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A biosensor for phenolic compounds based on a chemically modified laccase from Coriolus hirsuta immobilized
on functionalized screen-printed carbon electrodes (SPCEs) was achieved. Different enzyme modifications and
immobilization strategies were analyzed. The electrochemical response of the immobilized laccase on SPCEs
modified with carboxyl functionalized multi-walled carbon nanotubes (COOH–MWCNT) was the highest
when laccase was aminated prior to the adsorption onto the working electrode. The developed laccase biosensor
sensitivity toward different phenolic compounds was assessed to determine the biosensor responsewith several
phenolic compounds. The highest responsewas obtained for ABTSwith a saturation value of Imax=27.94 μA. The
electrocatalytic efficiency (Imax/Kapp

m ) was the highest for ABTS (5588 μA μM−1) followed by syringaldazine
(3014 μA.μM−1). The sensors were considerably stable, whereby 99.5, 82 and 77% of the catalytic response
using catechol as substrate was retained after 4, 8 and 10 successive cycles of reuse respectively, with response
time average of 5 s for 12 cycles. No loss of activity was observed after 20 days of storage.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Phenolic compounds are extensively utilized in pharmaceuticals,
pesticides, dyes, cosmetics, plastic, photography, rubber, paint, tanning
industries. Furthermore, most of them are tremendously dangerous to
animals and humans because of their reduced biological deprivation
[1]. Consequently, the determination of phenolics has become of signif-
icance. Numerous methods have been utilized to detect and quantify
phenolic compounds like chromatography [2], spectrophotometry [3],
electrochemistry [4], and chemiluminescence [5]. The electrochemical
technique has attracted among them a widespread consideration due
to its low cost, high sensitivity, rapid response, and simple preparation
[6–9]. So, greatly efforts have been gained on the electrochemical recog-
nition of phenolic compounds at innovative chemically adapted elec-
trodes [10]. Progress of carbon nanomaterials has significantly
contributed to improved performance of electrochemical sensors. In
particular high exterior area, exceptional electrical conductivity, and
uncomplicated surface adaptation [11–13] are characteristics that per-
mit them to be utilized in electrochemical devices like fuel cells, batte-
ries, super capacitors, (bio-) sensors, solar cells, and electro chromic
devices [14].
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Screen printed electrodes (SPE) provide an economic, and facile an-
alytical tool for environmental pollution control [15,16]. Introduction of
nanomaterials improve the properties of the SPE due to an enhanced
sensitivity, a higher loading with selective biomolecules and a fast re-
sponse [17,18]. Nanomaterials, especially carbon nanotubes (CNT),
have received a great interest in the field of biosensors due to their op-
timal sensitivity, conductivity, wide potential range (by increasing the
electrode surface area), and susceptibility to modify with functional
groups for enzyme immobilization [19–21]. Carboxylic groups and
amino groups are the most common functional groups used for CNT
functionalization [22,23].

Enzyme immobilization using CNT for biosensor and biofuel cell fab-
rication is a promising biotechnological application, as it offers unique
properties comprising enhanced electronic properties, high surface
area ratio, and fast electrode kinetics [24,25]. In order to explore the
enzyme-MWCNT electrode complex potency, optimal methods for en-
zyme immobilization are required [26]. So, covalent and non-covalent
linkages have been reported for various enzymes immobilization. Cova-
lent binding provides an excellent, durable attachment, but affects the
enzyme conformational structure. By comparison, non-covalent attach-
ment of enzymes to CNTs is limited by the gradual loss of the
immobilized enzyme during CNT-enzyme complex reusability [25].

Investigations on phenol oxidizing enzymes using biosensors offer
for technological purposes intriguingmethods for the estimation of clin-
ically and environmentally significant phenolic composites [27]. Among
the enzymes used for detection of phenolic compounds, laccases
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provide special advantages over other oxidoreductase enzymes through
their high stability, their broad substrate spectrum, and their high turn-
over number [9,28]. Laccases were considered as candidates for total
phenol determination since laccases oxidize various phenolic com-
pounds like o-, p-, and m-diphenols, polyphenols, amino phenols in
presence of low molecular weight mediators [26,29,30]. Laccase (E.C.
1.10.3.2, p-benzenediol: oxygen oxidoreductase), is a multicopper blue
oxidase containing four copper atoms at its active site, which are neces-
sary for the catalytic activity [15,16,31]. Recently, laccase-based amper-
ometric biosensors were described for application in food and
pharmaceutical industries and also for environmental and clinical anal-
ysis to measure phenols [32], polyphenols [33], catechols [34], catechin
[35], morphine [36], catecholamines [37], pyrocatechol [38], hydroqui-
none [39] and many other compounds [28].

Enzyme immobilization is a critical step in biosensors development
[20,28]. Enzymatic kinetics (parameters like Km and Vmax) can be af-
fected by various immobilization processes and consequently, a devia-
tion from the free enzyme performance can be observed [40]. In this
view, the immobilization process is crucial step in sensor optimization
[41]. Various immobilization methods of laccase onto several electrode
materials and arrangements have been applied previously for biosen-
sors construction [30]. Coriolus hirsuta laccase (ChL) has been applied
for different analytical purposes by a variety of immobilization tech-
niques, such as by entrapment with gelatin and nafion for clinical anal-
ysis to measure dopamine [42], or by covalent binding on a
Diethylaminoethyl cellulose (DEAE)-cellulose column to analyze cate-
chols in the extract of tea leaves in the food industry [34]. Through
cross-linking using bovine serum albumin (BSA) and glutaraldehyde
(Glu), Coriolus hirsuta laccase was applied to detect p-chlorophenol,
guaiacol, chloro guaiacol for environmental control [43]. Furthermore,
ChL was adsorbed with tyrosinase on solid graphite in a bienzyme sen-
sor for catechol [44] and was co-immobilized with pyrroloquinoline
quinone-dependent glucose dehydrogenase (PQQ-GDH) in polyvinyl
alcohol (PVA) for pharmaceutical analysis [36]. Enzyme amination has
been applied to maximize the percentage of the multipoint covalent
binding between enzyme/support configurations and to adapt the en-
zyme properties. A chemical route using carbodiimides has been the
main strategy to accomplish protein surface amination [45], in combi-
nation with highly active nucleophiles, to modify the carboxyl groups
in proteins and enzymes, but still the development of more efficient
procedures for stabilization of the enzyme/support configuration is
greatly needed [46,47].

