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Abstract: Amperometric biosensors using laccase from Trametes versicolor as a bioelement were developed for 2,4-dichloro phenoxy
acetic acid (2,4-D). Laccase enzyme was immobilized by gelatin and glutaraldehyde onto a Clark oxygen probe and screen printed
electrodes (SPEs). Amperometric and chronoamperometric measurements were carried out with the biosensors. First, the effect of laccase
activity on the biosensor performances was investigated for both biosensors, and then optimum pH and temperature and also thermal
stability of the biosensors were tested. In addition, the detection ranges of some phenolic compounds were obtained by the help of
calibration graphs of them. In repeatability studies, variation coefficients and standard deviations for both biosensors were also calculated
by the studies done for this purposes. Finally, the biosensors were applied to the determination of 2,4-D in a real herbicide sample.
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INTRODUCTION

Laccases (benzenediol:oxygen oxidoreductases, E.C
1.10.3.2) are a diverse group of multi-copper proteins
that catalyze the oxidation of a variety of aromatic com-
pounds. Because of their broad substrate specificity, lac-
cases harbor great biotechnological potential [1-4]. The
catalytic properties of laccases have had a great impact on
the development of biosensors for both environmentally
important pollutants and clinically relevant metabolites
[5]. Laccases have been found exclusively in plants and
fungi; however, only the fungal laccases are subjects
of current biotechnological applications. Fungal lacca-
ses are extracellular soluble proteins [6,7]. Non-phenolic

substrates can be oxidized by laccase in the presence
of mediators [8—12]. The basis of the laccase-mediator
concept is the use of low molecular mass compounds that
are converted into stable radicals by means of enzymatic
oxidation. They act as redox mediators and oxidize other
compounds that, in principle, are not substrates of lac-
case [13]. A number of synthetic organic and inorganic
mediators have been found, described, and patented,
and naturally occurring “native” mediators for laccases
have been discovered and identified [14]. The range of
substrates oxidized by laccases can be increased through
a mediator-involved reaction mechanism. Mediators are
low molecular weight compounds (as syringaldazine) that
are easily oxidized by laccases producing, in some cases,
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very unstable and reactive cationic radicals, which can
oxidize more complex substrates before returning to their
original state [15].

Chlorinated phenoxyacids are a kind of compound
widely used in agriculture. Monitoring of these herbicides
is very important in surface water because of their potential
toxicity towards animals and humans. 2,4-dichloro phenoxy
acetic acid (2,4-D) used to control broad-leafed weed is a
member of the chlorophenoxyacetic acid herbicides. Because
these compounds contain chlorine, they pose a risk for dioxin
formation [16,17]. Exposure of humans and animals occurs
through contaminated air, drinking water, soil, and foodstuff
during production of the herbicide. 2,4-D may cause a health
risk; definitive data are not available concerning its carcino-
genity, mutagenity, and genotoxicity [18-22]. In Japan, the
tolerance levels of 2.0 mg/g for 2,4-D (0.2 mg/g for DDVP,
4.0 mg/g for malathion, 1.0 mg/g for carbaryl) have been es-
tablished in citrus fruit [23]. Therefore, sensitive analytical
methods for the routine determination of 2,4-D in water and
soil samples are highly desired. However, this compound is
analyzed separately by liquid chromatography (LC) or gas
chromatography (GC) because of its physicochemical prop-
erties. On the other hand, 2,4-D and carbaryl are analyzed
by GC/MS [24-27] or an LC-fluorometric detector [28] after
derivatization. Thus, it is difficult to analyze simultaneously
this herbicide in samples by conventional analytical methods
such as chromatography. Furthermore, those methods require
labor-intensive sample cleanup, strictly controlled chromato-
graphic conditions, and a long separation time. Apart from
these classical analytical methods for 2,4-D determination,
ELISAs [29-31], disposable amperometric immunosensors
[32,33], and a FIA system with optical (fluorometric) detec-
tion have been described [34]. Consequently, there is an ur-
gent need for a simple analytical method for the rapid and
simultaneous determination of 2,4-D at concentrations near
its tolerance levels in samples.

