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e Ag nanoparticles promote electron/
energy transfer, leading to high re-
action speed.

e Molecularly imprinted fluoroprobes
(SiO2/Ag@FMIPs) are successfully
prepared.

e Si0,/Ag@FMIPs exhibit a LOD low to
5.38 nM within 2.5 min toward OTC

in real samples.
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ABSTRACT

A molecularly imprinted polymer (MIP), which is synthesized by a nanomolding process around a
template, has emerged as a promising analytical tool for environmental quality monitoring and food
safety test. In this work, a fluoroprobe with Ag-doped MIP nanolayer (16 nm thickness) is successfully
prepared for the highly selective detection of oxytetracycline (OTC) in real samples (i.e. Yangtze River
water, swine urine). In the MIP nanolayer, two functional monomers (i.e. 4-(2-
acrylamidoethylcarbamoyl)-3-fluorophenylboronic acid, methacrylic acid) synergistically constitute the
specific recognition sites. Meanwhile, the doped Ag enhances the detection sensitivity (with a detection
limit of 5.38 nM) and accelerates the detection rate (within 2.5 min) even in real samples. Therefore, the
present study paves the way for the preparation of MIP-based fluoroprobes, showing great prospects in

environmental quality and food safety tests.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Oxytetracycline (OTC), a sort of broad-spectrum antibiotics
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belonging to the tetracycline family, is widely used in the animal
breeding industry as a veterinary drug and growth promoter for the
prevention and control of animal diseases [1]. According to the
statistics worldwide, 2000 tons of OTC are used in animal hus-
bandry and aquaculture every year. As applied on a large scale, OTC
in animal-derived foods and drinking water has potentially severe
effects on human health, such as allergic reactions, toxic effects,
and the resistance toward antibiotics [2]. Thus, there is an
increasing concern over the negative effects of inappropriate anti-
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antibiotic residues in environmental water and animal-derived
foods [3].

In recent years, significant efforts have been made to OTC
detection [4]. Particularly, the fluorescence sensors that exhibit
considerable advantages over traditional chromatographic
methods [5], including little consumption of samples, inexpensive
equipment and on-site detection convenience, have drawn a great
attention [6]. However, the traditional fluorescence sensors are
difficult to apply to real sample detection, due to the limited
selectivity of ordinary recognition elements [7,8]. To overcome this
drawback, the incorporation of sensitive fluorophore in a highly
selective molecularly imprinted polymer (MIP) may effectively
eliminate the interference of coexisting substances [9—13]. The MIP
is a synthetic receptor made for a target molecule, with recognition
sites complementary in size, shape, and chemical functionality
toward the target molecule [14]. If the MIP contains a sensitive
fluorophore (referred as FMIP) in the recognition sites, it may not
only specifically identify the target molecule, but also exhibit
fluorescent signal for on-site quantification analysis [15]. Though,
the FMIPs have made tremendous progress in accurately detecting
analyte in real samples [16], they also remain some inevitable is-
sues to be addressed, especially regarding their long reaction time.
For example, the fluorophore in the excited state interacts with the
target quencher, resulting in the fluorescence quenching phe-
nomenon [17]. If the target quencher takes a long time to enter the
recognition sites, besides the process of quenching is usually slow,
the detection rate may last nearly 1 h [18,19]. Therefore, the
development of efficient FMIPs for OTC detection is of great
importance.

