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Abstract

In this study, the simple, green, and fast layer-by-layer
modification of the glassy carbon electrode was mainly
performed by electrodeposition of gold nanoparticles and
then, poly-L-arginine, and finally, laccase was covalently
bonded to poly-L-arginine using glutaraldehyde. This type of
fabrication is used for the first time for catechol detection,
which provides a bioelectrocatalytic cycle for electron
transport in the presence of laccase that results in sensitive
and fast detection of catechol. The scanning electron
microscopy, Fourier-transform infrared spectroscopy, and
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1. Introduction

Laccase (Lac) is a redox enzyme used as a biorecognition ele-
ment in enzymatic biosensors to evaluate phenol and phenolic
compounds in water and wastewater samples [1-3]. This en-
zyme belongs to the copper-containing oxidoreductases groups
and is produced by fungi, plants, and bacteria [4, 5]. In the
active site of Lac, there are four Cu atoms that are divided
into three groups named as type 1 (T1), type 2 (T2), and type
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electrochemical studies were performed to confirm successful
immobilization of the enzyme. The biosensor response was
linear in a wide range of catechol trace concentrations,
24.90-274.00 nM, with the detection limit of 18.00 nM. Values
of K, o, n, and K; for the immobilized enzyme were calculated
to be 1.25 x 10-2 uM, 0.56, 3.19, and 0.28 Sec’, respectively. It
was examined in real sample successfully confirming it is
capable of measuring catechol in natural water. © 2019
International Union of Biochemistry and Molecular Biology, Inc. Volume 66,
Number 4, Pages 502-509, 2019

3 (T3). T1 or blue copper is an approach to external enzyme
sell, T2 or normal copper, and T3 or coupled binuclear copper
form three nuclear centers that are responsible for the reduc-
tion of oxygen to water [6]. Lac can catalyze the oxidation of
a wide range of phenolic substrates such as mono-phenols,
di-phenols, polyphenols, methoxyphenols, and aminophenols
with concomitant reduction of O, to water [7]. Therefore, Lac is
applicable in different industries including biobleaching for the
decolorization of dyes [8], chemical synthesis [9], bioremedia-
tion for the oxidation and removal of organic pollutants in water
and wastewater [10, 11], and biosensing for the development
of the phenolic compound biosensor [12-14].

Catechol is one of the phenolic compounds that has been
widely used in medicine, cosmetics, dyes, and pesticides;
it can also enter into groundwater from different sources
[15]. The US Environmental Protection Agency (EPA) and the
European Union (EU) consider it as an environmental pollutant
due to its high toxicity to organisms [16]. Thus, catechol
determination is very important in medicine, physiology, and
also in environmental protection fields [17]. The common
analytical techniques available to measure the concentration
of phenol derivatives include spectrophotometry [18], capillary
electrophoresis [19], liquid chromatography [20], and gas
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chromatography [21]. However, these techniques are time-
consuming, unportable, and expensive. Moreover, they need
skilled operators and preconcentration steps.

Biosensors, on the other hand, are more advantageous
because they are cost effective, fast, portable, and they do not
require trained operators [22]. Due to low stability and weak
reusability, Lac should be immobilized by an effective method
[23]. Immobilization is a key step in the fabrication of a
biosensor [24]. There are different ways that can be used to
immobilize Lac, such as entrapment by the three-dimensional
matrix [25], encapsulation by organic or inorganic polymer
[26], adsorption by solid supports [27], and covalent binding of
functional groups containing carriers [28]. The best immobiliza-
tion method is covalent bonding due to its advantages including
long-term stability and prevention from enzyme leakage; also,
in this study, it was used for immobilization of Lac.

Electropolymerization is a good choice to create a conduc-
tive surface with functional groups for the immobilization of
enzymes [29]. Amino acids like arginine can be electropolymer-
ized and used on the surface of biosensors for the detection of
drugs, dopamine, uric acid, ascorbic acid, and other analytes
[30]. L-Arginine (Arg) is zwitterion and has COOH and NH;
functional groups, and thus it is used for the electrostatic or
covalent binding immobilization method.

