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HIGHLIGHTS

GRAPHICAL ABSTRACT

e SAP NTs was synthesized and
demonstrated to exhibit intrinsic
peroxidase and catalase-like activity.

e The structure of SAP NTs provides
larger surface area and more favor-
able medium for electron transfer.

o Horseradish peroxidase immobilized
on Au-Pt nanotube/Au-graphene
acted as enzymatic biosensor.

e The simultaneous detection of BHA
and PG in food matrices was achieved
based on enzymatic biosensors.
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A new electrochemical method has been proposed for the simultaneous determination of butylated
hydroxyanisole (BHA) and propyl gallate (PG) in food matrices based on enzymatic biosensors. Spiny Au-
Pt nanotubes (SAP NTs) was first synthesized and demonstrated to exhibit intrinsic peroxidase and
catalase-like activity. The structure of SAP NTs provides large surface area and favorable medium for
electron transfer, on which HRP were immobilized and acted as enzymatic biosensor for the simulta-
neous detection of BHA and PG. The results revealed that BHA and PG both have well-defined oxidation
waves with peak potentials of 624 and 655 mV, respectively. Under the optimal conditions, the method
behaved satisfactory analytical performance towards BHA and PG with a wide linear range of 0.3
—50mg L !and 0.1-100 mg L, as well as a detection limit of 0.046 mg L' and 0.024 mg L™ ! (3a/slope),
respectively. Besides, the proposed method exhibits good sensitivity, stability and reproducibility,
providing an alternative to fabricate electrode and construct sensitive biosensors.
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1. Introduction

Antioxidants, a group of synthetic or natural substances added
to products, can prevent or delay their deterioration by the oxygen
in air. In food matrix, antioxidants have attracted broad interests in
slowing down the adverse effects of reactive species, such as
reactive oxygen (ROS) and nitrogen species (RNS), and thus extend


mailto:hyhan@mail.hzau.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.aca.2016.06.020&domain=pdf
www.sciencedirect.com/science/journal/00032670
www.elsevier.com/locate/aca
http://dx.doi.org/10.1016/j.aca.2016.06.020
http://dx.doi.org/10.1016/j.aca.2016.06.020
http://dx.doi.org/10.1016/j.aca.2016.06.020

90 L. Wu et al. / Analytica Chimica Acta 933 (2016) 89—96

the shelf-life of foods [1,2]. Due to some of their advantages, such as
chemical stability, availability and low cost, synthetic food antiox-
idants are more extensively used than natural antioxidants [3].
These synthetic antioxidants are mainly phenolic compounds,
including butylated hydroxyanisole (BHA), tert-butylhydroquinone
(TBHQ), propyl gallate (PG) and butylated hydroxytoluene (BHT).
Generally, they are widely used in food, pharmaceutical and other
commercial products such as oils or fats, and lubricants [4]. How-
ever, it was reported that the excess use of synthetic antioxidants in
foodstuff may cause a loss of nourishment, and even produce toxic
effects [5,6]. For example, BHA may play a role in liver damage and
carcinogenesis in laboratory animals and PG is carcinogenic to mice
and rats [7,8]. The use of these antioxidants was strictly regulated in
many countries [9,10]. Thus, it is important to quantify the syn-
thetic antioxidants (e.g. BHA and PG) in food for the sake of human
health, food safety and foodstuff production [11,12].

To determine the synthetic antioxidants in various matrices,
many analytical methods have been proposed, such as high per-
formance liquid chromatography with fluorescence detector
(HPLC—FLD), gas chromatography, liquid chromatography, and
spectrophotometry [13—16]. Although these methods are widely
used and behave unique advantages, they are usually confronted
with difficulties of labor-intensive or time-consuming. Hence, it is
of great importance to develop a convenient method for the
determination of these antioxidants. Up to now, electrochemical
method has been widely applied in medical, biological, and envi-
ronmental analysis [17,18]. Because of its simple operation, high
sensitivity and rapid response, this method has become a widely
accepted approach to determine the synthetic antioxidants [19,20].
Wherein, biosensors coupled with enzyme are usually constructed
in the development of electroanalytical methods [21,22]. The bio-
sensors convert biological information to electrical signals via a
molecular reaction on a physical transducer by giving quantitative
analytical information of the analyte [23,24]. However, it is a
challenge to improve the electron transfer between active site of
the enzyme and electrode.

