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Abstract An amperometric principle-based biosensor
containing immobilized enzyme laccase from Trametes
versicolor was developed for detection of ortho-substituted
phenolic derivatives. Different immobilization methods for
Trametes versicolor laccase enzyme on cellophane mem-
brane and the enhancement of operational stability of the
immobilized enzyme electrode using various protein-based
stabilizing agents were studied. Among tested methods of
immobilization, co-cross-linking method with bovine
serum albumin was superior to the other methods in terms
of sensitivity, limit of detection, response time, and oper-
ating and thermal stability. Biosensor response reached
steady state within 3 min and exhibited maximum activity
at 45 °C and pH 6.8. The sensitivity of the ortho-substi-
tuted phenols for the test biosensor developed with co-
cross-linking method of immobilization using bovine
serum albumin as the protein-based stabilizing agent was in
the order: 2-aminophenol > guaiacol(2-methoxyphenol) >
catechol(2-hydroxyphenol) > cresol(2-methyl phenol) >
2-chlorophenol. Validation of the newly developed
biosensor by comparison with HPLC showed good agree-
ment in the results. A newly developed biosensor was ap-
plied for quantification of ortho-substituted phenols in
simulated effluent samples.
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Introduction

Phenolic compounds belong to organic pollutants, which
are widely distributed in the environment. They may be
present in wastewaters and natural environmental waters.
Phenols are introduced to the environment in a variety of
ways like wastes from paper manufacture, agriculture,
petrochemical industry and coal processing or as municipal
wastes (Adamski et al. 2010). The phenolic micropollu-
tants generally include chloro-, bromo-, nitro- and
alkylphenols (Kim and Kim 2000). Phenols are also
breakdown products from natural organic compounds such
as humic substances, lignins and tannins. Certain phenols
and related aromatic compounds are highly toxic, car-
cinogenic and allergenic; therefore their determination and
removal from the environment are of great importance.
Due to health and ecological risks caused by long- and
short-term exposure to these phenolic compounds, there is
a considerable interest in their measurements in environ-
mental and food samples. In the past decade, a variety of
analytical methods were proposed for determination of
phenol and its derivatives in natural environmental waters
and wastewaters. The most widely used are gas chro-
matography (Padilla-Sanchez et al. 2011), high-perfor-
mance liquid chromatography (Alcudia-Leon et al. 2011)
and electrochemical methods (Jing et al. 2011). These
methods offer proper selectivity and detection limits, but
are not suitable for rapid processing of multiple samples
and real-time detection. They involve highly trained op-
erators, time-consuming detection processes and complex
pre-treatment steps. The instruments are sophisticated and
expensive. Further, the methods are unsuitable for field
studies and in situ monitoring of samples (Suri et al. 2009).

Recent research activity has focused on the design and
construction of biosensors which are capable of improving
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the efficiency of site monitoring and can be used for the
necessary remediation activities. Biosensors use new
techniques to build sensors that mix high biological
specificity and many possibilities of electronic circuits.
These seem to be potential tools to supplement the tech-
niques that are in use, due to particular characteristics as
selectivity, low building and storage cost, miniaturizing
potential, easy automaticity and simple to build and por-
table apparatus (Cummings et al. 2001; Chang et al. 2002).

Horseradish peroxidase (HRP) (Korkut et al. 2008; Yin
et al. 2009), tyrosinase (Mai Anh et al. 2002; Nadifiyine
et al. 2013) and laccase-based electrodes (Portaccio et al.
2006; Shimomura et al. 2011) have been shown to be
useful for the selective determination of phenols in envi-
ronmental matrices as well as total polyphenolic content in
food samples (Diaconu et al. 2010; Eremia et al. 2013). In
the case of HRP, the limitation is the necessity of the
presence of hydrogen peroxide to complete the biocatalytic
cycle. The monitoring of the enzyme reaction is accom-
plished by the electrode reduction of the phenoxy radicals
formed, the current being proportional to the concentration
of phenolic compounds as long as the H,O, concentration
is not limiting. Therefore, an excess of H,O, should be
added to the working solution for the biosensor to be able
to respond to the phenolic compounds (Serra et al. 2001).
However, it is well known that the presence of a high
concentration of H,O, causes inhibition of the activity of
peroxidase.