The present study aimed to select the proper way for laccase immo-
bilization onto the SPCE/MWCNT-COOH. For that we used two main
forms of laccase ChL and aminated Coriolus hirsuta laccase (ChLa)) and
different immobilization strategies ranging between adsorption, elec-
trostatic interaction, polymer entrapment, cross linking, and covalent
binding. To our knowledge, this is the first report for using the ChLa in
development of biosensors. In this paper, we developed a new electro-
chemical biosensor using ChLa immobilized to a layer of carboxyl func-
tionalized multi-walled carbon nanotubes on SPCE for field monitoring
of phenolic compounds. The performance of the developed laccase bio-
sensorwas compared to phenol sensors prepared using different immo-
bilization techniques.

2. Material and methods

2.1. Chemicals

2, 2՛-azino-bis (3-ethylbenzthiazoline-6-sulfonic acid)
diammonium salt (ABTS), 2,6-dimethoxy phenol (DMP), (N,N-)di-
methyl formamide (DMF), N-(3-dimethylaminopropyl)-N′-ethyl
carbodiimidehydrochloride (EDC), ethylene diamine (EDA), glutaralde-
hyde (Glu) (25%), hydroquinone, 2,4-dihydroxy benzaldehyde, poly (2-
hydroxyethyl methacrylate) (PHEMA), syringaldazine (SGZ), and
polyethylenimine (PEI) were obtained from Sigma-Aldrich
(Deisenhofen, Germany). 2-Aminophenol, 3-aminophenol, and N-
hydroxy sulfo succinimide sodium salt (NHS) from Fluka (Germany),
3,4-dihydroxy benzaldehyde, and bovine serum albumin (BSA) was ob-
tained from Roth (Karlsruhe, Germany), catechol from Riedel
(Germany), 2,5-dihydroxy benzaldehyde fromAlfa Aesar, poly ethylene
glycol diglycidyl ether 400 (PEGDE) from Polyscience, and poly vinyl al-
cohol (PVA) 05/20 (Mwt 22,000 Da) from Serva were used. All other re-
agents used were of analytical grade. Pure water was obtained using a
Millipore Q water purification apparatus with resistivity over 18MΩ
cm (Millipore, Eschborn, Germany).

2.2. Enzyme

Coriolus hirsuta (Trametes hirsuta) laccase (ChL) from the basidiomy-
cete strain T. hirsuta 56 was obtained from theMoscow State University
of Engineering Ecology culture collection. Aliquots were stored within
small vials in a lyophilized form with a laccase concentration of
84.97mg/mL. Laccase solutions were prepared using 50mM potassium
phosphate buffer pH 7.0 and kept at 4 °C.

The enzyme activity was assayed spectrophotometrically with ABTS
(0.58 mM) as substrate in 100 mM citrate buffer at pH 4.5 and 25 °C in
triplicate. The change in absorbance at 436 nmwasmonitored for 1min
and the laccase activity was calculated according to the following equa-
tion:

Laccase activity
U
mL

� �
¼ ΔA� Vt � 106

Δt� l� ɛ � Vs � 1000

where ΔA is the change in absorbance, Δt is the time of incubation
(min), ε is the extinction coefficient of ABTS (ε436 =
29,300 M−1 cm−1), l is the cuvette diameter (1 cm), Vt is the total
assay volume, and Vs is the enzyme sample volume. One unit of laccase
is defined as the ability to oxidize 1 μmol of ABTS permin [23,48,49]. The
protein content in the enzyme preparations was determined from the
absorbance at 280 and 260 nm wavelengths according to the Warburg
and Christian formula to estimate protein concentration with the ad-
vantage of possible nucleic acid contamination correction because any
protein contamination will havemaximum absorption at 280 nm. Mea-
surements were taken at both 260 nm and 280 nm where the absor-
bance at 260 nm accounts for nucleic acid interference as follows [50]:

Protein
mg
mL

� �
¼ 1:55� A280ð Þ– 0:76� A260ð Þ

2.3. Laccase amination

ChL was aminated according to the previously published procedure
(Othman et al., 2016). Briefly, 5.0 mL of purified enzyme solution
(2 mg/mL) was mixed with 5.0 mL of 1.0 M EDA solution and 50 mM
EDC at pH 4.75 for 1.5 h prior to dialysis using snake skin dialysis tubing
with molecular weight cutoff of 10 kDa (Thermo Scientific) in distilled
water for 24 h at 4 °C. The specific activity of aminated enzyme was de-
termined to be 83.7 units/mg. The ChLa was stored at 4 °C until use with
prior activity determination.

2.4. Preparation of the biosensors

For preparation of the biosensors, ChL or ChLa were immobilized on
screen-printed carbon electrodesmodifiedwith carboxyl functionalized
multi-walled carbon nanotubes COOH–MWCNT/SPCE (type110CNT,
DropSens, Oviedo, Spain). These electrodes consist of a carbon counter
electrode, a silver reference electrode, and a COOH-MWCNT/carbon
working electrode. The amount of enzyme used in the individual exper-
iments was normalized in order to compare electrodes with similar en-
zyme loading.