Owing to its excellent physical and electrical properties, gra-
phene nanosheet has aroused great attention and interests in
experimental and theoretical communities [25,26]. In addition,
intensive efforts have been made in developing nanoparticles
modified graphene. Wherein, gold nanoparticles modified gra-
phene (Au-GN) has been widely used in electrochemical analysis
due to the advantages such as catalysis, high effective surface area
and regulate and control over electrode microenvironment [27].
On the other hand, metallic alloy NPs play an important role in the
field of catalysis and sensors because of their better catalytic
properties compared with the monometallic counterparts [28,29].
Among the bimetallics, Au-Pt is one of the most popular bimetallic
nanoparticles that has been extensively applied in electrochem-
istry [30]. Taking into the above advantages consideration, it
would be an effective way to combine spiny Au-Pt nanotubes (SAP
NTs) with HRP as biosensors for particular electrochemical
analysis.

In this work, we designed a novel enzyme biosensor based on
SAP/HRP/Au-GN composites for the simultaneous determination of
BHA and PG (see Scheme 1). As shown in Scheme 1B, the Au-GN
hybrids were first modified on the carbon electrode to accelerate
the electron transfer rate and amplify the electrochemical signal.
Afterwards, HRP enzyme was decorated onto the electrode through
electrostatic attraction. Finally, the spiny Au-Pt nanotubes were
decorated on Au-GN hybrids to produce a dimensional network
nanostructure. The hierarchical web-like structure further accel-
erated the electron transfer and provided a platform for the
entrapment of HRP. Thus, HRP enzyme was immobilized onto the
electrode with the help of Au-GN hybrids and APS NTs. Satisfactory
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Scheme 1. Illustration for the preparation of SAP NTs (A) and the construction of
enzymatic biosensors for the simultaneous detection of the antioxidants (Ao: BHA and

PG) (B).

results for the simultaneous determination of BHA and PG were
obtained by LSV. Besides, the proposed SAP/HRP/Au-GN sensors
exhibit enhanced electrochemical properties in sensitivity, stability
and reproducibility, suggesting their potentials in electrochemical
analysis.

2. Experimental
2.1. Reagents and chemicals

BHA, BHT, PG, TBHQ, Bisphenol (BPA), Hexadecyl trimethyl
ammonium bromide (CTAB, 99%), sodium dodecyl sulfate (SDS,
99%) were purchased from Sigma-Aldrich. Tellurium dioxide
powder (TeO-, 99.99%) was purchased from Aladdin Chemistry Co.,
Ltd. Hydrazine monohydrate (85%, AR), tetrachloroauric(Ill) acid
hydrate (HAuCly-4H,0, AR), chloroplatinic acid hexahydrate
(HyPtClg-6H20, AR), 3, 3/, 5, 5'-tetramethylbenzidine (TMB), so-
dium hydrate (NaOH, AR) and other relevant reagents were sup-
plied by Sinopharm Chemical Reagent Co., Ltd. Ultrapure water
obtained from a Millipore water purification system (Milli-Q, Mil-
lipore, 18.2 MQ resistivity) was used throughout the experiment.

2.2. Instruments

Electrochemical measurements were performed by an electro-
chemical work station (CHI660D Instruments, Shanghai Chenhua
Instrument Corp., Shanghai, China) with conventional three-
electrode system. An Ag/AgCl (saturated KCl) electrode was used
as a reference electrode. The UV—vis absorption spectra were ob-
tained on Nicolet Evolution 300 UV—vis spectrometer (Thermo
Nicolet, America); Hydrodynamic diameters were performed Mal-
vern Zetasizer Nanoseries (Malvern, England) with 633 nm laser
excitation at 25 °C. An Aglient, Eclipse XDB-C18 column,
4.8 x 150 mm, 5 pm particle size was used in HPLC tests. The
energy-dispersive X-ray spectroscopy (EDS) analysis was done by a
JEM-2010FEF transmission electron microscope with an EDAX
attachment operating at an accelerating voltage of 200 kV. Trans-
mission electron microscopy (TEM) and high-resolution trans-
mission electron microscopy (HRTEM) measurements were made
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on a JEM-2010FEF high-resolution transmission electron micro-
scopy at an accelerating voltage of 200 kV. The compositions of Pt
nanomaterials were determined by ICP—AES (ELAN 6000, Perkin-
Elmer). The X-ray diffraction (XRD) analysis was performed on a
Bruker D8 Advance X-ray diffractometer with Cu Ko radiation.

