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ABSTRACT: Biopurification is a challenging and growing market. Despite great efforts in the past years,
current purification strategies still lack specificity, efficiency, and cost-effectiveness. The development of
more sustainable functional materials and processes needs to address pressing environmental goals,
efficiency, scale-up, and cost. Herein, L-leucine (LEU)-molecularly imprinted polymers (MIPs),
LEU-MIPs, are presented as novel biomolecular fishing polymers for affinity sustainable biopurification.
Rational design was performed using quantum mechanics calculations and molecular modeling for
selecting the most appropriate monomers. LEU-MIPs were synthesized for the first time by two different
green approaches, supercritical carbon dioxide (scCO2) technology and mechanochemistry. A significant
imprinting factor of 12 and a binding capacity of 27 mg LEU/g polymer were obtained for the LEU-MIP
synthesized in scCO2 using 2-vinylpyridine as a functional monomer, while the LEU-MIP using acrylamide
as a functional monomer synthesized by mechanochemistry showed an imprinting factor of 1.4 and a
binding capacity of 18 mg LEU/g polymer, both systems operating at a low binding concentration (0.5 mg LEU/mL) under
physiological conditions. As expected, at a higher concentration (1.5 mg LEU/mL), the binding capacity was considerably increased.
Both green technologies show high potential in obtaining ready-to-use, stable, and low-cost polymers with a molecular recognition
ability for target biomolecules, being promising materials for biopurification processes.

1. INTRODUCTION
Biopurification is increasing by 8.4% per year, and it is
expected to reach 11.2 billion USD market by 2029.1 However,
there is still a lack of cost-effective strategies for biomolecules’
purification, being the ones currently available expensive,
inefficient, and/or with low specificity.2 Nowadays, molecular
imprinting is a viable synthetic approach to design robust
molecular recognition materials, able to mimic natural systems,
such as antibodies and other biological species with an affinity
to specific biomolecules.3 These advanced materials have
applications in many areas such as biosensors and
biopurification devices, being cost-effective and displaying
low toxicity and accessible storage conditions.

Molecular imprinting polymerization involves the polymer-
ization of functional monomers and crosslinking agents, using
an adequate initiator and a porogenic solvent, in the presence
of a template molecule. The obtained molecularly imprinted
polymer (MIP) is a three-dimensional porous matrix
possessing complementary cavities to the template in terms
of size, conformation, and chemical functionality.4

The stability of the template−monomer complex is a key
parameter for successful molecular recognition. Therefore,
computational modeling has become a very important tool in
MIP design for the rationalization of the molecular interactions
intrinsic to the imprinting process, drastically reducing the
experimental work.5−7

The most common porogenic solvents for the conventional
synthesis of MIPs toward biomolecules (bio-MIPs) are
acetonitrile and methanol, with a low water content to help

the solubilization of biomolecules in the organic phase.8−11

Unfortunately, water molecules can interfere with the
interactions between the template and the functional
monomer.4 Also, in the production of conventional MIPs,
large amounts of organic solvents are used, and their removal is
not straightforward and can substantially increase the
production costs. To circumvent these limitations, greener
MIP synthesis using supercritical carbon dioxide (scCO2) as a
porogenic and template-extraction solvent has been success-
fully developed.12−14 Likewise, mechanochemistry is a
potential route for MIP green production since chemical
transformations are induced by mechanical forces under
solventless conditions.15 Mechanochemistry has been quite
explored in the synthesis of metal−organic frameworks
(MOFs) and has shown to be a fast, simple, and efficient
route for synthesis at solventless conditions, avoiding solubility
issues.16 Herein, we present the rational design and green
synthesis of LEU-MIPs, MIPs with molecular recognition for
L-leucine (LEU), an essential amino acid that plays an
important role in biological systems (Figure 1). All polymers,
LEU-MIPs and their corresponding nonimprinted polymers
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(NIPs) used as a control, were characterized, and their
performance was evaluated in static binding experiments to
assess the affinity to LEU.

