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- A new magnetic MIP was prepared
using a green ultrasound process.

- Magnetic MIP was combined with
fluorometric detection of quercetin
(QCT).

- Magnetic MIP-SPE was used for QCT
extraction and determination from
plant extracts.

- A new paper-based analytical device
for smartphone detection of QCT was
developed.
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a b s t r a c t

Molecularly imprinted polymers that mimic the binding mechanism of antibodies and their antigens
exhibit several advantages, such as fast synthesis, low cost, high stability, and allow to overcome the
ethical issues associated with antibody farming in animals. Herein, a novel strategy combining the
magnetic molecularly imprinted polymer (MMIP) as an artificial antibody with a fluorescence procedure
for the detection of quercetin in plant samples was designed. The MMIP was synthesized via a radical
polymerization process to recognize specific functional groups of quercetin using a green technique
based on high energy ultrasound irradiation. The developed MMIP was characterized by Fourier trans-
form infrared spectroscopy, X-ray diffraction, scanning/transmission electron microscopy, and thermal
gravimetric analysis, which confirmed the successful preparation of MMIP. The adsorption capacity and
selectivity of the MMIP for quercetin and other interferents analogous were performed. The MMIP was
applied in the solid-phase extraction (SPE) technique as a selective sorbent for the sample preparation.
Besides, a sensitive fluorometric method for the quantitation of quercetin was developed. A linear
response was obtained within the concentration of 0.005e1.25 mg mL�1 of quercetin. The limit of
detection and quantitation were 1.1 ng mL�1 and 3.7 ng mL�1, respectively. The average recoveries for
quercetin were between 92.2% and 104.7% with an RSD less than 5.06% in spiked orange juice and tea
extract samples. Furthermore, the developed procedure was successfully combined with a new paper-
based analytical device for on-site smartphone analysis of quercetin.
© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Because of the high increase of chronic diseases (such as cancer
and cardiovascular, respiratory and digestive systemdiseases), which
are major causes of death in the world [1], currently, the medical
field is focused on the search for new active principles capable of
inhibiting such chronic diseases. Plants are considered as real drugs
of the above illnesses because they are very rich in bioactive sub-
stances [2]. Quercetin (QCT) is a polyphenolic flavonoid richly pre-
sent in plants including fruits, vegetables, tea, etc. Huge attention to
this biomolecule is associated with its high bioactivity. In fact, it
exhibits strong antioxidant, anticancer, antiallergic, anti-
inflammatory, antiviral and cardioprotective activities [3e7].
Thanks to its properties, QCT is widely used in the medical and
pharmaceutical fields. However, its extraction and isolation from the
plant extract are extremely difficult. Indeed, the traditional proced-
ures used for the separation and extraction of QCT from the plant
extracts were always time-consuming and solvent-dependent [8].
Therefore, the elaboration of a selective, fast, simple and accurate
method for the extraction and detection of QCT is highly desired.

