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A B S T R A C T

In this study, we developed a new type of multifunctional molecularly imprinted polymer (MIP) composite as an
all-in-one biosensor for the low-cost, rapid and sensitive detection of doxycycline in pig plasma. The MIP
composite consisted of a magnetic core for ease of manipulation, and a shell of fluorescent MIPs for selective
recognition of doxycycline. By simply incorporating a small amount of fluorescent monomer (fluorescein-O-
acrylate), the fluorescent MIP layer was successfully grafted onto the magnetic core via a surface imprinting
technique. The resultant MIP composites showed significant doxycycline-dependent fluorescence quenching in
an aqueous environment. Good linearity ranging from 0.2 to 6 µM was achieved, and the limit of detection was
determined to be 117 nM. The biosensor also showed good selectivity towards doxycycline when compared to
other common antibiotic residues. The multifunctional MIP composites were used to directly extract doxycycline
from spiked pig plasma samples and quantify the antibiotics based on the quenched fluorescence signals.
Recoveries of doxycycline were found in the range of 88–107%.

1. Introduction

The overuse of antibiotics is of considerable concern to public
health, as these drugs can possibly enter the food chain. These residues
can then accumulate in the body to cause adverse health effects as well
as increasing the likelihood of antibiotic resistance. Doxycycline, which
is one of a broad class of tetracycline antibiotics, has been found to be
overprescribed by veterinary professionals to effectively control bac-
terial pneumonia in pigs and other livestock which has contributed to
the bacteria resistance [1]. Screening of doxycycline is compulsory for a
number of food matrices. According to the EU commission regulation
No 37/2010, the maximum residue limits (MRLs) of doxycycline is
100 µg/kg in muscle, 300 µg/kg in skin, fat and liver, and 600 µg/kg in
Kidney [2].

As such, there is a need for the development of rapid, sensitive and
low cost analytical methods to accurately detect doxycycline and other
tetracycline based antibiotics within different food matrices. Current
analytical methods can be split into two general groups, namely con-
firmatory and screening [3]. Confirmatory methods such as high per-
formance liquid chromatography (HPLC) with UV detection [4], liquid
chromatography-mass spectrometry (LC-MS) [5], and capillary elec-
trophoresis (CE) [6,7], have demonstrated high sensitivity towards
doxycycline with a high degree of accuracy and precision. However
these techniques are often time-consuming, require expensive

instrumentation as well as trained personnel to operate them.
Alternatively, screening based methods such as bioassays and bio-

sensors have allowed for the semi-quantitative analysis of drug residues
[8–10]. In particular, a number of biosensors for the detection of tet-
racycline based antibiotic residues in food products have been reported
in the literature [11]. They have the potential to be used before con-
firmatory methods and have shown great potential for antibiotic ana-
lysis at the point-of-need due to their high throughput analysis, rapid
analysis times and miniaturization [12–14]. However, most of the as-
says rely on bioreceptors such as antibodies and enzymes for specific
recognition. In spite of the high specificity and affinity, these bior-
eceptors are expensive and inherently unstable due to their biological
origin.

Recently, molecularly imprinted polymers (MIPs), the synthetic
materials with recognition sites that can specifically bind to target
molecules, have attracted immense attention. MIPs targeting tetra-
cycline antibiotics have been synthesized by radical polymerization or
precipitation polymerization for use in biosensing platforms or as sor-
bents for solid phase extraction [15,16]. Compared to conventional
bioreceptors, MIPs offer apparent advantages including higher robust-
ness and stability under a wide range of conditions, ease of synthesis
and low production costs. More interestingly, different active molecules
can be incorporated during synthesis, so that multifunctional MIP
composites can be formed [17,18]. MIPs have been grafted onto the
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surface of magnetic nanoparticles, resulting in magnetic MIPs which
possess both magnetically susceptible characteristics and good se-
lectivity for the target molecules [19–21]. Fluorescent molecules such
as fluorescent dyes, quantum dots or carbon dots have also been in-
tegrated into MIPs, which effectively turns the MIP composites into
fluorescence-based sensors [22,23]. Several reports have even demon-
strated the combined use of magnetic nanoparticles and fluorophores
with MIPs [24,25]. However, there are still technical challenges for
synthesizing such multifunctional MIPs. For instance, many examples
thus far have used cadmium-based quantum dots which are highly toxic
[26]. In addition, the incorporation of fluorescence dyes or quantum
dots into the MIP layer might lead to interference in MIP binding. Some
work tried to avoid the problem by incorporating quantum dots into a
separate silica layer, but this could in turn result in decrease in
quenching ability due to the distance between the binding site and
fluorescent molecules [22].

