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Abstract 14 

 15 

Herbicides are the most widely used class of pesticides in the world. Their intensive use raises 16 

the question of their harmfulness to the environment and human health. These pollutants need 17 

to be detected at low concentrations, especially in water samples. Commonly accepted 18 

analytical techniques (HPLC-MS, GC-MS, ELISA tests) are available, but these highly 19 

sensitive and time-consuming techniques suffer from high cost and from the need for bulky 20 

equipment, user training and sample pre-treatment. Biosensors can be used as 21 

complementary early-warning systems that are less sensitive and less selective. On the other 22 

hand, they are rapid, inexpensive, easy-to-handle and allow direct detection of the sample, 23 

onsite, without any further step other than dilution. This review focuses on enzyme- and cell- 24 

(or subcellular elements) based biosensors. Different enzymes (such as tyrosinase or 25 

peroxidase) whose activity is inhibited by herbicides are presented. Photosynthetic cells such 26 

as algae or cyanobacteria are also reported, as well as subcellular elements (thylakoids, 27 

chloroplasts). Atrazine, diuron, 2,4-D and glyphosate appear as the most frequently detected 28 

herbicides, using amperometry or optical transduction (mainly based on chlorophyll 29 

fluorescence). The recent new WSSA/HRAC classification of herbicides is also included in the 30 

review.  31 

 32 

 33 

Keywords: review, biosensors, herbicides, enzymes, cells, inhibition. 34 

 35 
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Abbreviations 37 

ACP: acid phosphatase  38 

AChE: acetylcholinesterase 39 

A2P: ascorbic acid-2-phosphate 40 

AFM: atomic force microscopy  41 

AFS: atomic force spectroscopy 42 

ALP: alkaline phosphatase 43 

ALS: acetolactate synthase  44 

AMPA: aminomethylphosphonic acid 45 

ANN: artificial neural network 46 

AuNPs: gold nanoparticles 47 

BQ: benzoquinone 48 

BSA: bovine serum albumin 49 

CB: carbon black 50 

CDs: carbon dots 51 

CNTs: carbon nanotubes 52 

CPEs: carbon paste electrodes  53 

ChOx: choline oxidase  54 

CV: cyclic voltammetry 55 

DAD: diaminodurene 56 

DAP: 2,3-diaminophenazine 57 

DCMU: N′-(3,4-dichlorophenyl)-N,N-dimethylurea 58 

DEA: desethylatrazine 59 

DIA: desisopropylatrazine  60 

2,4-D: 2,4-dichlorophenoxyacetic acid  61 

DNOC: dinitro-o-cresol  62 

DPV: differential pulse voltammetry 63 

L-DOPA: 3,4-dihydroxy-L-phenylalanine 64 

DXP: deoxy-D-xylulose phosphate 65 

EDC: N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide  66 

ECL: electrochemiluminescence 67 

EGDGE: ethylene glycol diglycidyl ether 68 

ELISA: enzyme-linked immunosorbent assay 69 

EPSPS: 5-enolpyruvylshikimate-3-phosphate synthase 70 

ERGO: electrochemically reduced graphene oxide  71 

ENFEC: enzyme field effect capacitive 72 

ENFET: enzyme-field-effect transistor 73 

FAD: flavin adenine dinucleotide 74 

FET: field effect transistor  75 

GC: gas chromatography 76 

GCE: glassy carbon electrode  77 

G6P: glucose-6-phosphate 78 

GFET: gated field effect transistor 79 

GST: glutathione-S-transferase  80 

GlyOx: glycine oxidase 81 

GOx: glucose oxidase 82 
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HGOFET: hydrogel-gated organic field-effect transistor 83 

hPG: porous gold electrode 84 

HPLC: high-pressure liquid chromatography  85 

HQ: hydroquinone 86 

HRAC: herbicide resistance action committee 87 

HRP: horseradish peroxidase  88 

ITO: indium tin oxide 89 

LIFT: laser-induced forward transfer 90 

LIG: laser-induced graphene  91 

LOD: limit of detection  92 

LSV: linear sweep voltammetry 93 

μPADs: microfluidic paper-based analytical devices 94 

MCPA: 2-methyl-4-chlorophenoxyacetic acid 95 

MFC: microbial fuel cell 96 

MIPs: molecular imprinted polymers 97 

MPA: 3-mercaptopropionic acid  98 

MS: mass spectrometry 99 

MWCNTs: multiwalled carbon nanotubes  100 

NHS: N-hydroxysuccinimide  101 

NPs: nanoparticles 102 

NQ: 1,2-naphtoquinone 103 

OEC: oxygen-evolving complex 104 

OPD: o-phenylenediamine  105 

OPEEs: organic phase enzyme electrodes  106 

PAM: pulse amplitude modulated 107 

PEDT: polyethylenedioxythiophene  108 

PET: photosynthetic electron transport 109 

PGE: pencil graphite electrode 110 

polySBQ: poly-mercapto-p-benzoquinone 111 

PPO: polyphenol oxidase  112 

PS: photosystem 113 

PVA-SbQ: polyvinyl alcohol-styrylpyridinium  114 

PAP: polyazetidine prepolymer  115 

PSS: poly(4-styrenesulfonic acid)  116 

PSF: polysulfone  117 

SAM: self-assembled monolayer 118 

SCE: saturated calomel electrode 119 

SPEs: screen-printed electrodes  120 

SPCEs: screen-printed carbon electrodes 121 

SWCNTs: single-walled carbon nanotubes 122 

SWV: square wave voltammetry  123 

TMB: 3,3’5,5’-tetramethylbenzidine  124 

UHPLC: ultra high performance liquid chromatography 125 

WSSA: weed science society of America 126 

  127 
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1. Introduction 128 

 129 

Worldwide pesticide usage was recently reported (Sharma et al., 2019). As many as 2 million 130 

tonnes of pesticides are used annually all over the world, with ca. 50 % herbicides, 30 % 131 

insecticides and 20 % fungicides, thus pointing out the intensive use of herbicides. 132 

Considering the number of publications dealing with the development of systems for pesticide 133 

and for herbicide detection since the 1990’s (Figure 1), a noticeable increase appears over 134 

time for pesticide detection, even more pronounced since COVID disturbance. Such a drastic 135 

increase cannot be observed for herbicide detection, with ca. 120 articles published per year. 136 

For pesticides, it is well-known that organophosphorous and carbamate insecticides inhibiting 137 

acetylcholinesterase are among the most reported and studied pesticides in the literature. On 138 

the other hand, and even if herbicide detection gives rise to a lower number of publications, 139 

their intensive use is harmful for the environment, as well as for human health, and should 140 

motivate research. 141 

 142 

 143 
Figure 1. Time trend in the number of published articles in the field of bioassays and 144 

biosensors for the detection of pesticides or herbicides. Data were obtained from Web of 145 

Science (2023, july, 28th) using the two following requests (specific terms for pesticides and 146 

for herbicides are in italic). Herbicides: “herbicide or atrazine or simazine or prometryne or 147 

terbutryne or terbuthylazine or sulcotrione or diuron or linuron or chlorotoluron or isoproturon 148 

or 2,4-D or MCPA or dicamba or bromacil or glyphosate or glufosinate or alachlor or paraquat” 149 

or Pesticides: “pesticide or insecticide or fungicide or organophosphorus or carbamate or 150 

organophosphorous”, each one being coupled with AND “enzyme or oxidase or peroxidase or 151 

tyrosinase or urease or phosphatase or whole cell or algae or bacteria or thylakoids or PSII or 152 

photosystem” AND “biosensor or assay”. 153 

From a regulatory point of view, maximum admissible pesticide concentrations in drinking 154 

water vary between countries. The European Union sets a maximum level of 0.1 ppb (0.1 µg.L-155 
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1) per pesticide, whereas this limit grows to 700 ppb in the USA or 280 ppb in Canada. 156 

Common specific and very sensitive chromatographic detection techniques such as GC-MS 157 

and HPLC-MS, or ELISA (Enzyme-Linked Immunosorbent Assay) immunoassays can be 158 

used, with a limit of detection (LOD) as low as 1 to 10 ppt for individual pesticides. However, 159 

sample preparation is very often required for preconcentration before analysis, by solid phase 160 

extraction for instance. Unlike these time-consuming and expensive procedures requiring 161 

skilled users, biosensors represent simple and low-cost alternatives, which are also usable 162 

onsite. A biosensor is defined as the intimate association of a specific biological recognition 163 

element (enzyme, antibody, tissue, organelle or whole cell, for instance) immobilized on a 164 

transducer which transforms an electrical, thermal or optical signal into a numerical signal. 165 

Enzyme- and photosynthesis (cells and subcellular elements)-based biosensors for herbicide 166 

detection will be considered in this review. 167 

1.1. Herbicides 168 

The Global Herbicide Resistance Action Committee (HRAC) updated the mode of action 169 

classification system for herbicides on March 1, 2020. A single numerical code is now shared 170 

by WSSA (Weed Science Society of America) and Global HRAC. Table 1 presents the 171 

classification of herbicides based on their cellular mode of action, including inhibitors of lipid 172 

or amino acid synthesis, photosynthesis, cell wall synthesis, microtubule assembly, and auxin 173 

mimics. 174 

 175 

Table 1. Legacy HRAC and new WSSA / HRAC (2020) herbicide classifications. 176 

 177 

Classification group 

Mode and site of action Chemical family Main examples 
New 

WSSA / 

HRAC 

(2020) 

Legacy 

HRAC 

1 A 

Lipid synthesis inhibition 

→acetyl-CoA carboxylase 

inhibitors 

Cyclohexanediones  alloxydim, cycloxydim, 

sethoxydim 

Aryloxyphenoxy-

propionates 

diclofop-methyl, 

fenoxaprop-ethyl 

Phenylpyrazoline pinoxaden 

2 B 

Branched-chain amino acid 

synthesis inhibition 

→acetolactate synthase 

(ALS) inhibitors 

Pyrimidinyl benzoates pyriftalid, pyriminobac-

methyl 

Sulfonanilides pyrimisulfan, triafamone 

Triazolopyrimidine - 

Type 1 

cloransulam-methyl, 

diclosulam 

Triazolopyrimidine - 

Type 2 

penoxsulam, 

pyroxsulam 

Sulfonylureas chlorsulfuron,sulfometur

on-methyl 
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Imidazolinones imazamethabenz-

methyl, imazethapyr 

Triazolinones propoxycarbazone-Na, 

thiencarbazone-methyl 

3 K1 

Root growth inhibition 

→microtubules assembly 

inhibitors 

Dinitroanilines benefin (=benfluralin), 

butralin, nitralin 

Pyridines dithiopyr, thiazopyr 

Phosphoroamidates butamifos, DMPA 

Benzoic acid chlorthal-dimethyl 

Benzamides pronamide 

4 O 

Plant growth inhibition 

→agonist action on auxin 

hormone receptor: transport 

inhibitor response protein 1 

Pyridine-carboxylates picloram, clopyralid, 

halauxifen 

Pyridyloxy-carboxylates triclopyr, fluroxypyr 

Phenoxy-carboxylates 2,4,5-T, 2,4-D, 2,4-DB, 

dichlorprop, MCPA 

Benzoates dicamba, chloramben 

Quinoline-carboxylates quinclorac, quinmerac 

Pyrimidine-carboxylates aminocyclopyrachlor 

Phenyl carboxylates chlorfenac, chlorfenprop 

Other benazolin-ethyl 

5 C1, C2 

Photosynthesis inhibition 

→photosystem II inhibitors 

(D1 protein Serine 264 

binding) 

Triazines atrazine, cyanazine, 

simazine, terbutryne 

Triazolinone amicarbazone 

Triazinones ethiozin, hexazinone 

Uracils bromacil, lenacil, 

terbacil 

Phenylcarbamates chlorprocarb, 

desmedipham 

Pyridazinone brompyrazon, 

chloridazon(=pyrazon) 

Ureas diuron, benzthiazuron, 

bromuron, isoproturon 
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Amides chloranocryl (=dicryl), 

pentanochlor, propanil 

6 C3 

Photosynthesis inhibition 

→photosystem II inhibitors 

(D1 protein Histidine 215 

binding) 

Nitriles (also uncouplers 

“M”) 

bromofenoxim, 

bromoxynil, ioxynil 

Phenyl-pyridazines pyridate 

Benzothiadiazinone bentazon 

9 G 

Aromatic amino acid 

synthesis inhibition 

→ EPSPS inhibitors 

Glycines glyphosate 

10 H 
Inhibition of Glutamine 

Synthetase 

Phosphinic acids glufosinate ammonium, 

bialaphos 

12 F1 

Inhibition of Phytoene 

Desaturase 

Phenyl-ethers picolinafen, diflufenican 

N-Phenyl heterocycles flurochloridone, 

norflurazon 

Diphenyl heterocycles fluridone, flurtamone 

13 F4 Inhibition of DXP synthase Isoxazolidinone clomazone, bixlozone 

14 E 

Inhibition of 

Protoporphyrinogen 

Oxidase 

Diphenyl ethers acifluorfen, bifenox, 

fluoronitrofen 

Phenylpyrazoles pyraflufen-ethyl 

N-Phenyl-oxadiazolones oxadiargyl, oxadiazon 

N-Phenyl-triazolinones azafenidin, 

carfentrazone-ethyl 

N-Phenyl-imides fluthiacet-methyl 

N-Phenyl-imides butafenacil, saflufenacil 

Other pyraclonil 

15 K3 

Inhibition of Very Long 

Chain Fatty Acid Synthesis 

Azolyl-carboxamides cafenstrole, 

fentrazamide 

α-Thioacetamides anilofos, piperophos 

Isoxazolines pyroxasulfone, 

fenoxasulfone 

Oxiranes indanofan, tridiphane 

α-Chloroacetamides acetochlor, alachlor, 

allidochlor 

α-Oxyacetamides mefenacet, flufenacet 
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Thiocarbamates butylate, cycloate, 

dimepiperate 

Benzofurans benfuresate, 

ethofumesate 

18 I 
Inhibition of Dihydropteroate 

Synthase 

Carbamate asulam 

19 P Auxin transport inhibition Aryl-carboxylates naptalam 

22 D 
PS-I electron diversion Pyridiniums paraquat, cyperquat, 

diquat 

23 K2 
Inhibition of Microtubule 

Organization 

Carbamates barban, carbetamide, 

chlorbufam 

24 M 
Uncouplers Dinitrophenols dinosam, dinoseb, 

DNOC, dinoterb 

27 F2 

Inhibition of Hydroxyphenyl 

Pyruvate Dioxygenase 

Triketones mesotrione, sulcotrione 

Triketone benzobicyclon 

Pyrazoles benzofenap, 

pyrasulfotole 

Isoxazoles isoxaflutole 

29 L 

Inhibition of Cellulose 

Synthesis 

Triazolecarboxamide flupoxam 

Benzamide Isoxaben 

Alkylazines triaziflam, indaziflam 

Nitriles dichlobenil, chlorthiamid 

30 Q 
Inhibition of Fatty Acid 

Thioesterase 

Benzyl ether cinmethylin, methiozolin 

31 R 
Inhibition of serine-threonine 

protein phosphatase 

Other endothall 

32 S 
Inhibition of Solanesyl 

Diphosphate Synthase 

Diphenylether aclonifen 

33 T 
Inhibition of homogentisate 

solanesyltransferase 

Phenoxypyridazine cyclopyrimorate 

34 F3 
Inhibition of Lycopene 

Cyclase 

Triazole amitrole 

0 Z Unknown mode of action  cumyluron, difenzoquat 

(DXP: deoxy-D-xylulose phosphate; EPSPS: 5-enolpyruvylshikimate-3-phosphate synthase) 178 

 179 

In the literature, biosensors for herbicide detection have been developed, particularly through 180 

immobilization of enzymes, whole cells or subcellular components. As reported later in this 181 

review, the main herbicides that are detected are atrazine, diuron, 2,4-D and glyphosate 182 
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(structures in Figure 2), acting on hormone-based regulation, photosynthesis and aromatic 183 

amino acid synthesis, respectively (Figure 3). 184 

 185 

 186 
Figure 2. Structures of the main herbicides detected by enzyme- or cell-based biosensors 187 

(HRAC group numbers and chemical families are indicated in parentheses). 188 

 189 
Figure 3. Modes of action of herbicides on a plant cell according to the HRAC classification 190 

(group number in bold case, Figure adapted from (Délye et al., 2013). 191 

 192 

1.2. Herbicide detection 193 

 194 

Several detection formats can be distinguished, as previously reported in the literature 195 

(Sassolas et al., 2011). Soluble bioelements can be employed for homogeneous assays using 196 

a single liquid phase. On the other hand, heterogeneous assays rely on immobilization of the 197 

bioelement on a surface that is not a transducer, and unbound binding partners can be 198 

removed by washing or by magnetic separation. In a biosensor, contrary to heterogeneous 199 

enzyme-based assays, immobilization is achieved directly onto a transducer surface. 200 
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In this study, only biosensors meeting the above definition will be considered. Heterogeneous 201 

assays have also been reported in the literature, either enzyme-based (using acetolactate 202 

synthase (ALS) (Marty et al., 1993), 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS) 203 

(Döring et al., 2019), alkaline phosphatase (ALP) (Tong et al., 2023), glyphosate oxidase 204 

(Delprat et al., 2023) or whole cell-based (using algae (Prudkin-Silva et al., 2021), bacteria 205 

(Rocaboy-Faquet et al., 2014) or thylakoids (Euzet et al., 2005), but they will not be considered 206 

in this review. Biochip systems have also been proposed, such as the one described by Podola 207 

and Melkonian (2005) (Podola and Melkonian, 2005) using multiple microalgal strains. Optical 208 

detection was achieved by measuring variations in chlorophyll fluorescence after treatment 209 

with herbicide. However, this type of biochip system is considered as an heterogeneous assay 210 

and is not developed in this review. 211 

 212 

Among the biosensors developed for herbicide detection, different biological elements have 213 

been immobilized on an appropriate transducer surface, not only enzymes and 214 

cells/organelles that are considered in this review, but also aptamers, antibodies or molecular 215 

imprinted polymers (MIPs). As shown in Figure 4, enzymes and cells/organelles obviously 216 

represent the main biological elements (ca. 60 %, comprising 35 % enzymes) used in 217 

biosensors for herbicide detection. Immunosensors are also widely cited among biosensors 218 

for herbicide detection (35 %). Other less developed biosensors are aptasensors or MIP-219 

based biosensors. 220 

 221 
Figure 4. Repartition of biosensors for herbicide detection with respect to the recognition 222 

element. Data were obtained from Web of Science (2023, july 28th) using the following request: 223 

“herbicide or atrazine or simazine or prometryne or terbutryne or terbuthylazine or sulcotrione 224 

or diuron or DCMU or linuron or chlorotoluron or chlortoluron or isoproturon or 2,4-D or MCPA 225 

or dicamba or bromacil or glyphosate or glufosinate or alachlor or paraquat or bromoxynil or 226 

mesotrione” AND “biosensor” AND “aptamer or aptasensor or MIP or immuno or antibody or 227 

immunosensor or enzyme or oxidase or peroxidase or tyrosinase or urease or phosphatase 228 

or whole cell or algae or bacteria or thylakoids or PSII or photosystem”. For simplicity, the term 229 

"cells" is used in the figure to refer to cells/organelles. 230 

 231 

Immunosensors for pesticide detection have been reviewed several times in the literature 232 

(Jiang et al., 2008)(Raman Suri et al., 2009)(Fang et al., 2020). Nucleic acid-based and 233 

aptasensors have also been reported. For example, an electrochemical DNA biosensor was 234 

recently described (Congur, 2021) for 2,4-D detection using a single-use pencil graphite 235 
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electrode (PGE). The guanine oxidation signal measured at 1 V vs. Ag|AgCl by differential 236 

pulse voltammetry (DPV) decreased after surface-confined interaction of 2,4-D and DNA at 237 

the electrode surface. Aptasensors for pesticide (Phopin and Tantimongcolwat, 2020) or for 238 

atrazine (Sun et al., 2019) detection have also been proposed. In the signal-on aptasensor 239 

format (Sun et al., 2019), when atrazine is present, graphene combined with aptamer is 240 

released and a photocurrent is recovered. MIPs have also been described for pesticide 241 

detection (Nageib et al., 2023). Readers are also referred to a review on biosensors based on 242 

antibodies, aptamers and MIPs (Majdinasab et al., 2021). 243 

 244 

As described hereafter in this review, the development of biosensors based on enzyme, cell 245 

or subcellular element immobilization relies on two main transduction modes: electrochemical 246 

(amperometry) and optical (fluorescence). Amperometry can be used for any biological 247 

element, while fluorescence measurements are only suitable for photosynthesis-based 248 

biosensors. Main advantages and disadvantages of these two detection modes are 249 

recapitulated in Table 2. As an example, comparison in terms of LOD is supported by the 250 

values obtained for atrazine detection and based on algae PSII inhibition described by 251 

