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Abstract

A multi-colorimetric immunosensor basing on the mimetic enzyme etching of gold nanobipyramids (Au NBPs) was established
to detect ochratoxin A (OTA). Octahedral Cu,O nanoparticles were successfully synthesized through a selective surface stabi-
lization strategy, which can exhibit a peroxidase-like ability to oxidize 3,3',5,5'-tetramethylbenzidine (TMB). Au NBPs can be
etched by the product, TMB?", to form a significant longitudinal peak blue shift of local surface plasmon resonance. During the
construction of the immunosensor, the microplate was coated with dopamine to immobilized OTA antigens, followed by the
immunoreaction of OTA antibody and the Cu,O-labled secondary antibody. A linear relationship can be found between the local
surface plasmon resonance (LSPR) peak changes with the logarithm of OTA concentration in a wide range from 1 ng/L to
5 ug/L, while the detection limit was 0.47 ng/L. Meanwhile, the approximate OTA concentration can be conveniently and
intuitively observed by the vivid color changes. Benefiting from the high specificity, the proposed multi-colorimetric immuno-
assay detection of OTA in millet samples was achieved, indicating the available potential of the immunoassay for the determi-
nation of OTA in real samples.

Keywords Multi-colorimetric immunoassay - Gold nanobipyramids - Octahedral Cu,O - Local surface plasmon resonance -

Ochratoxin A

Introduction

Colorimetric immunosensor has been extensively explored in
rapid detection of food, pharmaceutics, and environment be-
cause of its low cost, excellent sensitivity, practicality, and
simplicity [1]. Additionally, the colorimetric strategy general-
ly relies on the visual judgment by naked eyes without the
requirement of sophisticated equipment [2]. Although colori-
metric immunoassay kits are already commercially available,
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the majority of them can only be used for qualitative detection
of the substances for the limited single color variation in re-
sponse with different levels of targets (only intensity changes
but no spectral peak shifts) [3, 4]. For instance, the extensively
used 2,2'-azinobis-(3-ethyl-benzothiazoline-6-sulfonic acid)
(ABTS)-horseradish peroxidase (HRP) immunoassay shows
only a monochromic (blue) intensity change with microcystin-
LR concentrations [5]. As we know that the optical density
variations of the same color are not enough for semi-
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quantitative determination by naked eyes [6], it can be predict-
ed that the accuracy of naked-eye judgment can be extremely
enhanced as long as vivid colors appear with different con-
centrations of target molecules [7]. Therefore, it is urgent to
develop a sensitive and multi-colorimetric immunoassay with
color variations for quantitative or semi-quantitative detection
of targets.

In recent years, noble metal nanomaterials have been wide-
ly applied in colorimetric immunoassay since the solution
color is heavily reliant on their composition, shape, and size
[8—10]. For example, gold nanorods (Au NRs)-based colori-
metric immunoassay has been a cause for concern due to their
extremely controllable shapes and tunable peaks of localized
surface plasmon resonance (LSPR) [11, 12]. The longitudinal
LSPR of Au NRs is located in the visible near-infrared range
[13]. Especially, different aspect ratios of Au NRs can cause a
range of colors for visual detection, since the longitudinal
LSPR peak can shift to shorter characteristic wavelength (blue
shift) when the aspect ratio decreases [14]. However, due to
the round-end structure of Au NRs, the color change is not
obvious at a low concentration [15]. Compared with Au NRs,
the aspect ratio of plasmonic gold nanobipyramids (Au NBPs)
is more easily to be changed, owing to its two sharper apexes
[16]. Consequently, the Au NBPs-based immunoassay not
only promotes the sensitivity but also displays a range of in-
dividual colors as colorful as a rainbow.

