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Abstract: Herein, an ultrasensitive lateral flow immunoassay (LFIA), based on metal-organic
framework-decorated polydopamine (PCN-224@PDA) was first established to detect multiple sulfony-
lureas (SUs) in functional foods. The PCN-224@PDA was synthesized using the one-pot hydrothermal
method and covalently coupled with SUs antibodies, and the coupling rate was up to 91.8%. The
detection limits of the developed PCN-224@PDA-LFIA for multiple SUs in functional teas and cap-
sules were 0.22–3.72 µg/kg and 0.40–3.71 µg/kg, and quantification limits were 0.75–8.19 µg/kg
and 1.03–9.08 µg/kg, respectively. The analytical sensitivity was 128-fold higher than that of similar
methods reported so far. The recovery rates ranged from 83.8 to 119.0%, with coefficients of variation
of 7.6–14.4%. The parallel analysis of 20 real samples by LC-MS/MS confirmed the reliability of the
proposed method. Therefore, our work offers novel, ultrasensitive, and rapid technical support for
on-site monitoring of SUs in functional foods.

Keywords: sulfonylureas; metal-organic frameworks; polydopamine; lateral flow immunoassay;
functional foods

1. Introduction

Sulfonylureas (SUs) are a class of antihyperglycemic drugs, which has been widely em-
ployed to treat type 2 diabetes mellitus [1]. SUs mainly include glipizide (GP), glimepiride
(GM), glyburide (GB), tolbutamide (TB), etc. Recently, it has been reported that different
types of SUs are illegally adulterated in functional foods to achieve additional hypoglycemic
effects. However, long-term exposure to SUs may produce cumulative toxicity, such as
hypoglycemic reactions, digestive disorders, allergic reactions, etc., which poses a health
threat to consumers [2,3]. Therefore, it is important to develop sensitive, rapid, and effective
methods for the detection of multiple SUs in functional foods.

Currently, instrument methods have mainly been applied for the detection of SUs,
such as high-performance liquid chromatography (HPLC) [4], and liquid chromatography-
tandem mass spectrometry (LC-MS/MS) [5]. However, these methods require complicated
operations, expensive instruments, and long analysis times, which impose restrictions
on rapid screening and on-site analysis. The immunoassay methods are very conducive
to overcoming the above obstacles due to their rapidity, simplicity, portability, and low
cost [6]. Recently, two immunoassays, involving the enzyme-linked immunosorbent assay
(ELISA) and colloidal gold-based lateral flow immunoassay (CG-LFIA), were developed
for SUs detection for the first time by our group [7,8]. Compared with the ELISA, the CG-
LFIA is simpler, more rapid, and has lower costs, making it particularly efficient for field
detection; however, it still suffers from poor sensitivity and is generally limited to yielding
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qualitative or semi-quantitative results [7]. Further, the traditional CG nanoparticle shows
poor brightness because of its low extinction molar coefficient and narrow particle size
range, which can readily cause false-positive results when detecting complex functional
food matrices [9]. Moreover, CG-antibodies (Abs) probes were fabricated by adsorbing
Abs on the surface of CG via electrostatic adsorption, whereas these probes may reversibly
dissociate under specific conditions, which is detrimental to the stability and reproducibility
of LFIA [10,11]. Therefore, exploring a sensitive, intensely colored, and stable signal carrier
to label Abs is one of the vital factors in the development of LFIA.

