Journal of the Iranian Chemical Society (2023) 20:485-494
https://doi.org/10.1007/513738-022-02684-8

ORIGINAL PAPER q

Check for
updates

Development of a fluorescence sensing assay based on N-S-doped
carbon dots and molecularly imprinted polymer for selective
and sensitive detection of florfenicol in milk

Moslem Jahani'® . Javad Feizy?

Received: 22 February 2022 / Accepted: 19 October 2022 / Published online: 3 November 2022
© Iranian Chemical Society 2022

Abstract

Antibiotic residues can cause serious health risks by contaminating products for human consumption, such as meat and
milk. The present study developed a reliable and sensitive method based on spectrofluorometric detections to determine
Florfenicol (FF) residues in milk samples. N-S co-doped carbon dots (CDs) were synthesized through a fast and straight-
forward microwave-assisted method with tri-ammonium citrate as precursor and thiourea as the sulfur source. The syn-
thesis was performed under microwave irradiation at 400 W for 2.5 min. The CDs were incorporated into a molecularly
imprinted polymer (MIP) prepared with (3-aminopropyl)triethoxysilane and tetracthoxysilane as the monomer and cross-
linker, respectively. The CDs@MIP composite demonstrated excellent fluorescence stability with specific binding sites,
which selectively accumulated FF as the target analyte and was used as a selective sensor for the fluorometric determination
of FF. The photoluminescence intensity of the CDs@MIP composite was quenched in the presence of FF but not with other
drugs or substances. This fact indicates the selective behavior of the new material toward FF as the template. Under optimal
conditions, the relative fluorescence intensity of MIP-coated CDs decreased linearly with increasing the concentration of
FF from 3.00 umol L™ to 1.50x 10% umol L™, and its detection limit was 1.11 umol L™'. The new sensor was evaluated
for FF detection in spiked milk samples and showed recoveries of 90.86-97.71%. The method proposed the advantages of
simplicity, sensitivity, selectivity, and low cost.
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EDX Energy-dispersive X-ray PL Photoluminescence

ELISA  Enzyme-linked immunosorbent assay QDs Quantum dots

EtOH Ethanol TAC Tri-ammonium citrate

FF Florfenicol TEOS Tetraethoxysilane

HOAc  Acetic acid TAP Thiamphenicol

HPLC  High performance liquid chromatography
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The widespread use of antibiotics in food-producing animals
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Amphenicols are low-cost and readily available antibiot-
ics with widespread antimicrobial activity. Florfenicol (FF)
was specially developed for veterinary medicine. The lipo-
philicity of FF promotes its tissue penetration and improves
activity against bovine respiratory pathogens. Chloramphen-
icol (CAP), with analogous action to FF, was extensively
used in human medicine but entirely replaced with FF. Due
to the reported risk of human aplastic anemia for CAP, some
countries approved FF and thiamphenicol (TAP) as alterna-
tives in food-producing animals [2, 3].

Contamination of food products with amphenicols was
reported in different considerations. In a case study in Iran,
FF residue in the range of 0.4-3.6 pg g~' was detected in
rainbow trout muscles. In 12.5% of the examined samples,
concentrations higher than 100 pg kg™ (recommended
maximum residual level, MRL, by the European Medicines
Agency) were identified [4]. In another study, 67.0% of
broiler meat and liver samples were contaminated with FF
residues higher than regulated MRLs (100 and 2500 pg kg™,
respectively) [5]. Similarly, residues of FF higher than
MRLs (100 pg kg™!) were detected in the liver, kidney, and
fat (170, 790, and 120 ug kg™!, respectively) of the treated
pigs [6]. The results also confirmed the insignificant degra-
dations of antibiotics in temperatures achieved during the
usual cooking. However, microwave heating of amphenicols
in water (at least 5.0 min) showed a decline compatible with
boiling in a water bath for 30.0-60.0 min [3].

