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Abstract

A new type of ratiometric molecularly imprinted fluorescence probe (B-CQDs@Eu/MIPs) based on biomass carbon quantum
dots (B-CQDs) and europium ions (Eu®*) has been prepared to recognize and detect tetracycline (TC). In the experiment, the
fluorescent material B-CQDs were prepared using passion fruit peels through microwave-assisted method, which by the mean-
time achieves the reuse of biomass waste. TC can block the transition of some parts of electrons in the prepared B-CQDs from the
excited state to the ground state, resulting in the weakening of its blue light (Ex =394 nm, Em =457 nm), while TC can be
chelated by Eu** and emit red characteristic fluorescence (Ex =394 nm, Em =620 nm) due to the antenna effect. Thus, a
ratiometric fluorescence response to TC is the result of the combined B-CQD and Eu®* . Based on this, we established the
ratiometric fluorescent molecularly imprinted (MIP) probe for the detection of TC. The prepared B-CQDs @Eu/MIPs is aimed at
catching the fluorescence changes of target tetracycline (TC) sensitively with the special combination of the specific recognition
cavities and TC. The linear fluorescence quenching range of TC in milk using the fluorescent probe was 25-2000 nM, and the
detection limit was 7.9 nM. The recoveries of this method for TC were 94.2—103.7%, and the relative standard deviations (RSDs)
were 1.5-5.3%. Owing to the predetermined nature of MIP technology and the special response of ratio fluorescence, the
interference of common substances is eliminated completely, which greatly improved the selectivity of its practical applications.

Keywords Molecular imprinted polymer; Biomass carbon quantum dots - Ratiometric fluorescence probe - Fluorescence
quenching mechanism - Tetracycline

Introduction

TC is a kind of broad-spectrum antibiotic discovered in the 1940s,
which is widely used in a variety of infections caused by rickettsia,
chlamydia, mycoplasma, etc. [1]. TC is also commonly applied to
the animal husbandry due to its good efficacy and low price.
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based zero-dimensional nanomaterial, have been widely syn-
thesized by various approaches, such as one-pot hydrothermal
method, microwave-assisted method, pyrolysis method, and
electrochemical oxidation method [11-13]. CQDs has unique
properties such as stable optical properties, good biocompati-
bility, low toxicity, and easy to functionalization. Therefore,
CQDs have become a promising material in many fields, in-
cluding chemical sensing, bio-imaging, catalysis, and opto-
electronic devices [14—16]. In traditional preparation methods,
citric acid or other chemicals are utilized as the carbon precur-
sor. Recently, easily available biomass waste as the raw ma-
terials for preparing biomass carbon quantum dots (B-CQDs)
has become a new idea. For example, Pooja et al. reported B-
CQDs synthesized by papaya pulp with an excellent fluores-
cence yield of 23.7% [17]. However, the B-CQDs are in poor
selectivity in some chemical sensor applications.

In recent years, as a functional polymer with specific rec-
ognition, molecularly imprinted polymers (MIPs) have been
widely used in various fields [18]. One-pot synthesis MIPs are
considered to be a simple strategy [19, 20]. For example,
Arabi et al. reported a silica-based hydrophilic molecularly
imprinted nanosphere, which was used as a dispersive adsor-
bent in matrix solid dispersion [21]. MIPs have been used to
construct fluorescent sensors due to its high selectivity, which
shows greater affinity for template molecules compared with
various nanomaterials for selective applications. At present,
some studies have reported the combination of fluorescent
probes with MIPs. Kazemifard et al. proposed a method to
prepare a fluorescent receptor using rosemary leaves as a car-
bon source to detect the thiabendazole [22]. In our previous
work, MIPs were introduced into the sensing system based on
mango peel carbon quantum dots, which showed a good re-
sponse to mesotrione [23]. However, the sensitivity of single-
emission fluorescent sensors is easily affected by the factors of
probe concentration and environment impacts. These prob-
lems can be avoided by built-in fluorescence correction of
ratiometric fluorescence sensors.

