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Abstract

Inspired by the photoelectrochemical (PEC) properties of TiO, nanotubes arrays (TNA) and
their application as a super vessel for immobilizing biomolecules, we constructed an
inhibition-effect PEC biosensor for determination of asulam based on the in-situ generation of
CdS quantum dots (QDs) on TNA using an enzymatic reaction. Horseradish peroxidase (HRP)
enzyme was covalently assembled on the inner-wall of TNAs, which exhibited good
electrochemical and catalytic properties. In the mixture solution containing H,O,, CdY and 82032',
HRP enzyme in TNAs catalyzed H,O, reduce S,05” to S*. The generated S* reacted with CdY to
form CdS QDs in situ on the TNAs, improving the PEC performance of TNA under visible light

irradiation. The photocurrent would decrease after addition of asulam due to its inhibitory effect
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towards HRP enzyme activity. Under the optimal experimental conditions, the constructed PEC
TNA/HRP biosensor exhibited a satisfying linear range (0.02-2.0 ng mL™), low limit of detection
(4.1 pg mL™) and good selectivity towards asulam determination, and has been successfully
applied for the analysis of real environmental water samples with good accuracy of the recoveries

ranged from 90 to 114%.

Keywords: Asulam; Enzymatic inhibition; Photoelectrochemical biosensor; QDs generation

in-situ.

1. Introduction

Enzymes are exquisite biocatalysts mediating every biological process in living organisms,
which do not freely diffuse within the cytosols, but are spatially defined within subcellular
organelles (Schoffelen and van Hest, 2012; Conrado et al., 2008; Yan et al., 2009). Inspired by
natural enzyme architectures, researchers have long directed their attention to the construction of
enzyme complexes, which pushed the development for micro-/nanoscale enzymatic reactors with
confined space using smart nanostructured materials (Liu et al., 2013; Fu et al., 2012; Shangguan
et al., 2017). In our previous works, we successfully assembled the cytochrome P450 enzyme in
TiO, nanotube arrays or macroporous silica foams which exhibited excellent enzymatic activity
and catalytic effect toward the drug metabolism process (Lu et al., 2014, 2016).

TiO, nanotubes arrays (TNASs), one of the most extensively studied porous nanodevices, can be

synthesized by electrochemical anodization on titanium foils in fluoride-based electrolyte with



good uniformity, controllable pore size, and good mechanical adhesion strength (Paramasivam et
al., 2012; Roy et al., 2011; Jun et al., 2012; Tan et al., 2012; Ghicov et al., 2009). TNAS possess
remarkable physical and chemical properties, and have applied for super-capacitors, drug delivery,
and photocurrent conversion (Song et al., 2009; An et al., 2010; Pardo-Yissar et al., 2003; Chen et
al., 2010). Furthermore, the large surface area, one-dimensional nanostructure with tubular
symmetries, good biocompatibility, and chemical stability are advantages that make TNAs an
excellent microenvironment for immobilization of biomolecules with increasing quantity and
bioactivity (Zhang et al., 2011; Wang et al., 2010; Lai et al., 2013; Liu et al., 2009). In addition, as
a semiconductor, vertically aligned TNAs have been applied in the photoelectrochemical (PEC)
sensors owing to their excellent photochemical property (Zhang et al, 2008), which can offer a
large interior and outer surface area and provide a direct pathway for the transfer of photoexcited
electrons, leading to the enhancement of light absorption and carrier separation (Li et al., 2015).
Nevertheless, it is a pity that the poor response to visible light of TiO, caused by its wide band gap
(E4=3.2 eV) (Tachikawa et al., 2011), and the fast recombination of photogenerated electron-hole
pairs had significantly hindered the application of pure TiO, in photocatalysis (Chen and Mao,
2007), limiting its some PEC applications. Various functional materials, such as quantum dots
(QDs) (Wang et al., 2012; Yan et al., 2010; Liang et al., 2012; Sun et al., 2008; Ouyang et al.,
2012), metal or metal oxides (An et al., 2010; Wang et al., 2012; Kang and Park, 2013) have been
combined with TNAs to extend their PEC biosensing application. Most of QDs were generally
functionalized on TNAs by pre-synthesis or heterogeneous synthesis in the previous reports
(Liang et al., 2012; Ouyang et al., 2012). However, the use of pre-synthesized QDs in PEC

platforms is frequently limited by high background signals due to nonspecific adsorption of QDs



on surfaces, which is unfavorable for PEC detection (Freeman and Willner, 2009). The enzymatic
in-situ generation of QDs is a promising substitute for the use of a pre-synthesized semiconductor
(Malashikhina et al., 2013).

