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ABSTRACT: The inhibition mechanism of 2,4-dichlorophe-
noxyacetic acid (2,4-D) to catalase was studied by a catalase
biosensor in a flow-injection analysis (FIA) system. This system
provides an ideal sensing platform to electrochemically evaluate
the chemical mechanism of enzyme inhibition. Hierarchical
porous calcium phosphate (hp-CaP), as a biocompatible
nanomaterial, was used to immobilize catalase for repeat use.
2,4-D together with H,0, was injected into the bioreactor of the
immobilized catalase-FIA system during the experimental
procedure. The activity of the immobilized catalase was inhibited,
which caused a decrease of the catalase-catalyzed H,O, reduction
current. Lineweaver—Burk, Dixon, and Cornish—Bowden plots
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confirmed that the inhibition of catalase by 2,4-D followed an competitive mechanism with a inhibition constant of 4.78 X 1077
M. Based on this inhibition characters, a biosensor for 2,4-D detection was constructed. This biosensor showed a linear range
from 0.03 to 3.00 uM with a detection limit of 0.015 xM. It demonstrated good stability, acceptable reproducibility and low cost
for 2,4-D screening. It has been successfully applied for the determination of 2,4-D in commercial bean sprouts samples. It is
anticipated that a rapid evaluation of the chemical mechanism of catalase inhibition by the FIA system could pave the way to

rationally designing biosensors.

B INTRODUCTION

Catalase, as one of the most important components of the
antioxidant systems, serves to protect cells from the toxic effects
of reactive oxygen species (ROS) by catalyzing hydrogen
peroxide decomposition into molecular oxygen and water
without producing free radicals." The importance of catalase in
scavenging ROS generated under stress conditions has been
proven by Willekens et al.> A decrease of the activity of catalase
is frequently observed under some stress conditions” or in the
presence of inhibitors.” Understanding the physical and
functional interactions between molecules and catalase is of
vital importance in biology and physical chemistry. Further-
more, the careful investigation of the type and mechanism of
inhibition would help to rationally design biosensors based on
the inhibition principles.®

2,4-Dichlorophenoxyacetic acid (2,4-D) is a phenoxy
herbicide that has been widely used for postemergence control
of annual and perennial broad-leaved weeds.” It is also an active
ingredient of more than 1000 pesticides. Unfortunately, the
improper use of 2,4-D would cause serious threats to human
health even at trace levels” and may lead to the overproduction
of reactive oxygen species (ROS).” Previous studies have shown
that 2,4-D can act as a potent inhibitor for the activity of
catalase in wheat and other plant species.” Despite the interest
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in studying the effect of 2,4-D to catalase in plants, many
fundamental questions regarding the mechanisms responsible
for the observed effects of 2,4-D to catalase remain unanswered.
The studying of the chemical mechanism between 2,4-D and
catalase and how these interactions influence their biological
functions would help us guide the proper use of 2,4-D.
Furthermore, the inhibition mechanism study would also help
to rationally design a kind of inhibition biosensor for 2,4-D
detection."’

So far, a variety of analytical techniques have been developed
for the characterization and identification of the interaction
between catalase and small molecules or nanoparticles.'"
However, most of these methods suffer from high cost, low
sensitivity, and complex procedure. As an alternative, the
electrochemical approach attracts appreciable attention because
of its inherent specificity, high sensitivity, simplicity, and low
cost. It has been applied to investigate the interaction between
proteins and nanoparticles'” or organic compounds.'” On the
basis of the numerous studies reported before, the kinetics of
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Scheme 1. Scheme of the Amperometric Flow Injection (FIA) System for Inhibition Study and 2,4-D Detection

Buffer +Substrate +2,4-D

the enzyme inhibition depends strongly on the immobilization
of enzymes."* The immobilization of enzymes on different
materials increases their stability,* reduces the time of analysis
and make the enzymes suitable in flow systems for repetitive
analyses. Different kinds of nanomaterials have been used for
the immobilization of enzymes.'® Calcium phosphate is a
biocompatible material with unique physicochemical properties,
such as biocompatible, osteoconductive, nontoxic, noninflam-
matory, nonimmunogenic, and bioactive."” It has been
primarily used as bone substitutes. Due to its ability to bind
proteins by multiple-site without denaturing them, it has also
been used as carriers for peptides, for protein immobilization or
DNA delivery.'® Furthermore, CaP shows good performance
for the construction of electrochemical biosensors because Ca**
and PO,* can be used as promoters to facilitate electron
transfer of proteins.lg In this work, hierarchical CaP containing
bimodal interconnected macroporous and mesoporous struc-
tures was used as the matrix for proteins immobilization and
biosensor construction 0Win§ to its high surface area and
advantages in mass transport. ?

