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Abstract: Ochratoxin A (OTA), which is highly toxic and carcinogenic, is easily produced in cereal
crops, dry herbs, and other foods under improper storage. Traditional detection methods, including
high-performance liquid chromatography (HPLC) and enzyme-linked immunosorbent assay (ELISA),
can detect OTA accurately, but there are many problems such as long period, high cost, and poor
reproducibility. Therefore, developing a rapid, non-destructive, and highly sensitive method for OTA
detection is essential. In this paper, we used a surface plasmon resonance (SPR) biosensor combined
with terahertz (THz) spectroscopy to quantify OTA. As a result, the concentration range of OTA
in acetonitrile solution was up to 020 pg/uL, with a detection limit of 1 pg/uL, which can meet
the requirements for OTA detection in most foods. Further, we applied this method to black tea,
and the detection limit was up to 1 pg/mg, which is 500 times higher than UV spectrophotometry,
and completely meets the EU regulations. This study shows that the combination of terahertz
spectroscopy and an SPR biosensor is a promising approach to achieve a simple, rapid, and low-cost
method for trace substance quantification in foods and drugs.
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1. Introduction

Ochratoxin A is a common mycotoxin produced by various Aspergillus and Penicillium
species. It holds a prominent position among the ochratoxin family due to its widespread
occurrence and remarkable stability [1]. It is often detected in food and crops, such as herbs,
coffee, corn, wheat, and oats [2-4]. As of now, hundreds of mycotoxins have been identi-
fied [3]. The contamination of plant-based foods with ochratoxins presents a significant
and urgent public health concern [5]. OTA is readily absorbed by humans and animals,
leading to various health concerns owing to its toxicological effects, including teratogenicity,
immunotoxicity, carcinogenicity, genotoxicity, neurotoxicity, and hepatotoxicity, while its
slow metabolism results in a half-life of more than a month [6-8]. Therefore, OTA has been
classified as a class 2B agent by the International Agency for Research on Cancer, indicat-
ing that it is potentially carcinogenic for humans [2,6]. Due to its chemical and thermal
stability, it can remain persistent even at temperatures between 80 and 121 °C during food
processing [3]. As a common herbal beverage [9], the regular brewing or decocting process
of black tea may have difficulty reaching the temperature that kills OTA, leaving behind
health hazards. Given its adverse effects on human health and the economic losses it can
cause, OTA contamination has garnered escalating global attention [10]. Many countries
have established specific limits for OTA concentration in plant-based foods. Within the
European Union, maximum allowable levels for OTA have been defined, with 10 pg/mg
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for dried herbs [11]. Therefore, the development of a simple, sensitive, and rapid method
for OTA detection in plant-based foods is essential.

There are already some developed methods for OTA detection, including HPLC,
ELISA, liquid chromatography-mass spectrometry (LC-MS), etc. [12-14]. For example,
Zeng et al. developed an HPLC method with liquid-liquid extraction purification for the
determination of OTA in black tea, and the limit of detection could reach 5.2 pg/mg [15].
Yu et al. developed a competitive ELISA for the rapid detection of OTA in cassava leaf
powder, achieving a detection limit as low as 5 pg/mg using a monoclonal antibody and
enzyme-labeled antigen [16]. Li et al. developed a method for the determination of OTA in
Pu-erh tea using ultra-performance liquid chromatography-tandem mass spectrometry
(UPLC-MS), with a limit of detection of 0.1 pg/mg [17]. These methods provide high
accuracy and sensitivity, but there are some drawbacks, such as a time-consuming and
complex pre-treatment, long period, high cost of testing, poor reproducibility, and damage
of samples; therefore, they cannot meet the market requirements for rapid detection [18]. In
recent years, spectroscopy techniques including UV spectrophotometry, near-infrared spec-
troscopy, and Raman spectroscopy have been used for the rapid detection and quantitative
analysis of various compounds, providing the basis for the identification of OTA [19-21].
However, these methods are unable to detect the far-infrared spectral region, which con-
tains a great deal of physical and chemical information about the compound. Therefore,
there is an urgent need for a highly sensitive, rapid, and non-destructive method for the
detection of OTA.

