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Abstract: In order to facilitate monitoring of cannabidiol (CBD), we devised a gold immunochro-
matographic sensor based on a specific monoclonal antibody (mAb). To prepare the antigen, a
novel hapten with CBD moiety and a linear carbon chain was employed. By utilizing hybridoma
technology, a specific mAb was screened and identified that exhibited a 50% maximal inhibitory
concentration against CBD ranging from 28.97 to 443.97 ng/mL. Extensive optimization led to the
establishment of visual limits of detection for CBD, achieving a remarkable sensitivity of 8 µg/mL in
the assay buffer. To showcase the accuracy and stability, an analysis of CBD-spiked wine, sparkling
water, and sports drink was conducted. The recovery rates observed were as follows: 88.4–109.2% for
wine, 89.9–107.8% for sparkling water, and 83.2–95.5% for sports drink. Furthermore, the coefficient
of variation remained impressively low, less than 4.38% for wine, less than 2.07% for sparkling
water, and less than 6.34% for sports drink. Importantly, the developed sensor exhibited no cross-
reaction with tetrahydrocannabinol (THC). In conclusion, the proposed paper sensor, employing gold
nanoparticles, offers a user-friendly and efficient approach for the precise, rapid, and dependable
determination of CBD in products.

Keywords: cannabidiol; immunochromatographic strip; monoclonal antibody; hapten; hemp

1. Introduction

Hemp (Cannabis sativa L.) was first reported by Chinese Emperor Shen-nung Pen Ts’ao
ching in the 28th century BCE [1]. It is valued for its fiber, seed, and active compounds.
Cannabidiol (CBD, Figure 1a) is a non-psychoactive phytocannabinoid in hemp, which
has the ability to regulate a wide range of physiological states and functions like memory,
emotional state, and pain [2]. Public interest in CBD-derived products is growing. It has
been explored as a potential agent for clinical use in various disorders, including cancer [3].
It also has been used in food, cosmetics, e-cigarettes, etc. [4]. For example, to acquire health
functions such as anti-inflammatory, anti-aging, and immune regulation, CBD wine has
been developed by adding CBD alone to wine or companying CBD with an emulsifier or
other compositions and then adding to wine. Furthermore, hemp seed-derived products,
such as snacks, sweets, and nutritional supplements, have been inferred containing CBD [5].
Tetrahydrocannabinol (THC, Figure 1b), a highly psychoactive compound considered as
a prohibited substance, is the sister molecule of CBD. They are the major constituents of
hemp, accounting for about 90% of cannabinoids. CBD accumulates during hemp growth.
In recent years, CBD has demonstrated that it can be converted into THC under some
conditions, such as acidic environment [6,7] and e-cigarettes [8]. Up until now, CBD safety
for humans has not been clearly defined. In fact, many countries have strict regulations on
the use of CBD. The Food and Drug Administration (FDA) closely scrutinizes CBD-derived
products that could pose risks to consumers. Additionally, it defines that introducing food
containing CBD into interstate commerce or marketing CBD products as, or in, dietary
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supplements is unlawful [9]. In China, it has become a consensus that CBD is not allowed
in food. Considering the aforementioned information, it becomes crucial to formulate
efficient techniques to detect CBD for its effective supervision.
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Current CBD detection methods include high-performance liquid chromatography [10,11],
high-performance liquid chromatography–mass spectrometry [12,13], gas chromatogra-
phy [14], gas chromatography–mass spectrometry [15,16], and nuclear magnetic resonance
spectroscopy [17]. Despite being sensitive and dependable, certain drawbacks render these
techniques unsuitable for onsite detection. These disadvantages include the requirement
for extensively trained personnel and costly equipment, as well as the complexity of sample
pre-processing and the overall high expenses involved [18,19].

Immunoassays, which are time-saving, convenient, and cost-effective, have become
extensively used for quality control in food industries [20–24], environmental pollutant
analysis [25,26], and disease diagnosis [27,28]. Immunochromatographic assay (ICA)
proves to be a better choice when it comes to swift detection compared with alternative
types of immunoassays [29]. Nanoparticles (gold nanoparticles (GNPs)) can be used to
visualize and amplify signals [30,31]. This method ensures affordability and eliminates the
requirement for extensively trained personnel or expensive equipment. However, up until
now, unlike the rapid emergence of ICA methods for THC detection [32], few ICAs have
been developed for the determination of CBD [33].

In this research, we designed and synthesized a novel hapten and prepared a mono-
clonal antibody (mAb) that can specifically identify CBD. Based on this mAb, we developed
a colloidal gold immunochromatographic assay (GICA) for detecting CBD using a series of
optimization steps. Furthermore, an analysis of CBD-spiked wine, sparkling water, and
sports drink was conducted to determine the accuracy and stability of the measurement.

2. Materials and Methods
2.1. Reagents and Instruments

Cannabidiol (CBD) was obtained from Hancheng Yuanbeibei (Xian, China). Other
chemical materials, such as succinic anhydride (HS), were obtained from Sinopharm
(Beijing, China). Biomaterials, such as bovine serum albumin (BSA), were purchased from
Kinbio (Shanghai, China). BALB/C female rats were obtained from Peking University.
SP2/0-Ag14 tumor cells were obtained from Peking Union Cell Bank.

