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The present study describes an atrazine hiosensor with the
detection limit of 0.1 part-per-trillion (ppt). The atrazine biosensor
is fabricated on tyrosinase-immobilized vertical growth TiO,
nanotubes (Tyr/Ti0,—NTs), based on the inhibition of tyrosinase
by atrazine. The designed Tyr/TiO,—NTs present excellent
applicability in atrazine determination, with high sensitivity and
stability, and rapid response. The outstanding sensing
characteristics for atrazine is attributed to the appropriate
bioelectrochemical interface of Tyr/TiO,—NTs, resulting from
the preponderant tubular structure, excellent biocompatibility,
and hydrophilicity of Ti0,—NTs. The atrazine biosensor possesses
a wide detection range from 0.2 ppt to 2 part-per-billion

(ppb). The practical application of the biosensor is realized for
the determination of atrazine and the analysis of its transport
in soil samples. A new method for determination of atrazine in
soil samples is thus established, which greatly simplifies the
preparation procedure of sample and is helpful to evaluate the
pollution risk of atrazine to soil, groundwater, and surface
water.

Introduction

Atrazine (2-chloro-4-ethylamino-6-isopropylamino-1,3,5-tri-
azine), because of its high efficiency and other features, has
become one of the most widely used herbicides (1—3). It is
a putative endocrine disruptor (4, 5) and may cause serious
health risks even at very low levels (ppb) (6). The long-term
exposure of creatures to atrazine with low concentration may
induce subacute injury and potential hazards to the body.
Although studies on the toxicity of atrazine on human have
not been completely conclusive, atrazine exposure in rodent
models has identified reproductive and developmental
abnormalities (7—10). The maximum level for atrazine
contamination is 3.0 ppb in drinking water, as established
by the US Environmental Protection Agency. Thus it is of
great significance to accurately quantify the compound at
low concentrations.

Many well-established analytical methods are based on
chromatographic determination, such as gas chromatography
(11), high-performanceliquid chromatography (12), and gas
chromatography—mass spectrometry (13), which have been
widely used for the detection of atrazine at trace levels.
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However, these methods are complex, time-consuming, and
costly, especially requiring an exhaustive step for sample
preparation, with bulky instruments. Due to the advantages
such as simplicity, sensitivity, operational feasibility in turbid
media, and easy miniaturization, electrochemical sensors
have been considered for detecting atrazine. One of the major
drawbacks to the electroanalytical technique is the use of
mercury electrode at the detection limit of ppb (14, 15),
because atrazine is only electroactive on mercury surface,
which presents hazardous effects. In order to avoid the
mercury contamination, several alternative electrodes have
been proposed, and modified electrochemical biosensors
have attracted extensive attention. Touloupakis et al. (16)
immobilized photosynthetic thylakoid, the mutant resistant
to atrazine, on the surface of screen-printed sensors with a
detection limit of 2.15 ppb for atrazine. Biotinylated anti-
triazine Fab fragment was attached to the PPy/neutravidin
modified electrode to detect atrazine in the range 0of 0.1—200
ppb (I17). A tyrosinase-immobilized biosensor may also be
used for the detection of atrazine, based on that atrazine
inhibits the catalytic activity of tyrosinase to some substrates,
such as phenols (18, 19). However, because enzymes are
highly unstable and the intermediate radicals formed may
inactivate the enzyme and foul the electrode surface, the
sensitivity is not satisfactory. For this reason, it has been the
focused subject to improve the sensitivity and stability of
biosensors (20).

In this work, to fabricate an atrazine biosensor with high
stability and sensitivity, tyrosinase is immobilized on the
surface of vertical growth TiO,—NTs. It is realized that the
sensitivity can be improved remarkably by constructing
appropriate bioelectrochemical interface, which also im-
proves the stability of tyrosinase, the load of biomolecules,
and the electron transfer. It is well-known that such TiO,—
NTs possess excellent characteristics in applications for
biomaterials. Biomolecules can retain their bioactivities and
present high stability on the surface of TiO,—NTs due to the
excellent biocompatibility and high hydrophilicity (21, 22).
Most importantly, abundant biomolecules may be im-
mobilized because of the highly ordered vertically aligned
TiO,—NTs with large surface area, which can provide much
more space for enzyme adsorption and confine biomolecules
in the inner nanospaces (23). These characteristics will lead
to excellent biosensors with high stability and sensitivity.