Asulam (methyl 4-aminobenzene sulfonyl carbamate) is a pesticide with a widely broad
spectrum of biological activity, acting by stopping the cell division and growth of plant tissues
(Sanchez et al., 2008). Due to the high solubility in water and soil, it can accumulate and remain in
environment, justifying the development of suitable analytical methods. Asulam has been
determined by several analytical methods, including chromatography (An et al., 2011; Li et al.,
2011; Chicharro et al., 2002), fluorescence (Subova et al., 2006; Nakamura et al., 2000),
chemiluminescence (Sanchez et al., 2008; Chivulescu et al., 2004) and electrochemical methods
(Chicharro et al., 2008; Nouws et al., 2002). Herein, inspired by the increasing application of
TNAs as a super vessel for immobilizing biomolecules (Lu et al., 2014; Chen et al., 2010) and
excellent performance of enzymatic in-situ generation of QDs, we covalently assembled
horseradish peroxidase (HRP) enzyme on the inner-wall of TNAs and constructed a nanotube
array enzymatic biosensor (TNA/HRP) for asulam determination. In details, when the constructed
TNA/HRP biosensor was immersed in a mixture solution containing H,0,, CdY and 82032', HRP
enzyme in TNAs could catalyze the reduction of 82032' to S* in the presence of H,0,. The
generated S* reacted with CdY to form CdS QDs in situ on the TNAs, so the PEC performance of
TNA would improve under visible light irradiation because of the existence of CdS (Scheme 1).
However, when the TNA/HRP biosensor was immersed in the above solution containing asulam,
the PEC signal of TNA would decrease due to the inhibition of asulam to the HRP enzyme

(Sanchez et al., 2008). With the increase of asulam concentration, the amount of CdS generated



in-situ on TNAs decreased significantly, leading to the decrease of photocurrent. Based on this, a

PEC TNA/HRP biosensor for the sensitive determination of asulam was constructed.
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Scheme 1. The construction of TiO, nanotube array enzymatic bioreactor and in-situ synthesis of CdS QDs

2. Experimental
2.1. Materials and Reagents

Titanium foils (99.7% purity) with a thickness of 0.127 mm, horseradish peroxidase (HRP, E.C.
1.11.1.7, =250 U mg™, from Horseradish), asulam, chitosan (low molecular weight, 85%
deacetylation) and glutaraldehyde were purchased from Sigma-Aldrich Co. Ltd. (St. Louis, MO,
USA). Ethylenediaminetetraacetic acid cadmium salt (CdY), H,O, and Na,S,0; were obtained
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Phosphate buffer solution (PBS,
0.1 M, pH 7.4) was prepared by mixing the stock solution of K,HPO,4 and KH,PO,4. All other
chemicals were of at least analytical grade and used as received. Deionized water (18.2 MQ cm)
obtained from a Milli-Q water purification system was used in all measurements.

2.2. Apparatus



The scanning electron micrographs were recorded with a field emission scanning electron
microscope (FESEM, Hitachi S-4800, Japan). Transmission electron microscopy (TEM) was
performed on a JEM-2100 transmission electron microscope (JEOL, Japan) at an acceleration
voltage of 200 kV. X-ray photoelectron spectroscopy (XPS) was conducted on a Thermo
ESCALAB 250XI1 instrument with Al Ko X-ray source. All binding energies were calibrated with
surface adventitious carbon of 284.8 eV. UV-vis absorption spectra were measured on a UV-2450
spectrometer (Shimadzu, Japan). Fluorescence spectra were measured on an F-4600 FL
spectrophotometer (Hitachi, Japan). PEC measurements were carried out on a CHIG660E
electrochemical workstation (CH Instruments, Austin, USA), in which, a conventional
three-electrode system composing of a modified Ti/TNAs as the working electrode, a saturated
calomel electrode (SCE) as the reference electrode and a platinum wire electrode as the counter
electrode, respectively. A 500 W Xe lamp was used as an irradiation source fitted with a 400 nm
UV filter (Zolix, China) and a mechanical shutter was used to control the light on and off.