With advances in nanotechnology, diverse metal-organic frameworks (MOFs) have
been designed and employed as favorable nanocarriers for biomolecule immobilization
(i.e., antibodies (Abs), enzymes, nucleic acids) because of their abundant active functional
groups, ultrahigh surface area, tunable pore size and shape, and high stability [12–14]. It
has been reported that MOFs also could protect Abs against environmental perturbation
and enhance the sensitivity of the immunoassay. For instance, Li et al. synthesized a Zr-
MOF carrier to bind Abs, on this basis, Zr-MOF-LFIA was constructed, which had an 8-fold
improved sensitivity compared to traditional CG-LFIA [15]. Zhand et al. introduced MOF
on an ELISA plate for Abs immobilization. They found that Abs@MOF could maintain its
biological activity when it was exposed to pH 5–10 and a temperature higher than 55 ◦C,
and the fabricated MOF-based ELISA showed 225-fold more sensitivity than that of the
commercial ELISA kit [16]. Accordingly, MOFs are ideal carriers for developing sensitive
immunoassays. Unfortunately, there remain great challenges in constructing MOF-based
colorimetric LFIA. One reason is that most MOFs are light in color, which renders the
signal band of the test strip hardly visible to the naked eye. Another is that, although
MOF and Abs are generally firmly bound together by a covalent coupling reaction, this
procedure involves the use of EDC/NHS or glutaraldehyde for chemical crosslinking and
the excessive consumption of time, which may cause reduced bioactivity or denaturation
of the Abs [17].

Recently, we employed polydopamine (PDA) to modify the surface of CG to solve the
problems of CG’s poor brightness and its instability when binding with Abs [18]. Our study
demonstrated that the PDA coating endowed nanomaterial with better signal intensity,
colloidal stability, and dispersion. Moreover, the PDA possesses abundant quinone groups
that can be directly incorporated with Abs via Schiff base/Michael addition reactions, and
the conjugation protocol is more rapid, efficient, and reliable than that using chemical
coupling methods, thereby preserving the biological activity of immobilized Abs [19].
Inspired by these considerations, in a previous study, we successfully polymerized ZIF-8
with PDA and applied it to the detection of hydrochlorothiazide [20]. However, different
MOFs have different physical and chemical properties, such as morphology, particle size,
color, and biocompatibility, due to different ligands, metal ions, the ratio of ligands to metal
ions, and synthesis conditions; therefore, the application range in immunoassay technology
is also different [15,21,22].

In this study, a porphyrinic zirconium framework, named PCN-224, was used as the
model substance, a novel PCN-224-modified PDA nanocomposite (PCN-224@PDA) was
synthesized, and an ultrasensitive LFIA based on PCN-224@PDA was firstly established to
detect multiple SUs in functional foods. Compared with traditional CG, PCN-224@PDA has
stronger molar absorptivity, higher antibody coupling efficiency, and better environmental
resistance. Therefore, our work enriches the nanocarriers in LFIA and also provides a novel,
sensitive, and reliable detection method for the rapid screening of SUs in functional foods.

2. Materials and Methods
2.1. Materials and Equipment

Glipizide (GP, 98%), glimepiride (GM, 99%), glyburide (GB, 99%), tolbutamide (TB,
99%), gliquidone (GQ, 98%), gliclazide (GL, 99%), carbutamide (CB, 98%), tolazamide
(TLZ, 96%), acetohexamide (AH, 98%), chlorpropamide (CPM, 99%), glibornuride (GBN,
98%), repaglinide (RGLN, 99%), rosiglitazone (RGLT, 98%), phenformin (PF, 95%), met-
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formin (MFM, 97%), zirconyl chloride octahydrate (ZrOCl2·8(H2O), 98%), meso-tetra (4-
carboxyphenyl) porphine (H2TCPP, 97%), N, N-Dimethylformamide (DMF), and dopamine
hydrochloride (DA, 98%) were obtained from Shanghai Aladdin Biochemical Technology
Co., Ltd (Shanghai, China). The anti-SUs monoclonal antibody (anti-SUs mAb, 5 mg/mL)
and coating antigen (SUs-OVA, 2 mg/mL) were prepared in our lab. 2-(N-morpholino)
ethanesulfonic acid (MES, 99%) and bovine serum albumin (BSA, 98%) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Nitrocellulose membranes (UniSart CN140)
were received from Sartorius Stedim Biotech GmbH (Goettingen, Germany). Sample pads
(SB08), polyvinylchloride backing plates (SMA31-40), and absorbent pads (CH37K) were
supplied by Shanghai Liangxin Co., Ltd. (Shanghai, China).