Ochratoxin A (OTA) is secreted by Penicillium and
Aspergillus fungi. It can be found in agricultural products,
food, and feedstuffs such as rice, peanut, coffee, dried fruits,
corn, beer, and wine [17, 18]. Meanwhile, due to its high
chemical and thermal stability, it can enter the animal body
and invade human blood and breast milk [19, 20]. For such
reasons, OTA can not only cause economic loss in agriculture
production but also post a threat to the animal and general
population health, since it can generate toxic effect on the
liver, kidney, and immune modulatory system [21, 22].
Therefore, the International Agency for Research on Cancer
(IARC) has listed OTA as a potential carcinogen (group 2B)
for human beings [23]. Consequently, the real-time quantita-
tive determination of OTA is a key challenge for human health
and food safety. To date, traditional methods are used to mon-
itor and detect OTA, which mainly include high-performance
liquid chromatography (HPLC) [24, 25], thin-layer chroma-
tography [26], and liquid/gas chromatography-tandem mass
spectrometry (GC/LC-MS) [25, 27]. However, such methods
are still restricted, owing to the expensive cost, trained person-
nel, low sensitivity, and complicated pre-treatment of sam-
ples. Therefore, in order to keep the humans and animals’ food
chain away from the OTA contamination, a simple, rapid, and
sensitive detection strategy for OTA is needed.

In this work, Cu,0O octahedrons were successfully synthe-
sized through a selective surface stabilization strategy, show-
ing the peroxidase-like activity to catalyze TMB. As for the
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immunoassay, the microplate was coated with dopamine to
immobilize antigens, followed by the immune response with
OTA antibody and the Cu,O-labled secondary antibody. The
concentration of OTA was relative with the amount of Cu,O
nanoenzyme, which can further affect the amount of TMB?*,
Finally, by etching Au NBPs from different amount of
TMB?*, the Au NBPs mixture can generate vivid color re-
sponse. Therefore, the OTA concentration can be convenient-
ly judged by the naked eyes and LSPR shifts.

Experimental section
Materials and instruments

Sodium hydroxide (NaOH), cupric chloride dihydrate (CuCl,-
2H,0), hydrochloric acid, ascorbic acid (AA), sodium acetate,
NH;'H,0 (25%), sodium citrate, AgNOs, H,O, (30%), TMB,
and NaBH, were received from the Aladdin Biological
Technology Co. Ltd. (China, www.aladdin-e.com). Tween
and dopamine hydrochloride were obtained from the
Shanghai Acros Organics (China, www.acros.com).
Polyvinylpyrrolidone (PVP, MW: 40, 000) was bought from
the Beijing Solarbio Science & Technology Co. Ltd. (China,
www.solarbio.com), while 3-aminopropy trimethoxysiane
(APTES), hexadecyl trimethyl ammonium chloride (CTAC),
and chloroauric acid (HAuCl,) were purchased from the
Macklin Biochemical Co. Ltd., Shanghai (China, www.
macklin.cn). Hexadecyl trimethyl ammonium bromide
(CTAB) was purchased from the Shanghai Adamas Reagent
Co. Ltd. (China, www.adamas.com). The secondary goat anti-
rabbit antibody (Ab,, 1 mg/mL) was purchased from Santa
Cruz (China, www.scbt.com). The antibody of ochratoxin A
(Ab;, 1 mg/mL) and the antigen of OTA (antigen, 2 mg/mL)
were obtained from the College of Food Sciences, South
China Agricultural University. Typically, sodium acetate-
acetic acid buffer (HAc-NaAc) of different pH was obtained
by mixing acetic acid at specific ratios. The washing buffer of
the immunosensor was 10 mM of PBS (pH 7.4) with 0.5%
tween-20 (PBST).

Scanning electron microscopy (SEM, Talos F200S,
Thermo Fisher, USA) and transmission electron microscopy
(TEM, Talos L120C, Thermo Fisher, USA) were used to char-
acterize the morphologies of nanomaterials, while Fourier in-
frared spectrometer (FTIR, IS-10, Thermo Fisher, USA),
energy-dispersive spectrometer (EDS, Thermo Fisher, USA),
and X-ray diffraction (XRD, D/max-IIIA, Japan) were used to
discover the functional groups, the element, and structure
analysis of nanomaterials. The absorption spectrum was de-
termined by UV-visible spectrophotometer (Evolution 220,
Thermo Fisher, USA). The photographs of the reaction wells
were taken with an iPhone 6s plus.
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Preparation of the Cu,0@Ab, conjugate