Many different methods have been reported for the extraction
and determination of QCT, including high pressure liquid chroma-
tography (HPLC) [9,10], spectrophotometry [11,12], luminescence
[13], capillary electrophoresis [14], spectrofluorometry [15] and
electrochemical sensors [16e19]. These methods provide good
experimental results, but tedious sample preparation was required
in order to remove the interferents from the sample matrix.
Therefore, sample preparation should be performed to isolate the
analyte from the sample matrix. Solid-phase extraction (SPE) is a
technique that uses a sorbent for the extraction of the target
molecule from a given sample [20]. Nevertheless, the majority of
the materials used for SPE are not selective to the analyte. To
overcome this problem, it is necessary to develop a practicable
selective material, such as molecularly imprinted polymers (MIPs).
MIPs are artificial antibodies with specific cavities for a template
molecule. The MIPs recognize the template molecule by the similar
antigen-antibody recognition mechanism in the natural systems
[21,22]. MIPs exhibit many advantages, including easy and rapid
preparation, low cost and high thermal and chemical stability
[23,24]. Recently, MIPs have received great attention and have been
effectively employed for selective extraction, determination and
pre-concentration of several target molecules including quercetin.
Indeed, Rahimi et al. [10] developed a molecularly imprinted
polymer combined with high-performance liquid chromatography
for the determination of quercetin. The sol-gel process was used for
the preparation of the MIP. The developed method presented a
detection limit of 9.94 ng mL�1 and it was successfully applied for
the determination of QCT in tea and coffee samples. Moreover, Sun
et al. [25] reported an electrochemical sensor based on MIP, poly-
pyrrole, and graphene oxide for the selective determination of
quercetin in fruit juices. The MIP was formed by electro-
polymerization using pyrrole as a functional monomer and gra-
phene oxide to improve the electron transfer rate. The developed
sensor provided a linear range of 0.181e4.53 mg mL�1 and a
detection limit of 14.50 ng mL�1. Furthermore, MIPs have been
extensively employed in the dispersive SPE technique in order to
enhance its selectivity and to reduce the consumption of organic
solvents, extraction time and amount of sorbent [26,27]. Besides,
the application of the magnetic nanoparticles as core materials of
MIP facilitates the separation and recovery of MIP after the solid-
phase extraction process [28e30].

Chitosan is a biopolymer obtained by deacetylation of chitin.
Chitosan has been largely used for the development of MIPs thanks
to its properties including film forming ability, biodegradability and
non-toxicity [31e33].
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It was previously reported that the synthesis of MMIPs based on
the use of a high-power ultrasound probe is a green technology for
the synthesis of materials and presents many beneficial advantages
in comparison to other techniques including thermal heating,
photo-polymerization, ultrasonic bath, and microwave irradiation.
Acceleration of polymerization reaction rate, reducing energy
consumption, production of more homogenous polymer chains,
and degassing property are the mains advantages of ultrasound
technique [34].

The development of paper-based analytical devices (PADs) for
the rapid, on-site detection of multiple molecules is of great in-
terest in various fields, including environmental monitoring, food
safety, disease diagnosis, etc [35,36]. However, the majority of PADs
exhibits poor selectivity. The combination of SPE using MIP with
PAD allows a rapid and selective determination of the target
molecule.

In this study, amagneticmolecularly imprinted polymer (MMIP)
was synthesized by radical polymerization of the monomer pro-
moted by ultrasound irradiation and in the presence of QCT as a
template.

Magnetic nanoparticles were employed as core material and
chitosan was used as dispersive agent and to link the poly-
methacrylic acid with the magnetic nanoparticles. The adsorption
and the analytical characteristics of the MMIP toward QCT were
performed. Then, a sensitive fluorometric method for the trace
detection of QCT was developed. The synthesized MMIP was
effectively combined with the spectrofluorometric method for the
selective extraction and detection of QCT in plant samples.

2. Experimental part

2.1. Material

Methacrylic acid (MAA) 99%, QCT, ammonium hydroxide
(NH4OH), ethylene glycol dimethacrylate (EGDMA) 98%, chitosan,
ferric chloride hexahydrate (FeCl3,6H2O), ammonium persulfate
(APS) � 98%, and ferrous chloride tetrahydrate (FeCl2,4H2O) were
purchased from Sigma Aldrich (Spain). Methanol 99.9% and dime-
thylsulfoxide (DMSO) 99% were purchased from PanReac (Spain).
Nanopure water (18 MU cm) was obtained from a Millipore Milli-Q
system (Bedford, MA, USA).

