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Abstract

Laccases exhibit a wide range of applications, especially in the electrochemical field, where they are regarded as a potential biotic
component. Laccase-based biosensors have immense practical applications in the food, environmental, and medical fields. The
application of laccases as biocathodes in enzymatic biofuel cells has promising potential in the preparation of implantable
equipment. Extensive studies have been directed towards the potential role of fungal laccases as biotic components of electro-
chemical equipment. In contrast, the potential of prokaryotic laccases in electrochemistry has been not fully understood.
However, there has been recent and rapid progress in the discovery and characterization of new types of prokaryotic laccases.
In this review, we have comprehensively discussed the application of different sources of laccases as a biocatalytic component in
various fields of application. Further, we described the potential of different types of laccases in bioelectrochemical applications.

Keywords Fungal laccase - Bacterial laccase - Biosensor - Enzymatic biofuel cells - Immobilization - Direct electron transfer

Introduction

Biosensors have been widely used in the detection of pollut-
ants and other chemicals and also as disease markers owing to
their sensitivity and efficiency. The traditional monitoring
techniques are often time-consuming and require specific
technical knowledge (Long et al. 2013; Luong et al. 2008;
Mehrotra 2016; Perumal and Hashim 2014; Su et al. 2011).
It is expected that the global market for biosensors will reach
20 billion dollars by the end 0f 2020 (Dzyadevych et al. 2008).
In particular, laccase biosensors have been used to monitor
some toxic and/or harmful chemicals like phenolic com-
pounds, pesticide residues, and hormones due to their clear
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catalytic mechanism, high redox potential, and special af-
finity for phenolic substrates (Leonowicz et al. 2001,
Rodriguez-Delgado et al. 2015). Another widely used
bioelectrochemical equipment are the enzymatic biofuel
cells (EBFCs), which have been used in implantable de-
vices in the healthcare industry for powering devices like
pacemakers. However, the development of laccase-based
EBFCs is still limited because of the low stability of the
enzymes (Beneyton et al. 2011a, b; Kim et al, 2006).
Generally, laccases (EC 1.10.3.2, benzenediol: oxygen ox-
idoreductases) are divided into eukaryotic and prokaryotic
types with different biochemical properties according to the
source (Baldrian 2006; Santhanam et al. 2011). Initially, fun-
gal laccase-based bioelectrochemical equipment were exten-
sively developed due to their versatile, environment friendly
properties, and substrate specificity (Mehrotra 2016; Perumal
and Hashim 2014; Portaccio et al. 2013; Swietlikowska et al.
2013; Wang et al. 2012). Since then, more and more bacterial
laccases have been discovered and characterized; the charac-
teristics of bacterial laccases used in the electrochemical field
were revealed. The results indicated that bacterial laccases
exhibit better stability than fungal laccases in response to
changes in environmental factors, such as temperature and
pH (Singh et al. 2011). Therefore, the study of bacterial
laccases for building bioelectrodes for EBFCs and biosensors
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may have great potential for use in normal and adverse con-
dition (Beneyton et al. 2011a, b).

However, there are very few reviews about the recent
applications and the features of these two different types of
laccases have not been compared in the context of the
electrochemical field. In this review, we have specifically
focused on the recent advances and on the comparison of
bioelectrodes based on eukaryotic and prokaryotic
laccases, which are used as cathodes for EBFCs and as
biosensors in the beverage industry, healthcare, and for
monitoring environment pollution.

Laccases obtained from different sources

Laccases belong to the blue mulother phenolic compounds ti-
copper-oxidase family, which have been studied for
bioelectrochemical applications for decades. A majority of
laccase biosensor employed the commonly used fungal en-
zymes from Trametes versicolor, Rhusvernicifera and
Pleurotus ostreatus (Myasoedova et al. 2017; Liu et al. 2015).
In general, most fungal laccases are extracellular enzymes,
which can be inducibly expressed by adding some commonly
used inducers like ferulic acid, vanilic acid, guaiacol, and other
phenolic compounds (Cambria et al, 2000; Giatti Marques De
Souza et al. 2004; Leonowicz et al. 2001). After the purification
procedures, which include commonly used methods such as
ion-exchange chromatography (Ko et al. 2001) and ammonium
sulfate precipitation (Forootanfar et al. 2011), the obtained en-
zyme was immobilized on the electrode using several methods,
such as entrapment, cross-linking, physical adsorption, and co-
valent bonding (Brady and Jordaan 2009; Fernandez-
Fernandez et al. 2013). However, the production of fungal
laccases is usually limited due to the long fermentation period,
low yield, and preference for acidic conditions.

