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on and determination of
aspartame in soft drinks with a zein magnetic
molecularly imprinted modified MGCE sensor†

Ling Tan,ac Qing-Yao Li,‡a Yan-Jun Li,a Rong-Rong Ma,a Jia-Yuan He,a

Zhuang-Fei Jiang,a Li-Li Yang,a Chong-Zhi Wang,d Ling Luo,*b Qi-Hui Zhang *ad

and Chun-Su Yuand

In this work, an efficient and sensitive magnetic molecularly imprinted polymer with zein and deep eutectic

solvents (ZDM-MIPs) was designed and synthesized to exclusively adsorb and detect aspartame (ASP). We

used zein, together with deep eutectic solvents (DESs) and Fe3O4 as the cross-linker, functional monomer

and support material, respectively. A magnetic glassy carbon electrode (MGCE) modified with ZDM-MIPs

was used for selective recognition of ASP. The electrochemical response of the ZDM-MIPs-MGCE for

quantification of ASP was evaluated with a portable electrochemical detection station with differential

pulse voltammetry and cyclic voltammetry. The responses of ZDM-MIPs-MGCE signified a good linear

relationship with ASP concentrations in the range of 0.1–50 mg mL�1. The sensor systems showed good

accuracy and precision, with recovery percentages between 84% and 107%. These results suggested that

the obtained ZDM-MIPs exhibited good adsorption performance for ASP in soft drinks, and this method

could be used to determine ASP content in actual food samples.
1. Introduction

Aspartame (L-aspartyl-L-phenylalanine methyl ester; ASP) has
been widely used in the food industry as an alternative to sugar.1

To decrease sugar and caloric content, the food industry uses
articial sweeteners to produce a variety of foodstuffs, including
powdered drinks, chewing gum, and jellies.2 However, some
animal studies have indicated that ASP is a carcinogenic agent
in mice.3,4 Because the effects of ASP on human health continue
to be controversial,5 the acceptable daily intake of ASP is rec-
ommended not to exceed 40 mg kg�1 of body weight.6 There-
fore, the developing an assay for the accurate and sensitive
determination of this articial sweetener in food is essential.

Various technologies have been developed to determine ASP,
such as high-performance liquid chromatography (HPLC),7

mass spectrometry (MS)8 and electrochemical analysis.9 Among
them, electrochemical analysis is regarded as one of the most
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promising methods for the determination of ASP. Electro-
chemical methods offer many advantages for tracking analytes,
because of their relatively low cost and short analysis time.10,11 A
magnetic glassy carbon electrode (MGCE) is among the widely
used electrodes,12 such as for the analysis and detection of
pigments, drugs, proteins and organic pollutants.13–15 MGCE
has several advantages, including good electrical conductivity,
high chemical stability, a low thermal expansion coefficient,
hard texture, good air tightness, and a broad application
potential (approximately �1 to 1 V relative to a saturated
calomel electrode).14 MGCE is increasingly being used in elec-
trochemical and electroanalytical chemistry experiments.15 The
newly developed portable electrochemical workstations also
have many favorable characteristics, such as small size and
portability. Similarly, the portable electrochemical workstations
can perform various electrochemical techniques such as cyclic
voltammetry (CV) and differential pulse voltammetry (DPV),
thus meaning the different requirements of electricity chemical
measurements. The combined use of MGCE and portable
electrochemical workstations can greatly increase the range of
application and portability. However, the interfering substances
in the actual samples can affect the accuracy of the method.
Therefore, it is necessary to selectively detect ASP.

Molecularly imprinted polymers (MIPs) with specic binding
sites exhibit ultrahigh selectivity for template molecules or ions,
and are recognized as synthetic antibody mimics.16 Compared
to other absorbents, MIPs have the advantage of easy prepara-
tion, high specicity, and broad adaptability.17,18 Therefore,
© 2021 The Author(s). Published by the Royal Society of Chemistry
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MIPs are widely used in a variety of areas, including separation
science, solid phase extraction, and sensors.19–21 However, with
the traditional molecular imprinting method, the most recog-
nition sites of the obtained polymers are embedded in the
interior of the MIPs, thus decreasing the recognition sites in the
material and the binding ability. Surface imprinting technology
has been demonstrated to overcome these problems. Further-
more, common support materials oen include SiO2, TiO2,
carbon materials, and magnetic materials.22–24 Among them,
Fe3O4 nanoparticles have been widely used in the synthesis of
MIPs,25 owing to their advantages of simple preparation,
sensitivity, rapid separation, and low cost. Magnetic MIPs
(MMIPs) with Fe3O4 nanoparticles as the core material provide
good magnetic response and strong electrochemical signal for
the polymer.26 And under the action of a magnetic eld, the
magnetic molecularly imprinted polymer is easily separated
from the sample solution, without ltering or centrifugation.

