy metal ions, biological species, and azo dyes).

MOFs are an excellent platform for building array sensing, as

they can regulate the topology, and porosity (pore size and geom-

etry) through rational selection of ligands and metal nodes, and

thus influence specific responses to external stimuli. Sensor ar-

rays based on different MOFs materials have been used to de-

tect various analytes. Chen et al. [24] prepared three zirconium

porphyrin-emitting metal–organic frameworks (PCNs) with differ-

ent topologies and constructed a sensor array (Fig. S1 in Sup-

porting information). The sensing principle is the static fluores-

cence quenching of PCNs during adsorption with perfluoroalkyl

substances (PFASs). Different PFAS showed different fluorescence

response signals. Combined with pattern recognition methods, the

PCN array could successfully distinguish six different PFASs in wa-

ter. This array is a mechanical combination of different sensor el-

ements, and most of the sensor arrays reported are based on this

form. However, this form increases the complexity of array tech-

nology in terms of experimental manipulation and data processing.

Another form of the array is the integration of multiple signals

onto a single element. This form reduces the complexity of the

array. Wang et al. [25] combined three luminescent ligands onto

a UiO-66 framework to synthesize a white-emitting MOF for dis-

tinguishing berberine homologs. The MOF generates a distinctive

three-channel fluorescent signal pattern for each analyte. There-

fore, only one measurement of the fluorescence spectrum can be

used for rapid detection of the substance. The arrays successfully

identified five structurally similar berberine homologues at con-

centrations as low as 2 μmol/L, and in combination with chemi-

cal titration, this method can be used for the analysis of the sam-

ples at unknown concentrations. In addition, different signal types

(such as fluorescence, phosphorescence, resonance light scattering,

and absorption) can also be integrated into a single sensing ele-

ment. Lin et al. [26] prepared an array sensing platform based on

MOF/3, 3′, 5, 5′-tetramethylbenzidine. Phosphoproteins were ad-

sorbed by MOF, and the absorbance, fluorescence, and resonance

light scattering signals were altered. The sensing mechanism is

shown in Fig. 1. The three-dimensional spectral array sensing sys-

tem can identify five typical phosphoproteins (with detection lim-

its as low as 5 nmol/L and classification accuracy of 100%). At the

same time, the array-sensing platform can distinguish abnormally

phosphorylated cancer cells from normal cells, validating its utility

for diagnosing phosphorylation-related diseases. Compared to con-

ventional array sensing, a single MOF-based sensor array ensures

sufficient data information while significantly reducing the com-

plexity and time of analytical operations.

2.2. Graphene

Graphene is a carbon material composed of a two-dimensional

honeycomb lattice of sp2 hybrid monolayer carbon atoms [27,28].

Graphene has excellent electronic, optical, thermal, and mechanical

properties, giving it the triple role of structuring probe molecules,

signal transmission, and signal amplification. The size, number of

layers, shape, and chemical groups of graphene can affect signif-

icantly the performance of the sensor, making graphene an ideal

material for array sensing. Differences in graphene functionaliza-

tion parameters, differences in local morphology, and chemical in-

homogeneities can lead to different responses of the sensing ele-

ments in the array to the analyte [29].

Fig. 1. Schematic diagram of sensing mechanism of the three-dimensional spectral

array. Reprinted with permission [26]. Copyright 2021, Elsevier.
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Fig. 2. Schematic diagram of graphene nanoribbon and Pt electrode forming an ar-

ray of 38 sensing units. Reprinted with permission [33]. Copyright 2020, American

Chemical Society.

Graphene has a short history, having only been isolated for

the first time in 2004 [30]. Mechanical stripping is the original

synthesis method for graphene, which produces graphene with

the best structural integrity. However, the technology cannot con-

trol the number of layers and the low yield. Therefore, it is lim-

ited to scientific research. In recent years, chemical vapor depo-

sition (CVD) has provided an effective method for the control-

lable preparation of large graphene sheets. For example, Xia et al.

[31] synthesized a high-quality van der Waals methylammonium

halide lead/graphene heterostructure by the two-step CVD method

for constructing high-performance image sensors. In practice, the

semi-metallic nature of graphene itself limits its application, while

graphene nanoribbons (GNRs) have attracted attention due to their

open band gap properties [32]. Shekhirev et al. [33] designed an

innovative scheme for preparing GNRs based on CVD using Si/SiO2

containing 39 Pt electrodes as a planar substrate. After GNR film is

grown, Pt electrodes are bridged, and adjacent Pt electrodes form

sensor devices. These sensor devices can independently detect the

measured substance, thus forming a sensor array consisting of 38

sensor units. The morphology of the GNR domain (size, orienta-

tion, microscopic crack, etc.) results in the difference between each

sensing unit. The array is shown in Fig. 2. The interaction of the

measured molecule with the GNR sensor leads to a reduction in

resistance. The array can effectively distinguish different chemical

classes of analytes, including alcohols such as methanol, ethanol,

and isopropanol, and amines such as n-butylamine, diethylamine,

and triethylamine.

Graphene can also be chemically modified to produce graphene

derivatives, including graphene oxide (GO) [34,35] and reduced

graphene oxide (rGO) [36]. In contrast to the original graphene,

the GO matrix plane contains epoxy and carbon radicals with car-

boxyl and hydroxyl groups at its edges. The inherent properties of

graphene enable GO to be partially reduced to form rGO. GO, rGO

and raw graphene are often collectively referred to as graphene-

related materials. In terms of chemical sensors, graphene materials

show great potential. Graphene and GO have been used to con-

struct different types of chemical sensors based on various sensing

mechanisms, mainly optical and electrochemical sensors.