The FIC-Q1 test strip analyzer was purchased from Suzhou Helmen Precision Instru-
ments Co., Ltd. (Suzhou, China). The XYZ-3060 Dispensing Platform was supplied by
BioDot, Inc. (Irvine, CA, USA). The CTS-300 automatic slitting machine and the ZQ-2000
strip cutter were purchased from Shanghai kinbio Tech. Co., Ltd. (Shanghai, China). The
high-speed refrigerated centrifuge (GL-23M) was made by Hunan Xiangyi Technology Co.,
Ltd. (Changsha, China).

2.2. Preparation of PCN-224@PDA

The PCN-224@PDA was synthesized using the one-pot hydrothermal method
(Figure 1A). First, 1.4 g of benzoic acid and 150 mg of ZrOCl2·8(H2O) were dissolved
in 30 mL of DMF through sonication, and 50 mg of H2TCPP dissolved in 20 mL of DMF
was added dropwise to the above solution. The reaction was conducted for 5 h at 80 ◦C
with vigorous stirring. The reaction solution was washed three times with DMF, followed
by washing with ethanol three times. After centrifugation at 10,000× g for 10 min, the
precipitate (PCN-224) was collected and dried under a vacuum (80 ◦C, 5 h). Afterward,
24 mg of PCN-224 powder was ultrasonically dissolved in 24 mL of 75% ethanol solution.
Then, 12 mg of DA and 24 mL of Tris-HCl buffer (10 mM) were added to the above solution
and reacted for 12 h in a shaker (300 rpm, 25 ◦C). The mixture was first cleaned three times
with ethanol and then washed three times with deionized water. After centrifugation at
10,000× g for 10 min, the dark brown product (PCN-224@PDA) was collected and dried
under a vacuum (80 ◦C, 5 h).

2.3. Construction of PCN-224@PDA-Abs Probes

First, 2 mg of PCN-224@PDA was dissolved in 1 mL of MES (0.02 M, pH 6.5) through
sonication; 5 µg of anti-SUs mAb was then added with stirring for 1 h in a shaker (300 rpm,
25 ◦C). Next, 50 µL of 10% BSA was dripped into the above mixture for 1 h of blocking. The
prepared probes were collected by centrifugation (14,000× g, 10 min) and then resuspended
in 200 µL of 0.02 M phosphate buffer (PB, pH 7.4, 0.3% PVP, 0.5% Tween®-20, 0.5% BSA).

2.4. Preparation of the PCN-224@PDA-LFIA

The LFIA platform was prepared according to our previous study [23]. For the detailed
technical parameters, please refer to Table S1.

2.5. Sample Preparation and Detection Process

Sample preparation: Functional tea and capsule samples, which were identified as
free of SUs by LC-MS/MS, were taken out of their packaging and separately ground into
powder. Then, an accurately weighed amount of powder (1 ± 0.05 g) was extracted with
1 mL of methanol by vortex oscillation for 3 min. After centrifuging at 10,000× g for 5 min,
the supernatant was filtered through a 0.22 µm organic filter membrane and then diluted
five times with PB (0.02 M, pH 7.4) for subsequent analysis.
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Figure 1. Schematic diagram of the PCN-224@PDA-LFIA for SUs detection in functional foods.
(A) Synthesis steps for PCN-224, PCN-224@PDA, and PCN-224@PDA-Abs probes; (B) principle
illustration of the detection strategy of PCN-224@PDA-LFIA.

Detection process: 120 µL of treated sample solution and 1.7 µL of PCN-224@PDA-
Abs probes were mixed in the microwell, and the solution was then incubated for 3 min.
The LFIA was immediately inserted into the solution. After reacting for 7 min, the LFIA
was pulled out and the sample pad was removed. The qualitative results were visually
determined by naked-eye observation, the quantitative results were measured by a test
strip reader (Figure 1B).