A general problem for many tyrosinase biosensors is
the lack of the necessary operational and storage stability
needed for commercial exploitation and is currently a
major obstacle to be solved in the biosensor area. The
instability of tyrosinase biosensors in pure standard so-
lutions is mainly because quinones suffer from high in-
stability in water and formation of intermediate radicals in
both enzymatic and electrochemical reactions. Radicals
can react and polymerize to polyaromatics, which can
inactivate the biocatalyst and foul the electrode (Kotte
et al. 1995). Laccase is one of the best candidates for use
in analytical systems for the determination of phenolic
compounds (Gianfreda et al. 1999) mainly due to its great
stability, a wide range of detectable phenolic compounds
and insusceptibility to product inhibition. Laccases (ben-
zenediol:oxygen oxidoreductase, E.C.1.10.3.2) are copper-
containing oxidoreductases produced by higher plants and
microorganisms, mainly fungi. Laccases reduce oxygen
directly to water in a four-electron transfer step without
intermediate formation of soluble hydrogen peroxide at
the expense of one-electron oxidation of a variety of
substrates, e.g. phenolic compounds (Haghighi et al.
2003).
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Enzyme stabilization and its storage are important
criteria in biosensor development (D’souza 2001). Im-
mobilization is a commonly used method for enzyme
stabilization and storage, and it can be reused many times.
The procedures used for immobilization of enzymes on
different substrates and their advantages and disadvan-
tages have been widely discussed in many reviews of
nanoscale materials (Pingarron et al. 2008; Li et al. 2014)
and conducting polymers (Gerard et al. 2002; Ahuja et al.
2007). A review has been devoted to immobilization of
laccase (Lac) and tyrosinase (Tyr) on different substrates
(Duran et al. 2002). However, immobilization is costly
and requires an inert matrix. For practical biosensor ap-
plication to become a reality, inexpensive methods of
immobilizations should be obtained. An optimal immo-
bilization procedure should ensure activity and stability of
the protein and, at the same time, provide good accessi-
bility of substrate molecules to the active site of the en-
zyme. Retention of biological activity of the enzyme
molecule is paramount and depends on the stabilization of
the biological structure of the enzyme. In most cases, the
mechanism of stabilization is a little understood phe-
nomenon. As far as we are aware, this is the first ex-
tensive study on enhancement of operational stability of a
Trametes versicolor laccase-based biosensor for the de-
tection of ortho-substituted phenolic compounds using
various methods of enzyme immobilization with different
protein-based stabilizing agents (PBSAs).

Materials and methods
Reagents

Laccase (from Trametes versicolor) having specific activity
101U mg~' was procured from Sigma (USA);
2-aminophenol, catechol (2-hydroxy phenol), guaiacol (2-
methoxy phenol), cresol (2-methyl phenol) and
2-chlorophenol were from SRL Chem., India. Appropriate
amount of various phenols were dissolved in double-dis-
tilled water to give the desired concentration. Bovine
serum albumin (BSA), lysozyme, gelatin and cellophane
membrane were procured from Himedia and glutaralde-
hyde from SD Fine Chem., India. All reagents were of
analytical grade and used as received. Double-distilled
water was used throughout the experiments.

Apparatus

A Clark’s electrode with an amperometric detection system
was used for detection of substituted phenols. An
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amperometric principle-based detector system developed
in our laboratory was used to amplify and monitor the
signals obtained from the enzyme electrode. Clark type of
dissolved oxygen electrode was purchased from M/S
Century Instruments, Chandigarh, India. The Clark-type
electrode consists of a gold (Au) cathode and a reference
Ag/AgCl electrode covered with saturated KCl electrolyte
enclosed within a Teflon membrane. A polarizing potential
of —650 mV was applied to the gold working electrode.

Enzyme immobilization procedure

Various methods of immobilization such as (1) physical
adsorption, (2) cross-linking, (3) entrapment in gelatin and
(4) hybrid method, i.e. entrapment along with cross-linking
were done on cellophane membrane. All enzyme mem-
branes were kept at room temperature for 1 h for drying.

Physical adsorption

Physical adsorption of the laccase was done directly on
cellophane membrane. 2 [U enzyme was taken on the
cellophane membrane and kept at room temperature until
all the water was allowed to evaporate.

Cross-linking with glutaraldehyde

2 IU of enzyme was cross-linked using glutaraldehyde
(2 %) on cellophane membrane.

Co-cross-linking with various PBSAs
21U of enzyme was cross-linked with glutaraldehyde

(5 %) on cellophane membrane using 4 mg of PBSAs, i.e.
BSA, lysozyme and gelatin.

Entrapment in gelatin

Entrapment in gelatin was done by mixing gelatin (4 mg)
with 2 IU enzyme on the surface of the cellophane
membrane.

Hybrid method

2 IU enzyme was mixed with 2 mg gelatin, 2 mg BSA and
5 % glutaraldehyde and spread on a cellophane membrane.

Construction of biosensor and measurement of response

After drying for 1 h, the enzyme membrane was washed
with 0.1 M phosphate buffer (pH 6.8) to remove excess
glutaraldehyde. This was attached to the surface of the
probe using an inner Teflon membrane by rolling the “O”
ring over the end of the probe. This was immersed in a
sample cell containing 5 ml of 0.1 M phosphate buffer of
pH 6.8. A schematic diagram of the biosensor and its de-
tachable membrane unit is shown in Fig. la, b.

The sample cell was continuously saturated with oxygen
using a portable air pump. The probe was connected to the
amperometric detector system developed in our laboratory.
50 pl of standard solutions of different phenols of varying
concentrations was injected into the buffer solution using a
micropipette. When the substrate was introduced into the
sample cell, enzyme reaction proceeded, resulting in de-
pletion of oxygen in the vicinity of the enzyme membrane,
thereby yielding an electrochemical signal of decreasing
current. This response was converted into voltage, amplified
and monitored and was directly proportional to the con-
centration of the analyte. The time taken to reach a steady
state was 3 min. The system provides a two-point calibra-
tion for quantification of various substituted phenols.