2.2. Instrumentation

A high-power ultrasound probe generator SONICATOR 4000
(Misonix Inc., Farmingdale, NY, USA), which operates at 20 KHz and
provides a maximum power of 700 W, equipped with a 13 mm
diameter titanium tip, was used for the synthesis of MMIP. A double
beam UV/vis spectrophotometer, model T80þ from PG Instruments
(Leicestershire, England), with 1 nm resolution, was used for the
evaluation of the adsorption capacities of the developed MMIP and
MNIP. Fourier transform infrared (FT-IR) spectra were collected
using a IR Affinity-1S SHIMADZU spectrophotometer, in the
Attenuated Total Reflectance (ATR) mode and in the range of
4000e500 cm�1. X-ray diffraction measurements were recorded on
a Bruker D8 Advance A25 X-ray diffractometer (BRUKER-AXS,
Germany), equipped with a LINXEYE detector and Cu-Ka radiation
source (l ¼ 0.1542 nm). Scanning-transmission electron micro-
scopy (STEM) images were obtained by a FEI Nova NANOSEM 450
equipment (Thermo Fisher Scientific, USA) (resolution ¼ 1 nm).
Thermo-gravimetric analyses (TGA) data were carried out on a TGA
Q50 V20.13 Build 39 from TA Instruments (Delaware, USA) via
heating from 30 �C until 800 �C, at a rate of 10 �C/min under
nitrogen:air (4:6 v/v) flow. Finally, a FP-6500 spectrofluorometer
(Jasco, Spain) was used for the determination of QCT.
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2.3. Synthesis of Fe3O4-Chitosan

Fe3O4-Chitosan was synthesized according to the process re-
ported by Lui et al. [37]. 0.25% (w/v) of chitosan was prepared in
acetic acid solution (0.25%; v/v). The obtained chitosan solutionwas
added to 20 mL of a mixture containing 0.3 g of FeCl2$4H2O and
0.7 g of FeCl3$6H2O under mechanical stirring (800 rpm). After
complete dissolution (1 h), 15 mL of NH4OH was added drop by
drop under stirring for the next 30 min. The obtained Fe3O4-chi-
tosan nanoparticles were recovered and washed with distilled
water to neutral pH and cured at 60 �C.

2.4. Preparation of MMIP-coated Fe3O4-Chitosan

MIP-coated Fe3O4-Chitosan was prepared according to the
method reported in our previous work [38] (Scheme 1), usingMAA,
EGDMA, QCT and APS as monomer, cross-linking agent, template
and initiator, respectively. 172 mL of MAA and 67.5 mg of QCT were
dispersed in 10 mL of DMSO; the mixture was incubated at 3 �C for
1 h to facilitate the combination between the template and the
monomer. Then, 40 mL of DMSO:water (1:3 v/v) containing 100 mg
of Fe3O4-chitosan nanoparticles, 317 mL of EGDMA and 40mg of APS
were added to the above solution. The blend was deaerated with
nitrogen for 15 min and the reaction was carried out at 60 �C for
40 min, using the high-power ultrasound probe at an amplitude of
30%. Then, the MMIP was collected using a magnet and washed
several times with an acetic acid:methanol (1:9, v/v) solution until
QCT was not detected by UV spectrophotometer. Simultaneously,
magnetic non-imprinted polymers (MNIP) were developed iden-
tically except for the addition of QCT.

2.5. Binding experiments

To perform the binding isotherm experiments, 1 mg of MMIP
or MNIP was introduced into QCT solutions prepared in Milli-Q
water (2 mL) at different concentrations ranging from 10 to
30 mg mL�1. The solutions were shacked for 5 min at ambient
temperature and subsequently separated by a magnet. The ob-
tained QCT supernatant was analyzed with the spectrophotom-
eter at the wavelength of 402 nm. For the binding kinetic
experiments, 1 mg of MMIP was suspended in 2 mL of QCT
(10 mg L�1) and shacked at 600 rpm for measuring the adsorp-
tion capacity as a function of time.
Scheme 1. Ultrasound preparation of magnetic molecularly imprinted polymers
(MMIP); EGDMA: Ethylene glycol dimethacrylate, MAA: Methacrylic acid, APS:
Ammonium persulfate.
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The uptake capacities of MMIP to QCT were defined by Q
(mg$g�1) (Eq. (1)):

Q ¼Ci � Ce
m

V (1)

where Ci (mg$mL�1) is the initial concentration of QCT; Ce is the QCT
equilibrium concentration; V (mL) is the volume of the QCT solu-
tion; and m (g) is the mass of MMIP and MNIP.