To overcome the aforementioned issues, we developed a thin-
walled MIP that possesses accessible recognition sites located at
the surface, so as to improve the binding kinetics [20,21]. Mean-
while, Ag nanoparticles that promote electron/energy transfer
were incorporated to increase the reaction speed of fluorescence
quenching [22—24]. Specifically, we prepared the fluoroprobes by
synthesizing Ag-doped ultrathin FMIPs on SiO, particles (referred
as Si0,/Ag@FMIPs, Scheme 1) and applied the fluoroprobes for the
detection of OTC in real samples: Yangtze River water and swine
urine. In this work, a new fluorescent functional monomer 2-(6-
(allyloxy)-3-ox0-3H-xanthen-9-yl) benzoate (AOXB) was used as
the fluorophore for FMIP synthesis. The novel fluoroprobes
employed two functional monomers (i.e. 4-(2-
acrylamidoethylcarbamoyl)-3-fluorophenylboronic acid, referred
as AFPBA; methacrylic acid, referred as MAA) for specific recogni-
tion of OTC, by forming a large number of hydrogen bonds, ionic
bonds, etc, in a very small space. Moreover, the positron cloud
generated by Ag nanoparticles led to the accelerated detection rate
of OTC, with respect to control fluoroprobes (SiO,@FMIPs). The
results showed the excellent selectivity of our SiO,/Ag@FMIPs as
fluorophores for detecting antibiotics in real samples in the nM
range within 2.5 min.

2. Materials and methods
2.1. Preparation of fluoroprobes

Preparation of SiO, particles. Stover method is used to prepare
SiO; particles. Briefly, NH3-H,0 (28%, 0.2 mL), ethanol (2.5 mL), and
double-distilled water (2.5 mL) were mixed and stirred at room
temperature for 30 min. Then, tetraethyl orthosilicate (TEOS,
0.2 mL) was dropped into the solution and stirred at room tem-
perature for 24 h. At the end, the SiO, particles were obtained by
centrifugation (12000 rpm, 30 min) and drying at 60 °C.

Preparation of SiO,/Ag nanoparticles. Typically, the AgNOs3
(01 mmol/L) and polyvinyl pyrrolidone (PVP, MW: 10 kDa,
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0.2 mmol/L) solutions were pre-configured for use. The SiO, (all
products obtained in the previous step) were dispersed in a solvent
composed of double-distilled water (10 mL) and ethanol (40 mL) by
ultrasound for 30 min. Then, the pre-configured AgNO3 solution
(2.5 mL) was slowly added into the SiO; suspension, followed by
stirring for 3 min. Subsequently, the pre-configured PVP solution
(2.5 mL) was added to the suspension in dark, with stirring at room
temperature for 4 h. Then, ethanolamine (250 puL) was added and
stirred in dark at 71 °C for 12 h. Finally, the SiO,/Ag nanoparticles
were collected by centrifugation and washing with ethanol and
water for several times, followed by vacuum drying at 35 °C for 5 h.

Preparation of SiO,/Ag@FMIPs, SiO,/Ag@FNIPs, SiO,@FMIPs. To
generate polymer layer on the surface of silica, a modification with
double bonds is essential. So, the obtained SiO,/Ag nanoparticles
were dispersed in methylbenzene (anhydrous, 50 mL). Then, 3-
(methacryloxyl) propyl trimethoxysilane (KH-570, 1.0 mL) was
dripped into the SiO,/Ag nanoparticles suspension and stirred at
90 °C for 12 h. Finally, the SiO,/Ag—KH570 were collected by
centrifugation and dried at 60 °C for 10 h. In this study, we used
precipitation polymerization method to prepare SiO,/Ag@FMIPs.
First, the obtained SiO,/Ag—KH570 were dispersed in acetonitrile
(anhydrous, 40 mlL) for further used. The pre-polymerization
mixture was prepared by using AOXB (30 mg), OTC (0.1 mmol,
49.65 mg), 4-(2-acrylamidoethylcarbamoyl)-3-
fluorophenylboronic acid (AFBPA, 0.2 mmol, 56 mg), methacrylic
acid (MAA, 0.2 mmol, 17.218 mg), and ethylene glycol dimetha-
crylate (EGDMA, 0.4 mmol, 79.28 mg) solubilized in acetonitrile
(20 mL) and maintained stationary for 12 h in the dark. Afterward,
the pre-polymerization mixture was slowly added into the SiO,/
Ag—KH570 suspension and stirred for 15 min. After purging with
nitrogen for 30 min, an initiator 2, 2’-azobis (isobutyronitrile)
(AIBN, 10 mg) was added for polymerization at 60 °C for 24 h.
Finally, the SiO,/Ag@FMIPs were obtained after template elution by
dialyzing in acetic acid/methanol (100 mL, 1:9, v/v) for 5 days,
followed by centrifugation and vacuum-drying at 40 °C for 5 h. The
non-imprinted polymers (NIPs) were synthesized on the SiO/
Ag—KH570 (referred as SiO,/Ag@FNIPs) in the same way without
the presence of OTC. The SiO,@FMIPs without doped Ag were
prepared by following the same protocol as well, by using SiO;
instead of SiO,/Ag—KH570.