Antonacci et al. (2021). 252 

 253 

Table 2. Advantages and drawbacks of optical (fluorescence) and electrochemical 254 

(amperometry) detection used in biosensors for herbicide detection. 255 

 256 

 Optical (fluorescence) Electrochemical (amperometry) 

low LOD 

(Antonacci et al., 2021) 

++ 

(1 ppt atrazine) 

+ 

(0.4 ppb atrazine ; O2 sensing) 

easily miniaturized + ++ 

low cost + ++ 

user-friendly 

instrumentation, simple set-

up 

+ ++ 

usable in complex and 

turbid matrices 

- + 

 257 

2 Enzymatic biosensors 258 

Herbicides are known for causing metabolic perturbation in plants by inhibiting specific 259 

enzymes. Based on this feature, enzymes can be used as biological recognition elements in 260 

biosensors, keeping in mind that an enzyme can be inhibited by several herbicides as well as 261 

other compounds, leading to specificity issues. Herbicides can also be directly used as 262 

substrates for enzymatic reactions, thus overcoming specificity limitation. However, very few 263 

biosensors based on such direct detection have been described. 264 

Table 3. Enzymatic biosensors for herbicide detection. 265 

 266 
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Herbicide Enzyme 

Immobilization 

method 

Detection 

method 

LOD 

(ppm or 

ppb) 

Linear range 

(ppm or ppb) Reference 

Biosensors based on inhibition of enzyme activity (signal-off systems) 

glyphosate AChE 

entrapment in 

chitosan FET 

6.4 x 10-8 

ppb 

1.7 x 10-7- 1.7 

x 10-3 ppb 

(semi-log) 

(Yu et al., 

2021) 

glyphosate ACP 

glutaraldehyde 

cross-linking amperometry 15 ppb 50 - 500 ppb  

(Butmee 

et al., 

2021) 

2,4-D ALP 

covalent 

coupling via 

polyazetidine amperometry 0.5 ppb 1.5 - 60 ppb 

(Mazzei 

et al., 

2004) 

2,4-D; 

2,4,5-T ALP 

entrapment in 

silica sol-gel / 

chitosan amperometry 

0.5 ppb 

2,4-D, 

 0.8 ppb 

2,4,5-T 

1 - 60 ppb 

2,4-D  

or 2,4,5-T 

(Shyuan 

et al., 

2008)  

2,4-D ALP 

entrapment in 

a sol-gel silica / 

chitosan matrix amperometry 0.3 ppb 0.5 - 30 ppb 

(Loh et 

al., 2008) 

2,4-D ALP 

entrapment in 

PVA-SbQ 

under UV 

illumination amperometry 1 ppb 2.1 - 110 ppb 

(Bollella 

et al., 

2016)  

2,4-D ALP 

glutaraldehyde 

cross-linking CV 

3.5 x 10-3 

ppb 

9 x 10-3 - 5 

ppb  

(semi-log) 

(Gianvitto

rio et al., 

2023) 

2,4-D catalase 

entrapment in 

hierarchical 

porous calcium 

phosphate 

microspheres 

amperometry 

(flow injection 

system) 3.3 ppb 6.6 - 660 ppb 

(Liu et al., 

2016)  

atrazine GOx 

adsorption on 

aligned CNTs SWV 8.4 ppb 0.1 - 9 ppm 

(Yang et 

al., 2010)  

glyphosate HRP 

electrostatic 

adsorption CV 

(incorrect 

value) 0.25 - 14 ppb 

(Songa et 

al., 

2009a)  

glyphosate 

Atemoya 

peroxidase entrapment SWV 30 ppb 

0.1 - 4.55 

ppm 

(Oliveira 

et al., 

2012)  

glyphosate HRP adsorption CV 

(incorrect 

value) 

1.7 x 10-2 ppb 

- 1.9 ppm 

(semi-log) 

(Cahuant

zi-Muñoz 

et al., 

2019)  

Jo
urn

al 
Pre-

pro
of



14 
 

glyphosate HRP 

adsorption 

(electrodepositi

on) 

electrochemic

al 5.44 ppb 

16.9 ppb – 

16.9 ppm 

(semi-log) 

(Roman 

et al., 

2020) 

glyphosate HRP 

interaction 

biotinylated 

HRP with 

streptavidin  SWV 

4,5 x 10-2 

ppb 

8 x 10-2 - 11 

ppb 

(Kergarav

at et al., 

2021)  

2,4-D and 

2,4,5-T HRP 

covalent 

immobilization 

then cross-

linking amperometry 

2.6 ppb 

2,4,5-T, 

5 ppb  

2,4-D 33 - 220 ppb 

(Sok and 

Fragoso, 

2021)  

atrazine HRP 

glutaraldehyde 

cross-linking amperometry 0.35 ppm nd 

(Kucheren

ko et al., 

2021)  

glyphosate HRP 

entrapment in 

MWCNT-

doped PSF 

membrane amperometry 25 ppb 0.1 - 10 ppm 

(Zambran

o-Intriago 

et al., 

2023)  

atrazine 

and diuron tyrosinase 

entrapment in 

a 

polythiophene 

film amperometry 

1 ppm 

atrazine, 

0.5 ppm 

diuron 

5 - 40 ppm 

atrazine 

(Védrine 

et al., 

2003)  

atrazine tyrosinase 

entrapment in 

polypyrrole 

electrochemic

al (LSV) 

(incorrect 

value) 

0.05 - 0.5 

ppm 

(El 

Kaoutit et 

al., 2004)  

atrazine 

and diuron tyrosinase 

cross-linking 

with BSA and 

glutaraldehyde 

vapour 

conductometr

y 1 ppb 

2.3 ppb - 2.33 

ppm diuron, 

2.15 ppb - 2.15 

ppm atrazine 

(Anh et 

al., 2004)  

atrazine tyrosinase 

adsorption on 

-carrageenan 

amperometry 

(oxygen 

consumption) 0.1 ppm 

4.3 x 10-1 - 43 

ppm 

(Campan

ella et al., 

2005) 

alachlor tyrosinase 

cross-linking 

with BSA and 

glutaraldehyde  conductance 41 ppb nd 

(Wang et 

al., 2006)   

2,4-D, 

atrazine 

mushroom 

tyrosinase 

covalent 

immobilization amperometry 

0.35 x 10-3 

ppb 

atrazine, 

0.55 x 10-3 

ppb 2,4-D 

0.1 x 10-2 - 

0.5 ppb  

2,4-D  

or atrazine 

(Kim et 

al., 2008)  

atrazine tyrosinase 

glutaraldehyde 

cross-linking 

then 

entrapment amperometry 32 ppb 

0.17 - 2.2 

ppm 

(Vidal et 

al., 2008)  
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atrazine tyrosinase 

adsorption 

before 

glutaraldehyde 

cross-linking amperometry 

0.1 x 10-3 

ppb 

0.2 x 10-3 - 2 

ppb 

(Yu et al., 

2010) 

chlortoluro

n tyrosinase 

glutaraldehyde 

cross-linking 

electrochemic

al (o-quinone 

reduction)  0.1 ppb 0.2 - 21 ppb 

(Haddaou

i and 

Raouafi, 

2015) 

atrazine tyrosinase 

entrapment in 

poly(L-DOPA) 

and Nafion amperometry 10 ppb 

50 ppb - 30 

ppm 

(Guan et 

al., 2016)  

atrazine tyrosinase 

entrapment in 

PVA-SbQ amperometry 0.3 ppm 0.5 - 20 ppm 

(Tortolini 

et al., 

2016)  

glyphosate tyrosinase 

covalent 

immobilization amperometry 1.1 ppb 

2.5 - 1.7 x 103 

ppb 

(Sok and 

Fragoso, 

2019)  

atrazine tyrosinase 

adsorption 

before Nafion 

coating ECL 

8 x 10-5 

ppb 

1 x 10-4 - 1 x 

10-2 ppb 

(Wu et 

al., 2019)  

atrazine urease 

glutaraldehyde 

cross-linking ENFEC 28 ppb 

28 - 2.8 x 106 

ppb 

(Braham 

et al., 

2013) 

atrazine urease 

glutaraldehyde 

cross-linking 

graphene-

based FET 

5 x 10-5 

ppb 

2 x 10-4 - 20 

ppb 

(Cao et 

al., 2016)  

glyphosate urease 

entrapment in 

agarose-guar 

gum matrix potentiometry 0.5 ppm 0.5 - 50 ppm 

(Vaghela 

et al., 

2018)  

2,4-D 

ALP 

GOx 

polyazetidine 

prepolymer 

(PAP) amperometry 10 ppb 

15 - 4.2 x 103 

ppb 

(Botrè et 

al., 2000)  

glyphosate 

AChE 

ChOx 

adsorption on 

graphene 

oxide NPs ECL 

8.5 x 10-2 

ppb 

0.17 - 169 

ppb 

(Liu et al., 

2020)  

 

2,4-D, 

atrazine 

 

ALP 

tyrosinase 

adsorption on 

carbon paper 

working 

electrode amperometry 

 

50 ppb 

2,4-D, 

2 ppb 

atrazine 

 

100 - 600 ppb 

2,4-D, 

10 - 100 ppb 

atrazine 

(Arduini 

et al., 

2019)   

 

2,4-D, 

glyphosate 

 

ALP 

HRP 

adsorption on 

carbon paper 

working 

electrode amperometry 

50 ppb 

2,4-D, 

10 ppb 

glyphosat

e 

100 - 600 ppb 

2,4-D, 

50 - 150 ppb 

glyphosate 

(Caratelli 

et al., 

2022)  
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glyphosate HRP 

adsorption on 

carbon paper 

working 

electrode amperometry 75 ppb 100 - 700 ppb 

(Moro et 

al., 2023) 

Biosensors based on specific interactions 

atrazine 

tyrosinase 

(banana 

extract) 

covalent 

immobilization 

on cantilever 

tip AFS 7.75 ppb nd 

(Martinaz

zo et al., 

2018) 

glyphosate 

peroxidase 

(zucchini 

extract) 

covalent 

immobilization 

on cantilever 

tip AFS 28 ppb nd 

(Muenche

n et al., 

2018)  

Biosensors based on signal-on systems (herbicide used as an enzymatic substrate 

glyphosate GlyOx 

glutaraldehyde 

cross-linking amperometry 0.5 ppm 1.7 - 44 ppm 

(Johnson 

et al., 

2022) 

atrazine GST 

glutaraldehyde 

cross-linking colorimetry 0.18 ppm 0.4 - 21 ppm 

(Andreou 

and 

Clonis, 

2002)  

2,4-D 

laccase 

from 

Trametes 

versicolor 

entrapment in 

gelatin then 

glutaraldehyde 

cross-linking  amperometry  nd 1.1 - 4.4 ppb 

(Sezgintr

k et al., 

2010)  

(AChE: acetylcholinesterase ; ACP: acid phosphatase ; AFS: atomic force spectroscopy ; ALP: 267 

alkaline phosphatase ; BSA: bovine serum albumin ; ChOx: choline oxidase ; CV: cyclic voltammetry ; 268 

ECL: electrochemiluminescence ; ENFEC: Enzyme Field Effect Capacitive ; FET: field effect 269 

transistor ; GlyOx: glycine oxidase ; GOx: glucose oxidase ; GST: glutathione-S-transferase ; L-270 

DOPA: 3,4-dihydroxy-L-phenylalanine ; LSV: linear sweep voltammetry ; PVA-SbQ: polyvinyl alcohol-271 

styrylpyridinium ; SWV: square wave voltammetry ; nd: not determined) 272 

 273 

Table 3 and Figure 5 summarize enzymatic biosensors developed for herbicide detection. It 274 

can be observed that atrazine detection is mainly achieved using tyrosinase inhibition, 275 

whereas glyphosate and 2,4-D detection rely on peroxidase and alkaline phosphatase (ALP) 276 

inhibition, respectively. Only a few studies describe the detection of other herbicides, such as 277 

alachlor, diuron or chlortoluron. Electrochemical detection is obviously noticeably favored. 278 

Given the abundance of literature on inhibition-based biosensors, three primary enzymes are 279 

used to detect three key herbicides (representing more than 60 % of the detected herbicides) 280 

(Figure 2). The three target herbicides are among the most frequently detected, except for 281 

diuron (Figure 5) known as a photosynthetic herbicide, thus mainly detected using 282 

photosynthetic cells (cf. § 3.) or subcellular elements (cf. § 4.). The majority of inhibition-based 283 

biosensors for herbicide detection are mono-enzymatic. Only one enzyme is immobilized, thus 284 

giving a simple system unlike other more complex traditional biosensors for pesticide detection 285 
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coupling acetylcholinesterase (AChE) and choline oxidase (ChOx) for instance. The response 286 

time is also shorter. 287 

Depending on the enzyme and on the inhibitor nature, different types of inhibition can occur, 288 

classified as reversible (competitive, noncompetitive, uncompetitive or mixed) or irreversible. 289 

For instance, organophosphorous pesticides are irreversible inhibitors of AChE. In this case, 290 

a reactivation step can be envisioned after inhibition to recover enzyme activity. On another 291 

hand, alkaline phosphatase (ALP) inhibition by 2,4-D is known to be reversible (non-292 

competitive). In this case, the biosensor can be reused after a suitable washing step that 293 

removes non-covalent interactions between the enzyme and the inhibitor. 294 

 295 
Figure 5. Main enzymes and the corresponding detected herbicide(s) in enzyme-based 296 

biosensors based on inhibition of enzyme activity. The number of identified biosensors is 297 

shown in bold. 298 

2.1. Tyrosinase 299 

Tyrosinase, also referred to as polyphenol oxidase (PPO) (E.C. 1.14.18. 1) is a Cu-containing 300 

oxidoreductase displaying a bifunctional activity towards phenolic substrates. In the presence 301 

of molecular oxygen, the enzyme catalyzes ortho-hydroxylation of monophenols to o-302 

diphenols (monophenolase or cresolase activity) and oxidation of o-diphenols to o-quinones 303 

(diphenolase or catecholase activity) (Figure 6).   304 
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 305 

Figure 6. Two-step phenol oxidation into o-quinone catalyzed by tyrosinase. 306 

 307 

Many biosensors based on inhibition of tyrosinase activity have been reported. Enzyme 308 

activity is affected by many inhibitors such as triazine and phenylurea herbicides, but also by 309 

carbamate and organophosphate insecticides (e.g., dichlorvos) as well as other pollutants 310 

including photosynthetic inhibiting herbicides. Tyrosinase-based biosensors are not specific 311 

to individual pesticides and are presented as warning devices. As described below, detection 312 

mainly relies on monitoring quinone products by electrochemical reduction at a low potential, 313 

using diphenol substrates such as catechol or dopamine (Table 3). A 30 min incubation time 314 

(from 15 to 60 min) of the enzymatic biosensor with the herbicide solution is classically 315 

reported before determination of percentage of inhibition and correlation to herbicide 316 

concentration. 317 

 318 

McArdle and Persaud (1993) reported the first example of an enzyme electrode for the 319 

detection of atrazine based on tyrosinase (competitive) inhibition (McArdle and Persaud, 320 

1993). The amperometric biosensor was based on the immobilization of tyrosinase by cross-321 

linking it with glutaraldehyde on a preformed polypyrrole film on a gold working electrode. 322 

Using catechol violet as the substrate, a concentration of 5 µM (ca. 1 ppm) of atrazine could 323 

be measured at – 0.2 V vs. Ag|AgCl. The biosensor was supposed to respond to other 324 

herbicides inhibiting photosynthesis.  325 

Besombes et al. (1995) described an amperometric warning device based on tyrosinase 326 

entrapment in an electropolymer deposited at the surface of a glassy carbon electrode (GCE) 327 

(Besombes et al., 1995). Using dopamine as the substrate, the detection limit for atrazine was 328 

4 µM (0.8 ppm). In addition to atrazine, the biosensor could also detect other pollutants 329 

inhibiting tyrosinase activity, such as cyanide, chlorophenols and carbamate pesticides.  330 

Tyrosinase (PPO) was also entrapped in electropolymerized polyethylenedioxythiophene 331 

(PEDT) to design a PEDT/PPO amperometric biosensor (Védrine et al., 2003). Dopamine was 332 

used as a diphenolic substrate for the detection of atrazine and diuron with a modified 333 

electropolymerization method to reduce polymer film thickness and minimize diffusion 334 

constraints. The reduction of o-quinone resulting from dopamine was measured at the surface 335 

of a GCE at - 0.2 V vs. saturated calomel electrode (SCE). Inhibition of tyrosinase in the 336 

presence of atrazine (5-40 ppm, linear range) and diuron (1-30 ppm, nonlinear plot) was 337 

obtained with a LOD of 1 and 0.5 ppm, respectively.  338 
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A sensitive and simple amperometric biosensor for atrazine detection was reported, after 339 

entrapment of PPO in an electropolymerized polypyrrole film on a GCE (El Kaoutit et al., 340 

2004).The enzyme electrode was used in open-circuit conditions, thus simplifying the 341 

experiments and leading to a long lifetime (90 % of the sensor response is maintained after 342 

21 days). A second GCE was used as the working electrode. Atrazine was incubated with the 343 

enzyme electrode during 60 min prior to catechol (substrate) addition and 1,2-quinone 344 

(product) reduction was measured on the second GCE by linear sweep voltammetry (LSV). 345 

The percentage of inhibition was determined and correlated to atrazine concentration, with a 346 

linear range extending from 0.05 to 0.5 ppm of atrazine. The monitoring of atrazine in the case 347 

of highly contaminated samples seems possible.  348 

A conductometric biosensor was developed for the detection of diuron, atrazine, 349 

desisopropylatrazine (DIA) and desethylatrazine (DEA), known as its main metabolites (Anh 350 

et al., 2004). Tyrosinase was cross-linked on the electrode using glutaraldehyde. 351 

Determination of the inhibition rate after a 30-minute incubation of the biosensor with different 352 

herbicide concentrations was carried out. Before and after incubation, the tyrosinase activity 353 

was obtained in the presence of 4-chlorophenol (substrate). Low detection limits close to 1 354 

ppb were obtained for atrazine or diuron. The linear range extended from 2.3 ppb to 2.33 ppm 355 

and from 2.15 ppb to 2.15 ppm for diuron and atrazine, respectively. As underlined by the 356 

authors, the detection limit was 100-1000 times lower than the one obtained using previously 357 

described amperometric tyrosinase biosensors.  358 

Due to the poor water solubility of many herbicides, organic phase enzyme electrodes 359 

(OPEEs) operating in nonaqueous solvents have been proposed, especially for the detection 360 

of triazine and benzotriazine herbicides, based on competitive and reversible inhibition of 361 

tyrosinase activity (Campanella et al., 2005)(Campanella et al., 2006). Tyrosinase was 362 

adsorbed onto a -carrageenan hydrogel placed in contact with the gas permeable membrane 363 

of a Clark-type electrode. The amperometric biosensor was incubated for 15 minutes in water-364 

saturated chloroform herbicide solution before adding phenol as substrate. The percentage of 365 

inhibition was then related to the logarithm of herbicide concentration. Linear range for 366 

atrazine, atrazine-desethyl and atraton was given as 2 µM - 200 µM and LOD as 0.5 µM 367 

(Campanella et al., 2005). Propazine, simazine, terbuthylazine, azinphos-methyl and 368 

azinphos-ethyl led to a similar linear range (2 µM - 10 mM) (Campanella et al., 2006). A total 369 

measurement time of 20 minutes was indicated. Detection of triazine-treated vegetal samples 370 

was also reported, with recoveries of 75-95%.  371 

Wang et al. (2006) presented a conductimetric biosensor for the detection of several 372 

pesticides, including the herbicide alachlor (Wang et al., 2006). Diazinon, alachlor and carbaryl 373 

were shown to inhibit mushroom tyrosinase activity. The enzyme was cross-linked in the 374 

presence of BSA and glutaraldehyde on a gold interdigitated electrode, whereas BSA was 375 

immobilized alone on a second electrode serving as the reference (blank). Conductivity 376 

variation was measured in the presence of catechol. The differential signal was determined 377 

as the difference of signal between the BSA-electrode and the BSA/tyrosinase-electrode. An 378 

incubation time of 30 minutes with each pesticide was selected. The limit of detection for 379 

alachlor was reported to be 0.15 µM. After a 4 week-storage period, the biosensor still 380 

presented over 90% activity. An early warning device is thus presented to indicate the 381 

presence of tyrosinase inhibitors. In the study, the authors did not differentiate herbicides 382 

(alachlor) from organophosphorous and carbamate insecticides (diazinon, carbaryl).   383 
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In 2008, Kim et al. proposed an amperometric biosensor based on mushroom tyrosinase 384 

inhibition by two herbicides (atrazine and 2,4-D), as well as a fungicide (ziram) (Kim et al., 385 

