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Abstract: In this study, a novel fluorescent molecularly imprinted nanosensor (N, S-GQDs@ZIF-
8@MIP) based on the nitrogen and sulfur co-doped graphene quantum dots decorated zeolitic
imidazolate framework-8 was constructed for the detection of octopamine (OA). Herein, ZIF-8 with a
large surface area was introduced as a supporter of the sensing system, which effectively shortened
the response time of the sensor. Meanwhile, high green luminescent N, S-GQDs and a maximum
emission wavelength of 520 nm under 460 nm excitation and a 12.5% quantum yield were modified
on the surface of ZIF-8 as a signal tag that can convert the interactions between the sensor and OA
into detectable fluorescent signals. Finally, N, S-GQDs@ZIF-8@MIP was acquired through the surface
molecular imprinting method. Due to the synergy of N, S-GQDs, ZIF-8, and MIP, the obtained
sensor not only demonstrated higher selectivity and sensitivity than N, S-GQDs@ZIF-8@NIP, but
also displayed faster fluorescence response than N, S-GQDs@MIP. Under optimal conditions, the
developed sensor presented a favorable linear relationship in the range of 0.1-10 mg L~! with a
detection limit of 0.062 mg L~!. Additionally, the proposed N, S-GQDs@ZIF-8@MIP strategy was
effectively applied to the detection of OA in fermented samples, and the obtained results had a
satisfactory correlation with those of HPLC.

Keywords: N/S co-doped graphene quantum dots; zeolitic imidazolate framework-8; molecularly

imprinted polymer; octopamine; fluorescent sensor

1. Introduction

Biogenic amines (BAs) are a type of biologically active containing nitrogen organic
compound related to the physiological functions of humans [1]. Octopamine (OA) is a
typical organic matter of BAs, named after its initial discovery in octopus saliva and has
been known as a natural 33-adrenergic receptor agonist in the nervous system [2]. The
intaking of excessive OA can cause toxic effects [3], such as headaches, vomiting, abnormal
blood pressure, skin allergies, and other symptoms, and has led to brain hemorrhages
in severe cases. In 2004, OA was banned in all sports competition since its stimulating
properties may reduce the immunity of the organism and damage the sensory organs [4].
Therefore, as OA poses a potential public health threat, the detection of OA has become
an important indicator of food safety. To date, various traditional analytical methods
for the quantitative determination of OA have been developed, including electrochemical
sensor detection [5], pseudo-ELISA [6], fast-scan cyclic voltammetry (FSCV) [7], LC-MS/MS
method [8], and high-performance liquid chromatography (HPLC) [8]. Although these
methods have made large progress for the detection of OA, when confronted with the
detection of OA in fermented foods, these methods are limited by the need for laborious
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pretreatment, high costs, and interference by environment [9]. Therefore, it is particularly
important to develop inexpensive and highly sensitive approaches for the detection of OA.

Graphene quantum dots (GQDs) have attracted widespread attention as a novel kind
of nanomaterial due to their unique properties, such as distinctive electron transfer, strong
chemical inertness, and low toxicity [10]. Recently, many studies have proved that the
photoelectric characteristics of GQDs can be efficiently adjusted via doping heteroatoms [11].
Additionally, it was demonstrated that doped GQDs have excellent optical properties
compared to non-doped GQDs [10,12]. The introduction of the N atom in the GQD structure
helps to improve the quantum yield. Previous works have indicated that nitrogen-doped
GQDs exhibit a higher quantum yield than non-doped GQDs [13]. S, as a heteroatom, is
also widely used for GQD synthesis because it can effectively change the electron structure
of the GQDs to produce multiple emission peaks by introducing S-related energy levels
between the m and 7* of C [14]. Li et al. have implied that S-GQDs had a sensitive
reaction to Fe3* because the introduction of a S atom improved the electronic properties
and surface chemical reactivities [15]. After doping these GQDs, the N, S-GQDs exhibited
excellent optical performance, including multiple emission peaks and high fluorescent
quantum yield. For example, Qu et al. developed N, S-GQDs with three absorption
bands independent of the excitation wavelength [16]. Thus, N, S-GQDs can be considered
fluorescent materials with good application prospects.

Metal-organic frameworks (MOFs) composed of central metal ions and organic lig-
ands are also known as porous coordination polymers (PCPs) [17]. Over the past few
years, MOFs have drawn increasing attention in the research areas of gas adsorption and
separation [18], drug delivery [19], electrochemical energy storage [20], and sensing [21]
due to their special large surface areas, tunable porosity, and versatile architectures [22].
However, to date, their sensing functions of MOFs have lacked signal transduction capacity,
which has severely restricted their development. Encapsulating luminescent molecules or
nanoparticles into the non-luminescent MOFs could solve this problem [23]. Our previous
research has revealed that embedding CDs as the fluorescence signal into the zeolitic imida-
zolate framework (ZIF-8) can acquire sensitizing materials [24]. Therefore, this strategy can
not only obtain composite material with fluorescence-sensing properties but also improve
the dispersion of luminescent molecules. Although the as-prepared composite material has
good sensitivity, it still faces interference from other substances in the detection system due
to the non-specificity of the fluorescent sensor.