Amphenicols can diffuse into human cells and interfere
with the synthesis of proteins. So, rapid and reliable methods
are necessary to quantify their residues in foodstuffs. Vari-
ous analytical methods are developed for the detection of
this family of antibiotics like enzyme-linked immunosorbent
assay (ELISA) [7], electrochemical sensors [1], capillary
electrophoresis (CE) [3], and gas-chromatography [8]. High-
performance liquid chromatography (HPLC) and LC tandem
mass spectrometry (LC-MS) showed high sensitivity and
identification ability [2, 4]. Still, they required complicated
operation procedures, expert technical skills, and large vol-
umes of toxic organic solvents.

Fluorescent detections are widely accepted in analytical
applications owing to operational convenience, low cost,
real-time detection, and high sensitivity [9, 10]. Carbon
quantum dots (CDs) are an attractive class of nano-carbons
with photoluminescence characteristics relevant to the par-
ticle size and excitation wavelength. They have carboxylic
acid groups at the surface that are suitable for subsequent
functionalization and induce excellent water solubility [11,
12]. The unique characteristics of CDs make them ideal can-
didates for novel fluorescent sensors compared to organic
dyes and metal-based quantum dots (QDs). Different synthe-
sis strategies of carbon dots are classified into two main cat-
egories. In top-down methods, CDs are broken from a start-
ing carbon structure that usually involves complex processes
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or needs expensive materials and harsh conditions. In the
bottom-up techniques, CDs are produced from a molecular
precursor. Pyrolysis of a carbon source through microwave
irradiation is a simple, rapid, and flexible bottom-up syn-
thesis method [13].

Poor selectivity is usually associated with CDs-based
sensors, and the development of more selective probes is
desirable. Molecular imprinting is a particular technology
to prepare compound-selective (or class-selective) materi-
als. After the analyte (template molecule) and functional
monomer reaction in the pre-polymerization mixture,
polymerization occurs in the presence of a cross-linker [14,
15]. In molecularly imprinted polymers (MIPs), selectivity
is related to the recognition cavities generated in the poly-
meric structure, complementary to the analyte in shape,
size, and chemical functionality. Modifying CDs with MIPs
can improve selectivity toward a specific molecule and its
structurally related substances [16, 17]. Its advantage is inte-
grating the selective adsorption property of MIPs with the
sensitivity of fluorescence detection of CDs.

The present study aimed to prepare a novel MIP-CDs
composite for selective recognition and fluorescent detec-
tion of FF. CDs were synthesized by the microwave-assisted
method, and the imprinted layer was fabricated through
simple sol-gel hydrolysis and condensation reaction. The
prepared composite exhibited good selectivity and more
accessible locations for the adsorption of FF than the non-
imprinted polymer-coated CDs. The fluorescence probes
based on MIP-modified CDs allowed rapid and un-expensive
screening.

Materials and methods
Instrumentation

Fluorescence determinations were performed with Cary
Eclipse Fluorescence Spectrophotometer (Agilent, USA)
equipped with a Xenon lamp and 10.0 mm quartz cell.
Ultraviolet—visible spectra (200-800 nm) were recorded on
a 2501 PC UV-Vis spectrophotometer (Shimadzu, Japan).
Fourier transform infrared (FT-IR) spectroscopic measure-
ments (4000400 cm™") were performed on a Shimadzu
8400-IR spectrometer. The morphology and microstructure
of composites were analyzed by a scanning electron micro-
scope (SEM model Stereoscan 360, Cambridge Scientific
Instrument Company, Britain) equipped with energy-disper-
sive X-ray chemical analysis (EDX).

Chemicals and reagents

Florfenicol was donated by the TEMAD pharmaceutical
company in Mashhad, Iran. Chloramphenicol, tri-ammonium
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citrate (TAC), thiourea, dipotassium hydrogen phosphate
(K,HPO,), (3-aminopropyl)triethoxysilane (APTES), and
tetraethoxysilane (TEOS) were purchased from Sigma (Mis-
souri, USA). Ethanol (EtOH), methanol (MeOH), acetic
acid (HOAc), ammonium hydroxide (NH,OH), trichloro-
acetic acid, and other chemicals were obtained from Merck
(Darmstadt, Germany). Analytical grade reagents and sol-
vents were used as received without any further purification.
Ultrapure water (resistivity of 18.2 MQ cm™") was obtained
from an Aqua Max ultrapure water system (Young Lin,
Korea).