Unfortunately, the large amounts of organic solvents used in
the synthesis are not consistent with the idea of green chem-
istry. In addition, the materials used to detect analytes in food
samples should be non-toxic and environmentally friendly.
Deep eutectic solvents (DESs) can be attained by heating
a mixture of hydrogen bond acceptor (HBA) and a metal salt or
hydrogen bond donor (HBD) in a proper ratio.27 DESs are new
types of organic or pseudo-organic ionic liquids with merits
such as non-toxicity, biocompatibility and so on. Consequently,
DESs were applied to the synthesis of MIPs to improve the
selectivity of MIPs. Zein is a mixture of proteins with an average
molecular weight of 25 000 to 45 000, which can be classied
into a-, b-, g-, and d-zein according to solubility and amino acid
sequence homology.28,29 It is hydrogen-bonded to the imino
group in the main chain of the peptide and has unique lm-
forming property, biodegradability, and biocompatibility.30,31

Therefore, zein has many potential applications in the food and
pharmaceutical industries.

In this study, we described novel zein magnetic MIPs (ZDM-
MIPs), which were successfully prepared with ASP as an
imprinted template. DESs were used as functional monomers,
and zein was used as the cross-linker. Biocompatible zein is
non-toxic, and DESs can provide hydrogen bond acceptors and
donors to improve the selectivity of polymers. Aer removal of
the template molecule ASP, ZDM-MIPs were obtained and
combined. Using portable electrochemical workstations with an
electrochemical detectionmethod, we successfully detected ASP
in complex samples. Finally, we investigated and discussed the
specic capture performance of the material, such as the
binding kinetics, equilibrium, and selectivity.

2. Materials and methods
2.1 Reagents

Aspartame (>99%), acesulfame potassium (>99%), glycyrrhizin
acid (>99%) and zein were purchased from Nanjing Puyi Bio-
logical Technology Co. Ltd (Jiangsu China). Iron(III) chloride
hexahydrate (FeCl3$6H2O), ethylene glycol (EG), sodium acetate
anhydrous (NaAc), ethanol and sodium citrate (Na3Cit$2H2O)
were purchased from Chengdu Kelong Chemical Co. Ltd
© 2021 The Author(s). Published by the Royal Society of Chemistry
(Chengdu, China). Potassium ferricyanide (K3[Fe(CN)
6]) was

obtained from Tianjin Zhiyuan Chemical Reagent Co. Ltd
(Tianjin, China). All reagents were analytical reagent grade and
water used in the experiments was double distilled.

2.2 Apparatus

A scanning electron microscope (SEM, Japan Electronics JEM-
2100F, Japan) and transmission electron microscopy (TEM,
Zeiss ultra-high resolution thermal eld electron microscope,
Germany) were used to characterize the morphology of mate-
rials. The infrared spectrum (4000–400 cm�1) was recorded on
a Fourier-transform infrared spectrometer (FT-IR, Nicolet 6700,
Thermo Nicolet Co. Waltham, MA, USA). A thermogravimetric
analysis (TGA) was carried out from 25 to 800 �C with a heating
rate of 10 �C min�1 under air environment (TGA/DSC1/1600LF,
Mettler-Toledo, Switzerland). Magnetization was measured at
room temperature using a vibrating sample magnetometer
(VSM, MicroSense-EZ9, USA).

The concentration of ASP was detected by HPLC (Agilent
Technologies, Santa Clara, CA, USA) with C18 (Agilent, 250� 4.6
mm, Agilent Technologies) at a mobile phase ow rate of 0.6
mL min�1. The mobile phase for ASP determination was 0.05%
phosphoric acid/methanol (40 : 60, v/v) at 25 �C. The UV
detector spectra was set at 210 nm.