The adsorption equilibrium data were fitted to Langmuir and
Freundlich isotherm models. The equations were illustrated as
follows:

Freundlich equation (Eq. (2)):

Log Qe ¼
1
n
Log Ce þ Log Kf (2)

where n and Kf are the Freundlich isotherm parameters related to
the intensity and the adsorption capacity, respectively.

Langmuir equation (Eq. (3)):

Ce
Qe

¼ 1
Qm,KL

þ Ce
Qm

(3)

whereQe (mg$g�1) is the equilibrium uptake capacity; Ce (mg$mL�1)
is the equilibrium analyte concentration; Qm is the maximum up-
take capacity of the MMIP, and KL is the Langmuir constant.

The kinetic data was analyzed using pseudo-first order (PFO)
(Eq. (4)) and pseudo-second-order (PSO) (Eq. (5)) rate models.

logðQe �QtÞ¼ logðQeÞ � k1
2;303

t (4)

t
Qt

¼ 1

k2Qe
2 þ

t
Qe

(5)

where Qt (mg$g�1) is the binding capacity at time t (min); Qe (mg
g�1) is the binding capacity at the equilibrium concentration; and
k1 (min�1) and k2 (g$mg�1$min�1) are the rate constants of the PFO
and PSO, respectively.

For the selectivity study, 1 mg of MMIP or MNIP was introduced
into 2mL of solutions containing 33 mMof either QCTor caffeic acid,
rutin or ferulic acid used as the structural analogous. After the
adsorption and separation steps, the supernatant of the tested
molecules QCT, caffeic acid, rutin and ferulic acid weremeasured by
spectrophotometry at their corresponding maximum absorbance
wavelengths of 402, 326, 375 and 330 nm, respectively.

To evaluate the selectivity efficiency of the proposed MMIP, a
selectivity factor (a) was determined from the following formula
(Eq. (6)):

a¼ QQCT

Qanalog
(6)

where QQCT and Qanalog are the adsorption capacities of QCT and the
structural analogous molecules, respectively.
2.6. Solid-phase extraction experiment

The solid-phase extraction of QCT using MMIP as a sorbent was
investigated as follows: 2 mg of MMIP were added into 2 mL of QCT
aqueous solution; later, the blend was shaked for 15 min at 25 �C.
After the separationwith themagnet, the MMIPwas eluted by 2mL
of methanol. Finally, the desorbing solutionwas analyzed by UV/vis
spectrophotometry.
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2.7. Determination of QCT

2.7.1. Spectrophotometric and fluorometric detection
QCT can be measured directly at their maximum absorbance of

402 nm. However, in the presence of aluminum, the absorbance
drastically increases. The procedure is based on the addition of
10 mL of AlCl3 (10%) to 2 mL of methanol containing QCT. The ob-
tained complex (QCT-Al) was analyzed either with a spectropho-
tometer at l ¼ 451 nm or with a spectrofluorometer under the
excitation wavelength of 430 nm and the emission wavelength of
480 nm.

2.7.2. Paper-based analytical device
A new paper-based analytical device (PAD) was applied for the

smartphone determination of QCT using the following procedure.
Firstly, a circle of 1 cm (in diameter) was designed on a Josef paper
using the wax pencil in order to have a hydrophobic circumference.
Secondly, the device was placed in the oven at 60 �C to dissolve the
wax across the paper to create a three-dimensional hydrophobic
circumference. In the designated circle, 2 mL of AlCl3 (0.5%) was
dropped and dried at ambient temperature. Then, 20 mL of the
sample was added onto the prepared circle. The developed color
was measured with a smartphone.

2.8. Determination of QCT in real samples

Samples of orange juice and tea extract were obtained from a
local market. Both samples were spiked with 0.5 and 1 mg mL�1 of
QCT. Then, 2 mg of MMIP was introduced into 2 mL of the prepared
samples and followed by stirring for 15 min. After the separation
step, the analyte was extracted by methanol. Then, the supernatant
was measured by a fluorometer after forming the complex product
with aluminum.