Bacterial laccases exist intracellularly as functional pro-
teins, which makes the purification complicated (Dwivedi
etal. 2011). However, the bacterial laccases have better adapt-
ability for application in industrial processing along with ad-
ditional advantages, including short production cycles and
excellent storage stability (Chauhan et al. 2017). Currently,
the best characterized bacterial laccase is the endospore coat
protein CotA from Bacillus subtilis, which has been produced
with excellent stability and activity towards substrates in
E. coli (Mohammadian et al. 2010) and Pichia pastoris (Lu
etal. 2013;Hullo et al. 2001). In addition, the bacterial laccase
CueO from E. coli has been successfully expressed in
P, pastoris with high yield, and the recombinant CueO was
thermostable with a half-life of 60 min at 70 °C (Ma et al.
2017). Recently, laccase from Geobacter metallireducens was
obtained through a heterologous expression system in E. coli
BL21 with optimum temperature and pH of 75 °C and 6.0 for
the oxidation of ABTS and 2,6-DMP (Berini et al. 2018).

@ Springer

Properties of laccases

Laccases perform several functions, including lignin degrada-
tion, cuticle tanning, and sclerotization among others
(Arakane et al. 2005; Enguita et al. 2003; Gavnholt and
Larsen 2002; Sanchez 2009). These peculiar properties have
been exploited thoroughly and extended to several applica-
tions in many different areas, like textile or dye decolorization,
food pretreatment, environment biodegradation, and detection
of substrates (Baldrian 2006; Pandey et al. 2007; Sayut and
Sun 2010). Particularly, laccases are considered potential can-
didates for use as biological electrochemical components due
to some specific advantages, such as a broad spectrum of sub-
strates (Giardina et al. 2010) and the ability to catalyze electron
transfer reactions without the addition of cofactors (Munteanu
et al. 1998), and without the generation of byproducts like
hydrogen peroxide (Munteanu et al. 1998). This eco-friendly
enzyme seems particularly suitable for online monitoring or
biofuel cell application in a non-toxic environment.

In general, laccases from fungi and bacteria have different
biochemical and electrochemical characteristics. Fungal
laccases typically exhibit pH optima in the acidic pH range
and most bacterial laccases can act and are more stable at a
wider pH (6.0-8.5) range (Baldrian 2006). In addition, the
thermostability of bacterial laccase is generally better than that
of fungal laccases (Singh et al. 2011). On the other hand, most
fungal laccases are glycosylated, with ranges between 10 and
25% (Baldrian 2006), but glycosylation of bacterial laccases
has not yet been investigated. The practical utilization of pro-
karyotic laccases in the biosensor field is reduced due to the
low-redox potential (usually below 0.55 V) with the limited
range of substrates. Furthermore, the low-redox potential may
lead to lower current density and power density in EBFCs
(Mot and Silaghi-Dumitrescu 2012). However, bacterial
laccases are of special interest since their activity and stability
at wider pH range and thermal environment can make them
preferable than fungal laccases in bioelectrode development
for use under harsh conditions (Vaz-Dominguez et al, 2008).

The electrochemical catalytic mechanism
of laccases

The catalytic mechanism of fungal or bacterial laccase to-
wards substrates depend on the various copper centers of
laccases, which contain four types of copper atoms (type -
III copper atoms) and drive electrons from a reducing sub-
strate to molecular oxygen (Kumar et al. 2003). The first step
is the reduction of the T1 copper site by accepting an electron
from the oxidized substrate. Then, the internal electron from
the reduced T1 is transferred to the trinuclear T2/T3 cluster
with water generated by reduction of molecular oxygen
(Fig. 1) (Mate and Alcalde 2015). The phenolic compounds
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Substrate

Fig. 1 The schematic of the catalytic mechanism and electron transfer of
fungal laccase from Trametes trogii (a) and bacterial laccase CotA from
B. subtilis (b). The substrate oxidation is held close to the mononuclear

that are important substrates can be oxidized directly by
laccase and can be detected by a laccase-based biosensor.
The oxidation reaction of polyphenols catalyzed by laccase
is as follows:

lacasse

PH, +'/,0, = P+ H,0

where, P and PH, are oxidized and reduced, respectively.
Thus, the use of laccases is not limited to treatment processes
with phenol compound desorption, but also helps in the de-
tection systems. In addition, only water is generated, which is
a great advantage compared to other catalytic process, espe-
cially for implementing the use of biosensors to keep a check
on quality and safety in the beverage industry (Fig. 2).

The coordination geometry of the T1 copper site deter-
mines the redox potential of fungal and bacterial laccases,
which may lead to the catalysis of different substrates
(Martins et al. 2015). However, Moya R. et al. found that
the redox potential is not the only factor that affects the oxi-
dation rate; the selectivity and affinity towards the substrates
of laccase also play important roles (Moya et al. 2011). For
example, the CotA with low-redox potential (~525 mv) has

Electrode

Fig. 2 A possible mechanism of the direct electron transfer (DET) for
bacterial laccase CotA adsorbed on the electrode

Substrate

T1 Cu atoms (represented as sphere colored green), followed by shuttling
electrons (blue spheres) to the trinuclear Cu center where dioxygen
reduction occurs with the concomitant release of water molecules

faster rates of oxidation of azo dye reactive black five or aro-
matic amines than the fungal laccases (Martins et al. 2015).