2. EXPERIMENTAL SECTION
2.1. Materials. All commercial reagents and solvents were

used as received without further purification. L-Leucine (LEU,
98%), 2-vinylpyridine (2VP, 97%), ethylene glycol dimetha-
crylate (EGDMA, 98%), N,N′-methylenebisacrylamide (MBA,
99%), sodium persulfate (≥98%), sodium chloride (NaCl,
≥99%), the acetonitrile solvent (ACN, ≥99.5%), and the
methanol solvent (MeOH, ≥99.9%) were purchased from
Sigma-Aldrich. Acrylamide (AM, >98%) was purchased from
Fluka. The ethanol solvent (EtOH, ≥98% purity) was
purchased from Honeywell-Fluka, the acetone solvent
(99.5%) was purchased from PanReac AppliChem, and the
ethyl acetate solvent (EtOAc, 99.5%) was provided by
LabChem. 2,2′-Azobis(2,4-dimethylvaleronitrile) (V-65, 98%)
was purchased from Wako Pure Chemical Industries.
Phosphate-buffered saline (PBS) tablets were purchased from
Sigma-Aldrich. Carbon dioxide was obtained from Air Liquide
with a purity better than 99.998%. SnakeSkin dialysis
membranes (3.5 kDa MWCO) were purchased from Thermo
Fisher.
2.2. Quantum Mechanics Calculations. Nine functional

monomers, commonly used in molecular imprinting polymer-
izations, 2-vinylpyridine (2VP), 4-vinylpyridine (4VP), acrylic
acid (AA), acrylamide (AM), 2-acrylamido-2-methylpropane
sulfonic acid (AMPS), itaconic acid (ITA), N-vinylpyrrolidone
(NVP), styrene (STY), and 1-vinylimidazole (VIIM), were
investigated as potential monomers for LEU-MIP syntheses.
The initial fragments’ (functional monomers and LEU)
geometries were obtained from the literature,6,17 and the
template−monomer complexes’ geometries were generated
using a specific protocol described below. LEU is a very flexible
amino acid, with eight main conformations.17 Therefore, a
multiconformational model for template−monomer binding

was used in this work. For this purpose, the following
procedure was adopted: the geometries of all the chemical
species under study (initial fragments and template−monomer
complexes) were fully optimized using the M06-2X/6-
31+G(d) density functional theory (DFT) level. This quantum
level has been proven to provide accurate results for similar
systems,6,18 once it can describe properly the dispersive
interactions.19 Analytic harmonic frequencies were calculated,
to ensure that the optimized geometries correspond to genuine
stationary states. The energetic stability of the LEU
conformations was first analyzed. According to the results
obtained, only the four most stable conformations were used in
subsequent calculations. As the nine functional monomers
were conformationally rigid, each of them was represented by a
single unique optimized geometry. For each template−
monomer complex, the monomer was first docked into the
LEU conformational templates using the Autodock Vina
program.20,21 This procedure generated four conformational
structures for each template−monomer complex. All the
geometries obtained were then preoptimized at a PM6 or
PDDG semiempirical level. Subsequently, two additional
corrections were introduced in the electronic molar energy:
(1) the description of the electronic density was improved, by
performing M06-2X/6-311++G(3df,3pd) single-point calcu-
lations for all optimized geometries, and (2) counterpoise
correction was applied for all complexes under study at the
same quantum level to minimize the basis set superposition
error (BSSE). From the two different combined quantum
levels used in this work (geometry optimization and frequency
calculation performed at a M06-2X/6-31+G(d) low quantum
level and the electronic corrections carried out at a M06-2X/6-
311++G(3df,3pd) high quantum level), the M06-2X/6-311+
+G(3df,3pd) level was chosen for using the counterpoise
correction. All the previous calculations were performed using
the Gaussian 09 program.22

The standard molar enthalpy, for each optimized structure,
was obtained at a temperature of 25 °C and a pressure of 1 bar
(standard conditions). For each template−monomer complex,
the respective binding standard molar enthalpy (⟨ΔbindHo⟩)
was calculated using eq 1.