In recent years, the use of molecular imprinting technology to modify MOFs has grad-
ually aroused the interest of researchers. Molecular imprinting technology is a biomimetic
technique based on the specific reaction between the antigen and antibody, which has
been applied to prepare the polymers with specific structures [25]. The formed polymers
are named molecularly imprinted polymers (MIPs) and not only exhibit selectivity for a
target molecule or a group of structurally related analogies, but also have higher stability
and longer service lives as well as tolerance to different environments [26]. Based on
these excellent properties, MIPs are widely used to build sensing, separation, and catalytic
platforms [27]. In the past few years, there have been a few studies on octopamine (OA)
determination based on molecularly imprinted fluorescent nanoparticles [28]. Although
the aforementioned studies determined that molecular imprinting technology can be used
as a facile, reliable, and rapid strategy for OA detection via the formation of specific recog-
nition sites, such methods frequently have low sensitivity and selectivity, limiting their
applications in the field of optical sensing. Hence, it is of great significance to develop a
fluorescent sensor with exceptional sensitivity and selectivity.

Inspired by this previous research, we designed and developed a novel fluorescent
nanosensor N, S-GQDs@ZIF-8@MIP based on the N, S-GQDs-embedded zeolitic imidazo-
late framework-8 @ molecularly imprinted polymer. In this work, as the supporter, ZIF-8
with a large surface area was first prepared via the self-assembly method. Subsequently,
N, S-GQDs-functionalized ZIF-8 (N, S-GQDs@ZIF-8) was synthesized by encapsulating
N, 5-GQDs using extremely bright-green light within ZIF-8 under convenient room tem-
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perature stirring. Finally, N, S-GQDs@ZIF-8@MIP with high selectivity and recognition
ability for target molecules was fabricated through the sol-gel approach in a mixed solution
containing N, S-GQDs (fluorophore), ZIF-8 (supporter), OA (template), 3-aminopropyl
triethoxysilane (functional monomer), and tetraethyl orthosilicate (cross-linker). The in-
corporated bright-green luminescent N, S-GQDs, as signal bands, converts the chemical
reaction with OA into detectable fluorescence signals, thereby realizing a highly sensitive
response to OA. ZIF-8 with a high specific surface area, as a supporter, can improve the
dispersion of N, S-GQDs and increase the mass transfer rate. Additionally, the imprinted
layer decorated on the surface of the N, S-GQDs@ZIF-8 provided the specific recognition
site for the target molecule. The uniform morphology, superior photostability, highly selec-
tive recognition performance, and ultra-sensitive fluorescence response of the as-obtained
N, S-GQDs@ZIF-8@MIP were highly confirmed by the characterizations. The practicality
of the proposed sensor was verified through realizing sensitive detection of OA in real
samples. The preparation and characterization of the obtained N, S-GQDs@ZIF-8@MIP
were discussed in detail.

2. Materials and Methods
2.1. Materials and Instruments

All the reagents were analytically pure and used as received. 2-Methylimidazole (2-MI,
99%) and N,N-Dimethylformamide (DMF) were acquired from TCI (Shanghai, China).
3-aminopropyl triethoxysilane (APTES, 98%), citric acid (CA, 99%), tetraethylorthosilicate
(TEOS, 99%), zinc nitrate hexahydrate (Zn(NO3),-6H,O, 99%), thiourea, glucose and su-
crose were obtained from Aladdin Chemistry (Shanghai, China). KCl, MgCl,, NaCl, FeCls,
L-Arginine (L-Arg), D-Tryptophan (D-Try), L-Methionine (L-Met), L-Cysteine (L-Cys), L-
Histidine (L-His), L-Tryptophan (L-Try), L-Tyrosine (L-Tyr), Dopamine (DA) and OA were
supplied by Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China). Na,HPO4-12H,O
was purchased from Sinopharm Chemical Reagent Co., Ltd. (Tianjin, China). Information
on the instruments was provided in the supporting information.

Fluorescence spectra were performed on an F-7100 fluorescence spectrophotometer
(Thermo, Waltham, MA, USA) at the excitation wavelength of 460 nm. Fourier-transform
infrared (FT-IR) was performed to analyze the obtained materials on a Tensor-37 FTIR
spectrophotometer (Bruker, Bremen, Germany). Scanning electron microscope (SEM)
and transmission electron microscope (TEM) images were used to show the surface and
structure of the obtained materials (Waltham, MA, USA). Ultraviolet-visible (UV-Vis)
absorption spectra were obtained on UV-Cary100 spectrophotometer (Shimadzu, Kyoto,
Japan). Thermogravimetric analysis (TGA) was carried out with a PTC-10 A thermal
gravimetric analyzer (Rigaku Corp., Tokyo, Japan) from room temperature to 900 °C. X-ray
diffraction (XRD) data were measured at the angular range of 5-60 degrees (20) with Cu
Ko radiation.

