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ABSTRACT
The facile preparation of poly(L-DOPA)-tyrosinase (PDy-Tyr) composite and its application both

in substrate (phenol) and inhibitor (atrazine) sensing is reported here for the first time. Effective
immobilization of enzyme is realized via in-situ entrapping Tyr in poly(L-DOPA) (PDy), which
is formed by Tyr catalytic polymerization of L-DOPA. The Tyr modified electrode is simply
prepared by dipping the PDy-Tyr composite on an Au electrode and then covered by Nafion. The
thus-prepared Tyr-immobilized electrode exhibits excellent performance superior to most
Tyr-based electrochemical biosensors, the sensitivity to phenol is as high as 5122 A mM™ in the
linear range of 10 nM ~ 1.25 uM, the apparent Michaelis-Menten constant (Ky**®) determined as
low as 3.13 uM indicates strong substrate binding and high catalytic activity of the immobilized
Tyr. The biosensor also works well in atrazine biosensing, with a linear detection range of 50 ppb
~ 30 ppm and a low detection limit of 10 ppb obtained. In addition, the biosensor shows excellent

stability, precision, high sensitivity and fabrication simplicity.

Keywords: L-DOPA, tyrosinase modified electrode, enzyme-catalyzed polymerization, phenolic
compounds biosensing, atrazine biosensing.
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1. Introduction

Tyrosinase (Tyr), also known as polyphenol oxidase, is a copper-containing enzyme that plays a
crucial role in melanin biosynthesis and in enzymatic browning of fruits, vegetables, and
crustaceans [1-2]. Tyr activity is an ideal indicative marker for the presence of cancerous growths
because elevated amounts of Tyr can be detected in melanoma cancer cells [3]. The Tyr-catalytic
oxidation of phenols has been widely applied to the biosensing of bisphenol A, phenol, catechol,
dopamine, and etc. [4-12] In addition, the Tyr inhibition has also received great concern because
of its wide application in preventing unfavorable darkening from enzymatic oxidation of phenols,
in medicinal, and in cosmetic products in relation to hyperpigmentation [13]. The flavonols
isolated from the crocus flower petals and their congeners were studied for their Tyr inhibitory
activity. So the investigation on the enzymatic catalysis and enzyme inhibition of Tyr is of great
significance.

Phenolic compounds widely existing in industrial wastewaters are causing many serious
environmental problems. High levels of phenols have been demonstrated to be of detrimental
effects on animal health and many phenols are listed as dangerous substances or priority
pollutants by the European Commission (EC) and the United States Environmental Protection
Agency (U.S.EPA).[14] Atrazine (2-chloro-4-ethylamino-6-isopropyl-amino-1,3,5-triazine) is one
of the most widely used herbicides which may cause serious health risks even at very low levels
(ppb level) [15]. Due to the large amount and the continuous use of atrazine as herbicide for many
years, environmental problems causing by atrazine have become serious and apparent [16]. The
long exposure of atrazine has been identified reproductive and can induce developmental
abnormalities [17]. Therefore, developing novel analytical techniques for fast monitoring of
environmental phenolic pollutants and atrazine is of great significance and highly required for
increasing legislative and environmental control [18-19]. Conventional methods for phenols and
atrazine determination mainly include gas or liquid chromatography and spectrophotometry

[20-21]. However, their disadvantages such as time-consuming, demanding sample pretreatments,



requiring qualified and experienced staffs and inconvenience for on-site or in-field detection
greatly limit their practical applications. Electrochemical biosensors are considered as an ideal
candidate for detecting pollutants due to the advantages such as selectivity, simplicity, sensitivity,
operational feasibility, and easy miniaturization [12, 22]. The oxidation of phenols to catechols
and then to o-quinones is catalyzed by Tyr, the reduction current of o-quinones reduced back to
catechols by the electrode can be detected at the electrode and used to indicate the presence of
phenols. Meanwhile, when the enzymatic activity of Tyr is inhibited by atrazine, the reduction
current will be lowered proportional to the concentration of the inhibitor, so the inhibition
percentage can be used to quantify atrazine [23-24]. Various Tyr-based biosensors have thus been
proposed for the determination of phenols and their derivatives, with atrazine biosensors based on
Tyr inhibition widely reported [4, 24-26].