HPLC analyses were performed with 1220 infinityIILC (Agilent, Santa Clara, CA,
USA). HRMS was carried out using Q Exactive Focus (Thermo Fisher, Waltham, MA,
USA). 1H-NMR spectra were recorded by Bruker AV600 spectrometer (Bruker- Biospin AG,
Fällanden, Swiss). MALDI-TOF was recorded with Bruker Autoflex III (Bruker-Spectrospin
AG, Karlsruhe, Germany). The T and C values were read by a hand-held reader (Huaan
Magnech, Beijing, China).
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2.2. Synthesis of Hapten

The hapten of CBD was designed by introducing the connecting arm and the ac-
tive group for coupling macromolecules based on preserving the basic structure of CBD
(Figure 1c). It was synthesized as previously reported [34]. Briefly, solution A was prepared
by dissolving CBD (200 mg) in Py (3 mL), and solution B was prepared by dissolving HS
(31.8 mg) in Py (3 mL). Then, solution B was added dropwise to solution A and mixed at
60 ◦C for 24 h, during which HS (31.8 mg) was added every 8 h. The mixture was vacuum-
distilled and subsequently extracted. The residue was purified by column chromatography
on silica gel using ethyl acetate–petroleum (60–90 ◦C) at a ratio of 1:3 as the eluent to afford
hapten (CBD-HS). The hapten was characterized by HPLC, HRMS, and 1H-NMR.

2.3. Preparation of Antigen

Immunogen CBD hapten BSA (CBD-HS-BSA) and coating antigen CBD hapten oval-
bumin (CBD-HS-OVA) were produced by coupling CBD-HS with BSA and OVA via an
active ester method [35]. Activation solution was prepared by dissolving CBD (2.7 mg),
N-hydroxysuccinimide (NHS, 1.5 mg), and 1-ethyl-3-(3-dimethylaminopropyl) carbodi-
imide (EDC, 2.5 mg) in N, N-dimethylformamide (DMF, 0.5 mL) and stirring for 6 h at
25 ◦C. Then, the mixture was added slowly into BSA solution (20.0 mg of BSA added into
0.01 M PBS, 2 mL), stirred for 8 h, and subsequently dialyzed in PBS (pH 7.4) for 72 h at
4 ◦C to isolate CBD-HS-BSA. The same method was used to prepare CBD-HS-OVA. Both
CBD-HS-BSA and CBD-HS-OVA were identified by MALDI-TOF. The coupling ratio (CR1)
was calculated according to the following Equation (1):

CR1 (%) = (M p − Mstd/ Mh)× 100 (1)

where Mp is the molecular weight of CBD-HS-BSA or CBD-HS-OVA, Mstd is the molecular
weight of BSA or OVA, and Mh is the molecular weight of the CBD-HS.

2.4. Preparation of mAb

Seven BALB/c female mice (6–8 weeks of age) were fed for 14 days. The mice were
immunized on the back and neck with immunogen CBD-HS-BSA (100 µg) emulsified with
Freund’s complete adjuvant, followed by booster immunizations (100 µg of CBD-HS-BSA
emulsified with Freund’s incomplete adjuvant) after 14 days. Five sequential boosters were
performed at 14-day intervals. After each booster, the serum collected from the orbit of
each mouse was tested for the antibody specificity by ic-ELISA. The mice with the highest
potency and the best specificity to CBD were selected to be injected intraperitoneally with
CBD-HS-BSA (50 µg) dissolved in normal saline (50 µL). The spleen cells of the mice were
fused with SP2/0 cells by PEG 1500 after 5 days. Cell fusion was then performed [36].
The obtained cells were put into 96-well plates and cultured in a 5% CO2 incubator. The
supernatant was authenticated 10 days later. The positive cell lines were selected to
produce optimal monoclonal hybridoma cells. Finally, the objective cell was injected into
the abdomen of BALB/c female mice to obtain ascites, which was subsequently purified
7 days later. mAb sensitivity was evaluated in ic-ELISA by measuring at half-maximum
inhibitory concentration (IC50) [37], which was 50% inhibition concentration of CBD against
CBD-HS-OVA combined with the antibody. mAb specificity was determined in ic-ELISA
by measuring cross-reactivity (CR2), which was determined by the following Equation (2):

CR2 (%) = (CBD IC50/ THC IC50)× 100 (2)

2.5. Preparation of GNP–mAb Conjugate
2.5.1. Preparation and Characterization of GNP

GNP was prepared as previously reported [38]. Briefly, chloroauric acid solution (1%
in water, 5 mL) was added to ultrapure water (45 mL) and heated to boiling. Subsequently,
trisodium citrate solution (1%, 0.6 mL) was quickly added. The mixture was reacted
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until it turned to a red-wine color and cooled to 25 ◦C to obtain GNP solution. The
product was characterized using UV-vis spectrophotometer and transmission electron
microscope (TEM).

2.5.2. Determination of Optimum Amount of Potassium Carbonate

GNP solution (1 mL) was added to nine tubes, respectively, followed by 1–10 µL
of potassium carbonate (K2CO3, 0.1 M), and mixed well. Then, mAb (1 mg/mL, 5 µL)
was added to the mixtures, respectively. After reaction at 25 ◦C for 30 min, the minimum
amount of K2CO3 with red-colored solution was recorded, which was the optimum amount
of K2CO3. The result was verified by GICA strips.

2.5.3. GNP–mAb Conjugate Preparation and Determination of Optimum Amount of mAb

In this experiment, a high-speed centrifugation method was used to optimize the
amount of labeled antibody. Briefly, GNP solution (1 mL) was added to six tubes, respec-
tively, followed by K2CO3 (2 µL), and mixed well. Subsequently, 2–8 µL of mAb (1 mg/mL)
was added to the mixtures, respectively. After reaction at 25 ◦C for 10 min, BSA solution
(3%, 50 µL) was added to close for 10 min, followed by centrifugation (4 ◦C, 8000 r/min)
for 10 min. The residue was resuspended with colloidal gold complex solution (500 µL,
20 mM Tris pH 8.2, 0.1% Tween, 0.1% PEG, 5% trehalose, 5% sucrose, 0.2% BSA). The
state of GNP–mAb solution was observed. The optimum amount of mAb was verified by
GICA strips.