The biosensor fabricated in this work is for detecting
atrazine in soil. Due to the large amount of atrazine used per
unit area (the recommended application amount of atrazine
by the agricultural sector: 1.7—2.8 kg ha™!) and continuous
use for many years, serious environmental problems have
become apparent (24—26). The half-life of atrazine is more
than 200 days, so it can easily accumulate in the soil and
transport to the deep soil by the rain and irrigation water
(27, 28). Therefore, the determination of atrazine in soil is
of great environmental significance. A novel portable atrazine
electrochemical biosensor with rapid response, high stability,
and sensitivity is prepared in this work. This biosensor is
used to detect atrazine and analyze its transport in soil, which
is helpful to evaluate its pollution risk to surface water and
groundwater.

Experimental Section

Reagents and Apparatus. Tyrosinase (5730 U/mg) and
atrazine (purity >97%) were purchased from Sigma. Pure
titanium foils (99.9% purity) were used for anodic oxidation.
All the other reagents were of analytical grade and used
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without further purification. Double-distilled water was used
throughout the experiments.

Field emission scanning electron microscope (EFEG-SEM)
and X-ray diffraction (XRD) were used to characterize the
morphology and crystal structure of the as-prepared elec-
trodes. High-performance liquid chromatography (HPLC,
1100, Agilent) was used to detect the atrazine as reference
method.

Design and Construction of Biosensor. Highly ordered
and vertically aligned TiO,—NTs were primarily fabricated
on Ti substrate by anodic oxidation (optimized in the
Supporting Information (S1 of SI)). Before immobilizing
tyrosinase, the electrode was first electrochemically pre-
treated at a constant potential of —1.5Vin neutral 2 M NH,Cl
aqueous electrolytes for 3 s. After having been rinsed by
distilled water and dried, the surface of the pretreated
TiO,—NTs electrode (5 mm?; diameter 2.5 mm) was covered
with 20 uL of 50 U uL~! tyrosinase solution and 5 uL of 2.5%
glutaraldehyde aqueous solution by dropping with a mi-
crosyringe. After reaction for 10 min, the glutaraldehyde cross-
linked the enzyme molecules, and then the electrode was
dried immediately under a constant flux of N,. After having
been rinsed by distilled water and dried, the acquired
tyrosinase-immobilized TiO,—NTs (Tyr/TiO,—NTs) electrode
was stored at 4 °C in a refrigerator when not used.

Bioelectrochemistry Experiment. All the electrochemical
measurements were performed using a conventional three-
electrode cell system and a CHI 660c electrochemical
workstation. TiO,—NTs or Tyr/TiO,—NTs electrode was
employed as the working electrode, while a saturated
calomel electrode (SCE) and a platinum electrode served
as thereference and counter electrode, respectively. Buffers
were purged with high-purity oxygen for at least 10 min
before experiments, and an oxygen environment was kept
over solutions in the cell to preserve the oxygen solution.
All experiments were performed at room temperature.

Cyclic voltammetry (CV) was used to study the response
of the TiO,—NTs and Tyr/TiO,—NTs electrode toward p-
cresol, and amperometric measurements with Tyr/TiO,—
NTs electrode were performed to optimize experimental
variables and with atrazine biosensor to determinate
atrazine.

Results and Discussion

High-Sensitivity Performance of the Atrazine Biosensor.
The detection of environmental pollutants by enzyme-
immobilized biosensor is mainly based on the mechanism
that the pollutants inhibit the biological activity of the enzyme
to substrates. In detecting atrazine with this tyrosinase-
immobilized biosensor, the percentage inhibition (Ai%) of

Schematic lllustration for Mechanism of the Biosensor
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biosensor response was recorded as a function of atrazine
concentration

I

Ai(%) = 7

x 100

where I is the biosensor response to the substrate in the
absence of pesticide, and I is the biosensor response after
being “incubated” in the presence of atrazine (Scheme 1).