For the determination of QCT in a grape sample, 20 g of grapes
were mixed and filtered to remove particulate impurities. After the
SPE steps using MMIP as sorbent, the QCT concentration was
measured by the developed PAD.

2.9. Statistical analysis

The one-way analysis of variance (ANOVA) was used to carry out
the statistical analysis. The significant differences between recov-
ery values were considered when p < 0.05.

3. Results and discussion

3.1. Characterization studies

The functional groups of Fe3O4, Fe3O4-chitosan and MMIP were
characterized by FT-IR (Fig. 1a.). The characteristic peak of FeeO
groups appeared at the wavelength of 549 cm�1 in all spectra. For
Fe3O4-chitosan, the peak at 3340 cm�1 is assigned to the stretching
vibrations of amine (eNH2) and hydroxide (eOH) groups, and the
typical peaks of the eCONH2 groups appeared at 1643 cm�1, which
proves the good modification of Fe3O4 with chitosan. After the
decoration of Fe3O4-chitosan with MIP, the characteristic peaks of
polymethacrylic acid appeared at 1726 and 1157 cm�1, matching to
C]O and CeO groups, respectively. These results confirm the
successful preparation of the MMIP.

The prepared products are further characterized by XRD tech-
nique. In Fig. 1b six typical diffraction peaks for Fe3O4 are obtained
in all samples at 2q values of 30.34⁰, 35.58⁰, 43.26⁰, 53.8⁰, 57.3⁰ and
62.68⁰. These peaks were indexed respectively to the following
4

planes (2 2 0), (3 11), (4 0 0), (4 2 2), (5 11) and (4 4 0). The quoted
peaks corresponded well with the standard XRD data of magnetic
Fe3O4 (JCPDS No. 85-1436) [39]. The obtained results showed that
the structure of the magnetic nanoparticles throughout the sam-
ples stayed unchanged during the polymerization process.
Furthermore, the intensity sharpness of the peaks indicated that
the MMIP had been successfully designed.

The thermo-gravimetric analysis (TGA) was performed in order
to investigate the thermal stability of the three developedmaterials
(Fe3O4, Fe3O4-chitosan and MMIP). As illustrated in Fig. 1c, from
250 �C to 450 �C, the weight of Fe3O4, Fe3O4-chitosan and MMIP
decreased, with 3.86%, 44.1%, and 84% of losses, respectively. The
loss in mass means that the chitosan and MIP modified the surface
of the Fe3O4 effectively. However, above 450 �C no significant mass
loss was observed, showing that only the thermal resistant Fe3O4
nanoparticles remained.

STEM was applied for the characterization of the size and the
morphological structure of the prepared materials (Fe3O4,
Fe3O4echitosan and MMIP). The size of the developed products
increased with a mean diameter of about 12.0 ± 2.6 nm (n ¼ 20)
(Figs. 1d), 28.0 ± 5.2 nm (n ¼ 20) (Figs. 1e), 76.1 ± 12.1 nm (n ¼ 20)
(Fig. 1f) for Fe3O4, Fe3O4-chitosan and MMIP, respectively. These
results confirm well that magnetic nanoparticles were successfully
modified with chitosan and MIP.
3.2. Adsorption isotherm

The binding isotherms of QCT on the MMIP and MNIP at 25 �C
are presented in Fig. 2a. The binding capacities of the MMIP and
MNIP rose with the increment of QCT concentration. Clearly, MMIP
presented high adsorption capacity than MNIP thanks to the
numerous specific cavities of QCTcontained in theMMIP surface. In
addition, the imprinted factor, defined as the ratio of the adsorption
capacity of MMIP and MNIP, ranged its values between 2.0 and 3.3,
which are higher than those obtained in most of the previous
publishedworks [40e42]. These results confirm the creation of QCT
cavities on the surface of MMIP. Moreover, the adsorption mecha-
nisms of QCT implicate hydrogen bonds between QCT and the
functional groups of the monomer.