2.2. Synthesis of ZIF-8, N, S-GQDs and the N, S-GQDs@ZIF-8@MIP Composite

ZIF-8 was prepared as described in the previous literature via the one-pot synthesis
method at room temperature [29]. In brief, 125 mg of Zn(NO3),-6H,O and 275.9 mg of
2-MI were dispersed in 10 mL of methanol with sonicating for 30 min. Subsequently, the
solutions were transferred to a 100 mL flask and mixed well under a magnetic stirrer. This
reaction was maintained for about 50 min. The resulting products were centrifuged at
10,000 rpm for 5 min and dried at 50 °C under a vacuum for 8 h.

N, S-GQDs were synthesized via the solvothermal route based on the method reported
previously [16]. Briefly, 1 mmol citric acid and 3 mmol thiourea were added into 3 mL
N,N-Dimethylformamide with magnetic stirring for 30 min. The mixture was then moved
to an autoclave and maintained at 180 °C for 8 h under N, gas. The N, S-GQDs were
collected from the suspension, centrifuged at 10,000 rpm for 10 min, and washed with
ethanol. The precipitate was then dispersed into ethanol for subsequent use.
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The surface-imprinted sol-gel technique was used to synthesize N, S-GQDs@ZIF-
8@MIP. The product synthesis was achieved as follows. The as-prepared ZIF-8 and 200 uL N,
S-GQDs were added into ethanol and stirred continuously until completely dispersed. Then,
1 mmol OA and 4 mmol APTES were dispersed into the solution with magnetic stirring
for 30 min. Under continuous stirring, 6 mmol TEOS and ammonia water were added
stepwise. After being pre-assembled, the mixed solution was sealed with a sealing film and
stirred under a N atmosphere for 10 h. The final material was obtained through washing
with ethanol until no template molecules of OA could be detected. N, S-GQDs@ZIF-8@NIP
was acquired using an identical procedure, but no OA was added during preparation. N,
5-GQDs@MIP was synthesized in the same manner while avoiding the addition of ZIF-8.

2.3. Fluorescence Measurement

Fluorescence (FL) measurements were accomplished under an excitation wavelength
of 460 nm using a Hitachi FL-7000 fluorescence spectrophotometer (Tokyo, Japan). In
total, 1.0 mg N, S-GQDs@ZIF-8@MIP, N, S-GQDs@ZIF-8@NIP, or N, S-GQDs@MIP was
dispersed in different 2 mL. OA concentration solutions at 20 + 5 °C, under laboratory
relative humidity of 50-70%. After about 40 min of incubation, a quantitative analysis
was performed. The fluorescence intensity of the sensing system at 520 nm was tested
under excitation of 460 nm. Selectivity was evaluated by adding OA or other potentially
coexisting substances under the above experimental conditions.

2.4. Pretreatment of Samples

In order to evaluate the accuracy of the developed N, S-GQDs@ZIF-8@MIP sensor in
detecting OA in samples, wine and white vinegar were taken as representative fermented
samples. Additionally, we studied three spiked concentration (1, 5,9 mg L~!) levels via
spike recovery experiments. The samples were vortexed evenly and placed overnight. The
procedure used to prepare the samples was as follows. In short, 4 mL of 5% trichloroacetic
acid was mixed with 1 mL of the sample for 2 min. After centrifugation was performed
at 3600 rpm for 10 min to collect the supernatant, 4 mL of n-hexane was added to the
supernatant to remove the fat. Next, the extract’s pH was adjusted to 7.0 with an NaOH
solution, and the extract was evaporated to dryness. Finally, the residue was redissolved
with 1 mL of ultrapure water and filtered with a microporous membrane for FL detection.
Then, for FL analysis, 1.0 mg N, S-GQDs@ZIF-8@MIP was placed in a 1 mL sample solution
and incubated for 40 min. This method was verified via HPLC. The pretreatment method
for wine and white vinegar was provided in the supporting information.

For HPLC detection, the samples that were extracted and defatted as abovementioned
were derivatized with dansyl chloride and then analyzed according to the National Stan-
dards of the People’s Republic of China (GB 5009.208-2016). The analyses were performed
using an HPLC system equipped with an ultraviolet detector. The HPLC operating pa-
rameters were as follows: The separation was carried out with a reversed phase column
(C18, 250 x 4.6 mm, 5 um particle size) with a flow rate of 0.8 mL min~! and a column
temperature of 35 °C. The injection volume was 20 pL, and the detection wavelength was
254 nm.