2.6. Preparation of GICA Strips
2.6.1. Assembly of GICA Strips

GICA strips consisted of a sample pad, gold marker pad, absorbent pad, and nitrocel-
lulose (NC) membrane, which were pasted on a polyvinyl chloride (PVC) bottom plate,
as shown in Figure 2. GICA strips were assembled in such a way that the sample pad
overlapped the gold marker pad by 1–2 mm, the gold marker pad overlapped the NC mem-
brane by 1–2 mm, and the absorbent pad overlapped the NC membrane by 1–2 mm. Then,
coating antigen CBD-HS-OVA and goat anti-mouse IgG antibody were utilized to form
the T and C lines. After drying for 2 h at 37 ◦C, it could be cut to strips of 60 mm × 4 mm
using an automatic chopping machine to obtain GICA strips.
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2.6.2. Optimization of Envelope Concentration of T and C Lines

In the GICA strips, the T line was enveloped with CBD-HS-OVA and the C line was
enveloped with IgG. In order to obtain excellent GICA strips, different combinations of
CBD-HS-OVA/goat anti-mouse IgG concentrations were selected and color performance
was investigated to determine the optimum envelope concentration of the T line and the
C line.

2.7. Analysis of Wine, Sparkling Water, and Sports Drink by GICA

Since hemp-related products containing CBD are unavailable due to strict regulations,
common wine, sparkling water, and sports drink spiked with CBD material were used
to assess the accuracy and stability of the GICA strips. Firstly, CBD standard solutions
prepared with methanol were added to wine (1 mL), sparkling water (1 mL), and sports
drink (1 mL), respectively, to obtain different “positive” samples (0, 5, 20, 30, 40 µg/mL).
The “positive” samples were diluted with PBS solution (4 mL, 0.1 M, pH 7.0). The final
solutions were then used for GICA analysis. Each group was repeated three times. For the
GICA test, a 120 µL sample solution was added into a microplate containing GNP-labeled
mAb, followed by insertion of a GICA strip. Due to capillarity action, the solution flowed
from the sample pad to the absorbent pad. Six minutes later, the strip was removed and
the color of the T line and the C line was observed. The T/C value was recorded using a
portable reading instrument.

2.8. Statistical Analysis

All the tests were conducted using Origin (2019).

3. Results and Discussion
3.1. Synthesis and Characterization of Hapten and Antigen

It is known that the size of the immunogen is very important for obtaining high
quality monoclonal antibodies [39]. The molecular weight of CBD is too low to induce a
specific immune response. Therefore, CBD must be conjugated with a carrier protein to
generate immunogenicity. In this work, the hapten of CBD was acquired by introducing the
connecting arm and the active group for coupling macromolecules based on preserving the
basic structure of CBD. And it was conjugated with BSA and OVA to afford the immunogen
and the coating antigen, respectively.

The purity of the CBD-HS was determined by HPLC, which was 93% (Figure S1a).
It was also characterized by HRMS (Figure S1b) and 1H-NMR (Figure S1c). The results
were as follows. HRMS [M + H]+: the theoretical value was 415.24790 and the measured
value was 415.24780. 1H-NMR (300 MHz, DMSO-d6): 0.85 (t, J = 9.0 Hz, 3H), 1.15–1.27 (m,
6H), 1.59–1.66 (m, 9H), 1.99 (S, 2H), 2.40 (t, J = 6.0 Hz, 4H), 2.69 (q, J = 8.0 Hz, 2H), 4.03 (q,
J = 21.0 Hz, 1H), 4.42 (S, 2H), 5.01 (S, 1H), 6.20 (S, 1H), 6.45 (S, 1H), 9.30 (S, 1H).

CBD-HS-BSA and CBD-HS-OVA were identified by MALDI-TOF (Figure S2). The
molecular weights of CBD-HS-BSA and CBD-HS-OVA were 72026.339 and 46198.120,
respectively. CBD-HS-BSA had a coupling ratio of 12:1, indicating that it could be used as
an immune antigen. CBD-HS-OVA had a coupling ratio of 3:1, indicating that it could be
used as an encapsulated antigen.

3.2. Characterization of mAb

A monoclonal cell CBD-12A1 producing mAb against CBD was obtained in this work.
To investigate the sensitivity of mAb (anti-CBD-12A1), a standard curve was established
by applying ic-ELISA. The typical calibration curve illustrated by plotting absorbance
ratio (B/B0) against CBD concentration is shown in Figure 3a. Anti-CBD-12A1 showed an
IC50 value of 87.43 ng/mL for CBD, and the range of detection was 28.97–443.97 ng/mL,
with a calculated limit of detection (cLOD) of 28.97 ng/mL. Here, the concentration of
20% inhibition (IC20) of B/B0 was defined as cLOD. THC, an analogue with a similar
structure to CBD, was selected to determine the specificity of anti-CBD-12A1. As shown
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in Figure 3b, there was no cross-reaction rate of anti-CBD-12A1 for THC, indicating an
exhibited excellent specificity. In summary, anti-CBD-12A1 was a satisfactory monoclonal
antibody with good sensitivity and specificity.
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3.3. Preparation of GNP–mAb Conjugate
3.3.1. Characterization of GNP