Gold nanoparticles (AuNPs) are among the most studied
nanomaterials due to some remarkable properties such as large
specific surface area, high electrochemical catalytic activity,
strong adsorption ability, biocompatibility, well suitability,
and good conductivity. AuNPs have been successfully used to
synthesize different types of optical, electrochemical sensors,
and biosensors [31, 32]. Employing of AuNPs on the electrode
surface provides higher current signals that is the result of
much larger surface area; also, it can affect electron transport
due to contact between AuNPs and biologic element; in addition,
the selectivity, robustness, and sensitivity can be improved
[33-35].

In this study, Lac was immobilized onto modified glassy
carbon electrode (GCE) (PArg/AuNPs/GCE) surface through
the covalent binding between NH, groups of Lac and poly-L-
arginine (PArg) using glutaraldehyde for the voltammetric mea-
surement of catechol in natural water. This biosensor provides
a good Lac immobilized surface with highly improved electro-
catalytic efficiency, selectivity, sensitivity, storage, reusability,
and stability.

2. Material and Methods

2.1. Materials and reagents

HAuCly, catechol, Arg, phenol, catechin, aminophenol,
K3Fe(CN)g, and Lac (EC 1.10.3.2, from Trametes Versicolor,
20.48 U/mg) were purchased from Sigma-Aldrich, St. Louis,
MO, USA. Na,HPO, and NaH,PO, were bought from BDH,
Poole, England. The used supporting electrolyte was phosphate
buffer solution. Deionized water (DIW) was used to prepare all
aqueous solutions.
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2.2. Apparatus

The layers morphologies were studied by a Hitachi scanning
electron microscopy (SEM) (SU1510). Before the SEM process,
the AuNPs/GCE-, PArg/AuNPs/GCE-, and Lac/PArg/AuNPs/GCE-
modified electrodes were sputter coated with gold for 90 Sec.
The electrochemical experiments were accomplished at room
temperature by electro analyzer system (Sama 500). A three-
electrode cell with a platinum auxiliary electrode, a GCE
(3.0 mm in diameter), and a silver/silver-chloride (Ag/AgCl)
reference electrode were employed for the electrochemical
evaluations.

2.3. Fabrication of Lac/PArg/AuNPs/GCE biosensor
The reason for choosing AuNPs and PArg was to manufacture
a highly conductive layer-by-layer platform to covalently bond
the enzyme above it.

First, the GCE was cleaned with water and varnished by
a polishing cloth, followed by polishing the bare electrode
by diamond paste, and rinsing thoroughly by DIW. Finally,
the electrode was dried. Then, AuNPs were deposited on the
GCE surface by electrochemically treating the electrode at the
constant potential of —0.2 V (vs. Ag/AgCl) for 300 Sec, which was
being immersed in a solution containing AuHCl, (4.60 mM) and
NaNOs; (0.10 M) [36]. Next, the electrode was rinsed gently with
DIW to remove the physically absorbed HAuCly and NaNOs.
To create positively charged PArg, the cyclic voltammetry
technique was employed from —2.00 to +2.50 V at 100 mV Sec™!
scan rate for 10 cycles in a solution of phosphate buffer
(1 mL, 0.03 M) and Arg (6.00 mL, 0.10 M) [37]. After rinsing
the electrode with ultrapure water, 5 pl. of glutaraldehyde
(0.50%, v/v) was dropped on the prepared electrode and
air dried. Finally, 10 uL of negatively charged Lac solution
(1 mg/mlL, phosphate buffer pH 6) was sprayed above the
previously constructed layers to obtain Lac/PArg/AuNPs/GCE.
The constructed electrode was kept at 4 °C when not in use.