2.3. Preparation of Au-GN hybrids

Au NPs and PDDA-capped graphene nanosheets (PDDA-GN)
were synthesized according to the previous methods with some
modification [31,32]. The details are described in Supporting
Information.

2.4. Preparation of Te nanowires

Te NWs were prepared according to the previously reported
methods with some modifications. First, 0.16 g of TeO, powder was
added into a reaction bottle, then 5 mL of the preheating NoHg4-H;0
(40 °C) was added into the reaction bottle under constant magnetic
stirring. The color of the solution changed from off-white to fulvous
and then to bluish-violet with a resulting color of purple-black after
10 min. Second, to obtain well-defined TeNWs, 0.2 g of SDS (14 mM)
was mixed with the as-prepared solution and stirred at 40 °C for
another 10 min. Finally, Te NWs were obtained by centrifuging the
mixture solution at 11500 rpm for 20 min and the precipitation
were re-suspended in 9 mL of water and stored at 4 °C for use.

2.5. Synthesis of spiny Au-Pt nanotubes

In the typical synthesis, 1 mL the above obtained TeNWs was
dispersed in 6 mL of CTAB solution (1 mM) under constant mag-
netic stirring for 10 min. After that, 650 uL of H,PtClg (1 mM,
pH = 7.0) with 0.1 M NaOH was added to the mixture and stirred for
5 min, followed by the addition of another 400 uL of HyPtClg
(1 mM). After 20 min, 600 pL of HAuCls (1 mM, pH 7.0) with 0.1 M
NaOH was introduced to the solution under constant magnetic
stirring. The color of the solution changed from blue to amber after
5 min. Finally, the spiny Au-Pt nanotubes were washed several
times by centrifuging the mixture solution at 11500 rpm for 10 min
and the precipitation were re-suspended in 1 mL of water for
further use.

2.6. Fabrication of modified electrode

The pretreatment of glass carbon electrode (GCE) was firstly
carried out by polishing with alumina slurries and sonicating with
ethanol and water, successively. After that, GCE was dried under
nitrogen atmosphere and modified by dropping 10 pL of Au-GN
dispersion (0.1 mg mL~!) and dried at room temperature [33].
Then the modified electrode was immersed into 0.1 M phosphate
buffer solution (PBS, pH = 9.0) containing 5 mg mL~! HRP for
12 h at 4 °C. At this pH, HRP (pl ~ 7.2) bears a negative surface
charge, and the modified electrode bares a positive surface charge.
Finally, another 10 pL of SAP solution (4.5 mM) was dropped onto
the electrode to obtain HRP/Au-GN hybrids via electrostatic
attraction and van der Waals forces [34]. Thus, the HRP can be
absorbed through electrostatic attraction and further trapped on
the modified electrode surface and formed the SAP/HRP/Au-GN/
GCE (Scheme 1B). The LSV measurements were performed in
Britton—Robinson (B-R) buffer solution (pH = 2) using three elec-
trodes [35]. The modified electrode was rinsed carefully with water
before use. For comparison, bare GCE, Au-GN/GCE and HRP/Au-GN/
GCE electrodes were also prepared with the same method. The as-
prepared electrodes were stored at 4 °C when not in use.

2.7. Electrochemical measurements for BHA and PG

To obtain the linear calibration curves of BHA and PG, the SAP/
HRP/Au-GN/GCE electrode was immersed into a standard sample
solution with a certain concentration of BHA and PG, respectively.
The cyclic voltammogram (CV) and LSV were both recorded by
cycling the potential between +0.1 V and +0.8 V at a scan rate of
100 mV s~ L The electrochemical impedance spectroscopy (EIS) was
performed in the solution of 0.5 M KCl containing 5 mM
K3[Fe(CN)g] at the formal potential of 0.3 V with a frequency range
of 1-10° Hz and a signal amplitude of 5 mV. The details of mea-
surements were described in Supporting Information.