Graphene and GO are universal quenchers that can effectively

quench the fluorescence of fluorescent dye molecules, quantum

dots, and up-conversion nanomaterials through fluorescence en-

ergy resonance transfer and non-radiative dipole interaction [37].

Wang et al. [38] designed a single-component multichannel sen-

sor array formed by electrostatic complexation of GO with three

different polyethylene imines (PEIs). Three different fluorophores

were used for the fluorescent labeling of PEIs. Graphene oxide can

interact electrostatically with the three PFIs and cause fluorescence

quenching in the attached fluorophores. Different bacteria compete

with GO to bind PEIs and make the fluorophore produce differ-

ent fluorescence signals. The array can identify different species

and concentrations of bacteria, as well as different proportions of

mixed bacteria. The sensing and recognition processes of the array

for bacteria are shown in Fig. 3. The array can identify bacteria at

different concentrations (OD600 = 0.025–1) and mixed bacteria. Its

application to urine has also shown tremendous identification ca-

pability (OD600 = 0.125, 94% accuracy). Constructing sensor arrays

with multiple signal outputs with a minimum number of sens-

ing elements saves significant cost and time and offers a strong

method for the diagnosis of clinical bacterial infection.

The graphene-modified electrode not only has excellent electri-

cal conductivity but can also enrich the detection molecules due

to its large specific surface area, and the sensor can feedback to

larger signal strength. To date, one of the most promising ap-

plications of graphene electrochemical sensors is the gas sensor

[39,40]. The honeycomb structure of the individual carbon lay-

ers exposes all the carbon atoms to the environment, thus max-

imizing the contact area between the gas and the graphene. It

makes up for the shortcomings of other gas-sensitive materials.

Most graphene-based gas sensors work on the principle of their

change in electrical conductivity, which is caused by the adsorption

of gas molecules on the surface of graphene. Chen et al. [41] con-

structed an electronic nose based on Go-Mx+ (M = Co, Fe, Cu, and

Ce) sensing elements by using GO in combination with different

types of metal ions (Mx+). Under the action of polyvalent Mx+,
a cross-linked GO network was formed, and then the hydrazine

vapor reduced GO to rGO in situ. The porous rGO-M film could

be evenly coated on the polyethylene terephthalate substrate, thus

forming the sensing element. The electron nose successfully dis-

tinguished four types of exhaled breath biomarkers, including ace-

tone, isoprene, ammonia, and hydrothion at sub-ppm concentra-

tions. In addition, the electronic nose was able to accurately dif-

ferentiate between the healthy group and lung cancer patients in

clinical studies (95.8% sensitivity and 96.0% specificity). This sug-

gests that graphene-based sensor arrays have great potential for

use in non-invasive medical diagnostics.

2.3. Quantum dots

Quantum dots (QDs) are a kind of inorganic semiconductor and

zero-dimensional nanomaterial, with unique optical and electro-

magnetic properties and good surface modifiability. QDs can mod-

ulate energy states and charge interactions by changing their com-

position and structure. Due to the quantum domain effect, closed

electron carriers are formed inside the QDs, and the discrete elec-

tronic energy states and optical leap energies of QDs can be pre-

cisely modulated, which allows QDs to be used often as optical

tags in chemical sensing. In addition, QDs can be assembled into

semiconductor materials by manipulating chemical surfaces using

capped molecules with different physical and chemical properties,

increasing electrical conductivity, and converting chemical stimuli

into electrical signals. As a result, quantum dots have been widely

used for optical and electrochemical sensing [42].

QDs are usually divided into two categories: metal-based (M-

based) and carbon-based (C-based) materials [43]. M-based QDs

mainly refer to the QDs formed by the combination of the el-

ements of the groups IIIA and VA, IIB and VIA, and IVA and

VIA, such as CdSe QDs, CdTe QDs, and ZnS QDs. With size-

tunable electrical and optical properties, M-based QDs have at-

tracted widespread interest in the development of luminescent

materials for array sensing. Aznar-Gadea et al. [44] embedded

green CdSe QDs (emitting at 560 nm) and red CdSe QDs (emit-

ting at 597 nm) into polycaprolactone (PCL) to constitute a sensor

array for detecting explosive markers. The mechanical properties

and stability of QDs sensors can be improved by embedding QDs

in PCL. Based on the differential variation in fluorescence inten-
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Fig. 3. Schematic diagram of PEI-GO composite single-component multi-channel sensor array for bacteria detection. Reprinted with permission [38]. Copyright 2022, Amer-

ican Chemical Society.

Fig. 4. Schematic diagram of the synthesis of CdSe-PCL sensor array. Reprinted with

permission [44]. Copyright 2022, American Chemical Society.

sity caused by different molecules adsorbed on the surface of the

quantum dots, the array can identify three explosive markers. Re-

sponse times for the two sensing elements were as short as 30 s

for the analytes. Detection limits for 3-nitrotoluene, 4-nitrotoluene

2,3-dimethyl-2,3-dinitrobutane were 0.055, 2.7, and 0.7 ng, respec-

tively. The design concept of the array is shown in Fig. 4.