The immobilization of biomolecules plays an important role in bioscience and biotechnology.
The high-load and high-activity immobilization of enzyme is a big concern in biocatalysis and
biosensing fields [27]. Dopamine (DA), an important hormones and neurotransmitters with
similar structure as L-DOPA, has been widely studied and used for membrane
fabrication/modification [28-35] and enzyme immobilization [36-40] due to the adhesion ability
and facile deposition process of its polymer. The polymers prepared by DA electrochemical
oxidation (PDAg)[41], DA chemical oxidation (PDAc) [42-43], and DA enzymatic oxidation
(PDAy) [44] have been recognized as excellent biocompatible matrices to entrap
biomacromolecules at high load/activity. Poly(L-DOPA) (PD) as an amino acid polymer has the
higher biocompatibility and more favorable affinity to enzyme than dopamine (PDA), so it is
expected to serve well as enzyme immobilization matrix. Many research reports have shown the
versatile applications of L-DOPA relevant to its surface-adhesive characteristic [45-46]. Recently,
our lab has reported the electrochemical/chemical oxidative synthesis and biosensing/biofuel cell
applications of PD studied wversus PDA as a recent hotspot biomaterial [47]. The

enzyme-catalyzed polymerization of L-DOPA was also investigated to immobilize enzymes for



biosensing of H,O,, uric acid, catechol and glucose [48-49]. The enzyme electrode developed by
coelectrodeposition of PD and enzyme shows biosensing performance superior to that of the
corresponding enzyme electrode using the electro-synthesized PDA material. However, as far as
we know, the investigation of the utilization of PDy-Tyr modified electrode in environmental
pollutants biosensing (phenol and related compounds, atrazine), which is meaningful both in
environmental protection and in enzymology, has not been reported to date.

Herein, PDy, is catalytically synthesized by adding 8.5 mg mL™ Tyr to 0.10 M PBS
containing 10 mM L-DOPA and reacting in refrigerator (4 °C) for 2 h, with Tyr effectively
entrapped in the prepared PDy and thus PDy-Tyr composite obtained. Tyr modified electrode is
prepared by dipping a certain amount of resultant PDy-Tyr composite on an Au electrode and
then covered with Nafion. PDy was used as an in situ Tyr-immobilization matrix for high
performance amperometric biosensing of phenol ‘compounds (phenol, p-chlorophenol,
o-dihydroxybenzene, p-cresol) and atrazine. The PDy is demonstrated to be effective in
entrapping high-load and high activity Tyr, and the resultant enzyme electrodes prepared by
casting the PDy-Tyr composites on Au electrode exhibit excellent performance in phenol and
related compounds sensing, which also serve well as novel atrazine biosensors.

2. Experimental
2.1. Instrumentation and Chemicals

All electrochemical experiments were conducted on a CHI660C electrochemical workstation
(ChenHua Instruments Co., Shanghai, China) with a conventional three-electrode system. The Au
disk electrode with 3.0 mm diameter served as the working electrode, a KCl-saturated calomel
electrode (SCE) as the reference electrode, and a Pt wire as the counter electrode. All potentials
reported here were cited versus SCE. UV-vis spectra were collected on a UV2450 UV-vis
spectrophotometer (Shimadzu Co., Japan). Scanning electron micrographs (SEM) studies were

performed on a Hitachi S4800 scanning electron microscope with a field emission electron gun.



Atomic force microscopy (AFM) images were collected on a PicoPlus atomic force microscope
(Molecular Imaging Co., USA).