2.3 Synthesis of ZDM-MIPs and ZDM-NIPs materials

2.3.1 Synthesis of DESs. Deep eutectic solvents (DESs) were
prepared according to the method previously used by our group.
Briey, choline chloride, caffeic acid, and formic acid (molar
ratio 1 : 6 : 3) were added to the ask and stirred at 90 �C for one
hour, until homogeneous liquid formed.

2.3.2 Prepare Fe3O4 nanoparticles. The spherical Fe3O4

nanoparticles were synthesized by solvothermal method
according to the literature.32 In a general synthesis, 5.4 g
FeCl3$6H2O was dissolved in 160 mL ethylene glycol under
alternate magnetic stirring and ultrasonic dispersion at room
temperature. Then, 12.4 g sodium acetate anhydrous and 1.6 g
sodium citrate were added to the orange solution. The mixture
was heated under magnetic stirring at 150 �C, until a uniform
dark brown solution was formed. The solution was transferred
into a Teon lined stainless steel autoclave to be heated at
200 �C for 8 h. Aer cooling to room temperature, Fe3O4

microspheres were separated magnetically and washed with
water and ethanol 3 times and then dried under vacuum
overnight.

2.3.3 Prepare ZDM-MIPs and ZDM-NIPs. ZDM-MIPs were
prepared based on the self-polymerization ability of zein in
water. In this procedure, Fe3O4, DESs and zein were used as
support material, functional monomer and crosslinking agent,
respectively. The preparation process was as follows: ASP (145
mg), DESs (1 mL), and 70% ethanol–water (50 mL) were added
to a at-bottomed ask for pre-polymerization for 18 h. Then
Fe3O4 (200 mg) and zein (250 mg) were added and sonicated for
30 min. Aer ultrasonic processing, the mixed solution was
shaken in a constant temperature shaker for 12 h. Then the
solid was separated by a magnet, washed three times with 70%
RSC Adv., 2021, 11, 13486–13496 | 13487
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ethanol–water and then 30 mL of distilled water was added and
self-polymerized for 8 hours. Aer the reaction, the MMIPs were
washed with methanol–HAc (9 : 1, v/v) to remove the template
of ASP. Finally, the product was washed to neutral with double
distilled water, and then dried at 45 �C overnight. As a control,
magnetic non-imprinted polymers with zein and deep eutectic
solvents (ZDM-NIPs) were prepared using the same process only
without the addition of the template of ASP.
2.4 Preparation of imprinted sensor and electrochemical
measurement

The magnetic glassy carbon electrode (MGCE) was polished
with Al2O3 and then rinsed thoroughly with ultra-pure water.
Subsequently, the polished MGCE was ultra-sonicated for 5 min
in ethanol, then 5min in ultra-pure water, and nally was blown
dry in air. Aer drying in air, 15 mL of a 1.5 mg mL�1 ZDM-MIPs
suspension was dropped onto the MGCE, and the modied
electrode was dried at room temperature.

CV measurements were taken from �0.2 V to 0.7 V at a scan
rate of 50 mV s�1. Electrochemical measurements were carried
out in a 30 mL aqueous solution containing 5.0 mmol L�1 of
K3[Fe(CN)

6] and 0.2 mol L�1 of KCl at room temperature.
DPV measurements were taken from �0.2 V to 0.4 V, the

potential increment was 0.004 V, the pulse width was 0.05 V, the
pulse amplitude was 0.05 V, and the pulse interval was 0.1 s.
2.5 Adsorption experiments

To investigate the adsorption properties of ZDM-MIPs, we per-
formed kinetic adsorption, static adsorption and selective
adsorption experiments.

In the kinetic experiments, 10.0 mg ZDM-MIPs or ZDM-NIPs
was added to a centrifuge tube, which contained 5.0 mL of ASP
standard solutions (with a concentration of 100 mg mL�1). The
mixtures were shaken in a thermostatic oscillator at 25 �C at
105 rpm. Samples were obtained at 5, 10, 20, 40, 60, 90, and
120 min and the concentration of ASP in the supernatant was
detected by HPLC at 210 nm. The adsorption amount (Q, mg
g�1) was calculated by the following equation.