2.3. Fabrication of TiO, Nanotube Arrays (TNAs) and construction of TNA/HRP biosensor

The TiO, nanotube arrays (TNAs) on titanium foil were fabricated by the electrochemical
anodization technique according to our previous work (Lu et al., 2014). For construction of
TNA/HRP biosensor, the prepared TNAs was firstly immersed in 2 mL of 0.1 wt% chitosan (CS)
solution, which was dissolved in 1.0 wt% acetic acid solution, at room temperature (RT) for 4 h
with gentle stirring. After rinsing with water, the above TNA/CS was immersed in 1.0 mL of 0.1
M pH 7.4 PBS containing 1.0 wt% glutaraldehyde solution for 2 h, followed by incubating with
1.0 mL of 0.1 M pH 7.4 PBS containing 1.0 uM HRP at RT for 1 h and 4 °C overnight in a 100%

moisture-saturated environment. After rinsing with 0.01 M pH 7.0 PBS, the TNA biosensor



assembled with HRP enzyme (TNA/HRP) was constructed and stored at 4 °C for the following
use.
2.4. PEC measurement for asulam determination and real sample analysis

Before PEC measurement, the TNA/HRP was firstly immersed in a 0.1 M pH 7.4 PBS
containing 0.1 mM SZOSZ', 5 uM CdY, 0.1 mM H,0,, and asulam with different concentrations,
kept for 15 min to form CdS QDs in situ on the TNAs (TNA/CdAS). Then the fabricated TNA/CdS
was used as working electrode for PEC measurement in an electrolyte solution, in which, 0.1 M
ascorbic acid was used as electron donor and added in 0.1 M Na,SO, solution. The concentration
of asulam could be determined by the measured photocurrent value I.

The water samples were lake water, river water and drinking water, respectively, which were
collected from Yunlong Lake, Yugquan River and local supermarket, respectively. Each water
sample was filtered through a filter paper, and stored at 4 °C, which was used for the PEC
measurement to determine the concentration of asulam by TNA/HRP biosensor. At the same time,
a recovery test was carried out in accordance with the same procedure to demonstrate the validity
of the proposed biosensor. Blank sample was spiked with different amount of asulam standard
solutions to produce a series of spiked solutions respectively.

3. Results and discussion
3.1. Construction and characterization of TNA/HRP biosensor and enzymatic generation of CdS
QDs in situ

To construct a TNA/HRP enzymatic biosensor and investigate the electrochemical and

enzymatic activity of HRP enzyme confined in the nanotubes, TNAs were fabricated by

electrochemical anodization technique. The SEM results showed that (Fig. 1A), when the



anodization potential was 20 V at an anodization time of 4 h, the prepared nanotube of TNAs had
an average length of 3.5 um and the inner diameter of ~100 nm.

For covalent assembly of HRP enzyme on the inner-wall of TNAs, chitosan (CS), a
natural-biopolymer with excellent capability for film formation and biocompatibility, has a large
number of primary amine at the C-2 position of the glucose amine residues (Muzzarelli, 2009),
was uniformly coated on the inner wall of TNAs. The assembly of HRP enzyme on the inner-wall
of TNAs could be monitored by the electrochemical impedance spectroscopy (Fig. S1A). The
charge transfer resistance (R after each assembling step varied in the following order: Ti foil (25
Q) < Ti/lTNA (120 Q) < TI/TNA/CS (285 Q) < TI/TNA/CS/HRP (520 Q), confirming the
successful construction of the TNA/HRP biosensor, and the total assembly amount of HRP in the
TNAs was determined by Bradford method (Bradford, 1976) to bel.21+0.06 pmol cm™. In

4-/3—

addition, the change of redox peak currents of probe Fe(CN)e in cyclic voltammograms also

confirmed the successful construction of the TNA biosensor (Fig. S1B).
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Fig. 1. (A) FESEM top-view image of TNAs and corresponding cross section image (Inset); FESEM top-view

image (B) and TEM image (C) of TNA/CAS; Energy dispersive spectroscopy (EDS) of TNA/CdS (D) and
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corresponding element distribution mapping of Cd, S, Ti and O (E). XPS survey spectrum of TNA/CdS (F) and

high-resolution XPS spectra of Ti 2p (G), O 1s (H), Cd 3d (I) and S 2p (J).