In practical applications, QDs are usually doped to improve per-

formance, that is, ions or atoms of appropriate elements are in-

corporated into the main lattice of the QDs. Ions or atoms doped

into the main lattice of the QDs will result in new electron energy

levels and new electron-hole complex centers, thus changing the

number of emission centers in the host QDs. The doped QDs can

not only retain the optical advantages of the main QDs but also ef-

fectively avoid the self-quenching phenomenon. Jiao et al. [45] syn-

thesized four kinds of Mn-doped ZnS (Mn–ZnS) QDs modified with

n-acetylcysteine, citric acid, mercaptopropionic acid, and triammo-

nium n-dithiocarboxyamino-diacetate, respectively. They are de-

signed as electronic tongues to distinguish heavy metal ions (cop-

per, mercury, silver, and cadmium) from complex samples. Since

the fluorescence quenching effects of different ions on QDs are dis-

parate, the array sensor can recognize different metal ions in un-

known mixtures. Based on the luminescence characteristics of Mn–

ZnS, Wu et al. [46] designed Mn–ZnS QDs as a single probe sensor

array by using the three-channel optical signals of fluorescence,

phosphorescence, and resonance light scattering of Mn–ZnS QDs,

successfully realizing the recognition and differentiation of eight

proteins.

Carbon quantum dots (CDs) have been the focus of research in

recent years due to their low toxicity, easy availability, and excel-

lent water solubility [47]. CDs are a kind of quasi-spherical carbon

nanoparticle with particle sizes less than 10 nm, mainly composed

of C, H, and O elements [48]. Because the surface of CDs contains

rich functional groups such as hydroxyl, carboxyl, and carbonyl,

they are well dispersed in water and easy to functionalize. The flu-

orescence of exposed CDs is very weak or even absent. To improve

the quantum yield, water solubility, and stability, CDs can be doped

with N, S, P, and B atoms. Xu et al. [49] designed a two-channel flu-

orescence sensor array based on the internal filter effect (IFE) us-

ing quinaldine red and cetylpyridinium chloride-quinidine as raw

materials for the detection of tetracycline, oxytetracycline, doxycy-

cline, and metacycline. The IFE-based approach does not require

complex modifications to CDs. Chen et al. [50] developed a two-

channel (fluorescence and absorbance channels) sensor array con-

sisting of four polyvinyl alcohol (PVA) composite CDs films, which

can classify a variety of polycyclic aromatic hydrocarbons (PAHs)

by the IFE mechanism. The preparation flow chart is shown in Fig.

S2 (Supporting information). After pattern recognition algorithms,

the array can identify 16 PAHs with 100% accuracy at concentra-

tions as low as 57 nmol/L. In addition, the sensor array showed

excellent immunity to interference in complex environments and

rapid identification and quantification of PAHs in real environmen-

tal samples (soil and lakebed sludge).

In addition, CDs prepared from biomass can be doped with el-

ements from the biomass itself, which simplifies the modification

step. For example, fluorescent CDs have been produced using fruit

peels [51]. And our research group [52] synthesized bone CDs of

three animals (pig, cow, and sheep) by the hydrothermal method

and formed arrays. The array distinguished between these five ions

and their binary and ternary mixtures with 100% accuracy. Simul-

taneously, metal ions in environmental water were also success-

fully distinguished. The array was successfully used for the identi-

fication of heavy metal ions in aqueous environments. The bones

contain large amounts of Ca, N, and S elements, which allow these

atoms to be doped into the CDs. Bones can increase the quantum

yield of CDs compared to the peel as a precursor.

2.4. Rare earth up-conversion luminescent materials

According to the different relative positions between the excita-

tion band and the emission band, luminescent materials can be di-

vided into two types: Stokes luminescent materials and anti-Stokes

luminescent materials [53,54]. Most luminescent materials (such as

organic dyes and quantum dots) generally obey Stokes’ law, which

states that the wavelength of emitted light should always be longer

than that of excited light. However, in some cases, the wavelength

of the emitted light may be shorter than that of the excited light.

The photon energy of the emitted light is greater than that of

the excited light, a phenomenon known as “anti-Stokes lumines-

cence” or “up-conversion luminescence” [55]. Most of the trivalent

ions of rare earth elements can realize the up-conversion process

[56]. Rare earth up-conversion nanomaterials are generally com-

posed of matrix, sensitizer, and activator [54]. The matrix mate-

rial itself does not emit light, but it has a great influence on the

luminescence performance of rare earth up-conversion materials.

The matrix material with low phonon energy and matching with
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a rare-earth doped ion lattice can improve the up-conversion effi-

ciency [56]. Activator refers to the ion used for luminescence in the

up-conversion luminescence system. The activator will emit daz-

zling fluorescence when it is excited by excited light or receives

the energy provided by the sensitizer. The sensitizer is the bridge

between the excitation light and the activator. Sensitizer particles,

also known as activation ions, absorb excitation energy and then

transfer the absorbed energy to luminescent ions. After absorb-

ing energy, the activated ions transition from the ground state to

the excited state and then undergo an up-conversion luminescence

process.