2.2. Characterization of fluoroprobes

Characterization of SiOy/Ag@FMIPs, SiO5/Ag@FNIPs, SiO,@FMIPs.
The synthesized SiO,, SiO;/Ag@FMIPs and SiO,/Ag@FNIPs were
analyzed by the X-ray photoelectron spectroscopy the thermogra-
vimetric analysis (TGA) experiment for verifying polymer coating.
Then, the morphologies of SiO,, SiO;/Ag, SiO,/Ag@FMIPs, and
SiO,@FMIPs were investigated by scanning electron microscopy
(SEM), transmission electron microscopy (TEM), and the corre-
sponding sizes were confirmed by dynamic light scattering (DLS)
test. Meanwhile, the scanning transmission electron microscope
(STEM) was employed. For fluorescent imaging analysis, a confocal
laser scanning microscope (CLSM, TCS SP5 II laser confocal micro-
scopy (Leica, Germany) with a 488 nm solid state laser light source)
was used, later evaluated by the Grayscale analysis software.

2.3. Detection performance of fluoroprobes

Specificity test. For fluorescence intensity measurements, Cary
Eclipse fluorescence spectrophotometer (Varian, USA) was used.
The fluorescence intensity was read at room temperature with
excitation wavelength set at 488 nm. After incubation with OTC, the
fluorescence quenching ratio (Fo/F) of fluoroprobes was recorded at
525 nm. Specifically, SiO>/Ag@FMIPs and SiO,/Ag@FNIPs (7.0 mg/
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Scheme 1. Schematic representation of SiO,/Ag@FMIPs synthesis with specific recognition sites for OTC. KH-570 represents 3-(methacryloxyl) propyl trimethoxysilane.

mL) were incubated with OTC at concentrations of 0, 10, 20, 40, 80,
150, 300, 600, 1200, 2400, 3500 nM at room temperature for
10 min, respectively. Then, fluorescence intensity of each sample
was recorded on the Cary Eclipse fluorescence spectrophotometer
for further analysis. In addition, the dynamic binding kinetic study
was performed on a Quanta Master™ 40 Spectrofluorometer
(Photon Technology International, U.S.A). SiO2/Ag@FMIPs and SiO»/
Ag@FNIPs (7.0 mg/mL) were incubated with OTC (300 nM), the
fluorescent change was tracked on the Quanta Master™ 40 Spec-
trofluorometer until quenching equilibration.

Selectivity test. Two structural analogs (antibiotics), which are
levofloxacin (LEV) and amoxicillin (AMO), were used to compare
with OTC detection. SiO,/Ag@FMIPs and SiO,/Ag@FNIPs (7.0 mg/
mL) were incubated with OTC, or LEV, or AMO, or OTC + LEV + AMO
(taking three antibiotics as an entirety here) at concentrations of O,
10, 20, 40, 80, 150, 300 nM, respectively. Then, fluorescence in-
tensity of each sample was recorded on the Cary Eclipse fluores-
cence spectrophotometer for comparison.

Real samples detection. The Yangtze River water and swine urine
were collected. Then, a standard recovery method was adopted,
using a calibration plot. For spiked samples preparation, a standard
OTC at different concentrations (0—300 nM) was prepared either in
Yangtze River water or in 100 x diluted swine urine, for the
determination of recovery. Samples were centrifuged to remove
insoluble impurities or proteins before Cary Eclipse fluorescence
spectrophotometer tests.