3. Results and Discussion
3.1. Preparation of N, S-GQDs, ZIF-8 and N, S-GQDs@ZIF-8@MIP

As displayed in Scheme 1, a novel synthetic strategy was proposed to prepare a
fluorescent sensor constructed from MIP, N, S-GQDs, and ZIF-8 for the sensitive detection
of OA. N, S-GQDs were synthesized through the solvothermal route based on citric acid
as a carbon source and thiourea as nitrogen and sulfur sources (Scheme 1a). Compared
to other GQDs, the obtained N, S-GQDs were excitation-dependent and showed different
types of emission light under multiple excitation conditions [30]. It is worth noting that
N, 5-GQDs not only displayed extremely bright green light but also had a quantum yield
(QY) as high as 12.5% [16]. The above phenomenon can be explained as follows. On the
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the optical and electronic structure of the graphene quantum dots [31]. On the other hand,
the green-fluorescent N, S-GQDs could benefit from the conjugation of the C=N, C=S5, and
C=0 groups with the graphene core [32]. As presented in Scheme 1b, the high surface area
ZIF-8 was prepared via the one-pot synthesis method. The introduction of ZIF-8 with a
high specific surface area not only improved the dispersibility of GQDs, but also increased
the mass transfer rate efficiently.
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Scheme 1. Preparation process of N, S-GQDs (a), ZIF-8 (b), and N, S-GQDs@ZIF-8@MIP sensor (c).

As illustrated in Scheme 1c, N, S-GQDs@ZIF-8@MIP was constructed using the surface-
imprinted sol-gel technique. The condensation reaction was conducted under the presence
of OA, APTES, TEOS, and aqueous ammonia solution. During the polymerization process,
the ultra-small size N, S-GQDs were first embedded in ZIF-8 to form N, S-GQDs@ZIF-8,
and then the imprinted layer was decorated on the N, S-GQDs@ZIF-8 according to the
physical deposition. After, the template molecule of OA was removed via ethanol, leaving
behind 3D cavities in the imprinting layer, and obtaining a N, S-GQDs@ZIF-8@MIP sensor
with selective binding sites fitting the shape of OA.

In the preparation processing of MIPs, the molar ratios of APTES and TEOS, the
added quantity of supporter ZIF-8, and the amount of the fluorescent indicator N, S-
GQDs had a certain impact on the imprinting factor (IF), which can directly reflect the
polymer performance. Hence, to obtain materials with superior fluorescence and adsorption
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properties, we optimized the above aggregation conditions one by one, as presented in the
supporting information file (Tables 51-53).

3.2. Characterization of Materials

SEM and TEM were used to observe the morphology of the obtained ZIF-8, N, S-
GQDs@ZIF-8@MIP (MIP), and N, S-GQDs@ZIF-8@NIP (NIP). Figure 1a shows that the
as-prepared ZIF-8 conformed to its well-known dodecahedron shape. As displayed in
Figure 1d, the unmodified ZIF-8 had a smooth surface and uniform particle size. After
grafting, the surface morphology of MIP (Figure 1b) and NIP (Figure 1c) presented an
obvious change, and an apparent porous structure could be observed. This phenomenon
indicated that the polymers were formed. TEM images of N, S-GQDS@ZIF-8 are provided
in the supporting information file (Figure S1).

Figure 1. SEM images of ZIF-8 (a), N, S-GQDs@ZIF-8@MIP (b) and N, S-GQDs@ZIF-8@NIP (c); TEM
images of ZIF-8 (d), N, S-GQDs@ZIF-8@MIP (e) and N, S-GQDs@ZIF-8@NIP (f).

The characteristics of functional groups of MIP (a), NIP (b), and ZIF-8 (c) were con-
firmed via FT-IR (Figure 2a). For curves a and b, characteristic peaks at 1185 cm~! (C-S)
and 782 cm ™! (C=S) can be seen in spectra a and b (Figure 2a), which indicated the success-
ful introduction of N, S-GQDs into the composite materials [32,33]. The ZIF-8 presented
characteristic absorption peaks at 1587 ecm~! (C=N), 1145 cm~! (C-N) and 424 cm~! (Zn-N
bonds), as shown in Figure 2a(c). However, in curves a and b, it can be seen that the
absorption peaks of ZIF-8 at 424 cm~! and 1587 cm~! were weakened, illustrating that
the molecularly imprinted layer was successfully modified on the surface of ZIE-8. The
two peaks at 1089 cm~! (Si-O-Si) and 485 cm~! (Si-O) indicate the existence of APTES and
TEOS, respectively. The characteristic peaks in the range of 500-4000 cm ! for MIP and NIP
were almost identical, revealing that the template OA was removed from the imprinted
polymers. The above findings indicate that MIP and NIP were successfully prepared.
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Figure 2. (a) FT-IR spectra of N, S-GQDs@ZIF-8@MIP-a, N, S-GQDs@ZIF-8@NIP-b, and ZIF-8-c.
(b) TGA curves of N, S-GQDs@ZIF-8@MIP and N, S-GQDs@ZIF-8@NIP. XRD curves of ZIF-8 (¢) and
N, S-GQDs@ZIF-8@MIP (d).