3. Results and Discussions

Different features of the modified electrode were revealed by
several experiments. To evaluate the surface structure and
morphology, Fourier-transform infrared spectroscopy (FT-IR)
measurements and SEM were performed, respectively. Elec-
trochemical surface areas of the bare and modified electrodes
were compared using cyclic voltammetry technique, and cate-
chol detection was tested similarly. The optimized pH condition
was specified, and enzyme activity was calculated. Different
scan rates were employed to clarify the reaction mechanism.
Eventually, biosensing performance of the Lac/PArg/AuNPs/GCE
was explored, and natural water was used to verify the practi-
cal use of the proposed biosensor. All the corresponding results
are discussed below.

3.1. Characterization of Lac/PArg/AuNPs/GCE

Cyclic voltammetry experiments were performed to investigate
the electrochemical properties of the modifying layers, using
5 mM K;3[Fe(CN)¢] and 0.1 M KClI solution as a redox probe.
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and Lac/PArg/AuNPs/GCE.

Fig. 1 shows the obtained voltammograms. A pair of well-
defined redox peaks is observed at the bare GCE (curve 1).
The redox peaks increased by modifying the GCE with AuNPs
(curve 2), which is attributed to the excellent conductivity of
these nanoparticles [38]. After electropolymerizing Arg on
the modified electrode, the achieved voltammogram (curve 3)
showed higher peak currents, owing to the positive charge of
PArg, which accelerates the reaction of [Fe(CN)s]>*~ [39]. By
adding the Lac enzyme on top of PArg/AuNPs/GCE, the anodic
and cathodic currents decrease due to hindered diffusion of
[Fe(CN)s1*~ by the negatively charged enzymes.

FT-IR studies were conducted to further investigate the
prepared biosensor structure. The obtained results are pre-
sented in Fig. 2. The peak for hydrxoy group is observed at
about 3,200 cm™!, which is seen in the spectrum of AuNPs and
all the subsequent spectra. Also, the bands at about 1,680 cm™!
for the amide I stretching, 1,600 cm~! for the amine group
bending, 1,040 and 3,400 cm~! for the primary amine group
stretching show the successful synthesis of PArg [40]. The
bands are seen in the next two spectra. By adding glutaralde-
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hyde to the PArg/AuNPs/GCE structure and then adding the Lac
enzyme, some bonds were created between the amine groups
of the enzyme and the amine groups of PArg. As a result, the
intensity of the peaks related to the primary amine groups are
decreased in the FT-IR spectrum of the final biosensor setup.
The FT-IR analyses proved that the layer-by-layer structure
was successfully prepared.

The morphologies of AuNPs/GCE, PArg/AuNPs/GCE, and
Lac/PArg/AuNPs/GCE were examined by the SEM. Figure 3a
depicts the formation of AuNPs on the surface of the GCE.
Similarly, as shown in Fig. 3b, the electropolymerization of Arg
formed a thick layer on the AuNPs, which is in accordance with
the literature [40]. The last layer of the whole structure was
built by linking the concentrated solution of Lac to the amine
groups of PArg. Figure 3c displays where the enzyme layer fully
covered PArg. SEM images show the successful layer-by-layer
structure and enzyme immobilization.

3.2. Electrochemical surface area

The areas of Lac/PArg/AuNPs/GCE and the bare GCE were cal-
culated by performing cyclic voltammetry in 5 mM K;3[Fe(CN)el,
at various scan rates. The following Randles-Sevcik equation
was used for a reversible process [41]:

Inu = (269 x 10°) n'* 4D Cov (1)

where I, is the peak current of the anode, the number of
transferred electrons is n, A, refers to the electrode area, D, is
the diffusion coefficient, K3[Fe(CN)s] concentration is shown by
Co, and the scan rate by v. For K3;[Fe(CN)¢] solution (5.0 mM,
0.10 M KC1), n = 1.00 and Dy = 7.60 x 10° cm? Sec™!; the
slope of the plot /,,, versus v°° was computed to determine the
effective surface area. For the GCE and AuNPs/PArg/Lac/GCE,
the slopes were 0.13 A (V Sec™)~%5 and 0.29 A (V Sec™")~%?,
respectively. Accordingly, the areas of the electrodes were
3.54 x 1072 and 7.89 x 1072 cm? for the bare and modified
(Lac/PArg/AuNPs/GCE) electrodes, respectively. The obtained
results show that the biosensor has 2.22 times larger surface
area than the bare GCE.