(a) AMPEROMETRIC ]
DETECTOR

DISPLAY

(b) @

/ Ag/AgCl

Teflon membrane

/Buffer

p——=Sample cell

Fig. 1 a Biosensor configuration. b Detachable membrane unit
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Optimization of parameters for the biosensor
performance

Optimum pH for biosensor performance

The effect of pH on sensor response was studied by incu-
bating the immobilized enzyme membrane for 30 min in
0.1 M buffer of different pH values in the range 3-8 and
the response for catechol (50 pM) was measured at that
pH. Acetate buffer was used for acidic range and phosphate
buffer for neutral and basic range.

Optimum temperature for biosensor performance

The optimum temperature for biosensor performance was
determined by incubating the enzyme electrode for the co-
cross-linking method with BSA in 0.1 M phosphate buffer,
pH 6.8, at temperatures ranging from 27 to 70 °C for
catechol (50 pM).

Optimum concentration of enzyme

The effect of enzyme loading on biosensor performance
was studied taking different enzyme concentrations rang-
ing from 0.5 to 10 IU.

Operational stability of immobilized enzyme membrane

The operational stability studies of immobilized enzyme
electrode were carried out at 28 4+ 2 °C. The enzyme
membranes were stored at room temperature by keeping
them immersed in 0.1 M phosphate buffer of pH 6.8, the
activity was checked daily by injecting 50 pM catechol and
the response recorded as drift in voltage.

Mechanism of stabilization of laccase

For this experiment, a 2 IU/ml of free laccase solution
was incubated in a shaking water bath (60 rpm) at 60 °C.
20 pl enzyme aliquots were withdrawn from this sample
before incubating in the water bath. 20 pl aliquots were
also drawn at different time intervals while incubating in
a water bath. The enzyme activity was measured. The
same experiment was repeated using PBSAs such as BSA,
gelatin and lysozyme. These proteins were added to the
enzyme solution in such a way that the concentration of
the added protein corresponded to 4 mg/ml. This was
incubated at room temperature for 1 h to allow protein—
protein interaction. 20 pl aliquots was drawn before
keeping it in water bath. The sample was kept in a water
bath adjusted to 60 °C (60 rpm). 20 pl aliquots were
drawn at various time intervals and the enzyme activity
was measured.

igllase clloll dvao .
KACST 3.0:50lq rog sl @ Springer

To study the mechanism of stabilization of laccase by
BSA, experiments were carried out in the presence of
sodium bromide which disrupts hydrophobic interactions.
1 M NaBr was prepared in 0.1 M phosphate buffer, pH 6.8.
This was used to make up the enzyme solution (2 IU/ml).
BSA (4 mg/ml) was added to this solution and it was in-
cubated at room temperature for 1 h. This was kept in a
shaking water bath at 60 °C. 20 pl aliquots were drawn
before keeping it in the water bath and also at various time
intervals while incubating in the water bath.

Studies on immobilized enzyme kinetics

Kinetic parameters for the immobilized laccase catalysed
reaction were calculated and compared to arrive at the
optimal method of enzyme immobilization.

Calibration plots and analytical characteristics

Various analytical features such as linearity range, limit of
detection, correlation coefficient (R2) and sensitivity were
studied for different methods of enzyme immobilization.

Studies on reproducibility

The reproducibility of the biosensor was studied by using
the fabricated biosensor for estimating a known concen-
tration of catechol (40-100 pM) in ten replicates each. The
observations were statistically analysed for standard de-
viation (SD) and coefficient of variation (CV).

Sample application

Validation of the newly developed biosensor was carried out
by comparing the results obtained from the test biosensor
with that of HPLC. A Shimadzu High Performance Liquid
Chromatograph equipped with an LC 20AD model pump
and an injector was used in the present study and the column
effluents were monitored at 280 nm. Peak areas were de-
termined using LC solution software. The flow rate was
I ml/min. A 250 x 4.6 mm Luna 5u C18 column was used.
Methanol/water mixture was used as the mobile phase.
The simulated effluents were prepared by mixing var-
ious ortho-substituted phenolic compounds. The newly
developed biosensor was applied for the analysis of ortho-
substituted phenols in simulated effluent samples.

Results and discussion
Fabrication of detector system

The current generated from the enzyme electrode depends
on the analyte concentration, area of electrode and also on
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the protocol used to develop the biosensing membrane. The
current was converted to voltage and amplified using signal
conditioning circuit. The resulting voltage is given by
Vi =10 K x L In the next stage, the resulting voltage V,
is further amplified to the voltage range V, = (R¢R;) Vi,
where Rf =47 K and R, =100 Q. V, =470 V,. The
output of the signal conditioning circuit was measured
through a multimeter.

Optimization of parameters for the biosensor
performance

Optimum pH for biosensor performance

The response to catechol when the immobilized enzyme
membrane was incubated in buffers of varying pH values
for 30 min was measured. For the enzyme membranes
immobilized using various PBSAs, the optimum pH was
found to be between 6.5 and 7 (Table 1).

Optimum temperature for biosensor performance

For the co-cross-linking method with BSA as PBSA, the
response to catechol increased up to 45 °C and later de-
creased. Therefore, the optimum temperature for biosensor
performance was 45 °C (Fig. 2a). The results of the study
with Trametes versicolor species is almost similar as
mentioned in the literature stating that laccase activity is
maximum at temperatures between 30 and 50 for enzymes
obtained from sources such as Trametes hirsuta, Sclerotium
rolfsii and Pleurotus ostreatus (Duran et al. 2002).

