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Abstract 
 

Because of their superior optical, luminescent, catalytic, magnetic, and electrical characteristics, nanomaterials have shown 
great promise in the realm of sensing. The potential to establish better control over the analytical performance of formed 
sensors is due to the simplicity of manufacturing and adjustable characteristics of a broad variety of nanomaterials. Herein, 
a comprehensive review on carbon-based quantum dots, noble metals (Au, Ag, Pt), and other metal, metal oxide and 
sulphides based nanoparticles including ZnO, CeO2, TiO2, SnO2, ZrO2, CdS, CdSe, CuS, CuO, ZnS, WO3, Cr2O3, Gd2O3, Yb2O3-
based electrochemical, optical, fluorescence, and pH-dependent sensors for detecting harmful metal ions (Hg2+, Pb2+, Cd2+), 
and so on are discussed. This review also discusses the utilization of different nanomaterials to fabricate enzymatic and non-
enzymatic electrochemical sensors. Sensors to detect agrochemical contaminants and other hazardous materials are also 
discussed. Finally, the future perspectives and current challenges in achieving large-scale commercialized nanomaterials-
based sensors are reviewed. 
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1. Introduction 

Due to the nanoscale dimension, nanomaterials exhibit 

exceptional properties that differ from those of their bulk 

counterparts.[1-4] Nanomaterials have a high surface-to-volume 

ratio, resulting in a wide range of chemical, mechanical, 

optical, and magnetic properties.[5,6] To adequately investigate 

the properties and applications of nanomaterials, it is 

necessary to classify them. However, numerous factors can be 

considered while classifying nanomaterials, such as physical 

and chemical properties, dimensionality, production method, 

composition, homogeneity and so forth.[7-8] Nanomaterials can 

be classified into 0D, 1D, 2D, and 3D nanostructures 

depending on the dimensionality (D) of their features.[9] 0D 

nanostructures, mainly include quantum dots, nanospheres, 

single molecules and atoms, with tiny point formations in all 

dimensions.[10,11]  

1D nanostructures, such as nanotubes and nanowires, are 

non-nanoscale structures having only one dimension. 2D 

nanostructures such as nanoplates, nanosheets, nanodiscs and 

nanobelts are two-dimensional structures in nanoscale.[12,13] 

Finally, three-dimensional nanostructures such as nanocombs, 

nanoflowers, and nanotetrapods are arbitrary structures with 

nanoscale characteristics in any of the three dimensions.[14-15] 

Thus, nanomaterials are extremely advantageous in a variety 

of nanotechnology domains, including nanochemistry, 

nanoelectronics, nanophotonics, optoelectronics, 

bioelectronics, biomedicine, nanobiotechnology, 

nanomechanics, biochemistry, and electrochemistry.[16-18] 

These enable a diverse range of applications, including 

quantum-effect, lasers, cells, solar cells, transistors, catalysts, 

molecular electronic devices, photonic band gap devices, 

photocatalysts, nanofuel cells, surface enhanced Raman 

spectroscopy (SERS), nanodrug delivery systems, 

nanoactuators, advanced energy storage devices, and 

nanosensors.[19-21] Currently, large number of advanced 

nanomaterials have also been used for fabricating diverse 

range of sensors for detecting harmful toxins in ecosystem.  
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To briefly introducing the term, these nanosensors are the 

devices that detect and respond to changes in its immediate 

environment. When compared to conventional sensors, 

nanosensors can detect chemicals, viruses, infections and even 

a single chemical element at a scale of 1–100 nanometers.[22,23] 

The main advantages of nanosensors include their high speed, 

mobility, and low cost in mass production, as well as their 

ability to detect minute sample volumes. Recently, the 

application of nanosensor in real world has shown significant 

up gradation due to ease in fabrication and usage of easy 

instruments for detecting their signals. In addition, the 

application of nanomaterials in sensor fabrication has also 

emphasized over the miniaturization of instruments and 

allowed to unite them with other system for toxin sensing. The 

applications of advanced nanosensor in health care systems 

have enhanced their scope in fabricating advanced biomarkers 

for forensic applications. The nanosensors have also been used 

for observing the biochemical analytes in living systems and 

further enhanced their usage in various biomedical 

applications.  

The last decade has witnessed the significant production of 

different types of nanosensors for diverse range of toxins. The 

higher interest in their production and utilization is mainly 

aroused due to two major reasons. First and the foremost 

reason is their superior performance. Nanosensors have 

persuaded the world due to their successful usage in a variety 

of applications ranging from the hazardous gas detection in 

fire and food industry, to highly sophisticated applications 

such as advanced medical and military applications.[24-26] The 

second reason of their popularization include the higher rate 

of innovation in the fabrication methods for producing 

nanosensors with quick response rate with higher sensitivity 

and selectivity.[27-29] Numerous nanostructured materials and 

composites have been developed for producing different range 

of sensing platforms by using a variety of different preparation 

processes for different range of sensing applications.[30, 31] For 

example, chemosensitive gas sensors with high sensitivity 

have been widely produced by using metal oxide 

nanostructures such as SnO2 nanowires, ZnO nanotetrapods, 

and TiO2 nanorods.[32-34] Additionally, extremely sensitive 

electrochemical biosensors relying on the confluence of 

biocompatible materials such as antibodies, DNA, and 

enzymes with novel electrode materials such as 

metal/carbon/metal oxide/conductive polymer nanostructures 

and nanocomposites of gold nanoparticles, carbon nanotubes, 

graphene, carbon nanotubes/gold, carbon nanotubes/ZnO.[35-39] 

Herein, a comprehensive review on carbon-based quantum 

dots, noble metals (Au, Ag, Pt), and other metal, metal oxide 

and sulphides based nanoparticles including ZnO, CeO2, TiO2, 

SnO2, ZrO2, CdS, CdSe, CuS, CuO, ZnS, WO3, Cr2O3, Gd2O3, 

Yb2O3-based electrochemical, optical, fluorescence, and pH-

dependent sensors for detecting harmful metal ions (Hg2+, 

Pb2+, Cd2+) has been discussed. The nanomaterial-based gas 

and chemical sensors for environmental science and 

technology application has been discussed in detail. The 

nanomaterials-based sensor in health and food technological 

area has also been discussed in this review. This work could 

explore a new horizon to fabricate advanced sensors for 

checking environmental issues. 

 

2. Advanced metal oxide-based sensors 

2.1. Gas and chemical sensors for environmental science 

and technological applications  

The release of harmful gases and excessive usage of chemicals 

have possessed harmful effect on living beings. Sometime the 

leakage of gases has caused severe damage to mankind. 

Therefore, the development of sensors for checking such 

leakage of gases is found to be useful for the society. Till date, 

large number of materials was employed for the fabrication of 

gas sensors. In addition, the chemiluminescence behavior of 

nano materials i.e. release of light or changes in intensity 

during interacting with analytes has also been used for 

developing the highly effective nanosensor for detecting 

harmful toxin in our environment. The used nanomaterials for 

fabricating the sensors were either produced using the 

hydrothermal methods or by using the wet chemical reactions. 

In certain cases, the fast synthetic methodologies such as 

microwave assisted process have also been used for the 

preparation of advanced nanomaterials for preparing 

nanosensors. These used methodologies have possessed better 

control over the morphology and the sizes of the prepared 

nanomaterials as compared to the conventionally used 

handicraft-like brush printing and drop casting techniques for 

preparing gas sensors. For instance, Song et al. have described 

the fabrication of highly sensitive gas sensors using a TiO2 

nanoparticle-spaced reduced graphene oxide (RGO) 

assembly.[41] The used TiO2 nanospacers were formed by 

intercalating a 2D MXene between RGO sheets. The major 

advantage of using GO and MXene is the existence of negative 

zeta potential charge of −45.68 and −41.29 mV, respectively. 