Here we described an electrochemical flow injection (FIA)
system coupled with a electrochemical detector to study the
interaction between 2,4-D and catalase immobilized on
hierarchical porous calcium phosphate (hp-CaP) (Scheme 1).
hp-CaP, as a biocompatible material, was applied for the
immobilization of catalase to improve the stability of catalase
for repeat use. Chitosan is a natural-biopolymer with abundant
amino groups. In this work, it was used to help the stable
dispersion of hp-CaP in aqueous solution and to provide a
good biocompatible microenvironment for sensors construc-
tion because of its good biocompatibility and excellent film-
forming ability.”" This system has been employed as a sensing
platform to study inhibition mechanism of 2,4-D to the
immobilized catalase and for 2,4-D screening.

B EXPERIMENTAL SECTION

Reagents and Apparatus. Bovine liver catalase (E.C.
1.11.1.6) was obtained from Sigma and was used without
further purification. Chitosan and hydrogen peroxide (H,O,)
(30%) were bought from Shanghai Chemical Reagent Co.
(Shanghai, China). 2,4-D was purchased from Chem Service
(American). Prometryn, clethodim, cycloxydim, sethoxydim,
2,4-dichlorophenylacetic acid, and 2,4-dichlorobenzoic acid
were all purchased from Aladdin Reagent Company. The

standard 2,4-D stock solution (3.0 mM) was prepared in
anhydrous ethanol. Working solutions of 2,4-D were obtained
by serial dilution of the stock solution with 0.1 M phosphate
buffer solution. The bean sprouts were bought from local
markets. All other reagents not mentioned here were of
analytical-reagent grade and were used without further
purification. Doubly distilled water was used throughout the
experiment. Phosphate buffer solution was prepared by mixing
0.1 M Na,HPO, and 0.1 M NaH,PO, and then adjusted to the
desired pH by NaOH or H;PO,.

The morphologies of hp-CaP and catalase/hp-CaP were
investigated by using a Zeiss SupraS$5 field emission scanning
electron microscope (Zeiss Supra, Germany) and a JEM-2100
transmission electron microscope (Japan) using an accelerating
voltage of 200 kV. The Fourier transform infrared (FT-IR)
spectra were measured on a FT-IR Spectrophotometer (IFS66/
S, Bruker, USA). All the electrochemical measurements were
carried out on a CHI 840B electrochemical analyzer (Shanghai
Chenhua, China) using a conventional three-electrode system.
In this system, a platinum coil acted as the counter electrode, a
commercial Ag/AgCl (saturated KCl) as the reference
electrode, and bare or modified glassy carbon electrodes
(GCEs) (Wuhan Gaossunion, China) as working electrodes.
Before use, the GCEs were polished with 0.05 ym alumina
slurry and rinsed with doubly distilled water. The flow injection
system was composed of a peristaltic pump coupled to a
multiport valve (Ismatec ISM 828) and an electrochemical
flow-through cell (Chenhua, Shanghai).

Preparation of hp-CaP and Fabrication of Catalase/
hp-CaP Modified Electrode. The hp-CaP was prepared
according to our previous reported work’” with a minor
modification. The pollen grains (5.0 g) were cleaned by 50 mL
of ethanol under ultrasonication for 1 h, and then they were
added into a 50 mL mixture containing alcohol and
formaldehyde (1:1 in volume) under vigorous stirring for 10
min to fix the morphology. Finally, the grains were washed with
distilled water and dried at 80 °C for 6 h. hp-CaP were
produced by soaking 0.5 g of the pretreated grains in 5 mL of
0.1 M CaCl, and Na,HPO, (S mL, 0.1 M, pH 9.04) for 24 h,
respectively. The precipitate was washed, and was sealed into a
100 mL Teflon-lined autoclave, heated to 400 °C, and
maintained at this temperature for 10 h. After the autoclave
had cooled down to room temperature naturally, the products
were collected and washed with deionized water. The as-
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Figure 1. SEM (a and b) and TEM (c) images of hp-CaP; d corresponds to the SEM image of catalase/hp-CaP.

prepared sample was then heated at 600 °C for S h to produce
hp-CaP.