Laccase biosensors used in human-related
applications

In recent years, many laccase biosensors have been developed
for the quantitative analysis of beverages, for immunoassays,
hormone monitoring in clinical diagnosis, and as a phenolic
compound determinant for environmental protection. These
areas of application are receiving substantial attention because
they are all closely related to human life. Inspired by this,
different types of laccase biosensors have been developed to
determine the target compounds.

Beverages quality testing
Measurement of tannins in wine

Nowadays, quantitative analysis in the beverage industry is
becoming very important in China to ensure security and ad-
equate quality. Almost all kinds of wine contain tannins, and a
variety of phenolic compounds like cinnamic acid derivatives,
catechins, and anthocyanidins, which are usually measured by
the total polyphenol index. According to earlier reports, the
content of polyphenolic compounds is 2 to 5 g/L in red wines
on average and 100 mg/L in white wines (Montereali et al.
2010). Polyphenols are also known for their positive effect on
human health due to their antioxidant properties, which are
associated with reduced risk of cancer, stroke, heart disease,
and diabetes (Di Fusco et al. 2010). Hence, the polyphenolic
content can be used to characterize the quality of wine.
Therefore, different types of laccase biosensors have been
developed to determine the tannins. Several red wine polyphe-
nols were tested by biosensors using laccase: Massimo Di
Fusco et al. compared the difference between biosensors using
the laccase from 7. versicolor and T. hirsuta as biocomponents
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for polyphenol determination in wine (Di Fusco et al. 2010).
The results obtained by using 7. hirsute laccase-based biosen-
sor are close to the values obtained by the Folin—Ciocalteau
method, i.e., lower than 4—11% for the white wines and of the
4-8% for the red wines, which is better than the values ob-
tained using 7. versicolor laccase-based biosensor. The puri-
fied laccase from Ganoderma sp. Rckk02 was also employed
to make the guaiacol detecting biosensor with a range of 0.1 to
500 uM and low detection limit of 0.05 uM. Moreover, this
electrode lost just 25% of its initial activity after 5 months of
storage, which is better than many earlier laccase biosensors
(Chawla et al. 2012a). A novel fungal laccase-based screen-
printed electrode using molybdenum disulfide and graphene
quantum dots was developed and successfully applied for the
detection of polyphenols like caffeic acid, chlorogenic acid
and (—) epicatechin, this kind of small portable biosensor is
efficient for testing red wine samples (Vasilescu et al. 2016).
Zhang et al. developed a biosensor by direct adsorption of
engineered E. coli cells, while immobilizing a bacterial
laccase on the surface of electrode, this biosensor shows a
linear range of 0.5-300.0 uM for catechol. It proved that the
bacterial laccase-based biosensors can be employed for phe-
nol detection in red wine, with high accuracy and recovery
(Zhang et al. 2018a, b).

Polyphenol detection in tea infusions and juice

It is well known that unstable molecules, such as free radical
in tea drinks, are beneficial for human health. The nutritional
(Benzie and Szeto 1999), and antioxidant capacity of tea in-
fusions has been studied using different methodologies
(Sharpe et al. 2016). Among them, the detection and quanti-
fication of polyphenols can be used to evaluate the health-
improving properties of teas. Early in 1992, a laccase-based
sensor was developed for detecting catechols (Ghindilis et al.
1992). More recently, the screen-printed electrode using de-
posited polyvinyl alcohol photopolymer and 7. versicolor
laccase for the detection of phenols was developed, and the
concentration range of hydroquinone detected was from 25 to
125 uM. At pH 4.7, the highest sensitivity of 9.44 nA uM "'
was obtained (Ibarra-Escutia et al. 2010). Another
T. versicolor laccase-based electrode was reported to exhibit
the electrochemical response in response to rutin and ascorbic
acid, which were used to assess the antioxidant capacities of
two herbal tea samples common in South Africa (Sabela et al.
2012). A disposable amperometric biosensor consisting of a
carbon screen-printed electrode was introduced, and it could
be considered a valuable tool for the monitoring of total poly-
phenolic content (Eremia et al. 2013).

On the contrary, phenols in fruit juice may become a seri-
ous human health threat, which can cause diseases in humans.
For example, the phenol bisphenol A (BPA) widely exists in
plastic bottles and can be ingested with the juice and become a

@ Springer

toxic substance for babies, leading to teratogenicity. To ad-
dress this, a laccase-thionine-carbon black biosensor was de-
signed and tested for BPA detection. Meanwhile, the effect of
enzyme loading, applied potential, and pH were investigated.
The linear range of BPA concentration detected was 0.5 to
50 uM, the sensitivity was 5.0 + 0.1 nA/uM, and the recovery
ratio of obtained using tomato juice as real samples was be-
tween 92 and 120% (Portaccio et al. 2013). To monitor the
quality of juice, another Ganoderma sp. laccase biosensor was
constructed, and five commercial brands of fruit juices sam-
ples were used for evaluating the performance of the biosensor
(Chawla et al. 2012b).