3.3. Electrochemical behavior of catechol at
Lac/PArg/AuNPs/GCE
Figure 4 presents the cyclic voltammetry of various electrodes
in 1.00 mM catechol solution (0.10 M phosphate buffer, pH
6.00) and the final biosensor setup in the solution of phos-
phate buffer (0.10 M, pH 6.0). The oxidation/reduction peaks
related to catechol reaction can be seen on GCE (Fig. 4, line 1),
whereas in the cyclic voltammetries of the other modifications
such as AuNPs/GCE (Fig. 4, line 2) and PArg/AuNPs/GCE (Fig. 4,
line 3), the redox peaks are not clear. However, owing to the
excellent conductivity and the improved electrode surface area
Lac/PArg/AuNPs/GCE (Fig. 4, line 4) depicts high redox peak
currents and small peak-to-peak potential separation. The sen-
sitivity of the prepared electrode, Lac/PArg/AuNPs/GCE, toward
catechol was checked by cyclic voltammetry in phosphate buffer
(0.10 M, pH 6.00) and the obtained result is illustrated in Fig. 4,

Detection of Catechol by a Laccase Biosensor
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line 5. The evaluation of the curves for Lac/PArg/AuNPs/GCE
(Fig. 4, line 4) and Lac/PArg/AuNPs/GCE (Fig. 4, line 5) indi-
cates that catechol redox peaks are observed when catechol is
present in the buffer. Figure 4 depicts the redox peak potentials
at 0.25 and 0.17 V (vs. Ag/AgCl). The formal potential (E%') is
ca. 0.21 V and AE, is 73.00 mV at 100 mV Sec™! scan rate,
resulting in a rapid electron transfer. The value of AE, was
high for a reversible system, (59/n) mV. Thereupon, the catechol
redox reaction is a quasi-reversible reaction [42, 43].

3.3.1. pH effect

The solution pH has a huge impact on the electrochemical
reaction. To distinguish the optimal operating condition, the
pH effect was studied by the cyclic voltammetry from —0.10 to
0.60 V and at v equal to 100 mV Sec™' (Fig. 5a). The maximum
cathodic peak current was generated at pH 6 illustrating that
the enzyme activity is higher at this pH level. The cathodic
peak potential was also influenced by the pH of the solution;
an increase in pH shifted the values of the cathodic peak
potential to negative potentials (Fig. 5b), illustrating the protons
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contribution in the electrochemical reaction [2]. The plot of Ej,
versus pH was linear, and the slope was —37.90 mV pH™!
(R? = 0.9824), suggesting a two-electron, one-proton reduction
process [44, 45]. The obtained data from Figs. 5b and 5c
declare that cathodic peak current is higher at pH 6 and AE}, is
lower at the same pH level, resulting in better sensitivity and
rapid electron transfer. Accordingly, the pH 6 was selected as
the best operation pH and employed in the subsequent tests.

3.3.2. Assay of enzyme activity

To monitor the enzyme-substrate reaction and the affinity of
Lac—catechol, activity assay was fulfilled in various reaction
mixtures. The mixtures contained free enzyme and catechol
with different concentrations of 0.75-2.50 mM in the solu-
tion of 0.10 M phosphate buffer, adjusted to pH 6.00. UV-vis
spectroscopy was utilized to monitor the changes in substrate
concentrations. Similarly, for the immobilized Lac, the changes
in the cathodic peak currents were studied by cyclic voltamme-
try. The obtained data (Fig. 6) resembled the Michaelis-Menten
pattern; subsequently, the following formulas were used to
evaluate the enzyme activity of the immobilized and free
Lac [46]:

AC maXC

c = - 2

- Kn+C @
Ip,maxC

p.c = Kl?hpp + C (3)

where A, is the absorbance change per minute, C is substrate
concentration, A; max is the maximum absorbance change, K, is
Michaelis—Menten constant. /, . is the peak current, I}, max is the
maximum generated current when the substrate concentration
is saturated, K;,,*P? is the apparent Michaelis—Menten constant.
K and K, **° were 4.86 x 1072 and 1.25 x 10~2 uM for free and
covalently bonded enzymes, respectively. K,,*P? is smaller for
the immobilized enzyme, and this reveals that the immobilized
Lac on Lac/PArg/AuNPs /GCE possessed higher affinity and
enzymatic activity for catechol [2].