Synthesis of N-S-doped carbon dots

The CDs were synthesized according to earlier work [18]
with a slight modification. Briefly, tri-ammonium citrate
(1.00 g), thiourea (0.10 g), and dipotassium hydrogen phos-
phate (0.20 g) were dissolved in 2.5 mL ultrapure water. The
solution was sonicated for two minutes and then heated in
a microwave oven (Panasonic, NN-GD371) at 400 W and
2.5 min. The crude product was cooled to room temperature
(23.0-25.0 °C) and then washed with anhydrous ethanol (5
times). Finally, the as-synthesized CDs were separated and
redispersed in 30.0 mL of EtOH.

Synthesis of MIP-coated carbon dots

The CDs were coated with a MIP layer by a typical sol-gel
polymerization [19]. At first, FF (40.0 mg) was dissolved
in ethanol (5.0 mL) and mixed with APTES (0.1 mL). The
mixture was stirred at room temperature for two hours. Then,
CDs solution (5.0 mL), TEOS (0.5 mL), and ammonium
hydroxide solution (2.5 mL, 5.0%v/v) were added. The
resulting mixture was stirred for the next 12 h at 60.0 °C.
After cooling to room temperature, the product (CDs@
MIP) was collected and subjected to ultrasound-assisted
solvent extraction with acidified methanol (MeOH-HOALC,
10.0%v/v). The particles were rinsed with ultrapure water
and dried at 60.0 °C overnight, and the final product was
kept at 4.0 °C until further use. A non-imprinted composite
(CDs@NIP) was also synthesized in the same procedure
without the template addition.

Fluorescence measurements

To a series of calibrated tubes, 0.5 mL of CDs@MIP or
CDs@NIP suspension (4.0 g L™") was mixed with differ-
ent amounts of FF standard solution. The mixtures were
diluted to 5.0 mL and ultrasonicated for 5 min before
photoluminescence (PL) measurement. PL measurements
were performed using an excitation wavelength of 340 nm
(slit width of 10 nm) and recording an emission range of
300-800 nm (maximum fluorescence emission at 440 nm).

All the measurements were carried out at room temperature
(23.0-25.0 °C) and with three replicates. The fluorescence
intensity was reduced gradually by raising the concentra-
tion of FF, and the variations were plotted based on the
Stern—Volmer analysis (Eq. 1).

F
70 =1 + Kgy | Crg] 1)

where Ky is the Stern—Volmer constant, [Cgg] is the con-
centration of FF as the quencher, and F; and F are the flu-
orescence intensity of CDs@MIP (or CDs@NIP) in the
absence and presence of FF, respectively [20].

Pretreatment of milk samples

Milk samples were purchased from local markets in Mash-
had and kept under refrigeration until use. The proteins were
precipitated by the addition of trichloroacetic acid (1.0%v/v).
The resulting mixture was sonicated for 15.0 min and then
centrifuged at 9100 x g for 10 min. The clear supernatant
was filtered (0.22 pm Millipore membrane filter), and the
filtrate was stored at 4.0 °C [21].

HPLC analysis

The chromatographic analysis of FF in milk samples was
carried out with a Waters HPLC system (Waters, USA)
equipped with a binary HPLC pump (Waters 1525) and a
manual sample injector with a 20 pL loop. The chromato-
graphic separations were performed on a C18 (150 4.6 mm,
5 pm particle size) column for 15 min at 25 °C (column
temperature) with a linear isocratic elution using a solvent
system of water: acetonitrile (75:25 v/v) and a flow rate of
1 mL min~!. Detection was done with the UV—Vis detector
(Waters 2489) set at 223 nm [22]. The experimental data
from the CDs@MIP sensor and HPLC were evaluated by
one-way analysis of variance (ANOVA), and averages of
each method were compared using Duncan's test. Statistical
analysis was done at 95% confidence level (p <0.05), and all
tests were repeated three times.