Ratiometric fluorescent probe is referred as a kind of fluo-
rescent sensor, which is constructed using two or more differ-
ent fluorescent materials, such as fluorescent dyes, rare-earth
luminescent materials, and quantum dots, and thus has two or
more emission wavelengths [24]. So far, fluorescent probes
based on lanthanides (rare-earth luminescent materials) have
received extensive attention owing to their special character-
istics, including good water solubility, large Stoke displace-
ment, and long fluorescence lifetime. For instance, Li et al.
prepared a lanthanide metal organic framework for the
ratiometric fluorescent detection of phosphate [25]. Lei et al.
constructed a proportional fluorescence sensor using Eu’*/
Tb>*-doped nickel coordination polymer for the detection of
2,6-dipicolinic acid [26]. Therefore, it can be expected that the
fluorescent properties of lanthanide could be utilized in
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combination with B-CQDs to develop a kind of ratiometric
fluorescent probes with strong anti-interference capability.

Herein, inspired by the above comments, we aspired to
construct a novel ratiometric fluorescent molecularly
imprinted sensor about tetracycline assay through incorporat-
ing B-CQDs with Eu’* via a simple sol-gel method. The Eu**
ions are commonly used in the doped inorganic luminescent
material to emit red light. B-CQDs and Eu** were doped into
silica networks through a one-pot silylation procedure, which
can keep the sensitivity of ratiometric fluorescence sensor. TC
can suppress the emission of the imprinted cavities surrounded
by B-CQDs, meanwhile enhance the emission of the
imprinted cavities stems from Eu’*. The new constructed
probe has the advantage of strong selectivity, high sensitivity,
and self-adjusting function, which can reduce the influence of
environmental factors.

Experimental
Materials and instruments

All chemicals and instruments used in this experiment are
listed in the Electronic Supporting Material (ESM).

Synthesis of B-CQDs

The B-CQDs were prepared by one-step microwave pyrolysis
using passion fruit peels as carbon source and have a good
quantum yield (The method of measuring quantum yield is
detailed in ESM). First, 2.0 g chopped passion fruit peels,
0.3 gurea (5.0 mmol), and 30 mL ultrapure water were trans-
ferred into a polytetrafluoroethylene microwave digestion
tank. Then the microwave digestion tank was placed in a
microwave digestion device for reaction. The reaction temper-
ature was raised from room temperature to 200 °C within
13 min using 400 W microwave irradiation, and the reaction
was maintained at 200 °C for 30 min. The brown B-CQDs
solution was collected, filtered with 0.22 wm membrane, and
dialyzed for 48 h through cellulose ester membrane (MWCO:
500-1000). Finally, the B-CQDs were rotary evaporated to
gain solid powders for further use.

Synthesis of mesoporous molecularly imprinted
polymers

Mesoporous molecularly imprinted polymers (MS/MIPs)
were synthesized by sol-gel method. Briefly, TC (360 mg),
hexadecyl trimethyl ammonium bromide (CTAB) (0.6 g) and
high purity water (90 mL) were mixed and stirred for 20 min.
Then 3-aminopropyltriethoxysilane (APTES) (0.9 mL),
tetraethyl orthosilicate (3.6 mL), and NaOH (1.05 mL,
2.0 M) were added. And the reaction was kept at room
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temperature for 24 h. After that, the products were collected
by centrifugation at 7000 rpm for 5 min. Ethanol/HCI (2.0 M)
(9:1, v/v) was used as a washing solution to extract CTAB and
TC by Soxhlet extraction at 60 °C for 48 h. Finally, MS/MIPs
were dried at 60 °C in vacuum for 24 h.