Tyr (EC 1.14.18.1; 4.80 kU mg™ of solid, from mushroom) and atrazine was purchased from
Sigma. L-DOPA, DA and Nafion (perfluoinated ion-exchange resin, 10 wt.% solution in water)
were purchased from Aladdin. Phenol, p-chlorophenol, o-dihydroxybenzene, p-cresol and other
chemicals were of analytical grade and purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). Phosphate buffer solution (PBS, pH 7.0) consisting of 0.10 M
KH,PO,~K,HPO, + 0.1 M K,SO, served as the supporting electrolyte. Milli-Q ultrapure water
(Millipore, =18 M) was used throughout. All experiments were performed at room temperature
around 20 °C.

2.2. Procedures

Before modification, bare Au electrode was polished with 0.30 um alumina powder and
ultrasonic washed for at least 10 min in distilled water for three times. Then, the Au electrodes
were treated with Piranha solution (H,SO, : H,0,, 3:1 in v/v) for 15 s and dried under a nitrogen
stream. Lastly, the electrochemical cleaning of Au electrode was carried out in sulfuric acid
solution until repeated cyclic voltammograms obtained. The Au electrodes were then
characterized by cyclic voltammetry in 2 mM K;Fe(CN)g + 0.1 M K,SO,, and the peak-to-peak
separation was observed to be within 75 mV, confirming that the Au electrode was well cleaned
for subsequent experiments.

The construction procedure of Nafion/PDy-Tyr/Au biosensor and its application in detection
of phenol and atrazine is outlined in Scheme 1. A mildly stirred 0.10 M PBS containing 10.0 mM
L-DOPA (I) was subject to enzyme catalytic polymerization with the addition of 8.5 mg mL™ Tyr
(I~11). It is visible that PDy-Tyr precipitates were obtained immediately (I1). The mixed solution
was kept to react for 2 h to achieve reaction equilibrium, and then 5.0 uL of the prepared
PDw-Tyr suspension was cast on a clean Au electrode (Au, 111), and 2.0 pL of 0.025 wt.% Nafion

solution was immediately cast to strengthen the enzyme film (IV) and then air-dried. The thus



prepared enzyme electrode was used for phenol and atrazine biosensing in the following
experiments. The freshly prepared enzyme electrode was water-rinsed and stored in PBS at 4 °C
when not in use. For comparison, PD modified electrode prepared via electrochemical oxidation
(PDk electrode) was also fabricated by cyclic voltammetry (CV, here —0.50 ~ 0.50 V, 30.0 mVs*,
20 cycles) in unstirred PBS solution containing 10.0 mM L-DOPA. PD prepared via chemical
oxidation (PDc) was prepared by adding 5.0 mM KMnQ, solution to a stirred 0.10 M PBS

containing 10.0 mM L-DOPA and keeping reacting for 2 h.

___________________________

1 0, ,~L-DOP,
PTI
: l.' “. H,0 Ps—\PD:;rxr cast on
(I} = electrode
W=y J - plilb
| T e (enzyme catalytic ™
r Electrode

polymerization
I

1

1

1

1

1

1

N 1

Nafion || 1II 1
coating, 1
) 1

1

1

1

1

1

1

1

1

I o Hae .0

1 | 2

1 ‘g. \JC X pheno[bio .

1 & ®“Ba H;OW Yo 4%

X

I p

: | HQX 0: 6\059,“"“9 Electrode
‘ F‘é A0S

! B g 0T v

~apotoag

Scheme 1. Schematic representation of procedures for preparing Nafion/PDy-Tyr/Au electrode
and its application in detection of phenol and inhibitive-based detection of atrazine.

During phenol biosensing experiments, the steady-state current responses of the Tyr-based
electrodes at various phenol concentrations were recorded at -0.20 V by successive injections of a
certain concentrated phenol solution into 10 mL of stirred PBS (pH 7.0), and the electroreduction
of the enzymatically generated o-benzoquinone (BQ) was detected. The response current was
marked with the change value between the steady-state current and the background current (Ai).