In this study, we developed a new type of multifunctional MIP
composite for the recognition and detection of doxycycline. The MIP
composite was synthesized by a core-shell imprinting technique, and
consisted of a magnetic core and a shell of fluorescent MIP (FMIP)
(Fig. 1). Instead of incorporating quantum dots or fluorescent dyes in
MIPs, we developed a facile polymerization method to produce FMIPs by
introducing fluorescein-O-acrylate monomer into the molecular im-
printing formulation. With a set of combined properties, the new MIP
composites were used as a biosensor to directly detect doxycycline in
pork plasma samples. Attributed to the magnetic core, the composite
could be easily separated and collected using an external magnetic field.
The high selectivity of MIPs ensured specific recognition of doxycycline.
Upon binding, a fluorescence quenching effect was induced via the in-
teraction between the fluorescein-O-acrylate and the analyte, thereby
providing a convenient methodology for optical detection. The use of a
fluorescent monomer greatly simplified the synthesis procedures, and
the sensitivity was similar or higher when compared to previous
methods. The MIP composite-based biosensor was demonstrated to be
rapid, simple, selective, and applicable to raw samples. To the best of our
knowledge, this is the first reported example of a multifunctional MIP
composite for the detection of doxycycline in plasma samples.

2. Experimental

2.1. Materials

Ferric chloride FeCl3·6H2O, ethylene glycol, sodium acetate, poly-
ethylene glycol (PEG, MW 2000), tetraethoxysilane (TEOS), 35% am-
monium hydroxide, methacryloxypropyltrimethoxysilane (MPA), dox-
ycycline (DO), cloxacillin (CA), spiramycin (SP), gentamycin (GE),
tetracycline (TC), amoxicillin (AC), ethylene glycol dimethacrylate
(EDGMA), methacrylic acid (MAA) and azo(bis)isobutyronitrile (AIBN),
fluorescein-o-acrylate and porcine plasma were purchased from Sigma
Aldrich. Inhibitors were removed from all monomers prior to poly-
merization using pre-packed columns from Sigma Aldrich. All solvents
were analytical grade and used without further purification.

2.2. Synthesis of FeOx@SiO2-FMIPs

The synthesis procedures are illustrated in Fig. 1. The iron oxide
(FeOx) nanoparticles were synthesized using the thermal solvent
method. FeCl3·6H2O (1.36 g) was dissolved in ethylene glycol (40ml).
Anhydrous sodium acetate (3.6 g) and PEG (MW 2000, 0.2 g) were
added sequentially. The mixture was stirred for 30mins to form a
homogenous orange suspension. The solution was then degassed
under vacuum for 30mins, transferred to a 100ml autoclave reactor
and heated in a furnace oven at 200 °C for 10 h. The resultant black
precipitate was washed several times with ethanol and dried under
vacuum for 6 h.

0.5 g of the resultant FeOx microspheres were re-suspended in
ethanol (60ml) and water (12ml). The black solution was then soni-
cated using a probe sonicator for at least 30mins followed by the ad-
dition of 35% ammonia hydroxide (2ml) and TEOS (2ml). The solution
was allowed to react under pulse sonication for 4 h before transferring
to an orbital shaker for 12 h. The resultant FeOx@SiO2 microspheres
were washed several times with water until the pH had returned to
neutral. This was followed by washing with ethanol several times and
dried under vacuum for 12 h.

The resultant FeOx@SiO2 (0.4 g) were mixed with 4% (v: v) MPA:
anhydrous toluene. The solution was sonicated for 15mins and then
heated to 60 °C with overhead stirring under nitrogen overnight. The
resultant FeOx@SiO2-MPA microspheres were washed several times
using ethanol and dried for 10 h under vacuum.

The synthesis of the MIP layer is based on a previous report with
some modifications [27]. A solution containing MAA (4mmol), EDGMA
(8mmol), doxycycline (1mmol), and fluorescein-o-acrylate (0.1 mM) in
methanol (60ml) was prepared and degassed by bubbling nitrogen for
30mins. The solution was added to a three-way round bottom flask
containing 0.2 g of FeOx@SiO2-MPA, sonicated for 15mins and stirred
for one hr at room temperature. The polymerization reaction was in-
itiated by adding AIBN (40mg) and the mixture was heated to 60 °C for
16 h. The resultant FeOx@SiO2-FMIPs were transferred to a soxhlet
extractor and continually washed using 9:1 (v: v) methanol: acetic acid
over a 24 h period to remove the template. The removal of the template
was then confirmed by checking the fluorescence of the microspheres.
FeOx@SiO2-FMIPs were finally washed with methanol several times to
remove residual acetic acid, and dried under vacuum. The non-im-
printed polymers (NIPs) were prepared in the same manner as for the
MIPs but in the absence of the template.