As shown in Fig. S1, in a typical procedure, 0.3333 g polyvi-
nylpyrrolidone (PVP, M,, 40 000) was dissolved into 100 mL
CuCl,-2H,0 solution (0.01 M) by ultrasonic dispersion.
Afterwards, 10.0 mL NaOH aqueous solution (2.0 M) was
drop-wise added. In this process, the solution color changed
from transparent light green to turbid blue-green and then
gradually dark brown. After the solution was stirred for
30 min, 10 mL of AA solution (0.6 M) was added. The above
mixture was aged for 25 min, followed by the formation of a
turbid red liquid. All of the synthesis was conducted under
constant stirring in a water bath at 55 °C. After that, it was
cooled naturally to 25 °C, and then the resulting product was
obtained by centrifugation, followed by washing with ethanol
and water to remove the residual inorganic ions and polymer.
The final Cu,O nanoparticles were dried at 60 °C for 3 h for
further use.

Then, a mixture of octahedral Cu,O (0.01 g) and 3-
aminopropy trimethoxysiane (APTES, 600 uL) was gradually
added into 10 mL of ethanol/water mixture (19:1, v/v), dis-
persed ultrasonically for 20 min, and then heated at 75 °C for
1 h, followed by washing with ethanol to remove the redun-
dant APTES. Then, 1.5 mL of aminated Cu,O nanoparticles
were homogeneously dispersed into 1 mL of PBS buffer
(pH 7.4, 0.01 M). After adding 1 mL of 2.5% glutaraldehyde,
the solution was incubated for 2 h at room temperature,
followed by rinsing, re-dispersion, and adding 5 puL of Ab,
(1 mg/mL). After stirring for 24 h at 4 °C, centrifugation, and
purification, the precipitate was dispersed in PBS buffer
(I mL) for further use. Consequently, the labeled
Cu,O@AD, was synthesized by the crosslinking reaction of
the amino groups of the Ab, and the amino-functionalized
Cu,0 in the presence of glutaraldehyde [28].

Preparation of Au NBPs

A seed-mediated growth strategy was used to synthesize Au
NBPs with little modifications [29]. Firstly, a 10 mL mixture
including citric acid (5 mM), HAuCl, (0.25 mM), and CTAC
(50 mM) was prepared, followed by the addition of freshly
prepared ice-cold NaBH4 (0.25 mL, 25 mM). It was stirred
constantly for 90 min at 80 °C until its color became burgun-
dy, indicating that the gold seeds were synthesized. Secondly,
a solution containing AgNO3 (10 mM, 2 mL), HAuCl,
(10 mM, 10 mL), HCI1 (1 M, 4 mL), CTAB (100 mM,
200 mL), and AA (0.1 M, 1.6 mL) was prepared and stirred
vigorously, followed by the addition of 10 mL of gold seeds
and stirring at 30 °C for 2 h. Then, the mixture was centrifuged
and dispersed in 150 mL CTAC (80 mM), followed by the
injection of 20 mL AA (0.1 M) and 40 mL AgNO; (10 mM).
After heating at 65 °C for 4 h, the product was collected by
centrifugation, dispersed in 150 mL CTAB (100 mM), and left

at room temperature overnight. After the removal of the su-
pernatant, the precipitates were redistributed into 100 mL ul-
trapure water, and then 10 mL NH;3-H,O (25 wt%) and 1 mL
H,0, (5 wt%) were added into the above solution at room
temperature for 4 h. After centrifugation and washing, Au
NBPs were obtained and redispersed in 100 mL CTAB
(1 mM) solution.

Construction of the multi-colorimetric immunosensor

In brief, 1 mg/mL of dopamine (50 pL) was added into the
wells of the microplate. After incubation for 0.5 h at 37 °C and
drying, 30 uL of the antigen (10 ng/mL) was added into each
well and incubated at 4 °C. Then, 30 puL of the blocking
solution was injected to seal up the rest points. Based on the
competitive immunosensor, 30 uL of the mixture solution
including particular volume of Ab; (5 pg/mL) and different
concentrations of OTA were injected into the appropriate
wells. After that, 30 uL of the Cu,O @ Ab, solution was added
and incubated for 1 h at 37 °C. After washing with PBST,
200 uL. HAc-NaAc buffer (pH 6.0, 0.2 M), 30 uL. TMB
(30 mM), and 50 uL H,0, (70 mM) were sequentially
injected and reacted for 5 min at room temperature, causing
the color change from TMB (colorless) to TMB™ (blue). After
the injection of 50 puL HCI solution (1 M), the TMB™ was
oxidized to form the yellow diimine oxidation product of
TMB?*. Finally, the TMB** solution was added into 200 pL
Au NBPs solution. After etching for 18 min at room temper-
ature, the color of the mixture was recorded by an iPhone 6s
plus. Simultaneously, the absorption spectra were tested in the
range of 300-800 nm by a UV-visible spectrophotometer.