=H H H Hbind
o

m
o

complex m
o

LEU m
o

monomer (1)

where ⟨Hm
o ⟩complex is the standard molar enthalpy for the

template−monomer complex, ⟨Hm
o ⟩LEU and ⟨Hm

o ⟩monomer are
the standard molar enthalpies for the initial fragments, LEU
and monomer, respectively. ⟨Hm

o ⟩complex and ⟨Hm
o ⟩LEU were

evaluated as a LEU-conformational average quantity following
the Boltzmann population equation. All calculation results and
equations used are included in the Supporting Information
(see Tables S4 and S5).

A cluster analysis, using the binding standard molar enthalpy
as a descriptor, was performed using StatSoft STATISTICA 64
software.23 A complete linkage algorithm and a Euclidean
distance were used in this analysis (see Figure S1, Supporting
Information).

Further studies were performed for different temperatures
and pressures of the system using the thermodynamic
equations (see Figure S2, Supporting Information).
2.3. LEU-MIP Synthesis. The MIPswere produced using

two different monomers, 2-vinylpyridine (2VP) and acryl-
amide (AM), and two different crosslinkers, ethylene glycol
dimethacrylate (EGDMA) and N,N′-methylenebisacrylamide

Figure 1. Chemical structures of L-leucine (LEU, template),
functional monomers acrylamide (AM) and 2-vinylpyridine (2VP),
crosslinkers ethylene glycol dimethacrylate (EGDMA) and N,N′-
methylenebisacrylamide (MBA), and LEU-MIPs.
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(MBA) (Figure 1), with a molar ratio template:monomer:-
crosslinker (T:M:C) of 1:50:100.

For the LEU-MIP synthesis in scCO2, a reported protocol
was followed.13 ScCO2-assisted polymerization was carried out
in a 33 mL high-pressure cell, using a template:monomer:-
crosslinker (T:M:C) molar ratio of 1:50:100 and 2 wt % V-65
(total weight % of the monomer and the crosslinker) as the
initiator. LEU was previously dissolved in 0.5 mL of EtOAc
and kept under stirring for 4 h. All reagents were placed in the
high-pressure cell, with a magnetic stirring bar, and immersed
in a thermostatic water bath at 45 °C. CO2 was loaded up to
200 bar using a Knauer K-1900 liquid pump. After 24 h of
reaction, a homogeneous crosslinked polymer was obtained. At
the end of the reaction, the polymer was slowly washed with
fresh CO2 for 1 h to remove unreacted starting materials. The
NIP was synthesized following the same procedure, but the
EtOAc cosolvent was added without the template (LEU).

For the LEU-MIP mechanosynthesis, mechanochemical
polymerization was performed in a PM100 planetary ball
mill (Retsch) using a zirconium oxide reactor containing 200
zirconium oxide balls of 5 mm diameter. The reaction occurred
for 6 h, at 500 rpm, with rotation inversion cycles of 30 min
(2.5 min pause between inversion cycles). The T:M:C molar
ratio (1:50:100) was the same as that used in the scCO2-
assisted polymerization. Sodium persulfate (10 wt %) (total
weight % of the monomer and the crosslinker) was used as the
initiator, and NaCl (2 times the total weight) was added as a
porogenic agent. At the end of the reaction, 10 mL of distilled
water was added to the reactor, and the mixture was ground for
2 min at 500 rpm to help polymer collection from the reactor
and balls. The mixture was then collected using a pipette,
filtrated under vacuum, and further washed with water and
methanol to remove unreacted starting materials. The
recovered polymer was dried under a vacuum system. The
NIP was synthesized following the same procedure but without
template (LEU) addition.
2.4. ScCO2-Assisted LEU Desorption. LEU desorption

was performed to obtain LEU-MIPs with empty binding sites,
ready for molecular fishing (LEU rebinding). LEU desorption
was performed using a well-established scCO2 continuous
extraction process.13 For that, a tubular column was loaded and
compacted with the synthesized polymer and coupled to a 33
mL stainless steel high-pressure cell with 3 mL of EtOAc, and
the system was pressurized with CO2 up to 200 bar. Both high-
pressure cells were immersed in a thermostated water bath at
40 °C. CO2 was bubbled through the cell containing the
cosolvent (bottom to top), and the mixture CO2−EtOAc was
passed through the tubular reactor in the continuous mode for
3 h.
2.5. High-Pressure Ion Chromatography (HPIC)