Chemical sensing is one of the most important applications

of up-conversion nanomaterials, which can control the signal of

up-conversion optical sensors by changing the substrate mate-

rial and ion doping [57,58]. In addition, the main mechanisms of

up-conversion luminescence include excited state absorption, en-

ergy transfer, and photon avalanche. Achieving the high bright-

ness and sensitivity of up-conversion materials relies on discov-

ering the most efficient energy transfer pathways through mate-

rial design. External stimuli can be used to achieve chemical sens-

ing by controllably interfering with these energy transfer processes

[58]. NaYF4 is one of the most ideal up-conversion matrix mate-

rials. Abbasi-Moayed et al. [59] design an emerging multichannel

sensor array based on NaYF4 doped lanthanide (Yb, Er, and Tm)

up-conversion nanoparticles (UCNPs). The energy levels of the lan-

thanide ions provide ideal emission bands with cross-reaction, and

these emission bands are used as sensing elements to recognize

four neurotransmitters (NTs): dopamine, norepinephrine, levodopa,

and serotonin. Under alkaline conditions, the oxidation products of

these NTs can quench the fluorescence emission of UCNPs to dif-

ferent degrees. NTs can be distinguished very accurately from the

fingerprint multi-channel emission curve. The design provides an

innovative insight into the use of up-conversion luminescent ma-

terials to distinguish various chemical features.

Another effective way to simplify sensing elements is to modu-

late the properties of the material by changing external conditions

(such as temperature, solvent, and pH). pH is one of the most im-

portant external conditions affecting the fundamental properties of

the material [60]. As shown in Fig. 5a, Wang et al. [61] designed

a fluorescent sensor array of pH-regulated single-sensor compo-

nents. The oleic acid-coated lanthanide UCNPs (Ln-UCNPs) with

the core-shell structure were synthesized by solvothermal method,

and oleic acid-free Ln-UCNPs were obtained after acid treatment.

Ln-UCNPs without ligands have good water dispersion and surface

modifiability. The desired function can be achieved by specific sur-

face modification of the Ln-UCNPs. The fluorescent probes (PAA/Ln-

UCNPs) were obtained by modifying the Ln-UCNPs with polyacrylic

acid (PAA). Cu2+ can quench the fluorescence of PAA/UCNPs by

complexing PAA. The fluorescence response of PAA/Ln-UCNPs to

Cu2+ differs at different pH values, thus forming a PAA/Ln-UCNPs-

Cu2+ sensor array at three pH values. Based on the coordination

of Cu2+ with sulfhydryl groups, the arrays were successfully used

for the identification of five thiols as well as the chiral enan-

tiomers of cysteine. By analyzing human urine, this method pro-

vides a new protocol for monitoring homocysteine in humans. Yan

et al. [62] designed a pH-regulated dual-mode optical sensor ar-

ray using tetraphenylporphyrin tetrasulfonic acid hydrate (TPPS)

modified above ligand-free Ln-UCNPs. As shown in Fig. 5b, the

constructed organic/inorganic hybrids (TPPS/Ln-UCNPs) can exhibit

different optical properties in terms of UV–vis absorption and flu-

orescence through pH adjustment. The phosphate groups in the

phosphate compounds can be firmly bound to the surface of Ln-

UCNPs with lanthanide ions via Lewis acid/base interactions. Due

to the different affinities of phosphate compounds with Ln-UCNPs,

different photoresponse patterns are presented. The sensor array

successfully identified 14 phosphate compounds and their hybrids.

2.5. Molecularly imprinted polymers

Molecularly imprinted polymers (MIPs) are synthesized by

molecular imprinting technology (MIT) with specific recognition

functions for specific target molecules (template molecules) [63].

MIT is a special technology that simulates the mechanism of anti-

gen and antibody recognition [64,65]. During the synthesis of MIPs,

imprinted cavities that complement the size, shape, and func-

tional group of the template molecule are generated. These cavi-

ties can use a “lock and key” mechanism to selectively bind tem-

plate molecules. MIPs have high affinity and selectivity for tem-

plate molecules, but may still cross-react with other compounds,

especially compounds with similar chemical properties to the tem-

plate molecules, so MIPs can also be designed as sensor arrays.

By using different templates in the imprinting process, a range of

polymers with different binding selectivity can be quickly prepared

[66].

MIPs have a certain electrochemical inertia and their conduc-

tivity and electrocatalytic activity are relatively poor. This severely

affects the responsiveness and detection sensitivity of electrochem-

ical sensors that rely on electron transfer signals [67]. Although

MIPs electrical performance is poor, the combination with chem-

ical sensors significantly improves the selectivity and sensitivity of

the sensors. Therefore, new synthesis, polymerization, and immo-

bilization routes are being explored to improve the overall perfor-

mance of electrochemical sensors. Wang et al. [68] synthesized a

voltammetric sensor array integrated with three polypyrrole MIPs-

based sensors by the electropolymerization method for paraceta-

mol, ascorbic acid, and uric quantitative detection. Electropolymer-

ization is easy to operate and reproducible, which is beneficial for

the direct integration of a voltammetry sensor array.

At present, MIPs optical sensors generally use visible light, flu-

orescence, or chemiluminescence as signal sources, with fluores-

cence or chemiluminescence groups as functional monomers con-

nected to the skeleton of MIPs. The combination of molecular im-

printing technology with chemiluminescence and fluorescence de-

tection technology can achieve the purpose of sensitive and spe-

cific detection. MIPs fluorescence sensor combines molecular im-

printing technology with fluorescence detection technology. Based

on the specific recognition performance of MIPs, the recognition

signal is converted into a fluorescence signal, and the signal re-

sponse of MIPs material to the target analyte is enhanced. Our re-

search group [69] synthesized CDs by the hydrothermal method

using walnut shells as carbon sources. As shown in Fig. 6, us-

ing metronidazole and tinidazole as template molecules, the sol-

gel method was used to form a molecularly imprinted layer on

the surface of CDs. The imprinted molecular cavities combined

with metronidazole, tinidazole, and their structural analogues,

caused varying levels of fluorescence quenching in MIPs. Based

on this principle, The array can successfully recognize these 5-

nitroimidazoles over the broad range (20–5000 nmol/L). The array

was 100% accurate in identifying 5-nitroimidazoles in both distilled

water and real water samples.