In this work, GNP was prepared by the classical citrate reduction method. UV–vis
spectrometry and TEM were utilized to characterize the GNP. As shown in Figure 4, GNP
was well-distributed and appeared uniform (approximately 40 nm in diameter). UV–vis
spectrometric analysis of the GNP showed an absorption peak close to 530 nm. It was
reported that GNPs of 10–40 nm in diameter were optimal for ICA analysis because of
their acceptable color development and stability [40]. Our pre-experiment confirmed that
GNP with a diameter of 40 nm was stable and the produced wine color was suitable
for ICA analysis. In solution, the prepared GNPs were spherical in shape, with smooth
and complete edges. The certainty of their morphology is of great significance for their
performance, such as surface effects, optical properties, and electrical properties, which
will play an important role in the stability of detection [41].
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3.3.2. Bioconjugation of GNP with mAb

Colloidal GNP is bound to mAb mainly by utilizing electrostatic adsorption under
alkaline conditions [18]. The pH of the system is one main factor influencing the stability of
the GNP–mAb conjugate. Thus, the amount of K2CO3 used needs to be optimized. In this
work, 0.01 M K2CO3 was used. As seen in Figure 5a, when the amount of K2CO3 in GNP
solution was lower than 2 µL, the color of the solution turned gray or grey/purple and the
particles began to cluster. When the amount of K2CO3 was higher than or equaled 2 µL,
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the particles were well-distributed. Excess K2CO3 could have influenced the conjugation
of GNPs and mAb, and the solution color was caused to retain red. Then, 2–5 µL K2CO3
was selected to make the GNP–mAb conjugate used for preparing GICA strips to verify
their effect. It was found that the color of the T and C lines did not change significantly
(Figure 5b). Therefore, 2 µL of K2CO3 (0.01 M) was determined as the optimum amount for
the labeling of mAb with GNP.
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Figure 5. Optimization of important factors affecting GNP–mAb conjugate and GICA strip; perfor-
mance of GICA strip. (a) K2CO3 usage (0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10 µL); (b) K2CO3 usage (2, 3, 4, 5 µL);
(c) mAb usage (2, 4, 6, 8 µL); (d) envelope concentration of T line (0.5, 0.8, 1.2, 1.5, 1.8, 2.0, 2.2, 2.5,
2.8 mg/mL); (e) envelope concentration of C line (0.4, 0.6, 0.8, 1.0 mg/mL); (f) sensitivity of GICA
strip for CBD (0, 400, 600, 800, 1000, 4000, 8000, 10,000 ng/mL); (g) standard curve of GICA strip for
CBD standard solution; (h) determination of color development stability time of GICA strip. The
T/C (ratio of values of T line and C line) value was obtained using a hand-held strip scan reader. A
log scale was used in (g).

The amount of antibody was another factor affecting the conjugation reaction. In this
work, the amount of mAb used was also optimized. As shown in Figure 5c, the increase in
mAb addition led to the T line becoming darker. When 6 µL of mAb (1 mg/mL) was added,
the T line color became maximally dark, indicating GNP–mAb conjugate saturation. Excess
mAb may affect the conjugation activity because of aggregation [42]. Therefore, 6 µL of
mAb (1 mg/mL) was found as the optimum amount for the labeling of mAb with GNP.
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3.4. Preparation of GICA Strips
3.4.1. Optimization of Envelope Concentration of T and C Lines

The optimum envelope concentration of the T and C lines was obtained by the control
variable method. First, the envelope concentration of the C line was set to 1 mg/mL, and the
envelope concentration of the T line was set to 0.5, 0.8, 1.2, 1.5, 1.8, 2.0, 2.2, 2.5, 2.8 mg/mL.
As shown in Figure 5d, the increase in envelope concentration of the T line led to a darker
T line, and when the concentration was 2 mg/mL, the T line color became maximally dark.
When the concentration was higher than 2 mg/mL, the T line color gradually lightened.
Thus, 2 mg/mL was determined as the optimum envelope concentration of the T line. Then,
the envelope concentration of the T line was set to 2 mg/mL, and the envelope concentration
of the C line was set to 0.4, 0.6, 0.8, 1.0 mg/mL. As shown in Figure 5e, the increase in
envelope concentration of the C line gave a darker C line. When the concentration was
0.8 mg/mL, the C line color was close to that of the T line. Thus, 0.8 mg/mL was found as
the optimum envelope concentration of the C line.

3.4.2. Sensitivity and Specificity of GICA Strips

GICA strips were prepared based on the above optimized conditions. Their sensitivity
was investigated by detecting CBD standard solution with increasing concentration (0,
400, 600, 800, 1000, 4000, 8000, 10,000 ng/mL). As can be seen in Figure 5f, CBD can be
completely suppressed at 8000 ng /mL, which was the visual limit of detection (vLOD)
of GICA strips for CBD. As shown in Figure 5g, the GICA strip showed an IC50 value of
1065 ng/mL for CBD, and the range of detection was 518–2342 ng/mL. The specificity of
the GICA strip was investigated by detecting the THC standard solution with gradient
concentration (0, 400, 600, 800, 1000, 4000, 8000, 10,000 ng/mL). The result showed that the
GICA strips displayed negative to THC standard solution of any concentration (Figure S3),
indicating an excellent specificity.