Quantification. LEU ion chromatographic analysis was
carried out using a Dionex ICS3000 equipment with an
electrochemical detector for pulsed amperometry detection
(PAD) and an Aminopac PA10 250 × 4 mm column with a
precolumn of 50 × 4 mm as the stationary phase, at 30 °C.24

The mobile phase contained a NaOH gradient solution at a
constant flow of 0.8 mL/min. The injection volume of the
LEU samples was 10 μL. A plot of the electrochemical signal
(nC) as a function of the LEU concentration was performed to
obtain the calibration curve. The standard solutions were
obtained by dilution of the most concentrated solution used
for calibration. All samples were diluted with a factor of 10×.

2.6. Scanning Electron Microscopy. The morphology of
the polymers was assessed by SEM using a Hitachi S-2400
instrument with an accelerating voltage set to 15 kV. Samples
were mounted on aluminum stubs using carbon tape and were
gold-coated. A 5000× magnification was used.
2.7. Average Particle Size and Particle Size Distribu-

tion. Particle size distribution, as well as average particle size
diameters of polymers, was determined using a Morphologi G3
equipment from Malvern. A typical analysis was performed by
dispersing the sample using the following conditions: a sample
volume of 13 mm3, SDU settings (injection pressure: 4 bar,
injection time: 40 ms, and setting time: 120 s), and an optic
selection of 20×. The analyses were performed in triplicate
from three different dispersions with at least 30 000 particles
counted.
2.8. Specific Surface and Pore Diameter. Polymers’

specific surface area and pore diameter were determined by N2
adsorption according to the BET method. An accelerated
surface area and porosimetry system (ASAP 2010 Micro-
meritics) was used under N2 flow.
2.9. Fourier Transform Infrared Spectroscopy. FTIR

spectra of the polymers were recorded in a PerkinElmer Two
spectrometer, with 16 scans and a resolution of 1 cm−1 in the
range of 4000 to 400 cm−1.
2.10. Static Binding Assays. The binding capacity of the

produced polymers was evaluated on PBS buffer solutions
using two LEU concentrations (0.5 and 1.5 mg/mL). In the
static binding assay, a 20 mg polymer sample was placed into
Snakeskin dialysis membrane bags and introduced in a 25 mL
template solution, for 24 h, under stirring at 100 rpm (IKA KS
4000 I Control shaker). After this period, the polymer binding
1 mL of the solution was filtered and analyzed by HPIC. The
binding capacity Q (mg LEU/mg LEU-MIP) was calculated
using eq 2:

=Q
C C V

W
( )0

(2)

where C0 and C are the template concentrations (mg LEU/
mL) in the solutions measured initially and after sorption,
respectively, V (mL) is the volume of the solution, and W
(mg) is the sample polymer weight. The imprinting factor (IF)
was calculated using eq 3:

=
Q

Q
IF MIP

NIP (3)

where QMIP is the binding capacity of the molecularly
imprinted polymer and QNIP is the binding capacity of the
nonimprinted polymer. The IF is a simple estimation to
describe the imprinting effect. The tests were performed in
triplicated assays of each polymer, and all static binding data
are presented in the Supporting Information (see Table S9 and
Table S10).