2008). Gold nanoparticles (AuNP) were deposited by a double-pulse technique on a 386 

pretreated GCE. Tyrosinase was then immobilized by the formation of a self-assembled 387 

monolayer (SAM) using 3-mercaptopropionic acid (MPA). Cyclic voltammetry (CV) 388 

measurements were conducted using catechol as a substrate before and after addition of 389 

herbicides, and inhibition of the enzyme activity was estimated by analysis of cathodic peak 390 

intensity in a continuous flow system. A linear range extending from 1 to 500 ng.L-1 was 391 

observed for both herbicides, with detection limits of 0.35 ng.L-1 and 0.55 ng.L-1 for atrazine 392 

and 2,4-D, respectively. Although the flow system was not described in the publication, the 393 

biosensor displayed a good stability with minimal response loss after 10 assays, as well as 394 

only 20 % loss after 20 days of storage at 4°C. 395 

Organophosphorous (dichlorvos) and triazine (atrazine) herbicides were also detected using 396 

amperometric biosensors based on tyrosinase inhibition (Vidal et al., 2008). The enzyme 397 

activity could be modulated by electrochemically generating reduced forms of a co-398 

immobilized charge-transfer quinonic mediator (1,2-naphtoquinone, NQ). Cross-linking with 399 

glutaraldehyde was performed before electropolymerization with o-phenylenediamine to form 400 

an outer protective layer. By chronocoulometry at – 600 mV vs. Ag|AgCl, the reagentless 401 

biosensor could detect atrazine with a linear range extending from 0.8 to 10 µM and a 402 

detection limit of 0.15 µM. Good recovery was obtained in spiked (ca. 90 ppb atrazine) river 403 

water samples. 404 

Tyrosinase was also immobilized on the surface of nanomaterials (vertical growth TiO2 405 

nanotubes) to design a high performance amperometric biosensor for atrazine detection (Yu 406 

et al., 2010) (Figure 7A). High sensitivity and stability were obtained in the presence of 407 

biocompatible nanotubes presenting highly ordered vertically aligned structures with a large 408 

surface area for enzyme adsorption before glutaraldehyde cross-linking. In the presence of p-409 

cresol as the substrate, 4-methylcatechol was enzymatically produced and was oxidized in 410 

the presence of oxygen into 2-methyl,1,2-benzoquinone. Working at – 500 mV vs. SCE, the 411 

quinone was reduced to electro-regenerate 4-methylcatechol, resulting in amplification of the 412 

signal. The percentage of inhibition measured in the presence of atrazine could be correlated 413 

to its concentration. Detection limit as low as 0.1 ppt was achieved and a wide linear range 414 

was observed, from 0.2 ppt to 2 ppb atrazine. The system was applied for atrazine 415 

determination in soil samples. Obviously, it may also be affected by other tyrosinase inhibitors 416 

such as carbamate or organophosphorous pesticides.  417 

Chlortoluron, a phenylurea herbicide, could be detected based on reversible tyrosinase activity 418 

inhibition (Haddaoui and Raouafi, 2015). A sensitive and disposable electrochemical 419 

enzymatic biosensor was described using a screen-printed carbon electrode (SPCE) modified 420 

with ZnO nanoparticles (NPs). The enzyme was immobilized by adsorption on ZnO NPs and 421 

cross-linking with glutaraldehyde. Tyrosinase oxidation of phenol to o-quinone (reduction 422 

measured at – 0.2 V vs. Ag|AgCl) was inhibited in the presence of the herbicide. Using a 30-423 

minute incubation time, the linear range extended from 1 to 100 nM, with a limit of detection 424 

of 0.47 nM (ca. 0.1 ppb) of chlortoluron. The biosensor was used for herbicide detection in 425 

real water samples, with 93 – 115.8 % recovery. Measurements were also possible in the 426 

presence of aniline, pyrogallol or ascorbic acid. The biosensor could potentially be used for 427 

analysis of other phenylurea herbicides. 428 
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429 
Figure 7. Examples of enzymatic biosensors showing a low limit of detection for herbicides, 430 

based on tyrosinase (A, modified from Yu et al., 2010 ; B, modified from Wu et al., 2019), HRP 431 

(C, modified from Kergaravat et al., 2021), ALP (D, modified from Gianvittorio et al., 2023) or 432 

AChE (E, modified from Yu et al., 2021). (ATCI: acetylthiocholine iodide ; TCI: thiocholine 433 

iodide).  434 

Guan et al. (2016) proposed an electrochemical biosensor based on tyrosinase inhibition by 435 

atrazine (Guan et al., 2016). The enzyme was entrapped in situ during polymerization of 3,4-436 

dihydroxy-L-phenylalanine (L-DOPA) (catalyzed by tyrosinase) on a gold electrode, and then 437 

covered with Nafion. The biosensor was used for phenol (substrate) and for atrazine (inhibitor) 438 

detection. In the presence of phenol and after a 15-minute incubation period with the herbicide, 439 

the percentage of inhibition was calculated and correlated to atrazine concentration. A linear 440 

range was observed between 50 ppb and 3 ppm and the limit of detection was given as 10 441 

ppb. Atrazine detection was also assayed with success on spiked river water, lake water and 442 
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farmland water (filtered and 10 times diluted). However, this biosensor is not specific to 443 

atrazine. It is also sensitive to the presence of phenol or phenolic compounds in contaminated 444 

waters. 445 

A tyrosinase inhibition-based biosensor was also reported by Tortolini et al. in 2016 for 446 

atrazine detection (Tortolini et al., 2016). Tyrosinase was immobilized on commercial SPCEs 447 

(DropSens) modified with multi-walled carbon nanotubes (MWCNTs). The immobilization 448 

method was based on UV polymerization of polyvinyl alcohol with styrylpyridinium groups 449 

(PVA-SbQ). The biosensor was used for the detection of atrazine, using catechol as substrate. 450 

It showed a LOD of 0.3 ppm and a linear range between 0.5 and 20 ppm. A good accuracy 451 

was reported for the quantification of atrazine in supplemented lake water samples. The device 452 

could be used as a complement to traditional analytical methods for atrazine detection, or as 453 

a warning tool for pre-selecting contaminated samples for further analysis. However, a more 454 

precise evaluation of its stability and the impact of interfering compounds is necessary. 455 

In 2019, Sok and Fragoso used inhibition of tyrosinase for glyphosate detection (Sok and 456 

Fragoso, 2019). The enzyme was conjugated to carbon nano-onions and covalently linked to 457 

chitosan on a commercial SPCE (DropSens). L-DOPA was added as the substrate, thus 458 

allowing amperometric detection at - 0.2 V vs. Ag|AgCl. Glyphosate detection could be 459 

performed by reporting the percentage of inhibition versus glyphosate concentration, with a 460 

linear range extending from 15 nM to 10 µM, and a limit of detection of 6.5 nM (1.1 ppb). The 461 

biosensor underwent testing using real samples and the results showed a good correlation 462 

with those obtained from a commercial ELISA. The biosensor was demonstrated to be stable 463 

(82% signal intensity after 4 months at 4°C) and reusable (10% of intensity decrease after 33 464 

measurements). However, no specificity studies were conducted.  465 

An ultrasensitive optical biosensor involving nanomaterials was described by Wu et al. (Wu et 466 

al., 2019) (Figure 7B).  Mesoporous biocarbon dispersions were dropped at the surface of a 467 

gold electrode and further coated with tyrosinase and Nafion. The resulting electrode placed 468 

in a suspension of dispersed sulfur and nitrogen co-doped carbon dots (S,N-CDs) exhibited 469 

luminescence upon electrochemical reduction (below - 0.9 V vs. Ag|AgCl). The 470 

electrochemiluminescence (ECL) reaction was expected to be dependent on oxygen 471 

concentration. In the presence of phenol as the tyrosinase substrate, the ECL signal was 472 

extinguished due to the consumption of dissolved oxygen by the enzyme. By placing the 473 

electrode into an atrazine solution for 20 minutes prior to measurement, tyrosinase was 474 

inhibited and the ECL signal was further recovered. This two-step system exhibited an ECL 475 

signal related to the concentration of atrazine (logarithm) from 10-4 to 10-2 ppb, with a LOD of 476 

8 x 10-5 ppb. No interferences were identified with 50 ppb profenofos (an organophosphorous 477 

insecticide), bromoxynil (an inhibitor of PSII), malathion (a cholinesterase inhibitor), and 478 

pentachlorophenol (a fungicide), which were never described as tyrosinase inhibitors. The 479 

signal recovery was 94-106 % using tap, river or lake waters.  480 

 481 

2.2. Peroxidases 482 

Horseradish peroxidase (HRP) (EC 1.11.1.7) is a member of the large class of heme 483 

peroxidases catalyzing the oxidation of substrates by H2O2. The enzyme contains iron (III) 484 

protoporphyrin IX (ferriprotoporphyrin IX) as the prosthetic group. The iron is capable of 485 
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undergoing oxidation and reduction. HRP is the most commonly used enzyme, particularly 486 

because of its stability over a broad range of pH and temperature. Considering biosensors 487 

based on inhibition of HRP activity, glyphosate is the main herbicide that has been detected 488 

(Table 3, Figure 5). Experiments are performed in the presence of H2O2 and, eventually, a 489 

redox mediator such as hydroquinone (HQ) (Figure 8). As described hereafter, reduction 490 

currents are measured at a low operating potential, thus minimizing the risk of surface fouling 491 

and interference from electroactive species. 492 

 493 
Figure 8. Peroxidase-catalyzed hydroquinone oxidation reaction showing the formation of 494 

HRP compounds I and II, as well as the intermediate semiquinone. Here, hydroquinone is 495 

regenerated from benzoquinone by electrochemical reduction (adapted from (Zambrano-496 

Intriago et al., 2023)). 497 

 498 

 499 

Songa et al. (Songa et al., 2009a) immobilized HRP on a gold electrode modified by 500 

electrodeposition of poly(2,5-dimethoxyaniline) doped with poly(4-styrenesulfonic acid) (PSS). 501 

In the presence of H2O2, the intensity of the reduction peaks (measured by CV) decreased 502 

with glyphosate due to enzyme inhibition. Glyphosate quantification was possible between 503 

0.25 and 14 ppb. The specificity of the electrochemical biosensor and its activity on 504 

environmental samples were not assayed. The same authors also proposed the application of 505 

the biosensor for the detection of glyphosate and glufosinate in corn samples (Songa et al., 506 

2009b). A gold rotating disk electrode was used to increase sensitivity. Amperometric 507 

measurements at an applied potential of - 0.1 V vs. Ag|AgCl were carried out in the presence 508 

of H2O2. The current intensity decrease following the addition of glyphosate or glufosinate was 509 

found to be linearly related to herbicide concentrations in a range extending from 2 to 78 ppb 510 

for glyphosate and from 2 to 10 ppb for glufosinate. The matrix effect of complex samples was 511 

assessed in herbicide-spiked corn samples. Unspiked corn samples showed no inhibitory 512 

effect on HRP activity, but no systematic interference studies with exogenous compounds 513 

were carried out. 514 

In order to detect glyphosate, Oliveira et al. used atemoya peroxidase adsorbed on modified 515 

nanoclay (Oliveira et al., 2012). Carbon paste electrodes (CPEs) were then obtained by mixing 516 
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the enzyme preparation with graphite powder, MWCNTs and mineral oil. Measurements were 517 

performed in the presence of HQ and H2O2. The p-benzoquinone (BQ) reduction current was 518 

measured by square wave voltammetry (SWV). The percentage of inhibition of the peroxidase 519 

activity by glyphosate was determined after incubation of the enzyme for 2 minutes in the 520 

presence of the herbicide. It was linearly related to glyphosate concentrations (semi-521 

logarithmic plot) between 0.1 ppm and 4.55 ppm (LOD of 30 ppb). No studies on matrix effect 522 

and specificity were conducted.  523 

Inhibition of HRP was also used by Cahuantzi-Muñoz et al. to develop an amperometric 524 

biosensor for glyphosate detection, applied to maize kernels (Cahuantzi-Muñoz et al., 2019). 525 

A graphite-epoxy electrode modified with MWCNTs was used as the working electrode. HRP 526 

was then immobilized on the modified electrodes by adsorption. The intensity of H2O2 527 

reduction peak was measured by CV at - 0.3 V vs. SCE, after 5 min incubation with glyphosate 528 

before H2O2 addition. A wide linear range was reported for glyphosate, extending from 1.7 x 529 

10-2 ppb to 1.9 ppm (semi-logarithmic plot). Detection was performed at pH 4 where herbicide-530 

enzyme interaction is thought to be optimized. No interference from chlorpyrifos (insecticide) 531 

and starch (major component of maize) was found. Spiked corn samples were analyzed using 532 

glyphosate concentrations between 0.1 nM and 11 µM with success (recovery of 100%).   533 

Another electrochemical biosensor for glyphosate detection based on inhibition of HRP activity 534 

was reported (Roman et al., 2020). The target enzyme was immobilized by electrodeposition 535 

on a polyaniline film that was firstly electropolymerized on silicon. Amperometric 536 

measurements were performed in the presence of H2O2, HQ and a given glyphosate 537 

concentration, during a 20 min incubation time. Current densities were correlated with the 538 

logarithm of glyphosate concentration. The linear range extended from 16.9 ppb to 16.9 ppm 539 

and the LOD was reported as 5.44 ppb. The authors pointed out the potential of integrating 540 

their system into silicon electronic devices.  541 

Kergaravat et al. reported another HRP-inhibition based electrochemical biosensor 542 

(Kergaravat et al., 2021) (Figure 7C). Streptavidin was first covalently immobilized on a 543 

commercial SPCE, then HRP-biotin conjugates were added and thus immobilized thanks to 544 

streptavidin-biotin interactions. O-phenylenediamine (OPD) and hydrogen peroxide were used 545 

as substrates of HRP which catalyzes the dimerisation of OPD into 2,3-diaminophenazine 546 

(DAP). DAP reduction was thus measured. Inhibition of HRP resulted in decreased SWV 547 

current. The inhibition percentage was calculated and correlated with glyphosate 548 

concentrations (logarithm). A LOD of 45 ng.L-1 and a linear range from 0.08 to 11 ppb were 549 

reported. A more sensitive bioassay (LOD of 0.085 ng.L-1) was also reported using soluble 550 

(instead of immobilized) HRP, but it was slower, less simple and less adapted to in field 551 

measurements, compared to the biosensor. No interference with carbaryl, chlorpyrifos, 552 

calcium, nitrate or sulfate was found and the biosensor was validated using groundwater 553 

samples with recoveries between 79 % and 98 %. It can be underlined that the biosensor 554 

exhibited good performance without using nanomaterials. 555 

In 2021, Kucherenko et al. described an amperometric biosensor based on laser-induced 556 

graphene (LIG) electrodes for atrazine monitoring by HRP inhibition (Kucherenko et al., 2021). 557 

HRP was immobilized onto the LIG working electrode by glutaraldehyde cross-linking. 558 

Amperometric measurements of H2O2 reduction peak were performed after addition of 559 

atrazine and allowed to determine a LOD of 1.6 μM. Other common herbicides (glyphosate, 560 
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dicamba and 2,4-D) were also assayed and showed negligible interferences on atrazine 561 

sensing. It seems surprising that glyphosate did not induce measurable HRP inhibition. The 562 

presented LIG electrode platform could be a versatile base for future detection applications. 563 

 564 

An amperometric biosensor based on covalent peroxidase immobilization on carbon nano-565 

onions followed by cross-linking to a cyclodextrin polymer matrix on a SPCE was recently 566 

reported (Sok and Fragoso, 2021). Two phenoxy-based herbicides acting as peroxidase 567 

inhibitors, 2,4-D and 2,4,5-T, could be detected. The presence of highly conductive and 568 

biocompatible carbon nanomaterials was shown to improve sensitivity and stability of the 569 

biosensor. Amperometric detection was performed at 0 V vs. Ag|AgCl for reducing 3,3’,5,5’-570 

tetramethylbenzidine (TMB) that was added with H2O2 in the solution. The inhibition 571 

percentage increased linearly with herbicide concentrations from 0.15 to 1 µM. Detection limits 572 

were given as 10 nM (2.6 ppb) for 2,4,5-T and 23 nM (5.1 ppb) for 2,4-D. Analysis in real 573 

samples was reported, in a soil treated with 2,4-D and in a river water spiked with 2,4,5-T.  574 

An innovative enzymatic biosensor for the electrochemical detection of glyphosate based on 575 

HRP inhibition was also recently developed (Zambrano-Intriago et al., 2023). The system 576 

consisted in a PGE with HRP immobilized by entrapment (phase inversion procedure) in a 577 

MWCNT-doped polysulfone (PSF) membrane. Amperometric measurements were performed 578 

using H2O2 and HQ as substrate and redox mediator, respectively. A detection limit of 0.15 579 

µM glyphosate was determined, with a linear range extending from 0.6 µM to 60 µM. The 580 

simplicity and low-cost nature of the biosensor was pointed out by the authors who also 581 

conducted an interference study by several pesticides (dimethoate, methomyl, mesosulfuron-582 

methyl) revealing a good selectivity, with signal recoveries varying from 95.2 % to 103.5 %. 583 

 584 

2.3. Alkaline phosphatase 585 

 586 

Alkaline phosphatase (ALP, EC 3.1.3.1) is a metalloenzyme containing Mg2+ and Zn2+ ions in 587 

its active center and catalyzing the dephosphorylation of substrates. The enzyme is also 588 

characterized by a broad substrate range and is sensitive to a wide variety of inhibitors, such 589 

as pesticides and heavy metals. Alkaline phosphatase has been used in several biosensors 590 

devoted to 2,4-D detection based on its reversible non-competitive inhibition (Gianvittorio et 591 

al., 2023). In reported biosensors, the enzyme catalyzes the hydrolysis of the phosphoester 592 

linkage within substrates such as 3-indoxyl phosphate, glucose-6-phosphate or ascorbic acid-593 

2-phosphate (A2P) (Table 3). The most recent reports are based on A2P as the ALP substrate, 594 

thus producing ascorbic acid that can be detected by electrochemical oxidation, as shown 595 

hereafter: 596 

 597 

In 2000, Botrè et al. used a bi-enzymatic inhibition biosensor based on the combined catalytic 598 

activity of alkaline phosphatase (ALP) and glucose oxidase (GOx) for the detection of 2,4-D 599 

(Botrè et al., 2000). Glucose-6-phosphate (G6P) was used as an ALP substrate to generate 600 

glucose, further oxidized by glucose oxidase to form H2O2, itself detected by amperometry on 601 

a platinum electrode poised at +0.65 V vs. Ag|AgCl. ALP and GOx were immobilized on 602 
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cellulose acetate and nylon membranes, respectively, using polyazetidine prepolymer (PAP). 603 

The membranes were then placed on the platinum electrode. 2,4-D was detected by 604 

measuring the current decrease in the presence of 0.5 mM G6P. A 45 nM detection limit and 605 

a linear range from 68 nM to 19 µM were obtained. Measurements with environmental samples 606 

were not reported. 607 

 608 

The same authors later reported an amperometric monoenzymatic biosensor based on 609 

inhibition of ALP activity for the detection of 2,4-D and malathion (an organophosphorous 610 

insecticide) (Mazzei et al., 2004). In the presence of 3-indoxyl phosphate, hydrogen peroxide 611 

is enzymatically produced and can be detected as previously described. Linear range 612 

extended from 1.5 to 60 ppb and LOD was given as 0.5 ppb. The authors mentioned that the 613 

biosensor is a promising tool for rapid detection of 2,4-D and malathion, but also related 614 

environmental pollutants acting as ALP inhibitors. 615 

 616 

Also based on ALP inhibition, Shyuan et al. reported an amperometric biosensor for the 617 

detection of several toxicants: 2,4-D and 2,4,5-T herbicides (Shyuan et al., 2008), carbofuran 618 

and endosulfan insecticides, and heavy metals. The chlorophenoxyacetic acid herbicides 619 

showed the highest inhibition degree of ALP that was entrapped in a silica / chitosan film 620 

deposited on SPCE. The percentage of inhibition was related to herbicide concentration, with 621 

a 15-min incubation time, using A2P as the substrate and detecting ascorbic acid oxidation. 622 

The linear range was 1 - 60 ppb and LOD was 0.5 and 0.8 ppb for 2,4-D and 2,4,5-T, 623 

respectively. The authors underlined the higher specificity of electrochemical immunosensors 624 

compared to the present one but also mentioned their complexity of fabrication and the low 625 

sensitivity and high LOD (40 and 50 ppb). The enzymatic biosensor could be used as a 626 

disposable screening device for water toxicity. 627 

 628 

Loh et al. (2008) reported a disposable electrochemical biosensor based on ALP and 629 

biocompatible Fe3O4 NPs that improved the sensitivity towards 2,4-D (Loh et al., 2008). 630 

Immobilization was performed by entrapment in a sol-gel silica / chitosan matrix on a SPCE. 631 

In the presence of A2P, 2,4-D could be detected after a 15 min incubation time, thus giving a 632 

linear range extending from 0.5 to 30 ppb and a detection limit of 0.3 ppb. Heavy metals could 633 

also be detected, but at 1000 times higher concentrations. High recoveries were observed for 634 