TGA of MIP and NIP were performed under a stream of nitrogen. The results of
weight as a function of temperature were depicted in Figure 2b. Obviously, there were
three main stages of weight loss for MIP and NIP. The first stage of weight loss of MIP
starting from 25 °C to 100 °C was approximately 8.50% due to the volatilization of moisture
on the surface of the material and decomposition of the target that was not completely
eluted. However, for NIP, weight loss was only due to volatilization of moisture on the
surface of the material. Immediately afterwards, at 100-480 °C, the weight of the composite
materials (MIP and NIP) was lost due to decomposition of the imprinting layer. The
thermal gravimetric curves of MIP and NIP were almost the same due to the decomposition
of the framework and organic polymer with the weight loss of 12.82%. The downward
trends for the weight loss of MIP and NIP were similar to those of pure ZIF-8 crystals [34],
demonstrating that the polymer was wrapped on the ZIF-8.

The crystal structure of synthesized ZIF-8 and MIP were analyzed using XRD. The
pattern of ZIF-8 shown in Figure 2c matched well with the simulated results for the reported
single-crystal data in the literature [35], revealing the successful synthesis of ZIF-8. The
synthesized MIP showed the XRD pattern illustrated in Figure 2d. After polymerization,
the diffraction peaks of ZIF-8 almost disappeared, which indicated the successful coating of
MIP. Meanwhile, a new broad characteristic vibration peak located at 26 = 23.5° appeared
in MIP (Figure 2d), which stemmed from the introduction of MIPs and N, S-GQDs to the
(002) graphite planes.

3.3. Photoluminescence Properties and Kinetic Absorption of N, S-GQDs@ZIF-8@MIP

The optical properties of N, S-GQDS@ZIF-8@MIP were also investigated. As illus-
trated in Figure 3a, N, S-GQDS@ZIF-8@MIP exhibited symmetrical fluorescence emis-
sions at 520 nm under excitation at 460 nm. The FL intensity of N, S-GQDS@ZIF-8@MIP
was effectively enhanced when OA molecules were included in the imprinted cavities
(Figure 3b). The FL intensity of N, S-GQDS@ZIF-8@MIP was recovered to 109.5% of
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that of N, S-GQDS@ZIF-8@NIP when removing the target molecules with ethanol as
the elution solution.
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Figure 3. (a) Fluorescence spectra N, S-GQDs@ZIF-8 and N, S-GQDs@ZIF-8@MIP under 460 nm
excitation. The concentrations of N, S-GQDs@ZIF-8 and N, S-GQDs@ZIF-8@MIP were 1 mg mL1.
(b) Fluorescence emission spectra of N, S-GQDs@ZIF-8@MIP, N, S-GQDs@ZIF-8@NIP and N, S-
GQDs@ZIF-8@MIP with OA. (c) UV-Vis absorption spectra of OA-a, N, S-GQDs@ZIF-8@MIP before-c
and after-b interactions with OA; fluorescence excitation-d, and emission-e spectra of the N, S-
GQDs@ZIF-8@MIP. (d) Fluorescence response of N, S-GQDs@ZIF-8@MIP (a), N, S-GQDs@MIP (b)
and N, S-GQDs@ZIF-8@NIP (c) under different contact times.

Under the presence of octopamine, N, S-GQDs@ZIF-8@MIP revealed fluorescence
enhancement. For this phenomenon, a fluorescence enhancement mechanism was pro-
posed to explain the interaction between octopamine and N, S-GQDs@ZIF-8@MIP. First, as
displayed in Figure 3¢, the UV absorption spectrum of octopamine (a) did not overlap with
the emission peak for N, S-GQDs@ZIF-8@MIP(e) of the fluorophore, which eliminated the
possibility of fluorescence resonance energy transfer (FRET). Octopamine is a well-known
aromatic compound with a large 7 bond benzene ring that can easily generate photoelec-
trons. Meanwhile, octopamine also has common electron-donating groups with amino
and hydroxyl groups that can help the electron transfer from octopamine to fluorescent
substances. Thus, the mechanism of fluorescence enhancement was speculated as a process
that mostly relies on the electron transfer from octopamine to N, S-GQDs@ZIF-8@MIP.
To further confirm this structure, the fluorescence lifetime of the materials was measured
using time-resolved spectroscopy, which was used to monitor the emission of the 520 nm
fluorophore in the absence and presence of the analyte. The results are provided in the
supporting information file (Figure S2). According to the above analysis, the main mecha-
nism for the fluorescence enhancement of N, S-GQDs@ZIF-8@MIP may be photo-induced
electron transfer (PET).

