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ABSTRACT 
It is imperative that the impurities in our air and water are polluting the environment. Growing concern on 

phenolic, micro and macro pollutants has created the need for a technological platform for researchers to come 

up with advanced bio-analytics like biosensors for monitoring them. National and International standards have 

put down stringent standards for phenol and its derivatives in wastewater knowing its toxicity and persistent 

presence in wastewater. Enzyme biosensors have been very promising in quantifying phenolic compounds with 

great precision and accuracy since last few decades. Oxidoreductases like tyrosinase, peroxidase, and laccase 

are engaged as bioreceptor in phenol quantifications. Present review gives a concise state of laccase 

amperometric biosensors for phenol quantification as a green technique for today’s world, highlighting its 
sensitivity. 
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I. INTRODUCTION 
Quantification of biological or biochemical elements is of utmost importance for environmental 

monitoring of pollutants like phenols and its derivatives. The ubiquitous presence of phenols and phenolic 

compounds in the water and wastewater in hundreds of forms and its derivatives has motivated to research on its 

occurrence, toxicity, quantification, fate, and transport1. Phenolic pollutants join natural water streams 
along with industrial effluents of chemical-related sector, such as coal refineries, pharmaceutical manufacturing, 

production of resins, paints, wood processing, textiles, petrochemicals, and pulp, including the manufacturing of 

phenol1. European Commission (EC) and the United States Environmental Protection Agency (US-EPA) 
have listed many phenolic compounds as prioritized hazardous pollutants for their monitoring in drinking or 

natural waters due to their toxicity, carcinogenicity and hazardous nature upon exposure to animals and 

humans. Permissible concentration limit in natural waters is 0.001 mg/L2 as prescribed by European 

Commission (EC). The Central Pollution Control Board (CPCB) of India has implemented threshold of 1.0 
mg/L of a phenolic compound as the standard for discharge of water to inland surfaces under The Environment 

(Protection) Rules, 1986. Conventionally spectrophotometric and chromatographic methods are the most common 

for quantification of phenolic compounds in water and wastewater samples with great accuracy up to nanograms 

per liter of samples. However, present research in monitoring and quantifying techniques is mainly focused on 

bio- analytical tools, such as biosensors, which offer advantages over classical ones in terms of selectivity, 

sensitivity, lesser assay time, non-toxic reagents and reduced cost of analysis3. The reagent-less continuous 

online analysis is also one of the potential advantages of this device4. Laccase- based biosensors have interesting 

potential uses in the detection of phenolic compounds in the food industry and wastewaters as well as in 

biomedical and bioremediation applications5. Usually, classical analytical methods necessitate highly trained 
and skilled personnel, time-consuming detection process, complex pre-treatment steps, sophisticated and 

expensive instruments. However, biosensing and bio-analytics overcome these issues which are non-hazardous, 

and economical6. 
 

Biosensors: The concept 

A biosensor is an analytical device which translates the modification of the physical or chemical 

properties of biological element or bio- matrix, due to the bio-electro-chemical interactions, into an electric 

signal whose amplitude is proportional to the concentration of the analyte in the solution7. The device 
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consists of two basic components namely, a bio-recognition element, which is a detecting layer of immobilized 

elements like enzymes, antibodies, DNA, organelles,  microorganisms etc., and a transducer of 

potentiometric, impediometric, amperometric, conductometric, acoustic, optic or colorimetric type7 as depicted 
in the Fig. 1. Amperometric biosensors are most widespread, numerous and successfully commercialized 

devices of bio-electronics and the research in this field is traceable from 1956 when Clark established his 

glucose electrode commonly called as Clark’s electrode. Amperometric biosensors measure the changes 

in the current on the working electrode due to direct oxidation of the analyte involving biochemical reaction or 

redox reaction8. However, conductometric transduction measures the changes in the conductance between a pair 
of metal electrodes as a consequence of the activity of an analyte. Enzyme reactions can be monitored by ion 

conductometric or impedimetric devices, using interdigitated microelectrodes9. The Potentiometric 
interpretation is based on the potential difference between an indicator and a reference electrode, or two 

reference electrodes separated by a selective membrane9. The advantage of amperometric detection is 

that significant enhancement in mass transport to the electrode surface. Selectivity due to the redox potential 

used for detection is characteristic of the analyte species1. 
 