Synthesis of B-CQDs@Eu/MIPs

B-CQDs (15 mL, 1 mg mL™), europium (III) nitrate hexahy-
drate (60 mL, 20 mM), 5'-guanosine monophosphate disodium
(GMP) (3.0 mL, 10 mM), MS/MIPs (5.0 g), ethanol (5.0 mL),
and APTES (2.0 mL) were reacted in the dark for 24 h at room
temperature. Next, the solid products were centrifuged 5 min at
6000 rpm and washed several times by ethanol and high purity
water. The non-molecularly imprinted polymers, which com-
bined Eu** and B-CQDs (B-CQDs-Eu@NIPs), were prepared
through a similar approach without TC.

Detection of TC

The fluorescence spectra of the samples were recorded using
an excitation wavelength at 394 nm, the excitation and emis-
sion slits width of 10 nm, and the photomultiplier of 500 V.
The B-CQDs@Eu/MIPs (15 mg) were added into 15 mL of
Tris-HCI buffer solution (pH=9) for further fluorescence
measurement. A certain amount (1.5 mL) of the above B-
CQDs@Eu/MIPs solution was put into a 5.0 mL cuvette,
and 1.5 mL of the analyte standard solutions with given con-
centration (25-2000 nM) was added. After vigorously mixing
for 3 min, the fluorescence spectra were collected immediate-
ly. The contrast experiments of B-CQDs@Eu/NIPs were car-
ried out through the same procedure.

Sample collection and pretreatment

The proposed method is suitable for the detection of TC in
milk samples. Pretreatment is required for the use of milk
samples (The detailed steps are listed in ESM).

Results and discussion
Preparation of B-CQDs@Eu/MIPs

The synthesis procedure of B-CQDs @Eu/MIPs as while as its
ratiometric fluorescence analysis principle was schematically
illustrated in Fig. 1. Firstly, the microwave-assisted heating
method was used to synthesize fluorescent B-CQDs with pas-
sion fruit peels as carbon source. More than 50% of the com-
position of passion fruit peels is sugar. Sugars in the prepara-
tion process are usually dehydrated into hydroxyl methyl fur-
fural followed by a cascade consisting of ring-opening reac-
tions, substitutions, cycloadditions, and polycondensations to

form the final carbon structure [27]. The role of urea is to dope
nitrogen during the process of synthesizing B-CQDs, so that
the B-CQDs have more surface functional groups and excel-
lent quantum yield. Meanwhile, the influences of different
conditions on the synthesis process were investigated in order
to gain the best fluorescent properties of the as-prepared B-
CQDs. Generally, temperature is considered an important fac-
tor in the preparation of B-CQDs. It is found that (Fig. S1a) the
fluorescence intensity of B-CQDs increased as the synthesis
temperature increased from 140 to 200 °C. The increase of the
fluorescence intensity became smaller after the temperature
was higher than 200 °C. When the quality of passion fruit
peels used (2.0 g) was fixed, the fluorescence intensity of B-
CQDs increased with the increasing of urea quality (0-0.4 g).
The fluorescence intensity tended to be flat when the urea used
was more than 0.3 g (Fig. S1b). Therefore, the B-CQDs have
the best fluorescence performance under the synthesis condi-
tion of heating 2.0 g of passion fruit peels and 0.3 g of urea at
200 °C. In addition, the polymerization conditions of B-
CQDs@Eu/MIPs were also optimized during the experiment.
Different B-CQDs@Eu/MIPs were prepared by changing the
amount of template molecules (0-500 mg) and the ratio of
Eu** and B-CQDs (0-0.1 mM: mg). The fluorescence re-
sponse of B-CQDs@Eu/MIPs was best when the amount of
template molecule is 360 mg and the ratio of Eu** and B-
CQDs was 0.08 mM: mg.