Results and discussion
Microwave-assisted synthesis of carbon dots

Different strategies have been practiced to improve the PL
characteristics of CDs, involving multi-step synthesis, sepa-
ration, and treatments with strong acids. Therefore, an effi-
cient and easy procedure to prepare unmodified CDs without
further modifications is challenging [23]. In this study, fluo-
rescent N—S-doped CDs were synthesized through fast and
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straightforward microwave pyrolysis. Microwave irradiation
provides intensive, homogeneous, and efficient energy trans-
fer and shortly reaches elevated temperatures. Microwave
heating initiates thermal carbonization and the formation
of carbon nuclei which subsequently grow into larger par-
ticles [24]. Increasing the irradiation time would result in
excessive carbonization and the formation of non-fluorescent
structures [18, 25]. A transparent solution containing TAC,
thiourea, and K,HPO, was heated in a microwave oven for
2.5 min. The solvent was evaporated quickly, and a yellow
and friable substance formed.

Organic molecules containing hydroxyl groups, such as
citric acid [23], dextrin [26], and glycerol [25], are com-
monly used in the microwave synthesis of CDs because they
undergo easier carbonization. Phosphate salt increases the
ionic conductivity of the solution, generates higher tem-
peratures, and accelerates the reaction [18]. Also, it was
observed that the phosphate salt catalyzes the carbon dots
formation and affects the formation rate and quantum yield
without a significant effect on the photoluminescence char-
acteristic of CDs [25].

Starting materials with amino and carboxyl groups are
superior to synthesis CDs with excellent PL characteristics
and water solubility. The fluorescence of CDs originated
from the quantum confinement of conjugated n-electrons in
the SP2 carbon network, and heteroatom doping provides
the possibility to modify the PL properties of CDs in differ-
ent aspects. Doping with nitrogen is the most studied way
to modify the PL characteristics of CDs. The nitrogen atom
has a comparable atomic side with five valence electrons
for bonding with carbon atoms. But, sulfur atoms are larger
than carbon and with a slight difference in electronegativ-
ity. So, the significant charge transfer in carbon and sulfur
seems scarcely possible, and the chemical doping of sul-
fur into CDs would appear to be rather challenging [27]. In
this study, N-S-doped CDs were synthesized from TAC as
the precursor and thiourea as the sulfur source. The sol-gel
reaction was employed as the most common pathway to inte-
grate nanoparticles into an imprinted layer. It is a suitable
strategy to protect CDs with a transparent silica matrix and
create recognition sites that support further interactions with
the analyte [28].

Characterization of carbon dots and CDs@MIP
Optical properties

The CDs were synthesized at different radiation powers (and
times), and the resulting particles were compared for PL
characteristics. The prepared CDs were water-soluble and

showed absorption peaks at 240 and 335 nm (Fig. 1a), not
observed in TAC and thiourea as the starting materials. The
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peak at about 335 nm is attributed to the n-* transition from
the surface state region [29].

The corresponding N-S-doped CDs showed a sharp emis-
sion peak centered at 450 nm, with a nearly constant PL
intensity when excitation was carried out in the range of
350-370 nm (Fig. 1b). Since tri-ammonium citrate, thiourea,
and phosphate are not luminescent, the results confirm the
formation of carbon dots. As presented in Fig. 1b, higher
PL intensity was observed for N-S-doped CDs synthesized
at 400 W, and the prepared CDs showed a bright blue fluo-
rescence when exposed to 360 nm UV light that was seen
with the naked eye. The higher irradiation power (or increas-
ing the irradiation time) leads the product to change to a
dark brown and black powder with weak PL characteristics
(Supporting information Fig. S1). When the wavelength of
the excitation light gradually increased from 300 to 400 nm,
the emission peak position of CDs also showed a red shift
accompanied by variations in the PL intensity (Supporting
information Fig. S2). It indicates the presence of emissive
particles of different sizes and the distribution of emissive
trap sites on each CD [30].

The prepared CDs@MIP and CDs@NIP composites
showed fluorescence emission at 435-445 nm when excited
at 340 nm. The typical UV-Vis absorption spectrum of
CDs@MIP showed a characteristic absorption peak around
250-300 nm (Supporting information Fig. S3), correspond-
ing to the aromatic & system of CDs [31]. The results sug-
gested silica coating is optically transparent, without unfa-
vorable effect on the PL properties of CDs.

