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A B S T R A C T   

With the rapid development of industrial society, phenolic pollutants already identified in water are severe 
threats to human health. Traditional detection techniques like chromatography are poor in the ability of cost- 
effectiveness and on-site detection. In recent years, electrochemical enzymatic biosensors have attracted 
increasing attention for use in the recognition of phenolic compounds, which is considered an effective strategy 
for the product transfer of portable analytical devices. Although electrochemical enzymatic biosensors provide a 
fast, accurate on-site detection technique, the difficulties of enzyme deactivation, poor stability and low sensi-
tivity remain to be solved. Thus, effective immobilization methods of enzymes and nanomaterials with excellent 
properties have been extensively researched to obtain a high-sensitivity and high-stability biosensing platform. 
Simultaneous detection of multiple phenols may become the focus of further research. In this review, we provide 
an overview of recent progress toward electrochemical enzymatic biosensors for the detection of phenolic 
compounds, including enzyme immobilization approaches and advanced nanomaterials, especially nano-
composites with attractive properties such as good conductivity, high specific surface area, and porous structure. 
We will comprehensively discuss the features and mechanisms of the main enzymes adopted in the construction 
of different phenolic biosensors, as well as traditional methods (e.g., adsorption, covalent bonding, entrapment, 
encapsulation, cross-linking) of enzyme immobilization. The most effective method is based on the properties of 
enzymes, supports and application objective because there is no one-size-fits-all method of enzymatic immobi-
lization. The emphasis will be given to various advanced nanomaterials, including their special nanostructures, 
preparation methods and performance. Finally, the main challenges in future research on electrochemical 
phenolic biosensors will be discussed to provide further perspectives for practical applications in dynamic and 
on-site monitoring. We believe this review will deliver an important inspiration for the construction of novel and 
high-performance electrochemical biosensors from enzyme selection to nanomaterial design for the detection of 
various hazardous materials. We believe this review will deliver an important inspiration on the construction of 
novel and high-performance electrochemical biosensors from the enzyme selection to the nanomaterial design 
for detections of various hazardous materials.   

1. Introduction 

With the development of modern industry, water pollution has 
become one of the most urgent issues, attracting increasing attention 
worldwide (Wang et al., 2014; R. et al., 2021; Karimi-Maleh et al., 
2021a,b). As reported by the European Union (EU) directive from the 
August 13, 2013 (2013/39/EU), a few water pollutants, such as pesti-
cides, heavy metals and phenols, are listed as priority substances in the 
field of water policy (Díaz-González et al., 2016). Phenolic pollution 

mainly refers to the pollution of water by phenolic compounds, which 
generally include chloro-, bromo-, nitro- and alkylphenols (Fajardo 
Rosabal et al., 2022; Kim and Kim, 2000). Bisphenol A (BPA) is 
commonly used in the production of polycarbonate plastics and epoxy 
resins. Caprolactam is used to make synthetic fibers and nylon. The 
biodegradation of pesticides could produce catechol, 2-chlorophenol 
and 2,4-dichlorophenol (Mohamad Said et al., 2021). These phenolic 
compounds widely exist in the industrial wastewater of plastic, phar-
maceuticals, household chemicals, dyes, textiles and polymers and 

* Corresponding author. 
** Corresponding author. 

E-mail addresses: zychu@njtech.edu.cn (Z. Chu), wqjin@njtech.edu.cn (W. Jin).  

Contents lists available at ScienceDirect 

Environmental Research 

journal homepage: www.elsevier.com/locate/envres 

https://doi.org/10.1016/j.envres.2022.113858 
Received 11 February 2022; Received in revised form 18 May 2022; Accepted 6 July 2022   

mailto:zychu@njtech.edu.cn
mailto:wqjin@njtech.edu.cn
www.sciencedirect.com/science/journal/00139351
https://www.elsevier.com/locate/envres
https://doi.org/10.1016/j.envres.2022.113858
https://doi.org/10.1016/j.envres.2022.113858
https://doi.org/10.1016/j.envres.2022.113858
http://crossmark.crossref.org/dialog/?doi=10.1016/j.envres.2022.113858&domain=pdf


Environmental Research 214 (2022) 113858

2

leachate in landfills as well as incineration process (Baldrian, 2006; 
Gutes et al., 2005). They deliver extremely high toxic risks to human 
health and aquatic organisms (Alkasir et al., 2012; Hashemnia et al., 
2012; Zheng et al., 2019), including weakening immunity, mutagenesis 
and carcinogenesis, affecting the biocatalytic reaction rate in respiration 
and photosynthesis (Das and Patra, 2018; Sarika et al., 2017), which 
may attributes to their hydrophobicity and the formation of phenoxyl 
radicals (Karim and Fakhruddin, 2012). The US Environment Protection 
Agency and EU designated the maximum amounts of phenol compounds 
in fresh water to be 0.5 μg L− 1 and 0.1 μg L− 1, respectively (Vianello 
et al., 2004). Therefore, real-time and accurate monitoring of phenolic 
concentrations is important for the early control of pollutant leakage, 
reducing harm as soon as possible. Currently, tests for phenolic com-
pounds rely mainly on gas chromatography, high-performance liquid 
chromatography and spectrophotometry because of their high sensi-
tivity, high selectivity and excellent precision (Murugesan et al., 2022; 
Guan et al., 2013; Kadam et al., 2022; Li et al., 2011). However, most of 
them often require high-cost specific instruments with complex opera-
tion and long response periods, showing difficulties in the on-site and 
dynamic monitoring of fluctuations in phenolic compounds. To over-
come these issues, electrochemical biosensors have gradually aroused 
increasing interest for the development of ultrafast and ultrasensitive 
detection devices due to their short response time, cost-effectiveness and 
pretreatment-free ability (Karimi-Maleh et al., 2022a,b; Ghalkhani et al., 
2022). 

Electrochemical biosensors can be divided into enzymatic biosensors 
and nonenzymatic biosensors. The first electrochemical biosensor is 
based on the enzymatic principle, which was proposed by Clark et al. 
(Clark Jr. and Lyons, 1962) for application in the detection of blood 
sugar in 1962. After that, enzymatic biosensors have undergone rapid 
development and extensive research from clinical diagnosis to food 
safety, pharmacy quality and environmental monitoring has been con-
ducted (Wang et al., 2014; Karimi-Maleh et al., 2021, 2022). In enzy-
matic biosensors, enzymes are immobilized on transducer surfaces by 
various immobilization methods to maintain their activity. The working 
principle of the enzyme sensor can be described as follows: an enzyme is 
utilized as a recognition element to react with analytes, accompanied by 
physical or chemical changes that can be converted into measurable 
signals by a transducer (Nguyen et al., 2019). Nonenzymatic biosensors 
based on direct electrocatalytic oxidation of specific analytes on elec-
trode surfaces in the absence of enzymes rely mainly on the adsorption 
process (Niu et al., 2013). Compared with enzymatic biosensors, 
nonenzymatic biosensors have several advantages, such as low cost, 
long service life, good reproducibility and stability. However, the low 
selectivity limits the further development of nonenzymatic sensing 
platforms in the detection of phenols, which is also one of the challenges 
in further research. While the problems of narrow operating conditions 
(e.g., temperature, pH value, humidity) and poor stability of enzymatic 
biosensors presented in current research can be improved by appro-
priate modifications, such as the immobilization of enzymes and nano-
materials with excellent properties, which are also the emphasis of this 
review. 

It is not enough to obtain high sensitivity and stability by relying 
only on enzymes for sensing, so extra film material for amplifying 
enzymatic signals is often needed. Nanomaterials, as efficient signal 
transducers and molecular recognizers, have been considered ideal 
candidates (Yeung et al., 2020; Alavi-Tabari et al., 2018). To date, 
various nanomaterials, such as gold nanoparticles (AuNPs) (Liu et al., 
2003), carbon nanotubes (CNTs) (Şenocak et al., 2021, 2022; Akyüz 
et al., 2021; Tümay et al., 2021), conductive polymers (Sanko et al., 
2022), graphene nanocomposites (Liang et al., 2016) and zinc oxide 
nanoparticles (Liu et al., 2020), have been successfully fabricated as 
electrode films for use in the accurate recognition of trace phenolic 
compounds through their ability to promote enzymatic reactions. 
Meanwhile, an increasing number of studies on enzyme engineering 
have provided more choices for enzymes that can be adopted as 

recognition units for the preparation of phenolic biosensors. Therefore, 
in the last decade, the detection technique using electrochemical 
phenolic biosensors has become increasingly important with advanced 
performance in the on-site and real-time monitoring of phenolic pollu-
tion. However, the simultaneous detection of multiple phenols may 
become the greatest challenge in the future. For this purpose, the 
development of novel nanomaterials that have a specific adsorption 
capacity for phenolic hydroxyl groups with different spatial positions is 
of great interest, followed by the electrochemical-driven discrimination 
of phenolic isomers. 