In Table 1, the main characteristics of several laccase-based
biosensors for phenol detection in wine or other kinds of bev-
erages are compared.

Monitoring pesticide residues in agricultural products

In the last decade, the application of agrochemicals has be-
come one of the world’s major industries, as they are very
useful in removing pests or weeds. However, they are often
toxic for other organisms and create serious environmental
and public health problems due to the contamination of the
water in the lakes and rivers with agricultural waste
(Geetanjali et al. 2009). In fact, many enzymes, such as ace-
tylcholine esterase (Liu and Lin 2006), tyrosinase (de
Albuquerque and Ferreira 2007), and laccase, have been
employed as the biotic components of biosensors for the mon-
itoring of pesticide residues.

Pirimicarb, a kind of carbamate belonging to the endocrine
disruptor compound, has been detected in very low concen-
trations in food. It is harmful for health, since it can affect
some of the biological functions of the human body. A
T. versicolor laccase/MWCNT-based biosensor with a linear
range of 9.90 x 10~ to 1.15x 10> mol L' for the detection
pirimicarb has been constructed and optimized by enzyme
percentage and incubation time (Oliveira et al. 2013b).
Under optimum conditions, the detection and quantification
limits can increase up to 1.8 x 107 and 6.0 x 107 mol L%,
respectively. The recovery of pirimicarb from spiked tomato
and lettuce samples was greater than 90%. This group also
introduced another laccase biosensor constructed using
Prussian blue and graphene, the attained detection limits
ranged between 5.2 x 10°° mol L' for ziram and 1.0 x
107 mol L™ for carbofuran using tomato and potato samples
(Oliveira et al. 2013a).

Another carbamate pesticide, formetanate hydrochloride, a
kind of insecticide and acaricide widely used in fruits like
grapes and mangoes, and in vegetables, such as potatoes,
beans, watermelons, and tomatoes. Ribeiro et al. demonstrated
a laccase biosensor which was successfully applied to detect
the formetanate hydrochloride in fruit samples (sensitivity was



Appl Microbiol Biotechnol

(L10T '[e 12 Sueyy)
(q ‘88107 T 10 Sueyz)

(L10T 'Te 10 ue[ZRY)

(L10T 'Te 1 SIpIwelA)

(L10T ‘T8 19 019N BIDATQ 9P)

(10T T8 1 B[IN3y)

(9107 'Te 10 ynompyefnog)

(#10T 'Te 19 NOSA[ISLA)

(S10T e 1 UpwznD-e[oIen)

(9107 ‘T 12 0nseldA )

(ST0T 'Te 1 sefeaeN-£0pon)

(910T 'Te 32 NOSIISEA )

(S10T 'Te 10 1ySopes)

sorduwres
Teonnooeueyd ‘QuIm pay

so[duues €9} pue duim pay

Qom( o3uew [EIOIOWIIO))

soorn( jini,g
sordwres Aouof]
SuIM YA

so[dwes oy
[2QIOY [BIOIOUIIO))

sojdwes 99jj0)

SoUIA
SOABI] OYOTIE
pue 001 ysiper
Soe[q ‘TOISNJUI B9,
SULM

ouim pay

sordwes o],

AT 0°S 01 0°T “JAT 0°00S 03 0°S JO soSuer reaur|
AT (°00€ 01 §°( d8uel Jeaur]

JAM +0°0 3] uonoI)dp ‘M 1 03 7' dSuer Jeaur|

INT 00€—€°0 98uel Tesur]
LW NV 1€°0 AAnisuog

(8 AW 1 $1°66 01 L6'CT woxy poSuey

(T 1o 0 rwif uonoate(
JAU 9/ JO I UONOIIP MO ‘. WD | N VW €6
Jo Ayanisuds ‘T GT 0} JNU (0 95UET Tedur'
AT £T°0 Jo ] uonoaep | AT vl 8¢’
ANADISULS :dutape) AN £9°7 W[ UOTOIP
‘AT v 200 Ananisuss :pioe oruagoIo[y)
1101+ PLoB OI[[IueA 0.6 PLO® Ol[nid)
- 01-C'T 10y0a180 [Aypowi-4, *\ 01-7°8 UIyodeardo
(=) ;_01-9'T UIYONED “(+) ( O1-0'] PO o13)Jed
‘11_0T-L't proe of[es :(;_Sw T V) ANADISuog