FT-IR spectra, SEM images, and elemental analysis

In the FT-IR spectra of N-S-doped CDs, the broad absorp-
tion band between 3500 and 3100 cm™' belongs to ~OH
and —NH stretching vibrations, and the absorption band at
1710 cm™! belongs to C=0 vibration (Fig. 2d). The absorp-
tion bands at 3080 and 2982 cm™! are assigned to —-CH
stretching vibrations, and peaks at 2750 and 1584 cm™!
are dedicated to —SH stretching and —-NH, bendings,
respectively. The C-O stretching vibration was observed
at 1200 cm™! [18, 23]. The C-S bending is also observed
at 630 cm™ . Different features of FT-IR spectra for TAC
and TAC-CDs indicate complete carbonization during
microwave heating. These FT-IR assignments were further
verified by EDX analysis. The results showed an elemental
composition of 59.57, 13.99, 24.30, and 2.13%wt of C, N,
O, and S.

The CDs@MIP and CDs@NIP composites showed
similar characteristics in IR spectra that indicate their
analogous structure and successful removal of FF from
the imprinted cavities of MIP (Fig. 2a and b). The C-H
stretching vibrations are observed in 2980 cm~! [19]. The
bands at 1070 and 1115 cm™" are attributed to the Si-O-C
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and Si—O-Si asymmetric stretching vibrations, respec-
tively. The absorption bands at 800 and 460 cm™' were
also assigned to the Si—O vibrations. The N-H stretching
vibrations are seen at 3400 and 1565 cm™! and suggest the
aminopropyl groups successfully grafted onto the surface
of CDs. The composites also showed absorption bands at
1710 and 1410 cm™! that do not appear in the pure silica
(Fig. 2¢) and can be attributed to the presence of CDs.
This confirms that the imprinted silicate layer has been
successfully grafted on the surface of N—S-doped CDs.
The surface morphology of CDs@MIP and CDs@NIP
was characterized by SEM images (Supporting informa-
tion Fig. S4). The composites showed smooth and spher-
ical-shaped particles with a relatively narrow distribution
between 60 and 90 nm.

Wavelenght (nm)

The prepared CDs@MIP and CDs@NIP composites
showed a transparent blue fluorescence under a 360 nm
UV light that could be observed by the naked eye (Sup-
porting information Fig. S5). Further investigations
showed excellent photostability of N-S-doped CDs in
consecutive determinations in a day with RSD values of
0.17-0.52%. The initial PL intensity showed a reduction
0f 9.5% in 8 weeks of storage. For an ethanol solution of
CDs@MIP and CDs@NIP (0.40 g L™!), no significant
changes in fluorescent intensity and peak characteristics
were observed within 20.0 min. The product is stable over
two weeks when stored at 4.0 °C as a solid powder.
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Fig.2 FT-IR spectra of a CDs@NIP, b CDs@MIP, ¢ synthesized
silica without the addition of CDs, and d N-S-doped CDs

Chemical sensing of florfenicol with CDs@MIP
The effect of pH and concentration of modified-CDs

The influence of pH on the fluorescence intensity of CDs@
MIP and CDs@NIP composites was studied in solutions
adjusted in the pH range of 2.0-10.0. The PL intensity was
relatively stable in the 6.0-8.0 intervals but considerably
decreased in highly acidic and basic media [32]. In high
pH values, the hydroxyl groups could nucleophilically
attack the surface of CDs@MIP (or CDs@NIP) and create
surface defects that lead decrease in the PL intensity [19].