In this study, Trametes versicolor laccase was used to
develop biosensors for the determination of exogen xenobi-
otic 2,4-D as well as some phenolic compounds. For these
purposes, two biosensors were constructed using two dif-
ferent kinds of transducer systems. Also, the performances
of the biosensors were compared with each other.

EXPERIMENTAL
Chemicals

Chemicals were obtained from either E. Merck (Germany) or
Sigma-Aldrich Chemical Co. (USA) as the analytical grades.

Apparatus

WTW Inolab Oxi Level 2 model oxygenmeter based on
amperometric mode was used for the experiments. All
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signals were recorded as dissolved oxygen level (mg/L).
Chronoamperometric measurements were performed us-
ing a PALM SENS electrochemical measurement system
from PALM Inst. B.V. (Netherlands). A water bath was
used for preparation of bioactive material (Stuart Sci.
Linear Shaker bath SBS 35) (UK). All the measure-
ments were carried out of constant temperature using a
thermostat. Magnetic stirrer (IKA-Combimag, RCO) and
pH-meter with electrode (WTW pH 538, Germany) for
preparing buffer solutions were used. The temperature
was maintained constant in the reaction cell by circulating
water around the cell during the experiment.

Inks for printing working electrodes were prepared
by using a commercially available carbon ink (Du Pont
7101). Printed electrodes were fabricated by depositing
several layers of inks on a PVC substrate. The conduct-
ing paths and pads were deposited directly on the PVC
sheets using Ag/Pd ink (Du Pont 5025). Ag/AgCl ink was
deposited to obtain the reference electrode. Carbon ink
was printed to obtain the working electrodes. Finally, an
insulator layer was placed over the conducting paths.

Procedure

Biological material. TvL was isolated from the culture
filtrates of the white rot fungus 7. versicolor (ATCC 11
235). T. versicolor was maintained at 4°C on 2% malt agar
and grown in 100 ml malt extract broth (2%) for 3 days.
The laccase-production medium was a nitrogen-limited
medium consisting of 10 g glucose, 1 ¢ NH H,PO,, 0.05 g
MgSO,-7H,0, 0.01 g CaCl, and 0.025 g yeast extract, per
liter. The cultures of 7. versicolor were incubated at 26°C
on a rotary shaker at 175 rpm. After 72 h cultivation,
growing medium was used as a source of enzyme. Lac-
case production was assessed by measurement of enzyme
oxidation of 2,2-azinobis-(3-ethylbenzothiazoline-6-sul-
phonic acid) at 427 nm (¢=3.6X10* cm™! M) [13]. The
reaction mixture contained 300 mL of extracellular fluid,
300 mL of 1 mM ABTS and 0.1 M Na-acetate buffer (pH
4.5). 1.0 Unit of enzyme activity is defined as the amount
of enzyme that oxidises 1 mmol ABTS in 1 min. Final
activity for TvL was 350 U ml-..

Preparation of the biosensors. Both dissolved oxygen
probe (Type I) and SPE (Type II) surfaces were used for
immobilization of laccase. In the step of preparation of the
bioactive layer material, laccase (4 U) and 10 mg gelatin
were weighed and added to a test tube contained 250 mL
of phosphate buffer (pH 7.5, 50 mM). This mixture was
incubated at 38°C for 5-10 minutes to dissolve the gelatin
completely. For construction of the biosensor based on
dissolved oxygen probe, a 250 mL of the laccase-gelatin
mixture was dispersed over the dissolved oxygen probe
membrane surface and allowed to dry at 4°C for an hour.
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Then for crosslinking with glutaraldehyde, the probe
carrying bioactive layer was immersed into 2.5% (v/v)
glutaraldehyde solution (in phosphate buffer, pH 7.5, 50
mM) for 5 minutes. At the end of this period, the electrode
was washed with distilled water. For construction of the
biosensor based on SPE was the same as for the dissolved
oxygen probe, except 5 mL of laccase-gelatin mixture was
placed on graphite working electrode and 0.25% (v/v) glu-
taraldehyde solution (in phosphate buffer, pH 7.5, 50 mM)
was used for 150 seconds.In order to prevent drying out of
the bioactive layer of the biosensor, it was stored in a flask
that contained some distilled water at 4 °C. The biosen-
sor was not in contact with distilled water. This condition
provided a moisture medium for the biosensor.