In recent years, the combination of photonic crystals and

molecular imprinting technology has prepared a new respon-

sive photonic crystal material, namely molecularly imprinted pho-

tonic crystal (MIPC), which has also been gradually used in op-

tical sensing. Through molecularly imprinted technology, the tar-

get molecule is introduced into the gap of the photonic crystal to

form a rigid structure, and then the target molecule is removed to

form the molecularly imprinted photonic crystal structure. MIPC is

a kind of crystal material with a periodic dielectric structure on

the optical scale that can be designed and prepared artificially.

Lin et al. [70] prepared a four-channel MIPC-based sensor array

to identify diverse sulfonamides (SA). Three of the sensing ele-

ments were obtained by preparing sulfaguanidine, sulfamethazine,
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Fig. 5. (a) The design and application of pH-regulated PAA/UCNPs-Cu2+ fluorescent sensor arrays. Reprinted with permission [61]. Copyright 2022, Elsevier. (b) The pH-

regulated dual-mode optical sensor array for phosphoric acid compound recognition. Reprinted with permission [62]. Copyright 2018, American Chemical Society.

Fig. 6. Schematic diagram of synthesis and recognition of molecularly imprinted polymer array. Reprinted with permission [69]. Copyright 2022, Elsevier.

or sulfathiazole as template molecules. The fourth obtained was

obtained in the absence of a template molecule. The sensing pro-

cess of the array is shown in Fig. S3 (Supporting information). The

array can distinguish six individual SAs or mixtures of them at

three concentrations (10−4 mol/L, 10−6 mol/L, and 10−8 mol/L). In

addition, the array can be used for SAs recognition of fish samples

with an accuracy of 90.9%.

Mass sensitive sensors based on MIPs have also been devel-

oped rapidly. There are three kinds of molecularly imprinted qual-

ity sensors: acoustic surface sensors, quartz crystal microbalance

(QCM) sensors, and cantilever beam chemical sensors. At present,

molecular imprinting technology is often used in conjunction with

quartz QCM sensors. The QCM sensor consists of a thin quartz

crystal with electrodes on both sides, and its surface can be loaded

with MIPs to adsorb the target molecule to increase the crys-

tal mass. This influences the variation of crystal resonance fre-

quency to provide real-time measurement. Chunta et al. [71] de-

signed a three-electrode MIPs-QCM sensor array for the detection

of two atherosclerosis biomarkers (low-density lipoprotein (LDL)

and high-density lipoprotein (HDL)). The array consists of two MIPs

(LDL-MIP, HDL-MIP) and a reference non-imprinted polymer (NIP).

As shown in Fig. 7, two MIPs contain monomeric mixtures of

methacrylic acid (MAA) and n-vinylpyrrolidone in different propor-

tions with selective recognition properties for LDL and HDL. NIP

was used as a reference electrode. The sensing signal (frequency

as a function of time) is recorded using a frequency counter. The

6
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Fig. 7. Schematic of a three-electrode MIPs-QCM sensor array for lipoprotein detec-

tion. Reprinted with permission [71]. Copyright 2019, Elsevier.

array shows the ability to differentiate lipoproteins, which opens

the way for MIPs-QCM multi-sensing arrays.

2.6. Precious metal nanomaterials

Precious metal nanomaterials are new materials containing pre-

cious metals (Au, Ag, Pt, Pd, Ru, pH, Os, and Ir) in the size range

of 0.1–100 nm developed and prepared by nanotechnology [72].

Different sizes of precious metal nanomaterials have different op-

tical properties, including plasmon resonance, surface Raman en-

hancement, and fluorescence [73]. The plasmon resonance and lu-

minescence properties of precious metal nanomaterials are highly

dependent on the surface state, the environment, and the struc-

tural properties of the surface-modified molecules. Thus, by sim-

ply adjusting the surface chemical state, complemented by spe-

cific molecular modifications, the light absorption and emission

of precious metal nanomaterials can be purposefully modulated.

In this way, new colorimetric and optical sensors based on noble

metal nanomaterials have been developed. For example, in fluores-

cence sensing, Zhang et al. [74] prepared a fluorescent sensor ar-

ray of individual gold nanoclusters (AuNC) to detect heavy metal

ions (HMIs). Fluorescent AuNC was prepared by the reduction

of the gold precursor HAuCl4 by 2-mercapto-1-methylimidazole

(MMI) in the presence of polyvinylpyrrolidone (PVP). As shown in

Fig. S4 (Supporting information), the fluorescence emission of the

probe (PVP/MMI-AuNC) was regulated by pH and exhibited yellow

and red fluorescence at pH 12.0 and 6.0, respectively. Thus, dual-

channel sensing with a single probe can be achieved by just alter-

ing the pH of the medium.