As a result, they have the higher tendency to form a stable- 

and highly uniform mixed colloidal solution. Through drop 

casting method they are easily deposited over the surface of 

electrode. The incorporation of GO with MXene nanosheets, 

resulted in the variation in the diffraction peaks of graphene 

oxide at 11.8°. This behavioral shift was explained due to the 

increment in the interlayer distance of particles from 0.75 to 

1.14 nm. The TiO2-spaced RGO assembly has a homogeneous 

distribution of nanoparticles and highly crumpled RGO sheets 

that interconnect via micrometer-scale pores (Fig. 1). The 

measurements were done by taking the pure RGO as a 

reference system. Due to the increased accessible surface area 

and active adsorption sites, the selectivity of the TiO2-spaced 

RGO sensor to NO2 increased by over 400% when compared 

to pure RGO (Fig. 1a). The developed sensor have possessed 

higher rate of sensitivity for NO2 gas by using the home made 

gas sensing system. For the fabrication of sensor, the formed 

material was placed in the quartz chamber having the fixed 

inlet and outlet for gas molecules. The respective amount of 

gas capacity was adjusted by using the external mass-flow  
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Fig. 1 (a) Dynamic sensing response of TiO2-spaced RGO with different compositions with GO as a reference. (b) Response and 

recovery times defined for TiO2-spaced RGO sensing for 1 ppm of NO2. (c, d) Cross-sectional SEM images of the pure RGO film 

(c) and TiO2-spaced RGO film (d). (e, f) Schematic illustration of the pure RGO film (e) and TiO2-spaced RGO film (f) upon exposure 

to the NO2 target. Reproduced with the permission from [41], Copyright 2021, American Chemical Society. 

 

controllers. The dilution gases used during the analysis were 

N2 or dry air with flow rate of 500 scan rate. The configuration 

having two electrodes was employed for sensing the presence 

of NO2 gas with constant bias of 1 V over the sensor. The 

response rate was estimated by varying the current values at 

25 °C ± 1 °C. 

The response behavior of the chosen sensor is defined by 

using the following equation: 

R = ΔG/G0 × 100%            (1) 

Here, ΔG is defined as the relative change in the 

conductance value after purging the target gas. However, the 

G0 is known as the conductance of reference gases used during 

analysis. The sensing performance towards NO2 gas was 

further affected by varying the amount of TiO2 from 15−57% 

in the reaction medium (Fig. 1a). It has been observed that the 

NO2 response increased linearly with increasing the 

concentration of TiO2 in the reaction medium from 15 to 43% 

(Fig. 1b). These changes in the measurements were mainly 

explained due to the enhancement of the interlayer distance 

between the two, which further eases the infiltration and 

adsorption of gas molecules over the surface (Figs. 1c and 1d). 

The surface adsorption as well as inner adsorption is mainly 

responsible for the sensing of NO2 (Figs. 1e and 1f). In 

addition the selectivity of the sensor was tested in presence of 

gases such as NO, NH3, SO2, O2, CO2. In addition, different 

types of volatile organic compound such as acetone, methanol 

and ethanol have also been tested to verify the performance of 

developed sensor. On interpreting the results, it was found that 

except for NO2, the developed sensor also displayed a 

response behavior of 55% towards 1 ppm of NO. However, 

the response intensity ratio of target gas i.e. NO2 to NO was 

found to be 3:1. The results verified the sensitivity of the 

formed sensor and displayed high prospective role in 

developing wearable and practical gas sensor for industrial 

purpose. 

The copper (II) oxide (CuO) nanoparticles have been 

synthesized using the cost-effective and simple hydrothermal 

synthetic approach for producing the chemiresistive sensor for 

detecting Volatile Organic Compounds (VOCs).[42] These 

findings suggest that a chemiresistive sensor based on CuO-

NPs is optimal for qualitative detection of benzene, toluene, 

ethylbenzene, and xylene (BTEX) chemical vapors (i.e. 

Benzene, Toluene, Ethylbenzene, and Xylene). The formation 

of the sensor was done by coating the powdered slurry of CuO-

NPs with deionized water over the exterior surface of alumina 

ceramic tube of length of 4 mm with internal diameter of 0.8 

mm and external diameter of 1.2 mm. In addition Au 

electrodes separated by 1 mm distance has already been fixed 

over the surface through Au paste. The contact between the 

two electrodes was further made by using two Pt wires. The 

resultant sensor acts as a chemiresistive sensor for VOCs. For 

quantification of data, the circuit voltage (Vc) of the system 

was maintained 5V. The formed gas sensor (Rs) is further 

attached in series with an external load resistor (RL). However, 

the output voltage (Voutput) was kept as a terminal voltage of 

the load resistor (RL). The temperature during the 

measurement was controlled by controlling the heating 

voltage (VH). Further, the resistance of the formed sensor i.e. 

resistance (Rs) was calculated by the following equation: 

Rs =(Vc - Voutput)/Voutput × 100            (2) 

The rapid and sensitive hydrogen sulphide (H2S) sensors 

has also been produced by using NiO/WO3 nanoparticles (NPs)  
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Fig. 2 H2S-sensing mechanism of the 2.1 wt% NiO/WO3 NPs with pristine WO3 NPs for comparison. (a) The thickness of the electron 

depletion layer varies in air and H2S environment. (b) The semiconducting band bending before and after the NiO/WO3 contact. 

Reproduced with the permission from [43], Copyright 2021, American Chemical Society. 

 

generated by hydrolyzing WO3 NPs and then decorating with 

NiO NPs (Fig. 2) via a hydrothermal method.[43] The formation 

of the sensor was done by grounding the mixture of WO3 NPs 

with NiO/WO3 nanoparticles in presence of terpilenol. The 

resultant slurry was further on the surface of a ceramic tube. 

The ceramic tube was further assembled with Au electrodes 

and Pt wires for forming the chemiresistive circuit. The 

complete drying of the surface was done at 60 °C for 2 h. 

Further the ceramic tube was welded over the hexagonal 

socket. The Ni−Cr alloy, was used as a heating wire in a 

ceramic tube. The temperature of the system was controlled by 

applying the external voltage. Further the target gases were 

purged at 200 °C for 48 h, and sensing measurements were 

done (Fig. 2a). The sensor response was estimated by using 

the following equation: 

S = RA/Rg                        (3) 

where RA and Rg are defined as the resistances in air and target 

gas, respectively. The main mechanism during the sensing 

involves adsorption of target gas molecules over the surface of 

semiconducting nanomaterials which further affects the band 

bending in WO3 NPs and lead to the variations in the 

resistance value (Fig. 2b). The reactive oxygen species were 

formed over the surface of WO3 NPs via adsorbed of 

atmospheric oxygen gas. These O2 gas molecules have the 

tendency to capture free electrons from the conduction band 

of WO3 NPs (Fig. 2a). The equations are explained below: 

O2 (gas)  →  O2 (ads)             (4) 

O2 (ads) + e-  →  O2
- (ads)            (5)   

2H2S + 3 O2
-  →  2SO2 + 2 H2O + 3e-      (6) 

Furthermore, the weight percentage variations have also 

affected the measurements. It was observed that 2.1 wt% 

NiO/WO3 NPs exhibit a significant sensitivity to H2S (Ra/Rg 

= 150311370 @ 10 ppm, 100 °C), which is 42.6-fold greater 

than that of pure WO3 NPs (Ra/Rg = 3535.6 @ 10 ppm, 100 °C) 

(Fig. 2a). Additionally, the H2S sensor exhibits a detection 

limit of around ppb (Ra/Rg = 4.952.9 @ 0.05 ppm, 100 °C) 
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with excellent selectivity. 