2,4-D spiked water samples from a rice field (complex matrix). A good correlation was obtained 635 

with HPLC after solid-phase extraction.  636 

In 2016, Bollela et al. also proposed a biosensor based on ALP inhibition for the detection of 637 

2,4-D (ascorbic acid electrochemical oxidation) (Bollella et al., 2016). Better results were 638 

obtained when ALP was entrapped in PVA-SbQ rather than covalently immobilized on a 639 

MWCNT-modified SPE via N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide (EDC) and N-640 

hydroxysuccinimide (NHS). LOD was given as 1 ppb of 2,4-D, with a linear response observed 641 

between 2.1 and 110 ppb after 20 minutes incubation. Spiked lake water samples were also 642 

tested with satisfying results, but a small matrix effect was detected (> 90% recovery). 643 

However, no specificity assays were conducted. The biosensor was also considered reusable, 644 

with a 30% signal decrease after 12 measurements. 645 

Enzymatic inhibition-based reusable biosensors using ALP immobilized on GCE modified with 646 

nanomaterials were recently reported (Gianvittorio et al., 2023) (Figure 7D). The enzyme was 647 

cross-linked with BSA and glutaraldehyde on a mixture of MWCNTs and electrochemically 648 
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reduced graphene oxide (ERGO) whose synergic effect led to increased sensitivity and 649 

decreased potential. In the presence of A2P as a substrate and 2,4-D as a non-competitive 650 

inhibitor, ascorbic acid was detected by CV (ascorbic acid oxidation peak at +0.3 V vs. SCE). 651 

After a 10 min incubation time, the linear range extended from 0.04 to 24 nM of 2,4-D (semi-652 

logarithmic plot). The biosensor could be reused, after a 30 min washing step in Triton X-100 653 

(pH 8). Pesticides other than 2,4-D such as malathion or parathion could also be detected at 654 

nanomolar concentrations. 655 

 656 

2.4. Urease 657 

Urease (EC 3.5.1.5) is known as the first purified and crystallized enzyme. It is a nickel-658 

containing metalloenzyme, catalyzing the following reaction: 659 

 660 

Different types of compounds are known to inhibit urease activity, such as heavy metal ions 661 

or several pesticides including herbicides. Electrochemical biosensors for herbicide detection 662 

based on the inhibition of urease that have been reported in the literature are either 663 

potentiometric (ion-selective membrane) or silicon-type (semiconductor-based) enzyme-664 

modified field-effect biosensors such as enzyme-field-effect transistors (ENFETs) or enzyme-665 

modified capacitive field-effect biosensors (ENFEC) (Table 3).  666 

A capacitive field-effect biosensor based on urease inhibition was reported for atrazine 667 

detection (Braham et al., 2013). Fe3O4 NPs combined with cationic and anionic 668 

polyelectrolytes were chosen as suitable materials for enzyme immobilization and 669 

glutaraldehyde was used as cross-linking agent. In the presence of urea, the ENFEC system 670 

was characterized by a detection limit of 0.13 µM (28 ppb) atrazine and a linear range 671 

extending from 10-2 to 10-7 M.  672 

In 2016, Cao et al. described a biosensor consisting of a highly sensitive graphene-based 673 

liquid gated field effect transistor (GFET) for atrazine detection (Cao et al., 2016). The GFET 674 

device consisted of 19 coupled interdigitated source and drain platinum electrodes on a 675 

silicium wafer, and a platinum wire top gate electrode. Urease was immobilized on the GFET 676 

sensor by glutaraldehyde vapor cross-linking and variations of the drain-source current as a 677 

function of the gate voltage were recorded to evaluate the inhibition of urease by atrazine. The 678 

differential current was found to be linearly related to atrazine concentrations ranging from 679 

2.10-4 ppb to 20 ppb, with a limit of detection as low as 0,05 ppt. The authors claimed that the 680 

performance of the sensor was linked to the graphene-based ENFET configuration and 681 

enhanced by the chemical vapor deposition method used for thin graphene layer synthesis. 682 

The electron transfer properties of this kind of graphene still remain to be studied. 683 

 684 
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In their 2018 work, Vaghela et al. reported a potentiometric biosensor for glyphosate detection 685 

based on urease conjugation with AuNPs further entrapped in an agarose-guar gum matrix 686 

(Vaghela et al., 2018). Ammonium ions were produced by urease in the presence of urea. The 687 

biosensor thus used a potentiometric detection with a commercial ammonium-selective 688 

electrode. The percentage of inhibition was correlated to the logarithm of glyphosate 689 

concentrations and revealed a linear relationship between 0.5 and 50 ppm, with a LOD of 0.5 690 

ppm. A good selectivity was noticed by testing responses to dichlorvos, dimethoate, 2,4-D, 691 

hexaconazole and paraquat. Biosensors were also validated on glyphosate-spiked water 692 

samples. Surprisingly, no inhibition was observed in the presence of atrazine (unknown 693 

concentration) elsewhere described as an urease inhibitor. 694 

2.5. Other enzymes 695 

Acetolactate synthase (ALS, EC 4.6.3.8) is implicated in valine, leucine and isoleucine 696 

biosynthetic pathways in plants, bacteria, fungi and algae. Sulfonylurea and imidazolinone 697 

herbicides are known inhibitors of ALS (Table 1). In 1996, Seki et al. used the ALS II 698 

isoenzyme expressed in E. coli and immobilized in PVA-SbQ on an oxygen electrode (Seki et 699 

al., 1996). Micromolar concentrations of imazaquin, sulfometuron methyl, thifensulfuron 700 

methyl and chlorsulfuron were shown to decrease the enzyme oxygen-consuming activity in 701 

the presence of pyruvate as the substrate, after a 30-min incubation period with the herbicides. 702 

Stability and sensitivity remained to be improved.  703 

In 2010, glucose oxidase (EC 1.1.3.4) was adsorbed on aligned carbon nanotubes (CNTs) on 704 

a copper electrode to design an electrochemical biosensor for atrazine detection (Yang et al., 705 

2010). Measurements by SWV were performed after a 7-min incubation time. The current 706 

response (peak at ca. -0.5 V vs. SCE) decreased with increasing atrazine concentrations, due 707 

to inhibition of the enzyme activity. A linear range was observed between 5.8 x 10-7 M and 708 

4.22 x 10-5 M of atrazine, with a detection limit of 3.9 x 10-8 M (8.4 ppb). Other glucose oxidase 709 

inhibitors such as Pb2+ and Cu2+ heavy metal ions were shown to interfere in the detection of 710 

the herbicides. Good recovery was obtained in filtered wastewater samples spiked with 711 

micromolar atrazine concentrations.  712 

Catalase (EC 1.11.1.6) is inhibited by 2,4 D in wheat and other plants. To design a biosensor 713 

for 2,4-D detection, Liu et al. (Liu et al., 2016) immobilized the enzyme in hierarchical porous 714 

calcium phosphate microspheres further entrapped in chitosan at the surface of a GCE. 715 

Amperometric measurements in a flow injection system were obtained with an applied 716 

potential of -0.35 V vs. Ag|AgCl for the reduction of H2O2. 2,4-D was found to be competitive 717 

to H2O2. Percentage of inhibition led to two linear regions: 30-300 nM and 300-3000 nM. The 718 

LOD was found to be 15 nM (3.3 ppb). No interferences were found with several molecules or 719 

ions present in environmental samples such as glucose, citric acid, prometryn, cycloxydim, 720 

sethoxydim, forchlorfenuron, Fe3+ or Mg2+. Structural analogues of 2,4-D (e.g. 2,4-721 

dichlorophenylacetic acid and 2,4-dichlorobenzoic acid) were found to interfere at 722 

concentration of 0.3 μM. Interestingly, after 2,4-D reversible inhibition, the signal could be fully 723 

recovered by washing. The biosensor was stable over one month at 4°C and recoveries of 97-724 

103% were obtained using real samples. 725 

 726 

Acetylcholinesterase (AChE) is often used for insecticide detection due to its inhibition by 727 

organophosphorous and carbamate compounds. Glyphosate is an organophosphorous 728 
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pesticide which can also inhibit AChE. Liu et al. (2020) immobilized AChE and choline oxidase 729 

(ChOx) on reduced graphene oxide NPs on a GCE, in the presence of luminol, AuNPs, L-Cys 730 

and Cu(II) (Liu et al., 2020). The coupled enzyme system produced H2O2 in the presence of 731 

acetylcholine. Cu(II) was used for its peroxidase-mimicking function. After one hour incubation 732 

of the biosensor with glyphosate, H2O2 detection was performed by ECL of luminol, using CV 733 

between 0 and 0.7 V vs. Ag|AgCl, Two suppression processes occurred: inhibition of AChE 734 

activity and complexation between Cu(II) and glyphosate which resulted in Cu(II) desorption 735 

from the electrode surface, giving rise to a lower optical signal measured at ca. 0.55 V vs. 736 

Ag|AgCl. The authors reported a LOD of 0.5 nM and a linear range from 1 nM to 1 µM (semi-737 

logarithmic plot). The biosensor was successfully assayed in environmental matrices (lake 738 

and river water) and the results showed a good correlation with those obtained by ion 739 

chromatography. No interference was detected in the presence of deltamethrin, acridine, 740 

chlorpyrifos or carbendazim.  741 

Another very sensitive biosensor based on AChE activity inhibition was described for 742 

glyphosate detection (Yu et al., 2021) (Figure 7E). CdS and ZnO particles were used as 743 

photoactive materials on the surface of which the enzyme was entrapped in chitosan. The 744 

enzymatic photoelectrochemical FET used light as an excitation source thus generating photo-745 

drain current in the presence of thiocholine produced from acetylthiocholine. With a 9 min 746 

incubation time with glyphosate, the photocurrent decrease was correlated to logarithmic 747 

glyphosate concentration in a linear range extending from 1.7 x 10-7 ppb to 1.7 x 10-3 ppb and 748 

a very low detection limit of 6.4 x 10-8 ppb was reported. A partial interference from imidacloprid 749 

and carbaryl was mentioned. The device was applied in vegetable samples with good 750 

recoveries.  751 

 752 

Indirect glyphosate detection based on acid phosphatase (ACP) inhibition was reported 753 

(Butmee et al., 2021). The amperometric biosensor was based on enzyme immobilization by 754 

glutaraldehyde cross-linking on a SPCE modified with AgNPs decorated with 755 

electrochemically reduced graphene oxide. Phenyl phosphate was used as the ACP substrate 756 

and glyphosate as a reversible competitive inhibitor. This disposable early warning device, 757 

suitable for on-field analysis, used nanomaterials for signal enhancement (via acceleration of 758 

the electron transfer process) as the ACP activity is reduced. The current densities were 759 

correlated with glyphosate concentrations, with two linear ranges: 0.05 – 0.5 ppm and 0.5 – 760 

22 ppm. The detection limit was 0.015 ppm. Good recovery measurements (95.6 – 104.7 %) 761 

on spiked water samples were reported. Ultra high performance liquid chromatography 762 

(UHPLC) was also used as a comparative standard method to validate the biosensor.  763 

 764 

2.6. Microfluidic paper-based analytical devices (μPADs) 765 

Microfluidic paper-based user-friendly devices have recently been developed for eco-766 

designed environmental monitoring, mainly for heavy metal ions, insecticide and fungicide 767 

detection (Kung et al., 2019)(Colozza et al., 2021). Paper has been shown to be a suitable 768 

material for electrochemical sensing, simplifying analysis of complex real samples that can be 769 

performed without previous treatment or further reagent addition, thus giving rise to 770 

reagentless detection. As described above (Table 3), µPADs based on inhibition of ALP, 771 

tyrosinase or HRP have been developed for 2,4-D, atrazine or glyphosate detection, 772 

respectively. 773 
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In 2019, Arduini et al. proposed an origami paper-based platform for paraoxon (an insecticide), 774 

2,4-D and atrazine detection based on butyrylcholinesterase, ALP and tyrosinase inhibition, 775 

respectively (Arduini et al., 2019). The device was composed of groups of three paper pads, 776 

with enzymes and substrates separately immobilized by adsorption (drop casting) on two of 777 

the paper pads whereas the third pads included carbon black-modified SPEs. For 778 

chronoamperometric measurements, the device was folded as an origami, superimposing all 779 

three zones. Pesticides could be quantified by relating the concentration to the inhibition 780 

percentage. A linear range could be observed between 100 to 600 ppb for 2,4-D and 10 to 781 

100 ppb for atrazine. Limits of detection of 2 ppb (atrazine) or 50 ppb (2,4-D) were determined. 782 

The same group continued to develop a paper-based platform in 2022 (Caratelli et al., 2022) 783 

with the design of a flower-like origami paper-based device for pesticide detection in aerosol 784 

phase. Paraoxon and 2,4-D were detected by the same enzymatic inhibitions as in their 785 

previous work, while glyphosate was also tested using HRP inhibition. Separate flower-like 786 

paper pads were pre-loaded with the selected enzyme, exposed to the pesticide solutions, 787 

and then slipped between a substrate pad and an electrode pad. Chronoamperometry 788 

measurements were performed with a smartphone-assisted potentiostat, improving the 789 

miniaturization of the device and its on-site usability. Reported detection performances for 790 

paraoxon and 2,4-D were similar to those obtained in their previous study, while glyphosate 791 

concentrations as low as 10 ppb were detected, with a linear range between 50 and 150 ppb. 792 

A selectivity study was also performed against eventual interfering species (lead, atrazine, 793 

lindane), which resulted in low inhibition (3-7% range). A paper-based ready-to-use 794 

electrochemical biosensing device was recently described by the same authors for the fast 795 

and smart detection of glyphosate in human urine (Moro et al., 2023). Interference from uric 796 

acid was overcome by integrating sample treatment (pH-driven precipitation) into a paper strip. 797 

The paper origami biosensing strategy was based on inhibition of HRP activity and the use of 798 

TMB as substrate (Figure 9). A commercial portable potentiostat connected to a laptop was 799 

used to perform chronoamperometry measurements. A total time of analysis of 10 minutes 800 

was reported, including 5-min and 2-min incubation times with the HRP and the TMB pads, 801 

respectively. Glyphosate could be detected with a linear range extending from 100 to 700 ppb 802 

and LOD of 75 ppb. The authors pointed out a high score of sustainability (whiteness) of the 803 

paper-based microfluidic screening device, higher than that of the HPLC-MS reference 804 

method.  805 

 806 
Figure 9. Paper-based origami biosensing of glyphosate in urine. Reproduced with permission 807 

from (Moro et al., 2023). Copyright (2023) Elsevier. 808 
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2.7. Direct detection 809 

Only few enzymatic biosensors based on direct detection have been reported in the literature 810 

compared to highly described inhibition-based biosensors for herbicide detection. Two main 811 

direct detection systems have been described: signal-on systems using herbicide as the 812 

enzymatic substrate and systems based on specific interactions. 813 

Glutathione transferase isoenzyme GST-I from maize (zea mays) was used by Andreou et al. 814 

in order to detect atrazine (Andreou and Clonis, 2002). The sensing layer was located at the 815 

end of an optical fiber linked to a portable dual optical fiber spectrometer. GST was 816 

immobilized in the presence of BSA and glutaraldehyde on a polyvinylidene fluoride 817 

membrane, in order to enhance stability. This active membrane was used in combination with 818 

silica gel entrapping bromocresol green used as a pH indicator. GST catalyzes the conjugation 819 

of glutathione with atrazine, thus producing H+ which can be monitored by the rate of 820 

absorbance decrease at 625 nm, in correlation with color change of the entrapped pH 821 

indicator. A LOD of 0.85 µM (181 ppb) and a linear range from 2.52 to 125 µM were reported. 822 

Surprisingly, no interference was detected with carbaryl and alachlor. This biosensor was 823 

validated by spiking drinking water samples and groundwater (81 - 115 % recoveries).  824 

Laccase from Trametes versicolor was also used as a recognition element in amperometric 825 

biosensors for 2,4-D detection (Sezgintrk et al., 2010). Laccase was entrapped in gelatin 826 

before cross-linking with glutaraldehyde, on the surface of a dissolved oxygen probe allowing 827 

measurement of the decrease of dissolved oxygen concentration. The linear range for 2,4-D 828 

detection extended from 1.1 - 4.4 ppb. The limitation of the system is related to the specificity 829 

of the laccase enzyme that is also active towards other phenolic compounds.  830 

Glyphosate detection was also recently performed using glycine oxidase (GlyOx) co-831 

immobilized with FAD by cross-linking with glutaraldehyde on an electrode produced by LIG 832 

decorated with PtNPs (Johnson et al., 2022). By applying + 0.6 V vs. Ag|AgCl as the potential 833 

to detect the enzymatically-produced H2O2, a linear range was obtained from 1.7 ppm to 44 834 

ppm glyphosate, with a limit of detection of 0.5 ppm. Negligible interference from other 835 

herbicides (atrazine, dicamba, 2,4-D), organophosphorous insecticides or neonicotinoids was 836 

observed. Recovery tests performed in river water samples spiked with glyphosate were 837 

validated. The low-cost amperometric device with a response time of 150 s was thought to be 838 

applicable for rapid in-field measurements.  839 

Atomic force spectroscopy (AFS) methodology could be promising for herbicide detection, as 840 

shown by Leite's group. For instance, nanobiosensors based on atomic force microscopy 841 

(AFM) tip functionalization with a recombinant acetolactate synthase (ALS) were presented 842 

for metsulfuron-methyl detection (Da Silva et al., 2013).This herbicide is a well-known ALS 843 

inhibitor (Table 1). A muscovite mica substrate was functionalized with 1 mM metsulfuron-844 

methyl. Force curves were acquired and the adhesion force values were shown to be 845 

significantly higher when the AFM tip was enzymatically modified, resulting from enzyme-846 

herbicide specific interaction. As mentioned by the authors, ALS can be inhibited by three 847 

classes of herbicides: not only sulfonylureas, but also imidazolinones and triazolopyrimidines. 848 

In the same way, atrazine could be detected by using an AFM cantilever nanobiosensor based 849 

on immobilized tyrosinase-herbicide interaction (Martinazzo et al., 2018). A low cost tyrosinase 850 

extracted from banana was used for cantilever functionalization. The enzymatic cantilever 851 
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voltage was monitored as a function of atrazine concentration. A limit of detection of 7.8 ppb 852 

was obtained. No dynamic range was given. Glyphosate could also be detected by AFM, using 853 

peroxidase functionalized cantilevers (Muenchen et al., 2018). A low cost peroxidase extract 854 

from zucchini was used, thus leading to a limit of detection of 28 ppb glyphosate by measuring 855 

cantilever deflection (voltage) vs. logarithm of glyphosate concentration. It can be noticed that 856 

the detection of herbicides based on mechanical transducers is performed without enzyme 857 

substrate addition. 858 

3. Whole cell-based biosensors 859 

In plants' chloroplasts and cyanobacteria, thylakoid membranes are responsible for light-860 

dependent photosynthesis, oxidizing water to O2, generating NADPH and indirectly ATP. The 861 

photosynthetic electron transport (PET) chain comprises two photosystems: photosystem I 862 

(PSI) and photosystem II (PSII) (Figure 10). PSII contains A-chlorophyll, a photosynthetic 863 

pigment able to absorb photons and use their energy to excite electrons produced by water 864 

oxidation. PSII is also composed of a reaction center formed by a heterodimer of two 865 

homologous proteins D1 and D2 (Figure 10B). The transport of excited electrons from the 866 

water oxidizing complex (Oxygen-Evolving Complex, OEC) through PSII involves two quinone 867 

molecules, QA and QB, which bind D2 and D1 at sites located on the outer side of the 868 

membrane, facing the stroma. QA is the initial electron acceptor molecule, which becomes 869 

reduced when the D1/D2 heterodimer is excited by light and remains linked with the D2 870 

protein. The QB plastoquinone is a mobile redox species linked to D1, which can receive 871 

electrons from QA and be released from the PSII, allowing electrons to be transferred to the 872 

rest of the photosynthetic chain. 873 

Photosynthetic herbicides inhibiting photosynthesis at PS II belong to two HRAC classes: 5 874 

(D1 Serine 264 binders) and 6 (D1 Histidine 215 binders) (Table 1). They bind with the QB site 875 

of the D1 protein in PS II, thus competing with the native plastoquinone and interfering with 876 

the electron transport. PS I is also known to be the inhibitory target of herbicides from the 22 877 

HRAC herbicide group. Unlike PS II inhibitors, PS I inhibitors do not block electron flow but 878 

rather divert electrons that react with oxygen, thus forming toxic oxygen radicals and finally, 879 

the ultra-reactive hydroxyl radicals. As shown on Figure 10, paraquat is known to inhibit the 880 