The excellent localized surface plasmon resonance properties

of precious metal nanoparticles make them advantageous for ap-

plication in colorimetric detection. Most detection principles are

based on color or spectral changes caused by the aggregation of

precious metal nanoparticles. This strategy has the advantages of

short timescales and ease of operation [75]. For example, Fahimi-

Kashanide et al. [76] developed a colorimetric sensor array based

on the aggregation of citrate-coated gold nanoparticles (AuNPs)

capable of the detection and identification of five organophos-

phorus pesticides in the concentration range of 120–400 ng/mL.

However, the aggregation reaction is susceptible to environmen-

tal factors, which limits the application of precious metal nano-

materials. One way to avoid this limitation is to change the

shape of the nanomaterials. Triangular-shaped silver nanoparticles

(TSNPs) are anisotropic plasmonic nanoparticles with highly mod-

ulated surface plasmon resonance absorption. Therefore, TSNPs are

a good colorimetric sensing element. Keshavarzi et al. [77] de-

signed a time-dimensionally responsive TSNPs colorimetric sen-

sor array (Fig. 8) to distinguish halide ions. Halide anions (I−,
Br−, and Cl−) can etch the cusps of TSNPs, producing hemispher-

ical TSNPs to varying degrees. The structural change of TSNPs to

spherical nanoparticles results in a significant blue shift in the

plasmon resonance band of TSNPs. The color change of TSNPs

etched at different reaction time intervals was recorded to pro-

duce a response pattern for each ion, which successfully distin-

guished the three halide ions. The array also successfully classi-

fied binary and ternary mixtures of three halogen ions with 100%

specificity and 100% sensitivity. In addition, the array was able

to accurately determine the three halide ions in real water sam-

ples, demonstrating its potential for application in real samples.

These results show that the chrono-type colorimetric sensor is a

simple and effective sensor, which will provide a novel idea for

the development of chemical sensor arrays with a single sensing

element.

In addition to nanomaterials composed of a single precious

metal element, they also include alloys and core–shell structured

precious metal nanomaterials. Nanomaterials composed of two

or more metals are called alloys. The alloys usually exhibit bet-

ter properties than single-component noble metal nanomateri-

als through regulation. Precious metal core–shell nanomaterials

(M@N) are a class of nanomaterials with a core and a shell com-

posed of two metal elements. Core–shell structured noble metal

nanomaterials have tunable optical properties, as well as superior

chemical and thermal stability. For example, Qiang et al. [78] syn-

thesized a colorimetric sensor array based on Cu@AuNPs modified

by non-specific DNA strands (15A, 15C and 15T). Different DNAs

and detection proteins interact differently with each other, which

results in different steric hindrances. It also affects the distance

of iodide ions to the surface of Cu@AuNPs, leading to significant

changes in absorption response and color. Fig. S5 (Supporting in-

formation) shows its sensing mechanism. The sensor array suc-

cessfully distinguished between eight proteins at a concentration

of 20 nmol/L in pure water buffer and real serum samples with

100% accuracy.

Fig. 8. TSNPs based time dimensional sensor array for the identification of halide ions. Reprinted with permission [77]. Copyright 2023, Elsevier.
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3. Pattern recognition methods

Chemical sensor arrays are multidimensional. The increase in

dimension will multiply the amount of data, which brings difficul-

ties to function approximation, model fitting, information extrac-

tion, and calculation. These data usually cannot be processed using

simple methods such as linear regression. Generally, multidimen-

sional data in array analysis is processed by multivariate statisti-

cal analysis based on pattern recognition. We will focus here on

three of the most common pattern recognition methods: hierar-

chical cluster analysis (HCA), principal component analysis (PCA),

and linear discriminant analysis (LDA). The three pattern recogni-

tion methods are specifically described in Text S1 (Supporting in-

formation).

4. Application of chemical sensor arrays

4.1. Food monitoring

Food quality and safety are related to human life quality and

health. The supervision of the food industry is becoming more and

more important. The chemical composition of food is complex, and

there are some highly similar substances. For a long time, it has

been a difficult problem to develop a technology to detect food

contaminants, raw material sources, freshness, adulteration, and

other aspects. The chemical sensor array has been regarded as a

good solution to these problems. In addition, the chemical sensor

array can predict the storage conditions and storage time of food

and evaluate its quality. With the development of chemical sens-

ing and chemometrics, electronic nose and electronic tongue have

been widely used in meat products, wine, aquatic products, veg-

etables, fruits, food, condiments, and other fields [79–82]. Table S1

(Supporting information) lists several applications of chemical sen-

sor arrays in food monitoring.

4.1.1. Traceability

Food traceability is one of the keys to ensuring food safety.

The research and development of food traceability technology have

been widely concerned. Array sensing technology is widely used in

food traceability research due to its good specificity and compre-

hensiveness in acquiring information. Wang et al. [83] constructed

a voltammetry electronic tongue based on three nano-composite

modified electrodes and applied it in the identification of rice

wines from different regions. In addition, the sensor array is very

effective in distinguishing the geographical origin and variety of

honey [84,85], wine [86], tea [87,88], and grain [89,90] using mul-

tivariate analysis techniques.