857A.M. Othman, U. Wollenberger / International Journal of Biological Macromolecules 153 (2020) 855–864
The enzymewas immobilized by various chemo-physical and chem-
ical techniques: (a) Adsorption; 7 μL (3.5 U) of ChL or ChLawere dropped
on the working electrode; (b) PEI/AuNP/Lac entrapment: 6 μL of diluted
ChL was added to 1 mL of PEI coated AuNP, the volume was completed
to 1.2 mL with 0.1 M citrate phosphate buffer (CPB), pH 4.2, in order to
have 24U/mL in the total reactionmixture [51]. Themixturewas stirred
at room temperature for 1 h, and was then centrifuged for 20 min at
14000 rpm. The precipitated layer was washed with de-ionized H2O
three times, and then 5 μL of the suspension was dropped to the surface
of working electrode, and left to dry under vacuum for 1 h; (c) Lac/PVA
entrapment (I, Stepwise): 7 μL (3.5U) of diluted ChL or ChLawas dropped
onto the working electrode surface, allowed to dry at room tempera-
ture, then 7 μL of 5% PVAwas dropped over the previously dried enzyme
layer. After that, the electrodewas exposed to UV radiation for 30min to
crosslink the polymer; (d) Lac/PVA entrapment (II, One step): From a
mixture containing the diluted ChL or ChLa in CPB, pH 5.0 and PVA
(5%), 7 μL (3.5 U) was dropped over the working electrode surface
and then the electrode was exposed to UV radiation for 30 min;
(e) EDC/NHS/Lac covalent binding (I, Stepwise):10 μL of a mixture con-
taining 50 mM EDC/50 mM NHS in 0.1 M CPB, pH 5.0 was dropped on
the working electrode, left to dry (2 h) at room temperature (25 °C),
then 7 μL (3.5 U) of diluted ChL or ChLa were dropped over the previous
dried layer; (f) EDC/NHS/Lac covalent binding (II, One step): 7 μL of amix-
ture containing 50mM EDC/50mMNHS in 0.1 M CPB pH 5.0, and 3.5 U
of diluted ChLa was dropped onto the working electrode surface, then
left to dry at room temperature (25 °C); (g) EDC/Lac covalent binding
(one step): 7 μL of a mixture containing 50 mM EDC in 0.1 M CPB,
pH 5.0, and 3.5 U of diluted ChLa were dropped onto the surface of the
working electrode then left to dry at room temperature (25 °C);
(h) Lac/PHEMA cross-linking (II, One step):7 μL (3.5 U) from a mixture
containing 10 μL of diluted ChLa and 10 μL of PHEMA polymer mixture
(5 mg of PHEMA in 2.5 mL DMF, and 2.5 mL d.H2O) were dropped
over theworking electrode surface, then it was exposed to UV radiation
for 60min; (i) Lac/(PHEMA-Lac) cross-linking (I, Stepwise): The ChLawas
adsorbed to the electrode surface firstly, then the mixture of PHEMA
and ChLa was applied with the same previous procedure; (j) (Lac-
BSA)/Glu cross-linking: The diluted ChLa was mixed with BSA solution
(25 mg/mL), and then 7 μL (3.5 U) of this mixture was deposited onto
the SPCE/MWCNT electrode surface and allowed to dry at room temper-
ature for 2 h. After that, 10 μL of Glu solution (5%) was dropped on the
surface of the SPCE/MWCNT/Lac/BSA electrode surface to complete im-
mobilization of laccase by the cross-linking process; (k) Lac/Glu cross-
linking: 7 μL (3.5 U) of diluted ChLa in 0.1 M CPB, pH 5.0 was deposited
onto the SPCE/MWCNT electrode surface and was allowed to dry at
room temperature for 2 h. Later, 5 μL of the aqueous solution of Glu
(1%) was cast onto the SPCE/MWCNT/Lac electrode surface followed
by a drying process at room temperature for 3 h [52]; (l) Lac/PEGDGE
cross-linking:7 μL (3.5) of diluted ChLa in 0.1M CPB, pH 5.0 was dropped
over theworking electrode, then left to dry at room temperature for 2 h.
5 μL of the aqueous solution of PEGDGE (0.5%)was added to the surface
of the working electrode and left to dry at open air [53].

After all immobilization procedures and complete dryness, the bio-
sensors were washed gently with 2 mL of 50 mMpotassium phosphate
buffer (PPB) pH 7 to remove the non-immobilized laccase, and were
stored at 4 °C in a humid box until use. All experiments were performed
in triplicate.

2.5. Electrochemical measurements

The electrochemical experimentswere done using a homebuilt elec-
trochemical cell with a total volume of 4.5 mL placed in a Faraday cage
in connectionwith a CHI-750A electrochemical workstation (CH Instru-
ments, Austin, TX, USA) using CHI software version 2.05. A DropSens
specific connector (ref. CAC) was used to connect the screen-printed
electrode and the electro-analytical setup depicted in Fig. 1. All electro-
chemical measurements were performed at room temperature. The
supporting electrolyte in which the desired compounds were mixed
was a 0.05M citrate-phosphate buffer (CPB), pH 5.0. The amperometric
measurements were carried out in air-saturated solution at a constant
working potential of −100 mV under stirring conditions, unless stated
otherwise. The current response was measured after addition of ali-
quots of the respective substrates. All experiments were performed in
triplicate, and the data were expressed as mean values.