In this review, we will first introduce different enzymes, including 
tyrosinase, laccase and horseradish peroxidase (HRP), followed by 
methods of loading enzymes (such as adsorption, covalent bonding, 
entrapment, encapsulation and cross-linking) on electrode surfaces. The 
properties, work principles, matching targets and immobilization 
methods of different enzymes with the ability to respond to certain 
phenolic compounds will be discussed to provide guidance for biosensor 
construction. Then, we will introduce recent progress on five categories 
of nanomaterials—noble metal nanomaterials, conductive polymers 
(CPs), magnetic nanoparticles (MNPs), carbon-based materials and 
metal-organic frameworks (MOFs)—as electrochemical phenolic bio-
sensors for the recognition of phenolic compounds (Fig. 1). Emphasis 
will be given to advanced nanomaterials with special nanostructures 
that enhance the biosensing performance, and their advantages and 
disadvantages will be further discussed. Finally, we conclude with an 
overall evaluation of the advanced characteristics and preparation 
strategies of these phenolic biosensors, as well as proposing the main 
challenges for practical applications in dynamic, on-site environmental 
monitoring. 

2. Available enzymes for phenolic recognition 

As reported in the literature, tyrosinase, laccase and HRP are three 
typical and most commonly used enzymes capable of oxidizing phenolic 
compounds. Tyrosinase and laccase are both copper-containing oxi-
dases; however, their operating principles are different due to their 
distinct protein structures and active centers for reactions. Generally, 
tyrosinase can be used to prepare biosensors for monitoring phenolic 
compounds with at least one free ortho-position, while laccase-based 

Fig. 1. Schematic representation of enzymatic biosensor for phenolic detection.  
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biosensors can detect phenolic compounds with free para- and meta- 
positions (Sarika et al., 2016). For HRP, there are no special re-
strictions reported in the literature. In addition, both tyrosinase and 
laccase are reduced by phenolic compounds after being oxidized by 
oxygen (Yang et al., 2006). However, HRP is first reduced by phenolic 
compounds and then oxidized by hydrogen peroxide (Felisardo et al., 
2020). Table 1 lists the characteristics, detectable phenol materials, and 
operating principles of tyrosinase, laccase and HRP. 

2.1. Tyrosinase 

Tyrosinase is nearly ubiquitously distributed in all domains of life, 
including plants, mammals, bacteria and fungi. It has two type 3 copper- 
containing active sites and presents distinct binding sites, a substrate site 
with affinity for aromatic compounds and an oxygen site with affinity 
for metal binding agents (Peng et al., 2021). The catalytic oxidation of 
phenols by tyrosinase occurs at the latter active sites in the presence of 
oxygen, followed by two different reaction processes: oxidation of 
monophenols to o-diphenols (hydroxylase activity) and oxidation of 
o-diphenols to o-quinones (catecholase activity). Subsequently, the 
generated quinones can be reduced into o-diphenols at low potentials. 
Fig. 2 shows the enzymatic structure and two oxidation reactions of 
tyrosinase. 

However, tyrosinase is limited to monitoring phenols with at least 
one free ortho-position. Notably, they show no activity for the oxidation 
of para- and meta-benzenediols and their substituted derivatives. In 
addition, tyrosinase normally has broad substrate specificity, low 
enzyme stability, and susceptibility to product inhibition (Freire et al., 
2002). The oxidation of phenol by tyrosinase can be presented according 
to the following reactions: 

phenol+O2→catechol + H2O Eq. 1  

catechol+O2→o − quinone + H2O Eq. 2  

2.2. Laccase 

Laccase has been isolated from plants and some bacterial insects 
(Giardina et al., 2010) and is widely used in decoloring dyes, the 
oxidation of organic pollutants, the oxygen delignification of pulp, and 
biosensors (Jarosz-Wilkolazka et al., 2005). Four copper atoms act as 

active sites in laccase: type 1 copper, type 2 copper and two type 3 
copper atoms, playing different roles in the laccase catalytic reaction 
(Fig. 3). The substrate receives an electron from the type 1 copper site, 
which then transfers an electron to the type 2 and type 3 copper sites. 
Oxygen is reduced to water at the type 2 and type 3 copper sites, 
accompanied by the formation of a peroxide intermediate (Durán et al., 
2002). 

Table 1 
The characteristics, detectable phenolic compounds and work principles of tyrosinase, laccase and HRP.  

Enzymes Active 
sites 

Detectable phenols Work principles Advantages Disadvantages Reference 

Tyrosinase Two 
copper 
atoms 

Phenol, catechol, o,p-chlorophenol, o,m, 
p-cresol, catechin, caffeic acid, gallic 
acid, 2-bromophenol, 2-fluorophenol, 2- 
iodophenol, 4-ethylphenol, L-3,4- 
dihydroxyphenylalanine 

o-Hydroxylation of 
monophenols to yield o- 
diphenols 
Oxidation of o-diphenols 
to o-quinones 

Broad substrate 
specificity 

Low enzyme 
stability 
Susceptibility to 
product 
inhibition 

(Abdullah et al., 2006; Apetrei 
et al., 2011; Cabaj et al., 2016;  
Cortina-Puig et al., 2010;  
Hashemnia et al., 2012; Schmidt, 
1998; Senyurt et al., 2015; Zhao 
et al., 2009) 

Laccase Four 
copper 
atoms 

Phenol, catechol, hydroquinone, 
resorcinol, caffeic acid, rosmarinic acid, 
gallic acid, ferulic acid, 3-acetomino-
phenol, L-dopa, 2,6-dimethylphenyl, 3,5- 
dimethoxy-4-hydroxycinnamic, 
guaiacol, o,m,p-chlorophenol, 2,4- 
dichlorophenol, p-benzoquinone, 
dopamine, 3,4-dihydroxyphenylacetic 

Phenolic substrates are 
oxidized to phenoxy 
radicals oxidation of 
phenoxy radicals to 
quinones 

High stability 
Insusceptibility to 
product inhibition 

Low substrate 
specificity 

(Almeida et al., 2019; Esen et al., 
2018; Garcia-Arellano et al., 
2014; Gil et al., 2009; Mena et al., 
2005; Sulak et al., 2010;  
Torrecilla et al., 2007; Tran et al., 
2021; Yaropolov et al., 2005) 

HRP Heme and 
two 
calcium 
atoms 

Phenol, catechol, hydroquinone, 
resorcinol, o,m,p-cresol, p-aminophenol, 
p-chlorophenol, pyrogallol, 2,4-dichlor-
ophenol, guaiacol, m,p-nitrophenol, 2- 
naphthol, BPA, dopamine, octopamine, 
3,4-dihydroxy-l-phenylalanine, 
(+)-catechin, 2-(4-hydroxyphenyl)-4,5- 
diphenylimidazol, 2-(4-hydroxyphenyl)- 
4,5-di(2-pyridyl)imidazole 

HRP combined with 
hydrogen peroxide 
catalyze phenolic 
compound to form the 
corresponding free 
radicals or quinones. 

Broad specificity 
Broad range of pH 
and temperature 

The presence of 
hydrogen 
peroxide 

(Abdullah et al., 2006; Cevik 
et al., 2013; Chekin et al., 2015;  
Dabhade et al., 2020; Hernandez 
et al., 2013; Ji et al., 2012; Kafi 
and Chen, 2009; Kong et al., 
2001; Kuroda et al., 2000; Li 
et al., 2018; Lindgren et al., 1997; 
Liu et al., 2011; Santos et al., 
2007; Yang et al., 2006)  

Fig. 2. Schematic representation of the structure and two oxidation reactions of 
tyrosinase. Remodified by Ref(Raymundo-Pereira et al., 2020). with permission 
from Elsevier. 

Fig. 3. Schematic representation of the structure and work principle of laccase. 
Remodified by Ref(Raymundo-Pereira et al., 2020). with permission 
from Elsevier. 
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Laccase shows the ability to oxidize a large number of phenolic or 
nonphenolic compounds due to its rather low substrate specificity. 
Phenolic substrates, such as ortho- or para-substituted mono- or poly-
phenolic substrates, are oxidized to phenoxy radicals, which can spon-
taneously polymerize to quinones by radical coupling or rearrangement 
(Giardina et al., 2010; Jarosz-Wilkolazka et al., 2005). Furthermore, the 
greatest stability (Mate and Alcalde, 2017) and insusceptibility to 
product inhibition of laccase (Othman and Wollenberger, 2020) make it 
one of the best candidates for the determination of phenolic compounds. 
The oxidation of o,m,p-benzenediol by laccase can be described by the 
following reactions: 

o,m, p − benzenediol + O2→semiquinone intermediate + H2O Eq. 3  

emiquinone intermediate+O2→o,m, p − quinone + H2O Eq. 4  

2.3. Horseradish peroxidase 

HRP is a typical peroxidase that has been studied for more than a 
century. Several isoenzymes of HRP exist in nature. However, isoenzyme 
C is the dominant form and is usually the one present in commercial 
preparations (Veitch, 2004). HRP contains two distinct metal centers: 
ferroproporphyrins (heme) and two calcium atoms (Fig. 4). These two 
metal centers are very important to the overall structure and function of 
the enzyme system. The heme is vertically connected to histidine (His) 
through an axial binding point of the iron atom in the heme and the 
nitrogen atom of the His side chain on the peptide chain. There are two 
binding sites for calcium atoms on the upper and lower sides of the heme 
plane, which are connected to the heme binding region through a 
hydrogen bond group. 