Then, B-CQDs and Eu** were introduced into MS/MIPs
(prepared by one-pot method) as the signal recognition unit to
obtain B-CQDs@Eu/MIPs. In this procedure, APTES acts as
cross-linker to connect MS/MIPs and B-CQDs. The GMP can
connect both B-CQDs and Eu®" to realize the introduction of
these two fluorescent components. The materials are condu-
cive to the mass transfer owing to the mesoporous molecular
imprinting as a core, which has larger pores. In addition,
APTES as the cross-linking agent formed a thin silicon layer,
which has no prevention on mass-transfer of target analyte to
imprinted cavities of MIPs. Without TC in the system, B-
CQDs@Eu/MIPs emitted blue light with a strong emission
at457 nm and a weak emission at 620 nm due to the forbidden
transition. When the target TC molecule entered into the inte-
rior of B-CQDs @Eu/MIPs through specific holes, it can block
the transition of some parts of electrons in the B-CQDs from
the excited state to the ground state, resulting in the weakening
of blue light. At the meanwhile, the chelating of surface hy-
droxyl groups and benzene ring of TC with Eu** ions can
increase the fluorescence intensity of Eu’* at the wavelength
of 620 nm by the antenna effect, resulting in ratiometric fluo-
rescent response towards TC.

Characterization of materials

Figure 2a displays the TEM image of as-prepared B-CQDs
showing that the B-CQDs is mostly spherical in structure and
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Fig. 1 Illustration of the preparation of B-CQDs@Eu/MIPs

has good dispersibility. It can be seen from the HRTEM im-
ages (inserted in Fig. 2a) that the lattice spacing of the pre-
pared B-CQDs is 0.32 nm, which is consistent with that in the
literature [28]. From a quantity of B-CQDs, we estimated that
the diameter of the B-CQDs ranged from 1.7 nm to 4.2 nm
(Fig. 2b). The size and shape of B-CQDs@Eu/MIPs were
characterized by SEM and TEM. B-CQDs@ Eu/MIPs exhibit
irregular particle shape with diameter of about 180-300 nm
(Fig. 2c and d).

The FTIR spectra of B-CQDs and B-CQDs@Eu/MIPs
nanocomposites are shown in Fig. 3a, which revealed their
characteristic of functional groups. The broad peak at
3401 cm ' of the B-CQDs FTIR spectrum may due to the
stretching vibration of O-H bond and N-H bond [29]. The
characteristic peak of C-O bond at 1070 cm ™' is ascribed to
the -OH of the B-CQDs. The peak at 1674 cm ' can be as-
cribed to the stretching vibration of the C=0O bond of the B-
CQDs. In addition, the sharp band at 1384 cm ! is due to the
in-plane bending vibration of N-H, indicating the existence of
-NH, groups on the surface of B-CQDs [30]. The surface-rich
functional groups of B-CQDs were important for the further

@ Springer

synthesis of MIPs and its coordination with Eu** ions. For B-
CQDs@Eu/MIPs, the peaks at 3401 cm_l, 1570 cm_l, and
1384 cm™ ' were weakened [31], indicating that the -OH
group, -NH, group, and C=0 group on the surface of B-
CQDs have interacted with APTES and Eu’" ions. The strong
peak at 1049 cm ! was attributed to the Si-O-Si bond, and the
peaks at 784 cm ' and 456 cm™' were ascribed to the Si-O
bond, indicating the successful formation of B-CQDs@Eu/
MIPs.

The X-ray diffraction (XRD) patterns of B-CQDs and B-
CQDs@Eu/MIPs are shown in the Fig. 3b. B-CQDs has a
broad peak around 26 =22°, indicating that the B-CQDs is
amorphous [32]. The pattern of B-CQDs @Eu/MIPs was sim-
ilar to that of the B-CQDs, except that the main peak shows a
slight shift to a large angle, which possibly due to the amor-
phous structure formed by the enclosed organic material.