3. Results and discussion

3.1. Laccase immobilization on COOH–MWCNT/SPCE

The maximum current response (Imax) and the apparent Michaelis–
Menten constant (Kapp

m ) using ABTS as substrate for the working elec-
trode modified with laccases under different immobilization conditions
were calculated (Table 1). Kapp

m was used as an indicator of the affinity of
laccase for its substrate, whereby a decreased Kapp

m supports an in-
creased affinity. Imax was interpreted as a measure for the catalytic
activity.

Electrostatic adsorption of ChLa was observed as the best technique
for laccase immobilization onto the COOH–MWCNT/SPCEworking elec-
trode, giving the highest Imax value of 27.94 μA, a Kapp

m value of 0.005 μM
and a Imax/Kapp

m ratio of 5588 μA/μM among all tested immobilization
techniques. The response of the sensor with adsorbed ChL was low in
comparison to the sensor with the ChLa. The Imax value for ChL/COOH–
MWCNT/SPCE was only 7.38 μA, yielding a Imax/Kapp

m ratio of 48.87 μA/
μM and a Kapp

m value of 0.151 μM. An effective immobilization was thus
obtained of the modified laccase via electrostatic adsorption. In this re-
gard, the sensitivity of 831 nA/μM for the ChLa/COOH–MWCNT/SPCE
was superior relative to the electrode with adsorbed non- modified
laccase of 150 nA/μM (for ChL/COOH–MWCNT/SPCE) (Table 1- a). In
the present case, it is suggested that the introduced amino groups sig-
nificantly enhance the attachment by charge interaction to the carbox-
ylated surface. Freire et al. [43] stated that adsorption of unmodified
laccase was found to be stabilized by the laccase exterior hydrophobic
region and the CNT wall. The π–π stacking between walls of the CNT
and the laccase aromatic residues on its surface were also suggested to
contribute to the increased sensitivity.

The lowest sensitivity (18 nA/μM), Imax value (2.05 μA) and Imax/K
app
m

ratio (17.81 μA/μM) were obtained through laccase entrapment using
PEI/AuNP (forming ChL/PEI/AuNP/COOH–MWCNT/SPCE) (Table 1-b).
PVA is a broadly used entrapment material, due to its robust chemical
and mechanical properties [54]. Here, we applied PVA as an additional
cover layer over the pre-bound laccase (Table 1-c) and alternatively
(d) as copolymerized with Lac on the COOH–MWCNT/SPCE. In both
cases, PVA polymerization was stimulated using photopolymerization.
Results obtained indicated a preference for the second strategy (d),
whereby with ChLa a sensitivity of 410 nA and a Imax/Kapp

m ratio of
1859 μA/μM was obtained. In contrast, Lac/PVA (stepwise) had an in-
creased Imax/Kapp

m ratio (2886 μA/μM) with ChL but was less sensitive
(297 nA) due to its lowered Kapp

m value.
EDC is an effective coupling agent used for peptide bond formation

between the amino groups in laccase and surface carboxyl groups on
the oxidized CNT. This chemical coupling typically diminishes the risk
of enzyme leakage from the support and, subsequently, improves its
stability [55]. In this study, covalent coupling of laccase onto COOH–
MWCNT/SPCE was performed by three different strategies (Table 1- e,
f, g) where (e) a mixture of EDC and NHS was dropped on the working
electrode and was left to dry prior laccase addition; (f) EDC/NHS and
ChLa were mixed in a single step and were then dropped on the elec-
trode surface, and (g) EDC and ChLa were mixed and were dropped on
the surface of COOH–MWCNT/SPCE in absence of NHS. The results ob-
tained indicated that the application of EDC and ChLa mixture without
NHS (trial g) was the best coupling strategy for covalent binding. An in-
creased sensitivity (403 nA/μM), Imax/Kapp

m ratio of 424.22 μA/μM and a
decreased Kapp

m value (0.003 μM) was achieved compared to the other



Fig. 1. Schematic illustration of the detection procedure for the determination of phenols using the disposable SPCE/MWCNT-COOH/Lac.

858 A.M. Othman, U. Wollenberger / International Journal of Biological Macromolecules 153 (2020) 855–864
two covalent coupling strategies followed by trial (f) with sensitivity
value of 140 nA/μM (Table 1- e, f, g).

PHEMA is a biocompatible, non-hazardous synthetic crosslinking
polymer with sufficient mechanical strength for the majority of differ-
ent applications in biotechnology field. An additional advantage is the
hydroxyl functional groups, which can operate as sites for bioactive spe-
cies attachment or for subsequent derivatization to different polymer
series [56]. The Kapp

m values obtained in this study from crosslinking
using PHEMA reveals that simple mixing of the cross-linker with the
laccase monolayer was better than adding two successive layers of
laccase one of them before dropping laccase/crosslinker mixture,
where the Kapp

m and Imax/Kapp
m ratio for ChLa–PHEMA/COOH–MWCNT/

SPCE were 0.077 μM and 95.09 μA/μM, and for ChLa–PHEMA/ChLa/
COOH–MWCNT/SPCE were 0.118 μM and 65.96 μA/μM, respectively
(Table 1-h, i).