HRP is utilized as a biocatalyst to oxidize phenolic compounds into 
corresponding free radicals or quinones in the presence of hydrogen 
peroxide. The radicals can spontaneously react with other phenolic 
materials (Mishra et al., 2022). The phenol substrates can donate elec-
trons for HRP; thus, HRP-based biosensors are characterized by broad 
specificity to phenolic compounds. However, a high concentration of 
hydrogen peroxide will inhibit the activity of HRP (Sarika et al., 2015). 
Moreover, HRP can retain its activity over a relatively wide range of 
temperatures and pH values. Therefore, it is suitable for treating 
wastewater (Hu et al., 2022). The mechanism of HRP action is shown in 
the following reactions (Kaffash et al., 2018). 

HRP + H2O2→ compound I + H2O Eq. 5  

compound I + phenol → compound II + phenoxyradical Eq. 6  

compound II + phenol → HRP + phenoxyradical Eq. 7  

phenoxyradical+H2O → HRP + o − quinone Eq. 8  

3. Enzymatic immobilization methods for phenolic biosensors 

During the construction of phenolic biosensors, any of the above-
mentioned enzymes must be fixed on the electrode surface to directly 
perform electron transfer across the substrate electrode for current 
production. Therefore, the loading method is also well studied to enable 
high stability and recovery of the enzyme with low influence on its ac-
tivity. The immobilization method has been considered an important 
chemical/physical-based engineering technique since it was first 
commercialized in the 1960s (Tosa et al., 1967). There are five tradi-
tional immobilization methods, namely, adsorption, covalent bonding, 
entrapment, encapsulation and cross-linking (Fathi et al., 2018). To 
date, there is no one-size-fits-all method of enzymatic immobilization 
for all enzymatic biosensors (Matijošytė et al., 2010). Furthermore, 
some novel immobilization techniques are also discussed here. 

3.1. Traditional methods for enzyme immobilization 

Enzymatic adsorption consists of physical adsorption (enzymes are 
simply deposited on the surface of supports through weak bonds) and 
electrostatic adsorption (enzymes are immobilized on charged surfaces 
through electrostatic interactions) (Fathi et al., 2019) (Fig. 5a). The 
process of adsorption can be easily performed by immersing carriers in 
enzyme solution or depositing enzyme solution on the electrode surface. 
The adsorbed enzymes do not easily aggregate, undergo proteolysis or 
interact with hydrophobic interfaces. However, this approach is limited 
to narrow pH, temperature or ionic strength ranges due to the weak 
bond between the carrier and enzyme (Fang et al., 2009). 

Covalent binding is based on the formation of a covalent bond be-
tween a support with a chemical group and an enzyme with a nucleo-
philic group (Datta et al., 2021). This procedure is carried out by initial 
activation of the support using a coupling agent with multifunctional 
groups (e.g., hydroxyl, amino, imino, guanidyl, thiol, imidazole) by or 
relying on intrinsic groups on the support (Fig. 5b). Then, the enzyme 
couples to the activated surface of the support, followed by the removal 
of excess and unbound biomolecules. The common covalent binding 
methods include alkylation, diazotation, silanization, Schiff’s base for-
mation, thiol-disulfide, peptide bond formation and amidation (Hei-
darizadeh et al., 2017; Baghban et al., 2017; Sulaiman et al., 2015). 
Although covalent binding provides benefits such as strong binding and 
great stability, the conformational change of the enzyme structure de-
creases the enzyme activity (Fernández-Fernández et al., 2013). 

Entrapment refers to biomaterials becoming trapped in the intersti-
tial spaces of carriers. (Ibarra-Escutia et al., 2010) (Fig. 5c). The most 
commonly used carriers for entrapping are polymers, including gelatin, 
alginate, carrageenan, hydrogel, silica gel, polysaccharide, and carbon 
paste (Lu et al., 2007). The entrapment of biomaterials is readily 

Fig. 4. Schematic representation of the structure and work principle of HRP.  

Fig. 5. Schematic representation of five basic immobilization methods of en-
zymes: (a) adsorption, (b) covalent binding, (c) entrapment, (d) encapsulation, 
(e) cross-linking. 
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available for industrialization due to its simple operation and provides 
no structural modification to preserve the most enzyme activity. How-
ever, the physical bond is generally too weak to prevent enzyme leakage 
completely. Moreover, the diffusion barriers between the enzyme and 
substrate may affect the performance of the biosensing systems. 

Similar to entrapment, encapsulation refers to the wrapping of bio-
materials in the core of translucent spheres, which are usually made 
from polymers (Rochefort et al., 2008) (Fig. 5d). It is a low-cost method 
that allows high-volume production, but the weak diffusion, greatly 
limits the electrochemical process (Pierre, 2004; Rochefort et al., 2008). 

Cross-linking means that biomolecules join together into a whole 
through intramolecular bonds using bifunctional reagents such as dia-
ldehydes, diisocyanates, diiminoesters and diamines (Arroyo, 1998) 
(Fig. 5e). Glutaraldehyde is the most commonly used agent in the 
loading of enzymes and relies on the condensation reaction between the 
aldehyde group of glutaraldehyde and the amino group of enzymes. This 
method has been widely used due to its simplicity and strong chemical 
bonding, but chemical alterations to the active site lead to activity losses 
and low enzyme recovery. 

As discussed above, the five immobilization methods present 
different advantages and disadvantages. The best choice of immobili-
zation method requires comprehensive consideration of the nature of 
enzymes and supports as well as application objectives—higher sensi-
tivity or higher stability (Sassolas et al., 2012). Therefore, there is no one 
method that fits all platforms. However, for some support materials, 
preferable immobilization methods have been reported. For example, 
adsorption strategies are more desirable for the enzyme immobilization 
on CNTs, which mostly preserves the intrinsic properties and electronic 
structure of CNTs and the conformation of enzymes (Feng and Ji, 2011). 
This method is also optimal for other carbon materials, including gra-
phene, nanoporous carbon and fullerenes, with strong enzyme loading 
capacity (Zhou et al., 2021). For inorganic supports, such as silica and 
metal oxides, covalent strategies offer good applicability due to their 
ready functionalization, mesoporosity, and microbial resistance (Zucca 
and Sanjust, 2014). Laccase immobilized on activated TiO2 by a covalent 
strategy resulted in reduced conformational changes and heightened 
stability (García-Morales et al., 2018). 

Many researchers have compared several methods of enzyme 
immobilization to determine the optimal method. For example, Qiu 
et al. (2009) investigated three strategies of physical adsorption, elec-
trostatic adsorption and covalent binding for the immobilization of 
laccase on nanoporous gold (NPG). (1) The process of physical adsorp-
tion was achieved by simply incubating NPG with laccase solution. (2) 
For electrostatic adsorption, α-lipoic acid or methylene blue was used to 
positively charge the surface of NPG and then attract negatively charged 
laccase. (3) N-ethyl-N′-(3-dimethylaminopropyl) carbodiimide and 
N-hydroxysuccinimide provided esterification of α-lipoic acid-modified 
NPG, followed by covalent binding with the amino groups of laccase. 
Considering the amount and specific activity of the loaded enzyme, 
physical adsorption was selected as the optimum method because the 
surface lysine residues of laccase have a strong interaction with NPG. 
Sarika et al. (2016) evaluated the performances of laccase-based elec-
trodes prepared by different immobilization techniques, including 
cross-linking with glutaraldehyde, with glutaraldehyde and bovine 
serum albumin (BSA) and entrapment in gelatin. Before the performance 
test, some related parameters, such as pH, temperature, molarity of the 
buffer and concentrations of laccase, BSA, and glutaraldehyde, were 
optimized. The results indicated that the biosensor using the former 
method obtained the best performance in terms of operational stability, 
sensitivity and detection limit, as BSA stabilizes laccase by hydrophobic 
interactions. 