To detect carbon oxides, researchers have also used Al and 

Mg co-doped ZnO nanoparticles produced by using the sol-gel 

process.[44] The development of the sensor was done by coating 

the aqueous slurry of Al, Mg co-doped ZnO nanoparticles on 

alumina substrates with having dimensions of 3 mm×6 mm. 

The substrate was further paired up with the Pt electrodes and 

a heating element from the back side. The estimation of the 

electrical resistance was done via using a multimeter data 

acquisition unit (Agilent 34,970 A). The response behavior of 

the gas was measured by using equation 3. It has been found 

that the sensing aptitude of the sensor has been significantly 

affected by the changes in the structural, morphological, and 

optical features of Al and Mg. Finally, it was established that 

Al-Mg co-doping on ZnO films has further improved the 

sensing capabilities toward carbon oxides in terms of response, 

detection limit, and recovery time when compared to undoped 

ZnO films. It has been observed that the existence of stacking 

defect with higher surface roughness and increased value of 

surface to volume ratio is mainly responsible factor for the 

detection of gas molecules. In addition the existence of detects 

over the external surface of Al-Mg doped ZnO samples has 

further supported the adsorption of oxygen on active centers. 

Moreover, the existence of donor defect on Al-Mg doped ZnO 

samples has further supported the interaction of CO with 

oxygen species. This mechanism is easily explained by the 

following equation:   

D ↔ D+ + e-                (7) 

The interactions of these oxygen species with target gas 

molecules i.e. CO and CO2 molecules have further enhanced 

the sensitivity of the formed sensor. Furthermore, the 

developed sensor has displayed the resistance change on 

exposing the surface with different concentrations of CO.  

Xu has use the application of 4-(((3-aminonaphthalen-2-yl) 

amino)methyl)benzoic acid (DAN-1-functionalized 

CdTe/CdS/ZnS quantum dots (QDs@DAN-1), for producing 

a simple, direct fluorescence based sensor for the simultaneous 

determination of nitric oxide and hydrogen sulfide in a sample 

(Fig. 3).[45] DAN-1 could selectively identify nitric oxide in the 

formed sensor and produce highly luminous naphtho triazole 

(DAN-1-T). Meanwhile, hydrogen sulfide has produced 

quenching effect on the fluorescence intensity of the QDs (Fig. 

3). The QDs and DAN-1-T were stimulated synchronously at 

365 nm and emitted at maximum wavelengths of 635 and 440 

nm, respectively. Nitric oxide and hydrogen sulfide 

concentrations have been evaluated concurrently by using two 

distinct fluorescence signals. Nitric oxide and hydrogen 

sulfide has possessed the detection limits of 0.051 and 0.13 M, 

respectively. 

Zhou et al. proposed a template-free strategy for 

fabricating tin oxide (SnO2) porous hollow microsphere 

(PHMs) by exploiting the competitive pressures between 

solvent evaporation rate and phase separation dynamics of  

colloidal SnO2 quantum wires (Fig. 4a).[46] The wire formation 

was explained via the following equations. 

SnCl4.5H2O + xRCOOH → Sn(RCOOH)xCl4-x·yH2O + 

xHCl(g) + (5-y) H2O (g)         (8) 

Sn(RCOOH)xCl4-x + H2O → SnO2 (NCs) + RCOOH  (9) 

Sn(RCOOH)xCl4-x + R’OH → SnO2 (NCs) + RCOOR (10)  

SnO2 (NCs) + RCOOH +RNH2 → [SnO2](RCOO)(RNH2) 

(11) 

 

Fig. 3 Schematic Illustration of QDs@DAN-1 Synthesis and the 

Principle of the Sensor to Determine NO and H2S. Reproduced 

with the permission from [45]. Copyright 2021, American 

Chemical Society. 

   

The SnO2 PHMs have possessed a high degree of structural 

firmness (Fig. 4a) and processing suitability with a variety of 

substrates. This permits the development of improved 

response and recovery rate of NO2 gas sensors at ambient 

temperature (Fig. 4a). The gas sensing was mainly performed 

by using the commercial WS30A testing system. The 

measurements were carried out at a direct current (DC) voltage 

of 5 V. The working temperature was kept at 25 ± 2 °C, and 

the relative humidity during the measurement was fixed at 58− 

62%. The formation of the sensor was mainly done by the 

electro spraying method. The presence of hollow spheres of 

SnO2 has further restricted the agglomeration of particles 

during sensing activity (Fig. 4b). The enhanced NO2-sensing 

property is a result of efficient gas adsorption competition
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Fig. 4 (a) Schematic NO2-sensing mechanism of the SnO2 PHM sensors. (b) COMSOL simulation of gas velocity at the solid and 

porous hollow microspheres. Reproduced with the permission from [46]. Copyright 2021, American Chemical Society. 

 

on solid surfaces with efficient diffusion channels, which 

improves the interaction of metal oxide solids with gas 

molecules in terms of transducer function, receptor function, 

and utility factor (Fig. 4b). The sensor response behavior has 

also been affected by the humidity in the reaction medium. At 

higher humidity, the water molecule has the tendency to get 

adsorbed over the surface of hollow SnO2 and further 

dissociated into hydroxyl ions. These formed ions have 

provided the extra electrons to hollow SnO2 particles and 

decreased the baseline resistance of the system. Moreover, 

these NO2 gas molecules have possessed the oxidative nature 

with high electron affinity. Therefore, the presence of NO2 gas 

molecules leads to reduction in the concentration of charge 

carriers over the surface of SnO2. 

The low temperature solution technique was effectively 

used to manufacture monophasic ZrO2 nanoparticles for 

producing efficient gas sensors.[47] ZrO2 nanoparticles 

demonstrated has owned a higher rate of gas sensing 

properties when exposed to carbon monoxide at a 

concentration of 50 ppm and a minimum working temperature 

of 240 °C. The excellent sensing properties can be attributed 

to the substantial oxygen surface vacancies available and the 

huge surface area of the ZrO2 nanoparticles, which is 

advantageous for both the transportation and sensing 

processes of gas molecule. Jeon demonstrated that 

microwave-assisted surface modification of zinc oxide 

nanoflowers (ZnO NFs) with palladium nanoparticles (Pd NPs) 

enables the fabrication of high-performance chemiresistive-

type hydrogen (H2) gas sensors that operate at room 

temperature (RT) (Figs. 5a and 5b).[48] The synthesis of the 

advanced nanomaterials used for the fabrication of gas sensor 

was prepared using the advanced microwave assisted 

methodology. The reaction conditions have influenced the 

morphology of the formed particles. By influencing the 

reaction parameters, the formed nuclei of Zno NPs have the 

ability to transform them to flower shaped particles and further 

enhanced the surface area of the formed particles and 

supported their high performance activities in gas sensor. 

These particles have the higher adsorption sites available for 

the gas molecules to get attached over the nanosensors and 

give better response behavior towards sensing (Figs. 5c and 

5d). The designed gas sensors have a significant response rate 

of up to 70% at 50 parts per million (ppm) and a theoretical 

detection limit of 10 parts per billion (ppb). Remarkably 

sensitive and sensitive ZnO-based gas sensors capable of 

detecting H2 gas molecules at 300 ppb at room temperature 

with a response/recovery time of less than 3 minutes and a 

remarkable selectivity for other gases such as oxygen, nitric 

oxide and carbon monoxide (Figs. 5e and 5f). The pristine 

structure of Zno NPs and their compositional changes were 

further verified by using the X-ray photoelectron spectroscopy 

(XPS) analysis and it has further been verified that this prisitne 

structure has provided the conductive channels for making is 

better sensor for gas molecules (Figs. 5g and 5h). 