According to the mechanism, the sensitivity of the atrazine
biosensor to substrate is a key factor of its sensitivity to
atrazine and was thus investigated. The electrochemical
features of the Tyr/TiO,—NTs were first evaluated by CV.
Figure 1A depicts the CV of Tyr/TiO,—NTs in 0.1 M PBS (pH
7.0) without and with 0.1 mM p-cresol. Only background
current is observed in the blank PBS (curve a), while the CV
changes dramatically with an obvious increase of the
reduction current when p-cresol is added (curve b). The
comparison on TiO,—NTs electrode without immobilized
tyrosinase is made with CV. Under the same circumstance,
no reduction signal is observed in the presence of p-cresol
on the TiO,—NTs (inset of Figure 1A). Obviously, the reduction
peakon Tyr/TiO,—NTs (curve b) is attributed to the reduction
of quinone liberated from the enzyme reaction catalyzed by
tyrosinase on the electrode surface.

A typical current—time plot for the Tyr/TiO,—NTs on the
successive step addition of p-cresol is obtained in 0.1 M PBS
(pH 7.0) at the applied potential of —500 mV (S2 of the SI).
As shown in Figure 1B, the Tyr/TiO,—NTs exhibit a rapid
response to the change of substrate concentration and reach
steady-state current within 5 s. The reduction current at the
electrode is proportional to the concentration of p-cresol in
the range from 5 x 1077 to 1.55 x 10~* M according to the
calibration curve (inset of Figure 1B). Thus the Tyr/TiO,—
NTs can be used in a wide range of p-cresol, with a sensitivity
toward p-cresol of 1900 mA M ™!, which is much higher than
that on tyrosinase/gelatin modified GCE (20.1 mA M) (29),
titania sol—gel-derived tyrosinase-based amperometric bio-
sensor (1300 mA M) (30), and Tyr-MPA-AuE (33 mA M™})
(3D.

The apparent kinetic parameter of the Tyr/TiO,—NTs, an
indication of both the enzymatic affinity an d the enzyme—
substrate kinetic constants, is estimated from the relationship
of 1/1 versus 1/Cp.cresol. The apparent Michaelis—Menten
constant (Kj?) is determined from the electrochemical
Lineweaver—Burk form of the Michaelis—Menten equation
(32)
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where I is the steady state current after the addition of
p-cresol, I, is the maximum current under saturating
substrate conditions, and C.creso1 is the p-cresol concentration
in the solution. An electrochemical Lineweaver—Burk plot
(1/1 versus 1/Cy.creso) leads to a straight line and provides
values of K{¥P/In.x (slope) and 1/Iy.x (y-axis intercept). The
KPP value displays the affinity of an enzyme for its substrate,
and a lower K{” value indicates stronger substrate binding
and higher catalytic activity. In the present study, K}/” value
is 24.7 uM for the enzyme immobilized (S3 of the SI), which
is obviously lower than the reported values, such as 26.1 uM
of the biosensor based on tyrosinase entrapped in a vapor
deposited titania sol—gel membrane (31) and 721 uM of
tyrosinase/gelatin modified GCE (29). The low K}/” value
obtained in this study indicates that the tyrosinase molecules
doped into the bioelectrode configuration retain their
bioactivity and have high affinity for p-cresol, consequently,
allowing higher sensitivity. Thus the constructed Tyr/
TiO,—NTs is considered as an excellent biosensor.

The inhibition of atrazine to this biosensor was investi-
gated. In the measurements, the atrazine biosensor was first
immersed in the PBS and the signal was stabilized. Then 0.1
mM p-cresol solution (substrate) was added and I was
measured. The atrazine biosensor was rinsed, and a new
measurement was taken by dipping the refreshed biosensor
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FIGURE 1. CVs of Tyr/Ti0,—NTs (A) and TiO,—NTs (inset of A)
in 0.1 M PBS without (a) and with 0.1 mM p-cresol (b); typical
current—time curve (B) of Tyr/Ti0,—NTs with the addition of
p-cresol in 0.1 M PBS at —500 mV and its calibration curves
(inset of B).
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FIGURE 2. The inhibition curves of Tyr/Ti0,—NTs for atrazine in
0.1 M PBS (pH 7.0) at —500 mV inserts: calibration curves at
low (A) and high concentrations of atrazine (B).

in atrazine-containing PBS solutions before adding 0.1 mM
p-cresol and waiting for an incubation time of 10 min, while
the enzyme and the inhibitor remained contact. After adding
the p-cresol, I was recorded and compared with the data
obtained previously. After each inhibition measurement, the
biosensor presented good operational stability and recov-
erability in 5 min by incubation in PBS containing the
substrate (54 of the SI).