Measurement procedure. For a type I biosensor, the work-
ing buffer (10 uM hydroxy benzotriazole (HBT)+pH
4.5, 50 mM acetate buffer) was put into the thermostatic
reaction cell. Then the biosensor was put into the reaction
cell and the magnetic stirrer was fixed at a constant speed.
A few minutes later, dissolved oxygen concentration was
equilibrated because of the diffusion of dissolved oxy-
gen between the working buffer and dissolved oxygen
probe. At this time, standard or sample was injected into
the thermostatic reaction cell. The dissolved oxygen
concentration started to decrease and a few minutes later
it reached the constant dissolved oxygen concentration.
At this moment, dissolved oxygen concentration was
recorded. Measurements were carried out by the change
of dissolved oxygen concentration related to standard or
sample added to the reaction cell (ADO, the difference
in dissolved oxygen concentrations, mg/L). For a type
II biosensor, in order to determine the concentration of
substrates oxygen consumption that occurred in the cata-
lytic cycle of a laccase-mediator oxidation system was
followed (Figure 1).

All the measurements were done in the presence of
10 uM of hydroxy benzotriazole as a mediator and at
35 °C. The working buffer (10 uM HBT +pH 4.5, 50
mM acetate buffer) was put into the thermostatic reac-
tion cell. Then the biosensor was put into the reaction
cell and magnetic stirrer was fixed at a constant speed.
A few minutes later, current density was equilibrated,
at this time standard or sample was injected into the
reaction cell. After substrate addition, its oxidation
took place in the bioactive layer and was sensed as a
change in the current intensity with a potentio-

H,O Laccase(ox) Mediator Substrate(ox)
0, Xl.a.ccasei’\re»cl)Xl\ﬂediator(cm\x Substrate
Figure 1. Catalytic cycle of a laccase-mediator oxidation
system.
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stat at —0.7 V versus Ag/AgCl reference electrode,
chronoamperometrically.

RESULTS AND DISCUSSION
Optimization Studies of the Biosensors

Effect of the laccase activity. In these studies, the effect of
laccase activity on the biosensors (type I and type II) was
investigated. Measurements were accomplished by using
each of the standard curves obtained under the conditions
below; for type I, the activities of laccases were altered
as following 2 U, 4 U, and 8 U while gelatin amount and
glutaraldehyde percentage were kept constant as 10 mg
and 2.5%, respectively. The results showed that enzyme
activity affected slightly the biosensor response. When we
used 4 U laccase, we obtained the highest signals from the
biosensor. The sensitivity of the biosensor was related to
amplitude of the signals. That is to say that if the signals
are how much great the detection limit of the biosen-
sor is so much low. As can be seen from Figure 2, more
increase in laccase activity caused a decrease in biosensor
signals. The decrease was probably caused from the nega-
tive diffusion effect of more protein. Last, the biosensor
constructed using 2 U laccase didn’t show linear range like
that of 4 U laccase. As a result, the best signals were ob-
tained with the biosensor containing 4 U of laccase activity
(Figure 2). Moreover, for type I, the same experiments were
done. In these studies, gelatin amount and glutaraldehyde
percentage were also kept constant as 0.2 mg and 2.5%,
respectively. The best results were obtained by using 4 U
activity of laccase as the same with the type I biosensor.
The surface area of the type I biosensor was about 50-
fold higher than that of the type II biosensor. Consequently,
the gelatin ratio in fact was the same with each biosensor.
Such that, when we used laccase enzyme with 8 U, the bio-
sensor response was 26% lower than that of the enzyme
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3 R® = 0.9942
S 0.3f
E
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Figure 2. Laccase activity optimization [Laccase activities: -e-e-:
4 U, -um-: 8 U, -a-s-: 2 U. Working conditions: Amount of gelatin
and percentage of glutaraldehyde were kept constant as 10 mg
and 2.5%, respectively. Working buffer: pH 4.5, 0.05 M acetate
buffer containing 10 uM HBT, T=35°C].
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with 2 U Also, because of the above-mentioned reason, lac-
case activities in the biosensors were just about the same.
When it comes to response times of both biosensors, there
was no difference in response times. Moreover, because the
type I biosensor was more sensitive than the other one, its
response time was shorter than the type II by about 2 min-
utes. It was the result expected, because in the type I biosen-
sor the results were directly obtained by laccase enzymatic
reaction, which was monitored by oxygen decrease.
However, in the second system, the biosensor was based
on a cycle of mediator. Consequently, this oxidation of
mediator cycle extended the biosensor response compared
with the type I biosensor. Finally, the standard deviation of
the measurements for 0.015 uM 2,4-D was =0.0007 uM.
As we mentioned earlier, the results showed that enzyme
activity slightly affected the biosensor response.