PSI whereas atrazine and diuron are known to inhibit the PSII. 881 

 882 
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Figure 10. Photosynthetic transport chain in the thylakoid membrane showing the action site 883 

of selective herbicides (numbers refer to groups of herbicides acting on photosynthesis) (A), 884 

and simplified PS II structure showing the QA and QB sites (B). (Figures have been modified 885 

from (Tucci et al., 2019a) and (Zharmukhamedov et al., 2022)). 886 

Consequently, photosynthetic organisms can be used as recognition elements in herbicide 887 

biosensors. Among them, microalgae have been widely used, due to their rapid growth rate 888 

and easy culture conditions. The use of whole cells as recognition elements guarantees good 889 

device stability, as well as the presence of all the elements needed to analyze photosynthesis 890 

disturbances. Two major detection methods are used: electrochemical or optical. The first one 891 

is based either on the oxygen production during light exposition or on the electrons produced 892 

by the photosynthetic system, and can be performed with the addition of redox mediator 893 

compounds, optimizing the electron transfer between the photosynthetic reaction sites and 894 

the surface of electrodes. On the other hand, optical detection refers to A-chlorophyll 895 

fluorescence measurements. When the light is absorbed by A-chlorophyll, the excess energy 896 

is partially re-emitted in the form of fluorescence. In the presence of PSII-inhibiting herbicides, 897 

energy cannot be transferred into the photosynthetic chain, resulting in greater energy 898 

dissipation in the form of increased A-chlorophyll fluorescence. 899 

Therefore, whole cell-based biosensors mostly rely on inhibitory mechanisms, resulting in a 900 

lack of specificity for a large majority of microalgae biosensors described so far, owing to the 901 

diversity of pollutants affecting the microalgae metabolism. Whole cell-based biosensors for 902 

herbicide detection, based either on microalgae or on bacteria immobilization, are presented 903 

in Table 4 and described hereafter. 904 

Table 4. Whole cell-based biosensors for herbicide detection, based either on microalgae or 905 

on bacteria immobilization. 906 

Herbicide Organism Principle 
Immobilization 

method Detection 

LOD 

(ppm or 

ppb) 

Linear 

range 

(ppm or 

ppb) Reference 

Microalgae 

atrazine, 

isoprotur

on, 

propanil, 

bromoxy

nil 

Chlorella 

vulgaris 

PSII 

inhibition adsorption 

amperome

try < 100 ppb nd 

(Pandard 

and 

Rawson, 

1993) 

atrazine 

Scenesd

esmus 

subspica

tus 

PSII 

inhibition 

adsorption on 

filter paper 

and 

entrapment 

in calcium 

alginate 

fluorescen

ce ppb range 

10 - 50 

ppb 

(Frense et 

al., 1998)  
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diuron, 

atrazine, 

simazine

, 

alachlor, 

glyphosa

te 

Chlorella 

vulgaris 

PSII 

inhibition 

adsorption on 

microfiber 

filter 

fluorescen

ce 

1.1 ppb 

atrazine, 

0.2 ppb 

simazine, 

0.02 ppb 

diuron, 

1.3 ppm 

alachlor, 

338 ppm 

glyphosate nd 

(Naessen

s et al., 

2000)  

diuron, 

isoprotur

on , 

atrazine, 

simazine

, DNOC 

Chlorella 

vulgaris 

PSII 

inhibition 

adsorption on 

microfiber 

filter 

fluorescen

ce 

0.25 ppb 

atrazine, 

0.5 ppb 

simazine, 

0.025 ppb 

diuron/isopro

turon, 

5 ppb DNOC nd 

(Védrine 

et al., 

2003) 

AMPA, 

diuron 

Dunaliella 

tertiolecta

,Paeodact

ylum 

tricornutu

m 

external 

membrane 

esterase 

inhibition 

Self-

assembly 

monolayer 

(SAM)  

conducto

metry 

10 ppb 

AMPA, 

10 ppb 

diuron 

0.01 - 1 

ppm 

(Durrieu 

et al., 

2011)  

atrazine, 

DCMU 

(diuron) 

Chlorella 

vulgaris 

PSII 

inhibition 

entrapment 

in calcium 

alginate or 

polyion 

complex 

amperome

try 

216 ppb 

atrazine 

(alginate), 

11 ppb 

atrazine 

(polyion 

complex) nd 

(Shitanda 

et al., 

2005)  

atrazine, 

DCMU 

(diuron) 

Chlorella 

vulgaris 

PSII 

inhibition 

entrapment 

in calcium 

alginate 

amperome

try 

216 ppb 

atrazine nd 

(Shitanda 

et al., 

2009) 

diuron 

Chlorella 

vulgaris 

PSII 

inhibition silica gel 

fluorescen

ce 1 ppb nd 

(Nguyen-

Ngoc and 

Tran-

Minh, 

2007) 

simazine, 

atrazine, 

propazine

, 

terbuthyla

zine, 

linuron, 

2,4-D 

Dictyosph

aerium 

chlorelloid

es, 

Scenedes

mus sp., 

Scenedes

mus 

intermedi

us 

PSII 

inhibition 

sol-gel 

membranes 

(Na silicate-

glycerol) 

entrapment 

fluorescen

ce 

3.6 ppb 

simazine 

19 - 860 

ppb 

simazine 

(Peña-

Vázquez 

et al., 

2009) 

atrazine, Chlorella PSII magnetic amperome 151 ppm 194 - 1.6 x (Zamalee
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propazin

e 

pyrenoid

osa 

inhibition NPs-

functionalize

d cells 

immobilized 

by an 

external 

magnet 

try atrazine, 

92 ppm 

propazine 

104 ppm 

atrazine 

138 ppm - 

2.8 x 104 

ppm 

propazine 

va et al., 

2011)  

atrazine, 

diuron 

Chlamyd

omonas 

reinhardt

ii 

PSII 

inhibition 

entrapment 

in Nafion 

fluorescen

ce 

0.11 ppb 

atrazine, 

0.12 ppb 

diuron nd 

(Scognam

iglio et al., 

2012)  

atrazine, 

diuron, 

prometry

n 

Chlamyd

omonas 

reinhardt

ii 

PSII 

inhibition 

entrapment 

in Nafion 

fluorescen

ce 

0.11 ppb 

atrazine, 

0.11 ppb 

diuron, 

0.075 ppb 

prometryn nd 

(Scognam

iglio et al., 

2013)  

linuron, 

simazine 

Chlamyd

omonas 

reinhardt

ii 

PSII 

inhibition 

alginate 

entrapment 

amperome

try 

1.5 ppb 

linuron, 

18.1 ppb 

simazine nd 

(Husu et 

al., 2013)  

atrazine, 

simazine

, diuron 

C. vulgaris 

in 

symbiosis 

with 

paramecia 

(T. 

pyriformis) 

PSII 

inhibition 

entrapment 

in calcium 

alginate 

fluorescen

ce 

0.4 ppb 

diuron, 

0.9 ppb 

atrazine, 

1.6 ppb 

simazine nd 

(Turemis 

et al., 

2018)  

atrazine 

Chlamydo

monas 

reinhardtii 

PSII 

inhibition 

entrapment 

in calcium 

alginate 

Amperom

etry 0.22 ppb 

21.6 ppb 

- 1.1 

ppm 

(Attaallah 

et al., 

2020)  

atrazine, 

terbutyla

zine, 

diuron 

Chlamyd

omonas 

reinhardt

ii 

PSII 

inhibition 

entrapment 

in calcium 

alginate 

amperome

try and 

fluorescen

ce 

0.43 ppb 

atrazine 

(electrochem

ical), 

1.1 x 10-3 

ppb atrazine 

(fluorescenc

e) 

21.6 ppb - 

1.4 ppm 

atrazine 

(electroche

mical), 

2.2 - 43.1 

ppb 

atrazine 

(fluorescen

ce) 

(Antonacc

i et al., 

2021)  

atrazine 

(nanoen

capsulat

ed) 

Chlamyd

omonas 

reinhardt

ii 

PSII 

inhibition 

entrapment 

in calcium 

alginate 

Fluoresce

nce 

1 x 10-3 

ppb 

0,11 - 43 

ppb 

(Scognam

iglio et al., 

2019)  

atrazine 

(nanoen

Chlamyd

omonas 

PSII 

inhibition 

entrapment 

in calcium 

Amperom

etry 0.2 ppb 

21.6 ppb 

- 1.1 

(Antonacc

i et al., 
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capsulat

ed) 

reinhardt

ii 

alginate ppm 2023)  

simazine 

Dictyosp

haerium 

chlorelloi

des 

PSII 

inhibition 

adsorption in 

porous 

silicone 

polymer 

Fluoresce

nce 12 ppb 

50 - 800 

ppb 

(Haigh-

Flórez et 

al., 2014)  

atrazine 

Chlorella 

vulgaris 

PSII 

inhibition 

entrapment 

in 

alginate/silica 

hydrogel 

imaging 

PAM-

fluorometr

y nd  nd 

(Pannier 

et al., 

2014)  

atrazine 

Scenedes

mus 

acutus, 

Monoraph

idium 

contortum 

PSII 

inhibition 

entrapment 

in calcium 

alginate 

Amperom

etry 23.7 ppb - 

(Boron et 

al., 2020)  

atrazine 

Scenede

smus 

obliquus 

PSII 

inhibition 

algae biofilm 

onto graphite 

felt electrode 

MFC 

current 

reduction nd nd 

(Gonzalez 

Olias et 

al., 2019)  

Bacteria 

atrazine, 

linuron, 

metoxur

on, 

ioxynil 

cyanoba

cteria 

(Synech

ococcus) 

PSII 

inhibition 

adsorption in 

porous 

alumina filter 

disks or 

entrapment in 

calcium 

alginate 

amperome

try nd nd 

(Rawson 

et al., 

1989)  

atrazine, 

diuron 

cyanobact

eria 

(Synechoc

occus sp.) 

PSII 

inhibition 

entrapment 

in calcium 

alginate 

amperome

try nd nd 

(Preuss 

and Hall, 

1995)  

2,4-D 

bacteria 

(Pseudo

monas 

putida) 

metabolic 

oxygen 

consumptio

n 

entrapment 

in gelatin 

then cross-

linking with 

glutaraldehyd

e 

amperome

try nd 

2.2 - 13.3 

ppm (Clark 

electrode), 

4.4 - 17.7 

ppm 

(SPCE) 

(Odaci et 

al., 2009)  

atrazine 

bacteria 

(P. sp. 

ADP and 

C. 

michiganes

e ATZ1) 

expressing 

atrazine 

chlorohydr

olase  

pH 

variations 

(acidificatio

n) due to 

the reaction 

products 

entrapment 

in calcium 

alginate 

fluorescen

ce (pH-

sensitive 

optical 

probe) 1 ppb 

1 - 100 

ppb 

(Das and 

Reardon, 

2012)  
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atrazine, 

diuron 

cyanobact

eria 

(Anabaen

a 

variabilis) 

PSII 

inhbition 

entrapment 

in calcium 

alginate 

amperome

try 

5 / 13.8 

ppb 

atrazine 

(mediator 

in 

solution/e

ntrapped), 

0.7 / 1.4 

ppb diuron 

(mediator 

in 

solution/e

ntrapped) 

5 ppb - 1 

ppm / 13.8 

ppb - 3.7 

ppm 

atrazine 

(mediator 

in 

solution/en

trapped) 

0.7 - 105 

ppb / 1.4 - 

350 ppb 

diuron 

(mediator 

in 

solution/en

trapped) 

(Tucci et 

al., 

2019b)  

atrazine, 

diuron, 

paraquat 

cyanobact

eria 

(Synechoc

ystis 

PCC6803 

wt) 

PSII 

inhbition 

adsorption on 

paper screen 

printed 

electrodes 

amperome

try nd nd 

(Tucci et 

al., 

2019a) 

atrazine 

bacteria 

(E. coli, 

S.oneiden

sis, 

M.capsula

tus) 

reduction of 

insulating 

properties 

poly L-Lys 

binding 

CV, 

impedanc

e 

spectrosc

opy nd nd 

(Hisham 

Abu-Ali et 

al., 2019) 

(H. Abu-

Ali et al., 

2019)  

diuron, 

glyphosa

te 

cyanobact

eria (A. 

flos-aquae) 

PSII 

inhibition 

entrapment 

in calcium 

alginate 

amperome

try nd nd 

(Le Gall et 

al., 2021)  

atrazine 

Anaerobic 

bacterial 

consortium 

(sludge 

from a 

wastewater 

treatment 

plant) 

PSII 

inhibition 

bacteria 

biofilm onto 

untreated 

carbon 

electrode 

MFC 

current 

reduction 0.05 ppm 

0.05 - 3 

ppm 

(Chouler 

and Di 

Lorenzo, 

2019)  

(MFC: Microbial Fuel Cell; PAM: pulse amplitude modulated ; nd: not determined) 907 

3.1. Algae 908 

 909 

An optical biosensor based on immobilized algae was reported (Frense et al., 1998). 910 

Scenesdesmus subspicatus cells were adsorbed on a filter paper before alginate covering, 911 

then placed on the surface of an optical probe. Atrazine concentrations from 10 to 50 ppb 912 

could be measured by monitoring chlorophyll fluorescence induction upon herbicide treatment. 913 

With a response time of about 10 minutes, this device could be used for a simple estimation 914 

of the toxic load in water samples. 915 
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Another optical biosensor was described in 2000 by Naessens et al. (Naessens et al., 2000) 916 

and later in 2003 (Védrine et al., 2003). Chlorella vulgaris microalgae were immobilized by 917 

adsorption on a microfiber filter and placed in a flow system, close to the tip of an optical fiber 918 

bundle connected to a fluorometer. Fluorescence induction upon illumination and herbicide 919 

treatment was monitored, and detection limits for reversible PSII-inhibiting herbicides such as 920 

atrazine, simazine or diuron were reported as 5, 1 or 0.1 nM, respectively (Naessens et al., 921 

2000), or 0.25, 0.5 or 0.025 ppb, respectively (Védrine et al., 2003). A phenolic herbicide, 922 

dinitro-o-cresol (DNOC), mainly acting as an irreversible uncoupler of oxidative 923 

phosphorylation and photophosphorylation, could also be detected, with a detection limit of 5 924 

ppb (Védrine et al., 2003). Alachor and glyphosate could also be detected, with detection limits 925 

of 5 µM and 0.1 mM, respectively, although their mechanisms of action on photosynthesis are 926 

not yet clear (Naessens et al., 2000). These early-warning systems could be used as alarms 927 

to monitor seasonal variation of photosynthetic herbicides in aquatic media. 928 

Later in 2011, the same group or consortium proposed a conductometric algae-based 929 

biosensor (Durrieu et al., 2011). Cells of Dunaliella tertiolecta and Paeodactylum tricornutum 930 

marine microalgae were deposited on an epoxy resin sensitive surface placed between two 931 

interdigitated gold electrodes on a ceramic substrate. Cell monolayers were obtained by the 932 

self assembly monolayer (SAM) technique consisting of 3-mercaptopropionic acid (MPA) 933 

grafting on electrodes, followed by algae deposition. Measurements were based on detection 934 

of variations in conductivity of the sensitive area, linked to the ionic species produced by the 935 

activity of external membrane esterase(s). Diuron and AMPA (the main photodegradation 936 

product of glyphosate) were detected through their ability to inhibit the esterase activity, by 937 

comparison with untreated controls. Both herbicides were detected as low as 43 nM for diuron 938 

and 90 nM for AMPA, after 24 h incubation, with linear ranges extending up to values in the 939 

µM order. The authors noted the qualitative nature of these biosensors and the necessity to 940 

take into account possible interferences of other elements in environmental samples. 941 

Chlorella vulgaris algae were also immobilized in calcium-alginate hydrogel on an indium tin 942 

oxide (ITO) electrode surface (Shitanda et al., 2005). The oxygen production by algal 943 

photosynthesis was measured by chronoamperometry (- 0.7 V vs. Ag|AgCl) under illumination. 944 

The percentage of current decreased upon injection of DCMU (diuron) and atrazine was 945 

reported vs. herbicide concentration. A detection limit of 1 µM for atrazine was determined. 946 

Due to calcium-alginate hydrogel swelling, algae were finally immobilized within two layers of 947 

a poly(L-lysine)-PSS complex at the surface of the electrode. Despite a decrease in reduction 948 

current by one order of magnitude, steady state was reached within 5 sec upon illumination 949 

and stable inhibition was obtained after 200 s (0.25-100 µM). The LOD for atrazine decreased 950 

to 0.05 µM. The polyion-based biosensor also displayed an enhanced stability, with 80% 951 

response retained after 1 week storage at 4°C. The authors emphasized that the biosensor 952 

displayed a time-response much smaller (200 sec) than sensors based on the measurement 953 

of chlorophyll fluorescence at this time (14 h), and that other pollutants (toluene, benzene) 954 

could be detected with the sensor. 955 

The same group later reported an amperometric screen-printed algal biosensor based on 956 

oxygen measurements (Shitanda et al., 2009). For algal immobilization on the working 957 

electrode, a mixture (ink) including whole Chlorella vulgaris cells, MWCNTs and sodium 958 

alginate was screen-printed on the surface of a SPCE. A CaCl2 gelling solution was used for 959 

FIA measurements, performed in a dark box. By application of a potential of - 0.7 V vs. Ag|AgCl 960 

and by periodic red light illumination by a red LED, atrazine and DCMU could be detected. 961 

The inhibition ratio of the oxygen reduction current was reported vs. herbicide concentrations. 962 
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Detection limit of 1 µM for atrazine was obtained, that is the same as the one the authors 963 

previously reported by directly depositing the algal cells in an alginate gel on an ITO electrode 964 

(Shitanda et al., 2005). Both systems were compact and disposable, suitable for on-site 965 

monitoring. A better detection limit of 0.2 µM was reported by immobilizing the cells on a Clark 966 

oxygen electrode (Pandard and Rawson, 1993) that is not compact compared to the other 967 

devices. The biosensor based on a screen-printed algal ink was shown to be the more rapid, 968 

in correlation with the low algal film thickness. 969 

Another optical biosensor based on chlorophyll fluorescence detection in Chlorella vulgaris 970 

was reported in 2007 (Nguyen-Ngoc and Tran-Minh, 2007). Algal cells were entrapped in a 971 

porous translucent silica gel obtained by a sol-gel process involving aqueous precursors. The 972 

translucent membranes could be placed directly in contact with the optical fibers. The 973 

immobilized algal cells were shown to keep over 95% of their initial activity after a 5 week-974 

storage period. Diuron could be detected with a limit of detection of 1 ppb, mentioned as lower 975 

than the one reported with bioassays (Conrad et al., 1993). 976 

A fluorescent-based biosensor for the detection of simazine was proposed by Peña-Vázquez 977 

et al. (Peña-Vázquez et al., 2009). Three microalgal species, Dictyosphaerium chlorelloides 978 

(D.c.), Scenedesmus sp. (S.s.) and Scenedesmus intermedius (S.i.) were entrapped in sol-979 

gel membranes gelified on a glass disc. Silica gels provide a biocompatible environment to 980 

the cells, are chemically and thermally stable in aqueous environments and the size and the 981 

nature of the pore can be tailored. Their natural transparency is also advantageous for the 982 

immobilization of photosynthetic organisms as well as for optical measurement. Glass discs 983 

were placed at the extremity of an optical fiber itself incorporated into a flow cell chamber. 984 

Fluorescence was measured under darkness/illumination cycles. Under increasing 985 

concentrations of simazine (from 0.5 ppb to 10 ppm), photosynthesis was inhibited thus 986 

leading to an increase of fluorescence after 30 minutes allowing quantification of the herbicide. 987 

Using D.c. as the algae providing the broader dynamic range (19-860 ppb) and lower LOD 988 

(3.6 ppb) for simazine, the biosensor was assayed with other photosynthetic herbicides 989 

(atrazine, propazine, terbuthylazine, linuron), all giving similar results and showing that the 990 

biosensor was suitable to detect (without selectivity) a broad range of herbicides. On the other 991 

hand, a non-photosynthetic herbicide like 2,4-D could not be detected. Similar experiments 992 

conducted with a D.c. strain resistant to simazine but sensitive to other herbicides allowed to 993 

discriminate several herbicides within a single sample, thus opening up leads for improving 994 

the selectivity of the devices. 995 

Algae immobilization in hydrogels or polymers is usually time-consuming and/or impairs the 996 

viability of the cells. To circumvent this, Zamaleeva et al. functionalized Chlorella pyrenoidosa 997 

microalgae with magnetic nanoparticles stabilized by poly(allylamine hydrochloride) before 998 

immobilization at the surface of a SPE using an external magnet (Zamaleeva et al., 2011). 999 

Under these conditions, the viability of the cells was not affected. Photocurrent could be 1000 

detected under daylight illumination cycles by covering the electrode with an opaque lid for 30 1001 

s. Ferricyanide was used as a mediator, under an applied potential of - 600 mV vs. pseudo-1002 

Ag|AgCl, for an amperometric detection. The percentage of the current inhibition in the 1003 

presence of atrazine or propazine was used to quantify the response. Linear range was from 1004 

0.9 to 74 mM for atrazine and from 0.6 to 120 mM for propazine, and LOD were found to be 1005 

0.7 mM and 0.4 mM, respectively. The same electrode could be used at least 10 times for 1006 

repeated deposition of magnetically functionalized algae. 1007 
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 1008 