Q ¼ (C0 � Ce)V/m (1)

whereQ (mg g�1) is the adsorption amount. C0 (mgmL�1) and Ce

(mg mL�1) are the initial and equilibrium concentrations of ASP.
V (mL) and m (mg) are the volume of solution and the mass of
sorbents, respectively.

For static adsorption experiments, 10.0 mg of ZDM-MIPs or
ZDM-NIPs was added to 5.0 mL of a series of ASP methanol
solutions with concentrations ranging from 10 to 300 mg mL�1.
The mixture was shaken for 120 min as described above. The
adsorption capacity was calculated in the same way as that of
dynamic adsorption.

For selective adsorption, acesulfame and glycyrrhizin acid
were selected as similar substances to evaluate the selective
adsorption properties of ZDM-MIPs (or ZDM-NIPs). 10.0 mg of
ZDM-MIPs or ZDM-NIPs was added to the mixture solution
containing 100 mg mL�1 aspartame, acesulfame and
13488 | RSC Adv., 2021, 11, 13486–13496
glycyrrhizin acid standard solutions and shaken for 2 h. The
concentration of the supernatant was then detected by HPLC.
2.6 Sample analysis

2.6.1 Remove ASP in commercial so drinks. In this
experiment, we prepared a simple straw to separate ASP from
commercial so drinks. Preparation of sample solution: ultra-
sonically degassed the commercial so drinks at room
temperature for 30 minutes, then added a certain amount of
ASP standard solution, and then diluted the resulting solution
20 times with distilled water to obtain a sample solution.100 mg
of ZDM-MIPs material was placed in the middle of the sucker
and the sucker was then inserted into the sample solution
containing ASP. Aer adsorbing, the target substance ASP was
adsorbed onto the surface of the ZDM-MIPs. The solution aer
adsorption was determined by HPLC to determine the concen-
tration of ASP. The detection conditions were as described
above. The analysis of each group was repeated three times (n¼
3).

2.6.2 Application of ZDM-MIPs to drinks samples.
Recovery tests for ASP in samples were investigated. The so
drink samples were degassed in an ultrasonic bath for 30 min at
room temperature, and then spiked with known concentrations
of 40–400 mg mL�1 ASP standard solutions. The resulting mixed
solutions were diluted 80 times with distilled water, and then
ltered through a 0.45 mm nylon membrane to obtain clear test
samples, which were examined by the DPV method.
3. Results and discussion
3.1 Preparation of ZDM-MIPs

Fig. 1 showed the synthesis process of ZDM-MIPs. First, Fe3O4

nanoparticles were used as support material, and the molecu-
larly imprinted layer was synthesized on the surfaces of Fe3O4

nanoparticles. In the synthesis procedure, DESs acted as the
functional monomer, ASP acted as the template molecule, and
zein acted as the cross-linker. The molecularly imprinted layer
was polymerized on the Fe3O4 nanoparticles through the self-
assembly of zein. In this research, the innovation of ZDM-
MIPs lies in the application of DESs and zein. DESs are novel,
non-toxic and environmentally friendly solvents that can be
used to replace other functional monomers, such as meth-
acrylic acid (MAA), in the preparation of polymers. In the
polymerization procedure, functional monomer DESs can
provide hydrogen bond donors and hydrogen bond acceptors,
so DESs can interact with the –COOH and –NH2 groups of
aspartame through hydrogen bonding. Zein is an inexpensive
and biodegradable plant protein, which is used as a molecularly
imprinted cross-linker on the basis of its self-polymerization in
water. Finally, magnetic ZDM-MIPs were assembled aer being
washed with a solution of methanol and acetic acid (9 : 1, v/v) to
remove the template molecules. Aer molecular imprinting,
ZDM-MIPs have binding sites that can match the template
molecule (ASP). The current response of ZDM-MIPs glassy
carbon electrode sensor was reduced aer ASP recognition
because the specic biding of ASP to the imprinted cavities
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic representation of the synthesis procedure of ZDM-MIPs.
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blocked the electron transfer of the electrode. The magnitude of
the peak current reduction was related to the number of target
molecules captured by the molecularly imprinted polymer.