The surface elements of the as-prepared material were an-
alyzed by X-ray photo-electron spectroscopy (XPS). The full
range XPS analysis clearly showed (Fig. 3c) three peaks at
291.6, 401.2, and 533.2 eV, which were attributed to Cls,
Nls, and Ols, respectively. For B-CQDs, the high-
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Fig. 2 TEM images and high-resolution TEM images (a), size distributions (b) of B-CQDs, TEM images (c¢), SEM images, and (d) of B-CQDs@Eu/
MIPs

resolution XPS scan of Cls (Fig. 3d) can be split into three
surface contents, that is, C-N (288.5 eV), C-O (289.5 eV), and
0-C=0 (291.3 eV) [33]. The high-resolution spectra of N1s
(Fig. 3e) revealed the presence of both C-N and N-H bonds
owing to the presence of peaks at 403.7 eV and 404.5 eV,
respectively. The high-resolution XPS scan of Ols (Fig. 3f)
showed three peaks at 535.5 eV, 536.4 ¢V, and 537.3 eV,
which were attributed to C-N, C-O, and O-C=0, respectively.
The XPS results were roughly consistent with the FT-IR anal-
ysis. Besides, the peak intensities of Cls, N1s, and Ols of B-
CQDs@Eu/MIPs composites were weaker than B-CQDs and
produced new Si2p, Si2s, and Eu3p peaks, which can be at-
tributed to the formation of MIPs.

Optimization of the B-CQDs@Eu/MIPs
Optimization of probe concentration

The interaction between the probe and TC was affected by the
using concentration of probe. It can be seen from Fig. S2a that
the Fgy/Fg-cops ratio increases with the increase of probe
concentration when a fixed concentration of TC (2000 nM)
was detected. When the concentration was higher than
1.0 mg mL ", the ratio of Fry/Fp.cops tended to be stable.
When the probe concentration is high, the ratio of Fg/Fp.
caops does not increase due to the self-quenching effect and
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the aggregation of the probe. For the sake of economy, the
selected concentration of the probe was 1.0 mg mL ™.

Optimization of binding time

The influence of different binding times of TC in the B-
CQDs@EwMIPs system on the Fiy/Fegps Was also explored.
The experiments showed that the fluorescence intensity of Eu*
increased after the addition of TC, while the fluorescence intensity
of B-CQDs decreased. As demonstrated in Fig. S2b, the Fg/Fp.
cops significantly increased within 3 min and then tended to a
stable value. Therefore, this experiment selects the binding time
of 3 min.

Optimization of pH

The pH value is a very important parameter due to its relation
with the ionic form of the template molecule. For the purpose of
obtaining high sensitivity for TC detection, the pH of the reaction
solution was optimized. As shown in Fig. S2¢, the fluorescence
intensity ratio (Fgy/Fg.cops) of the B-CQDs@Eu/MIPs
remained steady in the pH range of 3 to 12. B-CQDs@Eu/
MIPs showed the strongest fluorescence signal at pH =9 with
TC. And the fluorescence intensity ratio was decreased whether
increasing or decreasing the reaction pH, indicating that the re-
action was most severe under this condition. The pK,, values of

@ Springer
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Fig. 3 FTIR spectrum (a), XRD pattern (b), XPS full survey (¢) of B-CQDs and B-CQDs @Eu/MIPs, and high-resolution XPS spectra of B-CQDs@Eu/

MIPs (d-f)

TC were 3.3, 7.7, and 9.7 (Fig. S3a) [34]. Due to the protonation/
deprotonation procedure, at different pH values, TC molecules
had different ion states, such as H;TC™, H2TCO, HTC , and TC*
(Fig. S3b). The order of the proton binding ability of different TC
ion morphologies was TC*”>HTC >H,TC">H;TC" (Fig.
S4). When pH <9, TC molecules existed mainly as anions state
(H;TC", H,TC?, and HTC "), which had electrostatic attraction
with the positive charge of APTES amino (pK,=9.7) in B-
CQDs@EwMIPs. When pH =9, TC molecules existed mainly
as HTC™ (75%) and TC> (20%); thus the electrostatic attraction
with APTES was the strongest. When pH > 9, the TC molecule
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was negatively charged which electrostatically repelled the neg-
atively charged APTES. Furthermore, Eu®* can make better in-
teraction with different ion forms of TC when the pH value in
range of 3 to 12.