After immersing the TNA/HRP in 0.1 M pH 7.4 PBS containing 82032', H,0, and CdY, some
nanoparticles with the size of 3-6 nm were observed not only on the mouth of TNAs but also in
the nanotube of TNAs from the SEM and TEM images (Fig. 1B and C). The energy dispersive
spectroscopy (EDS) and corresponding element distribution mapping (Fig. 1 D and E) showed the
existence of Cd, S, Ti and O, in which, the area ratio of Cd and S was 1:1, confirming the in-situ
generation of CdS. In addition, the surface composition and chemical state of TNA/CdS could be
further proved by a XPS measurement. Fig. 1 F to J showed the XPS survey spectrum of
TNA/CdS and corresponding high-resolution XPS spectra of Ti 2p, O 1s, Cd 3d and S 2p. The
characteristic binding energy values of 459.4 and 465.1 eV for Ti 2p 3, and Ti 2p 15, respectively,
indicated a Ti** oxidation state originating in TiO, (Fig. 1G) (Su and Liu, 2011). Similarly, the O
1s spectra in Fig. 1H was divided into two peaks with binding energies of 530.6 and 532.7 eV,
which were attributed to the crystal lattice oxygen of Ti-O in TiO, and surface hydroxyl groups,
respectively (Chen et al., 2013). The peaks at 405.7 and 412.3 eV (Fig. 11) were ascribed to the Cd
3d 5, and Cd 3d 3, states of Cd*" in CdS, respectively (Zhang et al., 2012). Furthermore, a single
peak at 162.1 eV in Fig. 1J was observed, which was attributed to the presence of S* (Li et al.,
2012). All of the XPS results further suggested the in-situ generation of CdS on the TNAs.

After ultrasonic treatment of TNA/CdS slightly for 10 min, the TEM image, UV-vis absorption
spectroscopy and fluorescence spectroscopy of the obtained suspension showed that, CdS QDs
could be dispersed in aqueous solution with an average size of 5 nm (Fig. 2A), and had a typical
absorption peak at 428 nm. Furthermore, a fluorescence emission peak was observed at 546 nm

under the excitation of 420 nm (Fig. 2B), which indicate that the electron transfer from the valence
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band (VB) to the conduction band (CB) of QDs would be easy to occur under visible light
irradiation and generate electron-hole pairs. Under visible light irradiation, no significant
photocurrent was observed for TNAs (curve a of Fig. 2C) due to the CB and VB of TNA at -4.21
and -7.41 eV, respectively, and its band gap was 3.2 eV, which could only utilize the UV light
irradiation (Tachikawa et al., 2011). However, a typically anodic photocurrent could be observed
for TNA/CdS at an applied potential of +0.2 V (curve b of Fig. 2C). It was because that, the band
gap of CdS QDs was calculated to be 2.89 eV according to the UV-vis absorption spectrum (Fig.
2B). Coupled with the information that the formal redox potential peak of CdS QDs was observed
at-0.83 V (vs. SCE, inset of Fig. 2B), the CB and VB positions of CdS QDs could be quantified to
be -3.90 eV and -6.79 eV, respectively. Under visible light irradiation, CdS QDs excited electrons
from the CB to the VB and generated holes at the VVB. Because the CB of TNAs was more positive
than that of CdS QDs, the excited electrons could quickly transfer from the CB of CdS QDs to that
of TNAs, resulting in the generation of photocurrent. Furthermore, the tubular structure of TNAs
was helpful for separating and transferring photoinduced electrons to the titanium substrate foil

(Zhang et al., 2009), which contributed to the increasing photocurrent.
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Fig. 2. (A) TEM and HRTEM (Inset) image of CdS QDs; (B) UV-vis (a) and fluorescence (b) spectra of CdS QDs,
Inset: Cyclic voltammograms of CdS at GCE in 0.1 M pH 7.4 PBS; (C) Photocurrent responses of different
systems: (a) TNA, (b) TNA/CAS; (D) Cyclic voltammograms of Ti/TNA (a) and Ti/TNA/HRP (b) in 0.1 M pH 7.4
PBS at scan rate of 0.1 V s, Inset: Cyclic voltammograms of Ti/TNA/HRP at different scan rates range from 0.02

to 2.0 V s (E) Plot of the peak current versus the scan rate (v); (F and inset) Plot of the peak potential versus
logv.