For catalase/hp-CaP modified electrode, different amounts of
hp-CaP were dispersed in 1.0 mL of 0.5% chitosan solution
(CS) homogeneously with ultrasonication. Then 50.0 L of 8.0
mg/mL of catalase solution was added into 50.0 L of the well-
dispersed hp-CaP solution. The mixture was shaken strongly
for about 30 min at room temperature for the adsorption of
catalase. For electrode modification, 5.0 uL of the above
obtained mixture was spread evenly onto the pretreated glassy
carbon electrode by a syringe. The electrode was left to dry at 4
°C. The resulting electrode was marked as catalase/hp-CaP.
When not in use, the modified electrodes were stored at 4 °C.

Electrochemical Experimental Procedures. All the
cyclic voltammetric (CV) measurements were performed in
10.0 mL of the N,-saturated phosphate buffered solution (0.1
M, pH 7.0). The electrochemical impedance spectroscopy
(EIS) measurement was recorded in 0.1 M phosphate buffer
(pH 7.0) containing 0.1 M KCl and 5 mM K;Fe(CN)/
K,Fe(CN)4 with a frequency range from 0.01 to 1.0 X 10° Hz.
FIA measurements with amperometric detection were carried
out at an applied potential of —350 mV versus Ag/AgCl. The
carrier stream was 0.1 M phosphate buffer (pH 7.0) with a flow
rate of 3 mL/min. The sample injection volume was of 50 uL.

For the determination of Michaelis constant (K,,), maximum
velocity (V,,,,) values of the catalase immobilized on hp-CaP,
and the inhibition type, catalase activities were measured with
H,O, at varying concentrations by using an amperometric
method. Different concentrations of hydrogen peroxide were
passed through the catalase/hp-CaP/GCE, and the reduction
currents of H,O, on this electrode were recorded. Kinetic
constants (V.. and K, values) were calculated from the slopes
and intercepts of the Lineweaver—Burk plots.”* Inhibition type
and constant were obtained from Dixon plots and Cornish-
Bowden plots. For the determination of 2,4-D, the solutions

containing different amounts of 2,4-D with the fixed amount of
H,0, were passed through the catalase/hp-CaP/GCE by the
FIA system. The inhibition percentage (Inh%) at each 2,4-D
concentration was calculated using the expression shown below

(eq 1):

I, -1
&=D X 100%
I, (1)

where I, and I are the currents of the biosensor obtained in
absence and presence of 2,4-D, respectively. The resulting Inh%
can be plotted versus molar inhibitor concentration to create a
2,4-D assay.

Inh% =

B RESULTS AND DISCUSSION

Characterization of hp-CaP, Catalase, and Catalase/
hp-CaP. The porous networks and morphology of the hp-CaP
and catalase/hp-CaP can be directly observed from SEM and
TEM images. SEM images (Figurelab) reveal that the as-
prepared hp-CaP are spheres with diameters of 5—6 um. These
spheres, constructed by nanoparticles, possess a three-dimen-
sional interconnecting porous structure. Numerous of nano-
scaled cavities with the diameter about 250 nm are existed on
the surface of the hp-CaP microspheres (Figure 1b). TEM
image shows that these nanoparticle units contain numerous
micropores about 2—3 nm, and their compact and loose
aggregation leads to mesopores and macropores, respectively
(Figure 1 c). These porous structures can greatly enhance the
active surface area available for protein binding. Meanwhile, the
pores on hp-CaP will provide convenience for the substrate to
access the immobilized protein. Little changes on the
morphology of hp-CaP occur after the immobilization of
catalase except the presence of some aggregates on the surface
(Figure 1d). These aggregates are the immobilized catalase.
Catalase sequestered into the cavities or bind on the surface of
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hp-CaP microspheres. The cavities on hp-CaP may provide a
protective microenvironment for catalase to retain its stability
and activity by limiting the conformational change and
unfolding of the entrapped catalase.