3.4.3. Color Development Stability Time of GICA Strips

Color development stability time of the GICA strips was evaluated by reading the T,
C, and T/C values of each strip at different times (1–8 min) with a hand-held strip reader.
The color development of the GICA strips changed significantly between 1 and 4 min after
chromatographic analysis, and the degree of change slowed down after 4 min, while the
color development was basically stable at 6 min (Figure 5h). Therefore, the test result could
be obtained within 6 min after using the GICA strip in the actual sample detection.

3.5. Analysis of Wine, Sparkling Water, and Sports Drink by GICA

The common wine, sparkling water, and sports drink purchased from the local su-
permarket were CBD-negative. The accuracy and the stability of the GICA strips were
showcased based on the sample recovery experiment due to the unavailability of hemp-
related products containing CBD in the local market. Given that different solvents can
influence the antibody–antigen binding reaction [18], PBS solution was chosen to dilute
CBD-spiked wine, sparkling water, and sports drink. From the original strip images
(Figure S4), it can be seen that, as the CBD concentration increased in the spiked samples,
the T lines of the GICA strips showed a lighter color. The spiked recovery ranged from
88.4 ± 3.0% to 109.2 ± 4.8%, with the coefficient of variation ranging from 0.43% to 4.38%
(Table 1). The results indicated that the GICA strips exhibited good accuracy and stability
and the reproducibility of the system was high.
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Table 1. Analysis of CBD in spiked wine, sparkling water, and sports drink sample by GICA (n = 3).

Sample Added Level
(µg/mL) Found Value (µg/mL) Recovery Rate

(%)
Coefficient of Variation

(%)

Wine 5 5.46 109.2 ± 4.8 4.38
20 18.62 93.1 ± 4.1 1.10
30 27.33 91.1 ± 3.8 0.70
40 35.36 88.4 ± 3.0 0.43

Sparkling water 5 5.39 107.8 ± 2.2 2.07
20 18.79 94.0 ± 5.2 1.38
30 28.15 93.8 ± 7.2 1.27
40 35.97 89.9 ± 8.1 1.12

Sports drink 5 4.77 95.5 ± 6.1 6.34
20 16.65 83.2 ± 8.2 2.47
30 26.93 89.8 ± 7.2 1.33
40 34.72 86.8 ± 6.1 0.88

4. Conclusions

In this study, we devised a GICA strip for the rapid detection of CBD based on GNP
and specific mAb. Our results demonstrated its good performance for CBD detection in
spiked wine, sparkling water, and sports drink. The recovery test verified the accuracy and
reliability of the GICA strip. Moreover, it is user-friendly and the test can be completed
within 6 min. In summary, the GICA strip can provide an efficient approach for the
precise, rapid, and dependable determination of CBD in products. However, there are some
limitations in this work. For example, the vLOD of the GICA strip for CBD detection is high.
Future study should develop more excellent GICA strips by optimizing antibody labeling
materials. Meanwhile, the combination of biosensors with other technologies such as
machine learning algorithms [43] and stable isotope analysis [44] should be given attention.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/bios13110960/s1, Figure S1: liquid chromatogram, HRMS, 1N-
NMR spectra of CBD hapten; Figure S2: MALDI TOF spectra of BSA, CBD-HS-BSA, OVA, and
CBD-HS-OVA; Figure S3: specificity of GICA strip for THC; Figure S4: strip images of CBD in spiked
wine, sparkling water, and sports drink samples.

Author Contributions: Conceptualization, F.W. and B.F.; methodology, Y.S.; software, Y.S.; validation,
D.Z.; formal analysis, Y.S.; investigation, Y.S.; resources, R.T.; data curation, R.T.; writing—original
draft preparation, D.Z.; writing—review and editing, Y.S.; visualization, L.L.; supervision, B.F.; project
administration, B.F.; funding acquisition, F.W. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the National Key Research and Development Program of
China (2022YFC2010104) and Grants from the China Agriculture Research System (CARS-04).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: This article is a free-access publication.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Chwistek, M. Cancer, cannabis, and the search for relief. J. Natl. Compr. Cancer Netw. 2019, 17, 1142–1144. [CrossRef] [PubMed]
2. Lal, S.; Shekher, A.; Puneet; Narula, A.S.; Abrahamse, H.; Gupta, S.C. Cannabis and its constituents for cancer: History, biogenesis,

chemistry and pharmacological activities. Pharmacol. Res. 2021, 163, 105302. [CrossRef] [PubMed]
3. Mechoulam, R.; Parker, L.A. The endocannabinoid system and the brain. Annu. Rev. Psychol. 2013, 64, 21–47. [CrossRef]
4. Schluttenhofer, C.; Yuan, L. Challenges towards revitalizing hemp: A multifaceted crop. Trends Plant Sci. 2017, 22, 917–929.

[CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/bios13110960/s1
https://www.mdpi.com/article/10.3390/bios13110960/s1
https://doi.org/10.6004/jnccn.2019.7347
https://www.ncbi.nlm.nih.gov/pubmed/31487679
https://doi.org/10.1016/j.phrs.2020.105302
https://www.ncbi.nlm.nih.gov/pubmed/33246167
https://doi.org/10.1146/annurev-psych-113011-143739
https://doi.org/10.1016/j.tplants.2017.08.004
https://www.ncbi.nlm.nih.gov/pubmed/28886910


Biosensors 2023, 13, 960 10 of 11

5. Jang, E.; Kim, H.; Jang, S.; Lee, J.; Baeck, S.; In, S.; Kim, E.; Kim, Y.; Han, E. Concentrations of THC, CBD, and CBN in commercial
hemp seeds and hempseed oil sold in Korea. Forensic Sci. Int. 2020, 306, 110064. [CrossRef]