The synthesis of a novel luminous material composed of 

silica nanoparticles functionalized with a terbium (Tb3+) 

complex of a polyamino polycarboxylic chelator has 

possessed significant ability of fluorescence and has a higher 

potential towards the sensing of metal ions in aqueous and 

organic media.[49] Currently, the silver and gold nanoparticles 

have been modified by using Syzygium aromaticum bud 

extract for forming effective sensors.[50] For instance, Silver  
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Fig. 5 (a) Normalized resistance (R/R0) of pristine ZnO NFs and Pd−ZnO NFs when exposed to 50 ppm H2 gas at RT. (b) Normalized 

resistance of Pd NPs when exposed to 50 ppm H2 gas at RT. Electrical characteristics of ZnO NF conduction channel after reaction 

with H2 gas molecules at (c) RT and (d) high temperatures. (e) Energy band diagram of the heterojunction between ZnO NFs and Pd 

NPs. (f) Sensing mechanism of the proposed H2 gas sensors operating at RT. High-resolution XPS spectra for the O1s core level of 

(g) pristine ZnO NFs and (h) Pd−ZnO NFs. Reproduced with the permission from [48]. Copyright 2021, American Chemical Society. 

 

nanoparticle (CAgNPs) have higher sensitivity for Hg(II) ions 

in aqueous solution, whereas gold nanoparticle (CAuNPs) 

were found to be sensitive for Cr(III) and Pb(II) ions. Hg(II) 

has a detection limit of 10 µm with CAgNPs, while Cr(III) and 

Pb(II) have a detection limit of 0.25 mm and 1 mm, 

respectively. Liu et al. suggested a quick, low-cost, and 

substantial approach for synthesizing chromium oxide 

nanoparticles (Cr2O3 NPs) by microwave heating by using 

Cr3+ ions with citrate for a few minutes (Fig. 6).[51] The citrate-

coated Cr2O3 NPs can be combined with biomolecules (DNA) 

and used further for fluorescent bio sensing of mercury ions. 

The developed sensor has also possessed a complicated 

molecular logic computing system. The Hg2+ assay 

demonstrated broad linear ranges (0.21–2 and 4.2–50.5 M) 

with a low detection limit (5.78 nm), and excellent recovery 

rates in real- water samples. Additionally, by utilizing the 

interaction of matter and fluorescence energy in the Cr2O3 

NPs-based sensing system, molecular logic gate operations 

ranging from simple (NOT, AND, OR and YES gates) to 

complicated circuits can be performed. 
The application of advanced nanomaterials has owned 

solution phase precipitation production of ZnO nanoparticles  
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Fig. 6 Schematic Illustration of Microwave-Assisted Synthesis of Chromium Oxide Nanoparticles for Fluorescence Biosensing of 

Mercury Ions and Molecular Logic Computing. Reproduced with the permission from [51]. Copyright 2021, American Chemical 

Society. 

 

doped with various amounts of lanthanum (La), namely 1, 5, 

and 10% mol percent for producing sensor.[52] Additionally, the 

fabricated nanoparticles have been employed as a fluorescent 

sensor for fluorescence detection of picric acid (PA). 

Surprisingly, the 1 mol% nanoparticles evidenced the highest 

sensitivity, i.e. the lowest limit of detection (LOD) value (1.05 

M L-1), toward PA, as matched to the 5 and 10 mol% (1.38 M 

L-1) La-doped ZnO nanoparticles.  

Li and his research group described a colorimetric sensor 

array for discriminating between different types of alkaloids.[53] 

The sensor array is based on the etching of two types of 

nanomaterials (Au@MnO2 nanoparticles and MnO2 nanostars) 

with choline, which is obtained via catalytic hydrolysis of 

acetylcholine (Ach) by acetylcholinesterase (AChE) (Fig. 7). 

Due to the fact that various alkaloids restrict AChE activity 

differently, the presence of distinct alkaloids results in varying 

degrees of reduction etching of MnO2, resulting in distinct 

variations in colorimetric response signals. The detection 

limits for seven alkaloids have been determined using this 

sensor array (3.7 nm for berberine, 5.6 nm for berberine 

chloride, 11.7 nm for jatrorrhizine, 7.0 nm for serine, 25.0 nm 

for palmatine, 4.8 nm for galanthamine and 5.3 nm for 

harmane). 

The recent study offered a new fluorescent-turn off sensing 

 
Fig. 7 Schematic of the Colorimetric Sensor Array for Discrimination of Alkaloids Based on Effective Inhibition of AChE and the 

Etching of Two MnO2 Nanoparticles. Reproduced with the permission from [53]. Copyright 2021, American Chemical Society. 
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label made of Pr(III) doped Gd2O3 (Pr@Gd2O3) nanoparticles 

(NPs) for detecting 2,4 D in aqueous medium.[54] According to 

the calculations, Pr@Gd2O3 NPs are capable of sensing 2,4 D 

in concentrations ranging from 1 to 25 ppm with a detection 

limit of 78 ppb under optimal conditions. Additionally, the 

fabrication of real-time and nondestructive sensor in planta 

using 1-naphthalene acetic acid (NAA) and 2,4-

dichlorophenoxyacetic acid (2,4-D) nanosensors premised on 

the principle of corona phase molecular recognition 

(CoPhMoRe). The auxin under investigation has the ability to 

interact with the cationic polymer through electrostatic 

interactions via the carboxylate anion over the surface of auxin. 

The respective CoPhMoRe screen was formed by using the 6 

different types of cationic polymer-wrapped inside the single 

walled nanotube (SWNTs). The binding ability of polymer 

matrix with the target auxins were studied by titrating the 

SWNTs against the different concentrations ranging from 1 

μM to 5 mM of analytes. The formed sensor has the ability to 

replace the detrimental and time-consuming conventional 

state sensing technologies and have higher rate of sensitivity 

(Fig. 8).[55] By developing an archive of cationic polymers 

encased across single-walled carbon nanotubes with a diverse 

affinity for the chemical moieties found on auxins and their 

derivatives has made it useful for constructing a preferential 

sensors for artificial auxins with a notably strong quenching 

response to NAA (46%) and a turn-on response to 2,4-D (51%). 

The 2,4-D nanosensor established its capabilities for quick 

assessment of herbicide sensitivity and may aid in elucidating 

the transport processes of 2,4-D and the basis for herbicide 

resistance in crops. The herbicide susceptibility testing has 

further been done by infiltrating the 2,4-D nanosensor. The 

reference sensors was hydroponically grown pak choi and rice 

leaves system with supplemented via using hydroponic 

medium having 1 mm 2,4-D at t = 10 min. A sudden turn on 

fluorescence response with 64% was observed for pak choi 

after t = 5h (Fig. 8b). However, there was no change in 

fluorescence response rice (Fig. 8c). This was mainly 

explained due to the lack of translocation of 2,4-D in rice 

during this phase. 

Recently, the signal-optimized flower-like silver 

 
Fig. 8 (a) Schematic representation of in Planta detection of synthetic auxins and the working of sensor in (b) Pak coi and (c) Rice 

plant respectively. Reproduced with the permission from [55]. Copyright 2021, American Chemical Society. 
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nanoparticles (AgNP) with an enhancement factor (EF) of 

1.39 × 106 at 25 °C is used for pesticide detection in 

foodstuffs.[56] The fabrication of Ag nanoparticles were done is 

such a way that a highly rough surface was formed at room 

temperature conditions. The formation of AgNP involves the 

pre-nucleation, nucleation, and progression stages during the 

synthesis. Through solid-phase extraction, the prepared AgNP 

has been used as a SERS-based sensing platform to detect 

acetamiprid (AC), methomyl, and 2,4-D residual contents in 

green tea. During measurements, the presence of Ag 

nanoparticles has produced strong electromagnetic signals due 

to the presence of laser excitation. The existence of rough 

surface has further supported the signal enhancement in 

presence of target species. The existence of sulfur atom in 

imidothioate group of methomyl, has further affected the 

plasmon resonance intensity of AgNP and produced a strong 

SERS signal during analysis.  

