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Editorial: Advance in Molecularly Imprinted Polymers

Michał Cegłowski

Faculty of Chemistry, Adam Mickiewicz University, Uniwersytetu Poznańskiego 8, 61-614 Poznan, Poland;
michal.ceglowski@amu.edu.pl

Molecularly imprinted polymers (MIPs), due to their unique recognition properties,
have found various applications, mainly in extraction and separation techniques; however,
their implementation in other research areas, such as sensor construction and drug delivery,
has also been substantial. These advances could not be achieved without developing new
polymers and monomers that can be successfully applied in MIP synthesis and improve the
range of their applications. Although much progress has been made in MIP development,
more investigation must be conducted to obtain materials that can fully deserve the name
of artificial antibodies.

The “Advance in Molecularly Imprinted Polymers” Special Issue connects original
research papers and reviews presenting recent advances in the design, synthesis, and broad
applications of molecularly imprinted polymers. The Special Issue content covers various
topics related to MIP chemistry, which include their molecular modeling, application of
new monomers and synthesis techniques for MIP preparation, synthesis, and application
of ion-imprinted materials, selective extraction of organic molecules, sensor preparation,
and MIP applications in medicine. The presented collection of scientific papers shows that
research in MIP chemistry is diversified, ultimately improving the desired properties and
creating new potential applications for these materials.

Bivián-Castro et al. [1] obtained a Cu(II)-imprinted polymer using a phenanthroline–
divinylbenzoate complex as a functional monomer and ethylene glycol dimethacrylate as
a cross-linker. The Cu(II)-loaded MIP appeared to be a mesoporous material with a pore
diameter of around 4 nm. The Cu(II)-unloaded ion-imprinted polymer was considered a
microporous material, as the pore diameters were less than 2 nm. The maximum adsorption
capacity of the ion imprinted polymer was 287.45 mg g−1. The findings of this study
indicate the potential of the obtained ion-imprinted polymers for the selective extraction of
heavy metal ions from polluted waters.

Ion-imprinted polymers were studied by Kondaurov et al. [2]. They obtained molecu-
larly imprinted polymers based on methacrylic acid and 4-vinylpyridine that were selective
towards samarium and gadolinium ions. The obtained data showed that the sorption
degree of samarium and gadolinium ions by the obtained MIPs reached almost 90%. The
additional benefit of the MIPs was the fact that simultaneous sorption of accompanying
metal ions was not observed. The results suggested that these MIPs could be highly
effective alternatives to the existing sorption technologies.

Zaharia et al. [3] obtained ligand-free nanogels that were molecularly imprinted with
bee venom-derived phospholipase A2 (PLA2) enzyme. This enzyme acts synergistically
with the polyvalent cations in the venom, creating an increased hemolytic effect and quick
access of toxins into the bloodstream. The research aim was to obtain nanogel materials
capable of binding PLA2, which would could remove PLA2 proteins from the bite zone,
reducing the venom’s toxicity. The rebinding experiments proved the specificity of the
molecularly imprinted ligand-free nanogels for PLA2, with rebinding capacities up to 8-fold
higher than the reference non-imprinted nanogel. The in vitro cell viability experiments
showed the potential of the obtained ligand-free nanogels and suggested that they can be
used for future therapies against bee envenomation.

1



Polymers 2023, 15, 3199

Megahed et al. [4] obtained MIPs that can be used for the selective extraction of quinic
acid from coffee bean extract. The authors used computational modeling to optimize the
process of MIP preparation. It was used to calculate the optimum ratio for allylamine,
methacrylic acid, and 4-vinylpyridine, which were used as functional monomers. The
application of these MIP materials to extract quinic acid from aqueous coffee extract showed
a high recovery, reaching 82%. The developed procedure is promising for the selective
extraction of quinic acid from different complex herbal extracts and may be scaled to
industrial applications.

Six aromatic N-(2-arylethyl)-2-methylprop-2-enamides with various substituents in
the benzene ring were obtained by Sobiech et al. [5] using 2-arylethylamines and methacry-
loyl chloride as the primary reagents. The obtained compounds were used for covalent
imprinting in the synthesis of molecularly imprinted polymers, followed by the hydrolysis
of an amide linkage. The adsorption studies proved a high affinity towards tyramine
and L-norepinephrine, which were used as target biomolecules. This method proves the
applicability of covalent imprinting with the use of tailor-made monomers.

Piletsky et al. [6] presented the application of iodo silanes and compared it to com-
monly used amino silanes for the solid-phase synthesis of MIP nanoparticles. The silanes
were used for peptide immobilization, and the obtained MIPs were specific toward an
epitope of the epidermal growth factor receptor. The results showed that both silanes pro-
duced MIPs with excellent affinity; nevertheless, for the iodo silanes, fewer experimental
steps were needed and the procedure required less expensive reagents.

The synthesis of 5-fluorouracil-imprinted microparticles and their application in pro-
longed drug delivery was reported by Cegłowski et al. [7]. The authors prepared MIPs
using two different cross-linkers: ethylene glycol dimethacrylate and trimethylolpropane
trimethacrylate. The calculated highest cumulative release was highly dependent on the
cross-linker applied during the synthesis. The overall cumulative release was much higher
for trimethylolpropane trimethacrylate-based MIPs. The highest cumulative release was
obtained at pH 7.4 and the lowest at pH 2.2. As a result, it was demonstrated that the
selection of the cross-linker should be considered during the design of materials used for
drug delivery.

Jumadilov et al. [8] studied the effectiveness of the application of intergel systems
and MIPs for the selective sorption and separation of neodymium and scandium ions.
The intergel system method was proven cheaper and easier in this application; however,
some accompanying sorption of another metal from the model solution was observed.
On the other hand, the method based on MIPs was more expensive but showed higher
sorption properties. The obtained results can be successfully applied to upgrade the existing
sorption technologies.

Chien et al. [9] developed a fluorescent probe for specific biorecognition by a facile
method in which amphiphilic random copolymers were encapsulated with hydrophobic
upconversion nanoparticles. The self-folding ability of the amphiphilic copolymers allowed
the formation of MIPs with template-shaped cavities that were selective towards albumin
and hemoglobin. The results showed that the fluorescence was quenched when hemoglobin
was adsorbed on the fluorescent probes. This effect was not observed for albumin. These
fluorescent probes have the potential to be applied for specific biorecognition.

MIPs possessing dual functional monomers (methacrylic acid and 2-vinylpyridine)
were synthesized by Thach et al. [10] to yield materials that can be used for selective solid
phase extraction of ciprofloxacin. The batch adsorption experiments demonstrated that the
obtained MIPs showed a high adsorption capacity and selectivity toward ciprofloxacin.
High recovery values were obtained when aqueous solutions were used. The described
analytical procedure allows the designing of new adsorbents with high adsorption capacity
and good extraction performance for highly polar template molecules.

In their review article, Lusina and Cegłowski [11] explored the mechanisms that can
be used for controlled drug release from MIP hydrogels for transdermal drug delivery.
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They discussed applications of thermo-responsive, pH-responsive, and dual/multiple-
responsive MIP hydrogels.

The other review article, prepared by Liu et al. [12], describes computational simu-
lation modeling methods and the theoretical optimization methods of various molecular
simulation calculation software for MIP preparation. The review summarizes the progress
in research on and application of MIPs prepared by computational simulations and compu-
tational software in the past two decades.

This Special Issue has brought together experts that have studied and explored various
aspects of MIPs. I want to thank all researchers who have contributed to the production
of this Special Issue of Polymers. In addition, I would like to express my gratitude to the
Editorial Team who helped prepare the “Advance in Molecularly Imprinted Polymers”
Special Issue.

Funding: This work was supported by the National Science Centre, Poland, under Grant Number
2020/37/B/ST5/01938.

Conflicts of Interest: The author declares no conflict of interest.
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Ion-Imprinted Polymer Structurally Preorganized Using a
Phenanthroline-Divinylbenzoate Complex with the Cu(II) Ion
as Template and Some Adsorption Results

Egla Yareth Bivián-Castro 1,* , Abraham Zepeda-Navarro 1, Jorge Luis Guzmán-Mar 2, Marcos Flores-Alamo 3

and Brenda Mata-Ortega 1

1 Centro Universitario de los Lagos, Universidad de Guadalajara, Av. Enrique Díaz de León 1144, Col. Paseos
de la Montaña, Lagos de Moreno 47460, Jalisco, Mexico

2 Facultad de Ciencias Químicas, Universidad Autónoma de Nuevo León (UANL), Ave. Universidad s/n, Cd.
Universitaria, San Nicolás de los Garza 66455, Nuevo León, Mexico

3 Facultad de Química, Universidad Nacional Autónoma de México, Ciudad Universitaria,
Ciudad de México 04510, Ciudad de México, Mexico

* Correspondence: egla.bivian@academicos.udg.mx; Tel.: +52-(474)-7424314 (ext. 66576)

Abstract: The novel [Cuphen(VBA)2H2O] complex (phen: phenanthroline, VBA: vinylbenzoate)
was prepared and used as a functional monomer to preorganize a new ion-imprinted polymer
(IIP). By leaching the Cu(II) from the molecular imprinted polymer (MIP), [Cuphen(VBA)2H2O-co-
EGDMA]n (EGDMA: ethylene glycol dimethacrylate), the IIP was obtained. A non-ion-imprinted
polymer (NIIP) was also prepared. The crystal structure of the complex and some physicochemical,
spectrophotometric techniques were also used for the MIP, IIP, and NIIP characterization. The results
showed that the materials are nonsoluble in water and polar solvents, which are the main features of
polymers. The surface area of the IIP is higher than the NIIP demonstrated by the blue methylene
method. The SEM images show monoliths and particles smoothly packed together on spherical and
prismatic-spherical surfaces in the morphology of MIP and IIP, respectively. Moreover, the MIP and
IIP could be considered as mesoporous and microporous materials, shown by the size of the pores
determined by the BET and BJH methods. Furthermore, the adsorption performance of the IIP was
studied using copper(II) as a contaminant heavy metal. The maximum adsorption capacity of IIP was
287.45 mg/g at 1600 mg/L Cu2+ ions with 0.1 g of IIP at room temperature. The Freundlich model
was found to best describe the equilibrium isotherm of the adsorption process. The competitive
results indicate that the stability of the Cu-IIP complex is higher than the Ni-IIP complex with a
selectivity coefficient of 1.61.

Keywords: copper(II) ion template; 4-vinylbenzoic acid; adsorption capacity; ion-imprinted polymer;
heavy metals

1. Introduction

Heavy metals represent a critical contamination in bodies of water around the world;
they are persistent pollutants that can never be destroyed, and they tend to bio-accumulate
in living organisms. Nickel (Ni), copper (Cu), manganese (Mn), cadmium (Cd), iron (Fe),
cobalt (Co), zinc (Zn), arsenic (As), chromium (Cr), mercury (Hg), and lead (Pb) are some
examples of metals belonging to this classification; these metals cause an environmental
impact due to their toxicity, and they have physicochemical characteristics such as high
density, mass, and atomic weight above 20. The contribution of these metals to the hydro-
logical cycle comes from various sources, one of them being lithogenic or geochemical in
origin from minerals due to erosion, rain, etc. In addition, industry, economy, domestic
waste, etc. are some examples of anthropogenic sources of heavy metals with an impor-
tant environmental impact [1,2]. Although metals like copper are essential for all living
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organisms as trace dietary minerals and their deficiency alters the normal functions of the
human body, causing several diseases, they can be toxic at higher or even at low levels,
thus posing health risks. In nature, copper comes from minerals and it is an essential trace
element for the healthy function of the living organisms, because it is part important of
metalloen-zymes as their active center. Copper can coordinate with various ligands of oxy-
gen (O), nitrogen (N), and sulfur (S) donor atoms, forming a variety of geometric structures
such as a flat square, a square pyramidal, a trigonal bipyramidal, or an octahedral. Then,
taking advantage of the characteristics mentioned, copper has been used as a template to
preorganize several desirable structures with the objective to design materials inspired by
nature with specific cavities. These new materials have been applied to selectively remove
heavy metals with chemical characteristics, with radii and charge coming from the metal
ion templates used [3,4]. Throughout the world, different analyses have been carried out,
referring to the evaluation of the levels of heavy metals in surface waters. During the
lockdown period of COVID-19 (coronavirus pandemic 2019), the levels of pollution dimin-
ished, representing an opportunity to improve the quality of natural resources [5]. Hence,
several methods were applied for the extraction of contaminated metal ions. An accessible
methodology to purify water is adsorptive separation by substances with a significant
active increase in surface area, chemical and thermal stability, a variety of functional groups,
and significant adsorption efficiency and efficacy [6,7]. A search for effective adsorbents
to remove heavy metals is a popular endeavor of the scientific community around the
world. Some previous reports suggested adsorbents of natural (e.g., biomass, minerals,
agriculture, and animal waste) [8,9] and synthetic (e.g., inorganic polymers, chelating resins,
and cross-linked polymers) [7,10] origin. Recently, ion-imprinted polymers (IIPs) have
been used in water treatment for the removal and recovery of heavy metals due to their
high selectivity, being optimal candidates for this type of treatment. Imprinted polymers
technology is based on the elaboration of highly stable synthetic polymers called molecular
imprinted polymers (MIPs). These have selective molecular recognition characteristics be-
cause there are locations within the polymer matrix that are complementary to the analyte
in terms of functional group shape and position, which are able to identify the template
molecule and are based on the functioning models of biological systems [11,12]. In this
paper, a novel adsorbent, with the characteristics mentioned above of IIP, was prepared.
This new material has specific cavities to catch heavy metals from contaminated waters.
The chemical structure of the IIP was carefully built step by step. Firstly, for the first time,
a copper complex of [Cuphen(VBA)2H2O] (phen: phenanthroline, VBA: vinylbenzoate)
was prepared; its structure was completely elucidated by X-ray diffraction results using
the corresponding blue crystals. The copper complex had a double purpose: 1. as the func-
tional monomer and 2. as the ion template, the Cu(II). A radical polymerization reaction
was found using EGDMA (ethylene glycol dimethacrylate) as the cross-linker agent and
dimethylformamide as the porogen. The corresponding MIP of [Cuphen(VBA)2H2O-co-
EGDMA]n was obtained as a green crystalline material. Finally, after a soft acidic leaching
of the Cu(II) from the MIP, the IIP was obtained as pale yellow crystals. In a similar way,
with the exception of the copper complex step, the non-ion-imprinted polymer (NIIP) was
prepared. Physicochemical tests and spectrophotometric techniques were used to study the
chemical structure of the materials. In addition, the surface morphology of the materials
was analyzed, and some adsorption experiments were performed, suggesting the capacity,
the selectivity, and the method for heavy metal adsorption by the IIP.

2. Materials and Methods

Preparation and characterization of Cu(II)-phenanthroline vinylbenzoate complex and
the corresponding MIP, IIP, and NIIP.
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2.1. Reagents

The 4-Vinylbenzoic acid (VBA), ethylene glycol dimethacrylate (EGDMA), azobi-
isobutyronitrile (AIBN), and 1,10-phenanthroline (phen) were provided by Sigma-Aldrich
(Estado de México, México). All other reagents were of AR grade.

2.2. Apparatus

A freshly methanolic solution of 0.001 M was prepared for conductivity measurements;
a Conductronic PC45 electrode (Conductronic, Puebla, México) was used. A Sherwood
Scientific LTD magnetic balance Magaway MSB Mk1 (Sherwood Scientific, Cambridge,
United Kindom) model was used for the magnetic susceptibility determinations. Pascal’s
constants were used for the diamagnetism corrections [13]. FT-IR spectra were recorded in
the frequency range 4000–400 cm−1 by the KBr pellet method using Perkin Elmer Spectrum
RXI (Perkin Elmer, Waltham, MA, USA). Elemental analyses (C, H, N) were performed
at ALS Environmental‘s Tucson Laboratory (ALS Environmental, Tucson, AZ, USA). N2-
physisorption analysis of materials was performed on previously out-gassed samples at
120 ◦C using a Micromeritics Instrument Corporation model, Tristar II Plus (Micromeritics
Instrument Co., Norcross, GA, USA). The Brunauer-Emmett-Teller (BET) technique was
used to calculate the specific surface area, and the Barret-Joyner-Halenda (BJH) method
was used to calculate the pore volume. Scanning electron microscopy (SEM) was used to
identify morphology and particle size, using a JEOL model, JSM-6490LV (JEOL Ltd., Tokyo,
Japan), at 20 kV.

2.3. Synthesis of [Cuphen(VBA)2H2O] Functional Monomer

In 20 mL of deionized water, 1 mmol (0.148 g) of vinylbenzoic acid and 1 mmol of
sodium hydroxide were completely mixed; then, 1 mmol of Cu(NO3)2·3H2O previously
dissolved in 5 mL of deionized water was added. Finally, the ethanolic solution of 1 mmol
of phenanthroline (0.180 g) in 10 mL of ethanol was added, and the reaction was left under
a stirrer for 1 h at room temperature. The resulting blue precipitate was filtered off and then
dissolved in 15 mL of methanol and maintain in the refrigerator to obtain crystals available
for X-ray diffraction. The results were as follows: [Cuphen(VBA)2H2O] ΛM 73 cm2/Ω mol,
χg = 3.2 × 10−6 cm3/g, M.B. = 2.0. El. Anal. Exp. C 60.31, H 4.53, N 5.82% Calc. C 57.01,
H 4.78, N 6.43%. The general steps of the functional monomer preparation are represented
in Scheme 1.

Scheme 1. General steps of the preparation of the materials: the functional monomer, the MIP,
and the IIP.
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2.4. Preparation of [Cuphen(VBA)2H2O-co-EGDMA]n (MIP), the NIIP, and [Phen
(VBA)2H2O-co-EGDMA]n (IIP)

Ten mL of dimethylformamide (DMF) was dissolved in 0.18 mmol (0.1 g) of the copper
complex, [Cuphen(VBA)2H2O]. Then, 3.59 mmol (678 μL) of EGDMA and 0.06 mmol
(0.0099 g) of AIBN previously recrystallized in methanol were added. The reaction was left
under constant stirring for 48 h at 70 ◦C and under inert atmospheric conditions. A dark
green gel formed; and after being washed with deionized water, the MIP was obtained as
a green solid with crystalline morphology. When nitromethane is the porogen instead of
DMF and the amount of initiator is diminished, a brownish-green precipitate is formed (see
Supplementary Material). A similar procedure was performed for the NIIP preparation:
First, 0.035 mmol (0.0529 g) of VBA with 1 mmol of NaOH was dissolved in 10 mL of
DMF, and 0.017 mmol (0.0324 g) of phen was added to this mixture. Then, 3.59 mmol of
EGDMA and 0.06 mmol of AIBN were added. The polymerization reaction proceeded
under the same conditions of the MIP. The NIIP was obtained as a light-brown crystalline
solid. To obtaine the ion-imprinted polymer, the copper(II) ion template was removed by
an acid wash as follows: First, 0.3 g of MIP was washed in 150 mL of methanol/acetic
acid (9:1, v/v) in a Soxhlet apparatus for 24 h. After a deionized water wash, a pale-yellow
crystalline solid of the IIP was finally recovered. To remove the excess water, the crystalline
polymers were finally washed with methanol. The general steps of the preparation of the
materials, the MIP and the IIP, are represented in Scheme 1.

2.5. Crystallography of the Functional Monomer, [Cuphen(VBA)2H2O]

A suitable crystal of copper complex [Cuphen(VBA)2H2O] was mounted onto glass
fiber by using perfluoropolyether oil and cooled rapidly in a stream of cold nitrogen gas.
Diffraction data were collected by using the Oxford Diffraction Gemini Atlas diffractometer
(Oxford Diffraction Ltd., Abingdon, United Kingdom) at 130 K, and intensity data were
collected with ω scans; these processes were conducted using the CrysAlisPro and CrysAlis
RED software packages (Oxford Diffraction Ltd., Abingdon, United Kingdom) [14]. All the
data were corrected by Lorentz and polarization effects, and final cell constants were deter-
mined by a global refinement; collected data were corrected for absorbance by analytical
numeric absorption correction [15] using a multifaceted crystal model based on expressions
from the Laue symmetry using equivalent reflections. The space group was determined
based on a check of the Laue symmetry and systematic absences, and it was verified by
utilizing the structure solution. The molecular structure was then solved and refined with
the SHELXS-2018 [16] and SHELXL-2018 [17] programs (Institute of Inorganic Chemistry,
Göttingen, Germany). All non-hydrogen atoms located in successive Fourier maps were
treated as a riding model on their parent C atoms, while H atoms of the water (O—H)
group were located in a difference map and refined isotropically with Uiso(H) of 1.5 Ueq
for H—O. Anisotropic thermal parameters were applied for all non-H atoms, and fixed
isotropic parameters were employed for H atoms. Drawing of the molecular structure was
performed by utilizing ORTEP [18]. Crystal data and structure refinement and selected
bond lengths (Å) and bond angles (o) for [Cuphen(VBA)2H2O] are shown in Tables 1 and 2,
respectively. Crystallographic data have been deposited at the Cambridge Crystallographic
Data Center as Supplementary Material CCDC: 2223464.

Table 1. Crystal data and structure refinement for the functional monomer [Cuphen(VBA)2H2O].

Empirical Formula C30H24CuN2O5

Formula weight 556.05
Temperature 130(2) K
Wavelength 0.71073 Å

Crystal system Triclinic
Space group P-1
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Table 1. Cont.

Empirical Formula C30H24CuN2O5

Unit cell dimensions a = 8.0188(4) Å
b = 10.7541(10) Å
c = 15.7861(14) Å
α = 101.821(7)◦
β = 94.259(6)◦
γ = 109.056(7)◦

Volume 1244.68(18) Å3

Z 2
Density (calculated) 1.484 g/cm3

Absorption coefficient 0.923 mm−1

F(000) 574
Crystal size 0.540 × 0.380 × 0.240 mm3

Theta range for data collection 3.751 to 26.055◦
Index ranges −9 <= h <= 9, −13 <= k <= 10, −19 <= l <= 19

Reflections collected 8643
Independent reflections 4908 [R(int) = 0.0293]

Completeness to theta = 25.242◦ 99.7%
Refinement method Full-matrix least-squares on F2

Data/restraints/parameters 4908/5/350
Goodness-of-fit on F2 1.056

Final R indices [I > 2sigma(I)] R1 = 0.0412, wR2 = 0.0950
R indices (all data) R1 = 0.0528, wR2 = 0.1029

Largest diff. peak and hole 0.483 and −0.556 e.Å−3

Table 2. Selected bond lengths [Å] and angles [◦] for the functional monomer [Cuphen(VBA)2H2O].

Bond Lengths (Å) Bond Angles (◦)

C(1)—N(1) 1.323(3) O(3)—Cu(1)—O(1W) 94.99(8)
C(1)—C(2) 1.402(4) O(3)—Cu(1)—N(2) 89.33(8)
C(13)—O(1) 1.258(3) O(1W)—Cu(1)—N(2) 165.47(8)
C(13)—O(2) 1.266(3) O(3)—Cu(1)—N(1) 166.89(8)
C(29)—C(30) 1.301(4) O(1W)—Cu(1)—N(1) 91.43(8)
Cu(1)—O(3) 1.9493(18) N(2)—Cu(1)—N(1) 81.77(8)
Cu(1)—O(1W) 1.9823(19) O(3)—Cu(1)—O(1) 99.29(7)
Cu(1)—N(2) 2.007(2) O(1W)—Cu(1)—O(1) 91.17(7)
Cu(1)—N(1) 2.026(2) N(2)—Cu(1)—O(1) 101.83(7)
Cu(1)—O(1) 2.2622(17) N(1)—Cu(1)—O(1) 91.97(7)

2.6. Surface Area

The surface area of the IIP and NIIP was measured using the methylene blue ab-
sorption method [19,20]. From a stock solution of methylene blue (0.0176 g/L), a set of
working standards were prepared to create a calibration curve. Each set was analyzed by
UV-Vis spectrophotometry (Perkin Elmer, Waltham, MA, USA) at λ = 600 nm; 0.1 g of IIP
and NIIP each were equilibrated with 25 mL of methylene blue solution, and samples of
1 mL by were analyzed by triplicate until the absorbance became constant. The amount
of methylene blue adsorbed was evaluated based on its concentration before and after
adsorption. The surface area of IIP and NIIP was calculated using the following equation:

As =
GNAV Φ × 10

MMW

−20

where As is the surface area in m2/g, NAV is Avogadro’s number (6.02 × 1023 mol−1),
M is the mass of adsorbent (g), and G, Φ, and MW are the amount adsorbed (g), the molec-
ular cross section (197.2 Å2), and the molecular weight (373.9 g/mol) of methylene blue,
respectively.
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2.7. Adsorption Capacity and Adsorption Isotherm

An amount of 0.1 g of IIP was added to a series of Cu(II) solutions of 25 mL with
400–1600 mg/L concentrations. All the solutions were left for 6 h under stirring at room
temperature. Then, the polymer was filtered off, and the quantity of Cu(II) remaining was
analyzed by atomic absorption spectrometry (AAS) using a SpectrAA 220FS model Varian
(Agilent Technologies Co., Santa Clara, CA, USA). The amount of adsorbed copper ions per
gram of IIP was evaluated as the adsorption capacity (Q), and it was calculated with the
following equation:

Q =

(
Ci − Cf

)
V

W
where Ci and Cf are the initial and final concentration of Cu(II) (mg/L), V is the volume of
the solution, and W is the mass of the sorbent, respectively.

The Freundlich adsorption isotherm was applied to understand the Cu2+ adsorption
mechanism of the ion-imprinted polymer. The Freundlich model assumes a heterogeneous
surface of the sorbent with multiple adsorption sites (bilayer) and adjacent interactions
between adsorbate molecules. The linearized Freundlich equation is

LogQ = LogK +
1
n

logCe

where Q is the metal mass adsorbed per mass unit of solid (mg/g), Ce is the final concentra-
tion of solute in the aqueous phase at equilibrium (mg/L), K and n are constants, and the
calculated values could be obtained from the adsorption isotherm [21,22].

2.8. Selective Recognition

Heavy metals as Ni(II) could be chosen as a competitor to compare the selectivity of
an adsorbent like the ion-imprinted polymer by Cu(II). Niquel ion usually coordinates
well with the diamine and carboxylic ligands, it has the same charge and similar ionic
radii as copper. Then in principle the IIP could bind Ni(II) as well as Cu(II). A 25 mL of
Ni(II) solution 426 mg/L was used, and once the adsorption equilibrium was reached,
the concentration of the non-adsorbed ions in the liquid phase was determined by AAS.
The distribution coefficient (Kd), was calculated using the following equation:

Kd =
(Ci − Cf )V

Cf W

where Ci, and Cf, are the initial, and final solution concentrations, V is the volume of the
solution, W is the mass of the sorbent. The selectivity coefficient (k), was calculated for the
ratio of binding of the metal ion in a study related with the competitor species, and using
the following equation:

k =
Kd [Cu (II)]

Kd [Ni (II)]

where k represents the selectivity coefficient, Kd[Cu(II)] and Kd[Ni(II)] represent the distri-
bution ratios of Cu(II) and Ni(II), respectively [21,23].

3. Results and Discussion

3.1. Crystal Structure of the Functional Monomer

Here, the copper(II) complex was used as the functional monomer to prepare the
imprinted structures. The functional monomer yields single crystals suitable for X-ray
measurements. The discrete unit of coordination compound [Cuphen(VBA)2H2O] shows
the coordination of the metal and atomic labeling (see Figure 1). Table 1 shows the im-
proved cell characteristics as well as other important crystal data. In Table 2, some selected
bond lengths and bond angles are shown. Copper ion has square pyramidal coordina-
tion in this molecule. The pyramid’s base is created by two Cu—N bonds made by the
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phenanthroline ligand’s two nitrogen atoms, and two Cu—O bonds formed by two oxygen
atoms, one from the carboxylate group of the VBA ligand and one oxygen atom of the
water molecule. The apical position is occupied by one oxygen atom from one of the
carboxylate groups of the VBA ligand. At the base of the pyramid, the phenanthroline
ligand is coplanar with the VBA ligand, with 1◦ deviation with a defined mean square
plane 6.734 (4) x − 0.74 (10) y − 9.413 (9) z = 1.522 (3).

Figure 1. Ortep diagram of functional monomer [Cuphen(VBA)2H2O] ellipsoids at 50% of probability.

The major deviations of the atoms are 0.0213 Å, whereas the O(3) and the O(1W),
which are also forming part of the pyramid base, are about 0.0877(2) and 0.0517(2) Å
above the plane. At the apical position of the pyramid, a second vinylbenzoate anion is
coordinated, with Cu—O(1) = 2.2623(16) Å, a distance similar to that observed in related
compounds of 2.2623(16) [24].

The angle formed between the mean plane of the pyramid base and the apical ligand is
88.35(12)◦, with a τ value of 0.025, very close to a square pyramid geometry [25]. The C(22)—
O(3) coordinated bond length is longer than the C(22)—O(4) uncoordinated bond length,
which is consistent with the creation of a bond between the anionic carboxylate oxygen
atom and copper cation. However, a slight difference between C(13)—O(1) and C(13)—O(2)
bond lengths is found due to the apically elongated square-pyramidal coordination. It is
important to notice that in the complex, the C(20) and C(29) of the vinyl group are almost
coplanar to the phenyl ring of the vinylbenzoate ligands. The vinyl group of the apical
ligand presents some disorder, and the C(20)—C(21) and C(20A)—C(21A) bond length
average corresponds to the well-established vinyl group of C(29)—C(30) = 1.302 Å bond
length from the equatorial vinylbenzoate ligand [26].

In the discrete unit of [Cuphen(VBA)2H2O], the water molecule coordinated to the
metal center shows two intramolecular interactions of the hydrogen bond, O(1W)—H(1WA) . . .
O(2) and O(1W)—H(1WB) . . . O(4), forming a S1

1(6) motif; in the crystal array, there are
two types of intermolecular interactions—one type is hydrogen bond C—H . . . O, and the
other is the π−π intermolecular contact (see Figure 2).

The intermolecular contact C(8)-H(8) . . . O(4) at 2.36 Å forms the S1
1(8) motif along

the b axis. Finally, the intermolecular contact of type π−π is shown between the phenyl
ring C23/C27 of vinylbenzoate and N1—C1/C4—C12 of phenanthroline ligands along the
plane formed by the a-c axes. All these interactions show a complex growing along the
b-c plane.
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Figure 2. Crystal array of the functional monomer [Cuphen(VBA)2H2O], with a view along the
a axis from the perspective of the plane formed by the b-c axes, emphasizing the H-bond and
σ−π interactions.

3.2. Synthesis and Characterization

Considering the functionality of the copper complex to build the polymeric structures,
the vinyl polymerizable groups of VBA ligands and the carboxylic coordination sites could
be pending functionalities attached to the polymeric chain formed with the comonomer
EGDMA; in these cases, cross-linked materials are usually obtained, some examples of
which were previously reported [12,19,21,23]. A second reaction site in the copper complex
could be the saturated coordination site with a water molecule that can be released by
exchange reaction with ligands showing an increased binding affinity. Then, the MIP was
prepared by the free radical polymerization reaction, using the copper complex as the
functional monomer, EGDMA as the cross-linker comonomer, DMF as the porogen solvent,
and the AIBN as the initiator. Scheme 1 shows the general steps of the preparations of the
imprinted materials. The temperature of the reaction was maintained at 70 ◦C to guarantee
the thermal decomposition of AIBN as reported by this azo initiator [27]. The MIP was
obtained as a green solid with crystalline morphology. The polymerization methods varied:
emulsion, mass, and coprecipitation synthesis, where the choice of method depends on
the morphology, as well as the physicochemical characteristics desired in the polymer.
In emulsion polymerization, a hydrophobic organic porogen (in which the polymerization
mixture was found) and an organic or aqueous dispersing medium were combined, which
were immiscible and formed two phases. This type of polymerization occurred in the
drops of the polymerization mixture, with agitation and constant temperature. The mass
polymerization method consisted of the synthesis of the polymer in the porogen; this
method did not require agitation and was performed merely by adding the initiator to the
pre-polymerization mixture at a constant temperature. One of the main features in these
two methods was the choice of the porogen as well as its solubility in the monomer, which
resulted in different ordering variants. In this experiment, we used two methods, mainly
changing the porogen. The porogens used were dimethylformamide and nitromethane (see
Supplementary Material) [12,28]. The IIP was obtained as a pale-yellow crystalline solid
after removing the ion copper(II) template by an acid wash of the crystalline MIP, as shown
in Scheme 1. The functional monomer can be dissolved in methanol, DMF, and DMSO.
However, the [Cuphen(VBA)2H2O-co-EGDMA]n showed poor solubility properties in
solvents such as water, ethanol, methanol, acetonitrile, DMF, DMSO, and THF. The IIP and
the NIIP had the same properties as the MIP in the solvents mentioned. The characteristic
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low solubility in organic solvents of the MIP, IIP, and NIIP prepared here could be related
to the presence of a high number of double bonds resulting in cross-linking units for the
resulting polymer structure [29]. To obtain chemical purity of the materials, the unreacted
monomer, ligands, and copper salt were washed with water and methanol. All the prepared
imprinted and non-imprinted polymers were obtained with an adequate grade of purity
because of their crystallinity. It is clear from the inset photos of Scheme 1 that the color
of these materials was different. The color was characteristically blue for the functional
monomer with the presence of copper ion in a square pyramid coordination complex [24].
Then, the color turned green in the case of MIP, in which the addition of EGDMA to the
chain and the loss of a water coordination molecule probably induced a distortion of
the geometry on the coordination sphere. The pale yellow and white colors of the ion-
imprinted and non-imprinted polymers could be interpreted by the presence of only the
organic ligands. However, in the case of IIP, the cross-linked structure in which ligands were
preorganized by the template resulted in a difference compared with the non-organized
structure of NIIP. The infrared spectra of MIP, IIP, and NIP from Figure 3 helped support
the comments made above. In general, it was found that the FT-IR spectra of the polymers
prepared were very similar because all the materials were synthesized with the same
methodology and precursors [23,30]. However, in the case of IIP, the preorganized structure
was conserved, and the corresponding imprinted cavities were available for ion adsorption
application. The FT-IR spectra of the prepared materials shared some expected signals
around 1100–1200 cm−1, and 1721 cm−1 due to the C=O from the EGDMA. One of the
infrared signals that verified the polymerization process was the intensity change of the
C=C signal in comparison to the medium intensity signal at 1546 cm−1 assigned to the
vinyl group from the VBA ligands that appeared in the functional monomer spectra of
Figure S1 [19,30]. Additionally, the tert-butyl, a structure that is formed when starting
the polymerization chain, was observed at 1250–1260 cm−1. It is important to notice from
Figure 3 that no additional signals from free ligands have appeared in the spectra.

Figure 3. FT-IR spectra of the MIP, IIP, and NIIP (black, red, and blue lines, respectively).

On the other hand, the functional monomer mid-infrared spectrum (see Figure S1,
Supplementary Materials) showed the typical signals of the ligands attached to the tem-
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plate copper ion through the N and O atoms. A strong and sharp signal at 1585 cm−1

was assigned to the asymmetric vibrational mode of the O—C—O group. At 1370 cm−1,
a strong and sharp signal corresponded to the symmetric vibrational mode of the O—C—O
group. The medium-intensity C—H signals were found around 1150 cm−1. Two short
and sharp signals were found at 838 and 720 cm−1 due to the N=C of the phenanthroline
ligand and the short signals around 772 cm−1 for the aromatic groups. The corresponding
Δνas-sym(COO) for the monomer was 215 cm−1. These values agree well with the mon-
odentate coordination mode of the carboxylic groups from the VBA ligands [31]. The broad
and strong signal around 3454 cm−1 was assigned to the O—H stretching vibrations of
lattice water molecules in the functional monomer [24], which suffered a notable intensity
diminished in the spectra from Figure 3, possibly attributed to the loss of water molecules
during the polymerization process.

3.3. Surface Area Properties

The results obtained for the surface area properties of the imprinted polymers indicated
that the Brunauer-Emmett-Teller (BET) surface area (SBET) was 0.3496 and 0.2549 m2/g for
MIP and IIP, respectively. The total pore volumes (VT) were 0.000384 and 0.000008 cm3/g,
and the corresponding average pore diameters (Dp) were 4.3986 and 0.1180 nm. The relative
decrease in SBET in the case of IIP could be precisely attributed to the satisfactory removal
of the copper ion template after the MIP leaching process. In addition, the VT of IIP
presented a decrease in comparison to the VT of MIP because, along the active sites of these
adsorbents, the formulated molecular complexes were different, thus showing a specific
development of porosity [4,32]. In agreement with the IUPAC definition, the MIP could
be considered as a mesoporous material because its pore diameter is around 2–50 nm,
and the IIP could be a microporous material because its pore diameter is less than 2 nm [4].
It is very desirable to obtain microporous materials as in this case because the affinity for
ion remotion is improved. Copper ion has an ionic radius of 0.087 nm, closer to the IIP
pore diameter because the pore of IIP is precisely where templated by the lixiviation of
the Cu2+. Then, a high selectivity and chemical functionality of the imprinted polymer
could be expected. The specific surface area of NIIP was determined by the relatively easy
and inexpensive method of methylene blue adsorption. Then, the specific surface area
was defined as the accessible area of the solid surface per unit mass of material [19,20,33].
For comparison, the IIP surface was also determined by this method. The results showed a
surface area of IIP higher than NIIP, being 12.60 and 11.30 m2/g, respectively. By leaching
the Cu(II) ions from the polymer matrix, we obtain the formation of specific cavities in the
polymer network, resulting in a higher surface area in the IIP than in the NIIP [34].

To improve the adsorption of the superficial area of the imprinted polymers, a porous
structure is desirable in which the binding sites at the surface are exposed. In Figure 4,
the scanning electron micrographs of MIP and IIP show that their surface is morphological
with the presence of meso, as well as micropores across the surface due to the influence of
the cross-linking, and the imprinting reaction [4]. This morphological feature of imprinted
polymers was also in agreement with the BET results mentioned above. Figure 4a shows
a material with irregular particles tending to a smoothly prismatic and spherical surface
with an average diameter of 90.73 nm, corresponding to the molecular imprinted polymer.
Figure 4b exhibits monoliths of a material with regular particles packed together and a
smooth spherical surface with an average diameter of 41.33 nm, corresponding to the ion-
imprinted polymer. As shown in Figure 4 and Table S1 (Supplementary Materials), the order
of increase of the particle diameter of the prepared materials was IIP < MIP < functional
monomer. The presence of many micropores on the spherical surface of the IIP is more
beneficial to the fast and homogeneous binding of template ions.
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Figure 4. SEM micrographs of the imprinted polymers, (a) image at 50,000× of MIP and (b) image at
50,000× of IIP.

3.4. Static Adsorption Capacity and Adsorption Isotherm

The maximal concentration of metal ions adsorbed by the ion-imprinted polymer
at equilibrium is stated by the adsorption capacity [21,22]. The amount of copper ions
adsorbed per unit mass of IIP, almost to saturation, against the initial concentration of
Cu(II) is shown in Figure 5. Even though the range of concentrations used in this study
was higher than in other studies, a plateau trend was not reached [21,35].

Figure 5. Effect of initial concentration of Cu(II) on adsorption capacity of ion-imprinted polymer.

The maximum static adsorption capacity of the IIP was 287.45 mg/g, being higher
with respect to other copper ion-imprinted polymers described in previous publications,
with adsorption capacity in the range of 16.55 and 132.77 mg/g [11,12]. A list of maximum
adsorption capacities for copper with various adsorbents is shown in Table 3. The adsorbent
based on IIP structures has higher sorption capacities for copper than the other materials.
The imprinted technology allows us to obtain materials like the MIP and IIP presented in
this work, which are highly sensitive materials, with high selectivity and affinity for the
analyte, because they have selective molecular recognition properties.

Table 3. Comparison of maximum adsorption capacity of copper(II) ions using different adsorbents.

Adsorbents
Maximum Adsorption

Capacity (mg/g)
References

Granular activated carbon 48.22 [8]
Geopolymers 35.88–152.3 [7]

Activated carbon 75.0 [35]
Ion-imprinted polymer 287.45 This work
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Heavy metals or adsorbates can interact with the available binding surfaces of the
ion-imprinted polymers through an adsorption process. The study of adsorption isotherm
is needed to interpret the mechanism of adsorption between IIP and adsorbates and
to standardize its application. The adsorption isotherm describes the relationship be-
tween the equilibrium of any solute in the solution and the adsorbent. According to the
shape of the adsorption curve, the possibilities of the adsorption process occurring can
be defined. The Langmuir and Freundlich isotherms are commonly used in water treat-
ment [7,8]. The adsorption isotherm from Figure 6 presents a type of linear adsorption with
y = 0.758x + 0.407 and R2 = 0.981, where the mass of the solute in the aqueous solution and
the mass of solute adsorbed on the solid matrix are kept in equilibrium. There are certain
conditions that favor the existence of a linear isotherm; among them, the most important
ones are as follows: existence of flexible molecules in the medium due to different degrees
of crystallization of the material and a greater affinity of the solute with the substrate than
with the solvent. Therefore, the Freundlich model fit better than the Langmuir model when
the IIP was employed to remove Cu2+, with a high correlation coefficient compared to
the Langmuir model (R2 = 0.686). Due to the Freundlich model’s improved fit, it can be
deduced that the adsorption of heavy metal ions onto the IIP heterogeneous surface is
classified as a multilayer.

Figure 6. Freundlich plot of copper ions on ion-imprinted polymer. Linear equation y = 0.758x + 0.407,
R2 = 0.981.

3.5. Selective Recognition

The selective recognition of IIP by Cu(II) against Ni(II) from their solutions was studied.
Nickel ion was selected as a competitor sorption of copper, given that the metal ions of
the same charge and similar ionic radii as Cu(II) can influence the adsorption process of
copper ions. Then, copper and nickel have the same charge of 2+, and the ionic radii are
very close, 0.087 for copper and 0.083 nm for nickel. The imprinting effect generated by the
template used in the imprinted polymer could be quantified with the selectivity coefficient
determination. The results of our experiments indicated a distribution coefficient of 950 and
590 mL/g corresponding to Cu(II) and Ni(II); this is interpreted as the Cu-IIP complex
stability being higher than the Ni-IIP complex. Then, the IIP has a good imprinting effect,
with a selectivity coefficient of 1.61 [19]. Scheme 2 describes the mechanism of heavy metal
adsorption using the ion-imprinted polymer as a multilayer array in agreement with the
Freundlich model. In the physical adsorption, the adsorbates are adhered to the available
binding surfaces of IIP, filling the micropores of the material, and metal ions can interact
with the polymeric matrix through coordination bonds.
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Scheme 2. Adsorption mechanisms of heavy metals by the ion-imprinted polymer.

4. Conclusions

In this work, a Cu(II) ion-imprinted polymer was prepared and characterized. First,
the functional monomer of [Cuphen(VBA)2H2O] was synthesized. Then, the molecular im-
printed polymer of [Cuphen(VBA)2H2O-co-EGDMA]n was obtained by free radical polymer-
ization. The copper complex, ethylene glycol dimethacrylate, and 2,2-azobisisobuthyronitrile
were used as the functional and cross-linking monomers and the initiator, respectively.
The Cu(II) ions were leached in an acidic wash, and the IIP was obtained. The polymers
were characterized by some physical and spectroscopical techniques. The morphology
of the imprinted materials showed some irregular surface particles for MIP, and the IIP
surface area consisted of packed, smoothly spherical particles. Moreover, the MIP is a
mesoporous material with a pore diameter of around 4 nm. The IIP with a pore diameter of
less than 2 nm was considered as microporous material. The maximum adsorption capacity
of IIP was 287.45 mg/g, and this behavior was represented by the Freundlich adsorption
isotherm linear model. The Ni(II) was used as the competitive specie against Cu(II); then,
the selective recognition of IIP was 1.61 L/g. These results showed that IIP has a high poten-
tial for being used for copper or similar chemical species in contaminated water adsorption.
In conclusion, we focused on the synthesis of IIP whose preorganized structure came from
a metal complex used as a functional monomer. Thus, the relatively facile preparation,
cross-linked structure, and low solubility in water rendered the IIP a promising sorbent for
selective extraction of metal ion applications in water pollution with specific characteristics
like Cu(II) based in an ionic radius, electronegativity, electronic configuration, and geometry.
Then, further studies on its selectivity in the presence of other metal ion competitors such
as Co(II), Cd(II), Zn(II), Pb(II) would be fundamental. The mechanism of the contaminant
removal procedure, regeneration of the material, as well as proceeding with reuse cycles of
this IIP are some of the next experiments for future research.
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www.mdpi.com/article/10.3390/polym15051186/s1, Figure S1: FT-IR spectra of the functional
monomer; Table S1: SEM micrographs and average particle diameters of the prepared materials, IIP,
MIP and functional monomer.
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Abstract: The aim of the work is to study the effectiveness of a molecular imprinting technique
application for the creation of highly selective macromolecular sorbents for selective sorption of light
and heavy rare-earth metals (for example, samarium and gadolinium, respectively) with subsequent
separation from each other. These sorbents seem to be promising due to the fact that only the target
rare-earth metal will be sorbed owing to the fact that complementary cavities are formed during
the synthesis of molecularly imprinted polymers. In other words, the advantage of the proposed
macromolecules is the absence of accompanying sorption of metals with close chemical properties.
Two types of molecularly imprinted polymers (MIP) were synthetized based on methacrylic acid
(MAA) and 4-vinylpyridine (4VP) functional monomers. The sorption properties (extraction degree,
exchange capacity) of the MIPs were studied. The impact of template removal cycle count (from
20 to 35) on the sorption effectivity was studied. Laboratory experiments on selective sorption and
separation of samarium and gadolinium from a model solution were carried out.

Keywords: light and heavy rare-earth metals; selective sorption; separation of rare-earth metals; molec-
ular imprinting technique; functional macromolecular structures; molecularly imprinted polymers

1. Introduction

The market for rare-earth metals (REM) is one of the youngest commodity markets
in the world and is growing at an impressive pace compared to other base metals (nickel,
copper, iron, gold, etc.): over the last 50 years, the volume of world production and con-
sumption of REMs increased by about 40 times—from 5000 to 200,000 tons per year [1,2].
This was the result of both global economic growth and a change in technological structures
based on the innovative development of the world economy. The volumes of production
and consumption of REMs are one of the main signs of the development of the national
industry of a country and a significant indicator of its manufacturing ability and innovative
component. It is rare-earth metals that in the last decade have caused the greatest concern
among developed and developing countries due to their strong integration into the produc-
tion chains of high-tech industries and the level of uncertainty involved in providing this
type of raw material [3]. At the same time, in addition to the global geopolitical situation,
the rare-earth industry is developing naturally due to scientific and technological progress
and free competition [4]. There are new technologies and innovative products (and hence
new demand), to which companies respond by modifying and reducing the cost of the pro-
duction processes of their products. In this regard, an important aspect of the development
of a national rare-earth industry is such institutional conditions for suppliers of rare-earth
raw materials, its consumers and a state that would protect “their” enterprises and be able
to address various crises and the destruction of existing global production chains [5–7].
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It is necessary to highlight the following features that determine the relevance and
demand for REMs at the present time:

1. REMs in the Earth’s crust are not relatively rare; they are more common than, for
example, gold, uranium, lead, tin, molybdenum, tungsten, etc. However, deposits
with industrial concentrations of rare-earth ores are less common than for most
other minerals. According to the report “Strengthening the European rare earths
supply-chain”, the available REM reserves exceed the current world production by
three orders of magnitude [8].

2. Ores are complex in composition. In addition to REMs, they contain elements such as
niobium, tantalum, phosphorus, iron, aluminum and others. More than 250 minerals
are known that contain REMs, but only 60–65 of them are rare-earth. All rare-earth
deposits differ greatly in their specific distribution of metals. As a rule, light rare-
earth metals (LREM) make up a much larger proportion of the total content of REMs
in the ore than heavy rare-earth metals (HREM). Therefore, in our time, one of the
most important tasks is still the development of fundamentally new approaches
and technologies for deep and complex processing of complex rare-earth ores that
cannot be enriched by traditional physical and mechanical methods. It is for this
reason that recently, more and more often in the media, one can find reports on
research in the field of search and extraction of REMs from such potential sources
as various industrial wastes, tailings and slags (for example, ash and slag dumps,
phosphogypsum, red mud). A high value is given to deep-sea rocks and silts from the
bottom of the southeastern and central parts of the Pacific Ocean, which, according to
various estimates, may contain amounts comparable to or even exceeding continental
reserves of REMs [9,10].

3. The third feature is that rare-earth ores contain radioactive thorium and uranium, the
concentrations of which are very different for each rare-earth deposit. These elements
are considered to be byproducts of mining, and the presence of thorium and uranium
in the ore is one of the key factors affecting the attractiveness of a deposit to investors,
as these two elements can be the biggest barrier to obtaining permission to mine and
process the ore. In this regard, special attention is paid to such issues as radioactive
dust and radiation in deposits, radioactive waste management and transportation of
rare-earth ore, which must comply with strict regional and international legislative
standards [11,12].

4. The fourth feature of the REM sources is that rare-earth elements are often byproducts
of mining and processing of ore with elements such as iron, cobalt, manganese,
titanium, niobium, tantalum, zirconium and others [13,14]. However, the technologies
for capturing and separating associated components are complex and unique for each
source of mineral resources; therefore, they have no analogues and are expensive. For
this reason, small industrial concentrations of REMs relative to other elements in a
deposit may turn out to be untenable during a feasibility study, which will not allow
the development and operation of a REM source to begin [14].

5. The fifth feature of REMs that needs to be distinguished is the balance problem, or
the balancing problem. As in the case of uranium and thorium, the concentrations
of which are very different in the ore object, the specific distributions of metals also
differ significantly for each REM deposit [15–18]. Moreover, this distribution does
not correspond to the demand of the global market for various types of high-tech
products, the production of which requires REMs. The essence of the problem lies in
the fact that the mined ore at a deposit is completely processed at the first stages of
enrichment into a concentrate without residues and non-selectively. Such a “natural
binding” of REMs leads to an excess supply of some of the rare-earth elements and,
accordingly, a decrease in prices for them. On the other hand, there is an increased
demand for scarce REMs from the market of high-tech products, for the production
of which these REM are needed, which leads to an increase in their prices; therefore,
surplus REMs are implicitly subsidized by demand at the expense of scarce ones [19].
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6. The sixth and last feature of REMs is the change in the dominant area of consumption
due to scientific and technological progress, which dramatically changes the demand
for REMs and unbalances the market [20–26]. A change in the dominant area of
consumption brings the market and industry out of balance, and the demand for
individual REMs changes dramatically, which leads to significant changes in prices
and supply chains and an increase in uncertainties and risks, including for investors.
Therefore, it is important to understand the dynamics of world demand and the
structure and distribution of technological chains for the production of high-tech
products based on REMs, which will undoubtedly undergo changes in the foreseeable
future [27,28].

Figure 1 shows the structure of the technological chain for the production of high-tech
products based on REMs [29]. In general, there are three main methods of extracting
ore from a deposit: open-pit shallow ore body mining, underground mining and in situ
leaching. After the excavation of the rock, due to the complexity of the composition of
rare-earth ores, at the second stage, individual (sometimes unique) physical and chemical
processing schemes are used, as a result of which various concentrates and intermediate
products are obtained at the output. In particular, the initial and intermediate rare-earth
products are various concentrates: fluorides, chlorides and carbonates. At the third stage
of the production chain, REM oxides are obtained after chemical treatment, from which
individual metals are extracted after extraction. Due to the chemical similarity of rare-earth
metals, separation into individual metals is a laborious task. Currently, ion exchange and
solvent extraction are the two advanced methods for separating concentrates.

Because rare-earth deposits are multicomponent, the technological chain of production
“from ore mining to obtaining individual metals” is a multi-stage process. At the same
time, each deposit is unique in terms of the composition and content of REEs in the ore,
which means that the multi-stage production chain has certain individual technological
features for each type of ore. At the same time, there are stages at which similar finished
products are obtained: concentrates of different levels (for example, fluorides, chlorides
and carbonates of rare-earth metals), oxides or individual metals.

The production chain does not end there, as high-tech goods can be obtained based on
REMs and their oxides. It is the possibility of producing such high-tech goods based on
rare-earth mineral resources that is a litmus test of the level of a technological structure and
the development of a country’s industry [1,2,19].

As an alternative to the available sorption technologies based on the use of ion-
exchange resins [30], it is possible to use molecular imprinting for the selective sorption
and subsequent separation of target REMs. As is known, molecular imprinting is a method
for obtaining “molecular imprints” based on the polymerization of functional monomers
in the presence of specially introduced target template molecules [31–33]. It is known
that molecular recognition is based on the spatial correspondence of structures and non-
covalent interactions, namely, electrostatic, hydrophobic, van der Waals, π-π- and cation-
π-interactions, as well as hydrogen bonds [34]. At the same time, the combination of the
selectivity of specific complexation with strength and the ability to rapidly reverse changes
is characteristic of almost all macromolecular structures [35]. Molecular recognition is one
of the basic concepts of supramolecular chemistry, which differs from the usual binding
between molecules by high selectivity. Molecular recognition is based on the presence on
one molecule (the receptor, or “host”) of a site of selective binding to another molecule (the
ligand, or “guest”). To do this, the receptor and the ligand must show complementarity, that
is, structurally and energetically correspond to each other. The concept of complementarity
includes the correspondence of the imprint to the template both in size and shape, and
in the presence of complementary functional groups in the imprint that are capable of
interacting with the functional groups of the template molecule [36–38]. Thus, the ability
of molecularly imprinted polymers to recognize a target is based on the conformity of the
shape of imprints and the specific functional groups within them to template molecules [39].

21



Polymers 2023, 15, 846

The list of modern macroporous sorbents based on synthetic polymers is quite ex-
tensive, and most of them are polymethacrylate matrices. The obvious advantages of
monolithic sorbents based on synthetic polymers are the relative ease of synthesis and the
possibility of varying functional monomers depending on the objectives of the study [40,41].

Figure 1. The structure of the technological chain for the production of high-tech products based
on REMs.

The essence of the method for obtaining molecularly imprinted polymers (MIPs)
is the formation of a stable prepolymerization complex between a template molecule
and a functional monomer (in other words, preorganization occurs) by mixing them
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in a suitable solvent [42–46]. Next, polymerization is carried out in the presence of a
cross-linking agent, during which the pre-polymerization complex is rigidly fixed in the
polymer network. At the end of the process, template molecules are removed from the
cross-linked polymer matrix. As a result, “imprints” (the so-called “imprint sites”) are
formed in the polymer, which are cavities that are complementary to the template molecule
in size, shape and arrangement of functional groups [47]. Briefly, the process of pore
formation in MIPs can be described as follows. After the decomposition of the initiator
at the initial stage of polymerization, gel-like oligomeric particles (cores) are formed,
which begin to precipitate from the organic phase due to low solubility in porogens.
Under such conditions, the monomeric part of the organic phase is the best solvent for
nascent polymer chains compared to the porogen phase, which facilitates the penetration
of monomers into the precipitated insoluble nuclei and their continued participation in
the polymerization process occurring inside the nuclei, which gradually reach the size of
microglobules. Growing polymer globules are combined into clusters held by polymer
chains penetrating neighboring particles. At the final stage of polymerization, the size of the
clusters becomes sufficient for their contact, which leads to the formation of a continuous
array inside the polymerizing system. The resulting matrix is gradually strengthened by
interglobular cross-links and ongoing polymerization. In this case, the formation of a final
porous polymeric material is achieved. At this stage, porogenic solvents are a separate
organic phase that fills the voids of the porous polymer mass. The fraction of voids (or
macropores) in the final polymer is close to the volume fraction of thoracic solvents in the
initial polymerization mixture [48–53].

Thus, an MIP is essentially a solid matrix with artificial receptors of the template
molecule capable of repeated highly specific interaction with it or with its analogue [54].
Schematically, the process of obtaining an MIP is shown in Figure 2 [55].

Figure 2. MIP synthesis stages.

In this paper, we propose a variant for the development of polymers with molecular
imprints as an alternative to existing sorbents for the purpose of their further application
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for the selective extraction and separation of rare-earth metals. From the light and heavy
REMs, samarium and gadolinium were selected due to their relevance to many areas
of modern life. Samarium is widely used in the following spheres: magnetic materials;
thermoelectric materials; and production of special luminescent and infrared-absorbing
glasses [56–61]. Gadolinium is mainly used in the following areas: creation of storage
media with enormous recording density; nuclear energetics; thermoelectric materials; and
superconductors [62–65].