6. Dybowski, M.P.; Dawidowicz, A.L.; Typek, R.; Rombel, M. Conversion of cannabidiol (CBD) to ∆9-tetrahydrocannabinol (∆9-
THC) during protein precipitations prior to plasma samples analysis by chromatography–troubles with reliable CBD quantitation
when acidic precipitation agents are applied. Talanta 2020, 220, 121390. [CrossRef]

7. Watanabe, K.; Itokawa, Y.; Yamaori, S.; Funahashi, T.; Kimura, T.; Kaji, T.; Usami, N.; Yamamoto, I. Conversion of cannabidiol to
∆9-tetrahydrocannabinol and related cannabinoids in artificial gastric juice, and their pharmacological effects in mice. Forensic
Toxicol. 2007, 25, 16–21. [CrossRef]

8. Czégény, Z.; Nagy, G.; Babinszki, B.; Bajtel, Á.; Csupor, D. CBD, a precursor of THC in e-cigarettes. Sci. Rep. 2021, 11, 8951.
[CrossRef]

9. Food and Drug Administration. FDA Responds to Three GRAS Notices for Hemp Seed-Derived Ingredients for Use in Human
Food. Available online: https://www.fda.gov/food/cfsan-constituent-updates/fda-responds-three-gras-notices-hemp-seed-
derived-ingredients-use-human-food (accessed on 10 January 2023).

10. Ambach, L.; Penitschka, F.; Broillet, A.; Konig, S.; Weinmann, W.; Bernhard, W. Simultaneous quantification of delta-9-THC,
THC-acid A, CBN and CBD in seized drugs using HPLC-DAD. Forensic Sci. Int. 2014, 243, 107–111. [CrossRef]

11. Galettis, P.; Williams, M.; Gordon, R.; Martin, J.H. A simple isocratic HPLC method for the quantitation of 17 cannabinoids. Aust.
J. Chem. 2021, 74, 453–462. [CrossRef]

12. Meng, Q.; Beth, B.; Jonathan, Z.; Mathieu-Marc, P.; Joseph, G.; Charles, B.D. A reliable and validated LC-MS/MS method for the
simultaneous quantification of 4 cannabinoids in 40 consumer products. PLoS ONE 2018, 13, e0196396. [CrossRef] [PubMed]

13. Lin, L.; Amaratunga, P.; Reed, J.; Huang, P.; Lemberg, B.L.; Lemberg, D. Quantitation of ∆8-THC, ∆9-THC, cannabidiol, and ten
other cannabinoids and metabolites in oral fluid by HPLC-MS/MS. J. Anal. Toxicol. 2022, 46, 76–78. [CrossRef] [PubMed]

14. Ibrahim, E.A.; Gul, W.; Gul, S.W.; Stamper, B.J.; Hadad, G.M.; Salam, R.A.A. Determination of acid and neutral cannabinoids in
extracts of different strains of Cannabis sativa using GC-FID. Planta Medica 2018, 84, 250–259. [CrossRef]

15. Cardenia, V.; Gallina, T.T.; Scappini, S.; Rubino, R.C.; Rodriguez-Estrada, M.T. Development and validation of a fast gas
chromatography/mass spectrometry method for the determination of cannabinoids in Cannabis sativa L. J. Food Drug Anal. 2018,
26, 1283–1292. [CrossRef] [PubMed]

16. Poklis, J.L.; Mulder, H.A.; Peace, M.R. The unexpected identification of the cannabimimetic, 5F-ADB, and dextromethorphan in
commercially available cannabidiol e-liquids. Forensic Sci. Int. 2019, 294, e25–e27. [CrossRef]

17. Marchetti, L.; Brighenti, V.; Rossi, M.C.; Sperlea, J.; Pellati, F.; Bertelli, D. Use of 13C-qNMR spectroscopy for the analysis of
non-psychoactive cannabinoids in fibre-type Cannabis sativa L. (Hemp). Molecules 2019, 24, 1138. [CrossRef] [PubMed]

18. Guo, L.; Xu, X.; Zhao, J.; Hu, S.; Xu, L.; Kuang, H.; Xu, C. Multiple detection of 15 triazine herbicides by gold nanoparticle
based-paper sensor. Nano Res. 2022, 15, 5483–5491. [CrossRef]

19. Lei, X.; Xu, X.; Liu, L.; Xu, L.; Wang, L.; Kuang, H.; Xu, C. Gold-nanoparticle-based multiplex immune-strip biosensor for
simutaneous detection of 83 antibiotics. Nano Res. 2022, 16, 1259–1268. [CrossRef]

20. García-Fernández, J.; Trapiella-Alfonso, L.; Costa-Fernández, J.M.; Pereiro, R.; Sanz-Medel, A. A quantum dot-based immunoassay
for screening of tetracyclines in bovine muscle. J. Agric. Food Chem. 2014, 62, 1733–1740. [CrossRef]

21. Chen, G.; Jin, M.; Ma, J.; Yan, M.; Cui, X.; Wang, Y.; Zhang, X.; Li, H.; Zheng, W.; Zhang, Y.; et al. Competitive bio-barcode
immunoassay for highly sensitive detection of parathion based on bimetallic nanozyme catalysis. J. Agric. Food Chem. 2020, 68,
660–666. [CrossRef]

22. Quan, Q.; Liu, Z.; Li, Z.; Pan, K.; Koidis, A.; Lei, Y.; Yu, X.; Mo, Q.; Huang, X.; Lei, H. Authenticating emergent adulterant
6-benzylaminopurine in bean sprouts: Virtual hapten similarity enhanced immunoassay. J. Agric. Food Chem. 2023, 71, 8203–8210.
[CrossRef]