2.8. Treatment of food samples

In this experiment, two kinds of food matrices (oil and solid)
were chosen as real samples to conduct LSV tests. Specifically, olive
and peanut oils were acted as oil food simulants, and potato chips
and cookies as solid food samples. All the samples were extracted
using the conventional direct extraction method [6,31]. The
detailed procedures are available in Supporting Information.

3. Result and discussion
3.1. Characterizations

Au-GN and spiny Au-Pt nanotubes (SAP) were firstly prepared
with good uniformity and stability as mentioned above. Then the
materials were assembled on the electrode layer by layer via
electrostatic attraction and van der Waals forces. The fabrication
processes were investigated by UV—vis absorption spectra, DLS,
TEM, SEM, EDX, XPS, and HAADF-STEM.

UV—vis absorption spectra and DLS were first used to investi-
gate the performance of Au NPs, GN, Au-GN hybrids, SAP NTs, HRP,
SAP/HRP/Au-GN NCs. As depicted in Fig. S1A, the citrate stabilized
AuNPs (curve a) behaved a strong characteristic absorption peak
located at 508 nm, which was consistent with the local plasmon
resonance of Au NPs. Meanwhile, PDDA-GN appeared a strong ab-
sorption peak at 270 nm (curve b) due to the # — 7* transitions of
aromatic C=C bond. After Au NPs combined with GN, the charac-
teristic peak of Au NPs (curve c) was shifted to 530 nm, suggesting
the adsorption of Au NPs onto the nanosheets surface. SAP NTs
(curve d) hardly exhibited characteristic adsorption peak and HRP
enzyme (curve e) showed a characteristic Soret absorption band at
403 nm which was consistent with the previous work [36]. SAP/
HRP/Au-GN NCs (curve f) behaved obvious adsorption peak
located at 403 nm indicating the entrapment of HRP. Fig. S1B
described the zeta potential in different modification steps. It is
noteworthy that the zeta potential of GN decreased dramatically
from 28.45 to 10.67 mV after combined with Au NPs. Then the zeta
potential of Au-GN hybrids further decreased from 10.67 mV
to —2.36 mV when combined with HRP and SAP NTs, revealing the
successful self-assembly of Au-GN, HRP and SAP.

TEM images were also taken to characterize the feature of Te
nanowires, Au-GN hybrids, SAP NTs, SAP/Au-GN, SAP/HRP/Au-GN
NCs. As depicted in Fig. 1A, Te nanowire (Te NWs) showed a uni-
form nano-wire structure with an average size of 20 nm. It can be
seen form Fig. 1B that Au-Pt NTs possessed an excellent structure
with a narrow size distribution (~22 nm). From the HRTEM image
shown in Fig. 1C, it is clear that the Au-Pt NTs are provided with
spiny and porous structures. To further verify the dispersibility of
Au-GN hybrids, typical TEM image of PDDA-GN (Fig. 1D) deposited
with Au NPs was taken to demonstrate the homogeneous distri-
bution of Au NPs on the PDDA-GN. It was observed that the
corrugated Au-GN hybrids behaved good dispersity and the GN was
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Fig. 1. TEM images of (A) Te NWs, (B) SAP NTs, (C) a magnified version of SAP NTs, (D) Au-GN hybrids, (E) SAP/Au-GN NCs, and (F) SAP/HRP/AG NCs.

dotted with AuNPs with negligible nanoparticle agglomeration.
Fig. 1E showed the results after SAP mixed with Au-GN, indicating
the criss-crossing distribution of SAP NTs on Au-GN. However, the
distribution was more obvious when HRP enzyme was introduced
as shown in Fig. 1F. This may contribute to the electrostatic
attraction in the self-assembly process of SAP/HRP/Au-GN NCs.
The features could also be distinguished clearly through the
surface identification of SEM (see Fig. S2A and B). Besides, the
energy-dispersive X-ray spectroscopy (EDX) spectrum (Fig. S2C)
was adopted to explore the component of SAP NTs. Two main peaks
(Au and Pt) were observed, indicating that the SAP NTs were made
up of metallic gold and platinum. Furthermore, XRD was also used
to elucidate the structure formation of Au-Pt NTs. Fig. S2D shows
XRD patterns Au-Pt NTs, the diffraction peaks at 39.6 and 46.3 can
be assigned to the (111) and (200) face-centered cubic (fcc) struc-
ture of Pt, and the peaks at 38.2 can be ascribed to the (111) fcc
structure of Au. Moreover, HAADF-STEM mapping measurements
(Fig. 2A—E) were performed to monitor the Au and Pt element
distribution in the nanotubes. The element mappings showed that

