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Abstract: Vitamin C (VC) and Vitamin B9 (VB9) are essential micronutrients integral to numerous
biological functions and critical for maintaining human health. The rapid detection of these vitamins
is important for verifying nutritional supplements and aiding in clinical diagnoses. This study
combined terahertz time-domain spectroscopy (THz-TDS) with metasurface technology to develop a
fast, sensitive, and non-destructive detection method for VC and VB9. Firstly, we determined the
characteristic absorption peaks and molecular vibration modes of VC and VB9 within the 0.5–4.0 THz
range through quantum chemical calculation and THz-TDS measurement. Then, we designed and
fabricated a metasurface biosensor to match its resonance peak with the communal peak of VC and
VB9, enhancing the interaction between THz waves and these vitamins. Using this biosensor, we
analyzed solutions with different concentrations of VC and VB9. An increase in vitamin concentra-
tions resulted in frequency shifts in the THz resonance peak. Quantifiable relationships between
frequency shifts and the vitamin concentrations were established. The detection limits achieved were
158.82 ng/µL for VC and 353.57 ng/µL for VB9, respectively. This method not only demonstrates
high sensitivity but also simplifies the operational process, offering an innovative tool for applications
in food safety monitoring and clinical diagnostics.

Keywords: vitamin C; vitamin B9; folic acid; metasurface; terahertz spectroscopy; rapid detection;
trace analysis

1. Introduction

Vitamins are organic compounds essential for sustaining human life processes. They
play a key role in regulating metabolism and are found in various foods and nutritional
supplements [1,2]. Vitamin C (L-ascorbic acid, VC) and vitamin B9 (folic acid, VB9) are
indispensable for the human body. VC is renowned for its diverse biological functions,
including anti-inflammatory, antioxidant, and immunomodulatory activities. It is applied
in the treatment of inflammatory diseases such as scurvy, sepsis, systemic lupus erythe-
matosus, and rheumatoid arthritis. However, VC cannot be synthesized internally and
therefore requires external intake [2]. Excessive VC intake can result in adverse effects
such as kidney stones, gastrointestinal discomfort, and iron overload [3–5]. Similarly, VB9
is crucial for metabolism, DNA/RNA synthesis, and cell growth. It plays a critical role
in preventing fetal neural tube defects and megaloblastic anemia. Nonetheless, VB9 also
cannot be synthesized internally. Excessive VB9 intake may obscure the symptoms of
Vitamin B12 deficiency and potentially increase the risk of fetal developmental abnormali-
ties [6–9]. Considering the key role of VC and VB9 in maintaining health, coupled with the
health risks associated with their deficiency or excess, the necessity for a rapid and accurate
detection method is imperative.
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Traditional methods for detecting VC and VB9 include high-performance liquid chro-
matography (HPLC), electrochemical techniques, and fluorescence analysis. The HPLC
method separates and detects components by the distribution equilibrium between sta-
tionary and mobile phases, with the advantages of high sensitivity and accuracy. In 2024,
Li, H. et al. [10] used HPLC to detect the VC concentration in fruits and vegetables with
a limit of detection (LOD) of 0.05 µg/mL.In the same year, Yang, Y. et al. [11] employed
HPLC to detect VB9 concentration in multivitamin tablets with a LOD of 0.033 mg/L. Elec-
trochemical methods detect substances by analyzing the changes in potential and current
in an electrolytic cell, which is highly sensitive and easy to operate. In 2020, Brainina,
K.Z. et al. [12] developed an electrochemical sensor using phytosynthesized gold nanopar-
ticles and carbon veil for VC detection, achieving a LOD of 0.05 µM and a linear range
of 1 µM–5.75 mM. In 2018, Kuceki, M. et al. [13] developed an electrochemical sensor
using a hybrid molecularly imprinted polymer with a restricted access modified electrode
for VB9 detection, achieving a LOD of 0.72 µg/L and a linear range of 5.0–100.0 µg/L.
Fluorescence analysis is based on the inherent fluorescence properties of molecules for
selective measurement, with the advantages of high sensitivity and a wide linear range. In
2019, Wang, Y. et al. [14] used ratiometric fluorescence methods to detect VC, achieving
a LOD of 0.009 µM and a linear range of 0.6–40 µM. In 2020, May, B.M.M. et al. [15] used
water-soluble AgInS2 fluorescence quantum dots for VB9 detection, achieving a LOD of
52 nM and a linear range of 0.03–33 µM. However, these methods have drawbacks. HPLC
requires complicated and time-consuming sample preparation [16]. Electrochemical tech-
niques and fluorescence analysis may experience decreased sensitivity in complex samples
or environments [17–19]. Therefore, there is an urgent need for a rapid, accurate, and
non-destructive method for the trace analysis of VC and VB9.