FT-IR is a sensitive technique to monitor the structure
change of proteins. A protein’s FTIR spectrum has two
prominent features, the Amide I (~1650 cm™) and Amide II
(~1540 cm™") bands, where the former arise primarily from the
C = O stretching vibration and the latter is attributed to the N—
H bending and C = N stretching vibrations of the peptide
backbone.” The absorption bands at 1525 and 1625 cm™,
which are attributed to amide II and amide I bands, can be seen
in catalase (Figure 2 b) and catalase/hp-CaP (Figure 2c) but

a
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Figure 2. FT-IR spectra of hp-CaP (curve a), catalase (curve b), and
catalase/hp-CaP (curve c).

cannot be seen in hp-CaP (Figure 2 a). This proves that
catalase has been immobilized on hp-CaP. Almost no changes
on the amide bands of catalase are observed after the
immobilization process, implying that most of catalase
preserved their native structure after being adsorbed on the
hp-CaP.

Electrochemical Behavior of Catalase/hp-CaP/GCE.
Figure 3 compares the CV and EIS responses of different
electrodes. The bare GCE (curve a, Figure 3A) and hp-CaP/
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Figure 3. (A) CVs of the bare GCE (a), hp-CaP/GCE (b) and
catalase/hp-CaP/GCE (c) in N,-saturated phosphate buffer (pH 7.0,
0.1M) at the scan rate of 100 mV/s; (B) EIS of the bare GCE (a), hp-
CaP/GCE (b) and catalase/hp-CaP/GCE (c) in 0.1 M phosphate
buffer (pH 7.0) containing 0.1 M KCl and S mM K;Fe(CN)y/
K,Fe(CN),.

GCE (curve b, Figure 3A) do not show any apparent redox
waves in the studied potential range. In contrast, catalase/hp-
CaP/GCE (curve c, Figure 3A) exhibits a pair of well-defined
redox peaks with a formal potential of about —0.25 V. The peak
to peak separation is about 110 mV at the scan rate of 100 mV/
s, suggesting fast electron transfer. Therefore, it can be
concluded that catalase immobilized on hp-CaP underwent
direct electron transfer between the active center of catalase
and the electrode surface, and the observed redox peaks can be
attributed to the redox reaction of the CAT-Fe(III)/CAT-
Fe(IV) redox couple at the active site of the immobilized
catalase.”

EIS is a powerful tool to characterize the modified electrodes.
The semicircle portion at higher frequencies in the impedance
spectrum corresponds to the electron transfer-limiting process,
while the linear part at the low frequencies results from the
diffusion-limiting step of the electrochemical process. The
immobilization of substances, e.g. enzymes, antigens/antibodies
or nanomaterials on electrodes always alters the interfacial
capacitance and electron-transfer resistance of the conductive
electrodes. The diameter corresponding to the electron transfer
resistance (Ret) can be used to describe this alternation.”® In
Figure 3 B, the Ret of the bare GCE is approximately 382 Q
(curve a). With the immobilization of hp-CaP, the Ret of curve
b increased to 586 Q (curve b). The little increase of R,
between the bare GCE and the hp-CaP/GCE reflects that the
modification of hp-CaP does not essentially affect the interfacial
electron transfer. The conductivity of hp-CaP may be due to
the ionic transport.”” Furthermore, hp-Cap with large surface
area and abundant adsorbing sites can provide a favorable
electrochemical interface that would be beneficial to the
construction of an electrochemical biosensor. The increase in
interfacial transfer resistance is observed with a Ret of 2422 Q
(curve c) after catalase immobilized onto the hp-Cap/GCE.
The remarkable increment of electron transfer resistance
indicates that the electron transfer of [Fe(CN)4]>™/*" was
blocked further because of the insulation of catalase.