Glu is a widely used cross-linking agent, which in lower concentra-
tions preserves surface immobilized enzyme andprevents enzyme leak-
age (Alarcón et al., 2010). In the present study, the amperometric
current responses of ChLa-BSA/Glu/COOH–MWCNT/SPCE (trial j) and
ChLa/Glu/COOH–MWCNT/SPCE (trial k) were assessed to determine
the effect of Glu and BSA on laccase immobilization and hence on the
developed electrodes. ChLa/Glu/COOH–MWCNT/SPCE (Table 1-k)
showed a ten-fold increase in sensitivity (591 nA/μM) relative to
ChLa-BSA/Glu/COOH–MWCNT/SPCE (59 nA/μM) (Table 1-j). As is seen
from Table (1-k), the Imax value for the ChLa/Glu/COOH–MWCNT/SPCE
Table 1
Effect of different laccase immobilization techniques on the bioelectrocatalytic performance of

No. Type of immobilization Purified laccase (ChL)

Sensitivity
(nA.μM−1)

Imax

(μA)
Erro
(μA

a Electrostatic interaction Adsorption 150 7.38 0.86
b Entrapment PEI/AuNP/Lac 18 2.05 0.27
c Lac/PVA 297 8.66 1.45
d Lac/PVA(mix) 230 8.29 0.96
e Chemically covalent

binding
EDC/NHS/Lac 131 10.66 2.96

f EDC/NHS/Lac
(mix)

n.d. n.d. n.d.

g EDC/Lac (mix) n.d. n.d. n.d.
h Cross linking Lac/PHEMA (mix) n.d. n.d. n.d.
i Lac/(PHEMA-Lac) n.d. n.d. n.d.
j (Lacc-BSA)/Glu n.d. n.d. n.d.
k Lac/Glu n.d. n.d. n.d.
l Lac/PEGDGE n.d. n.d. n.d.

n.d.: not determined.
biosensor (21.62 μA) was three-fold higher than for ChLa-BSA/Glu/
COOH–MWCNT/SPCE. The obtained results indicate that the Glu cross-
linking does not introduce a large diffusion resistance which conse-
quently provides high phenolic catalytic oxidation activity for the
coupled laccase.

PEGDGE is used in the development of biomaterials as a bi-
functional cross-linker for hydroxyl, amine and carboxyl functional
polymers. The optimal solubility of PEGDGE makes it a suitable compo-
nent in enzyme immobilization to develop microelectrode biosensors.
In aqueous solution, it undergoes hydrolysis and ring cleavage, resulting
in hydroxyl group formation. PEGDGE binds with proteins either cova-
lently or non-covalently. Results from application of PEGDGE as a
cross-linker (Table 1-l) showed a high sensitivity (743 nA/μM) and a
high catalytic activity, where Kapp

m and Imax values are 0.009 μM and
19.45 μA, respectively and a considerable Imax/Kapp

m ratio of 2161.1 μA/
μM.

The results of the different immobilization procedures summarized
in Table 1 shows that the noncovalent immobilization (electrostatic ad-
sorption) of ChLa on COOH–MWCNT/SPCE ismore promising compared
to other couplingmethods,whichmay bemainly due to its preservation
of the laccase conformation. Themost effective way for laccase immobi-
lization onto the COOH–MWCNT/SPCE is obtained through electrostatic
adsorption of chemically aminated laccase ChLa, which resulted in the
highest Imax/Kapp

m ratio (5588 μA/μM) and the highest sensitivity
(831 nA/μM) of the procedures studied. EDA was applied to increase
laccase-MWNTs-SPCE.

Aminated laccase (ChLa)

r
)

Kapp
m

(μM)
Imax / Kapp

m

(μA.μM−1)
Sensitivity
(nA.μM−1)

Imax

(μA)
Error
(μA)

Kapp
m

(μM)
Imax / Kapp

m

(μA.μM−1)

0.151 48.87 831 27.94 4.19 0.005 5588.0
0.115 17.81 n.d. n.d. n.d. n.d. n.d.
0.003 2886.0 255 7.605 0.40 0.009 845.00
0.008 1036.5 410 18.59 1.96 0.010 1859.0
0.054 197.41 117 12.34 4.16 0.104 118.65
n.d. n.d. 140 14.55 4.07 0.063 230.95

n.d. n.d. 403 13.58 0.73 0.032 424.22
n.d. n.d. 41 7.322 0.49 0.077 95.09
n.d. n.d. 75 7.783 2.44 0.118 65.96
n.d. n.d. 59 2.91 1.13 0.043 67.67
n.d. n.d. 591 21.62 2.79 0.012 1801.7
n.d. n.d. 743 19.45 3.93 0.009 2161.1
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the number of primary amino groups on the surface of M. thermophila
laccase that improved immobilization efficiency through activating the
reaction between the generated surface amino groups and the oxidized
CNT [23]. CNTs are ideal matrices for biomolecules deposition due to
their unique electronic, mechanical, and thermal properties, in addition
to their large surface area, high-aspect ratio, and tunable specificity for
the adsorption of enzymes [57]. Interestingly, the COOH–MWCNT is a
MWCNT that was previously oxidized to introduce carboxylic groups
on their defect sites to ensure their efficient adsorption to the enzyme
molecule. González-Domínguez et al. [55] stated that a considerable
portion of COOH–MWCNT structure sticks out in a radial fashion that
could endows the final composite with an increased specific surface
area and improved mechanical strength. These properties were
interpreted to effectively enhance electron transfer between electrodes
and proteins [23,58]. In turn, the ChLa/COOH–MWCNT/SPCE working
electrode (trial a) was used throughout this study, due to its high sensi-
tivity and low Kapp

m value.

3.2. pH optimum and stability

Laccases exhibit different optimum pH values based on the
employed substrate and its redox potential [59]. Laccases from fungal
sources are generally stable at slightly acidic pH, even though pH stabil-
ity varies noticeably depending on the enzyme source [60]. Patrick et al.
[61] declared that the pHvalue affected laccase activity toward different
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substrates through two contrasting effects: 1) The difference in redox
potential between the laccase type 1 copper center and reducing sub-
strate (phenolic compound), where the rate of electron transfer is pref-
erential at an elevated pH for phenolic substrates. 2) Hydroxide anion
binding to the laccase type 2/type 3 copper centers, which hinders the
O2 binding (the terminal electron acceptor), and consequently restrains
the activity at high pH values due to the increase in OH¯ ions [62].