Terahertz (THz) waves, frequency ranging from 0.1 to 10 THz, are located between the
infrared and millimeter wave regions. THz waves possess properties that distinguish them
from other electromagnetic regions. Firstly, THz waves are characterized by millielectron
volt level photon energies, which are insufficient to cause photoionization or damage
biomolecules. This feature enables non-destructive detection [20,21]. Secondly, THz waves
are highly sensitive to low-frequency motions of biomolecules, such as crystal vibrations
and weak interactions. This property allows for molecular fingerprinting, enabling the
precise identification of biomolecules [22]. Thirdly, THz waves demonstrate exceptional
penetrability through non-metallic and non-polar materials. It facilitates non-destructive
and non-contact detection [23,24]. Due to these inherent attributes, THz spectroscopy is
a promising technology in the biomedical field, including the detection of vitamins. For
instance, the intermolecular hydrogen bonds of vitamin B3, vitamin B6, and vitamin H have
been resolved [25]. In the realm of quantitative detection, the detection of commercial VC
tablets at the milligram level has been achieved, but the sensitivity remains an issue [26].

To overcome this sensitivity issue, researchers have developed THz metasurface
biosensors, which are based on artificial composite structures comprising arrays [27]. Un-
der the excitation of the incident THz waves, the resonator unit will generate various
resonances, such as inductor-capacitor (LC) resonance [28], plasmon resonance [29,30], elec-
tromagnetic induced transparency (EIT) [31,32], absorption induced transparency [33], Fano
resonance [34,35], etc. By altering the artificial unit structures, we can flexibly control the
resonance peak and generate a strong local-field enhancement near the resonance frequency,
which can improve the interaction between analytes and incident THz waves [36,37]. Thus,
an increase in detection sensitivity can be achieved by measuring the frequency shift of
the resonance peak caused by the change in the refractive index of the analyte [38,39]. A
variety of THz metasurface biosensors have been developed for the detection of various
analytes, such as viruses [40], proteins [41], and cells [42], offering the benefits of low
sample consumption, high detection sensitivity, and simple sample pretreatment. Recent
advancements have also shown promising applications in the detection of trace vitamins.
The detection of vitamin B2 (VB2) and vitamin B6 (VB6) has been achieved; the LOD of
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VB2 is 7.54 mg/mL and the detection range of VB6 is 0.015–0.125 mg/µL [43,44]. But the
detection of VC and VB9 has not been reported.

This study aims to provide a novel detection method of VC and VB9 through the
combination of THz spectroscopy with metasurface technology. We initially determined the
characteristic absorption peaks and molecular vibration modes of VC and VB9 within the
0.5–4.0 THz range through terahertz time-domain spectroscopy (THz-TDS) measurements
and quantum chemical calculations. A THz metasurface biosensor was then designed. Its
resonance peak located at the common THz peak of both vitamins, enhancing the THz
waves–vitamin molecules interaction. With this THz metasurface biosensor, we finally
analyzed the peak shifts in response to varying concentrations of VC and VB9. This
research offers a rapid, sensitive, and non-destructive method for vitamin detection. These
findings are anticipated to advance efficient and convenient tools for food safety and
clinical diagnostics.