Inhibition Mode of 2,4-D to the Immobilized Catalase.
The cyclic voltammograms of catalase/hp-CaP/GCE under
different conditions were studied to check its applicability for
studying the interaction between 2,4-D and the immobilized
catalase. Figure 4A shows that the reduction current of
catalase/hp-CaP/GCE at around —0.4 V is remarkably enlarged
in the presence of 1.0 mM H,0, (curve d). This observation
clearly indicates that catalase immobilized on hp-CaP exhibited
excellent bioelectrocatalytic activity for the reduction of H,O,
based on its direct electrochemistry.”® The current obtained is
proportional to the activity of catalase. The inset of Figure 4A
compares the CV responses of catalase/GCE and catalase/hp-
CaP/GCE in the absence and presence of the same
concentration H,O,. The catalytic reduction current of H,O,
at the catalase/hp-CaP/GCE (curve b’) is higher than that at
the catalase/GCE (curve a’). It means that the catalase/hp-
CaP/GCE has a higher sensitivity for the detection of H,O,
than catalase/GCE. To evaluate the effect of 24-D on the
enzymatic activity of the biosensor, measurements were
performed by injecting different concentrations of 2,4-D into
the solution with the fixed concentration of H,0, (curve b and
c in Figure 4A). With the increase of the introduced
concentration of 2,4-D, the bioelectrocatalytic cathodic currents
of catalase/hp-CaP/GCE decreased, indicating the inhibition
effect of 2,4-D on the activity of catalase.
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Figure 4. CVs of catalase/hp-CaP/GCE (A) hp-CaP/GCE(B) in N,-
saturated phosphate buffered solution (pH 7.0, 0.1 M) in the absence
(curve a) and presence of 1.0 mM H,0, (curve d). For curve c and
curve b, the same as d except that 1.0 M (c) and 2.0 uM (d) of 2,4-D
presented. Scan rate: 100 mV/s. Inset of panel A is the CV responses
of catalase/hp-CaP/GCE (curves a and a’) and catalase/ GCE (curves
b and b’) in the absence (curves a and b) and presence of 1.0 mM
H,0, (curves a’ and b’).

The cyclic voltammograms of H,0, at the hp-CaP/GCE was
also investigated. It is evident that the voltammograms of hp-
CaP/GCE differed substantially from that of the catalase/hp-
CaP/GCE in the absence and presence of H,0O, (Figure 4B).
There was no obvious peak corresponding to the reduction or
oxidation of H,0, within the studied potential window (curve
d, Figure 4B). This is in line with the results reported by Lei et
al,” where little reduction peak for hydrogen peroxide was
seen at a bare glassy carbon electrode. When 2,4-D was added
into the solution containing H,0O, (curve c and b in Figure 4B),
almost no reduction of the current was observed. Thus, it is
reasonable to say that the observed decrease of the cathodic

currents of catalase/hp-CaP/GCE in the presence of 2,4-D is
caused by the inactivation of the catalytic activity of catalase for
H,0, reduction. The binding of 2,4-D inhibits the reaction
between H,0, and catalase, resulting in the change of the CV
responses. The concentration of 2,4-D can be estimated by
comparing the differences in the limiting currents obtained.

It is essential to evaluate the inhibitory mechanism in order
to determine the suitability of the catalase/hp-CaP/GCE for a
screening assay.”’ Michaelis—Menten analysis was used to
study the electrocatalytic reduction of H,O, by catalase/hp-
CaP/GCE with and without 2,4-D present. When catalytic
activity follows Michaelis—Menten kinetics over the range of
substrate concentrations tested, the kinetic constants Km and
inhibition type can be determined by Lineweaver—Burk plot
(also known as the double-reciprocal plot).”* Figure SA shows
the double-reciprocal Lineweaver—Burk plots of catalase/hp-
CaP biosensor. The plots of 1/V versus 1/[S] gave a family of
straight lines with different slopes, which intersected on the
ordinate with a common intercept, indicating that 2,4-D is a
competitive inhibitor to the immobilized catalase. Based on the
Lineweaver—Burk equation, the K, of catalase/hp-CaP/GCE
and catalase/GCE were calculated to be 1.22 mM and 12.68
mM, respectively. Both of them are lower than the reported
value of 25.2 mM of catalase in solution,* indicating that the
immobilization procedure improves the affinity of catalase to
H,0,. The large surface area and particular multiadsorbing sites
of hp-CaP help the assembly and the orientation of catalase,
which improved the affinity between H,0, and catalase. The
inhibitor constant, K, can be calculated from the Michaelis
equation or by using Figure S A to draw a secondary plot.
However, the Lineweaver—Burk plot provides the worst
estimation of the kinetic constants because of the crowding
of high-substrate concentration data points close to the
ordinate axis. Slope and intercept reploting cause a further
magnification of errors in determining kinetic parameters.32
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Figure S. Type of 2,4-D inhibition to catalase immobilized on hp-CaP as inferred from the (A) Double-reciprocal Lineweaver—Burk plot; (B) Dixon
plot and (C) Cornish-Bowden plot. The Lineweaver—Burk plot was obtained in the absence (a) and presence of 3.0 uM (b) and 6.0 uM 2,4-D (c),
but the Dixon and Cornish-Bowden plots were obtained in the presence of 0.1 mM (a), 0.5 mM (b) and 1.0 mM (c) H,0,, respectively.
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Figure 6. (A) Influence of hp-CaP amount on the inhibition of catalase/hp-CaP biosensor in pH 7.0 phosphate buffered solution by 0.1 uM 2,4-D;
(B) Influence of pH on the inhibition of catalase/hp-CaP biosensor under different pH by 0.1 uM 2.4-D; (C) Influence of the H,0, concentration
on the sensitivity and linear range of catalase/hp-CaP biosensor for 2,4-D; D) Influence of the applied potential on the inhibition degree of catalase/

hp-CaP biosensor by 0.1 uM 2,4-D in pH 7.0 phosphate buffered solution.