Terahertz waves are typically defined as electromagnetic waves within the frequency
range of 0.1 to 10 THz [22,23]. THz waves allow non-destructive detection with high
penetration and spectral fingerprinting, which is the last part of electromagnetic waves to
be explored [24,25]. Since the absorption of terahertz waves is mainly excited by intramolec-
ular and intermolecular vibrations, some biological and chemical molecules will exhibit
fingerprint absorption peaks in the terahertz band [26,27]. However, conventional terahertz
spectroscopy has proven difficult for the detection of trace compounds with high toxic-
ity [28-30]. This limitation could be attributed to the mismatch between the THz wave’s
wavelength and the size of the target molecule, which restricts the sensitivity of identifying
trace analytes using terahertz radiation in free space [31]. In order to improve the sensitivity
of biochemical assays, researchers have used a variety of artificial structures fabricated
using metamaterials. Metamaterials have several significant advantages, including easy
preparation, rapid processing, and high sensitivity [32-34]. Consequently, metamaterials
are being researched for use in the detection of trace substances [35-37]. Based on the
redshifts and blueshifts of the plasma resonance peaks of metamaterial structures, these
researchers are able to detect trace substances quantitatively [38]. In recent years, the
technique has been widely used to detect biological and chemical molecules due to its high
sensitivity [39].

In this work, we used an SPR biosensor, which improved the stability and detection
limit of the test. Firstly, we obtained the absorption spectra of OTA in acetonitrile solution
in the concentration range of 1-20 pg/uL with an SPR biosensor combined with THz-TDS
to assess the potential for quantitative analysis of OTA. Subsequently, we further tested
OTA in black tea and compared it with UV spectrophotometry to evaluate the ability of
TDS to detect OTA. The purpose of this study was to determine the OTA content in the
food with a high-sensitivity biosensor combined with THz spectroscopy. The innovations
of this research are as follows: (1) we quantified OTA in black tea under the 2023 edition
of the European Union standards; (2) the detection limit can be up to 1 pg/mg, which
is 500 times higher than that of UV spectrophotometry. This study provides a reference
for future quantitative detection of molds in food products. The method established in
this study also provides new approaches to the trace detection of small molecules by
terahertz spectroscopy.
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2. Materials and Methods
2.1. Sample Preparation

The black tea was collected from a market in Shanghai City, China. The standard
solution of ochratoxin A was purchased from Aladdin (Shanghai, China) (https://www.
aladdin-e.com/) (accessed on 9 August 2023). In order to determine the content of trace
OTA, the acetonitrile was absorbed by a pipetting gun to dilute the standard solution.
Black tea was brewed by weighing 2.00 g black tea into a beaker, adding 100 mL boiling
water to brew for 5 min, and then quickly straining into another beaker. After the black
tea was cooled to room temperature, THz spectroscopy and UV spectrophotometry were
conducted [40]. Referring to the EU regulations for OTA [11], ten different black tea samples
with OTA at concentrations ranging from 0 to 20 pg/mg (0, 1, 3, 5,7, 10, 12, 15, 17, 20 pg/mg)
were obtained by adding an appropriate amount of the stock standard solution of OTA to
pure black tea. For THz spectroscopy detection, the sample was dropped with 10 pL on the
SPR biosensor and the measurements were repeated four times to ensure the stability of
the results. For UV spectroscopy, a 350 uL sample was loaded into an ultra-low-volume
cuvette, and the measurements were repeated three times.