2.6. Performance Evaluation of PCN-224@PDA-LFIA
2.6.1. Sensitivity

The four most common types of SUs (i.e., GP, GM, GB, and TB), with a series of con-
centrations, were spiked into functional tea and capsule samples to evaluate the sensitivity
of the PCN-224@PDA-LFIA. Each assay was repeated three times to determine the cut-off
values, limits of detection (LODs), limits of quantitation (LOQs), and linear ranges. Based
on the detection principle of PCN-224@PDA-LFIA, target analytes in the sample compete
with the coating antigen to bind with limited Abs; therefore, the color signal of the T-line is
inversely proportional to the target concentration (Figure 1B). The cut-off value was the
threshold concentration of target analytes that could make the T-line colorless. The cali-
bration curves were plotted using the B/B0 (the ratio of the T-lineabsorbance/C-lineabsorbance
value with and without SUs in the standard/sample solutions) on the Y-axis and the loga-
rithm of SUs concentration on the X-axis. According to the calibration curves, the LODs,
LOQs, and linear ranges were calculated as the concentration of target analytes, causing
10%, 20%, and 20–80% inhibition of the B/B0 value, respectively [24].
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2.6.2. Selectivity

Cross-reactions (CRs, %) were performed to evaluate the selectivity of the PCN-
224@PDA-LFIA. The CR analyses of 11 types of SUs (i.e., GP, GM, GB, TB, GQ, GL, CB, TLZ,
AH, CPM, and GBN) and 4 other common oral hypoglycemic drugs (i.e., RGLN, RGLT, PF,
and MFM) were carried out using the developed PCN-224@PDA-LFIA and the indirect
competitive enzyme-linked immunosorbent assay (icELISA), respectively. The CR rates
were obtained via the following equation:

CR (%) =
IC50 (GP, µg/kg)

IC50 (Other drugs, µg/kg)
×100%

2.6.3. Accuracy and Precision

The accuracy and precision of the PCN-224@PDA-LFIA were identified by recovery
and the coefficient of variation (CV), respectively. Tea and capsule samples were forti-
fied with known concentrations of GP, GM, GB, and TB, respectively. All samples were
performed in triplicate on three separate days.

2.6.4. Application of the PCN-224@PDA-LFIA

A total of 20 functional foods (10 teas, 10 capsules) were purchased from a local
market. Each sample was tested three times using PCN-224@PDA-LFIA and LC-MS/MS,
respectively. The LC-MS/MS parameters are described in the Supporting Information, and
the MS/MS details can be found in Table S2.

2.7. Statistical Analysis

Each test was conducted with three replicates (n = 3). Data were presented as
mean ± standard deviation (SD). GraphPad Prism 8.0 and Origin 2021 were used for
statistical analysis. The significance level was determined at p < 0.01.

3. Results and Discussion
3.1. Characterization of PCN-224 and PCN-224@PDA

The results of the scanning electron microscopy (SEM) (Figure 2A,B) illustrated that
PCN-224 and PCN-224@PDA were homogeneous in sphericity with a mean particle size of
100 and 120 nm, respectively, indicating that the PDA layer with a thickness of 20 nm was
formed on the PCN-224 surface. The transmission electron microscopy (TEM) (Figure 2C,D)
showed that PCN-224 presented a smooth surface, while that of the PCN-224@PDA was
rough, which further revealed that PCN-224 was successfully modified by PDA. Energy
dispersive spectrometer (EDS) elemental mapping analyses displayed that PCN-224 pre-
served native three-dimensional structures after modification with PDA coating; the four
elements of Zr, C, O, and N were still presented and evenly distributed within the PCN-224
or PCN-224@PDA. The X-ray diffraction (XRD) pattern (Figure 2E) of PCN-224@PDA
matched well with the characteristic diffraction peaks of PCN-224, which suggested that
the crystallinity of the PCN-224 was not altered upon the surface modification with PDA.
The X-ray photoelectron spectroscopy (XPS) spectra (Figure 2F) showed that the element
of Zr 3d was obviously attenuated in the spectrum of PCN-224@PDA compared with
that of the PCN-224, which was due to the shielding effect of the PDA coating. The XPS
high-resolution spectra in the region of each element are shown in Figure S2. Additionally,
the Fourier-transform infrared (FT-IR) spectrum of PCN-224@PDA (Figure 2G) did not
completely match that of the PCN-224 and displayed two new characteristic peaks of indole
and N-H/O-H at 1514 cm−1 and 3200–3500 cm−1, respectively [25], which further verified
that the PCN-224@PDA was successfully synthesized.
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3.2. Synthesis Optimization of PCN-224@PDA
3.2.1. Optimization of the pH Value for the Self-Polymerization of DA