2. Materials and Methods

2.1. Materials

The following reactants were used for the synthesis of molecularly imprinted poly-
mers: monomers—methacrylic acid (MAA) and 4-vinylpyridine (4VP); cross-linkers—
ethyleneglycol dimethacrylate (EGDMA) and diethyleneglycol dimethacrylate (DEGDMA);
initiator—azobisisobutyronitrile (AIBN); porogen—toluene; and stabilizer—hydroxyethylc
ellulose (HEC). The mentioned reagents were purchased from Sigma-Aldrich (Burlington,
MA, USA).

All conducted experiments involved the application of deionized water (χ = 12 μS/cm;
pH = 6.95).

Before the experiments the MAA and 4VP monomers were initially purified from
inhibitors (monomethyl ether of hydroquinone and hydroquinone) by vacuum distillation.

2.2. Methods

2.2.1. Synthesis of Molecularly Imprinted Polymers

Suspension polymerization was used for the synthesis of molecularly imprinted
polymers (MIP). The template molecules were hexahydrate nitrates of gadolinium and
samarium. The reactive medium was deionized water. The monomers MAA and 4VP were
put into the reactor (containing deionized water) after a template molecule was added. Sub-
sequently, the pre-polymerization complex was added with AIBN, EGDMA (or DEGDMA),
tolyene and HEC (polymerizate composition was as follows: template:MAA:4VP:cross-
linker = 0.5:1:1:4). Initially the polymerization process occurred at room temperature (for
20 min), but further reaction was carried out at 75 ◦C in a nitrogen atmosphere with perma-
nent stirring. The obtained imprinted structures are named MIP1 and MIP2, depending on
the cross-linker; EGDMA was used in the synthesis of MIP1, and DEGDMA was used in
the synthesis of MIP2. The obtained MIPs were crushed into small dispersions and divided
by sieving (for further experiments, the particles 200 ≤ d ≤ 250 μm were taken). After
that, the particles were washed firstly with deionized water and after that with acetone
to remove impurities and unreacted monomer residues. The subsequent procedure was
vacuum drying (for 48 h). Removal of the template from the polymer matrix of the MIP
was accomplished by continuous washing with nitric acid (concentration 1 mol/L) for
40 repetitions (each cycle—washing with stirring for 1 h), with further washing and drying
for 24 h. For proof that the synthesized MIPs have selectivity for the REMs, non-imprinted
structures were synthetized along with the MIPs. The synthesis procedure for the non-
MIPs is similar to that mentioned above, except the template molecule is not added to the
polymerizate. The scheme of synthesis of the MIPs is presented in Figure 3.

Control of purification of the obtained MIPs and full template removal from the MIP
matrix was achieved by using an Expert-002-2-6-p conductometer (Econics, Mocsow, Russia)
anda SevenDirect SD50 pH meter (Mettler-Toledo, Columbus, OH, USA) for measurements
of specific electric conductivity and pH values. The procedure continued until constant
values of specific electric conductivity and pH were reached.
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Figure 3. Scheme of the MIP synthesis.

2.2.2. Sorption Experiments

Initially, solutions of REM salts were prepared—hexahydrate nitrates of gadolinium
and samarium with concentrations of 100 mg/L. The previously mentioned MIP dispersion
(0.12 g) was put into the solutions (200 mL) for 2 days (48 h). The temperature in the
laboratory during the sorption experiments was 25 ◦C. Aliquots of the solutions were
sampled at certain intervals, which was necessary for further determination of residual
concentrations of REMs.

2.2.3. Study of the Synthetized MIP Selectivity

Laboratory experiments devoted to selective sorption of REMs with their further
separation were carried out using a developed installation based on two blocks. Each of
the blocks contains cartridges for macromolecular dispersion of MIPs. The first block is
filled with a dispersion of MIP-Sm, while the second one is filled with MIP-Gd. The studies
were carried out as follows: the model solution (contains Sm and Gd, concentration of each
REM is 100 mg/L) is pumped into the 1st block for 48 h (sorption of Sm). Subsequently the
solution is pumped into the 2nd block for 48 h (sorption of Gd). During sorption of Sm
and Gd, aliquots are sampled at certain intervals. After the sorption/separation process
ends, the cartridges can be removed and exchanged with other cartridges containing MIP
structures, and the installation is ready to begin a new sorption/separation cycle.

For pumping the model solution, a KNF N 816-3 KT-18 laboratory membrane vacuum
pump (KNF, Hamburg, Germany) was used.
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2.2.4. Study of Impact of Template Removal Duration on the Sorption Capacity
Regeneration Process

The study of the influence of the template removal duration on the efficiency of the
sorption capacity regeneration process was carried out as follows:

After sorption of the REMs (Sm and Gd) for 48 h, the structures MIP-Sm and MIP-
Gd underwent template removal (desorption) as was described above for the following
different times: 20, 25, 30 and 35 h. Subsequently these structures were used for another
sorption cycle, and solution aliquots were sampled.

2.2.5. Measurement of Residual Concentrations of Gd and Sm

The residual concentrations of the REMs was determined by the photocolorimetric
method and atomic emission spectroscopy; a KFK-3-01 photocolorimeter (ZOMZ, Sergiyev
Posad, Russia) and Optima 8300 ICP-OES spectrometer (Perkin-Elmer, Santa Clara, CA,
USA) were used.

2.3. Sorption Parameters Calculation

The following sorption parameters are calculated based on the residual concentrations
of Sm and Gd in the solution:

(1) Sorption (extraction) degree [66]:

η =
C0 − Ce

C0
∗ 100%

where C0 is the initial concentration of the REM (mg/L); and Ce is the initial (equilibrium)
concentration of the REM (mg/L).

(2) Exchange capacity [66]:

Q =
msorbed

msorbent

where msorbed is the mass of the sorbed REM (g); and msorbent is the mass of the MIP (g).

(3) REM medium sorption efficiency after sorption/desorption cycle:

SEpi =
∑

(
Pi
P0

)
m

n
∗ 100%

where p is the sorption parameter (sorption degree or exchange capacity); i is the cycles of
template removal; m is the time of aliquot taking; n is the number of times aliquots were
taken; Pi is the MIP sorption parameter after i cycles of template removal; and P0 is the
initial MIP sorption parameter.

(4) Growth of the sorption parameters depending on amount of template removal cycles:

ωp = 100% − SEpi

where p is the sorption parameter (sorption degree or exchange capacity); Pi is the MIP
sorption parameter (sorption degree or exchange capacity) after i cycles of template removal;
and P0 is the initial MIP sorption parameter.

(5) Sorption parameter medium growth:

� =
∑ Pi

i
=

ωη + ωQ

2
where ωη is the sorption degree growth (%); and ωQ is the sorption capacity growth (%).
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3. Results and Discussion

The interaction of the synthesized MIPs with samarium and gadolinium salts leads
to the sorption of these metals. The sorption character changes with time, and there
is the appearance of areas of intense sorption which changes to a slight increase when
approaching the equilibrium state between the macromolecular structure and salt solution.

3.1. Sorption of Sm and Gd

Synthetized imprinted structures MIP1-Sm, MIP1-Gd, MIP2-Sm and MIP2-Gd interact
with nitrates of samarium and gadolinium, resulting in the sorption of these metals.

Figure 4 presents decreases of the the samarium (a) and gadolinium (b) concentrations
during sorption by the imprinted structures. Concentrations of the REMs decrease with
time of interaction of the MIPs with the corresponding nitrates. In the case of Sm sorption,
the concentration of the metal decreases from 100 mg/L–38.99 mg/L (for MIP1-Sm); for
MIP2-Sm, the concentration of Sm decreases from 100 mg/L–46.45 mg/L during first 12 h
of interaction. The mean difference of the Sm concentration decrease in this time interval
(from 0 h to 12 h) for the structures MIP1-Sm and MIP2-Sm is 9.42 mg/L. The further
decrease of the Sm concentration is not so intense for the both the imprinted structures; the
mean difference of the Sm concentration decrease in this time interval (from 12 h to 48 h)
for the structures MIP1-Sm and MIP2-Sm is 4.06 mg/L. In the case of Gd sorption, a strong
decrease of the metal concentration is observed during 12 h after the beginning of the
contact. The Gd concentration decreases from 100 mg/L to 42.33 mg/L for MIP1-Gd and
from 100 mg/L to 52.57 mg/L for MIP2-Gd. The mean difference of the Gd concentration
decrease in this time interval (from 0 h to 12 h) for the structures MIP1-Gd and MIP2-Gd is
10.00 mg/L. The subsequent decrease in the concentration occurs more slightly for the both
imprinted structures up to 48 h. The mean difference of the Sm concentration decrease in
this time interval (from 12 h to 48 h) for the structures MIP1-Sm and MIP2-Sm is 3.42 mg/L.

Figure 4. Decrease of samarium (a) and gadolinium (b) concentrations during sorption via molecu-
larly imprinted polymers.

The values of the Sm and Gd concentrations as they decrease during the metals’
sorption by the imprinted structures are presented in Table 1.
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Table 1. Decreasing values of samarium and gadolinium concentrations via imprinted structures
MIP1, MIP2.

t, h
C (Sm) mg/L C (Gd) mg/L

MIP1-Sm MIP2-Sm Non-MIP1 Non-MIP2 MIP1-Gd MIP2-Gd Non-MIP1 Non-MIP2

0 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
0.5 83.96 90.50 100.00 100.00 84.13 91.99 100.00 100.00
1 79.53 88.35 100.00 100.00 80.09 88.58 100.00 100.00
2 70.75 81.01 100.00 100.00 73.58 82.54 100.00 100.00
3 63.44 75.85 100.00 100.00 69.08 77.02 100.00 100.00
4 57.98 70.70 100.00 100.00 62.72 72.78 100.00 100.00
5 54.33 61.82 100.00 100.00 57.98 67.74 100.00 100.00
6 45.69 53.38 100.00 100.00 50.63 63.53 100.00 100.00
9 40.55 51.91 100.00 100.00 46.95 60.78 100.00 100.00

12 38.99 46.45 100.00 100.00 42.33 52.57 100.00 100.00
18 28.66 32.68 100.00 100.00 30.85 34.41 100.00 100.00
24 19.01 23.87 100.00 100.00 20.05 24.82 100.00 100.00
30 15.37 19.83 100.00 100.00 18.44 21.87 100.00 100.00
36 13.08 17.69 100.00 100.00 16.89 18.46 100.00 100.00
42 11.83 14.28 100.00 100.00 13.01 15.65 100.00 100.00
48 10.01 13.98 100.00 100.00 10.89 15.46 100.00 100.00

The extraction degrees of samarium and gadolinium by the imprinted structures MIP1-
Sm, MIP2-Sm, MIP1-Gd and MIP2-Gd are presented in Figures 5a and 5b, respectively.
The extraction degree of samarium increases with time, and a strong increase is observed
during the first 24 h of interaction for both imprinted structures. At this time of interaction,
the sorption degree is 80.99 for MIP1-Sm and 76.13 for MIP2-Sm, with 90.00% and 88.50%
of the total samarium amount sorbed, respectively. The further increase (in the interval
of time 24–48 h) in the sorption degree is very slight: for MIP1-Sm, it is 84.63%–86.92%–
88.17%–89.99%; for MIP2-Sm, it is 80.17%–82.31%–85.72%–86.02%; the time of interaction is
30 h–36 h–42 h–48 h in both cases. In other words, the increase of extraction degree during
the subsequent 24 h is over 5–6%. The sorption degree of gadolinium also increases with
time, and a strong increase can be observed in the first 24 h of interaction of the imprinted
structures with the salt solution. At 24 h the extraction degree is 79.95% for MIP1-Gd and
75.18% for MIP2-Gd, with 88.93% and 89.72% of the total amount of gadolinium sorbed,
respectively. There is subsequently a slight growth of the extraction degree up to the 48 h
mark for MIP1-Gd and MIP2-Gd. The increase occurs as follows: for MIP1-Gd, it is 81.56%–
83.11%–86.99%–89.11%; for MIP2-Gd, it is 78.13%–81.54%–84.35%–84.54%; the interaction
time is 30 h–36 h–42 h–48 h in both cases. The parameter increases over 6–7% during the
second day. The phenomenon of a slight increase of the sorption degree during the second
day points to equilibrium being achieved between MIP structures and the salt solution.

The values of extraction degrees of samarium and gadolinium are presented in Table 2.
Figure 6 shows exchange capacity values (in relation to Sm and Gd) of MIP1-Sm and

MIP2-Sm (a) and MIP1-Gd and MIP2-Gd (b). In both cases (sorption of Sm and Gd), a
significant increase of the exchange capacity (over 90% of the total values) is observed at 24 h
of interaction. The further increase (up to 48 h) of this sorption parameter is insignificant.

The exchange capacity values (in relation to samarium and gadolinium) of the im-
printed structures MIP1 and MIP2 are presented in Table 3.
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Figure 5. Extraction degrees of samarium (a) and gadolinium (b) during sorption via molecularly
imprinted polymers.

Table 2. Values of extraction degrees of samarium and gadolinium.

t, h
η (Sm), % η (Gd), %

MIP1-Sm MIP2-Sm Non-MIP1 Non-MIP2 MIP1-Gd MIP2-Gd Non-MIP1 Non-MIP2

0 0 0 0 0 0 0 0 0
0.5 16.04 9.50 0 0 15.87 8.01 0 0
1 20.47 11.65 0 0 19.91 11.42 0 0
2 29.25 18.99 0 0 26.42 17.46 0 0
3 36.56 24.15 0 0 30.92 22.98 0 0
4 42.02 29.30 0 0 37.28 27.22 0 0
5 45.67 38.18 0 0 42.02 32.26 0 0
6 54.31 46.62 0 0 49.37 36.47 0 0
9 59.45 48.09 0 0 53.05 39.22 0 0

12 61.01 53.55 0 0 57.67 47.43 0 0
18 71.34 67.32 0 0 69.15 65.59 0 0
24 80.99 76.13 0 0 79.95 75.18 0 0
30 84.63 80.17 0 0 81.56 78.13 0 0
36 86.92 82.31 0 0 83.11 81.54 0 0
42 88.17 85.72 0 0 86.99 84.35 0 0
48 89.99 86.02 0 0 89.11 84.54 0 0
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Figure 6. Exchange capacities (in relation to samarium (a) and gadolinium (b)) of imprinted structures
MIP1, MIP2.

Table 3. Values of exchange capacity (in relation to samarium and gadolinium) of imprinted structures
MIP1 and MIP2.

t, h
Q (Sm), mg/g Q (Gd), mg/g

MIP1-Sm MIP2-Sm Non-MIP1 Non-MIP2 MIP1-Gd MIP2-Gd Non-MIP1 Non-MIP2

0 0 0 0 0 0 0 0 0
0.5 668.33 395.80 0 0 661.25 333.83 0 0
1 852.92 485.50 0 0 829.58 475.97 0 0
2 1218.75 791.43 0 0 1100.83 727.30 0 0
3 1523.33 1006.37 0 0 1288.33 957.40 0 0
4 1750.83 1220.87 0 0 1553.33 1134.20 0 0
5 1902.92 1590.93 0 0 1750.83 1344.37 0 0
6 2262.92 1942.37 0 0 2057.08 1519.43 0 0
9 2477.08 2003.90 0 0 2210.42 1634.27 0 0

12 2542.08 2231.40 0 0 2402.92 1976.17 0 0
18 2972.50 2805.13 0 0 2881.25 2732.77 0 0
24 3374.58 3172.17 0 0 3331.25 3132.30 0 0
30 3526.25 3340.30 0 0 3398.33 3255.37 0 0
36 3621.67 3429.57 0 0 3462.92 3397.50 0 0
42 3673.75 3571.70 0 0 3624.58 3514.50 0 0
48 3749.58 3584.27 0 0 3712.92 3522.30 0 0

The obtained data show that the non-imprinted structures non-MIP1 and non-MIP2
sorb neither samarium nor gadolinium, which evidences that the synthetized structures
MIP1-Sm, MIP2-Sm, MIP1-Gd and MIP2-Gd have selectivity for samarium and gadolinium.
The differences in the sorption properties of the structures MIP1 and MIP2 are based on the
application of different cross-linking agents during their synthesis. It is supposed that in
the case of MIP2, the cross-linking is tighter compared to MIP1, and the sorption process is
rather complicated.
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3.2. Impact of Amount of Template Removal Cycles on Regeneration of MIP Sorption Efficiency

The sorption efficiency studies are based on the amount of template removal cycles.
Herein and after, sorption properties (extraction degree, exchange capacity) at 40 template
removal cycles (as described in the synthesis procedure) are taken as 100%.

The values of the sorption properties of the imprinted structures MIP1 and MIP2,
dependent on the amount of template removal cycles, are presented in Tables 4–7.

Table 4. Values of extraction degrees of samarium after certain amount of template removal cycles.

t, h/
Number of Cycles

η (Sm), %

MIP1-Sm MIP2-Sm

20 25 30 35 20 25 30 35

0 0 0 0 0 0 0 0 0
0.5 10.11 10.91 12.99 14.76 4.84 6.55 7.03 8.36
1 12.90 13.92 16.58 18.83 5.94 8.04 8.62 10.25
2 18.43 19.89 23.69 26.91 9.69 13.11 14.06 16.72
3 23.03 24.86 29.61 33.64 12.32 16.67 17.87 21.25
4 26.47 28.57 34.04 38.66 14.94 20.22 21.68 25.78
5 28.77 31.06 36.99 42.02 19.47 26.35 28.25 33.60
6 34.22 36.93 43.99 49.97 23.77 32.17 34.50 41.02
9 37.45 40.43 48.15 54.69 24.53 33.18 35.59 42.32

12 38.44 41.49 49.42 56.13 27.31 36.95 39.63 47.13
18 44.94 48.51 57.79 65.63 34.33 46.45 49.82 59.24
24 51.02 55.07 65.60 74.51 38.83 52.53 56.34 67.00
30 53.32 57.55 68.55 77.86 40.89 55.32 59.32 70.55
36 54.76 59.11 70.41 79.97 41.98 56.79 60.91 72.43
42 55.55 59.96 71.42 81.12 43.72 59.15 63.43 75.43
48 56.69 61.19 72.89 82.79 43.87 59.36 63.66 75.70

Table 5. Values of exchange capacity (in relation to samarium) after certain amount of template
removal cycles.

t, h/
Number of Cycles

Q (Sm), mg/g

MIP1-Sm MIP2-Sm

20 25 30 35 20 25 30 35

0 0 0 0 0 0 0 0 0
0.5 421.05 454.47 541.35 614.87 201.86 273.10 292.89 348.30
1 537.34 579.98 690.86 784.68 247.61 335.00 359.27 427.24
2 767.81 828.75 987.19 1121.25 403.63 546.09 585.66 696.46
3 959.70 1035.87 1233.90 1401.47 513.25 694.39 744.71 885.60
4 1103.03 1190.57 1418.18 1610.77 622.64 842.40 903.44 1074.36
5 1198.84 1293.98 1541.36 1750.68 811.38 1097.74 1177.29 1400.02
6 1425.64 1538.78 1832.96 2081.88 990.61 1340.23 1437.35 1709.28
9 1560.56 1684.42 2006.44 2278.92 1021.99 1382.69 1482.89 1763.43

12 1601.51 1728.62 2059.09 2338.72 1138.01 1539.67 1651.24 1963.63
18 1872.68 2021.30 2407.73 2734.70 1430.62 1935.54 2075.80 2468.52
24 2125.99 2294.72 2733.41 3104.62 1617.81 2188.80 2347.40 2791.51
30 2221.54 2397.85 2856.26 3244.15 1703.55 2304.81 2471.82 2939.46
36 2281.65 2462.73 2933.55 3331.93 1749.08 2366.40 2537.88 3018.02
42 2314.46 2498.15 2975.74 3379.85 1821.57 2464.47 2643.06 3143.10
48 2362.24 2549.72 3037.16 3449.62 1827.98 2473.14 2652.36 3154.15
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Table 6. Values of extraction degree of gadolinium after certain amount of template removal cycles.

t, h/
Number of Cycles

η (Gd), %

MIP1-Gd MIP2-Gd

20 25 30 35 20 25 30 35

0 0 0 0 0 0 0 0 0
0.5 9.36 10.47 13.17 14.28 3.61 5.05 5.69 6.81
1 11.75 13.14 16.53 17.92 5.14 7.20 8.11 9.71
2 15.59 17.44 21.93 23.78 7.85 11.00 12.39 14.84
3 18.24 20.41 25.66 27.83 10.34 14.48 16.31 19.53
4 22.00 24.60 30.94 33.55 12.25 17.15 19.33 23.14
5 24.79 27.73 34.88 37.82 14.52 20.33 22.91 27.43
6 29.13 32.58 40.98 44.43 16.41 22.97 25.89 31.00
9 31.30 35.01 44.03 47.75 17.65 24.71 27.85 33.34

12 34.03 38.06 47.87 51.90 21.34 29.88 33.67 40.31
18 40.80 45.64 57.39 62.24 29.51 41.32 46.57 55.75
24 47.17 52.77 66.36 71.96 33.83 47.36 53.37 63.90
30 48.12 53.83 67.69 73.40 35.16 49.22 55.47 66.41
36 49.03 54.85 68.98 74.80 36.69 51.37 57.89 69.31
42 51.32 57.41 72.20 78.29 37.96 53.14 59.89 71.70
48 52.57 58.81 73.96 80.20 38.04 53.26 60.02 71.85

Table 7. Values of exchange capacity (in relation to gadolinium) after certain amount of template
removal cycles.

t, h/
Number of Cycles

Q (Gd), mg/g

MIP1-Gd MIP2-Gd

20 25 30 i35 20 25 30 35

0 0 0 0 0 0 0 0 0
0.5 390.14 436.43 548.84 595.13 150.23 210.32 237.02 283.76
1 489.45 547.53 688.55 746.63 214.19 299.86 337.94 404.57
2 649.49 726.55 913.69 990.75 327.29 458.20 516.38 618.21
3 760.12 850.30 1069.32 1159.50 430.83 603.16 679.75 813.79
4 916.47 1025.20 1289.27 1398.00 510.39 714.55 805.28 964.07
5 1032.99 1155.55 1453.19 1575.75 604.97 846.95 954.50 1142.71
6 1213.68 1357.68 1707.38 1851.38 683.75 957.24 1078.80 1291.52
9 1304.15 1458.88 1834.65 1989.38 735.42 1029.59 1160.33 1389.13

12 1417.72 1585.93 1994.42 2162.63 889.28 1244.99 1403.08 1679.74
18 1699.94 1901.63 2391.44 2593.13 1229.75 1721.64 1940.26 2322.85
24 1965.44 2198.63 2764.94 2998.13 1409.54 1973.35 2223.93 2662.46
30 2005.02 2242.90 2820.62 3058.50 1464.92 2050.88 2311.31 2767.06
36 2043.12 2285.53 2874.22 3116.63 1528.88 2140.43 2412.23 2887.88
42 2138.50 2392.23 3008.40 3262.13 1581.53 2214.14 2495.30 2987.33
48 2190.62 2450.53 3081.72 3341.63 1585.04 2219.05 2500.83 2993.96

A comparative analysis of the sorption efficiency of the MIP1 and MIP2 structures,
dependent on template removal cycles, is presented in Figure 7. The obtained data show
the following sorption efficiency values: for MIP1-Sm, 63% (20 cycles), 68% (25 cycles),
81% (30 cycles) and 92% (35 cycles); for MIP2-Sm, 51% (20 cycles), 69% (25 cycles), 74%
(30 cycles) and 88% (35 cycles); for MIP1-Gd, 63% (20 cycles), 59% (25 cycles), 83% (30 cycles)
and 90% (35 cycles); and for MIP2-Gd, 45% (20 cycles), 63% (25 cycles), 71% (30 cycles)
and 85% (35 cycles). Complete removal of the sorbed REM from the imprinted structure’s
matrix is a complicated process. Based on the obtained data, it can be concluded that an
increase of the template removal cycles by 5 each time provides an average growth of the
sorption efficiency of 11.37%.
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Figure 7. Sorption efficiency of imprinted structures MIP1 and MIP2 depending on amount of
template removal cycles.

3.3. Laboratory Experiments on Selective Sorption and Sorption of Sm and Gd

Both imprinted structures (MIP1 and MIP2) are used for the laboratory tests devoted
to selective sorption of Sm and Gd. The schematical sorption process during the laboratory
tests is shown in Figure 8. As mentioned earlier, laboratory studies on selective sorption of
Sm and Gd were carried out with the application of the developed installation (based on
two blocks). Each block contains cartridges for the placement of macromolecular disper-
sions of the imprinted sorbents. The first block is filled with a dispersion of MIP-Sm, and
the second one is filled with MIP-Gd. The model solution is pumped into the first block for
48 h (selective sorption of Sm). Subsequently, the solution is pumped into the second block
for 48 h (selective sorption of Gd). After the sorption process of both REMs ends, the car-
tridges with the imprinted structures can be removed and exchanged with other cartridges
with MIP structures, and the installation is ready for a new sorption/separation cycle.

The sorption properties of the MIP1 and MIP2 structures during selective sorption of
samarium and gadolinium are presented in Tables 8–11.
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Figure 8. Sorption efficiency of imprinted structures MIP1 and MIP2 in dependence from amount of
template removal cycles.

Table 8. Sorption properties of the MIP1-Sm and MIP1-Gd structures during selective sorption
of samarium.

t, h

Selective Sorption of Sm

MIP1-Sm MIP1-Gd

η (Sm), % Q (Sm), mg/g η (Sm), % Q (Sm), mg/g

0 0 0 0 0
0.5 16.04 668.33 0 0
1 20.47 852.92 0 0
2 29.25 1218.75 0 0
3 36.56 1523.33 0 0
4 42.02 1750.83 0 0
5 45.67 1902.92 0 0
6 54.31 2262.92 0 0
9 59.45 2477.08 0 0
12 61.01 2542.08 0 0
18 71.34 2972.50 0 0
24 80.99 3374.58 0 0
30 84.63 3526.25 0 0
36 86.92 3621.67 0 0
42 88.17 3673.75 0 0
48 89.99 3749.58 0 0
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Table 9. Sorption properties of the MIP1-Sm and MIP1-Gd structures during selective sorption
of gadolinium.

t, h

Selective Sorption of Gd

MIP1-Sm MIP1-Gd

η (Sm), % Q (Sm), mg/g η (Sm), % Q (Sm), mg/g

0 0 0 0 0
0.5 0 0 15.87 661.25
1 0 0 19.91 829.58
2 0 0 26.42 1100.83
3 0 0 30.92 1288.33
4 0 0 37.28 1553.33
5 0 0 42.02 1750.83
6 0 0 49.37 2057.08
9 0 0 53.05 2210.42
12 0 0 57.67 2402.92
18 0 0 69.15 2881.25
24 0 0 79.95 3331.25
30 0 0 81.56 3398.33
36 0 0 83.11 3462.92
42 0 0 86.99 3624.58
48 0 0 89.11 3712.92

Table 10. Sorption properties of the MIP2-Sm and MIP2-Gd structures during selective sorption
of samarium.

t, h

Selective Sorption of Sm

MIP2-Sm MIP2-Gd

η (Sm), % Q (Sm), mg/g η (Sm), % Q (Sm), mg/g

0 0 0 0 0
0.5 9.50 395.80 0 0
1 11.65 485.50 0 0
2 18.99 791.43 0 0
3 24.15 1006.37 0 0
4 29.30 1220.87 0 0
5 38.18 1590.93 0 0
6 46.62 1942.37 0 0
9 48.09 2003.90 0 0
12 53.55 2231.40 0 0
18 67.32 2805.13 0 0
24 76.13 3172.17 0 0
30 80.17 3340.30 0 0
36 82.31 3429.57 0 0
42 85.72 3571.70 0 0
48 86.02 3584.27 0 0

As seen from the obtained results of the laboratory tests, the molecular imprinting
technique seems to be a promising method for the creation of principally new macromolec-
ular sorbents for the selective sorption and separation of rare-earth metals. The developed
MIP1 and MIP2 structures showed effectiveness in selective sorption of the target rare-
earth metal, wherein the accompanying sorption of another rare-earth metal was absent.
Sorption of the target metal occurs due to the presence of complementary cavities in the
polymer matrix of the imprinted structures. As was shown earlier, MIP1 structures are
more effective for the sorption of REMs due to the fact that their sorption properties are
higher (in comparison with MIP2).
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Table 11. Sorption properties of the MIP2-Sm and MIP2-Gd structures during selective sorption
of gadolinium.

t, h

Selective Sorption of Gd

MIP2-Sm MIP2-Gd

η (Sm), % Q (Sm), mg/g η (Sm), % Q (Sm), mg/g

0 0 0 0 0
0.5 0 0 8.01 333.83
1 0 0 11.42 475.97
2 0 0 17.46 727.30
3 0 0 22.98 957.40
4 0 0 27.22 1134.20
5 0 0 32.26 1344.37
6 0 0 36.47 1519.43
9 0 0 39.22 1634.27
12 0 0 47.43 1976.17
18 0 0 65.59 2732.77
24 0 0 75.18 3132.30
30 0 0 78.13 3255.37
36 0 0 81.54 3397.50
42 0 0 84.35 3514.50
48 0 0 84.54 3522.30

4. Conclusions

The developed molecularly imprinted polymers based on MAA and 4VP functional
monomers showed good results in the selective sorption/separation of samarium and
gadolinium from the common solution. The main advantage of the developed MIPs is
the absence of the sorption of accompanying metals (with very close chemical properties).
Based on these sorbents, modern effective sorption technologies can be created. As draw-
backs, only the complicated procedure of complete desorption of the target metal can be
named, along with the relatively high cost of the reactants for MIP synthesis. Despite the
mentioned drawbacks, the imprinted sorbents are relevant to be used firstly for modification
of existing sorption technologies instead of ion exchangers. Comparison of the synthetized
MIPs with the other methods of REM concentration such as extraction of the target REM
by phosphoric acid, phosphinic acid and organophosphorus acids [67,68] showed that ex-
traction is high (70–80%), but the drawback that a concentrate of the REM is extracted, and
further separation is another complicated step which will make the sorption/separation
technology in industry more expensive. The obtained data showed that sorption degree of
Sm and Gd by the developed MIPs is almost 90%, and the fact that simultaneous sorption
of other metals is absent provides the possibility of using these macromolecular structures
as highly effective alternatives to the existing sorption technologies.
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Abstract: In this study, ligand-free nanogels (LFNGs) as potential antivenom mimics were developed
with the aim of preventing hypersensitivity and other side effects following massive bee attacks. For
this purpose, poly (ethylene glycol) diacrylate was chosen as a main synthetic biocompatible matrix
to prepare the experimental LFNGs. The overall concept uses inverse mini-emulsion polymerization
as the main route to deliver nanogel caps with complementary cavities for phospholipase A2 (PLA2)
from bee venom, created artificially with the use of molecular imprinting (MI) technologies. The
morphology and the hydrodynamic features of the nanogels were confirmed by transmission electron
microscopy (TEM) and dynamic light scattering (DLS) analysis. The following rebinding experiments
evidenced the specificity of molecularly imprinted LFNG for PLA2, with rebinding capacities up to
8-fold higher compared to the reference non-imprinted nanogel, while the in vitro binding assays
of PLA2 from commercial bee venom indicated that such synthetic nanogels are able to recognize
and retain the targeted PLA2 enzyme. The results were finally collaborated with in vitro cell-viability
experiments and resulted in a strong belief that such LFNG may actually be used for future therapies
against bee envenomation.

Keywords: molecularly imprinted polymers; ligand-free nanogels; bee venom phospholipase A2;
synthetic antivenom; bee envenomation

1. Introduction

Hymenoptera (bee/wasp/ant) envenomation is not usually lethal for humans and
animals if the venom intake is lower than the lethal dose [1]. However, it is well known
that the venom from the Hymenoptera insects is a potent neurotoxin and that the main
destructive component is the specific secreted phospholipase A2 (PLA2) [2]. Bee venom
PLA2 enzyme acts synergistically with the polyvalent cations (toxins) in the venom [3],
creating an increased hemolytic effect and quick access of toxins into the blood flow,
targeting important organs such as the brain, kidney and liver [4]. This enzyme simply
degrades the cellular phospholipidic membranes and in high amounts, as in envenomation,
causes decreased blood pressure and thereafter inhibits blood coagulation [5,6]. Therefore,
by removing a high amount of PLA2 enzyme from sting/bite zone, the rest of the venom
toxins can be locally blocked, and since the phospholipidic membranes are stopped or
retarded from degradation, the toxins and other allergens will have limited access into the
blood flow. For this reason, the present study targets the development of complementary,
or even alternative, antivenom therapies that can reduce the quantity of the toxic PLA2
enzyme intake before the phospholipidic membranes are damaged.
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In spite of recent technological developments, no effective and safe therapies are
currently available for treating the victims of mass honeybee or wasp attacks [7]. Adrenalin
is the first-aid treatment of choice for the systemic allergic response with dyspnea and/or
hypertension, while in patients without anaphylaxis, the suggested conservative approach
is based on observation and treatment of symptoms [8]. Since 1996, multiple attempts to
create antivenom as an emergency treatment for bee envenomation were proposed [9–11].
Antivenom is created by injection of sublethal toxin doses into an animal such as a sheep or
horse, followed by harvesting the blood serum of the animal, which contains significant
quantities of toxin-recognizing antibodies [12]. However, most of the studies regarding
antivenom production suggested that the reason for their ineffectiveness is linked to the
low immunogenicity of targeted bee venom toxins [13]. Recently, noteworthy antivenom
designs based on monoclonal or oligoclonal antibodies [14,15] have emerged and may
contribute to new and effective bee envenomation therapies. Yet, the technology is still
young and needs serious efforts to deliver viable antivenom therapies [13]. Meanwhile,
a great deal of research was focused on developing nano-sized hydrogels known in the
literature under the name of nanogels [16,17]. The most common applications of nanogels,
with controlled release properties of various active principles, are found in the tissue
engineering field, biomedical implantology and bionanotechnology [16]. Having aside
the newest trends in nanogels development [18–20] and access to technologies that allow
for creating synthetic antibodies in various polymer networks, i.e., molecular imprinting
(MI) [21,22], this work aims to prepare ligand-free nanogels (LFNGs) with complementary
specific binding sites for PLA2, named molecularly imprinted polymers (MIPs). Synthetic
nanogel antibodies make it possible to directionally modify the molecular size, affinity,
specificity, and immunogenicity and effector functions of a natural antibody, as well as
to combine antibodies with other functional agents for diagnosing and treating various
diseases, particularly using new technologies meant to refine the effector functions of
therapeutic antibodies [23]. The advantages of such synthetic antibodies include lower
manufacturing costs, a medium level of synthesis complexity and no specific requirements
for storage and transportation, as compared to the traditional antivenom. On the other
hand, the proposed systems, denoted molecularly imprinted polymer ligand-free nanogels
(MIP-LFNGs), are free of template molecules or ligands and can retain various compounds
using the matrix itself for targeting [24,25].

Thereby, the novelty introduced by this pioneering work is the exploration of com-
bined methods and concepts of state-of-the-art nanotechnologies and molecular imprinting
techniques to deliver novel, efficient and cheaper antivenom variants for bee envenomation.
The MIP-LFNG for bee venom-originated PLA2 recognition and retention, as presented
in this study, is an original concept and has never been reported as a potential therapy
against bee envenomation. To this day, only a few reports dealing with synthetic polymer
nanoparticles as plastic antibodies with the capacity to bring and neutralize the hemolytic
toxin melittin peptide were reported by Hoshino et al. [26–29]. In this respect, polymer
nanoparticles (NPs) were prepared using N-isopropylacrylamide (NIPAm) as a core poly-
mer combined with N-t-butylacrylamide, acrylic acid or N-3-aminopropyl methacrylamide
as a functional monomer [26,27,29]. The resulting NPs, with an average size of 50 nm, were
able to bind melittin in high amounts, up to 180 μmol/g NP [26]. In some early studies of
this group [27,28], NPs based on NIPAm were molecularly imprinted with melittin and
labeled with fluorescein o-acrylate to evaluate the binding of melittin and the behavior of
the NPs in vivo. Other recent studies on molecularly imprinted nanogels were reported
by Takeuchi’s group for protein recognition as well [30,31]. In these cases, the authors
prepared MIP nanogels of about 45 nm diameter possessing good binding affinity and
specificity (F > 20 at 1 mg/mL polymer, but low reaction yields below 1%) capable of
protein corona regulation via albumin recognition. Nevertheless, the latter studies have
successfully detailed some meaningful insights related to nanoparticle–cell interactions
with the emphasis on the cellular uptake mechanism in cancer cells and immune-related
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cell lines [30], followed by in vivo studies revealing the uptake of albumin in MIP nanogels
and their targeting ability for tumor tissue [31].

2. Materials and Methods

2.1. Materials

In order to obtain the MIP-LFNGs, polyethyleneglycol diacrylate (PEGDA, MW = 700 g/mol),
sorbitan monooleate (SPAN 80), N,N,N′,N′-tetramethyl ethylenediamine (TMEDA) sodium chlo-
ride (>99%), cyclohexane (CHx, 99.5%), phospholipase A2 from bee venom Apis Mellifera (PLA2),
2-amino-2-(hydroxymethyl)-1,3-propanediol (TRIS, 99.8%), hydrochloric acid (HCl, 37%) and ace-
tone (99,92%) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Ammonium persulfate
(APS, 98%) was purchased from Peking Chemical Works (Beijing Chemical Works, Beijing, China),
polyethylene glycol sorbitan monooleate (TWEEN 80, oleic acid, ≥58.0%) was purchased from
Sigma-Aldrich (St. Louis, MO, USA) and phosphate-buffered saline (PBS) was purchased from
Roti-CEL (Karlsruhe, Germany). Invitrogen EnzChek Phospholipase A2 Assay Kit was purchased
from Thermo Scientific LSG (Life Technologies Ltd., Inchinnan Business Park Paisley, UK). Bee
venom (BV) was used in the form of lyophilized powder and was purchased from The Research
and Development Institute for Beekeeping (Bucharest, Romania). The difunctional macromer
polyethyleneglycol diacrylate (PEGDA, MW = 2000 g/mol) was synthesized as previously reported
by Radu et al. [32] (results of molecular weight, functionality, structure and thermal stability are
provided in the Supplementary Materials, Figures S1–S4).

2.2. Synthesis and Purification of LFNGs for Recognizing and Retaining Bee
Venom-Originated PLA2

LFNGs were prepared similarly to the recipe previously described by our group,
but with some modifications [33]. The organic phase was prepared by dissolution of the
mixed emulsifiers SPAN80 (0.9 mol/L) and TWEEN80 (0.09 mol/L) in a 7:1 ratio (w/w)
with cyclohexane (9 mol/L) in a round glass-bottom reactor. This mix was homogenized
by magnetic stirring at 600 rpm, degassed and purged with nitrogen for 10 min. Mean-
while, the aqueous phase was prepared by dissolution the difunctional macromers PEGDA
700/PEGDA 2000 (0.4 mol/L), TMEDA (0.04 mol/L) and NaCl (0.2 mol/L) in ultrapure
water (2 mL). After 10 min of mechanical stirring (600 rpm), degassing and purging with
nitrogen gas, the aqueous phase was added to the organic phase under magnetic stirring
(600 rpm). In order to prepare the molecularly imprinted polymer LFNGs (MIP-LFNGs),
PLA2 (1:5 molar ratio PLA2:PEGDA) was prepared separately in ultrapure water (1 mL) or
TRIS/HCl (pH 8.2; 50 mM), after which it was added to the reaction mixture under quick
magnetic stirring (600 rpm). The rationale behind using water and the variant of a buffer
solution to solubilize the PLA2 was to maintain as much as possible the conformation
of PLA2 that may be found in the venom, in order to increase the specificity of the final
nanogels for PLA2. The polymerization reaction was initiated by APS (5% w. relative to
PEGDA), after which the stirring rate was lowered to 200 rpm and the temperature was set
at 30 ◦C. The mini-emulsion was maintained in the previously mentioned conditions for
42 h and subsequently centrifuged. The supernatant was removed, and the nanogel phase
was washed with cyclohexane, acetone and ultrapure water to remove the continuous
media, the emulsifiers, the template PLA2 enzyme and any unreacted macromer. Thus,
prepared MIP-LFNGs were lyophilized for 48 h to yield a powder. Furthermore, another
nanogel system, called non-imprinted polymer LFNG (NIP-LFNG), was prepared as a
reference; in this case, PLA2 was not added during the polymerization. The recipes for
preparing the MIP-LFNG W or T (where W stands for water and T for TRIS/HCl solution)
and for the reference NIP-LFNG are also summarized in Table 1.
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Table 1. The synthesis recipes for LFNGs.

Samples
PEGDA700/
PEGDA2000

(%)

Span 80/
Tween 60

(%)

Emulsifiers/
Aqueous

Phase
(%)

Solvent/
Aqueous

Phase
(%)

PLA2/
PEGDA

(Molar Ratio)

NIP-LFNG 75/25 87.5:12.5 3 5.11 0

MIP-LFNG (W) 75/25 87.5:12.5 3 5.11 1/5
(PLA in H2O)

MIP-LFNG (T) 75/25 87.5:12.5 3 5.11 1/5
(PLA in TRIS/HCl)

2.3. Characterization Methods and Instruments

2.3.1. Structural and Morphological Characterization of LFNGs

Fourier transform infrared (FT-IR) spectra, recorded on a Bruker Vertex 70 instrument
in the 400–4000 cm−1 range with 4 cm−1 resolution and 32 scans (on KBr pellets), were
useful for highlighting the molecular imprinting effect.

Thermogravimetric analyses (TGA) were carried out by using a Thermal Analysis
SDT600 instrument and heating 5–10 mg samples from 30 ◦C to 1000 ◦C at a heating rate of
10 ◦C/min under nitrogen flow.

The particle sizes of LFNGs were determined by dynamic light scattering (DLS)
analyses using a Malvern Zetasizer Nano-ZS system equipped with a 4 mW He-Ne laser
(633 nm). All measurements were performed in five replicates, and the results are reported
as the mean together with the standard deviation.

Transmission electron microscopy (TEM) pictures were taken using a Tecnai G2 F20
TWIN Cryo-TEM. Two protocols were used. The first one consisted of directly sampling
the emulsion and placing it on a carbon-film-covered grid. The excess emulsifiers were
removed by 5 s immersion of the grid in acetone. The second protocol consisted of the
redispersion of the purified nanogels in distilled water and placement of the sample on the
same type of grid.

2.3.2. Batch Binding Experiments Assisted by Activity Measurements of PLA2

Binding experiments were performed in order to investigate the specificity and ca-
pacity of MIP-LFNG and NIP-LFNG to recognize and rebind PLA2. In this respect, the
assays were based on measuring the decrease in activity in PLA2 aqueous solutions or bee
venom solutions (U/mL) before and after contact with the nanogels, using the EnzChek
Phospholipase A2 Assay Kit, at a plate dilution of 1/2 (U/mL) (or 1/40) initial solution.
In brief, the binding experiments involved contacting 10 mg of each LFNG with 1 mL
pure PLA2 or bee venom solution of known concentration (0.1 mg/mL PLA2 enzyme
and 1 mg/mL bee venom). The supernatants were collected after 15 and 30 min, diluted
(1/40) and analyzed by fluorescence for changes in the emission intensity ratio at 490 nm
with excitation at 450 nm. To quantify the adsorbed PLA2 (also known as the rebinding
capacity, Q (U PLA2/g nanogel)), for MIP-LFNGs and corresponding NIP-LFNG, the study
presented the hypothesis that the decrease in activity as measured at 450 nm and 490 nm
was due to the nanogels’ specific adsorption of PLA2. The method for calculating Q is given
in Equation (1), where Ci (U/mL) represents the concentration of PLA2 in the reference
aqueous solution or venom solution, Cf (U/mL) represents the concentration of PLA2 after
contact with nanogels, mp (g) is the nanogel weight and Vs (L) is the volume of the feed
solution (see also Table S1, Supplementary Materials).

Q = (ci − cf) · VS/mp (1)

The imprinting factor, F, expressed by Equation (2), quantified the specificity with
which MIP-LFNGs rebind PLA2, compared to the corresponding NIP-LFNG, where QMIP
and QNIP are the rebinding capacities of MIP-LFNG (W or T) and NIP-LFNG, respectively.
The binding experiments were carried out in duplicate, using fluorescence measurements
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on a reader for Tecan Infinite M1000 microplates. The results, as mean values of two
replicates, were expressed as U/mL after extrapolation on a standard curve made with a
standard solution of PLA2.

F = QMIP/QNIP (2)

2.3.3. Cytotoxicity Study of LFNGs

Extracts from LFNGs were obtained by placing the materials in Dulbecco’s Modified
Eagle Medium (DMEM), 5 mg/mL, for 24 h at 4 ◦C and collecting the supernatants by
centrifugation (15 min, 10,000× g). Mouse fibroblast cell line L929 (ECACC 85011425) was
used to test the cytotoxicity of LFNGs. L929 cells were cultured in DMEM supplemented
with 10% fetal bovine serum (FBS), 100 μg/mL penicillin, 100 μg/mL streptomycin and
1 mM L-glutamine in a 5% CO2 atmosphere incubator at 37 ◦C. Cells were enzymatically
detached and seeded in 96-well culture plates at a density of 1 × 104 cells/well and
cultured overnight. Subsequently, the supernatant was discarded and replaced with binary
dilutions (of LFNG extracts). After overnight incubation, a 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay was performed to evaluate the cell viability.
Briefly, the supernatant was discarded and replaced with DMEM containing 0.5 mg/mL
MTT. The assay is based on the ability of NAD(P)H-dependent oxidoreductase enzymes
in living cells to reduce yellow tetrazolium salts to purple formazan crystals. Cells were
incubated for an additional 3 h, and then lysis solution (20% w/v sodium dodecyl sulfate,
50% w/v N,N-dimethylformamide, 0.4% w/v acetic acid, 0.04 M hydrochloric acid) was
added to dissolve the insoluble formazan crystals and the resulting-colored solution was
quantified by measuring the absorbance at 570 nm using a microplate spectrophotometer
(Multiskan FC, Thermo Scientific). The percentage of cell viability for each experimental
condition was calculated by setting the control as 100%.

3. Results

3.1. Synthesis of LFNGs

In the current study, we aimed to combine the advantages of more efficient treatments
based on nanomaterials and the specificity of MIPs for the development of molecularly
imprinted ligand-free nanogels (MIP-LFNGs) for recognizing and retaining bee venom-
originated PLA2. The inverse mini-emulsion polymerization system involved the formu-
lation of a stable mixture, composed of droplets of polymer aqueous solution suspended
by a mixture of co-surfactants in a continuous organic medium [33,34]. Herein, we investi-
gated (i) the synthesis of LFNG based on poly (ethylene glycol) diacrylate initiated by a
redox initiator system at body temperature, in the absence or presence of PLA2 enzyme
(according to Scheme 1); (ii) the morphology and structure of LFNGs; (iii) the performance
of prepared LFNGs by single-enzyme rebinding experiments and by specific rebinding
from bee venom; and the (iv) in vitro cytotoxic effect of LFNGs.

The following work describes the optimized recipes resulting from many variants of
nanogel synthesis. In this respect, the same recipes were used to prepare nanogels using
either PEDGA 700 or 2000 alone. However, the samples were discarded after performing DLS
(Table S1, Supplementary Materials) and TEM analysis (Figure S5, Supplementary Materials)
which clearly showed that the systems were not proper for the studied application in terms
of average particle size, polydispersity and uniformity.
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Scheme 1. Preparation of molecularly imprinted ligand-free nanogels (MIP-LFNGs) for recognizing
and retaining bee venom-originated PLA2.

3.2. Structural and Morphological Characterization of LFNGs

3.2.1. FT-IR Spectroscopy

The LFNG series were evaluated by FT-IR spectroscopy (Figure 1). In the spectrum of
the NIP-LFNG, the bands generated by the C-H stretching vibrations around 2870 cm−1, the
carbonyl group (C=O) stretching vibration at 1729 cm−1 [35] and C-O stretching vibration
at 1097 cm−1 can be clearly distinguished. The characteristic band of OH stretching
vibrations from poly (ethylene glycol) was registered around 3500–3400 cm−1, while the
bands assigned to -C=C- at 1620 cm−1 completely disappeared from the LFNG spectrum,
indicating the consumption of -C=C- bonds of PEGDA during polymerization [36,37].

Figure 1. Fourier transform infrared (FT-IR) spectra of NIP-LFNG; PLA2 enzyme (PLA2); and
MIP-LFNG (W or T) and MIP-LFNG (W, ext or T, ext) before and after PLA2 extraction, respectively.

The FT-IR spectrum of the PLA2 template presented intense characteristic bands as
well. The bands at 3289 and 3072 cm−1 correspond to the overlapping O–H stretching
vibrations and the N–H stretching vibrations in amide A (more intense) and amide B of
proteins. The intense band at 3289 cm−1 is the result of resonance between N–H stretching
and the overtone of amide II [38,39]. The band at 2924 cm−1 is characteristic of symmetric
(CH2) groups, while the bands at 1641 and 1533 cm−1 (characteristic of the peptide amines
and amino acids) correspond to the C=O symmetric stretching vibrations of α-helical
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structure (amide I) and the N–H in-plane bending and C–N stretching of amino acids
(amide II), respectively [40,41]

Interestingly, the spectra of both imprinted nanogels, i.e., MIP-LFNG (T) and MIP-
LFNS (W), analyzed before the extraction of the PLA2 template, showed important changes
compared to the reference nanogels, NIP-LFNGs, as well as to the same imprinted nanogels
analyzed after PLA2 extraction, which indicated an efficient imprinting of PLA2. At a
first glance, a broad band between 3000 and 3700 cm−1, similar to that observed in the
spectrum of PLA2, was registered for the imprinted nanogels. This band was assigned to
the overlapping bands of the O–H stretching vibrations and the N–H stretching vibrations
in amide A and amide B of proteins. Furthermore, the characteristic band of -CH2 groups
(at 2924 cm−1) and the one associated with the amide I bands (at 1641cm−1) were also
spotted in the spectra of both imprinted nanogels before PLA2 extraction.

On the other hand, the FT-IR spectra of the imprinted nanogels analyzed after the
extraction of the PLA2 template, named MIP-LFNG (T, ext) and MIP-LFNG (W, ext), are
similar to those of the non-imprinted nanogel references, without any characteristic bands
of PLA2. This resemblance proves the fact that the chemical structure of the imprinted
nanogel matrix was not modified during the imprinting process (this process being non-
covalent) and also that a proper extraction of PLA2 from the nanogels was performed with
the aim of cleaving the specific binding sites thus created [42].

Thereby, it can be assumed that the imprinting of PLA2 was successful and that specific
binding sites were created, considering that the prominent features of PLA2 are present
in the spectra of imprinted nanogels before template extraction [43] and disappear after
nanogels are thoroughly washed.

3.2.2. TGA Investigation

The thermal stability of LFNGs was highlighted by TGA/DTG analysis provided in
Figure 2a,b. The results of TGA and the corresponding derivative curves of NIP-LFNG
showed a slight decrease in thermal stability, while the MIP-LFNG (T, ext) revealed a
similar thermal stability to that of MIP-LFNG (T), before PLA2 extraction (Figure 2). The
NIP-LFNGs presented one small shoulder at 163 ◦C (Tmax) attributed to polymer lose
chain, after which it maintained an expected decomposition trend centered at 392 ◦C (Tmax)
that can be related to the degradation of the polymer backbone chain, with a final weight
loss of 95% [44–46].

Figure 2. (a)Thermal analysis diagram (TGA) and (b) derivative (DTG) of NIP-LFNG; PLA2 enzyme
(PLA2); and MIP-LFNG (T) and MIP-LFNG (T, ext) before and after PLA2 extraction, respectively.
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The TGA and derivative curve of the PLA2 enzyme revealed the decomposition of
the amino acids in several stages, as follows [47]: the first stage at 222 ◦C was attributed to
the elimination of NH3 and the formation of unsaturated acids; this stage was followed
by the release of intramolecular water and the formation of lactams, and ultimately the
decarboxylation process occurred, resulting in the formation of amines at 307 ◦C.

MIP-LFNGs (T, ext) analyzed after the extraction of the PLA2 template exhibited a
very small decomposition step in the vicinity of 160 ◦C followed by the main decomposition
step at a maximum temperature of 392 ◦C (Tmax), with a final weight loss of 82%. The
stability of the extracted nanogels, MIP-LFNGs (T, ext), was similar to that of the reference
nanogels, NIP-LFNGs, which confirmed the FT-IR observations and conclusions referring
to the fact that the chemical structure and composition of the imprinted nanogel matrix
was not significantly modified during the imprinting process.

Interestingly, the MIP-LFNG (T) before the extraction of the PLA2 template revealed a
small shoulder at 248 ◦C (Tmax), which was attributed to the very low amounts of PLA2
used for the imprinting process, while the main decomposition process of the nanogel
matrix followed a similar trend to that of the NIP-LFNGs, but with a lower maximum
temperature for decomposition, at 382 ◦C (Tmax), and a higher final weight loss of around
89% compared to the extracted MIP-LFNGs (T, ext). The slight decrease in thermal stability
of about 10 ◦C for the nanogels analyzed before PLA2 extraction may be due to the presence
of the polymer–template interaction between the amino acid side chains of PLA2 specifically
involved in the binding to the functional groups of the nanogel matrix [27,48,49].

3.2.3. DLS Investigation

The particle size distribution and the polydispersity (PDI) of the LFNGs before and
after purification were investigated using DLS, given the targeted application. As shown in
Table 2, the synthesized LFNGs exhibited low PDI values, and no significant coagulation
was observed during polymerization. The PDI of LFNGs should be very low (under 0.5,
which means that the nanogels have similar sizes) in order to obtain comparable results in
each batch, but also to decrease the potential cytotoxic effects of nanogels given by their
uneven size, as demonstrated by other studies as well [33]. The Z-average particle size
of the LFNG was registered within the desired range, below 200 nm (and 143 ÷ 198 nm,
in this case), and the PDI was below 0.375. The Z-average particle size of the MIP-LFNG
(T) and MIP-LFNG (W) before the PLA2 template extraction was approximately 189 nm
and 198 nm, respectively, yet slightly bigger than that of NIP-LFNGs. This observation
can be linked to the presence of the PLA2 template in the structure of the synthesized
LFNGs, which also contributed to the increase in the hydrodynamic volume of the analyzed
nanogels. The latter hypothesis was also sustained by the fact that for the MIP-LFNGs
analyzed after PLA2 extraction, namely MIP-LFNG (T, ext) and MIP-LFNG (W, ext), the
Z-average particle size decreased in the size range of 163–170 nm. It may also be noted
that the 20–30 nm difference between the average sizes of extracted MIP-LFNGs and the
average size registered for the reference NIP-LFNG may be due to the hydrodynamic
volume occupied by the cleaved imprinted cavities specific for PLA2.

Table 2. DLS results of LFNGs before and after PLA2 template extraction.

Sample Diameter * (nm) Polydispersity Index (PDI)

NIP-LFNG 143 ± 0.53 0.326
MIP-LFNG (W, ext) 163 ± 2.90 0.251

MIP-LFNG (W) 198 ± 3.91 0.375
MIP-LFNG (T, ext) 170 ± 1.22 0.184

MIP-LFNG (T) 189 ± 3.91 0.322
* Average ± standard deviation of five sequential measurements.
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3.2.4. TEM Images

Transmission electron microscopy (TEM) images of nanogels analyzed directly from
emulsion and after purification also supported the previously discussed results regarding
the average size of nanogels and the imprinting process (Figure 3). The micrographs of the
NIP-LFNG taken directly from the final emulsion (Figure 3a,b) revealed the presence of
individual spherical nanogels, having dimensions roughly in the range of 60–180 nm. It
is important to note the presence of emulsifiers as needle-shaped formations, which form
a continuous layer around the synthesized nanogels. After washing, which implied the
removal of emulsifiers as well, only the spherical nanogels could be distinguished; they had
no significant morphology modifications but were slightly agglomerated and had similar
dimensions (Figure 3c).