2.2. Terahertz Spectroscopy System

TAS7400 (Advantest Ltd., Tokyo, Japan) uses two ultra-short-pulse lasers (A and B)
working at the same time. Laser-A uses fiber to transmit a femtosecond laser pulse to the
terahertz emitter. Based on the photoconductive antenna method, THz pulses are generated
under the influence of an external electric field. Then, the terahertz pulse passes through the
sample after being collimated by an optical lens. The terahertz signal carrying the sample
information and the detection pulse emitted by the laser-B will propagate collinearly in the
electro-optic material together. Based on the birefringence effect, the sample information
can be transferred to the detection signal. Finally, to obtain the terahertz spectrum of the
sample, free space electro-optical sampling technology is applied, and the detection signal
is converted by A/D and FFT (Figure 1a).
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Figure 1. Schematic diagram of experimental equipment (a), the schematic diagram of metasurface
excited by THz wave (b), and the geometric parameters of the lattice (c); the surface current distribu-
tion in the x—y plane and the z component of the magnetic field in the y—z plane corresponding to
Dipole mode (d); simulation results of transmission spectrum at different angles (e).

In this spectrometer, the dynamic range of the THz spectrometer is >60 dB, the effective
spectral range is from 0.5 to 4 THz, and the spectral resolution is about 1.9 GHz. The average
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power of the pump laser used for the THz emitter is 20 mW, and the central wavelength of
the pulse is 1550 nm, and the pulse width is 50 fs. We acquired each sample four times, for
a total of 12 min for a sample.

2.3. SPR Biosensor

The SPR biosensor used in this study was designed by our team [41]. Figure 1b shows a
microscope image of the SPR biosensor structure. Figure 1c shows the specific parameters of
the biosensor. The resonator and substrate materials are gold and quartz, respectively. The
metasurface initially applies chromium and gold films onto a double-sided polished quartz
substrate and employs conventional lithography techniques for patterning. Chromium is
used as a bonding layer, and the thickness of the substrate is T = 500 um.

For Dipole resonance, the electric field enhancement in the x—y plane is mainly dis-
tributed in the inner part of resonant cavities and its side edge, and the formed annular
electric field flows in the same direction clockwise. Accordingly, the magnetic field en-
hancement in the y—z plane of Dipole resonance is mainly limited to the near surface of
resonators (Figure 1d). In addition, we explored the effect of oblique angle of incidence
waves on the absorption spectra (Figure 1le). The propagation of terahertz beam in space
is hyperbolic and un-collimated. The commercially developed system we used has an
incidence angle in the range of —10° to 10°. Therefore, we analyzed the resonance response
of the metasurface for incidence angles in the range of —20° to 20°. The results show that
the oblique angle of incidence wave will not affect the absorbance spectra.

We combine a highly sensitive terahertz metamaterial biosensor with terahertz spec-
troscopy to achieve quantitative detection of small molecules. When the sample covers
the surface of the biosensor, the dielectric constant of its surface changes, causing its corre-
sponding resonance frequency to change. Moreover, when different contents of samples
are covered on the biosensor, the effective dielectric constant will change, resulting in
different levels of resonance frequency shift. According to the change patterns of frequency
shift in different content samples, we can achieve quantitative detection and analysis of
target substances.

2.4. UV Spectrophotometric System

The UV spectrophotometric method was developed on a double beam spectropho-
tometer made by Sanotac, UV2000D (Shanghai MAPADA Instrument Co., Ltd., Shanghai,
China), with a spectral width of 1 nm, wavelength accuracy of 1 nm, and a pair of 350 uL
micro volume cuvettes. In this study, the measurement wavelength was set from 190 to
400 nm with a slit of 1.0 nm and a sampling interval of 0.2 nm.

2.5. Data Processing and Analysis

Matlab 2021 software and Origin 2021b software were used for data analysis. All
samples for TDS were tested four times and samples for UV spectrophotometry were
repeated three times. Subsequently, all data were imported into Matlab software to obtain
the average value and peak value. Then, the peaks were imported into Origin software for
analysis. For data analysis, the peak value of the biosensor without a sample was taken as
the initial value, and the peak value of the biosensor with a sample was subtracted from
the initial value for analysis.