4.1.2. Freshness

Freshness is an important indicator of the quality of food. Peo-

ple often judge the quality of food comprehensively through smell,

vision, and taste. However, sensory evaluation is too subjective and

easily affected by external environmental factors, so the accuracy

and repeatability of results are not credible enough. Sensor array

technology can provide an objective evaluation. In the storage pro-

cess of meat and eggs, proteins, fats, and carbohydrates contained

in them are easily decomposed by microorganisms and enzymes,

resulting in freshness reduction, spoilage, and even the genera-

tion of harmful substances [91]. The volatile components changed

significantly. Deng et al. [92] designed an electronic nose to as-

sess the shelf life of eggs. The electronic nose consists of four

QCMs modified by different functional materials as sensing units,

which can enhance cross-sensitivity. The electronic nose can ob-

tain information about egg samples by measuring the change in

resonance frequency caused by adsorbed egg volatile gases (am-

monia, amine, sulfide, aldehyde, ketone, alcohol, and other com-

pounds). QCM technology provides a nondestructive and sensitive

method for evaluating the quality of eggs with different shelf lives

and provides an alternative strategy for evaluating the freshness of

eggs. At present, in addition to the detection of volatile gases, an-

other commonly used indicator to evaluate the freshness of food

is the content of bioamines (BAs). BAs levels are very low in fresh

foods. However, BAs concentrations may rise significantly during

certain stages of storage and processing of protein-rich meat and

fish. Orouji et al. [93] designed a multicolor sensor array consisting

of two types of AuNRs and AuNSs and used it to detect biogenic

amines (BAs) in meat and fish. In the presence of BAs, silver ions

metalize AuNRs and AuNSs to form Au@Ag core–shell nanoparti-

cles. The changes in AuNSs and AuNRs resulted in a blue shift of

plasma bands and significant color changes in the solution, which

verified the potential of the array in the field measurement.

4.1.3. Adulteration

At present, there are a few illegal traders for profiteering, adul-

teration in food, even toxic and harmful substances, damaging con-

sumer rights and interests, and harming people’s health. Therefore,

people pay attention to the problems of food authenticity assess-

ment and food adulteration identification methods. For example,

Zhang et al. [94] designed a new fluorescence sensor array com-

posed of perylene probes induced by different cationic polymers

that can distinguish five main milk proteins at nanomolar concen-

tration and be successfully used for qualitative identification and

quantitative detection of adulterated milk. Pan et al. [95] designed

a colorimetric sensor array for the identification of ginseng. The

sensor array used phenylboronic acid as an acceptor to analyze the

composition of ginseng diols to identify ginseng. The array success-

fully classified 40 samples from three types of ginsengs based on

both pH change and indicators displacement assay. The sensor ar-

ray can be used for the rapid identification of ginseng grades and

species.

4.2. Medical diagnosis

The development of rapid, effective, and accurate medical di-

agnosis methods has been the focus of medical research in the

past decades. A chemical sensor array has become a promising dis-

ease diagnosis method with its advantages of non-invasiveness and

high diagnostic accuracy [96]. Chemical sensor arrays can associate

specific biomarkers, such as proteins, amino acids, and biological

small molecules, with the patient’s disease and detect physiolog-

ical changes by measuring exhaled breath, blood, serum, urine,

and other body fluids (sweat, tears, and saliva) [97]. At present,

chemical sensor arrays have made some important achievements

in medical analysis. Table S2 (Supporting information) lists several

applications of chemical sensor arrays in medical diagnosis.

4.2.1. Body fluid

The electronic tongue can detect all kinds of body fluids, and

the test results of body fluids can be linked to pathological changes

in the body [98–101]. Electronic tongues are already being used to

diagnose diseases as diverse as cancer, neurodegenerative diseases

such as Alzheimer’s disease (AD) and Parkinson’s disease (PD), and

metabolic diseases such as diabetes. Neurodegenerative diseases

are accompanied by damage to the neural network, and these

pathological changes are irreversible. Therefore, it is important to

use certain tools for the early diagnosis of these diseases. Li et al.

[102] established a fluorescence sensor array with CDs doped with

two different oxidants (ammonium persulfate and hydrogen perox-

ide) as sensing elements. The array can recognize and distinguish

four typical amyloid-β1-42, α-synuclein, islet amyloid polypeptide,

insulin, and two common serum proteins (bovine serum albumin

and immunoglobulin) with an accuracy of 100%. Amyloid-β1-42
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and α-synuclein are considered markers of AD and PD, respec-

tively, so this array has proven its potential value in the diagno-

sis of neurodegenerative diseases. Kim et al. [103] constructed a

sensor array based on densely packed carbon nanotubes specifi-

cally for AD. This array was successfully used in clinical diagnosis

to distinguish AD patients from healthy controls with an average

sensitivity of 90.0%, selectivity of 90.0%, and average accuracy of

88.6%.

4.2.2. Exhaled breath

Through the analysis of volatile organic compounds (VOCs) in

exhaled breath, the gas exchange between air and blood can be de-

tected to judge various physiological characteristics. Various elec-

tronic noses have been used in the analysis of exhaled air and have

made remarkable progress in the early diagnosis of lung cancer

and various respiratory diseases. In addition to pulmonary and res-

piratory diseases, various other diseases also have unique exhaled

characteristics. Li et al. [104] designed a QCM-based virtual sen-

sor array with multiple harmonics and used it for the diagnosis of

diabetic ketosis. The multi-dimensional response of the array was

analyzed using machine learning algorithms such as PCA, and arti-

ficial neural network (ANN), which were able to accurately identify

different VOCs and mixtures and predict acetone concentration in

a complex background with 90.6% accuracy. The array analysis ver-

ified the ability to identify exhaled air in "diabetic ketosis" with

95% accuracy.