23. Kwon, E.Y.; Ruan, X.; Yu, F.; Lin, Y.; Du, D.; Wie, B.J.V. Simultaneous detection of two herbicides in fruits and vegetables with
nanoparticle-linked immunosorbent and lateral flow immunoassays. Food Chem. 2023, 399, 133955. [CrossRef]

24. Liu, T.; Lai, X.; Guo, P.; Zhang, W.; Zhang, G.; Wu, M. Sensitive lateral flow immunoassay strips based on Fe3+-chelated
polydopamine nanospheres for the detection of kanamycin. Food Chem. 2023, 411, 135511. [CrossRef] [PubMed]

25. Zhu, H.; Huang, X.; Deng, Y.; Chen, H.; Fan, M.; Gong, Z. Applications of nanomaterial-based chemiluminescence sensors in
environmental analysis. TrAC Trend Anal. Chem. 2023, 158, 116879. [CrossRef]

26. Panferov, V.G.; Zherdev, A.V.; Dzantiev, B.B. Post-assay chemical enhancement for highly sensitive lateral flow immunoassays:
Acritical review. Biosensors 2023, 13, 866. [CrossRef]

27. Kropaneva, M.; Khramtsov, P.; Bochkova, M.; Lazarev, S.; Kiselkov, D.; Rayev, M. Vertical flow immunoassay based on carbon
black nanoparticles for the detection of IgG against SARS-CoV-2 spike protein in human serum: Proof-of-concept. Biosensors 2023,
13, 857. [CrossRef] [PubMed]

28. Majdinasab, M.; Chapelle, M.L.; Marty, J.L. Recent progresses in optical biosensors for interleukin 6 detection. Biosensors 2023, 13,
898. [CrossRef] [PubMed]

29. Pan, M.; Ma, T.; Yang, J.; Li, S.; Liu, S.; Wang, S. Development of lateral flow immunochromatographic assays using colloidal Au
sphere and nanorods as signal marker for the determination of zearalenone in cereals. Foods 2020, 9, 281. [CrossRef]

30. Jazayeri, M.H.; Amani, H.; Pourfatollah, A.A.; Pazoki-Toroudi, H.; Sedighimoghaddam, B. Various methods of gold nanoparticles
(GNPs) conjugation to antibodies. Sens. Bio-Sens. Res. 2016, 9, 17–22. [CrossRef]

https://doi.org/10.1016/j.forsciint.2019.110064
https://doi.org/10.1016/j.talanta.2020.121390
https://doi.org/10.1007/s11419-007-0021-y
https://doi.org/10.1038/s41598-021-88389-z
https://www.fda.gov/food/cfsan-constituent-updates/fda-responds-three-gras-notices-hemp-seed-derived-ingredients-use-human-food
https://www.fda.gov/food/cfsan-constituent-updates/fda-responds-three-gras-notices-hemp-seed-derived-ingredients-use-human-food
https://doi.org/10.1016/j.forsciint.2014.06.008
https://doi.org/10.1071/CH20380
https://doi.org/10.1371/journal.pone.0196396
https://www.ncbi.nlm.nih.gov/pubmed/29718956
https://doi.org/10.1093/jat/bkaa184
https://www.ncbi.nlm.nih.gov/pubmed/33270860
https://doi.org/10.1055/s-0043-124088
https://doi.org/10.1016/j.jfda.2018.06.001
https://www.ncbi.nlm.nih.gov/pubmed/30249327
https://doi.org/10.1016/j.forsciint.2018.10.019
https://doi.org/10.3390/molecules24061138
https://www.ncbi.nlm.nih.gov/pubmed/30909372
https://doi.org/10.1007/s12274-022-4164-2
https://doi.org/10.1007/s12274-022-4762-z
https://doi.org/10.1021/jf500118x
https://doi.org/10.1021/acs.jafc.9b06125
https://doi.org/10.1021/acs.jafc.3c01696
https://doi.org/10.1016/j.foodchem.2022.133955
https://doi.org/10.1016/j.foodchem.2023.135511
https://www.ncbi.nlm.nih.gov/pubmed/36701914
https://doi.org/10.1016/j.trac.2022.116879
https://doi.org/10.3390/bios13090866
https://doi.org/10.3390/bios13090857
https://www.ncbi.nlm.nih.gov/pubmed/37754091
https://doi.org/10.3390/bios13090898
https://www.ncbi.nlm.nih.gov/pubmed/37754132
https://doi.org/10.3390/foods9030281
https://doi.org/10.1016/j.sbsr.2016.04.002


Biosensors 2023, 13, 960 11 of 11

31. Parnsubsakul, A.; Sapcharoenkun, C.; Warin, C.; Ekgasit, S.; Pienpinijtham, P. Selection of cryoprotectants for freezing and
freeze-drying of gold nanoparticles towards further uses in various applications. Colloid Surface B 2022, 217, 112702. [CrossRef]

32. Solin, K.; Vuoriluoto, M.; Khakalo, A.; Tammelin, T. Cannabis detection with solid sensors and paper-based immunoassays by
conjugating antibodies to nanocellulose. Carbohydr. Polym. 2023, 304, 120517. [CrossRef] [PubMed]

33. Lv, S.; Xu, X.; Guo, L.; Xu, L.; Liu, L.; Kuang, H.; Xu, C. Development of a gold nanoparticle-based lateral-flow strip for the
detection of cannabidiol in functional beverages. Analyst 2023, 148, 1703. [CrossRef] [PubMed]