In this work, we determined the solubility characteristics of
zein in different ethanol concentrations allowing zein to form
a lm on the surface of the magnetic material. Therefore, the
solvents used in the molecularly imprinted synthesis were
highly important. We tested different concentrations of
ethanol–water solutions and calculated the adsorption amounts
of the synthesized molecularly imprinted materials. We
Fig. 2 SEM images of (A) Fe3O4, (B) ZDM-MIPs, and (C) TEM images of

© 2021 The Author(s). Published by the Royal Society of Chemistry
determined that 70% ethanol solution as the solvent was
optimal for the synthesis of ZDM-MIPs (Fig. S1A†), because it
resulted in the highest adsorption, in agreement with ndings
in other reports.

Zein was used as a cross-linking agent, and its amount was
determined according to the adsorption properties of the
synthetic material. The effects of different amounts of zein on
synthetic materials were investigated, and the optimum
amount of zein was found to be 250 mg (Fig. S1B†). The amount
of adsorption of the material decreased with an excess zein,
ZDM-MIPs.

RSC Adv., 2021, 11, 13486–13496 | 13489
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possibly because excess zein caused excessive polymerization
and decreased the number of binding sites.33

In this study, DESs were the functional monomer of the
ZDM-MIPs. The amount of DESs was an essential parameter to
the performance of ZDM-MIPs, which had been investigated to
prepare the best ZDM-MIPs. To improve the adsorption capacity
of the ZDM-MIPs, we also investigated the effects of the amount
of DESs according to the adsorption Q value and found that the
optimized amount of DESs was 2 mL (Fig. S1C†). Lacking DESs
can't provide enough multiple interactions between the func-
tional monomer and template molecule, but too much DESs
will form a thicker polymer layer, thus blocking the imprinted
cavities. 2 mL was selected as the most suitable amount because
the maximum adsorption capacity of ZDM-MIPs was obtained.

3.2 Characterization

3.2.1 Morphological structural characterization of ZDM-
MIPs. The morphological structures of Fe3O4 and ZDM-MIPs
were observed through SEM and TEM (Fig. 2). As shown in
Fig. 2A, the Fe3O4 nanoparticles were smooth and mono-
disperse microspheres with uniform sizes of approximately
250 nm. Aer molecular imprinting, the ZDM-MIPs exhibited
a relatively spherical structure, good dispersion and small
diameter of 300–450 nm. The surface of ZDM-MIPs was larger
and rougher than that of Fe3O4 magnetic nanoparticles
(Fig. 2B). The TEM image of ZDM-MIPs (Fig. 2C) clearly showed
that its diameter increased to approximately 300 nm and layers
Fig. 3 (A) The FT-IR spectra of Fe3O4, Zein, and ZDM-MIPs (B) the therm
ZDM-MIPs, and (D) the magnetic properties investigation of ZDM-MIPs.

13490 | RSC Adv., 2021, 11, 13486–13496
(gray) surrounding the surfaces of the Fe3O4 nanoparticles
(black), thus indicating that the molecularly imprinted thin lm
has been successfully synthesized on the Fe3O4 nanoparticles.
The obtained ZDM-MIPs materials with core–shell structures
and uniform particle size suggested that the preparation of the
molecularly imprinted layer was successful.

3.2.2 FT-IR characterization. In this study, FT-IR spectros-
copy was employed to prove the successful preparation of ZDM-
MIPs. Fig. 3A showed the FT-IR spectra of zein, Fe3O4, and ZDM-
MIPs. For Fe3O4, the strong absorption peak at 577 cm�1 was
attributed to the characteristic peak of the Fe–O bond stretching
vibration,34 indicating the successful synthesis of Fe3O4. For
zein, the adsorption peak at 1238 cm�1 was assigned to the
stretching vibration of C–OH in aromatic rings. The absorption
peak at 1644 cm�1 was assigned to the C]O stretching vibra-
tion of amide I groups.35 And the peak at 1543 cm�1 was
attributed to the C–N stretching vibration and N–H bending of
amide II groups in zein.36 The adsorption peak of 2928 cm�1

was assigned to the C–H bond stretching vibration.37 The
spectra of ZDM-MIPs had peaks similar to the major peaks of
zein and Fe3O4, thus demonstrating the successful synthesis of
ZDM-MIPs.