Drift corrected spectrum image Scanning

Au and Pt are homogeneously mixed in the nanotubes. The binding
energies of Pt 4f and Au 4f from Au-Pt NTs were 71.1 eV and 83.5 eV
(see Fig. S3), which is in accordance with pure Pt (71.2 eV) and Au
(84.0 eV). The results revealed that the Au-Pt NTs may behave a
core/shell structure with segregated Au on the surface [37].

3.2. Optimisation of the experimental conditions

In the proposed method, different conditions were carefully
investigated, such as pH of the electrolyte support, the concentra-
tion of HRP, SAP NTs and H,05, and the scan rates (v), to obtain the
best experimental working conditions. The studies were performed
using 5 mg L' PG in Britton—Robinson (B-R) buffer solution
(0.04 M).

Firstly, the influences of the solution pH on Nafion/SAP/HRP/Au-
GN/GCE were investigated by tuning the pH of the B-R buffer so-
lution. As seen in Fig. S4A, the LSV presents stable and well-defined
peak in the acidity of pH 2.0 (curve a), but the anodic peak dis-
appeared and the base line rose up with the increase of pH from 3

B STEM HAADF Detector

Fig. 2. (A) HAADF—STEM images and (B) the selected—area (the red labeled part in A) of spiny Pt-Au NTs. (C), (D) and (E) HAADF—STEM energy—dispersive X—ray spectroscopy
(EDX) mapping image of spiny Pt-Au NTs. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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to 11 (curve b to g). Thus, the optimum pH was chosen as 2.0 to
perform the following experiments. Subsequently, the concentra-
tion of HRP and SAP NTs were explored as shown in Fig. S5. It can be
seen that the best analytical signal for HRP (Fig. S5A) and SAP NTs
(Fig. S5B) was 5.0 mg L™! and 5.0 mM, respectively. Also, we dis-
cussed the H,0, concentration on the LSV process because HRP
requires hydrogen peroxide to catalyse the reaction. From Fig. S4B,
it can be found that the optimum concentration was 1.0 mM.
Finally, the scan rate was studied to reveal the behavior of the
modified electrode. It is observed that the redox peaks changed
upon the scan rate (Fig. 3A), and the cathodic peak currents and the
anodic peak currents increase linearly with the increase of square-
root of scan rate (v”z) (Fig. 3B). These results indicate that the
electrochemical behavior of PG on the modified electrode is a
typical diffusion-controlled process. Therefore, the above experi-
mental conditions were used in subsequent experiments.

3.3. Electrochemical characterization of SAP NTs

The electrochemical performance of the SAP NTs was investi-
gated by CV and electrochemical impedance spectroscopy (EIS). As
depicted in Fig. S6A, the CVs of different electrodes were performed
in a 5.0 mM Ks[Fe(CN)g] with 0.5 M KCl. Bare GCE (curve a) behaved
two well-defined redox peaks corresponding to [Fe(CN)5]3‘/4‘,
revealing the good electron transfer interface. Moreover, after the
GCE was fabricated with a layer of Nafion/Au-GN film, the redox
peak behaves great enhancement (curve b), which implied that the
electron transfer at the electrode surface was accelerated due to the
good conductivity of Au-GN. However, when Nafion/HRP/Au-GN/
GCE was tested at same conditions (curve c), the peaks decreased
to a great extent, which indicated the electrode surface was blocked
due to the interior conductivity of HRP. Meanwhile, the CV of
Nafion/SAP/HRP/Au-GN/GCE was also recorded (curve d). The
result indicated that the redox peak was enhanced again, which

means that SAP NTs have great effects on the improving the elec-
trochemical property of the electrode.