In the inhibition biosensing, atrazine sensing was realized based on the inhibition effect of
atrazine towards the catalytic activity of Tyr. At first, the signal of this sensor to the addition of
5.0 uM phenol solution was recorded as l,. The biosensor was then incubated in
atrazine-containing PBS solutions for 15 min, and the current response of the inhibited biosensor

to 5.0 puM phenol solution was recorded as I;, with the inhibition percentage (In(%) = (lo - 1;)/1o)



used as the quantitative signal. After each inhibition measurement, the biosensor presented good
operational stability and recoverability by incubation in PBS containing the substrate for at least
10 min (without chart).

UV-vis spectrophotometry was performed for investigating the enzyme-catalyzed oxidation
of L-DOPA by Tyr and the UV-vis absorption spectra of 0.10 M PBS containing 0.5 mM
L-DOPA, 50 pug mL™ Tyr, or 0.5 mM L-DOPA + 50 ug mL™ Tyr were taken and compared, with
the time-dependent spectra during the Tyr-catalyzed oxidation of L-DOPA recorded. Fourier
transform infrared (FTIR) spectra were collected on a Nicolet Nexus 670 FTIR instrument in the
transmission mode. All FTIR spectra were collected at an average factor of 100 and a wave

number resolution of 4 cm™,

3. Results and Discussion
3.1. Tyr-Catalyzed Polymerization of L-DOPA.

Tyr is used here to catalyze the polymerization of L-DOPA in aqueous solution. UV-vis
spectroscopy was employed to monitor the enzyme-catalyzed oxidation of L-DOPA. As shown in
Fig. 1(a, left), in a 0.10 M PBS (pH 7.0) containing 100 uM L-DOPA, an intense band was
observed at 280 nm, which is directly related to the symmetry-forbidden transitions of the
L-DOPA molecule. A broad band was observed at 280 nm for Tyr (inset of Fig. 1(left)), which
can be related to the symmetry-forbidden transitions of aromatic amino acid residues[44]. The
time-dependent spectra obtained during the Tyr-catalyzed oxidation of L-DOPA are shown in Fig.
1(b-e). During the oxidation, the band peaking at ~308 nm rose progressively in intensity and an
intense band peaking at 480 nm rose, which is a characteristic electronic transition of the chrome
form of the oxidized state of L-DOPA after intramolecular cyclization [44, 48]. Fig. 1(right)
shows the FTIR spectra of L-DOPA and PDM formed by L-DOPA oxidation for comparison.
Significant bands of 3500 ~ 3200 cm™ in the spectrum of L-DOPA should be assigned to
stretching or deformation vibrations of phenolic O-H bonds; and the long bands of 1500 ~ 600

cm™ in L-DOPA spectra can also be attributed to significant bands of the phenolic O—H bonds,



which contains the surface deformation vibration peak and the out-of-plane deformation vibration
peak of O—H bonds; bands around 1650 cm™ in PDy, can be attributed to the stretching of
aromatic C—C bonds and the C=0 in newly formed benzoquinone; bands from 950 to 650 cm™
are attributed to out-of-plane deformation of aromatic C—H bonds. Therefore, we may conclude that
the polymer from L-DOPA enzyme oxidation can be most likely speculated as poly(5,6-indolequinone),
and many oxygen atoms therein may have developed C-O-C chains during the poly(indole)-like

polymerization [41]. This also demonstrated that L-DOPA was effectively oxidized under the function of

Tyr.
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Fig. 1. UV-vis absorption spectra of 0.10 M PBS (pH 7.0) containing 0.5 mM L-DOPA (a) and 0.5 mM
L-DOPA + 50 pg mL™ Tyr (b-e, recorded every 3 min). Inset shows UV-vis absorption spectrum of 0.10

M PBS (pH 7.0) containing 50 pg mL™ Tyr (Left). FT-IR spectra of L-DOPA and PDy, prepared under
Tyr catalyzed oxidation (Right).