3.3.3. Effect of the scan rate

The behavior mechanism of the electron transfer for the
proposed biosensor is as follows: catechol is oxidized to the
homologous 1,2-benzoquinone by the oxidized form of Lac,
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after which the reduced form of Lac releases the electrons to
returen to its oxidized form. Then, a cycle (bioelectrocatalytic) is
followed, and the produced electrons passed on to the working
electrode [47-49].

In this study, scan rate variation (v) affected the redox
peak currents. Lac/PArg/AuNPs/GCE was immersed in 1.00 mM
catechol (phosphate buffer 0.10 M, pH 6.00) and the experi-
ments were accomplished in different scan rates. An increase
in the scan rate, shifted the E,, positively and the E},. negatively.
Moreover, the potential scan rate and redox peak currents were
in a linear relationship from 40 to 100 mV Sec™'; demonstrating
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that the redox reactions were controlled by adsorption (Fig. 7a)
[50-52].

The regression equations between the potential scan
rate and the redox peak currents are I, (uA) = —0.0921v
(mV Sec™!) — 7.6690 (R? = 0.9868) and I, (nA) = 0.0870v
(mV Sec™1) + 8.5632 (R? = 0.9816). The peak-to-peak potential
separation (AE}) increased gradually by increasing the scan
rate. Consequently, the Laviron’s equations were used to
compute the electrochemical parameters [53]:

, 2.303RT 2.303RT nF(1—-a)
E,, = E° — 1 4
P YA oanF T G 8 TR Y
o 2.303RT 2.303RT nFa
E,=E° — —nF logv — nF log RTE. (5)
2.303RT
logk; = alog(l —a)+ (1 —a)log o —log———
nkFv
1- FAE
_o( —o)nFAE, (6)

2.3RT

where n is the number of electrons transferred, ks is the ap-
parent heterogeneous electron transfer rate constant, and « is
the charge transfer coefficient. The obtained equations are £,
(mV) = 42.0870 log v (mV Sec™!) + 218.9500 (R?> = 0.9876) and
E,. (mV) = —33.1720 log v (mV Sec™!) + 258.9600 (R? = 0.9841)
(Fig. 7b). a, ks, and n were 0.56, 0.28 Sec™', and 3.19,
respectively.

3.3.4. Analytical performance

Catechol quantification by Lac/PArg/AuNPs/GCE was fulfilled
using the enzymatic reduction of catechol. The relationship
between catechol concentration and the peak current was
evaluated by the differential pulse voltammetry, Fig. 8 (inset).

Detection of Catechol by a Laccase Biosensor
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(n = 3)

This process was repeated three times, and the mean results
were used to obtain the biosensor calibration curve. The
relative standard deviation (RSD) for all the tested points was
less than 2%.

If the catechol concentration ranges from 24.90 to
274.00 nM (room temperature and pH 6.00), the cathodic peak
current and the catechol concentration indicate a linear rela-
tionship (Fig. 8). The regression equation is: I, (nA) = 0.0121C

Biotechnology and Applied Biochemistry

The detection limit was 18.00 nM. The obtained results from
this work and other researchs are presented in Table 1. The
proposed biosensor has a low detection limit (nanomolar
range), and it can be used for very sensitive samples with low
concentrations of catechol. As can be seen, in Table 1, it has
the best sensitivity in comparison with other biosensors. In
addition, it showed the lowest K,,?PP, which revealed that the
proposed biosensor demonstrated higher affinity for enzymatic
activity compared with other biosensors.