2.3. Instrumentation

All scanning electron microscopy (SEM) images were taken using a
Quanta FEG SEM (FEI, Oregen USA). All transmission electron micro-
scopy (TEM) images were taken using a Tecnai T20 G2 (FEI, Oregen
USA) transmission electron microscope. IR spectra were taken using a
Spectrum 100 (Perkin Elmer, MA, USA). XPS spectra were measured
using a K-alpha XPS (Thermo Fisher Scientific, MA, USA). All fluores-
cence-based quenching experiments were performed on a Tecan

Fig. 1. Overview of core-shell molecular imprinting of the MIP
composites.
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Spark plate reader (TECAN, Switzerland). All hydrodynamic size mea-
surements were performed on a Brookhaven ZetaPAL DLS.

2.4. Measuring the fluorescent properties of FeOx@SiO2-FMIPs

The fluorescence properties of FeOx@SiO2-FMIPs were imaged on a
fluorescent microscope by drying an aliquot on a glass slide. For the
development of the fluorescence quenching assays, all measurements
were performed on a plate reader equipped with fluorescence detection
in a 96-well plate format. All fluorescence experiments were performed
in triplicate. A solution of FeOx@SiO2-FMIPs (1mgml−1) was prepared
in 10mM PBS. After being mixed and sonicated for 15mins, 100 µl of
the solution was added to each well. Next, 100 µl of doxycycline in PBS
with concentrations from 0.2 to 300 µM were added. The resultant
samples were incubated for 1 h before measurement. The fluorescence
excitation wavelength was set at 470 nm, and the emission was mea-
sured at 520 nm for all fluorescence experiments. The quenching of
fluorescence signal was determined by comparing the fluorescence
signals to the blank sample (containing just the buffer and the MIPs).

The selectivity of FeOx@SiO2-FMIPs was determined by incubating
FeOx@SiO2-FMIPs and FeOx@SiO2-FNIPs with 6 µM of doxycycline,
cloxacillin, spiramycin and gentamycin, amoxicillin and tetracycline at
room temperature respectively. The response of each antibiotic was
determined from the extent of fluorescence quenching after incubation.

2.5. Real sample analysis

The ability of FeOx@SiO2-FMIPs to detect doxycycline in real
samples was assessed. 100 µl of pig plasma samples spiked with dox-
ycycline at different concentrations (0–6 µM) were mixed with
1mgml−1 of FeOx@SiO2-FMIPs (100 µl) and incubated for one hr.
FeOx@SiO2-FMIPs were then separated from the plasma samples by
magnet and transferred to a well plate. The antibiotic concentration
was calculated by fitting the quenched signal to the calibration plot.
The sample recovery was determined by comparing the measured
concentration to the known spiked concentration.

3. Results and discussion

3.1. Characterization of FeOx@SiO2-FMIPs

From the several batches of FeOx@SiO2-FMIPs and corresponding
FeOx@SiO2-FNIPs synthesized, MAA and fluorescein-O-acrylate were
used as functional monomers to form a mixture of hydrogen bonding
and electrostatic interactions with the amide and hydroxyl groups on
the template. These interactions allowed the analyte to be in close
proximity to the fluorophore, so that a quenching effect could be in-
duced. The concentration of the fluorescein-o-acrylate was optimised to
give the maximum fluorescence intensity as shown in Fig S1. As the
concentration of fluorescein-o-acrylate used in the co-polymerization

Fig. 2. TEM images of (A) FeOx, (B) FeOx@SiO2, (C) FeOx@SiO2-
FMIPs and corresponding FeOx@SiO2-FNIPs.
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was decreased, the fluorescence intensity after the removal of the
template also decreased with 100 µM showing the highest intensity.
Precipitated monomers and template were observed in pre-poly-
merization mixtures containing> 100 µM acrylate-o-fluorescein. The
composition of the FMIP layer was optimised (Table S1), during the co-
polymerization to ensure that there was high enough specific quenching
upon analyte binding, while at the same time minimizing the formation
of the bulk polymer by-product. This was achieved by having a suffi-
cient amount of FeOx@SiO2-MPA and reducing the amount of cross-
linker to ensure that the majority of polymerization occurred on the
surface of the nanoparticle. It is also worth noting that the FeOx@SiO2-
MPA could act as a crosslinker itself due to the large number of acrylate
groups found on the surface. The optimum crosslinker to template ratio
was 8:1, while the optimum ratio of monomer to template was 4:1. A
high molar amount of template also ensured that there were a high
enough number of binding sites on the surface of the polymer.