The amount of CDs@MIP can influence the fluores-
cence intensity and the assay sensitivity. Sensitivity was
significantly reduced at concentrations of more than
0.6 g L™! (Fig. 3a). It is mainly due to the aggregation of
particles and the self-quenching of fluorescence intensity.
At lower concentrations, the insufficient active sites on the
nanoparticles prevent the complete adsorption of analytes,
a narrow linear range, and low intensity. Similar consid-
erations were also conducted in other solvents (EtOH and
MeOH), and the results confirmed maximum PL inten-
sities achieved in the concentrations of 0.3-0.6 g L™!
of CDs@MIP and CDs@NIP composites. Accordingly,
0.4 g L™! was selected as the optimum value for future
investigations.
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Fig.3 a Variation of fluorescence intensity of CDs@MIP and CDs@
NIP at different concentrations and b effect of rebinding solvent on
the fluorescence quenching of CDs@MIP (0.4 g L™")

Rebinding solvent and mixing time

Usually, solvent properties influence photoluminescence
intensity and the binding of the analyte to the imprinted
cavities. Therefore, CDs@MIP or CDs@NIP composite
was dispersed in three different solvents, and variations
in the PL intensity were determined in the presence of
FF. The analyte caused a fluorescence quenching, and the
maximum differences occurred in EtOH (Fig. 3b). So,
ethanol was selected for further studies. The effect of mix-
ing time on the fluorescence quenching of CDs@MIP and
CDs@NIP was also studied. The results showed a gradual
decrease in PL intensity (or increase in AF) with the exten-
sion of the mixing time until 8.0 min, which remained
nearly constant within 15.0 min (Fig. 4a). It is believed
that the fluorescence properties of CDs@MIP (and CDs@
NIP) arise from the radiative recombination of elec-
tron—hole pairs at the surface of the composite material. In
the presence of FF, the functional groups of the template
can bind to APTES amino groups, mainly by hydrogen
bonding. The new interactions generated at the surface can
lead to quenching the intrinsic fluorescence [20].
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Analytical performance and method validation

Under optimized conditions, the as-synthesized CDs @MIP
(and CDs@NIP) were directly employed as a fluorescence
probe to detect FF. The addition of analyte caused fluores-
cence quenching of the CDs@MIP (Fig. 4b), and complete
quenching was observed with 2.00 x 10> umol L~! of FF.

As previously mentioned, the fluorescence quenching
can be described by the Stern—Volmer equation. A good
linear relationship of (F/F) against the concentration of
FF was observed in the range of 3.00-1.50x 10 ypmol L™!
(Fig. 5), with a correlation coefficient of 0.998 and
Stern—Volmer constant of 0.074 for CDs @MIP. For CDs@
NIP, the Stern—Volmer plot showed a linear portion in the
1.50 x 10'-1.50x 10% pmol L~! with a correlation coeffi-
cient of 0.995 and Stern—Volmer constant of 0.031. These
differences revealed that imprinted cavities at CDs @ MIP
gave more chance to bind FF. The LOD and LOQ values of
1.11 and 3.69 pmol L~! were obtained for FF based on 3c/k
(and 1006/Kk) criteria which o is the standard deviation of
blank measurements (%RSD =2.78, n=7) and k is the slope
of the calibration curve. The %RSD values of 4.8 and 2.5
were obtained for three replicate detections of 2.00x 10! and
4.00x 10" pmol L' FF concentrations, respectively.

The analytical performances of the suggested method
were compared with some other studies described in the lit-
erature. The new sensor showed excellent linearity and low
detection limit with satisfying precision and accuracy com-
parable to or better than other studies (Table 1). On the other
hand, the new PL sensor demonstrates the advantages of
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Fig.5 Linear calibration curves in the determination of FF by the CDs@MIP and CDs @NIP composites
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Table 1 Comparison of the proposed fluorescence probe with some chromatographic methods and electrochemical/optical sensors reported for

the determination of FF

Method* Sample Linear range LOD %RSD %Recovery Ref.
HPLC-Fluorescence Eggs 0.01-10 pg/mL 1.5 pg/kg 6.7 87-92 [31]
UPLC-MS/MS Fish 125-1250 ng/g 6.0 ng/g - 74-79 [33]
CV- modified GCE Meat 100-1000 pmol/L 40 pmol/L - 90-112 [34]
EIS-modified GCE Milk 0.05-8.0 umol/L 0.001 pmol/L 3.0 94-102 [35]
SERS-paper sensor - 0.001-1000 pmol/L 2.2x10™* pmol/L - 97-101 [36]
ZnS:Mn@MIP-PL sensor Meat 30-700 umol/L 24 pmol/L 34 93-98 [19]
CDs@MIP-PL sensor Milk 3.0-150 pmol/L 1.11 pmol/L 4.8 90-95 This work