Figure 3. TEM micrograph of the NIP-LFNG ((a) 1 μm, (b) 500 nm for the final emulsion; (c) 500 nm
after the washing process), imprinted MIP-LFNG (W) ((d) 1 μm and (e) 500 nm for the emulsion;
(f) 500 nm after PLA2 extraction) and MIP-LFNG (T) ((g) 1 μm and (h) 500 nm for the emulsion;
(i) 500 nm after PLA2 extraction).

Meanwhile, the micrographs of the MIP-LFNG (W) and MIP-LFNG (T) before and
after the PLA2 extraction showed significant morphological changes as compared to the
samples analyzed directly from emulsion (Figure 3d–i). Both types of MIP-LFNGs indicate
a spherical shape morphology, having dimensions roughly in the range of 90–190 nm.
In the case of the LFNGs taken directly from the final emulsion (Figure 3d,e,g,h), the
presence of needle-shaped emulsifiers takes an interesting microstructural arrangement
in tube form, which can also be due to the presence of the PLA2 enzyme. Thus, on the
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surface of LFNG spheres, the microcrystals with denser and more homogeneous structures
may actually be PLA2 molecules frozen in their crystalline state [50]. These micrographs,
probably the first of their kind, show how the PLA2 enzyme binds to the nanogel matrix
and, subsequently, leaves marks of its interaction by creating molecularly imprinted cavities
(Figure 3f,i). TEM micrographs of the MIP-LFNGs after the PLA2 extraction also showed the
presence of multiple spherical zones with different electron densities that sustain the latter
affirmation [51]. Therefore, this structural detail is proof of the non-covalent interactions
between the template and macromers and can be suggestive and characteristic of the
presence of imprinted free nanocavities on the surface of synthesized MIP-LFNGs [52].

3.3. Binding Properties of LFNGs

The binding properties of PLA2 investigated in an aqueous medium in batch mode
were determined for the two types of MIP-LFNGs (i.e., MIP-LFNG (T) and MIP-LFNG (W))
and the corresponding blank NIP-LFNG. The specificity for PLA2 uptake was assessed by
quantifying the activity of PLA2 in solutions before and after contact with the nanogels
(as presented in Table S1, Supplementary Materials). Therefore, the adsorption capacity, Q
(U/g−), and imprinting factor, F, of nanogels were also given as units of PLA2 (Figure 4a,b).

Figure 4. Rebinding capacity, Q, and imprinting factor, F, of LFNGs exposed to PLA2 solution after
15 and 30 min and evaluated at (a) 450 nm and (b) 490 nm.

Both imprinted nanogels, MIP-LFNG (T) and MIP-LFNG (W), exhibited higher affinity
for PLA2 when contacted with an aqueous PLA2 solution than the corresponding NIP-
LFNG, leading to impressive rebinding capacities after 30 min of exposure of 39.93 U/mg
(490 nm) and 38.66 U/mg (450) for MIP-LFNG (T) and 39.49 U/mg (490 nm) and 38.36 U/mg
(450) for MIP-LFNG (W). Due to the low PLA2 amounts adsorbed by the NIP-LFNG after
30 min of exposure, i.e., 5.00 U/mg (490 nm) and 4.52 U/mg (450 nm), the imprinting
factor, F, values calculated for MIP-LFNG (T) and MIP-LFNG (W) after 30 min of exposure
were close to 8 (Figure 4a,b), meaning that MIP-LFNGs recognize and retain PLA2 about
8-fold more specifically than the reference NIP-LFNG. The resulting values are compara-
ble to the results of other authors related to molecularly imprinted nanogels for peptide
recognition [30,31]. It is also important to mention that the two investigated parameters
continue to improve with time; an increasing trend was observed from 15 min exposure
time to 30 min, indicating that an adsorption equilibrium was surely attained after 30 min
of exposure.

The following in vitro experiments of PLA2 binding from bee venom have provided
important information regarding the potential of such MIP-LFNGs to retain specifically
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the enzyme directly from the venom. Although the values of activity measured after
contact with the venom (Table S1, Supplementary Materials) were not as spectacular
as the ones recorded for the binding assays from PLA2 solutions, a similar trend was
observed with regard to the performance of each nanogel system. Figure 5a,b presents
the decrease in PLA2 activity (%) for each nanogel system, after exposure to venom at
15 and 30 min, relative to the initial PLA2 activity in the bee venom (100%). However, it
was somewhat surprising that the specificity of MIP-LFNGs (W) for PLA2 retention has
dropped significantly as compared to the previous assay; their retention capacity for PLA2
this time is close to the retention capacity of NIP-LFNG (see the activity drop of PLA2 after
exposure to venom in Figure 5a,b).

Figure 5. The drop in PLA2 activity after LFNG exposure to venom at 15 and 30 min and evaluated
at (a) 450 nm and (b) 490 nm.

3.4. Cytotoxicity Assay

The potential cytotoxicity of LFNGs was also studied as a result of the targeted appli-
cation, i.e., as alternatives to traditional antivenom which is administrated intravenously.
In this respect, the effect of LFNG concentrations on cell viability was investigated by MTT
assay (Figure 6). After 24 h of incubation at different dilutions (1/4, 1/8, 1/16 and 1/32),
only a slight reduction in the cell viability was observed, less than 3% (values given in
Table S2, Supplementary Materials). The results were, however, significant because the
L929 cells remained with high viability (≥97%) as shown in Figure 6, even at high nanogel
concentrations of 1/4, in which case a 98.29 ± 1.33% and 100.8 ± 1.3% cell viability was
registered for MIP-LFNG (T) and MIP-LFNG (W), respectively. Other studies reported
similar results when using PEGDA-based nanoparticles [30,53]. A very slight and odd
decrease in cell viability was observed at higher dilutions for MIP-LFNG (W), i.e., down to
97.6 ± 1.7% at 1/16 but, still, very close to the reference. What is also interesting to note
is the fact that LFNGs, particularly NIP-LFNG and MIP-LFNG (T), led to an increase in
cell viability, especially at higher nanoparticle dilutions, which means that the two systems
were also able to induce slight cell proliferation (no more than 9%). Yet, this property may
help in the administration of the synthetic antivenom and be of benefit in a secondary
activity of cell restoration/proliferation after PLA2 damage to existing viable cells.
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Figure 6. Cell viability of L929 cell line after 24 h exposure to various dilutions of LFNGs compared
to a reference (100% viability).

4. Conclusions

In conclusion, this study reports the development of original ligand-free nanogel
systems molecularly imprinted with bee venom-originated PLA2 (MIP-LFNGs) as a po-
tential therapy for bee envenomation. In this respect, the nanogels were prepared by a
known technique (mini-emulsion polymerization) that can deliver spherical nanosized
gels with narrow polydispersity, while the polymer matrix consisted of a mixture between
two macromers of PEGDA with two different molecular weights, i.e., 700 and 2000 g/mol.
Thus, the nanogels prepared in the presence or absence of the PLA2 template, called MIP-
LFNGs and NIP-LFNGs, respectively, were analyzed in terms of structure, composition,
morphology and particle size in order to gain a better understanding of their behavior
when submitted to rebinding assays of PLA2 from aqueous solution or bee venom and
to cytotoxicity investigations. FT-IR, TGA, DLS and TEM analysis have pointed out that
specific imprinted cavities for PLA2 retention were created in both nanogel systems, i.e.,
MIP3-LFNG (T) and MIP-LFNG (W). However, the system denoted MIP-LFNG (T), devel-
oped using the PLA2 template solubilized in TRIS/HCl, seems to perform better during
the rebinding assays, retaining PLA2 from solution 8.5-fold more specifically than the non-
imprinted reference, NIP-LFNG, and attaining a high rebinding capacity of approximately
40 U PLA2/mg of nanogel. The differences between this system and the one denoted MIP-
LFNG (W), developed using the PLA2 template solubilized in water, were very small with
the exception of the capacity of rebinding the PLA2 from venom, in which case MIP-LFNG
(T) reduced the activity of PLA2 in the bee venom by almost 10% (compared to the 3%
registered for MIP-LFNG (W)); thus, MIP-LFNG (T) was about 3 times more efficient than
MIP-LFNG (W) in recognizing and retaining the PLA2 from the venom. Furthermore, the
cytotoxicity of MIP-LFNGs was very low compared to the reference, even at high nanogel
concentrations, whereas the lowest values for cell viability were registered for MIP-LFNG
(W) at a dilution of 1/16 (97.6 ± 1.7%).

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym14194200/s1, Figure S1: Molecular weight distribution
by size exclusion chromatography corresponding to the precursor PEG2000 and the synthesized
PEGDA2000 macromer (the latter showing a slightly higher molecular weight due to acrylate insertion
as end groups to the PEG2000 precursor); Figure S2: H1-NMR spectrum of synthesized PEGDA2000
macromer; Figure S3: FT-IR spectra of synthesized PEGDA2000 monomer; Figure S4: TGA/DTG
curves of synthesized PEGDA2000 monomer; Table S1: DLS results corresponding to the optimization
study for the synthesis of MIP-LFNGs; Figure S5: TEM images of redispersed NIP7, MIP7 (T) and
MIP7 (W); Table S1: PLA2 activity in solution and venom before and after contact with the LFNGs;
Table S2: Cell viability of L929 cell line after 24 h exposure to various dilutions of LFNGs.
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Abstract: Quinic acid (QA) and its ester conjugates have been subjected to in-depth scientific investi-
gations for their antioxidant properties. In this study, molecularly imprinted polymers (MIPs) were
used for selective extraction of quinic acid (QA) from coffee bean extract. Computational modelling
was performed to optimize the process of MIP preparation. Three different functional monomers
(allylamine, methacrylic acid (MAA) and 4-vinylpyridine (4-VP)) were tested for imprinting. The ratio
of each monomer to template chosen was based on the optimum ratio obtained from computational
studies. Equilibrium rebinding studies were conducted and MIP C, which was prepared using 4-VP as
functional monomer with template to monomer ratio of 1:5, showed better binding performance than
the other prepared MIPs. Accordingly, MIP C was chosen to be applied for selective separation of QA
using solid-phase extraction. The selectivity of MIP C towards QA was tested versus its analogues
found in coffee (caffeic acid and chlorogenic acid). Molecularly imprinted solid-phase extraction
(MISPE) using MIP C as sorbent was then applied for selective extraction of QA from aqueous coffee
extract. The applied MISPE was able to retrieve 81.918 ± 3.027% of QA with a significant reduction
in the amount of other components in the extract.

Keywords: computational modelling; molecularly imprinted polymers; solid-phase extraction; quinic
acid; Coffea arabica

1. Introduction

Oxidative stress is the main cause for altering numerous signaling pathways that
eventually promote cellular damage. It is considered a key player mediator in the patho-
physiology of several health complications [1]. Intracellular antioxidant enzymes and
intake of dietary antioxidants may help maintain the utmost antioxidant balance in the
body. Epidemiological studies have proven that the consumption of nutraceuticals with
potential antioxidant impacts reduces the risk of several diseases, including neurodegener-
ative diseases, cardiovascular diseases and cancer, through apoptosis-mediated cytotoxicity.
They are also known to reduce inflammation by different mechanisms such as the inhibition
of pro-inflammatory transcription factor, nuclear factor Kappa B (NF-κB) [2].

Quinic acid (QA) and its ester conjugates (caffeoylquinic acids) are present in various
food products [3] and are the major constituents of coffee [4]. Many reports support
the efficacy of nutritional QA in the enhancement of several biological processes via its
paramount antioxidant effects [5]. QA has been previously reported as a potent antioxidant
due to its capability to lower the intracellular ROS levels in H2O2 pre-treated cells and
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inhibition of lipid peroxidation [6]. QA was also found to protect against oxidative stress by
increasing the antioxidant capacity as well as decreasing the levels of MDA and nitrite in an
in vitro study by Khorasgani et al. [3]. Furthermore, QA upregulated daf-16 sod-3 expression
and downregulated reactive oxygen species (ROS) levels in a C.elegans in vivo model [5].

Noteworthily, the ingested QA is used by the human body as a precursor for the
synthesis of many important compounds such as nicotinamide [7], which plays a major role
in neuronal development and survival [8]. Nicotinamide is also used in the synthesis of two
important co-enzymes, nicotinamide adenine dinucleotide (NAD) and nicotinamide adenine
dinucleotide phosphate (NADP). Both NAD and NADP are essential in many processes in
the human body such as DNA repair, energy production and cell death regulation [9].

Several old techniques have been developed to isolate QA from its original natural
source, yet, they are still reports with several limitations [10]. Many extraction protocols
and chromatographic methods have been developed to optimize the extraction of QA, such
as column chromatography [11], alkaline hydrolysis [12] and liquid–liquid extraction while
using an amine as an extractant [13]. However, most of the reported methods are solvent-
and time-consuming and none of these methods are considered as having high selectivity
towards QA.

Molecular imprinting is a rapidly growing technique used to create synthetic receptors
with recognition sites that have the ability to bind specifically to a wide variety of molecules
ranging from small drug molecules to large peptides or proteins. The molecularly im-
printed polymer (MIP) technique can be described by analogy to the “lock and key model”
described by Emil Fischer [14]. The synthesized molecularly imprinted polymers (MIPs)
have many cavities complementary to their template molecules in shape, size and chemical
functionality, causing them to be particularly selective towards those target molecules [15].

In the past few years, several research articles and reviews have been published, show-
ing the current advances and diversity in the synthesis and application of MIPs [16–18].
These studies show the increasing importance of the use of MIPs in the field of analytical
chemistry and their application in sensors, extraction and chromatography [19].

The use of MIPs as a replacement for biological material in optical [20] and elec-
trochemical [21] biosensors has attracted much attention throughout the years. This is
attributed to their superiority over the biological components in terms of cost, stability
and reusability [17]. They also offer outstanding recognition ability, selectivity, specificity
and robustness [17,22]. Accordingly, molecular imprinting has become one of the most
important techniques for fabricating synthetic ligands on sensor surfaces [17,19]. MIPs have
been successfully coupled to surface plasmon resonance (SPR) sensors [23], quartz crystal
microbalance sensors [24], luminescence probes [25] and electrochemical sensors [26,27].
Molecular-imprinted fluorescent sensors (MIFS) have been used for detection of several
organic molecules and metal ions including proteins [28], caffeine [29] and cocaine [30]
in addition to silver [31] and aluminum ions [32]. Moreover, MIP-based SPR sensors
have been applied for detection of biomarkers [33], biomolecules [34], pesticides [35] and
banned additives [36].

The use of MIPs as sorbents has become one of the most commonly used methods for
SPE [37]. They have attracted much attention owing to their numerous advantages such as
high selectivity, ease of preparation, low cost, reusability and their potential application
to a wide range of target molecules [38]. MISPE has been applied for the extraction of
different analytes from biological fluids such as blood, urine and bile [39] in addition to
environmental samples and plant tissues [18].

Different techniques of molecular imprinting have been reported for the extraction of
antioxidants from natural resources [40,41] such as the isolation of oleuropein from olive
leaf extracts [42] and the concentration of tannins from Brazilian natural sources [43].

MIPs were also applied on different plant extracts, including coffee, for isolation of
QA derivatives [12]. In a recent study by Kanao et al. [44], poly(ethylene glycol) hydrogels
prepared by molecular imprinting were used for selective extraction of quinic acid gamma-
lactone (QAGL) from coffee. The synthesized MIPs successfully removed QAGL from
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freshly brewed coffee at high speed with high yield, which resulted in better-tasting coffee.
Moreover, the prepared MIPS were highly selective towards QAGL, which prevented
non-specific adsorption of other components in coffee.

Bulk imprinting is considered the most widely used method for preparation of
MIPs [45]. It is the method of choice for the imprinting of small molecules as it allows fast
and reversible adsorption and the release of the template molecule [46]. Bulk imprinting
has been successfully used for small molecules comparable to QA such as sinapic acid [47],
gallic acid [48], caffeic acid and p-hydroxybenzoic acid [49]. However, the preparation of
MIP using QA as a template has not been reported before.

In this work, three bulk MIPs were synthesized using three different monomers. Their
binding performance and their ability to be used as sorbents for SPE of QA from coffee
beans have been examined.

2. Materials and Methods

2.1. Reagents and Materials

Standard QA (98%) was purchased from Alfa Aesar. Caffeic acid (CA) (98%), chlorogenic
acid (CLA) (95%), acetonitrile (CAN) (HPLC grade; ≥9.99%), methanol (99.8%), absolute ethanol
(EtOH) (≥99.5%), formic acid (reagent grade; ≥95%), glacial acetic acid (≥99.7%), methacrylic
acid (MAA) (stabilized with hydroquinone monomethyl ether; ≥90.0%), 4-vinylpyridine
(4-VP) (contains 100 ppm hydroquinone as inhibitor; 95%), ethylene glycol and dimethacrylate
(EGDMA) (contains 90–100 ppm hydroquinone monomethyl ether as inhibitor; 98%) were
obtained from Sigma Aldrich (Darmstadt, Germany). Ethyl acetate (EtOAc) (99.5%) was
purchased from Alfa Chemical (India) and a purelab UHQ (ELGA) water purification sys-
tem (High Wycombe, Buckinghamshire, UK) was used to obtain ultra-pure water. Empty
polypropylene SPE 3 mL tubes with PE frits of 20 μm porosity were obtained from Supelco Inc.
(Bellefonte, PA, USA).

Green coffee (C. arabica L.) beans were kindly supplied by Misr Coffee (10th of Ra-
madan Ind. City, Cairo, Egypt Industrial Company). The beans were mechanically ground
and milled into size (40 mesh) for extraction and application steps. The obtained granules
were completely dried using a hot air oven at a temperature of 38 ◦C for 2 h.

2.2. Computational Modelling: Monomers Molar Ratio Screening

Gaussian 03 package was used to determine the optimum template to monomer molar
ratio for bulk polymers. Gaussview 5.0 software (Gaussian Inc., Pittsburgh, USA) was used
first to draw 3D structures of the template, QA, monomers, MAA, allylamine and 4-VP, in
addition to template-monomer complexes. All the obtained structures were then optimized
to the lowest energy conformation using Hartree-Fock theory with the (6–31 G(D)) basis
set. Hartree-Fock is an accurate method for large systems, which makes it easier to screen
different monomer ratios for specific templates [50,51]. Different template to monomer
molar ratios were screened for each of the used monomers and Equation (1) was used to
calculate the binding energies of the complexes.

ΔE = E(template–monomer complex)− [E(template) + nE(monomer)] (1)

where ΔE refers to the binding energy of the complex and n refers to the monomer number
in the template–monomer complexes.

The calculations of the binding energies were conducted in the solvent phase (DMSO)
using the polarizable continuum model (PCM) to mimic experimental conditions. In this
model, the solvent effect is considered during calculations as it affects the stability and
the energy of the template–monomer complexes [52], where the solvent is modelled as a
polarizable continuum rather than individual molecules [53].

2.3. Bulk Polymers Preparation

Different bulk MIPs were prepared via the non-covalent approach, introduced by K.
Mosbach et al. [54], using thermal free radical polymerization. The reaction was performed
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in a glass vial, by dissolving 0.5 mmol of QA in 6 mL of the porogen, DMSO. This was
followed by the addition of suitable amount of monomer and the pre-polymerization
mixture was stirred at room temperature for 30 min. Afterwards, the cross-linker ethylene
glycol dimethacrylate (EGDMA) was added and the solution was left to stir for 5 min.
Following which, 75 mg of the free radical initiator was added and the solution was purged
with argon for 3 min to remove oxygen and create inert conditions. The glass vial was
sealed and left in an oil bath at 60 ◦C for 24 h to allow polymerization. For each MIP, a
non-imprinted polymer (NIP) was prepared using the same procedure without adding the
template. The glass vials were then smashed to obtain the bulk polymers, which were then
subjected to crushing, grinding and sieving. The fraction with a particle size of 40–100 μm
was collected. The full composition of the prepared polymers is described in Table 1.

Table 1. Chemical composition of prepared MIPs.

Polymer
Type of

Polymerization
Template (T)

Functional
Monomer (FM)

Cross-Linker
(CL)

T:FM:CL
Molar Ratio

A Bulk QA Allylamine EGDMA 1:6:20

B Bulk QA MAA EGDMA 1:4:20

C Bulk QA 4-VP EGDMA 1:5:20

2.4. Morphology Characterization

The surface morphology of the MIPs and their corresponding NIPs was examined
using FEI Quanta 650 environmental scanning electron microscope (ESEM) under high
vacuum at a high voltage of 10 kV with a spot size of 3.5 and working distance set to
around 10 mm. N2 adsorption–desorption isotherms were used to analyze the surface
area, pore volume and pore size of all polymers at 77 K via a Quantachrome TouchWin
v.1.2 instrument (FL, USA). The polymers were first degassed at 150 ◦C for 24 h to remove
the adsorbed gasses and moisture. The specific surface areas were calculated using the
Brunauer–Emmett–Teller (BET) method, while the Barrett–Joyner–Halenda (BJH) method
was used to calculate the volume and pore size.

2.5. Equilibrium Rebinding Studies

The binding studies were conducted at room temperature by modifying the protocol
previously described by Saad et al. [45]. Ten mg of the imprinted and non-imprinted
polymers were added to 2 mL of 0.1 mM QA solution prepared in water, methanol or ACN:
water (4: 1 v/v). The suspensions were then left to shake at room temperature for 2 h at
200 rpm using a Thermo ScientificTM MaxQ mini 4000 Benchtop Orbital Shaker (Waltham,
MA, USA). This was followed by a centrifugation step at 14,000 rpm for 15 min and the
supernatants were filtered through 0.22 polytetrafluoroethylene (PTFE) syringe filters. The
concentration of the unbound QA was then quantified using UHPLC-MS/MS. The amount
of the rebound QA was calculated using Equation (2)

B =

(
Ci − Cf

)
× V × 1000

W
(2)

where B is the amount of rebound template in μmol/g polymer, Ci and Cf represent the
initial and final concentrations in mM, respectively, V is the volume of the solution in ml
and W is the weight of used polymer in mg.

The imprinting factor was then calculated using Equation (3)

IF =
BMIP

BNIP
(3)

where IF is the imprinting factor and BMIP is the amount of template bound in μmol/g of
the MIP, while BNIP is the amount of template bound in μmol/g of the NIP.
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2.6. Adsorption Kinetics

The uptake profiles of MIP C and its corresponding NIP were studied over 2 h. This
was achieved by incubating 10 mg of the polymer with 2 mL of 0.1 mM QA in methanol for
5, 15, 30, 60 and 120 min. This was followed by a centrifugation step and the supernatants
were analyzed using UHPLC-MS/MS and the amount of bound template was determined
using Equation (2).

The obtained data were further analyzed to determine adsorption kinetics. The pseudo-
first order and pseudo-second order kinetics were used to investigate the mechanism of
adsorption of MIP C. The pseudo-first order rate can be expressed in Equation (4)

ln(qe − qt) = lnqe − K1t (4)

where qe and qt are the binding capacities at equilibrium and at time t (μmol/g), respectively,
K1 is the rate constant of pseudo-first order in min−1 and t is time in min [55].

Pseudo-second order is expressed in Equation (5)

1
qt

=
1

K2q2
e
+

t

qe
(5)

where K2 is the rate constant of pseudo-second order in g/μmol.min [56].

2.7. Binding Isotherm

Ten mg of MIP C and its corresponding NIP were incubated with 2 mL of QA in
methanol over the concentration range of (0.01–0.2 mM) for 2 h. The binding isotherms of
both polymers were then obtained by plotting the binding capacity (B) versus the initial
QA concentration (Ci). The results were further analyzed using the Freundlich isotherm
model [57] expressed by Equation (6).

Log B = mLog Cf + Logα (6)

where B represents the binding capacity in μmol/g, m represents the Freundlich constant
or heterogenicity factor ranging from 0 to 1, Cf represents the equilibrium concentration in
mM and the constant α represents maximum binding capacity in μmol/g [45].

2.8. MISPE Procedure Optimization

MIP C and NIP C were used as sorbent materials for offline-mode solid-phase extrac-
tion. Forty mg of each polymer was packed into a 3 mL polypropylene SPE cartridge with a
0.22 PTFE frit placed below the polymer and another similar frit placed above the polymer
for secure packing. All trials were performed in triplicate and the analytical measurements
were obtained using UHPLC-MS/MS.

A systematic one-factor-at-a-time (OFAT) approach was used to investigate different
parameters affecting the extraction procedure including loading amount, loading volume,
washing solvent and elution volume. Water: acetic acid (9:1 v/v) was used as the elution
solvent in all trials.

2.9. UHPLC-MS/MS Measurements

A new UHPLC-MS/MS method was applied for quantification of QA using ferulic
acid as an internal standard. A seven-point calibration curve for QA was prepared in
methanol over the concentration range 0.001–0.2 mM.

UHPLC-MS/MS measurements were done using ACQUITY Xevo TQD system (Wa-
ters), which is composed of ACQUITY UPLC H-Class system and a XevoTQD triple-
quadrupole tandem mass spectrometer with an electrospray ionization (ESI) interface
(Waters Corp., Milford, MA, USA). The column used for separation was an Aquity UPLC
BEH C18 (Waters, Wexford, Ireland), with dimensions of 100 mm × 2.1 mm and stationary
phase particle size of 1.7 μm. MassLynx 4.1 software (Waters, Milford, MA, USA) was used
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for system operation and data acquisition. The TargetLynx quantification program was
used to process the acquired data (Waters, Milford, MA, USA). A gradient program was
used for chromatographic separation using 0.01% formic acid in water (A) and acetonitrile
(B) at a flow rate of 0.3 mL/min, injection volume of 10 μL and column temperature of 40 ◦C.
The gradient was run as follows: 0 min, 90% A, 10% B; 0.75 min, 90% A, 10% B; 2.5 min, 1%
A, 99% B; 4 min, 1% A, 99% B; 4.5 min, 90% A, 10% B; 6 min, 90% A, 10% B. The desolvation
and cone gas flow rate were 800 and 20 L/h, respectively (nitrogen was used in both cases).
The collision gas (argon) was applied at a pressure of 3.67 × 10−3 mbar approx. The MS
parameters were as follows: radio frequency (RF) lens voltage 2.5 V, capillary voltage 4 kV,
source temperature 150 ◦C and desolvation gas temperature 300 ◦C. Cone voltage was 45 V
and 28 V for QA and ferulic acid, respectively. The ESI source was operated in negative
mode. Quantification was performed using multiple reaction monitoring (MRM) of the
transitions of m/z 191 > 85 with collision energy of 18 V for QA and m/z 192.89 > 133.95
with collision energy of 14 V for ferulic acid. Dwell time was set automatically by MassLynx
4.1 software.

2.10. Method Validation

The applied UPLC-MS/MS method was validated according to the ICH guidelines
in terms of linearity, limit of detection (LOD), limit of quantification (LOQ), inter- and
intra-day precision and accuracy. More details are provided in the supplementary material.

2.11. MIP Cartridge Reusability

MIP cartridge reusability was tested over 10 adsorption–desorption cycles, where the
SPE cartridge was filled with 40 mg of MIP C. This was followed by a conditioning step
using 2 mL of absolute ethanol, then loading with 2 mL of 0.1 mM QA in ethanol, a washing
step using 2 mL of acetonitrile and finally an elution step using 2 mL of water: acetic acid
(9:1 v/v). After the elution step, the cartridge was subjected to 5 washing steps; 2 steps of
washing using 3 mL of water: acetic acid (9:1 v/v) each, then once using 3 mL of water and
finally 2 washing steps using 3 mL of absolute ethanol each. The elution fractions were
analyzed using the validated UHPLC-MS/MS method and QA recovery percentage was
calculated after each elution.

2.12. Selectivity Study

Two mL of equimolar mixture of QA, caffeic acid and chlorogenic acid (Figure 1)
(0.05 mM) in ethanol was percolated through SPE cartridges packed with 40 mg of MIP C
and NIP C. The cartridges were then washed using 2 mL of acetonitrile. This was followed
by the elution step, using 2 mL of 10% acetic acid in UPW.

Figure 1. Structures of quinic acid, caffeic acid and chlorogenic acid.
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The obtained elution fraction was evaporated and reconstituted in methanol. The
amount of QA in the elution solvent was measured using UHPLC-MS/MS, while caffeic
acid and chlorogenic acid were quantified using UHPLC-UV at λmax 325 nm.

2.13. MISPE Application on Coffee Extract

2.13.1. UHPLC Method for QA Quantification in Coffee Extract

UHPLC-PDA-ESI- MS and MS/MS analyses were done using the ACQUITY Xevo
TQD system (Waters), which is composed of the ACQUITY UPLC H-Class system and a
XevoTQD triple-quadrupole tandem mass spectrometer with an electrospray ionization
(ESI) interface (Waters Corp., Milford, MA, USA). The column used for separation was an
Aquity UPLC BEH C18 (Waters, Wexford, Ireland), with dimensions of 100 mm × 2.1 mm
and stationary phase particle size of 1.7 μm. MassLynx 4.1 software (Waters, Milford, MA,
USA) was used for system operation and data acquisition. The solvent system consisted
of 0.01% formic acid in water (A) and acetonitrile (B) by applying the following gradient
program: 0 min, 8% B; 30 min, 45% B; 31 min, 8% B; and 33 min, 8% B. The flow rate was
0.2 mL/min and the injection volume was 10 μL. The samples were dissolved in ethanol
then filtered through a filter of pore size 0.2 μm. The eluted compounds were detected at
mass ranges from 100 to 1000 m/z. The MS scan was carried out at the following conditions:
capillary voltage, 3.5 kV; detection at cone voltages, (20 V–95 V); radio frequency (RF) lens
voltage, 2.5 V; source temperature, 150 ◦C and desolvation gas temperature 500 ◦C. The
desolvation and cone gas flow rate were 800 and 20 L/h, respectively (nitrogen was used
in both cases). QA was detected through the MRM of the transition m/z 191 > 85 with
collision energy of 18 V and cone voltage of 45 V.

2.13.2. Method Validation

The method was validated according to the ICH guidelines in terms of linearity, limit of
detection (LOD), limit of quantification (LOQ), inter- and intra-day precision and accuracy.
More details are found in the supplementary data.

2.13.3. Preparation of Aqueous Coffee Extract

Fifty grams of roasted coffee beans were subjected to fine grinding and placed in a
conical flask, then 1 L of ultrapure water was added. The mixture was heated at 60 ◦C
for 1 h and was left to macerate overnight. This was followed by a centrifugation and a
filtration step. Then, the supernatant was concentrated using a rotary vacuum evaporator
at 40 ◦C. The dried residue was stored in an opaque glass bottle for further studies.

2.13.4. Application of MISPE for Extraction of QA from Total Aqueous Coffee Extract

The optimized SPE method was used for the extraction of QA from total aqueous coffee
extract. The extract was reconstituted in ethanol: water (97:3 v/v) and 2 concentrations
were prepared, 0.25 mg/mL and 0.5 mg/mL. Two ml of each concentration was loaded to
SPE cartridge containing 40 mg of MIP C. This was followed by a washing step using 2 mL
of acetonitrile and an elution step using 2 mL of 10% acetic acid in water.

3. Results and Discussion

3.1. Computational Modelling: Monomers Molar Ratio Screening

In this study, computational modelling was used to optimize the pre-polymerization
complex by determining the most suitable functional monomer molar ratio for each of
the chosen monomers, since the self-assembly of the template and functional monomer
is the most crucial step in polymer preparation [58]. The study was conducted in the
solvent phase and DMSO was the solvent of choice, which was used as the porogen during
polymer preparation [15]. The influence of the cross-linker was not considered to simplify
the calculations [59]. The three functional monomers used in this study were allylamine,
MAA and 4-VP. For each of the chosen monomers, different template: functional monomer
ratios were examined. For allylamine, the studied template: monomer ratios were (1:1,
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1:2, 1:3, 1:4, 1:5 and 1:6), for MAA, the ratios were (1:1, 1:2, 1:3 and 1:4) and for 4-VP, the
studied ratios were (1:1, 1:2, 1:3, 1:4 and 1:5). The optimized structures of QA, functional
monomers and pre-polymerization complexes are shown in Figure 2 and Figures S1–S13 in
the supplementary data.

Figure 2. Computer-modelled structures of the best conformations for (A) QA–(allylamine)6,
(B) QA–(MAA)4 and (C) QA–(4-VP)5 complexes.

Energies of the most stable conformations were then determined and the binding
energies of the formed complexes were calculated according to Equation (1) and the results
are shown in supplementary data. Based on the binding energies; the best template:
monomer ratio was determined for each functional monomer. Results revealed that by
increasing the number of monomers used, the calculated binding energies increased, which
indicates the formation of more stable complexes [60]. For allylamine, the best ratio was
1:6 (E = −175.909 kJ/mol). For MAA, it was 1:4 (E = −1633.061 kJ/mol). Finally, for
4-VP the optimum ratio was 1:5 (E = −136.5265 kJ/mol) (Figure 2). Accordingly, these
ratios were chosen for the synthesis of MIPs and their corresponding NIPs to be used for
further applications.
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3.2. Morphology Characterization

The surface morphology of MIPs and their corresponding NIPs of particle size range
40–100 μm were analyzed using scanning electron microscopy (SEM) as shown in Figure 3
and Figures S14 and S15 in the supplementary material. The SEM images showed irreg-
ular shapes and sizes, which agrees with the nature of bulk MIPs previously reported
in literature [45].

Figure 3. SEM images of (A) MIP C and (B) NIP C with increasing magnification from left to right.

Nitrogen adsorption–desorption isotherms were performed and BET analysis was
used to determine surface areas, while BJH analysis was used to determine the average
pore size diameter and pore volume, as these parameters may have a strong impact on the
efficiency of adsorption (Figure 4 and Figure S16 in the supplementary material).

The BET results, shown in Table 2 revealed that the MIPs have lower surface ar-
eas compared to their corresponding NIPs. This most probably could be attributed to
the heterogeneity and roughness of the surface of NIPs which were prepared in the ab-
sence of the template, unlike the MIP imprinting process that follows a certain degree
of order during the polymerization step [45]. MIP C exhibited the highest surface area
(31.41 m2/g) compared to MIP A and MIP B that exhibited surface areas of 21.51 m2/g and
23.80 m2/g, respectively.
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The data derived from BJH (Table 2) revealed that all the polymers exhibited a well-
developed pore structure. They were all mesoporous with a pore radius of 1.64–1.77 nm,
which provides good recognition properties for interaction with the template molecule.
These results suggest that the synthesized polymers can be used as sorbents for SPE, since
the mesoporous structures are more permeable for solvents compared to micropores and
do not require the application of high pressure [61]. All the MIPs and the corresponding
NIPs have comparable pore radii, while the pore volumes of all the NIPs are generally
larger than the MIPs.

Figure 4. BET isotherms of (A) MIP C and (B) NIP C.

The overall results reveal that all the NIPs showed higher surface areas and porosities
compared to the corresponding MIPs. Thus, it may be concluded that the binding per-
formance of the polymers would be attributed to the imprinting process rather than the
surface area and porosity of the particles [45].
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Table 2. Surface area, pore volume and pore size of synthesized polymers using BET and BJH methods.

Polymers A B C

MIP NIP MIP NIP MIP NIP

BET surface area (m2/g) 21.51 37.13 23.80 39.04 31.41 40.90
BJH

Pore volume (cc/g)
Adsorption 0.02 0.02 0.02 0.02 0.02 0.02
Desorption 0.02 0.02 0.02 0.02 0.02 0.02

BJH
Pore radius (nm)

Adsorption 1.77 1.64 1.77 1.64 1.77 1.64
Desorption 1.67 1.67 1.67 1.67 1.67 1.67

3.3. Rebinding Studies

The synthesized polymers were subjected to batch rebinding studies to evaluate their
affinity to QA using 0.1 mM QA solution prepared in three different solvents: water,
methanol and acetonitrile: water (4:1 v/v) as shown in Table 3.

Table 3. Binding capacities and imprinting factors of bulk polymers in different solvents.

Polymer FM Ratio

Water ACN:Water (4:1) Methanol

B (μmol/g)
± SD

IF
B (μmol/g)

± SD
IF

B (μmol/g)
± SD

IF

MIP A Allylamine 1:6:20 2.63 ± 0.48
2.48

2.81 ± 0.57
0.82

7.52 ± 0.64
1.60NIP A Allylamine 0:6:20 1.06 ± 0.25 3.45 ± 0.49 4.70 ± 0.29

MIP B MAA 1:4:20 2.68 ± 0.39
2.15

0.93 ± 0.27
1.69

3.14 ± 0.36
1.87NIP B MAA 0:4:20 1.24 ± 0.22 0.55 ± 0.15 1.68 ± 0.32

MIP C 4-VP 1:5:20 4.88 ± 0.32
2.14

9.97 ± 0.66
1.60

9.05 ± 0.75
1.62NIP C 4-VP 0:5:20 2.28 ± 0.38 6.25 ± 0.36 5.58 ± 0.53

It was observed that when water was used as the rebinding medium, all the polymers
showed relatively low binding. This might be attributed to the high solubility of QA in
water. This high affinity between QA and water molecules might decrease its interaction
with the polymers. Moreover, there was a significant difference between the binding of the
MIPs and the corresponding NIPs, pronouncing the specific interaction with the imprinted
polymers, where MIP C showed the highest binding capacity of 4.88 ± 0.32 μmol/g, while
the binding of its corresponding NIP was 2.28 ± 0.38 μmol/g, with an imprinting factor
of 2.14. Although aqueous medium is known to disrupt hydrogen bonding interactions
between template and monomer, in the rebinding results of QA a pronounced difference
between the binding of QA to the MIPs and the corresponding NIPs was observed. This
suggests that hydrogen bonding is not the only factor behind the MIP selectivity towards
QA. It can be concluded that, during the imprinting process, different interactions took place
based on the size, shape and functionality of the template [62]. During NIP preparation, no
proper cavities or recognition sites were formed, therefore the NIP binding to QA was only
through non-specific adsorption [63]. As a result, the amount of QA adsorbed by the NIP
was lower than by MIP.

It was observed that there was a significant increase in the binding capacity in all
polymers when methanol was used as the rebinding medium. This might be because QA
has lower solubility in methanol [64], thus a lower affinity to the binding solvent, which
increases the chance of interaction between QA and the polymers. It was still observed in
this solvent that the binding of QA to MIPs is higher than its binding to the corresponding
NIPs, which indicates the success of the imprinting process.
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The binding capacities of MIP A, MIP B and MIP C were 7.52 ± 0.64 μmol/g,
3.14 ± 0.36 μmol/g and 9.05 ± 0.80 μmol/g, respectively, while NIP A, NIP B and
NIP C showed binding capacities of 4.70 ± 0.28 μmol/g, 1.68 ± 0.32 μmol/g and
5.58 ± 0.53 μmol/g, respectively.

The third binding solvent chosen was ACN, an example of polar aprotic solvent, water
was added to acetonitrile with a ratio of ACN:H2O (4:1) to ensure the solubility of polar
QA, which is insoluble in pure acetonitrile. On comparing the results of rebinding to results
obtained in UPW, it was found that the use of acetonitrile increased the interaction between
QA and the synthesized polymers, causing an increase in the binding capacity in most of
the polymers. It could be argued that the addition of a polar aprotic solvent enhances the
hydrogen bond formation between QA and the polymers. Additionally, the low solubility
of QA in acetonitrile probably enhanced the interaction between QA and the polymers [65].
It was observed that MIP B and its corresponding NIP prepared using MAA as functional
monomer showed lower binding in ACN compared to UPW. This most probably indicates
that, in the case of this polymer, the hydrophobic interactions are the main interactions that
take place between QA- and MAA-based polymers and this type of interaction is more
pronounced when using only UPW as a binding solvent.

MIP C synthesized using 4-VP as functional monomer showed the highest binding
capacity in all the rebinding solvents. Although the calculated binding energy of the QA–
MAA complex was the highest during computational studies, practically, the polymers
prepared with 4-VP showed better overall performance. This can be attributed to the
extra interaction between the basic monomer and the acidic template, the pyridine ring of
the monomer could promote adsorption because it can form both acid–base interactions
and strong hydrogen bonds with the template. Thus, a more stable complex between the
template and the functional monomer was formed during the imprinting process [55].
This agrees with what was reported in some studies where 4-VP monomer showed supe-
rior results during the imprinting of acidic templates when compared to other acidic or
neutral monomers. In a study by Zhang et al., salicylic acid was imprinted using 4-VP
and acrylamide as functional monomers, where 4-VP showed superior imprinting effect
compared to acrylamide [66]. BET results also revealed that MIP C has the highest surface
area (31.41 m2/g) when compared to MIP A and MIP B, which might contribute to its
higher binding capacity. The binding of the allylamine MIP was higher than the MAA MIP,
which also might be attributed to its basic nature.

3.4. Adsorption Kinetics

In order to study the interactions between the 4-VP polymers and the template during
the 2 h equilibrium rebinding study in methanol, an effect of time experiment was con-
ducted on MIP C and NIP C. Ten mg of each polymer was incubated with 0.1 mM QA
solution for definite time intervals. The uptake profile shown in Figure 5 revealed that the
uptake of both MIP C and NIP C gradually increased during the course of the experiment
to reach its maximum after 1 h, after which no significant improvement in the binding
performance was observed.
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Figure 5. Uptake profiles of MIP C and NIP C over 2 h equilibrium rebinding study in methanol.

The pseudo-first order and pseudo-second order kinetics were used to investigate
the mechanism of adsorption of MIP C (Figure S17 in the supplementary material). The
results showed better fitting in pseudo-second order equation where R2 was found to be
0.9967 versus R2 of 0.8683 obtained from the pseudo-first order equation. This suggests
that MIP C binding follows pseudo-second order kinetics with a calculated rate constant of
6.33 × 10−3 in g/μmol min.

3.5. Binding Isotherm

A two-hour equilibrium rebinding study was carried out by incubating 10 mg polymer
with 2 mL QA solution in methanol with different concentrations ranging from 0.01 to
0.2 mM. A binding isotherm was conducted by plotting the binding capacity against initial
concentration (Ci) as in Figure 6. The amount of QA bound increased with the increase of
the initial concentration up to 0.1 mM of QA, while there was only a slight difference in the
binding capacity between 0.1 and 0.2 mM QA. The results also revealed that the difference
between the binding performance of MIP and NIP was more pronounced in the higher
concentration ranges, mostly 0.1 and 0.2 mM.

The obtained results were further analyzed using the Freundlich isotherm for MIP
C (Figure S18 in the supplementary material). The model was fitted with a high degree
of correlation, R2 of 0.954. MIP C showed a heterogenicity factor of 0.5389, suggesting
heterogenicity of the binding surface, while the α value was 35.3 μmol/g.
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Figure 6. Binding isotherm of MIP C and NIP C.

3.6. MISPE Procedure Optimization

3.6.1. Loading Step Optimization

Different amounts of QA were loaded in SPE cartridges, using methanol as the loading
solvent. These amounts were 5, 10, 15 and 20 μmol QA/g polymers. This was followed by
a washing step using 2 mL acetonitrile and an elution step using 2 mL of 10% acetic acid in
water. The amount of QA in the eluted fraction was calculated and the recovery percent
was determined, and the results are shown in Table 4.

The loading amount that showed the highest recovery percent was 5 μmol/g, where
the recovery percentage was 72.53 ± 2.68 for the MIP and 56.55 ± 2.77 for the NIP. As the
loading amount increased, a decrease in the recovery percentage was attained. This is most
probably attributed to occupation of binding sites in the polymer. Therefore, as the loaded
amount increased, the fraction of QA that binds to the polymer decreased.

In the following experiment, 5 μmol/g of QA was loaded in different solvents. These
solvents were methanol, water, ethanol, ethanol water (1:1 v/v) and acetonitrile: water
(4:1 v/v). The recovery percent of QA was then calculated and the results are shown in
Table 4. It was observed that when water was used as the loading solvent, there was a
significant decrease in the recovery % of QA, which agrees with the previously conducted
rebinding studies. This confirms that using water decreases the interaction between QA
and the polymers.
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Table 4. Percent recoveries of QA during SPE optimization.

Trial
Loaded Amount

(μmol/g)
Loading Solvent

Washing
Solvent

Elution
Volume (mL)

MISPE C
% Recovery ± SD

NISPE C
% Recovery ± SD

1 5 MeOH ACN 2 72.53 ± 1.68 56.55 ± 2.77

2 10 MeOH ACN 2 70.48 ± 2.48 55.01 ± 2.89

3 15 MeOH ACN 2 51.41 ± 2.04 40.59 ± 1.10

4 20 MeOH ACN 2 43.31 ± 2.64 38.62 ± 3.73

5 5 H2O ACN 2 50.21 ± 3.24 43.58 ± 4.68

6 5 EtOH ACN 2 101.76 ± 1.96 63.49 ± 5.84

7 5 EtOH: H2O (1:1) ACN 2 50.21 ± 2.97 33.87 ± 2.03

8 5 ACN: H2O (4:1) ACN 2 54.15 ± 2.03 40.24 ± 1.58

9 5 EtOH H2O 2 44.46 ± 6.55 21.57 ± 4.05

10 5 EtOH EtOH 2 56.99 ± 3.28 44.06 ± 5.28

11 5 EtOH EtOAc 2 68.38 ± 3.98 49.24 ± 7.00

12 5 EtOH ACN 1 74.77 ± 3.47 47.19 ± 2.18

13 5 EtOH ACN 3 95.77 ± 5.60 60.76 ± 4.93

14 5 EtOH ACN 4 98.79 ± 3.10 77.10 ± 5.16

There was no significant difference between the recovery percent of the MIP and
the NIP when using ultrapure water as loading solvent, which is opposite to what was
observed during equilibrium rebinding studies. This could be attributed to the short contact
time between the template and the polymer in addition to the short length of the polymer
column. It could be concluded that increasing the contact time may have a positive impact
on the recovery percentage [67].

It was observed that when a mixture of water and an organic solvent was used,
(EtOH:H2O) or (ACN:H2O), only a slight increase in the recovery percent was observed
compared to pure water. However, the use of absolute ethanol caused a remarkable increase
in the recovery percent, reaching 101.76 ± 1.96.

The corresponding NIP showed a recovery percent of 63.49 ± 5.84. Comparing the
two loading solvents, methanol and ethanol, methanol showed lower recovery percent
(72.53 ± 1.68), suggesting that the use of less polar organic solvent (with lower dielectric
constant, where the dielectric constant for methanol is 32.70 and 24.55 for ethanol) enhances
the binding between QA and the MIP. Thus, ethanol was chosen as the loading solvent in
further steps.

3.6.2. Washing Step Optimization

The washing step is a crucial step during SPE to maximize the specific interactions
between the analyte and the binding sites of the MIP and decrease non-specific interac-
tions [68]. Different washing solvents were used, including acetonitrile, water, ethanol
and ethyl acetate. Acetonitrile showed significant increase in the recovery percentage
(101.76 ± 1.96) compared to other solvents. It revealed the best selectivity as well as the
best retention ability. Acetonitrile is an organic aprotic solvent, where QA is insoluble.
This probably enhances the QA–polymer interaction, decreasing the amount of QA lost
during the washing step. On the other hand, using water as the washing solvent caused
a significant decrease in the recovery percent (44.46 ± 2.55). This could be attributed to
the fact that QA is a polar molecule that is highly soluble in water. Additionally, water
may disrupt the hydrogen bonds formed between QA and the polymer. For both reasons,
some of the QA is lost during the washing step, decreasing its recovery percent. The
use of another organic aprotic solvent, ethyl acetate, showed a higher recovery percent
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(68.38 ± 3.98) compared to water and ethanol, a polar protic solvent. From the obtained
results, it was concluded acetonitrile is the optimum washing solvent.

3.6.3. Elution Step Optimization

The desorption of the analyte is achieved using a solvent that develops interactions
with the sorbent in order to desorb the analytes retained on the MIP [69]. Water: acetic acid
(9:1 v/v) was chosen as the elution solvent as QA is soluble in water, while the addition of
small amount of acetic acid enhanced the disruption of the hydrogen bond between QA
and the polymer without causing a major change in the polymer morphology [70].

Different volumes (1 mL, 2 mL, 3 mL and 4 mL) of the elution solvent were used in
this step. There was a significant increase in the recovery percentage upon shifting from
1 mL to 2 mL elution solvent. However, on using 3 mL of the elution solvent, there was
no significant increase in the recovery percentage, while using 4 mL of the elution solvent
decreased the difference in the recovery between the MIP and the NIP. Accordingly, 2 mL
of water: acetic acid (9:1 v/v) was used for elution as it was the lowest amount of solvent
to achieve the highest recovery of the analyte.

3.7. UHPLC-MS/MS Method Validation

The validated method showed good linearity, LOD, LOQ, precision and accuracy.
Further details are provided in the supplementary material.

3.8. MIP Cartridge Reusability

MIP C reusability was studied over ten adsorption–desorption cycles, following the
optimized SPE protocol, and QA recovery percentage was calculated after each elution
(Figure 7). The results revealed that in cycles 1–4, QA recovery was more than 93%.
However, a significant decrease in the recovery was observed in fifth cycle, where the
recovery percent reached 73.15 ± 4.77. Cycles 5–8 had comparable results with QA recovery
ranging between 73 and 78%, then a small drop was observed in cycles nine and ten, where
QA recovery percent reached 69.87± 5.20 and 68.58 ± 3.73, respectively.

Figure 7. Percent recovery of QA during different cycles of reusing MIP C.

70



Polymers 2022, 14, 3339

3.9. MISPE Selectivity

The selective recognition and retaining properties of the MISPE and NISPE were eval-
uated. Two compounds were chosen in this study: caffeic acid (CA), having a comparable
size to QA, and chlorogenic acid (CLA), an ester of QA and caffeic acid. Both compounds
are found in high concentrations in coffee [71]. The results are shown in Figure 8.

Both MISPE and NISPE showed a higher recovery of QA compared to CA and CLA.
This difference is probably due to the difference in polarity, where QA is highly hydrophilic
with low solubility in acetonitrile, the washing solvent, while CA and CLA exhibit higher
solubility in organic solvents. Therefore, some of the CA and CLA may have been removed
during the washing step. The recovery percent of QA from MISPE was 82.30 ± 5.58, while it
was 53.58 ± 2.77 in case of NISPE. It was observed that for both CA and CLA, the recovery
of MISPE was higher than NISPE. For CA, the recovery percent was 23.71 ± 2.85 for MISPE
and 14.28 ± 1.84 for NISPE, while for CLA, the recovery percent was 33.41 ± 0.90 for MISPE
and 17.46 ± 3.28 for NISPE. This might be due to the structural similarities between QA
and the two compounds, where CA is a small molecule with comparable size to QA, it
also possesses carboxyl and hydroxyl groups, so it is assumed to bind with some of the
functionalities present in the imprinted cavities of the MIP. As for CLA, it has a QA moiety
that can fit in the MIP cavities, since CLA is an ester of QA and CA.

Figure 8. Recovery percentages of QA, CA and CLA upon loading an equimolar mixture of the three
compounds to MISPE and NISPE, (n = 3), * indicates p value ≤ 0.05 and ** indicates p value ≤ 0.01.
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3.10. MISPE Application on Coffee Extract

3.10.1. UHPLC-MS/MS Method Validation

The validated method showed good linearity, sensitivity, precision and accuracy.
Further details are provided in the supplementary material.

3.10.2. MISPE Application on Coffee Extract

MIP C was tested for its ability to selectively extract QA from coffee extract. The
optimized SPE procedure was applied to the aqueous extract of coffee beans. Two ml
of coffee extract (0.25 mg/mL and 0.5 mg/mL) was loaded onto the SPE cartridge. This
was followed by a washing step using 2 mL of acetonitrile and elution step using 2 mL of
10% acetic acid in water. It was noticed that when 2 mL of 0.5 mg/mL coffee extract was
loaded onto MISPE, the recovery percent was only 36.50 ± 1.19 for MISPE and 28.47 ± 1.22
for NISPE. However, decreasing the concentration of the loaded extract to 0.25 mg/mL
showed a significant increase in the recovery percent to reach 81.92 ± 3.03 for MISPE,
while the NISPE showed a much lower recovery percent of 37.26 ± 0.84 using the same
concentration of the extract (Figure 9). This concludes that the low recovery percent
observed while using a higher concentration of the extract could be attributed to the
saturation of the binding cavities within the MIP. These results prove that the optimized
MISPE is superior to reported conventional methods for QA isolation, such as liquid–liquid
extraction previously reported by Tuyun et al. [13], where the maximum QA recovery was
found to be 66.906%. The UV chromatogram for aqueous coffee extract before and after
loading to MISPE and NISPE shown in Figure 10 revealed that neither the MISPE nor
the NISPE were able to bind significantly to any of the other components of the extract,
while there was a significant decrease in the amount of the extract components in the
elution fractions of both MISPE and NISPE, compared to the original amounts found in the
loaded extract.
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Figure 9. Mass chromatograms of QA (A) in 0.25 μg/mL coffee extract dissolved in ethanol: water
(97:3 v/v) before loading to MISPE C, (B) the elution fraction obtained from MISPE procedure,
(C) the elution fraction obtained from NISPE procedure.
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Figure 10. UV chromatograms of QA (A) in 0.25 μg/mL coffee extract dissolved in ethanol: water
(97:3 v/v) before loading to MISPE C, (B) the elution fraction obtained from MISPE procedure,
(C) the elution fraction obtained from NISPE procedure.

4. Conclusions

The current study represents the use of cheap, selective and simple MISPE procedure
for extraction of QA from coffee beans. Three bulk polymers based on three different
functional monomers (allylamine, MAA and 4-VP) were synthesized and the molar ratio
of each monomer to QA was optimized via computational studies. The 4-VP polymer
showed better overall performance in comparison to the other two polymers, thus it was
the polymer of choice for SPE application. MIP reusability was tested over ten adsorption–
desorption cycles and showed a high recovery of QA (more than 93%) up to the fourth cycle.
Selective extraction of QA was observed upon using the optimized MISPE procedure on
an equimolar mixture of QA, CA and CGA. The recovery percent of QA was 82.30 ± 5.58,
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compared to 23.71 ± 2.85 and 33.41 ± 0.90 for CA and CLA, respectively. The application
of MISPE for extraction of QA from aqueous coffee extract showed a recovery percent of
81.92 ± 3.03, with a significant reduction in the amounts of other components in the extract.
The developed MISPE procedure represents a promising approach for selective extraction
of QA from different complex herbal extracts that may be scaled to industrial applications.
It can also be applied in the food and beverage industry to decrease the concentration of
QA in coffee and enhance its taste. In conclusion, this study succeeded in the isolation of
an important nutraceutical in a cost-effective, rapid, robust and reliable method.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym14163339/s1. Figure S1: Computer modeled structures
of the best conformations for (a) QA, (b) 4-VP, (c) allylamine, (d)MAA. Figure S2–S13: Computer
modeled structures of the best conformations for QA-FM complexes. Figure S14: SEM images of
(a) MIP A and (b) NIP A. Figure S15: SEM images of (a) MIP B and (b) NIP B. Figure S16: BET
isotherms of (A) MIP A, (B) NIP A, (C) MIP B and (D) NIP B. Figure S17: (A) Pseudo-first order
kinetics and (B) pseudo-second order kinetics for MIP C. Figure S18: Freundlich isotherm for MIP
C. Figure S19: Calibration curve of QA in methanol over the concentration range of 0.001–0.2 mM.
Figure S20: Calibration curve for QA in ethanol over concentration range of 0.2–40 μg/mL. Table
S1: The calculated binding energies for complexes prepared in solvent phase. Table S2: Intra-day
and Inter-day precision of QA determination in UPLC-MS/MS method. Table S3: Accuracy of QA
determination in UHPLC-MS/MS method. Table S4: %RSD of inter-day and intra-day precision assay
for UHPLC measurements. Table S5: Recovery % of spiked QA amount 1x, 2x, and 3x the amount of
QA present in coffee extract (10, 20, and 30 μg/mL).
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Abstract: The paper describes the formation of six aromatic N-(2-arylethyl)-2-methylprop-2-enamides
with various substituents in benzene ring, viz., 4-F, 4-Cl, 2,4-Cl2, 4-Br, 4-OMe, and 3,4-(OMe)2 from
2-arylethylamines and methacryloyl chloride in ethylene dichloride with high yields (46–94%).
The structure of the compounds was confirmed by 1H NMR, 13C NMR, IR, and HR-MS. Those
compounds were obtained to serve as functionalized templates for the fabrication of molecularly
imprinted polymers followed by the hydrolysis of an amide linkage. In an exemplary experiment, the
imprinted polymer was produced from N-(2-(4-bromophenyl)ethyl)-2-methylprop-2-enamide and
divinylbenzene, acting as cross-linker. The hydrolysis of 2-(4-bromophenyl)ethyl residue proceeded
and the characterization of material including SEM, EDS, 13C CP MAS NMR, and BET on various
steps of preparation was carried out. The adsorption studies proved that there was a high affinity
towards the target biomolecules tyramine and L-norepinephrine, with imprinting factors equal to
2.47 and 2.50, respectively, when compared to non-imprinted polymer synthesized from methacrylic
acid and divinylbenzene only.