3. Results and Discussion
3.1. Spectra Analysis

All the average THz signals of the different samples from TAS7400 are shown in
Figure 2. Figure 2a shows the time-domain waveform, Figure 2b shows the frequency-
domain spectral signal converted from the time-domain signal by Fast Fourier Transform
(FFT), and Figure 2c shows the absorbance obtained by further transformation. As shown
in Figure 2a, the transient electric field of THz wave was pulse signal and the differences
among distinct samples existed in amplitude and phase fields, which may be due to the
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difference in the OTA concentration in acetonitrile. However, the differences were not
apparent enough to obtain a suitable detection model. In Figure 2b, the terahertz signal
waveforms of OTA in ten different concentrations of acetonitrile are still similar. In order to
show the variations between the data more accurately, we further transformed the data to
obtain the absorbance signal and the results are shown in Figure 2c. It can be seen that the
differences were clearer than the time-domain waveform and frequency-domain spectrum.
Therefore, all subsequent analyses were based on the absorbance.
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Figure 2. THz time-domain spectra (a), frequency-domain spectra (b), absorbance spectra (c), partial
amplified absorbance spectra of dotted box in (c,d), corresponding frequency shift as a function
(e), and column chart of the corresponding frequency shifts (f) of different OTA concentrations

in acetonitrile.

3.2. Detection of Ochratoxin A in Acetonitrile

In the standards set by the EU in 2023, the OTA standards for most foods are below
20 pg/mg; for example, soluble coffee (instant coffee) cannot exceed 5 pg/mg, dried vine
fruits and dried figs cannot exceed 8 pg/mg, and pistachios cannot exceed 10 pg/mg [11].
Therefore, we prepared OTA acetonitrile solutions with concentrations of 0-20 pg/uL
for detection to explore the relationship between absorbance and the concentration of
OTA. The prepared ten OTA acetonitrile solutions were dropped in 10 pL quantities onto
the SPR biosensor and the absorbance of OTA in acetonitrile solutions in the frequency
range of 0.5-4 THz were measured by THz-TDS. The samples for each concentration
were measured four times and the spectra were generated by averaging the measurements.
Absorbance of different samples is compared in Figure 2¢ (concentration range 0-20 pg/uL).
To capture the variation in measurements more intuitively, Figure 2c was zoomed in for
2d, and the average frequencies for the different OTA concentration ranges were 1.7529
(0 pg/uL), 1.7490 (1 pg/uL), 1.7433 (3 pg/uL), 1.7395 (5 pg/uL), 1.7376 (7 pg/uL), 1.7319
(10 pg/uL), 1.7242 (12 pg/uL), 1.7223 (15 pg/uL), 1.7204 (17 pg/uL), and 1.7166 (20 pg/uL),
respectively.

At a concentration of 0 pg/uL, we measured full width at half maxima (Wgwpm) for
0.107 THz. Based on the ratio of resonance frequency to Wgwrwm, we calculated the Q
factor. The Q factor reflects the resonance characteristics of the biosensor. The larger the
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Q value, the more sensitive the sensor is to changes in the electromagnetic field in the
area where its energy is concentrated. Moreover, the more concentrated the energy of the
biosensor is, the more favorable it is to enhance the sensitivity of the biosensor and obtain
better sensing performance. The experimentally measured Q factor of resonance was 16.4.
In addition, we compared the refractive index sensitivity of this work with the recently
reported metasurface biosensor. In this study, we measured the Sp;pole as 345 GHz/RIU,
and the reported refractive index sensitivity measured by metasurface biosensors was
much lower than the refractive index in our work [42,43].