 
Fig. 1. Components of a Biosensor, Modified from: https://www.ufz.de/index.php?en=39398 

 

Laccase: As bio recognition element 

The enzyme laccase (polyphenol oxidase; EC 1.10.3.2) is a blue multi-copper-oxidase also categorized 

under oxidoreductase family. This enzyme has been choice of research for a long time, due to its versatility to 

oxidize a variety of phenolic and non-phenolic aromatic hydrocarbons. This enzyme has been extracted from a 

variety of biotic species like bacteria, fungi, plants, and insects mainly as extracellular enzymes1. Literature has 

reported that common sources of laccase are from Trametes versicolor, Aspergillus oryzae, Coriolus hirsutus, 
Cerrena unicolor, Pleurotus ostreatus, Rhus vernicifera, and also available commercially from these species in 

the markets. Laccases have an affinity for ortho- and para- substituted phenolic compounds but their affinity is 

usually higher towards the latter one. Laccases catalyze a wide variety of phenolic compounds, including 

mono phenols, di-phenols, and polyphenols. Literature reports that laccase has been the model catalyst for 

substrates like aminophenols, methoxyphenols, aromatic amines, and ascorbate, with the concomitant four-

electron reduction of oxygen to water10. This enzyme conjoins the four single- electron oxidations of the 

reducing substrate to the four-electron reductive cleavage of the di-oxygen bond with four copper atoms11. The 

copper atoms which forms the core of laccase are categorized into three groups depending on its characteristics 

obtained by UV-Visible and electron paramagnetic resonance (EPR) spectroscopy. The type I copper atom (T1) 

is the reason for the intense blue color of the enzyme, which has strong electronic absorption of approximately 600 

nm and is detectable by EPR. The type II copper atom (T2) is colorless but detectable by EPR and the pair of type 
III copper atom (T3) exhibits weak absorbance in the UV spectrum and no EPR response signal. The T2 and T3 

copper atoms constitute a tri-nuclear cluster where the binding and multi-electron reduction of di-oxygen 

occur10,11. The electrocatalytic mechanism of the laccase enzyme is initiated by the donation of an electron to 

the substrate by the T1 copper atom, followed by an inter electron transfer between reduced T1 to T2 and T3 

copper sites. The role of T3 copper is to accept two-electrons in the aerobic oxidation process, for which the 

presence of the T2 copper is requisite. The reduction of oxygen to water takes place at the T2 and T3 cluster and 

passes through peroxide intermediate10. There are many advantages of laccase biosensors viz., laccase does not 
require H2O2 as co-substrate and any co- factors for its catalysis unlike tyrosinase and 

peroxidases, hence the construction of the biosensor is simple12, the applied potential will be within the 
optimum potential range established, influence to the response from analytes usually interfere in enzyme-based 

biosensors which is very small and the background current takes its smallest value in laccase biosensor13, and the 

http://www.ufz.de/index.php?en=39398
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molecular oxygen which is responsible for concomitant oxidation will be present in the carrier solution for the 

catalysis to happen13. The pictorial representation of the typical catalytic reaction of laccase is as shown in the Figure 
2. 

 

 
Fig. 2. Typical Catalytic Reaction of Laccase 

 

Considering immobilization of laccase, there are wide varieties of techniques employed till date by 

researchers. Most commonly used method is adsorption and apart from it, cross-linking, entrapment, 

encapsulation, covalent binding are also been reported. The benefit of an efficient protocol of laccase 

immobilization is very important for the prolonged use of the sensor and its anticipated extended storage and 

working stability1. The influencing factors on the immobilization methods are the type of transduction used 
(amperometric, potentiometric, impedimetric), the physic-chemical properties of the analyte (solubility, pH, 

temperature) and the operating conditions in which the biosensor is to function. All these considerations will 

allow the biological element (laccase) to exhibit maximum activity and help the stability and the reusability of 

the device14. Common methods of laccase immobilization are covalent binding, adsorption, cross-linking, 
encapsulation and entrapment. The functioning of three different laccase enzyme electrodes was studied based 

on immobilizing the laccase from Trametes versicolor on graphite electrodes by absorption and covalent 

binding which was studied in view of their use in agricultural or industrial waters polluted by phenolic 

compounds by Portaccio et al., (2006). Further, the study concluded that electrochemical signals are being the 

characteristic of different immobilization methods studied and laccase immobilization using covalent bonds 

ensures higher sensitivities in comparison to adsorption15. Laccases are immobilized covalently with 
glutaraldehyde as the support matrix, which is the most common type of  immobilization reported in the 