Keywords: N-acylation; phenethylamines; molecularly imprinted polymers; semi-covalent imprint-
ing; tyramine

1. Introduction

Molecular-imprinting technology is engaged in searching for advanced selective
materials with great potential for environmental, food, or biomedical analyses [1–4]. This
technique forms polymers with desired selectivity towards a template, being a result of
the interactions between the functional groups of template and monomer(s) prior to the
polymerization process. The orientation of molecules is fixed through chemical cross-
linking during the polymerization and then the removal of the template is undertaken
to obtain a cavity in the molecularly imprinted polymer (MIP). Covalent or non-covalent
imprinting strategies employ either chemical bonds or various weak interactions in the
formation of template–monomer prepolymerization moieties [5].

The formation of stable prepolymerization structures is a critical step during the
imprinting process. The use of a template with covalently bound polymerizable units
(a functionalized template) prior to the polymerization resulted in the formation of well-
defined binding sites in the polymer matrix. Chemical cleavage is required at the final stage
of the process. The fabrication of MIPs, applying the monomer covalently bound to the
template, is followed by different rebinding/adsorption approaches, e.g., the rebinding of
the target analyte to the polymer matrix by covalent bonds [6] or adsorption of the target
analyte via non-covalent intermolecular interactions [7].

The advancement of the use of a functionalized template resulted in a more homoge-
neous population of binding sites in the resultant MIP and greater binding-site integrity
when compared to the MIP synthesized with a non-covalent strategy [8–10]. Hashim
and co-workers [8] compared the covalent and non-covalent imprinting strategies for the
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synthesis of stigmasterol imprinted polymers. In the non-covalent imprinting strategy, stig-
masterol was selected as the template and methacrylic acid or 4-vinylpyridine were used
as the functional monomers to form different MIPs. In the covalent imprinting strategy,
stigmasteryl-3-O-methacrylate was synthesized prior to its application as the functional-
ized template. It was found that the non-covalent imprinting method showed insufficient
binding affinity and low selectivity towards stigmasterol. In contrast, the application of
covalent imprinting in the formation of MIP followed by the chemical cleavage of ester
bonds resulted with highly selective imprinted polymer. Similar results were described
by Tang and co-workers [9]. Here, the simultaneous reaction of N- and O-acylation of
ractopamine was provided to obtain a novel functionalized template. The results were com-
pared with previously published studies of non-covalent imprinting of ractopamine [10].
It was found that MIPs obtained by the covalent imprinting strategy possessed signifi-
cantly higher binding capacity and selectivity. The homogeneous population of binding
sites towards ractopamine in the covalently produced MIP was confirmed by isotherm
equilibrium-binding experiments [9], providing a substantial difference between it and the
heterogeneous population of binding sites observed in the non-covalently formed MIP [10].
More recently, the covalent approach was used to synthesize more advanced and selective
materials integrated with metal-organic frameworks [11], magnetic cores [12], surfaces of
microtiter plates [13], or dendritic fibrous silica [14].

The current investigations of our group aim to explore the ability of MIPs produced
by the covalent imprinting strategy to selectively recognize biogenic amines with 2-
phenylethylamine system (phenethylamine system) [15,16]. The group of compounds
that contain a backbone of phenethylamine play a very important role in the human
nervous system. These molecules act as neurotransmitters and neuromodulators or psy-
chotropic agents, causing neurological disorders related to mood, emotion, attention, and
cognition when their levels are irregular or produce hallucinations, illusions, or mental dis-
orders when prolonged or overdosed [17,18]. Moreover, the presence of these compounds,
predominantly at low levels in highly complex samples, hampers their analysis. Thus,
investigations of selective materials with satisfactory clean-up capabilities for the sepa-
ration of phenethylamines are completely justified. Here, advanced polymeric materials
could improve the detection of the above-mentioned biomolecules as well as contribute to
explaining some aspects of neurological diseases or drug addiction.

The aim of the study was to synthesize and characterize various N-(2-arylethyl)-2-
methylprop-2-enamides. The potential of those reagents for the fabrication of specific
MIPs was proved in an exemplary synthesis of a molecularly imprinted polymer, using
one of synthesized compounds as a functionalized template, followed by the analysis and
characterization of the resultant material. In this paper, the synthesis of compounds that
possess a template fragment of phenethylamine covalently bound with a polymerizable unit
is presented, as well as the primary verification of their ability to synthesize an imprinted
sorbent for the analysis of phenethylamines.

2. Materials and Methods

2.1. Materials

2.1.1. Reagents

The following are the relevant ethylamines: 2-(4-fluorophenyl)ethylamine (1a), 2-(4-
chlorophenyl)ethylamine (1b), 2-(2,4-dichlorophenyl)ethylamine (1c), 2-(4-bromophenyl)eth
ylamine (1d), 2-(4-methoxyphenyl)ethylamine (1e), 2-(3,4-dimethoxyphenyl)ethylamine
(1f). The target analytes are as follows: tyramine; L-norepinephrine or 3,4-dihydroxyphenyl
acetic acid; and methacrylic acid, methacryloyl chloride, divinylbenzene were sourced
from Sigma-Aldrich (Steinheim, Germany). The polymerization reaction initiator, 1,1′-
azobiscyclohexanecarbonitrile, was from Merck (Darmstadt, Germany). The relevant
solvents (ethylene dichloride, hexane, petroleum ether, toluene, methanol, hydrochloric
acid (36%), triethylamine, and salts used in the synthesis and the post-polymerization
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treatment) were delivered from POCh (Gliwice, Poland). Ultra-pure water delivered from
a Milli-Q purification system (Millipore, France) was used to prepare water solutions.

2.1.2. Synthesis of N-(2-arylethyl)-2-methylprop-2-enamides

The selected amines 1a–1f (10 mmol) were added to ethylene dichloride (30 mL) and
triethylamine (1.67 mL, 12 mmol) under stirring. Subsequently, methacryloyl chloride
(1.18 mL, 12 mmol, 20% excess) was slowly added dropwise to the reaction mixture for
15 min. A white precipitate of triethylammonium chloride was formed and the reaction
mixture was stirred for 3 h in room temperature. The precipitated salt was filtered off
and the remaining organic layer was washed with saturated NaHCO3 and water, prior to
drying over anhydrous MgSO4. Following this, the layer was evaporated under vacuum
yielding crude solid products which were recrystallized from hexane or petroleum ether to
obtain pure products 2a–2f (Scheme 1).

Scheme 1. Synthesis of N-(2-arylethyl)-2-methylprop-2-enamides.

2.1.3. Preparation of Polymers

The synthesis of the imprinted material, coded MIPft, was carried out. The functional-
ized template (ft) was used to form an imprinted material. A functionalized template could
be defined as the template that possesses one or more polymerizable units that are attached
by covalent bonds to form a template–monomer structure by a chemical step independent
of polymer formation. In the synthesis of MIPft, the compound 2d (175.39 mg; 0.8 mmol)
was added to toluene (2.056 mL). In the synthesis of NIP, methacrylic acid (69 mg; 0.8 mmol)
was added to the same volume of toluene. Following this, divinylbenzene (570 μL; 4 mmol)
and 1,1′-azobiscyclohexanecarbonitrile (10 mg) were added to the prepolymerization mix-
ture prior to purging the mixture with nitrogen for 3–5 min. The polymerization process
was carried out in 88–92 ◦C for 24 h. Subsequently, the bulk rigid polymers were ground
in a mortar with a pestle and wet-sieved into particles below 45 μm diameter prior to dis-
carding the fine particles by repeated decantation in acetone. Following this, the imprinted
particles were treated under reflux with 1 mol L−1 hydrochloric acid for 3 h (50 mL) in
order to hydrolyze the amide linkage and to remove 4-bromophenylethylamine residue.
For comparison, NIP was treated in the same way. Finally, the particles were extensively
washed with methanol and were dried prior to the analysis.

2.1.4. Binding Studies

Empty 1 mL solid-phase extraction cartridges were filled with 25 mg of MIPft or NIP
and secured by fiberglass frits. The polymers were then conditioned with methanol–water
(85:15 v/v, 1 mL), and loaded with a standard solution of 1d (conc. 50 μmol L−1, methanol–
water, 85:15 v/v, 5 mL) or tyramine (conc. 20 μmol L−1, methanol–water, 85:15 v/v, 5 mL).
The unbound amounts of 1d or tyramine were determined with reference to their respective
calibration lines and UV spectroscopy was used for detection. The bound amounts were
calculated by subtracting the unbound amount of 1d or tyramine from initial amount of
1d or tyramine, respectively. For selectivity tests, L-norepinephrine (conc. 20 μmol L−1)
or 3,4-dihydroxyphenylacetic acid (conc. 20 μmol L−1) were used and the analysis was
carried out in the same way as described above. The binding capacities and specificity
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of materials were evaluated [5,19]. The binding capacities (B, μmol g−1) were calculated
according to Equation (1):

B =

(
Ci − Cf

)
V

M
(1)

where V represents the volume of portion (L) in each loading step, Ci represents the initial
analyte concentration (μmol L−1), Cf represents the analyte concentration in solution after
adsorption (μmol L−1), and M is the mass of polymer particles (g). The binding capacities of
MIPft and NIP were compared by the determination of the imprinting factor (IF) calculated
according to Equation (2):

IF =
BMIP

BNIP
(2)

For isotherm analysis, equilibrium-binding experiments were applied. The polypropy-
lene tubes were filled with 10 mg MIPft or NIP. Next, a volume of 50 mL of methanol–
water (85:15 v/v) standard solution of tyramine was added (concentration range between
10–200 μmol L−1). The tubes were sealed and oscillated by a shaker at room temperature
for 24 h prior to centrifugation for 10 min. The aliquots were then used to analyze the un-
bound amount of tyramine. The amount of tyramine bound to the polymer was calculated
according to Equation (1). The detailed analyses of adsorption on MIPft and NIP were
provided using Lineweaver–Burk model [20] represented by Equation (3):

1
B
=

1
Bmax

+
1

KLBmaxF
(3)

where Bmax is the maximum binding capacity and KL is the equation constant. The Fre-
undlich model [21] represented by Equation (4) was also employed:

B = aFm (4)

where B is the adsorbed amount of analyte, F is the unbound amount of analyte, a is the
measure of the capacity (Bmax) and m is a heterogeneity index.

2.1.5. Physicochemical Characterization

The 1H NMR, 13C NMR spectra of 2a–2e and the 13C CP/MAS NMR spectrum of
MIPft in solid state were recorded with a Bruker Avance DMX 400 spectrometer (Bruker,
Germany) at the Faculty of Pharmacy, Medical University of Warsaw, Poland. For the 13C
CP/MAS NMR, a powdered sample was contained in 4 mm ZrO2 rotors and was spun
at 8 kHz. The 90◦ pulse length was 2.15 μs. A contact time of 4 ms and a repetition time
of 10 s were used for the accumulation of 1900 scans. The chemical shifts, δ ppm, were
referenced to tetramethylsilane.

Spectroscopic analyses were carried out using a UV-1605PC spectrophotometer (Shi-
madzu, Germany). The calibration lines as a function of absorbance (y) versus concentra-
tion (x) were constructed at λmax of the analyzed compounds. Each point was measured
in triplicate. The linearities of calibration lines were good, with correlation coefficients
r2 > 0.997.

Scanning electron microscopy (SEM) and energy-dispersive X-ray spectrophotometry
(EDS) for MIPft were studied on Merlin FE-SEM (Zeiss, Germany) combined with an
EDS X-ray detector (Brucker, Germany). The samples were Au/Pd sputter-coated (SEM)
or carbon-coated (EDS) before analysis. The analyses were performed at the Faculty of
Chemistry, University of Warsaw, Poland.

The porosity data for MIPft were determined using the adsorption isotherm of N2 at
77 K (BET) on an ASAP 2420 system (Micromeritics Inc., Norcross, GA, USA) at the Faculty
of Chemistry, Maria Curie-Skłodowska University, Lublin, Poland.
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3. Results and Discussion

3.1. Synthesis and Identification of N-(2-arylethyl)-2-methylprop-2-enamides

In order to obtain reagents for the fabrication of imprinted polymers, the procedure for
the synthesis of six N-(2-arylethyl)-2-methylprop-2-enamides from N-(2-arylethyl)amines
with various substituents (methoxy or halogens) in benzene ring was described (Scheme 1).
The respective N-(2-arylethyl)-2-methylprop-2-enamides were isolated with high yields
(Table 1) and their chemical structures were determined by high-resolution mass spectrom-
etry, IR and NMR analyses.

Table 1. Amines (1a–1f) used in synthesis followed by yields and melting points of respective
N-(2-arylethyl)-2-methylprop-2-enamides (2a–2f).

Amine Substituents Product Yield (%) M.p. (◦C)

1a 2a 90 74–75

1b 2b 81 103–104

1c 2c 92 104–105

1d 2d 46 114–115

1e 2e 96 74–75

1f 2f 63 63–64

The conversion of phenethylamine to phenethylamide is usually a straightforward
matter, involving reactions with acyl chloride [22] or acetyl anhydride [23]. Weiner
and co-workers [22] used methacryloyl chloride as acylating agent to obtain N-(2-(4-
hydroxyphenyl)ethyl)-2-methylprop-2-enamide. The corresponding N-acylations were
made in ethyl ether or in benzene, but are inconvenient because of the low boiling point
and high toxicity, respectively. Rathelot and co-workers [23] used the N-acylation reaction
of phenethylamine to obtain 2-phenylethylacetamide, a substrate in the multistep synthesis
of novel antimalarial drugs. In the above-mentioned reaction, acetic anhydride was applied
as the N-acylation reagent.

Here, ethylene dichloride was used as a solvent and methacryloyl chloride as acylating
agents to obtain derivatives of N-(2-arylethyl)-2-methylprop-2-enamides. The presence
of triethylamine provides a satisfactory method of neutralizing the hydrogen halide for
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amide synthesis. The reaction was finished within 3 h at room temperature. A series of
2-arylethylamines with various substituents in benzene ring, viz., 4-F, 4-Cl, 2,4-Cl2, 4-Br, 4-
OMe, 3,4-(OMe)2, 1a–1f were then used as substrates (Table 1). These amines were selected
because of their structural similarity to the biogenic amines or synthetic psychoactive sub-
stances used in designer drugs. The conversion of substrates was monitored by TLC. The
formation of any other products apart from the main products of the N-acylation reaction
was not observed. The structures of compounds 2a–2f were confirmed by spectroscopy
(Table 2).

Table 2. Spectral data of synthesized compounds.

Compound, 1H, 13C NMR, IR and MS Data

2a

N-(2-(4-fluorophenyl)ethyl)-2-methylprop-2-enamide: 1H NMR (300 MHz, CDCl3) δ (ppm) = 7.19-7.13 (m, 2H, H2,
H6), 7.04-6.96 (m, 2H, H3, H5), 5.78 (s, 1H, NH), 5.60 (bt, 1H, H3′a), 5.29 (quint, 1H, H3′b), 3.55 (m, 2H, H8),
2.83 (t, 2H, H7, J = 6.9 Hz), 1.92 (dd, 3 H, H4′, J1 = 1.2 Hz, J2 = 1.5 Hz); 13C NMR (75 MHz, CDCl3) δ (ppm) =
168.86 (C1′), 162.17 (C4), 140.56 (C2′), 135.05 (C1), 130.66 (C2,C6), 119.84 (C3′), 115.94 (C3,C5), 41.32 (C8), 35.31
(C7), 19.09 (C4′); IR (cm−1) 3342 (NH), 1656 (C=O), 1615 (C=C); MS (m/z, 70 eV) 207.11 [M+] (calc. 207.20).

2b

N-(2-(4-chlorophenyl)ethyl)-2-methylprop-2-enamide: 1H NMR (300 MHz, CDCl3) δ (ppm) = 7.31-7.26 (m, 2H,
H3,H5), 7.15-7.11 (m, 2H, H2,H6), 5.81 (bs, 1H, NH), 5.60 (bt, 1H, H3′a), 5.30 (quint, 1H, H3′b, J = 1.5 Hz), 3.54
(q, 2H, H8, J = 6.9 Hz), 2.83 (t, 2H, H7, J = 6.9 Hz), 1.92 (dd, 3H, H4′, J1 = 1.2 Hz, J2 = 1.5 Hz); 13C NMR (75
MHz, CDCl3) δ (ppm) = 168.87 (C1′), 140.51 (C2′), 137.86 (C1), 132.87 (C4), 130.59 (C3,C5), 129.24 (C2,C6),
119.89 (C3′), 41.15 (C8), 35.48 (C7), 19.09 (C4′); IR (cm−1) 3316 (NH), 1652 (C=O), 1615 (C=C); MS (m/z, 70 eV)
223.08 [M+] (calc. 223.66).

2c

N-(2-(2,4-dichlorophenyl)ethyl)-2-methylprop-2-enamide: 1H NMR (300 MHz, CDCl3) δ (ppm) = 7.38 (d, 1H, H3, J
= 1.8 Hz), 7.19 (m, 1H, H5, J1 = 8.1 Hz, J2 = 1.8 Hz), 7.16 (m, 1H, H6, J = 8.1 Hz), 5.96 (bs, 1H, NH), 5.63 (bs, 1H,
H3′a), 5.30 (quint, 1H, H3′b, J = 1.5 Hz), 3.56 (q, 2H, H8, J = 7 Hz), 2.98 (t, 2H, H7, J = 7 Hz), 1.93 (dd, 3H, H4′,
J1 = 1.2 Hz, J2 = 1.5 Hz); 13C NMR (75 MHz, CDCl3) δ (ppm) = 168.95 (C1′), 140.39 (C2′), 135.73 (C1), 135.19
(C2), 133.52 (C4), 132.25 (C6), 129.85 (C3), 127.71 (C5), 119.97 (C3′), 39.68 (C8), 33.19 (C7), 19.08 (C4′); IR (cm−1)
3299 (NH), 1654 (C=O), 1616 (C=C); MS (m/z, 70 eV) 257.09 [M+] (calc. 258.10).

2d

N-(2-(4-bromophenyl)ethyl)-2-methylprop-2-enamide: 1H NMR (300 MHz, CDCl3) δ (ppm) = 7.46-7.41 (m, 2H,
H3,H5), 7.10-7.06 (m, 2H, H2,H6), 5.79 (bs, 1H, NH), 5.60 (bt, 1H, H3′a, J = 1.5 Hz), 5.30 (bsextet, 1H, H3′b, J =
1.5 Hz), 3.54 (bq, 2H, H8, J = 7 Hz), 2.82 (t, 2H, H7, J = 7 Hz), 1.92 (dd, 3H, H4′, J1= 0.9 Hz, J2 = 1.5 Hz); 13C
NMR (75 MHz, CDCl3) δ (ppm) = 168.88 (C1′), 140.51 (C2′), 138.39 (C1), 132.21 (C3,C5), 131.00 (C2,C6), 120.90
(C4), 119.90 (C3′), 41.10 (C8), 35.55 (C7), 19.10 (C4′); IR (cm−1) 3318 (NH), 1653 (C=O), 1611 (C=C); MS (m/z, 70
eV) 267.03 [M+] (calc. 268.12).

2e

N-(2-(4-methoxyphenyl)ethyl)-2-methylprop-2-enamide: 1H NMR (300 MHz, CDCl3) δ (ppm) = 7.12 (m, 2H,
H2,H6), 6.86 (m, 2H, H3,H5), 5.84 (bs, 1H, NH), 5.60 (bt, 1H, H3′a, J = 0.9 Hz), 5.28 (quint, 1H, H3′b, J = 1.5 Hz),
3.79 (s, 3H, H9), 3.53 (m, 2H, H8), 2.79 (t, 2H, H7, J = 6.9 Hz), 1.92 (dd, 3H, H4′, J1 = 0.9 Hz, J2 = 1.5 Hz); 13C
NMR (75 MHz, CDCl3) δ (ppm) = 168.79 (C1′), 158.76 (C4), 140.59 (C2′), 131.33 (C1), 130.16 (C2,C6), 119.71
(C3′), 114.52 (C3,C5), 55.71 (C9), 41.39 (C8), 35.14 (C7), 19.07 (C4′); IR (cm−1) 3303 (NH), 1652 (C=O), 1615
(C=C); MS (m/z, 70 eV) 219.13 [M+] (calc. 219.24).

2f

N-(2-(3,4-dimethoxyphenyl)ethyl)-2-methylprop-2-enamide: 1H NMR (300 MHz, CDCl3) δ (ppm) = 6.82 (d, 1H, H5,
J = 8.4 Hz), 6.74 (dd, 1H, H6, J1 = 1.8 Hz, J2 = 8.4 Hz), 6.72 (d, 1H, H2, J = 1.8 Hz), 5.81 (s, 1H, NH), 5.61 (bt, 1H,
H3′a), 5.29 (quint, 1H, H3′b, J = 1.5 Hz), 3.87 (s, 6H, H9,H10), 3.55 (q, 2H, H8, J = 6.9 Hz), 2.81 (t, 2 H, H7, J =
6.9 Hz), 1.92 (bt, 3H, H4′); 13C NMR (75 MHz, CDCl3) δ (ppm) = 168.81 (C1′), 149.56 (C3), 148.21 (C4), 140.61
(C2′), 131.90 (C1), 121.13 (C6), 119.78 (C3′), 112.41 (C2), 111.86 (C5), 56.41 (C10), 56.32 (C9), 41.36 (C8), 35.64
(C7), 19.10 (C4′); IR (cm−1) 3320 (NH), 1650 (C=O), 1618 (C=C); MS (m/z, 70 eV) 249.14 [M+] (calc. 249.27).

It has to be underlined that the screening of chemical databases revealed only the pres-
ence of N-(2-(4-iodophenyl)ethyl)-2-methylprop-2-enamide [24] and N-(2-(2-bromophenyl)e
thyl)-2-methylprop-2-enamide [25,26].

Hence, it could be assumed that the N-acylation reaction of phenethylamines with
methacryloyl chloride is effective for phenethylamines with the strong electron-donating
group –OCH3 or with the halogens F, Cl, or Br in a benzene ring.

3.2. Preparation of Polymer

In an antecedent paper, Weiner and co-workers [22] described the effect of the at-
tachments of various phenethylamines, viz., phenethylamine, tyramine, ephedrine (2-
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(methylamino)-1-phenylpropan-1-ol), and amphetamine into synthetic or natural polymers
by an amide or carbamate linkage as a method for increasing their duration of action.
However, the imprinting technique was not studied in the above-mentioned paper.

Here, we employed the covalent imprinting approach to synthesize the polymers but
the adsorption process on imprinted material was entirely non-covalent in nature [27].
Thus, so-called ‘semi-covalent imprinting’ was applied. In order to confirm the structure,
to analyze the morphology, and to prove the selectivity of the resultant imprinted polymer,
the synthesis of MIPft from N-(2-(4-bromophenyl)ethyl)-2-methylprop-2-enamide, 2d, was
carried out in the presence of divinylbenzene (cross-linker) in toluene (porogen). Radical
thermal polymerization was applied to obtain bulk material. The schematic idea of the
synthesis, employing a covalent strategy for the imprinting process and an adsorption
process on the resultant imprinted polymer that is based on non-covalent interactions of
the target analytes, is presented in Figure 1. The NIP was prepared with the employment
of methacrylic acid as the functional monomer and divinylbenzene as the cross-linker,
omitting the addition of any template, and it was fabricated to compare sorption behavior.

Figure 1. Schematic idea of the synthesis, employing a covalent strategy for the imprinting pro-
cess and an adsorption process on the resultant imprinted polymer that is based on non-covalent
interactions of the target analytes.

The amide linkage, present in the MIPft, was hydrolyzed prior to the removal of
2-(4-bromophenyl)ethylamine residue in order to form specific cavities in the imprinted
polymer. The hydrolysis was carried out in 1 mol L−1 hydrochloric acid under reflux. The
hydrolysis lasted up to 3 h.

3.3. Characterization of Material

3.3.1. Adsorption Behavior

The binding capacities were determined for MIPft as well as for NIP in one μmol of 1d

for one gram of polymer particles. The selectivity of the imprinted polymer (imprinting
factor, IF) was expressed as the ratio of the amount of 1d bound to MIPft in comparison
to NIP.

The binding capacities of 1d and IF were as follows: MIPft: 8.09 ± 0.08 μmol g−1, NIP:
4.59 ± 0.04 μmol g−1, IF = 1.76. These results proved that the functionalized template 2d

could be used as reagent for covalent imprinting and the resulting MIPft was possessed of
selectivity when compared to NIP.

Sorption behavior is responsible for the effective separation of target analytes on MIPs.
In order to prove that the novel imprinted material possessed an affinity towards biogenic
amines with a phenethylamine system, the adsorption of tyramine on MIPft was examined. The
binding capacities of tyramine on MIPft and on NIP were as follows: 2.74 ± 0.03 μmol g−1
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and 1.11 ± 0.01 μmol g−1, respectively (IF = 2.47). In order to analyze adsorption data, the
Langmuir isotherm was applied [28]. Here, various linearized modifications of the model
could be used to determine the most proper fit [29]. It was found that the Lineweaver–
Burk modification represented by Equation (3) was characterized by the highest regression
coefficients for analyzed data with values of r2 = 0.974 and r2 = 0.971 for MIPft and
NIP, respectively. Moreover, to reveal the homogeneity of MIPft, the Freundlich model
described by Equation (4) was applied. That model fits well to MIP adsorption data in the
low-concentration regions and allows for the surface-homogeneity determination of the
material tested. The straight line of log B versus log F is the evidence that adsorption can
be described by the Freundlich equation. The correlation coefficients, r2, for MIPft and NIP
were equal to 0.999 and 0.972, respectively, and the estimated values of m were equal to
0.70 and 0.93 for MIPft and NIP, respectively (Figure 2).

Figure 2. Lineweaver–Burk (a) and Freundlich (b) models for tyramine adsorption on MIPft and NIP.

It was found that MIPft provided affinity towards tyramine. In order to analyze
the selectivity, two other biomolecules were used for studies, viz., L-norepinephrine and
3,4-dihydroxyphenylacetic acid. L-norepinephrine possesses a phenethylamine system.
In contrast, 3,4-dihydroxyphenylacetic acid (a metabolite in the dopamine system) does
not possess a phenethylamine system. The binding capacities for MIPft and NIP were
as follows: for L-norepinephrine, 14.5 ± 1.4 μmol g−1 and 5.80 ± 0.59 μmol g−1, respec-
tively (IF = 2.50); and for 3,4-dihydroxyphenylacetic acid, 0.579 ± 0.070 μmol g−1 and
0.549 ± 0.060 μmol g−1, respectively (IF = 1.06). The results show the selectivity of MIPft to
L-norepinephrine, a biomolecule with a phenethylamine system, and its lack of selectivity
to 3,4-dihydroxyphenylacetic acid, a biomolecule that not possess a phenethylamine system.
The higher binding capacity of L-norepinephrine when compared to the binding capacity
of tyramine could be explained by the presence of two strong electron-donating hydroxy
groups in positions 3 and 4 of the aromatic ring and one hydroxy group in the aliphatic
ethylamine chain, enhancing strongly the basicity of L-norepinephrine. Apart from being
an exemplary experiment, the results are very promising for the possible application of
such reagents in the preparation of sorbents for biomedical purposes.

3.3.2. Morphology Characterization

In order to provide morphological characterization, scanning electron microscopy was
employed and the surface of MIPft was analyzed. Figure 3 presents a micrograph of MIPft

after the hydrolysis process. The particles possessed the morphology of the bulk materials
that were composed from spherical entities agglomerated into bigger forms of 10–20 μm.
The diameter of single entity varied from 500 nm to 2 μm and was similar for MIPft and
NIP (Figure 3a–d). However, further magnification revealed substantial difference between
MIPft and NIP (Figure 3e–h). The MIPft was characterized by significant surface extension
with numerous macropores clearly detected on the particle’s surface. On the contrary, the
NIP possessed a smoother surface. The difference could be related to the presence of the
functionalized template in the prepolymerization mixture.
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3.3.3. Structural Evaluation

In order to confirm the structure of the resultant polymers, EDS was used to prove that
the functionalized template was polymerized (Figure 4a). The MIPft was prepared in order
to confirm that the functionalized template was built up into the polymer matrix because
the presence of bromine atoms in the structure of 2d allowed us to detect heteroatom during
the analysis of the materials. It has to be underlined that the analysis of the polymer, viz.,
MIPft, was carried out omitting the process of the hydrolysis of the amide linkage. The
atoms of bromine were detected in the MIPft structure in the region of 1.50 keV.

Figure 3. Cont.
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Figure 3. SEM micrographs of MIPft (a,c,e,g) and NIP (b,d,f,h).

13C CP/MAS NMR spectroscopy was then applied. This is a versatile tool to confirm
the composition of polymer materials. For the purpose of our analysis, the MIPft was
post-treated to remove 2-(4-bromophenyl)ethylamine residue from the polymer matrix
(Figure 4b). In the 13C CP/MAS NMR spectrum of MIPft, strong resonances in the aromatic
region, representing quaternary benzene C atoms at 137.2 and 144.3 ppm, could be seen.
The tertiary –CH atoms at 127.0 ppm originated from the cross-linker. In the aliphatic
region, various methyl groups were represented by broad peaks located between 15 and
30 ppm with a narrower sharp peak at 28.7 ppm. Methylene groups in C–CH2–C were
found in approximately 44.4 ppm and methylene groups in Φ–CH–C in 39.8 ppm. Car-
boxyl group, –COOH, atoms were represented by broad resonances in the region of
177.1–182.7 ppm. Low intensity resonance at 111.7 ppm could originate from unreacted
double bonds in Φ–(CH=CH2)2.

3.3.4. Porosity Data

Finally, the nitrogen-adsorption isotherm (Brunauer–Emmett–Teller) for MIPft was
analyzed. As it can be seen (Figure 4c) the material revealed physisorption isotherms of
type IV with a hysteresis loop. The shape of the hysteresis loop is related to the specific pore
structure. Here, type H3 loops characterized MIPft, indicating the slit-shaped structure
of its pores. However, the deformation of the desorption-hysteresis line of MIPft in the
region of 0.50 P/Po could be related to the expulsion of adsorbate from larger-volume
mesopores through narrower pore necks. Thus, a more complicated pore system could
exist in MIPft. The total specific surface area of MIPft was equal to 89.88 m2 g−1 and the
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external surface area was equal to 77.99 m2 g−1. The plots of pore volume versus diameter
for MIPft showed a peak for a pore diameter of 56 nm (Figure 4d).

Figure 4. EDS spectrum of MIPft before hydrolysis of the amide linkage (a), 13C CP MAS NMR
spectrum for MIPft (b), nitrogen-sorption hysteresis (c) and pore-size distributions (d) for MIPft after
hydrolysis of amide linkage.

4. Conclusions

In conclusion, it should be emphasized that a series of compounds, N-(2-arylethyl)-2-
methylprop-2-enamides, were obtained with the synthetic procedure presented here with
high yields. These compounds possessed fragments of a template covalently bound to
polymerizable units and could be used as reagents for the covalent imprinting of polymers.
In the control experiment, one of synthesized compounds was used to produce an imprinted
polymer (MIPft). Binding-capacity analysis revealed that a molecular imprinting process
took place and the polymer, MIPft, possessed selectivity towards biomolecules of tyramine
and L-norepinephrine.
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1. Janczura, M.; Luliński, P.; Sobiech, M. Imprinting technology for effective sorbent fabrication: Current state-of-art and future
prospects. Materials 2021, 14, 1850. [CrossRef] [PubMed]

2. Farooq, S.; Wu, H.; Nie, J.; Ahmad, S.; Muhammad, I.; Zeeshan, M.; Khan, R.; Asim, M. Application, advancement and green
aspects of magnetic molecularly imprinted polymers in pesticide residue detection. Sci. Total Environ. 2022, 804, 150293.
[CrossRef] [PubMed]

89



Polymers 2022, 14, 2738

3. Farooq, S.; Nie, J.; Cheng, Y.; Bacha, S.A.S.; Chang, W. Selective extraction of fungicide carbendazim in fruits using β-cyclodextrin
based molecularly imprinted polymers. J. Sep. Sci. 2020, 43, 1145–1153. [CrossRef]

4. Farooq, S.; Nie, J.; Cheng, Y.; Yan, Z.; Li, J.; Bacha, S.A.S.; Mushtaq, A.; Zhang, H. Molecularly imprinted polymers’ application in
pesticide residue detection. Analyst 2018, 143, 3971–3989. [CrossRef]

5. BelBruno, J.J. Molecularly imprinted polymers. Chem. Rev. 2019, 119, 94–119. [CrossRef]
6. Wulff, G.; Sarhan, A.; Zabrocki, K. Enzyme-analogue built polymers and their use for the resolution of racemates. Tetrahedron Lett.

1973, 44, 4329–4332. [CrossRef]
7. Whitcombe, M.J.; Alexander, C.; Vulfson, E.N. Imprinted polymers: Versatile new tools in synthesis. Synlett 2000, 6, 911–923.
8. Hashim, S.N.N.S.; Boysen, R.I.; Schwarz, L.J.; Danylec, B.; Hearn, M.T.W. A comparison of covalent and non-covalent imprinting

strategies for the synthesis of stigmasterol imprinted polymers. J. Chromatogr. A 2014, 1359, 35–43. [CrossRef]
9. Tang, Y.-W.; Fang, G.-Z.; Wang, S.; Li, J.-L. Covalent imprinted polymer for selective and rapid enrichment of ractopamine by a

non-covalent approach. Anal. Bioanal. Chem. 2011, 401, 2275–2282. [CrossRef]
10. Hu, Y.; Liu, R.; Li, Y.; Li, G. Investigation of ractopamine-imprinted polymer for dispersive solid-phase extraction of trace

β-agonists in pig tissues. J. Sep. Sci. 2010, 33, 2017–2025. [CrossRef]
11. Hu, X.; Guo, Y.; Wang, T.; Liu, C.; Yang, Y.; Fang, G. A selectivity-enhanced ratiometric fluorescence imprinted sensor based on

synergistic effect of covalent and non-covalent recognition units for ultrasensitive detection of ribavirin. J. Hazard. Mater. 2022,
421, 126748. [CrossRef] [PubMed]

12. Effting, L.; Prete, M.C.; Urbano, A.; Effting, L.M.; Cano Gonzalez, M.E.; Bail, A.; Teixeira Tarley, C.R. Preparation of magnetic
nanoparticle-cholesterol imprinted polymer using semi-covalent imprinting approach for ultra-effective and highly selective
cholesterol adsorption. React. Funct. Polym. 2022, 172, 105178. [CrossRef]

13. Tang, Y.; Gao, J.; Liu, X.; Gao, X.; Ma, T.; Lu, X.; Li, J. Ultrasensitive detection of clenbuterol by a covalent imprinted polymer as a
biomimetic antibody. Food Chem. 2017, 228, 62–69. [CrossRef] [PubMed]

14. Zhu, Y.; Pan, Z.; Rong, J.; Mao, K.; Yang, D.; Zhang, T.; Xu, J.; Qiu, F.; Pan, J. Boronate affinity surface imprinted polymers
supported on dendritic fibrous silica for enhanced selective separation of shikimic acid via covalent binding. J. Mol. Liq. 2021,
337, 116408. [CrossRef]

15. Luliński, P.; Maciejewska, D. Effective separation of dopamine from bananas on 2-(3,4-dimethoxyphenyl)ethylamine imprinted
polymer. J. Sep. Sci. 2012, 35, 1050–1057. [CrossRef]

16. Sobiech, M.; Giebułtowicz, J.; Luliński, P. Application of magnetic core−shell imprinted nanoconjugates for the analysis of
hordenine in human plasma-preliminary data on pharmacokinetic study after oral administration. J. Agric. Food Chem. 2020, 68,
14502–14512. [CrossRef]

17. Burchett, S.A.; Hicks, T.P. The mysterious trace amines: Protean neuromodulators of synaptic transmission in mammalian brain.
Prog. Neurobiol. 2006, 79, 223–246. [CrossRef]

18. D’Andrea, G.; Nordera, G.; Pizzolato, G.; Bolner, A.; Colavito, D.; Flaibani, R.; Leon, A. Trace amine metabolism in Parkinson’s
disease: Low circulating levels of octopamine in early disease stages. Neurosci. Lett. 2010, 469, 348–351. [CrossRef]

19. Hasanah, A.N.; Safitri, N.; Zulfa, A.; Neli, N.; Rahayu, D. Factors affecting preparation of molecularly imprinted polymer and
methods on finding template-monomer interaction as the key of selective properties of the materials. Molecules 2021, 26, 5612.
[CrossRef]

20. Lineweaver, H.; Burk, D. The determination of enzyme dissociation constants. J. Am. Chem. Soc. 1934, 56, 658–666. [CrossRef]
21. Freundlich, H. Über die Adsorption in Lösungen. Zeit. Phys. Chem. 1907, 57, 385–470. [CrossRef]
22. Weiner, B.-Z.; Tahan, M.; Zilkha, A. Polymers containing phenethylamines. J. Med. Chem. 1972, 15, 410–413. [CrossRef] [PubMed]
23. Rathelot, P.; Vanelle, P.; Gasquet, M.; Delmas, F.; Crozet, P.M.; Timon-David, P.; Maldonado, P. Synthesis of novel functionalized

5-nitroisoquinolines and evaluation of in vitro antimalarial activity. Eur. J. Med. Chem. 1995, 30, 503–508. [CrossRef]
24. Ruowen, W.; Yu, C. Phenoxy-Containing Acryloylphosphoramidite as Well as Preparation Method and Application Thereof.

China Patent CN108203446, 26 June 2018.
25. Sharma, U.K.; Sharma, N.; Kumar, Y.; Singh, B.K.; van der Eycken, E.V. Domino carbopalladation/C-H functionalization sequence:

An expedient synthesis of bis-heteroaryls through transient alkyl/vinyl–palladium species capture. Chem. Eur. J. 2016, 22,
481–485. [CrossRef] [PubMed]

26. Vachhani, D.D.; Butani, H.H.; Sharma, N.; Bhoya, U.C.; Shah, A.K.; van der Eycken, E.V. Domino Heck/borylation sequence
towards indolinone-3-methyl boronic esters: Trapping of the σ-alkylpalladium intermediate with boron. Chem. Commun. 2015, 51,
14862–14865. [CrossRef] [PubMed]

27. Mayes, A.G.; Whitcombe, M.J. Synthetic strategies for the generation of molecularly imprinted organic polymers. Adv. Drug Deliv.

Rev. 2005, 57, 1742–1778. [CrossRef]
28. Langmuir, I. The adsorption of gases on plane surfaces of glass, mica and platinum. J. Am. Chem. Soc. 1918, 40, 1361–1403.

[CrossRef]
29. Swenson, H.; Stadie, N.P. Langmuir’s Theory of Adsorption: A Centennial Review. Langmuir 2019, 35, 5409–5426. [CrossRef]

90



Citation: Piletsky, S.S.; Garcia Cruz,

A.; Piletska, E.; Piletsky, S.A.;

Aboagye, E.O.; Spivey, A.C. Iodo

Silanes as Superior Substrates for the

Solid Phase Synthesis of Molecularly

Imprinted Polymer Nanoparticles.

Polymers 2022, 14, 1595. https://

doi.org/10.3390/polym14081595

Academic Editor: Michał Cegłowski

Received: 23 March 2022

Accepted: 12 April 2022

Published: 14 April 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

polymers

Article

Iodo Silanes as Superior Substrates for the Solid Phase
Synthesis of Molecularly Imprinted Polymer Nanoparticles

Stanislav S. Piletsky 1,* , Alvaro Garcia Cruz 2 , Elena Piletska 2, Sergey A. Piletsky 2 , Eric O. Aboagye 3

and Alan C. Spivey 1

1 Department of Chemistry, Molecular Sciences Research Hub, White City Campus, Imperial College London,
London W12 0BZ, UK; a.c.spivey@imperial.ac.uk

2 School of Chemistry, College of Science and Engineering, University of Leicester, Leicester LE1 7RH, UK;
agc14@leicester.ac.uk (A.G.C.); ep219@le.ac.uk (E.P.); sp523@le.ac.uk (S.A.P.)

3 Department of Surgery and Cancer, Hammersmith Campus, Imperial College, London W12 0NN, UK;
eric.aboagye@imperial.ac.uk

* Correspondence: stanislav.piletsky14@imperial.ac.uk

Abstract: Current state-of-the-art techniques for the solid phase synthesis of molecularly imprinted
polymer (MIP) nanoparticles typically rely on amino silanes for the immobilisation of template
molecules prior to polymerisation. An investigation into commonly used amino silanes identified a
number of problematic side reactions which negatively affect the purity and affinity of these polymers.
Iodo silanes are presented as a superior alternative in a case study describing the synthesis of MIPs
against epitopes of a common cancer biomarker, epidermal growth factor receptor (EGFR). The
proposed iodo silane outperformed the amino silane by all metrics tested, showing high purity and
specificity, and nanomolar affinity for the target peptide.

Keywords: molecularly imprinted polymers; solid phase synthesis; epidermal growth factor receptor

1. Introduction

The last thirty years have seen molecularly imprinted polymers (MIPs) progress
from serving as simple affinity matrices in solid phase extraction to finding applications
in sensors, assays, drug delivery and proteomics [1–9]. Despite this, the majority of
MIPs described within more recent work suffer from the same issues as their historical
predecessors: difficulty in removal of the template and a high level of non-specific binding
due to the ‘polyclonal’ nature of the binding sites. In order to address these shortcomings,
a new technique for MIP synthesis emerged, involving the immobilisation of template
molecules onto a solid phase prior to performing polymerisation [10]. This allows for easy
removal of template molecules, screening for high affinity polymers, and greater uniformity
of binding sites [10]. Since the introduction of solid phase imprinting in 2013, the use of
this technique has spread considerably, with Google Scholar now featuring over 600 papers
referring to the use of solid phase synthesis of MIPs.

To date, the choice of solid phase substrate and the nature of the linker used for
template immobilisation has not been thoroughly explored. Thus far, the assumption seems
to have been that the solid phase acts as an ‘innocent bystander’ during MIP synthesis,
serving to immobilize the template without taking part in reactions with monomers or
initiators. The most common solid phases used for MIP synthesis are glass beads modified
with various functional groups suitable for conjugation to template molecules, such as
amines for amide formation and alkynes for click-coupling to azides [10–12]. The surface
modifiers are invariably silanes, such as (3-aminopropyl)triethoxysilane (APTES), N-(6-
aminohexyl)aminomethyltriethoxysilane (AHAMTES), or 2-propynyl [3-(triethoxysilyl)
propyl]carbamate. In particular, amino silanes are commonly used due to their low price,
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commercial availability, and versatility for the immobilisation of templates possessing
carboxylic acids, amines and thiols [4,13,14].

These silanes suffer from a number of shortcomings. Notably, amino silanes are known
to form weakly bound multilayers on the surface of glass (Scheme 1, Figure S1) [15]. The
formation of multilayers is problematic because many of these groups will be lost during
extensive washing prior to or following polymerisation, resulting in wasted template
molecules and MIP contamination with both template and silane.

Scheme 1. (a) APTES monolayer on surface of glass; (b) weakly bound APTES multilayers on the
surface of glass. Adapted from Ref. [15].

Furthermore, we have observed that amino silanes induce the decomposition of
persulphates. Reactions between ammonium persulphate and two amino silanes (APTES
and AHAMTES) were shown to initiate polymerisation of acrylamide even in the absence
of common tertiary amine co-initiators, such as N′-tetramethyl ethylenediamine (TEMED)
(Figure S2, Table S1). As ammonium persulphate is a common radical initiator for MIP
polymerisation, the presence of amino silanes may, therefore, result in unintended side
reactions and poorly controlled polymerisation.

This work demonstrates these limitations and proposes iodo silanes as a superior
alternative to amino silanes via a case study involving the synthesis of MIP nanoparticles
against epitopes of epidermal growth factor receptor (EGFR), a cancer biomarker of great
clinical significance. The conjugation of EGFR peptides to iodo silane is straightforward,
involving coupling to the thiol of a terminal cysteine under basic conditions. Though
reactions between alkyl halides and thiols are commonplace, the use of iodo silanes for solid
phase immobilisation of biological molecules is rare, with few examples in literature [16]. In
contrast, amine silane coupling requires more steps including the use of expensive linkers,
such as succinimidyl iodoacetate (SIA) [13]. The synthesised MIP nanoparticles showed
excellent uniformity, affinity and specificity for the imprinted EGFR epitope (Kd = 2.3 nM).

2. Materials and Methods

2.1. Materials

All reagents used in this project were obtained from Sigma-Aldrich Company Ltd.
(Poole, UK) or Thermo Fisher Scientific Ltd. (Loughborough, UK) unless otherwise stated.
Acryloxyethyl thiocarbamoyl rhodamine B was purchased from Polysciences Europe GmbH
(Hirschberg an der Bergstrasse, Germany). Peptides were synthesised by ZheJiang Ontores
Biotechnologies Co., Ltd. (Hangzhou, China).

2.2. Preparation of APTES, AHAMTES and IPTMS Solid Phase

Glass beads (60 g) were boiled in NaOH (1 M, 100 mL) for 15 min, washed with water
(5 × 200 mL), phosphate buffered saline (PBS, 10 mM phosphate buffer, 2.7 mM KCl, 137 mM
NaCl, pH 7.4, 100 mL), water (5 × 200 mL) and acetone (2 × 100 mL). They were then dried by
heating to 120 ◦C for 30 min. A solution of 2% (v/v) (3-aminopropyl)triethoxysilane (APTES) or
N-(6-aminohexyl)aminomethyltriethoxysilane (AHAMTES) or (3-iodopropyl)trimethoxysilane
(IPTMS) in dry toluene (60 mL) was added to the activated beads. Following overnight

92



Polymers 2022, 14, 1595

(16 h) incubation at 70 ◦C, the beads were washed with acetone (4 × 100 mL) and dried at
120 ◦C for 30 min.

2.3. Immobilisation of Peptide on AHAMTES Glass

AHAMTES-functionalised beads (60 g) were soaked in a large volume of water for 24 h
in order to remove multilayers. The beads were then washed with acetone (4 × 100 mL)
and dried at 120 ◦C for 30 min, then incubated with succinimidyl iodoacetate (SIA) (5 mg,
18 μmol) in anhydrous acetonitrile (25 ml) and incubated for 2 h under exclusion of light,
before washing with acetonitrile (5 × 50 mL).

Ethylenediaminetetraacetic acid (EDTA) (74 mg, 500 μmol) was dissolved in phos-
phate buffered saline (PBS, 10 mM, 50 mL) and adjusted to pH 8.2 with sodium hydrox-
ide. SIA-functionalised glass beads (60 g) and EGFR peptide (5 mg) were then added,
and the mixture was incubated overnight protected from light. Mercaptoethanol (20 μL,
0.3 mmol) was then added and incubated for 2 h. The beads were then washed with water
(3 × 200 mL) and acetone (1 × 100 mL) and allowed to dry.

2.4. Immobilisation of Peptide on IPTMS Glass

EGFR peptide (5 mg) was dissolved in borate buffer (pH 9.2, 30 mM sodium tetrabo-
rate, 25 mL), added to IPTMS-functionalised glass beads (60 g) and incubated overnight.
Mercaptoethanol (20 μL, 0.3 mmol) was then added and incubated for 2 h. The beads were
then washed with water (3 × 200 mL) and acetone (1 × 100 mL) and allowed to dry.

2.5. Peptide Density Measurement

Peptide density in the solid phase was measured using the Pierce Rapid Gold BCA
Protein Assay Kit (Thermo Scientific, Waltham, MA, USA). As described in the Thermo
Fisher Protein Assay Technical Handbook, Buffer A and Buffer B were mixed in a 50:1
ratio; 400 μL of this solution was mixed with 100 mg of peptide-coated glass beads, and
the mixture was incubated at 37 ◦C with shaking for 30 min. The samples were allowed
to cool, and 100 μL of the solution was transferred to each of the three wells in a 96 well
microtiter plate. The absorbance of these wells was measured at 562 nm using a Hidex
Sense plate reader (LabLogic, Sheffield, UK). A calibration curve was prepared by repeating
this measurement using known concentrations of peptides.

2.6. MIP Synthesis

The following monomers were dissolved in water (50 mL): N-isopropyl acrylamide
(20 mg, 180μmol), N-tert-butylacrylamide (16.5 mg, 130μmol), N,N’-methylene bis(acrylamide)
(3 mg, 20 μmol), N-(3-aminopropyl)methacrylamide hydrochloride (3 mg, 17 μmol) and
acrylic acid (1.1 μL, 16 μmol). Peptide-functionalised glass beads (60 g) were added to
the monomer solution, which was then bubbled with nitrogen for 20 min. Polymerisation
was initiated through the addition of ammonium persulphate (30 mg, 0.13 mmol) and
N,N,N′,N′-tetramethyl ethylenediamine (30 μL, 0.2 mmol) in water (500 μL). The mixture
was shaken and incubated for 1 h before being transferred to a solid phase extraction
cartridge fitted with a 20 μm polyethylene frit. Unreacted monomers and low affinity
polymers were removed from the glass beads by washing with water (5 × 100 mL). High
affinity polymers were collected with hot ethanol (65 ◦C, 2 × 25 mL), reduced to 5 mL
under vacuum and dialysed in water for 1 week using 12 kDa cellulose membranes with
regular change of water.

2.7. Surface Plasmon Resonance (SPR) Measurement

Binding analysis was performed using a Biacore 3000 instrument (Cytiva, UK) at 25
◦C using PBS (0.01 M phosphate buffer, 0.0027 M potassium chloride and 0.137 M sodium
chloride, pH 7.4) as the running buffer at a flow of 35 μL min−1. The self-assembled
gold sensor chip was plasma-cleaned using a K1050X RF Plasma Etcher/Asher/Cleaner
barrel reactor (Quorum Technologies Ltd., Lewes, UK) and placed in a solution of mer-
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captododecanoic acid in ethanol (1.1 mg mL−1) where they were stored until use. Before
assembly, the sensor chip was rinsed with ethanol and water and dried in a stream of
air. Each cysteine-containing specific or scrambled peptide was immobilised in situ on
the chip surface containing carboxyl groups using thiol coupling. First, the surface was
activated using an EDC and NHS mixture (0.4 mg and 0.6 mg mL−1, respectively). 2-
(2-pyridinyldithio)ethaneamine hydrochloride (PDEA, 80 mM) in 50 mM sodium borate
buffer pH 8.5 was injected in order to introduce disulphide bonds; 100 μL of 10 μg mL−1

peptide solution in PBS was then injected at a 15 μL mL−1 flow rate followed by surface
deactivation using cysteine/NaCl solution.

The peptide-specific nanoMIPs were briefly sonicated and diluted with PBS in the
concentration range 0.04–1 nM. Sensorgrams were collected sequentially for all analyte
concentrations running in KINJECT mode (injection volume—100 μL and dissociation
time—120 sec). Dissociation constants (Kd) were calculated from plots of the equilibrium
biosensor response using the BiaEvaluation v 4.1 software using a 1:1 Langmuir binding
model fitting after subtraction of drift and bulk components.

3. Results and Discussion

This work investigates the replacement of amino silanes for the immobilisation of thiol-
presenting templates—a common strategy for the imprinting of peptides and proteins. The
immobilisation of peptides is commonly performed via conjugation of a terminal cysteine
unit to an amino silane using a linker, such as SIA [7,13,17]. Herein we attempted to replace
the amino silane and SIA linker with an iodo silane, (3-iodopropyl)trimethoxy silane
(IPTMS) (Scheme 2). This serves three benefits: removal of unwanted side reactions caused
by amine groups, reduction in the number of steps necessary for template immobilisation,
and the replacement of relatively expensive SIA.

Scheme 2. Immobilisation of peptides on glass beads using; (a) APTES; (b) IPTMS. ‘Pep’ refers to the
EGFR peptide being immobilised.

In order to compare the performance of these two approaches, peptide-functionalised
glass beads were prepared using both AHAMTES and IPTMS-based protocols (Table 1).
These solid phases were then used for the synthesis of MIPs via a solid phase approach
as described by Canfarotta et al. [13]. The peptide selected for imprinting was an epitope
of epidermal growth factor receptor (EGFR), a cancer biomarker of clinical interest. This
sequence (KLFGTSGQK) was previously identified using a MIP-based epitope mapping
technique [8]. The peptide was prepared with a terminal cysteine for immobilisation and an
additional glycine to act as a spacer (full sequence CGKLFGTSGQK). A scrambled version
of the peptide was also imprinted to act as a control (full sequence CGTKGKQLSGF).
The density of peptides on the surface of the glass beads following immobilisation was
determined via bicinchoninic acid assay (BCA). The density of immobilised peptide was
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similar in both cases, at 6.3 nmol peptide/g glass beads using AHAMTES and 6.1 nmol
peptide/g glass beads using IPTMS. These values are similar to those previously reported
for the immobilisation and imprinting of proteins including trypsin (1.7 nmol/g), pepsin
A (2.8 nmol/g) and amylase (2.9 nmol/g) [18]. The difference of a factor of two can be
explained by the larger size of these protein templates as compared to the peptides within
this study.

Table 1. Comparison of methodologies for AHAMTES and IPTMS-based solid phase preparation.

AHAMTES IPTMS

Silanisation

Incubate glass beads (60 g) in 2% (v/v)
AHAMTES overnight in dry toluene (60 mL).

Wash with acetone (4 × 100 mL). Dry at 120 ◦C
for 30 min.

Incubate glass beads (60 g) in 2% (v/v)
IPTMS overnight in dry toluene (60 mL),
protected from light. Wash with acetone
(4 × 100 mL). Dry at 120 ◦C for 30 min.

Removal of multilayers
Soak glass beads overnight in a large excess of

water. Wash with acetone (4 × 100 mL). -

Surface activation

Incubate silanised glass beads (60 g) in a solution
of succinimidyl iodoacetate (SIA) (5 mg) in

anhydrous acetonitrile (25 ml) for 2 h, protected
from light. Wash with acetonitrile (5 × 50 mL).

-

Peptide conjugation

Prepare ethylenediaminetetraacetic acid (EDTA)
(74 mg, 500 μmol, 5mM) in phosphate buffered

saline (PBS, 10 mM, 50 mL), adjust to pH 8.2
with sodium hydroxide. Add SIA-functionalised

glass beads (60 g) and EGFR peptide (5 mg),
incubate overnight protected from light.

Prepare EGFR peptide (5 mg) in borate
buffer (pH 9.2, 30 mM sodium tetraborate,
25 mL). Add IPTMS-functionalised glass

beads (60 g) and incubate overnight,
protected from light.

Surface quenching

Add mercaptoethanol (20 μL) to a mixture of
glass beads and peptide, and incubate for 2 h

protected from light. Wash with water
(2 × 500 mL) and acetone (100 mL), and allow

to dry.

Add mercaptoethanol (20 μL) to a
mixture of glass beads and peptide, and

incubate for 2 h protected from light.
Wash with water (2 × 500 mL) and
acetone (100 mL), and allow to dry.

The amount of MIP nanoparticles collected following polymerisation, elution and
dialysis was found to be 56 μg MIP/g glass beads using AHAMTES, and 72 μg MIP/g glass
beads using IPTMS. The average size of these particles was found to be approximately 60 nm
in both cases (Figure 1). The protocol for AHAMTES-functionalisation of glass includes a
lengthy (overnight) washing step in order to remove weakly associated silane multilayers.
This step is omitted in the IPTMS-based protocol. As shown in the results of elemental
analysis, even in the absence of such a washing step the level of silane contamination is
lower in the case of IPTMS-MIPs as compared to AHAMTES-MIPs (Tables S2 and S3).

Figure 1. Scanning electron microscopy (SEM) images of MIPs prepared using: (a) AHAMTES-based
solid phase, (b) IPTMS-based solid phase. Scale bar = 2 μm.
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The binding performance of MIPs prepared using both silanes was compared via
surface plasmon resonance (SPR) measurement (Figure 2, Table 2). The specificity of the re-
sultant MIPs was assessed by comparison of binding affinity with a scrambled version of the
same peptide (CGTKGKQLSGF). In both cases, the peptide was immobilised on gold SPR
chips, and MIPs prepared using both techniques were injected during SPR measurement.