2. Materials and Methods
2.1. Materials

VC (CAS Number: 50-81-7, purity: Analytically Pure) and VB9 (CAS Number: 59-30-3,
purity: ≥98%) were purchased from the Shanghai Aladdin Biochemical Technology Co.
Ltd. (Shanghai, China). Copolymers of cycloolefin (COC) powder, with an average particle
size below 60 µm, were purchased from the Shanghai Institute of Nuclear Research (Shang-
hai, China). These materials were used as received, without undergoing any additional
purification. Purified water, with a resistivity of 18.4 MΩ·cm, was produced using a water
purification system (PURELAB CLASSIC, ELGA, High Wycombe, UK).

2.2. Sample Preparation

For qualitative detection, VC pellets (VC: 1 mg or 10 mg, COC: 60 mg) and VB9 pellets
(VB9: 1 mg or 10 mg, COC: 60 mg) were prepared. The COC powder, known for its low
absorption of THz waves, was used as a diluent. The detailed preparation process is as
follows: 1 mg of VC powder was homogeneously mixed with 60 mg of COC powder. The
mixture was then grinded and compressed under a pressure of 3 tons for 3 min to form a
1 mg VC pellet. A similar protocol was employed for the preparation of 10 mg VC pellet,
1 mg VB9 pellet and 10 mg VB9 pellet. Meanwhile, 60 mg of COC was compressed into a
pellet for use as a reference sample. The preparation process was carefully controlled to
keep material wastage below 1%. The resulting pellets had an average diameter of 13 mm
and a thickness ranging from 500 to 580 µm.

For quantitative detection, a VC solution was prepared by dissolving 5 mg of VC pow-
der in 5 mL of purified water, followed by thoroughly stirring. Aliquots were then diluted
to obtain concentrations of 100, 200, 400, 600, 800, and 1000 ng/µL. Similar procedures
were used to prepare VB9 solutions at equivalent concentrations. For THz spectroscopy
analysis, 5 µL of each solution was dripped onto the center of the metasurface using an
electronic pipette controller and an operator was ensured to follow a standardized protocol
to ensure consistent results. The samples were then air-dried to form a uniformly thin film
for further THz measurement, which takes about ten minutes for the samples to dry. After
testing, the metasurface can be reused after rinsing the surface with purified water and
wiping it clean.

2.3. THz Spectroscopy Measurement

The THz experiments were conducted using a THz spectrometer (TAS7400, Advantest
Ltd., Tokyo, Japan). The experimental setup is shown in Figure 1a and the operational prin-
ciple is shown in Figure 1b. TAS7400 has an internal frequency reference of 50 MHz, which
is the operation reference of the sampling timing circuit. Then, it employs two dual ultra-
short pulse lasers for the generation and detection of THz waves. The output wavelength
of the laser is 1550 nm, the output power is greater than 20 mW, and the pulse width is less
than 50 fs. One laser sends pulses to the THz Emitter to trigger THz wave. The THz wave
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passes through the examined sample, undergoing ratio measurement to extract the intrinsic
information of the sample. Then, it is detected using a sampling wave emitted by another
laser. The final step captures the sample’s THz spectrum using free-space electro-optic
sampling, followed by Analog to Digital (A/D) and Fast Fourier Transform (FFT).

Photonics 2024, 11, x FOR PEER REVIEW 4 of 14 
 

 

pulse width is less than 50 fs. One laser sends pulses to the THz Emitter to trigger THz 
wave. The THz wave passes through the examined sample, undergoing ratio measure-
ment to extract the intrinsic information of the sample. Then, it is detected using a sam-
pling wave emitted by another laser. The final step captures the sample’s THz spectrum 
using free-space electro-optic sampling, followed by Analog to Digital (A/D) and Fast Fou-
rier Transform (FFT). 

 
Figure 1. (a) Experimental setup and (b) its operational principle of the THz spectrometer. 

This system had a dynamic range of 60 dB, a spot diameter of 5 mm, and an effective 
spectral range from 0.5 to 4.0 THz. Each THz spectrum was the result of 1024 cumulative 
acquisitions, providing a resolution of 1.9 GHz. To ensure reliability, each sample was 
measured in 4 repetitions to determine the error bars. The relative humidity of the sample 
chamber was kept below 3% by purging dry air to minimize the influence of water vapor. 
All experiments were conducted at 22 °C. 