3. RESULTS AND DISCUSSION
3.1. Computational Studies: Monomer Selection. In

noncovalent imprinting, a stronger interaction between the
monomer and the template leads to a more effective imprinting
effect.25 Mimicking prepolymerization steps by computational
methods, noncovalent combination interactions, mostly hydro-
gen bonds between the monomer and the template were
observed, resulting in different conformations of the template−
monomer complex. This computational strategy could provide
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information about the most suitable monomer for MIP
preparation. Table 1 shows the binding energies, ⟨ΔbindHo⟩,

of LEU−monomer complexes, as well as the number of
hydrogen bonds (n) and the electric dipole moment (EDM) of
the lowest energy conformation complex obtained, data
divided by the cluster.

The data suggest that AM is the most suitable monomer to
get a more stable LEU−monomer complex with the highest
binding energy. On the other hand, 2VP was found to be the
monomer less favored to form stable LEU−monomer
complexes. According to the data, the nature of the monomer
(neutral, acidic, or basic) is not directly related to the
formation of more stable LEU−monomer complexes; however,
the number of hydrogen bond interactions might play an
important role, resulting in a higher number of hydrogen bond
interactions with more acidic monomers.

One of the factors that seem to be important for T:M
complex stabilization is the monomer configuration and the
presence of substituents and their position in the molecule.
This is well-illustrated in the case of 2VP and 4VP monomers,
which are both basic monomers and similar in size but where
the nitrogen position in the pyridine ring was found to
influence the complex stabilization. Notwithstanding, the
binding energy values calculated for vinylpyridine monomers
are quite similar, being both in the same cluster. Considering
the quantum mechanics calculations, AM and 2VP monomers
were chosen for the synthesis of LEU-MIPs, with AM as the

best functional monomer and 2VP as the worst functional
monomer. The optimized geometries of LEU-AM and
LEU-2VP complexes are presented in Figure 2.

Since the polymerization in scCO2 needs to be carried out at
45 °C and 200 bar, thermodynamic calculations were also
performed at different temperatures (25, 45, and 65 °C) and
pressures (1, 100, 200, and 300 bar) (see Figure S2,
Supporting Information). As expected, the binding energies
(⟨ΔbindH⟩) of both LEU-AM and LEU-2VP complexes are
influenced by temperature, showing a LEU−monomer
complex destabilization with increasing temperature. Pressure
variation had no impact in the ⟨ΔbindH⟩ of both systems.
Altogether, these findings showed that the polymerization
temperature must be the lowest possible (i.e., a temperature
above and close to the critical temperature of CO2 while
allowing a homogeneous polymerization).
3.2. LEU-MIP and NIP Synthesis and Characterization.

Since LEU has a low solubility in scCO2,
26 a cosolvent is

required to increase its solubility and thus achieve an initial
homogeneous phase. Solubility tests in scCO2, under the same
conditions as polymerization with different cosolvents
(MeOH, EtOH, EtOAc, ACN, and acetone) were performed,
revealing EtOAc as the best organic cosolvent for the
LEU-MIP reaction system. This drawback is usually overcome
through derivatization methods such as amino acid esteriza-
tion,27 while herein, it is overcome by adding a small amount
of one of the greenest organic solvents commercially available.
Dry, fluffy free-flowing, white powders were obtained in scCO2
up to 40% yield (see Table S6, Supporting Information), as
reported for MIPs synthesized in scCO2 for different classes of
molecules.28,29 The low yield could be explained by the lower
polymerization temperature (45 °C), which is below the
optimum half-life decomposition temperature of the V-65
initiator (ca. 50 °C). Three LEU-MIPs: LEU-MIPsc-1 (AM-
EGDMA), LEU-MIPsc-2 (2VP-EGDMA), and LEU-MIPsc-3
(AM-2VP-EGDMA) and their corresponding NIPs: NIPsc-1
(AM-EGDMA), NIPsc-2 (2VP-EGDMA), and NIPsc-3 (AM-
2VP-EGDMA) were successfully synthesized using this
methodology. An initial homogeneous phase before polymer-
ization was not possible using the T:M:C molar ratio of
1:50:100 and MBA as a crosslinker due to the low solubility of
MBA in scCO2; thus, this polymer was not further
characterized or tested.