Optimum concentration of enzyme

The effect of enzyme loading on biosensor performance
and optimum concentration of laccase was studied by
taking different enzyme concentrations ranging from 0.5 to
10 TU. Catechol concentrations ranging from 1 x 107> to
40 x 107°M were used. When enzyme concentration in-
creased from 0.5 to 10 IU, response in volts increased
linearly with concentration of catechol. Better sensitivity

Table 1 Optimum pH for immobilized enzyme electrodes

Immobilization method Optimum pH
Cross-linking 6.5
Co-cross-linking with
Bovine serum albumin 6.8
Lysozyme 6.8
Gelatin 7
Entrapment 7
Hybrid 6.8

(a) 1.1-_

N
%

0.7+

0.6+

Voltage (V)

0.5+

o

0.34

20 30 40 50 60 70
Temperature (°C)

(b).s]

4.0 4 |—=—0.51U ~ -
35421 | * *

Response (V)

T — 1
0 5 10 15 20 25 30

"3 40 45
Concentration (x 10 ° M)

Fig. 2 a Optimum temperature for biosensor performance. b Studies
on enzyme loading

was observed with 2 IU laccase (Fig. 2b). Therefore, 2 TU
was selected for further studies.

Operational stability of immobilized enzyme membrane

The operational stability studies of different immobilized
enzyme membranes were carried out at room temperature
(28 £ 2 °C). Figure 3 demonstrates the operational sta-
bility of the enzyme electrode for various immobilization
methods. To quantify the operational stability of various
enzyme immobilization methods, repeated measurements
with 50 uM catechol were carried out. As shown in the
figure, as the number of analyses increased, the activity of
immobilized laccase (in terms of biosensor response) in-
creased initially probably owing to the decreased diffu-
sional barriers for the analyte which resulted from changes
of the enzyme’s 3D structure inside the immobilization
matrix upon rehydration (Khan and Wernet 1997). Further
usage of immobilized enzyme for repeated analysis of
catechol leads to sharp decrease in activity. However,
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Fig. 3 Operational stability of laccase-based biosensor employing
various methods of immobilization

enzyme immobilized using the co-cross-linking method
with BSA as PBSA showed a high stable activity up to 200
analyses and thereafter declined to reach 50 % activity
around 550 analyses. Thus, co-cross-linking using BSA as
PBSA was found to be the best method for immobilization
of laccase.

The order of operational stability for the different methods
of immobilization is as follows: co-cross-linking > hy-
brid > entrapment > cross-linking (Fig. 3; Table 2). Among
the PBSAs tested, BSA was found to be the best as evident in
(Fig. 4; Table 3). The order of operational stability for the
different PBSAs is as follows: BSA > gelatin > lysozyme.

The storage stability of enzyme membrane co-cross-
linked with BSA was investigated by measuring 50 pM
catechol, three to four analyses per day, and the detachable
membrane units were stored at 4 °C by immersing in 0.1 M
phosphate buffer of pH 6.8 when not in use. The enzyme
membrane retained 70 % of its initial activity over a period
of 7 months, which is comparable to covalently immobi-
lized sensors (Freire et al. 2001).

Mechanism of stabilization of laccase

Studies conducted on various immobilization methods
showed that the co-cross-linking method of immobilization
using BSA yielded best results in terms of operational
stability and activity. Further studies conducted on the

240

220

—a— Bovine Serum Albumin
—e— Gelatin
—A— Lysozyme

200 -

180
160
140 -

120

% residual activity

100
80 -

60

40

0 100 200 300

No. of analysis

400 500 600

Fig. 4 Operational stability of laccase-based biosensor constructed
using the co-cross-linking method of immobilization using different
PBSAs

mechanism of stabilization of laccase by various PBSAs
showed that BSA stabilized the enzyme by means of hy-
drophobic interactions, as BSA could not stabilize the en-
zyme in the presence of NaBr. Soluble enzyme in the
presence of BSA could retain 100 % activity for 20 min
when incubated at 60 °C, whereas the free enzyme could
retain only 35 % activity after 20 min incubation at 60 °C
(Fig. 5).

Thermal stability of immobilized laccase

For thermal stability studies on immobilized enzyme
membranes, freshly immobilized enzyme membranes
were kept at 28 & 2 °C overnight in 0.1 M buffer solu-
tion of pH 6.8. The initial activity ‘a’ of the enzyme
membrane for 50 puM of catechol was measured at
28 £ 2 °C. The electrode was then immersed for 15 min
in 5 ml buffer at the desired temperature using a constant
temperature bath. The enzyme membrane was immedi-
ately cooled to room temperature in an ice bath for 2 min.
Then the residual activity ‘b’ of the immobilized enzyme
was observed at room temperature by injecting 50 pM of
catechol. The % residual activity was calculated as [b/
a] x 100. Thus, the residual activity was calculated at

Table 2 Comparison of % activity retained after repeated analysis of catechol for the different immobilizations

Immobilization method

% Activity retained after no. of analyses for 50 pM catechol

No. of analyses possible

100 200

300

with 50 % activity retention

400 500 550

(half-life)
Co-cross-linking with bovine serum albumin 100 214 121 100 57 50 550
Entrapment 120 69 - - - - 250
Cross-linking 110 50 - - - - 200
Hybrid 113 165 80 65 - - 450
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Table 3 % Activity retained after repeated analysis for laccase electrode immobilized using different protein-based stabilizing agents