3.2. Novel immobilization methods 

In recent years, cross-linked enzyme aggregates (CLEAs) have been 
successfully used in a carrier-free immobilization method for many 

biomolecules (e.g., pancreatic trypsin (Menfaatli and Zihnioglu, 2015), 
penicillin G acylase (Cao et al., 2000), ligninolytic enzymes (Voběrková 
et al., 2018), and lipase (Liu et al., 2015)). This method realizes both 
enzyme purification and immobilization by precipitating enzyme first, 
followed by cross-linking with a cross-linking agent (Sheldon et al., 
2007). Yang et al. (2017) immobilized laccase using four methods, 
namely, entrapment in alginate, covalent binding with chitosan, CLEAs 
and magnetic CLEAs (M-CLEAs). For CLEAs, laccase was precipitated 
with (NH4)2SO4 and then crosslinked with glutaraldehyde. The order of 
activity recovery from high to low was CLEA > covalent binding >
M-CLEA > entrapment. Evidently, the CLEA method has advantages in 
immobilizing enzymes. Xu et al. reported that the immobilization of 
tyrosinase by CLEAs was superior to traditional methods in the removal 
of phenolic compounds. In a single phenol solution, tyrosinase CLEAs 
showed efficient dephenolization ability, while it took a longer time to 
dephenol in a phenolic mixture. Although there are some drawbacks 
with tyrosinase CLEA, such as easy agglomeration because of their tiny 
size, entrapping CLEAs into calcium alginate gels has proven to be a 
promising strategy. 

4. Advanced biosensing nanomaterials for phenolic recognition 

Over the past few years, various nanomaterials with advanced 
properties, including high specific surface area, close enzyme attach-
ment, high electrocatalytic activity and low electron resistance, have 
been employed as enzyme immobilization supports and electron trans-
port mediators in the construction of electrochemical biosensors (Kar-
imi-Maleh et al., 2014). Nanomaterials in conjunction with enzymes 
have been widely confirmed to present ultrahigh fast and sensitive 
recognition of trace phenolic compounds, continuously improving the 
detection limit and range (Durán et al., 2002c; Luo et al., 2006). 

Overall, there are five main categories of nanomaterials involved in 
the fabrication of electrochemical phenolic biosensors (Bensana and 
Achi, 2020). They are noble metal nanomaterials, CPs, MNPs, 
carbon-based materials and MOFs. Interestingly, different kinds of ma-
terials possess their specific capabilities to assist the electrocatalytic 
magnification of the enzymatic reaction signal. For example, notable 
metal nanomaterials such as silver nanoparticles (AgNPs) and AuNPs 
present excellent conductivity and electrocatalysis, which can strongly 
contribute to the high sensitivity and low detection limit of biosensor 
systems (Choi et al., 2021). Polymers, which provide high structural 
stability and low cost, have promise in biosensor development for in-
dustrial production (Hu and Liu, 2010). The CPs overcome the poor 
electrical conductivity of traditional polymer and polymer nanofibrous 
membranes with large surface areas. MNPs exhibit great potential for 
immobilizing biomolecules by magnetic adsorption; however, they have 
some drawbacks, such as poor conductivity and dispersibility (Wu et al., 
2011). Carbon-based nanomaterials, as one of the most studied mate-
rials, have several advantages, such as a large surface area and good 
mechanical and electrical properties, which are helpful for the stability 
and sensitivity of biosensors (Fiorani et al., 2019). Graphene, graphene 
oxide (GO), graphdiyne (GDY) and CNTs will be described here. MOFs 
have also been used to develop enzymatic biosensing systems (Lin et al., 
2019). Notably, Prussian blue, as a member of MOFs, has received much 
interest due to its valence changes of iron. 

The following will introduce typical nanomaterials in these five 
categories to discuss their preparation strategies and nanostructures for 
performing their special functions in the biosensing of different phenolic 
compounds. 

4.1. Noble metal nanomaterials 

Noble metal nanomaterials such as silver, gold, and platinum have 
been widely used in electrochemical biosensors owing to their fasci-
nating electrocatalysis and conductivity. They are commonly used to 
synthesize composites with other nanomaterials to improve the 
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performance of biosensors. Silver nanocrystals can adsorb biomolecules 
without loss of activity as a result of their good biocompatibility and 
high specific surface area. The presence of silver nanowires (AgNWs) has 
been confirmed by Salvo-Comino et al. to enhance both the reproduc-
ibility and the repeatability of the phenolic biosensor (Salvo-Comino 
et al., 2021), which is ascribed to the homogeneity of the AgNWs and the 
ability to inhibit fouling effects. Homogeneous AgNWs were synthesized 
by a modified polyol method in which ethylene glycol reduced AgNO3 
with the addition of polyvinylpyrrolidone and CuCl2 to provide a 
dispersive, growth-friendly environment. Afterward, the prepared 
AgNWs and tyrosinase solution were successively cast on the electrode 
surface, followed by exposure to glutaraldehyde vapors. The catechol 
biosensor based on AgNWs-tyrosinase exhibited a superior performance 
of a sensitivity of 197.9 μA mM− 1, detection limit of 2.7 μM and linear 
range of 24.9–172 μM to the AgNP-tyrosinase biosensor, which can be 
attributed to the higher aspect ratio than that of AgNPs. Chawla et al. 
(2012) constructed a nanocomposite of AgNP/ZnO-based biosensors to 
detect total phenolic compounds. The ZnONPs followed by AgNPs were 
electrodeposited on a Au electrode, and then glutaraldehyde-activated 
cysteamine was used to connect the AgNP/ZnONP/Au electrode and 
laccase by forming an amide bond between them. The test results 
revealed the role of AgNPs in the substantial improvement of the con-
ductivity of the ZnONP-modified electrode, resulting in a wide linear 
range of 0.1–500 μM, a detection limit of 0.05 μM and a sensitivity of 
710 μA mM− 1⋅cm− 2. However, a high density of AgNPs may produce 
toxicity in the oxidation process (Choi et al., 2021). 

Compared with silver, AuNPs are much more friendly to biological 
components and exhibit no toxicity. Gold nanomaterials have been 
widely used as immobilized matrices because of their attractive elec-
trical and heat conductivity, high chemical stability, good catalytic ac-
tivity and biocompatibility (Chen et al., 2006; Pingarrón et al., 2008). 
They are extensively used to construct functional electrode surfaces that 
can be readily multifunctionalized with a variety of organic or biological 
ligands (Xiao et al., 2020). Liu et al. (2003) prepared colloidal gold by 
the sodium citrate reduction method to load tyrosinase on a carbon paste 
electrode (CPE) for the detection of phenol. In the process, a mixed so-
lution of graphite powder, colloidal gold, paraffin oil and tyrosinase was 
put into a plastic syringe tube after drying into paste. This 
tyrosinase-Au-CPE biosensor showed a sensitivity of 123 μA 
mM− 1⋅cm− 2, a linear range of 4–48 μM and a detection limit of 6.1 nM. 
Additionally, it was shown that the incorporation of colloidal gold can 
greatly enhance the detection sensitivity and stability compared with 
the tyrosinase-CPE electrode. Abu Hanifah et al. (Abu Hanifah et al., 
2008) developed several phenol biosensors by incorporating AuNPs into 
various methacrylic-acrylic membranes: photoHEMA, photoHB91 and 
photoHB82 (the hydrophilicity of these membranes followed a 
descending order). The AuNPs and tyrosinase were mixed with different 
membrane solutions before photocuring under ultraviolet radiation. The 
results revealed the role of AuNPs in shortening the response time and 
extending the linear range for phenol. This research also found that the 
incorporation of AuNPs with less hydrophilic membranes led to a lower 
sensitivity and an inferior phenol detection limit due to the diffusion 
barriers within the hydrophobic membrane. 

Generally, using Ag or Au nanoparticles can always achieve satis-
factory performance, especially in terms of high sensitivity and a low 
detection limit. This is due to the remarkable signal magnification 
ability derived from the synergistic effect of the high electrocatalysis and 
conductivity of the noble metals. However, in addition to the high cost 
of these materials, the good reproducibility of these nanoparticles is 
always a main challenge in the large-scale production of AgNP- or AuNP- 
based biosensors because of the extremely easy aggregation attributed to 
their high surface energy when decreasing the particle size (Xiao et al., 
2020). Therefore, noble metal nanoparticles are usually composited 
with other nanomaterials, grown on templates and incorporated into 
special structures to alleviate the agglomeration problem. As reported, 
sodium citrate reduced HAuCl4 by a seeded growth strategy and 

exhibited good monodispersity (Fig. 6a) (Bastús et al., 2011). In addi-
tion, various structures of noble metal materials such as Au nanorods 
(Fig. 6b) (Chen et al., 2019), Au nano-pine needles (Fig. 6d) (Yu et al., 
2021), Au nanocages (Fig. 6f) (Chen et al., 2010), urchin-like Au 
(Fig. 6e) (Li et al., 2019c) and bimetallic nanoparticles such as Au–Ag 
(Zhang et al., 2017) and Au nanorod-Pd (Fig. 6c) (Chen et al., 2019) 
have been successfully prepared, promising better performance in the 
detection of phenolic compounds. An effective dispersion strategy 
providing a stable environment for their storage at high density is the 
key to transferring noble metal nanoparticles to industrial biosensor 
production. 