A major advantage of mechanochemistry is the elimination
of solubility issues since the reactions are performed under
solventless conditions. LEU-MIPs and NIPs synthesized by
mechanochemistry were obtained as dry, fine powders with
yields up to 80% (see Table S6, Supporting Information). MIP

Table 1. Binding Energies (⟨ΔbindHo⟩) of LEU−Monomer
Complexes Obtained at the Counterpoise M06-2X/6-311+
+G(3df,3pd) Level, Monomer Nature, the Electric Dipole
Moment (EDM), and the Number of Hydrogen Bonds (n)
for Each Lowest Energy Conformation Complex, Divided
by the Clustera

cluster
LEU−monomer

complex
monomer

nature
⟨ΔbindH°⟩
(kJ mol−1)

EDM
(D) n

1 LEU-AM neutral −57.86 3.7468 2
2 LEU-AMPS basic −45.63 4.3864 1

LEU-NVP basic −42.69 2.1226 1
LEU-ITA acidic −41.26 7.0456 2

3 LEU-AA acidic −33.26 1.6571 1
LEU-4VP basic −26.03 4.8179 1
LEU-STY neutral −23.27 4.6525 0
LEU-VIIM basic −22.61 4.5374 0
LEU-2VP basic −21.25 2.6587 0

a1 being a more suitable complex to 3 being a less suitable complex.

Figure 2. Optimized geometry of LEU−monomer complexes: (a) LEU-AM complex, showing two very strong well-oriented hydrogen bond
interactions and distance measurements, and (b) LEU-2VP complex showing the close distance between the hydrogen from the LEU amine group
and the nitrogen from 2VP. Carbon atoms are green, nitrogen atoms are blue, oxygen atoms are red, and hydrogen atoms are light gray.
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mechanosynthesis is still not reported in the literature, and to
the best of our knowledge, this is also the first report of MIP
synthesis using a biomolecule (LEU) as a template, both using
an scCO2-assisted polymerization and mechanochemistry.
Fou r LEU-MIPs : LEU-MIPm-1 (AM-EGDMA) ,
LEU-MIPm-2 (2VP-EGDMA), LEU-MIPm-3 (AM-2VP-
EGDMA), and LEU-MIPm-4 (AM-2VP-MBA) and the
corresponding NIPs: NIPm-1 (AM-EGDMA), NIPm-2 (2VP-
EGDMA), NIPm-3 (AM-2VP-EGDMA), and NIPm-4 (AM-
2VP-MBA) were synthesized using this methodology.

SEM, Morphologi G3, and ASAP were used to characterize
the polymers’ morphology. SEM images are shown in Figure 3.
As it can be seen, polymers are formed by particle
agglomerates.

The particle size distribution and the corresponding images
are presented in the Supporting Information (Figures S4 and
S5), as well as the average particle size diameter, the specific
surface area, the pore volume, and pore size (Table S7). In
general, the average particle size diameter obtained was
between 1 and 3 μm, with MIPs showing higher values than
the NIPs, which could be related to the presence of LEU in the
polymerization step. Polymers presented type-II and type-IV
isotherms, which are indicative of macroporous and/or

mesoporous structures, except NIPm-2 and NIPm-4 (see
Figure S6, Supporting Information).

Comparing the SEM images, a higher agglomeration is
observed in the polymers obtained by mechanochemistry,
which is consistent with the higher average particle size
diameter and particle size distribution determined. Polymers
containing 2VP (LEU-MIPsc-2, NIPsc-2, LEU-MIPm-2, and
NIPm-2) present a denser structure and smaller particle
agglomerates than AM-containing polymers (LEU-MIPsc-1,
NIPsc-1, LEU-MIPm-1, and NIPm-1), which also explain the
lower average particle diameter trend. The observed
morphological differences may be attributed to the chosen
synthetic methods, much different in terms of the interactions
involved in the particle’s growth (solvent vs. solventless
conditions). In addition, comparing the MIPs with the
corresponding NIPs in both methodologies, it is clear that
the reaction components slightly affect the particle size, which
is in agreement with reports of MIPs produced using scCO2
and in conventional media.28,30,31