pH dependence of the biosensors. For this purpose, the
effect of pH on the type I biosensor was evaluated. Maxi-
mum biosensor response for 2,4-D was obtained at pH 4.5
(50 mM, acetate buffer solution). The response decreased
above pH 4.5. In addition, below pH 4.5 at more acidic pH,
biosensor response was just about 50% of its initial activity
(Figure 3). Consequently, optimum pH for the laccase bio-
sensor based on the dissolved oxygen probe was decided
to be pH 4.5 acetate buffer (Figure 3). Hereafter, all mea-
surements carried out with the type I biosensor were done
using acetate buffer solution pH 4.5 50 mM. In addition, pH
dependence of the type II biosensor was also investigated.
Results showed that the effect of pH on the type II biosen-
sor was the same as that on the type I biosensor. The best
results (in the sense of biosensor signals) for both biosen-
sors were obtained in pH 4.5, 50 mM acetate buffer.

120
100

% Activit

25 3 35 4 45 5 55 6
pH

Figure 3. pH dependence of the biosensors [-m-m-: oxygen
electrode, -e-e-: screen printed graphite electrode. Working
conditions: For type I biosensor: 2,4-D concentration used was
0.1 uM, amounts of laccase activity, gelatin and percentage of
glutaraldehyde were kept constant as 4 U, 10 mg and 2.5%,
respectively. For type II biosensor: 2,4-D concentration we used
1 uM; amounts of laccase activity gelatin, and percentage of
glutaraldehyde were kept constant as 4 U, 0.2 mg, and 2.5%,
respectively. All buffers were 0.05 M and acetate buffer solutions
containing 10 uM HBT with different pHs, T=35°C, for type 11
biosensor; working potential=—0.7 V].
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Our results agreed with the literature. In the articles
presented on laccase biosensors, the optimum pH of the
system was around 4—6 [35-38]. Although the soluble lac-
case enzyme has an optimum pH around 3—4, the immo-
bilization shifted the useful pH range to 4-5. In addition
to the fact that the type I biosensor was slightly affected
by pH changes, the performance of the type II biosensor
was importantly affected by pH changes. This was prob-
ably related to immobilization procedures and the elec-
trochemical measurement system. It is expected that the
electrochemical system based on a mediator should be
more sensitive to pH changes. Standard deviations of pH
values 4 and 5 were 27.5 (biosensor response, %) and 7.1
(biosensor response, %), respectively.