Freundlich and Langmuir's models were applied to analyze the
sorption data of MMIP and MNIP (Fig. S1). As shown in Table S1, the
Freundlich regression coefficients (R2

MMIP ¼ 0.993; R2
MNIP ¼ 0.994)

were higher than those obtained with Langmuir model
(R2MMIP¼ 0.990;R2

MNIP¼ 0.858), indicating that the equilibriumdata
fitted better with Freundlich isotherm model than with Langmuir
model, demonstrating that the binding of QCT by this technique
implied the multimolecular layer adsorption. Moreover, the Freund-
lich constant (KF) for QCT on the MMIP was higher than that on the
MNIP (Table S2), indicating the stronger affinity of theMMIP for QCT.
3.3. Kinetic adsorption

Fig. 2b illustrates the kinetic adsorption of QCT (10 mg mL�1) on
the MMIP and MNIP. Indeed, the adsorption of QCT by MMIP and
MNIP was very fast and reaches the maximum in 15min. Moreover,
the binding capacity of MMIP for QCTwas higher than that of MNIP,
indicating the high imprinting effect of the MMIP toward QCT.
According to the correlation coefficient (R2) described in Table S3,
the kinetic data fitted better with the PSO model than the PFO one.
The result indicates that the adsorption process of QCTon theMMIP
was dominated by chemical sorption and the adsorption capacity
was proportional to the number of cavities on the MMIP.



Fig. 1. (a) FT-IR spectra; (b) XRD diffractogram and (c) thermo-gravimetric analysis spectra of Fe3O4, Fe3O4-chitosan and MMIP. (d), (e), and (f) STEM images of Fe3O4, Fe3O4-chitosan
and MMIP, respectively.

A. Karrat, J.M. Palacios-Santander, A. Amine et al. Analytica Chimica Acta 1203 (2022) 339709
3.4. Selectivity study

The selectivity of the MMIP toward QCT was estimated using
similar structural compounds including caffeic acid, rutin and ferulic
acid at the concentration of 33 mM. As presented in Fig. 2c., theMMIP
has higher binding capacity for QCTcomparedwith caffeic acid, rutin
and ferulic acid. Furthermore, the MMIP binding for the interfering
molecules was not significantly different from that of MNIP. In
addition, the MMIP exhibited a high a-factor toward QCT than the
other interferents (Table S4) because its structure is complementary
in size, shape and functional groups to the cavities of MMIP.
5

3.5. Solid-phase extraction

3.5.1. Type of eluent
In order to obtain the highest elution recovery, the choice of the

appropriate solvent is relevant. Two milliliters of solvent, including
methanol, ethyl acetate, methanol-water (1:1) and acetone were
investigated for eluting the analyte from the MMIP. Fig. 3a demon-
strates thatmethanol has good elution ability thanother solvents due
to its high polarity and affinity toward QCT. Moreover, the statistical
analysis showed that this difference was significant (p < 0.05). Thus,
methanolwasused as elution solvent in the subsequent experiments.



Fig. 2. (a) Binding isotherms of QCT on MMIP and MNIP at room temperature; (b) kinetic adsorption of MMIP and MNIP at room temperature and QCT initial concentration (Ci):
10 mg mL�1; (c) (left) selectivity of MMIP and MNIP for different analytes at room temperature (Ci: 10 mg mL�1) and (right) chemical structures of the analogous molecules.
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3.5.2. Effect of MMIP concentration
Various concentrations of MMIP varying from 0.025 to

2 mg mL�1 were tested to achieve the optimum recovery (Fig. 3b).
The recovery increased significantly (p < 0.05) with the MMIP
concentration up to 1 mg mL�1. After this amount, sorption effi-
ciency decreased slightly and no significant difference was found
after 1 mg mL�1 according to ANOVA results. Therefore, the opti-
mum MMIP concentration was fixed at 1 mg mL�1.
3.5.3. Effect of elution time
After determining the optimal eluent solvent and the concen-

tration of MMIP, the time of elution was optimized in the interval
from 1 to 20 min (Fig. 3c). The extraction recovery increased
significantly (p < 0.05) with the extraction time from 1 to 5 min
and, after that, stayed almost at a steady-state with a slight
reduction (p > 0.05), indicating that the analyte was completely
removed from the MMIP after 5 min. Therefore, 5 min was selected
for the following experiments.
3.6. Analytical determination of quercetin