Regarding porosimetry, the ASAP isotherm linear plots
presented some hysteresis that is characteristic of mesoporous
materials.32 The gas uptake, at a low P/P0, by polymers
obtained using scCO2 also indicates the existence of micro-
pores, not observed in those obtained by mechanochemical
polymerization. According to the surface area, pore volume,
and average pore size diameter data, a significant difference was
obtained using both methodologies. Polymers obtained by
mechanosynthesis display much lower specific surface areas
(<10 m2/g) and pore volumes (<0.17 cm3/g), possessing
predominantly macropores and a smaller fraction of meso-
pores. The use of salts, like NaCl, as porogenic agents in
mechanochemical reactions, has been reported (e.g., prepara-
tion of porous MOFs) in a process known as salt-assisted
grinding (SAG).33 Through this method, micro-, meso-, and
even macroporous polymeric materials could be obtained.
However, as already mentioned, the produced polymers
displayed a lower porosity (18−46 nm range) if compared
with other reported systems.34−36

FTIR data (Figure S3 and Table S8, Supporting
Information) show the presence of the characteristic monomer
and crosslinker vibration bands, being clear, as expected after
polymerization, the disappearance of the vibration band from
the vinylic groups (∼1650 cm−1).
3.3. Binding Performance. The binding capacity of the

produced LEU-MIPs was also evaluated. Figure 4 shows the
binding data for LEU-MIPs synthesized in scCO2 (LEU-
MIPsc-1, LEU-MIPsc-2, and LEU-MIPsc-3), by mechanochem-
istry (LEU-MIPm-1, LEU-MIPm-2, LEU-MIPm-3, and LEU-
MIPm-4), and their counterpart NIPs, using two LEU different
concentrations (0.5 and 1.5 mg/mL) at pH 7.4. The
imprinting factors were also determined (Table 2).

LEU-MIPsm prepared by mechanochemistry show binding
performances that are in line with quantum mechanics
calculations (Table 1) since a higher binding capacity was
obtained by the LEU-MIPm‑1 that used AM as a functional
monomer (Figure 4c). On the other hand, LEU-MIPssc
prepared in scCO2 do not follow the computational prediction,
obtaining a higher binding performance for the LEU-MIPsc‑2
that used 2VP as a functional monomer (Figure 4a). This
opposite trend between the theoretical and practical results
might be related to the scCO2 effect as a solvent during the
imprinting process since our quantum calculations were
performed without the presence of a solvent.

Figure 3. SEM images at 5000× magnification of the polymers
synthesized using scCO2: (a) LEU-MIPsc-1, (b) NIPsc-1, (c) LEU-
MIPsc-2, (d) NIPsc-2, (e) LEU-MIPsc-3, and (f) NIPsc-3 and
synthesized by mechanochemistry: (g) LEU-MIPm-1, (h) NIPm-1,
(i) LEU-MIPm-2, (j) NIPm-2, (l) LEU-MIPm-3, (m) NIPm-3, (n)
LEU-MIPm-4, and (o) NIPm-4.
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Viveiros et al. introduced CO2 for the first time as a solvent
in the computational approach for MIP synthesis, to
understand its effect on molecular modeling of the
monomer−template.5 According to this molecular dynamics
study using SYBYL software, CO2 could have a significant
effect on template−monomer interactions.5 In our study, in
order to assess the contribution of CO2 to the template−
monomer complex, the electric dipole moment (EDM) of each
complex was calculated (Table 1) and compared with the
EDM of CO2 at the polymerization conditions. The calculated
EDM of the complex LEU-AM (3.7468 D) was higher than
that for the complex LEU-2VP (2.6587 D), being this latter
closer to the EDM of scCO2 (1.4821 D at 200 bar and 45
°C37). The template−monomer complexes with an EDM
lower and closer to the solvent EDM could reflect a more
stable conformation of its template−monomer complex and
consequently envisage a better molecular recognition perform-
ance.38,39 Despite being a different approach compared to
Viveiros et al.’s study, the dielectric constants can serve as an
indicator to describe the observed binding results.