The inhibition measurements were carried out in the range
from 0.2 ppt to 10 ppm of atrazine concentration. Figure 2
(®) shows that the inhibition percent (Ai(%)) increases with
pesticide concentration, and the largest inhibition percent
is more than 75%. Over the range from 10 ppt to 2 ppb, the
relationship between 1/Ai(%) and 1/ Cgyazine(ppt) is linear,
with the regression equation of 1/Ai = 0.09029/ Cayazine +
0.01939 and the correlation coefficient of 0.9871 (inset A of
Figure 2). When the atrazine concentration is extremely low
(0.2—10 ppt), the inhibition percent is lower than 35%, the
relationship between Ai(%) and Caazine(ppt) is linear, and
the regression equation is Ai = 8.461 + 2.741 Cyrazine With the
correlation coefficient of 0.9996 (inset B of Figure 2). When
the inhibition percent is lower than 8%, the concentration
of atrazine cannot be detected with this biosensor because
of the signal-to-noise ratio, and the detection limit is
calculated to be 0.1 ppt. Thus the detection range is from 0.2
ppt to 2 ppb. This low detection limit is much lower than
that of Tyr-Au electrode (1.08 ppm) (18) and Tyr-PEDT-GC
electrode (0.86 ppm) and even lower than that of the Tyr-
AuNP-GC electrode (0.35 ppt) (20). Thus, a novel atrazine
biosensor with excellent bioelectrochemical interface is
successfully prepared, which presents high sensitivity and
low detection limit.

We may explain the linearity from the enzyme kinetics as
follows. Equation 1 determines the value of Kj/”, which
presents the affinity of an enzyme for its substrate. The affinity
of the enzyme for the inhibitor can be evaluated with
inhibition constants Kj, which can be determined by using
the following relationship (32)

s = {1+ ) @

T

where K'{/” is the apparent K}/” of the immobilized enzyme
in the presence of inhibitor, which can be determined by

11 K3’
ITTo T @)

p-cresollmax

In the competitive inhibition process, I'max is equal to L.y
(32). From eqs 1, 2, and 3, we have
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where Kgpr and K;are constants, so when C,— s 1s a certain
value, eq 4 can be simplified as
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where a = Cy-creso + K7, b =(K{PP)/ (K), and p = 100(K5")/
(Kp.
The inverse calculation on both sides of eq 5 gives
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Equation 6 illustrates the relation of 1/Ai(%) and 1/ Carrazine
which is the regression equation in the range of 10 ppt—2
ppb. When Ciyazine is very small, the error will be quite large
for eq 6. Moreover, when Cgazine is very small and bCprazine
is much less than a, bCuyaine can be neglected in the
denominator of eq 5, so that eq 5 gives a linear relationship
between Ai(%) and Cgazine(ppt), corresponding to the low
atrazine concentration from 0.2 to 10 ppt.

The detailed reasons for the high sensitivity and rapid
response can be further exploited from the preponderant
tubular structure, excellent biocompatibility, and hydrophi-
licity of TiO,—NTs as well as the abundant immobilization
of tyrosinase.

The structure and morphology of the TiO,—NTs are first
characterized by XRD and SEM. The XRD patterns (S5 of the
SI) demonstrate that the TiO,—NTs mainly consist of anatase
phase (260 = 25.2° and 54.2°), which corresponds to the (101)
reflection of the crystalline anatase phase (JCPDS File 21-
1272) and a rutile phase (20 = 27.5 and 36.1°), besides the
major titanium crystal. According to the SEM characterization
(S6 of the SI), the TiO,—NTs are self-organized, vertically
aligned, and compactly arranged with an average inner
diameter of 80 & 15 nm and the thickness of the tube wall
of ca. 15nm. This structure provides a large effective electrode
surface for tyrosinase loading, which may facilitate the
specific reaction between the substrate and the enzyme,
resulting in a good amperometric response.