Protein-based stabilizing agents

% Activity after no. of analyses for 50 pM catechol

No. of analyses possible

100 200 300

with 50 % activity retention
400 500 550

(half life)
Bovine serum albumin 100 214 121 100 57 50 550
Gelatin 170 115 100 70 450
Lysozyme 133 93 60 350

Fig. 5 Temperature-induced

enzyme inactivation of soluble

enzyme in the presence of 120 4
various PBSAs and NaBr

100
80

60

40

% Activity retained

20

=—¢— laccase & bovine serum
albumin

—f— Laccase & lysozyme
free laccase
== Laccase & bovine serum

albumin in presence of NaBr

== Laccase & gelatin

—i Co-crosslinking with
Bovine Serum Albumin

@~ Hybrid

—A- Entrapment

-¥ Crosslinking

110
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70 H
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% Activity

40
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20

20 30 40 50 60 70 80
Temperature (°C)

Fig. 6 Thermal inactivation of laccase-based biosensor using various
methods of immobilization

different temperatures in the range of 40-80 °C in steps
of 5 °C. Figures 6 and 7 demonstrate the thermal deac-
tivation behaviour of laccase-based biosensor for various

T T 1

20 40 60

Time, min

110—-
100—-
90—-
80—-
70 -
60—-

% Activity

50

40 -

] —a— Bovine Serum Albumin
30 S —e— Gelatin
—A— Lysozyme

20
10

20 30 40 50 60 70 80
Temperature (°C)

Fig. 7 Thermal inactivation of laccase-based biosensor using the co-
cross-linking method of immobilization with different PBSAs

methods of immobilization and also for co-cross-linking
method of immobilization using various PBSAs (gelatin,
BSA and lysozyme) at pH 6.8. Co-cross-linking with BSA
could retain 100 % activity, whereas lysozyme and ge-
latin retain 95 and 77 %, respectively, at 60 °C. This
showed that the co-cross-linking method of immobiliza-
tion using BSA as PBSA exhibited the highest thermal
stability.
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Table 4 Kinetic parameters for

- -5 -5
the laccase-catalysed reaction Immobilization method Vinax (V) Kin app. (x1077 M) Vinax, (V)/Kin app. (1077 M)
using enzyme electrode Co-cross-linking with
employing various methods of . .
immobilization with catechol as Bovine serum albumin 2.8 5.75 0.4870
substrate Lysozyme 3.05 11.87 0.2570
Gelatin 35 16.59 0.2109

Cross-linking 3.25 30.57 0.1063

Entrapment 3.1 17.89 0.1733

Hybrid 2.95 15.95 0.1850

Immobilized enzyme kinetics

Immobilized enzyme kinetics was studied using catechol as
a model substrate. Apparent Michaelis—Menten constants
(Km app.) and the maximum rate of reaction (V,.x) were
calculated from the corresponding Lineweaver—Burk plots
as shown in (Table 4).

Ko, app. values were lower for co-cross-linking with BSA
when compared with other immobilization techniques.
K. app. 18 an indicator of the affinity that an enzyme has for
a given substrate and, hence, the stability of the enzyme—
substrate complex. The kinetics of laccase-catalysed reac-
tions is first affected by the affinity between enzyme and
the substrate. An estimation of this influence can be done
by amperometric measurements in terms of the Vi,../Ky
app. Tatio. Co-cross-linking with BSA and glutaraldehyde
displays a greater affinity towards catechol when compared
with other methods of immobilization.

When K., ,,p. values are reported as a function of sen-
sitivities, the results reported in (Fig. 8) emerge. The data
in Fig. 8 clearly show how small values of sensitivity

35 -
Crosslinking

30 +

25 -

20 4 / Entrapment
1 /Hybrid

/
n
15 1 / R Lysozyme
] \i /

=
£
o
x
o
Q
©
E Gelatin
10 -
Bovine
5 serum ]
albumin

T T T T T T T T T T T !
0.05 0.10 0.15 0.20 0.25 0.30

Sensitivity (V/x10°mM)

Fig. 8 K, ,pp. values as a function of sensitivity
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correspond to small affinity values, i.e. to high values of
K. app. and vice versa. It is therefore evident that, to design
laccase-based biosensors for the determination of phenolic
compounds, one must adapt the immobilization methods on
the basis of the interest in having high sensitivity.

Calibration plots and analytical characteristics

Table 5 summarizes the characteristics of the calibration
plots obtained for the different ortho-substituted phenolic
compounds tested with laccase electrodes using different
methods of immobilization under the optimized working
conditions of temperature and pH.

Sensitivity of the test biosensor developed with various
methods of immobilization using different PBSAs with
catechol as model substrate was found to be in the order:
co-cross-linking with BSA > co-cross-linking with lyso-
zyme > co-cross-linking with gelatin > hybrid > entrap-
ment in gelatin > cross-linking with glutaraldehyde
(Figs. 9, 10). Therefore, the co-cross-linking method with
BSA as PBSA was found to be the best in terms of sen-
sitivity, limit of detection (LOD) and response time. For all
immobilization methods except cross-linking, biosensor
response and sensitivity are inversely related to the thick-
ness of the membrane which is evident from Table 6. A
sharp decrease in the activity of immobilized laccase for
the cross-linking method is probably due to inactivation of
the enzyme with excess glutaraldehyde.