The SEM pictures and AFM images of PD modified electrode prepared via electrochemical
oxidation (PDg), chemical oxidation (PDc) and enzyme oxidation (PDy,) were collected. As seen
in Fig. 2, the PDg/Au (A, a) shows a rather thin film, which is limited by the insulating nature of
PD and is bad for entrapping large amounts of enzyme. With the coat of PD¢ (B, b) or PDy, (C, ¢)
on the Au disk electrode, we can clearly observe a relative thick blanket of biocomposites film.
Comparing PD¢ (B, b) with PDy, (C, c¢), we can find that the PDy, prepared under the oxidation
function of Tyr was uniformly distributed, which may demonstrate enzyme oxidation is more

effective in entrapping high load and high activity Tyr.



Fig. 2. SEM pictures of PDg/Au (A), PDc/Au (B), PDw/Au (C) electrode surface and AFM images of
PDg/Au (a), PDc/Au (b), PDw/Au (c).

The electrochemical features of the Nafion/PDy-Tyr/Au were also validated by
electrochemical techniques. Fig. 3 (left panel) depicts the CV curves of Nafion/PDy-Tyr/Au in
0.1 M PBS (pH 7.0) without (dotted and black line) and with increasing concentrations of phenol
(soild and colourful lines). As seen in the figure, no signal was observed in the select potential
windows in blank PBS solution, while the CV curves reflected obvious increases in reduction
current with the additions of phenol. This current increase is due to the reduction of quinone
species liberated from the enzyme reaction catalyzed by the Tyr on electrode surface [12]. The
appearance of the reduction current indicates that the immobilization process retained the
biological activity of Tyr. Under the catalysis of the Tyr on the electrode surface, phenol was
oxidized by dissolving oxygen to form o-quinone and then reduced into catechol. We also
investigated the relationship of current peak (i,) with the square roots of sweep rate 3. As
shown in Fig. 3(middle panel), the i, is proportional to v indicating that the electrochemistry of
the produced BQ is a diffussion control process. The CVs of Nafion/PDy-Tyr/Au obtained by

multirun scanning (100 segments) in 0.1 M PBS containing 50.0 uM phenol was shown in Fig. 3(right



panel), we can see the prepared biosensor is relatively stable in phenol sensing. The slow decrease in the

reduction peak current may be caused by poison of electrode by the product from enzymatic reaction.
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Fig. 3. CVs of Nafion/PDy-Tyr/Au in 0.1 M PBS (pH 7.0) without (dotted and black) and with increasing
concentrations of phenol (1.0 uM ~ 50.0 uM) (left), CVs at varying scan rates and the relationship of
current peak (ip) with the square roots of sweep rate (v'3) in 0.10 M PBS (middle), and the CVs of
Nafion/PDy-Tyr/Au obtained by multirun scanning (100 segments) in 0.1 M PBS containing 50.0 uM
phenol (right).

3.2. Analytical performance of the Tyr biosensor

3.2.1. Optimization of experimental conditions.

To obtain the highest sensitivity for biosensing, various conditions, including the
concentration of Tyr, the concentation of L-DOPA, the amount of Nafion, detection potentials
and pH values, were optimized according to the biosensing signal output via variation of the
examined one while others fixed, with the results shown in Table 1. We found that the biosensor
gave maximum response at Tyr concentration of 8.5 mg mL™, L-DOPA concentration of 10 mM,
and 2.0 uL 0.025 wt% Nafion. Such low concentration of Nafion was optimized and used here to
ensure maintaining the enzymatic activity of Tyr, which was also demonstrated experimentally.
The pH of PBS and the applied potential used for phenol and atrazine sensing was optimized, and
pH 7.0 and an applied potential of -0.20 V vs. SCE (Quinones-reduction mode) with the
maximum current response were selected as reported previously.

Table 1. Optimized conditions for enzyme electrode fabrication.