An adsorbed biomolecule may change its conformation
to some extent because of biomolecule-surface interactions.
Thus, the surface properties, especially the wettability of
surfaces, will affect the adsorption and adhesion of biomol-
ecules on the surfaces (33). The contact angle (CA) of water
drop on the TiO,—NTs (ca. 15°) (S7B of the SI) is smaller than
that on Ti (ca. 55°) (S7A of the SI), reflecting its excellent
hydrophilicity. Meanwhile, CAs of tyrosinase solution on Ti
and TiO,—NTs surface are also analyzed. The CA of tyrosinase
on the TiO,—NTs surface (ca. 10°) (S7D of the SI) is also
smaller than that on Ti (ca. 55°) (S7C of the SI), indicating
that the TiO,—NTs interface is ideal for tyrosinase im-
mobilization and can provide favorable microenvironment
for maintaining its activity.

Electrochemical impedance spectroscopy (EIS) can pro-
vide the information of tyrosinase loading on the surface of
TiO,—NTs electrodes. The oxidation—reduction pair of
[Fe(CN)g]3~/[Fe(CN)gl*™, in which the electron transfers fast
and effectively, is widely used as electrochemical probe,
especially applicable to characterize biomolecule-immobi-
lized electrode. In this work, EIS measurements for different
electrodes are performed in 0.1 M KCl solution containing
10 mM [Fe(CN)g]3~/[Fe(CN)g]*~ at the open circuit potential
to assess their electrochemical properties. The electrochemi-

cal resistance of Tyr/TiO,—NTs increases dramatically com-
pared with that of TiO,—NTs electrode (S8 of the SI),
suggesting that tyrosinase is successfully immobilized on
the surface of TiO,—NTs. The reason for the resistance
increase is that nonconductive proteins may obstruct electron
transfer between the electrode and [Fe(CN)g]®~/[Fe(CN)gl*.
The surface coverage ratio (6) of tyrosinase on the TiO,—NTs
can be estimated by using the equation 6 = 1 — (R%/R.)
(34, 35), where R% and R, are the resistances of the electrode
before and after tyrosinase immobilization, respectively. For
an optimized immobilization (S9 of the SI), the calculated
0 of tyrosinase on TiO,—NTs is 97%, indicating an almost
saturated immobilization.

From the above results, the mechanism of the stable, rapid,
and highly sensitive atrazine biosensor can be formulated.
Tyrosinase is a bifunctional copper protein presenting at
least two distinct binding sites, one of which has affinity for
aromatic compounds (substrate site) (36). Before incubation:
(1) large amount of tyrosinase loaded occupy the substrate
sites and expedite the rate of enzyme catalytic reaction to
p-cresol, producing a lot of 4-methylcatechol, while met-
tyrosinase reduces to deoxy-tyrosinase. (2) With continuous
oxygen flow and mixing, the reaction condition is always in
oxygen saturation, resulting in a significant amount of active
oxy-tyrosinase from the reaction of deoxy-tyrosinase and
oxygen. (3) Abundant quinone is produced by the reaction
of 4-methylcatechol and oxy-tyrosinase, while oxy-tyrosinase
reverts to met-tyrosinase. (4) The enhanced current signal
is attributed to the reduction of abundant quinone on the
surface of the atrazine biosensor. 4-Methylcatechol is
electrochemically regenerated avoiding intermediate polymer
produced via direct electrochemical oxidation and resulting
in a considerable amplification of the signal, which improves
the sensitivity and stabilization of an enzymatic assay (I).
After incubation, due to the reversible and competitive
inhibition of atrazine, some of the substrate sites are
deactivated, reducing enzyme catalysis, so the current signal
decreases (I'). The detail enzyme catalytic reactions are as
follows

p-cresol + met-tyrosinase — 4-methylcatechol +
deoxy-tyrosinase (1)

O, + deoxy-tyrosinase — oxy-tyrosinase (2)

4-methylcatechol + oxy-tyrosinase — 3)

2-methyl, 2-benzoquinone + met-tyrosinase

2-methyl-1, 2-benzoquinone + 2e~ + 2H" —
4-methylcatechol (4)

This mechanism has been described in Scheme 1.

The performance of the Tyr/TiO,—NTs as an atrazine
biosensor is further investigated for its pH range and
temperature adaptability as well as the repeatability.