The sensitivity using this sensor for ortho-substituted
phenolic compounds was in the order: 2-aminophe-
nol > guaiacol (2-methoxyphenol) > catechol (2-hydrox-
yphenol) > cresol (2-methyl phenol) > 2-chlorophenol
(Fig. 11). It was also noticed that laccase from Trametes
versicolor did not respond to O-nitrophenol. The electron-
donating power of the substituents for various phenolic
compounds tested is in the order: —-NH2 > -OCH3 >
—OH > —CI > -NO2. As the nitro group is a strongly elec-
tron-withdrawing substituent, the methoxy, methyl and hy-
droxyl substituents are strongly electron donating and the
chloro group is a weakly electron-donating substituent, these
observations also suggest that the phenolic ring has to be
electron rich for oxidation by Trametes versicolor laccase.
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Table 5 Calibration data and analytical characteristics for the different ortho-substituted phenolic compounds using laccase biosensor em-

ploying various immobilization methods

Method of immobilization

Enzyme may have leached out before the start of analysis

LOD Response Recovery Linearity range R? Slope
(x107> M) time min. time min. (x107° M)
Physical adsorption
Cross-linking
Guaiacol 3 4 1 4-40 0.9910 0.0961
2-aminophenol 1 4 1 2-30 0.9891 0.191
Catechol 4 5 1.15 4-50 0.993 0.0621
2-methylphenol 13.7 5 1.20 10-60 0.9902 0.0521
2-Chlorophenol 16.2 5 1.15 25-100 0.9962 0.0397
Co-cross-linking with bovine serum albumin
Guaiacol 0.5 3 0.5 0.6-10 0.9928 0.3047
2-aminophenol 0.3 3 0.5 0.5-8 0.9950 0.3527
Catechol 0.7 3 0.5 1-10 0.9934 0.2988
2-methylphenol 1 4 1 2-16 0.9893 0.2092
2-Chlorophenol 6 4 1 6-18 0.9806 0.1523
Co-cross-linking with lysozyme
Guaiacol 4 1 2-10 0.9941 0.2991
2-aminophenol 0.8 4 1 1-10 0.9908 0.3092
Catechol 2 5 1.10 2-20 0.9923 0.1795
2-methylphenol 6 1.30 4-40 0.9958 0.1336
2-Chlorophenol 10 6 1.30 20-80 0.9891 0.0935
Co-cross-linking with gelatin
Guaiacol 1.2 5 1.30 2-20 0.9922 0.195
2-Aminophenol 0.9 5 1.30 2-10 0.9991 0.2253
Catechol 3 7 1.40 3-30 0.9902 0.1113
2-methylphenol 5 7 2 6-50 0.9962 0.1081
2-Chlorophenol 12 8 2 20-100 0.9904 0.0465
Entrapment
Guaiacol 2 5 2 2-30 0.9961 0.1643
2-Aminophenol 1.2 5 2 2-20 0.9922 0.2099
Catechol 7 2 4-35 0.9896 0.1061
2-Methylphenol 5 7 2 6-50 0.9907 0.0695
2-Chlorophenol 10 8 2 20-100 0.9962 0.051
Hybrid
Guaiacol 1.5 4 1 2-20 0.9890 0.2811
2-aminophenol 0.5 4 1 0.6-10 0.9915 0.3013
Catechol 3 6 1.30 3-30 0.9920 0.1241
2-methylphenol 4.5 7 1.50 6-20 0.9982 0.0923
2-Chlorophenol 6.8 7 1.50 8-40 0.9981 0.0791
In Table 7, the characteristics of the proposed biosensor ~ Reproducibility

containing laccase enzyme immobilized using the co-cross-
linking method with BSA as PBSA are compared with
other laccase-based catechol and catecholamine biosensors
found in the literature. This suggests that the performance
characteristics and operating stability of the proposed
biosensor are comparable or better to other previously re-
ported laccase-based electrodes.

To check the reproducibility and accuracy of the newly
developed biosensor, a known concentration of catechol
was taken (40-100 pM) in ten replicates each and the
fabricated biosensor was used for its estimation.

The observations were statistically analysed for standard
deviation (SD) and coefficient of variation (CV) given in
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Fig. 9 Calibration graph for catechol using biosensor employing
various immobilization methods
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Fig. 10 Calibration graph for catechol with test biosensor using
laccase cross-linked with various PBSAs

Table 8. The results showed that the determinations were
consistent in terms of reproducibility, accuracy and reu-
sability for all methods of immobilizations.

Sample application

Validation of the test biosensor was successfully performed
by comparing the results with conventional HPLC. The
proposed biosensor containing laccase enzyme immobi-
lized using co-cross-linking method with BSA as PBSA

igllase clloll dvao .
KACST 3.0:50lq rog sl @ Springer

Table 6 Characteristics of enzyme membranes

Immobilization method Membrane thickness ()

Cross-linking 116.25
Co-cross-linking with
Bovine serum albumin 133.25
Lysozyme 145.00
Gelatin 168.78
Entrapment 175.00
Hybrid 185.75
3.5 4
B Guaiacol
30 | ® Catechol E
' A 2-aminophenol
v 2-methylphenol
2.5 | €4 2-chlorophenol

Response (V)
&
1

0 2 4 6 8 0 12 14 16 18
Concentration (x 10° M)

Fig. 11 Calibration graph for ortho-substituted phenolic compounds
with the co-cross-linking method of immobilization using BSA as
PBSA

was applied for the analysis of phenolic compounds in
simulated effluents. 50 pl of simulated effluents were
added to the reaction cell after equilibration had occurred
and then the change in voltage was measured. The signals
obtained from the effluent samples were found to be very
similar with that of the reference phenolic compound so-
lutions having the same concentration. Good correlation
was observed between results obtained with the test
biosensor and those with HPLC (Table 9).