The morphologies of FeOx, FeOx@SiO2, and FeOx@SiO2-FMIPs mi-
crospheres were determined by SEM and TEM imaging. TEM images of
FeOx and FeOx@SiO2 (Fig. 2A -B) confirmed the addition of a silica
shell layer surrounding the magnetic microspheres. The MIP and cor-
responding NIP layers were also observed upon polymerization
(Fig. 2C-D). The TEM images demonstrated the successive additions of
layers onto the magnetic core. The corresponding SEM images (Fig. S2)
showed spherical particles with a diameter of about 207 nm for FeOx

while the size increased to 461 nm for FeOx@SiO2. The total diameter
of FeOx@SiO2-FMIPs was estimated to be about 510 nm. Each FeOx

microsphere core was made up of smaller nanoparticles of about 10 nm
in diameter. FeOx, FeOx@SiO2, and FeOx@SiO2-FMIPs were further
characterized using IR and XPS. The IR spectra of FeOx, FeOx@SiO2,
FeOx@SiO2-FMIPs and FeOx@SiO2-FNIPs (Fig. 3) showed the apparent
changes in the morphology of the microsphere surface after successive
modification steps. Distinct IR peaks at about 953 and 1079 cm−1

corresponding to Si-O-H stretching vibration and Si-O-Si asymmetric
stretching vibrations were observed respectively. The peak observed at
807 cm−1 corresponded to Si-O-Si symmetric stretching vibration. No
changes were observed between the IR spectra of FeOx@SiO2, FeOx@
SiO2-MPA due to the fact that the MPA formed a monolayer which
could not be observed using the IR ATR setup. However, a peak at
1732 cm−1 corresponding to C˭O confirmed the presence of the MIP
layer and the corresponding NIP layer. The characterization of silane
monolayer MPA onto FeOx@SiO2 was confirmed by XPS and confirmed
by an increase in the carbon S1 peak suggesting that the MPA was
successfully grafted onto the SiO2 layer (Fig. S3).

3.2. Fluorescence Properties of FeOx@SiO2-FMIPs

The FeOx@SiO2-FMIPs were imaged by a fluorescence microscope.
As shown in Fig. 4, the resultant FeOx@SiO2-FMIPs displayed strong

fluorescence signals, suggesting that both an adequate amount of
monomer had been incorporated into the MIP, and that the washing
step was sufficient to remove most of the template from the MIP.

Fluorescence quenching experiments were performed to determine
the degree of binding of doxycycline to the MIP. Stock solutions con-
taining 1mgml−1 of MIPs and corresponding NIPs were pipetted into
microplate wells followed by the addition of doxycycline at different
concentrations. The MIPs displayed high fluorescence signal in PBS in
the absence of the template (Fig. 5A). As the MIPs were titrated against
an increasing concentration of doxycycline, the fluorescence signal
decreased to a point of saturation. The corresponding NIP (Fig. 5B)
showed a much lower decrease in fluorescence signal as concentration
of doxycycline was increased, suggesting that the binding of doxycy-
cline to the MIPs enhanced the quenching effect. The quenched fluor-
escence was plotted using the Stern-Volmer equation as follows.

− = ×I I K C( / ) 1o SV c

where Io and I are the initial fluorescence and quenched fluorescence
signal respectively. KSV is the quenching constant for doxycycline and
Cc is the analyte concentration. Linear Stern-Volmer relationships were
observed for the MIPs (Fig. 6A), where the Ksv was 0.03627M−1 (r2 =
0.9952), with a saturation of the signal at higher concentrations
(Fig. 6B). The corresponding NIPs also showed a linear Stern-Volmer
relationship (Fig. 6C), where the Ksv was 0.008223M−1(r2 = 0.9920)
and saturation of the signal at higher concentrations (Fig. 6D). The non-
linear relationship observed at higher concentrations was due to the
saturation of the binding sites on the surface of the FMIPs with dox-
ycycline. The FMIPs displayed a 6-fold increase in quenched signal
when compared against the corresponding NIPs. The detection limit
was determined to be 117 nM (52 µg/kg) and the linear region was
between 0.2 µM and 6 µM. Compared to other methods reported for
doxycycline detection, such as fluorescence (LOD: 110 nM; 49 µg/kg)
[28], electrochemical (LOD: 43.5 µM; 19.3mg/kg) [29] and spectro-
photometric (LOD: 710 nM; 315 µg/kg) [30] sensors, our multi-
functional FMIPs demonstrated comparable or higher sensitivity.