Broad pH applicability is of great significance in envi-
ronmental control and monitoring. The pH value of the
solution may have obvious effects on the bioactivity of
tyrosinase. Thus the influence of pH on the amperometric
response is investigated for 0.1 mM p-cresol in the pH range
of3.0—8.0 adjusted by PBS (0.1 M), as shown in Figure 3. The
amperometric response changes slightly between pH 4.0 and
8.0, indicating that this atrazine biosensor can be used in a
wide pH range.

Figure 3 also displays the amperometric response of the
atrazine biosensor in the temperature range of 25 — 70 °C.
The initial response of the electrode is obtained in the
presence of 0.1 mM p-cresol at 25 °C. Then the electrode is
immersed in the PBS (pH 7.0) for 1 h at a given temperature
and the amperometric response is measured. The ampero-
metric response changes slightly between 25—50 °C, dem-
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FIGURE 3. pH (a) and temperature (b) dependence of Tyr/
Ti0,—NTs amperometric response to 0.1 mM p-cresol in 0.1 M
PBS at an applied potential of —500 mV versus SCE.

onstrating that the TiO,—NTs are good for maintaining the
bioactivity of tyrosinase, so that the effective detection of
atrazine can be realized in a wide temperature range.

Moreover, the repeatability of the atrazine biosensor is
investigated by CVin 0.1 M PBS (pH 7.0) with 0.1 mM p-cresol.
The mean steady-state peak current is 0.22 mA with a relative
standard deviation of 4.2% for 20 continuous measurements.
After the measurements, the atrazine biosensor is rinsed with
double distilled water and stored at 4 °C. The investigation
on long-term stability of the atrazine biosensor shows that
it retains more than 90% of its initial activity after 4 weeks.
The good stability of the atrazine biosensor may be mainly
ascribed to the above-mentioned hydrophilicity interactions
with TiO,—NTs owing to their favorable wettability. Fur-
thermore, the potential confining effects provided by the
unique 3-D nanotubular structure of TiO,—NTs may also
stabilize the tyrosinase.

Detection of Atrazine in Soil Samples. The atrazine
biosensor is used to detect atrazine in soil. The soil sample
solution (S10 of the SI) is accurately diluted with PBS if the
concentration of atrazine is out the linearity range. Figure
4 shows the spatial distribution of atrazine in soil. As a
reference, the assayed samples are also studied with HPLC.
The standard deviation of detecting results with the two
methodsisless than 5%, and the atrazine biosensor can detect
atrazine in a lower concentration range. Most importantly,
the preparation procedure of sample is greatly simplified by
using the atrazine biosensor compared with HPLC, shorten-
ing the detection time and reducing possible errors caused
by complex procedures. In addition, the standard addition
method has been used to test the atrazine biosensor for more
soil samples (S11 of the SI). In all cases the relative error is
below 4% between the measured value and the assigned
atrazine concentration at the level considered. On the other
hand, since enzyme is a class of substances, the activity of
tyrosinase may be affected by other inhibitors such as
triazines, carbamates, and organophosphates. Thus the
biosensor may be also affected by other inhibitors in practical
applications.

Figure 4 shows that the concentration of atrazine reduces
as the depth of soil increases. It is very high in the soil layer
of 0—20 cm and reduces obviously in the layer of 20—30 cm,
because a large amount of atrazine detains in the surface
soil due to the adsorption. However, it is noteworthy that
atrazine is still detected in the 60—70 cm depth, which may
be due to the rapid downward migration of atrazine with
preferential flow that reduce the soil filtration. This prefer-
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ential transport induces large-scale pollution of deep soil
and increases the difficulty of soil remediation. It is reported
that atrazine can even transport to the soil layer deeper than
1 m to pollute the groundwater (28). In recent years, residual
atrazine is measured in soil, groundwater, and surface water
in many areas (I1—13), which will reduce soil fertility and
debase the quality of agricultural products, directly endan-
gering human health. Thus, the detection of atrazine in soil
will help us to understand the transport conditions of atrazine
in the soil and will be valuable for the hazard assessment of
groundwater and surface water.
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detailed experiment including preparation and testing of soil
samples (510), and the standard addition method (S11). The
material is available free of charge via the Internet at http://
pubs.acs.org.
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