3.2.3 TGA analysis. TGA was used to further study the heat
stability of the ZDM-MIPs nanoparticles. The thermo-
gravimetric curve was shown in Fig. 3B. With the temperature
increasing from 25 �C to 100 �C, the mass loss of ZDM-MIPs was
approximately 5%, owing to the loss of free moisture and
ogram of synthesized ZDM-MIPs, (C) XRD patterns of the Fe3O4 and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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physically bound moisture in the materials. When the temper-
ature rose to 800 �C, the organic components on the surfaces of
the ZDM-MIPs decomposed, and the mass loss of the ZDM-
MIPs was approximately 15%. Thus, the ZDM-MIPs appeared
to have good thermal stability.

3.2.4 X-ray diffraction analysis. XRD analysis was per-
formed to investigate the crystal structures of Fe3O4 and ZDM-
MIPs. Fig. 3C showed the XRD patterns of the Fe3O4 and
ZDM-MIPs. In the 2q range of 20–90�, six characteristics
diffraction peaks of Fe3O4 were observed in Fig. 3C. They were
indexed as (220), (311), (400), (422), (511), and (440) planes of
Fe3O4 crystal. From the XRD patterns of ZDM-MIPs, it can be
seen that the six characteristic diffraction peaks of Fe3O4 still
existed. These observations conrmed that the crystalline
structure of Fe3O4 didn't change aer being coated with
molecularly imprinted polymers.27

3.2.5 Vibrating sample magnetometry analysis. In this
study, the magnetic properties of the synthetic Fe3O4 and ZDM-
Fig. 4 (A) Characteristic adsorption kinetic of ZDM-MIPs and ZDM-NIPs
characteristic adsorption isotherms of ZDM-MIPs and ZDM-NIPs, (D) Lan
and ZDM-NIPs, (E) selective adsorptions of ZDM-MIPs and ZDM-NIPs o

© 2021 The Author(s). Published by the Royal Society of Chemistry
MIPs were characterized by VSM. Fig. 3D showed the magneti-
zation curves of Fe3O4 and ZDM-MIPs. The saturation magne-
tization values of Fe3O4 and ZDM-MIPs were 64.41 emu g�1 and
48.84 emu g�1, respectively. The saturation magnetization of
the ZDM-MIPs was lower than that of Fe3O4 because the
molecularly imprinted layers were synthesized on the surfaces
of Fe3O4. Although the Fe3O4 surfaces were coated with
molecularly imprinted layers, they still could be separated
quickly with an external magnetic eld. This was consistent
with related literature reports.38 Therefore, the prepared ZDM-
MIPs possessed strong magnetism to ensure that particles
could be separated rapidly from the sample solution.
3.3 Adsorption performance of ZDM-MIPs

3.3.1 Adsorption kinetics. The adsorption kinetics of ASP
on ZDM-MIPs and ZDM-NIPs were shown in Fig. 4A. In the rst
20 min, the adsorption amount of ZDM-MIPs increased rapidly
, (B) pseudo-second-order equation of ZDM-MIPs and ZDM-NIPs, (C)
gmuir isotherm models and Freundlich isotherm models of ZDM-MIPs
n aspartame, glycyrrhizin acid, and acesulfame.
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and gradually reached equilibrium within 90 min. However,
adsorption capacity of the ZDM-NIPs was lower than that of the
ZDM-MIPs. These differences suggested that few recognition
sites existed on the surfaces of ZDM-NIPs. For a better under-
standing of the kinetic mechanisms of the adsorption process,
the pseudo-rst-order rate kinetic model and pseudo-second-
order kinetic model (eqn (2) and (3)) were used to t the
kinetic data:

Pseudo-first-order: ln(Qe � Qt) ¼ ln Qe � K1t (2)

Pseudo-second-order: t/Qt ¼ t/Qe + 1/Qe
2K2 (3)

where K1 (min�1) and K2 (g mg�1 min�1) represent the pseudo-
rst-order rate constant and pseudo-second-order rate, respec-
tively, and t is the adsorption time. Qe and Qt are the maximum
adsorption amount and the adsorption amount at time t. The
corresponding parameters and R2 were calculated (Table S1†).
The results (Table S2†) revealed that the pseudo-second-order
kinetics model (RZDM-MIPs

2 ¼ 0.999 and RZDM-NIPs
2 ¼ 0.999)

was better tted than the pseudo-rst-order kinetics model
(RZDM-MIPs

2¼ 0.899 and RZDM-NIPs
2¼ 0.715), which indicated the

adsorption process of ASP on ZDM-MIPs/ZDM-NIPs was
controlled by chemical reactions.39 Fig. 4B showed the pseudo-
second-order model of the equilibrium data.