The pH of the solution is a critical parameter influencing the polymerization of DA
and its binding to the surface of PCN-224. In an acidic environment, DA is not easy to
polymerize on the surface of MOF material, and a high pH value can easily cause DA
aggregation. Therefore, in this study, we evaluated the synthesis effect in the pH range of
7–8.5 [26]. As seen in Figure 3A, the T/C signal increased gradually with the pH value,
while the inhibition rate of the test strip decreased significantly when the pH exceeded 7.5.
Therefore, pH 7.5 was selected as the optimal condition.
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PCN-224@PDA, respectively.

3.2.2. Optimization of the Amount of DA

The amount of DA is intimately associated with the thickness of the PDA coating,
dispersibility, and color intensity of nanoparticles [27]. Figure 3B displays the effect of the
DA amount on the performance of the test strip, which revealed that the signal strength
increased with a higher amount of DA, while the inhibition rate exhibited a significant
decrease. When the amount of DA used was 12 mg, the test strip acquired a desirable color
intensity and inhibition rate. Additionally, we found that further increasing the DA amount
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beyond 12 mg could cause the resulted PCN-224@PDA solution to form condensates,
resulting in poor dispersion stability. Therefore, the optimal amount of DA was selected
as 12 mg.

3.2.3. Optimization of the Polymerization Time of DA

The control of the polymerization time of DA on the PCN-224 permits control of the
adhesion strength of the PDA coating and the optical intensity of nanoparticles [20]. The
results showed (Figure 3C) that the color intensity of the T-line increased with the prolonga-
tion of the polymerization time. When the time increased beyond 12 h, the signal intensity
of the T-line did not continue to increase, suggesting that the DA polymerization reaction
reached saturation on the surface of the PCN-224. Therefore, the optimal polymerization
time was chosen as 12 h.
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Figure 3. Synthesis optimization of PCN-224@PDA, including (A) the effect of the pH value for the
self-polymerization of DA, (B) the effect of the DA amount, and (C) the effect of the polymeriza-
tion time of DA. Optimization of the key technical parameters of PCN-224@PDA-ICA, including
(D) the effect of the coupling pH value, (E) the effect of the Ab amount, and (F) the effect of the
amount of blocking solution. The inhibition ratio was obtained through the formula: inhibition ratio
(%) = (1 − (T⁄C) positive/(T⁄C) negative) × 100%. The concentration of GP was fixed at 5 ng/mL (in
0.02 M PB buffer) for positive results. Different letters represent statistical differences (p < 0.01).

3.3. Optimization of Key Technical Parameters of PCN-224@PDA-LFIA

To guarantee good performance of the PCN-224@PDA-LFIA, several pivotal param-
eters were evaluated below, including the coupling pH value, the amount of Abs, the
blocking solution, and the sample dilution ratio.
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3.3.1. Optimization of the Coupling pH Value

The proper coupling pH value plays an essential role in the conjugation of PCN-
224@PDA to Abs, which contributes to achieving robust immobilization of Abs, fully
exposing its antigen-binding fragment, and enhancing antigen recognition capability [6].
Figure 3D shows the influence of the different coupling pH values, which indicated that
when the coupling pH of 6.5 was employed, the maximum color strength and inhibition
rate of the test strip were acquired compared with that of other pH conditions. Therefore,
Abs demonstrated the highest activity in binding to PCN-224@PDA at pH 6.5, with a
coupling ratio of up to 91.8% (Figure S1).