The selectivity of FeOx@SiO2-FMIPs against other antibiotics was
assessed by incubating each antibiotic with 1mgml−1 of FeOx@SiO2-
FMIPs at the highest concentration found in the linear-range of the
Stern-Volmer calibration plot which was 6 µM. The FeOx@SiO2-FMIPs
demonstrated a 25-fold increase in quenching towards doxycycline
compared to gentamycin, a 17-fold increase in quenching when com-
pared to spiramycin and a 7–8-fold increase compared to cloxacillin
and amoxicillin and tetracycline (Fig. 7). The doxycycline FMIPs also
showed a significant increase in quenching when compared to the
corresponding FNIPs for all the antibiotics tested. These results con-
firmed that the developed multifunctional FMIPs had high selectivity
towards doxycycline.

To test the effect of photo bleaching, the fluorescence signal was
continually monitored over a 40min period with the fluorescence
signal measured every 30 s (Fig. S4). There was no observed decrease in

Fig. 3. IR spectra of FeOx, FeOx@SiO2 and FeOx@SiO2-FMIPs and corresponding FeOx@
SiO2-FNIPs.

Fig. 4. Fluorescence image of FeOx@SiO2-FMIPs.
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signal during the experiment, suggesting that the fluorescent monomer
did not undergo significant photo-bleaching in PBS buffer for the entire
experiment, and the FeOx@SiO2-FMIPs could be reused provided that
adequate removal of the template can be achieved.

3.3. Real sample analysis

To test the feasibility of the biosensor to detect doxycycline in real
sample analysis, spiked samples containing different known concentra-
tions of analyte were prepared and mixed with the FeOx@SiO2-FMIPs.
The FeOx@SiO2-FMIP microspheres were then separated with a magnet,
re-suspended in PBS buffer and transferred to a plate well. Attributed to
the magnetic property of the MIP composite, doxycycline was effectively
extracted from the matrix. By using the blank sample containing MIPs
and non-spiked serum as negative control, we could effectively remove
the sample matrix effects, allowing the assay to be carried out without
additional washing or sample purification steps. Fluorescence quenching
was determined according to the Stern-Volmer equation and inter-
polated against the calibration plot. As shown in Table 1, recoveries of
doxycycline from spiked pig plasma samples ranged from 88% to 107%
with RSD values ranging from 1.15% to 8.1%. These results suggested
that the fluorescent FeOx@SiO2-FMIPs were capable of determining
doxycycline directly in serum with minimal sample pre-treatment. The
simple operation procedures and easy manipulation of the MIP compo-
sites make it possible to utilize the assay for online or at-site screening of
antibiotic residues in food samples.

Fig. 5. Fluorescence emission quenching
spectra of (A) FeOx@SiO2-FMIPs and (B)
FeOx@SiO2-FNIPs in presence of different
concentrations of doxycycline from 0 to
6 µM.

Fig. 6. (A) Linear and (B) non-linear Stern-Volmer plots showing the doxycycline concentration-dependent quenching of FeOx@SiO2-FMIPs; (C) linear and (D) non-linear Stern-Volmer
plots showing the quenching of the corresponding FeOx@SiO2-FNIPs.

Fig. 7. Selectivity of FeOx@SiO2-FMIPs and corresponding FeOx@SiO2-FNIPs towards
common antibiotic residues.
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4. Conclusion

In this study, we demonstrated the use of fluorescent FeOx@SiO2-
FMIPs as an all-in-one biosensor for the detection of doxycycline in pig
plasma. Core-shell MIP composites were successfully synthesized and
characterized. The optimised FeOx@SiO2-FMIPs demonstrated both
sensitive and selective quenching in the presence of doxycycline, and
the magnetic property of the microspheres enabled the assay to be
performed in situ. The assay shows great potential as a low-cost, rapid,
high-throughput analysis tool for point-of-need applications.
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