4.2. Conductive polymers 

Polymers have excellent structural stability and biocompatibility as 
well as good dispersion in water because of their low molecular weight, 
while the electrical conductivity and thermochemical stability are un-
satisfactory (Hu and Liu, 2010). Researchers have recognized that 
polymeric membranes composed of nanofibers with a large specific 
surface area and high total porosity can be a promising support for 
building biosensing devices. Oriero et al. (2011) synthesized a silicate 
polymer nanofiber by sol-gel electrospinning, which can simultaneously 
form homogeneous pores to increase the surface area and encapsulate 
tyrosinase to monitor phenol with less leakage. First, tetramethyl 
orthosilicate was mixed with hydrochloric acid and water, followed by 
the addition of D-fructose and polyvinyl alcohol to increase the viscosity 
of the silica sol. Then, acetic acid and tyrosinase were added to the sol 
with continuous stirring before the electrostatic spinning process. The 
electrospun enzyme showed biocatalytic activity toward phenol at 
0.12–5 mM, but the obtained affinity and reaction rate were much lower 
than those of the soluble enzyme. Shamloo et al. (2013) developed two 
HRP-based biosensors by using polyaniline and poly(citric acid)--
block-poly(ethylene glycol) (PCA-PEG-PCA) as supports. The aqueous 
forms of the two polymers can lead to fibers that allow the encapsulation 
of HRP to monitor phenol. The results showed that the two phenol 
biosensors exhibited linear response ranges of 2.5–25 μM and 2.5–40 μM 
and detection limits of 2.5 μM and 1.5 μM based on PNFs and the 
PCA-PEG-PCA electrode, respectively. Obviously, the PCA-PEG-PCA 
electrode showed better performance. The greatest advances in poly-
mer nanofiber-based phenolic biosensors are their high chemical sta-
bility and low cost, which make them capable of large-scale 
manufacturing. Despite this, the electrochemical behaviors of polymer 
nanofiber-based biosensors are still unsatisfactory due to their poor 
electrical conductivity. 

In recent years, CPs combining the properties of organic polymers 
and the electronic properties of semiconductors have attracted consid-
erable attention from researchers. Li et al., 2019b developed a porous 
block copolymer film of poly(4-vinylpyridine)-block-polystyrene 
(P4VP-b-PS) to load tyrosinase for phenolic compound detection. The 
copolymer film was prepared by dropping a mixed solution of 
P4VP-b-PS and polyethylene glycol onto a glassy carbon electrode 
(GCE), followed by rinsing to form large numbers of pores and immer-
sion in ethanol to remove polyethylene glycol (Fig. 7a). In the immo-
bilization procedure, first, tyrosinase was cast on the as-prepared 
electrode, and then the electrode was placed in glutaraldehyde vapor to 
form strong adhesion between the enzyme and copolymer film. Fig. 7b 
shows the schematic reaction mechanism of catechol oxidized by 
tyrosinase using the P4VP-b-PS film. It is worth noting that the macro-
pores and mesopores inside the block copolymer film (Fig. 7c–f) accel-
erated electron transfer. Thus, the results showed excellent performance 
for catechol: a sensitivity of 3.0 × 103 μA mM− 1 cm− 2, a low detection 
limit of 7 nM and a linear range of 0.02–35 μM (Fig. 7g). Akbulut et al. 
(2015) used a novel copolymer with lateral amino groups, poly-
thiophene–NH2–g-poly(ethylene glycol) (PT–NH2–g-PEG), to construct a 
laccase biosensor. The preparation process of the graft copolymer went 
through a complicated process. In short, PEG and –NH2 moieties were 
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combined to form the PT main chain. Then, the mixed solution of lac-
case, glutaraldehyde and different amounts of PT–NH2–g-PEG were 
dropped on a graphite electrode. The biosensor constructed with 0.5 mg 
PT–NH2–g-PEG exhibited a sensitivity of 132.45 μA mM− 1, a linear 
range of 2.5–50 μM and a detection limit of 2.5 μM for catechol, while 
biosensors constructed with 0.25 mg and 1 mg PT–NH2–g-PEG showed 
wider linear ranges but lower sensitivities. 

Nevertheless, although CPs have a certain electron transfer ability, 
polymers are generally weak in terms of electrocatalysis and conduc-
tivity compared with other inorganic materials, such as noble metals. 

This deficiency is expected to be eliminated by doping conductive 
nanoparticles or grafting certain functional groups. In addition, it is 
worth noting that the properties and stability of CPs may be influenced 
by redox reactants and oxygen, especially the pH value. For instance, the 
conductivity of polyaniline decreases with increasing pH, but both 
polythiophene and polypyrrole have been demonstrated to have very 
little pH dependence (Naseri et al., 2018). 

Fig. 6. TEM characterization of: (a) AuNPs using sodium citrate as reductant (Bastús et al., 2011) with permission from American Chemical Society. (b) Au nanorod 
(Chen et al., 2019) with permission from Elsevier. (c) Au nanorod-Pd (Chen et al., 2019) with permission from Elsevier. (d) Au nanopine needles (Yu et al., 2021) 
with permission from Elsevier. (e) Au nanocages (Chen et al., 2010) with permission from Wily. (f) Urchin-like Au (Li et al., 2019c) with permission from Elsevier. 

Fig. 7. (a) The synthesis of P4VP-b-PS film and work principle of phenol biosensors. (b) Schematic reaction mechanism of catechol oxidized by tyrosinase, using 
P4VP-b-PS film. (c) and (d) SEM images of P4VP-b-PS film with different magnifications inserted with contact angle of the P4VP-b-PS film. (e) and (f) SEM images of 
P4VP-b-PS/tyrosinase composite film with different magnifications. Inset panel e: contact angle of tyrosinase/P4VP-b-PS film. (g) Current response of the biosensor 
with injecting catechol inserted with linear range of calibration curve. Remodified from (Li et al., 2019b) with permission from American Chemical Society. 
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4.3. Magnetic nanoparticles 

In recent years, MNPs have become popular carriers for immobiliz-
ing biomolecules due to their unique magnetic adsorption ability. 
Nanosized magnetic particles not only have surface effects and quantum 
size effects but also exhibit excellent behaviors in electro and photo-
chemistry. However, MNPs have some shortcomings, such as easy 
agglomeration and poor stability and surface functionality. It was found 
that integrating MNPs into nanofibers is a good way to solve the above 
problems. For example, Li et al. (2019a) constructed an HRP-prepared 
Fe3O4/polyacrylonitrile (PAN) in nanofibrous form by electrospinning 
to immobilize HRP for reaction with phenol (Fig. 8a). During this pro-
cess, Fe3O4 MNPs were prepared in dimethylformamide, and PAN was 
added to fabricate the Fe3O4/PAN spinning solution. After the electro-
static spinning process, dopamine, glutaraldehyde and HRP were suc-
cessively immersed in Fe3O4/PAN nanofibers. This study found that 
40% Fe3O4 MNPs loading adsorbed the lowest HRP but obtained the 
highest activity, removing 85% of phenol in the first-round use. How-
ever, there was no obvious improvement compared to pure PAN nano-
fibers because the package by polymer cannot adequately saturate the 
magnetization of nanofibers. Qiu et al. (Qiu et al., 2020) developed a 
new method to immobilize laccase by modifying Fe3O4 MNPs with 
amino-functionalized ionic liquid (Fe3O4-NIL) for the removal of phenol, 
2,4-dichlorophenol and 4-chlorophenol. The Fe3O4 MNPs were treated 
with 3-(chloropropyl) trimethoxysilane, imidazole, 2-bromoethylamine 
hydrobromide and NaBF4 in succession to form Fe3O4-NIL. Subse-
quently, dialdehyde starch (DAS) solution was dispersed into Fe3O4--
NIL-containing glutaraldehyde solution, followed by suspension in 
laccase. The obtained Fe3O4-NIL-DAS nanoparticles in this way had 
better dispersibility than Fe3O4 MNPs. In addition, the results showed 
that the Fe3O4-NIL-DAS@lacccase biosensor exhibited phenol, 2, 
4-dichlorophenol and 4-chlorophenol removal efficiencies of 86.1%, 
100% and 93.6%, respectively, which showed better performance than 
other contrast electrodes, including the free laccase electrode, 
Fe3O4@lacccase electrode, Fe3O4–NH2@lacccase, Fe3O4-NIL@lacccase, 
and Fe3O4-NIL-glutaraldehyde@lacccase. Patel et al. (2018) synthesized 

a novel Fe2O3 with a yolk-shell structural morphology by an 
aerosol-assisted method for the purpose of detecting 2,6-dimethoxyphe-
nol. Fig. 8b shows the SEM images of yolk-shell Fe2O3. Two immobili-
zation methods, namely, adsorption using 3-aminopropyltriethoxysilane 
and polyethyleneimine and covalent binding using glutaraldehyde, 
carbodiimide and cyano, were applied to immobilize laccase. As a result, 
higher laccase activity was demonstrated in glutaraldehyde-activated 
particles (Fig. 8a). The laccase biosensor for the detection of 2,6-dime-
thoxyphenol exhibited a high selectivity of 452 μA mM− 1⋅cm− 2, a 
linear range of 0.025–750 μM and a low detection limit of 0.01 μM. 