Tetracycline detection in sample by B-CQDs@Eu/MIPs

The matrix-matched calibration method was used during
the experiment. The linear range is determined by
adding a series of concentrations of tetracycline to the
milk sample. Then the samples were treated by the
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method described previously, and the fluorescence de-
tection is performed. Figure 4a—b showed that the blue
fluorescence of B-CQDs at 457 nm was quenched when
the concentration of TC in milk sample was gradually
increased from 25 to 2000 nM, whereas the red fluores-
cence of Eu’* at 620 nm enhanced significantly. These
cause the fluorescent color of the ratiometric probe
gradually changed from blue to red. To investigate the
fluorescence quenching efficiency of TC for B-
CQDs@Eu/MIPs, the Stern-Volmer equation was used
to assess the quenching efficiencies of B-CQDs@Eu/
MIPs and B-CQDs@Eu/NIPs. The quenching effect of
TC on B-CQDs@Eu/MIPs and B-CQDs@Eu/NIPs can
be estimated using the following Stern-Volmer equation:
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where Fg, and Fi.cqps are the fluorescence intensities of Eu**
and B-CQDs after adding TC, respectively; C represents the
concentration of TC, and K, represents the quenching constant.
Obviously, it can be recognized that the fluorescence intensity
ratio (Fey/Fa.cops) has a good linear relationship with the TC
concentration (25-2000 nM). The regression equations of B-
CQDs@Eu/MIPs and B-CQDs@Eu/NIPs in the liner range
from 25 to 2000 nM were listed as follows: Fgy/Fg.cops =
1.49x 107 C+0.5636 (B-CQDs@Eu/MIPs) and Fp,/F.
caops =4.01 % 107 C +0.5422 (B-CQDs @Eu/NIPs). The corre-
lation coefficients (R?) of above calculated equations of B-

2000f ¢
2 b
03
Q
1500 fu’'?
@1 M
w
0
1000 0 500 1000 1500 2000
L 2000 nM
500 | l
25 nM

0 1 1 1 1 1 1
400 450 500 550 600 650 700 750
Wavelength (nm)

C
93 (@
(‘ |
5D,
A _NH, 5D,
H20 Hzo 7F6
(0% —='F,

\// o _7':0

Fig.4 Fluorescence emission spectra (Ex =394 nm, Em = 457 nm and 620 nm) of B-CQDs@Eu/MIPs (a) and B-CQDs@Eu/NIPs (b). Schematic of the

light-emitting mechanism of B-CQDs@Eu/MIPs (c)
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CQDs@Eu/MIPs and B-CQDs@Eu/NIPs were 0.9966 and
0.9863, respectively. Based on the linear relationship obtained,
the calculated detection limit (LOD) of TC was 7.9 nM. The
LOD is obtained based on the ratio of the blank standard devia-
tion to slope (LOD =30/Ky,). The blank standard deviation is
obtained by measuring a blank solution without adding tetracy-

cline 10 times. The specific formula is 0 = /1 Y} (x;—%) 2,

where x is the ratio of the fluorescence intensity (x = Fgy/Fp.
cops) of B-CQDs@EwMIPs.

Evaluation of B-CQDs@Eu/MIPs
Evaluation of stability

The stability of the B-CQDs@Eu/MIPs was proved by an
experiment of detecting TC after irradiating continuously un-
der a UV lamp for 7 h. As shown in the Fig. S5a, the fluores-
cence intensity ratio (Fgy/Fcops) of B-CQDs@Eu/MIPs was
basically unchanged, indicating that B-CQDs@Eu/MIPs has
excellent resistance to photobleaching and good stability.