Temperature dependence of the biosensors. The effect of
temperature on the biosensors was also evaluated. First,
optimum temperature of the type I biosensor was deter-
mined. A large effect of temperature on the biosensor
was reported. This effect is seen in Figure 4. The highest
biosensor response was obtained at 35°C. The electroana-
lytical performance of the biosensor was increased with
the increase of temperature. However, at high tempera-
tures it is clear that the thermal denaturation of proteins is
substantially occurred. For instance, at 45°C the biosen-
sor signals dramatically decreased because of the effect
mentioned above. However, in the range of 30—42°C the
performance of the type I biosensor was almost the same,
such that the standard deviation for 30 and 42°C was
2.8% (activity, %). Optimum temperature for the type I
biosensor was accepted as 35°C.

Next, the temperature dependence of the type II
biosensor was also evaluated. These studies showed that

-
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Figure 4. Optimum temperature of the biosensors [-=-=-: oxygen
electrode, -e-e-: screen printed graphite electrode. Working
conditions: For type I biosensor: 2,4-D concentration we used
0.1 uM; amounts of laccase activity, gelatin, and percentage of
glutaraldehyde were kept constant as 4 U, 10 mg, and 2.5%,
respectively. For type II biosensor: 2,4-D concentration we used
1 uM; amounts of laccase activity, gelatin, and percentage of
glutaraldehyde were kept constant as 4 U, 0.2 mg, and 2.5%,
respectively. 0.05 M acetate buffer containing 10 uM HBT pH
4.5, for type II biosensor; working potential=—0.7 V].
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the temperature particularly affected the type II biosen-
sor. There were dramatic increases and decreases in the
biosensor signals with temperature changes. Although the
highest response was obtained at 35°C below and above of
this temperature, there was a dramatical activity decrease.
These serious activity changes were probably caused by
the lack of enzyme activity in the bioactive layer of the
type II biosensor. At higher temperatures than 35°C, a lit-
tle enzyme denaturation caused major activity loss of the
biosensor since the biosensor had a little amount of the en-
zyme in its bioactive layer. The standard deviation for 30
and 42°C is 11.3% (activity, %). Consequently, 35°C was
also the optimum temperature for the type II biosensor. In
addition to working temperature, one of the most impor-
tant parameters was storage temperature. When not in use
the biosensors were stored at +4°C in moisture medium.
Our studies showed that this temperature was useful for
our biosensors. The activity loss related to storage period
occurred by physical disorders of the bioactive layers of
both biosensors, not the enzyme denaturation correlated
storage period.

Thermal stabilities of the biosensors. Thermal stabili-
ties of the biosensors were evaluated by incubating the
biosensors at 35°C. No significant difference was noted
during the 5-hour incubation period. At the end of the 8"
hour, the activity of type I biosensor decreased 5% of its
initial activity. The response time of the biosensor was
10 minutes. The results showed that the biosensor, type I,
had a very good thermal stability. In addition, there was
a decrease in type II biosensor response about 10% of
its initial activity at the end of 8 hours incubation pe-
riod. Its response time was 4 minutes. Its response time
was shorter that that of type I. It was probably caused
by filling the active centers of laccase rapidly since there

Table 1. Biosensors responses for some phenolic compounds
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was less enzyme than type II in the bioactive layer of the
biosensor. Despite this, the thermal stability of type II
biosensor was quite good.

Substrate Specificities

Biosensor activities were determined against a variety
of compounds such as 2,4-D, phenol, catechol, py-
rogallol, 2-chlorophenol, 4-nitrophenol. The results for
the biosensors are summarized in Table 1. It can be seen
that among all the substrates analyzed 2,4-D and phenol
gave the best response for both biosensors. Moreover
2,4-D, phenol, catechol, pyrogallol, 2-chlorophenol,
4-nitrophenol showed good correlation coefficients for
both biosensors.