The millet sample was pretreated as follows. 4 g of millet
was added into 20 mL mixture of acetic acid, water, and ace-
tonitrile (1:20:79, v/v/v). The sample was mixed by shaking
for 30 s and then sonicating for 30 min. The filtrate was col-
lected by using nylon-66 membranes (0.22 pm). The extrac-
tion was conducted twice.

Results and discussion
Characterization of the Cu,0@Ab, conjugate

In this work, Cu,O octahedrons were synthesized with geom-
etry control through a selective surface stabilization strategy
[30]. The broad views of Cu,O octahedrons at different scales
were shown in Fig. 1a and b. The results showed that smooth
Cu,0 octahedrons were in 3D symmetry pyramidal structure
with regular shapes and uniform sizes. The unique structure
was beneficial to disperse in solution and anchor colorimetric
substrates. Meanwhile, in Fig. 1c, the particle size analysis
further proved that Cu,O octahedrons presented a sharper size
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Fig. 1 SEM images of Cu,O octahedrons (a, b) at different magnifications. (c) Particle size distribution, (d) XRD, (e) EDS, and (f) elemental mapping of
Cu,0 octahedrons. (g) IR spectra of Cu,O octahedrons and aminated Cu,O octahedrons. (h) UV-vis spectra of Cu,O octahedrons, Ab, and Cu,O-Ab,

distribution of 245 nm in average. The narrow size distribu-
tion of nanoparticles can guarantee a high catalytic activity.
The crystallinity of Cu,O octahedrons was investigated by
X-ray diffraction (XRD). In Fig. 1d, the diffraction peaks at
20 angles of 29.6°, 36.4°, 42.3°, 61.3°, 73.5°, and 77.3°
corresponded to crystal planes (110), (111), (200), (220),
(311), and (222), respectively (JCPDS 05-0667), suggesting
that Cu,O nanoparticles exhibited a cubic phase. Not any
impurity can be discovered, indicating the successful synthe-
sis of Cu,O octahedrons. The energy-dispersive spectrometry
(EDS) revealed that the sample was mainly composed of Cu
and O atoms (Fig. le). In order to further understand the com-
ponent of Cu,O octahedrons, elemental mappings (Fig. 1f)
demonstrated that elements of Cu and O were evenly distrib-
uted on the surface. As shown in the FTIR spectrum of Cu,O
octahedrons (Fig. 1g), the broad band at 3438 cm ' was at-
tributed to the -OH stretching vibration of absorbed surface
water, while the absorption band at 632 cm™' was the Cu-O
stretching vibrations of Cu,O. For the amino-functionalized
Cu,0, it was noted that the two absorption peaks at 2966 cm '
and 1482 cm™' were ascribed to stretching and deformation
vibration of C-H group, respectively. The characteristic band
at 1084 ¢cm ™! could be caused by C-N stretching vibrations,
while the peak at 956 cm™' was from the deformation vibra-
tion of N-H. After the amination, the amino groups of the
amino-modified Cu,O octahedrons and Ab, can be linked
by the crosslinking reaction with the aid of glutaraldehyde,
which was clearly stated by UV-vis spectra. In Fig. 1h, as
for the absorption spectrum of Ab,, the peak at about
280 nm is observed, corresponding to the characteristic ab-
sorption peak of protein [31], while Cu,O octahedrons
showed no peak in the whole range. As for the spectrum of
Cu,0@Ab,, the characteristic absorption peak of protein was
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detected. Therefore, Ab, was successfully modified on Cu,O
octahedrons.