literature. However, adsorption is simple, low cost and fast technique where the enzyme is bound to a support 

via weak force such as van der Waals and hydrogen bridges. In encapsulation, the enzyme is confined to the core of 

suitable polymer16. The laccase enzyme retained its catalytic characteristics when entrapped in sol- gel silica as 

reported by Nur Atikah Mohidem and Hanapi Mat (2009). Entrapment uses a mixture of the biomaterial with a 
monomer solution which is then polymerized to a gel, to trap the enzyme within the interstitial spaces of the 

polymeric gel17. For example, Meiqing Guo et al., (2014) developed amperometric catechol biosensor where the 

laccase was immobilized on nitrogen-doped ordered mesoporous carbon (N-OMC)/ polyvinyl alcohol 

(PVA). The laccase was entrapped in the matrix, regarded as novel biosensor with enhanced electrical 

activity during the catalysis of the substrate. Electro-polymerization has kindled focus among laccase 
immobilization strategies which is an electrochemical means to develop polymeric coatings by entrapping 

biomolecules which involve the application of appropriate potential on the working electrode immersed in the 

aqueous solution containing the electro-polymerizable monomer and enzyme18. 

 

Sensitivity and selectivity of laccase biosensors 

The combination of Oxidoreductase enzyme and amperometric electrodes (transduction) is by 
far, the significantly studied enzymatic electrode concept, wherein various strategies of the enzyme reactions can 

be easily traced and sensitively measured by electrochemical means19. The laccase biosensor is of the third 

generation type where direct electron transfer occurs between the electrode and enzyme, hence their principle is 

attractive which requires no mediators and label-free. They are positively featured in high selectivity and 

sensitivity in the absence of interfering particles and interaction7. This section highlights the sensitivity and 
selectivity of the laccase enzyme sensor developed by many researchers for  application in environmental 

analysis. 

 

Suna Timur et al., (2004) developed a thick film electrode based biosensors containing Trametes 

versicolor (TvL), Aspergillus niger (AnL) laccases and Agaricus bisporus tissues (AbT) for the 

determination of phenolic compounds in wastewater. They used Polyaniline as a matrix for the immobilized 

laccase. The system was calibrated for different phenolic substances like phenol, catechol, L-DOPA with a 
maximum response time of 300 seconds and limit of detection in the range 
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0.2 to 20.0 µM for different analytes considered. Gautam et al., (2003) developed laccase biosensor on 

monolayer-modified with L-cysteine, cystamine, and 4-aminothiophenol on the gold electrode for quantification 

of catechol in range of 1 to 400 µM covalently coupled to the electrode surface. The developed sensor showed 
stability for 1 month without appreciable activity loss. Agnieszka et al., (2014) developed electrochemical 

laccase sensor to quantify hydroquinone and syringaldazine which are major toxicant found in groundwater, 

industrial effluents and surface water with a focus on the copolymer, N-alkylacridone derivative on a platinum 

electrode. The presented biosensor had a sensitivity of 2.34 ± 0.11 µAmM-1 and limit of detection of 0.93 µM for 

Hydroquinone. Priyanki et al., (2014) fabricated highly sensitive and stable laccase based amperometric 

biosensor on the nano-composite matrix, of osmium tetroxide on poly 4-vinylpyridine, multiwalled carbon 
nanotubes, Nafion and carbon black on glassy carbon working electrode for detecting pyrocatechol in 

environmental samples. The modified electrode worked in the linear range of 3.98 nM–16.71 nM with a 

minimum detection limit of 2.82 nM and a sensitivity of 3.82 ± 0.31 nA nM . Joanna et al., (2011) developed a 

hybrid phenol biosensor by electrolytic deposition of laccase from Cerrena unicolor on the surface of thin, 

ordered polythiophene films (copolymer) to determine the concentration of phenol, o-aminophenol, and 
catechol in the environmental samples. Research confirmed that the copolymer plays the essential role in the 

process of immobilization. Sarika et al., (2014) designed and operated laccase based amperometric biosensor 

for industrial wastewaters to focus on covalent immobilization methods on a gold electrode. Laccase from 