As can be seen in Table 1, 2,4-D can be detected in the
range of nM concentration by the type I biosensor. It was
a very good result for the biosensor. Because of laccase’s
broad substrate specificity the biosensor showed activity
against the other phenolic substrates. When it comes to
comparison of the biosensors, the results showed that the
specificity of the type I biosensor was higher than the type
II biosensor. For 2,4-D the type I biosensor had a better
lowest detection limit such as 5 nM. However, the other bi-
osensor had a lowest detection limit of 500 nM for 2,4-D.
A similar effect was observed for the other substrates
tested. All of the substrates were analyzed with lower de-
tection limits by the type I biosensor than the type II bio-
sensor. This could be related with the amount of enzyme
activity immobilized in the bioactive layer. The type 11
biosensor contained relatively little enzyme. Because,
at relatively high temperatures the secondary chemical
interactions such as ionic, dipole-dipole, and hydrofo-
bic interactions or hydrogen bonds should be disrupted.
Since these forces make possible stability and catalytic

Biosensor Substrate Linear range (UM) Equation R?

Type I* 2,4-D 0.005-0.020 y=20.40x+0.008 0.9958
Phenol 0.005-0.030 y=8.7414x+0.008 0.9964
Catechol 0.02-0.40 y=0.6086x+0.008 0.9971
Pyrogallol 0.02-0.20 y=1.0859x+0.009 0.9895
2-chlorophenol 0.05-0.20 y=0.6971x+0.004 0.9936
4-nitrophenol 0.02-0.10 y=1.8088x+0.002 0.9986

Type II° 2,4-D 0.5-2.0 y=0.4846x-0.005 0.9893
Phenol 1.0-10.0 y=0.0095x+0.010 0.9684
Catechol 1.0-10.0 y=0.0119x+0.005 0.9942
Pyrogallol 2.0-20.0 y=0.0101x-0.002 0.9998
2-chlorophenol 10.0-100.0 y=0.0021x+0.015 0.9864
4-nitrophenol 10.0-200.0 y=0.0013x+0.001 0.9992

For Type I biosensor, equation x and y show substrate concentration (LM) and dissolved oxygen contration (mg/ml), respectively.
For Type 1I biosensor, x and y show substrate concentration ((LM) and current (mA), respectively.
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Figure 5. Calibration curves of Type I (a) and Type II (b)
biosensors for 2,4-D [Working conditions for Type I
biosensor: Amounts of laccase activity, gelatin, and
percentage of glutaraldehyde were kept constant as 4 U,
10 mg, and 2.5%, respectively. 0.05 M pH 4.5 acetate buffer
containing 10 mM HBT, T=35°C. Working conditions
for Type II biosensor: Amounts of laccase activity, gelatin,
and percentage of glutaraldehyde were kept constant
as 4 U, 0.2 mg, and 2.5%, respectively. 0.05 M pH 4.5
acetate buffer containing 10 mM HBT, T=35°C, working
potential=—0.7 V].

activity of the enzymes, they mostly lost of their natural
activities at high temperatures. Consequently, the activity
of the biosensor or the detection limits of the phenolic
compounds studied were not as good as the type I bio-
sensor. Moreover, the other factor that could affect the
performance of the type II biosensor was diffusion effect.
The brown-colored polymer was deposited on the sur-
face of the bioactive layer and this product resulted in an
additional diffusion barrier. Due to the fact of these two
limitations, the type II biosensor showed slightly lower
activity to the phenolic compounds than that of the type I
biosensor.

Analytical Characteristics of the Biosensors

Linear ranges. Figure 5a shows the calibration curve of
the type I biosensor for 2,4-D. A very good linear relation-
ship with a correlation coefficient of 0.9948 was obtained
over the concentration range from 5.107° M- 2.107* M
2,4-D. The minimum detectable concentration of 2,4-D
was estimated to be 5.107° M. For the type II biosensor a
calibration curve is shown in Figure 5b. The lowest 2,4-D
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concentration measurable with the biosensor was 25.107% M.
For the values plotted in Figure 5 the correlation coef-
ficient was 0.9933. The linear concentration range was
25.107 8 M-2.10"° M.