Experimental Parameters Testing Range Optimized Value
Tyrosinase concentration (mg mL™) 1.0~15.0 8.5
L-DOPA concentration (mM) 50~25.0 10

Nafion (0.025 wt.%) volumn (uL) 05~3.0 2.0
Applied potentials (V, vs SCE) -0.35~0 -0.20

pH of PBS solution 45-~9.18 7.0
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To test the performance of the constructed biosensors, the steady-state currents for enzyme
electrodes under optimized conditions were examined in stirred PBS. Fig.4 illustrates the typical
current-time plots of the sensor to the successive additions of phenolic compounds under
optimized conditions. The biosensor responded rapidly to the additions of various substrates. The
corresponding calibration curves of Nafion/PDy-Tyr/Au to these substrates were shown in the
insets in Fig.4. The biosensing performance of the resultant biosensor to phenol, p-chlorophenol,
p-cresol and o-dihydroxybenzene were comparatively examined, with the sensitivity (S), limit of
detection (LOD), and linear range (LR) presented in Table 2. Fast and sensitive response towards
phenolic compounds reaches steady-state within 10 s, with the response time being ca. 6 s to
phenols, ca. 8 s to p-chlorophenol, ca. 7 s to p-cresol, and ca. 9 s to o-dihydroxybenzene. As
comparing with many reported results shown in Table 3, our Nafion/PDy-Tyr/Au electrode
exhibits the highest sensitivity and the lowest LOD to phenol and related compounds, which may
result from the efficiency of the protocol of Tyr-catalytic polymerization L-DOPA in in-situ
immobilizing high-load and high-activity Tyr. The high effective immobilization of Tyr was
achieved through this self-catalytic polymerization and in-situ entrapping protocol and was

expected to be able to find wider applications.

The apparent Michaelis-Menten constant (Ky*") of the Nafion/PDy-Tyr/Au, an indication of
both the enzymatic affinity and the enzyme-substrate kinetic constants, is determined from the
electrochemical Lineweaver-Burk form of the Michaelis-Menten equation. An electrochemical
Lineweaver-Burk plot (1/1 versus 1/Cpneno) leads to a straight line and provides values of
Km™ /N max (slope) and 1/l (y-axis intercept) [24]. The Ky®™ value displays the affinity of an
enzyme for its substrate, and a lower Ky*" value indicates stronger substrate binding and higher
catalytic activity. In the present study, Ky*" value is calculated to be 3.13 uM for the enzyme
immobilized by taking the case in phenol sensing as an example (inset in panel A of Fig.4 and
Table 2), which is obviously lower than the reported values, such as 24.7 uM for Tyr

immobilized on vertical growth TiO, nanotubes, [24] 26.1 uM for Tyr entrapped in a vapor

11



deposited titania sol-gel membrane [5] and 721 uM of Tyr/gelatin modified GCE [50]. The low

Km™ value here indicates that the Tyr molecules entrapped in the enzyme-catalyzed formed PDy,

retain their bioactivity and have high affinity for phenol, consequently, allowing higher sensitivity.

This also demonstrated that Nafion/PDy-Tyr/Au is an excellent biosensor.
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Fig. 4. Typical current-time curve of the enzyme electrode for phenols (A), p-chlorophenol (B), p-cresol
(C), and o-dihydroxybenzene (D) in 0.10 mol L™ PBS (pH 7.0) at -0.20 V. Insets: relationship between the
catalytic current and the concentration of phenolics for Nafion/PDy-Tyr/Au electrode.

Table 2. Analytical performances of biosensor

Detection substrate Sensitivity Detection limit Liner range K P
(WA mM™) (kM) (kM) (uM)
phenol 5122 0.002 0.01~1.25 3.13
p-chlorophenol 1293 0.03 0.1~4.2 3.36
p-cresol 926 0.02 0.1~5.6 14.80
o-dihydroxybenzene 728 0.05 0.1~6.4 3.69
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Table 3. Comparison of performances of Nafion/PDy-Tyr/Au for phenol sensing.