AN [ uonodRp
Jo sywp N1 09 03 | woy a3uel reaur|

N 4170 St
3wy uonoadep (N 71— 23uer Jeaury

A VU Z6°LT Jo Ananisues pue NT €0 Jo
it uonodjdp A 001-8€°0 Jo oSury

WM #70Jo
JuIr] uonddlep ‘M 08 03 ¢ woly a3uer JedUI]

sorjouayd [e10A9g
048D
QuIZene) dAp-ozy
109018

Touoyd [ejo,
uryod)ed ‘[oydde)
[kl

QUIOJEO puE
proe oruagoIoy)

sjouaydAjod
JUIU0D

TouaydA£jod ejo1,

proe o1eDH

PIoe O19[JD)

[oyo3e)

S[199 ym uondiospe 10a1Ip pue
Q0BJINS 702 *7 UO JuIZIIqOW]

urojoid uoryes[onu 901 YHIM
oseooe] [eLIR)oeq AB[dsSIp-00B)INg

2po1noale pAIULId-UsIds
9)sed-uoqres uo SNy

SINDMIA pue aprxo ouaydein

BOI[IS PAZI[euonounj-ouesI0
SoqnIOUBU UOGIED
paremnnu padop-uaSoniN

aAneALIdp duayderd ojqnjos-1ores

aprxo oudyderd
paonpai ‘sojonedouru wnune|d

opAyopreren|3
)M SIPOXOO[d U0qIed-[oSouos

anbruyoe) uonerodead
Jose] pasind posIsse-XLejA
wnIposLy
ojeuoydins-¢-ouarAdAxoIpAy-g
pue sajontedouru 9pIxo wWNIQIAY,
sjop wnuenb ouaydeis pue
opYNSIP WNUSPGATOU £q POYIPOIN
wyy xew isodwoosorq
uesojyo/euriuedjod/rOfo |

[pL12}ODG
[pLI2}ODG
POZI[EIDIOUIIO))

A0]0D1849A S2JOUID.A]

snoum3uns sniodoudsd g
vo1yv3 sisdojorio))

A0]0J1849A S2JIUID.A ]

A0]0D18.49A S2JOUID.A]

A0]0D18.49A S2JOUID.A]

A0]0I1849A S2JIUID.A ]

A0]0J18.49A S2JOUID.A]

A0]0D18.124 SJOUIDA]
a11gv1IPA
WNLICYIOIUoIVAD ]

34

sordues jo odAT,

SONISLIQJORIEYD [BONATRUY

AJeue jo31e],

yoddns/ad£) uoneziiqowuy

S32INO0S 3SLIIL|

Ayrenb syuLp Jo SuLI0)IUOW UI JOSUSOIq PIseq-asedde] & Jo uonesrddy

L 3jqeL

pringer

Qs



Appl Microbiol Biotechnol

20.58 +0.49 A/uM and linearity ranged from 9.43 x 10~ to
1.13 x 10> M) (Ribeiro et al. 2014).

Detection of harmful phenols for environment
protection

With the growing demand for synthetic product due to long-
term industrialization, the phenolic compounds have become
ubiquitous pollutants, especially in wastewater from almost all
chemical industries. Laccases, obtained from both eukaryotic
and prokaryotic sources (Chandra and Chowdhary 2015;
Ulenik et al. 2013), have been widely used by researchers to
biodegrade these toxic compounds (Morozova et al. 2007;
Navarra et al. 2010; Singh et al. 2011; Wang et al. 2014b;
Zhang et al. 2013). On the other hand, in the past decades,
effective laccase biosensors have been developed and applied
for many kinds of detection purposes, especially in online and
in situ monitoring of phenolic compounds in wastewater
(Table 2).

Recently, Sekretaryova et al. developed a novel screen-
printed biosensor using 7. versicolor laccase for in situ, total
phenol estimation in tap water samples without additional
pretreatment for samples. This kind of microscale biosensor
showed great potential for directly monitor drinking water,
which may be contaminated by wastewater intrusion
(Sekretaryova et al. 2016); Another laccase biosensor was
generated for catechol determination, especially the direct
electron transfer (DET) behavior of laccase was enhanced by
this modified strategy (Palanisamy et al. 2017). Upan J. and
coworkers constructed an easily prepared carbon nanotube
and 7. versicolor laccase-modified screen-printed carbon elec-
trode, a wide linear range between 1 and 50 mM and a detec-
tion limit of 0.1 uM for hydroquinone were obtained, and the
recoveries were in the range of 91.2-103.8% during analysis
of real samples. (Upan et al. 2016).

Application in healthcare monitoring

The concentration of disease biomarkers is one of the impor-
tant indicators of the health status. Among them, the catechol-
amine neurotransmitters influence almost all human tissues
and physiological processes. An amperometric laccase bio-
sensor for the detection of catecholamine neurotransmitters
using electrocatalytic substrate recycling was developed
(Ferry and Leech 2005). An osmium complex with the
poly(N-vinylimidazole) was introduced and the constructed
sensor had the detection potential of —0.2 V towards dopa-
mine (DA), and detection limits of 11 nM for epinephrine,
8 nM for norepinephrine, and 4 nM for DA.