Figure 2. SPR binding curves of MIPs prepared using AHAMTES and IPTMS against specific and
scrambled peptides.

Table 2. Dissociation constants (Kd) of MIPs prepared using AHAMTES and IPTMS-functionalised
glass against specific and scrambled peptide.

Silane Peptide Kd [nM] (χ2)

AHAMTES Specific 2.5 (7.14 × 10–5)
AHAMTES Scrambled 676 (1.58 × 10–5)

IPTMS Specific 2.3 (7.14 × 10–5)
IPTMS Scrambled 766 (2.06 × 10–5)

Both MIPs prepared using AHAMTES and IPTMS showed excellent binding affinity
(Kd of approximately 2 nM) for their specific peptide and significantly lower affinity (Kd
of approximately 700 nM) for the scrambled control peptide (Table 2). The dissociation
constant for the scrambled control peptide was marginally lower for MIPs prepared using
AHAMTES as a solid phase as compared to those made using IPTMS. This may possibly
be attributed to the slightly higher level of silane contamination increasing the level of
non-specific binding between the MIPs and the gold SPR chip (Tables S2 and S3).

An additional advantage of IPTMS over amino silanes is the lack of residual amines on
the surface of the glass beads following MIP formation. Post-synthetic labelling of MIPs is
often performed using amine-reactive probes, such as NHS-ester-DyLight and AlexaFluor.
In order to preserve binding site efficacy, this tagging can be performed while the MIPs
are still bound to the solid phase, preventing the conjugation of probes to functional
groups within the binding sites [19]. In this case, the use of amino silanes for template
immobilisation would result in probes linking to any remaining amine groups of the solid
phase, resulting in wasted (often expensive) probes. The use of iodo silanes circumvents
this issue.

Finally, alkyl halides, such as IPTMS are able to react with other nucleophilic groups
beyond thiols (notably amines and aromatic alcohols, given basic enough conditions).
As a result, the iodo silane-based methodology described herein can be used for the
immobilisation of a wide variety of template molecules even in the absence of cysteine
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groups. However, in the case of templates containing multiple nucleophiles the pH must
be carefully controlled or protecting groups employed to ensure immobilisation via the
intended functional group to reduce the variability of MIP binding sites.

4. Conclusions

Amino silanes commonly used for solid phase preparation were investigated and
found to show undesired side reactions during solid phase synthesis of molecularly im-
printed polymers (MIPs), including the formation of silane multilayers and reaction with
persulphates. An iodo silane (IPTMS) is presented as an alternative for peptide immobili-
sation, and was compared to an amino silane (AHAMTES) for the solid phase synthesis
of MIP nanoparticles specific for an epitope of epidermal growth factor receptor (EGFR).
The iodo silane tested was found to equal or outperform the amino silane by each metric
tested. Both protocols produced similar yields of MIPs with excellent affinity (Kd ≈ 2.5 nM),
but with fewer experimental steps and lower cost reagents necessary for the iodo silane-
based protocol.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym14081595/s1, S1. Additional Methods; S2. Additional
Discussion; Figure S1. Silane density of glass beads coated with APTES and AHAMTES after various
levels of washing [20]; Table S1: Contents of vials displayed in Figure S2 and results of gelation
experiment [21]; Figure S2: Vials of acrylamide solution in which polymerisation was initiated with
APS and various co-initiators; Figure S3: EDS mapping spectra of MIPs prepared using AHAMTES
solid phase; Table S2: Elemental analysis of AHAMTES MIPs using EDS; Figure S4: EDS mapping
spectra of MIPs prepared using IPTMS solid phase; Table S3: Elemental analysis of IPTMS MIPs
using EDS.
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Abstract: Imprinted materials possess designed cavities capable of forming selective interactions
with molecules used in the imprinting process. In this work, we report the synthesis of 5-fluorouracil
(5-FU)-imprinted microparticles and their application in prolonged drug delivery. The materials
were synthesized using either ethylene glycol dimethacrylate (EGDMA) or trimethylolpropane
trimethacrylate (TRIM) cross-linkers. For both types of polymers, methacrylic acid was used as a
functional monomer, whereas 2-hydroxyethyl methacrylate was applied to increase the final materials’
hydrophilicity. Adsorption isotherms and adsorption kinetics were investigated to characterize the
interactions that occur between the materials and 5-FU. The microparticles synthesized using the
TRIM cross-linker showed higher adsorption properties towards 5-FU than those with EGDMA. The
release kinetics was highly dependent upon the cross-linker and pH of the release medium. The
highest cumulative release was obtained for TRIM-based microparticles at pH 7.4. The IC50 values
proved that 5-FU-loaded TRIM-based microparticles possess cytotoxic activity against HeLa cell lines
similar to pure 5-FU, whereas their toxicity towards normal HDF cell lines was ca. three times lower
than for 5-FU.

Keywords: molecularly imprinted polymers; microspheres; drug delivery; 5-fluorouracil

1. Introduction

Drug delivery systems (DDS) are sophisticated technologies that allow targeted deliv-
ery of particular pharmaceutical or controlled therapeutic agents’ release. DDS application
is essential for therapeutic agents limited due to their low solubility, drug administration
issues, or very fast metabolism. Moreover, the application of DDS allows to optimize drug
efficiency and improve administration, while lowering the possibility of causing adverse
side effects. As a result, the development of new DDS occurs in parallel with creating new
therapeutic agents. Whenever a new drug has a limited therapeutic effect in a free form,
the combination of drugs and DDS may overcome this problem. The design, synthesis,
and production of new substances and materials that can be applied to prepare new DDS
have become a major topic of many research groups. Their goal is to develop a DDS which
would allow drug administration to a specific site with a known quantity and for a precise
amount of time. It is, of course, necessary to produce DDS that, as well as their metabolites,
show no toxicity and are easily removed from the human body [1–3].

Various materials have been used to generate DDS. The most frequently used are
lipids [4,5], chitosan [6,7], silica [8–10], halloysite [11,12], functional polymers [13–19], and
dendrimers [20,21]. Among the described materials, functional polymers are frequently
used due to their high synthetic versatility, a broad range of final properties, and various
possible applications [22,23]. Sophisticated polymeric DDS should guarantee drug delivery
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in a predesigned manner. Functional polymers can be designed to fulfill the most sophisti-
cated criteria of DDS. They can be synthesized to become triggered-release DDS or release
a drug following a particular kinetic profile. As a result, it is possible to obtain passive
or active targeting, which means that the whole system is responsible for the therapeutic
benefit. Molecularly imprinted polymers (MIPs) represent a group of functional polymers
that can be easily tuned to possess a defined affinity to a drug molecule, and thus they
often find application in producing new DDS [24–26].

MIPs are synthesized by copolymerizing a cross-linker mixed with a complex formed
by functional monomers and template molecules. The cross-linker initiates the formation
of the bulk polymer structure and entrapment of the template molecules inside, whereas
functional monomers form stable, non-covalent interactions with template molecules.
Finally, it results in the synthesis of MIPs selective towards the template used, which can
be reversibly bound by cavities formed during the reaction. As a result, they have found
many applications in fields such as solid-phase extraction (SPE) [27–29], development of
sensors [30–32], and drug delivery [33,34].

Many researchers find the application of MIPs in drug delivery particularly interesting
due to the possibility of producing materials that alter their interaction strength with drug
molecules influenced by a specific change in the environment. MIPs possess an enhanced
affinity to the drug template, which increases the residence time of the drug. Moreover,
MIPs’ properties allow for reaching high drug loading, and the fact that the drug is en-
trapped within the polymeric network results in its higher stability and durability against
harsh conditions. MIPs can be synthesized as smart materials that can be effectively used
to produce DDS, considering that they can be programmed to release therapeutic agents as
a response to defined stimuli [35]. MIPs can also be synthesized to develop materials that
release molecules entrapped inside cavities with a particular kinetic profile [36]. This can
be achieved by selecting the appropriate type and amount of functional monomers present
in the MIPs’ structure. Our group recently published a detailed investigation about using
MIPs for prolonged drug delivery of doxorubicin [37] and paclitaxel [38].

MIPs are synthesized as monoliths that are ground to obtain particles of desired di-
mensions for numerous applications. Although this process is frequently used in analytical
applications such as SPE, the development of DDS requires more rigorous control over
polymer particles’ size. New synthetic methods that allow obtaining MIPs as uniform
nanoparticles or microparticles have been developed to solve this problem. As synthesized
materials possess a significantly increased surface area, more cavities are closer to the
surface, making them easily accessible. The additional benefit of small particle sizes is their
ability to form stable dispersions in various solvents, which increases their attractiveness
as potential materials to be used as DDS [39–41].

In this work, we report the synthesis and characterization of MIPs microparticles im-
printed with 5-fluorouracil (5-FU). 5-FU is a cytotoxic drug with a broad activity spectrum
against numerous tumors. It undergoes fast metabolism in the human body, and thus a
therapy consisting of high doses is required, which can cause severe toxic effects in many
patients [42]. As a result, new DDS for 5-FU are being developed [43]. The advantage of
using microparticles for drug delivery is that they do not traverse into the interstitium
over the size of 100 nm transported by the lymph, and thus they only act locally in a
place of administration [44]. Methacrylate-based particulate carriers are widely applied for
biomedical applications to obtain drug delivery systems. The therapeutic agent’s release
from their structure typically occurs in a biphasic way with an incomplete drug release.
The release mechanism can be described using both Fickian and non-Fickian kinetic models.
The improvement of drug release can be achieved by increasing polymer hydrophilicity
by synthesizing functional microspheres with additional functional groups or formulating
composites with hydrophilic polymers [45]. The microparticles were synthesized by using
precipitation polymerization. Methacrylic acid (MAA) was used as a functional monomer,
whereas 2-hydroxyethyl methacrylate (HEMA) was used as a hydrophilic monomer to im-
prove the water compatibility of the final materials. The microparticles were prepared using
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two cross-linkers, particularly ethylene glycol dimethacrylate (EGDMA) and trimethylol-
propane trimethacrylate (TRIM), to examine the influence of the polymer matrix structure
on the final properties of microparticles. The interactions of MIPs with 5-FU were in-
vestigated by examining their adsorption properties and release profiles of 5-FU. Finally,
the in vitro activity of 5-FU-loaded MIPs against HeLa, U87 MG, A-549, KB, and MCF-7
cancer cell lines was investigated. The results were compared with the measurements
performed against human dermal fibroblasts (HDF) normal cell lines. To the best of our
knowledge, this is the first research describing the synthesis of 5-FU-imprinted hydrophilic
microparticles and presenting their in vitro activity against cancer and normal cell lines.

2. Materials and Methods

2.1. Materials and Chemicals

Ethylene glycol dimethacrylate, methacrylic acid, trimethylolpropane trimethacrylate,
2-hydroxyethyl methacrylate, 5-fluorouracil, 2,2′-azobisisobutyronitrile solution (AIBN;
0.2 M in toluene), and all solvents (HPLC grade) were obtained from Sigma-Aldrich
(St. Louis, MO, USA).

2.2. Instruments

The FTIR measurements were performed using a IFS 66/s spectrometer (Bruker,
Billerica, MA, USA). To obtain spectra, 1.5 mg of each material was mixed with ca. 200 mg
of KBr, and the resulting powder was converted into tablets used in FTIR measurements.
Thermogravimetric (TG) analysis was performed using a Setsys 1200 (Setaram, Caluire,
France) apparatus. The analysis was performed in an air stream (50 mL min−1) at a heating
rate of 10 ◦C min−1. Scanning electron microscopy (SEM) images were recorded using a
Scanning Electron Microscope SU3500 (Hitachi, Tokyo, Japan). UV-Vis absorption spectra
were obtained using a 8453 (Agilent, Santa Clara, CA, USA) spectrophotometer. The
solutions’ pH values were controlled with an CP-505 pH meter (Elmetron, Zabrze, Poland).

2.3. Synthesis of Microparticles

MIPs created using EGDMA cross-linker were synthesized as follows. The pre-
polymerization mixture consisting of 5-FU (0.9 mmol), MAA (1.8 mmol), HEMA (0.9 mmol),
and methanol (90 mL) was prepared in a glass pressure tube. The mixture was degassed
for 30 min using an ultrasound bath and purging with inert gas (nitrogen). Subsequently,
EGDMA (8 mmol) and AIBN solutions (1 mL) were added, and the tube was degassed
for an additional 10 min. Afterward, the tube was sealed and placed at 60 ◦C for 18 h.
As-synthesized microparticles were filtered off and dried under a vacuum. The resulting
drug-loaded MIPs were placed in a dialysis tubing to remove template molecules and were
dialyzed against acidified methanol (9:1 methanol/acetic acid). This process was contin-
ued until 5-FU was no longer detected in a dialysis solution. The drug-unloaded MIPs
cross-linked with EGDMA (denoted as MIPEGDMA) were finally dried under a vacuum.

MIPs created using the TRIM cross-linker were prepared by the same setup and proce-
dure as EGDMA-based MIPs, but with different amounts of reagents. The polymerization
mixture consisted of 5-FU (2 mmol), MAA (4 mmol), HEMA (2 mmol), and methanol
(80 mL). After degassing and sonication, TRIM (4 mmol) and AIBN solutions (1.4 mL) were
added, and the tube was degassed for an additional 10 min. The remaining procedure is
identical to EGDMA-based MIPs. Finally, the drug-unloaded MIPs cross-linked with TRIM
were denoted as MIPTRIM.

The corresponding non-imprinted polymers (NIPs) were synthesized using analogous
procedures but without adding template molecules. The obtained microparticles were
denoted as NIPEGDMA and NIPTRIM. The structures of all used monomers and templates
are presented in Figure S1.
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2.4. Adsorption Studies

Adsorption isotherms were established using batch experiments, in which 10 mL of
methanolic 5-FU solution at concentrations ranging from 0.39 to 50 mg L−1 was added
to 10 mg of MIPs or NIPs. The obtained mixtures were equilibrated for 24 h at ambient
conditions (25 ◦C). UV-vis absorption spectra were taken prior to and after adsorption
solutions to establish the concentration of 5-FU. The amount of adsorbed 5-FU (qeq, mg g−1)
was calculated as follows:

qeq =

(
C0 − Ceq

)
V

m
(1)

where C0 is the initial concentration of 5-FU solution (mg mL−1), Ceq is the equilibrium
concentration of 5-FU solution (mg mL−1), m is the polymer (MIPs/NIPs) mass (g), and V
is the volume of 5-FU solution (mL). The experiments were repeated three times, and mean
values were used for calculation.

The adsorption kinetics studies were conducted when 50 mg of either MIPs or
NIPs were placed in 50 mL of 5-FU solution in methanol with an initial concentration
of 10 mg L−1. The solution was stirred at ambient conditions, and the concentration of
5-FU was measured at defined time intervals by UV-vis absorption spectra. The qt value
(mg g−1), which represents the amount of adsorbed 5-FU, was calculated as follows:

qt =
(C0 − Ct)V

m
(2)

where Ct is the concentration of 5-FU after time t (h).

2.5. Release Experiments

The dissolution method was used to conduct the in vitro release studies. The experi-
ments were conducted by dispersing 5-FU-loaded MIPs (20 mg) in buffer solutions (10 mL)
at pH 2.2, 5.0, and 7.4. The solutions were stirred continuously for seven days at 37 ◦C,
and at specified time intervals, the samples were collected, centrifuged, and their UV-vis
absorption spectra were recorded. The obtained data allowed to calculate the amount of
drug releases from studied MIPs. The experiments were repeated three times, and the
obtained mean values were used for subsequent calculations.

The results obtained for the 5-FU release were fitted using various models that charac-
terize the mechanism of the release process. The following models were applied: zero-order
(Equation (3)), first-order (Equation (4)), simplified Higuchi (Equation (5)), Hixson–Crowell
(Equation (6)), and Korsmeyer–Peppas (Equation (7)). The following equations mathemati-
cally represent these models:

Ft = k0t (3)

Ft = 1 − e−k1t (4)

Ft = kH

√
t (5)

3
√

F0 − 3
√

Ft = kHCt (6)

Ft = kKPtn (7)

where Ft is the amount of 5-FU released at a specified time “t”, F0 is the initial amount of
5-FU in MIPs structure, k0, k1, kH, kHC, and kKP are the release constants of corresponding
equations, and n is the diffusion exponent.

2.6. Cytotoxicity Assays

The cytotoxicity assays were performed using the experimental procedure described
in our previous research. Briefly, KB, HeLa, and MCF-7 cell lines were obtained from The
European Collection of Cell Cultures (ECACC) supplied by Sigma-Aldrich (St. Louis, MO,
USA). whereas A-549, U-87MG, and HDF cell lines were purchased from the American
Type Cell Collection (ATCC) through LGC Standards. Approximately 0.1 mL of the diluted
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cell suspension (ca. 10,000 cells) was added to every well of the microtiter plate. A partial
monolayer was formed after 24 h, and the supernatant was washed out. Then, 100 μL
of 6 different 5-FU concentrations (0.1, 0.2, 1, 2, 10, and 20 μM) or number of MIPs that
release the corresponding amount of 5-FU were added to the cells in microtiter plates. For
NIPs blank experiments, the same mass of microparticles was used as for MIPs. Other
experimental details were described in our previous work.

2.7. Statistical Analysis

One-way ANOVA with the post-hoc Tukey HSD test was used to test statistical
significance. A p-value lower than 0.05 was considered as statistically significant.

3. Results and Discussion

The synthesized imprinted microparticles and corresponding non-imprinted micropar-
ticles present similar bands in the IR spectra (Figures S2 and S3), which indicates that the
polymeric materials’ main structure for all samples is similar. For all synthesized materials,
the stretching and bending O-H vibrations of carboxyl groups originating from MAA can
be observed at 3562 and 1389 cm−1, respectively. These bands overlap with O-H stretch-
ing, and bending vibrations originated from hydroxyl groups of HEMA. The asymmetric
stretching vibrations of CH2 groups can be observed at 2955 cm−1 for EGDMA-based
microparticles and 2974 for TRIM-based microparticles. The stretching vibrations of C=O
bonds are observed at 1730 cm−1 for EGDMA-based microparticles and 1734 cm−1 for
TRIM-based microparticles. The symmetric and asymmetric C-O stretching vibrations
of ester groups can be observed at 1258 and 1161 cm−1 for EGDMA-based microparti-
cles, respectively. For TRIM-based microparticles, these signals are observed at 1268 and
1156 cm−1, respectively [46,47]. Drug-loaded MIPEGDMA shows a band characteristic for 5-
FU at 816 cm−1, whereas for drug-loaded MIPTRIM, these additional bands can be observed
at 816, 553, and 471 cm−1.

SEM images of EGDMA- and TRIM-based microparticles are presented in Figure 1.
For drug-loaded and drug-unloaded MIPs microparticles, no differences in SEM images
were observed. SEM images of NIPEGDMA present microparticles of 0.7–1.3 μm in diameter,
whereas MIPEGDMA microparticles are much smaller, ranging between 300 and 600 nm.
This result clearly indicates that the presence of 5-FU in the polymerization mixture results
in the formation of smaller microparticles. The NIPTRIM microparticles are also smaller than
those synthesized using EGDMA as a cross-linker, and their size ranges between 400 and
800 nm. Contrary to the previous observation, the presence of 5-FU in the polymerization
mixture has not influenced the size of MIPTRIM microparticles. This result may indicate
that the presence of three methacrylate groups in the cross-linker structure that undergo
polymerization makes the process less prone to the presence of additional substances in the
reaction mixture that can affect the reaction.

The TG results obtained for EGDMA-based microparticles are presented in Figure S4,
whereas those obtained for TRIM-based microparticles are shown in Figure S5. All EGDMA-
based microparticles demonstrate one major decomposition step, from ca. 200 to ca. 450 ◦C.
This step refers to the polymer structure’s decomposition and results in almost complete
oxidation of organic material. For 5-FU-loaded MIPEGDMA microparticles, an increased
weight loss is observed in the initial decomposition step compared to drug-unloaded
material. It probably results from the decomposition of 5-FU molecules. Compared to
EGDMA-based microparticles, all TRIM-based microparticles are characterized by only one
major decomposition step, that starts at around 300 ◦C and ends at around 475 ◦C, reflecting
almost complete oxidation of the polymer material. For 5-FU-loaded MIPTRIM, only a slight
increase in the weight loss of the initial decomposition step is observed compared with
drug-unloaded material, which is connected with the decomposition of 5-FU molecules.
The increase in the weight loss occurs within the 260–320 ◦C range, which is in accordance
with the decomposition temperature of 5-FU reported in the literature [48].
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Figure 1. SEM images of (a) NIPEGDMA, (b) MIPEGDMA, (c) NIPTRIM, and (d) MIPTRIM.

3.1. Adsorption Isotherms

The adsorption process’s characterization is achieved by plotting adsorption isotherms
for experimental data obtained during adsorption of 5-FU by the microparticles at the equi-
librium state. Figure 2 shows the relationship between the 5-FU equilibrium concentration
and the amount of 5-FU adsorbed by 1 g of the appropriate adsorbent. To characterize the
experimental data, Langmuir and Freundlich adsorption isotherm models were used for
interpretation.

Figure 2. Adsorption isotherms of 5-FU onto MIPEGDMA, NIPEGDMA, MIPTRIM, and NIPTRIM.
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The following equation represents the Langmuir adsorption isotherm:

Ceq

qeq
=

Ceq

qm
+

1
Kqm

(8)

where K (L mg−1) is the binding equilibrium constant, qm (mg g−1) is the maximum amount
of bonded 5-FU, Ceq (mg L−1) is the equilibrium concentration of 5-FU, and qeq (mg g−1) is
the amount of 5-FU adsorbed at the equilibrium concentration. Table 1 summarizes the
values of K, qm, and R2 (correlation coefficients). The R2 values obtained for all synthesized
microparticles are high (above 0.98), indicating that the Langmuir adsorption model nicely
fits the experimental data. The confirmation of successful imprinting can be found in
the high difference between the maximum adsorption capacity (qm) between MIPs and
corresponding to them NIPs. For both MIPs–NIPs pairs, the qm value is around three times
higher in favor of MIPs. There is also a significant difference in qm values between the
corresponding materials synthesized using different cross-linkers. The calculated data
clearly show that the maximum adsorption capacity values are higher for MIPTRIM and
NIPTRIM than for MIPEGDMA and NIPEGDMA, respectively. As a result, it can be concluded
that a TRIM cross-linker allows constructing a polymer network that has a higher affinity
to 5-FU and allows to imprint it more effectively than a network synthesized using the
EGDMA cross-linker.

Table 1. Parameters of 5-FU adsorption by MIPs and NIPs.

Polymer

Langmuir Freundlich

qm (mg g−1) K (L mg−1) R2 Kf (mg g−1

(L mg−1)1/n)
1/n R2

MIPEGDMA 22.57 ± 1.96 0.285 ± 0.025 0.991 3.59 ± 0.32 0.62 ± 0.06 0.973
NIPEGDMA 7.00 ± 0.64 0.142 ± 0.013 0.989 0.82 ± 0.08 0.60 ± 0.06 0.977
MIPTRIM 37.30 ± 3.46 0.676 ± 0.064 0.997 9.72 ± 0.92 0.66 ± 0.06 0.937
NIPTRIM 12.89 ± 1.63 0.088 ± 0.008 0.992 0.95 ± 0.09 0.73 ± 0.07 0.972

The following equations represent the Freundlich adsorption isotherm:

qeq = K f C1/n
eq (9)

log qeq = log K f +
1
n

log Ceq (10)

where Kf and n represent the Freundlich constants, Ceq (mg L−1) is the equilibrium con-
centration of 5-FU, and qeq (mg g−1) is the amount of 5-FU adsorbed at the equilibrium
concentration. Table 1 summarizes the values of Kf, 1/n, and R2 (correlation coefficients).
The R2 values obtained for MIPEGDMA, NIPEGDMA, and NIPTRIM are higher than 0.97, sug-
gesting that the experimental data can be fitted using the Freundlich adsorption model. On
the other hand, the R2 values obtained for MIPTRIM are lower than 0.94, indicating that the
Freundlich adsorption model should not be used to characterize the experimental results.
The 1/n value calculated from the Freundlich adsorption model is considered a measure of
adsorption intensity or surface heterogeneity. Basically, the closer the 1/n value to zero, the
more heterogeneous the surface [49]. Moreover, if the value of 1/n is higher than one, then
adsorption is considered cooperative [50]. The 1/n values obtained for all microparticles are
similar and are in the 0.60–0.73 range. This result indicates that all materials’ heterogeneity
is similar and the adsorption of 5-FU on them follows a similar mechanism.

3.2. Adsorption Kinetics

Adsorption kinetics can be established by finding a relationship between the adsorp-
tion capacity of examined materials and the contact time with the adsorbate solution.
For all synthesized microparticles, the plots of qt versus t were obtained and are shown
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in Figure S6. The experimental data were fitted using two adsorption kinetics models,
the pseudo-first-order model given by Langergren and Svenska and the pseudo-second-
order model based on the equilibrium adsorption. The following equation represents the
pseudo-first-order model:

log(qe − qt) = log qe − k1

2.303
t (11)

where k1 (h−1) is the pseudo-first-order rate constant, qe (mg g−1) is the amount of 5-FU
adsorbed at the equilibrium concentration, and qt (mg g−1) is the amount of 5-FU adsorbed
at time t (h). The k1 and R2 values are presented in Table 2. The calculated R2 values range
between 0.979 and 0.993, which means that this model could be applied to characterize the
kinetics of the adsorption of 5-FU on synthesized microparticles. However, after comparing
these results with much higher R2 values calculated for the pseudo-second-order kinetic
model, it becomes clear that the pseudo-first-order kinetic model only partially fits the
experimental data obtained for all microparticles.

Table 2. Kinetic parameters calculated for pseudo-first-order and pseudo-second-order models.

Polymer
Pseudo-First-Order Kinetic Model Pseudo-Second-Order Kinetic Model

k1 (h−1) R2 k2 (g mg−1 h−1) R2

MIPEGDMA 3.46 ± 0.31 0.987 1.03 ± 0.09 0.998
NIPEGDMA 1.50 ± 0.14 0.979 1.00 ± 0.09 0.997
MIPTRIM 2.47 ± 0.22 0.993 0.52 ± 0.05 0.999
NIPTRIM 1.74 ± 0.15 0.980 1.73 ± 0.14 0.994

The following equation represents the pseudo-second-order kinetic model:

t

qt
=

1
k2q2

e
+

1
qe

t (12)

where k2 (g mg−1 h−1) is the pseudo-second-order rate constant. The k2 and R2 values are
presented in Table 2. The R2 values calculated using this model are much higher than those
obtained for the pseudo-second-order kinetic model and are in the 0.994–0.999 range. This
result indicates that the pseudo-second-order kinetic model should be used to characterize
the adsorption of 5-FU by synthesized microparticles. For both MIPs and NIPs, the k2
values are quite similar and are within a level of 0.52–1.73, indicating that the kinetics of
5-FU adsorption for all materials is similar.

3.3. In Vitro Release Studies

Three buffer solutions of pH 2.2 (simulated gastric fluid), pH 5.0 (simulated tumor
interstitium of tumor cells) [51,52], and pH 7.4 (simulated intravenous conditions) were
used as release media for in vitro release studies of 5-FU from the structures of drug-loaded
imprinted materials. The release profiles of 5-FU from these materials (Figures 3 and 4)
clearly show entirely different properties of both MIPs depending on the cross-linker
used. For each material and each examined pH value, a significant difference in the
cumulative 5-FU release after statistical analysis has been noted (p < 0.05). For EGDMA-
based MIPs (5-FU loading equal to 11.3 mg g−1), the highest cumulative release (ca. 40%)
was observed for pH 2.2, whereas a much lower release, equal to 20% and 12%, was
observed for pH 5.0 and 7.4, respectively. This result clearly shows that the higher the pH,
the lower the cumulative release. The observed behavior is probably caused by the higher
protonation of carboxylic groups present in the polymer structure at lower pH values.
This process disrupts interactions between carboxylic groups and drug molecules, leading
to increased drug release. The release profiles obtained for the examined pH values are
different depending on the buffer pH. For pH 5.0 and 7.4, a very high initial burst release
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is observed, which means that after around 10 h, the release almost entirely reaches the
final cumulative release values. On the other hand, the initial burst release at pH 2.2 is
much lower, and after that, a steady release is observed, which lasts around 50 h, after
which a final cumulative release value is reached. For TRIM-based MIPs (drug loading
24.2 mg g−1), a completely different behavior is observed regarding the dependence of
pH of the release medium on the cumulative 5-FU release. The highest cumulative release
(ca. 86%) was observed for pH 7.4, whereas for pH 5.0 and 2.2, these values were lower,
equal to 70% and 53%, respectively. This behavior, almost opposite to the results obtained
for MIPEGDMA, is presumably caused by the much higher hydrophobicity of the TRIM-
based polymer network than the one observed for EGDMA-based polymers. As 5-FU is
sparingly soluble in water, it possesses a relatively high affinity towards the hydrophilic
environment, and therefore the hydrophobic TRIM-based polymer network does not form
strong interactions with 5-FU drug molecules. As a result, at pH 7.4, the drug release
from MIPTRIM has the highest value because, at this pH value, the polymer network’s
hydrophobicity is the highest. When the pH is lowered, the polymer’s structure becomes
protonated, increasing its hydrophilicity, leading to a lower 5-FU release from its structure.
Moreover, a rapid release at pH 2.2 can be observed, which is probably connected with
breaking interactions occurring between MIPs cavities and 5-FU. As a result, during release,
the amount of 5-FU maintained in the MIPTRIM structure is physisorbed primarily on
its structure due to the polymer’s increased hydrophilicity. The higher hydrophobicity
of the TRIM-based polymer network than the EGDMA-based network also explains the
much higher cumulative percentage release of 5-FU for MIPTRIM than the one observed for
MIPEGDMA.

Figure 3. Release profiles of 5-FU from MIPEGDMA at pH 2.2, 5.0, and 7.4.
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Figure 4. Release profiles of 5-FU from MIPTRIM at pH 2.2, 5.0, and 7.4.

Several mathematical models were used to fit the experimental data obtained from
the 5-FU release from MIPEGDMA and MIPTRIM. The release profiles were fitted with zero-
order, first-order, Higuchi, Hixson–Crowell, and Korsmeyer–Peppas release models. The
values of corresponding release constants (k), correlation coefficients (R2), and the diffusion
exponents (n) are presented in Table 3. For almost all pH values and both imprinted
materials, the highest R2 values were calculated for the Korsmeyer–Peppas release model,
which indicates that the experimental data is best fitted with this model. The only exception
is the release of 5-FU from MIPTRIM at pH 5.0, for which a higher R2 value was obtained
for the Higuchi model (R2 = 0.977) compared to the Korsmeyer–Peppas model (R2 = 0.956).
However, the differences in the R2 values are not significant; therefore, it can be concluded
that the experimental data is nicely fitted with both of these models. These results indicate
that the release mechanism of 5-FU from both MIPs at all examined pH values is similar.
Moreover, for all MIPs at all examined pH values, the diffusion exponent value in the
Korsmeyer–Peppas model was lower than 0.45, indicating a Fickian diffusion-controlled
release mechanism.

108



Polymers 2022, 14, 1027

Table 3. Release kinetic data of 5-FU from MIPEGDMA and MIPTRIM.

Polymer pH
Zero-Order First-Order Higuchi Hixson–Crowell Korsmeyer–Peppas

k0 (h−1) R2 k1 (h−1) R2 kH (h−1/2) R2 kHC (h−1/3) R2 kKP (h−n) n R2

MIPEGDMA 2.2 0.106 ± 0.093 0.621 1.63 × 10−3 ±
0.14 × 10−3 0.634 1.73 ± 0.15 0.791 2.19 × 10−3 ±

0.20 × 10−3 0.630 20.7 ± 1.8 0.16 ± 0.2 0.900

5.0 0.110 ± 0.009 0.405 1.30 × 10−3 ±
0.11 × 10−3 0.413 0.77 ± 0.07 0.555 1.91 × 10−3 ±

0.17 × 10−3 0.410 13.9 ± 1.2 0.07 ± 0.01 0.726

7.4 0.047 ± 0.004 0.784 0.53 × 10−3 ±
0.05 × 10−3 0.787 0.40 ± 0.04 0.910 0.79 × 10−3 ±

0.07 × 10−3 0.786 9.9 ± 0.9 0.06 ± 0.01 0.944

MIPTRIM 2.2 0.085 ± 0.008 0.670 1.77 × 10−3 ±
0.14 × 10−3 0.674 0.70 ± 0.07 0.803 1.93 × 10−3 ±

0.16 × 10−3 0.661 49.3 ± 4.7 0.03 ± 0.01 0.896

5.0 0.494 ± 0.42 0.944 6.82 × 10−3 ±
0.61 × 10−3 0.783 3.01 ± 0.28 0.977 1.46 × 10−2 ±

0.11 × 10−2 0.966 56.5 ± 5.2 0.06 ± 0.01 0.956

7.4 0.130 ± 0.011 0.705 6.40 × 10−3 ±
0.59 × 10−3 0.737 1.96 ± 0.16 0.867 5.78 × 10−3 ±

0.53 × 10−3 0.728 64.8 ± 6.2 0.06 ± 0.01 0.947

3.4. In Vitro Cell Viability

Cytotoxicity against U87 MG, HeLa, KB, A-549, and MCF-7 cancer cell lines, and HDF
normal cell lines, was examined for drug-loaded and drug-unloaded MIPs and pure 5-FU.
Table 4 summarizes the IC50 values. Both drug-loaded MIPs present very high cytotoxicity
against cancer cell lines, contrary to the result obtained for drug-unloaded MIPs. The results
clearly show that drug-loaded MIPTRIM shows almost identical cytotoxicity against HeLa
cancer cell lines as pure 5-FU. In contrast, its cytotoxicity against normal HDF cell lines is
nearly three times lower than that measured for 5-FU. As a result, it can be concluded that
MIPTRIM can be a good candidate as a DDS for 5-FU because it allows maintaining high
cytotoxicity against HeLa cell lines while lowering the cytotoxicity against healthy cells.

Table 4. The IC50 values (μg mL−1) obtained for drug-loaded and unloaded MIPs and pure 5-FU.
Standard deviations are presented in brackets.

Material U87 MG HeLa KB A-549 MCF-7 HDF

unloaded MIPEGDMA 62.13 (0.11) 67.02 (0.49) 67.39 (0.07) 71.08 (0.73) 63.35 (0.19) 98.19 (0.51)
unloaded MIPTRIM 81.12 (0.04) 69.02 (0.31) 81.01 (1.04) 77.82 (0.59) 81.93 (0.94) 102.02 (0.87)
loaded MIPEGDMA 0.38 (0.07) 1.02 (0.11) 0.41 (0.16) 0.31 (0.91) 0.19 (0.01) 0.44 (0.49)
loaded MIPTRIM 0.50 (0.04) 0.16 (0.01) 0.21 (0.17) 0.26 (0.19) 0.22 (0.01) 1.94 (0.55)

5-FU 0.07 (0.01) 0.16 (0.13) 0.03 (0.01) 0.08 (0.03) 0.08 (0.07) 0.71 (0.05)

4. Conclusions

We have shown that microparticles imprinted with 5-FU can be applied for the pro-
longed release of this drug. The microparticles synthesized using the TRIM cross-linker
showed higher adsorption properties towards 5-FU than those synthesized using EGDMA.
The experiments proved that prolonged drug release could last up to 50 h when an EGDMA
cross-linker is used. The calculated highest cumulative release was highly dependent
on the cross-linker applied during the synthesis. For EGDMA-based MIPs, the highest
cumulative release was observed at pH 2.2, lower at pH 5.0, and the lowest at pH 7.4.
Opposite results were obtained for TRIM-based MIPs, as the highest cumulative release
was obtained for pH 7.4 and the lowest for pH 2.2. Moreover, the overall cumulative release
was much higher for TRIM-based than EGDMA-based MIPs. The 5-FU release from all
examined materials at all pH values was well fitted with the Korsmeyer–Peppas model.
The IC50 values proved that drug-loaded MIPTRIM possesses high cytotoxic activity against
cancer cell lines, while lowering the toxicity towards normal HDF cell lines. Therefore, it
has been proven that the selection of a cross-linker has a significant impact on the final
properties of microparticles and has to be considered during the design of materials used
for drug delivery.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym14051027/s1, Figure S1: Chemical structures of 5- fluo-
rouracil, functional monomers, and cross-linkers. Figure S2: FT-IR spectra of loaded MIPEGDMA,
unloaded MIPEGDMA, and NIPEGDMA. Figure S3: FT-IR spectra of loaded MIPTRIM, unloaded
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MIPTRIM, and NIPTRIM. Figure S4: Results of thermogravimetric analysis for NIPEGDMA, unloaded
MIPEGDMA, and loaded MIPEGDMA. Figure S5: Results of thermogravimetric analysis for NIPTRIM,
unloaded MIPTRIM, and loaded MIPTRIM. Figure S6: The relationship between qt and t obtained for
MIPEGDMA, NIPEGDMA, MIPTRIM, and NIPTRIM during adsorption kinetics experiments.
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Abstract: The goal of the present work is a comparative study of the effectiveness of the application
of intergel systems and molecularly imprinted polymers for the selective sorption and separation of
neodymium and scandium ions. The following physico-chemical methods of analysis were used in
this study: colorimetry and atomic-emission spectroscopy. The functional polymers of polyacrylic
acid (hPAA) and poly-4-vinylpyridine (hP4VP) in the intergel system undergo significant changes
in the initial sorption properties. The remote interaction of the polymers in the intergel system
hPAA–hP4VP provides mutual activation of these macromolecules, with subsequent transfer into
a highly ionized state. The maximum sorption of neodymium and scandium ions is observed at
molar ratios of 83%hPAA:17%hP4VP and 50%hPAA:50%hP4VP. Molecularly imprinted polymers
MIP(Nd) and MIP(Sc) show good results in the sorption of Nd and Sc ions. Based on both these
types of these macromolecular structures, principally new sorption methods have been developed.
The method based on the application of the intergel system is cheaper and easier in application,
but there is some accompanying sorption (about 10%) of another metal from the model solution
during selective sorption and separation. Another method, based on the application of molecularly
imprinted polymers, is more expensive and the sorption properties are higher, with the simultaneous
sorption of the accompanying metal from the model solution.

Keywords: rare earth metals; sorption; separation; remote interaction of macromolecules;
molecular imprinting

1. Introduction

Nowadays, one of the elements highly in demand for industrial use is rare earth metals
(REMs). REMs can be named as a critical component in almost all important technologies,
which, in turn, drive the modern industrial development across the world. REMs are
represented by 15 elements of the lanthanoid group (from La to Lu) plus two elements: Sc
and Y; these metals can be considered as a unique row of elements that are used in many
areas: lanthanum (battery alloys, metal alloys, auto catalysts, petroleum refining, polishing
powders, glass additives, phosphors, ceramics, and optics); cerium (battery alloys, metal
alloys, auto catalysts (emissions control), petroleum refining, polishing powders, glass
additives, phosphors, and ceramics); praseodymium (battery alloys, metal alloys, auto
catalysts, polishing powders, glass additives, and coloring ceramics); neodymium (perma-
nent magnets, battery alloys, metal alloys, auto catalysts, glass additives, and ceramics);
promethium (watches, pacemakers, and research; promethium is a radioactive metal, which
has no stable isotopes; it is present in the crust of Earth in low quantities); samarium (mag-
nets, ceramics, and medical radiation treatment (cancer diseases)); europium (phosphors);
gadolinium (ceramics, nuclear energy, and medicine (magnetic resonance imaging and X-
rays)); terbium (fluorescent lamp phosphors and magnets (especially for high temperatures
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and defense); dysprosium (permanent magnets); holmium (permanent magnets, nuclear
energy, and microwave equipment); erbium (nuclear energy, fiber optic communications,
and glass coloring); thulium (X-rays (medical) and lasers); ytterbium (cancer treatment
and stainless steel); lutetium (age determination and petroleum refining); yttrium (battery
alloys, phosphors, and ceramics); and scandium (high-strength, low-weight aluminum–
scandium alloys). The increased importance of REMs over the last 100 years is due to their
unique properties, which have no existing analogues. This fact can be seen from the rate
of annual growth of 13.7% (expected growth between 2017 and 2021) for the global REM
market [1–5].

REMs not only replace each other in the structure of the minerals but also occur within
different minerals’ structures in the same deposit [6]. As mentioned above, most of the
REMs are lanthanoids and their chemical properties are similar. These metals occur together
within minerals in varying quantities [7]. The similarity of chemical properties of the REMs
creates serious difficulties in their separation after extraction from the minerals where they
are found [8,9]. The process of separation of one targeted REM from the amount is difficult,
environmentally challenging, and expensive, wherein over 1% of the REM is recycled
owing to the many challenges of collecting various end products and separating the REM
from other metals/contaminants [10,11]. The main focus for investments in recycling is
applications of REMs, such as in magnets, in which the economies of scale allow it. The
REM market is relatively small and can be easily disrupted. The main factors that can
impact the market are the increase of REM production from existing mines, development
of mine prospects advanced during price spikes, research and development efforts focused
on improving REM recoveries, recycling, substitution, alternate sources of REMs, and
governmental policies [12–14].

Hydrometallurgical solutions in various branches of industry have complex chemical
composition, which is the limiting stage for the efficient sorption of the target REM ions
by ion-exchange resins [15–18]. Existing ion exchangers have selectivity to a certain metal
ion, the first problem showing that the sorption of each ion of REM requires a certain
ion-exchange resin. Another drawback of this type of macromolecular structure is its
regeneration process, which assumes continuous washing of the ion exchangers, first with
acids and then with distilled water for renewing the exchange capacity to initial values
after each cycle of sorption of the target metal ions [19–23].

One of the proposed analogues to existing sorption technologies is using the remote
interaction effect for the selective sorption of targeted REM ions [24,25]. Functional poly-
mers in intergel systems undergo mutual activation, with further transfer into a highly
ionized state, resulting in a significant increase in the initial sorption properties. The use of
remote interaction of functional macromolecules has some advantages over the existing
sorption methods:

(1) Each intergel system can be efficiently used for the selective sorption of several REM
ions by varying polymer molar ratios in it.

(2) The mutually activated macromolecules can be used as independent sorbents.
(3) The high ionization degree of the components in intergel systems leads to significant

growth in sorption properties of the initial macromolecules.

Another possible variant of selective sorption of the targeted REM ions can be im-
plemented by using the molecular imprinting technique [26–31]. A molecular-imprinted
polymer (MIP) is a polymer treated by using a special molecular imprinting technique,
which results in the appearance of cavities in the polymer matrix with an affinity for the
selected molecular “template” [32,33]. This process typically involves initiating the poly-
merization of the monomers in the presence of a template molecule, which is subsequently
removed, thus leaving complementary cavities. Molecular imprinting is, in fact, an artifi-
cial tiny “lock” for a particular molecule, which serves as a miniature “key”. Molecular
imprinting is a fairly effective technique for incorporating specific pattern recognition of
the analyzed object into polymers [34–37]. Molecular recognition characteristics of these
polymers directly depend on the complementary size and shape of the binding objects,
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imparted to the polymers by template molecules [38–40]. The concept of complementarity
includes the correspondence of an imprint to a template both in size and shape and in the
presence of complementary functional groups in the imprint that are capable of interacting
with the functional groups of the template molecule [41–44].

In this regard, the goal of the present work is a comparative study of selective sorption
of targeted REM ions (on neodymium and scandium) by intergel systems and molecularly
imprinted polymers.

2. Materials and Methods

2.1. Materials

Monomers: acrylic acid (AA), methacrylic acid (MAA), and 4-vinylpyridine (4VP)
were purchased from “LaborPharma” Ltd. (Almaty, Kazakhstan); linear polymer: poly-
4-vinylpyridine (P4VP); cross-linking agents: N,N′-methylenebis(acrylamide) (MBAA),
epichlorohydrin (ECH), and ethyleneglycol dimethacrylate (EGDMA); initiator: azobi-
sisobutyronitrile (AIBN); redox system: K2S2O8–Na2S2O3; solvent: dimethylformamide
(DMFA); porogen: toluene; stabilizer: hydroxyethylcellulose (HEC). the rest of mentioned
chemicals were purchased from Sigma-Aldrich company (Saint-Louis, MO, USA). Deion-
ized water was used in all experiments (χ = 11 μS/cm; pH = 6.97) was obtained in the DV-1
deionizer (Technokom, Ekaterinburg, Russia).

The monomers of AA and MAA initially undergo vacuum distillation at the following
conditions: temperature 75 ◦C (for AA) and 105 ◦C (for MAA); rate 2 drops per 4–5 s.
The necessity of vacuum distillation is to purify the AA monomers from the inhibitor
monomethyl ether of hydroquinone (MeHQ).

2.2. Methods

2.2.1. Synthesis of Polymer Hydrogels
Synthesis of Polyacrylic Acid Hydrogels

Polymerization of rare-cross-linked AA hydrogels was conducted in the following
order: AA monomers were polymerized in the MBAA cross-linking agent in the presence
of the redox system K2S2O8–Na2S2O3 in a reactor. The polymerization reaction occurred
in the following order: 12 mL of the monomer was put into the volumetric flask (100
mL); after that, 2 drops of the cross-linking agent dissolved in water was added; after
that, 1 mL of the initiator was added. After that, the polymerizate was poured into special
ampoules (special cylinders without bottom and top) and placed in an oven for 5 h at a
temperature of 45–50 ◦C. During the drying procedure, the ampoules were periodically
taken and weighted to the constant weight on analytical scales (importantly, the ampoules
were closed when being taken out of the oven to exclude the intake of moisture from the
air). The swelling degree of the synthetized hydrogels of PAA was 30.33 g/g.

Synthesis of Poly-4-Vinylpyridine Hydrogels

Hydrogels of P4VP were obtained in the following order: initially, linear polymers of
P4VP were dissolved in the medium of DMFA and cross-linked by an ECH cross-linking
agent under permanent stirring. The polymerization reaction occurred in the following
order: a weighed portion of a linear polymer (5 g) was filled with 20 mL of DMFA until the
polymer sample was completely dissolved in the solvent; moreover, before the dissolution
of the linear polymer, there was a stage of swelling of the polymer in the solvent. After that,
2.5 mL of ECH was added dropwise to the solution, with constant stirring, at a temperature
of 60 ◦C. The swelling degree of the synthetized hydrogels of P4VP was 3.72 g/g.

After the synthesis procedure, the obtained rare-cross-linked hydrogels of PAA and
P4VP were purified from unreacted products and soluble polymer fractions by long-term
washing (for 14 days) under stationary conditions. The synthesized hydrogels were washed
in wash columns. The water was changed 2–3 times a day. The control of the degree of
purification was carried out by determining the specific electrical conductivity and pH of
water after gel purification. After 14 days, the values of specific electrical conductivity and
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pH of the wash water remained constant. This indicated that the process of purification
of the polymer hydrogels from unreacted products was over. Then the obtained samples
of hydrogels were subjected to dispersion by grinding in an analytical mill. Subsequently,
the samples of the hydrogels were filtered through a sieve by fractions. For subsequent
experiments, samples of PAA and P4VP hydrogels were selected the granule sizes of which
were higher than 120 μm and lower than 180 μm.

2.2.2. Preparation of the Intergel System

Previous studies have shown that the intergel system should at least contain two
components [45,46]. In the present study, the acidic and basic components of the system
were PAA and P4VP hydrogels, respectively. The obtained dispersions of PAA and P4VP
hydrogels were put in special polypropylene cells with pores, the cells separated from
each other by no more than 100 μm (one cell contained a dispersion of PAA and another a
dispersion of P4VP). These cells were impermeable for the macromolecular dispersion but
permeable for low-molecular ions. Subsequently, the cells were put in the common solution
in a glass; the distance between them was 2 cm. The total amount of the dispersion was 100
mol.% either for the presence of individual polymers or for the presence of intergel pairs.
Molar ratios of the polymer hydrogels in intergel systems were taken for convenience. The
concentration of the PAA hydrogel decreased from 1.67 mmol/L to 0.28 mmol/L with
an increase in the P4VP hydrogel share in the intergel system (molar ratios hPAA:hP4VP
100%:0%–17%:83%), while the concentration of hP4VP increased from 0.28 mmol/L to
1.67 mmol/L with a decrease in the hPAA share.

2.2.3. Synthesis of Molecularly Imprinted Polymers

Molecularly imprinted polymers (MIPs) were synthesized by the suspension polymer-
ization technique. Neodymium and scandium nitrates were chosen as templates. MAA
and 4VP were chosen as functional monomers, EGDMA was used as a cross-linking agent,
AIBN was used as an initiator, HEC was chosen as stabilizer, and toluene was chosen as a
porogen. Polymerization of the MIPs was carried out in deionized water. The composition
of the reaction mixture was as follows: template ion:MAA:4VP:EGDMA = 1:2:2:8. The
stirring speed was 250 rpm. The reaction was carried out for 15 min at room temperature,
then for 6 h at 70 ◦C in a stream of nitrogen. After polymerization, the resulting MIP
particles were thoroughly washed with deionized water and acetone to remove impurities
and residues of unreacted monomers. The resulting granules were vacuum-dried for 24 h.
To control the selectivity of the MIPs, control samples of cMIPs were synthesized, differing
in that no metal template was added during their synthesis. To remove the template from
the MIPs, 1 M nitric acid was used, with stirring for 1 h. To completely remove the metals,
the washing cycle was repeated 30 times, after which the MIPs were washed with deionized
water and dried in vacuum for 24 h.

2.2.4. Sorption Experiments

For the present study, model salt solutions were made: neodymium sulfate hydrate and
scandium sulfate hydrate (the concentration was 100 mg/L for each REM salt solution). The
macromolecular dispersion (individual polymer hydrogel, intergel system, or molecularly
imprinted polymer) was put into the salt solution for 48 h; at specific time intervals (0.5,
1, 2, 6, 24, and 48 h after the beginning of sorption), the aliquots were taken for further
analysis of the residual concentration of neodymium/scandium ions.

2.2.5. Laboratory Experiments on Selective Sorption and Separation of Nd and Sc Ions

Figure 1 shows the scheme of the selective sorption and separation of Nd and Sc
ions using the developed unit and the hPAA–hP4VP intergel system. As seen, the scheme
involves the following stages:

(1) A solution containing Nd and Sc ions is pumped into the first laboratory unit. The unit
is filled with the intergel system 83%hPAA:17%hP4VP for the selective sorption of
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neodymium ions. One cartridge of the unit contains a dispersion of PAA hydrogel and
another a dispersion of P4VP hydrogel. Here, the solution is stored for 48 h. Aliquots
are taken at a specific time for further measurement of the residual concentration of
the metals’ ions. This stage can be called “sorption of neodymium.”

(2) At this stage, the solution is pumped into the second laboratory unit, which contains
a 50%hPAA:50%hP4VP intergel system for the selective sorption of scandium ions
for 48 h. The placement of the cartridges inside the unit is similar to that in the first
unit (neodymium sorption); one cartridge contains the dispersion of PAA hydrogel
and another a P4VP dispersion. Aliquots are taken at the same time for control of the
REMs’ residual concentration.

(3) After the sorption of Nd and Sc is fully complete, the cartridges are removed from the
units. The new cartridges (four cartridges, two of which contain the intergel system
83%hPAA:17%hP4VP and two of which contain the intergel system 50%hPAA:50%hP4VP)
are put into the units, and all is ready for a new cycle of the selective sorption of
neodymium and scandium ions.

Figure 1. Scheme of Nd and Sc ion sorption and separation using the intergel system hPAA–hP4VP.

Figure 2 presents a scheme for the sequential selective extraction and separation of
Nd and Sc ions using the developed laboratory unit and imprinted structures MIP1(Nd)
and MIP1(Sc) as sorbents. This scheme involves two identical developed units placed one
after another. The fill of the cartridges in this scheme is quite similar to the case when
sorption in the unit is based on intergel systems (Figure 1), but there are some differences:
each unit contains only one macromolecular structure: the first unit contains MIP(Nd), and
the second unit contains MIP(Sc). From the figure, it can be seen that there are three main
stages in the scheme:

(1) The solution containing Nd and Sc ions is pumped into the first unit; one cartridge of
the unit is filled with imprinted structure MIP(Nd). In this unit, the solution is stored
for 48 h. Aliquots are taken at a specific time for further measurement of the residual
concentration of the metals’ ions. The sorption of neodymium occurs at this stage.

(2) Further occurrence of the sorption and separation process proposes that the model
solution is pumped to the second unit, one cartridge of which contains imprinted
structure MIP(Sc). Aliquots are taken at the same time for control of the REMs’
residual concentration.
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(3) After the sorption process of Nd and Sc, the cartridges with MIP(Nd) and MIP(Sc) are
removed from the units. Two new cartridges with MIP(Nd) and MIP(Sc) are put into
the units, and all is ready for a new cycle of the selective sorption of Nd and Sc ions.

Figure 2. Scheme of Nd and Sc ion sorption and separation using the molecularly imprinted polymers
MIP(Nd) and MIP(Sc).

2.2.6. Determination of Initial Electrochemical Properties

For determination of the electric conductivity, the conductometer Expert 002 (Econics-
expert, Moscow, Russian, Federation) was used. Measurement of pH values was performed
on pH-meter 780 Metrohm (Metrohm, Herizau, Switzerland). These electrochemical prop-
erties were controlled during purification of the synthetized polymers (polymer hydrogels,
MIPs). Analytical scales Shimadzu AY120 (Shimadzu, Kyoto, Japan) were used for the mea-
surement of the weight of the synthetized polymer hydrogels and further determination of
the swelling degree.

2.2.7. Determination of the Residual Concentration of the REM’s Ions

The photocolorimeter KFK-3KM (Unico Sys, Saint-Petersburg, Russian, Federation)
was used for determination of the optical density of the REM’s salt solutions. It should be
noted that the concentration was determined on the ICP-OES spectrometer 8300 ICP-OES
(Perkin Elmer, Waltham, MA, USA).

2.3. Calculation of Parameters

The swelling degree of the synthetized rare-cross-linked polymer hydrogels of PAA
and P4VP was calculated in accordance with the equation

α
m2 − m1

m1
(1)

where m1 is the mass (g) of the dry polymer hydrogel and m2 is the mass (g) of the swollen
polymer hydrogel.

Based on the residual concentration after the sorption of Nd and Sc ions, the following
sorption parameters were calculated:

(1) Sorption degrees of Nd3+ or Sc3+ ions:

η =
C0 − Ce

C0
× 100% (2)
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where C0 is the initial concentration (mg/L) of the REM’s ions and Ce is the initial equilib-
rium concentration (mg/L) of the REM’s ions.

(2) Dynamic exchange capacity of the polymer structures:

Q =
msorbed
msorbent

(3)

where msorbed is the mass (mg) of the sorbed REM’s ions and m is the macromolecule’s por-
tion (g). If there are two macromolecules in the corresponding salt solution (presence of the
intergel system), this value is determined as the sum of total weight of each macromolecule.

(3) Growth in the sorption parameters (sorption degree/dynamic exchange capacity):

ωi =
Pi

P0
× 100% − 100% (4)

where Pi is the sorption parameter (sorption degree or dynamic exchange capacity) of the
intergel system or MIPs at a specific time and P0 is the sorption parameter (sorption degree
or dynamic exchange capacity) of the PAA or P4VP hydrogel at the same time.

(4) Mean growth in the sorption parameters:

� =
ωη +ωQ

2
(5)

where ωη is the growth in the sorption degree (%) at a specific time and ωQ is the growth
in the sorption capacity (%) at the same time.

3. Results and Discussion

The remote interaction effect leads to significant changes in the initial properties of the
macromolecules in the intergel systems due to changes in the structures of the polymers,
wherein direct contact between interacting polymers is absent. Remote interaction of
rare-cross-linked polymer hydrogels is accompanied by the following reactions:

(1) Dissociation of -COOH groups of the PAA hydrogel (Figure 3):

Figure 3. Dissociation of the polyacrylic acid hydrogel.

Initially, ionization occurs along with formation of ionic pairs; subsequently, the ionic
pairs partially dissociate on separate charged particles.