Regarding the practical results, the best performance was
achieved for LEU-MIPsc-2, presenting a very significant
imprinting factor of 12 and a binding capacity of 27 mg
LEU/g polymer. LEU-MIPm-1, with an imprinting factor of
1.4 and a binding capacity of 18 mg LEU/g polymer, was also
found to be an interesting system.

The polymers synthesized with the combination of the two
monomers (2VP and AM) exhibited a lower binding capacity
than the polymers synthesized with only one monomer. A
possible explanation could be attributed to monomers
competing for LEU, resulting in polymer conformations with
nonspecific recognition sites, also reported in the literature in
computational simulations of mimicking the prepolymerization
imprinting process to proteins.40 The crosslinking effect was
evaluated for LEU-MIPs obtained by mechanochemistry. A
higher binding capacity was observed for LEU-MIPm-4 (16 mg
LEU/g polymer, MBA) in comparison with LEU-MIPm-3 (13
LEU/g polymer, EGDMA), but a lower imprinting factor was
obtained, indicating that MBA promotes a greater number of
nonspecific bindings. Rational MIP design studies suggest that
the best crosslinkers should be inert toward the template,
displaying lower interactions, thus improving specificity and
selectivity.41

As expected, for a higher LEU concentration (1.5 vs. 0.5 mg/
mL), the binding capacities increased, a trend also observed for
NIPs, but low imprinting factors were also observed in this
case (<1). Some studies on biomolecule recognition by MIPs
reported the use of similar concentrations (0.5−1.5 mg/
mL),42,43 although the use of lower concentrations is much
more common. Despite the higher binding capacities reported
on these systems (up to 400 mg biomolecule/g MIP vs. 80 mg
LEU/g MIP in this work), lower IFs are found (ca. 2),
highlighting the importance of scCO2 as a green alternative for
the production of materials with high IFs.14,28

4. CONCLUSIONS
The most suitable monomer for LEU, AM, was selected using
quantum mechanics calculations. Based on in silico perform-
ance, LEU-molecularly imprinted polymers were successfully
synthesized using two green strategies, scCO2-assisted
polymerization and mechanosynthesis. LEU-MIPsc using 2VP
as the monomer and EGDMA as a crosslinker was found to be
the most selective, presenting a maximum IF of 12. In contrast,

Figure 4. Binding assays of LEU-MIPs obtained using scCO2 (sc-1, sc-2, and sc-3) at (a) 0.5 and (b) 1.5 mg LEU/mL and for polymers obtained by
mechanochemistry (m-1, m-2, m-3, and m-4) at (c) 0.5 and (d) 1.5 mg LEU/mL.

Table 2. Imprinting Factors for LEU-MIPs

IF

polymer 0.5 mg LEU/mL 1.5 mg LEU/mL

LEU-MIPsc-1 3.86 0.99
LEU-MIPsc-2 12.05 0.86
LEU-MIPsc-3 2.16 0.81
LEU-MIPm-1 1.43 0.72
LEU-MIPm-2 0.84 0.83
LEU-MIPm-3 1.98 0.66
LEU-MIPm-4 1.45 0.45
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the best performance for LEU-MIPsm was obtained using AM
as the monomer and EGDMA as a crosslinker, with a
maximum IF of 2. The imprinting effect was evidently higher at
a low LEU concentration (0.5 mg LEU/mL), with a maximum
binding capacity of 27 mg LEU/g polymer. A binding capacity
increase was observed for a higher concentration (1.5 mg
LEU/mL), achieving a maximum binding capacity of 93 mg
LEU/g polymer.

Overall, LEU-MIPs are envisaged as potential advanced
materials for demanding biopurification late-stage downstream
processes (e.g., chromatography columns), where affinity and
efficiency and scale-up possibilities are critical assets.
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