The effect of pH value on ChLa activity and its pH stability were in-
vestigated using free laccase preparations as a model to mimic the pre-
pared biosensor (ChLa/COOH–MWCNT/SPCE), to assess the pH
dependency, the enzyme stability, and the biosensor operating condi-
tions. The effect of pH value on ChLa activity was investigated using
ABTS as a substrate in 0.1 M Robinson buffer at different pH values.
Fig. 2a shows the pH profile for ChLa in a homogeneous solution with
a pH optimum at pH 3.0. This is in accordance with the results obtained
by Schückel et al. [63] andOthmanet al. [31],which showed that the op-
timum laccase activities from Marasmius sp. and Pleurotus ostreatus
ARC280 were recorded at pH 3.0 using ABTS as substrate.

The effect of pH on ChLa stability was determined by incubating
equal amounts of enzyme for 6 h at 30 °C in 0.1 M Robinson buffer at
pH 3.0, 5.0, 7.0, and 9.0. The residual activity was measured using
ABTS (0.58 mM) in 100 mM citrate buffer, pH 4.5 at room temperature
(25 °C). The results showed that the ChLa is highly stable at neutral pH
value (pH 7.0), where 97.1 and 96.2% of the initial activitywere retained
after 1 and 6 h, respectively. This stability test was also conducted at
pH 5.0, but only 95.5 and 86.4% of the activity were retained after 1
and 6 h, respectively. The residual activity was further diminished to
be 64.1, 18.6% and 36.2, 6.5% for pH 3.0 and 9.0 after 1 and 6 h, respec-
tively (Fig. 2b). In agreement to our results, Luna et al. [64] reported that
P. ostreatus laccase showed an increased stability at pH 7, with 42.1% of
its initial activity after 15 h. In this connection, Guo et al. [65] found that,
Trametes sp. HS-03 LacI, LacII, and LacIII isozymes at pH values higher
than 7.0 lost their activity very rapidly. In contrast, the P. ostreatus
ARC280 purified laccase was extremely stable at an alkaline range and
retained 92.86 and 100.00% of its initial activity after 5 h at pH 9.0 and
10, respectively [31].
3.3. Characterization of ChLa/COOH–MWCNT/SPCE biosensor

3.3.1. Effect of successive ABTS and sodium azide injections
At constant potential (−100mV), amperometry of the ChLa/COOH–

MWCNT/SPCE biosensor (immobilized through electrostatic adsorp-
tion) was performed by standard additions of ABTS solution was done
starting by 2.22 μM ABTS solution to a final concentration of
421.52 μM (five times 2.5 μL aliquots of 4 mM solution, followed by
2.5 μL, 10 μL, 20 μL, and60 μL of 20mMsolution into 4.5mL cell volume).
The second step was to follow the inhibition of current response by
adding sodium azide (2.22 μM - 421.52 μM) with the same concentra-
tions sequence to the reaction cell containing the ABTS (421.52 μM) so-
lution as described by Gupta et al. [66]. The reaction cell illustrated in
Fig. 1 shows the reaction follow, where ABTS was added to 0.05 M of
CPB (pH 5.0) solution present inside the cell. Gradual addition of ABTS
(2.22 μM - 421.52 μM), then sodium azide was added to the mixture
containing 421.52 μM ABTS.

Fig. 3 depicts the current response of the ChLa/COOH–MWCNT/SPCE
biosensor polarized at −100 mV with subsequent additions of ABTS
followed by sodium azide concentrations to the air saturated electro-
chemical cell and under constant stirring. The current responses ob-
tained at ChLa/COOH–MWCNT/SPCE were determined against the
substrate and inhibitor concentrations, respectively. The addition of so-
dium azide as an inhibitor under air-saturated conditions resulted in a
fast decline of the current (Fig. 3). Binding of azide to the laccase tri-
nuclear copper site caused the inhibition of laccase catalytic activity,
which previously had been shown viamagnetic susceptibility and spec-
troscopic studies [66]. In absence of oxygen, under nitrogen spurge
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condition (results not shown), the biosensor did not give catalytic cur-
rent signals.

3.3.2. Substrate specificity of ChLa/COOH–MWCNT/SPCE biosensor
The laccase reaction in the biosensing process includes the oxidation

of the enzyme molecule by an oxidizing agent using molecular oxygen
under ambient conditions. Re-reduction process happens at the enzyme
molecules to its native form by electrons received from the phenolic
compound. After that, the phenoxy radical or quinine produced from
the enzymatic reaction is re-reduced at the surface of the electrode,
which results in a proportional current to the concentration of phenolic
compound [67,68]. The responses from amperometric measurements
with some of different phenolic compoundswere determined at the op-
timal conditions for ABTS oxidation. The apparent Michaelis–Menten
constants (Kapp

m ), maximal currents (Imax), and sensitivities were calcu-
lated through plotting the produced current peaks versus tested pheno-
lic concentrations then applying theMichaelis–Menten electrochemical
equation as follow:

I ¼ Imax S½ �= S½ � þ Kapp
m

where S is the phenolic compound concentration, Imax themaximum
value of current.