DA is related to the majority of processes in mammalian
central nervous systems. It is a prognostic biomarker for
clinical diagnosis of diseases, such as schizophrenia and
Parkinson’s disease (Ferapontova 2017). A novel
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biosensor was developed (Cesarino et al. 2013) using
electro-co-deposition method, which is an easy and fast
procedure for preparing biosensors, and the results obtain-
ed using this electrode for detecting dopamine were very
similar to the data obtained by the HPLC procedure.
Another laccase-based electrode was designed and synthe-
sized using phytic acid-functionalized silica nanoparticles
for dopamine detection. This biosensor had a good detec-
tion performance for DA with a wide linear range (0.99—
103.10 uM) and a low detection limit (0.26 +0.003 pM)
(Wang et al. 2014a).

The most recent advance is the identification of the bacte-
rial laccase CotA from Bacillus subtilis WD23 and its expres-
sion in P, pastoris at a high level (891.2 U/L) (Fan et al. 2015).
In addition, a mediator-free amperometric biosensor for HO,
detection using this purified enzyme was designed with a lin-
ear range of 0.05 to 4.75 mM. This study investigated the
ability of CotA to reduce hydrogen peroxide on the electrode,
it also predicted that the bacterial laccase has great potential as
a biosensor.

During the last decade, significant progress was made in
the use of enzyme as aptamer electrodes, demonstrating the
most promising in vivo applications for detection of disease
markers like catecholamine neurotransmitters (Table 3).
However, several important issues, like the electrode minimi-
zation, reusability of the physiological media, and develop-
ment of the strategies for antifouling during the detection pro-
cess, need to be addressed before practical in vivo applica-
tions. As the biotic components, the fungal laccases lack the
ability to work under neutral conditions and at high concen-
tration of Cl . Thus, the more stable bacterial laccases exhibit
greater potential for use in the test chip biosensors for in vivo
detection application.

Laccase-based biocathodes in EBFC

EBFCs convert biofuel into electrical energy, by utilizing the
chemical energy of the biochemical pathways catalyzed by
enzymes such as electro-catalysts, instead of metal catalysts,
and work under mild conditions (Atanassov et al. 2007).
EBFCs are considered micropower sources for implantable
biomedical devices. In addition, the effectiveness of the en-
zymes lies in their specificity towards the substrates, including
glucose and other fuels, in complex media such as physiolog-
ical fluids, blood (20—40 °C within neutral pH); expensive and
rare metals can be replaced with this renewable alternative
biomaterial (Le Goff et al. 2015). In general, some multi-
copper oxidases like laccase, ascorbate oxidase (Uzunoglu
et al. 2016), and bilirubin oxidase (Santoro et al. 2016) have
been developed as candidates for cathodic biocatalysis
(Fig. 3). Among them, the performance of biofuel cells has
been shown to be affected by using different types of laccase.
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Table 3

The monitoring and detection of analytes of health care using laccase biosensor

Laccase sources

Immobilization type/support

Target analyte Analytical characteristics

Type of samples

Ref.

Agaricus bisporus

Aspergillus oryzae

Pleurotus ostreatus

Trametes versicolor

Complex of 3-cyclodextrin
and benzaldehyde generated
onto graphene oxide

AuNPs with in poly
(allylamine hydrochloride)

Textile wearable electrochemical
transistor in a non-invasive
way

Palladium nanoparticle-bacterial
cellulose hybrid nanofibers

Dopamine

Dopamine

Tyrosine

Dopamine

Range of 0.1-70 puM, with a low

detection limit of 0.03 uM

Linear range from 0.49 to
23.0 pumol L™, with a limit of

Pharmaceutical
samples

detection of 0.26 pmol L™

Limit of detection in the order

of 10 M

Sensitivity 38.4 uA-mel, detection

Aqueous solutions

Human urine

limit 1.26 pM, and linear range

5-167 uM

Human urine samples

(Hua et al. 2015)
(Silva and Vieira
2016)

(Battista
et al. 2017)

(Lietal 2016a)