34. Peng, J. Rapid Immunoassay for Three Important Fishery Drugs Residue. Ph.D. Thesis, Jiangnan University, Wuxi, China, 2016.
35. Xu, X.; Guo, L.; Kuang, H.; Xu, L.; Xu, C.; Liu, L. Preparation of a broad-specific monoclonal antibody and development of

an immunochromatographic assay for monitoring of anthranilic diamides in vegetables and fruits. Analyst 2022, 147, 5149.
[CrossRef]

36. Kuang, H.; Liu, L.; Xu, L.; Ma, W.; Guo, L.; Wang, L.; Xu, C. Development of an enzyme-linked immunosorbent assay for dibutyl
phthalate in liquor. Sensors 2013, 13, 8331. [CrossRef] [PubMed]

37. Cordell, J. Developing monoclonal antibodies for immunohistochemistry. Cells 2022, 11, 243. [CrossRef]
38. Shen, Y.; Wang, Z.; Li, J.; Xu, R.; Ji, R.; Lin, J.; Zhu, C. Preparation of colloidal gold immunochromatographic test strips for the

diagnosis of Toxoplasma gondii. Food Agric. Immunol. 2020, 31, 630–641. [CrossRef]
39. Wang, Z.; Guo, L.; Liu, L.; Kuang, H.; Xu, C. Colloidal gold-based immunochromatographic strip assay for the rapid detection of

three natural estrogens in milk. Food Chem. 2018, 259, 122–129. [CrossRef] [PubMed]
40. Song, S.; Suryoprabowo, S.; Liu, L.; Zheng, Q.; Wu, X.; Kuang, H. Development of an immunochromatographic strip test for

rapid detection of sodium nifurstyrenate in fish. Food Agric. Immunol. 2019, 30, 236–247. [CrossRef]
41. Fernández-Hernández, R.C.; Gleason-Villagran, R.; Torres-Torres, C.; Rodríguez-Fernández, L.; Crespo-Sosa, A.; Cheang-Wong,

J.C.; López-Suárez, A.; Rangel-Rojo, R.; Oliver, A.; Reyes-Esqueda, J.A. On the physical contributions to the third-order nonlinear
optical response in plasmonic nanocomposites. J. Opt. 2012, 14, 125203. [CrossRef]

42. Kong, D.; Liu, L.; Song, S.; Suryoprabowo, S.; Li, A.; Kuang, H.; Wang, L.; Xu, C. A gold nanoparticle-based semiquantitative and
quantitative ultrasensitive paper sensor for the detection of twenty mycotoxins. Nanoscale 2016, 8, 5245–5253. [CrossRef]

43. Keith, J.A.; Vassilev-Galindo, V.; Cheng, B.; Chmiela, S.; Gastegger, M.; Müller, K.R.; Tkatchenko, A. Combining machine learning
and computational chemistry for predictive insights into chemical systems. Chem. Rev. 2021, 121, 9816–9872. [CrossRef] [PubMed]

44. Wang, J.; Liu, N.; Yang, S.; Qiu, G.; Tian, H.; Sun, B. Research progress in the synthesis of stable isotopes of food flavour
compounds. Food Chem. 2023, 435, 137635. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.colsurfb.2022.112702
https://doi.org/10.1016/j.carbpol.2022.120517
https://www.ncbi.nlm.nih.gov/pubmed/36641163
https://doi.org/10.1039/D3AN00084B
https://www.ncbi.nlm.nih.gov/pubmed/36916524
https://doi.org/10.1039/D2AN01366E
https://doi.org/10.3390/s130708331
https://www.ncbi.nlm.nih.gov/pubmed/23807690
https://doi.org/10.3390/cells11020243
https://doi.org/10.1080/09540105.2020.1749569
https://doi.org/10.1016/j.foodchem.2018.03.087
https://www.ncbi.nlm.nih.gov/pubmed/29680034
https://doi.org/10.1080/09540105.2019.1571566
https://doi.org/10.1088/2040-8978/14/12/125203
https://doi.org/10.1039/C5NR09171C
https://doi.org/10.1021/acs.chemrev.1c00107
https://www.ncbi.nlm.nih.gov/pubmed/34232033
https://doi.org/10.1016/j.foodchem.2023.137635
https://www.ncbi.nlm.nih.gov/pubmed/37813024

	Introduction 
	Materials and Methods 
	Reagents and Instruments 
	Synthesis of Hapten 
	Preparation of Antigen 
	Preparation of mAb 
	Preparation of GNP–mAb Conjugate 
	Preparation and Characterization of GNP 
	Determination of Optimum Amount of Potassium Carbonate 
	GNP–mAb Conjugate Preparation and Determination of Optimum Amount of mAb 

	Preparation of GICA Strips 
	Assembly of GICA Strips 
	Optimization of Envelope Concentration of T and C Lines 

	Analysis of Wine, Sparkling Water, and Sports Drink by GICA 
	Statistical Analysis 

	Results and Discussion 
	Synthesis and Characterization of Hapten and Antigen 
	Characterization of mAb 
	Preparation of GNP–mAb Conjugate 
	Characterization of GNP 
	Bioconjugation of GNP with mAb 

	Preparation of GICA Strips 
	Optimization of Envelope Concentration of T and C Lines 
	Sensitivity and Specificity of GICA Strips 
	Color Development Stability Time of GICA Strips 

	Analysis of Wine, Sparkling Water, and Sports Drink by GICA 

	Conclusions 
	References