2.4. Theoretical Calculation 

Figure 1. (a) Experimental setup and (b) its operational principle of the THz spectrometer.

This system had a dynamic range of 60 dB, a spot diameter of 5 mm, and an effective
spectral range from 0.5 to 4.0 THz. Each THz spectrum was the result of 1024 cumulative
acquisitions, providing a resolution of 1.9 GHz. To ensure reliability, each sample was
measured in 4 repetitions to determine the error bars. The relative humidity of the sample
chamber was kept below 3% by purging dry air to minimize the influence of water vapor.
All experiments were conducted at 22 ◦C.
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2.4. Theoretical Calculation

The THz wave is highly sensitive to low-frequency molecular motions such as back-
bone vibrations and weak interactions. Therefore, it can reveal the unique molecular
structure. To understand the characteristic absorption properties of VC and VB9 within
the 0.5–4.0 THz range, quantum chemical calculations were conducted in this study. Den-
sity functional theory (DFT), a reliable quantum computational method, was employed.
The DFT is particularly effective in predicting the vibrational frequencies of small- to
medium-sized molecules [45].

The initial structural models for VC and VB9 were obtained from the PubChem
database, with PubChem CID 54670067 for VC and 135398658 for VB9, respectively. These
models were subsequently optimized, and their theoretical spectra and vibrational modes
were calculated using Gaussian 09W software [46]. The vibration modes refer to the motion
state of atoms or groups vibrating in a molecule. The theoretical vibrational modes of
both VC and VB9 in the 0.5–4 THz range were analyzed using the DFT/B3LYP/6-31g(d)
computational method. All vibrational frequencies were broadened with a full width at a
half maximum (FWHM) of 4 cm−1 to obtain their theoretical spectra.

3. Results and Discussion
3.1. Theoretical and Experimental Spectral Comparison of VC and VB9

Figure 2a,c show the molecular structures of VC and VB9, respectively. Their vibra-
tional modes and THz spectra in the 0.5–4.0 THz range were obtained using quantum
chemical calculations, as shown in Figure 2b,d. The theoretical THz spectrum of VC exhibits
four absorption peaks at 1.18, 1.78, 2.64, and 3.43 THz (Figure 2b), while the spectrum of
VB9 displays six absorption peaks at 0.66, 1.09, 1.32, 1.72, 2.71, and 3.52 THz (Figure 2d).
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(d) theoretical THz spectra of VB9.

Conventional THz spectroscopy typically involves analyzing samples in pellet form.
We used a THz-TDS system to detect the spectra of both VC and VB9 pellets in the
0.5–4.0 THz range. The corresponding experimental spectra are shown in Figure 3a,b.
For the 10 mg VC pellet, six absorption peaks are observed, including strong peaks at 1.75,
2.02, 2.29, and 3.53 THz, along with a weaker peak at 2.64 THz and a shoulder peak at
1.37 THz. The experimental peaks at 1.75, 2.64, and 3.53 THz correspond to the theoretical
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peaks at 1.78, 2.64, and 3.43 THz, respectively, with an error not exceeding 0.10 THz. For the
10 mg VB9 pellet, four weak absorption peaks are observed at 1.54, 1.78, 2.79, and 3.52 THz.
The experimental peaks at 1.78, 2.79, and 3.52 THz correspond to the theoretical peaks at
1.72, 2.71, and 3.52 THz, respectively, with an error not exceeding 0.08 THz.
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3.2. Vibrational Mode Assignment of VC and VB9

The theoretical and experimental spectra exhibit excellent agreement within the
0.5–4.0 THz range. This allows us to identify the characteristic peaks for both VC and
VB9. For VC, the experimental peaks at 1.75, 2.64, and 3.53 THz correspond to the theo-
retical peaks at 1.78, 2.64, and 3.43 THz, respectively. These peaks mainly arise from the
twisting vibration of the hydroxymethyl group, but the vibration direction varies for each
peak. For VB9, the experimental peak at 1.78 THz corresponds to the theoretical peak at
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1.72 THz, mainly originating from the wagging vibration of the benzene ring and carboxyl
group on the α-carbon. The experimental peak at 2.79 THz corresponds to the theoretical
peak at 2.71 THz, mainly originating from the out-of-plane bending vibration of the pteri-
dine ring and the in-plane bending vibration of the benzene ring. The experimental peak
at 3.52 THz corresponds to the theoretical peak at 3.52 THz, mainly originating from the
wagging vibration of the two methylene groups. Table 1 shows the statistics the vibrational
modes of the different peaks of VC and VB9.