Trametes versicolor ~ Reduced graphene oxide/Rh 17B-estradiol  Sensitivity of 25.7 A uM ' cm™ Human urine samples (Povedano
nanoparticles etal. 2017)
Coriolopsis gallica Based on laccase inhibition Paracetamol Limit detection and limit of Real water samples (Méndez-Albores
during the oxidation of quantification were noticed etal. 2015)
ABTS to be 0.55 uM and 8.3 uM
AB Enzymes Boolean logic-gate principle Adrenaline Limit detection 1 nM N (Molinnus
GmbH (Germany) to develop a digital biosensor et al. 2016)
Aspergillus AuNPs stabilized in Rutin Linear range 0.30 to 2.97 pmol L™',  Pharmaceutical (Brugnerotto
oryzae 3-cyclodextrin limit detection 0.17 wmol L™ samples et al. 2016)
Commercialized Nanostructured silica-phytic Dopamine Linear range 40-600 uM N.r. (Zhao et al. 2014)
acid materials with diverse
morphologies
Trametes versicolor  Graphene oxide or reduced Dopamine Detection limit of 91.0 nmol L™, Synthetic urine and (Kohori et al. 2017)
graphed oxide linear ranges 0.1 to 0.4 mg mL™" plasmatic serum
samples
Bacillus sp. HRO3 Surface plasmon resonance Bromocriptine  Linear range 0.001 to 1000 ng/ml, Simulated blood (Jabbari et al. 2017)
carboxymethyl dextran detection limit 0.001 ng/ml samples
surface
Bacterial Immobilizing on E. coli Several Linear ranges of 5.0 to Red wine, (Zhang et al. 2017)
surface and direct adsorption phenolics 500.0 uM, 1.0 to 5.0 uM pharmaceutical
with live cells and wastewater
samples
Fig. 3 Schematic representation
ofa biofuel cell involving glucose
oxidase and laccase enzymes
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When the EBFC was constructed using the fungal laccase or
bacterial laccase as the cathode, the performance factors, like
lifetime, stability, and power density, reveal significant differ-
ences (Table 4).

The fungal laccase as the cathode biocatalyst

Fungal laccases are mainly considered cathode biocatalyst that
possess the capability to reduce oxygen at high potentials
(680-850 mV) (Baldrian 2006; Mate and Alcalde 2015),
and can be secreted by a variety of fungi. In recent decades,
the substrate catalytic mechanism and the electron transfer
process have been explained clearly (Baldrian 2006;
Giardina et al. 2010; Gupta et al. 2010).

A classical miniature biofuel cell made of glucose oxi-
dase immobilized on anode and laccase from Coriolus
hirsutus immobilized for the oxygen reduction to water

on the cathode was developed (Chen et al. 2001), the pow-
er density of the cell was 64 tW/cm? at 23 °C and 137 uW/
em? at 37 °C, and its power output was 280 nW at 23 °C
and 600 nW at 37 °C. The power density of this biofuel cell
was the highest when compared to other laccase-based
BFC available at that time. The first implanted biofuel cell
developed is continuously operating in a snail and produc-
ing electrical power over a long period of time using glu-
cose as fuel and laccase as the biocathode without any
cofactors and mediators (Halamkova et al. 2012). There
was no generation of H,O,, since only glucose dehydroge-
nase was employed along with NAD" for the oxidation of
glucose. This kind of EBFC produces continuous power
supply with 530 mV open-circuit voltage and 42.5 pA
short-circuit current in vivo using the laccase biocathode
with metabolic glucose as the biofuel for “recharging” the
living battery.

Table 4 The EBFC using laccase from eukaryotic and prokaryotic microorganism

Laccase sources  Fuel Immobilization type/support Electrical characteristics Type of Ref.
electron transfer
Fungal laccase
Pycnoporus Methanol Polyamidoamine dendrimers Maximum power densities of 51.2 MET (Neto et al. 2016)
sanguineus on top of a polypyrrole and 99.8 uW cm 2, 60% of the
matrix with ABTS initial activity after 60 days
Trametes Glucose/O, Nafion on carbon paper The maximum voltage was 402 mV MET (Luo et al. 2010)
versicolor together with carbon for the first cycles, the maximum
nanoparticles and ABTS power density was 160 mW/m?
Trametes Glucose/O, Mediatorless cell based High power density up to 1.3 mW cm > DET (Abdelkader
versicolor on compressed carbon and an open-circuit voltage of 0.95 V; etal. 2011)

nanotube

remains stable for 1 month and

1 mW cm 2 power density under
physiological
conditions

Coriolopsis 0, Graphite electrodes were

Current density of 2977 uA cm >and ~ DET

(Martinez-Ortiz

gallica functionalized with a power density of 1190 uW cm™> etal. 2011)
4-2-aminoethyl benzoic at 041 Vv
acid hydrochloride
Coriolopsis Ethanol Functionalized graphite 0.5 V at open-circuit voltage current DET (Arrocha et al. 2014)
gallica methanol/O,  electrode with4- with intensity of 250 pA cm 2
(2-aminoethyl) benzoic
acid
Trametes Glucose/O, MWCNT Retain 22% of its initial maximum MET (Reuillard et al. 2015)
versicolor power density after 1 year
Bacterial laccase
E. coli (CueO) O, Highly oriented pyrolytic Catalytic current density about DET (Miura et al. 2007)
graphite electrode -4 mAcm?
E. coli (CueO) O, Ketjen black-modified The current density of O, reduction DET (Kontani et al. 2009)

carbon paper electrodes

reached values as high as

20 mA cm 2 in a citrate buffer
(1.0 M, pH 5.0, 25 °C)