The Dixon plot* and Cornish-Bowden plot®* are frequently
used for both identification of the likely mechanism of enzyme
inhibition and for estimation of the inhibitory constant K
Dixon Plots of the reciprocal of the rate of product formation
(1/V) versus inhibitor concentration [I] at each substrate
concentration [S] were prepared. For each [S] value, the points
lie on a straight line, and the extrapolated lines at different [S]
values intersect at a single point, for which [I] = —K;. The best
part of the Dixon and Cornish—Bowden methods is that there
are really no calculations to be done. The inhibition constant
can be obtained directly from the plots. Figure SB shows the
Dixon plot for the inhibition of the immobilized catalase. The
resulting linear curves converges in the upper left quadrant of
the plot, demonstrating that 2,4-D is a competitive or mixed
inhibitor. However, the usefulness of this method is limited by
the fact that it does not distinguish unambiguously between
competitive and mixed inhibitors, and, for mixed or
uncompetitive inhibitors, it provides no measure of the
dissociation constant of the EIS complex.”> The Cornish—
Bowden plot is similar to the Dixon plot but complementary to
it. This plot gives a relationship between [S]/V against [I]. It
should provide good estimates of K;, since the variance of [S]/
V does not vary greatly with V if V is distributed with uniform
variance. Figure 5C is a Cornish—Bowden plot. The lines are
parallel in the plot of [S]/V against inhibitor concentration.
The result further unambiguously indicated the competitive
type of inhibition for 2,4-D. Scheme S1 gives the structure of

2,4-D and illustrates the inhibition mechanism. 2,4-D competes
with H,0, for the active site of catalase, and thus causes the
activity decrease of catalase. The inhibitor constants (K;) was
calculated as 4.78 X 1077 M. The apparent inhibition constant
is a measure of the sensor’s efficiency in detecting the inhibitor.
The lower the apparent inhibition constant, the higher the
sensor efficiency in detecting the respective inhibitor.’® The
inhibition mechanism and the low inhibition constant of 2,4-D
to the immobilized catalase indicated that a sensitive inhibition
biosensor can be constructed for 2,4-D detection based on the
catalase/hp-CaP/GCE.

Optimization of the Variables Concerning the
Catalase/hp-CaP Biosensor under Flow-Injection Con-
ditions. To obtain good performance of catalase/hp-CaP
biosensor for 2,4-D detection, several experimental parameters
including the amount of hp-CaP, pH, the concentration of
H,0,, and the applied potential were optimized. The
dependence of inhibition rate on the amount of hp-CaP is
shown in Figure 6A. As can be seen, the inhibition rate
increased evidently as the amount of hp-CaP increased from 1.0
mg/mL to 5.0 mg/mL. The maximum inhibition degree was
obtained when 5.0 mg/mL of hp-CaP was used for the
immobilization of 8.0 mg/mL of catalase. This optimized mass
amount of hp-CaP was applied in all the following experiments.

In amperometric measurement, a crucial parameter is the
operating potential. In the present study, the dependence of the
inhibition ratio on the applied potential was investigated
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(Figure 6B). The inhibition ratio increased with the operating
potential between —0.25 and —0.35 V, and then decreased. A
maximum inhibition ratio was observed at —0.35 V. This can be
due to a potential dependence of the activity of the
immobilized catalase. —0.35 V was used as the detection
potential for further studies.