Li et al. developed a peroxyoxalate chemiluminescence- 

based nanosensing system for bis (2,4,6-trichlorophenyl) 

oxalate (TCPO), hydrogen peroxide (H2O2). However, the 

specific-sized gold nanoparticles (Au NPs) have been used for 

the extremely sensitive, fast, and specific detection of thiram 

pesticide by using a “on–off” chemiluminescence 

phenomenon (Fig. 9).[57]  

The nanoscale sensing framework generated strong 

chemiluminescence by chemically excited specific-sized Au 

NPs. The chemiluminescence property of formed particles 

was extremely sensitive to thiram and gradually decreased as 

the discrete energy level of AuNPs changed after interaction 

with thiram to establish an aggregated structure via intense 

Au–S bonds. Within a detection time of 40 seconds, the 

suggested chemiluminescence-based nanosensor could detect 

thiram with a sensitive and low limit of detection (LOD) of 

0.35 nm. 

The co-precipitation process was used to generate 

nanostructured ZnO doped with varied Ce precursor 

concentrations (1, 5 and 10% mol percent), which were then 

evaluated for their photocatalytic and chemical sensing 

properties toward methyl orange (MO) and picric acid (PA) 

compounds, respectively.[58] Under ultraviolent (UV) 

illumination, the efficient redox couple of Ce3+/Ce4+ reported 

to enhance the charge separation of Ce-doped ZnO, hence 

facilitates the release of O2 and enhancing the catalytic and PA 

sensing capabilities. Jamil et al. developed a Cr2O3–TiO2-

modified, compact, and biomimetic nanosensor to address the 

need for robust and colorimetric hydrogen peroxide sensing 

platform (Fig. 10).[59] The hydrothermal preparation of Cr2O3–

TiO2 nanocomposites was used to create a transducer surface 

on filter paper using the sol–gel matrix. The hydrogen 

peroxide added in the presence of Tetramethylbenzidine 

(TMB). The color of the filter paper sensor changed from 

green to blue suggesting the existence of hydrogen peroxide. 

The intensity of the color changed linearly with the 

concentration of H2O2. Red Green Blue (RGB) software has 

been used to analyze the optical signals as a color analysis 

model. This paper-based colorimetric platform increased our 

scientific coefficient of performance by providing a linear 

range of 0.005–100 μm with a detection limit of 0.003 μm. 

 
Fig 9. Graphical representation of peroxyoxalate chemiluminescence-based nanosensing system for selective and fast detection of 

thiram. Reproduced with the permission from [57], Copyright 2021, American Chemical Society. 
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Fig. 10 Conceptual depiction of a biomimetic nanosensor modified with Cr2O3 and TiO2 for colorimetric hydrogen peroxide sensing. 

Reproduced with the permission from [59], Copyright 2021, American Chemical Society. 

 

A simple one-step chemical approach is shown for the 

efficient synthesis of Cu2O, CuO, and CuNa2(OH)4 crystal 

structures, as well as the investigation of their electrochemical 

properties.[60] Under optimal experimental conditions, a linear 

change in peak current has been obtained for SO3
-2 oxidation 

from 0.2 to 15 mm. Liu developed a simple and 

environmentally friendly colorimetric sensing analysis 

technique for effective measurement of melamine. The 

analysis was based on the redox reaction of gallic acid with 

Ag+.[61] They synthesized monodispersed silver nanoparticles 

(AgNPs) employing gallic acid as a reducing and stabilizing 

agent. However, when melamine was included in the reaction 

media, AgNPs starts aggregating. As an outcome, the solution 

switched color from brilliant yellow to brown, and the color 

intensity was empirically proportional to the melamine content 

(Fig. 11). The creation of hydrogen bonds between melamine 

and gallic acid may be responsible for AgNP aggregation. The 

developed sensor had an excellent detection limit of 0.099 M 

(0.012 ppm), which was significantly less than the safety limit. 

Additionally, the sensing assay exhibited a high degree of 

selectivity for melamine relative to competing compounds. 

The interaction of Hg(II) and AuNPs and their influence on 

DNA adsorption has also been investigated by researchers. 

Hg(II) stabilized the AuNPs over salt-induced aggregation and 

enhanced DNA adsorption in the presence of different 

concentrations up to 1M Hg(II).[62] DNA has been more 

strongly adsorbed on the AuNPs in the existence of Hg(II).  

Liu presented Al–doped MoSe2 (Al–MoSe2) as a potential 

biosensor for sensing three commonly exhaled volatile organic 

compounds (VOCs) associated with lung cancer, namely C5H8, 

C3H6O and C3H4O (Fig. 12). A single Al atom is doped on the 

Se-vacancy site of the MoSe2 surface, acting as an electron 

donor and enhancing the electrical conductivity of the 

system.[63] To gain a complete understanding of the Al–MoSe2 

monolayer's, their physicochemical qualities as a sensing 

material, has been investigated by considering their adsorption 

and desorption properties, electronic behavior, and 

thermostability. The results reveal that the Al–MoSe2 

monolayer has admirable sensing properties with C5H8, 

C3H6O and C3H4O at 96.3, 95.6, and 85.7%, respectively. 

Additionally, the favorable adsorption efficiency and 

thermostability give the Al–MoSe2 monolayer with high 

sensitivity and desorbing properties for the recycling detection 

of three VOCs. 

The sensing response (S) for the system has been estimated 

by measuring the change in the electrical resistance before and 

after the adsorption of target gas molecules. 

The usability of the developed sensor for estimating typical 

target gas species can be assessed by using the following 

equation. 

σ = λ e(Bg/2kT)                (12) 

S = (1/σgas-1/σpure)/1/σpure               (13) 

However, σ is defined as the electrical conductivity of the 

system. λ is constant used during measurement. Bg is defined  
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Fig. 11 Representation of methodological strategy for colorimetric sensing of melamine dependent on the redox reaction of gallic 

acid with Ag+
. Reproduced with permission from [61]. Copyright 2021, American Chemical Society. 

 

as the band gap of given system, k is the Boltzmann constant, 

and T is the working temperature during the measurement. In 

addition, σgas and σpure, are defined as the conductivity of the 

Al−MoSe2 before and after the adsorption of gas molecules. 

Additionally, the reusability of the sensor was calculated by 

estimating its recovery property. The recovery time (τ), for the 

chosen system is calculated by using the following equation. 

τ = A-1·e(E
a
/k

B
T)               (14) 

where, A is defined as the attempted frequency (1012 s−1), T is 

known as the working temperature, and kB is the Boltzmann 

constant. Ea is the potential barrier for desorption system. 

 

2.2 Nanomaterials based Sensor for Health diagnosis and 

checking food quality 

An efficient non-enzymatic electrochemical sensor has been 

fabricated for the detection of lactate.[64] The sensor was built 

using ZnAl layered double hydroxide (LDH) nanosheets and 

gold nanoparticles (AuNPs) on boron doped diamond 

electrodes (BDD). Square wave voltammetry (SWV) studies 

of lactate binding demonstrated a significant sensitivity of 

13.9 A/µm/cm2 with a broad detection range of 0.1–30 µm, 

and a low detection limit of 0.1 µm. An attempt has been made 

to create a biodegradable and accessible non-enzymatic 

glucose sensor strip based on a laser-scribed graphene 

electrode (LSGE) doped with gold nanoparticles (AuNPs).[65] 

The sensor has a linear sensitivity range for glucose levels 

ranging from 10 µm to 10 mm, having a detection limit of 6.3 

µm.  