Between 2012 and 2023, several studies describing the development of optical and 1009 

electrochemical whole cell-based biosensors for herbicide detection were reported by a 1010 

consortium linked to the Institute of Crystallography of the National Research Council (CNR) 1011 

of Italy, in Monterotondo (Rome, Italy). These biosensors are presented in the following 1012 

paragraphs. These authors also reported some of the few studies focusing on biosensors for 1013 

the detection of nanoencapsulated herbicides, which are presented at the end of this section. 1014 

An automatic portable biosensor array for the simultaneous detection of several endocrine 1015 

disruptor chemicals, among which triazine and urea herbicides, was reported by Scognamiglio 1016 

et al. (Scognamiglio et al., 2012). To recognize a wide range of chemical classes, several 1017 

biosensing elements were integrated with an amperometric or an optical (fluorescent) 1018 

detection in a six independent sensing cell format. For atrazine and diuron, wild-type and 1019 

mutant strains of photosynthetic Chlamydomonas reinhardtii algae cells were immobilized on 1020 

graphite SPEs. Fluorescence measurements were performed, thus leading to a detection limit 1021 

of 0.5 nM for atrazine and diuron. The same authors later reported the use of the same kind 1022 

of integrated biosensing platform for food analysis purposes, using gold microelectrode arrays 1023 

(Scognamiglio et al., 2013). Low detection limits were reported for atrazine (0.5 nM), 1024 

prometryn (0.31 nM) and diuron (0.48 nM). The aim of these works is to design a biosensing 1025 

screening tool able to reveal several analytes simultaneously, components and contaminants. 1026 

The real-time parallel monitoring of multiple compounds is performed rapidly, with low cost 1027 

and using low sample volume. 1028 

Immobilized Chlamydomonas reinhardtii algae cells were also used by Husu et al. to detect 1029 

linuron and simazine (Husu et al., 2013). Algae cells were immobilized by alginate entrapment 1030 

directly on a commercial MWCNT-modified SPE (DropSens). Red light (650 nm) illumination 1031 

pulses were used to induce photosynthetic oxygen production, leading to cathodic reduction 1032 

currents measured at - 0.7 V vs. Ag|AgCl by amperometry. The biosensor was then used to 1033 

evaluate PSII inhibition by the herbicides, which were detected at limits of 6 nM and 90 nM, 1034 

respectively. However, specificity and matrix effects were not evaluated. The biosensor 1035 

showed an interesting stability over 10 days (90% of initial activity) but a relatively fast 1036 

sensitivity decrease afterwards (75% after 20 days, 20 % after 40 days). 1037 

An automatic system including an optical biosensor based on the symbiotic association of 1038 

microalgae (Chorella vulgaris) and paramecia (Tetrahymena pyriformis) was then reported for 1039 

marine monitoring of water contaminants (Turemis et al., 2018). The symbiotic strain resistant 1040 

to marine water salinity was entrapped in calcium alginate and integrated in a flow system. 1041 

Fluorescence measurements correlated to PSII inhibition by herbicides. Six tests could be 1042 

simultaneously performed, under LED illumination. Detection limits for simazine, atrazine and 1043 

diuron were 1.55, 0.89 and 0.39 ppb, respectively. Measurements of marine water samples 1044 

spiked with herbicides showed a good correlation with those obtained by LC-MS. A fast (10 1045 

min) pre-screening of toxic contaminants in seawater samples could be performed. The 1046 

authors compared their results with other optical or electrochemical microalgae based 1047 

biosensors and bioassays. High sensitivity, and short detection times were emphasized, as 1048 

well as the use of real seawater samples instead of buffers. 1049 

The consortium recently reported an amperometric algae-based biosensor for detection of 1050 

atrazine (Attaallah et al., 2020) (Figure 11A). Atrazine induced a decrease of molecular oxygen 1051 

concentration by interacting with photosynthetic electron transport. Carbon black (CB) 1052 

nanomaterial deposited on a SPE was used to detect the light-induced oxygen evolution. CB 1053 
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was supposed to enhance the C. reinhardtii CC125 algal loading and to increase the electron 1054 

transfer. Algae were entrapped in calcium alginate on a CB-modified SPE, thus providing a 1055 

biocompatible environment. Repeated cycles of 30 s light excitation with red LEDs and 10 min 1056 

dark in the presence of different atrazine concentrations were performed. The herbicide could 1057 

be detected with a low detection limit (1 nM) and a linear range extending from 0.1 to 5 µM. 1058 

Suitability in a real sample from surface river water was also achieved. Obviously, the algae-1059 

based system suffers from a lack of specificity and could be used as an on/off alarm for 1060 

environmental analysis. 1061 

An innovative algae-based dual electro-optical biosensor was reported in 2021 (Antonacci et 1062 

al., 2021). Chlamydomonas reinhardtii cells were immobilized by alginate entrapment on 1063 

paper-based SPEs modified with CB nanomaterials (pCB-SPEs). A portable dual electro-1064 

optical transducer prototype was developed for the project (Biosensor srl.). The device 1065 

included a LED system allowing algae illumination at 650 nm and subsequent measurement 1066 

of fluorescence emission at 680 nm. Chlorophyll autofluorescence increase (due to 1067 

photosynthetic energy dissipation after PSII inhibition) following illumination and herbicide 1068 

treatment was used for detection, as well as chronoamperometric measurements of 1069 

photosynthetic O2 reduction. A large collection of C. reinhardtii genetic variants was tested to 1070 

identify the optimal strain to use as the recognition element in the dual electro-optical 1071 

biosensor. Triazine (atrazine and terbutylazine) and ureic (diuron) herbicide classes were 1072 

detected. The authors pointed out the sensitivity differences between optical and 1073 

electrochemical detection methods, with the first leading to a detection limit of 5 pM (1.1 x 10-1074 
3 ppb) with a linear range from 10 to 200 nM, while the latter showed a linear response in the 1075 

0.1 to 6.6 µM range, with a detection limit of 2 nM (0.43 ppb) for atrazine. The novelty of the 1076 

transducer prototype, as well as its use for a systematic study of C. reinhardtii strains in a low-1077 

cost and sustainable format was nevertheless underlined by the authors. 1078 

 1079 

The use of nanoencapsulated atrazine was described by Oliveira et al. and enabled the 1080 

application of lower dosages of the herbicide, without any loss of efficiency, thus providing 1081 

environmental benefits (Oliveira et al., 2015). Therefore, in a more recent study, Scognamiglio 1082 

et al. (Scognamiglio et al., 2019)  described, together with the previously mentioned authors, 1083 

the development of the first algal bioassay for nanoformulated herbicide (in poly ε-1084 

caprolactone) detection based on an optical paper-based system (Figure 11B). Wild-type 1085 

Chlamydomonas reinhardtii algae cells were entrapped in agar hydrogel on a paper support. 1086 

This work is the first reported bioassay focusing on the detection of nanoformulated herbicides, 1087 

which are increasingly being used in smart agriculture (smart delivery systems). Recently, the 1088 

same authors reported an eco-designed algal biosensor for detecting zein-encapsulated 1089 

atrazine (Antonacci et al., 2023). Chlamydomonas reinhardtii UV 180 mutants were entrapped 1090 

in calcium alginate on carbonized lignin SPEs and integrated into a photo-electrochemical 1091 

transducing system. Reduction of oxygen produced by cell photosynthesis under illumination 1092 

was measured at - 0.8 V vs. Ag|AgCl. Linear range extended from 0.1 to 5 µM and LOD was 1093 

given as 0.9 nM (0.2 ppb). No interference was observed from different compounds among 1094 

which paraoxon, arsenic, bisphenol A or copper. Good recovery (106 %) was obtained in 1095 

wastewater samples. 1096 

 1097 

 1098 

 1099 
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 1100 
Figure 11. Examples of whole cell-based biosensors based on algae (A, modified from 1101 

Attallah et al., 2020 ; B, modified from Scognamiglio et al., 2019 ; C, modified from Gonzalez 1102 

Olias et al., 2019), bacteria (D, modified from Le Gall et al., 2021), thylakoids (E, modified from 1103 

Bettazzi et al., 2007) or BBY particles (F, modified from Bhalla & Zazubovich, 2011).  1104 

 1105 

Apart from the work of this Italian group, other algae-based biosensors are described in the 1106 

literature. Haigh-Flórez et al. proposed an optical microalgae biosensor for the detection of 1107 

simazine with improved specificity (Haigh-Flórez et al., 2014). The device was based on the 1108 

monitoring of photosynthetic activity of Dictyosphaerium chlorelloides cells by luminescent O2 1109 

detection, and comprised a dual-head fiber-optic measuring chamber with two separate 1110 

compartments. Simazine-sensitive and simazine-resistant D. chlorelloides strains were 1111 

obtained, and each was immobilized in a compartment of the measuring chamber by 1112 

adsorption in porous silicone polymer disks. Photosynthetic O2 detection was achieved by the 1113 

use of a polymeric film containing an O2-sensing RD3 dye. The biosensor was used for 1114 

simazine detection, with an increased specificity due to differential inhibition of photosynthetic 1115 

O2 production by the sensitive and resistant strains. Specificity was confirmed by using a 1116 

control herbicide (isoproturon), for which both strains showed comparable sensitivity. 1117 

Quantitative analysis resulted in a simazine detection limit of 12 ppb, over a linear range from 1118 

50 to 800 ppb. This work is one of the few examples of studies focused on improving the 1119 
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specificity of algae-based herbicide biosensors, while also valuing the balance between 1120 

sensitivity and durability. 1121 

In 2014, a study by Pannier et al. demonstrated the feasibility of microalgae immobilization in 1122 

alginate/silica hybrid hydrogels for the design of cell-based sensors (Pannier et al., 2014). 1123 

Cells of Chlorella vulgaris microalgae were deposited onto a cationically modified glass 1124 

substrate and encapsulated in an alginate hydrogel thin film reinforced by a gelation process 1125 

based on amino-functionalized silica sol. The obtained hybrid hydrogel displayed improved 1126 

stability and mechanical properties compared to traditional Ca2+-based hydrogels, particularly 1127 

for long term storage of the immobilized cells. Photosynthesis inhibition by atrazine was 1128 

monitored by analyzing chlorophyll a fluorescence, using imaging pulse amplitude modulated-1129 

fluorometry (imaging-PAM). The detection limit and linear range were not determined, but an 1130 

EC50 for photosynthesis of 0.11 ppm after 1h exposure to atrazine was observed. The authors 1131 

underlined the stability and versatility of this encapsulation method, as a promising tool for 1132 

further cell-based biosensors design. 1133 

In 2020, Boron et al. described a biosensor based on the interaction of alginate and microalgae 1134 

with polyelectrolyte-surfactant matrix modified SPEs (Boron et al., 2020). In this work, 1135 

Scenedesmus acutus and Monoraphidium contortum microalgae were used for atrazine 1136 

detection. Oxygen concentration was monitored by electrochemistry with a three-electrodes 1137 

system composed of polyallylamine, dodecylsulfate and MWCNTs-modified SPEs. The algae 1138 

suspension was immobilized on the electrode and in a flow cell, by inclusion in alginate 1139 

hydrogel. The presence of atrazine was then detected by chronoamperometry (0.5 V vs. 1140 

Ag|AgCl) under illumination. A detection limit of 0.11 µM (23.7 ppb) was determined, in 1141 

particular using M. contortum cells which demonstrated the highest sensitivity. The device 1142 

remained stable at room temperature for 5 months, and also allowed successful atrazine 1143 

measurements in river water samples with heavy sediment load. This work showed that a 1144 

variety of microalgae can be used for herbicide detection. Although chlorophyll content of both 1145 

used strains was characterized, the question of the influence of these particular microalgae 1146 

species on the specificity of the biosensor is essential, and no studies were carried out with 1147 

potential interfering compounds. 1148 

 1149 

A photosynthetic microbial fuel cell (MFC) sensor using an algae-assisted cathode was 1150 

recently described for the first time for atrazine detection (Gonzalez Olias et al., 2019) (Figure 1151 

11C). The cathode (graphite felt) modified with Scenedesmus obliquus microalgae served as 1152 

a self-powered dissolved oxygen probe. The cathode chamber operated under light/dark 1153 

12h/12h cycles with LED lights. The current output generated during the 12h-light period 1154 

correlated with the dissolved oxygen in the catholyte. In the presence of atrazine, inhibition of 1155 

the light-induced oxygen produced by the algal cells occurred, thus leading to a decrease of 1156 

the current output. Atrazine concentrations from 0.1 ppb to 10 ppm were tested and shown to 1157 

modify the signal but no correlation between them could be established. Such systems could 1158 

be used as early warnings of herbicide pollution in water. A low reproducibility was thought to 1159 

be due to an uneven response of the algae to the herbicide. The response time was in the 1160 

range of hours, due to mass transfer limitations. Further work is still needed to improve the 1161 

system. 1162 

3.2. Bacteria 1163 

 1164 
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In an early work, Rawson et al. (Rawson et al., 1989) developed a mediated amperometric 1165 

biosensor using the cyanobacterium Synechococcus as a recognition element for the 1166 

detection of herbicides. The cells were either adsorbed on porous alumina membranes or 1167 

entrapped in desiccated calcium alginate beads. Although the former method provided better 1168 

sensitivity, the latter was chosen because it was relevant to design a portable, easy-to-handle 1169 

biosensor. Photosynthetic electron transfer (PET) of the cells upon illumination was monitored 1170 

using potassium ferricyanide as an electron mediator and a porous graphite electrode 1171 

mounted in a flow cell. The rate of mediator reduction was proportional to the rate of PET-1172 

induced NADPH production at the plasma membrane of intact cells. No limit of detection was 1173 

described, but a 50% inhibition of PET was achieved within 20 minutes using concentration 1174 

ranging from 125 to 350 ppb of herbicides from urea (linuron, metoxuron), nitrile (ioxynil) and 1175 

triazine (atrazine) families. This work is one of the first studies to focus on the development of 1176 

a biosensor taking into account the ease of use of the recognition element, and its potential 1177 

portability in an online, real-time monitoring system. 1178 

The same group later described another amperometric biosensor in which Chlorella vulgaris 1179 

microalgae cells were adsorbed on porous alumina filter disks and immobilized onto a teflon-1180 

covered carbon oxygen electrode (Pandard and Rawson, 1993). This setup was used in a flow 1181 

cell to detect atrazine, isoproturon and propanil within 30 minutes, due to their inhibitory activity 1182 

on photosynthetic oxygen synthesis. LODs below 100 ppb were observed for atrazine and 1183 

isoproturon, while propanil was more rapidly detected, albeit with lower sensitivity. 1184 

Preuss and Hall (Preuss and Hall, 1995) described in 1995 the immobilization of 1185 

Synechococcus sp. cyanobacteria onto calcium alginate film at the surface of a GCE covered 1186 

by a dialysis membrane. Diaminodurene (DAD) was used as a redox mediator between the 1187 

reduced plastoquinone B (QBH2 PSII) or PSI and the electrode polarized at 0.2 V vs. SCE, 1188 

under dark/light illumination. The biosensor was first used to study the binding of atrazine and 1189 

diuron on the photosystems. It was found that atrazine is competitive to QB only in the light 1190 

period while diuron binding is independent of the light cycle and follows a noncompetitive 1191 

mechanism for QB on D1. Kinetic analysis, based on models for soluble enzymes, allowed to 1192 

determine an apparent KI of 29 ppb (0.13 µM) for atrazine but not for diuron, whose value was 1193 

too small to be accurately determined. Although this biosensor was analyzed as a 1194 

homogenous system (whole algae was resumed to the D1 protein and no mass transfer 1195 

limitations were considered), this seminal work showed the potential of biosensors for the 1196 

determination of kinetic parameters and for identification or comparison of herbicide 1197 

mechanisms. 1198 

In 2009, amperometric microbial biosensors for 2,4-D detection were reported (Odaci et al., 1199 

2009). Adapted Pseudomonas putida cells were immobilized by entrapment in gelatin before 1200 

cross-linking with glutaraldehyde. The cells were deposited either on a SPCE or on the 1201 

membrane of a Clark oxygen electrode. Oxygen consumption due to the metabolic activity of 1202 

bacteria was monitored by chronoamperometry at - 0.7 V vs. printed Ag|AgCl. The linear range 1203 

for 2,4-D concentrations extended from 10 to 60 µM (2.2 – 13.3 ppm) with the Clark electrode 1204 

and from 20 to 80 µM (4.4 – 17.7 ppm) with the SPCE. A total measurement time of 200 1205 

seconds appeared advantageous with the carbon electrode, compared to 10 minutes using 1206 

the oxygen electrode. No clear link between 2,4-D exposure and oxygen consumption was 1207 

described by the authors. Moreover, and despite the system's simplicity and ease of use, 1208 

responses were also obtained with several compounds such as phenol and derivatives, 1209 

glucose, ethanol or methanol, thus pointing out the lack of specificity. 1210 
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Das and Reardon designed an optical biosensor based on immobilization of bacterial cells 1211 

(Pseudomonas sp. ADP and Clavibacter michiganese ATZ1) expressing atrazine 1212 

chlorohydrolase (AtzA) and entrapped in calcium alginate, on the tip of an optical fiber covered 1213 

by a pH-sensitive fluoresceinamine layer (Das and Reardon, 2012). In the presence of atrazine 1214 

(or s-triazine herbicides), H+ was produced as a product of the atrazine dechlorination reaction 1215 

catalyzed by AtzA, thus leading to acidification of the medium and modification of fluorescence 1216 

intensity. A detection limit close to 1 ppb was obtained and the linear range extended from 1 1217 

to 100 ppb (C. michiganese) or 125 ppb (P. sp.). Continuous and real time measurements 1218 

could be performed with a soil column continuously fed with atrazine. As this system relies on 1219 

the formation of an enzymatic product, it is one of the very few "signal-on" biosensors reported. 1220 

It offers an undeniable advantage in terms of specificity over other inhibition-based systems. 1221 

In 2019, Tucci et al. proposed an interesting amperometric herbicide biosensor based on the 1222 

direct monitoring of photocurrent of Anabaena variabilis cyanobacteria (Tucci et al., 2019b). 1223 

The cells were immobilized on carbon felt electrodes by encapsulation in an alginate hydrogel. 1224 

Photocurrent generation upon illumination and direct extracellular electron transfer was 1225 

monitored by CV, using p-benzoquinone (BQ) as a redox mediator in the electrolyte. BQ was 1226 

shown to enhance the electron transfer between purple photosynthetic bacteria and the 1227 

surface of an electrode (Grattieri et al., 2019), and the authors tested the possibility to directly 1228 

entrap this mediator in the alginate polymer. In this configuration, higher concentrations of BQ 1229 

were used and activated carbon was added to ensure the electrical conductivity of the alginate 1230 

matrix. In both cases (encapsulated and unencapsulated BQ), the biosensor was used for 1231 

atrazine and diuron detection by amperometrically measuring (at + 0.5 V vs. SCE) the 1232 

photocurrent reduction due to the PSII inhibitory effect of the two herbicides. Mediator 1233 

encapsulation led to a 2- to 3-fold loss of sensitivity (LOD increased from 5 ppb (0.023 µM) to 1234 

13.8 ppb (0.064 µM) for atrazine, and from 0.7 ppb (0.03 µM) to 1.4 ppb (0.06 µM) for diuron, 1235 

probably due to the presence of activated carbon) and to a broadening of the linear range, 1236 

particularly at high concentrations. This study presents one of the few examples of whole-cell 1237 

bacterial amperometric biosensors based on direct photocurrent measurements, in which the 1238 

use of a redox mediator has been optimized, offering useful insight for future developments. 1239 

However, the lack of specificity remains the main disadvantage of the proposed system. Later 1240 

in 2019, the same authors described a novel photo-bioelectrochemical biosensor for herbicide 1241 

detection, operating this time in the absence of any artificial electron mediator (Tucci et al., 1242 

2019a). In this work, a biofilm of Synechocystis PCC6803 wt cyanobacteria was immobilized 1243 

by adsorption on paper-based SPEs. These electrodes were obtained by coating filter paper 1244 

with 7 layers of single-walled carbon nanotube (SWCNT) ink and one titanium nanolayer. The 1245 

three electrodes system (platinum counter electrode and Ag|AgCl reference electrode) 1246 

allowed the direct measurement of photocurrent by chronoamperometry at + 0.4 V vs. 1247 

Ag|AgCl, under illumination. A decrease in photocurrent was observed after addition of 10.7 1248 

µM atrazine or 0.5 µM diuron in the medium. On the other hand, the presence of 0.7 µM 1249 

paraquat led to a current increase, which can be explained by the herbicide’s capacity to act 1250 

as a redox mediator between the cells and the electrode. Moreover, cytotoxic compounds 1251 

(formaldehyde, heavy metals, other kinds of herbicides) also caused photocurrent decrease. 1252 