Another important aspect to be investigated concerns the
concentration of substrate (H,0,). For competitive inhibition,
the inhibition is most noticeable at low substrate concentrations
but can be overcome at sufficiently high substrate concen-
trations. However, increasing the concentration of substrate
provides the largest signal-to-background ratio that can be
obtained for an assay.”” In order to study this effect, assays were
performed using different concentrations of H,0O, in the
measuring cell. These concentrations lay in the linear range of
the calibration plot for H,0, with the catalase/hp-CaP
biosensor; therefore the decrease in current due to the
presence of 2,4-D could be directly correlated with the activity
inhibition of 2,4-D, making it possible to assess the presence of
2,4-D. The results indicate that the lower the concentration of
hydrogen peroxide, the greater the inhibition ratio observed
(Figure 6C). For 0.1 mM H,0,, a sensitivity of 15.51 + 2% was
obtained, whereas 10.72 + 1.7% and 7.1 + 1.4% were obtained
for 0.5 and 1.0 mM H,O,, respectively. However, low reduction
current of H,O, on catalase/hp-CaP biosensor gave rise to a
lower signal-to-noise ratio, and the linear range is narrow.
When the concentration of H,O, was 1.0 mM, there was a
higher probability of H,0, occupying the active site over the
2,4-D at a fixed concentration. Therefore, increasing the
concentration of H,0, decreases the ability of competitive 2,4-
D to bind and inhibit catalase, thus decreased the sensitivity of
the sensor. Considering the sensitivity and linear range, 0.5 mM
H,0, was chosen for further studies

The inhibition response of catalase/hp-CaP biosensor in the
electrochemical cell containing working solutions of different
pH values was also evaluated in order to determine the
optimum pH value for 2,4-D detection. Figure 6 D shows that a
maximum inhibition response for catalase/hp-CaP biosensor
was observed at pH 7.0, which is similar to previously reported
work.” Catalase operates best within a specific pH range, and
would be denatured by excessive acidity or alkalinity. Therefore,
a pH value of 7.0 was selected for 2,4-D detection with the
catalase/hp-CaP biosensor system.

Performance Characteristics of the Catalase/hp-CaP
Biosensor. Since the FIA method has several advantages such
as good reproducibility, good stability and high sample
throughput,” this method was used for the determination of
2,4-D by using catalase/hp-CaP as the sensor element. Figure 7
displays that the amperometric response of catalase/hp-CaP
biosensor decreased stepwise with successive injection of
different concentrations of 2,4-D in the presence of constant
concentrations of H,O,. This signal decrease was attributed to
the inhibition effect of 2,4-D to the activity of the immobilized
catalase. Two linear ranges were obtained for this catalase/hp-
CaP biosensor (inset of Figure 7). One is from 0.03 to 0.30 uM
with a regression equation of Inh(%) = 3.33+ 1.08 X 10° C (M)
(R* = 0.999, n = 6), and the other one is from 0.30 to 3.00 uM
with a regression equation of Inh (%) = 31.63 + 2.07 X 10’C
(M) (R*>=0.996, n = 6), where C is the concentration of 2,4-D.
The detection limit was 0.015 uM, considering 3% standard
deviation and a signal-to-noise ratio of 3. This detection limit is
below the maximum residue limits (MRLs) defined by the
European Union (0.045S M) and China (0.9 uM) for 2,4-D,
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Figure 7. Flow-injection amperometric curves of catalase/hp-CaP
biosensor for different concentrations of 2,4-D. Inset was the
calibration curves between 2,4-D and inhibition efficiency. The
experiment was performed in 0.1 M phosphate buffered solution
(pH 7.0) containing 0.5 mM H,0, at —0.35 V; the data represented
mean values and standard deviations of six measurements.