 
Fig. 12 Scheme to show mechanism of Al–MoSe2 as a potential biosensor for sensing three commonly exhaled VOCs associated 

with lung cancer, namely C5H8, C3H6O and C3H4O. Reproduced with the permission from [63]. Copyright 2021, American Chemical 

Society. 
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Fig. 13 Illustration of architectural plan for Cu2O-shell Cu-core nanocubes as an efficient sensor for salivary glucose sensing, 

Reproduced with permission from [66]. Copyright 2021, American Chemical Society. 

 

Gao and coworkers have constructed a near-homogeneous 

monolayer of Cu2O-shell. The band gap values of chosen 

system made it quite effective for the non-enzymatic sensing 

of glucose molecules. The electrochemical method has been 

used for the detection of glucose molecules in the system. Cu-

core nanocubes 50 nm in size on a graphene strip substrate 

using an optimum condition of 1.0 V vs Ag/AgCl, 1 mm [Cu2+], 

and a deposition duration of 100 s at ambient temperature for 

glucose sensing (Fig. 13).[66] Cu2O nanocubes/graphene have 

been employed to create a high-performance sensor with a 

detection range of 0.002–17.1 mm and a high accuracy 

suitable for salivary glucose sensing. It has further been 

observed that the negative value of the overpotential has the 

ability to produced smaller sized nanocubes. The formed 

nanocubes have possessed high number charge density. In 

addition, the temperature has also affected the deposition rate 

and the morphology of the formed particles. 

For extremely sensitive detection of Phospholipase A2 

(PLA2) based on the concept of luminescence resonance 

energy transfer (LRET) between upconversion nanoparticles 

(UCNPs) and SYBR Green I (SG) has also gained significant 

importance.[67] For the analysis, NaYF4:Yb,Tm has been 

prepared via coating the surface with oleic acid. The LRET 

efficiency (E) of NaYF4:Yb, Tm has been estimated by using 

the luminescence lifetimes analysis of donors species by using 

the following equation: 

E = 1-τDA/τD                   (15) 

Here, τDA, τD are defined as the luminescence lifetimes of 

donor in the absence and presence of the acceptor, molecules. 

The synthesis is carried out by using the modified thermal 

decomposition process 315 °C under argon gas flow. For 

checking the presence of Phospholipase A2 (PLA2) in the 

system, the corresponding inhibitor assay method has been 

employed by varying the amount from 0 to100 mm. The 

healthy human plasma samples as well as the affected human 

being samples with coronary heart disease, pneumonia, and 

cholelithiasis were also used to study the scope of prepared 

samples in real practical applications. For forming the sensor, 

the SYBR Green I (SG) was initially encapsulated inside the 

close cavity of formed liposome. However, the surface of the 

NaYF4:Yb,Tm was modified with dsDNA molecules. The 

emission intensity ratio (I522 nm/I476 nm) rose continuously 

with PLA2 quantity in the region of 20 U/L to 400 U/L under 

suitable circumstances, and the limit of detection (LOD) 

reached 15 U/L. In this system, the presence of NaYF4:Yb,Tm 

particles provided an efficient energy donor system. The 

minimal autofluorescence in these particles has further 

decreased the background fluorescence during measurement 

and improved the sensitivity of the sensor.   

Chen et al. developed an electrochemical sensor using 

TiO2 nanoparticles (NPs) for detecting phosphopeptides in 

protein samples pretreated with AuNPs.[68] The AuNPs can be 

attached to the polypeptide chain via the amino group at the 

polypeptide chain's tail when the phosphopeptide solution is 

prepared with AuNPs (Fig. 14). TiO2 NPs are precisely linked 

to the phosphate group on the peptide. The altered AuNPs can 

enhance the electrode's potential to perceive phosphopeptides 

electron conduction ability. The formation of the sensor was 

done by using the Au electrode having diameter of 2 mm. The 

surface of the gold electrode was thoroughly polished by using  
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Fig. 14 Schematic diagram of the Modification Process and Sensing Mechanism of the fabricated Electrochemical Sensor [68]. 

Reproduced with permission from ref. [68]. Copyright 2021, American Chemical Society. 

 

the alumina powder. The cleaning was done by using the 

deionized water and ethanol. Afterward, the cleaned electrode 

was voltammetrically cycled in presence of 0.5 M H2SO4 

having working potential between −0.2 and +1.5 V. 

Afterwards, around 2 mg of the chosen nanoparticles were 

dispersed in 490 μL of distilled water and further mixed with 

10 μL of 5% Nafion solution. The high binding between TiO2 

and phosphate is mainly used to attach the polypeptide chain 

over the surface of electrode (Fig. 14). The developed 

electrochemical sensor exhibited good selectivity, sensitivity 

and reproducibility, as well as a broad linear concentration 

range (1 pg/L to 1 mg/L) and a low detection limit (0.24 pg/L) 

for phosphopeptides. Additionally, they generated TiO2 and 

graphene oxide (GO) composite materials to enhance the 

performance of electrochemical sensors. The results indicate 

that the electrode modified with an evenly dispersed anatase 

crystal TiO2 and GO composite had a lower detection limit 

(0.37 ag/L).  

Behera designed a sensor module using two-dimensional 

(2D)-MoS2 nanosheets as the receptor and green fluorescent 

protein (GFP) as the signal transducer (Fig. 15a).[69] Due to its 

high surface-to-volume ratio in comparison to other 

nanomaterials, two-dimensional MoS2 has been identified as a 

good option for bioanalyte recognition (Fig. 15b). The 

modified 2D-MoS2–GFP conjugates distinguish between 15 

diverse proteins at 50 nm with a detection limit of 1mm. The 

proteins have been successfully differentiated in a binary 

combination and in the presence of serum (Figs. 15c and 15d). 

Ten distinct proteins in serum medium at relevant amounts 

have been correctly categorized with 100% jackknifed 

accuracy rate, demonstrating the system's potential (Fig. 15e). 

An efficient electrochemical sensor for creatinine 

monitoring was created by altering a carbon paste electrode 

(CPE) with silver nanoparticles (AgNPs)/multi walled carbon 

nanotubes (CNTs)/folic acid (FA) system.[70] The electrode 

demonstrated remarkable selectivity, stability, and a quick 

response (1.5 s) for creatinine over a concentration range of 1 

× 10-8 to 2 × 10-4 M at pH 7.0, with a detection limit of 0.008 

µm. Nitrogen-doped porous carbon antimony (Sb/NPC) 

nanoparticles are developed in this study for use as a non-

enzymatic biosensor.[71] Sb/NPC exhibits redox potential 

activity and is produced in two steps employing low-cost 

precursors. The LOD and limit of quantification (LOQ) values 

for the modified Sb/NPC electrode are 0.74 µm and 2.4 µm, 

respectively. Singh et al. fabricate a novel sensor, using a 3D 

printed Ag electrode, for detecting blood creatinine (Fig. 16) 

in the range of 0.01 to 1000 μm (detection limit 10 nm) via an 

electrochemical chip with a current density ranging from 

0.185 to 1.371 mA/cm2 and has a sensitivity limit of 1.1 

μAμm–1 cm–2 at physiological pH.[72] A series of interference 

tests demonstrated that analytes such as uric acid, urea, 

dopamine, and glutathione had no effect on the sensor's 

performance. Additionally, the sensor response was examined 

for its ability to accurately detect creatinine in human blood 

samples in less than a minute. The sensing pathway indicated 

that the synergistic impact of copper and iron oxide 

nanoparticles were critical for efficient sensing, with Fe atoms 

serving as effective sites for creatinine oxidation via the 
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Fig. 15 Schematic representation of sensing systems and characterization of sensor elements. (a) Design of the sensor array: the 

fluorescence of GFP is quenched by cationic MoS2 and (b) displacement of GFP from the cationic MoS2 surface, followed by 

fluorescence regeneration upon analyte addition. (c) Structure of cationic thiol ligands with different head groups at the non-thiol 

end. (d) Atomic force microscopy (AFM) image of Ce-MoS2 with the height profile diagram. (e) ζ-Potential plot for Ce-MoS2 with 

and without the thiol ligand functionalization. Reproduced with permission from [69]. Copyright 2021, American Chemical Society. 