3. Results and discussion
3.1. Characterization of fluoroprobes

The morphologies of SiO,, SiO,/Ag, and SiO,/Ag@FMIPs were
investigated by SEM, TEM, and the corresponding sizes were
confirmed by DLS test (Fig. 1a, Figs. S3 and S4). As an inorganic core,
SiO, has a smooth and uniform surface, a regular spherical
morphology, and optimal monodispersity at an average diameter of
~325 nm. After polyvinyl pyrrolidone-induced Ag* reduction, the
in-situ Ag nanoparticles were uniformly distributed on the surface
of Si0;. Si0,/Ag@FMIPs displayed a clear core-shell structure with
an average size of ~365 nm. The FMIP nanplayer was coated on the
surface of SiO,/Ag, and the majority of the Ag nanoparticles were
wrapped inside the imprinted layer (thickness of 16 nm). Mean-
while, the STEM and elemental distribution mapping images of
SiO,/Ag@FMIPs were performed (Fig. 1b), which further validated
the incorporation of Ag nanoparticles.

To see more in detail, the SiO,, SiO,/Ag, and SiO,/Ag@FMIPs
were tested by the XPS for composition analysis (Fig. S5). In the
blue curve, the C—OH, 0—C—0, 0—C, and O=C in O1s peaks vali-
dated the presence of AOXB in SiO,/Ag@FMIPs. The binding peaks
of N1s and F1s showed evidence of AFPBA and MAA. Thus, the SiO/
Ag@FMIPs were successfully prepared, which exhibited an excel-
lent thermal stability even at 350 °C.

For fluorescent property analysis, the images of SiO,/Ag@FMIPs
before and after OTC detection were captured by the CLSM, then
evaluated by the Grayscale analysis software (Fig. 2a and b, Table 1).
Unlike those without OTC, the fluorescence intensity of SiO,/
Ag@FMIPs bound to OTC was markedly weak, indicating the fluo-
rescence quenching mechanism for OTC detection. Usually, the
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Table 1. Grayscale analysis of SiO,/Ag@FMIPs before and after detection of OTC.
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Fig. 2. CLSM and grayscale analysis images of a) SiO,/Ag@FMIPs without OTC; b) SiO,/Ag@FMIPs with 3.5 uM OTC (Grayscale analysis results summarized in Table 1). c) Effects of
the SiO,/Ag@FMIPs concentration on fluorescence intensity. Green curve: the fluorescence quenching ratio of the detection system (containing SiO,/Ag@FMIPs & OTC) vs. SiO»/
Ag@FMIPs concentration. Red curve: the fluorescence intensity vs. SiO,/Ag@FMIPs concentration. d) Stability of SiO,/Ag@FMIPs in PBS without and with OTC bound. Error bars
represent the standard deviation of uncertainty (n = 3). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 1
Grayscale analysis of SiO,/Ag@FMIPs before and after detection of OTC.

Samples Area IntDen Average Optical Density (AOD)
Si0,/Ag@FMIPs without OTC 262144 64564 0.2463
SiO,/Ag@FMIPs with OTC 217028 25259 0.1164

Area is the area of the fluorescence sensor in the graph. IntDen is the integrated optical density of the selected range. The average optical density is calculated by the

following formula AOD = IntDen/Area.

level of fluoroprobes has a great influence on the detection sensi-
tivity. If the concentration of fluoroprobes is extremely high, the
distance between the fluoroprobes decreases, which results in self-
quenching and low sensitivity. On the contrary, the linear range for
target detection will be very narrow, leading to poor accuracy. To
investigate the appropriate concentration of fluoroprobes, the SiO»/
Ag@FMIPs were prepared at the concentration range of 1.0—10 mg/
mL for 80 nM OTC detection in Milli-Q water. As shown in Fig. 2c,
although the relative fluorescence intensity of SiO,/Ag@FMIPs kept
increasing upon binding toward OTC, the fluorescence quenching

ratio (FO/F, where FO is the fluorescence intensity of fluoroprobes in
the absence of OTC, F is that in the presence of OTC) reached
maximum at 4.0 mg/mL. In order to meet the detection re-
quirements, both the fluorescence intensity and the quenching
ratio should be considered, the two curves were plotted and found
to intercross at the concentration of 7.0 mg/mL, which was then
applied in following tests. Then, the fluorescence stability of our
fluoroprobes was explored during 270 min. According to Fig. 2d, the
SiO,/Ag@FMIPs without OTC or with OTC maintained the fluores-
cence intensity over a prolonged period, demonstrating the
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excellent stability.