Li et al. (2014) used nickel nanoparticle-loaded carbon nanofibers 
(NiCNFs) modified with polydopamine (PDA) and laccase to construct a 
catechol biosensor. (Fig. 8d). First, PAN was mixed with C4H6NiO4 and 
electrospun to form NiCNFs, which provide a large surface area as well 
as numerous active sites. Then, laccase and dopamine were added to the 
prepared NiCNFs under acidic conditions, from which the 
PDA-Laccase-NiCNFs were obtained. This biosensor exhibited a sensi-
tivity of 25 μA mM− 1 cm− 2, a detection limit of 0.69 mМ and a linear 
range of 0.001–9.1 mM to catechol. Alkasir et al. (2010) adopted nickel 
magnetic nanoparticles (NiMNPs) to construct a screen-printing enzy-
matic biosensor for the detection of bisphenol A (BPA). This work also 
constructed two other biosensors based on Fe3O4 and AuNPs to provide 
a comparison. For Ni- or Fe3O4-modified electrode preparation, a 
colloidal nanoparticle (Ni or Fe3O4) suspension was combined with 
glutaraldehyde and tyrosinase solution, and then the mixture was cast 
onto the electrode surface. For the AuNP-modified electrode, AuNPs 
were electrodeposited on a bare screen-printed electrode, followed by 
casting tyrosinase solution onto it. The results showed that the 
NiMNP-based biosensor exhibited superior performance in terms of the 
lower limit of detection (7.1 nM) and sensitivity (10.2 × 104 μA mM− 1 

cm− 2) than the Fe3O4- and AuNP-based biosensors. 
Recently, a novel MNP architecture of core-shell nanostructures has 

been revealed to confer much better recognition ability on various 
phenolic compounds. Core-shell MNPs have the benefits of non-
aggregation, good chemical stability, stability against oxidation and 
more hydroxyl groups than common MNPs. Wu et al. (2011) introduced 

Fig. 8. Schematic representation of (a) Fe3O4/PAN magnetic nanofibers via electrospinning method to immobilize the HRP enzyme (Li et al., 2019a) with permission 
from Elsevier. (b) Glutaraldehyde immobilized laccase assembled on yolk-shell Fe2O3 to detect 2,6-dimethoxyphenol and (c) SEM images of yolk-shell Fe2O3 (Patel 
et al., 2018) with permission from Elsevier. (d) PDA-laccase-NiCNFs composite and biosensors (Li et al., 2014) with permission from American Chemical Society. (e) 
Magnetic GC electrode and the working scheme of Fe3O4@mSiO2 biosensor (Wu et al., 2011) with permission from Elsevier. 
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core–shell MNPs of Fe3O4@mesoporous silica (Fe3O4@mSiO2) as a 
biosensing material to detect phenol. The outer silica shell can provide 
an easily functionalizable surface for the MNPs and prevent them from 
aggregating. During preparation, the Fe3O4 dispersion was first mixed 
with ethyl orthosilicate to obtain Fe3O4@mSiO2, and then 3-aminopro-
pyltriethoxy-silane and glutaraldehyde were introduced to modify 
Fe3O4@mSiO2 with amino and aldehyde, respectively, followed by 
dispersion in tyrosinase solution (Fig. 8e). This biosensor showed a 
sensitivity of 78 μA mM− 1, a linear response of 0.001–10 μM and a 
detection limit of 1 nM. Magro et al. (2020) developed a functional 
core-shell hybrid nanoparticle composed of tannic acid (TA) as the shell 
and surface-active maghemite nanoparticles (SAMN) as the core. The 
special core-shell structure of SAMN@TA was prepared by incubating 
SAMN in TA solution, which has the ability to immobilize biomolecules 
through hydrogen bonds and hydrophobic interactions. The proposed 
system was able to detect polyphenols with a high sensitivity of 868.9 ±
1.9 μA mM− 1, a linear range of 0.1–10 μM and a detection limit of 81 
nM. 

Immobilized enzymes on MNPs generally exhibit high stability, 
while possible conformational changes and decreased activity and mass 
transfer limitations may limit their long-term industrial use (Singh et al., 
2013). Although porous MNPs exhibit higher performance, nonporous 
MNPs without external diffusion problems are more competitive for 
large-scale industrial applications (Xu et al., 2014). In addition, despite 
the application of the polymers or inorganic particles discussed above to 
increase the stability of MNPs to avoid heavy aggregation, during 

electrochemical detection, the MNPs will nonetheless prefer to assemble 
together. In this case, the reusability of the fabricated biosensors is still 
the main problem for practical applications. Moreover, the poor con-
ductivity of most MNPs also causes a much worse detection limit 
compared with those of other nanomaterials. Hence, a more suitable 
support for MNP loading with conductivity promotion is always desired. 
Another key factor to take full advantage of MNPs is how to ideally 
regulate the orientation of the enzymes on the supports. 

4.4. Carbon-based materials 

Carbon-based nanomaterials play a significant role in the develop-
ment of enzymatic biosensors due to their remarkable properties, 
including large surface area, excellent electrical conductivity, high 
mechanical strength and high chemical and thermal stability. Further-
more, they are usually incorporated into nanocomposites to couple their 
unique characteristics with the properties of other materials. Graphene 
has been considered a revolutionary material since it was first described 
by Geim and Novoselov (Novoselov et al., 2004). The remarkable 
properties of graphene in electricity, optics and mechanics offer 
important applications in micro/nanoprocessing, materials science, 
biological sensing and drug delivery. However, owing to weak electro-
catalysis, graphene often requires chemical functionalization, which 
may hinder electronic transmission (Kuilla et al., 2010). Thus, some 
efforts have been made to anchor noble metal nanoparticles using 
environmentally friendly methods. For example, Fartas et al. (2017) 

Fig. 9. (a) The procedure for the construction of graphene-Au-Chitosan-tyrosinase biosensor and property curve (Fartas et al., 2017) with permission from Multi-
disciplinary Digital Publishing Institute. (b) 3D graphene micropillar incorporated electrochemical sensor device and property curve (Liu et al., 2013) with 
permission from Elsevier. (c) Assembling process of tyrosinase–Au/PASE–GO on SPE and property curve (Song et al., 2011) with permission from Elsevier. 
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used graphene modified with AuNPs and chitosan to construct a phenol 
electrochemical biosensor. First, graphene was added to AuNPs with 
continuous stirring, followed by mixing with chitosan to form a 
graphene-Au-chitosan composite. Then, graphene-Au-chitosan and 
tyrosinase were successively deposited on the working electrode to 
obtain a graphene-Au-chitosan-tyrosinase electrode (Fig. 9a). The 
combination of graphene and AuNPs greatly improved conductivity, 
which led to good performance with a sensitivity of 624 μA/mM, a linear 
range of 0.05–15 μM and a detection limit of 16 nM. Liu et al. (2013) 
explored the preparation of 3D graphene for the immobilization of 
tyrosinase. In this process, GO sheets were adsorbed on the surface of 
polydimethylsiloxane micropillars through electrostatic interactions. 
After reduction in hydrazine vapor, a 3D graphene micropillar film was 
formed (Fig. 9b). The tyrosinase solution was dropped onto it for the 
detection of phenol. Finally, this biosensor obtained a sensitivity of 3.9 
μA mM− 1⋅cm− 1, a linear range of 5 × 10− 5–2 mM and a limit of detection 
of 50 nM. 

GO is the oxide of graphene. The increase in oxygen-containing 
functional groups (e.g., hydroxyl, carbonyl and epoxy groups) makes 
it more reactive than graphene. Zhang et al. (2010) investigated a sys-
tem of HRP immobilized on GO for the removal of phenolic compounds. 
The immobilization process was accomplished by mixing GO and HRP, 
followed by incubation and centrifugation. Compared with soluble HRP, 
HRP immobilized on GO exhibited better remaining activity and higher 
removal efficiency for seven phenolic compounds. Specifically, the 
biosensor exhibited removal efficiencies of 64%, 87.6%, 69%, 68%, 
72.7%, 20.4%, and 34.4% for phenol, catechol, 4-methoxyphenol, 
2-methoxyphenol, 3-aminophenol, 2-cholorolphenol, and 2,4-dime-
theoxyphenol, respectively. However, the reusability of this biosensor 
was not satisfactory, which may be attributable to the use of methods 
with poor immobilization effects. Song et al. (2011) developed a 
bifunctional molecule by combining 1-pyrenebutanoic acid and succi-
nimidyl ester (PASE) to immobilize tyrosinase-protected AuNPs and 
assemble them onto GO sheets. First, PASE molecules mixed with GO to 
interact strongly through π-stacking, and then NaBH4 was added to a 
mixture of tyrosinase and HAuCl4 to form tyrosinase-protected AuNPs, 
which subsequently mixed with PASE-GO solution, resulting in amide 
bonds between the amino groups of tyrosinase and the succinimidyl 
ester group of PASE (Fig. 9c). This biosensor showed a sensitivity of 160 
μA mM− 1, a linear range of 0.083–23 μM and a detection limit of 0.24 
nM. 