4.3. Environmental monitoring

With the rapid development of globalization, industrialization,

and urbanization, excessive emissions of pollutants (heavy metal

ions, pesticides, antibiotics, explosives, VOCs, toxic gases, toxic

small molecules, radioactive ions, etc.) have seriously affected

the ecological balance and indirectly threatened biological health

[105,106]. These factors may lead to fatal and irreversible damage

if the pollutant emissions are not controlled. Therefore, environ-

mental pollutant detection is an indispensable fundamental part

and necessary condition for environmental pollution management.

Environmental systems are highly complex. Environmental con-

taminant detection has to deal with more changing environments

and more complex and unpredictable components than detection

in medical and food fields. So traditional techniques for detecting

single factors have many limitations for environmental monitoring,

while chemical sensor arrays can effectively identify environmental

data and can describe the interrelationships between various envi-

ronmental contaminants. Table S3 (Supporting information) briefly

introduces several applications of chemical sensor arrays in envi-

ronmental monitoring. Currently, exploring novel pollutant sensor

arrays with environmental resistance and versatility is a daunting

task.

4.3.1. Water and soil

Contaminants with high solubility and mobility can easily dif-

fuse into water and soil. For example, heavy metal ions and organic

matter are discharged into the environment, entering the human

body through the food chain or direct contact, and accumulate in

the body causing cancer, neuronal degeneration, blood, and urinary

system damage. Xu et al. [107] constructed a multi-emission fluo-

rescent sensor array based on CDs and a novel lanthanide complex,

which successfully identified seven heavy metal ions with detec-

tion limits as low as 0.05 μmol/L. The array was also effective in

identifying metal ions in real samples (lake water and soil) with

an accuracy of 93.3% and 100%, respectively.

4.3.2. Air

Polluting gases such as NOx, SO2, and CO2 can cause serious

environmental problems such as photochemical smog, acid rain,

and ozone layer depletion. Long-term exposure to these gases can

also lead to health risks, such as chest congestion, asthma, or

headaches. Therefore, it is important to monitor airborne pollu-

tants. Moon et al. [108] designed a fully integrated chemoresistance

sensor array for the detection of NOx in roadways. The array can be

used to assess the spatial and temporal variation of NOx and can

be an important tool for air quality detection. Li et al. [109] de-

signed a colorimetric sensor array of gold nanoparticles based on

a needle-printing method. The array can quantitatively identify 15

photochemical pollutants related to air quality monitoring and pre-

dict the 24-hour air quality of indoor office environment.

5. Conclusions and future challenges

In this review, we provide a comprehensive review of the devel-

opment and status of chemical sensor arrays. Array sensing tech-

nology has become an important tool in analytical testing nowa-

days by its high sensitivity, good accuracy, and low detection lim-

its. Chemical sensing has witnessed the development of a diver-

sity of sensing materials. Arrays based on various types of sens-

ing materials have proven their usefulness in distinguishing sim-

ilar analytes and mixtures. The use of array technology to detect

complex analyses inevitably generates large data sets, and chemo-

metrics provides a viable avenue for data processing and statistical

analysis. With the development of chemical sensor array technol-

ogy, complex compounds, biomolecules, and actual samples can be

accurately identified. Sensor array technology will lay a solid foun-

dation for the progress of human civilization and sustainable de-

velopment.

Although chemical sensor arrays have been applied in many

fields, many opportunities and challenges remain.

Chemical sensor arrays mainly provide a composite response to

mixtures and are more suitable for the overall qualitative analysis

of mixtures. The main limitation of sensor arrays is that they are

difficult to provide a complete quantitative analysis of each com-

ponent in a mixture. Quantitative analysis is based on finding the

linear relationships hidden in the database. However, the limita-

tions of current data analysis capabilities have affected the devel-

opment of array sensing technology in this field. Currently, most

research is focused on specific algorithms for specific arrays and

experimental data that do not make full use of the feature infor-

mation contained in the sensed signal. In order to further improve

the performance of existing algorithms, a systematic comparison

of various data processing methods based on the same data set is

necessary. Drawing on results from other research areas and intro-

ducing new data processing methods into this research area. We

expect revolutionary approaches to data processing for sensor ar-

rays.

Arrays based on multiple sensing elements are still the main-

stream of design. The design, optimization, and implementation of

multi-sensor elements are time-consuming and expensive. There-

fore, one direction of development for arrays is novel designs

based on multiple signals to maximize the sensing characteristics

of sensing elements. Opposing reaction modes (such as on and

off reactions) or environmental factors (such as temperature, sol-

vent, and pH) can be incorporated into the sensing system to sim-

plify the preparation of sensing elements. Furthermore, exploring

novel sensing signals for building arrays, such as combining ultra-

sensitive surface-enhanced Raman scattering signals with array-

based strategies, could be seen as a future direction.

The detection results of the array are dependent on the

database constructed. This requires the selection of specific com-

binations of components to simulate most possibilities. As a re-

sult, any small variation or disturbance to the species can lead to

large deviations from the simulated sample. This leads to the fact

that despite the achievements of array sensing in controlled labo-
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ratory environments, its application in realistic, complex scenarios

still has some difficulties to overcome. The system must be able

to match an unknown sample to the response of a set of train-

ing analyses and effectively eliminate possible disturbances. This

requires exploring new probes that are resistant to interference

and suitable for multi-component sensing, and ensuring that the

responses of analytes and arrays are reproducible and stable over

long periods. In addition, the combination of digital imaging de-

vices (such as scanners and cameras) with paper or plain plastic

film-based sensor arrays will facilitate rapid detection and in situ

analysis of arrays.
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