3.2. Electrochemical performance of HRP enzyme in the TNA

The reason for in-situ generation of CdS QDs may be due to the excellent electrochemical and
catalytic properties of HRP enzyme. In 0.1 M pH 7.4 PBS solution at the scan rate of 0.1 Vs, a
pair of redox peaks was observed for TNA/HRP with cathodic peak at -0.452 V and the
corresponding anodic peak at -0.317 V (Fig. 2D), confirming that the redox response of HRP
resulted from the direct electron transfer between the heme electroactive site of HRP enzyme and
the Ti/TNA. In addition, cyclic voltammogram of HRP enzyme showed a strong dependence on
solution pH value, as shown in Fig. S2A. The peak potentials were observed with an increase in
solution pH value from 5.1 to 9.9, which indicated that the hydrogen ions took part in the
electrode reaction. The slope of the peak potentials versus pH value was 53.6 mV pH™ (Fig. S2B)
(R? = 0.9968), which was close to the Nernst’s value of 59.2 mV pH™, indicating the participation
of H" and the number of electron transfer in the redox process was one. With the increase of scan
rate from 0.02 to 2.0 VV s, both the cathodic peak and anodic peak currents all increased (Inset of
Fig. 2D), which varied linearly with the scan rates (Fig. 2E), indicating a surface-controlled
process (Myland and Oldham, 2005). Furthermore, the anodic and cathodic peak potentials were
linearly depended on the logarithm of scan rate (v) when the v was higher than 0.3 V s™ (Fig. 2F
and inset). Based on the Laviron’s method (Laviron, 1979), the electron transfer coefficient (o)

was calculated to be 0.36, The electron transfer rate constant (Ks) of HRP enzyme was calculated
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to be 2.66 s™ at a scan rate of 0.5 V s™ which indicated the Ti/TNA could provide a fast electron
transfer pathway and a favorable microenvironment for the assembled HRP enzyme. Furthermore,
when H,O, was added in the 0.1 M pH 7.4 PBS electrolyte solution, the CV curve shape of
TNA/HRP changed with the increase of the cathodic peak current at -0.452 V (vs. SCE) (curve b
of Fig. S3), suggesting a typically electrocatalytic H,O, reduction process. Addition of H,O; into
the electrolyte solution led to the increase of the cathodic current, which could be attributed to the
electrocatalysis of HRP (curve c-e of Fig. S3).
3.3. Enzymatic kinetic performance of HRP enzyme in TNAs with different dimensions

To study the catalytic activity of HRP enzyme in different confined spaces, the TNAs with
different dimensions were prepared by regulating the anodization potential within the range of
10-40 V and fixing anodization time for 4 h according to our previous work (Lu et al., 2014). As
seen from Fig. 3, for the TNAL with small tube diameter (~50 nm), the diffusion of substrates,
such as 82032' and H,0,, into the nanotube of TNAs would be hindered due to the steric inhibition,
and for the TNA4 with relatively large tube diameter (~200 nm), substrates S,05> and H,0; in the
TNAs easily diffused into the surrounding milieu, which all would lead to the decrease of the
substrate amount in the TNAs, resulting in the decrease of the amount of S* catalyzed by HRP
enzyme and the decrease of generated CdS (Fig. 3 A and D). Only for the TNA2 or TNA3 with
appropriate tube diameter (~100 and 150 nm), the transportation of the substrate from the bulk
solution into the TNAS, and the diffusion of the product from the nanotube to the bulk solution
would be improved, so the amount of CdS generated in-situ in the TNA would increase (Fig. 3 B
and C). In which, the amount of CdS was the most for TNA2. Similarly, for the different TNAs,

the change trend of photocurrent of TNA after generating CdS in-situ was also the same (curve a-d

12



of Fig. 3E).

Meanwhile, the tube diameters of TNAs had a great influence on the enzymatic activity of HRP
enzyme. By increasing the tube diameter of TNAs from 50 to 100 nm, the enzymatic reaction rate
of HRP (photocurrent) increased. Upon further increase of the tube diameter of TNAs from 100 to
200 nm, the enzymatic reaction rate of HRP decreased (Fig. 3F). Furthermore, by increasing the
tube diameter, the collision frequency between enzyme and substrate in the TNAs increased, the
enzymatic rate constant K increased and reached a maximum value for TNA2. Upon further
increase of the tube diameter, the K¢, decreased (Inset of Fig. 3F). In addition, with the increase of
tube diameter of TNAs, the apparent Michaelis constant K,,**" increased.