3.3.2 Adsorption isotherms. Adsorption isotherms were
investigated with different concentrations of ASP (10–300 mg
mL�1) for ZDM-MIPs and ZDM-NIPs. As shown in Fig. 4C, the
adsorption amounts of ZDM-MIPs and ZDM-NIPs increased
with ASP concentration until equilibrium was reached. With
increasing initial concentrations, the adsorption capacity of
ZDM-MIPs increased rapidly, reaching a maximum value at 100
mg mL�1 of ASP. The maximum adsorption capacity of ZDM-
MIPs and ZDM-NIPs was 13.18 and 9.98 mg g�1, respectively.
Compared with ZDM-NIPs, ZDM-MIPs exhibited much higher
ASP adsorption capacity, which indicated that ZDM-MIPs
possessed abundant binding sites, thereby ensuring the selec-
tive recognition of ASP. The adsorption capacity of ZDM-MIPs
for ASP was higher than that reported in other literatures.40,41

The results also indicated the existence of specic recognition
sites on the molecularly imprinted layer in ZDM-MIPs, thus
Fig. 5 (A) Chromatogram of remove ASP from soft drinks and (B) the pr

13492 | RSC Adv., 2021, 11, 13486–13496
resulting in substantial specic adsorption capacity for the
template ASP.

To further examine the equilibrium adsorption, we applied
Langmuir and Freundlich models to describe the adsorption
process. The Langmuir and Freundlich equations are as follows:

Langmuir model: 1/Qe ¼ 1/(KLCeQm) + 1/Qm (4)

Freundlich model: log Qe ¼ m log Ce + log KF (5)

where KL is the Langmuir constant, and KF and m are the
Freundlich constant. Qm and Qe represent the maximum
adsorption amount and the adsorption amount at Ce, the
concentration of ASP. As shown in Table S2,† the Langmuir
model of ZDM-MIPs tted the equilibrium data better (R2 ¼
0.999) than the Freundlich model of ZDM-MIPs (R2 ¼ 0.998).
The Langmuir model supposes that monolayer adsorption
occurs on the adsorbent surface, while the Freundlich model is
suitable for monolayer adsorption and multilayer adsorption.
The ndings may indicate that the adsorption process was
monolayer adsorption and that the adsorption material surface
was homogeneous.42 Fig. 4D showed the regression curves of
the Langmuir models for ZDM-MIPs and ZDM-NIPs.
3.4 Selectivity of ZDM-MIPs

To further investigate the selectivity of ZDM-MIPs, glycyrrhizin
acid and acesulfame were selected as analogs of ASP. As shown
in Fig. 4E, the binding capacity of ZDM-MIPs for ASP (10.01 mg
g�1) was 6.41 times that of glycyrrhizin acid (1.56 mg g�1) and
6.14 times that of acesulfame (1.63 mg g�1), thus indicating the
presence of special spatial structures in ZDM-MIPs. Further-
more, the other two parameters, the imprinting factor (a) and
selectivity factor (b), were selected to evaluate the specicity of
the adsorption capacity of ZDM-MIPs:

a ¼ QMMIP/QMNIP (6)

b ¼ atem/aana (7)

where QMMIP and QMNIP are the adsorption capacity of ZDM-
MIPs and ZDM-NIPs, respectively, and atem and aana are the
otection sucker.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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imprinting factors for the template and analogues, respectively.
The imprinting factors were calculated as 4.95, 1.13, and 1.36
for ASP, glycyrrhizin acid and acesulfame, respectively. The
selectivity factors were calculated as 4.38 and 3.64 for glycyr-
rhizin acid and acesulfame, respectively. The selectivity of ZDM-
MIPs to aspartame was higher than that reported in other
literatures.41,43 The above results (Table S3†) showed that the
prepared ZDM-MIPs had good selectivity for ASP.
Table 1 Recovery of ASP in drink samples determined using the ZDM-
MIPs-MGCE sensor (�RSD, n ¼ 3)