3.3.2. Optimization of the Amount of Abs

In the competition-type immunoreaction, the limited Abs amount should be used for
obtaining the highest sensitivity [28,29]. The results (Figure 3E) showed that an increasing
trend in the signal strength of the T-line was observed with increasing Abs amounts.
However, the inhibition rate began to decline when more than 5.0 µg of Abs was applied,
indicating that excessively labeled Abs was not favorable for the sensitivity of the developed
PCN-224@PDA-LFIA. Therefore, the optimal amount of Abs was 5.0 µg.

3.3.3. Optimization of the Amount of Blocking Solution

A blocking solution can block the nonspecific binding sites on the nanoparticles and, at
the same time, improve the stability of the nanoprobe [30]. In this study, different amounts
of 10% BSA were used for comparison. The results (Figure 3F) showed that the color
intensity decreased with increasing BSA amounts, while too low or too high an amount of
BSA was not conducive to the inhibition rate. When the amount of BSA was 50 µL, the test
strip acquired desirable signal intensity and a good inhibitory effect. Therefore, the best
amount of the blocking agent was 50 µL.

3.3.4. Optimization of the Sample Dilution Ratio

Direct dilution of the treated sample solution is the simplest and most straightforward
strategy to remove sample matrix interference [31,32]. As shown in Figure S3A,B, with an
increasing sample dilution ratio, the background interference caused by tea and capsules
significantly decreased, and the best color development and inhibition performance were
obtained at a dilution ratio of 1:4. Therefore, the treated tea and capsule sample solution
should be diluted in a ratio of 1:4.

3.4. Performance Evaluation of PCN-224@PDA-LFIA
3.4.1. Sensitivity

As shown in Figure 4, the cut-off values for GP/GM/GB/TB in functional tea and cap-
sule samples were 45/120/120/240 and 70/150/150/320 µg/kg, the LODs were 0.22/0.58/
1.24/3.72 and 0.40/1.58/1.28/3.71 µg/kg, the LOQs were 0.75/1.61/3.08/8.19 and 1.03/
3.33/3.32/9.08 µg/kg, the linear ranges were 0.75–44.78/1.61–50.79/3.08–68.25/8.19–121.32
and 1.03–25.51/3.33–42.64/3.32–86.68/9.08–193.04 µg/kg, respectively.

3.4.2. Selectivity

The selectivity results are shown in Table S3. SUs Abs exhibited a different CR to GP
(100%), GB (100%), GM (83.3%), GQ (68.2%), TB (23.1%), CB (17%), etc. This is because
the SUs have a benzene ring connected to a sulfonylurea group as their basic structure,
and also contain two prosthetic groups, namely a sulfo group and a urea group. The
difference in the two prosthetic groups makes the exposure of the basic structure, that is,
the antigen recognition site, different. Therefore, the SUs Abs prepared based on GP-BSA
have different recognition abilities for different drugs. SUs Abs have no CR with other oral
hypoglycemic drugs (RGLN, RGLT, PF, MFM). This is because the structure of the above
drugs is completely different from SUs. The selectivity results of PCN-224@PDA-LFIA
were mostly consistent with that of icELISA. The developed method has a CR of more than
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2.7% for 9 kinds of SUs drugs, demonstrating that the method can detect 9 kinds of SUs
drugs simultaneously.
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3.4.3. Accuracy and Precision

As shown in Table 1, the recoveries of GP/GM/GB/TB in functional tea and
capsule samples ranged from 100.3–114.0%/85.3–91.5%/108.8–115.7%/90.0–112.8% and
106.0–119.0%/105.8–119.0%/88.0–113.7%/83.8–108.2%, respectively, with corresponding
CVs of 11.4–14.4%/9.9–12.6%/7.6–11.0%/9.1–12.4% and 8.0–13.2%/9.3–11.8%/8.6–11.4%/
7.6–11.1%, respectively. These results manifested that the developed PCN-224@PDA-LFIA
showed good accuracy and reproducibility.