The possible reason is that, when the enzyme was confined in TNAs with small tube inner
diameters (confined spaces), the confinement effect facilitated the maintenance of bioactivity and
the high affinity toward substrate of immobilized enzyme (Chen et al., 2009). When immobilized
on a relatively large space, the enzymatic activity and affinity of the enzyme to substrate would
decrease. In addition, as shown in the inset of Fig. 3F, the enzymatic efficiency of Ke./Ky™* had
the same trend as the enzymatic rate constant k.. Therefore, we could conclude that the CdS QDs
generated on TNAs was due to the enzymatic performance of HRP in TNAS, and the appropriate
tube diameter of TNAs, such as ~100 nm, could guarantee the effectively catalytic activity of HRP
enzyme. The HRP enzyme spatially confined in the TNAs exhibited excellent enzymatic activity
and catalytic efficiency because of the confinement effect of TNASs, the ke and Kea/kn™™ were

6.36 s and 1.74 uM™ s for TNA2, respectively.
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Fig. 3. (A, B, C, D) FESEM image of CdS on the TNA1, TNA2, TNA3 and TNA4; (E) Photocurrent responses of
different systems: (a) TNA1/CdS, (b) TNA2/CdS, (c) TNA3/CdS, (d) TNA4/CdS; (F) Michaelis—Menten plots of
enzymatic reactions that occurred inside the different TNAs, (a) TNAL, (b) TNA2, (c) TNAS, (d) TNA4, Inset:
Corresponding kinetic parameters for the enzymatic reactions with different TNA, @) K™, uM, (b) kear, 57, and
1.74 () kea/Kn™, uM™ st (G) Photocurrent responses of TNA/HRP biosensor under visible light irradiation
after immersing in 0.1 M pH 7.4 PBS solution containing 0.1 mM S,04%, 5 uM CdY, 0.1 mM H,0, and asulam
with 0 (), 0.02 (b), 0.05 (c), 0.10 (d), 0.20 (e), 0.50 (f), 1.0 (g), 1.5 (h), 2.0 (i) and 3.0 ng mL™ (j), respectively.
Inset: Calibration curve of photocurrent response change of the biosensor versus asulam concentration in the
ranges of 0.02 to 2.0 ng mL™. Applied potential, +0.2V.

3.4. Optimization of experimental conditions on the TNA/HRP biosensor

The applied potential played an important role in PEC biosensing since the bias potential affects
the recombination probability of the photogenerated electrons/holes. As shown in Fig. S4A, the
photocurrent response of the biosensor increased with changing the bias potentials from 0 to +0.6
V, indicating that the photo-induced electrons were effectively driven to the working electrode by
the positive bias potential that was beneficial to charge separation. Therefore, to avoid the
interference of other reductive species coexisting in the samples at high positive potential, +0.2 V
was considered as the optimized bias potential applied on the biosensor. The medium pH affects

both the enzyme activity and the optimum of operating potential in case of the substrates electron
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transfer. The photocurrent response was measured in the range of pH 4.0-9.0 in 0.1 M PBS. The
results showed that (Fig. S4B), the photocurrent response increased at first with increasing pH of
solution, the maximum response was obtained at pH 7.0. But the photocurrent decreased when the
pH was larger than 8.0. So, 0.1 M PBS solution with pH 7.4, a physiological pH value, was used
in the experiments. In addition, the influence of the incubation time on the response of the PEC
biosensor was investigated (Fig. S4C), the photocurrent leveled off after 30 min, which indicating
that the reaction attained its maximum. Thus, 30 min was selected as the incubation time for the
PEC biosensor. Furthermore, the contents of H,O, were assessed to obtain an optimal PEC
response for the system (Fig. S4D). The photocurrent increased with the increase of H,0,
concentration in 0.1 M pH 7.4 PBS, the photocurrent significantly increased. The photocurrent
response achieved a plateau in the presence of 0.1 mM H,0, and increased slightly thereafter.
Accordingly, a 0.1 mM of H,O, was selected for the enzyme-catalyzed reaction.
3.5. Determination of asulam by TNA/HRP biosensor

Based the excellent enzymatic activity of HRP enzyme confined in TNA nanotubes and
excellent confinement effect of TNA, we constructed a PEC TNA/HRP biosensor for asulam
determination. The TNA/HRP biosensor was firstly immersed into a mixed solution containing 0.1
mM 82032', 5 uM CdY, 0.1 mM H,0, and asulam with different concentrations for 30 min. The
results showed that (curve a-i of Fig. 3G), the photocurrent significantly decreased with the
increase of asulam concentration due to the inhibitory effect of asulam towards HRP enzyme
(Sanchez et al., 2008). Under the optimal experimental conditions, the decrease value of
photocurrent was dependent on the asulam concentration, which was linear proportional to the

concentration of asulam in the ranges of 0.02 to 2.0 ng mL™, the linear regression equation was | =
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10.24C (ng mL™)-23.51 (R?=0.9941) (Inset of Fig. 3G), and a limit of detection (LOD) of such
biosensor based on a signal-to-noise ratio of 3 was 4.1 pg mL™, which indicated the TNA/HRP
could be used as a potential biosensor for determining target. Compared to other assays
summarized in Table 1, the proposed method for asulam determination exhibited a satisfying

linear range and limit of detection.