(2) Ionization and partial dissociation of the heteroatom of the pyridine ring (nitro-
gen atom):

≡N + H2O → ≡NH+ . . . OH- → ≡NH+ + OH-

(3) Further interaction provides binding of protons cleaved from carboxyl groups by the
heteroatoms of the pyridine ring (Figure 4):
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Figure 4. Association of protons by the heteroatoms of the P4VP hydrogel.

(4) Formation of water molecules due to the interaction of H+ and OH– ions (right for
equimolar concentrations of protons and hydroxyl ions):

H+ + OH- → H2O

As can be seen from these reactions, the dissociation of carboxyl groups with the
consequent binding of the cleaved protons leads to a decrease in the amount of H+ ions
in the solution. In turn, there is additional dissociation of other (undissociated) carboxyl
groups (owing to Le-Chatelier principle). Such interactions lead to the formation of uncom-
pensated charged groups on the internode links of each hydrogel, which undergo repulsion,
leading to the unfolding of the polymer globe. Such transition into the ionized state of each
initial macromolecule in the intergel system is called mutual activation. Stages of mutual
activation of PAA and P4VP hydrogels are presented on Figure 5.

Figure 5. Stages of mutual activation of PAA and P4VP hydrogels.

The mutual activation results in significant changes in the initial electrochemical,
conformational, and sorption properties.
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3.1. Sorption of Nd3+ and Sc3+ Ions Based on Remote Interaction

Interaction of individual initial hydrogels of PAA and P4VP and the intergel system on
their basis (hPAA–hP4VP) with neodymium and scandium nitrates provides sorption of the
REMs.

Figure 6 presents the dependence of the sorption degrees of neodymium (a) and
scandium (b) ions from molar ratios of PAA and P4VP hydrogels over time. The sorption of
neodymium ions by individual polymers hPAA and hP4VP does not have a strict intense
character. As seen from the figure, the sorption degree increases slightly (a sharp increase
observed only during the first 6 h of interaction) with the time of the interaction of the
macromolecules with the REM’s salt solution. During the time intervals of 0.5, 1, 2, and
6 h, the increase in the sorption degree is 9.81%, 15.46%, 25.35%, and 37.18% for hPAA
and 4.86%, 8.49%, 15.87%, and 27.58% for hP4VP, respectively. After that, it can be said
that the studied polymer hydrogels, which interact with the salt solution, are close to the
equilibrium state: at 24 h of interaction, the sorption degree is 56.27% for hPAA and 48.69%
for hP4VP; at 48 h, it is 61.22% and 54.15%, respectively. Higher values of the sorption
degree (comparatively with individual macromolecules) in the presence of the intergel
system hPAA–hP4VP point to the high ionization of the initial rare-cross-linked polymer
hydrogels PAA and P4VP in the intergel pairs. Strong sorption of neodymium ions by
the intergel system hPAA–hP4VP occurs during 6 h of remote interaction at the following
molar ratios: 83%hPAA:17%hP4VP and 50%hPAA:50%hP4VP; these ratios are areas of
maximum sorption of neodymium ions, wherein the highest values of the sorption degree
are observed at the 83%hPAA:17%hP4VP ratio (the sorption degree is 93.44%). At the end
of the sorption time (48 h) also, high values of the sorption degree are observed at the ratio
67%hPAA:33%hP4VP (86.57%). The maximum amount of scandium ions is sorbed by the
intergel system hPAA–hP4VP at ratios 50%hPAA:50%hP4VP and 33%hPAA:67%hP4VP,
wherein an overwhelming majority of scandium (more than 70%) is sorbed after 6 h of
remote interaction of PAA and P4VP hydrogels in these intergel pairs; it is more than half
of all the sorbed scandium; at 6 h, the sorption degree is 76.57% and 73.64%, respectively.
During the same time of interaction, individual hydrogels PAA and P4VP sorb about
40% of the scandium (the sorption degree is 39.30% for hPAA and 29.70% for hP4VP). The
highest values of the sorption parameter at 48 h are observed at ratios 67%hPAA:33%hP4VP
(89.50%), 50%hPAA:50%hP4VP (94.24%), and 33%hPAA:67%hP4VP (92.73%).

Figure 6. Sorption degrees of Nd3+ (a) and Sc3+ (b) by the intergel system hPAA–hP4VP.
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The values of the sorption degrees of neodymium and scandium ions by the intergel
system hPAA–hP4VP are presented in Tables 1 and 2, respectively.

Table 1. Sorption degree of Nd3+ ions by the intergel system hPAA–hP4VP.

t, h

η(Nd3+), %

hPAA:hP4VP, mol.%:mol.%

100%:0% 83%:17% 67%:33% 50%:50% 33%:67% 17%:83% 0%:100%

0 0 0 0 0 0 0 0
0.5 9.81 19.71 12.13 15.97 11.73 10.51 4.86
1 15.46 33.14 20.92 26.37 17.58 15.87 8.49
2 24.35 50.61 29.00 45.66 28.19 25.06 15.87
6 37.18 74.04 51.12 72.23 46.17 41.52 27.58
24 56.27 86.67 73.94 80.10 69.80 66.47 48.69
48 61.22 93.44 86.57 91.62 72.02 71.11 54.15

Table 2. Sorption degree of Sc3+ ions by the intergel system hPAA–hP4VP.

T, h

η(Sc3+), %

hPAA:hP4VP, mol.%:mol.%

100%:0% 83%:17% 67%:33% 50%:50% 33%:67% 17%:83% 0%:100%

0 0 0 0 0 0 0 0
0.5 12.33 12.63 14.35 21.52 17.89 11.93 7.28
1 18.09 20.92 22.63 34.96 29.10 18.49 10.31
2 26.57 29.40 33.14 52.93 47.78 27.99 17.79
6 39.30 48.29 53.14 76.57 73.64 43.94 29.70
24 57.98 72.02 77.48 89.60 84.34 69.50 49.60
48 63.34 74.65 89.50 94.24 92.73 73.23 56.47

The dynamic exchange capacity (in relation to Nd3+ (a) and Sc3+ (b) ions) of the
intergel system hPAA–hP4VP is shown on Figure 7. The sorption of both metals is accom-
panied by a significant increase in the dynamic exchange capacity of the intergel system.
Strong sorption of neodymium ions is observed at the molar ratios 83%hPAA:17%hP4VP
and 50%hPAA:50%hP4VP during 6 h of remote interaction, while the highest sorption
values for the scandium sorption process are observed at ratios 50%hPAA:50%hP4VP
and 33%hPAA:67%hP4VP at the same time interval. During this interaction time, the
dynamic exchange capacity (in relation to neodymium ions) increases in the following
order: 0.5 h, 821.04 mg/g; 1 h, 1380.75 mg/g; 2 h, 2108.79 mg/g; and 6 h, 3085.13 mg/g
for the ratio 83%hPAA:17%hP4VP; for the ratio 50%hPAA:50%hP4VP, the parameters are
665.33, 1098.79, 1902.58, and 3009.38 mg/g, respectively. The exchange capacity (in rela-
tion to scandium ions) increases as follows: 0.5 h, 896.67 mg/g; 1 h, 1456.67 mg/g; 2 h,
2205.42 mg/g; and 6 h, 3190.42 mg/g for the molar ratio 50%hPAA:50%hP4VP. The ratio
33%hPAA:67%hP4VP has lower values of exchange capacity: 497.08, 770.42, 1166.25, and
1830.83 mg/g, respectively. The individual polymers PAA and P4VP have the following
values of capacity at the same time of interaction (0.5–6 h): in relation to Nd ions, for
hPAA, 408.63, 644.29, 1014.63, and 1549.08 mg/g, and for hP4VP, 202.42, 353.92, 661.13, and
1149.29 mg/g; in relation to Sc ions, for hPAA, 513.75, 753.75, 1107.08, and 1637.50 mg/g,
and for hP4VP, 303.33, 429.58, 741.25, and 1237.50 mg/g. Such strong differences in the
values of the sorption parameter between the intergel system and individual hydrogels
is due to the high ionization of the polymers in the intergel pairs. Further interaction
of the intergel system with the corresponding neodymium and scandium salt solutions
leads to the consequent sorption of these metals and increase in the exchange capacity.
The highest values of the exchange capacity (in relation to Nd ions) are observed at 48 h
at molar ratios 83%hPAA:17%hP4VP (3893.13 mg/g) and 50%hPAA:50%hP4VP (3817.38
mg/g). The maximum values of the dynamic exchange capacity (in relation to Sc ions) at
48 h of remote interaction at molar ratios 50%hPAA:50%hP4VP and 33%hPAA:67%hP4VP
are 3926.67 and 3863.75 mg/g, respectively. The sorption parameters are 2550.67 mg/g
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for hPAA and 2256.08 mg/g for hP4VP at Nd sorption and 2639.17 mg/g for hPAA and
2352.92 mg/g for hP4VP at Sc sorption.

Figure 7. Dynamic exchange capacity (in relation to Nd3+ (a) and Sc3+ (b) ions) of the intergel system
hPAA–hP4VP.

Values of the dynamic exchange capacity of neodymium and scandium ions of the
intergel system hPAA–hP4VP are presented in Tables 3 and 4, respectively.

Table 3. Dynamic exchange capacity (in relation to Nd3+ ions) of the intergel system hPAA–hP4VP.

t, h

Q(Nd3+), mg/g

hPAA:hP4VP, mol.%:mol.%

100%:0% 83%:17% 67%:33% 50%:50% 33%:67% 17%:83% 0%:100%

0 0 0 0 0 0 0 0
0.5 408.63 821.04 505.42 665.33 488.58 438.08 202.42
1 644.29 1380.75 871.54 1098.79 732.67 661.13 353.92
2 1014.63 2108.79 1208.21 1902.58 1174.54 1044.08 661.13
6 1549.08 3085.13 2129.83 3009.38 1923.63 1730.04 1149.29
24 2344.46 3611.17 3080.92 3337.63 2908.38 2769.50 2028.83
48 2550.67 3893.13 3606.96 3817.38 3000.96 2963.08 2256.08

Table 4. Dynamic exchange capacity (in relation to Sc3+ ions) of the intergel system hPAA–hP4VP.

t, h

Q(Sc3+), mg/g

hPAA:hP4VP, mol.%:mol.%

100%:0% 83%:17% 67%:33% 50%:50% 33%:67% 17%:83% 0%:100%

0 0 0 0 0 0 0 0
0.5 513.75 526.25 597.92 896.67 745.42 497.08 303.33
1 753.75 871.67 942.92 1456.67 1212.50 770.42 429.58
2 1107.08 1225.00 1380.83 2205.42 1990.83 1166.25 741.25
6 1637.50 2012.08 2214.17 3190.42 3068.33 1830.83 1237.50
24 2415.83 3000.83 3228.33 3733.33 3514.17 2895.83 2066.67
48 2639.17 3110.42 3729.17 3926.67 3863.75 3051.25 2352.92
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As seen from the obtained data, a significant increase in the initial sorption properties
(sorption degree and dynamic exchange capacity) in the intergel system occurs due to
the formation of optimal conformation for sorption of neodymium and scandium ions at
certain molar ratios. Mutual activation of the rare-cross-linked polymer hydrogels during
their remote interaction enables their transition into a highly ionized state.

3.2. Sorption of Nd3+ and Sc3+ Ions Based on Molecular Imprinting

The sorption properties (sorption degree and dynamic exchange capacity) of syn-
thetized structures MIP(Nd) and MIP(Sc) and the control sample cMIPs are presented in
Tables 5 and 6. These data show that the sorption ability of these synthetized MIPs is
sufficiently high. Strong sorption of Nd and Sc occurs due to the formation of complemen-
tary to these REM cavities in the structure of molecularly imprinted polymers during the
synthesis procedure. As seen from Table 5, the sorption degree increases with time for
both neodymium and scandium sorption. During 6 h of interaction, the sorption degree
increases in the following order: for Nd sorption 0.5 h, 17.79%; 1 h, 29.80%; 2 h, 40.61%;
and 6 h, 61.32%; for Sc sorption 0.5 h, 20.51%; 1 h, 32.94%; 2 h, 44.15%; and 6 h, 62.12%. The
overwhelming majority of neodymium and scandium is sorbed during 24 h of interaction:
the sorption degree of MIP(Nd) is 83.64%; the sorption degree of MIP(Sc) is 85.66%. The
remaining neodymium is sorbed during the last 24 h (up to 48 h of interaction), wherein the
sorption that occurs is not intense, evidenced by the fact that the sorption degree increases
by 4–5%. It can be said that the system MIP–REM salt solution reaches an equilibrium
state. As seen from Table 6, the dynamic exchange capacity of MIP(Nd) increases from
741.25 to 2555.00 mg/g (0.5 h, 741.25 mg/g; 1 h, 1241.67 mg/g; 2 h, 1692.08 mg/g; and 6 h,
2555.00 mg/g) during 6 h for neodymium sorption. At the same time, the increase in the
capacity of MIP(Sc) during scandium sorption is 0.5 h, 854.58 mg/g; 1 h, 1372.50 mg/g;
2 h, 1839.58 mg/g; and 6 h, 2588.33 mg/g. The almost final values of the parameter for
MIP(Nd), 3485.00 mg/g, and for MIP(Sc), 3569.17 mg/g, are observed at 24 h of interaction
with the corresponding REM’s salt solution. Any further increase in the dynamic exchange
capacity is insignificant in the case of Nd sorption by MIP(Nd); the parameter increases
up to 3699.58 mg/g; in the case of Sc sorption, the capacity increases up to 3783.75 mg/g.
Non-imprinted sample cMIPs do not participate in the sorption of either Nd or Sc due to
the absence of complementary cavities to Nd or Sc ions.

Table 5. Sorption degrees of Nd3+ and Sc3+ ions by the synthetized molecular-imprinted polymers.

t, h
η(Nd3+), % η(Sc3+), %

MIP(Nd) cMIP MIP(Sc) cMIP

0 0 0 0 0
0.5 17.79 0 20.51 0
1 29.80 0 32.94 0
2 40.61 0 44.15 0
6 61.32 0 62.12 0
24 83.64 0 85.66 0
48 88.79 0 90.81 0

Table 6. Dynamic exchange capacity (in relation to Nd3+ ions) of the synthetized molecular-imprinted
polymers.

t, h
Q(Nd3+), mg/g Q(Sc3+), mg/g

MIP(Nd) cMIP MIP(Sc) cMIP

0 0 0 0 0
0.5 741.25 0 854.58 0
1 1241.67 0 1372.50 0
2 1692.08 0 1839.58 0
6 2555.00 0 2588.33 0
24 3485.00 0 3569.17 0
48 3699.58 0 3783.75 0

124



Polymers 2022, 14, 321

The decrease in neodymium (a) and scandium (b) concentrations during their sorption by
individual PAA and P4VP hydrogels and the intergel system and MIPs is shown in Figure 8.
The figure provides comparative characteristics on the sorption efficiency of Nd or Sc ions
(based on the REM concentration decrease) of the polymer structures: PAA and P4VP hydrogels,
MIP(Nd)- and MIP(Sc)-imprinted polymers, and the intergel systems 83%hPAA:17%hP4VP
and 50%hPAA:50%hP4VP. The character of the Nd ion concentration decrease is different for
these macromolecules: the sorption of Nd ions is accompanied by the following decrease:
hP4VP, 100 mg/L-95.14 mg/L-91.51 mg/L-84.13 mg/L-72.42 mg/L-51.31 mg/L-45.85 mg/L;
hPAA, 100 mg/L-90.19 mg/L-84.54 mg/L-75.65 mg/L-62.83 mg/L-43.73 mg/L-38.78 mg/L;
MIP(Nd), 100 mg/L-82.21 mg/L-70.20 mg/L-59.39 mg/L-38.68mg/L-16.36mg/L-11.21mg/L;
83%hPAA-17%hP4VP, 100 mg/L-80.30 mg/L-66.86 mg/L-49.39 mg/L-25.96 mg/L-13.33 mg/L-
5.57 mg/L, respectively, for interaction time 0, 0.5, 1, 2, 6, 24, and 48 h. The decrease in the
Sc ion concentration during sorption by these macromolecules occurs as follows: hP4VP, 100
mg/L-92.72 mg/L-89.69 mg/L-82.21 mg/L-70.30 mg/L-50.40 mg/L-43.53 mg/L; hPAA, 100
mg/L-87.67 mg/L-81.91 mg/L-73.43 mg/L-60.70 mg/L-42.02 mg/L-36.66 mg/L; MIP(Sc), 100
mg/L-79.49 mg/L-67.06 mg/L-55.85 mg/L-37.88 mg/L-14.34 mg/L-9.19 mg/L; 50%hPAA-
50%hP4VP, 100 mg/L-78.48 mg/L-65.04 mg/L-47.07 mg/L-23.43 mg/L-10.40 mg/L-5.76 mg/L,
respectively, for interaction time 0, 0.5, 1, 2, 6, 24, and 48 h. From these results, it can be seen
that concentration decrease occurs more intensely when sorption is carried out by the intergel
systems 83%hPAA:17%hP4VP and 50%hPAA:50%hP4VP and MIP(Nd)- and MIP(Sc)-imprinted
polymers. Such difference in sorption intensities between these macromolecular structures
and individual rare-cross-linked polymer hydrogels PAA and P4VP is due to high ionization,
with the consequent formation of optimal conformation for the sorption of neodymium and
scandium in these intergel systems and due to the formation of complementary cavities in the
structure of the molecularly imprinted polymers during the synthesis procedure.

Figure 8. Neodymium (a) and scandium (b) concentration decrease during sorption by macromolecular
sorbents.

Figure 9 presents the average growth (mean value of ω(η) and ω(Q) for the sorption of Nd
and Sc ions, respectively) in the sorption properties of intergel systems 83%hPAA:17%hP4VP
and 50%hPAA:50%hP4VP and MIP(Nd) and MIP(Sc) compared to those of PAA (Figure 9a,c)
and P4VP (Figure 9b,d) during Nd3+ and Sc3+ ion sorption. The most significant growth in
the sorption properties (in comparison with PAA hydrogel at Nd sorption) in Figure 9a occurs
during 6 h for the intergel system 83%hPAA:17%hP4VP; the growth occurs as follows: 105.98%
(0.5 h)-120.03% (1 h)-113.23% (2 h)-104.12% (6 h); in the same time interval, the growth in the
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sorption properties for MIP(Nd) occurs in the following order: 85.47% (0.5 h)-97.36% (1 h)-70.11
(2 h)-68.19 (6 h). The subsequent growth in the sorption properties is not intense: for the intergel
system, it is 56.73% at 24 h and 55.26% at 48 h of remote interaction, while the growth for
MIP(Nd) is 51.08% at 24 h and 47.30% at 48 h. Higher growth in sorption properties for both
macromolecular structures are observed in comparison with the P4VP hydrogel (Figure 9b).
The growth in the sorption properties for the intergel system 83%hPAA:17%hP4VP occurs as
follows: 320.90% (0.5 h)-304.64% (1 h)-229.92% (2 h)-176.86% (6 h); at the same time, the growth
for the MIP(Nd) is as follows: 279.51% (0.5 h)-263.38% (1 h)-163.74% (2 h)-128.43% (6 h); after this
time, there is a growth decrease for both polymer structures: 81.89% at 24 h and 76.19% at 48 h
for 83%hPAA:17%hP4VP and 75.36% (24 h) and 67.18% (48 h) for MIP(Nd). Obtained data on
sorption properties’ growth in relation to scandium ions compared with that of PAA hydrogel
(Figure 9c) indicate that maximum growth values are observed at 2 h of remote interaction in
the presence of the intergel system 50%hPAA:50%hP4VP, wherein the growth character changes
in the following order: 78.26% (0.5 h)-97.92% (1 h)-104.17% (2 h)-99.58% (6 h)-57.27% (24 h)-
51.22% (48 h); the growth values for MIP(Sc) are 69.66% (0.5 h)-86.20 (1 h)-69.47% (2 h)-60.97%
(6 h)-50.13% (24 h)-45.54% (48 h). The mean growth in the sorption properties compared with
that of P4VP hydrogel (Figure 9d) for the intergel system 50%hPAA:50%hP4VP is 205.38% (0.5
h)-251.05% (1 h)-207.41% (2 h)-165.70% (6 h)-84.68% (24 h)-70.23 (48 h); for the imprinted polymer
MIP(Sc), the growth is 190.82% (0.5 h)-230.48% (1 h)-155.58% (2 h)-114.62% (6 h)-76.34% (24
h)-63.85% (48 h). As seen from Figure 9, the growth in the sorption properties significantly
increases in most cases during the first 2 h of interaction. After that, it slightly decreases up to
6 h, with a sharp decrease at 24 h. After this time, the decrease in the growth is insignificant
(over 10%).

Figure 9. Average growth in sorption properties of intergel systems 83%hPAA:17%hP4VP and
50%hPAA:50%hP4VP and MIP(Nd) and MIP(Sc) compared to that of PAA (a,c) and P4VP (b,d)
during Nd3+ and Sc3+ ion sorption.
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3.3. Laboratory Tests on Selective Sorption of Nd3+ and Sc3+ Ions

To carry out laboratory tests on the selective sorption of neodymium and scandium
ions, a prototype of a laboratory unit was created. The creation of a unit prototype for
the selective extraction of neodymium and scandium ions presupposes the initial devel-
opment of technical requirements for the structure of the unit itself. The following basic
requirements were developed:

(1) The design and elements of the unit must be resistant to aggressive environments,
since testing involves interaction with strongly acidic solutions (pH = 3.5–4.5) contain-
ing ions of rare earth and rare metals.

(2) The material from which the unit is made should not enter into chemical reactions
with product solutions.

(3) The unit should provide the ability to quickly change the filling polymer structures
with sorbed ions of neodymium and scandium to unused ones (ready for sorption).
The laboratory unit should be relatively easy to reconstruct for the use of various
highly selective polymer structures: highly selective intergel systems, interpenetrating
polymer networks, and molecularly imprinted polymers.

Work on the design of a unit prototype installation for the selective sorption of Nd
and Sc ions from industrial solutions of hydrometallurgy was carried out. Figure 10 is a
photograph of an assembled unit. The laboratory unit is a structure made of plexiglass,
glued with dichloroethane, containing two cartridges. The placement of the cartridges
inside the unit is shown in Figure 11. Operational removal of the cartridges is shown
in Figure 12 (the cartridges move along special skids back and forth). Each cartridge is
covered with a special polymer membrane (the material is a polypropylene analogue of
the one used for the laboratory studies). A pair of cartridges enables remote interaction of
polymer structures (polyacids are placed in one cartridge and polybases in the other) in the
case of using intergel systems for the sorption of Nd and Sc ions. The dimensions of the
unit (outer contour) are 300 × 200 × 500 mm3. The size of the cartridges is 280 × 18 × 480
mm3. The cartridges involve the loading of functional polyacids and polybases in intergel
pairs (certain molar ratios) of hPAA–hP4VP that have the maximum sorption properties
relatively to neodymium and scandium ions. In addition to the above intergel systems, in
the developed laboratory unit, it is possible to use molecularly imprinted polymers.

Figure 10. Unit for selective sorption of neodymium and scandium ions.
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Figure 11. Location of cartridges inside the unit.

Figure 12. Way to quickly remove the cartridges.

The initial results of laboratory studies showed that the maximum sorption of neodymium
and scandium occurs at molar ratios 83%hPAA:17%hP4VP and 50%hPAA:50%hP4VP, respec-
tively. High values of the sorption properties are observed in the sorption of these metals by the
molecularly imprinted structures MIP(Nd) and MIP(Sc). Two pieces of the developed laboratory
unit were used (one for Nd ion sorption and one for Sc ion sorption) one after another for
the selective sorption and separation of neodymium and scandium ions from each other from
the model solution (the solution containing neodymium nitrate hydrate and scandium nitrate
hydrate, each salt at a concentration of 100 mg/L).

3.3.1. Selective Sorption and Separation Based on the Intergel Systems

Tables 7 and 8 contain values of the sorption properties (sorption degree and dynamic
exchange capacity) in relation to Nd and Sc ions during the selective sorption of these ions.
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As can be seen from these results, the selective sorption of Nd ions by the intergel system
83%hPAA:17%hP4VP (first laboratory unit) is hampered by the accompanying sorption
of scandium (Table 7). The values of the sorption degree in relation to Nd ions are as
follows: 15.84% (0.5 h)-26.37% (1 h)-39.61% (2 h)-51.22% (6 h)-73.67% (24 h)-81.43% (48 h);
the sorption degree of the accompanying Sc ions is 1.17% (0.5 h)-1.76% (1 h)-2.33 (2 h)-4.09%
(6 h)-7.06% (24 h)-10.58% (48 h). The selective sorption of Nd ions leads to the following
changes in the dynamic exchange capacity: 660.00 mg/g (0.5 h)-1098.75 mg/g (1 h)-1650.42
mg/g (2 h)-2134.17 mg/g (6 h)-3069.58 mg/g (24 h)-3392.92 mg/g (48 h); this parameter in
relation to Sc ions is 48.75 mg/g (0.5 h)-73.33 mg/g (1 h)-97.08 mg/g (2 h)-170.42 mg/g (6
h)-294.17 mg/g (24 h)-440.83 mg/g (48 h). If the sorbed amount of scandium is considered
to be a share of the sorbed neodymium, the mean values of the sorption properties in
relation to scandium ions are 7.39% (0.5 h)-6.67% (1 h)-5.88% (2 h)-7.99% (6 h)-9.58% (24
h)-12.99% (48 h), wherein the average share of the interfering scandium during the entire
time of the selective sorption of neodymium is 8.42%.

Similarly, the selective sorption of Sc ions by the intergel system 50%hPAA:50%hP4VP
(second laboratory unit) is hampered by the remaining part of the sorbed neodymium
(Table 8). The values of the sorption degree of scandium ions are 19.87% (0.5 h)-32.45%
(1 h)-50.58% (2 h)-60.20% (6 h)-71.23% (24 h)-83.57% (48 h); the parameters in relation to
neodymium ions are 2.15% (0.5 h)-2.65% (1 h)-4.33 (2 h)-7.08% (6 h)-10.01% (24 h)-13.22%
(48 h). The average values of sorption properties (if the sorbed amount of scandium
is considered as a share of the sorbed neodymium) in relation to neodymium ions that
interfere with the selective sorption of scandium ions are as follows: 10.82% (0.5 h)-8.17%
(1 h)-8.56% (2 h)-11.76% (6 h)-14.05% (24 h)-15.82% (48 h), wherein the average share of
interfering neodymium during the entire time of the selective sorption of neodymium is
11.53%.

Table 7. Sorption properties of the intergel system hPAA–hP4VP during neodymium ion sorption.

t, h

Nd Selective Sorption

83%hPAA:17%hP4VP

η(Nd), % Q(Nd), mg/g η(Sc), % Q(Sc), mg/g

0 0 0 0 0
0.5 15.84 660.00 1.17 48.75
1 26.37 1098.75 1.76 73.33
2 39.61 1650.42 2.33 97.08
6 51.22 2134.17 4.09 170.42
24 73.67 3069.58 7.06 294.17
48 81.43 3392.92 10.58 440.83

Table 8. Sorption properties of the intergel system hPAA–hP4VP during scandium ion sorption.

t, h

Sc Selective Sorption

50%hPAA:50%hP4VP

η(Nd), % Q(Nd), mg/g η(Sc), % Q(Sc), mg/g

0 0 0 0 0
0.5 2.15 89.58 19.87 827.92
1 2.65 110.42 32.45 1352.08
2 4.33 180.42 50.58 2107.50
6 7.08 295.00 60.20 2508.33
24 10.01 417.08 71.23 2967.92
48 13.22 550.83 83.57 3482.08

3.3.2. Selective Sorption and Separation Based on Molecularly Imprinted Polymers

The sorption properties (sorption degree and dynamic exchange capacity) of the
macromolecular structures MIP(Nd) and MIP(Sc) during the selective sorption of Nd and
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Sc ions are presented in Tables 9 and 10. The selective sorption of neodymium ions occurs
intensively during 24 h. The remaining 24 h provide an insignificant increase in the sorption
properties; the sorption degree of neodymium ions increases as follows: 18.10% (0.5 h)-
29.95% (1 h)-41.13% (2 h)-61.60% (6 h)-83.45% (24 h)-88.78% (48 h). The increase in the
exchange capacity is 754.17 mg/g (0.5 h)-1247.92% mg/g (1 h)-1713.75 mg/g (2 h)-2566.67
mg/g (6 h)-3477.08 mg/g (24 h)-3699.17 mg/g (48 h). The selective sorption of scandium
from the model solution (after neodymium sorption) points to the increase in the sorption
properties; the sorption degree increases with time as follows: 21.30% (0.5 h)-33.56% (1
h)-44.69% (2 h)-62.43% (6 h)-85.78% (24 h)-90.81% (48 h). The dynamic exchange capacity
increases as follows: 887.50 mg/g (0.5 h)-1398.33 mg/g (1 h)-1862.08 mg/g (2 h)-2601.25
mg/g (6 h)-3574.17 mg/g (24 h)-3783.75 mg/g (48 h).

Table 9. Sorption properties of the imprinted structures MIP(Nd) and MIP(Sc) during neodymium
ion sorption.

t, h

Nd Selective Sorption

MIP(Nd) MIP(Sc)

η(Nd), % Q(Nd), mg/g η(Nd), % Q(Nd), mg/g

0 0 0 0 0
0.5 18.10 754.17 0 0
1 29.95 1247.92 0 0
2 41.13 1713.75 0 0
6 61.60 2566.67 0 0
24 83.45 3477.08 0 0
48 88.78 3699.17 0 0

Table 10. Sorption properties of the imprinted structures MIP(Nd) and MIP(Sc) during scandium
ion orption.

t, h

Sc Selective Sorption

MIP(Nd) MIP(Sc)

η(Sc), % Q(Sc), mg/g η(Sc), % Q(Sc), mg/g

0 0 0 0 0
0.5 0 0 21.30 887.50
1 0 0 33.56 1398.33
2 0 0 44.69 1862.08
6 0 0 62.43 2601.25
24 0 0 85.78 3574.17
48 0 0 90.81 3783.75

The obtained results in the laboratory tests on selective sorption and separation
showed the advantages and disadvantages of the proposed methods. The main ad-
vantage of the sorption method based on the intergel system hPAA–hP4VP is the pos-
sibility to “change” the selectivity of the system by changing molar ratios in the in-
tergel pairs (as mentioned earlier, the maximum sorption of neodymium occurs at the
ratio 83%hPAA:17%hP4VP and the maximum sorption of scandium occurs at the ratio
50%hPAA:50%hP4VP); in other words, one intergel system can be successfully applied for
the selective sorption and separation of Nd and Sc ions. Nevertheless, the drawback is
the accompanying sorption of Nd and Sc ions (average share of the sorbed accompanying
REMs is over 10%), which, in turn, decreases the sorption properties during selective sorp-
tion and decreases the efficiency of the separation process. The advantage of the sorption
method based on the imprinted polymers MIP(Nd) and MIP(Sc) is the higher values of
the sorption properties (compared to that of the intergel system) and the absence of the
simultaneous sorption of the accompanying metal; a drawback is that the developed MIPs
are focused on the selective extraction of only one REM (each metal requires a specific MIP).
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The universality of the intergel system (despite the accompanying slight sorption of
the other metals) and the high selectivity of the molecularly imprinted polymers (despite
the high cost and complex procedure of synthesis) are the advantages of the molecular
imprinting technique that make them preferrable in the development of new-generation
sorption technologies. The principle of application of molecularly imprinted polymers lies
in the cost of the sorbed rare earth metal; in the case of the extraction of the most expensive
rare earth metals, it would be cost effective.

4. Conclusions

The two developed methods for the selective sorption of Nd and Sc ions and their
separation from each other showed sufficiently good results to be successfully applied in
the upgrade of the existing sorption technologies. From the point of view of economical
efficiency, it is more appropriate to use intergel systems for selective sorption and fur-
ther separation of Nd and Sc ions despite the lower values of the sorption properties in
comparison with molecularly imprinted polymers. However, there is no doubt about the
absolute maximum efficiency of sorption and separation of Nd and Sc ions from each other
by the application of molecularly imprinted polymers despite their complicated synthesis
procedure and the high initial cost of their production.
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Abstract: A fluorescent probe for specific biorecognition was prepared by a facile method in which
amphiphilic random copolymers were encapsulated with hydrophobic upconversion nanoparticles
(UCNPs). This method quickly converted the hydrophobic UCNPs to hydrophilic UNCPs. More-
over, the self-folding ability of the amphiphilic copolymers allowed the formation of molecular
imprinting polymers with template-shaped cavities. LiYF4:Yb3+/Tm3+@LiYF4:Yb3+ UCNP with up-
conversion emission in the visible light region was prepared; this step was followed by the synthesis
of an amphiphilic random copolymer, poly(methacrylate acid-co-octadecene) (poly(MAA-co-OD)).
Combining the UCNPs and poly(MAA-co-OD) with the templates afforded a micelle-like structure.
After removing the templates, UCNPs encapsulated with the molecularly imprinted polymer (MIP)
(UCNPs@MIP) were obtained. The adsorption capacities of UCNPs@MIP bound with albumin and
hemoglobin, respectively, were compared. The results showed that albumin was more easily bound
to UCNPs@MIP than to hemoglobin because of the effect of protein conformation. The feasibility of
using UCNPs@MIP as a fluorescent probe was also studied. The results showed that the fluorescence
was quenched when hemoglobin was adsorbed on UCNPs@MIP; however, this was not observed for
albumin. This fluorescence quenching is attributed to Förster resonance energy transfer (FRET) and
overlap of the absorption spectrum of hemoglobin with the fluorescence spectrum of UCNPs@MIP.
To our knowledge, the encapsulation approach for fabricating the UCNPs@MIP nanocomposite,
which was further used as a fluorescent probe, might be the first report on specific biorecognition.

Keywords: upconversion nanoparticles; molecularly imprinted polymers; amphiphilic random
copolymer; fluorescence probes

1. Introduction

Upconversion nanoparticles (UCNPs) are trivalent lanthanide (Ln3+)-doped nanopar-
ticles, which can up-convert two or more lower-energy photons into one high-energy
photon [1–4]. Because Ln3+ undergoes f-f transitions within the 4f shell, when Ln3+ is
embedded in an insulating host lattice, the energies of the excited states will generate a
series of states with many closely spaced energy levels, which creates an excited state
with a longer lifetime and a sharper optical line shape [2]. Therefore, UCNPs are a type
of photostable nanocrystal with a high signal-to-noise ratio, and can be used for photo-
dynamic therapy, light-induced drug delivery, (targeted) cell imaging, and immunoassay
sensors [3,4].

The most common strategies for synthesizing small, monodisperse, and bright UCNPs
are coprecipitation, thermal decomposition, and solvothermal syntheses [1,5]. Among these
strategies, using oleic acid to cap the UCNP is the most common approach. For example,
synthesizing hexagonal-phase NaYF4 nanoparticles doped with Ln3+ involves heating
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rare earth chlorides in a mixture of octadecene and oleic acid [6,7]. First, oleate salts are
generated as in situ precursors. Subsequently, ammonium fluoride and sodium hydroxide
are added, and the temperature of the reaction is increased to 300 ◦C. These processes
generate highly monodisperse and oleate-capped UCNPs, which are hydrophobic and can
only be dispersed in nonpolar solvents [8].

Nanoparticles for biomedical applications should be water-soluble; to meet this cri-
terion, surficial modifications are usually required [8]. For example, ligand exchange is
a well-known method for binding hydrophilic heads to the surface of nanoparticles [9].
Other methods that do not use ligand exchange for nanoparticle solubilization include
the formation of a stable silica shell [10] or the use of amphiphilic surfactants or block
copolymers to form a bilayer, which occurs via hydrophobic interactions between oleic
acid and oleate ions [11,12]. However, if nanoparticles are to be further used as biomarkers,
the surfaces of these nanoparticles also need to have distinctive functional groups. Gen-
erally, nanoparticles are functionalized after being transferred into water. The common
method involves a carbodiimide reaction, which allows amine-containing biomolecules to
couple with COOH groups on the surface of the nanoparticles [13,14]. However, 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC), which is required in this
method, is expensive and has a low conversion rate. These shortcomings have therefore
stimulated the exploration of other methods of functionalization.

Recently, molecular imprinting for biological recognition has attracted significant
attention [15–17]. This approach uses the ‘lock and key’ mechanism; therefore, the molecule
can identify a cavity with a complementary shape to achieve specific binding. Molecularly
imprinted polymers (MIPs) are synthesized by the in-situ polymerization of functional
monomers and crosslinkers in the presence of target templates [16]. The monomer can
interact with the template through covalent or non-covalent bonds. After copolymerization,
chemical decomposition or solvent extraction is used to remove the templates from the
polymer network. The resulting cavities retain the corresponding steric and chemical
memories of the templates. Therefore, the target species can selectively rebind to MIPs
through specific interactions with these imprinted sites [16]. In recent years, some studies
have combined MIP with fluorescent nanoparticles to measure fluorescence. The combined
system can detect a lower content of the target analytes when compared to MIP only, and the
fluorescent nanoparticles provide a readout signal, which improves the sensitivity [18–20].
For example, Yu et al. detected acetamiprid with fabricated NaYF4:Yb UCNPs encapsulated
in a molecularly imprinted polymer [20]. According to their procedure, the UCNPs required
surficial modification via a sol–gel method to generate methacrylate groups on the surface
of UCNPs. The typical polymerization of MIPs was then applied to UCNPs [20]; however,
the procedure is cumbersome.

Folding amphiphilic polymers to form MIPs have been developed recently [21]. In this
method, an amphiphilic random copolymer was first synthesized. Next, the amphiphilic
random copolymer was mixed and interacted with the templates. The polymer could self-
fold to form micelles and encapsulate the templates inside the polymer. After the templates
were removed, an imprinted polymer with specific template cavities was formed [21].
Compared with the traditional in-situ polymerization for MIP preparation, this method
is easier to remove templates because of the physical interaction between the polymer
and the templates. Although a few literature used amphiphilic random copolymers to
modify the surface of UCNPs [22], most of them mainly rely on the functional groups of
the copolymers graft to UCNPs via the ligand exchange process. In addition, there was no
literature that used the combination of amphiphilic random copolymers and UCNP for
preparing MIPs. In this study, we propose a strategy that utilizes an amphiphilic random
copolymer to encapsulate hydrophobic UCNPs, which does not interfere with the original
ligands and can self-fold into water-soluble imprint polymers within the cavities of the tem-
plate. A oleate-capped LiYF4:Yb3+/Tm3+@LiYF4:Yb3+ core/shell UCNP with upconversion
emission in the visible-light region and amphiphilic poly(methacrylic acid-co-1-octadecene)
(poly(MAA-co-OD)) were first synthesized. MIPs are then formed from the surface of the
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UCNPs modified with the as-prepared amphiphilic poly(MAA-co-OD). This approach not
only confers hydrophilicity to the UCNPs, but also integrates specific templates into the
polymer shell. Therefore, after dissolution in water, the UCNPs@MIP could be used as a
biosensor without further functionalization. When the prepared UCNPs@MIP rebind with
specific target analytes within absorption bands of the visible-light region, the fluorescence
is quenched, verifying the feasibility of the prepared UCNPs@MIP as fluorescent probes.
To the best of our knowledge, this is the first report of molecularly imprinted UCNPs
prepared via the folding of amphiphilic random copolymers.

2. Materials and Methods

2.1. Materials

Lithium carbonate (Li2CO3), yttrium(III) oxide (Y2O3), ytterbium(III) oxide (Yb2O3),
thulium(III) oxide (Tm2O3), trifluoroacetic acid (TFA), oleic acid, and 1-octadecene (OD)
were purchased from Alfa Aesar (Heysham, Lancashire, United Kingdom). Methacrylic
acid (MAA) was purchased from SHOWA. Azobisisobutyronitrile (AIBN) was obtained
from Aencore (Surrey Hills, Australia). Albumin (Alb), hemoglobin (Hb), and all other
chemicals were purchased from Sigma-Aldrich (Saint Louis, MO, USA).

2.2. Synthesis of LiYF4: Yb3+/Tm3+@LiYF4:Yb3+ Core/Shell UCNPs

The LiYF4:Yb3+/Tm3+ core was synthesized by thermal decomposition of lanthanide
and lithium trifluoroacetate precursors in the presence of oleic acid, coordinating ligands,
and noncoordinating 1-octadecene molecules [23,24]. Briefly, Li2CO3 (1.44 mmol), Y2O3
(0.72 mmol), Yb2O3 (0.25 mmol), and Tm2O3 (0.01 mmol) were dissolved in 10 mL of
aqueous TFA (50%) and stirred at 90 ◦C until the solution became transparent. Oleic acid
(15 mL) and OD (15 mL) were then added to the solution. The resultant solution was then
heated to 120 ◦C under nitrogen gas to remove water and oxygen until the solution turned
light yellow. The solution was then heated to 300 ◦C at a rate of approximately 30 ◦C/min,
and reacted at 300 ◦C under vigorous stirring for 1 h. The mixture was cooled to room
temperature and precipitated with ethanol. The solid was collected by centrifugation at
8000 rpm for 10 min. The solid was then dispersed in n-hexane and re-precipitated with
ethanol. The above steps were repeated twice to obtain oleate-capped LiYF4:Yb3+/Tm3+

core nanoparticles (Yields: 88–90%).
For shell growth, Li2CO3 (1.54 mmol), Y2O3 (0.77 mmol), and Yb2O3 (0.2 mmol) were

dissolved in 10 mL of aqueous TFA (50%) at 90 ◦C until the solution became transparent.
Oleic acid (15 mL) and OD (15 mL) were then added to the solution. The resultant solution
was heated to 120 ◦C at a rate of approximately 2 ◦C/min for 30 min under argon gas.
The LiYF4:Yb3+/Tm3+ core nanoparticles were then added to the flask. After the solution
turned light yellow, it was heated to 300 ◦C at a rate of approximately 30 ◦C/min and
allowed to react for 1 h. The mixture was cooled to room temperature and precipitated
with ethanol. The solid was collected by centrifugation at 8000 rpm for 10 min. The solid
was then dispersed and re-precipitated twice with n-hexane and ethanol to obtain the
oleate-capped LiYF4:Yb3+/Tm3+@LiYF4:Yb3+ core/shell UCNPs (Yields: 88–90%).

2.3. Synthesis of Amphiphilic Random Copolymer Poly(MAA-co-OD)

A free radical reaction was used to synthesize amphiphilic poly(MAA-co-OD) with a
hydrophilic monomer, MAA, and a hydrophobic monomer, OD. Briefly, MAA (0.1 mol),
OD (0.1 mol), and AIBN (0.6 mmol) were added to ethanol (100 mL) under nitrogen
protection. The polymerization was initiated by heating the mixture at 65 ◦C for 12 h
under constant stirring. After polymerization, the product was purified via precipitation in
diethyl ether and centrifugation. After executing this procedure three times, the product
was dried under vacuum. The product was further soluble in chloroform for gel permeation
chromatography (GPC, YL9100 GPC System, Young Lin Instrument Co., Ltd., Anyang,
South Korea) analysis via a polystyrene (PS) standard calibration yielded Mn = 22,894, and
a polydispersity of Mw/Mn = 1.507 (Figure S1).
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2.4. Preparation of UCNPs@MIP

UCNPs@MIP were prepared via the encapsulation of amphiphilic random copoly-
mers. Briefly, the poly(MAA-co-OD) (14 mg/mL), as-synthesized hydrophobic UCNPs
(8.4 mg/mL), and templates (6 mg/mL) were separately dissolved or dispersed in methanol.
The three solutions were mixed at a volume ratio of 1:1:1, and then sonicated for 2 h. The
mixture in methanol (2 mL) was then injected into DI water (12 mL), which triggered the
self-assembly of the poly(MAA-co-OD) and UCNPs. After the methanol was evaporated,
the obtained mixture was centrifuged at 10,000 rpm for 30 min. The precipitate was col-
lected and re-dispersed three times in water to extract the templates, which were Alb and
Hb. At the end of this process, a stable colloidal dispersion in water was obtained. For the
control experiment, the same procedure without the templates was applied to prepare the
non-imprinted polymer (NIP) UCNPs, and the obtained sample is termed UCNPs@NIP.

2.5. Characterization of UCNPs and UCNPs@MIP

Wide-angle X-ray diffractograms (WAXD) were obtained with a Bruker D8 ADVANCE
diffractometer (Karlsruhe, Germany), using Cu-Kα radiation with a step size of 0.05◦

and a scanning speed of 4◦/min. A JEOL JEM1230 transmission electron microscope
(Tokyo, Japan) was used to obtain transmission electron microscopy (TEM) images. A
PerkinElmer Lambda 35 UV–vis spectrophotometer (Waltham, MA, USA) was used to
perform ultraviolet–visible (UV–vis) spectroscopic analysis. A Hitachi F-7000 fluorescence
spectrophotometer (Tokyo, Japan) was used to record the photoluminescence (PL) spec-
tra. A SDL980-LM-5000T laser diode (980 nm, 3 W/cm2) from Shanghai Dream Lasers
Technology Co., Ltd. (Shanghai, China) was used to obtain the emission spectra of the
nanocrystals, after NIR excitation at 980 nm.

2.6. Application in Biorecognition

The kinetic adsorption test in this experiment was performed in a tube, where the
UCNPs@MIP (50 mg) were mixed with 10 mL of the corresponding template solution
(50 mg/mL). The mixed solution was shaken for 0, 15, 30, 45, 60, and 75 min at room
temperature. The templates were rebound to the UCNPs@MIP, after which the mixture
was centrifuged at 10,000 rpm for 30 min. The supernatant was then collected and an-
alyzed using a UV–vis spectrophotometer. A standard curve was used to calculate the
concentration of each sample. The UCNPs@NIP was similarly treated for comparison. The
mass balance equation was used to calculate the adsorption capacity (Q) [25,26]

Q (mg/mg) =
(Ci − Cr)V

m

where Ci (mg/mL) is the initial concentration of the template in the aqueous solution, Cr

(mg/mL) is the concentration of the template in the supernatant after adsorption, m (mg)
is the mass of the adsorbent, and V (mL) is the volume of the solution.

For the fluorescence measurements, the templates and UCNPs@MIP were rebound
for 45 min, and the mixture was centrifuged at 10,000 rpm for 30 min. The precipitate was
collected and re-dispersed in water, and the PL spectra were acquired. The quenching
efficiency is expressed as (Fo − F)/Fo, where Fo and F are the fluorescence intensities at
450 nm, without or with the addition of the template solution, respectively [27,28].

3. Results and Discussion

3.1. Characterization of the UCNPs

The LiYF4:Yb3+/Tm3+@LiYF4:Yb3+ UCNPs were synthesized via thermal decomposi-
tion. Tetragonal crystals were readily obtained when the reaction temperature was high [29];
hence, the reaction temperature was set to 300 ◦C. Based on the TEM images, both the
core and core–shell nanoparticles were indeed tetragonal with an octahedral morphology
(Figure 1a). The average dimensions of the core nanoparticles, which were calculated from
the TEM images, were approximately 75 nm along the long axis and 45 nm along the short
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axis. After coating the LiYF4:Yb3+/Tm3+ cores with the LiYF4:Yb3+ shell, the length of the
short axis of the core/shell nanoparticles increased to 50 nm. Wide-angle X-ray diffraction
(WAXD) was further used to investigate the phase structures of the nanoparticles; peaks
were observed at 2θ values of 18◦, 29◦, 31◦, 33◦, 34◦, 40◦, 42◦, 46◦, 47◦, 49◦, 50◦, 54◦, 58◦, 59◦,
62◦, 63◦, and 66◦, respectively attributed to the (101), (112), (103), (004), (200), (202), (211),
(114), (105), (123), (204), (220), (301), (116), (132), (224), and (206) planes of the tetragonal
LiYF4 crystal (Figure 1b). The relative intensities and positions of all the diffraction peaks
in the WAXD pattern were consistent with the Joint Committee on Powder Diffraction
Standards (JCPDS) file no. 17e0874, indicating the absence of impurity phases in the synthe-
sized crystals. After coating with the LiYF4: Yb3+ shell, the XRD patterns of the core–shell
nanoparticles were almost the same as those of the core nanoparticles, which indicates
that the shell coating did not change the core structure of the crystal. The similarity of the
patterns also shows that the shell was likely very thin.

Figure 1. (a) TEM images, (b) XRD patterns, and (c) photoluminescence spectra of LiYF4: Yb3+/Tm3+

core and LiYF4: Yb3+/Tm3+@LiYF4:Yb3+ core/shell nanoparticles.

Figure 1c shows that upon excitation at 980 nm, the emission spectra of the LiYF4:
Yb3+/Tm3+ core nanoparticles had characteristic emission peaks with electronic transitions
at 360 nm (1D2→3H6), 450 nm (1D2→3F4), 475 nm (1G4→3H6), and 650 nm (1G4→3F4).
This finding confirmed that LiYF4:Yb3+/Tm3+ had upconversion emissions in the region
of visible light. After coating with the LiYF4: Yb3+ shell, the emissions of the core/shell
nanoparticles were apparently stronger than the corresponding emissions of the core
nanoparticles. During energy transfer, the photoexcited dopants located on or near the
surface can be directly deactivated by neighboring quenching centers [30,31]. Moreover, it
is plausible that the energy contained in the photoexcited dopants located in the center of
the nanophosphors migrated randomly and traveled a long distance on or near the surface
of the dopant, or directly to the surficial quenching sites [32,33]. Therefore, the active shell
structure plausibly prevented energy quenching, which allowed for high upconversion
of the photoluminescence efficiency. Therefore, the core/shell UCNPs could be used in a
follow-up study for the encapsulation of MIP.
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3.2. Hydrophilicity of UCNPs@MIP

Amphiphilic random copolymers of poly(MAA-co-OD) were used to encapsulate the
UCNPs, which allowed the poly(MAA-co-OD) to form enclose the UCNPs. Generally,
when amphiphilic random copolymers are dissolved in water, the hydrophobic groups
self-aggregate via hydrophobic-hydrophobic interactions, while the hydrophilic groups
surround the hydrophobic domain; therefore, micelles can be formed and dispersed in
water [34]. When the amphiphilic poly(MAA-co-OD) and the hydrophobic UCNPs were
mixed, hydrophobic-hydrophobic interactions incorporate the hydrophobic groups in the
copolymer with the oleic acid in UCNPs. Consequently, the hydrophilic groups were
exposed on the periphery of the hydrophobic aggregates [22]. The water-solubility of the
UCNPs, before and after the encapsulation of poly(MAA-co-OD) was visually observed.
Figure 2 shows that the hydrophobic UCNPs floated on the water, while the colloidal
UCNPs@NIP settled to the bottom of the vial (Figure S2), which indicates that the obtained
UCNPs@NIP were water-soluble. Similarly, UCNPs@MIP was also water-soluble, which
means that poly(MAA-co-OD) dominated the conversion of hydrophobic UCNPs into
hydrophilic, while templates were not a factor to affect the character. TEM was further
used to examine the morphology of the prepared UCNPs@MIP (Figure 3). Regardless
of whether Ab or Hb was used as a template to prepare the UCNPs@MIP, both types
of UCNPs@MIPs were generally composed of several UCNPs, which were aggregated
in a polymeric matrix to form quasi-microspheres. The average size of the spheres was
approximately 300–500 nm. The results show that the poly(MAA-co-OD) could indeed
convert the hydrophobic UCNPs into hydrophilic UCNPs that were capable of forming a
micelle-like structure.

Figure 2. Schematic representation of preparation of UCNPs@MIP.

Traditional in situ polymerization, which was used to prepare the MIP, involves
mixing monomers, crosslinkers, and templates, and then polymerizing and removing
the templates to form imprinted polymers with specific template cavities. Recently, fold-
ing amphiphilic polymers to form MIPs has attracted attention [21]. In this method, an
amphiphilic random copolymer was first synthesized. As the templates interacted with
the amphiphilic random copolymer, the polymer self-folded to form micelles and the
template structure was imprinted into the polymer. After the templates were removed,
an imprinted polymer with specific template cavities was formed [21]. This strategy for
folding amphiphilic random copolymers is advantageous. For example, the interaction be-
tween the template and the polymer occurs via physical interaction; therefore, the template
is easier to remove. This method can use either a hydrophilic or hydrophobic template.
Because of the water insolubility of the hydrophobic template, the hydrophobic template
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becomes completely entrapped inside the micelles. Consequently, the loading capacity
of the template and the binding capacity of the MIPs increase [21]. Although there are
only a few studies, the superiority of the encapsulation method has been demonstrated.
In the present study, the hydrophobic UCNPs were encapsulated with an amphiphilic
poly(MAA-co-OD). This approach not only ensured that hydrophilicity was conferred to
the UCNPs, but also enabled the integration of specific templates into the polymer shell,
which facilitated the formation of MIPs on the surface of the UCNPs. The feasibility of the
prepared UCNPs@MIP for molecular recognition is evaluated in the subsequent sections.

Figure 3. TEM images of UCNPs@MIP. Albumin (a) and hemoglobin (b) as templates.

3.3. Equilibrium Binding of UCNPs@MIP and UCNPs@NIP

UV–vis spectroscopy was used to analyze the kinetics of binding of the template
molecules with the UCNPs@MIP and UCNPs@NIP. The binding kinetics were used to con-
firm that the UCNPs@MIPs had the ability to recognize corresponding template molecules.
During the recognition of Alb, the first 15 min was the zone of linear increase, and the
next 40 min was the saturation zone, regardless of the adsorption curve (UCNPs@MIP
or UCNPs@NIP) (Figure 4a). The adsorption capacity of the UCNPs@MIP was much
larger than that of the UCNPs@NIPs. This result is noteworthy because it indicates that
the UCNPs@MIP had the cavities of Alb, which promoted mass transfer and enhanced
rebinding of the template molecules. During the recognition of Hb, the adsorption capacity
of UCNPs@NIP increased with the adsorption time (Figure 4b). However, the adsorption
capacity was consistently very low; even when the time increased to 45 min, the adsorption
capacity was only 0.012 mg/mg. In contrast, the adsorption curve of the UCNPs@MIP
showed a linear increase within 40 min, whereas after 40 min, there was a tendency to-
wards saturated adsorption. After 40 min, the adsorption capacity of the UCNPs@MIP was
approximately 20 times that of the UCNPs@NIP. These results provide excellent evidence
that the imprinting of the UCNPs@MIPs was efficient.

The adsorption capacity of the UCNPs@MIP for Alb was about 0.23 mg/mg at 45 min,
compared to 0.18 mg/mg for Hb. This notable result shows that the adsorption capacity of
the UCNPs@MIP for Alb was slightly better than that for Hb. In contrast, the adsorption
capacity of the UCNPs@NIP for Hb was much smaller than that of Alb. In general, the
efficiency of imprinting depended strongly on factors such as the strength of the interactions
between the template and the polymeric matrix [26], or the shape of the template. Generally,
the hydrophobic residues of most proteins are sequestered in the core of the native structure,
while the polar residues are present on the surface [35]. In the structure of Hb, its ‘arm’
is a negatively charged propionate group, which faces the surface of the protein, and the
hydrophobic part is buried in the hydrophobic amino acid of the protein. Comparatively,
Alb is negatively charged when it is ionized in water at pH 7.4 [36]. Because this experiment
used negatively charged MAA as the hydrophilic end of MIP, and Alb and Hb are also
negatively charged, the polymer and protein may undergo repulsive interactions, which
rationalizes the very low adsorption of Hb on the UCNPs@NIP.
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Figure 4. Kinetics of (a) albumin and (b) hemoglobin adsorption in UCNPs@MIP and UCNPs@NIP.

Alb has nominal dimensions of 7.5 × 6.5 × 4.0 nm3 and a molecular mass of 66.4 kDa,
while Hb has nominal dimensions of 6.0 × 5.0 × 5.0 nm3 and a molecular mass of
64 kDa [37]. Although both Alb and Hb are globular proteins [37], Alb is not really
spherical, but has a “V” shape [38]. An early study evaluating the adsorption of Alb on
silica spheres showed when the V-shaped Alb approached the silica spheres in a direction
parallel to the surface of the sphere, it was strongly rejected. However, because albumin
has a very small curvature at its V tip, when the V-shaped Alb approached the silica sphere
by its tip, it likely penetrated the repulsion field, and was easily adsorbed onto the silica
sphere [38]. It is proposed herein that the V-shaped Alb penetrated the repulsive field
of UCNPs@MIP or UCNPs@NIP by its tip, which allowed the Alb to enter the polymer
matrix. Therefore, Alb adsorption on the UCNPs@NIP was detected. The same rationale
likely explains why UCNPs@MIP had a greater adsorption capacity for Alb than for Hb.