3.6.1. Spectrophotometric detection
The reaction of QCT with the aluminum cation leads to the

formation of a complex with yellow coloration that absorbs at
451 nm. A regression equation in the linear range of
0.5e10 mg mL�1 was obtained: y ¼ 0.13 ± 0.003 [QCT] (mg$mL�1) e
6

0.02 ± 0.004 (Standar devia with a regression coefficient of
R2 ¼ 0.999.
3.6.2. Detection of QCT using paper-analytical device
Paper-based analytical device presents several advantages such

as rapidity, easiness, low cost and less toxicity [36]. The detection of
QCT using the developed PAD was performed in the concentration
range of 10e80 mg mL�1. As the concentration of QCT increases
(Fig. 4a.), the color intensity of the circle changes from light yellow to
dark yellow. Furthermore, an Android-type smartphone (Resolution:
13 MP, 4:3) was used for capturing the images of the developed
colored circles. Indeed, Fig. S3 Showed that the intensity of the blue
color decreases more significantly with the increase of QCT con-
centration than the green and red colors. Therefore, we selected the
blue color as the optimal parameter for the determination of QCT
using ImageJ software. The PAD as proposed would be useful for the
rapid quantitation of QCT in plants rich in this flavonoid such as
cranberries and grapes [43,44]. Indeed, the developed PAD was
successfully used for determination of QCT in grape sample (Fig. S4).
3.6.3. Fluorometric determination
The PAD method allows rapid on-site detection of QCT, but it is

not highly sensitive for the determination of QCT inplants containing
low concentrations of QCT substance such as apple
(20e42.6 ngmL�1), onion 30-190 ngmL�1, pepper 107.6 ngmL�1, etc
[45,46]. For this reason, we have applied the same procedure based



Fig. 3. Effect of extraction conditions on QCT recovery at room temperature: (a) eluent solvent; (b) MMIP concentration; and (c) elution time.
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on the QCT complexation with the aluminum ion for fluorometric
detection. A calibration curve was achieved (Fig. 4c) within the wide
concentration range of 0.005e1.25 mg mL�1 of QCT. The linear
regression equation was y ¼ 222.6 ± 3.0 [QCT]
(mg$mL�1) þ 1.2 ± 0.37 (R2 ¼ 0.999). Based on the calibration curve,
the calculated limit of detection LOD was 1.1 ng mL�1 (LOD ¼ 3$SD/
slope) and the limit of quantitation was 3.7 ng mL�1 (LOQ ¼ 10$SD/
slope). These findings confirmed that the developed fluorometric
method provides prospective advantages including high sensitivity,
simplicity and fastness for the QCT detection. It is worth noting that
this fluorometric procedure based on the complexation of QCT with
aluminum is traditionally recommended for aluminum determina-
tion [47]. However, in this work, we succeeded to apply it for quer-
cetin determination.

3.7. Real samples

To demonstrate the feasibility and reliability of the proposed
procedure, the proposed methodology was employed for the
detection of QCT in spiked orange juice and tea extract samples. As
depicted in Table 1, the average QCT recoveries in both real samples
ranged from 92.2% to 104.7% and the RSD values were between 1.50
7

and 5.1%. The obtained results demonstrated that the developed
procedure provided good precision and accuracy. Therefore, this
methodology would be useful for monitoring QCT in food samples.

In addition, Table 2 presents a comparative study of the pro-
posed methodology with other procedures previously reported in
the literature. It can be concluded that the proposed method has
high sensitivity as well as wide linear range for the determination
of QCT. Furthermore, as mentioned in the introduction, QCT is a
very interesting biomolecule thanks to its biological properties.
Thus, its selective extraction and its determination in plant samples
are in high demand. The procedure described in this work has
confirmed well its ability to selectively extract QCT from complex
plant extracts using the developed synthetic antibody and to
determine it with high sensitivity using the fluorometric method.