GDY, after fullerene, CNTs, and graphene, is the newest full carbon 
nanostructure material with rich carbon chemical bonds, a large con-
jugate system, wide surface spacing and excellent chemical stability and 
is known as the most stable synthetic diacetylene carbon allotrope. Wu 
et al. (2020) used GDY as an immobilization platform to construct a 
tyrosinase biosensor for BPA detection. In the process of biosensor 
fabrication, GDY was first prepared by a cross-coupling reaction using 
hexaethynylbenzene as a monomer. Then, the GDY suspension was 
added to the tyrosinase solution with thorough shaking, followed by 
mixing with chitosan. Finally, the resultant mixture solution was cast 
onto a GCE. Notably, GDY with various porosities could provide many 
binding sites and undergo strong adsorption with the aromatic rings of 
BPA by π-π interactions. Thus, the biosensor achieved excellent amper-
ometric performance: a high sensitivity of 2990.8 μA mM− 1⋅cm− 2, a 
linear range of 0.1–3.5 μM and a low detection limit of 24 nM. Compared 
with GDY, nitrogen-doped GDY (NGDY) has advantages in improving 
electrocatalytic activity, electrical conductivity and ionic binding 
capability. Niu et al. (2021) fabricated two biosensors by immobilizing 
tyrosinase and acetylcholinesterase (AChE) onto NGDY for the respec-
tive detection of phenols and organophosphorus pesticides. In the 
fabrication process, NGDY powder was prepared by heating GDY in NH3 
gas flow, and then the NGDY suspension, glutaraldehyde and enzyme 
solution of AChE and tyrosinase were successively drop-cast on GCE. 
The phenol biosensor showed a linear range of 0.02–5 μM and a 
detection limit of 5.8 nM. Furthermore, it was concluded that different N 

atom doping in NGDY played an important role in improving the per-
formance of biosensors. N atoms in graphite can improve the electrical 
conductivity, while N atoms in imine and pyridinic have the ability to 
adsorb and accumulate substrate materials onto the electrode surface. 

CNTs are made of single or multilayer graphite sheets curled around 
a unified center. Excellent properties such as light weight, high elastic 
modulus and mechanical strength, as well as good electron transfer 
activities, give CNTs advantages in the design and preparation of elec-
trochemical biosensors (Salimi et al., 2005). Lee et al. (2011) tried to 
incorporate CNTs with a ZnO–Nafion composite to improve the detec-
tion sensitivity and long-term stability of tyrosinase biosensors. During 
the process of constructing the biosensor, ZnO sol was first mixed with 
Nafion, followed by dispersing CNTs to form the CNT–ZnO–Nafion 
composite. After mixing the composite with tyrosinase solution, the 
phenol biosensor was obtained. This biosensor exhibits a high sensitivity 
of 766 μA mM− 1 and a detection limit of 47 nM toward phenol. Caetano 
et al. (2018) developed a multiwalled carbon nanotube (MCNT)-based 
enzymatic biosensor combined with textile threads to construct a 
microfluidic device. To this end, the AuNP-MWCNT nanocomposites 
were first synthesized by reducing HAuCl4 with NaBF4 in the presence of 
MCNTs. Then, tyrosinase and cystamine were immobilized onto 
AuNP-MWCNT-modified carbon screen-printed electrodes through co-
valent bonds. The biosensor exhibited a sensitivity of 131 nA μA⋅mM− 1, 
a detection limit of 2.94 nM and a linear range of 0.01–0.2 μM. 

In recent years, metal-based CNT composites have aroused great 
interest. It has been demonstrated that metal nanoparticle-embedded 
CNTs, usually Fe, Co, and Ni, show surprising redox ability toward 
H2O2 (Wu et al., 2018). Therefore, metal-based CNTs are expected to be 
a competitive candidate for phenol detection based on HRP. Here, we 
will introduce two different strategies to synthesize metal-based CNTs. 
The first is to pyrolyze a mixture of carbon source and metal salts. 
Melamine, C3N4, dicyandiamide and thiourea are commonly used car-
bon sources (Wang et al., 2020). The other is to calcinate the corre-
sponding MOFs that serve as templates, carbon sources and catalysts. 
For example, Ni-encapsulated CNTs were obtained by pyrolyzing a 
mixture of melamine and nickel chloride (Fig. 10a and b) (Kang et al., 
2018). Co-encapsulated CNTs with porous dodecahedron structures 
were prepared by the in situ pyrolysis of cobalt 2-methylimidazole 
(ZIF-67) (Fig. 10c and d) (Yin et al., 2016). Actiniae-like Ni@CNTs 
were obtained by two-step temperature-programmed pyrolysis using 
ZIF-67 and melamine as templates and an extra carbon source, respec-
tively (Fig. 10 e, f) (Wang et al., 2017). 

Currently, rare single dispersed carbon nanomaterials, such as a 
single graphene layer, can serve directly as electrode materials for 
phenolic recognition. Most of them are applied in the aggregation state. 
However, in this case, their advances in electric transfer and electro-
catalysis derived from the single layer or tube have been greatly 
weakened. For example, some work adopted a graphene film with 
micrometer thickness, which is very thick and comes close to the 
properties of graphite. Therefore, the reduction in the aggregation of 
carbon nanomaterials to investigate their particular behaviors when 
detecting is meaningful and interesting for further clarifying the role of 
carbon nanomaterials in the biosensing field. 

4.5. Metal-organic frameworks 

MOFs are characterized by their polarity/nonpolar balance, struc-
tural flexibility and good biocompatibility (Lin et al., 2019), while 
inadequate catalytic activity and unsteadiness in aqueous solutions 
greatly limit their development in biosensing (Bilal et al., 2019). How-
ever, researchers have made extensive efforts to solve this problem. Wen 
et al. (2020) synthesized a bimetallic NiZn-based MOF to construct a 
tyrosinase-based biosensor for the detection of phenol (Fig. 11a). ZnSO4 
and Ni(OAc)2 were first dissolved in water, followed by the addition of 
N,N-dimethylacetamide and 1,4-benzenedicarboxylic acid. After the 
heating process, the NiZn-based MOF was collected, as shown in 
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Fig. 11b. For comparison, two monometallic MOFs, Ni-MOFs and 
Zn-MOFs, and two bimetallic NiZn-MOFs with lower amounts and 
higher amounts of ZnSO4, designated NiZn-MOF-1/3 and 
NiZn-MOF-5/3, respectively, were prepared. Their electrochemical be-
haviors to phenol are shown in Fig. 11c and d. NiZn-MOF achieved 
clearly better performance: a high sensitivity of 159.3 μA mM− 1, a wide 
linear range of 0.08–58.2 mM and a detection limit of 6.5 nM. Addi-
tionally, the authors noted the role of Zn and Ni in the bimetallic MOF 
system. Zn has the ability to adjust porosity and enhance electro-
chemical activity, while Ni can adsorb with the amino groups of en-
zymes. Wang et al. (2015) used a 3D Cu-MOF as an immobilization 
platform to fabricate a tyrosinase biosensor for the recognition of BPA. 
The Cu-MOF was prepared after the heating treatment of a mixture of Cu 
(NO3)2, 1,4-benzendicarboxylic acid and triethylenediamine. The 3D 
structure of Cu-MOF with a large specific surface area was beneficial for 
both enzyme and BPA absorption. Then, a homogeneous mixture solu-
tion of Cu-MOF, tyrosinase and chitosan was cast on the surface of GCE. 
Notably, the benzenedicarboxylate ligands in Cu-MOF can adsorb BPA 
through π–π stacking interactions, increasing the available concentra-
tion of enzyme substrates. Thus, excellent electrochemical properties 
were obtained: a high sensitivity of 224.2 μA mM− 1, a linear range from 
0.05 to 3.0 μM and a detection limit of 13 nM. 