Characterization of Au NBPs

The classical seed-mediated growth strategy was used to pre-
pare Au NBPs with a few alterations [29]. In addition to Au
NBPs, the products also contained some gold nanoparticles
(Au NSs) (Fig. 2b). It is hard to separate them with simple
centrifugation. Hence, as shown in Fig. 2a, in order to obtain
pure Au NBPs, the products were purified by the growth of
silver shell, distinct depletion interaction between surfactant
micelles, and the etching of silver shell. First, the mixture
formed a completely distinct morphology with the growth of
silver shell including the core-shell rod structure of Au@Ag
NRs (Fig. 2¢) and spherical structure of Au@Ag NSs. Second,
according to various shapes, the Au@Ag NRs were gathered
and precipitated at the bottom of the bottle, while the Au@Ag
NSs were still suspended in the supernatant; thus, the product
was well separated. Finally, in Fig. 2d, the purified Au NBPs
with fine monodispersity can be obtained after etching the Ag
shell by NH5-H,O and H,0,.

The purification was further studied by recording the
LSPR peak shift in the UV-vis absorption spectrum. In
Fig. 2e, the absorption peaks at 684 nm and 525 nm were
corresponded to the longitudinal LSPR of Au NBPs and
plasmon resonance of Au NSs, respectively. After the
growth of silver shell, the product presented two charac-
teristic absorption bands located at 618 nm and 350 nm,
which can be due to the longitudinal and transverse SPR
of Au@Ag NRs, respectively. Finally, after purification,
two new absorption peaks at about 684 nm and 510 nm
were the longitudinal and transverse LSPR peaks of Au
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Fig. 2 (a) Schematic purification
of Au NBPs. TEM images of (b)
Au NPs, (¢) Au@Ag NRs, and
(d) Au NBPs. (e) UV-vis spectra
of as-prepared Au NPs, Au@Ag
NRs, and Au NBPs. (f)
Absorption spectra of Au NBPs
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NBPs, respectively. Consequently, the purified Au NBPs
had satisfactory monodispersity, desirable size, sharp tips,
distinct local field enhancement, and a tunable LSPR band
[32]. Furthermore, the wavelength and intensity of plas-
mon peak exhibited negligible changes within 21-day
storage, indicating the long-term stability of the Au
NBPs (Fig. 2f).

Principle of the multi-colorimetric immunoassay

Firstly, the mimetic enzymatic reaction of Cu,O octahedrons
was investigated. As in Fig. S2, Cu,0 octahedrons can rapidly
catalyze colorless TMB (Fig. S2-a) to blue TMB™ with the
help of H,0,-mediated oxidation. The TMB™ solution had
an absorbed peak at 652 nm (Fig. S2-b). After adding HCI
to terminate the mimetic enzymatic reaction, the color can
instantaneously change from blue TMB* to yellow TMB?*,
accompanied by an absorption peak at 450 nm (Fig. S2-c).
Additionally, the mechanism of the multi-colorimetric im-
munoassay was further demonstrated by TEM images and
corresponding statistical analysis of Au NBPs after etching
with different concentrations of TMB including 0, 0.7, 8,

400 600 800
Wavelength (nm)

and 17 mM. In Fig. 3a—d, with the increase in TMB concen-
tration, the shape of Au NBPs changed from bipyramid into
almonds-like, walnut-like, and quasi-spherical. The corre-
sponding TEM statistical analysis showed that the length of
Au NBPs decreased gradually from 45 to 15 nm, while the
inset images further verified the color change of the corre-
sponding solution. Simultaneously, in Fig. S3, the LSPR
peaks of Au NBPs blue shifted from 674 to 552 nm when
the TMB concentration changed.

Scheme 1 represented the sensing mechanism of the color-
imetric method for OTA detection. Specifically, a certain
amount of antigen was fixed in 96-well microplate, and then
a mixture containing different concentrations of OTA and
limited Ab, was added; therefore, the immobilized antigen
and free OTA can competitively combine with Ab;. The
higher concentration of OTA, the less Ab; immobilized.
Correspondingly, less Cu,O-Ab, conjugate was fixed to pro-
duce less TMB?*. Simultaneously, Au NBPs can be selective-
ly etched to various degrees by different concentrations of
TMB?*, causing vivid color changes of the mixture, which
can be discriminated by naked eyes at a glance. The rich-
colored optical signals were corresponded to different OTA

@ Springer
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Fig. 3 TEM images and corresponding statistical analysis of Au NBPs after etching in the presence of different TMB concentrations catalyzed by Cu,O
octahedrons. TMB concentrations: (a) 0, (b) 0.7, (¢) 8, and (d) 17 mM. Insets: the photos of the corresponding solutions

concentrations, accompanied by the notable LSPR peak blue
shift of Au NBPs. Thus, a simple and multi-colorimetric im-
munoassay was fabricated for the detection of OTA.