3.8. Reusability

For assessing the reusability of the proposed MMIP, adsorption
and desorption assays of QCT from MMIP were performed 5 times
successively. This experience was repeated with three different
MMIPs. The results showed no significant loss of recovery
(90.6e99.8%) as presented in Fig. S5.



Fig. 4. (a) Detection of QCT using the developed PAD; (b) Fluorescence spectra of quercetin; (c) calibration curve for quercetin determination at room temperature; lex ¼ 430 nm
and lem ¼ 480 nm. Final aluminum concentration ¼ 0.05%.

Table 1
Determination of QCT in orange juice and tea extract samples by MMIP coupled with spectrofluorimetry.

Sample Added (mg$mL�1) Found (mg$mL�1) Recovery (%) RSD (n ¼ 3)

Orange juice 0 0.081 e e

0.5 0.572 98.2 2.2
1 1.128 104.7 1.8

Tea extract 0 0.052 e e

0.5 0.507 92.2 1.5
1 1.028 97.7 5.1

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

Linear range
(mg$mL�1)

LOD
(ng$mL�1)

Recovery
(%)

Advantages/disadvantages of the reported method Ref

MIP-GO-GC 0.181e4.53 14.50 97.4
e101.4

Low sensitivity, good stability, and repeatability. [25]

MIP-SPME-
HPLC-UV

0.05e100 9.94 94.2e98.5 Long synthesis time (12 h), and complicated preparation method, high selectivity. [10]

MIP-MSPD 1e500 250 102.3 Long synthesis time (26 h), low imprinting factor, fast adsorption, low sensitivity. [40]
SPE-HPLC-UV e 60 41.7 Able to detect a larger number of phenolic acids and flavonols polyphenols, low sensitivity. [48]
MISPE 0.01e0.1 2.6 e Low imprinting factor (1.42), Long rebinding time (12 min), low limit of detection, [49]
DLLME-SFOD 0.015e0.15 3.02 95.0

e105.0
Consumption of organic solvents, complicated extraction steps, good recovery [50]

MMIP-
Fluorescence

0.005e1.25 1.1 92.2
e104.7

Rapid synthesis method, fast adsorption, high selectivity and sensitivity, good repeatability, easy
sorbent recovery

This
work

GO: Graphene oxide; GC: Glassy carbon electrode; SPME: Solid-phase microextraction; HPLC-UV: high-performance liquid chromatography with UV detection; MSPD: Matrix
solid-phase dispersion; MISPE: Molecularly imprinted solid-phase extraction; SPE: Solid-phase extraction procedure; DLLME: Dispersive liquid-liquid microextraction; SFOD:
Solidification of floating organic drop; MMIP: Magnetic molecularly imprinted polymer.
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4. Conclusions

In this work, a new MMIP was successfully developed to facili-
tate the extraction and determination of quercetin in plant samples.
8

The green technique based on high energy ultrasound irradiation
allowed a rapid synthesis of MMIP. Also, the characterization re-
sults (using FTIR, XRD, TGA, and TEM) confirmed the successful
preparation of MMIP. Effectively, the developed MMIP was
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combined with the fluorometric method for the selective solid-
phase extraction and sensitive determination of QCT. Indeed, a
very good sensitivity and selectivity toward QCT were obtained.
Moreover, the recoveries of QCT from spiked orange juice and tea
extract were in the range of 92.2% and 104.7%. In addition, the
proposed MMIP was successfully coupled with the developed PAD
for on-site smartphone analysis of QCT.

Furthermore, the advantages of the developed MMIP including
high selectivity, easiness and rapid preparation, low-cost and good
stability confirmed well that MIPs could be used as outstanding
synthetic antibodies for the development of novel biosensors in the
determination of several analytes in plant samples.
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