*CV Cyclic voltammetry, GCE Glassy carbon electrode, ESI Electrochemical impedance spectroscopy, SERS Surface-enhanced Raman spectros-

copy

Table 2 Tolerance limits of some potentially interfering species in
the determination of 50 umol L~! of FF

Coexisting species (X) The tolerable concentration ratio

(Cx/Crp)

CDs@MIP CDs@NIP
Nat, Kt 5 3
Ca®* 4 2
Mg>* 3 1
Cu?* 2 2
Zn*t, Fe’* 3 2
Fructose, Glucose 5 2
Erythromycin 4 3
Methionine 5 3
Arginine, Cysteine 3 1
CAP 2 1

simplicity and low-cost than complicated chromatographic
methods. Moreover, our probe does not contain heavy metal
ions and exhibits less toxicity and is eco-friendly with a
time-saving and straightforward synthesis process.

Selectivity

To evaluate the ability of the proposed sensor to analyze
FF in real samples, the effect of some potentially interfer-
ing species was investigated. In this regard, the variation
of PL intensity of CDs@MIP was determined in a solution
containing FF and an interfering compound. The tolerance
limit was defined as the concentration of the added spe-
cies making a relative error of < 10%. The results (Table 2)
showed the most studied species have a slight or negligible
quenching effect. This result suggests that the prepared com-
posite has high selectivity toward FF over other chemicals.
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The selectivity tests were also carried out for the CDs@
NIP composite, but the results showed low selectivity of the
CDs@NIP versus CDs@MIP.

Analytical applications

The prepared sensor was applied to detect FF in tap water
and milk samples by the standard addition method. The
recovery studies were carried out by spiking samples with
FF in the three different concentrations and showed recover-
ies in the range of 90.86% to 97.71%. The FF concentration
in spiked samples was analyzed by HPLC. As presented in
Table 3, the results showed a good correlation between the
two methods which confirms the ability of the proposed
method to accurately determine FF in real samples.

Conclusion

In this study, fluorescent N—S-doped CDs were prepared
through a rapid and straightforward method. The starting
mixture was exposed to microwave radiation (2.5 min at
400 W), and the resulting CDs showed blue luminescence
without needing any surface passivation. The synthesized
N-S-doped CDs were incorporated into an imprinted silica
layer. The PL intensity of CDs@MIP showed significant
quenching in the presence of the template molecule. The
composite was used as a sensor to analyze FF in water and
milk samples, and satisfactory results were obtained. In this
system, the CDs and FF molecules acted as the electron
acceptor and electron donor, respectively. The synthesis
method and detection process are straightforward, green, and
economical. The sensor integrated the advantages of both
CDs and MIPs. It has simple synthesis, bright fluorescence,
excellent stability, and low cytotoxicity of CDs, along with
the specific recognition ability of MIPs.
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Table 3 Determination of FF

in spiked tap water and milk Sample Added FF (umol L™1) Founded* (umol L™1)
samples by the proposed CDs@MIP sensor HPLC
fluorescence probe (CDs@MIP
sensor) and HPLC analysis Water 1.00x 10" 9.14+0.31 -
2.00% 10! (1.89+0.029) x 10" -
5.00x 10! (4.78£0.095)x 10" -
Full-fat milk 1.00x 10! 8.94+0.29° 9.44+0.19
2.00x 10" (1.85+0.037)x 10'2 (1.90+£0.013)x 10'2
5.00x 10" (4.59+0.068) x 10'* (4.76£0.041)x 10'2
Low-fat milk 3.00% 10! (2.76 £0.145)x 10'2 (2.97+0.083)x 10'2
6.00x 10! (5.89+0.190)x 10'2 (5.93+0.062)x 10'2
9.00x 10" (8.79+0.261)x 10" (8.49+0.038)x 10'2

*Values are mean +SD (n=3); SD standard deviation

Different letters within rows indicate statistically significant differences (p <0.05)
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