EIS is an effective method to probe the interface property of the
electrode modified with different substances. The assembly process
of the modified electrode was further characterized by EIS as shown
in Fig. S6B. It was observed that the bare GCE revealed a small
semicircle portion (curve a). Subsequently, the Nafion/Au-GN/GCE
showed a lower resistance (curve b), implying that Au-GN was an
excellent electric conducting material and accelerated the electron
transfer. For the HRP modified step (curve c), Nafion/HRP/Au-GN/
GCE generated an insulating protein layer resultant with a higher
resistance. However, the electron-transfer resistance decreased
greatly when SAP NTs were further assembled onto HRP/Au-GN
composite film (curve d). The facts were consistent with the re-
sults obtained by CV, indicating that the electrode was fabricated as
expected.

3.4. LSV characterization assays

Under the above optimized conditions, calibration curves for
BHA and PG were made using LSV and the proposed biosensor. The
oxidation potentials of BHA and PG at the biosensor surface were
observed at 624 mV (Fig. 3C) and 655 mV (Fig. 3D), respectively.
Furthermore, it can be found that the current peaks versus BHA
concentrations displayed a wide linear response between 0.3 and
50 mg L™, and PG concentrations from 0.1 to 100 mg L~ The re-
sults can be put as the following equations:Ai = 5.266 + 1.228
[BHA] (mg L~1) andAi = 3.295 + 0.674 [PG] (mg L~!) with a cor-
relation coefficient of 0.9982 and 0.9985, whereAi is the peak
current (LA). The detection limits (LOD) were calculated to be 0.046
and 0.024 mg L' (3o/slope), respectively. The proposed method
was compared with that of others in previously published reports
(Table 1). Furthermore, to demonstrate the detection results of BHA
and PG, a simple visual detection method was developed by using
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Fig. 3. (A) Cyclic voltammograms of the Nafion/SAP/HRP/Au-GN/GCE in 0.04 M Britton—Robinson (B—R) buffer solution (pH = 2) at different scan rates (from inner to outer): 25, 50,
75, 100, 125, 150, 175, 200, 225, 250 mV/s. (B) Linear relationship of cathodic (a) and anodic (b) peak currents versus square-root of scan rate (v!/?). LSV response to different
concentrations of (C) BHA (from bottom to up: 0.3, 0.5, 1.0, 5.0, 10, 30, 50 mg L™") (D) and PG (from bottom to up: 0.3, 0.5, 1.0, 5.0, 10, 30, 50, 80, 100 mg L~") using SAP/HRP/Au-GN/

GCE.
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Table 1
Comparison of the proposed method with other methods for BHA and PG detection
(unit: mg L~).

Detection technique Linear range Detection limit  Reference
BHA PG BHA PG

HPLC—CL* 0.1-10 - 0.033 — [38]
HPLC—FLD" 0.28—2.84 3.14-31.36 0.0097 0.193 [13]
MECC—ED® 0.90—90 0.42—-106.1 0.18 0.62 [39]
SPEs—DPV* 0.2-2.1 0.2-2.1 0.093  0.022 [40]
CE—AD*® 1.8-180.2 10.6—-2122 14 1.1 [41]

LSV 0.10-150 — 0039 — [35]

LSV 0.5-15.0  1.0-15.0 0.19 054  [6]

LSV 0.3-50 0.1-100 0.046  0.024 This work

2 HPLC coupled with chemiluminescence.

> HPLC with fluorescence detector.

¢ Micellar electrokinetic capillary chromatography method with electrochemical
detection.

4 Screen-printed electrodes with differential pulse voltammetry.

€ Capillary electrophoresis-amperometric determination.

ASP NTs as catalyst and TMB as indicator. Due to the good antiox-
idant activity of BHA and PG, it can be clearly seen (Fig. 4A and B)
that the optical density increases with the decrease of BHA and PG
concentrations, and both of them behaved linear response to the
optical density. The dependent linear equations are listed in
Table S1 and the results revealed that the visual analysis were
consistent with the proposed LSV method. Also, the chromogenic
reaction of TMB showed that ASP NTs exhibited intrinsic peroxidase
activity. Moreover, the catalytic properties of ASP NTs towards BHA
and PG were also discussed in Fig. S7. The results showed that ASP
NTs behaved good catalytic properties towards BHA, especially for
PG.