From the obtained results, it is clear that ChLa is able to oxidize a
wide variety of substrates effectivelywith different extents of sensitivity
(Table 2). The highest obtained Imaxwas 27.94 μA for ABTS. The catalytic
efficiencywas also high, i.e. Imax /Kapp

m is 5588 μA.μM−1 with a high affin-
ity for the employed substrate (Kapp

m is 0.005 μM ABTS). Similar affinity
values were obtained for syringaldazine with a Imax /Kapp

m ratio of
3014 μA.μM−1. The sensitivity of the developed ChLa/COOH–MWCNT/
SPCE biosensor toward different ortho and para, and meta substituted
phenols indicates the effect of the position of substituents. The current
response order of ChLa/COOH–MWCNT/SPCE biosensor toward tested
substrates was found to be as follows: ABTS N catechol N hydroqui-
noneN2,5-dihydroxybenzaldehydeN3,4-dihydroxybenzaldehydeN2,6-
dimethoxy phenol N 3-aminophenol N syringaldazine N 2-
aminophenol N 2,4-dihydroxybenzaldehyde. The presence of the –OH
group in 2,5-dihydroxybenzaldehyde and 3,4-dihydroxybenzaldehyde
in a meta position resulted in a very similar Imax (17.765, 17.68 μA)
and Kapp

m (0.041, 0.046 μM) values for both substrates, respectively. On
the other hand, the change of the –OH group position in 2,4-
dihydroxybenzaldehyde affected the Imax response value negatively to
be 0.109 μA and Imax /Kapp

m ratio of 13.9 instead of 434.19 and
386.96 μA.μM−1 in the case of 2,5-dihydroxybenzaldehyde and 3,4-
dihydroxybenzaldehyde, respectively. The presence of two –OH groups
at the ortho and para positions in catechol and hydroquinone affected
the Kapp

m values for both substrates to give 0.055 and 0.22 μM respec-
tively, in spite of the similar Imax values (19.5 μA) for both substrates.
Occurrence of the amino group in the meta position in 3-aminophenol
instead of the para position in 2-aminophenol caused a great reduction
in substrate specificity (high Kapp

m value) to be 0.451 instead of 0.019 μM
for 3-aminophenol and 2-aminophenol, respectively. 2,6-dimethoxy
phenol, a well-known laccase substrate, resulted in a relatively high
Imax value (17.655 μA) and a low Kapp

m value (0.037 μM), that reflected
its relative specificity.

In comparison to previous study by Haghighi et al., [67] using graph-
ite electrodes modified with T. versicolor laccase, the response from
ChLa/COOH–MWCNT/SPCE biosensor in our study is superior in its ki-
netic parameters. The previous gave Imax values of 10.185, 10.003,
9.314 μA for catechol, 2-aminophenol and hydroquinone respectively,
whereas in this study respective Imax values of 19.525, 14.425 and
19,500 μA were obtained. In this regard, the Kapp

m values from our
study were lowered (for the ChLa/COOH–MWCNT/SPCE biosensor 55,
19 and 22 μM) with the substrates listed above than for those reported
previously with graphite electrode modified with T. versicolor laccase
(109, 31, and 33.1 μM) [67], reflecting a higher affinity between the de-
veloped laccase biosensor and tested substrates. Similarly, the ChLa/
COOH–MWCNT/SPCE biosensor had higher affinity toward
syringaldazine, catechol and 3,4-dihydroxybenzaldehyde (Kapp

m value
of 5, 55 and 46 μM) than recorded for graphite electrode modified
with Cerrena unicolor laccase (Kapp

m value of 280, 246 and 167 μM) [69].
With the intention to evaluate the performance of the developed

biosensor, its analytical distinctiveness was contrasted to that reported
for diverse amperometric biosensors functionalized in phenols detec-
tion (Table 3). As could be observed, the sensitivity of the aminated
Lac/cMWCNTs/SPE developed biosensor wasmore than five magnitude
orders superior to sensitivity value of the same purified enzyme



Table 2
Evaluation results from fitting of amperometric signals of the ChLa/COOH–MWCNT/SPCE biosensor to the Michaelis–Menten equation for some phenolic compounds.

Compound Chemical structure Imax (μA) Error (μA) Kapp
m (μM) Imax / Kapp

m (μA. μM−1) Linear dynamic range (μM)

2-Aminophenol 14.425 1.521 0.019 744.71 0.096–0.5

Catechol 19.525 0.759 0.055 357.15 0.0–0.102

Hydroquinone 19.50 1.595 0.022 877.98 0.011–0.088

3-Aminophenol 15.135 2.867 0.451 33.56 0.029–0.586

2,4-Dihydroxybenzaldehyde 0.109 0.047 0.008 13.90 n.d.

2,5-Dihydroxybenzaldehyde 17.765 1.717 0.041 434.19 0.006–0.073

3,4-Dihydroxybenzaldehyde 17.68 0.26 0.046 386.96 0.005–0.137

2,6-Dimethoxy phenol 17.655 0.712 0.037 475.30 0.006–0.068

Syringaldazine 15.12 2.046 0.005 3014.65 0.002–0.039

ABTS 27.94 4.19 0.005 5588.00 0.002–0.061
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(Purified Lac/cMWCNTs/SPE) but not aminated one, indicating the ef-
fectiveness of enzyme amination on the immobilization process. The
same attitude could be observed also with other cited amperometric
laccase biosensors in Table 3, indicating the superiority of the developed
biosensor over reported previous electrodes. This performance was at-
tributed to coupling of carboxylatedMWCNTwhich offer high available
surface area and excellent electrical conductivity, and aminated laccase
in a proper way conserving the structure of laccase and suitable for its
catalytic action.
Table 3
Some of amperometric laccase biosensors in terms of immobilization type, phenol analyte, and

Biosensor Immobilization type An

Lac/MWCNTs/CS Entrapment Ga
Lac/CNTs/CS/GC Entrapment Ca
Lac/graphite Adsorption AB