Despite the absence of sensitivity determination (LOD, linear range) and an inherent lack of 1253 

specificity, this work illustrates the possibility of designing mediator-free amperometric 1254 

detection systems based on bacterial whole cells. As redox mediators are often toxic and 1255 

increase operating costs, their absence could be beneficial.  1256 
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In 2019, Abu-Ali et al. also described the use of three types of bacteria (Escherichia coli, 1257 

Shewanella oneidensis and Methylococcus capsulatus) in a sensor array for detection of water 1258 

pollutants, including atrazine (together with heavy metals and petrochemicals) (H. Abu-Ali et 1259 

al., 2019). Optical methods (optical density, fluorescence microscopy and flow cytometry) and 1260 

CV were used on bacterial suspensions to correlate bacterial concentration with optical and 1261 

electrical properties (more specifically conductivity). Bacteria were then immobilized on gold 1262 

SPEs coated with poly L-Lysine, and CV measurements were carried out, to identify patterns 1263 

in the reduction of the three bacterial strains’ insulating properties linked to pollutant-induced 1264 

damage. Atrazine was detectable in the mM range, and the authors emphasized the possibility 1265 

of using pattern recognition methods to identify pollutants. This study was continued and 1266 

extended in the same year, by using the same approach on a wider range of pollutants and 1267 

by adding impedance spectroscopy measurements (Hisham Abu-Ali et al., 2019). Atrazine 1268 

was detectable in the µM range this time. Pollutants could be identified and quantified to some 1269 

extent, by analyzing the sensor array data using an artificial neural network (ANN) program. 1270 

In 2021, Le Gall et al. described, in a proof-of-concept study, the feasibility of herbicide 1271 

detection using hydrogel-gated organic field-effect transistors (HGOFET) (Le Gall et al., 2021) 1272 

(Figure 11D). In this work, the authors designed an HGOFET consisting of a Pt gate electrode 1273 

and two source and drain Au electrodes separated by water acting as a dielectric material and 1274 

interfaced with an organic semiconductor layer made of poly(DPP-DTT). Alginate-entrapped 1275 

Anabaena flos-aquae cyanobacteria were immobilized on the gate electrode and, upon 1276 

illumination, produced oxygen which was locally reduced into water on the Pt surface. This 1277 

low reduction current was then amplified as a source-drain current of several orders of 1278 

magnitude higher intensity (µA range). After herbicide treatment (diuron or glyphosate at 10 1279 

µM each for 1 h), the photosynthetic drain current generated by the cyanobacteria showed a 1280 

significant decrease, with a greater sensitivity for diuron compared to glyphosate. This work 1281 

needs to be further developed with quantitative data for LOD and linear range determination, 1282 

and it should be expanded to a wider range of herbicides, but it offers a promising alternative 1283 

for herbicide biosensor design. 1284 

Consortia of microorganisms were used to design a membrane-free microbial fuel cell (MFC) 1285 

sensitive to formaldehyde and atrazine (Chouler and Di Lorenzo, 2019). The use of mixed 1286 

anaerobic consortia simplified practical applications compared to the use of pure species. The 1287 

MFC chamber was equipped with two untreated carbon electrodes, the cathode being 1288 

exposed to air. Both electrodes were connected to an external load of 1 kΩ, and artificial 1289 

wastewater containing a mixed culture of bacteria from an anaerobic sludge was used to 1290 

develop a biofilm at the anode surface for 7 days. The MFC operated at alkaline pH (12) 1291 

because this pH favors the cathodic reaction. When assayed as a biosensor for atrazine during 1292 

a 30-minute exposure time, the current density (expressed as the variation of the normalized 1293 

current) dropped linearly from 0.05 ppm (LOD) to 0.3 ppm atrazine, with an average response 1294 

time of 9 min. The recovery time of the biosensor (e.g. the time necessary to recover initial 1295 

current density after atrazine treatment) was ca. 29 min. This low cost MFC is effective for 1296 

real-time water quality control but probably lacks selectivity toward herbicides due to the 1297 

nature of the bacterial consortia. Nevertheless, it presents a fast response in complex media 1298 

(artificial wastewater) suitable for on-line applications. 1299 
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4. Organelles and subcellular 1300 

components 1301 

4.1. Thylakoids and chloroplasts 1302 

 1303 

An alternative approach to whole cell-based biosensors for the detection of photosynthetic 1304 

herbicides has been proposed in various studies by isolating organelles (chloroplasts), 1305 

subcellular components (thylakoids) or even PSII particles. In all these approaches, 1306 

amperometry is the preferred detection method, and the use of cellular or subcellular element 1307 

preparations enables close coupling between the biosensing element and the transducer 1308 

(electrode), which improves sensitivity.  1309 

Biosensors reported in the literature are mainly based on thylakoid membranes rather than 1310 

chloroplasts. The short lifespan of isolated thylakoids needs to be taken into account, 1311 

highlighting the importance of the immobilization process for biosensor stability. More recent 1312 

biofuel cell examples are also considered. Table 5 presents the different organelle- and 1313 

subcellular element-based biosensors for herbicide detection reported in the literature. 1314 

 1315 

Table 5. Organelle- and subcellular element-based biosensors for herbicide detection. 1316 

 1317 

Herbicide Organelle Principle 

Immobiliza

tion 

method 

Detectio

n 

LOD (ppm 

or ppb) 

Linear 

Range 

(ppm or 

ppb) 

Refere

nce 

Thylakoids and chloroplasts 

diuron, 

atrazine 

thylakoid 

membrane

s from 

spinach 

leaves 

PSII 

inhibition 

entrapment 

in PVA-SbQ 

ampero

metry 

5 ppb diuron 

43 ppb 

atrazine nd 

(Rouill

on et 

al., 

1995)  

diuron, 

bromoxynil, 

triazines 

(atrazine, 

cyanazine, 

hexazinone, 

metribuzin) 

thylakoid 

membrane

s from 

spinach 

leaves 

PSII 

inhibition 

cross-

linking with 

glutaraldeh

yde-BSA 

ampero

metry 

10 ppb atrazine, 

5 ppb cyanazine 

8 ppb 

hexazinone, 

10 ppb 

metribuzin, 

10 ppb diuron, 

2 ppm 

bromoxynil 

10 ppb - 

1 ppm 

triazines 

(Laber

ge et 

al., 

1999)  

paraquat, 

diuron, 

prometryn, 

ametryn, 

atrazine 

thylakoid 

membrane

s from 

spinach 

leaves 

Inhibition 

of H2O2 

scavengin

g by 

thylakoids 

entrapment 

in PVA-SbQ 

ampero

metry 

0.25 ppb 

paraquat, 

0.42 ppb 

diuron, 

3.4 ppb 

0.26 - 

38.6 ppb 

paraquat, 

2.33 - 70 

ppb 

(Li et 

al., 

2005)  
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prometryn, 

10 ppb 

ametryn, 

0.54 ppb 

atrazine 

diuron, 

8.6 ppb - 

12 ppm 

atrazine 

diuron, 

atrazine, 

ioxynil 

thylakoid 

membrane

s from 

spinach 

leaves  

PSII 

inhibition 

cross-

linking with 

glutaraldeh

yde 

ampero

metry 

1.3 ppb 

diuron, 

2.8 ppb 

atrazine, 

2.1 ppb 

ioxynil nd 

(Bettaz

zi et 

al., 

2007)  

diuron, 

triazines 

(atrazine, 

simazine, 

terbuthylazi

ne, 

desethylter

butilazine) 

thylakoid 

membranes 

from spinach 

leaves, S. 

vulgaris wild-

type and 

atrazine 

resistant 

mutant 

PSII 

inhibition 

cross-

linking with 

glutaraldeh

yde-BSA or 

entrapment 

in gelatin 

ampero

metry 

4 ppb diuron, 

5 ppb atrazine, 

8 ppb 

simazine, 

6 ppb 

terbuthylazine, 

5 ppb 

desethylterbut

hylazine nd 

(Toulo

upakis 

et al., 

2005)  

diuron, 

linuron 

thylakoid 

membrane

s from 

spinach 

leaves (S. 

oleracea) 

PSII 

inhibition 

laser-

induced 

forward 

transfer 

(LIFT) 

ampero

metry 

2 ppb diuron, 

1 ppb linuron nd 

(Toulo

upakis 

et al., 

2012)  

diuron, 

terbuthylazi

ne, 

metribuzin 

thylakoid 

membrane

s from pea 

plants (P. 

sativum) 

PSII 

inhibition 

adsorption 

on carbon 

paper 

working 

electrode 

ampero

metry ca. 0.1 ppm nd 

(Lettieri 

et al., 

2022)  

diuron, 

atrazine, 

bromacil 

thylakoid 

membrane

s from 

spinach 

leaves (S. 

oleracea) 

PSII 

inhibition 

adsorption 

on carbon 

paper 

electrodes 

ampero

metry 

(biofuel 

cell) 

0.37 ppb 

atrazine, 

0.21 ppb 

bromacil, 

0.1 ppb 

diuron 

up to 12 

ppb 

atrazine, 

up to 16 

ppb 

bromacil, 

up to 14 

ppb 

diuron 

(Rasm

ussen 

and 

Minteer

, 2013) 

diuron 

chloroplas

ts from 

spinach 

leaves (S. 

oleracea) 

PSII 

inhibition 

ethylene 

glycol 

diglycidyl 

ether 

(EGDGE) 

cross-linking 

ampero

metry 

(biofuel 

cell) 23.3 ppb 

23.3 ppb 

- 0.23 

ppm 

(Grattie

ri et al., 

2020)  
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Isolated PSII complex or other reaction centres 

diuron, 

atrazine, 

simazine, 

ioxynil, 

bromoxynil, 

dinoseb 

isolated PSII 

paricles from 

a 

thermophilic 

cyanobacteri

um 

PSII 

inhibition 

encapsulati

on with a 

dialysis 

membrane 

ampero

metry  

0.12 ppb 

diuron, 

0.43 ppb 

atrazine nd 

(Kobliz

ek et 

al., 

1998)  

diuron, 

atrazine, 

simazine 

isolated PSII 

paricles from 

a 

thermophilic 

cyanobacteri

um 

PSII 

inhibition 

cross-

linking with 

glutaraldeh

yde 

ampero

metry 

0.23 ppb 

diuron, 

0.43 ppb 

atrazine, 

0.8 ppb 

simazine nd 

(Koblíž

ek et 

al., 

2002)  

diuron 

Isolated 

Synechoco

ccus 

bigranulatu

s PSII 

particles 

PSII 

inhibition 

adsorption 

on polySBQ 

ampero

metry 0.16 ppb nd 

(Maly 

et al., 

2005)  

diuron, 

atrazine, 

isoproturon 

PSII 

complex 

from a 

thermophili

c 

cyanobacte

rium 

PSII 

inhibition 

cross-

linking with 

glutaraldeh

yde 

ampero

metry 

0.23 ppb 

diuron, 

0.35 ppb 

atrazine, 

2 ppb 

isoproturon nd  

(Masojí

dek et 

al., 

2011) 

diuron 

PSII 

complex 

from a 

thermophil

ic 

cyanobact

erium 

PSII 

inhibition 

cross-

linking with 

glutaraldeh

yde 

ampero

metry nd 

0.23 - 

23.3 ppb 

diuron 

(Krejci 

et al., 

2011)  

atrazine 

BBY 

particles 

PSII 

inhibition 

covalence 

on 

carboxylate

d SAM 

ampero

metry 0.25 ppb nd 

(Bhalla 

and 

Zazubo

vich, 

2011)  

atrazine, 

terbutryn 

Rhodobac

ter 

sphaeroid

es 

reaction 

centre 

reaction 

centre 

inhibition adsorption 

ampero

metry 

1.9 ppb 

terbutryn, 

10.8 ppb 

atrazine nd 

(Swain

sbury 

et al., 

2014)  

(nd: not determined). 1318 

 1319 
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Rouillon et al. described in 1995 an amperometric biosensor using thylakoid membranes 1320 

isolated from spinach leaves as recognition elements (Rouillon et al., 1995). The biosensor 1321 

was composed of a microelectrochemical cell using a Pt working electrode, where the 1322 

membranes were immobilized in PVA-SbQ. Upon white light illumination, H2O2 was produced 1323 

and reoxidized at the working electrode, generating photocurrent measured at a potential of 1324 

0.65 V (vs. Ag|AgCl). The photocurrent inhibition induced by diuron and atrazine was 1325 

monitored, and allowed detection of both herbicides at concentrations as low as 20 nM and 1326 

200 nM, respectively. The results were compared with non-immobilized thylakoids, which 1327 

showed significantly lower sensitivities. Another biosensor using spinach leaves thylakoids 1328 

was proposed by the same group or consortium (Laberge et al., 1999). After extraction, the 1329 

membranes were immobilized in an albumin-glutaraldehyde cross-linked matrix leading to 1330 

enhanced stability. Using a microelectrochemical cell and under illumination, measurement of 1331 

the photocurrent was performed on Pt electrodes. Inhibition of the photocurrent by a relatively 1332 

large range of herbicides was monitored, amongst which photosynthetic inhibitors like triazines 1333 

(atrazine, cyanazine, hexazinone, metribuzin), diuron or bromoxynil. Non-photosynthetic 1334 

inhibitors like 2,4-D were also tested. Photosynthetic inhibitors displayed limits of detection, 1335 

as low as 5 ppb for cyanazine, together with a detection range ranging from 5 ppb to 1 ppm. 1336 

The authors point out the advantage of the screening tool developed for pollutants that 1337 

specifically target photosynthetic processes. 1338 

 1339 

A very similar biosensor based on thylakoid membranes isolated from spinach leaves was 1340 

later described in 2005 (Li et al., 2005). The membranes were immobilized on platinum 1341 

electrodes using PVA-SbQ. Herbicide detection was achieved by measuring the inhibition of 1342 

the oxidative current due to hydrogen peroxide scavenging by the thylakoid’s enzymes 1343 

(ascorbate peroxidase, dehydroascorbate reductase and glutathione reductase). The 1344 

inhibition caused by paraquat, diuron and triazines (atrazine, ametryn, prometryn) was 1345 

studied, with a detection limit in the nM range for paraquat and diuron, and in the 10 nM range 1346 

for triazines. The immobilized thylakoid membranes showed an interesting stability over time, 1347 

retaining 89.5% and 50% activity after 2 and 6 months of storage at - 20°C, respectively. 1348 

 1349 

Thylakoid membranes from spinach leaves were also immobilized at the surface of a SPCE 1350 

by cross-linking using a mixture of BSA and glutaraldehyde (Bettazzi et al., 2007) (Figure 11E). 1351 

The biosensor was placed in a flow cell chamber containing buffer and duroquinone as an 1352 

electron acceptor from oxygen. Under illumination at 650 nm, duroquinone was reduced and 1353 

further reoxidized at the electrode surface (at + 0.62 V vs. Ag pseudoreference) leading to a 1354 

peak current proportional to PSII activity. The biosensor was sensitive to diuron from 2.3 to 1355 

233 ppb with a sigmoidal behavior and a LOD of 1.3 ppb. 1356 

 1357 

Several biosensors based on immobilized thylakoids were proposed between 2005 and 2012 1358 

by the consortium linked to the Institute of Crystallography of the National Research Council 1359 

(CNR) of Italy, whose studies on microalgal whole-cell biosensors are described in the present 1360 

review (see 2.2.1). These works propose innovative approaches for thylakoid immobilization 1361 

methods and herbicide subclass discrimination, and they are presented in the following 1362 

paragraphs. 1363 

Thylakoids from several organisms (Spinacia oleracea, Senecio vulgaris and Senecio vulgaris 1364 

mutant resistant to atrazine) showing different sensitivities to herbicides were used to design 1365 

a multiplex biosensor in 2005 (Touloupakis et al., 2005). Thylakoids were immobilized at the 1366 
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surface of a graphite SPE within glutaraldehyde-BSA or gelatin, the latter being placed in a 1367 

flow-cell cell under LED illumination at 650 nm, giving rise to independant biosensors. 1368 

Photocurrent intensity is recorded over time using duroquinone as an electron mediator. With 1369 

Spinacia oleracea thylakoids immobilized in BSA-glutaraldehyde, LOD ranging from 12.7 nM 1370 

to 41 nM for atrazine, diuron, terbuthylazine, desethylterbuthylazine and simazine were 1371 

obtained. A low sensitivity to phenolic-type herbicides (dinoseb, ioxynil, bromoxynil) was 1372 

noticed. With gelatin immobilization, the sensor is sensitive to phenolic compounds. This is 1373 

attributed to differential diffusion of herbicides within the immobilization matrix. Noticeably, 1374 

thylakoids from the Senecio vulgaris mutants are inhibited by diuron and linuron (urea-type 1375 

herbicides), but they are only slightly inhibited by phenolic-type herbicides (when immobilized 1376 

in gelatine) and not at all by tested triazines. Therefore, the use of an electrochemical array of 1377 

immobilized thylakoids allows for the differentiation between sub-classes of herbicides. The 1378 

assay was applied to detect the presence of total herbicides in real river samples (Po river, 1379 

Italy) allowing to detect the total herbicide content in the nM range after sample preparation 1380 

(concentration and dilution steps). An optical biosensor based on an array of PSII mutants 1381 

was also reported (Giardi et al., 2005). Fluorescence measurements were used for detection 1382 

of herbicide subclasses (such as urea, diamine, triazine or dinitrophenol compounds) in river 1383 

water. Thylakoids from various organisms (Spinacia olearacea, Amaranthus retroflexus, 1384 

Senecio vulgaris and Solanum Nigrum wild-type or mutants selected from atrazine treated 1385 

soil) were immobilized either by cross-linking with glutaraldehyde-BSA or by entrapment in 1386 

gelatin. Inhibition of PSII fluorescence activity led to the detection of herbicides in river water 1387 

at concentrations in the nM to µM range. An interesting innovation in this biosensor resides in 1388 

the use and comparison of specific immobilized thylakoid membranes from wild-type and 1389 

herbicide-resistant organisms, which allowed identification of herbicide subclasses. The same 1390 

consortium also proposed in 2012 a photosynthetic biosensor, based on isolated thylakoid 1391 

membranes from spinach (Spinacea oleracea) leaves, for the chronoamperometric detection 1392 

of herbicides on gold SPE (Touloupakis et al., 2012). The detection method was based on 1393 

PSII inhibition. However, particular attention was paid to the immobilization of thylakoid 1394 

membranes, with the use of laser-induced forward transfer (LIFT). Briefly, this method relies 1395 

on the irradiation by a pulsed laser of a 40-nm titanium laser-absorbing layer, previously 1396 

deposited on quartz plates. Thylakoid solutions were drop-casted on the titanium layer and 1397 

the light-matter interaction of the laser with the absorbing layer caused the fast ejection of 1398 

droplets of biological material onto a target substrate (the working electrode surface), placed 1399 

in close vicinity. After optimizing the LIFT process and the SPE material, the authors obtained 1400 

continuous layers of thylakoids, showing strong junctions with the electrodes. These systems 1401 

were used for the detection of diuron and linuron, with detection limits of 8 nM (2 ppb) and 4 1402 

nM (1 ppb) respectively. The LIFT technology allowed the use of a much lower amount of 1403 

photosynthetic material, with a higher photocurrent signal, and an excellent signal-to-noise 1404 

ratio. 1405 

 1406 

Thylakoid membranes were also recently used in 2022 by Lettieri et al. in the design of a 1407 

simple electrochemical biosensor for the detection of photosynthetic herbicides of different 1408 

chemical families, namely diuron, terbuthylazine and metribuzin (Lettieri et al., 2022). The 1409 

thylakoid membranes were immobilized by drop-casting and subsequent adsorption on 1410 

unmodified carbon paper working electrodes. Mediatorless chronoamperometric 1411 

measurements of PSII photocurrent inhibition by increasing concentrations of herbicides were 1412 

performed. The authors reported LOD close to 0.5 µM (0.1 ppm) for the studied herbicides, 1413 
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and also observed an interesting stability of up to 120 days at - 80 °C. They emphasized 1414 

sustainability and low-cost of the biosensor. 1415 

 1416 

Recent works reported photosynthetic biofuel cells for the detection of herbicides. Chloroplasts 1417 

or thylakoids are immobilized at the anode allowing oxygen production under illumination. The 1418 

electrical circuit is closed by a (bio)cathode catalyzing oxygen reduction. The overall system 1419 

is a self-powered biosensor using only oxygen and water as substrates, both regenerated 1420 

during the catalytic cycle (Figure 12). 1421 

 1422 
Figure 12. Biofuel cell operating with immobilized organelles (chloroplasts or thylakoid 1423 

membranes) at the anode allowing oxygen production under illumination. Current generation 1424 

in the electrical circuit (symbolized as a green LED) allows water production with or without 1425 

immobilizing a copper oxidase (bilirubin oxidase) at the cathode. 1426 

 1427 

In 2013, Rasmussen & Minteer developed a biosolar cell incorporating thylakoid membranes 1428 

and used it for the detection of atrazine, bromacil and diuron (Rasmussen and Minteer, 2013). 1429 