Table 1. The vibrational modes of the different peaks of VC and VB9.

Vitamin Theoretical Peak (THz) Experimental Peak
(THz) Vibrational Mode *

VC
1.75 1.78 tw(−CH2OH)
2.64 2.64 tw(−CH2OH)
3.53 3.43 tw(−CH2OH)

VB9
1.78 1.72 w(-Ph-) + w(−COOH on α-carbon)
2.79 2.71 op(-pteridine ring) + ip (-Ph-)
3.52 3.52 w(β-CH2-) + w(γ-CH2-)

* w, wagging; tw, twisting; op, out-of-plane bending; ip, in-plane bending; Ph, benzene ring; P, pteridine ring.

Parts of the experimental peaks lack corresponding theoretical peaks, for instance, the
experimental peaks of VC at 2.02 and 2.29 THz. This phenomenon may be attributed to the
differences in conditions between theoretical calculation and experimental measurement.
Theoretical calculation is performed on isolated molecules at 0 K, while experimental
measurements are conducted on polymolecule systems at room temperature, thus affecting
the accuracy of low-frequency molecular mode analysis in the THz region [45].

However, when the vitamin content was reduced to 1 mg, the THz absorption peaks
for both VC and VB9 became very weak, as illustrated in Figure 3a,b. The weak peaks are
difficult to recognize efficiently, significantly limiting the detection sensitivity. To address
this issue, we combined THz spectroscopy with a metasurface biosensor to detect trace
amounts of VC and VB9. The experimental peaks at 1.75 THz for VC and 1.78 THz for VB9
(highlighted by the yellow bands in Figure 3) can serve as the resonance enhancement band
in guiding the metasurface design.

3.3. Design and Fabrication of THz Metasurface Biosensor

The metasurface consists of two ring chain resonators, each with different gap widths.
The unit structure and its periodic arrangement of the metasurface are shown in Figure 4a,b,
respectively. The resonators are made of gold (thickness: 200 nm) and placed on a quartz
substrate (thickness, h: 500.00 µm). The geometric parameters of the resonators are as fol-
lows: px = 37.00 µm, py = 74.00 µm, w = 5.00 µm, d1 = 20.00 µm, d2 = 7.00 µm, g1 = 2.00 µm,
and g2 = 4.00 µm. The theoretical simulation of the unit structure was performed using
COMSOL Multiphysics 6.1 software. The electric field distribution at 1.74 THz is shown in
Figure 4c. The electric field is mainly concentrated in the relatively narrow metal ring gap.
The theoretical spectrum is shown in Figure 4d. The theoretical resonance peak is located at
1.74 THz, at around the common absorption peaks of VC and VB9 (1.75 THz and 1.78 THz).
The FWHM of the resonance peak is 0.013 THz. The Q-factor is calculated to be 133.8. In
Table 2, we compare the Q-factors of the THz metal-based metasurfaces found in recent
years. These metasurfaces have different resonance types. Table 2 shows that our designed
metasurface possesses a relatively high Q-factor. The relatively high Q-factor indicates that
there is great energy density within the metasurface, making it more sensitive to electro-
magnetic field changes. This resonance can enhance interaction between vitamin molecules
and THz waves specifically at this frequency, thereby enhancing detection sensitivity for
VC and VB9.
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The metasurface was fabricated using lithography techniques, with quartz substrate,
gold resonators, and a chromium layer. Figure 5a shows the optical images of the metasur-
face biosensor and its actual geometric parameters. Figure 5b presents its measured THz
spectrum. It displays a resonance peak at 1.77 THz with a FWHM of 0.169 THz, resulting
in an actual Q-factor of 10.5. The measured resonance peak closely matches the theoretical
peak (1.74 THz), with a slight deviation due to machining limitations resulting in a differ-
ence between the actual and the theoretical parameters (less than 0.22 µm). Moreover, the
theoretical simulation considered gold as a perfect electrical conductor, which differs from
the actual properties of gold. Despite these differences, the measured resonance peak at
1.77 THz corresponded well with the characteristic peaks of VC at 1.75 THz and VB9 at
1.78 THz. This indicates effective enhancement effects between the sample and THz waves.
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Table 2. Comparison of Q-factor of THz metasurface in recent years.