Table 1. Recovery of SUs in functional tea and capsule by PCN-224@PDA-LFIA (n = 3).

Analytes

Tea Capsule

Spiked
Level

(µg/kg)

Detected
Level

(µg/kg)

Recovery
(%)

CV
(%)

Spiked
Level

(µg/kg)

Detected Level
(µg/kg)

Recovery
(%)

CV
(%)

GP 1 1.14 ± 0.13 114.0 11.4 1 1.06 ± 0.14 106.0 13.2
2 2.02 ± 0.29 101.0 14.4 2 2.38 ± 0.19 119.0 8.0
8 8.02 ± 1.11 100.3 13.8 10 11.63 ± 1.22 116.3 10.5

GM 2 1.83 ± 0.23 91.5 12.6 4 4.41 ± 0.43 110.3 9.8
4 3.54 ± 0.42 88.5 11.9 8 8.46 ± 0.79 105.8 9.3
20 17.06 ± 1.69 85.3 9.9 35 41.63 ± 4.91 119.0 11.8

GB 4 4.35 ± 0.48 108.8 11.0 4 3.52 ± 0.40 88.0 11.4
8 9.06 ± 0.77 113.3 8.5 8 7.53 ± 0.80 94.1 10.6
30 34.72 ± 2.64 115.7 7.6 35 39.79 ± 3.42 113.7 8.6

TB 8 8.88 ± 0.85 111.0 9.6 10 9.69 ± 0.78 96.9 8.0
16 18.05 ± 2.24 112.8 12.4 20 16.76 ± 1.28 83.8 7.6
80 71.99 ± 6.56 90.0 9.1 100 108.21 ± 12.01 108.2 11.1

3.4.4. Application of the PCN-224@PDA-LFIA

As shown in Table S4, all 20 real teas and capsules were tested as negative samples by
the established PCN-224@PDA-LFIA and LC-MS/MS. It was possible that the occurrence of
such adulterations was very low, recently, under the effective supervision of the regulatory
authorities, or the total sample volumes collected were limited. This, however, does not
imply that there would be no adulteration of SUs in functional foods; illicitly added SUs
remain a serious problem and continue to threaten human health [1,2]. Thus, follow-up
studies will continue to focus on screening adulterated samples. In addition, the detection
results of PCN-224@PDA-LFIA were consistent with those of LC-MS/MS, with no false
negative or false positive results, indicating that our developed method is reliable.

3.5. Comparison of the Methods for the Detection of SUs

The available methods for detecting SUs were compared in Table 2. Currently, the
detection of SUs in functional foods is primarily based on instrument methods [4,5,33–36];
only two immunoassay methods (i.e., ELISA and LFIA) for the detection of SUs have been
reported [7,8]. The sensitivity of our developed PCN-224@PDA-LFIA was comparable to
that of the conventional ELISA method and showed 128-fold more sensitivity than that
of the previously reported CG-LFIA. Additionally, compared to the instrument analysis,
the pretreatment of tea and capsule samples only needed simple and rapid extraction,
dilution, and filtration, some complex operations, such as ultrasound and nitrogen blowing
concentration, could be avoided. The whole process takes only 18 min, with an average time
savings of half an hour compared to instrument methods. Moreover, the cost of the LFIA
assay was only $0.032 per test, which was about 1/20 the price of the instrument methods.
Overall, this work was clearly better than the reported immunoassay and instrument
methods due to its simplicity, rapidity, sensitivity, and cost-effectiveness.
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Table 2. Performance comparison of the developed PCN-224@PDA-LFIA with other methods for SUs detection.