Samples
Spiked level
(mg mL�1)

Found level
(mg mL�1) Recovery (%) RSD (%)

Drink 10 10.704 107.04 3.75
20 16.982 84.91 3.55
50 50.556 101.11 3.69
3.5. Application of ZDM-MIPs in a real sample

3.5.1 Removal of ASP in commercial so drinks. In this
experiment, a health protection sucker (Fig. 5) was prepared to
remove toxic levels of ASP from commercial so drinks. The
chromatograms were shown in Fig. 5A. In the gure, the curve
b represented the chromatogram peak of the so drink solution
before the adsorption of ASP. The curve a represented the
chromatographic peak of the so drink solution aer the
adsorption of ASP. At 7.37 min, the liquid chromatographic
peak of ASP appeared. The chromatographic peak of ASP (curve
a) was clearly signicantly decreased through use of the health
protection aspirator. The aspirator was lled with ZDM-MIPs
materials, which could adsorb and lter ASP from the so
drinks, thus providing a foundation for broad practical appli-
cations of ZDM-MIPs materials.

3.5.2 Determination of ASP with a ZDM-MIPs-MGCE
sensor. We applied CV and DPV to investigate the electro-
chemical behaviors of different modied electrodes fabricated
in this study. Cyclic voltammetry for the different electrodes in
the redox probe solution were shown in Fig. 6A. Compared with
Fig. 6 (A) Cyclic voltammograms of different electrodes in the characte
concentration aspartame standard solutions, (C) linear curve of asparta
station.

© 2021 The Author(s). Published by the Royal Society of Chemistry
MGCE (curve a), the peak current of ZDM-MIPs-MGCE (curve c)
increased greatly, which was attributed to the good electrical
conductivity and high surface area of the ZDM-MIPs nano-
composites. Aer adsorption of ASP, the peak current decreased
(curve b). This decreasing trend was probably due to the ASP
molecules occupying the molecularly imprinted binding sites,
thereby preventing the redox reaction of the probe on the
electrode surface. Fig. 6B showed the data collected with
increasing concentrations of ASP. DPV curves were recorded in
the range of 0.1–50 mg mL�1. For ASP, a linear relationship has
been established between Ip and analyte concentration. The
current value corresponding to each concentration was the
average of three measurements. The obtained linear expression
was shown in Fig. 6C, and the correlation coefficient R2 was
0.9997. The modied electrode showed a good linear
relationship.

3.5.3 Applicability and accuracy of the ZDM-MIPs-MGCE
sensor. DPV experiments were performed under optimal
experimental conditions. The results were shown in Table 1.
rization solution, (B) differential pulse voltammograms of the different
me standard solution, and (D) the portable electrochemical detection

RSC Adv., 2021, 11, 13486–13496 | 13493
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The recoveries ranged from 84.94% to 107.04% with RSDs
below 4.0%, thus indicating that the ZDM-MIPs-MGCE sensor
systems had good accuracy and precision. The results suggested
that the method could be used to quickly and sensitively detect
concentrations of ASP in real samples.

4. Conclusions

In the present work, ZDM-MIPs were synthesized to recognize
and enrich ASP in real samples. The results of SEM, TEM, and
FT-IR demonstrated that the core–shell structure of ZDM-MIPs
was synthesized successfully. The TGA, VSM, and XRD results
indicated good thermal stability and excellent magnetic
response of ZDM-MIPs. Adsorption experiments showed that
ZDM-MIPs had excellent adsorption capacity (12.86 mg g�1) at
60 min. The DPV and CV results demonstrated that the modi-
ed MGCE had a good electrochemical response. A portable
electrochemical detection station was used in this experiment.
Furthermore, the sensor systems demonstrated good accuracy
and precision, with recovery percentages between 84% and
107%. The ZDM-MIPs developed in this study could be used to
remove ASP from beverages and determine the ASP content
quickly and easily in test samples, thereby providing a solid
theoretical basis for applications in the food and pharmaceu-
tical industries.
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