3.4.5. Reproducibility, selectivity, recovery study, and
analytical application

Fifteen successive measurements were performed using one

modified electrode to detect catechol in a phosphate buffer
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Comparison of catechol detection obtained by several Lac-modified electrodes
TABLE 1
Sensitivity Linear range LOD K.,%PP Ks
Modified electrode (uA uM-") (uM) (uM) (uM) (Sec™’) References
Lac/PANI/GCE 7.06 x 1077 3.20 to 1.96 x 10*" 2.07 _ _ [62]
P3MT-LAC/GCE _ 8.00 x 102t0 1.40 x 10" 1.00 x 102 7.60 - [54]
PDA-Lac-NiCNFs/MGCE 2.50 x 1072 1.00 to 9.10 x 103 6.90 x 107" 7.80 x 10*3 1.79 [2]
PEDOT-rGO-Fe,03-PPO/GCE _ 4.00 x 102t0 6.2 x 107  7.00 x 102 3.04 x 10*" _ [55]
Tyr-AuNPs-DHP/GCE - 2.50 to 9.50 x 10*" 1.70 x 107" _ _ [56]
Lac/PArg/AuNPs/GCE 1.21 x 107 249 x102t02.74x 107" 1.80x 102 1.25x102 2.82x 10" This work
120 -
X .
e Recovery study and catechol detection of
?ma 100 - TABLE 2 Lac/PArg/AuNPs/GCE in water samples (n = 3)
g 80 -
= Catechol Catechol
4 60 - spiked found Recovery
= Sample type (nM) (nM) (%) RSD%
-
e 40 -
2 Tap water 25.00 25.48 101.93
L 20 -
§ Tap water 25.00 25.85 103.40 1.30
B 0 - =
Tap water 25.00 25.2 100.80
S & &S i
& & {Q‘b é@‘b Gharesu river 25.00 26.45 105.80
> > Q
" C '&'\Q Gharesu river 25.00 25.5 102.00 1.83
k Gharesu river 25.00 25.9 103.60

Relative responses of Lac/PArg/AuNPs/GCE for a
mixture of different phenolic compounds
(catechol, catechin, phenol, aminophenol;

25.00 nM in pH 6.00 phosphate buffer solution).

FIG. 9

solution (0.10 M, pH 6.00) containing 25.00 nM catechol. The
modified electrode exhibited good reproducibility by RSD of the
cathodic peak current being 1.46% [54, 571.

The selectivity of biosensor was done in the mixture
of structurally similar molecules to catechol. So, catechol
and some phenol derivatives, such as catechin, phenol, and
aminophenol (25.00 nM in phosphate buffer 0.10 M, pH 6.00)
were employed to evaluate the biosensor selectivity. Figure 9
demonstrates that catechol has the highest signal of 100%.
However, other derivatives show almost no response.

Samples from Gharesu river and tap water were spiked
with catechol and used to study the recovery and practical
applications of the biosensor. Before the experiments, the
phosphate buffer solution (0.10 M, pH 6.00) was used to
dilute all the samples (20 times), to fit the calibration curve
[2]. Next, 25.00 nM catechol solutions were prepared to be
detected by the differential pulse voltammetry technique at
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Lac/PArg/AuNPs/GCE. The test was performed three times. The
results are gathered in Table 2. The recoveries show acceptable
accuracy, confirming that the developed biosensor is capable
of measuring catechol in natural water.

4. Conclusions

In the present study, a novel and highly sensitive Lac biosen-
sor was developed to detect catechol in natural water. The
electropolymerization of green materials was used as the
main technique to prepare the modified electrode fast. It was
observed that the covalently bonded Lac showed very good
biocatalytic activity toward the reduction of catechol and the
layer-by-layer structure of the biosensor Lac/PArg/AuNPs/GCE
provided a great tool to detect catechol in trace values in a wide
linear range with high selectivity and sensitivity. The biosen-
sor was successfully tested for catechol detection in natural
water samples. Very low detection limit, wide linear range,
good reproducibility, and easy construction method approve
that this modified electrode is a strong candidate for practical
applications.

Detection of Catechol by a Laccase Biosensor
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