Year Resonator
Material Resonance Type Resonance Peak (THz) Q-Factor Reference

2021 Al LC resonance 0.84 10.6 [47]

2021 Au EIT resonance
0.94 24.6

[48]
1.56 100.7

2022 Au Toroidal resonance 2.39 15.2 [49]

2022 Al Fano resonance 0.94 64 [50]

2023 Au Plasmon resonance
1.97 19.1

[51]
3.37 156.0

2023 Cu Magnetic dipole
resonance 0.47 55.3 [52]

2024 Au Plasmon resonance 1.74 133.8 This work

Photonics 2024, 11, x FOR PEER REVIEW 9 of 14 
 

 

The metasurface was fabricated using lithography techniques, with quartz substrate, 
gold resonators, and a chromium layer. Figure 5a shows the optical images of the metasur-
face biosensor and its actual geometric parameters. Figure 5b presents its measured THz 
spectrum. It displays a resonance peak at 1.77 THz with a FWHM of 0.169 THz, resulting 
in an actual Q-factor of 10.5. The measured resonance peak closely matches the theoretical 
peak (1.74 THz), with a slight deviation due to machining limitations resulting in a differ-
ence between the actual and the theoretical parameters (less than 0.22 µm). Moreover, the 
theoretical simulation considered gold as a perfect electrical conductor, which differs from 
the actual properties of gold. Despite these differences, the measured resonance peak at 
1.77 THz corresponded well with the characteristic peaks of VC at 1.75 THz and VB9 at 
1.78 THz. This indicates effective enhancement effects between the sample and THz 
waves. 

 
Figure 5. (a) Optical micrograph and actual geometric parameters of the fabricated metasurface bi-
osensor, and (b) measured spectrum of the metasurface biosensor in the 1.5–2.0 THz range. 

3.4. Detection of VC and VB9 Based on THz Metasurface Biosensor 
When a metasurface is coated with a sample, the dielectric constant of the metasur-

face changes, causing a shift in its resonance frequency. Variations in sample concentra-
tion result in different frequency shifts, enabling quantitative analysis [53]. We prepare 
VC and VB9 samples at concentrations ranging from 0 to 1000 ng/µL, respectively. 

Figure 5. (a) Optical micrograph and actual geometric parameters of the fabricated metasurface
biosensor, and (b) measured spectrum of the metasurface biosensor in the 1.5–2.0 THz range.



Photonics 2024, 11, 820 10 of 14

3.4. Detection of VC and VB9 Based on THz Metasurface Biosensor

When a metasurface is coated with a sample, the dielectric constant of the metasurface
changes, causing a shift in its resonance frequency. Variations in sample concentration
result in different frequency shifts, enabling quantitative analysis [53]. We prepare VC and
VB9 samples at concentrations ranging from 0 to 1000 ng/µL, respectively. Subsequently,
we pipette 5 µL of each sample onto the metasurface. After thorough drying, the samples
form a uniform thin layer on the metasurface. We then analyze their absorbance spectra
within the 0.5–4.0 THz range, focusing on the resonance peaks centered at approximately
1.75 THz.