3.2. Specificity test

Using the synthesized fluoroprobes (working concentration:
7.0 mg/mL), the detecting performance was investigated by
tracking the fluorescence response upon binding toward OTC. As
shown in Fig. 3a and d, the fluorescence intensity of SiO,/Ag@FMIPs
gave a sharper fall in the presence of OTC at concentrations from 10
to 3500 nM, with respect to SiO,/Ag@FNIPs. This difference be-
tween MIP and NIP indicates the creation of specific imprinted
sites. Moreover, the linear correlation of the fluorescence quench-
ing ratio versus OTC concentration was displayed in Fig. 3b and e.
The results demonstrate that SiO,/Ag@FMIPs exhibited an excellent
linear correlation within the 0—300 nM for OTC detection. On the
other hand, the linearity of SiO,/Ag@FNIPs detection results was
very poor, probably because of the disorderly arranged functional
monomers. Specifically, AOXB (Fig. S1) was used as the fluorophore
incorporated in FMIP, which played an important role in fluores-
cence quenching upon binding toward OTC. AFPBA (Fig. S2) was
applied as the functional monomer to imprint OTC, which formed
intermolecular B—N coordination with amino groups in OTC and
exhibited boron affinity toward OTC under neutral conditions.
Furthermore, MAA can form ionic and hydrogen bonds with
carbonyl and hydroxyl groups in OTC structure. So, the hydrogen
bond, ionic bond, boron affinity bond and intermolecular B—N co-
ordination all together made a specific recognition performance.
According to the equation: D = 3g/k (where o is the relative stan-
dard deviation of the blank sample, k is the slope of the calibration
line), the limit of detection (LOD) for SiO,/Ag@FMIPs was calculated
to be 5.38 nM, 5 times lower than that of SiO,/Ag@FNIPs.

Furthermore, the dynamic binding property of fluoroprobes
toward 300 nM OTC was studied as well. Comparing Fig. 3c and f, it
is interesting to note that SiO,/Ag@FMIPs showed a fluorescence
quenching rate much higher than that of SiO,/FMIPs, by using only
150 s to reach an equivalent fluorescence quenching, with respect
to 450 s in the other case. This phenomenon was probably
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attributed to the fact that the SiO,/Ag@FMIPs were doped with Ag
nanoparticles which may distribute near the recognition sites.
Since the Ag nanoparticles promote the energy/electron transfer
due to the surrounding positron cloud, leading to the accelerated
fluorescence quenching (Fig. S6) [25]. Compared to other OTC
detection methods [26], our SiO2/Ag@FMIPs exhibit significant
advances, i.e. a wide detection range with LOD in nM level, detec-
tion time within 2.5 min.

3.3. Selectivity test

In order to study the anti-interference ability of the SiOy/
Ag@FMIPs, the potential interferences that are similar in structure
with OTC: levofloxacin (LEV) and amoxicillin (AMO) were used to
compare with OTC. As shown in Fig. 4, that the fluorescence
quenching efficiency of SiO,/Ag@FMIPs to other structural analogs
was much lower than that to OTC. Particularly, when SiO,/Ag@F-
MIPs were incubated with OTC, LEV and AMO mixture, they gave
almost the same quenching efficiency with respect to OTC alone,
demonstrating their great potentials in anti-interference detecting.
On the other hand, SiO,/Ag@FNIPs exhibited finite differences to-
ward three antibiotics, and significant high quenching efficiency
toward their mixture. Therefore, based on the excellent detection
performance, our SiO2/Ag@FMIPs are promising to distinguish OTC
in real samples.