To investigate the absorption ability of N, S-GQDs@ZIF-8@MIP to OA, experiments
were designed using N, S-GQDs@ZIF-8@NIP and N, S-GQDs@MIP as comparisons.

As illustrated in Figure 3d, the absorption kinetics of N, S-GQDs@ZIF-8@MIP (a),
N, S-GQDs@ZIF-8@NIP (b), and N, S-GQDs@MIP (c) were investigated by determining
the variation in the fluorescence response (F/Fj) from 0 to 70 min. With a change in the
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adsorption time, the F/Fy showed a remarkable increase. The adsorption of OA by N,
S-GQDs@ZIF-8@MIP occurred in the first 30 min, and then slowly increased between 30
min and 40 min. After 40 min, there was no noticeable alteration. Similar absorption trends
were observed for N, S-GQDs@ZIF-8@NIP. However, N, S-GQDs@ZIF-8@MIP displayed a
higher F/Fj value than N, S-GQDs@ZIF-8@NIP under the same conditions, which may be
ascribed to the specific binding between OA and the -OH/-NH; groups of the imprinting
recognition sites on the N, S-GQDs@ZIF-8@MIP. Meanwhile, the absorption performance of
N, 5-GQDs@ZIF-8@MIP was better than that of N, S-GQDs@MIP. Additionally, compared
to N, S-GQDs@MIP, the adsorption equilibrium time of N, S-GQDs@ZIF-8@MIP was greatly
shortened from 50 min to 40 min. These results indicated that the introduction of high
surface area ZIF-8 can provide a platform for the MIP membrane, which can allow more
imprinted sites on the surface and enhance the adsorption capacity of materials. The
excellent OA adsorption by N, S-GQDs@ZIF-8@MIP illustrated that the introduction of
high-surface-area ZIF-8 indeed improved the adsorption competence of the sensor.

3.4. Establishment of Fluorescence Sensing Detection for OA

To evaluate the dose-response curves of the prepared fluorescent materials for OA, N,
S-GQDs@ZIF-8@MIP and N, S-GQDs@ZIF-8@NIP were dispersed in OA ethanol solution
with various concentrations from 0.1 to 10 mg L~!. The fluorescence intensity of the
polymers gradually increased with an increase in the concentration of OA, and the results
are shown in Figure 4. Compared to N, S-GQDs@ZIF-8@NIP, N, S-GQDs@ZIF-8@MIP
produced a greater enhancement effect at the same OA concentration. The relationship
between the fluorescence response of the sensor and the concentration of the OA conformed
to the following equation [36]:

F/Fo= 1+ KSV CQA

where Fj and F are the fluorescence intensity in the absence and presence of OA, respec-
tively; Ksy represents the constant; and Cpy4 is the concentration of OA. Herein, the imprint-

ing factor IF (Ksy, N, s-copsazir-semip/Ksv, N, s-copsezir-senip) was used as an important
indicator for evaluating the binding ability of the N, S-GQDs@ZIF-8@MIP sensor.

(a) 11,000 (b) 11,000

10,000 |- 10,000 |
9000

10mg/L 9000 |- 10mg/L
8000

0.1mg/L

FL.intensity (a.u.)

4000

! PRI RS TS BT S ol t v v vy, ———
500 550 600 650 700 500 550 600 650 700
‘Wavelength (nm) Wavelength(nm)

Concentration (mg/L) Concentration(mg/L)

Figure 4. Fluorescence emission spectra of N, S-GQDs@ZIF-8@MIP (a) and N, S-GQDs@ZIF-8@NIP
(b) under the different OA concentrations, the linear section of N, S-GQDs@ZIF-8@MIP (c) and N,
S-GQDs@ZIF-8@NIP (d).
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As expected, the fluorescence response sharply increased along with an increase in
OA concentration (0.1-10 mg L), which can be seen in Figure 4a. The corresponding
equation with a good linear relationship of F/Fy = 0.039 Cpa + 0.9984 was obtained for N,
S-GQDs@ZIF-8@MIP with correlation coefficients of 0.9933. The limit of detection (LOD)
was determined to be 0.062 mg L1, and was calculated following the standard 3o criteria
(30/S) [37]. As shown in Figure 4b, the corresponding standard linear equation of N, S-
GQDs@ZIF-8@NIP was F/Fy = 0.02 Cpa + 1.013 with correlation coefficients of 0.983. As
displayed in Figure 4, under identical conditions, the N, S-GQDs@ZIF-8@MIP exhibited
greater fluorescence enhancement than N, S-GQDs@ZIF-8@NIP due to the absence of OA-
imprinted cavities in N, S-GQDs@ZIF-8@NIP. Under optimal conditions, the calculated IF
was 1.95, which indicated that the constructed N, S-GQDs@ZIF-8@MIP had an excellent
affinity for OA.