Optimization of the experimental conditions

According to the mechanism of multi-colorimetric
immunosensor, the optimization of experimental condi-
tions was performed by two steps. First, the catalytic ac-
tivity of Cu,0 octahedrons is important, which can direct-
ly determine the yield of TMB** and the etching perfor-
mance of Au NBPs. As a consequence, the effect from the
conditions such as pH of HAc-NaAc buffer, H,O, con-
centration, reaction time, and TMB concentration was in-
vestigated in detail. The UV-vis absorption intensity at
450 nm was positively correlated with TMB?*

Scheme 1 Schematic diagram of A
multi-colorimetric immunoassay
for OTA detection

* AL

! Antigen Ab,

@ Springer

concentration, which was chosen as the indicator of the
catalytic activity of Cu,O. In this study, an interesting
observation can be found. As shown in Fig. S4a and
S4b, when the solution is in acidic conditions, H,O, can
oxidize TMB without mimetic enzyme. Meanwhile, the
solution had strong absorption intensity at about
450 nm, accompanied by a visible color variation. When
the pH value of the solution was above 6.0, the solution
was colorless, and no adsorption peak can be found. Thus,
in order to avoid the influence of self-reaction caused by
H,0, and TMB in acid condition, the optimization of pH
value started from 6.0 (Fig. 4a). The absorption intensity
exhibited a maximum at the pH value of around 6.0 and
then decreased with the increase in pH value. These re-
sults suggested that the catalytic activity of Cu,O octahe-
drons reduced in basic solution. Therefore, the appropriate
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pH value for the catalysis of Cu,O octahedrons was 6.0.
Figure 4b showed the effect of H,O, concentration on the
catalytic activity of Cu,O octahedrons. The absorption
intensity increased markedly and then reached a bottle-
neck at 70 mM. So, 70 mM was selected for the subse-
quent detection. Figure 4c was the influence of reaction
time on the catalytic ability of Cu,O octahedrons, show-
ing that the absorption intensity enhanced rapidly and
then reached a parallel level at 5 min. Thus, the catalytic
time was set at 5 min. In Fig. 4d, the absorption intensity
increased rapidly with the increase in the TMB concen-
tration. When it was higher than 30 mM, the absorption
intensity increased mildly. In addition, it was obvious that
a great sum of flocculent substance formed when the
TMB concentration was higher than 30 mM. Therefore,
30 mM was selected as the optimal TMB concentration.
Second, the effect of CTAB concentration and TMB?*
etching time were studied in detail. AA, the change for the
LSPR peak position of Au NBPs, was set as the indicator of
the morphological variation of Au NBPs. In Fig. 4e, it can be
found that AA value increased with the increment of CTAB
concentration and reached a parallel level at 0.3 M. Hence, the
optimal CTAB concentration was selected as 0.3 M. Figure 4f
showed the effect of TMB>* etching time on AA, where it

Etching time for Au NBPs (min)

increased gradually and then reached a platform at 18 min.
Thus, 18 min of the etching time was selected.

The performance of the multi-colorimetric
immunoassay

The concentrations of OTA are related to the blue shift degree
of the LSPR peak and the color change. Hence, the perfor-
mance of the multi-colorimetric immunosensor was imple-
mented by using different concentrations of OTA under the
optimum conditions. According to the competitive mode, the
free OTA can compete with the fixed antigens on the micro-
plate to combine with the limited amount of antibody. The
higher the OTA concentration, the less amount of
Cu,0O@Ab, on the microplate; thus, the produced TMB?**
decreased gradually. Subsequently, it exhibited a vivid color
corresponding with the TMB?* concentration, which can be
readily observed by the naked eyes. As in Fig. 5a, the LSPR
peak position exhibited blue shift with the decrease of OTA
concentration; thus, a series of distinct color transitions can be
conveniently and intuitively distinguished by the naked eyes
(Fig. 5¢). In Fig. 5b, AA was demonstrated to be a good linear
relationship with the logarithm of OTA concentrations in a
range from 5 pug/L to 1 ng/L. The calibration equation was
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Fig.5 (a) UV-vis spectra for different concentrations of OTA, (a) 0, (b) 0.001, (c) 0.0025, (d) 0.005, (e) 0.01, (f) 0.025, (g) 0.05, (h) 0.1, (i) 0.5, (j) 1, and
(k) 5 pg/L. (b) Calibration curve based on the UV-vis spectra. (¢) Photographs of the colorimetric immunoassay at different concentrations of OTA