Methods Sample Sample Pretreatment Detection Time Detection Limit (µg/kg) Quantification Limit
(µg/kg)

Cut-Off
Value

(µg/kg)
References

HPLC a Herbal,
Health foods

Ultrasound-assisted extraction,
centrifugation, filtration (0.22 µm filter),

dilution

43 min 216 432 - [4]

HPLC Milk powder and
capsules

Ultrasound-assisted biphasic extraction,
Nitrogen blowing concentration,

redissolution

65 min 2450 8170 - [33]

UPLC b Tablets, capsules, and particles Ultrasound-assisted extraction, dilution,
filtration (0.45 µm filter)

25 min 2.7 - - [34]

Ion-Pair LC c Tablets, pills, granules,
and capsules

Ultrasound-assisted extraction, dilution 47 min 330 1010 - [35]

LC-MS/MS d tablets, pills, and
capsules

Ultrasound-assisted extraction, dilution,
filtration (0.22 µm filter)

35 min 0.5 15 - [5]

LC-Q/TOF e tablets, pills, and
capsules

Shake extraction, centrifugation, purification,
centrifugation, Nitrogen blowing

concentration, redissolution

47 min 1.05 - - [36]

ELISA f pills and capsules Extraction, centrifugation, filtration
(0.22 µm filter), dilution

90 min 0.3 0.7 - [8]

CG-LFIA g teas Extraction, centrifugation, filtration
(0.22 µm filter), dilution

18 min 32 - 96 [7]

PCN-224@
PDA-LFIA

Functional teas and
capsules

Extraction, centrifugation, filtration
(0.22 µm filter), dilution

10 min Tea:
0.22(GP);
Capsule:
0.4 (GP)

Tea:
0.75(GP);
Capsule:
1.03(GP)

Tea:
45(GP);

Capsule:
70 (GP)

This work

HPLC a, high-performance liquid chromatography; UPLC b, ultra-high performance liquid chromatography; Ion-Pair LC c, ion-pair liquid chromatography; LC-MS/MS d, liquid
chromatography-tandem mass spectrometry; LC-Q/TOF e, liquid chromatography/time-of-flight mass spectrometry; ELISA f, enzyme-linked immunosorbent assay; CG-LFIA g,
colloidal gold-based lateral flow immunoassay.
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4. Conclusions

In this study, an ultrasensitive LFIA based on PCN-224@PDA was first established
for the detection of multiple SUs in functional foods. The PCN-224@PDA nanocomposites
not only possessed excellent biocompatibility and high coupling rates with Abs but also
exhibited good anti-interference capability in a complex matrix. The developed PCN-
224@PDA-LFIA could simultaneously recognize 9 kinds of SUs in functional teas and
capsules with LODs of 0.22–3.72 µg/kg and 0.40–3.71 µg/kg, respectively. Furthermore,
the analytical sensitivity was 128-fold better than that of similar methods reported so far.
The developed method displayed high sensitivity, good accuracy, precision, and satisfactory
reliability, which can satisfy the requirement of regulatory agencies for SUs adulteration
detection. Therefore, our work offers novel, ultrasensitive, and rapid technical support for
the on-site monitoring of SUs in functional foods.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/foods12030539/s1, Figure S1: The calibration curve of anti-SUs
mAbs; Figure S2: Corresponding XPS high-resolution spectra in the regions of C 1s, N 1s, and O 1s.
A-C: PCN-224; D-F: PCN-224@PDA. Compared with the PCN-224, the PCN-224@PDA displayed
higher or lower binding energy in the regions of C 1s, N 1s, and O 1s. Further, the XPS spectrum in
the region of C 1s for PCN-224@PDA showed a new π–π band at 289.0 eV, which was attributed to the
aromatic ring of PDA loaded onto the PCN-224 surface through π–π stacking; Figure S3: The influence
of sample dilution factor on test strip results. A: Tea sample; B: Capsule sample. The concentration of
GP was fixed at 45 µg/kg and 70 µg/kg in tea and capsule samples, respectively. Different letters
represent statistical differences (p < 0.01); Table S1: Working conditions of the PCN-224@PDA-LFIA;
Table S2: The optimal MS/MS parameters for the detection of SUs; Table S3: Cross-reactivity of
icELISA and PCN-224@PDA-LFIA (n = 3); Table S4: Determination of SUs in commercial functional
tea and capsule samples by PCN-224@PDA-LFIA and LC-MS/MS (n = 3).
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