To further verify the precision of the method, the repeatability
and reproducibility were demonstrated with intra-assay and inter-

assay by measuring one concentration (100 mg L~!) using LSV for
six measurements. The variation coefficients of intra- and inter-
assay for BHA and PG were 4.6%, 3.8% and 5.2%, 4.5%, indicating
the acceptable reproducibility of the proposed biosensor. Moreover,
the biosensor stability was tested in a mixture solution of BHA and
PG over a period of 10 weeks (Fig. S8). It was found that the current
response showed normal random fluctuations within the limits of
statistical control, revealing the acceptable stability of the
biosensor.

3.5. Analysis of food samples

The proposed method was applied for detecting BHA and PG
mixture in several commercial food products according to the
procedures described in the experimental section and by using
standard addition method. Firstly, different concentrations of
standard mixture solutions were prepared and the results were
recorded by LSV (Fig. 4C). The results showed that the current
response behaved stable increase with the increase of concentra-
tion in accordance with the above detection range and the oxida-
tion peak of BHA and PG exhibited well-defined single oxidation
peak at 624 mV and 655 mV, respectively. All the facts are consis-
tent with the results in Fig. 3, suggesting the feasibility of simul-
taneous detection of BHA and PG. To further verify the specificity of
the proposed method to real samples detection, the interference
such as TBHQ, BHA and BPA were investigated as shown in Fig. 4D.
As can be seen, the oxidation peak became wider when the in-
terferences were introduced but the current response and oxida-
tion potential nearly remained the same with Fig. 4C. The results
revealed that the proposed method behave stable current towards
BHA and PG mixture even in the presence of interferences, indi-
cating the acceptable specificity of the biosensor in simultaneous
detection of BHA and PG.
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Fig. 4. The evolution of optical density upon different concentrations of (A) BHA (from a to g: 6, 3, 1.5, 0.6, 0.3, 0.15, 0 mg L~!) and (B) PG (from a to g: 3, 1.5, 0.75, 0.3, 0.15, 0.075,
0 mg L") with TMB (6 mM) and SAP NTs. (C) LSV responses to different concentrations of BHA and PG mixture (from bottom to up: 0.1, 0.5, 1.0, 3.0, 5.0, 8.0, 10, 20 mg L~") based on
the biosensors. (D) Verification of the biosensors after adding TBHQ, BHT and BPA under the same concentration.
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Also, standard addition method was adopted to analyze food
samples and the responses do not differ from that for standard
samples. Thus, it is verified again that the biosensors behaved
excellent specificity and stability. Since the concentration of both
antioxidants in food samples were previously known (the analyses
had been dealt with spiked samples), it was possible to evaluate the
accuracy and precision of all the results by calculating recovery and
relative standard deviation (RSD). As shown in Table S2, four kinds
of food matrixes were evaluated and no BHA or PG was found in the
extraction samples. After the addition of BHA and PG, the recovery
and RSD of the method exhibited the range of 87.3—126.2% and
3.4—5.8%, respectively, which was comparable to those achieved
using HPLC method (Table S3, Fig. S9), which demonstrated that the
approach was satisfactory for the quantitative determination of
BHA and PG in food samples.

4. Conclusions

In this work, spiny Au-Pt nanotubes with good catalytic per-
formance were prepared, based on which an enzymatic biosensor
has been constructed for the simultaneous determination of BHA
and PG in food matrices using LSV method. The biosensor displayed
excellent analytical performance to BHA and PG with a wide linear
range of 0.3—50 mg L~! and 0.1-100 mg L™, respectively. The
sensitivity for BHA and PG were 0.046 mg L~ and 0.024 mg L™!
(30/slope), respectively. Moreover, interferences from TBHQ, BHT
and BPA were almost negligible to the BHA and PG detection.
Furthermore, a visual detection method was developed to
demonstrate the feasibility of the proposed strategy. Finally, re-
covery experiments revealed that the recovery and RSD showed the
range of 87.3—126.2% and 3.4—5.8%, which was comparable to those
achieved using HPLC method. Overall, this report provides a new
method in the simultaneous detection of BHA and PG with good
sensitivity, stability and reproducibility, and can provide an alter-
native for electrode fabricating and the construction of sensitive
biosensors.
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