Evaluation of affinity and sensitivity

The fluorescence spectrums of B-CQDs@Eu/MIPs, B-CQDs,
and Eu®* are shown in Fig. S5b. The affinity and sensitivity of
B-CQDs@Eu/MIPs to TC are best when the same concentra-
tion of TC (2000 nM) is added. The affinity and sensitivity of
Eu’* to TC are relatively weak due to the forbidden transition.
B-CQDs have good affinity and sensitivity to TC, but the
single fluorescence emission has weak anti-interference abili-
ty. The affinity and sensitivity of B-CQDs@Eu/MIPs to TC
are best due to the coordination effect between materials.

Evaluation of selectivity

For the purpose of evaluating the specific recognition ability
of B-CQDs@Eu/MIPs for the detection of TC, a series of
experiments under the same detection conditions were per-
formed on different antibiotics, including chlortetracycline,
oxytetracycline, erythromycin, chloramphenicol, and
thiamphenicol. As shown in Fig. S5¢, B-CQDs@Eu/MIPs
have the highest selectivity to TC. The possible reasons of
the high selectivity are described as follows: the groups at
positions 4, 6, and 10 of TC produce hydrogen bonds with
B-CQDs@Eu/MIPs, and the groups on 1, 2, 3, and 12, as well
as the benzene ring of TC, all undergo charge transfer with B-
CQDs@Eu/MIPs. The chlortetracycline has a substituent
group -Cl on the benzene ring, which results in a weak charge
transfer ability (Table S1). The low selectivity of B-
CQDs@Eu/MIPs for oxytetracycline is mainly due to the hy-
droxyl group at the 5-position which forms an intramolecular
hydrogen bond with the N at the 4 position (six-membered
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ring structure). And erythromycin, chloramphenicol, and
thiamphenicol have no effect on B-CQDs@Eu/MIPs due to
the structural differences.

B-CQDs@Eu/NIPs have a fluorescent signal because B-
CQDs@Eu/NIPs and B-CQDs@Eu/MIPs contain the same
fluorescent components. When TC is added to the system, part
of the functional groups will contact the fluorescent compo-
nents to produce fluorescent response. However, the fluores-
cence response of NIPs is weak because NIPs cannot recog-
nize the specifical cavity of TC and cannot completely contact
the fluorescent components.

Evaluation of anti-interference capability

In addition, interfering substances that may exist in the sam-
ples are also important factors that must be considered before
the probe can be used in practice. It can be seen from the
Table S2 that the most probable co-existing substances indi-
cated no conspicuous interference in our probe. The above
data indicated that the B-CQDs@Eu/MIPs had an excellent
selectivity and anti-interference ability.

Evaluation of reusability

Regeneration and repeatability are also important factors for eval-
uating fluorescence probe. The probe can be eluted with ethanol-
acetic acid (9:1, v/v) as the eluent. It can be easily noted from Fig.
S5d that the fluorescence intensity of the material does not de-
crease significantly as the number of cycles increases. And the
fluorescence intensity can still be reached 88.7 +1.8% after five
cycles, indicating that the B-CQDs@Eu/MIPs have excellent
repeatability and application potential.

Practical application in analyzing milk sample

To evaluate the applicability of as-prepared of B-CQDs @Eu/
MIPs, this probe was used to the detection of TC in several
milk samples. The detectable level of TC was not found in
these samples. Meanwhile, TC in these samples was detected
by HPLC-MS/MS through national standard methods (see the
ESM for details). The results exhibited that TC was not dis-
covered (Fig.S6), which was consistent with our method.
Moreover, this method avoids tedious pre-separation proce-
dures and has a short detection time compared with HPLC-
MS/MS. The relative standard deviations (RSDs) of intra-day
and inter-day precisions were investigated using three differ-
ent concentrations (50, 500, and 1500 nM) of spiked milk
samples as shown in Table S3. The intra-day precisions were
1.5-4.7%, which was measured 6 times in 1 day, while the
inter-day precisions were 3.2—5.3%, which were obtained by
analyzing the milk samples once a day for 6 consecutive days.
And the recovery values of all spiked milk samples were
94.2-103.7%.
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Fig. 5 Fluorescence lifetime spectra of B-CQDs@Eu/MIPs (a—d) and UV absorption and fluorescence emission combined spectrum (e)