Figure 2e shows the relationship curve between the concentration of OTA standard
solution and the amount of resonance peak frequency shift of the metasurface. From the
figure, it can be seen that there is a nonlinear relationship between the amount of frequency
shift corresponding to the resonance peak of the metasurface and the concentration of the
OTA standard solution, and as the sample concentration increases, the resonance peak
of the SPR biosensor shifts to lower frequencies. We extracted the frequency shifts for
different concentrations of OTA to establish a functional correlation with concentration.
The corresponding fitting Equation (1) was obtained:

y = (0.059 = 0.013) + (—0.059 + 0.012) x exp[—(0.047 + 0.015)x], R =0.99 (1)

where x is the sample coverage thickness, y is the frequency shift induced by the sample on
the THz SPR biosensor, and R? is the determination coefficient of the fitting curve. This
equation represents the change in frequency shift, where y( represents the frequency shift
of the highest-concentration sample compared to the lowest-concentration sample.

In Figure 2f, a column chart is made by extracting the frequency and concentration,
and it can be visualized that the resonance peaks of the SPR biosensors move to the lower
frequencies with the increase in the sample concentration, and the overall movement tends
to slow down, which is in line with the distribution pattern of the exponential functions.

From the experimental results, it can be seen that the utilization of a metamaterial chip
to detect the concentration of OTA can meet the requirements of the latest version of the
EU standards for the detection of OTA [11], and the minimum detection limit can reach
1 pg/uL. This not only meets the requirements of most of the food products, but also is
more efficient and convenient compared with other methods.

3.3. Detection of Ochratoxin A in Black Tea

After establishing the concentration curve of the pure OTA, we applied it in actual
food products to verify the validity and accuracy of the method, so we added the prepared
OTA standard solution to black tea for detection. We prepared solutions with concentra-
tions of 1-20 pg/mg and measured the absorbance of OTA in black tea over the frequency
range of 0.5-4 THz by THz-TDS. The samples were measured four times for each concen-
tration and the spectra were generated by averaging the measurements. A comparison
of the absorbance for the different samples is shown in Figure 3a (concentration range
1-20 pg/mg). In order to visualize the variation in the measurements more intuitively,
Figure 3a was zoomed into Figure 3b and the mean frequencies for the different OTA
concentration ranges were 1.7667 (0 pg/mg), 1.7629 (1 pg/mg), 1.7576 (3 pg/mg), 1.7529
(6 pg/mg), 1.7471 (7 pg/mg), 1.7405 (10 pg/mg), 1.7390 (12 pg/mg), 1.7333 (15 pg/mg),
1.7328 (17 pg/mg), and 1.7304 (20 pg/mg), respectively. From Figure 3b, it can be seen
that the pure black tea (the concentration of OTA is 0 pg/mg) itself also has a frequency
shift, so with the addition of OTA, it continues to shift to the lower frequency based on the
pure black tea frequency shift. Comparison of the test results with those of the acetonitrile
solution showed that the trends of the results were basically the same.
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Figure 3. Absorbance spectra (a), partial amplified absorbance spectra of dotted box in (a,b), corre-
sponding frequency shift as a function (c), and column chart of the corresponding frequency shifts
(d) of different OTA concentrations in black tea.

Similarly, the frequency shifts of OTA at different concentrations were extracted to
analyze them as a function of concentration and the data were then fitted and the results
can be seen in Figure 3c, where the following nonlinear equations were obtained from the
function fitting (2):

y = (—0.056 + 0.009) + (—0.055 + 0.009) x exp[(—0.051 & 0.014)x], RZ =099  (2)

In order to analyze the frequency shift results more intuitively, we drew a column
chart by extracting the frequency and concentration, and it can be noticed from Figure 3d
that the resonance peaks of the SPR biosensors move similarly to the pure product as the
concentration of the OTA increases. The EU standard specifies that OTA in dried herbs
cannot exceed 10 pg/mg, so the test results are completely applicable to the detection of
OTA content [11]. Therefore, it is feasible to detect OTA in black tea using metamaterial
chips, which lays the foundation for future applications of convenient and rapid detection
of OTA in food.