3.4. Effect of Template Molecules on Fluorescence Quenching

The PL spectra of the UCNPs, UCNPs@MIP, and UCNPs@MIP bound to Alb and Hb
are shown in Figure 5a. As aforementioned, the emission bands of the as-prepared UCNPs
occurred at 360, 450, 475, and 650 nm. The results show that the fluorescence intensity
of the encapsulated MIP was similar to that of the original UCNPs, which indicates that
the encapsulated poly(MAA-co-OD) did not significantly affect the luminescence of the
UCNPs. Furthermore, the fluorescence intensity of the UCNPs@MIP bound to Alb did
not change. However, the fluorescence intensity at 360 and 450 nm was evidently reduced
when Hb was bound to UCNPs@MIP. The fluorescence quenching may be attributed to
Förster resonance energy transfer (FRET) [39,40]. According to Förster’s non-radiative
energy transfer theory, energy transfer occurs under the following conditions: (i) the donor
can produce fluorescence; (ii) the fluorescence emission spectrum of the donor and the
ultraviolet absorption spectrum of the acceptor overlap; (iii) the distance between the
donor and the acceptor is <8 nm [41]. As shown in Figure 6b, Hb had six absorption peaks
at 220, 280, 340, 400, 550, and 570 nm. The absorption band at 220 nm resulted from the
absorption of light between the peptide bonds and amino acid residues. In the UV range of
250–300 nm, light was absorbed by the delocalized electrons of the aromatic side chains.
In the wavelength range of 300–700 nm, the absorption of light was associated with the
excitation of the porphyrin structure. [42]. Because the absorption spectrum of Hb over-
lapped with the fluorescence emission spectrum of the UCNPs@MIP, the UCNP emission
was quenched by Hb. In contrast, there was no spectral overlap between the absorption
spectra of Alb and the emission spectrum of UCNPs@MIP (Figure 6a). Upon binding of
the UCNPs to Alb and Hb, the efficiency of fluorescence reduction was approximately 2.1%
and 30%, respectively (Figure 5b). The data indicate that the prepared UCNPs@MIP has
great potential as a fluorescent probe for detecting biomolecules.

141



Polymers 2021, 13, 3522

Figure 5. (a) Photoluminescence spectra and (b) efficiency of fluorescence reduction for the UCNPs, UCNPs@MIP, and
UCNPs@MIP bound to albumin and hemoglobin. The quenching efficiency is expressed as (Fo − F)/Fo, where Fo and F are
the fluorescence intensities at 450 nm.

Figure 6. Spectral overlap between the UV–vis absorption spectrum of templates (red line) and the fluorescence spectra of
the UCNPs@MIP (blue line). Albumin (a) and hemoglobin (b) as templates.

4. Conclusions

A facile method for encapsulating hydrophobic UCNPs with amphiphilic random
copolymers was proposed. This method could convert the hydrophobic UCNPs to hy-
drophilic UCNPs, which self-folded to form imprinted polymers with template cavities. The
UCNPs with up-conversion emission in the visible-light region of 360 nm and 450–500 nm
were first synthesized; this step was followed by the synthesis of an amphiphilic random
copolymer of poly(MAA-co-OD). When the UCNPs and poly(MAA-co-OD) were mixed
with the templates, a micelle-like structure was formed. After removal of the templates,
UCNPs@MIP with a particle size of approximately 500 nm was obtained. The UCNPs@MIP
adsorbed more of the template than UCNPs@NIP because the former had template cavities.
In addition, UCNPs@MIP had a higher capacity for Alb adsorption than for Hb adsorption
because the V-shaped Alb was able to penetrate the repelling field, and was absorbed.
Comparatively, because the absorption spectrum of Hb overlapped with the fluorescence
spectrum of the UCNPs@MIP, the fluorescence was quenched at wavelengths of 360 nm
and 450 nm when Hb was bonded to UCNPs@MIP. The data indicate that the prepared
UCNPs@MIP could be used as a fluorescent probe.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/polym13203522/s1, Figure S1: Gel permeation chromatography (GPC) analyses on the
synthesized poly(MAA-co-OD). Figure S2: Schematic representation of preparation of UCNPs@NIP.
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Abstract: Background: Ciprofloxacin (CIP), an important broad-spectrum fluoroquinolone antibiotic,
was often used as a template molecule for the preparation of imprinted materials. In this study,
methacrylic acid and 2-vinylpyridine were employed for the first time as dual functional monomers
for synthesizing ciprofloxacin imprinted polymers. Methods: The chemical and physicochemical
properties of synthesized polymers were characterized using Fourier transform-infrared spectroscopy,
thermogravimetric analysis-differential scanning calorimetry, scanning electron microscopy, and
nitrogen adsorption-desorption isotherm. The adsorption properties of ciprofloxacin onto synthesized
polymers were determined by batch experiments. The extraction performances were studied using
the solid phase extraction and HPLC-UV method. Results: The molecularly imprinted polymer
synthesized with dual functional monomers showed a higher adsorption capacity and selectivity
toward the template molecule. The adsorbed amounts of ciprofloxacin onto the imprinted and non-
imprinted polymer were 2.40 and 1.45 mg g−1, respectively. Furthermore, the imprinted polymers
were employed as a selective adsorbent for the solid phase extraction of ciprofloxacin in aqueous
solutions with the recovery of 105% and relative standard deviation of 7.9%. This work provides
an alternative approach for designing a new adsorbent with high adsorption capacity and good
extraction performance for highly polar template molecules.

Keywords: ciprofloxacin; imprinted polymer; dual functional monomer; solid phase extraction

1. Introduction

Ciprofloxacin (CIP) is an important antibiotic belonging to the class of fluoroquinolones.
It is a broad spectrum of an antibacterial agent widely applied to treat various infectious
diseases in animals and humans [1]. It is reported that only 30% of CIP can be metabolized
inside the body and a large amount of CIP has been emitted into the environment [1].
Therefore, the intense use of CIP worldwide causes potential threats such as bacterial resis-
tance, allergy, and toxicity [2,3]. For the protection of public health, many countries have
established different maximum residue limits for CIP in various food samples. For example,
CIP’s tolerance is 0.1 mg L−1 in milk and 0.5 mg kg−1 (total of CIP and enrofloxacin) in
porcine liver [4].

Many analytical methods have been developed to determine CIP residue in various
food and environmental samples, such as spectrophotometry [5–7], capillary electrophore-
sis [8], and high-performance liquid chromatography using UV [9], fluorescence [10,11],
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diode array [12], and mass spectrometry [13]. For the instrumental analysis, sample pre-
treatment is essential for the purification and enrichment of trace CIP residue in complex
matrices. Several separation methods have been employed to extract, purify, and precon-
centrate CIP from real samples, including solid phase extraction (SPE) [3], stir bar sorptive
extraction [14], magnetic nanoparticles SPE [14], liquid–liquid extraction [15], dispersive
liquid–liquid microextraction [14], and immunoaffinity chromatography [14]. Overall, SPE
is widely employed as a purification and preconcentration method due to its performance
and small organic solvent volumes used [16]. Commercial SPE cartridges are available with
different adsorbents, such as C8, C18, Al2O3, silica, and resin. However, these sorbents are
non-recyclable, non-selective, and easily extract several compounds, including the analyte
and the interferences. Thus, it is important to explore new adsorbents for CIP extraction
with excellent selectivity, durability, and reusability.

Molecularly imprinted polymers (MIP) are highly selective adsorbents prepared by
the copolymerization of suitable functional monomers and crosslinkers with the presence
of a target template molecule [17]. These imprinted polymers have attracted considerable
research attention due to their interesting properties such as reproductivity, low cost, ease
of preparation, and high selectivity toward target molecules [18]. Due to their unique
properties, MIPs have been widely employed in various applications such as chemical
sensors [19], biomimetic catalyst [20], drug delivery [21], protein crystallization [22], chro-
matography [23], bioanalysis [24], and solid phase extraction [1].

A CIP-imprinted polymer (CIP-MIP) was synthesized for the first time in 2006 [25].
Then, many studies have reported CIP-MIP synthesis by using different functional monomers,
such as methacrylic acid [1,25–32], 2-vinylpyridine [32], 1-vinyl-3-ethylimidazolium bro-
mide [33], and 4-vinylbenzoic acid [3]. CIP imprinted materials were applied for adsorp-
tion [34] or detection of trace CIP residues in various biological and environmental samples
using chemosensor and biosensor [35], electrochemical sensor [36,37], and optosensor [38]
techniques. Furthermore, Tarly et al. proposed using semi-empirical quantum chemistry
stimulation for synthesizing CIP-MIP. Both the computational calculation and the practical
experiments showed that MIP synthesized with acrylamide monomer exhibited the highest
specific selectivity factor and adsorption capacity [39]. Moreover, MIPs were usually syn-
thesized in the non-polar or weakly polar organic solvent and exhibited good recognition
performance for non or weakly polar template molecules [40]. Hydrogen bonds are the driv-
ing force for forming specific biding sites for templates containing highly polar functional
groups. These interactions could interfere with water molecules, resulting in a reduction in
the imprinted polymer selectivity [1,31,41]. The competitive adsorption of water onto spe-
cific binding sites via hydrogen bond prevents interaction between the template molecules
and imprinting site, which led to the formation of highly non-selective adsorption sites [1].
It is reported that the multifunctional monomer imprinting strategy provides multiple
types of intermolecular forces with the template structure [42]. The imprinted polymers
synthesized with dual functional monomers showed excellent molecular recognition and
a high adsorption capacity, especially for templates containing strong polar functional
groups [42–45]. In a similar approach, Wang et al. reported the synthesis of CIP-MIP by us-
ing methacrylic acid and 2-hydroxyethyl methacrylate as stimuli-recognition elements [46].
Zhu et al. proposed using 1-ally-3-vinylimidazolium chorine and 2-hydroxyethyl methacry-
late as a component of bifunctional monomers [1]. These strategies allowed the obtained
polymer to interact strongly with CIP molecules in an aqueous solution via hydrogen
bonds, electrostatic, hydrophobic, and π-π stacking interactions. Thus, the multifunctional
monomer strategy is an effective method for synthesizing imprinted materials, especially
for templates with polar functional groups such as CIP. Various advanced imprinting
techniques (on surface, co-precipitation, emulsion, and suspension polymerization) have
been developed for preparing imprinted materials [47–50]. The conventional bulk im-
printing is essential for preparing imprinted materials because a simple, rapid, and pure
MIPs’ production can be produced without sophisticated instrumentation. The bulk is an
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appropriate form for the application in solid phase extraction both in academia [33,41] and
industrial manufacture [51].

In this study, methacrylic acid and 2-vinylpyridine, which provide complementary
structure, size, and chemical properties toward CIP molecules, were employed for the first
time as dual functional monomers in MIP preparation using a bulk imprinting technique.
The complementary interactions of functional monomers (MAA and 2-VP) with CIP via
hydrogen bond, electrostatic, and π-π stacking are expected to greatly improve the adsorp-
tion selectivity of the imprinted polymers. To obtain the best performance of CIP-MIP,
several preparation parameters, such as porogenic solvent (methanol/acetic acid, chloro-
form/methanol, and dichloromethane/methanol), template/monomer molar ratio, and
methacrylic acid/2-vinylpyridine molar ratio, were investigated and optimized. The FT-IR,
TGA-DSC, SEM, and nitrogen adsorption–desorption analyses were employed for the
physicochemical characterization of the obtained polymers. The adsorption properties of
CIP onto MIP and non-imprinted polymer (NIP) were determined using batch adsorption
experiments. Finally, CIP-MIPs were employed as an adsorbent for the selective extraction
of CIP in water.

2. Materials and Methods

2.1. Materials

Ciprofloxacin 98.0%, methacrylic acid (MAA) 99%, 2-vinylpyridine (2-VP) 97%, ethy-
lene glycol dimethacrylate (EDGMA) 98%, and azobisisobutyrontrile (AIBN) 12% wt in
acetone were purchased from Sigma-Aldrich, St. Louis, MO, USA. Acetonitrile, methanol,
acetic acid, phosphoric acid, and triethylamine with HPLC grade were purchased from
Merck, Darmstadt, HL, Germany. The standard stock of CIP (500 mg L−1) was prepared
in methanol/acetic acid (9:1, v/v), and the working solutions were diluted from the stock
solution with deionized water. The standard solutions were stored at 4 ◦C to be stable for
one week. The phosphoric acid solution 0.05% (pH 3) was prepared by adding 3.0 mL of
phosphoric acid 85% to 1000 mL of pure water and adjusting the pH to 3.0 by triethylamine.

2.2. Methods

2.2.1. Preparation of CIP-MIPs

The CIP-MIPs were synthesized using the bulk polymerization method. Briefly, CIP
(0.1 mmol), methacrylic acid (0.66 mmol), 2-vinylpyridine (0.33 mmol), and 12 mL of
porogen CHCl3/MeOH (9:1, v/v) were added into a screw-capped glass bottle. The
mixture was sonicated for 15 min to obtain the homogenous solution and kept overnight at
4 ◦C for the formation of complex pre-polymerization. Next, ethylene glycol dimethacrylate
(5 mmol) and azobisisobutyronitrile (20 mg) were added to the mixture. The oxygen in the
bottle was removed by argon for 10 min. The polymerization was activated at 60 ◦C for
24 h in the thermostatic water bath. After that, the obtained bulk polymer was crushed and
ground to obtain polymer particles from 35 to 100 μm. The CIP template was eliminated
by washing with methanol/acetic acid (9:1, v/v) in an ultrasonic bath until no CIP was
detected using HPLC-UV method. Finally, the obtained polymer particles were dried at
110 ◦C for 6 h. The corresponding non-imprinted polymer (NIP) was also prepared as a
similar protocol but without the CIP template. The detailed MIP preparation parameters
were summarized in Table 1.
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Table 1. Effect of the imprinted polymer preparation conditions on extraction recovery of CIP in water, (SPE condition:
40 mg of polymer, loading: 5 mL CIP solution in water (0.1 μg L−1), washing: 3 mL of deionized water, eluting: 3 mL of
methanol/acetic acid (9:1; v/v), n = 3).

MIP
Template
(mmol)

Functional Monomer (mmol) Cross-Linker
(mmol)

Porogenic Solvent
Recovery

(%)
RSD
(%)MAA 2-VP

MIP1 1.0 - 10.0 50 MeOH: AcOH 36.5 2.7
MIP2 1.0 - 10.0 50 CHCl3: MeOH 57.7 5.6
MIP3 1.0 - 10.0 5.0 CH2Cl2: MeOH 7.1 3.4
MIP4 1.0 - 15.0 75 CHCl3: MeOH 57.2 7.0
MIP5 1.0 - 20.0 100 CHCl3: MeOH 62.0 3.5
MIP6 1.0 5.0 5.0 50 CHCl3: MeOH 63.2 2.8
MIP7 1.0 6.6 3.3 50 CHCl3: MeOH 104.6 7.9
MIP8 1.0 7.0 3.0 50 CHCl3: MeOH 60.8 6.5
MIP9 1.0 8.0 2.0 50 CHCl3: MeOH 70.0 4.5
MIP10 1.0 10.0 - 50 CHCl3: MeOH 23.1 3.8

2.2.2. Polymer Characterization

The FT-IR spectroscopy analyses were conducted using an ATR-FTIR FT/IR6600A
spectrometer, Seri A012761790, JASCO, Tokyo, Japan. Thermogravimetric analysis (TGA)
and differential scanning calorimetry (DSC) were carried out using a TG-DSC LabSys Evo
1600, SETARAM, Austin, TX, USA. The samples were heated from 25 to 800 ◦C at a heat rate
of 10 ◦C min−1 under nitrogen atmosphere. The nitrogen adsorption–desorption isotherms
were conducted at 77 K using a Micromeritic tristar, Norcross, GA, USA. The polymers
were outgassed at 100 ◦C for 8 h at 0.1 mbar before the analysis. The specific surface area
was calculated using the Brunauer–Emmett–Teller (BET) model, using a cross-sectional area
of 0.162 nm2 per nitrogen molecule. Scanning electron microscopy (SEM) was recorded
using SEM S-4800, 10 kV, 7.9 mm, Hitachi, Tokyo, Japan.

2.2.3. High Performance Liquid Chromatography Method

Chromatography analysis was conducted using HPLC equipment, Shimazu, Japan,
with UV SPD-20A detector and a reversed-phase Water InertSustain AQ-C18 column
(4.6 × 150 mm2, 3 μm particle size i.d.), Waters, USA. The mobile phase at pH 3 was applied
in the isocratic mode with 82% of H3PO4 0.05% and 18% of acetonitrile. The injection
volume was set at 20 μL and 289 nm was employed as the detection wavelength. Retention
times and areas of chromatographic peaks were used for qualitative and quantitative
analyses, respectively.

2.2.4. Adsorption Study

The individual adsorption isotherms of CIP onto polymer were determined by batch
experiments. This study was carried out by equilibrating 10 mg of polymer and 20 mL of
CIP solution in 50-milliliter centrifuge tubes. The initial CIP concentrations were varied
from 0.14 to 10.0 mg L−1. The centrifuge tubes were slowly shaken for 3 h at 25 ◦C. The su-
pernatants were filtered out by 0.22-micrometer nylon Millipore filters. The concentrations
of CIP in the supernatants were determined using HPLC-UV. The equilibrium adsorption
capacity was calculated as follows:

Qads =
Vo(Ci − Ce)

mp
(1)

where Qads (mg g−1) is the equilibrium adsorbed amount of CIP; Ci and Ce (mg L−1) are
the initial and final concentrations of the CIP solution, respectively; Vo (L) is the volume of
the CIP solution; and mp (g) is the mass of the polymer.
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2.2.5. Solid Phase Extraction Study

The obtained MIPs (40 mg) were employed for the preparation of SPE cartridges. A
volume of 5 mL of CIP solution in water (0.1 mg L−1) was loaded. The SPE cartridge
was washed with 3 mL of deionized water and then eluted by 3 mL of methanol/acetic
acid. The final solution volume was adjusted to 1.5 mL. The CIP concentration in eluting
solutions were determined using HPLC-UV in order to evaluate the SPE performance
through recovery values.

3. Results

3.1. Effect of Polymerization Conditions

3.1.1. Porogenic Solvent

The porogenic solvent is one of the most critical factors in preparing an imprinted
polymer and determines the intermolecular interaction between the functional monomer
and the template. The influence of the porogenic solvent on the extraction recovery of an
imprinted polymer is shown in Table 1 (entries 1–3). The imprinted polymer MIP3, synthe-
sized in dichloromethane:methanol (9:1, v/v), showed a slight extraction recovery for CIP
(9.7%), while the higher extraction recovery (57.7%) was obtained when the polymer was
synthesized in higher polar aprotic solvent chloroform:methanol (9:1, v/v). However, the
polymer synthesized in a polar protic solvent as methanol:acid acetic (9:1, v/v) showed
a low extraction recovery (36.5%). These results indicated that the highly polar solvent
(chloroform/methanol) was suitable for preparing CIP-MIP and the weakly polar solvent
unfavored the interaction between the monomer and the template molecule. In contrast,
highly polar protic solvents such as methanol and acetic acid exhibited an intensely compet-
itive interaction with functional monomers. Therefore, the mixture chloroform:methanol
(9:1, v/v) was chosen as the porogenic solvent for an imprinted polymer preparation.

3.1.2. Template/Functional Monomer Molar Ratio

Template/functional monomer molar ratio determines the composition, affinity,
rigidity, and polymerization rate of the monomer. Three different templates/functional
monomer ratios (1:10; 1:15, and 1:20) were evaluated. As shown in Table 1, the recovery
was statistically comparable with an increasing number of functional monomers. How-
ever, the high template/functional monomer molar ratio increased the non-selective site
on polymer and, therefore, caused the loss of the recognition properties [1,33]. For this
reason, the template/functional monomer molar ratio 1:10 was used in the imprinted
polymer preparation.

3.1.3. Methacrylic Acid/2-Vinylpyridine Molar Ratio

The mixture of methacrylic acid and 2-vinylpyridine monomers with different ratios,
which provide a complementary intermolecular interaction toward CIP, was evaluated
to adjust the affinity of the obtained polymer. The MAA enhances the affinity and hy-
drophilicity of MIPs via hydrogen bonds, while 2-VP provides a hydrophobic and π-π
stacking interaction with the template molecule. The synergetic effect of these functional
monomers is expected to improve the extraction performance of the imprinted polymers.
Four MAA/2-VP molar ratios (0.5:0.5; 0.66:0.33; 0.7:0.3 and 0.8:0.2) were evaluated in
this study. Higher extraction recoveries (63–105%) were observed when dual functional
monomers were used to prepare the imprinted polymer in which the MIP7, synthesized
with the MAA/2-VP molar ratios of 0.66:0.33, showed the highest recovery (105%). These
results indicated that the extraction performance of MIP was considerably improved by
combining MAA and 2-VP as dual functional monomers. The complementary interactions
of the hydrogen bond and the π-π stacking of dual-functional monomers favored the
access to the recognition cavity and improved the extraction performance of a synthesized
imprinted polymer [52].
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3.2. Characterization of Polymers

The chemical structure of the obtained polymers was analyzed using FT-IR spec-
troscopy. As showed in Figure 1, the imprinted polymer (MIP7) and their corresponding
non-imprinted polymer (NIP7) demonstrated similar FT-IR spectra. The results suggested
that these polymers contained similar chemical compositions. The characteristic of the C-H
stretching absorption peak appeared at 2950 cm−1. The strong stretching vibration absorp-
tion of C = O in EDGMA and MAA was observed at 1716 cm−1 [33]. The characteristics
absorption peaks of 2-VP appearing at 1637 and 1450 cm−1 were due to the C = N and
C = C stretching vibration of the pyridine ring [53]. The strong peak at 1141 cm−1 was
due to the C–O stretching vibration of EDGMA. The band at 755 cm−1 was characteris-
tic for C-H an out-of-plan bending vibration [28]. These results indicated that the 2-VP,
MAA, and EDGMA monomers were successfully copolymerized during the imprinted
polymer preparation.

Figure 1. FT-IR spectra of MIP7 and NIP7.

The thermogravimetric analysis-differential scanning calorimetry (TGA-DSC) method
was used for analyzing the thermal properties of the polymers. As showed in Figure 2, the
first weight loss (9.5%) observed at below 220 ◦C was due to the loss of the adsorbed water
and residue solvent molecules. From 250 to 450 ◦C, the principal weight loss of 63.1% was
characteristic for the thermal decomposition of the polymer. The polymer was completely
decomposed at 470 ◦C. Similar results were observed for the corresponding non-imprinted
polymer (NIP7). The weight loss (7.8%) below 220 ◦C was due to the desorption of water
and residue solvent molecules. The thermal decomposition occurred at 250 ◦C with a major
weight loss of 62.6%. The non-imprinted polymer was also completely decomposed at
470 ◦C. The corresponding DSC thermogram of the imprinted polymer (MIP7) showed
two endothermic peaks at 97 and 183 ◦C, which were due to removing adsorbed water and
entrapped solvent molecules. The prominent endothermic peak at 365 ◦C might be due to
the loss of pyridine and CO2 molecules [54]. The final endothermic peak at 431 ◦C could
be explained by the pyrolysis with carbonization of the backbone. A similar result was
observed for the DSC thermogram of the non-imprinted polymer (NIP7).
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Figure 2. TGA analysis (solid curves) and DSC thermograms (dash curves) of MIP7 and NIP7.

The textural properties of the synthesized polymers were determined using a nitro-
gen sorption isotherm. The results of the textural properties analyzed using a nitrogen
adsorption–desorption isotherm showed that the synthesized polymers were a non-porous
material (as shown in Figure 3). The imprinted polymer MIP7 had a specific surface area of
2.5 m2 g−1, while the non-imprinted NIP7 had a specific surface area of 5.4 m2 g−1. The
morphology properties of polymers were confirmed using scanning electron microscopy
(as shown in Figure 4). It is noted that the surface morphologies of the imprinted and
non-imprinted polymer were similar. These results indicated that the bulk polymerization
process in MIP preparation led to form non-porous and equant polymer particles.

Figure 3. Nitrogen adsorption–desorption isotherms of MIP7 and NIP7 at 77 K.
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Figure 4. SEM images of MIP7 (A,B) and NIP7 (C,D) at different magnifications.

3.3. Adsorption Properties

Batch adsorption experiments were used to determine the adsorption properties of
CIP onto the as-prepared polymers. The selectivity of imprinted polymers was evaluated
using the imprinting factor (IF = QMIP/QNIP) [1]. The adsorption isotherms of MIP2, MIP7,
MIP10, and the corresponding non-imprinted polymers are shown in Figure 5.

Figure 5. Adsorption isotherms of MIP2 (A), MIP7 (B), MIP10 (C), and their corresponding non-imprinted polymers.
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When 2-VP was employed in MIP synthesis, the obtained polymers were non-water-
compatible and weakly interacted with CIP molecules. The adsorption isotherms of MIP2
and NIP2 were S-type isotherms, characteristic of a low affinity of adsorbent material [55].
The maximum adsorbed amounts of CIP on MIP2 and NIP2 were 1.12 and 0.74 mg g−1,
respectively, with the imprinting factor of 1.51. Thus, MIP2 was a selective adsorbent for CIP.
These results indicated that the π-π stacking interaction between 2-VP and CIP could not be
disturbed by methanol in the synthesis and water molecules in the rebidding experiments.

It was found that the imprinted polymer obtained from the dual functional monomers
had a higher adsorption capacity than the polymers synthesized with one functional
monomer. As presented in Figure 5B, the adsorption isotherm of CIP on MIP7 was an L-
type isotherm, characteristic of a moderate affinity of adsorbent toward CIP [55]. In contrast,
the adsorption isotherm on NIP7 was an S type isotherm. The maximum adsorbed amounts
of CIP on MIP7 and NIP7 were 2.40 and 1.45 mg g−1, respectively, with the imprinting
factor of 1.66. Moreover, only the imprinted polymer had a good affinity, while the non-
imprinted polymer still had a weak interaction toward the target molecule. The results
suggested that the hydrogen and π-π stacking interaction between MAA and 2-VP with
CIP were responsible for improving the adsorption performances of the polymer.

The MIP10 and NIP10 polymers exhibited a high affinity to the CIP molecule due to the
prosperous hydrophilic functional groups of MAA functional monomers. The adsorption
isotherms of MIP10 and NIP10 were an H-type isotherm, characteristic of a high affinity of
the matrix polymer toward CIP [55]. The maximum adsorbed amounts of CIP on MIP10
and NIP10 were 1.6 and 2.0 mg g−1, respectively, with the imprinting factor of 0.8. Thus,
MIP10 was a non-selective adsorbent for CIP. The water-compatible property of polymers
is beneficial for the access of target molecules in the adsorption process. However, the
hydrogen bond between CIP and functional monomer MAA could be easily disturbed by
methanol and water molecules in the synthesis protocol or the rebidding experiments. This
phenomenon explained the formation of a non-selective imprinted polymer with MAA
functional monomer.

The adsorption data were further analyzed using the Langmuir and Freundlich
isotherm models with the non-linear method. The fitted results were summarized in
Table 2. Only the adsorption isotherms of CIP on MIP10 and NIP10 were well fitted with
Langmuir and Freundlich isotherm models due to their H type isotherms with high cor-
relation coefficients (R2 = 0.91–0.98). In comparison, the correlation coefficients for the
adsorption isotherms for other polymers (MIP2 and MIP7) were low (R2 = 0.44–0.87). Thus,
the Langmuir and Freundlich isotherm models were unsuitable for the adsorption data on
MIP2 and MIP7.

Table 2. Fitted results of adsorption data with Langmuir and Freundlich isotherm models using the non-linear method.

Polymer Qexp. (mg g−1)
Langmuir Freundlich

IF a

Qmax (mg g−1) KL (L mg−1) R2 KF n R2

MIP2 1.12 4.71 0.9353 0.4432 0.0443 0.4789 0.8117
1.51NIP2 0.74 2.21 0.8952 0.4969 0.0270 0.5073 0.7906

MIP7 2.40 23.92 0.9487 0.7572 0.1677 0.5873 0.8752
1.66NIP7 1.45 34.83 0.9962 0.5297 0.0231 0.3704 0.7524

MIP10 1.60 2.21 0.2664 0.9454 0.3691 1.3408 0.9140
0.80NIP10 2.00 1.97 0.0754 0.9698 0.8252 2.1160 0.9883

a Imprinting factor = QMIP/QNIP.

3.4. Solid Phase Extraction Study

3.4.1. Optimization of Solid Phase Extraction Protocol

Loading condition: The loading solvent provides the appropriate environment for
the adsorption of the analytes in the SPE procedure. For this study, 5 mL of CIP solution
(0.1 ppm) prepared in deionized water or the mixture of phosphoric acid 0.05% (pH 3)/ace-
tonitrile (8:2, v/v) were loaded on the cartridges. The results showed that CIP was well

153



Polymers 2021, 13, 2788

adsorbed onto the SPE column when deionized water was used as a loading solvent
(98–100%), while only 0.1–5% CIP was retained on the cartridges when the CIP solution
was prepared in the mixture of phosphoric acid 0.05 % (pH 3)/acetonitrile (8:2, v/v). Thus,
ultrapure water was selected as the loading solvent for the SPE experiments.

Washing solvent: A suitable washing solvent is desired to wash out most impurities
but not the analyte and improve the sensibility of the analytical method. Different wash-
ing solvents, such as dichloromethane/methanol (9:1, v/v), dichloromethane/methanol
(5:5, v/v), dichloromethane/methanol (1:9, v/v), chloroform/methanol (9:1, v/v), chlo-
roform/methanol (1:9, v/v), water, and the three steps using water followed by acetoni-
trile/acetic acid 0.5% (1:9, v/v) and then acetonitrile/ammoniac 0.1% (8:2, v/v) were used
to optimize the washing conditions. The mixture of dichloromethane/methanol and chlo-
roform/methanol washed out the most impurities. However, these solvents were also
able to elute a large amount of the CIP retained on SPE column. Furthermore, water and
the three steps with water, acetonitrile/acetic acid, and acetonitrile/ammoniac showed
little influence on CIP recoveries. Therefore, water or the three steps with water, acetoni-
trile/acetic acid, and acetonitrile/ammoniac can be used as washing solvents, depending
on the complexity of analytical samples.

Eluting solvent: The selection of elution is a critical factor to completely desorb the CIP
retained on the cartridges. In this study, 5 mL of CIP aqueous solution (0.1 mg L−1) was
firstly loaded on the SPE column. Then, 3 mL of different solutions, such as methanol/acetic
acid (9:1, v/v), methanol/acetic acid (5:5, v/v), phosphoric acid 0.05% (pH 3)/acetonitrile
(8:2, v/v), phosphoric acid 0.05% (pH 3)/acetonitrile (6:4, v/v), acetic acid 0.5% (pH 3)/ace-
tonitrile (8:2, v/v), and acetic acid 0.5% (pH 3)/acetonitrile (6:4, v/v) were employed to
elute the analytes. The highest CIP recovery (~100%) was observed when the solution of
methanol/acetic acid (9:1, v/v) or phosphoric acid 0.05% (pH 3)/acetonitrile (8:2, v/v) was
used as an eluting solvent (Figure 6). Thus, a solution of methanol/acetic acid (9:1, v/v) or
phosphoric acid 0.05% (pH 3)/acetonitrile (8:2, v/v) could be used as the eluting solvent.

Figure 6. CIP recoveries from MIP-SPE column when using different eluting solvents.

3.4.2. Extraction Performance of Imprinted Polymer

Finally, the synthesized polymers were employed as an adsorbent for the solid phase
extraction of CIP in deionized water. As shown in Figure 7, MIP2 and NIP2, which have
a weak adsorption affinity, demonstrated low extraction recoveries of CIP (43–58%). The
SPE cartridge with MIP7 showed an excellent recovery to CIP (105%), whereas the NIP7
cartridge showed a low recovery (43%). For non-selective polymers MIP10 and NIP10, the
CIP extraction recoveries observed were identical. The low extraction recoveries observed
for the SPE cartridges with these polymers (23%) could be explained by the high affinity of
the MAA monomer toward CIP and that reduced the CIP elimination from the SPE column.
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These results indicated that the synergetic effect of dual functional monomers favored the
formation of specific adsorption sites on imprinted polymers.

Figure 7. CIP recoveries from different imprinted and non-imprinted polymers (SPE condition:
40 mg of polymer, loading: 5 mL CIP solution in water (0.1 μg L−1), washing: 3 mL of deionized
water, eluting: 3 mL of methanol/acetic acid (9:1; v/v), n = 3).

4. Conclusions

In this study, CIP-MIPs have been synthesized using MAA and 2-VP as the dual func-
tional monomers, EDGMA as the cross-linker, and chloroform/methanol (9:1, v/v) as the
solvent. The FT-IR, TGA-DSC, SEM, and nitrogen sorption isotherm characterization con-
firmed the physicochemical properties of the imprinted polymer, and their corresponding
non-imprinted polymer was similar. The batch adsorption experiments demonstrated that
the MIPs synthesized with the mixture of functional monomers (MAA and 2-VP) showed
a higher adsorption capacity and selectivity toward CIP. The CIP-MIP was employed as
a SPE adsorbent to extract CIP in pure water with the recovery and the relative standard
deviation of 105 and 7.9%, respectively. Further studies are being performing for CIP
residue analysis in the wastewater from hospitals and shrimp farms by using this CIP-MIP.
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47. Janczura, M.; Luliński, P.; Sobiech, M. Imprinting Technology for Effective Sorbent Fabrication: Current State-of-Art and Future

Prospects. Materials 2021, 14, 1850. [CrossRef] [PubMed]
48. Mayes, A.G.; Mosbach, K. Molecularly Imprinted Polymer Beads: Suspension Polymerization Using a Liquid Perfluorocarbon as

the Dispersing Phase. Anal. Chem. 1996, 68, 3769–3774. [CrossRef] [PubMed]
49. Zhao, G.; Liu, J.; Liu, M.; Han, X.; Peng, Y.; Tian, X.; Liu, J.; Zhang, S. Synthesis of Molecularly Imprinted Polymer via Emulsion

Polymerization for Application in Solanesol Separation. Appl. Sci. 2020, 10, 2868. [CrossRef]
50. Sun, Y.; Zhang, Y.; Ju, Z.; Niu, L.; Gong, Z.; Xu, Z. Molecularly imprinted polymers fabricated by Pickering emulsion poly-

merization for the selective adsorption and separation of quercetin from Spina Gleditsiae. New J. Chem. 2019, 43, 14747–14755.
[CrossRef]

51. Blasco, C.; Picó, Y. Development of an Improved Method for Trace Analysis of Quinolones in Eggs of Laying Hens and Wildlife
Species Using Molecularly Imprinted Polymers. J. Agric. Food Chem. 2012, 60, 11005–11014. [CrossRef]

52. Duan, F.; Chen, C.; Zhao, X.; Yang, Y.; Liu, X.; Qin, Y. Water-compatible surface molecularly imprinted polymers with synergy of
bi-functional monomers for enhanced selective adsorption of bisphenol A from aqueous solution. Environ. Sci. Nano 2016, 3,
213–222. [CrossRef]

157



Polymers 2021, 13, 2788

53. Wan, Y.; Wang, M.; Fu, Q.; Wang, L.; Wang, D.; Zhang, K.; Xia, Z.; Gao, D. Novel dual functional monomers based molecularly
imprinted polymers for selective extraction of myricetin from herbal medicines. J. Chromatogr. B Anal. Technol. Biomed. Life Sci.

2018, 1097–1098, 1–9. [CrossRef]
54. Gogoi, A.; Sarma, N.S. Improvement in ionic conductivities of poly-(2-vinylpyridine) by treatment with crotonic acid and vinyl

acetic acid. Bull. Mater. Sci. 2015, 38, 797–803. [CrossRef]
55. Limousin, G.; Gaudet, J.-P.; Charlet, L.; Szenknect, S.; Barthès, V.; Krimissa, M. Sorption isotherms: A review on physical bases,

modeling and measurement. Appl. Geochem. 2007, 22, 249–275. [CrossRef]

158



Citation: Lusina, A.; Cegłowski, M.

Molecularly Imprinted Polymers as

State-of-the-Art Drug Carriers in

Hydrogel Transdermal Drug Delivery

Applications. Polymers 2022, 14, 640.

https://doi.org/10.3390/polym14030640

Academic Editor: Francesco Trotta

Received: 24 January 2022

Accepted: 4 February 2022

Published: 8 February 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

polymers

Review

Molecularly Imprinted Polymers as State-of-the-Art Drug
Carriers in Hydrogel Transdermal Drug Delivery Applications

Aleksandra Lusina * and Michał Cegłowski *

Faculty of Chemistry, Adam Mickiewicz University in Poznań, Uniwersytetu Poznańskiego 8, 61-614 Poznań, Poland
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Abstract: Molecularly Imprinted Polymers (MIPs) are polymeric networks capable of recognizing
determined analytes. Among other methods, non-covalent imprinting has become the most popular
synthesis strategy for Molecular Imprinting Technology (MIT). While MIPs are widely used in various
scientific fields, one of their most challenging applications lies within pharmaceutical chemistry,
namely in therapeutics or various medical therapies. Many studies focus on using hydrogel MIPs in
transdermal drug delivery, as the most valuable feature of hydrogels in their application in drug de-
livery systems that allow controlled diffusion and amplification of the microscopic events. Hydrogels
have many advantages over other imprinting materials, such as milder synthesis conditions at lower
temperatures or the increase in the availability of biological templates like DNA, protein, and nucleic
acid. Moreover, one of the most desirable controlled drug delivery applications is the development of
stimuli-responsive hydrogels that can modulate the release in response to changes in pH, temperature,
ionic strength, or others. The most important feature of these systems is that they can be designed
to operate within a particular human body area due to the possibility of adapting to well-known
environmental conditions. Therefore, molecularly imprinted hydrogels play an important role in the
development of modern drug delivery systems.

Keywords: Molecular Imprinted Polymers (MIP); Molecular Imprinting Technology (MIT); hydrogels;
transdermal drug delivery

1. Introduction

Molecular Imprinted Polymers (MIPs) are polymeric systems that possess a unique
property to recognize a specific molecule or group of structurally related molecules. MIPs
selective recognition’s property is determined during the preparation of polymer using
a template molecule together with appropriate monomers in a solvent. MIPs are prepared
in the presence of template molecules that can be subsequently removed, which determine
MIP’s cavity selectivity for a specific template or compounds structurally related to this
template [1,2]. Created tailor-made sites gain the property to selectively recognize the
template molecule’s size, shape, and functional groups.

The first reported molecular imprinting concept was proposed in 1931 by Polyakov [3]
as “unusual adsorption properties of silica particles prepared using a novel synthesis
procedure”. The mentioned “unusual adsorption properties” have been reported using
numerous polymers, which have been subsequently named as molecularly imprinted
polymers—MIPs.

There are three methods to form molecular imprinting. The first one is a covalent
method based on reversible covalent bonds, introduced by Wulff in 1995 [4], the second is
a method proposed by Mosbach in 1994 [5], which is based on non-covalent interactions
between templates-imprinted molecules- and functional monomers and the last one is semi-
covalent, reported by Whitcombe et al. [6], in which subsequent rebinding by non-covalent
bond can be created after a covalently bounded template is removed (Figure 1) [6,7].
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Figure 1. Schematic representation of covalent and non-covalent mechanisms of molecularly
imprinted procedures.

The covalent imprinting method is based on creating a covalent bond between the
template and the appropriate monomer. Then, during polymerization, the covalent linkage
is cleaved, and subsequently, the template is removed from the MIP matrix. Rebinding of
the previously removed template causes reappearance of the same covalent linkage. Since
the formation of identical rebinding linkages requires rapidly reversible covalent interac-
tions between templates and appropriate monomers, the number of suitable templates for
covalent imprinting is limited. Additionally, the robust nature of the covalent interactions
and consequent slow dissociation and binding makes it hard to reach thermodynamic
equilibrium. The second method, non-covalent imprinting, has no such restrictions and
is the most frequently used due to its simplicity [8]. By using an appropriate solvent, the
formed various interactions such as hydrogen bonds, π-π and ionic interactions, van der
Waals forces, etc., generate template-monomer complexes. After removing the template
from the MIP matrix, the interactions can be easily recreated. The removed template can be
rebound via the same non-covalent interactions as before polymerization. Therefore, the
range of applicative compounds which can be imprinted via non-covalent imprinting is ex-
panded, and non-covalent imprinting has become the most popular and general synthesis
strategy for Molecular Imprinting Technology (MIT). The third type of imprinting method
is semi-covalent, defined as subsequent rebinding by non-covalent bond after a covalently
bounded template is removed. This semi-covalent approach was firstly reported by Whit-
combe et al. [6] and offered an intermediate alternative in which the template is bound
covalently to functional monomer since the template rebinding is based on non-covalent
interactions. Semi-covalent bond can be characterized by the high affinity of covalent
binding and mild operation conditions of non-covalent rebinding. The schematic diagram
of non-covalent imprinting mechanisms is presented in Figure 2 [7].

In comparison to other well-known recognition systems, MIPs have received consider-
able attention. Thanks to that, MIPs are widely used in various fields such as purification [9],
separation [10], and catalysis [11], and degradation processes [12] but also they have be-
come attractive in drug delivery [13], artificial antibodies [14], or biosensing [15]. The
widespread use of MIPs is an aftermath of their favorable characteristics, such as high
physical stability to harsh chemical and physical conditions, straightforward preparation,
remarkable robustness, excellent reusability, and low-cost synthesis [7,16]. Whereas MIPs
present a wide range of advantages, there is some drawback that should be considered.
One of them is the design of a new MIP system that will be suitable for a specific template
molecule usually requires a lot of work and time to estimate the best synthesis conditions
that allow obtaining the intended material. Before finding the optimum conditions, there is
a necessity to continually change various experimental parameters [13].
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Figure 2. Schematic diagram of the non-covalent method for molecular imprinting process.

2. Fundamentals of MIPs

Molecularly imprinted polymers are polymeric matrices that are moulds for the
formation of template complementary binding areas. They can be programmed to recognize
a large variety of structures with antibody-like affinities and selectivities. In addition to the
already mentioned advantages, these properties have made MIPs attractive in various fields.
The main applications of molecularly imprinted polymers are presented in Figure 3 [17].

Figure 3. Scheme of the main applications for MIPs.

2.1. Essential Elements of Molecular Imprinting

Generally, MIPs are synthesized using a functional monomer, template, cross-linker,
a polymerization initiator, and an appropriate solvent. In short, MIPs are prepared by
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mixing the mentioned molecules, and then, this pre-polymerization mixture has to be irra-
diated with UV light or subjected to heat to initiate polymerization [8]. As polymerization
is affected by many factors, MIPs can be modified by the appropriate choice of synthesis
conditions. There is a possibility to obtain various MIPs with specific properties due to
changes of factors such as type and amount of monomer, initiator, cross-linker, and solvent.
Additionally, the time and temperature of polymerization reaction also play an important
role in creating MIPs with superior targeted properties [16].

The central importance of MIP structure is a template, which can direct the organi-
zation of the functional group’s pendant to the functional monomers in the molecular
imprinting process. Templates should be inert under the polymerization conditions during
free radical polymerization [8]. The main goal of molecularly imprinted technology is
to create MIPs compared with biological receptors in specificity. Thanks to that, MIPs
might replace those entities in real-life applications. Since there is a lot of requirements that
should be met, the three mentioned ahead make the template an ideal candidate—it should
exhibit excellent chemical stability during the polymerization reaction, it should contain
functional groups that do not prevent polymerization, and it should contain functional
groups that can form complexes with functional monomers [6]. Additionally, established
imprinted small organic molecules such as pharmaceuticals, pesticides, or amino acids are
well-known and commonly used. Furthermore, a lot of research proves that not only small
molecules are suitable for Molecular Imprinting Technology. Since small molecules have
a lot of advantages—like being more rigid to form well-defined binding cavities during
the imprinting process—there are some of the protocols that reported using larger organic
entities like proteins or even cells. As only a few protocols are reported, imprinting larger
organic compounds containing secondary or tertiary structures is still a challenge because
these structures may be affected when exposed to the thermal or photolytic treatment
involved in the synthesis of MIPs. The rebinding process is also more complicated when
using such individuals as large templates, as they do not penetrate the polymeric network
easily to reoccupy the binding cavities [8].

It is essential to select a suitable functional monomer that can strongly and selectively
react with the template to form specific complexes. Generally, the functional monomers are
responsible for the binding interactions present in the imprinted binding sites during the
imprinting process. As reported in many protocols, for non-covalent molecular imprinting
reaction, the monomer is used in excess of the number of moles of the template to form
template-functional monomers assemblies. To maximize expected complex formation,
matching the template’s functionality with the monomer’s functionality plays a crucial
role. The imprinting effects increase when the template’s functionality is matched with
the functionality of the monomer in a complementary fashion, like an H-bond donor with
an H-bond acceptor [7]. The amount of monomers that can be used in molecular imprinting
is limited. It is imperative to synthesize new functional monomers that form specific
interactions with the templates. Typically, monomers include two independent types of
units—the recognition unit and the unit, which can be polymerized [16]. Figure 4 presents
widely used functional monomers [8].

The amount of cross-linker used in the polymerization process also plays an important
role in MIPs properties. Too low cross-linker causes unstable mechanical properties, whereas
too high amount will reduce the number of recognition areas per unit mass of MIPs. The
primary role of a cross-linker is to form a highly cross-linked polymer. Cross-linker is involved
in fixing monomers around template molecules, thus forming a cross-linked polymer. The
main aim is to develop a highly cross-linked polymer even after removing templates. Gener-
ally, the amount and type of used cross-linker regulate the selectivity and binding capacity
of MIPs [8,16]. In MIPs structure, cross-linker fulfills three major functions: controlling the
morphology of the polymer matrix, serving to stabilize the imprinted binding site, and giving
mechanical stability to the polymer matrix. The structures of commonly used cross-linking
agents in molecular imprinting techniques are presented in Figure 5 [8].
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Figure 4. Scheme of commonly used monomers for non-covalent molecularly imprinted technique.

Figure 5. Chemical structures of commonly used cross-linking agents in molecular imprinting technique.

The most useful reactions for preparing MIPs are free radical polymerization (FRP),
photopolymerization, and electropolymerization [16]. Plenty of initiators with different
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chemical properties can be used as the radical source in a free radical polymerization
(Figure 6) [8]. In comparison to the monomers, initiators are used at low levels, e.g., 1 wt.%,
or 1 mol.% with respect to the total amount of moles of polymerizable double bonds. More-
over, there are several existing ways in which the rate control and mode of decomposition
of an initiator to radicals, including heat, light, and by chemical/electrochemical means,
depending upon its chemical nature, can be achieved [8].

Figure 6. Structures of commonly used initiators in free radical polymerization.

The last chemical individuum that strongly impacts proper MIPs formation is sol-
vent. During polymerization, it generally plays an important role as dispersion media
and pore-forming agent. Commonly used solvents include 2-methoxyethanol, methanol,
tetrahydrofuran, acetonitrile, dichloromethane, chloroform, N,N-dimethylformamide, and
toluene [18]. Porogenic solvent needs to have the following features: all of the used chemi-
cal individuals should be well-soluble in the chosen solvent, the solvent should produce
large pores to assure flow-through properties of the polymer, and the last on, the solvent
should possess low polarity to avoid interferences during complex formation between
imprinted molecules and monomers, which is important to obtain high selectivity MIPs [8].
The interactions between templates and monomers depend on the used solvent’s polarity.
Non-polar or low polar solvents such as chloroform are used for non-covalent imprinting.
Due to that, the obtained MIPs gain good imprinting efficiency because the adsorption
properties and morphology of polymer depend on the type of used solvent [16].

2.2. Molecular Imprinting in Drug Delivery

Molecular imprinting is one of the most promising ways to recreate biological molec-
ular recognition and mimic properties of antibodies and enzymes in synthetic materials.
Many researchers are trying to mimic molecular interactions present in these systems as
high recognition characteristics seem to be the fundamental requirement of living systems.
Therefore, most approaches focus on creating a binding cavity in which functional chemical
groups may be strictly positioned. The mechanism of selective recognition and subsequent
drug release from the MIPs structure is presented in Figure 7.
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Figure 7. Scheme of intelligent drug release from MIP.

Whereas MIPs are widely used in various areas of science, the area with one of the
greatest potential seems to be pharmaceutical chemistry, where MIPs, as synthetic molec-
ularly selective receptors, may be used in therapeutics or medical therapy [17]. Due to
properties such as biocompatibility, low toxicity, and biodegradability, MIPs receive exten-
sive attention as drug delivery systems (DDS). MIPs have already been used as selective
oral adsorbents for cholesterol [19] and imprinted bile acid sequestrants [20,21]. Commonly,
MIPs are widely used as DDS in various diseases such as cancer [22], arrhythmia [23,24],
avitaminosis [25], cardiovascular and cerebrovascular disease [26], inflammation [27], ad-
dictive disease [28,29] and other [30]. There are also several applications in which MIPs are
incorporated into membranes to be used for bio-separation and bio-purification [31]. MIPs
are also used in controlled release delivery systems. It is reported that MIPs are widely
used for modifying drug release from solid dosage forms, which results in tuned composi-
tion release. Whereas many studies are based on a simple modification of non-imprinted
polymers, there is also a huge potential in another MIPs application area—intelligent drug
release. This release refers to the predictable release of the therapeutic agent in response to
specific stimuli like the presence of another specific molecule or change in pH. An example
of this intelligent release might be a cell surface epitope. The general mechanism of drug
release from the cell surface is illustrated in Figure 8 [17].

Figure 8. Scheme of targeted drug delivery into a cell with MIP.

3. MIP Challenges in Transdermal Delivery

The oral route is the most common and convenient route of drug administration. Low
oral bioavailability and side effects restricted oral administration of most drugs with poor
solubility in clinical use [30]. However, there are a lot of medicines that implementation by
the oral route is characterized by a low adsorption rate from the gastrointestinal tract or
extensive first-pass metabolism [32,33]. In these examples, the skin may be an alternative
route for applying drugs, as it has been widely used as a route of administration for
local and systemic drugs [34,35]. Transport across the biological barrier creates a problem
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resulting from the interaction or reaction of the experimental drug with the epithelial
barrier [36]. The use of MIT may be integrated to design DDS with properties tuned with
pharmaceutical agents produced for dermal or transdermal use [2].

There are a lot of studies that involve MIPs in transdermal drug delivery applications.
In one of them, a molecularly imprinted nicotine transdermal system was proposed. In this
study reported in 2014 by Ruela et al. [28], an imprinted matrix was prepared by free radical
polymerization of a copolymer of methacrylic acid and ethylene glycol dimethacrylate
using the bulk technique in the presence of nicotine, which acted as the template. The bulk
material was then crushed to obtain particles of 75–106 μm. These particles were dispersed
in mineral oil or propylene glycol and formed into a disk with a surface equal to 1.8 cm2.
As results showed, mineral oil was the most promising vehicle due to its hydrophobic
characteristics, which improve the molecular recognition of nicotine in MIP particles.
Polymeric particles present in the transdermal system differed in polarity. In this study, the
pH of the nicotine imprinted polymeric delivery system was similar to the skin’s pH. The
imprinted polymers were characterized using various techniques to study the morphology
of the particles, drug-polymer interactions, and compatibility. The results of controlled
release were compared with the commercially available product—Nicopath®. Results
obtained after in vitro experiments showed that the amounts of permeated nicotine from the
imprinted matrix were similar to commercial patches. The results are 655 and 709 μg cm−2

for 24 h, respectively. According to the results obtained in the study made by Ruela,
a MIP created with a nicotine template showed promising results. It was demonstrated
that non-covalent MIP drug interactions might modify the profile of drug release and
skin penetration. Additional studies, such as FT-IR or SEM, also confirmed that prepared
MIPs with nicotine as a template have high thermal stability and are resistant to chemical
degradation. Although both molecularly imprinted polymer and non-molecular imprinted
polymer could bind the templates in their matrixes, MIPs showed better performance
during the transdermal release. It is caused by the presence of selective recognition sites in
the MIP structure [28,34].

In the further studies made by the same research group, experiments involving the synthe-
sis of several MIPs using precipitation polymerization technique to find optimized materials
able to selectively absorb nicotine were performed. As a result, release and skin permeation
by nicotine was optimized using MIPs synthesized by precipitation polymerization technique.
Obtained polymers showed improved adsorption capacity and selectivity, additionally, MIPs
were also able to modulate the transdermal delivery of templated nicotine [29].

Another application of imprinted polymers is shown in one of the studies presented by
Bodhibukkana et al. [37]. MIPs were used as a composite material integrated with cellulose
to form a membrane to improve the biocompatibility of the transdermal system (Figure 9).
As previous research shows, the cellulose membrane is a biocompatible and biodegradable
material with good mechanical properties.

These studies aimed to modify the cellulose membrane with a thin layer of R-propranolol
or S-propranolol entrapped in MIPs structure. The results showed the potential of molec-
ularly imprinted polymer composite membranes based on cellulose in controlling
S-propranolol release into the skin. The degree of stereoselectivity demonstrated a higher
therapeutic advantage when considering the two enantiomers of propranolol (R/S). Due
to selectivity towards S-propranolol of the MIPs present in the surface of the cellulose
membranes, a limited release was achieved [34,37].
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Figure 9. Scheme of cellulose membrane modified with a MIP. Reprinted from [37], Copyright (2022),
with permission from Elsevier.

4. Basic Characteristics of Hydrogels

Polymeric hydrogel networks are insoluble, cross-linked, and composed of hydrophilic
homo- or hetero-co-polymers, absorbing significant amounts of water and retaining their
shape without dissolving. Cross-links within hydrogels may be covalent bonds, permanent
entanglements, ionic interactions, or microcrystalline regions incorporating various chains.
Loading therapeutics into the hydrogel network takes place using one of two possible scenar-
ios. One of them refers to producing the appropriate gel in the presence of the drug, whereas
the second is a path of firstly synthesizing the gel and then loading therapeutic into the gel [38].
Using appropriate monomers with defined properties allows the formed hydrogels to be envi-
ronmentally responsive, for example, toward changes in pH. Generally, molecular imprinting
technologies allow hydrogels to: recognize and selectively bind the specific substrate into the
hydrogel. Hydrogels have many advantages compared with other imprinting materials, such
as milder synthesis conditions at lower temperatures or relatively high solubility of biological
templates like DNA, protein, nucleic acid, etc. Due to that, molecularly imprinted hydrogels
play an important role in modern drug delivery systems [39].

The most valuable feature of hydrogels in drug delivery systems is their ability to
control diffusion and ability to amplify the microscopic events, which occur at the mesh
chain level into macroscopic phenomena [38,40,41]. It is well known that the delivery
of certain drugs directly to localized sites beneath the skin is highly desirable in some
cases since it would allow local pathology to be treated without significant systemic side
effects [42]. Additionally, there are some benefits of transdermal drug delivery within
using hydrogels. The drugs dosage can be interrupted on-demand by simply removing
the devices, and that drugs can bypass hepatic first-pass metabolism. Using hydrogels is
also beneficial because of their dual structure, involving a macroscale three-dimensional
macromolecular network with a highly hydrated microscale environment where the for-
mer characteristic supplies necessary macroscale rigidity, whereas the latter provides the
potential for relatively efficient mass transfer [43]. What is important, swollen hydrogels,
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due to their high water content, may provide a better feeling for the skin in comparison to
conventional ointment and patches [40].

The behavior of hydrogels in a changing environment is presented in Figure 10. Immers-
ing a dry hydrogel in a compatible solvent causes the solvent movement into the hydrogel
polymer chain followed by volume expansion and macromolecular rearrangement depending
on the extent of crosslinking within the network (presented in Figure 10). Two factors are deci-
sive for the rate at which a polymer expands or swells—the rates of polymer-chain relaxation
and solvent penetration into the hydrogel network. Moving from an unperturbed, glassy
state to a solvated, rubbery hydrogel state leads to unlimited exchange in transport. This is
an important feature for swelling-controlled hydrogels, in which we can obtain a zero-order
release or constant release rate. These release rates can be achieved by keeping the constant
rate of solvent front penetration, which should be smaller than the drug diffusion.