DM
Ca
Sy

Lac/Fe3O4 NPs/cMWCNTs/PANI/Au Covalent coupling Ph
Lac/CuNPs/Cs/cMWCNTs/PANI/Au Covalent binding & adsorption Po
Lac/SPE/thionine–carbon black nanocomposite Adsorption Bi
Lac/nafion/Au/SPE Adsorption Ga
Purified Lac/cMWCNTs/SPE Adsorption AB
Aminated Lac/cMWCNTs/SPE

Lac, Laccase; cMWCNTs, Carboxylatedmultiwalled carbon nanotubes; GC, glassy carbon; NP, Na
3.3.3. Response time and reusability of the developed ChLa/COOH–MWCNT/
SPCE biosensor

The operational stability of the developed ChLa/COOH–MWCNT/
SPCE biosensor through ChLa immobilization onto the COOH–
MWCNT/SPCE via electrostatic adsorption was determined by reaction
of the modified electrodes with different catechol concentrations
(0.0–0.954 mM) in 4.5 mL of 50 mM CPB (pH 5.0). Ten cycles of mea-
surements were carried out under constant stirring at room tempera-
ture (25 °C). During each cycle, aliquots of catechol stock solution
performance characteristics.

alyte Linear range Sensitivity Ref.

llic acid 0.79–2.1 μM 3.450 mA/mM [70]
techol 1.2–30 μM 0.66 μM [71]
TS 1–10 μM 38.63 nA/μM [72]
P 0.1–2 μM 202.09 nA/μM

techol 1–20 μM 24.4 nA/μM
ringaldazine 20–100 μM 2.5 nA/μM
enolic content/guaiacol 0.1–500 μM 0.18 μM [73]
lyphenol/guaiacol 1–500 μM 0.694 μA/μM cm−2 [74]
sphenol A 0.5–50 μM 5.0 ± 0.1 nA/μM [75]
llic acid 2–7 μM 1.1 nA/μM [76]
TS 150 nA.μM−1 This work

0.002–0.061 μM 831 nA.μM−1

noparticle; PANI, Polyaniline; DMP, 2,6-dimethoxyphenol; SPE, Screen-printed electrodes.
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(20mM)were added to the reaction cell at 1.0 min intervals in order to
get a gradual increase in catechol concentration and the generated cur-
rent was measured. At the end of each cycle, the reaction was stopped,
the reaction mixture was removed, and the electrode was cleaned by
the same buffer, and then was re-inserted in a fresh buffer solution to
start a new cycle. Amperometric response curves were recorded for
consecutive cycles of successive additions of catechol in 50 mM CPB at
pH 5.0. Results obtained indicate that the ChLa/COOH–MWCNT/SPCE
biosensor had a quick response following catechol addition as a sub-
strate. The response time for catechol (10 μM) solution was 4.75 ±
0.76 s to reach 99.61% of the maximum current response. Results indi-
cated that ChLa/COOH–MWCNT/SPCE biosensor can be reused for 10
successive sensing cycles with a little loss of its catalytic function
(Fig. 4), and 99.5, 82 and 77% retention of its catalytic response was ob-
tained after 4, 8 and 10 successive cycles of reuse, respectively.

3.3.4. Storage stability of the developed ChLa/COOH–MWCNT/SPCE
biosensor

The storage stability of the ChLa/COOH–MWCNT/SPCE biosensor
against storage time was studied at 4 °C. At specific time intervals (1,
3, 7, 10, 15, and 20 days after preparation), a set of three modified elec-
trodes were assayed to determine the residual bio-sensing activity
under the standard assay conditions. The current response of ChLa/
COOH–MWCNT/SPCE biosensor toward ABTS oxidation was shown in
Fig. 5. Results obtained indicated a high stability of the ChLa/COOH–
MWCNT/SPCE biosensor over a period of 20 days to be near 100% of
its initial response. In agreement to our results, Li et al. [17] reported
that the Lac/Si/MWCNT/SPCE biosensor retained 91.0% and 86.0% of
the initial response after 10 and 30 days, respectively in a solution of
60.0 μM dopamine, using T. versicolor laccase in biosensor construction.
The resulted good stability is mainly due to the effective protection of
Lac due to the biocompatible microenvironment provided by MWCNT.

4. Conclusions

A disposable ChLa/COOH–MWCNT/SPCE biosensor has been devel-
oped for detection of phenolic compounds by immobilizing ChLa on
COOH–MWCNT/SPCE. This is of importance for recognition and control
of the environmental pollution on the basis of quick and low cost test
systems for hazardous compounds, applicable for point of interest
(field) measurements in portable devices. The resulting biosensor
shows a good sensitivity advantage toward different phenolic com-
pounds,which is of interest for screening pollutedwater. The developed
biosensor sensitivity is based on cyclic enzymatic oxidation of phenol
Catechol (mM)
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Fig. 4. Reusability of ChLa/COOH–MWCNT/SPCE developed biosensor. Ten consecutive
oxidative cycles were performed using different catechol concentrations. Measurement
conditions: 50 mM CPB (pH 5.0); applied potential,−100 mV.
under consumption of oxygen and reduction of product and thus is crit-
ically dependent on suppressed direct electron transfer which guaran-
teed by the immobilization procedure. In addition, the unique
electronic, chemical andmechanical properties of the carbon nanotubes
(CNTs) facilitate fast regeneration of the phenol at the electrode at fa-
vorable low potential. The proposed enzyme immobilization strategy
using ChLa shows a stable laccase biosensor without using chemical
coupling agents that affect the immobilized enzyme conformation.
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