The comparison of the analytical methods in this study  that the detection limit of B-CQDs@Eu/MIPs sensors in this
with previously reported methods can be seen in Table S4.  study was better than several other methods except UPLC
The recovery and relative standard deviation of B-CQDs@Eu/  from the results. The materials of the other fluorescence
MIPs sensors were comparable to those methods. It is known  methods in Table S4 are the gold nanoclusters and
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functionalized metal-organic framework. The passion fruit
peels have been reused in this research compared with these
methods, realizing the high-value utilization of biomass waste.
Moreover, the prepared B-CQDs have excellent quantum
yield. Therefore, B-CQDs@Eu/MIPs are considered a new
fluorescence sensor for rapid detection of TC in samples.
Nevertheless, the method has the limitation of the complicated
synthesis steps, which needs to simplify in the future.

Mechanism research

The mechanisms of the changing fluorescence of B-CQDs and
Eu’* in B-CQDs@EwMIPs were described in Fig. 4c. Before
the addition of TC, B-CQDs @Eu/MIPs showed strong blue light
emitted by B-CQDs at 457 nm. At that time, the fluorescence
emission of Eu’* was very weak due to the prohibition of f-f
transition. When TC was added into the system, it became an
effective electron acceptor. Part of the electrons in the B-CQDs
were prevented to jump from the excited state back to the ground
state, which results in a decrease of the blue emission from B-
CQDs. In addition, the [3-diketone structure on the TC will form
a rare-earth organic complex with Eu®* ions and transmit energy
to Eu®* ions through the antenna effect to make it emit its char-
acteristic fluorescence (°Dy — 'Fy, Doy — 'F,, *Dy — 'F5 and
Do — "Fy), causing the increasing of red emission.

In general, dynamic quenching effect or static quenching
effect can all quench fluorophores. The fluorescence lifetime
of B-CQDs @Eu/MIPs (Fig. Sa—d) changes with the adding of
TC, indicating that fluorescence quenching was dynamic
quenching. Moreover, the UV absorption band of TC did
not shift after the addition of B-CQDs@Eu/MIPs (Fig. Se),
which was also consistent with the phenomenon of dynamic
quenching. Since TC has the broad absorption spectrum of
200—-600 nm (Fig. Se, curve 1) and does not overlap with the
fluorescence emission spectrum of B-CQDs@Eu/MIPs (Fig.
Se, curve 4), the effect of TC on B-CQDs@Eu/MIPs can be
most possibly considered a non-internal filtering effect.

When pH =9, TC mostly exists as HTC, and the effect of
TC and B-CQDs@Eu/MIPs is the strongest. The carbonyl
group at the 1 and 2 positions of HTC ™ forms a coordinate
bond with Eu®*, and the groups at the 4, 6, and 10 positions
form hydrogen bonds with the B-CQDs@Eu/MIPs. There is
electrostatic attraction between O groups at positions 3 and
12 on HTC and the NH;" groups on APTES, so electron
transfer may be the main reason that causes fluorescence
quenching.

Conclusions
This study established a reliable and convenient approach to

detect TC based on ratiometric fluorescence effect of the B-
CQDs@Eu/MIPs. These ratiometric fluorescence sensors have
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avoided environmental effects due to its built-in correction. Its
utility has been established for the detection of TC in real milk
samples, which has satisfying RSD and recovery rate. Although
the synthesis steps of material need to be further simplified, it
also provided a new consultant of the detection of TC in in public
food safety, which has great practical significance.
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material available at https://doi.org/10.1007/s00604-021-04929-4.
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