I LOD Sensitivity Liner Range

Immobilization method R
(uM) (nA MM (mM)

Tyr-titania sol-gel films[12] 10 103 _
Tyr-silica sol film[22] 0.1 23.1 _
Tyr/silicate/Nafion[7] 10 46 _
Tyr-AuNPs-graphite—Teflon composite[9] 0.06 746 4.0x1074~ 7.0x10°2
Tyr-copoIymerpoly(N-B-amlnopropyl 12 3.46 1.6x102 ~ 0.12
pyrrole-co-pyrrole) film[6]
Tyr-l_\/IWCNTs-Naﬂon nanobiocomposite 022 346 1.0x10° ~ 2 3x10°2
matrix[4]
Tyr/agarose-guargum[10] 6.0 B 6.0x10° ~ 8.0x10™
Tyr-1,6-hexanedithiol and nano-Au 0.06 394 4.0x10" ~7.0x10°
self-assembled monolayers[26]
*This artical 0.002 5122 1.0x10"° ~1.25x10°

3.2.2. The inhibitive sensing of atrazine

As an important part in melanin synthesis, the inhibition of Tyr could efficiently delay the
procedure of enzymatic browning. Now Tyr inhibitors were widely used in food antibrowning
and skin hyperpigmentation treatment. A Tyr-immobilized biosensor can be used for the high
sensitive atrazine biosensing based on the fact that atrazine inhibits the catalytic activity of Tyr to
phenols. Detection of atrazine by inhibition of Tyr has been widely reported [23-24].
Experimentally, we immersed the fabricated biosensor in PBS solutions and the signal of this
sensor to the addition of 5.0 uM phenol solution was recorded as l,. The biosensor was then
incubated in atrazine-containing PBS solutions for 15 min, then the signal of the inhibited
biosensor to 5.0 uM phenol solution was recorded as I;, with the inhibition percent (In(%))
recorded as In(%) = (I, - 1;)/1o. After each inhibition measurement, the biosensor presented good
operational stability and recoverability in 10 min by incubation in PBS containing the substrate
(without chart). Fig. 5 shows that In(%) increases with pesticide concentration, and the largest
inhibition percent is more than 80%. A detection limit of 10 ppb (based on a signal-to-noise ratio
of 3) was obtained. A linear calibration curve could be obtained in the range of 50 ppb ~ 3.0 ppm
of atrazine by using a reciprocal plot. The limit of detection obtained in this work is lower than
that obtained on Tyr-screen printed electrodes (0.3 ppm) [51], Tyr-controlled porosity glass (0.5 ppm)

[52], Tyr-Au electrode (1.08 ppm) [23] and cationic amphiphilic pyrrole-Tyr electrode (0.86 ppm)
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[53]. Thus, a novel atrazine biosensor with excellent bioelectrochemical interface is successfully

prepared, which also presents high sensitivity and low detection limit.
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Fig. 5. The inhibition curves of Nafion/PDy-Tyr/Au for atrazine in 0.1 M PBS (pH 7.0) at -0.20 V. Insert:
calibration curve for atrazine.

3.2.3. Stability and Repeatability

The long term stability and repeatability of the sensor to phenol and atrazine sensing was tested.
The long term stability to phenol sensing was evaluated by monitoring the amperometric
responses to additions of 0.2 uM phenol at 2 day intervals over a period of 4 weeks, with the
results shown in Fig. 6(A). The biosensor maintains 90% of the initial response in the first week
and then decreased gradually to 78% after 4 weeks. The performance of the Nafion/PDy-Tyr/Au
electrode to atrazine sensing changes little with the incubation time. These results demonstrate
that this biosensor has excellent long term stability. The repeatability of the Nafion/PDy-Tyr/Au
electrode was evaluated for six identical electrodes prepared independently on different days but
following the same electrode construction protocol. The average steady-state current after
addition of 0.2 uM phenol shows a relative standard deviation of 1.2%. The repeatability to
atrazine sensing is examined experimentally and the inhibition percent (In(%)) of the biosensor
changed little with the repeated determinations.