The error was found to be <4 % for all samples, with
biosensor except for sample no 2, and this may be due to
the decreased sensitivity of 2-chlorophenol to laccase
biosensor as evident from Fig. 11. Therefore, the system
could be easily applied for the screening of ortho-substi-
tuted phenolic compounds in industrial wastewaters.

Conclusions

Sensitive, rapid and precise determination of phenols and
its derivatives is important in environmental control and
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Table 7 A comparison of properties of various laccase-based catechol and catecholamine biosensors

Nature of electrode Substrate LOD Linear range Operating stability —References
M) (uM) (no. of cycles)

ITO/PANI/Lac Catechol NR 0.4-15 175 Kushwah et al. (2011)
SPE/MWCNT/Si/Lac Dopamine (catecholamine) 0.42 1.3-85.5 20 Li et al. (2012)
CLEC:s of laccase entrapped in PVP gel  Catechol NR 0.05-0.5 30 Jegan Roy et al. (2005)
Covalent immobilization of laccase Dopamine (catecholamine) 0.2 0.5-40 600 Quan and Shin (2004)

on Pt electrode
Laccase co-cross-linked with BSA Catechol 7 10-100 550 Present work

and glutaraldehyde

NR not reported

Table 8 Statistical analysis of biosensor response to varying con-
centrations of catechol for the various types of immobilizations

Type of Concentration  Standard Coefficient
immobilization of catechol deviation  of variation
(hM) (SD) V)
Cross-linking 40 0.0055 0.0375
60 0.0084 0.0337
80 0.0071 0.02020
100 0.0114 0.0226
Co-cross-linking with 40 0.011 0.01365
(bovine serum 60 0.0195 0.01294
albumin) 80 00228 00114
100 0.0182 0.00649
Co-cross-linking with 40 0.0084 0.0351
(lysozyme) 60 0.0071 0.0141
80 0.0045 0.00524
100 0.013 0.009937
Co-cross-linking with 40 0.0084 0.0351
(gelatin) 60 0.00957  0.019
80 0.005 0.00714
100 0.023 0.02569
Entrapment 40 0.0019 0.0374
60 0.01587 0.0988
80 0.0148 0.0398
100 0.0245 0.0371
Hybrid 40 0.0038 0.0246
60 0.0045 0.0338
80 0.013 0.0141
100 0.023 0.019

protection. As the biosensor technique starts moving from
proof-of-concept stage to field testing under realistic pro-
cesses or waste-monitoring conditions, the need for the
availability of stable biological materials will become im-
portant (D’souza 2001). Disposable sensors can be active
for a few minutes, whereas reusable sensors require several
days to several months of stability. Reusable probes are
more economical from the operational point of view. When

immobilized enzymes are used for this purpose, the activity
loss due to denaturation and deactivation of enzyme di-
minishes the life of the sensor. Therefore techniques to
enhance the storage and operational stability of the enzyme
electrode are important in the application of electro-
chemical biosensors (Gouda et al. 2002).

An important limitation in the application of immobi-
lized enzymes in various biotechnological processes is
their low thermal and operational stability. Thermal sta-
bility of enzymes is important for use in immobilized en-
zyme-based biosensors (Sarath Babu et al. 2004). Thermal
denaturation of enzymes is mainly due to the destabiliza-
tion of ionic and hydrophobic interactions and breakage of
hydrogen bonds, van der Waals forces and ionic interac-
tions which lead to a conformational change in the tertiary
structure of the enzyme and thus render it inactive. Stabi-
lization of the desired enzyme can be achieved by using
certain proteins, which may be catalytically active or in-
active (Gouda et al. 2002).

Inclusion of additives is as effective in elevating enzyme
stability as protein engineering, and does not require the
sheer time and effort (with associated costs) as the protein
engineering regime. Though reports are available on sta-
bilization of enzymes for amperometric biosensor appli-
cations using positively charged soluble polymer (diethyl
aminoethyl dextran) and neutral carbohydrate (lacitol)
(Gibson et al. 1992), still there is scope for further im-
provement through better understanding of the mechanism
of inactivation. The main causes for thermal inactivation of
enzymes are thiol group oxidation, denaturation and finally
aggregation (Ye and Combes 1989). Denaturation and ag-
gregation of enzymes can be minimized by using additives
like salts, polyols, polyelectrolytes and immobilization
through protecting tertiary structure. Further by incorpo-
rating appropriate protein-based stabilizing agents (PBSA)
during immobilization, the thermal stability of the immo-
bilized enzymes can be improved significantly (Gouda
et al. 2003). Most of the recent literature on biosensors
revolve around the use of disposable screen-printed
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Table 9 Simulated effluent sample analysis using test biosensor