3.4. Real samples detection

Since SiO,/Ag@FMIPs exhibit high sensitivity and excellent
selectivity for OTC, they were then used for the determination of
OTC in real samples. Herein, we collected Yangtze River water/
swine urine as OTC-containing practical samples. Since the OTC is
often used in animal husbandry, especially swine husbandry. Thus,
swine eats abundant OTC-containing feed, which will inevitably
increase the OTC level in the body. So, instead of monitoring the
OTC content in swine agricultural products, we used swine urine
from local farms for more convenient analysis. Using the standard
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Fig. 3. (a, d) Analyte-dependent fluorescence emission spectra of SiO,/Ag@FMIPs and SiO,/Ag@FNIPs with respect to OTC ranging from 0 to 3.5 uM. (b, e) Lear fitting plot of
fluorescence quenching ratio of SiO,/Ag@FMIPs and SiO,/Ag@FNIPs toward OTC ranging from O to 300 nM. Error bars represent the standard deviation of uncertainty (n = 3). (c, f)
Quenching time analysis for dynamic binding kinetic study of SiO,/Ag@FMIPs and SiO,@FMIPs toward 300 nM OTC. Experimental conditions: concentrations of SiO,/Ag@FMIPs,
SiO,/Ag@FNIPs, SiO,@FMIPs are 7.0 mg/mL in PBS, pH 7.4. Excitation wavelength: 488 nm.

5



J. Wang, L. Zou, J. Xu et al.

Si0,/Ag@FMIPs

Analytica Chimica Acta 1161 (2021) 338326

Si0,/Ag@FNIPs

a) b)
3 14
25 1.3
w w 300
> 2 »1.2 150
- . 80\
15 1.1 &
— 107
1 . 3 14 —_d — T A 3 0 00(\0
OTC MIX LEV AMO OTC MIX LEV AMO
o4 o oW o o i (\N/CN’ Wy
NH, N N, S\ CHs
" AN HO. N\) 0)\0H
o (lZN,
Oxytetracycline (OTC) Levofloxacin (LEV) Amoxicillin (AMO)

Fig. 4. Fluorescence quenching performance of SiO,/Ag@FMIPs (a) and SiO,/Ag@FNIPs (b) toward three antibiotics at the concentration range of 0—300 nM, as well as a mixture of
three antibiotics at the same concentrations. The chemical structure formula of three antibiotics are given below (n = 3).

Table 2
Ratiometric determination of OTC in Yangtze River water using SiO,/Ag@FMIPs.

Sample Spiked (nM) Detected (nM) Recovery (%)* RSD (%, n = 3)
Yangtze 0 0 —
River water 20 184 92.0 124

40 40.7 101.8 10.1

80 82.2 102.7 5.8

150 152.6 101.7 3.5

300 309.5 103.2 24

Table 3

Ratiometric determination of OTC in swine urine samples using SiO,/Ag@FMIPs.

Sample Spiked (nM) Detected (nM) Recovery (%)* RSD (%, n = 3)
Swine urine 0 0.2 - -

20 244 122.0 171

40 46.3 115.8 123

80 87.4 109.2 104

150 158.3 105.5 6.8

300 316.1 105.4 5.4

2 In order to reflect the accuracy and preciseness of the experiment, the process
was repeated three times, and the average values are presented.

recovery method, OTC at concentrations ranging from 0 to 300 nM
were spiked in real samples for the determination of recovery.
According to the results of OTC detection in real samples (Tables 2
and 3), our SiO,/Ag@FMIPs have great potential for similar antibi-
otics detection in environmental and biological samples.

4. Conclusion

In summary, an Ag-doped OTC-imprinted fluoroprobe was
prepared and used for tracing OTC in real samples. The biggest gain
in this work is the discovery of the effect of Ag nanoparticles on
accelerating the fluorescence quenching reaction. Our SiO,/Ag@F-
MIPs are convenient for the highly selective determination of OTC
in the nM range within 2.5 min, showing a great potential of this
kind of fluoroprobes in the detection of similar antibiotics in
environmental and biological samples.
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