The amperometric responses of the prepared biosensor to some potential interferences (Mg?,
Ca®, cu®, Ag', SO,%, HCOj3, and CI"), which are usually met in waters, were investigated to

study its anti-interference ability[54]. As shown in Fig. 6(B), for the measurement of 0.4 uM
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phenol, 0.10 mM Mg?*, Ca?*, Cu**, Ag*, SO,*, HCO3, and CI have no interference. This means
that the biosensor exhibits excellent anti-interference ability and have potential applications in the

determination of phenolic compounds in real water samples.

phenol
sl .\I\h\l\\y—l__i\/bi h! \11 i
o 1 2 2e o
E 9 Mg™ Ca™ Cu®" Ag* SO,* HCO,  CI* phenol
. - ARARNEE,
Ey! = y_V Y
3}
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0 8 16 24 32 200 400 600 800 1000 1200
t/day t/s

Fig. 6. (A) Storage stability of the constrccted Nafion/PDy-Tyr/Au electrode under storage conditions (in
0.10 M PBS solution of pH 7.0 at 4°C). (B) Current responses at the Nafion/PDy,-Tyr/Au electrode to the
sequential additions of 0.4 pM phenol, 0.10 mM Mg*, Ca®, Cu*, Ag’, SO,~, HCO;, CI" and 0.4 pM
phenol into 0.10 M PBS aqueous solution (pH 7.0). The measurements were conducted at -0.20 V vs.SCE.

Table 4. Determination of phenolic compounds and atrazine in real water samples (n = 5)?

phenol atrazine
Sample Determined Added Found  Recovery Determined Added Found  Recovery
(nM) (nM) (nM) (%) (ppb) (ppb) (ppb) (%)
River water 182+04 500 492+14 984+28 - 500 476 +11 952+22
Lake water 101+0.2 500 513+16 1026+3.2 - 500 512+16 102.4+3.2
Farmland water 30.2+05 500 50.6+2.1 101.2+4.2 115+5 500 511+20 102.2+4.0

8All water samples were filtered with a 0.22 pm membrane (purchased from Millipore) in advance, 0.10 M

K,HPO,~KH,PO, + 0.10 M K;,SO, (final concentration, pH 7.0) were then added, and the samples were 10-fold diluted
for determination.

To further study the practical performance of the proposed method, the biosensor was
employed to determine trace amounts of phenolic compounds and atrazine in spiked water
samples. For the analysis, samples from Xiangjiang River (sample 1), Peach Lake (sample 2) and
farmland waste water (sample 3) in Changsha, Hunan Province (China), were filtered, then spiked
with various concentrations of phenol or atrazine and analyzed according to the procedure
described in the footnote in Table 4. Each sample was analyzed five times. The recoveries were in
the range of 95.6 to 105.8% in phenol determination and in the range of 93.0% to 106.2% in
atrazine sensing, indicating good accuracy and validating the potential utility of the present

biosensor for total phenol compounds and atrazine detection in natural water samples.
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4. Conclusions

In this work, taking L-DOPA as the monomer and Tyr as the enzyme catalyst for L-DOPA
polymerization, we synthesized the PDy-Tyr composites and realized the sensitive phenols and
atrazine sensing by constructing a biosensor via immobilizing Tyr with enzyme-catalyzed
fabricated PDy. The preliminarily practical application in the determination of phenolic
compounds and atrazine in river water, lake water and farmland waste water exhibited satisfying
results. The resultant biosensor displayrd high sensitivity, selectivity, stability, and fabrication
simplicity, which can be used for the accurate determination of several phenolic compounds or
some inhibitors and there will be a broad space for development in the future.
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Highlights
(1) Effective immobilization of Tyrosinase (Tyr) via enzyme catalytic polymerization of L-DOPA
(2) The thus-prepared Tyr immobilized electrode exhibits excellent performance superior to most

previous reported values.

(3) The sensitivity to phenol increases by 1~4 orders of magnitude comparing with reported

values, the biosensor also works well in atrazine biosensing.

(4) The proposed biosensor works well in real water samples determination
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Scheme 1. Schematic representation of procedures for preparing Nafion/PDy,-Tyr/Au electrode
and its application in detection of phenol and inhibitive-based detection of atrazine.
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