Bacillus subtilis O,
(CotA)

Glassy carbon electrodes
functionalized with
aminophenyl
monodiazonium salts

The reduction current — DET
187.3 uA cm 2, stable during
at least 7 weeks, delivering 35%
of its initial catalytic current

(Beneyton
etal. 2011a, b)

Streptomyces O, Using both MET and Redox potential of 0.43 V; DET/MET (Gallaway
coelicolor DET-type electrode 6.25 mA/em® at 0.3 V et al. 2008)
schemes

@ Springer
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The bacterial laccase as the cathode biocatalyst

Y. Miura and coworkers (Miura et al. 2009) investigated
the direct electrochemical process of CueO from E. coli
fixed on carbon aerogel electrodes. The redox potential of
0.28 V at pH 5.0 was derived from the type I (T1) Cu site.
They also found that the mutant that forms a hydrogen
bond with His443 coordinated with the T1 Cu to effective-
ly tune the redox potential, which reduced the
overpotential of catalytic O, reduction. Until recently, it
was more promising to achieve the DET process: the bac-
terial laccase CueO from E. coli was chosen to be the
cathodic biocatalyst with Ketjen black-modified carbon
electrode, and the largest current density at 0 V reached
values of 20 mA c¢cm 2 under optimized conditions
(Kontani et al. 2009). The first bioelectrochemical studies
of the thermostable CotA laccase were performed by
Thomas Beneyton and coworkers (Beneyton et al. 2011a,
b). The T1 copper site with 460 mV redox potential was
investigated by DET study of O, reduction. The advan-
tages of this laccase over the fungal enzyme are that it is
more stable and active across a broad range of tempera-
tures. In this study, the three mutants were immobilized
on the electrode with phenyl-NH, moieties. The effect of
temperature on the catalytic activity was studied and the
reduction current of — 187.3 pA cm 2 could be obtained at
an optimal operation temperature of 45-50 °C. The elec-
trode also showed long-term stability and high tolerance
towards CI . The favorable CotA electrochemical proper-
ties have guided the preference and focus on exploring new
kinds of stable bacterial laccases that will allow the EBFC
to work well in different environmental conditions, rather
than to set up a specific test environment to match the fuel
cell.

Further, aiming to improve the performance of laccase
electrodes, enzyme engineers have considered modifying
the properties of the target protein. Schwaneberg et al. fo-
cused on the direct devolution of enzymes for biofuel cell
properties (Yu et al. 2011). In our previous study, the bac-
terial laccase CotA from Bacillus subtilis 168 was
displayed on the surface of E. coli (Zhang et al. 2018a,
b). There was significant improvement in thermal and al-
kaline stability of the surface displayed CotA, which can
be considered a very important bioimmobilization strategy
for EBFC. It is believed that this technology will provide
new enzymes with higher catalytic activity or stability.
Many researchers have focused their attention on develop-
ing a more stable bacterial laccase for use as the
bioelectrochemical component on the cathode.

Nowadays, the focus of researchers is on the process by
which the electrons are transferred from the electrode directly
using eukaryotic or prokaryotic laccase, without the utilization
of any expensive or toxic mediators (Abdelkader et al. 2011;

Arrocha et al. 2014; Holzinger et al. 2012). In general, laccase
provides some advantages to achieve the DET process; the
catalytic parameters with the “three clusters of copper ions
transfer mechanism” are clear and the only by-product is mo-
lecular water, which has no effect on the electrode or applica-
tion environment. Inspired by this, laccase has been chosen as
an important candidate for the biocatalysis of the cathode.
Research in the field suggests that the bacterial laccase can
always achieve the DET process more easily than the fungal
laccase due to its structural features, i.c., the exposed T1 site
that reduces the distance of electron transport.

Conclusions

Laccases from fungi or bacteria have good potential applica-
tions in the field of enzyme biosensors or enzyme biofuel
cells. Among them, the fungal laccase has better catalytic
activity for the substrate and seems more suitable for biosen-
sors as the biorecognition element. These sensors can be ap-
plied to different areas and conditions like environmental pro-
tection and food monitoring. In contrast, the bacterial laccases
are generally employed as the biological cathode catalytic
components in enzymatic fuel cells due to their better stability
and resistance, which is very important for the EBFC implant
to be successful in the human body.

To enhance the practical application of laccase electrodes,
there are some problems that need to be tackled, such as im-
proving the stability of the fungal laccase or bacterial laccase
and increasing the catalytic activity and redox potential. These
problems can be addressed by employing advanced biocom-
patibility nanomaterials, optimized immobilization methods,
molecular modification of protein and protein engineering,
and so on. In addition, improving the DET is also critical for
the development of biosensors and EBFCs. Therefore, a re-
search strategy that reduces the distance between the laccase
activity center and the electrode or improves the utilization of
better conductive material is the key for future research.
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