 

secondary amine nitrogen and copper nanoparticles serving as 

an efficient electron mediator via rGO. A new electrochemical 

sensor based on shock-treated Iron (I) oxide (α-Fe2O3) 

nanoparticles for the rapid identification of Folic acid (FA), 

Uric acid (UA), and Riboflavin (RF) has also been available 

in literature.[73] The sensor has been designed to respond 

precisely over a dynamic range of 0.11 to 691 µm for FA, 0.11 

to 722 µm for UA, 0.11 to 624 µm for RF and, with detection 

limits of 25, 18, and 26 nm, respectively. Du et al. used a one-

pot hydrothermal approach to carbonise precursors of dried 

carnation petals and polyethylenimine to create carbon 

nanodots (CNDs).[74] The produced CNDs exhibit high water 

solubility, biocompatibility, and photostability making them 

ideal for use as a dual-responsive nanosensor for measuring 

vitamin B2 (VB2) at different pH range. 

Through a strong contact between VB2 and the surface 

moieties of CNDs, a novel ratiometric fluorescence resonance 

energy transfer probe (Fig. 17a) has been established. CNDs 

emitted at 470 nm, while an increased emission peak at 532 

nm was clearly noticed in the presence of VB2 (Fig. 17b). 

 
Fig. 16 Pilot scheme for the fabricated novel 3D printed Ag electrode sensor, for blood creatinine detection with respective 

mechanism of detection and cyclic voltammetric response and Mechanism of Creatinine Oxidation on the Fe−Cu−rGO@Ag 

Electrode. Reproduced with the permission from [72]. Copyright 2021, American Chemical Society. 
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Fig. 17 (a) FL spectra of CNDs with different VB2 concentrations from 0.35 to 35.9 μM at 470 nm, (b) CIE titration curve of VB2 

from 0.35 to35.9 μM, (c) linear relationship of I532/I470 versus different VB2 concentrations from 0.35 to 35.9 μM at pH 7.4, and (d) 

FL spectra of selective detection of VB2. Reproduced with permission from [74], Copyright 2021, American Chemical Society. 

 

I532/I470 has a steady response to VB2 concentrations ranging 

from 0.35 to 35.9 m with a detection limit of 37.2 nm, and has 

been successfully employed for VB2 detection in food and 

pharmaceutical samples, as well as ratiometric imaging of VB2 

in living cells (Fig. 17c). Additionally, the proposed CNDs 

exhibited pH-sensitive behavior, suggesting that they might be 

used as a turn-off fluorescence sensor to monitor pH. The 

reaction medium pH has further influenced the sensing 

behavior of the used particles. The presence of excess of 

hydrogen ions in the reaction medium under acidic conditions 

has displayed the significant influence over the fluorescence 

intensity of the system. Therefore, the fluorescence intensity 

at 470 nm exhibits a strong linear response to pH values 

ranging from 3.6 to 8, enabling the use of the nanoprobe as a 

single-emissive probe for intracellular pH detection. However, 

when the pH of the reaction medium is changed to basic range, 

the change in intensity is not so effective to observe. The 

interference studies have also verified the selectivity of the 

formed sensor towards VB2 (Fig. 17d). 

The development of a versatile colorimetric indicator film 

based on chitosan (CHI) and broken Riceberry phenolic 

extract (RPE) have been done successfully.[75] Remarkably, the 

CHI-RPE film generated a significant colorimetric sensitivity 

to pH (2–12) variance and volatile ammonia. In response to 

shrimp spoilage, the CHI-RPE film turned from orange-red to 

yellow when encased with fresh shrimp. Combining starch 

nanoparticles (SNPs) with poly(dimethylsiloxane), Wang 

created an eco-friendly nano-starch-based superhydrophobic 

coating.[76] 

Due to the hierarchical micro and nanostructures generated 

by SNP aggregates together with the low surface energy of 

PDMS covering (Fig. 18), the coating displayed 

superhydrophobic qualities (water contact angle > 152.0° and 

sliding angle < 9.0°). The high resistance to water, self-

cleaning, and decrease of liquid-food residues were validated 

by using the sensor. After then, an anthocyanin-rich compound 

was creatively loaded into the SNPs to provide pH 

responsiveness to the coating. As a result, a waterproof pH-

sensing colorimetric coating for food freshness monitoring 

was successfully produced without the use of a chemical 

reagent (Fig. 18). 



Engineered Science                                                                                                           Review article 

© Engineered Science Publisher LLC 2021                                                                        Eng. Sci., 2021, 16, 47-70 | 63 

 
Fig. 18 Schematic representation showing the e fabrication of PDMS and micro/nano-starch coated SF for colorimetric food 

freshness monitoring. Reproduced with permission from ref. [76]. Copyright 2021, American Chemical Society.  

 

A simple-to-use food packaging indicator with pH and 

ammonia sensibility has been achieved by introducing 

betacyanin (5, 10 and 15 mg per g of starch) from paper, 

flower (Bougainvillea glabra) to a potato starch film produced 

through the solvent casting method.[77] The film having 15 

mg/g betacyanin altered color from bright pink to yellow when 

the pH was adjusted from 2 to 13. Additionally, it has the 

capability to detect the presence of ammonia in concentrations 

ranging between 0.1 and 0.01 mg/L of ammonia in water. 

Pounds et al. has used a glycerol-based nanocomposite core–

shell latex film in order to build an adaptable packaging 

material (Fig. 19) capable of providing high-sensitivity real-

time pH measurement of food.[78] To begin, researchers 

synthesized the pH-responsive dendrimer co-monomer from 

glycerol and diamine. Then, using a miniemulsion, a 

nanoencapsulation polymerization method has been used to 

create core–shell architecture with a customizable nanoshell 

thickness for a pH-responsive release. Following that, the 

flexible film enclosed a color-indicative dye that demonstrated 

extremely sensitive and obvious color changes as the pH of the 

food decreased and time passed. The use of gold nanoparticles 

(AuNP)-immersed paper imprinting mass spectrometry 

imaging (MSI) has been used to monitor pesticide migration 

activities in a variety of fruits and vegetables.[79] The results 

indicated that both the octanol-water partition coefficient of 

pesticides and the water percentage of garden stuffs may have 

an effect on the discrepancy in pesticide migration into food 

kernels. Taken together, this nanopaper imprinting MSI has 

the potential to be a highly effective instrument due to its 

simplicity, speed, and ease of use, potentially enabling other 

applications in food analysis. The study proposes the use of 

monometallic and bimetallic silver and gold nanoparticles to 

create a colorimetric sensor matrix for the distinction and 

recognition of triazole fungicides.[80] 

 
Fig. 19 Proposed fabrication process of the glycerol-based dendrimer copolymer nanoencapsulation system for food spoilage 

detection. Reproduced with permission from ref. [78]. Copyright 2021, American Chemical Society. 
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range of 0.1–0.55 g mL-1, pattern recognition approaches such 

as linear discriminant analysis (LDA) and hierarchical cluster 

analysis have been used. Ma et al. demonstrated the use of a 

unique noble metal–polymer hybrid film as a SERS substrate 

for the determination of food fungicides.[81] Due to its 

transparency and versatility, poly(dimethylsiloxane) (PDMS) 

film has adopted as a suitable supporting matrix for seed-

mediated growth (Fig. 20) of gold nanobushes (Au NBs). In 

testing 4-nitrothiophenol (4NTP), the as-prepared AuNB–

PDMS hybrid film functioned well, with an enhancement 

factor (EF) of 2.56 × 106. Additionally, the hybrid film's have 

high sensitivity and elastic qualities which make it a suitable 

substrate for practical detection. Thus, in situ detection of TBZ, 

carbaryl, and their mixtures was achieved by utilizing the 

created hybrid film, which demonstrated a greater sensitivity 

than the swabbing method. This slightly elevated SERS 

substrate relying on a transparent and flexible AuNB–PDMS 

hybrid film offers a wide range of potential applications in the 

rapid in situ monitoring of biological molecules. 