Accuracy. The repeatability studies were also carried out
for both biosensors. The repeatability of the type I biosen-
sor was studied for 0.01 uM 2.,4-D standard concentration
(n=5). The standard deviation and variation coefficient
were calculated as =0.0003 uM and 2.7%, respectively.
Moreover, accuracy for the type II biosensor was tested
for 0.5 uM 2,4-D (n=5). The standard deviation and
variation coefficient were calculated as =0.014 uM and
4.66%, respectively.

Sample analysis. This part of the study included the appli-
cation of developed biosensors for determination of 2,4-D
in herbicide samples. Table 2 shows these results with
standard addition method for both biosensors. In these
experiments herbicide samples with appropriate dilutions
were added to the reaction cell.

Experimental results indicated that good recovery
was observed. In addition, good agreement between the
results of the biosensor presented was achieved. When a
comparison is made between the S.D. values of the bio-
sensors it can be shown that the type I biosensor has a
better S.D value than that of the type II biosensor. In fact,
these results also could be correlated with the limitations
mentioned in the section of substrate specifics. These re-
sults indicate that the proposed biosensors can be applied
successfully for the determination of 2,4-D.

CONCLUSION

We have described two biosensors for determination of
2,4-D in herbicide samples. From a comparison of ana-
lytical performances of both types of biosensors it was
apparent that the better performance was of the type I bio-
sensor. This result probably was caused by the sensitivity
and specificity of oxygen probes. Very little changes in
the dissolved oxygen concentrations could be detected by
the oxygen probe and oxygen meters. Consequently, the

Table 2. Real sample analyses with the biosensors proposed

2,4-D (uM)
Biosensor Added amount* Found amount*
Type 1 0.010 0.013£0.00045
0.015 0.015+0.00045
Type 11 0.5 0.435+0.066
1.5 1.542+0.026

*All results are given as value*=S.D., n=5.
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type I biosensor showed better performance than the bio-
sensor mediated by hydroxy benzotriazole. However, by
using the second system, type II biosensor, the phenolic
compounds were also successfully detected. Moreover,
the type II biosensor contained a little enzyme, and im-
mobilization materials, gelatin and glutaraldehyde. Con-
sequently, the type II biosensor was extremely economic.
The biosensors showed good activities towards the same
kind of phenolic compounds. The proposed laccase bio-
sensors exhibited wide linear detection range, acceptable
reproducibility, and thermal stability. The detection
limits of the biosensors for 2,4-D were very good. 2,4-D
could be detected by the type I biosensor in the range of
nM concentration. In addition, with the type II biosensor
good results as the same as type I biosensor couldn’t be
obtained. Because we obtained a very good concentration
range from 5.107° M- 2.107® M for 2,4-D by the type
I biosensor. Beside the minimum detectable concentra-
tion of 2,4-D was estimated to be 5.107° M for type I
biosensor. However, linear concentration range obtained
by type II biosensor was 5.07> M - 2.107® M. And the
detection limit of the type II biosensor was 5.107° M.
However, if we compare between the type II biosensor
and similar biosensor systems in the literature, our bio-
sensor system, type II, exhibits better characteristics than
the studies in the literature [35,38]. The same results ap-
peared when worked with the other phenolic compounds.
These phenolic compounds were detected by a type II
biosensor with lower sensitivity. The sensitivity of the
type II biosensor may be improved by using extra pure
laccase enzyme. In addition, the mediator system should
be changed. Instead of hydroxy benzotriazole, another
mediator that could be more effectively diffused to the
electrode surface from bulk solution should be used. In
terms of the lowest detection limits of the biosensors, the
type I biosensor always showed the best results. The ap-
plicability of both biosensors to the real herbicide samples
was also very good. Finally, the most important limita-
tions of two biosensor systems were group specifications
of laccase enzyme. Because of the group specificity of the
laccase enzyme, the biosensors showed activity towards
the other phenolic compounds with different magnitudes.
Nevertheless, this limitation has occurred when the lac-
case enzyme was used for the other biosensor systems in
the literature.
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