3.5. Selectivity of N, S-GQDs@ZIF-8@MIP

To investigate the selectivity of N, S-GQDs@ZIF-8@MIP(MIP) towards OA, a series of
experiments was carried out using L-Try, L-Tyr, L-His, and DA as the structural analogues
of OA. The structures of the analogues and OA are provided in Figure 5a. Additionally, the
fluorescence responses (F/Fg) of MIP and N, S-GQDs@ZIF-8@NIP(NIP) to OA, L-Try, L-Tyr,
and L-His are presented in Figure 5b. MIP clearly had higher adsorption capabilities for
OA in the selectivity experiments and displayed little sensitivity to non-template molecules
(L-Try, L-Tyr, L-His, and DA). The fluorescence response of NIP to OA was as weak as that
of other structural analogues (L-Try, L-Tyr, L-His, and DA) because of the lack of specific
imprinting sites.

FIF,

OA L-Tyr L-Try L-His DA

@ "

FiFg

& 3 ¥ v A SR, S £ U 4
FE I B & FFT ng ,—?fi

o o g S

F & F &

Figure 5. (a) The structure of OA, L-Try, L-Tyr, L-His, and DA. (b) Changes in the fluorescence
intensity of N, S-GQDs@ZIF-8@MIP and N, S-GQDs@ZIF-8@NIP in response to OA and responses to
the other analogs. (c) The effect of analogues on the binding of OA to the N, S-GQDs@ZIF-8@MIP
and N, S-GQDs@ZIF-8@NIP. Influence of common coexisting ions (d) and other molecules (e) on the
increasing fluorescence efficiency of N, S-GQDs@ZIF-8@MIP in the presence of OA.
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Competitive adsorption experiments were also conducted by adding different struc-
tural analogues (L-Try, L-Tyr, L-His, and DA) into the solution containing OA. The fluo-
rescence responses (F/Fy) of MIP and NIP were enhanced with almost the same efficiency
(Figure 5c). The above results confirmed that MIP had excellent selectivity towards OA. On
the basis of these observations, we can draw the following conclusion: MIP with imprinted
cavities has a stronger affinity for OA.

Furthermore, some substances introduced by the sample pretreatments, including
common metal ions (Na*, K*, Mg2+, Fe?*, and Zn?*), amino acids (D-Try, L-Arg, L-Met,
and L-Cys), and sugars (glucose and sucrose), may have affected the accuracy of the
experimental results. Based on the presence of these interfering substances, an experiment
was designed to confirm the specificity of the synthesized sensor in complex environments.
We determined that even at concentrations up to 1 g L™! (250-fold that of OA), these
substances caused only a slight fluorescence change of MIP (Figure 5d,e).

These experiments confirmed that the obtained sensor has high sensitivity and ex-
cellent anti-interference capability for the recognition of OA. Thus, we conclude that
the constructed MIP was a well-fluorescent material that can effectively detect OA in
fermented samples.

3.6. OA Detection in Real Samples

To further evaluate the accuracy and applicability of the constructed N, S-GQDs@ZIF-
8@MIP, a comparison between the constructed fluorescence-sensing method and classical
detection method (HPLC-UV) was carried out. In this work, the actual samples were
white vinegar and spirits. Since OA was not found in the two blank samples using the
FL and HPLC methods, the recovery experiments were performed by spiking different
concentrations of OA (1, 5, and 9 mg L™1), and three parallel groups were set for the
determination of each concentration of each sample. As outlined in Table 1, the relative
recovery ratio and the relative standard deviation (RSD) of the sample solutions were
determined under the condition that the same concentration was repeated three times,
which was calculated from the following equation: relative recovery (%) = (Cg — Cs/Cap)
x 100, where Cr is the total OA found in a spiked sample, Cg is the OA in the original
sample and Cj is the standard OA spiked in sample. In real sample detection, the FL
method recoveries of OA were between 80.24% and 98.11%, and the RSD was in the
range of 2.7-5.2. In addition, the HPLC method was used to verify the reliability of the
developed FL test results, and the recoveries ranged from 80.38% to 87.17%, while RSD
was in the range of 1.22-4.93. The results displayed that there was no significant difference
(p value = 0.96 > 0.05) between this method and HPLC. By comparing the detection results
under FL with those of HPLC, we determined that the N, S-GQDs@ZIF-8@MIP-based
sensor can supply a well-pleasing platform for determination of OA in samples.

Table 1. The determination of OA-containing samples via the proposed N, S-GQDs@ZIF-8@MIP and
HPLC-UV.