Trametes versicolor was immobilized directly on gold electrode on one electrode (type A) by crosslinking with 

glutaraldehyde while, on the second electrode (type B), laccase was covalently bound to organothiol layers on 

gold electrode and finally on the third electrode (type C) laccase was covalently bound to silanized gold electrode 

with gold electrode of Clark type oxygen sensor. However, type B showed a highest correlation coefficient 

of 0.996 for quantification of catechol in the synthetic samples. The author here confirmed that it is possible to 

modulate the electrical response of laccase-based biosensors by using different immobilization methods directly 

on gold electrode of Clark type oxygen sensor. Anna et al., (2005) studied on amperometric detection of mono- and 

diphenols from Cerrena unicolor laccase-modified graphite electrode by establishing correlation between 

sensitivity and substrate structure. The experimental data showed that among the ortho-or-para-substituted 
phenols, the sensitivity of the C. unicolor laccase-modified electrode increased in the following order -H, -CH3, 

-OH, -OCH3   and -NH3+   but in the case of para-substituted phenols, the Michaelis–Menten constants 

values were lower. The sensitivity indicated that the enzymatic oxidation products of the ortho-substituted 

phenols are more readily produced and re-reduced at the electrode with an increase in the amplification. Jegan 

et al., (2005) used cross-linked enzyme crystals (CLEC) of laccase from Tramates Versicolor to develop 

biosensor for phenolic compounds which detected phenols in 50–1000 µ mol concentration level. The CLEC 

laccase retained appreciable activity for over 3 months and the optimum pH was 5.5-6.0 as reported in the study. 

Phenols with lower molecular weight such as 2-aminophenol, catechol, and pyrogallol gave a short response 

time ranging 120-140 seconds, whereas the higher molecular weight substrates like catechin and ABTS had 

comparatively a long response time up to 400 seconds. Jolanta et al., (2008) constructed 
tyrosinase/laccase bienzyme biosensor for  amperometric determination of phenolic compounds like 

2, 6-dimethoxyphenol, 4-tertbutyl catechol, 4-methylcatechol, 3-chlorophenol, and catechol. The highest 

sensitivity and the widest linear range was noticed for catechol but the author states that though bienzyme sensor 

is first of its kind but the stability of the proposed sensor was worst compared to other polyphenol biosensors. 

Advancement in the storability and usability of the laccase biosensor must be foreseen in the coming years of 

growing technological research. 

 

Future trend and challenges 

In this era of biological warfare omnipresent, the development of faster, reliable, accurate, robust, 

portable and low-cost biosensors gained utmost importance2. The sensitivity and selectivity of the existing 
laccase based biosensors are very high towards phenolic compounds and more improvements and 

advancements are anticipated in miniaturization of these devices and integration of the technological areas of 

surface chemistry, bioelectronics, and material chemistry2. Despite the past and current large amount of 
research in biosensor development, there is still a challenge to create improved, sophisticated and more reliable 

devices making use of molecular biology, nanotechnology, wireless communications systems, micro-fluidic 

devising, optical transduction, biochemistry, thin-film physics, and bio-electronics. However, as the world 

becomes more concerned about the impact that environmental contamination may cause on public health and 

the ecosystem, the demand for rapid detecting biosensors will increase22. The search for inexpensive supports 
and the recovery of activity during the immobilization process should be improved to increase the potential 

application of laccase immobilized systems5. Challenges are focused on, sensitivity of sensor in quantifying 

specks of environmental pollutants such as heavy metals, pathogens, toxins, and chemical toxicants in the 
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environment; parallelism in terms of detecting multiple analytes; minimizing false positives; having rapid 

response without pretreatment of samples; transportability in terms of nanosized; easy to operate; affordability 

of sensors; and precision for the detection of single analyte. The global market shows about 10.4 % growth in 
the development of biosensors for various applications, like in biopharma, food processing and 

security, biodefense, and environmental analysis as reported by Vinod and Pratyoosh (2015). 

 

II. CONCLUSION 
In conclusion, phenolic compounds are micro polluting chemicals that are found in water environments 

and are known for their acute and chronic health effects on animals and humans. There is always a scope for a 

pragmatic approach towards quantification of the phenolic compounds and, biosensing is one of its kinds. The 

theme of biosensors must be confined to perform selective biological recognition of the target phenolic analyte 

in a complex sample matrix coupled with a sensitivity of electrochemical detection. It is imperative to research on 
screen-printed electrodes, nanostructure and nanomaterial engineering, optical transduction and microfluidic 

digitized electronics to achieve integration in bringing novel laccase biosensors. Developing a single biosensor 

with multi-analyte recognition capability has restricted its application. It is factual that portable electrochemical 

sensors for environmental applications are still in their infancy and are facing many challenges due to intrinsic 

characteristics of environmental analysis. 
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