The oxidative polymerization of polythiophene and mixed 

multi-walled carbon nanotube-graphene (PTH/MWCNT-G) 

has also been used to develop a robust electrochemical sensor 

for tartrazine (Tz).[82] Square wave voltammetry (SWV) was 

used to determine the electrocatalytic activity of the modified 

electrode, and the results indicated two linear behaviors in the 

ranges of (1–100 M) and (250–450 M), with a detection limit 

(LOD) of 0.25 M and 0.303 M, respectively. Tian designed a 

Fe3O4@TiO2@AuAg SERS substrate with a multifunctional 

GO coating (Fig. 21a). An external magnetic field induced a 

relatively uniform substrate attributable to the magnetic core, 

and electromagnetic advancement from the well-modified 

Au/Ag binary nanoparticles in combination with the GO's 

molecular enhancement ability facilitated sensitive SERS-

based tracking of trace mixed additives in foods as shown in 

Fig. 21b.[83] The intrinsic Raman signal of TiO2 at 149 cm–1 

was extensively used to serve as a fundamental internal 

reference for improving the quantitative level of such 

detection. The multifaceted TiO2 layer also permitted the 

efficient green removal of these target compounds within 60 

minutes. Remarkable development of a gold nanoparticle-

based visual test in conjunction with CRISPR/Cas12a-assisted 

RT-LAMP, designated as Cas12a-assisted RT-LAMP/AuNP 

(CLAP) assay, for the quick and sensitive detection of SARS-

CoV-2.[84] By naked eye, researchers able to detect SARS-

CoV-2 RNA at a concentration of 4 copies/µL in 40 minutes 

under optimum conditions. CLAP's enhanced specificity is 

enabled by the sequence-specific recognition property of 

CRISPR/Cas12a. The obtained SERS spectra versus time for 

used hybrid substrates under the presence of visible simulator 

irradiation are shown in Fig. 21b. Lew et al. devised a 

colorimetric serological assay for the detection of SARS-CoV-

2 IgGs in patient plasma by conjugating discrete antigenic 

epitopes to gold nanoparticles (AuNPs).[85] SARS-spike CoV-

2's (S) and nucleocapsid (N) proteins contain four 

immunodominant linear B-cell epitopes that have been 

identified for their IgG binding affinity and employed as

 
Fig. 20 Typical preparation process of the AuNB−PDMS hybrid film and its application for in situ sensing and swabbing detection 

of TBZ. Reproduced with permission from [81]. Copyright 2021, American Chemical Society. 
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Fig. 21 (a) Schematic representation of fabricated Fe3O4@TiO2@AuAg SERS substrate with multifunctional GO coating and (b) 

SERS-based signal variations and (c) schematic variations showing the tracking of trace additives in foods [83]. Reproduced with 

the permission from [83]. Copyright 2021, American Chemical Society. 

 

extremely specific biological motifs on the nanoparticle to 

detect target antibodies as shown in Fig. 22a. Within 30 

minutes of antibody administration, specific bivalent 

interaction between SARS-CoV-2 antibodies and epitope-

functionalized AuNPs causes nanoparticle agglomeration, 

which exhibits as a distinct optical transition in the AuNPs' 

plasmon properties. Co-immobilization of two epitopes 

increased the specificity of the analysis compared to single-

epitope AuNPs to 3.2 nM, which is consistent with IgG levels 

in recovered COVID-19-infected patients (Fig. 22b). When 

evaluated across 35 clinical plasma samples from patients 

with varied degrees of sickness severity, the improved 

nanosensor assay demonstrated 100% accuracy and 83% 

sensitivity for detecting SARS-CoV-2 infection (Fig. 22c). 
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Fig. 22 Functionalization of AuNPs with streptavidin (SA) and SARS-CoV-2-specific epitopes to detect SARS-CoV-2 IgG 

antibodies. (a) Schematic representation of the nanosensor detection mechanism, which relies on the aggregation of epitope-tagged 

AuNPs induced by binding to the cognate paratopes of SARS-CoV-2 IgG antibodies. (b) UV−vis spectra of AuNPs upon 

conjugation of SA and subsequently the biotinylated SARS-CoV-2 epitope peptide S14P5, which was used as a representative 

epitope. The red-shift in the peak absorbance after consecutive AuNP functionalization with SA and the linear epitope is highlighted 

in the inset. (c) Hydrodynamic size of AuNPs before and after functionalization with SA and individual linear SARS-CoV-2 epitopes 

as measured with DLS. Data represent mean ± standard deviation from 3 independent samples. Reproduced with permission from 

[85]. Copyright 2021, American Chemical Society. 

 

3. Conclusion and future perspective 

The development of nanomaterials for sensing applications is 

still in its infancy, and there is significantly work that need to 

be done to achieve good commercialized devices. A new 

generation of sensors with ultra-high sensitivity is still being 

developed. Due to the wide range of applications, many 

nanomaterials have not yet been explored in 

gas/chemical/biological applications. These include new 

biological sensing applications for emerging contagious 

diseases and cancer. Additionally, nanomaterials have not 

been optimized for use in a variety of sensing platforms. Thus, 

another major area of research is the integration of 

nanomaterials into innovative sensing platforms, such as 

plasmonic-based sensors. The application of advanced 

nanomaterials in sensing application has further enhanced 

their scope in improving the reactivity of the developed 

sensor under photo thermal conditions. The improvement in 

quantum yield and antioxidative properties using advanced 

nanomaterials has further made them useful in biomedicines. 

The re-usability of developed sensor and high response rate 

has further made them quite effective in environmental 

remediation application.  

Additionally, nanomaterial-based sensors should be 

integrated into automated sample preprocessing and analysis 

systems such as microfluidics or lab-on-a-chip. At the 

moment, only a few sensors based on nanomaterials have 

been successfully integrated in microfluidic systems. One of 

the most significant issues with nanomaterial-based sensors is 

their lack of repeatability, which is a result of the difficulty in 

controlling the structure and layout of the nanomaterial on the 

sensor. Nanomaterials' highly regulated manufacture and 

manipulation remain significant technological difficulties. As 

a result, highly ordered nanomaterials and their application in 

sensing platforms are among the most exciting areas of 

nanomaterials research. This results in the emergence of a 

new field of research known as Nanoarchitectonics, which is 

a conceptual paradigm for the design and synthesis of 

dimension-controlled functional nanomaterials. Another 

major stumbling block is the high cost of mass production due 

to advanced processing and instrumentation. Thus, another 

critical area of future research is the development of 

fabrication processes for low-cost and well-controlled large-
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scale nanostructures in sensing devices. 
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