N, S-GQDs@ZIF-8@MIP HPLC-UV
Added Found R % Found R %
sam les oun ecovery () 00 oun ecovery () 00
P (mg L) (mg L-1) (Mean + SD) {;SPS/) (mgL-1) (Mean + SD) ﬁlsP;)
(n=3) n=3) - n=3) (n=3) -
0.00 ND @ - - ND @ - -
white vinegar 1.00 0.87 86.86 + 2.31 2.66 0.80 80.38 + 3.96 493
8 5.00 4.68 93.58 + 1.64 1.75 4.30 85.90 4 1.04 1.22
9.00 8.00 88.92 4+ 2.46 2.77 7.27 80.75 4 2.60 3.23
0.00 ND 2 - - ND 2 - -
. 1.00 0.91 91.08 + 1.68 1.84 0.84 84.48 4+ 2.24 2.65
wine 5.00 4.54 90.90 + 4.13 4.54 436 87.17 4+ 1.81 2.09
9.00 8.29 92.07 + 2.66 2.89 7.41 8231 4 2.36 2.87

2 Not Detectable.
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3.7. Method Performance Comparison

The performance of N, S-GQDs@ZIF-8@MIP-based fluorescence-sensing method was
compared with the previous reported approaches for OA detection in Table 2. Apparently,
the FL method constructed in this work displayed a lower detection limit, good precision
(RSD) and linear range. The excellent performance of N, S-GQDs@ZIF-8@MIP-based
sensing system benefited from the following aspects. Firstly, N, S-GQDs@ZIF-8 with
extremely bright green light and large surface area was introduced as supporter, which can
not only evidently improve the sensitivity of the sensor, but also reduced the aggregation
quenching of N, S-GQDs. Secondly, the modification of the imprinting layer further
enhanced the accuracy of the sensor in identifying target molecules, which was beneficial
to avoiding tedious sample pre-processing and shortening analysis time. In summary,
apart from the distinct advantages of specific recognition sites, the presented method
was also simple in operation, rapid in response and cost-effective. Thence, the developed
fluorescence imprinting sensor was more suitable and promising for the specific recognition
and quantitative detection of trace OA in the fermented environment.

Table 2. Comparison of the proposed method with other methods reported in the literature.

LOD Linear Range Recovery o, I
Methods Detector (mg L) (mg L) (%) RSD (%) Advantages Limitations Reference
. octopamine 0.0153-6.12 98.5-104.7 . The scope of use
Electrochemical tyramine 0.153 0.041 0.013-0.034 102.2-103.1 5.9-6.15.6-6.4 fast sensitive is limited [5]
ELISA octopamine 0.59 2.259-15.3 96.2-106.4 - high Low sensitivity [6]
reproducibility and specificity
. L Low accuracy,
FsCv octopamine 0.336 - - - sensitive easily disturbed [7]
HPLC synephrine 4330000 02-1202-12  98.2-1015 15-25 wide range of Costly, complex 8]
octopamine applications preprocessing
Fluorescence simple UCNP synthesis
(UCNPs@ZIF- octopamine 0.081 0.1-10 81.75-90.63 2.56-5.13 ple conditions were [28]
$@MIP) preprocessing complex
Fluorescence fast, sensitive,
(N,S-GQDs@ZIF- octopamine 0.062 0.1-10 86.86-93.58 1.75-4.54 high detection This work
8@MIP) limits

4. Conclusions

In this paper, an efficient one-pot strategy was proposed to construct a novel N, S-
GQDs@ZIF-8@MIP sensor that can achieve OA detection through photo-induced electron
transfer. Through the introduction of N, S-GQDs with unique fluorescence properties,
the obtained N, S-GQDs@ZIF-8@MIP presented a more significant fluorescence response
to trace OA. The modification of molecular imprinting with the special recognition sites
gave the sensor good selectivity. Meanwhile, the use of ZIF-8 with a high specific surface
area improved the mass transfer rate of the N, S-GQDs@ZIF-8@MIP. The synthesized N,
S-GQDs@ZIF-8@MIP sensor has the merits of favorable selectivity and higher sensitivity.
More importantly, N, S-GQDs@ZIF-8@MIP was successfully applied to the detection of
OA in real samples. Therefore, N, S-GQDs@ZIF-8@MIP has a promising prospect for OA
detection in fermented foods.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/foods11091348 /51, Figure S1: The high-angle annular dark-field (HAADF) image of N, S-
GQDs@ZIF-8, and corresponding element mappings of C (B), N (C), O (D), S (E), and Zn (F); Figure S2:
Fluorescence emission decay curves of N, S-GQDs@ZIF-8@MIP alone and N, S-GQDs@ZIF-8@MIP
with 40 mg mL ! concentrations of OA under excitation at 460 nm. The concentration of the N,
S-GQDs@ZIF-8@MIP was 2 mg mL~!, Figure S3: The stability of N, S-GQDs@ZIF-8@MIP from 0 to
720 min at room temperature; Table S1: Optimization of addition ratio; Table S2: Optimization of
ZIF-8; Table S3: Optimization of N, S-GQDs dosage.
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