Figure 6a shows the resonance peak of the VC samples of varying concentrations. The
average resonance peaks are at 1.7662 THz (0 ng/µL), 1.7636 THz (100 ng/µL), 1.7552 THz
(200 ng/µL), 1.7546 THz (400 ng/µL), 1.7476 THz (600 ng/µL), 1.7464 THz (800 ng/µL),
and 1.7431 THz (1000 ng/µL). It is evident that the resonance peak gradually shifts to
lower frequencies as the concentration of VC increases. To further quantify the relationship
between VC concentration and frequency shift, we plot the frequency shifts, depicted by
the hollow circles in Figure 6b. The data suggest a nonlinear correlation, which is modeled
using a nonlinear fit, as shown in Figure 6b. The fitted equation is as follows:

y = −(0.031 ± 0.0079) × exp[(−0.0014 ± 0.0027)x] + (0.031 ± 0.0087), R2 = 0.96 (1)

where x represents the VC concentration, y represents the frequency shift caused by the VC
on the metasurface, and R2 is the determination coefficient of the fitted curve. R2 is 0.96,
indicating a good fit of the data to the nonlinear model. Based on this model, we can achieve
the quantitative detection of VC by monitoring the frequency shift of the metasurface. It can
be observed that the frequency shift intensifies with concentration, but the rate of increase
attenuates. This attenuation is attributed to the increased thickness of the dried sample
film at higher concentrations, which diminishes the impact of the sample on the overall
equivalent capacitance of the metasurface and consequently decreases the frequency shift.
The limit of detection (LOD) for VC is calculated using the following formula:

LOD =
3.3 δ

S
(2)

where δ represents the standard deviation of the data obtained without sample, specifically
indicating the variability in resonance frequency when the sample concentration is 0 ng/µL.
S represents the maximum slope observed in the fitted curve. For VC detection, LOD is
determined to be 158.82 ng/µL.

Figure 6c shows the resonance peak of VB9 samples of varying concentrations. The
average resonance peaks are at 1.7684 (0 ng/µL), 1.7651 (100 ng/µL), 1.7633 (200 ng/µL),
1.7625 (400 ng/µL), 1.7577 (600 ng/µL), 1.7535 (800 ng/µL), and 1.7489 (1000 ng/µL) THz.
There is a clear tendency for the frequency of the resonance peak to decrease as the con-
centration of VB9 increases. The frequency shifts for VB9 samples, represented by hollow
squares in Figure 6d, exhibit a linear relationship with concentration. A linear regres-
sion analysis is conducted to derive the fitting curve shown in Figure 6d, with the fitting
equation given by the following:

y = (1.82 × 10−5 ± 1.28 × 10−6) x + (4.21 × 10−4 ± 4.21 × 10−4), R2 = 0.98 (3)

where x is the concentration of the VB9, y is the frequency shift induced by the VB9, and
R2 is the determination coefficient of the fitted curve. R2 is 0.98, indicating a strong linear
relationship. As the concentration of VB9 increases, so does the frequency shift of the
metasurface. Notably, this increase does not diminish over the concentration range studied.
This behavior is different than that observed for VC, possibly due to the lower sample
concentrations of VB9 that have not yet reached saturation. For VB9 detection, LOD is
determined to be 353.57 ng/µL.
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These findings illustrate that integrating THz spectroscopy with a metasurface allows for
the detection of trace VC and VB9. This method facilitates rapid and non-destructive detection.

4. Conclusions

This study proposes a fast, sensitive, and non-destructive detection method for the
trace analysis of vitamins by combining THz spectroscopy with metasurface technology.
Firstly, we identified the THz characteristic peaks of VC and VB9 through DFT calculations
and THz spectroscopy. Then, we designed and fabricated a metasurface biosensor with
a resonance peak at 1.77 THz, which well-matched with the characteristic peaks of VC
at 1.75 THz and VB9 at 1.78 THz. This metasurface biosensor significantly enhances the
interaction between the samples and the THz wave, thereby improving detection sensitivity.
With this metasurface biosensor, we successfully detect VC and VB9 solutions at different
concentrations. By analyzing the frequency shifts in relation to concentration changes, we
were able to rapidly identify VC and VB9 in 0–800 ng/µL range. The LODs were determined
to be 158.82 ng/µL for VC and 353.57 ng/µL for VB9. This study demonstrates the potential
of combining a metasurface with THz spectroscopy for trace analysis, providing a viable
approach for the simple, rapid, and non-destructive detection of vitamins.
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