Sample Different phenol contents Phenolic compound Phenolic compound content (experimental) (pg/ml)
content (theoretical) -
(ng/ml) Biosensor HPLC
Simulated effluent 1 Guaiacol 0.022 ng 0.52 0.51 £+ 0.033 (1.9) 0.52 (0)
Catechol 0.48 png
Cresol 0.02 pg
Simulated effluent 2 2-Aminophenol 0.30 pg 0.54 0.50 & 0.049 (7.4) 0.53 (1.9)
2-Chlorophenol 0.24 pg
Simulated effluent 3 Catechol 0.22 pg 0.26 0.27 £ 0.027 (3.8) 0.26 (0)
2-Aminophenol 0.04 pg
Simulated effluent 4 Guaiacol 0.022 pg 0.315 0.32 £ 0.038 (1.5) 0.31 (1.5)

Catechol 0.22 pg
2-Aminophenol 0.073 pg

Percentage error of instrumental methods in comparison with theoretical values is represented in parenthesis. Results are expressed as £SD,

n=>5

electrodes (Eremia et al. 2013; Li et al. 2012). Proteins can
be liable to damage and denaturation when in solution for
extended periods, irrespective of whether the sensor is laid
down by screen printing, biodotting or ink jetting. The
drying process, i.e. extraction of moisture from the enzyme
solution on the sensor surface, is probably the major step in
the process which will lead to the inactivation of a majority
of proteins.

In this paper, the influence of different enzyme immo-
bilization techniques on cellophane membrane on the
performances of laccase-based Clark-type electrodes has
been evaluated. The kinetic analytical properties and
thermal behaviour of the resulting biosensors were tested
with different ortho-substituted substrates. One of the
suitable enzyme immobilization methods is cross-linking
using glutaraldehyde. Glutaraldehyde being a strong bi-
functional reagent modifies the enzyme drastically, leading
to conformational changes and loss of activity. This dele-
terious effect can be minimized using inert proteins such as
BSA, gelatin and thrombin. These proteins avoid excessive
intermolecular cross-linkages within the enzyme and en-
hance intermolecular linkages between enzyme and inert
proteins (Broun et al. 1973). In our study, we have found
that co-cross-linking with BSA could retain 100 % activity
whereas lysozyme and gelatin retain 95 and 77 %, re-
spectively, at 60 °C for 15 min. Soluble enzyme in the
presence of BSA could retain 100 % activity for 20 min
when incubated at 60 °C, whereas the free enzyme could
retain only 35 % activity after 20 min incubation at 60 °C.
Enzyme stabilization using the co-cross-linking method
with BSA as PBSA shows a high stable activity up to 200
analyses and thereafter declined to reach 50 % activity
around 550 analyses. In this work, we have found that the
incorporation of BSA during the process of immobilization
contributes to long-term stability of laccase-based
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biosensor. Results indicate that co-cross-linking method
with BSA was superior to other methods of immobilization
in terms of sensitivity, LOD, response time and operating
stability. The reason for the better performance of co-cross-
linking method of immobilization with BSA may be be-
cause BSA stabilizes the enzyme by hydrophobic interac-
tions. Hydrophobic interactions are considered as the single
most important factor in stabilization of enzyme structure.
Therefore, strengthening of these interactions should im-
part structural rigidity to the enzyme molecules and thus
make them more resistant to unfolding.

This indicates that the system can be used in applica-
tions at higher temperatures, involving protein stabilization
studies and also in biosensors for online monitoring. This
method can also be used in the preparation of heat-steril-
izable probes for food and fermentation analysis. Our re-
sults are hopefully a significant step towards understanding
the action of inert proteins in enhancing the stability of
immobilized enzymes.

Improvements in both operational and storage stability
indicate that the methodology is relatively generic in nature
and can be adopted for many application areas. Work is in
progress to predict the mechanism of stabilization with the
aim of being able to predict the type of stabilizer needed
for the specific enzyme. Data accumulated from such ex-
periments will help us to understand more about how
proteins denature at molecular level and ultimately enable
us to stabilize enzymes in a more predictable fashion.
Moreover, the detachable membrane unit used by us for
these studies has enabled a convenient method to follow
the activity of the immobilized enzyme over a long dura-
tion using a number of enzyme membranes, but a single
dissolved oxygen probe. This has made relatively large
number of analyses possible, in a convenient and eco-
nomical way. The biosensor technique has been useful to
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track the operational stability of the immobilized enzymes
used in this study. With a combination of expertise in field
enzyme stabilization and advances in methods used for
predicting enzyme structural changes during the degrada-
tion process, it will become increasingly easy to predict
how to stabilize an enzyme for specific industrial
application.

Sensitivity of the ortho-substituted phenolic compounds
using co-cross-linking method with BSA was in the order:
2-aminophenol > guaiacol(2-methoxyphe-
nol) > catechol(2-hydroxyphenol) > cresol(2-methyl phe-
nol) > 2-chlorophenol. Results indicated that laccase
immobilized using co-cross-linking method with BSA as
PBSA could be successfully used for the detection of
ortho-substituted phenolic compounds in industrial effluent
samples. The use of bi-enzyme systems employing laccase
and tyrosinase may be attempted, as these two enzymes
display different substrate selectivity and mechanisms, and
thus the bi-enzyme-based biosensors allow the detection of
different phenolic compounds in environmental samples.
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