3.4. Comparison with UV Spectroscopy

UV spectrophotometry is a more mature technology compared to terahertz spec-
troscopy, which also has many applications in the detection of food and drugs, so it was
chosen for comparison in this study. According to the literature, OTA shows absorption
at 332 nm [44]; therefore, a UV spectrophotometer can be used for the measurement. In
this study, different concentrations of OTA solution were added to black tea to obtain eight
samples with different concentrations (500-20,000 pg/mg), and each concentration was
measured three times to find the lowest detection limit of UV spectrophotometry for OTA,
and the results are shown in Figure 4a. As can be seen from the figure, the spectrum shows
a marked characteristic absorption band at 332 nm, and the average transmittance for
different OTA concentration ranges are 41.26% (20,000 pg/mg), 62.41% (10,000 pg/mg),
78.33% (5000 pg/mg), 88.26% (2500 pg/mg), 91.15% (2000 pg/mg), 95.06% (1000 pg/mg),
96.23% (800 pg/mg), and 96.50% (500 pg/mg), respectively. The results show that as the
concentration gets lower, the transmittance gradually increases and gets closer to 100%.
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The regression equation for the calibration curve is derived by comparing the transmittance
values at different concentrations, and the equation is as follows:

y = (12.698 =+ 3.570) + exp[—(5.575 x 10~° = 3.820)x + (4.466 + 0.039)], R2 =0.99  (3)
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Figure 4. Transmittance spectra (a) and transmittance as a function (b) of different OTA concentrations
in black tea (the inset shows the low-concentration part).

We extracted the UV transmittance at different concentrations and fitted it as shown in
Figure 4b. In order to better show the details in the figure, we present the low-concentration
part by zooming in individually. From the figure, it can be seen that the linearity of OTA
was good in the concentration range of 500-20,000 pg/mg, and the transmittance had
reached 96.50% at 500 pg/mg; therefore, we believe that the lowest detection limit of
the UV spectrophotometric method for OTA is 500 pg/mg. Comparing the results of UV
spectrophotometry with those of terahertz detection, it can be seen that the detection limit of
terahertz spectroscopy is much higher than that of UV spectrophotometry, up to 500 times
higher. The results of the study showed that the detection range of UV spectrophotometry
was not sufficient to meet the European Union’s requirements. In the previous literature
investigation, we found that technologies such as HPLC and ELISA can meet the detection
limits required for OTA, but the processing of these traditional detection methods is time-
consuming and complex, and multiple steps are required during the processing of the test,
such as extraction, purification, enzyme digestion, etc., which requires a lot of time and
labor. These technologies are temporarily unable to meet the market demand for rapid
and simple detection. Therefore, among the many methods, terahertz spectroscopy is a
promising technique.

4. Conclusions

The main objective of this study was to realize the rapid determination of OTA in
food products using THz spectroscopy in combination with SPR biosensors. Therefore,
we firstly detected the absorbance spectra of OTA in acetonitrile and combined with
the latest standards given by the European Union, we designed a detection range of
0-20 pg/mg to meet the requirements for the detection of OTA in most foodstuffs. In
order to verify the validity of the method, we carried out a specific application in black
tea, setting the same concentration range as that of the OTA in acetonitrile, and found that
the pattern of change was similar, and the detection limit could reach as low as 1 pg/mg.
However, the lowest detection limit of UV spectrophotometry is 500 pg/mg, which is a
500-fold difference compared to terahertz technology. This confirms that the combination
of terahertz spectroscopy with SPR biosensors is a promising technique that provides a
simple, fast, and low-cost method for the quantitative detection of OTA in food. In addition,
the detection of OTA by SPR biosensors combined with terahertz spectroscopy in our study
also provides a new approach for subsequent trace detection of small molecules.
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