Figure 10. Scheme of (a) controlled drug release in hydrogels upon their swelling either by solvent
uptake from a dry state or (b) thermodynamic compatibility with the solvent. (c) Macromolecular
memory is obtained by imprinting a multifunctional pre-polymerization complex with the drug as
an alternative strategy to release the drug in a controlled fashion when the gels are already solvated
and fully swollen. Reprinted from [38], Copyright (2022), with permission from Elsevier.

In Figure 10, a modified hydrogel molecule is shown. The presented hydrogel molecules
may contain a specific chemical/biological species along their backbone chain to obtain
sensitivity to environmental hydrogels. This feature may be achieved by controlling drug
transport by swelling controlled systems (i.e., drug-loaded dry state with water uptake) or
swellable systems (e.g., pH, temperature, etc.). In a widely used Fickian model of release
kinetics, the relaxation rate is high, resulting in the rate-limiting diffusion process. Thus, the
release rate of the drug is proportional to the concentration gradient between the drug source
and the environment. The achieved rate is proportional to the concentration gradient between
the drug source and the surroundings. The main aim is to find a drug source to achieve
zero-order release. Many strategies try to achieve zero-order release, such as biodegradable
systems with solvent penetration moving with similar velocities the outer eroding [38,44].

One of the new methods is to obtain hydrogel with macromolecular memory for the
drug within the network and delay the transport of drug from the hydrogel matrix by
the presence of interactions with various functional groups within the network. This can
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be achieved by using molecular imprinting methods presented in Figure 10 Interactions
between the drug and matrix cavities slow drug release from the hydrogel. This type of
hydrogel optimization of slowed release, caused by the amount and strength of functional
monomer interactions, crosslinking structure, and mobility of polymer chains, might be
a potentially synthetic solid way to gain many hydrogels [38].

5. Mechanism of Controlled Release within Molecular Imprinted Hydrogels

Molecular Imprinted Hydrogels can be classified as anionic, cationic, or neutral, which
also determines their behavior. Thermodynamically, the swelling behavior of the hydrogels
network is related to the balance between the polymer-water Gibbs free energy of mixing
and the Gibbs free energy associated with the elastic nature of the entire polymer [45].
The quantities of the mentioned free energies become equal when achieving the swelling
equilibrium [46]. What highlights the hydrogels from others is the advantage of milder
synthesis conditions at lower temperatures and in aqueous mediums regarding the fragility
and solubility of biological templates, including DNA, protein, or even nucleic acids [39].
Two main solvent-activated systems can be indicated—an osmotic-controlled system and
a swelling-controlled system—the rate of water influx controls the overall rate of the drug
release. The controlled drug release mechanism is based on water diffusion and polymer
chain relaxation [46]. Generally, the time dependence of the drug release rate can be
determined by the rate of water diffusion and chain relaxation [47].

It is well-known that the limitations of transdermal drug delivery are controlled by skin
anatomy. Generally, the skin permits a painless and compliant network for systemic drug
administration [48]. The fact that the skin has evolved and thus impedes the flux of toxins
into the body and minimizes water loss means that it naturally has a low permeability to the
penetration of foreign molecules. Because the skin provides a barrier to the delivery of many
drugs, various chemical additives have been tested to achieve better results in transdermal
penetration. Chemical penetration additives offer many advantages, such as design flexibility
with formulation chemistry and a more accessible patch application over a large area [49]. The
mentioned transdermal patches have been widely helpful in developing new applications for
existing therapeutics and reducing first-pass drug-degradation effects. Patches also gain the
ability to reduce some side effects. For example, estradiol patches are commonly used and, in
contrast to the popular oral formulations, do not cause liver damage [50].

Whereas the mechanism of controlled release of the drug from hydrogel structure is
relatively easy to design, implementing imprinted recognition release systems requires
consideration of many environmental impacts and the expected properties of the desired
hydrogel. Basically, the controlled release mechanism and associated swelling charac-
teristics of polyhydrogels’ networks result from cross-links (also known as tie-points or
junctions), permanent entanglements, ionic interactions, or microcrystalline regions incor-
porating various chains. In general, as an analyte replaces pendant analyte groups (attached
to the copolymer chains), the polymeric network loses effective cross-links, opening the
network’s mesh size and regulating the release. Otherwise, as an analyte decreases in
concentration within the bulk phase, the molecule rebinds with the analyte groups attached
to the copolymer chains, which role is to close the network structure [46].

It is not a surprise that one of the most desirable controlled drug delivery applications is
stimuli-responsive hydrogels that can modulate the release in response to pH, temperature,
ionic strength, electric field, or specific analyte concentration differences. The most important
feature of these systems is that they can be designed to operate within a particular human
body area due to the possibility of adapting to well-known environmental conditions [46,47].

5.1. Stimuli-Responsive MIP Hydrogels

The need for creating intelligent materials based on chemical compounds that can
mimic the natural receptors inspires the development of imprinting technologies and ex-
pand the MIPs synthesis into the synthesis of stimuli-responsive MIPs (SR-MIPs) by stimuli-
responsive technology for molecular imprinting. SR-MIPs included thermo-responsive
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MIPs, pH-responsive MIPs, dual- or multiple-responsive MIPs, and other-responsive MIPs.
Due to their great applications properties, these intelligent polymers play an important
role in many fields such as drug delivery, biotechnology, separation science, cell encapsula-
tion in biochemistry, and chemo-biosensing [51]. The combination of stimuli-responsivity
and Molecular Imprinting Technology helps to obtain valuable functionalities. Generally,
imprinting provides a high loading capacity of specific molecules, whereas the ability to
respond to stimuli modulates the affinity to network for the target molecules. The whole
process provides a regulatory or switching capability of the release process [52].

Connecting molecularly imprinting technology with the synthesis of stimuli-responsive
hydrogels requires conducting the polymerization reaction in the presence of a template
in the conformation corresponding to the minimum energy. Imprinted cavities’ recogni-
tion properties after swelling can be maintained only if the network folds back into the
conformation adopted during the synthesis [53]. Generally, when the centers of molecular
recognition are present in the stimuli-responsive hydrogel, the conformation of the recep-
tors may be deformed or re-constituted as a function of an external or a physiological signal.
There are plenty of functions that stimuli-responsive polymeric hydrogels can perform,
such as selectively and effectively load of a particular drug, releasing the drug at a rate
modulated by a stimulus, and uptake the released drug again from the environment if the
drug remains around the hydrogel when the stimulus stop or diminishes its intensity and
the cavities are reformed (Figure 11) [52].

Figure 11. Schematic view of the effect of a stimulus on the conformation of the drug-imprinted
cavities in a responsive hydrogel.

Generalizing, stimuli-responsive imprinted hydrogels can be synthesized by combining
responsive monomers with functional monomers that interact with the appropriate drug
molecules. After polymerization reaction, during hydrogel swelling, the structure of receptors
is altered, and the drug is released. The receptors can be reconstituted following stimulus
disappear or decrease in its intensity. As a consequence, the release slows down or even stops.
Whereas there is a necessity to recognize cavities structure after several swelling/collapse
cycles, optimizing stimuli-responsive imprinted hydrogels is still challenging [52,54].

5.1.1. Thermo-Responsive Hydrogels

The thermo-responsive gels have been widely used as smart materials in various
fields such as drug delivery systems, tissue engineering, or even cell encapsulation in
biochemistry [55–59]. Thermo-responsive MIPs have gained the researchers’ curiosity
due to the similar recognition mechanisms to the proteins from natural systems and
the ability of the hydrogels to swell or deswell thanks to changes in temperature in the
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surrounding area [40]. Therefore, thermo-responsive polymeric hydrogels can be used in
the design of protein-imprinted polymeric materials, which have already been reported
in many applications [55,56,59,60]. The important thing is that there is dependence on
the availability of binding sites from the MIP structure based on cross-linking. Highly
cross-linked MIPs have a more rigid structure thus, the number of binding sites is limited,
whereas lightly cross-linked polymer gels can undergo reversible swelling and shrink in
response to environmental temperature changes [16]. There are two classes of thermo-
responsive hydrogel materials—positive and negative temperature-responsive systems.
The main difference is critical solution temperature—the positive temperature-responsive
hydrogels have an upper critical solution temperature (UCST), so it means that they
contract upon cooling below the UCST. In contrast, the negative-sensitive hydrogels have
a lower critical solution temperature (LCST), and they contract upon heating above the
mentioned LCST [40]. Generally, thermo-responsive polymers contain both hydrophilic
and hydrophobic groups. Due to that, they can form appropriate structures, swelling and
shrinking, in response to temperature changes. The mechanism of this response is based
on hydrogen bond interactions. It is well known that in lower temperatures, the hydrogen
bond interactions are formed between hydrophilic areas in polymer chains and templates,
whereas in higher temperatures, higher than the low-critical solution temperature (LCST),
the hydrogen bond interactions are destroyed, thus hydrophobic interactions increase.
An increase of hydrophobic bond interactions causes the aggregation of polymer chains
and then contraction of the gel network [51].

The most known thermo- responsive polymer is poly(N-isopropylacrylamide) (PNI-
PAAm). Its low-critical solution temperature is around 32 ◦C in an aqueous solution, so it
means that due to the close to natural body temperature, it may be used widely in smart
drug delivery systems [61,62]. Generally, the combination of thermo-responsive properties
with Molecular Imprinting Technology can develop networks that provide a promising
synthetic strategy ensuring the system responds rapidly to external temperature changes.
The schematic mechanism of thermo-responsive hydrogel’s action is presented in Figure 12.
It is shown that the template can be easily removed from the MIPs network by reducing
the external temperature (Figure 12) [51].

Figure 12. Scheme of the template’s removal mechanism from thermo-responsive MIPs.

A lot of studies are reported, showing that the N-isopropylacrylamide (NIPAAm) can be
used as a functional monomer for preparing thermo-responsive MIPs, applicable in various
fields. The NIPAAm has been used for many target species such as proteins [59,63–65], organic
molecules (like 4-aminopyridine) [63], cisplatin [66], or even metal ions (like Cu2+ ions) [67].

Wang et al. [68] reported the results of research in which a preparation of pH/thermo-
responsive MIPs by frontal polymerization using acrylic acid and N-isopropylacrylamide
(NIPAAm) was performed. The proposed MIPs were applied to deliver Gemifloxacin,
a fourth-generation fluoroquinolone antibiotic that acts by inhibiting DNA gyrase and
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topoisomerase IV. The reported data showed that the obtained drug delivery devices
based on MIPs possessed higher relative bioavailability of Gemifloxacin than those of the
corresponding non-imprinted polymers [68].

One of the recently studied MIP hydrogels with the thermo-responsive feature is
a molecularly imprinted polymer based on konjac glucomannan (polysaccharide) im-
printed with 5-fluorouracil as a template reported by Ann et al. [69]. 5-Fluorouracil is
a compound with a high affinity to a range of tumors such as gastric, intestinal, pancreatic,
ovarian, liver, brain, breast, etc. In the reported studies, a novel thermo-responsive MIP
was prepared by graft copolymerization using konjac glucomannan (KGM) as a matrix,
N-isopropylacrylamide (NIPAAm) as a thermo-responsive monomer, acrylamide (AM)
as co-monomer, N,N’-methylenebis(acrylamide) (NBAM) as a cross-linking agent, and
5-fluorouracil (5-Fu) as a template (Figure 13).

Figure 13. Schematic procedure of synthesis of 5-fluorouracil thermo- responsive MIP reported by
Ann et al. Reprinted [69], Copyright (2022), with permission from Elsevier.

5-Fluorouracil selective MIP was characterized by thermo-responsive features. The
results showed that the system could quickly respond to an external change in temperature.
The swelling or shrinking of the imprinted sites resulted in the adsorption or desorption of
5-fluorouracil. As a result, the prepared MIPs could be used as a sustained-release network
controlling the release of 5-Fu by changing the environmental temperature. Obtained data
of the release kinetics was fit with the Higuchi release model [69].

5.1.2. pH-Responsive Hydrogels

Hydrogels, which are pH-responsive, must contain many chemical groups that can be
easily ionized. Carboxyl or amino groups can be noted as examples of these groups that
can, accordingly, donate or accept a proton, which determines the pH-sensitivity feature
of the entire MIPs. As in the case of thermo-sensitivity, the mechanism of pH-response
is based on hydrogen bonds interaction between the chains and template [51]. When the
chemical group is ionized during changes of environmental pH, at the same time, the
hydrogen bonds between chains are destroyed, which causes a decrease in the crosslinking
points in the hydrogel network. This results in a discontinuous change in the hydrogel
volume [70]. Considering the possibilities of ionized groups, pH-responsive polymers can
be divided into two types—anionic and cationic ones. Within the anionic types, the most
useful group is a carboxyl group, which can be protonated and thus determine hydrophobic
interactions at low pH. Additionally, a low pH environment cause leading the volume
shrinkage. Opposite to that, at high pH, the behavior of hydrogel is quite different. In these
conditions, carboxyl groups dissociate into carboxylate ions, resulting in a high charge
density in the polymer network, which causes swelling. Similarly, the pH-responsive
feature of the cationic hydrogel network is dependent on the protonation of basic groups
in the polymer chains (e.g., amino groups or pyridine groups). At low pH, basic cationic
groups are protonated, which leads to internal charge repulsions between neighboring
protonated groups. In contrast, at higher pH, the groups become less ionized, resulting in
a reduction in the overall hydrodynamic diameter of the polymer [51].

The first reported pH-responsive MIPs were proposed by Tao et al. [71]. In this research,
novel pH-responsive MIPs by using amylose as the host matrix, bisphenol A (BPA) as the
template, and acrylic acid (AA) as the co-functional monomer prepared. Changing the
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acidity of the entire solution could reversibly control the rebinding ability towards the
template. In that case, the rebinding ability of polymers decreased with the increasing pH of
the solution. Comparing two pH conditions, pH1 = 4.5 and pH2 = 8.5, the binding amount
was, accordingly, 2.5 μM·g−1 and 1.0 μM·g−1 [51,71]. The higher pH caused the loss of the
MIP affinity for bisphenol A because of the conformational changes in the amylose chains
caused by the electrostatic repulsions among the ionized groups of acrylic acid and the
subsequent disruption of the imprinted cavities (Figure 14) [52].

Figure 14. Scheme presenting DXP release profiles at various pH PBS solution at 37 ◦C [(�) non-
imprinted polymer; (•) imprinted polymer]. Reprinted from [72], Copyright (2022), with permission
from Elsevier.

The example of pH-responsive MIP prepared for controlled release of dexamethasone-21-
phosphate disodium salt (DXP) is nanosphere/hydrogel composite reported by Wang et al. [72].
The chosen DXP is a potential coating for implantable biosensors that should improve
their biocompatibility [51]. As results show, the DXP release rate from the MIP structure
increased significantly with a decrease of pH value, while the DXP release rate from the
non-imprinted polymer structure didn’t change with the pH change (Figure 14).

The behavior of DXP in various pH conditions can be explained by interactions
between the template and polymer network. When the pH value decreases, some template
anions are protonated, which causes weak ionic interactions. It subsequently leads to
a faster drug release rate [72]. Obtained hydrogel has been applied in glucose sensors
to improve their biocompatibility as well as their lifetime. The results showed that the
obtained DXP hydrogel MIPs can potentially suppress the inflammation response, causing
an increase in the pH of the imprinted sensors, effectively improving their lifespan [51].

Interesting studies of dual drug release with materials based on poly(L-lactide)-co-
polyethylene glycol-co-poly(L-lactide) dimethacrylate as a degradable polymeric cross-linker
were reported by Xu et al. in 2016 [73]. They used acrylic acid and N-isopropylacrylamide as
monomers, anti-cancer drug DOX, and the antibiotic tetracycline, which both were used as
templates loaded into the hydrogels with dual drug loading efficiency. The drug release
at pH 7.4 and 1.2 were examined. The obtained results confirmed the original thesis and
showed that the synthesized copolymers are pH-responsive, shrinking at pH = 1.3 and
swelling at pH = 7.4. As experiments demonstrated, the dual-drug-loaded hydrogels
released drugs in different patterns and successfully killed targeted cells [73].
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5.1.3. Dual/Multiple-Responsive MIPs

The dual/multiple-responsive hydrogels are polymeric systems responsive to two
or more external stimuli [51]. While the studies on dual stimuli-responsive polymers
are widely common, they are relatively less explored than single-responsive polymers.
However, dual-responsive MIPs gain the researcher’s curiosity due to their feature, such as
enhancing the versatility of polymeric materials as they allow tuning of their properties in
multiple ways rather than in single-responsive polymers [16]. From the synthetic point of
view, by using suitable monomers, the dual-responsive MIPs may be obtained by transform-
ing the single-responsive polymer by replacing the traditional functional monomer with
a stimuli-responsive functional monomer [51]. Generally, dual-responsive polymers mainly
include: magnetic/photo; magnetic/thermo; thermo/pH; thermo/photo; and thermo/salt
dual responsive MIPs. The mentioned types of well-reported dual-responsive MIPs useful
in various fields are presented in Table 1.

Table 1. Examples of well-reported dual/multiple-responsive MIPs with their applications [16].

Type of Polymer Template Responsive Element Application Reference

Thermo/Magnetic

2,4,5-
Trichlorophenol NIPAAm, Fe3O4 Selective separation and enrichment fields [74]

Sulfamethazine NIPAAm, γ-Fe3O4
Separation, drug release,

protein recognition [75]

BSA NIPAAm, Fe3O4

Chromatographic separation, solid-phase
extraction, drug delivery. Medical diagnosis

and biosensors
[76]

Photo/Magnetic Caffeine Fe3O4, MPABA Trace caffeine analysis [77]
pH/Thermo Ovalbumin NIPAAm, boronic acid Chemical sensing and biosensing [78]

Thermo/Photo 2,4-D Azobenzene, NIPAAm Separation, extraction, assays, drug delivery,
and bioanalytical analysis [79]

Thermo/Salt BSA NIPAAm, NaCl Solid-phase extraction, sensors, and protein
delivery agents [80]

Thermo/Salt/Bio-
molecule

Lysozyme or
Cytochrome 4

NIPAAm, NaCl,
Bio-molecule Non-protein acetous receptor [65]

One of the most interesting uses of dual-responsive MIPs is reported by Zhao et al. [77],
a multi-responsive MIP consisting of thermo-responsive and salt-responsive MIPs hydro-
gel. The research presents dual-responsive MIPs hydrogel for BSA by self-assembly of
a basic functional monomer N-[3-(dimethylamino)propyl]methacrylamide (DMAPMA)
with bovine serum albumin (BSA) that can be polymerized in the presence of NIPAAm.
Obtained dual-responsive polymeric hydrogel proved that it possesses a clear memory
of the template protein and can respond to changes in temperature and ionic strength.
In the recognition process mechanism, salt ions play an important role in screening the
electrostatic interactions between protein molecules and the charged polymer chains. It
was observed that the increase of salt concentration caused a screening of electrostatic
interactions between polymer chains, while the addition of NaCl to the adjusted volume
of polymer caused inhibition. The demonstrated features of obtained dual-responsive
MIPs made them attractive for applications such as solid electrolyte membranes, electrode
devices, protein delivery agents, and sensors with the controlled release [80].

There are also some studies reporting multiple-responsive MIPs, however, the amount of
such systems is much lower than dual-response MIPs. One example proposed by Chen et al. [78]
is multi-responsive protein imprinted polymers responsive to temperature, the corresponding
template protein, and salt concentration, which results in specific volume shrinking. Cy-
tochrome c or lysozyme were used as templates, NIPAAm as a major functional monomer,
MAA and AAm as functional co-monomers, and N,N-methylenebisacrylamide as a cross-
linker. As the results showed, the combination of molecular imprinting technique and
a stimuli-responsive feature may be useful for preparing protein-responsive polymeric hydro-
gels that can undergo specific binding and shrinking in the presence of template [65].
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Recently, interesting research was reported by Wang et al. [81] based on the fabrication
of core-shell imprinted nanospheres with multiple responsive properties. The scheme of
the main synthesis is shown in Figure 15.

Figure 15. Schematic synthesis of core-shell MIP nanospheres with multiple responsive properties.
Reprinted with permission from [81]. Copyright (2022) American Chemical Society.

As results showed, fabricated magnetic core-shell MIP nanospheres, with an imprinted
layer with a thickness ranging from 40 to 150 nm, gain fine hydrophilicity, high binding
capacity, and favorable selectivity adsorption in aqueous solution. Obtained polymers were
also used in the application of drug delivery systems and expressed a sustained release
effect triggered by temperature and UV light [81].

5.1.4. Other-Responsive Hydrogels

There is a lot of possibilities to obtain a stimuli-responsive polymeric hydrogel. Hy-
drogels may be fabricated to be responsive for various, additional to mentioned in previous
paragraphs, external stimuli such as light, magnetic field, or other stimuli including salt ions
and biomolecules [16]. Whereas many studies are reporting all of the mentioned external
stimuli responsive materials, from pharmaceutical point of view, the most interesting thought
is to be the last, using biomolecule responsive polymeric networks. Recently, biomolecule-
responsive hydrogels have become more important for drug delivery systems and molecular
diagnostics because they can sense the target biomolecule, which results in structural changes.
The mechanism of biomolecule-responsive MIPs is based on changes in the volume as a func-
tion of the concentration of a target biomolecule such as carbohydrates or proteins [82]. The
fabricated MIP’s hydrogels may be an optimal way to overcome tumors as some studies con-
firmed that suppositions. A good example is a research presented by Miyata, who prepared
tumor-marker-imprinted hydrogel, which can shrink in the presence of a target-tumor marker
glycoprotein by using various cross-linkers (low-molecular-weight/high-molecular-weight).
The obtained results provided a basis for developing useful biomolecule-responsive hydrogels
and permitted the knowledge of critical factors of molecular imprinting. The presented studies
were focused not only on the proper preparation of biomolecule-responsive hydrogel but
also on the effect of the molecular weight of cross-linkers on the glycoprotein-responsive be-
havior of imprinted hydrogels. Generally, whereas long chains of the high-molecular-weight
cross-linker and network chains undergo conformational changes by complex formation of
ligands with a target glycoprotein, short chains of the low-molecular-weight cross-linkers do
not undergo these changes [83].
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6. Conclusions and Future Work

Molecularly imprinted polymers are promising materials in the synthesis of advanced
drug delivery networks due to their ability to increase release times and extend the resi-
dency of the entire drug. As the presented studies showed, the main application fields in
which MIPs hydrogels can be used are sustained release, controlled release, and targeted
delivery system based on its distinct advantages. The future perspectives for transdermal
imprinted drug delivery devices are very promising because of noted enormous progress
in synthetic and material approaches. The main advantage of using MIPs is their high
stability, from which there is a possibility to note: resistance to pressure, high temperatures,
extreme pH, and possibility for long-term storage.

In this review, there was also summarized a mechanism and application of various
stimuli-responsive MIPs. As presented, stimuli-responsive MIPs can be divided into single-
responsive and multi-responsive MIPs. The main conclusion is that the second group has
received more attention between non-stimuli and stimuli-responsive MIPs because of their
excellent properties. One of the main benefits is their response to external stimuli, which
makes it possible to alter their volume and affinity for target molecules by changing the
environmental conditions.

Although various achievements have been attained in molecularly imprinted tech-
nology and stimuli-responsive MIPs, there are still lots of development challenges and
opportunities. For instance, it is still challenging to transfer the imprinting process from
organic to aqueous phase, reaching the level of natural molecular recognition, exploring
various stimuli-responsive systems to develop stimuli-responsive MIPs, and develop-
ing within dual/multiple-responsive MIPs with good biocompatibility with increasing
requirements for functional polymer materials.
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Abstract: Molecularly imprinted polymers (MIPs) are obtained by initiating the polymerization of
functional monomers surrounding a template molecule in the presence of crosslinkers and porogens.
The best adsorption performance can be achieved by optimizing the polymerization conditions, but
this process is time consuming and labor-intensive. Theoretical calculation based on calculation
simulations and intermolecular forces is an effective method to solve this problem because it is conve-
nient, versatile, environmentally friendly, and inexpensive. In this article, computational simulation
modeling methods are introduced, and the theoretical optimization methods of various molecular
simulation calculation software for preparing molecularly imprinted polymers are proposed. The
progress in research on and application of molecularly imprinted polymers prepared by computa-
tional simulations and computational software in the past two decades are reviewed. Computer
molecular simulation methods, including molecular mechanics, molecular dynamics and quantum
mechanics, are universally applicable for the MIP-based materials. Furthermore, the new role of
computational simulation in the future development of molecular imprinting technology is explored.

Keywords: computational simulation; molecularly imprinted polymers; intermolecular interaction

1. Introduction

Molecularly imprinted polymers (MIPs) are porous materials with specific recognition
capacity towards the template molecule, which are obtained by self-assembly of template
molecules and functional monomers in a porogen, and then polymerization is initiated in
the presence of a cross-linking agent. The process of preparing MIPs is outlined in Figure 1.
When the template molecule interacts with the functional monomer, the imprinting site is
memorized through multiple action effects and fixed through the polymerization process.
After the template is removed, the adsorption cavity complementary in shape and structure
to the template molecule is left in the polymer matrix, which can selectively recognize the
target molecule. Molecular imprinting technology originated from antibody immunology,
that is, the specific combination of “lock and key” between antibody and antigen [1]. In
1973, Wulff [2] prepared organic MIPs for the first time. Since then, MIPs have attracted
widespread attention. At present, MIPs, as a kind of intelligent adsorption material,
are widely used in various fields, such as chromatographic separation [3], solid phase
extraction [4–6], sensors [7–9], and biomedicine [10,11]. In the past two decades, great
progress in MIPs has been achieved (Figure 2). A variety of novel and interesting imprinted
polymers, including supramolecular imprinted polymers [12,13], multitemplate imprinted
polymers [14,15], multifunctional monomer imprinted polymers [16,17], dummy template
imprinted polymers [18,19], and chiral recognition polymers [20,21], have been developed.
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In fact, synthesis parameters have been obtained through experimental optimization
in most cases. Finding complex and cumbersome conditions is time consuming and
laborious. Moreover, numerous organic reagents are used. These factors severely restrict
the application and promotion of molecular imprinting technology.

Figure 1. Schematic diagram of the molecular imprinting process: (I) non-covalent, (II) electrostatic/ionic, (III) covalent,
(IV) semi-covalent, and (V) coordination to a metal center (Reprinted with permission from [22]. Copyright 2014 Royal
Society of Chemistry).

Figure 2. The literature statistics of MIPs and computational simulation. (Database: Scifinder; Search keywords: molecularly
imprinted, computational simulation, molecularly imprinted and computational simulation, respectively. Search time:
13 June 2021).

Computational simulation has rapidly developed in recent years. It uses computer
technology as a carrier and combines the theoretical basis of quantum mechanics and
statistical mechanics as a tool-based cross-discipline. Molecular simulation calculation
employs computer technology to simulate changes in the static structure and dynamic
motion of molecules by calculating and comparing the relationship between the form and
energy of the interaction between molecules to effectively explain the mechanism of action
at the molecular level. The method is simple to operate and not restricted by the space
environment, and the calculation is accurate and efficient. At present, many reports on
the application of computational simulation in molecular imprinting technology have
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been published [23–26]. Computational simulation greatly reduces the cost of condition
optimization during the polymerization of MIPs. Furthermore, it can effectively predict
the more stable conformational composition between the template and the monomer. It
can even simulate and calculate the types of porogens, crosslinkers, and initiators [27,28].
In this paper, the theoretical methods for simulating MIPs are briefly summarized, and
the progress in the application of MIP simulation in molecular imprinting technology over
the past 20 years has been reviewed. This provides insights into the cross application of
molecular imprinting technology and computational simulation and the development of
green chemistry.

2. Theoretical Methods of Computational Simulation for MIPs

The methods used in the theoretical calculation and simulation of various MIP designs
are molecular mechanics (MM), molecular dynamics (MD), and quantum mechanics (QM).
The computational cost of MM optimization is considerably lower than that of QM, and
thus it is orders of magnitude faster than the latter. However, the accuracy of MM results
is limited by simplified calculation models, which allow the reduction in calculation
costs. The QM approach can better solve the problem of choosing the appropriate initial
direction of interacting molecules because it is more accurate than the other methods.
However, the computational complexity of the QM approach exponentially increases as
the number of molecules involved in the calculation system increases. The MD method can
effectively address this problem. When simulating the dynamic process of the interaction
between molecules, changes in the molecule itself are often not considered, thereby making
the calculation of the simulation method more efficient. Therefore, the MD method is
most widely used when numerous molecules are involved in designing MIPs, such as in
optimizing the ratio of template, monomer, and cross-linking agent. The application of
MM, MD, and QM methods in MIP simulation is given in Table 1.
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Table 1. Theoretical simulation calculation methods for the design of MIPs.

Simulation Method Template Force Field/Method Software MIPs Design

Molecular mechanics (MM)

Myoglobin [29] OPLS3 Prime Screening functional monomers
Morphine [30] CHARMM and MMFF94 Discovery Studio Template-monomer ratio

Metolachlor deschloro [31], metsulfuron-methyl [32] AMBER MM SPSS Statistics Screening functional
monomers/template-monomer ratio

Norfloxacin [33] MMFF94X Discovery Studio Screening functional
monomers/template-monomer ratio

Molecular dynamics (MD)

Curcumin [34], fenthion [35],
N-3-oxo-dodecanoyl-L-homoserine lactone [36],

methidathion [37], endotoxins [38], phosmet insecticide
[39], cocaine [40], methyl parathion [41], aflatoxin B1 [42]

Tripos SYBYL Screening functional
monomers/template-monomer ratio

Bisphenol A [43], carbamazepine [44], phthalates [45],
norfloxacin [46], sulfamethoxazole [47] COMPASS Materials

Studio/accelrys.com
Screening functional

monomers/template-monomer ratio
Thiamethoxam [48] AMBER Gaussian Template-monomer ratio and solvent
Rhodamine B [49] GROMOS GROMACS Template-monomer ratio and solvent

Quantum mechanics (QM)

Vancomycin [50], primaquine [51], tramadol [52],
thiamethoxam [48], clenbuterol [53], sulfadimidine [54],

bilobalide [55], chloramphenicol [56], paclitaxel [57],
acetamiprid [58], acetazolamide [59], lamotrigine [60],
cyanazine [61], 3-methylindole [62], polybrominated
diphenyl ethers [63], pirimicarb [64], metoprolol [65],

ciprofloxacin or norfloxacin [66]

DFT Gaussian
Screening functional

monomers/template-monomer
ratio/solvent

Aspartame [67], pinacolyl methylphosphonate [68],
metolachlor deschloro [31], metsulfuron-methyl [32],

thiocarbohydrazide [69]
Semiempirical method Spartan/SPSS Statistics Screening functional

monomers/template-monomer ratio

Benzo[a]pyrene [70], tryptophan [71], furosemide [72],
buprenorphine [73], hydroxyzine and cetirizine [74],

atenolol [75], diazepam [76], metolachlor deschloro [31],
metsulfuron-methyl [32], allopurinol [77], methadone
[78], clonazepam [79], theophylline [80], ametryn [81],

mosapride citrate [82], baicalein [83],

Ab initio
HyperChem/Gaussian/
AutoDockTools/SPSS

Statistics

Screening functional
monomers/template-monomer ratio
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2.1. MM Method

The MM method treats molecules as a collection of atoms held together by elasticity
or resonance force. It uses energy functions, such as internal energy terms, including bond
length, bond angle, and dihedral angle changes, to calculate changes in the molecular inter-
nal energy caused by changes in molecular structure. Combined with nonbonding energy
(electrostatic interaction), these potential energy functions are called potential functions,
and their parameters can be obtained by fitting quantum chemistry calculation results
or experimental data. The MM method can optimize the molecular static structure of
thousands of atomic systems; perform molecular structure optimization, system dynamics,
and thermodynamic calculations; and select the smallest energy and the most stable molec-
ular conformation in the space structure. However, this method ignores the movement of
electrons and cannot simulate the state of electron movement in chemical reactions, thereby
lowering the accuracy of the calculation [84–86].

Common force fields used in MIP calculation simulation by MM method are OPLS3,
CHARMM, MMFF94, AMBER MM and MMFF94X. Compared with other commonly used
small molecule force fields, the OPLS3 supplies reference data and related parameter types
which exceed one order of magnitude. Therefore, this force field achieves a high level
of accuracy in the performance benchmark for assessing conformational propensity and
solvation of small molecules. It is mainly suitable for liquid systems, such as peptides, pro-
teins, nucleic acids, and organic solvents. In addition, it employs lots of reference data and
related parameter types; this also limits its use in the simulation of small molecule systems.
The CHARMM force field is mainly used for the simulation of biological macromolecules,
including energy minimization, molecular dynamics and Monte Carlo simulation. The
simulation process provides information about molecular structure, interaction, energy, etc.
The MMFF94 force field provides good accuracy in a series of organic and pharmaceutical
molecular simulation calculations. The core parameterization is provided by high-quality
quantum computing without a large amount of experimental data for testing molecular
systems. It performs well in optimizing geometry, bond length, angle, as well electrostatic
and hydrogen bonding effects. The AMBER force field also has significant and extensive
applications in the field of simulation and calculation of biological macromolecules. Its
advantage lies in the calculation of biological macromolecules, but the calculation results
of small molecule systems are often unsatisfactory.

2.2. MD Method

MD methods can clarify the macroscopic properties of particles in dynamic motion.
In 1957, Alder and Wainwright developed the MD technology. They computationally
simulated the behavior of hard balls in boxes at different temperatures and densities.
This method aims to establish a particle system via Newtonian mechanics and statistical
mechanics, calculate the speed and position of molecules, obtain the state of motion of
molecules, and integrate the dynamics and thermodynamic properties of systems. It is
based on molecular mechanics and considers the influence of external environment, such
as temperature and pressure, to calculate the molecular structures (crystallization, expan-
sion and compression, vitrification, and deformation) and thermodynamic parameters of
molecules in motion. The calculation result is close to the real state. The application of
MD in molecular imprinting is illustrated in Figure 3. An MIP pre-polymerization system
can possibly be established, the components and concentrations used in synthesizing the
corresponding polymer copied, and the interactions and conformational changes between
molecules observed.

The Tripos force field in the MD method has been proven to produce molecular
geometry close to the crystal structure for different molecular selections. This force field has
good calculation results in both protein and organic molecular simulations. The COMPASS
force field is the first molecular force field based on ab initio calculations, which can
accurately predict the molecular structure, conformation, vibration, and thermodynamic
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properties of isolated and condensed molecules. The COMPASS force field is also the first
molecular force field that unifies the organic molecular system and the inorganic molecular
system that were previously treated separately. It can simulate organic and inorganic small
molecules, macromolecules, some metal ions, metal oxides and metals. The GROMOS
force field guarantees the accuracy of the parameters through a series of quantum chemical
calculations and existing databases. Most importantly, this force field fully considers the
symmetry of the molecular structure to make the simulation more perfect.

Figure 3. Schematic diagram of molecular dynamics calculation simulation molecular imprinting pre-assembly (Reprinted
with permission from [85]. Copyright 2009 American Chemical Society).

2.3. QM Method

Many reports on the application of computational simulation in molecular imprinting
technology have been published. Most of them used QM-based calculation methods. The
primary QM simulation calculation methods are ab initio calculation methods, semiempiri-
cal calculation methods, and density functional theory (DFT) methods.

The ab initio calculation method is based on the Hartree–Fock method. This method
uses some of the most basic physical constants, such as the speed of light and Planck’s
constant, as known parameters, and it adopts mathematical methods to calculate molecular
physics and chemistry without introducing empirical parameters. In this method, the
SDCI method is applied to both the single excited and double excited states of molecules.
Other methods, such as CISD(T) and MCSCF, consider different variables. The ab initio
calculation method is not limited to the structure of small molecules as it can also calculate
the static and dynamic properties of macromolecular systems, including intramolecular
and intermolecular interactions [87,88]. The ab initio calculation method is a quantum
chemical calculation method that directly solves the Schrodinger equation based on the
basic principles of QM method. Compared with the semiempirical method, the ab initio
calculation method is more accurate, but time-consuming.

The semiempirical method introduces some experimentally measured parameters
on the basis of the ab initio calculation method, simplifies the Hartree–Fock method, and
reduces the amount of experimental calculation. This method can calculate and simulate the
electronic structure and properties of real biological systems, such as enzymes and proteins.
Other calculation methods are available: AM1, PM3, EHMO, CNDO, and NDDO. Among
these methods, AM1 can predict the existence of hydrogen bonds between molecules
by calculating the activation energy of particles. However, when it is used to calculate
thermodynamic properties, such as the enthalpy of particles, large errors are committed.
PM3 usually has a small error, and it is used in molecular simulations and theoretical
calculations [89]. However, if the target analyte is a large molecule, only semiempirical
methods have practical calculation meaning. This method is often used as the first step of
high-precision calculations to obtain the initial structure of subsequent calculations. Some
errors are easily reported due to the use of large reference parameters from the beginning.
Thus, the optimization of the basis set results in a very slow optimization speed, or there
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can even be failure to optimize. In general, the semiempirical method is only suitable for
simple organic molecules, and qualitative information, such as molecular orbital, electric
charge and normal mode, could be obtained.

The DFT method is based on the Hohenberg–Kohn principle. It uses the electron
density function in molecular simulation. The computational complexity of this method is
small, and it can calculate molecular bond energy [90], predict compound structures [91],
and predict reaction mechanisms [92]. Various molecular modeling and theoretical calcu-
lations in molecular imprinting technology apply the DFT method. It mainly calculates
the binding energy (ΔE) between the template molecule and the functional monomer. In
general, the lower the energy value is, the stronger the intermolecular interaction will be,
indicating that the composite system of the template molecule and the functional monomer
is more stable, which means that the prepared MIP has superior performance [93–96]. This
method expresses the kinetic energy of an atom as a functional of electron density, which
adds the classical expressions of the nucleus–electron and electron–electron interaction to
calculate the energy of the atom. However, it is still difficult to describe the intermolecular
forces, especially van der Waals forces, or the energy gap calculated by DFT method.

The calculation methods of theoretical molecular simulation used in molecular im-
printing technology largely adopt the QM method. However, the QM method also has
shortcomings. This method can only qualitatively predict the type of interaction between
molecules but cannot accurately describe the energy changes of complex mixtures. There-
fore, the previous research using this method for theoretical simulation has mostly applied
to the qualitative description of molecular systems [97,98]. The amount of calculation
involved in a quantitative system exponentially increases with the increase in the number
of molecules, a condition that seriously affects calculation efficiency and accuracy.

3. Computational Simulation and Design of New MIPs

The application of theoretical calculations in designing MIPs is primarily achieved
by theoretical simulations and selection of appropriate functional monomers, template
molecules, crosslinkers, and their ratios. The binding energy (i.e., electronic interaction
energy) between the template molecule and the functional monomer can be simulated
and calculated provided that the binding energy between the template molecule and the
functional monomer is high, indicating that the corresponding MIPs have excellent selec-
tivity and adsorption performance. In addition, the ratio of the molecular and monomer
system is closely related to the imprint factor of MIPs. In general, this ratio is calculated
and optimized by performing the computational simulation in a vacuum environment
to obtain the Eqaution (1) for the binding energy between the template molecule and the
functional monomer.

ΔE = E(Template-monomer complex) − ETemplate − Emonomer (1)

In most cases, vacuum simulation calculations often differ from the actual situation
as they consider the effects of spatial media, including the addition of solvents, to make
the simulation calculation highly consistent with experimental results. The solvent (i.e.,
porogen) affects the energy of the system during the synthesis of MIPs. The results of
molecular modeling can be made closer to real situation and the reliability of the results
can be increased by conducting the simulation of a molecular fingerprint polymer in a
solvent medium. The binding energy is calculated by Equation (2):

ΔESolvent = E(Template-monomer complex in solvent (pore-forming agent)) − E(template-functional complex in the gas phase) (2)

where ΔESolvent is the energy difference between a template molecule and a functional
monomer in solution and in a vacuum environment. A weak influence of the solution on
noncovalent interactions during molecular fingerprint polymerization results in a small
energy difference value, suggesting that the solvent is the best polymerization solvent for
obtaining molecular fingerprint polymers [99,100].

The primary factor in MIP imprinting polymerization is the strong bonding force
between the template and the functional monomer. Therefore, choosing the right func-
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tional monomer is a key factor in designing MIPs. An MIP can be reasonably designed
by applying the DFT method in selecting the monomer with the best interaction with
2-isopropoxyphenol; it can be combined with the PM3.5 method to optimize the template-
to-monomer ratio [101]. Quantum calculations were performed using the Spartan software,
and the complexes’ binding energy can be obtained to evaluate their stability. Pyrrole had
been selected as the best functional monomer for designing 2-isopropoxyphenol MIPs. PM3
and DFT calculation methods were also used to simulate and calculate the monomers with
the strongest interaction with disulfoton [102], chlorogenic acid [103], and amoxicillin [104],
as well as the best ratio between the two. This method can be further used to calculate the
solution energies of baicalein and acrylamide complexes in different solvents to screen the
best polymerization solvent [105].

The strongest interaction site can be further located by obtaining the electrostatic
potential map on the surface of the template molecule via the DFT method [106]. Figure 4
shows the electrostatic charge distribution of carvedilol after the geometry was optimized.
The hydrogen bonding sites between carvedilol and functional monomer evidently appear
in the red, yellow, and blue regions, which were O1, O2, O3, and H1. According to the
quantitative information of the electrostatic map, each functional monomer undergoes
hydrogen bonding at the four interaction sites in sequence to form hydrogen bonds; thus,
the ratio of template and monomer complexes were 1:1 and 1:2, and 1:3 and 1:4. When the
functional monomer is methacrylic acid and the template is combined with the monomer
at a ratio of 1:4, a stable complex can be formed. The DFT method had also been adopted
to study the interaction between p-nitrophenol and β-cyclodextrin [12].

Figure 4. Electrostatic potential energy diagram of endotoxin in template (Reprinted with permission
from [106]. Copyright 2019 Elsevier).

The key to the selectivity and enrichment ability of MIPs lies in the formation of a
stable complex between the template and the functional monomer. Therefore, choosing
the right functional monomer is an important factor in designing MIPs. The DFT method
had been employed to study intermolecular interactions between harmane and functional
monomer [107]. Firstly, MD simulation was performed at constant energy by combining it
with the PM3 method. Subsequently, quenching kinetics and simulated annealing were
combined to perform geometric optimization calculations on the structure of the template
and monomer complex. The calculated optimized energy was then compared to finding
the lowest energy conformation. The DFT method calculates the frequency of the harmane–
monomer (1: n) complex system with the smallest energy value. It obtained the theoretical
parameters of intermolecular interactions and provided a reliable theoretical basis for the
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interaction between the template and the monomer. Similar molecular simulations of
combining DFT and MD methods had been used in furazolidone [108] and kojic acid [109]
imprinted polymer designs. Another work had applied the COMPASS force field in
MD simulation to calculate the intermolecular interactions of ibuprofen, naproxen, and
diclofenac with 2-vinylpyridine [110]. Before MD simulation, the energy of the geometric
optimization of the composite system was minimized in the Materials Studio software,
and the intermolecular binding energies of each system were simultaneously calculated.
The influence of the solvent on the composite system was also considered, which can be
seen from the optimized conformation of the calculation. During synthesis, toluene did not
participate in the monomer–template interaction, indicating that the effect of toluene on
the selective adsorption of such MIPs was negligible.

The DFT calculation method had also been used to explore the influence of different
porogens on the binding energy of nicotinamide to monomer methacrylic acid [111]. Tem-
plate molecules, functional monomers, and template-monomer complexes are modeled in
a vacuum and then optimized for conformation to calculate the single-point energy of the
PM3 level. When toluene is used as a porogen, a small dielectric constant and an aprotic
solvent may result in a large interaction force between the template and the monomer. The
MIP prepared under this condition exhibits the ideal affinity and selectivity for the target
molecule. Farhad et al. [112] calculated and synthesized a new MIP of ephedrine. They used
the restricted Hartree–Fock method in DFT and then applied the Podient continuum model
to simulate and calculate the optimal polymerization solvent. They found that methacrylic
acid and methanol were the best monomers and porogens for pseudoephedrine MIP. The
calculated simulation results were consistent with the experimental results. The effect of
imprinting was further maximized using the DFT method in designing and preparing
clenbuterol MIP [53]. The simulation results showed that the best functional monomer was
acrylic acid, and the best ratio of the template molecule clenbuterol and its norepinephrine
to monomer was 1:3. Given that MeOH has the smallest solvent energy, it was selected
as the best porogen. In the simultaneous calculation and simulation of various types of
crosslinking agents, when ethylene glycol dimethacrylate was used as the crosslinking
agent, the crosslinking agent exerts the least interference to the imprinting process. The
same method has been used to study the thermodynamic properties of the polymerization
process [113]. Preliminary conformational optimization of the intermolecular electrostatic
potential showed that atrazine had five interaction sites. A strong complex interaction was
achieved when atrazine and 2-(trifluoromethyl) acrylic acid were combined at a ratio of 1:4.
As a porogen, toluene had the least interference to the self-assembly system. The calculation
temperature of thermodynamic properties was within the range of 278.15–308.15 K, and
the enthalpy (ΔH), free energy (ΔG), and entropy (ΔS) of the best imprinting combination
system in vacuum and the toluene medium were calculated. Thermodynamic analysis
revealed that atrazine MIP was beneficial to the formation of imprinting sites in a medium
with a low polarity and temperature.

Baggiani [114] applied the semiempirical quantum method (AM1) to screen the best
combination of six functional monomers and carbamate interactions. They used a simu-
lated annealing algorithm to optimize the structural arrangement of supramolecules, and
they calculated the heat of the formation of six composite systems. Because both acrylamide
and methacrylic acid can form two different hydrogen bond interactions with the template
molecule, they were considered to be the most suitable functional monomers for preparing
urethane imprinted polymers. In recent years, the simulated annealing algorithm has
been independently used to attain a stable conformation of the template and the monomer
complex [43,44,46]. During the annealing process, the temperature of the local environment
is always in a dynamic process, ensuring that the templates and the monomers located at
different positions and directions are bonded, thereby expanding the available conforma-
tions. To screen suitable functional monomers from monomer library quickly, Elena [115]
employed the Tripos force field and combined it with the Leapfrog algorithm to simulate
and calculate the possible interactions between simazine and 20 functional monomers.
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Simazine and methacrylic acid achieved a high binding energy mainly through electrostatic
interactions. The combination of the Tripos force field and the Leapfrog algorithm is widely
used in screening functional monomers [39–41,116]. Owing to the ability of this combina-
tion to simulate imprinting sites visually, this method can quickly determine the monomer
library. The monomer with the strongest interaction with the target molecule substantially
shortens the time required to screen the best monomer from numerous monomers [117,118].

An imprinted polymer membrane that can selectively adsorb atrazine in an aque-
ous medium can be developed [119] using the Hyperchem software to find a functional
monomer suitable for atrazine. When methacrylic acid was used as a functional monomer,
two ionic bonds and three hydrogen bonds can form between atrazine and methacrylic
acid. Liang et al. [120] designed and prepared a porous core–shell MIP for the selective sep-
aration and enrichment of ursodeoxycholic acid through computational simulation. They
selected the molecular force field AMBER for computational simulation. The conformation
of the template, monomer, and porogen are optimized, and then the MD optimization
method was used to calculate the binding energy of the template and the monomer com-
plex in the three solvents. MIP with toluene as the porogen had the strongest affinity and
selectivity for ursodeoxycholic acid. Viveiros et al. [121] applied the supercritical carbon
dioxide technology for the molecular imprinting of acetamide for the first time. They
selected the best functional monomer, crosslinking agent, and their molar ratio for each
template molecule. They then introduced CO2 as a solvent into the model. The theoretically
designed itaconic acid MIP exhibited a high affinity and selectivity to acetamide.

Molecular simulation methods are also used in designing and synthesizing dummy
template MIPs. Feng [122] adopted MM combined with AM1 to select the best alternative
template for clenbuterol and its metabolites. Dummy template MIP for sulfonylurea
herbicides can also be obtained by theoretical calculations by using the Hyperchem software
for molecular modeling [32]. The lowest energy conformation of the template and monomer
is optimized by the MM and PM3 methods, and the binding energy of the complex was
obtained by AMBER MM force field. The difference between mesulfuron-methyl and nine
other sulfonylurea herbicide molecules was the smallest. Thus, it was considered to be the
best dummy template molecule.

Molecular simulation calculation can be also performed in designing chiral enantiose-
lective imprinted polymers. Sobiech [123] prepared an octopamine chiral selective MIP via
computational simulations. Discovery Studio can visualize the interface to build molecular
models. The DFT method can be used to optimize the geometry of all compounds, whereas
its combination with the Breneman model can reproduce the atomic part electrostatic poten-
tial of each molecule. During modeling, the monomers were randomly distributed around
the template, and intermolecular interactions occurred during the energy minimization
process. The simulation results showed that the binding energy of octopamine and 4-vinyl
benzoic acid was the smallest. Furthermore, a two-step method of MM and QM were used
to simulate the design of enantioselective tBOC-tyrosine imprinted polymers [124]. The
geometric structure of the molecule was greatly optimized after the two-step simulation
calculations from the MM method to the MD method. This multiscale “coarse to fine”
technology can address the shortcomings of using the MM method or the QM method
alone and combine their advantages. The molecular structure can be roughly optimized
under the MMFF94 force field. The QM method was then used to further refine its geom-
etry. After optimizing the system, the imprinted target molecule was deleted from the
QM-optimized geometry, leaving behind the “imprint” binding site. Further analysis of
single monomer–target interactions in the binding sites suggested that the hydrogen atom
in the chiral center would be more conducive to bonding with the functional group than the
one in the chiral center. The enantioselectivity factor was obtained by determining the ratio
of the binding energy of the target to the binding energy of its enantiomers. If the value
is greater than 1, then the imprinted polymer can be considered to have enantioselective
recognition ability for the chiral target molecule.
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4. Computational Simulation and MIP Identification Mechanism

Theoretical simulation can also provide a theoretical basis for the identification mech-
anism of MIPs. The formation process of experimentally proposed magnetic molecularly
imprinted polypyrrole at the molecular level can be understood via the DFT method to
obtain the thermodynamic properties of the prepolymerized template and the monomer
complex in the presence of water. On the basis of the negative values of ΔG and ΔH,
this results in the complexation of the monomer with praziquantel in aqueous solution
spontaneously forming stable complexes. Moreover, the results of molecular geometric
conformation simulation showed that four hydrogen bonds and one π–π stacking inter-
action are established between praziquantel and pyrrole, which explains the formation
of praziquantel and pyrrole prepolymer complex at the molecular level [125]. Through
PM3 and DFT theoretical simulation methods, the Muliken charge on each atom of the flu-
azuron optimized geometric structure can be obtained, which can quantitatively reveal the
existence of six regions with a high electron charge density. These local regions can interact
with methacrylic acid molecules and build hydrogen bonds. If the value of enthalpy and
Gibbs free energy is less than zero, then the prepolymer complex of flusulfuron–methyl
and methacrylic acid can be considered to have spontaneously and stably formed. These
simulation results explain the polymerization mechanism of fluazuron MIP [126].

The selective mechanism of ciprofloxacin-imprinted membrane was also further ex-
plained through molecular simulations [127]. The binding energy of the interaction be-
tween the functional monomer and ciprofloxacin and its structural analogs, including
norfloxacin hydrochloride, enrofloxacin hydrochloride and ofloxacin hydrochloride, was
obtained through molecular simulation calculations. Kinetic simulations had also been
performed using GROMACS software. The parameters of bond, angle, dihedral angle,
and Lennard–Jones interaction had been directly taken from the GAFF force field. Part
of the charge was obtained using the restricted electrostatic potential method at the the-
oretical level of B3LYP/6-31+G (d, p). The recombination ability of the imprinted site of
ciprofloxacin was dominated by hydrogen bond interactions, whereas its structural analogs
were dominated by van der Waals interaction. Thus, strong hydrogen bond interactions led
to a high tendency for the imprinted site of ciprofloxacin to recombine with the template
molecule. Theoretical simulations of the recombination mechanism and selective perme-
ation experiments mutually confirmed the superior selectivity of ciprofloxacin-imprinted
membranes. Zhang [128] further explained the specific selective recognition mechanism
of molecularly imprinted nanocomposite membranes for artemisinin by dynamic simula-
tions. A comparison of the binding energy of the imprinted membrane with artemisinin
and its structural analogs shows that the strong interaction between artemisinin and the
imprinted polymer matrix contributes to its large adsorption capacity and high selectivity.
A similar DFT method has been used to explain the selective recognition mechanism of
the alternative template N-(4-isopropylphenyl)-N′-butyleneurea MIP to phenylurea her-
bicides [129]. This method also explained the mechanism of experimentally preferred
dummy template imprinted polymer [130] and the strength of the bonding force of chiral
naproxen MIP [21] at the molecular level. These observations provide a theoretical basis to
explain the experimental results from the perspective of intermolecular interactions.

Yang [61] performed molecular simulation to reveal the essential reason for the dif-
ference between single-template and double-template MIP stirring bars in their ability to
recognize target analytes by using the YASARA software to study the recognition mecha-
nism. The 3D shape and size of the imprinted cavity in the MIPs are the corresponding
template molecules. Given that the dual-template MIP contains imprinted cavities of the
two template molecules, it had a fairly high recovery for nine fluoroquinolones, and the
simulation results are consistent with the experimental findings. However, the influence
of template–template interactions on the performance of multitemplate MIPs has been
further verified via the DFT method [62]. The results of both theoretical simulations and
experiments indicated that the interaction between more template molecules affects the for-
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mation of specific recognition sites and even reduces the formation of effective imprinting
sites.

5. Conclusions and Outlook

Computer molecular modeling technology has been applied to the screening and
optimization of molecules in many materials, and it is also a feasible method for prelimi-
nary exploration of MIP. Computer simulation reduces the time and reagent-related costs
required to obtain the appropriate MIP adsorbent, and significantly reduces the consump-
tion of organic solvents. In addition, it can explain the specific recognition mechanism of
imprinted materials at the molecular level. For all the above reasons, the use of computer
molecular simulation to design MIP adsorbents in analytical practice not only conforms to
the principles of green analytical chemistry, but also explains the nature of MIPs binding to
target molecules from the intermolecular forces. The QM method, compared with other
methods, can ensure more accurate simulation results in the MIP system dominated by
non-bonding interaction, because the smallest structural unit electron was studied and the
quantum effect was considered in the method. Therefore, the QM method is also the most
widely used in MIP simulation operations. However, in the simulation of macromolecules
and polyatomic systems, this method is very time-consuming and even prone to errors.
MM and MD are classical mechanics methods. Their smallest structural unit is no longer
an electron but an atom. Therefore, the simulation operation complexity of the imprinting
system is greatly reduced, and the operation speed is faster. MM method directly utilizes
the potential function to study the problem, without considering the kinetic energy and the
corresponding structure of the atom. However, the MD method focuses on the movement
of atoms in the MIP system and establishes the relationship between temperature and
time, which can simulate the imprinting system more realistically, and the simulation
results are more representative. In general, the DFT procedure in the QM method was
recommended in the MIPs design and mechanism interpretation simulation calculation.
However, this also means that the computational complexity of this method increases
dramatically for large molecules and systems with a large number of molecules. MD
method may be the best solution at this situation, simulated annealing process in particular,
which can complete the lowest energy conformation search in a very short time. At present,
an increasing number of research have been using multiple calculation methods to achieve
complementary advantages when designing and optimizing the experimental parameters
of MIPs preparation, so as to ensure more efficient and accurate simulation results. In
addition, simulation is also the direction of current efforts. A more realistic simulation
environment can make the calculation results accurate and reliable.
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Abbreviations

MIP Molecularly imprinted polymers
MM Molecular mechanics
MD Molecular dynamics
QM Quantum mechanics
DFT Density functional theory
OPLS Optimized potentials for liquid simulations
CHARMM Chemistry at Harvard macromolecular mechanics
MMFF Merck molecular force field
Tripos Tripos force field
COMPASS Computer plan appraisal system for ship
GROMOS Gromos force field
Ab initio Latin term meaning “from the beginning”
B3LYP Becke, three-parameter
GAFF Generation amber force field
SDCI Single and double excitation configuration interaction
CISD(T) Configuration interactions with single and double substitutions
MCSCF Multiconfiguration self-consistent field
AM1 AM1 semiempirical method
PM3 Semiempirical PM3 method
EHMO Extended huckel molecular orbital theory
CNDO Complete neglect of differential overlap method
NDDO Neglect of diatomic differential overlap method
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