suggesting the suitability of this sensor for screening of 2,4-D.*’
Several methods have been applied for the detection of 2,4-D,
for example, high performance liquid chromatographic
method,*' immunoassays,40 electrochemical methods™ etc.
Table 1 listed the analytical performance of different methods
for 2,4-D detection. This biosensor is more sensitive than some
of the reported work,**™* and highly comparable with the
previously reported chemiluminescent enzyme-linked immu-
nosorbent assay method.”* Although immunoassays exhibit
promising sensitivity, they often involved a monoclonal or a
polyclonal antibody of antibody tagged with enzymes,
fluorophores or nanomaterials. These approaches with
complicated preparation and detection processes are often
time-consuming, inconvenient, expensive, and labor-intensive.
This inhibition method we provided is simple and low cost.
The influence of several possible interference species from
plant samples on the determination of 2,4-D was studied under
the optimum condition. A 0.1 yM standard solution of 2,4-D
was examined both in the presence and absence of various
interferences in the buffer solution using the biosensor. The
inhibition ratio was normalized on the basis of the response
under optimized conditions for 0.1 M of 2,4-D. No influence
was found after the addition of 1000-fold concentrations of
glucose, sucrose, glycine, citric acid, Na*, Ca**, and Mg*', 50-
fold concentration of prometryn, clethodim, cycloxydim,
sethoxydim, and 10-fold concentrations of Fe**, forchlorfenur-
on and salicylic acid. However, the compounds structurally
similar to 2,4-D, namely 2,4-dichlorophenylaceticacid, 2,4-
dichlorobenzoic acid, would cause the interferences when their
concentrations were 0.3 M. This may be attributed to the fact
that the inhibition of catalase activity lacks specificity, which is
also typical for other inhibition biosensors.”” However, the
developed inhibition biosensor is capable not only of detecting
a single chemical species, but also of giving a global evaluation
of the overall contamination of the sample by 2, 4-D and its
analogues, which are endowed with the same toxicity. This
biosensor can be applied for the preliminary screening of
various contaminants in environmental or food matrices,
possibly minimizing the pretreatment of samples, reducing
the cost and time of analysis, and extending the number of
sampling sites or of samples assayed per site. The exact
composition and the chemical structure of all contaminants
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Table 1. Comparison of the Analytical Performance of Different Methods for 2,4-D Detection

methods calibration range (4M) detection limit (nM) ref
diffraction gratings based on MIP 600—2000 43a
electrochemical sensor 1.0—-10.0 830.0 42
liquid chromatographic analysis 135.0 41
piezoelectric immunosensor 0.06—3.00 58.0 43c
chemiluminescence immunosensor 13.0 43b
PEC sensor based on MIP modified TiO2 nanotubes 0.5—-13.0 10.0 45
ELISA 0.02—-2.91 6.0 44
PEC sensor based on BiOI 4.52 % 107 to 4.0 X 1072 and 0.09—4.0 0.18 46
catalase/hp-CaP biosensor 0.03—3.00 15.0 this work

MIP: molecularly imprinted polymer; PEC: photoelectrochemical; ELISA: enzyme-linked immunosorbent assay.

may be obtained by more specific and sophisticated
confirmation methods, usually based on chromatographic-
spectrometric techniques (primarily GC—MS and HPLC—
MS).

The precision of the biosensor was checked with its repetitive
measurements of 0.1 yM of 2,4-D. The relative standard
deviation was 3.42% (n = 10). Reversibility of inhibition was
evaluated by measuring the biosensor’s responses to 0.5 mM
H,0, before and after the inhibition effect of 2,4-D at a
concentration of 3.0 uM. Between each measurement, the
biosensor was washed with phosphate buffer. As shown in
Figure 8, the signal changes are fully reversible, and the
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Figure 8. Reversibility test of the catalase/hp-CaP biosensor using 3.0
#M 2,4-D as the inhibitor.

biosensor can be repeatedly used for the detection of 2,4-D.
The reproducibility of the biosensor was evaluated by the
response variation of 10 batchs of catalase/hp-CaP, prepared
on different days. The relative standard deviation was 8.72% (n
= 10), indicating good reproducibility of the sensor. The
stability of the biosensor was investigated by storing it at 4 °C
in a refrigerator and checked its response to 0.1 M of 2,4-D
every day. The biosensor maintained 91.3% of its initial activity
after one month. Thus, this biosensor has acceptable stability.

In order to validate the applicability, sensitivity, and accuracy
of this catalase/hp-CaP biosensor for real samples analysis, a
recovery experiment was carried out by adding the known
amounts of 2,4-D into the extracted bean sprouts samples, and
analyzed by using the described method under the optimal
conditions. The recoveries of 2,4-D in the bean sprouts samples
were in the range of 97.78—103.33%. Furthermore, the value of
RSD is below 5.3%, demonstrating that this method is effective
and applicatory.

15973

Bl CONCLUSIONS

The interaction between 2,4-D and catalase has been studied by
a simple and effective biosensor with a flow injection system at
the molecular level. Results show that 2,4-D is a competitive
inhibitor of catalase with an inhibition constant of 4.78 X 1077
M. This work provides a method to evaluate the toxicity of 2,4-
D and detecting 2,4-D quickly and sensitively. The application
of this method can greatly simplify the testing process, shorten
the operation time, and reduce the cost. It can be used for
future study of the interaction between biomolecules and small
molecules.
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