Prussian blue (PB) is considered the simplest MOF material and is 
composed of alternating ferric and ferrous ions coordinated with cya-
nides (Thompson and Callen, 2004). In addition to excellent adsorption 
performance, the mesoporous structure of PBNPs promotes catalytic 
activity due to the iron atom acting as the metal catalytic active site 
(Karyakin, 2017). Our group fabricated a phenolic biosensor by immo-
bilizing laccase on a truncated cube-shaped Au@Co3[Fe(CN)6]2 nano-
composite for the simultaneous detection of catechol and hydroquinone 
(Jiang et al., 2019). Relying on the charge attractions, excess Co2+ was 
added to attract AuCl4− in the presence of Co3[Fe(CN)6]2 (Fig. 11g), 
followed by using ascorbic acid to reduce AuCl4− for the formation of 
Au@Co3[Fe(CN)6]2 (Fig. 11h). Afterward, laccase mixed with glutaral-
dehyde was cast on the Au@Co3[Fe(CN)6]2-modified electrode 
(Fig. 11e). Fig. 11f shows a schematic illustration of the detection of 

catechol and hydroquinone by Au/PBA. This biosensor exhibited sen-
sitivities of 62.5 μA⋅mM-1 and 44.9 μA mM− 1, linear ranges of 0.2–550 
μM and 1–550 μM and detection limits of 0.06 μM and 0.3 μM for 
catechol and hydroquinone, respectively (Fig. 11i). Furthermore, our 
group reported a nanocomposite of PtNPs and PBNPs with a high surface 
area and good conductivity for the construction of a hydroquinone 
biosensor (Liu et al., 2021). As shown in Fig. 12a, ethylene glycol was 
added to reduce H2PtCl6 by the hydrothermal method in the presence of 
acidified carbon nanofibers (CNFs). After modifying the screen-printed 
electrode with Pt-CNFs, PB was prepared on the electrode through a 
self-assembly procedure. Finally, the mixture of glutaraldehyde and 
laccase was dropped on the PB-Pt-CNF electrode. The TEM images of the 
CNFs, Pt-CNFs and Pt-CNFs-PB are shown in Fig. 12b, c, and 12d, 
respectively. The laccase-based biosensor was also fabricated for com-
parison. The amperometric responses to hydroquinone and the corre-
sponding calibration curves are shown in Fig. 12d and e. Higher 
performance was obtained from the Pt-CNF-PB-based biosensor, which 
exhibited a high sensitivity of 220.28 μA mM− 1⋅cm− 1 and a wide linear 
range from 2.5 to 1450 μM. 

The function of MOF-based biosensors relies on the valence change 
of the metal center in the unit cell. Nevertheless, ligands are normally 
poor in electron transfer; therefore, MOFs are always semiconductors or 
insulators with a high band gap. Owing to the difficulty in changing the 
cell structure to MOFs, employing other nanomaterials with high con-
ductivity is a preferred strategy to promote this deficiency. Furthermore, 
with the creation of more MOFs, MOFs with good conductivity are ex-
pected to be synthesized to directly serve as electrode materials for 
phenolic recognition. 

5. Conclusion and perspectives 

In summary, an electrochemical enzymatic biosensor is an effective 
approach to realize rapid quantitative determination with the potential 
for minimization to achieve on-site and portable detection. The most 
commonly used enzymes for detecting phenolic compounds, of tyrosi-
nase, laccase and HRP, have their own features and work mechanisms: 

Fig. 10. (a, b) SEM and TEM images of Ni encapsulated CNTs using melamine and nickel chloride as carbon source and nickel source inserted with the graphitic 
layers of the carbon shell (Kang et al., 2018) with permissions from Elsevier. (c, d) SEM and TEM images of Co encapsulated CNTs using ZIF-67 as templates with 
different magnifications (Yin et al., 2016) with permissions from American Chemical Society. (e, f) FE-SEM images of Co encapsulated CNTs using ZIF-67 and 
melamine as templates and extra carbon source respectively inserted with photographs of actiniae and synapse (Wang et al., 2017) with permissions from Elsevier. 
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tyrosinase has broad substrate specificity but low enzyme stability, 
while laccase is characterized by the greatest stability but low substrate 
specificity; HRP has broad substrate specificity but easily shows inter-
ference from peroxide in the target environment. In addition to the 
traditional immobilization methods described in this review, some novel 
strategies are also involved in promoting bonding effects to protect 
enzyme activity. Various nanomaterials, as promising supports or 
matrices, have been successfully employed in biosensor construction. 
Metal nanoparticles and carbon-based materials have been most 
commonly used in currently reported biosensors. It was demonstrated 
that the presence of AuNPs can enhance the detection sensitivity and 
stability of phenolic biosensors. In addition, some new materials with 
unique properties, such as CPs, MNPs and MOFs, have become a 
research focus. However, there are different limits of these materials, 
such as the unsatisfactory conductivity of CPs, the poor stability and 
easy agglomeration of MNPs, and the inadequate catalytic activity of 
MOFs. Although phenolic biosensors have achieved great progress in 
recent years, more research efforts are required in three aspects: (1) 
improving long-term stability; (2) precisely distinguishing specific types 
of phenols; and (3) transferring to portable and on-site devices. 
Although many studies on electrochemical phenolic biosensors have 
been published every year, such achievements are unfortunately rare 
and can be effectively transferred to commercial products. To address 
the above issues, the following perspectives are promising to provide 
effective directions for further research.  

1. Enzyme molecules easily lose their activity or leak from the electrode 
surface, which results in poor long-term stability. To overcome this 

problem, the interaction of two interfaces (electrode-modified 
nanomaterials and modified nanomaterials-enzyme layer) should be 
reinforced. Thus, new in situ preparation methods to modify the 
electrode surface with nanomaterials will be preferred to produce 
physical or chemical bonding effects in this interface. In addition, 
novel enzyme immobilization strategies providing rare activity loss 
and establishing a strong interaction are expected to be proposed for 
prolonging the service life of the enzyme. 

2. At present, research mainly focuses on determining the concentra-
tion of total phenol or a single phenol; however, it is difficult to 
distinguish the isomers of multiple phenols at the same time. Thus, 
researchers should increase their attention to designing novel 
nanomaterials with a specific adsorption capacity for phenolic hy-
droxyl groups with different spatial positions, realizing the electro-
chemically driven discrimination of phenolic isomers.  

3. The issue of transferring scientific achievement to portable and on- 
site devices will be attract increased attention for the following 
two reasons: simple and stable preparation methods of electrode 
nanomaterials to enable large-scale production and the increased 
integration of multidisciplinary efforts, such as automation and 
environmental disciplines, to accelerate the transfer efficiency. 

In future, the dynamic and on-site detection is being desired for the 
process monitors of industrial production and environmental protection. 
Therefore, more advanced nanomaterials will be encouraged to propose 
to play an important role on the signal magnification and anti- 
interference which ensure the accuracy and stability of the report data 
during a long-term detection. Moreover, with the rapid development of 

Fig. 11. (a) The preparation procedure of NiZn-MOF. 
(b) TEM images of NiZn-MOF. (c) The amperometric 
responses of different electrodes toward phenol. (d) 
The corresponding calibration curves of these elec-
trodes toward phenol (Wen et al., 2020). (e) Sche-
matic illustration of preparation procedure of 
Au/PBA. (f) Schematic illustration of Au/PBA based 
biosensors for the detection of catechol and hydro-
quinone. (g, h) SEM images of PBA and Au/PBA. (i) 
DPV curves of Au/PBA based biosensor added with 
different concentration of catechol and hydroquinone 
mixture inserted with corresponding calibration 
curves (Jiang et al., 2019). With permission from 
Elsevier.   
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the synthetic biology, the specificity of above-mentioned enzymes will 
be expected to enhance for achieving the precise recognition of detailed 
phenolic types which will benefit to analyze the pollution resource. 
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Abbreviations 

EU European Union 
CNTs carbon nanotubes 
AuNPs gold nanoparticles 
HRP horseradish peroxidase 
CPs conductive polymers 
MNPs magnetic nanoparticles 
MOFs metal-organic frameworks 
NPG nanoporous gold 
CLEAs cross-linked enzyme aggregates 
M-CLEAs magnetic CLEAs 
BSA bovine serum albumin 
AgNPs silver nanoparticles 
GO graphene oxide 
GDY graphdiyne 
AgNWs silver nanowires 
CPE carbon paste electrode 

Fig. 12. (a) The preparation procedure of Pt-CNFs-PB based biosensor for the detection of hydroquinone. (b, c, d) TEM images of CNFs, Pt-CNFs and Pt-CNFs-PB 
respectively. (e) The amperometric responses of Pt-CNFs-PB based biosensor and laccase based biosensor toward hydroquinone. (f) The corresponding calibration 
curves of Pt-CNFs-PB based biosensor and laccase based biosensor toward hydroquinone (Liu et al., 2021) with permission from Elsevier. 
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PCA-PEG-PCA poly (citric acid)-block-poly (ethylene glycol) 
P4VP-b-PS poly(4-vinylpyridine)-block-polystyrene 
GCE glassy carbon electrode 
PT–NH2–g-PEG polythiophene–NH2–g-poly(ethylene glycol) 
PAN polyacrylonitrile 
DAS dialdehyde starch 
NiCNFs nickel nanoparticle loaded carbon nanofibers 
PDA polydopamine 
NiMNPs nickel magnetic nanoparticles 
BPA bisphenol A 
SAMN surface active maghemite nanoparticles 
3D three-dimensional 
PASE 1-pyrenebutanoic acid and succinimidyl ester 
AChE acetylcholinesterase 
MCNTs multiwalled carbon nanotubes 
PB Prussian blue 
ZIF-67 2-methylimidazole 
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