Table 1 Comparison of the proposed method for asulam biosensing with other previously reported works

Linear range

Methods ) LOD (ugL™ Reference

(ngL™)
Photochemiluminometry 70-5000 40 Chivulescu et al., 2004
GC-MS 5-500 5.0 Anetal., 2011
DLLME spectrophotometry ~ 1.0-80.0 0.18 Eskandari and Shahbazi-Raz, 2016
Electrochemical 2300-20700 2.76 (FIA) Nouws et al., 2002
FIA-fluorometry 5-15000 5.0 Subova et al., 2006
MEKC 1000-25000 400 Chicharro et al, 2002
FIA-chemiluminescence 0.36-35 0.12 Sanchez t al., 2009
Fluorometry 20-300 20 Nakamura et al., 2000
PEC biosensor 0.02-2.0 0.0041 This work

In addition, some common herbicides, such as 2, 4, 6-trichlorophenol, phenol, paraquat,
atrazine, amitrole and 2, 4, 5-T (2, 4, 5-trichlorophenoxyacetic acid) were introduced as control.
As shown in Fig. S5, compared with the target, no apparent change of photocurrent by the assay
was observed, even at a higher concentration (10.0 pg mL™) than that of asulam (2.0 ng mL™),
which indicated the high selectivity of the proposed method. Furthermore, to evaluate analytical
reliability and application potential of the proposed TNA/HRP PEC biosensor, the concentration
of asulam in real environmental water sample (lake, river or drinking water) was determined and
the spiked experiment was carried out. As seen in Table 2, the relative standard deviation values
of the analytical results were between 3.5-6.3%, and the recoveries for the spiked samples ranged
from 90% to 114%, which implied the PEC biosensor had a good accuracy in a wide linear range
and was fully applicable to the real sample analysis.
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Table 2 Determination of asulam with the proposed PEC biosensor

Sample Spiked (ng mL™?) Found (ng mL™) Recovery (%) RSD (%, n=6)

Lake water 0.00 0.03 -- 6.3
0.10 0.14 110 4.5

1.00 111 108 3.9

2.00 1.95 96 35

River water 0.00 ND -- -
0.10 0.09 90 4.9

1.00 1.04 104 4.1

2.00 213 107 3.8

Drinking water 0.00 ND -- -
0.10 0.10 100 5.7

1.00 114 114 4.7

2.00 1.97 99 3.9

Conclusions

In the present work, an inhibition-effect PEC biosensor for determination of asulam was
constructed based on the in-situ enzymatic generation of CdS QDs on TNA. HRP enzyme, which
was covalently assembled on the inner-wall of TNAs, exhibited good electrochemical and
catalytic properties due to the confinement effect of TNA. In the mixture solution containing H,O,
CdY and S,05%, H,0, could reduce S;05% to S by the catalysis of HRP. The generated S*
reacted with CdY to form CdS QDs in situ on the TNAs, improving the PEC performance of TNA
under visible light irradiation. The photocurrent would decrease after addition of asulam due to its
inhibitory effect towards HRP enzyme activity. Under the optimal experimental conditions, the
constructed PEC TNA/HRP biosensor exhibited a satisfying linear range (0.02-2.0 ng mL™), low
limit of detection (4.1 pg mL™) and good selectivity towards asulam determination, and has been
successfully applied for the analysis of real environmental water samples with good precision of

RSD less than 6.3% and good accuracy of the recoveries ranged from 90 to 114%.
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® Asensitive PEC biosensor for asulam due to its enzymatic inhibition to HRP.
® Improvement of PEC performance of TNAs based on enzymatic generation of QD in-situ.
® Good electrochemical and enzymatic property of HRP confined in TNAsS.

®  Asulam determination with linear range of 0.02-2.0 ng mL™ and LOD of 4.1 pg mL™.

21