Thylakoid membranes from spinach chloroplasts were immobilized by adsorption on a carbon 1430 

paper bioanode, which was coupled to an air-breathing platinum cathode (Figure 12). Under 1431 

illumination, the bioanode catalyzed water oxidation into O2 thus allowing direct electron 1432 

transfer with the electrode and amperometric detection. Since the photoelectrocatalytic activity 1433 

generates reactive oxygen species, catalase was also added for stabilization of the bioanode. 1434 

The presence of photosynthesis-inhibiting herbicides in the biosolar cell resulted in a decrease 1435 

in the measured current proportional to the herbicide concentration. LODs of 0.37 ppb, 0.21 1436 

ppb, 0.1 ppb and linear ranges extending up to 12 ppb, 16 ppb and 14 ppb were reported for 1437 

atrazine, bromacil and diuron, respectively. This study describes an interesting concept of a 1438 

self-powered biosolar cell-based herbicide sensor capable of direct photoelectrocatalysis. The 1439 

authors underlined the system’s lack of specificity for photosynthesis inhibiting-herbicides, 1440 

making the device an alarm rather than a detection tool.  1441 

Another efficient photobiofuel cell was recently reported as a self-powered biosensor for 1442 

photosynthesis-inhibiting pesticide detection (Masi et al., 2020).The anode (a highly porous 1443 
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gold electrode, hPG) was functionalized with spinach thylakoid membranes whereas the 1444 

cathode (a buckypaper composed of compressed MWCNTs) was modified with bilirubin 1445 

oxidase catalyzing the thylakoid (including PS II)-produced O2 reduction and water production 1446 

(Figure 12). The system thus mimics plant photosynthesis and respiration processes. In this 1447 

system, no external artificial redox mediator was used. The electrical power was generated 1448 

only from light absorption without consumption of any material. Photobioanodes were first 1449 

incubated in a pesticide solution for 1.5 hours, before assembling the biofuel cell and then 1450 

they were irradiated with light for 20 minutes before power output determination. In the 1451 

presence of a commercial pesticide, Weed B Gon containing 2,4-D, a linear relationship was 1452 

obtained between the produced power and Weed B Gon concentration, from 0.5 to 10 % v/v 1453 

and the limit of detection was given as 0.15 % v/v. The authors do not explain the detection of 1454 

group 4 herbicides (Weed B Gon composed of 2,4-D, dicamba and mesoprop mixture) acting 1455 

as auxin mimics rather than inhibitors of the photosynthetic systems. The biofuel cell should 1456 

be applied to other herbicides or pollutants affecting photosynthesis. 1457 

 1458 

A rare biosensor based on intact chloroplasts was described by Grattieri et al. (Grattieri et al., 1459 

2020). In intact chloroplasts, all the necessary enzymes are already present, ensuring 1460 

enhanced stability and preventing catalase addition. Spinach chloroplasts were cross-linked 1461 

on a carbon paper electrode using EGDGE, in order to obtain a bio-photoanode outperforming 1462 

regular (non EGDGE-treated) anodes with a five-fold increase in photocurrent generation. The 1463 

photoanode was then employed in a biosolar cell with an air-breathing activated carbon-based 1464 

(Pt-free) cathode, for the self-powered detection of diuron. PSII inhibition by diuron was 1465 

monitored under illumination, by amperometric measurement of the decrease in current 1466 

density following herbicide addition, with a detection limit of 0.1 µM (23.3 ppb) and a linear 1467 

range of 0.1-1 µM. In this work, the use of intact chloroplasts allowed for a simplified and cost-1468 

effective electrode architecture, with improved stability due to the presence of all the 1469 

necessary enzymes responsible for photoprotection mechanisms. 1470 

4.2. Isolated PSII complex or other reaction centers 1471 

Once isolated from their natural environment, after a time- and cost-consuming extraction 1472 

procedure, photosynthetic subcomponents suffer from unstability, particularly upon 1473 

illumination. Immobilization on the transducer surface is thus crucial to obtain stable 1474 

biosensors, with a good shelflife. As described hereafter and as shown in Table 5, several 1475 

methods have been proposed in the literature, mainly for PSII particle immobilization. 1476 

Adsorption or glutaraldehyde cross-linking have mainly been used. In the different systems, 1477 

duroquinone was classically used as the mediator. 1478 

An amperometric biosensor for PSII-inhibiting herbicide detection was reported in 1998 1479 

(Koblizek et al., 1998). Isolated PSII particles from the thermophilic cyanobacterium 1480 

Synechococcus elongatus were immobilized under a dialysis membrane on a Clark oxygen 1481 

electrode placed in a flow system, under illumination. In the presence of triazine-, urea-, and 1482 

phenolic-type herbicides, release of oxygen was inhibited and could be measured. Detection 1483 

limits of 0.5 nM and 2 nM were obtained for diuron and atrazine, respectively. Simazine, 1484 

ioxynil, bromoxynil and dinoseb limits of detection were significantly higher. Good stability, 1485 

reusability and regeneration of the biosensor were underlined by the authors. To assure mass 1486 

production of the biosensors, Koblizek et al. (Koblížek et al., 2002) immobilized PSII particles 1487 

on graphite SPEs resulting in a biosensor that is specific to phenylurea and triazine herbicides, 1488 
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but insensitive to phenolic ones. After partial purification of PSII from the thermophilic 1489 

cyanobacterium Synechococcus elongatus, immobilization on the electrode surface was 1490 

better achieved by cross-linking with glutaraldehyde in the presence of BSA. Compared to 1491 

other biosensors based on chloroplasts or thylakoids, only ~10-11 moles of PSII were 1492 

necessary. The electrode was placed in a flow cell under illumination by a photodiode (at 650 1493 

nm) in the presence of duroquinone as an artificial electron acceptor. Photoreduction of the 1494 

mediator was detected by amperometry. The authors emphasized that silver ions (Ag+) are 1495 

inhibitors of the PSII. Therefore, the reference electrode should be placed after the working 1496 

one in terms of the flow. The biosensor half-life was 24 h. Diuron (phenylurea), atrazine and 1497 

simazine could be detected with LOD of 1 nM (0.23 ppb), 2 nM (0.43 ppb) and 4 nM (0.8 ppb), 1498 

respectively. The same group proposed in 2005 another approach for the design of 1499 

mediatorless PSII inhibition-based biosensors (Maly et al., 2005). Working gold electrodes 1500 

were functionalized with an electrodeposited conductive layer of poly-mercapto-p-1501 

benzoquinone (polySBQ). PSII particles isolated from the thermophilic cyanobacteria 1502 

Synechococcus bigranulatus were then adsorbed on the polySBQ-covered electrodes and 1503 

amperometric measurements of PSII activity were realized upon illumination by red LEDs (650 1504 

nm), the conductive polySBQ layer acting as a mediator between the immobilized PSII 1505 

particles and the gold electrode. The detection of diuron by inhibition of PSII activity was 1506 

studied and a detection limit of 0.7 nM (0.16 ppb) was reported. The authors underlined the 1507 

biosensor’s rapid response and its improved sensitivity compared to other published PSII-1508 

based biosensors, although the functionalized electrodes displayed a relatively poor 1509 

reusability. Detection of photosynthetic herbicides based on isolated PSII complexes or on 1510 

algae was also reported by the same authors in 2011 (Masojídek et al., 2011). A comparison 1511 

was performed between an amperometric biosensor based on PSII immobilization and a 1512 

standard algal growth inhibition bioassay using intact algal cells. The PSII complex was 1513 

isolated from a thermophilic cyanobacterium and immobilized on the surface of a Pt SPE by 1514 

cross-linking with glutaraldehyde. Duroquinone was added as an artificial electron acceptor, 1515 

in a flow system. Light pulses were applied, leading to a decrease of the signal during the 1516 

illumination period in the presence of herbicides, due to the blocked electron transfer between 1517 

the PSII complex and duroquinone. Diuron, atrazine and isoproturon concentration could be 1518 

determined with detection limits of 1 nM (0.23 ppb), 1.6 nM (0.35 ppb) and 9.9 nM (2 ppb) with 1519 

the biosensor and 110, 100 and 400 nM with the bioassay, respectively. Duration of 1520 

measurements was also shorter with the biosensor (1 h compared to 72 h with the bioassay). 1521 

The same group reported improvement of the biosensor sensitivity, with diuron that could be 1522 

detected in a linear range extending from 1 to 100 nM (0.23 – 23.3 ppb), using the principle of 1523 

synchronous detection (Krejci et al., 2011). 1524 

Bhalla and Zazubovich proposed to immobilize BBY particles (PS-II enriched membrane 1525 

fragments) by covalence on a carboxylated SAM at the surface of a gold SPE (Bhalla and 1526 

Zazubovich, 2011) (Figure 11F). The reoxidation of the soluble duroquinol (reduced 1527 

duroquinone) mediator was obtained as a photocurrent on the gold electrode. Compared to 1528 

BBY particles immobilized in glutaraldehyde-BSA, which have been used previously by others, 1529 

a lower current background was obtained and current intensity was 1.3 times higher. The 1530 

response time decreased significantly from 20 minutes to less than 1 minute after illumination. 1531 

Picric acid (proposed as a nitrophenolic herbicide based on its chemical structure) and 1532 

atrazine were chosen as target herbicides. After a preconditioning phase of 10 min in the dark, 1533 

the photocurrent was measured after an illumination of 10 sec. A sigmoidal decay response 1534 

curve was used to determine the LOD for picric acid and atrazine, which were found to be 157 1535 
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nM (36 ppb) and 1.15 nM (0.25 ppb), respectively. Interestingly, the non-selective early 1536 

warning device could be reused after regeneration (washing), with a half-life of 24 h after 1537 

storage at 4°C. It could also be stored at - 80°C without loss of activity.  1538 

As an alternative to PSII, the purple bacterium Rhodobacter sphaeroides reaction centre could 1539 

also be used to develop biosensors for herbicide detection (Swainsbury et al., 2014). This 1540 

latter is relatively robust and generates photocurrent which is inhibited by atrazine and 1541 

terbutryn (triazines), but not by phenylurea herbicides (such as diuron). Purified reaction 1542 

centres were adsorbed on a gold electrode surface poised at – 100 mV vs. SCE. Photocurrent 1543 

generation attenuation measured by chronoamperometry under appropriate illumination was 1544 

correlated to herbicide concentration. Detection limits were close to 8 nM (1.9 ppb) and 50 nM 1545 

(10.8 ppb) for terbutryn and atrazine, respectively. The authors indicated that the detection 1546 

limit obtained in their work is higher than the one generally reported with PSII reaction centre 1547 

(1 or 2 nM atrazine, close to the maximum admissible concentration in drinking water in the 1548 

EU) but lower than the one reported in other works with the same purple bacterial reaction 1549 

centres. Sensitivity needs to be improved, for instance through protein engineering. 1550 

Nevertheless, the Rhodobacter sphaeroides reaction centre is natively selective for triazine 1551 

herbicides whereas PSII is not very selective. 1552 

5. Tissues 1553 

As presented afterwards, plant tissue-based biosensors reported for herbicide detection are 1554 

based on potato or apple, known for their high content in PPO. Atrazine detection could thus 1555 

be performed, based on inhibition of PPO activity. Such biosensors present a long lifetime 1556 

(high stability) but a low sensitivity. 1557 

A plant tissue based amperometric biosensor was reported by Mazzei et al. (1995) for 1558 

determination of atrazine (Mazzei et al., 1995). A thin slice of potato (Solanum tuberosum) 1559 

tissue containing PPO was deposited on a Clark oxygen electrode. After a 20 min incubation 1560 

time in the presence of the herbicide, the percentage of enzyme activity inhibition could be 1561 

correlated to atrazine concentrations with a linear range extending from 20 to 130 µM (4.3 - 1562 

28 ppm) and a detection limit of 10 µM (2.2 ppm). Organophosphorous and carbamate 1563 

pesticides did not interfere. The lifetime of the biosensor was 8-14 days and was improved by 1564 

washing the sensor’s tip between measurements. Contrary to biosensors based on the 1565 

immobilization of purified enzymes, the tissue-based biocatalytic layer can be easily changed 1566 

and gives rise to a so-called “partially disposable” system. Detection of spiked samples of 1567 

flowing water containing atrazine was also validated. 1568 

Another tissue-based amperometric biosensor was reported in 2008 (Majidi et al., 2008). An 1569 

apple tissue also containing PPO activity was immobilized in a silica sol-gel / carbon paste 1570 

matrix. The percentage of inhibition was determined by measuring the current response to 1571 

dopamine at 400 mV vs. SCE, in the presence of atrazine. A linear range between 10 µM and 1572 

100 µM (2.2 - 22 ppm) was observed, with a detection limit of 5.5 µM (1.2 ppm). Inhibition of 1573 

atrazine was shown to be competitive. The response current of the biosensor decreased to 20 1574 

% after 50 days. The lifetime was not specified. 1575 

 1576 
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6. Conclusion 1577 

Biosensors have become promising and important modern tools for the detection of 1578 

environmental pollutants such as herbicides. As underlined in a recent review (Arkhypova et 1579 

al., 2023), it is important to keep in mind that biosensors can complement traditional analytical 1580 

methods. They can be used as rapid and low-cost early warning screening devices, signaling 1581 

the eventual presence of toxic substances in a sample. If necessary, more sensitive, time-1582 

consuming and costly conventional chromatographic and mass spectrometry methods can 1583 

then be used.  1584 

Biosensors suffer from low selectivity and are mainly intended for on-site alarm systems 1585 

capable of detecting classes of compounds, well suited to screening analysis. Simple pre-1586 

treatment of sample by solid phase extraction column could improve the selectivity, by 1587 

separating heavy metals from pesticides for instance, before analysis. Nevertheless, limiting 1588 

the number of steps required for analysis remains the preferred option. 1589 

Figure 13 presents the repartition of enzyme- and photosynthesis-based biosensors according 1590 

to the herbicide group detected. Structures of the most detected herbicides are also presented. 1591 

It can be noticed that the most detected herbicides belong to the group 5, triazines (5t, such 1592 

as atrazine) and ureas (5u, such as diuron), representing more than 60 % of the total detected 1593 

herbicides. These pesticides are photosynthetic herbicides that inhibit PS II. Apart from the 1594 

highly represented group 5, the main other detected herbicides belong to groups 4 (auxin 1595 

mimics, such as 2,4-D) and 9 (glyphosate). The photosynthetic group 22 (acting on PSI, such 1596 

as paraquat) is also well represented (6 %). 1597 

 1598 

 1599 
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Figure 13. Repartition of the number of published biosensors by herbicide group (HRAC 1600 

classification). The structures of the most studied herbicides (>1.9 %) are provided with the 1601 

percentage of biosensors depicted as a pie chart. Data are obtained from the Web of Science 1602 

(2023, july, 28th) using the following request: “enzyme or oxidase or peroxidase or tyrosinase 1603 

or urease or phosphatase or whole cell or algae or alga or algal or bacteria or bacterial or 1604 

thylakoids or PSII or photosystem” AND “biosensor” AND “herbicide or atrazine or simazine 1605 

or terbuthylazine or bromoxynil or prometryne or mesotrione or sulcotrione or diuron or DCMU 1606 

or linuron or chlorotoluron or chlortoluron) or isoproturon or 2,4-D or MCPA or dicamba or 1607 

bromacil or glyphosate or glufosinate or alachlor or paraquat”. 1608 

 1609 

Atrazine can be used as an example, in order to compare enzymatic and photosynthetic 1610 

biosensors. The detection limits obtained with sub-cellular systems or with whole-cell systems 1611 

are rather high. Only one recent report based on fluorescence detection and including CB 1612 

nanomaterials with algae could reach a 1 ppt LOD (Scognamiglio et al., 2019). On the other 1613 

hand, tyrosinase-based biosensors could reach 0.1 ppt LOD using AuNPs (Kim et al., 2008) 1614 

or TiO2 nanotubes (Yu et al., 2010) or even less than 0.1 ppt using mesoporous biocarbon 1615 

and carbon dot ECL (Wu et al., 2019) or graphene-based FETs (Cao et al., 2016). Enzymatic 1616 

biosensors thus appear as more sensitive to atrazine than photosynthesis biosensors. In 1617 

addition, nanomaterials are classically used to improve the sensitivity, and many 1618 

nanomaterial-based (bio)sensors are described in the literature, as recently reviewed for the 1619 

detection of glyphosate for instance (Zúñiga et al., 2022).  1620 

 1621 

Recent advances in the biosensor field include the development of nanozymes. Nanozymes 1622 

are non biological nanomaterials behaving as enzymes whose development began in 2014 1623 

(Lin et al., 2014)(Huang et al., 2019) and is still in progress. These low-cost nanomaterial-1624 

based artificial enzyme mimics (mainly peroxidase and oxidase mimics) do not suffer from the 1625 

well-known instability issues associated with the use of enzymes. However, they exhibit low 1626 

catalytic activity, poor substrate selectivity and potential toxicity. As reported in a recent review 1627 

dealing with detection of pesticides using nanozymes (Naveen Prasad et al., 2021), pesticides 1628 

can inhibit or modify nanozyme activity. Glyphosate detection has recently been detected by 1629 

using an organic compound-based peroxidase-mimicking nanozyme (Lee and Kamruzzaman, 1630 

2023). This system is based on a relatively non-specific inhibition mechanism in which 1631 

glyphosate is adsorbed onto the nanozyme, blocking its activity. Atrazine detection using 1632 

nanozymes has also recently been described, with a sensor in which atrazine traps a redox 1633 

dye by establishing hydrogen bonds, preventing its oxidation and the generation of a 1634 

colorimetric signal (Boruah and Das, 2020). These studies highlight the need to improve the 1635 

specificity of herbicide detection systems based on nanozymes. 1636 

 1637 

As recently mentioned by Mazuryk et al (Mazuryk et al., 2023), conventional (bio)sensors will 1638 

soon be replaced by smart material-based (bio)sensors including smartphone-integrated 1639 

(bio)sensors for instance. Indeed, miniaturized biosensor platforms capable of collecting and 1640 

transmitting data via smartphones or other wireless devices should simplify analysis and 1641 

increase system portability. In this respect, several modern lab-in-a-syringe devices have 1642 

recently been described. Smartphone-based colorimetric and fluorescent dual-mode detection 1643 

was reported for organophosphorous pesticides including glyphosate, with a bioassay based 1644 

on AChE inhibition (Wei et al., 2021). A portable paper-based lab-in-a-syringe device was also 1645 

recently described for 2,4-D detection (Tong et al., 2023). In this study, cascade reactions 1646 

starting with the inhibition of alkaline phosphatase by 2,4-D were constructed, ending with the 1647 
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modification of the color of several fluorescent probes (blue, yellow and red emission 1648 

systems), which could be analyzed via a smartphone application. 1649 

 1650 

Biosensors for herbicide or pesticide detection are not always used for the analysis of real 1651 

samples. When they do, the detection is mainly performed in environmental matrices and 1652 

without systematic validation by the regulatory HPLC-MS techniques. Bioaccumulation in 1653 

animal tissues and hazardous effects on living organisms should be carefully considered. That 1654 

is the reason why application in biological fluids needs to be further explored, as recently 1655 

underlined by Fama et al. (Fama et al., 2023). This would also constitute an opportunity to 1656 

establish links with the considerable advances that have been made in the field of medical 1657 

biosensors. 1658 

 1659 

Based on the work presented in this review, biosensor devices have undergone significant 1660 

evolution in recent decades. However, their use for on-field environmental monitoring still lags 1661 

behind their use in medical applications. In environment area, the potential market remains to 1662 

be established and further initiatives are needed to develop more reliable devices, which could 1663 

accelerate the small-scale detection of pesticides, and offer opportunities for significant 1664 

commercial exploitation. Most of biosensors for herbicide detection are in the proof-of-concept 1665 

state. Versatility has been proven, with interchangeable biorecognition elements and detection 1666 

of a broad spectrum of compound classes. These early warning devices present some 1667 

advantages, as they are reliable and sensitive, able to detect variable environmental samples 1668 

by respecting the legislation directives. The limited stability of the bioelement still acts as a 1669 

brake on the commercial development of environmental biosensors. On-field stability, 1670 

operating lifetime and reusability are of critical importance and represent a real challenge, 1671 

hampering their current exploitation and marketability. Development of miniaturized, multi-1672 

biosensors and the use of nanomaterials continues to draw much research effort. The major 1673 

developments focus on enhancing sensitivity and stability. Less attention is devoted to 1674 

improving the stability of enzymes, which continues to be a bottleneck in the development of 1675 

biosensors. Solutions might be the use of enzymes from extremophiles or genetically modified 1676 

enzymes and interaction between enzymes and nanomaterials. Specificity could also be 1677 

improved to detect a given herbicide. Miniaturized and small portable automatic biosensors 1678 

for on-site alarm devices can be designed by using modern technologies and incorporating 1679 

some low-cost and pocket-size portable potentiostats or fluorometers available on the market. 1680 

The use of intelligent instrumentation, electronics, and multivariate signal processing methods 1681 

such as chemometrics and artificial neural networks could be useful. 1682 

 1683 

 1684 
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