AXN=29.37-35.74[logCota (ug/L)] with an estimated limit
of detection at 0.47 ng/L (S/N = 3), and the regression coeffi-
cient was 0.988. In addition, compared with other strategies
for OTA detection (Table S1), the proposed multi-
colorimetric immunoassay possessed a particular impact on
the visual semi-qualitative detection of the analyte and exhib-
ited a wide linear range and sensitive analysis.

The selectivity of OTA detection is a key challenge. In
Fig. 6a, the selectivity of the multi-colorimetric immunoassay
was investigated by calculating the values of AA and the po-
tential interferences including deoxynivalenol (DON), tricho-
thecenes 2 (T-2), aflatoxin B1 (AFB;), zearalenone (ZEN),
microcystin-LR (MC-LR), microcystin-YR (MC-YR),
microcystin-RR (MC-RR), and nodularin (Nod). After the
addition of the interferents, the signals were nearly the same
as that of the blank. However, the shift of AA was remarkably
decreased only when OTA was added, indicating that these
interferences can hardly affect the detection of OTA. The inset
of Fig. 6a was the photograph in the presence of different

interferences, proving that the proposed multi-colorimetric
immunoassay had highly specific reaction with OTA. The
longtime stability of the strategy was further investigated. As
shown in Fig. 6b, after 7 days of storage, the performance of
proposed immunosensor basically remained the same as the
initial response, implying that the developed immunosensor
can maintain sufficient stability for OTA detection.
Furthermore, the ionic strength was also investigated. As in
Fig. S5, the ionic strength had no influence on the stability of
the immunosensor.

To further demonstrate the feasibility and practicality of the
established strategy in real sample, the millet samples were
obtained from local supermarket and tested by high-
performance liquid chromatography before use. Afterwards,
based on the standard addition method, a series of standard
OTA solutions including 0.001, 0.01, 0.1, and 1 pg/L were
added and then analyzed. In Fig. 6¢, the recoveries of the
developed immunoassay were between 98.6 and 111.4%.
Meanwhile, it is worth to note that a vivid color can be found,

a Cc
; ' o0 day 111.4% o
.. . ....' . . -7 days 100_ 98.60/0 I03'7% 105.1%
X
3 3 50
g
0.
0.005  0.05 0.5 5 1x10%  1x10%  1x107  1x10°
Cora! (ng/l) Cota / (ng/L)

Fig. 6 (a) Selectivity of the multi-colorimetric immunoassay. (b) The longtime stability of the immunoassay. (¢) The recoveries of the detection in millet

samples
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which can not only improve the detection efficiency but also
simplify the operation. Hence, the multi-colorimetric immu-
noassay may have more potential application in the real sam-
ple detection.

Conclusion

In summary, a multi-colorimetric immunosensor was
established for OTA detection. Peroxidase-like Cu,O octahe-
drons were used to label second antibody. Basing on the com-
petitive format, the increase in the OTA concentration can
cause a decrease amount of the immobilized Cu,0@Ab,
and the corresponding decrease in TMB?*, which can affect
the etching of Au NBPs and cause blue shift of LSPR peak.
Meanwhile, the vivid color changing of the mixture solution
can be readily distinguished by the naked eyes. Owing to the
high specificity and selectivity, the proposed multi-
colorimetric immunoassay was demonstrated to be sensitive
in real samples. Furthermore, by replacing different mimic
enzymes, this multi-colorimetric strategy could be also ex-
tended to detect other biomolecules. However, H,O, in this
immunosensor is very vulnerable to environment change and
may also cause some damage to biomolecules, which may
impede their real analytical application. It will be a new direc-
tion to develop efficient oxide mimetic nanozymes.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00604-020-04699-5.
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